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Preface

This book presents the results of a year-long workshop devoted to a review of the physics opportu-
nities of the BABAR experiment at the PEP-IIB Factory, at the Stanford Linear Accelerator Center
laboratory. The workshop meeting schedule was as follows:

University of Rome “La Sapienza” 11th–14th November 1996
Princeton University 17th–20th March 1997
LAL Orsay 16th–19th June 1997
California Institute of Technology 22nd–24th September 1997

The workshop brought together a number of theorists with experimentalists from the BABAR Collab-
oration. Each chapter represents the contribution of a working group and presents both a theoretical
summary of the relevant topics and the results of related simulation studies. The working group
convenors, listed below, were teams that included both theorists and experimentalists.

The book represents the status of work around the beginning of 1998. Both the state of the theory
and of the experiment’s simulation and analysis tools continue to advance. The results presented
here are thus not a final view of what the experiment can achieve, but represent an interim study.
The studies are more detailed and comprehensive than those made at the time of the Technical
Design Report, but still lack many features that will be needed for the real data analysis. The book
is intended as a guide to the work that still needs to be done, and as a detailed introduction which
will assist new members, joining the Collaboration, and, we hope, other researchers in the field.
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Working Groups and Conveners

The BABAR workshops were divided into the following working groups with the conveners named.
Chapters 5–12 and 14 of this book directly represent the work done in these groups.

Determinations of�
Y. Karyotakis, L. Oliver, J. Smith, W. Toki

Determinations of� and Direct CP Violation.
M. Giorgi, H. Jawahery, F. LeDiberder, D. London, A. Soni

Methods of Measuring

P. Dauncey, R. Fleischer, L. Lanceri

SemileptonicB Decays and the Extraction ofVub, Vcb from B decays
T. Mannel, M. Neubert, K. Schubert, M. Witherell

RareB Decays within the Standard Model
J. Hewett, A. Masiero, S. Playfer, S. Wagner

Hadronic B Meson Decays
I. Bigi, A. Petrov, P. Rankin, R. Waldi, D. Wyler

Non-CP B Physics
J. Chauveau, J. Izen, G. Martinelli, U. Nierste

Charm, � , QCD and Two-photon Physics
P. Burchat, F. Gilman, R. Peccei, A. Pich, A. Seiden

Overall Determinations of the CKM Matrix
G. Eigen, B. Grinstein, Y. Nir, M. Schune

In addition, Chapter 1 was convened by H. Quinn and Y. Nir; Chapter 2 was convened by A. Falk,
and Chapters 3 and 4 were convened by P. F. Harrison and M. Pia. Chapter 13 was convened by
J. Hewett, A. Masiero, and Y. Nir.
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1

A CP Violation Primer

This chapter is a primer on the subject ofCP violation. It is intended as an introductory background
for physicists joining the BABAR experiment. Much of the emphasis is on the physics relevant to
that experiment. However other related topics are briefly reviewed and summarized.

The subject ofCP symmetry and its violation is often referred to as one of the least understood
in particle physics. Perhaps a better statement would be to say that it is experimentally one of the
least constrained.CP symmetry violation is an expected consequence of the Standard Model with
three quark generations, but is one of the least well-tested parts of that model. The only part of
CP violation that currently is considered puzzling by theorists is the lack ofCP violation in strong
interactions. That subject is outside the realm of this document and of BABAR experiments. TheCP
violation that shows up in a small fraction of weak decays is accommodated simply in the three-
generation Standard Model Lagrangian. All it requires is thatCP is not imposed as a symmetry.

However, while it is known thatCP violation occurs, because it has been observed inK decays [1],
it is not yet known whether the pattern ofCP violation predicted by the minimal Standard Model
is the one found in nature. TheK-decay observations, together with other measurements, place
constraints on the parameters of the Standard Model mixing matrix (the CKM matrix [2, 3]) but
do not yet provide any test. A multitude ofCP -violating effects are expected inB decays, some
of which are very cleanly predicted by the Standard Model. If enough independent observations
of CP violation in B decays can be made then it will be possible to test the Standard Model
predictions forCP violation. Either the relationships between various measurements will be
consistent with the Standard Model predictions and fully determine the CKM parameters or there
will be no single choice of CKM parameters that is consistent with all measurements.

This latter case, of course, would be much more interesting. It would indicate that there is a
contribution of physics beyond the Standard Model. There may be enough information in the
pattern of the inconsistencies to learn something about the nature of the new physics contributions.
Thus the aim of the game is to measure enough quantities to impose redundant constraints on
Standard Model parameters, including particularly the convention-independent combinations of
CP -violating phases of CKM matrix elements.

One may well ask, after the many successes of the Standard Model, why one would expect
violations to show up in such a low-energy regime. The best answer is simply that it has not
yet been tested. Theorists will give a variety of further reasons. Many extensions of the Standard



2 ACP Violation Primer

Model have additional sources ofCP -violating effects, or effects which change the relationship of
the measurable quantities to theCP -violating parameters of the Standard Model.

In addition there is one great puzzle in cosmology that relates toCP violation, and that is the
disappearance of antimatter from the Universe [4]. In grand unified theories, or even in the
Standard Model at sufficiently high temperatures, there are baryon number-violating processes.
If such processes are active then thermal equilibrium produces equal populations of particles and
antiparticles. Thus in modern theories of cosmology the net baryon number of the universe is zero
in the early high-temperature epochs. Today it is clearly not zero, at least in our local region.
A full discussion of the cosmological arguments is not possible here. It suffices to remark that
there is large class of theories in which the baryon number asymmetry is generated at the weak-
phase transition [5]. Such theories, however, must includeCP violation from sources beyond the
minimal Standard Model. Calculations made in that model show that it does not generate a large
enough matter-antimatter imbalance to produce the baryon number to entropy ratio observed in
the universe today. This is a hint thatCP violation from beyond Standard Model sources is worth
looking for. It is by no means a rigorous argument. There are theories in which baryon number is
generated at a much higher temperature and then protected from thermalization to zero byB � L

(baryon number minus lepton number) symmetry. Such theories do not in general require any new
low-energyCP -violation mechanism. Neither do they forbid it.

More generally, since there isCP violation in part of the theory, any extension of the Standard
Model cannot be required to beCP symmetric. Any additional fields in the theory bring possible
additionalCP -violating couplings. Even assumptions such as soft or spontaneousCP symmetry
breaking leave a wide range of possibilities. Further experimental constraints, from experiments
such as theB factory, are needed.

Section 1.1 begins by discussing the wayCP violation appears in a field theory Lagrangian [6].
Sections 1.2–1.6, follow the discussion in [7].1 Section 1.2 turns to the quantum mechanics and
time dependence of neutral meson systems, and Section 1.3 gives a model-independent treatment
of the possible types ofCP violation. Following that, Section 1.4 presents the Standard Model
version ofCP violation, and Section 1.5 gives the predictions and relationships for various decays
that arise from that theory. Finally, in Section 1.6, the situation forK-decays is reviewed.

1.1 CP Violation in Field Theories

1.1.1 Field Transformations

This section provides a basic introduction to the field theory basis ofCP symmetry breaking.
The fundamental point is thatCP symmetry is broken in any theory that has complex coupling

1For a recent, excellent, and very detailed review see [8].
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1.1CP Violation in Field Theories 3

constants in the Lagrangian which cannot be removed by any choice of phase redefinition of the
fields in the theory.

Three discrete operations are potential symmetries of a field theory Lagrangian [6]: Two of them,
parityandtime reversalare spacetime symmetries and constitute part of the Poincar´e group. Parity,
denoted byP , sends(t;x) ! (t;�x), reversing the handedness of space. Time reversal, denoted
by T , sends(t;x) ! (�t;x), interchanging the forward and backward light-cones. A third (non-
spacetime) discrete operation ischarge conjugation, denoted byC. This operation interchanges
particles and antiparticles. The combinationCP replaces a particle by its antiparticle and reverses
momentum and helicity. The combinationCPT is an exact symmetry in any local Lagrangian field
theory.

What is the status of these symmetry operations in the real world? From experiment, it is observed
that electromagnetic and strong interactions are symmetric with respect toP , C andT . The weak
interactions violateC andP separately, but preserveCP andT to a good approximation. Only
certain rare processes, all involving neutralK mesons, have been observed to exhibitCP violation.
All observations to date are consistent with exactCPT symmetry. (Gravitation couples to the
energy-momentum tensor and is thusC, P , andT invariant. This is supported by the universality
of the gravitational coupling for different types of matter, with different baryon number to mass
ratios.)

To understand whether a given theory can accommodateCP violation, one needs to know the
transformation properties of the fields under the various discrete symmetries. In particular for a
Dirac spinor:

P (t;x)P = 
0 (t;�x); (1.1)

T (t;x)T = �
1
3 (�t;x); (1.2)

C (t;x)C = �i( (t;x)
0
2)T : (1.3)

The Lagrangian, being a Lorentz scalar, can only depend on terms bilinear in fermion fields (and
not on single fermion fields). The transformation properties of various fermion bilinears underCP

are summarized in the table below. Here the shorthand(�1)� � 1 for � = 0 and(�1)� � �1 for
� = 1; 2; 3 (namely,(�1)�a� = a�) is used.

term  i j i i

5 j  i


� j  i

�
5 j

CP�transformed term  j i �i j
5 i �(�1)� j
� i �(�1)� j
�
5 i
(1.4)

Similarly, theCP transformation properties of scalar (H), pseudoscalar (A) and vector boson (W )
fields, and also of the derivative operator are given by

term H A W�� @�

CP�transformed term H �A �(�1)�W�� (�1)�@�
: (1.5)
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4 ACP Violation Primer

Taking into account the Lorentz invariance and hermiticity of the Lagrangian, the aboveCP

transformation rules imply that each of the combinations of fields and derivatives that appear in
the Lagrangian transforms underCP to its hermitian conjugate. However, there are coefficients in
front of these expressions which represent either coupling constants or particle masses and which
do not transform underCP . If any of these quantities are complex, then the coefficients in front
of CP -related terms are complex conjugates of each other. In such a case,CP is not necessarily
a good symmetry of the Lagrangian. When the rates of physical processes that depend on these
Lagrangian parameters are calculated, there can beCP -violating effects, namely rate differences
between pairs ofCP conjugate processes. Examples are given below.

Note, however, that not all Lagrangian phases are physically meaningful quantities. Consider
the Lagrangian that contains the most general set of complex coupling constants consistent with
all other symmetries in the theory. That is to sayCP symmetry is not imposed, and hence any
coupling is allowed to be complex (unless the Hermitian structure of the Lagrangian automatically
requires it to be real). Now any complex field in the Lagrangian can be redefined by an arbitrary
phase rotation; such rotations will not change the physics, but will change the phases of some set
of terms in the Lagrangian. Consider for example a typical Yukawa-type term,

yijH i j + hermitian conjugate: (1.6)

The phase ofyij can be changed by redefining the phase of any one of the three fieldsH;  i;  j that
enter this term. In general such redefinitions will also change the phase of any other terms in the
Lagrangian that involve these same fields, unless the complex conjugate field appears with the same
power in the same term. Some set of couplings can be made real by making such field redefinitions.
However if any non-zero phases for couplings remain after all possible field redefinitions have
been used to eliminate as many of them as possible, then there isCP violation. It is a matter
of simple counting for any Lagrangian to see whether this occurs. If all phases can be removed
in this way then that theory is automaticallyCP -conserving. In such a theory it is impossible
to introduce anyCP violations without adding fields or removing symmetries so that additional
couplings appear. (This is the case for the Standard Model with only two generations and a single
Higgs multiplet.)

If some phases survive the redefinitions, there is, in general, convention-dependence as to where
the complex phases appear. One can choose to make certain terms real and leave others complex,
but a different choice, related to the first by field redefinitions, has the same physical conse-
quences. Only those differences between pairs of phases that are unchanged by such redefinitions
are physically meaningful. How such phase differences manifest themselves asCP -violating
effects will be shown below. First some conventions and notation for neutralB mesons need
to be established.
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1.2 NeutralB Mesons 5

1.2 NeutralB Mesons

1.2.1 Mixing of NeutralB Mesons

This section treats the quantum mechanics of the two state system of neutralB mesons. Unless
otherwise specified, this discussion is completely model independent and does not depend on
Standard Model specific results. It will however use features of the flavor and weak-interaction
structure of the Standard Model, which will inevitably also be part of any extension of that theory.

The systems of interest are neutral self-conjugate pairs of mesons. There are two such sys-
tems involvingb quarks:Bd mesons, made from oneb-type quark or antiquark and oned type;
andBs mesons from oneb and ones. Like the neutralK mesons, the neutralB mesons are
complicated by the fact that different neutral states are relevant to the discussion of different
physical processes: there are two flavor eigenstates, which have definite quark content and are most
useful to understand particle production and particle decay processes; and there are eigenstates
of the Hamiltonian, namely states of definite mass and lifetime, which propagate through space
in a definite fashion. IfCP were a good symmetry, the mass eigenstates would also beCP

eigenstates, namely under aCP transformation they would transform into themselves with a
definite eigenvalue�1. But sinceCP is not a good symmetry, the mass eigenstates can be different
fromCP eigenstates (see further discussion below). In any case the mass eigenstates are not flavor
eigenstates, and so the flavor eigenstates are mixed with one another as they propagate through
space. The flavor eigenstates forBd areB0 = bd andB

0
= db. (The convention is thatB0 is the

isospin partner ofB+; therefore it contains theb quark. This is similar to theK mesons, whereK0,
the isospin partner ofK+, contains thes quark.) The conventional definitions for theBs system
areBs = bs andBs = sb. Unless explicitly stated the following general discussion applies to both
B systems, and a similar notation can be used also forK0 orD0 mesons. However, the two neutral
K mesons have very different lifetimes (while their masses are almost identical), so that it is more
convenient to define the states by the half-life,KL andKS for the long-lived and short-lived state,
respectively. For the neutralD mesons, the mixing rate is much slower than the decay rate so that
flavor eigenstates are the most convenient basis.

An arbitrary linear combination of the neutralB-meson flavor eigenstates,

ajB0i+ bjB0i; (1.7)

is governed by a time-dependent Schr¨odinger equation

i
d

dt

�
a

b

�
= H

�
a

b

�
� (M � i

2
�)
�
a

b

�
(1.8)

for whichM and� are2� 2 Hermitian matrices.CPT invariance guaranteesH11 = H22.
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6 ACP Violation Primer

The off-diagonal terms in these matrices,M12 and�12, are particularly important in the discus-
sion ofCP violation. They are the dispersive and absorbtive parts respectively of the transition
amplitude fromB0 toB

0
. (Note that both of these can be complex quantities because of complex

coupling constants.) In the Standard model these contributions arise from the box diagrams with
twoW exchanges. The large mass of theB makes the QCD calculation of these quantities much
more reliable than the corresponding calculation forK mixing. The dispersive part,M12, is clearly
short-distance dominated (i.e., large-quark momenta in the box diagram) and long-distance effects
are expected to be negligible. For the dispersive part, one calculates the cut of the quark box
diagram and uses the argument ofquark-hadron duality(see Chapter 2) to relate this quantity
to the corresponding hadronic quantity. This is similar to the calculation ofRe+e�, the ratio of
hadron to leptonic cross-sections fore+e� scattering. While there is no rigorous argument that
quark-hadron duality holds at a single energy scale (known as local quark-hadron duality), it can
be shown to be true when averaged over a sufficient range. However in a region where there are no
thresholds the value of this cut does not vary rapidly with energy and hence one expects the quark
calculation to be reliable. Combining heavy quark behavior with QCD calculation one obtains an
estimate for�12 that is expected to be valid up to corrections of order1=NC and/or�=mb where
NC = 3 is the number of colors and� is the scale that defines how the QCD coupling evolves with
energy. New physics effects, that is physics from additional diagrams that arise in models beyond
the Standard Model, are not expected to have significant effects on�12 because any additional
particles in such theories are required to be massive and hence do not give new cut contributions at
this scale, but such effects can significantly alterM12, as is discussed in Chapter 13, Section 13.2.

The lightBL and heavyBH mass eigenstates are given by

jBLi = pjB0i+ qjB0i; (1.9)

jBHi = pjB0i � qjB0i: (1.10)

The complex coefficientsp andq obey the normalization condition

jqj2 + jpj2 = 1: (1.11)

Note thatarg(q=p�) is just an overall common phase forjBLi and jBHi and has no physical
significance.

The mass difference�mB and width difference��B between the neutralB mesons are defined
as follows:

�mB � MH �ML; ��B � �H � �L; (1.12)

so that�mB is positive by definition. Finding the eigenvalues of (1.8), one gets

(�mB)
2 � 1

4
(��B)

2 = 4(jM12j2 � 1

4
j�12j2); (1.13)

�mB��B = 4Re(M12�
�
12): (1.14)
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1.2 NeutralB Mesons 7

The ratioq=p is given by

q

p
= ��mB � i

2
��B

2(M12 � i
2
�12)

= �2(M�
12 � i

2
��12)

�mB � i
2
��B

; (1.15)

1.2.2 Phase Conventions

(This section follows the discussion in [9].) The statesB0 andB
0

are related throughCP transfor-
mation:

CP jB0i = e2i�B jB0i; CP jB0i = e�2i�B jB0i: (1.16)

The phase�B is arbitrary. The freedom in defining it comes from the fact that flavor conservation
(in particularb-flavor) is a symmetry of the strong interactions. A phase transformation,

jB0
� i = e�i� jB0i; jB0

�i = e+i� jB0i; (1.17)

has therefore no physical effects. In the new basis,CP transformations take the form

(CP )�jB0
� i = e2i(�B��)jB0

�i; (CP )�jB0

�i = e�2i(�B��)jB0
� i: (1.18)

The various quantities discussed in this chapter change with the phase transformation (1.17):

M
�
12 = e2i�M12; ��12 = e2i��12; (q=p)� = e�2i�(q=p): (1.19)

Decay amplitudes, defined by
Af = hf jHjB0i; (1.20)

Af = hf jHjB0i; (1.21)

are also affected by the phase transformation (1.17):

(Af)� = e�i�Af ; (Af)� = e+i�Af : (1.22)

From the transformation of states (1.17), and the transformation ofq=p in (1.19), one learns that

jBL�i = ei�
0jBLi; jBH�i = ei�

0jBHi; (1.23)

namely both mass eigenstates are rotated by a common phase factor, which has no physical
significance.

Similar phase freedom exists in defining theCP transformation law for a possible final statef and
its CP conjugatee2i�ff . The quantity�f depends on the flavor content off and is related to the
quark flavor symmetries (c; u; s; d) of the strong interactions.
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8 ACP Violation Primer

However, the freedom in defining the phase of the flavor eigenstates (which are defined through
strong interactions only) does not mean that the full Lagrangian, which involves also weak inter-
actions, is invariant under such phase redefinitions. Indeed, the differences of flavor redefinition
phases appear as changes in the phases of the quark mixing matrix elements and of the Yukawa
couplings of quarks to Higgs fields (or any other Lagrangian terms that cause couplings between
different flavor eigenstates in more general models). While both(q=p) andAf acquire overall
phase redefinitions when these phase rotations are made, the quantity

� =
q

p

Af

Af
(1.24)

has a convention-independent phase that has physical significance, as will be seen when the possi-
ble types ofCP violations are examined below.

Another subtle point that has to do with the arbitrariness of the phase�B in theCP transformation
law (1.16) is the following. Ifjq=pj = 1, it is always possible to choose aCP transformation
(1.16) such that the mass eigenstates (1.9) and (1.10) are eigenstates of this transformation. Such
a definition is, however, not meaningful, because there is no relationship between the so-called
CP quantum numbers for state with different flavor content. For example, the stateBH can be
chosen to be odd under such an appropriately defined transformation, but can decay into a final
two-pion state (which is even under the conventionally definedCP transformation) even without
CP violating phases in the decay amplitude.

1.2.3 Time Evolution of NeutralBd Mesons

The two neutralBd mesons are expected to have a negligible difference in lifetime,

��Bd=�Bd = O(10�2): (1.25)

Note that��Bd has not been measured. The difference in width is produced by decay channels
common toB0 andB

0
. The branching ratios for such channels are at or below the level of10�3.

As various channels contribute with differing signs, one expects that their sum does not exceed the
individual level, hence��Bd � �Bd is a rather safe and model-independent assumption [10]. (For
B0
s mesons the lifetime difference may be significant [11].)

On the other hand,�mBd has been measured [12],

xd � �mBd=�Bd = 0:73� 0:05: (1.26)

From (1.25) and (1.26) one learns that, model-independently,

��B � �mB: (1.27)
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1.2 NeutralB Mesons 9

Equations (1.25) and (1.27) imply that, toO(10�2) accuracy, Eqs. (1.13), (1.14) and (1.15)
simplify into

�mB = 2jM12j; ��B = 2Re(M12�
�
12)=jM12j; (1.28)

q=p = �jM12j=M12: (1.29)

Any B state can then be written as an admixture of the statesBH andBL, and the amplitudes of
this admixture evolve in time

aH(t) = aH(0)e
�iMHte�

1
2
�H t; aL(t) = aL(0)e

�iMLte�
1
2
�Lt: (1.30)

A state which is created at timet = 0 as initially pureB0, is denotedjB0
physi, it hasaL(0) =

aH(0) = 1=(2p). Similarly an initially pureB
0
, jB0

physi, hasaL(0) = �aH(0) = 1=(2q). The time
evolution of these states is thus given by

jB0
phys(t)i = g+(t)jB0i+ (q=p)g�(t)jB0i; (1.31)

jB0

phys(t)i = (p=q)g�(t)jB0i+ g+(t)jB0i; (1.32)

where
g+(t) = e�iMte��t=2 cos(�mB t=2); (1.33)

g�(t) = e�iMte��t=2i sin(�mB t=2); (1.34)

andM = 1
2
(MH +ML).

For some purposes, it is useful to go beyond the leading approximation forq
p
, the relevant expres-

sion is:
q

p
= � M�

12

jM12j
�
1� 1

2
Im

�
�12

M12

��
: (1.35)

1.2.4 Two-Time Formalism for CoherentBB States

At aB factory, that is ane+e� collider operating at the� (4S) resonance, theB0 andB
0

mesons
produced from the decay of the� are in a coherentL = 1 state. One way to view this state is that
each of the two particles evolve in time as described above for a singleB. However they evolve
in phase, so that at any time, until one particle decays, there is always exactly oneB0 and one
B

0
present. (This is yet one more particle physics case of the classic Einstein-Podolsky-Rosen

situation.) However once one of the particles decays the other continues to evolve, and thus there
are possible events with twoB or twoB decays, whose probability is governed by the time between
the two decays.
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10 ACP Violation Primer

The two particles from the Upsilon decay are identified by the angle� that they make with thee�

beam direction in the Upsilon rest frame. Then the two-B state

S(tf ; tb) = 1p
2
fB0

phys(tf ; �; �)B
0

phys(tb; � � �; �+ �)

�B0

phys(tf ; �; �)B
0
phys(tb; � � �; �+ �)g sin(�) (1.36)

can be written as

S(tf ; tb) =
1p
2
e�(�=2+iM)(tf+tb)fcos[�mB(tf � tb)=2](B

0
fB

0

b �B
0

fB
0
b )

�i sin[�mB(tf � tb)=2](
p
q
B0
fB

0
b � q

p
B

0

fB
0

b)g sin(�f ); (1.37)

wheretf is the proper time of theBf , theB particle in the forward half-space at angle(�f <

�=2; �f) andtb is the proper time for the backward-movingBb, at(� � �f ; �f + �). Since theB’s
have equal (though back-to-back) momenta in this frame, until such time as one or the other of
these particles decaystf = tb and Eq. (1.37) contains oneB0 and oneB

0
. However decay stops

the clock for the decayed particle. Then the terms that depend onsin[�mB(tf � tb)=2] begin to
play a role.

From Eq. (1.37) one can derive the amplitude for decays where one of the twoB’s decays to any
statef1 at timet1 and the other decays tof2 at timet2. One obtains

A(t1; t2) =
1p
2
e�(�=2+iM)(t1+t2)�(t1; t2)fcos[�mB(t1 � t2)=2](A1A2 � A1A2)

�i sin[�mB(t1 � t2)=2](
p

q
A1A2 � q

p
A1A2)g sin(�1); (1.38)

whereAi is the amplitude for aB0 to decay to the statefi, Ai is the amplitude for aB
0

to decay
to thesamestatefi (see Eqs. (1.20) and (1.21)). Any state that identifies the flavor of the parent
B (‘tagging decays’) has eitherAf or Af = 0. (The fact that sin(2� � �) = -sin(�) is used to
write Eq. (1.38) with�1 running over angles(0; �).) In Eq. (1.38) to keep signs consistent with
Eq. (1.37) the shorthand

�(t1; t2) =
�
+1 t1 = tf ; t2 = tb,
�1 t1 = tb; t2 = tf

(1.39)

is introduced, but this overall sign factor will disappear in the rate.

It is now straightforward to calculate the time-dependent rate for producing the combined final
statesf1; f2. One finds

R(t1; t2) = Ce��(t1+t2)f(jA1j2 + jA1j2)(jA2j2 + jA2j2)� 4Re(q
p
A�
1A1)Re(q

p
A�
2A2)

� cos(�mB(t1 � t2))[(jA1j2 � jA1j2)(jA2j2 � jA2j2) + 4 Im(
q

p
A�
1A1) Im(

q

p
A�
2A2)] (1.40)

+2 sin(�mB(t1 � t2))[Im(
q

p
A�
1A1)(jA2j2 � jA2j2)� (jA1j2 � jA1j2) Im(

q

p
A�
2A2)]g:
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1.2 NeutralB Mesons 11

Here an integral over all directions for eitherB has been performed, so the angular dependence
has dropped out of the expressions, and an overall normalization factorC has appeared. The
approximationjq=pj = 1 has also been used.

To measureCP asymmetries one looks for events where oneB decays to a finalCP eigenstatefCP
at timetf , while the second decays to a tagging mode, that is a mode which identifies itsb-flavor,
at timettag. For example, take a tagging mode withA2 = 0, A2 = Atag. This then identifies the
otherB-particle as aB0 at timet2 = ttag at which the tag decay occurs. Note that this is true even
when the tag decay occurs after theCP eigenstate decay. In this case the state of the otherB at any
time tf < ttag must be just that mixture that, if it had not decayed, would have evolved to become
aB0 at timetf = ttag. The double time expression reduces to the form

R(ttag; tfCP ) = Ce��(ttag+tfCP )jAtagj2jAfCP j2f1 + j�fCP j2

+cos[�mB(tfCP � ttag)](1� j�fCP j2)� 2 sin[�mB(tfCP � ttag)] Im(�fCP )g (1.41)

where

�fCP �
q

p

AfCP
AfCP

= �fCP
q

p

AfCP
AfCP

: (1.42)

The second form for�fCP here uses the property

AfCP = �fCPAfCP ; (1.43)

where�fCP is theCP eigenvalue of the statefCP . The amplitudesAfCP andAfCP are related
by CP and differ only in the signs of the weak phase for each term, while�fCP = �1, so the
second form is useful in calculating the expected asymmetries, and explains the extra minus sign
that appears for aCP odd final state.

For the case where the tag final state hasA2 = 0, A2 = Atag, which identifies the second particle
as aB at timettag, an expression similar to Eq. (1.41) applies, except that the signs of both the
cosine and the sine terms are reversed. The fact thatjq=pj = 1 means that the amplitudes for the
two opposite tags are the same. Thus the difference of these rates divided by their sum, which
measures the time-dependentCP asymmetry[13], is given by

afCP =
(1� j�fCP j2) cos(�mBt)� 2 Im�fCP sin(�mBt)

1 + j�fCP j2
; (1.44)

wheret = tfCP � ttag.

It is useful to note that the above expressions can be integrated over the variable(t1+t2), which for
t1 � 0 andt2 � 0 can take values betweenjt1 � t2j and infinity. Thus one can fit the dependence
on the variablet1 � t2 without having to measure the� decay time. The fact that the variable
t1� t2 can be related to the distance between the locations of the two decays is of course the prime
reason for building an energy-asymmetric collider for theB factory. If one had to integrate over
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12 ACP Violation Primer

this variable as well all information on the coefficient ofsin(�mB(t1 � t2)) would be lost in the
above expressions, and the experiment would be sensitive only to thoseCP -violating effects that
give j�j 6= 1. (Note that this is a consequence of the coherent production of the twoB states, in a
hadronic environment, where theB’s are produced incoherently, time-integrated rates are always
integrals fromt = 0 to infinity and hence retain information about thesin(�mBt) behavior.)

1.3 The Three Types ofCP Violation in B Decays

The possible manifestations ofCP violation can be classified in a model-independent way:

1. CP violation in decay, which occurs in both charged and neutral decays, when the amplitude
for a decay and itsCP conjugate process have different magnitudes;

2. CP violation in mixing, which occurs when the two neutral mass eigenstates cannot be
chosen to beCP eigenstates;

3. CP violation in the interference between decays with and without mixing, which occurs
in decays into final states that are common toB0 andB

0
. (It often occurs in combination

with the other two types but, important for BABAR, there are cases when, to an excellent
approximation, it is the only effect.)

In each case it is useful to identify a particularCP -violating quantity that is independent of phase
conventions and discuss the types of processes that depend on this quantity.

1.3.1 CP Violation in Decay

For any final statef , the quantityjAf
Af
j is independent of phase conventions and physically mean-

ingful. There are two types of phases that may appear inAf andAf .

Complex parameters in any Lagrangian term that contributes to the amplitude will appear in
complex conjugate form in theCP conjugate amplitude. Thus their phases appear inAf and
Af with opposite signs. In the Standard Model these phases occur only in the CKM matrix which
is part of the electroweak sector of the theory, hence these are often called “weak phases.” The
weak phase of any single term is convention dependent. However the difference between the weak
phases in two different terms inAf is convention independent; the initial and final states are the
same for every term and thus any phase rotation of the fields that appear in these states will affect
all terms in the same way.
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1.3 The Three Types ofCP Violation in B Decays 13

A second type of phase can appear in scattering or decay amplitudes even when the Lagrangian is
real. Such phases do not violateCP , since they appear inAf andAf with the same sign. Their
origin is the possible contribution from intermediate on-shell states in the decay process, that is an
absorptive part of an amplitude that has contributions from coupled channels. Usually the dominant
rescattering is due to strong interactions, hence the designation “strong phases” for the phase shifts
so induced. Again only the relative strong phases of different terms in a scattering amplitude have
physical content, an overall phase rotation of the entire amplitude has no physical consequences.

Thus it is useful to write each contribution toA in three parts: its magnitudeAi, its weak-phase
term ei�i, and its strong phase termei�i . Then, if several amplitudes contribute toB0 ! f , the
amplitudeAf (see (1.20)) and theCP conjugate amplitudeAf (see (1.21)) are given by:

Af =
X
i

Aie
i(�i+�i); Af = e2i(�f��B)

X
i

Aie
i(�i��i); (1.45)

where�f and�B are defined in 1.2.2. (Iff is aCP eigenstate thene2i�f = �1 is itsCP eigenvalue.)
The convention-independent quantity is then

�����
Af

Af

����� =
�����
P
iAie

i(�i��i)P
iAie

i(�i+�i)

����� : (1.46)

WhenCP is conserved, the weak phases�i are all equal. Therefore, from Eq. (1.46) one sees that

jAf=Af j 6= 1 =) CP violation: (1.47)

This type ofCP violation is here calledCP violation in decay. It is often also calleddirect
CP violation. It results from theCP -violating interference among various terms in the decay
amplitude. From Eq. (1.46) it can be seen that aCP violation of this type will not occur unless at
least two terms that have different weak phases acquire different strong phases, since:

jAj2 � jAj2 = �2
X
i;j

AiAj sin(�i � �j) sin(�i � �j): (1.48)

Any CP asymmetries in chargedB decays,

af =
�(B+ ! f)� �(B� ! f)

�(B+ ! f) + �(B� ! f)
; (1.49)

are fromCP violation in decay. In terms of the decay amplitudes

af =
1� jA=Aj2
1 + jA=Aj2 : (1.50)

CP violation in decays can also occur for neutral meson decays, where it competes with the other
two types ofCP violation effects described below. There is as yet no unambiguous experimental
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evidence forCP violation in decays. (As explained in 1.6.3, a measurement ofRe "0K 6= 0 would
constitute such evidence.)

The magnitude and strong phase of any amplitude involve long distance strong interaction physics,
and cannot be calculated from first principles. Thus quantities that depend only on the weak phases
are much cleaner than those that require knowledge of the relative magnitudes or strong phases of
various amplitude contributions. There is however a large literature and considerable theoretical
effort that goes into the calculation of amplitudes and strong phases. In many cases one can only
relate experiment to Standard Model parameters through such calculations. The techniques that
are used are expected to be more accurate forB decays than forK decays because of the larger
B mass, but theoretical uncertainty remains significant. The calculations generally contain two
parts. First, the operator product expansion and QCD perturbation theory are used to write any
underlying quark process as a sum of local quark operators with well-determined coefficients.
Second, the matrix elements of the operators between the initial and final hadron states must be
calculated. This is where the theory is weakest and the results most model dependent. Ideally
lattice calculations should be able to provide accurate determinations for the matrix elements, and
in certain cases this is already true, but much remains to be done. In the following chapter an
overview of the principal methods used in such calculations is given. Further details on the status
of various theoretical approaches are presented in relevant chapters and in the appendices.

1.3.2 CP Violation in Mixing

A second quantity that is independent of phase conventions and physically meaningful is

�����qp
�����
2

=

�����M
�
12 � i

2
��12

M12 � i
2
�12

����� : (1.51)

WhenCP is conserved, the mass eigenstates must beCP eigenstates. In that case the relative phase
betweenM12 and�12 vanishes. Therefore, Eq. (1.51) implies

jq=pj 6= 1 =) CP violation: (1.52)

This type ofCP violation is here calledCP violation in mixing; it is often referred to asindirect
CP violation. It results from the mass eigenstates being different from theCP eigenstates.CP
violation in mixing has been observed unambiguously in the neutral kaon system.

For the neutralB system, this effect could be observed through the asymmetries in semileptonic
decays:

asl =
�(B

0

phys(t)! `+�X)� �(B0
phys(t)! `��X)

�(B
0

phys(t)! `+�X) + �(B0
phys(t)! `��X)

: (1.53)
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In terms ofjq=pj,
asl =

1� jq=pj4
1 + jq=pj4 ; (1.54)

which follows from

h`��XjHjB0
phys(t)i = (q=p)g�(t)A

�; h`+�XjHjB0

phys(t)i = (p=q)g�(t)A: (1.55)

As can be seen from the discussion in Section 1.2.3, effects ofCP violation in mixing in neutral
Bd decays, such as the asymmetries in semileptonic decays, are expected to be small,O(10�2).
Moreover, to calculate the deviation ofq=p from a pure phase, one needs to calculate�12 andM12.
This involves large hadronic uncertainties, in particular in the hadronization models for�12. The
overall uncertainty is easily a factor of 2–3 injq=pj � 1 [10]. Thus even if such asymmetries are
observed, it will be difficult to relate their rates to fundamental CKM parameters.

1.3.3 CP Violation in the Interference Between Decays With and Without
Mixing

Finally, consider neutralB decays into finalCP eigenstates,fCP [14, 15, 16]. Such states are
accessible in bothB0 andB

0
decays. The quantity of interest here that is independent of phase

conventions and physically meaningful is� of Eq. (1.42),� = �fCP
q

p

A
fCP

AfCP
. WhenCP is conserved,

jq=pj = 1, jAfCP =AfCP j = 1, and furthermore, the relative phase between(q=p) and(AfCP =AfCP )
vanishes. Therefore, Eq. (1.42) implies

� 6= �1 =) CP violation: (1.56)

Note that bothCP violation in decay (1.47) andCP violation in mixing (1.52) lead to (1.56)
throughj�j 6= 1. However, it is possible that, to a good approximation,jq=pj = 1 andjA=Aj = 1,
yet there isCP violation:

j�j = 1; Im� 6= 0: (1.57)

This type ofCP violation is calledCP violation in the interference between decays with and
without mixinghere; sometimes this is abbreviated as “interference between mixing and decay.”
As explained in Section 1.6, this type ofCP violation has also been observed in the neutral kaon
system.

For the neutralB system,CP violation in the interference between decays with and without mixing
can be observed by comparing decays into finalCP eigenstates of a time-evolving neutralB state
that begins at time zero asB0 to those of the state that begins as aB

0
:

afCP =
�(B0

phys(t)! fCP )� �(B
0

phys(t)! fCP )

�(B0
phys(t)! fCP ) + �(B

0

phys(t)! fCP )
: (1.58)
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It was shown above (1.44) that this time-dependent asymmetry is given by:

afCP =
(1� j�fCP j2) cos(�mBt)� 2 Im�fCP sin(�mBt)

1 + j�fCP j2
: (1.59)

This asymmetry will be non-vanishing if any of the three types ofCP violation are present. How-
ever, for decays such thatj�j = 1 (the ‘clean’ modes — see below), (1.44) simplifies considerably:

afCP = �Im�fCP sin(�mB t) : (1.60)

One point concerning this type of asymmetries is worth clarifying. Consider the decay amplitudes
ofB0 into two different finalCP eigenstates,Aa andAb. A non-vanishing difference between�a�a
and�b�b,

�a�a � �b�b =
q

p

 
Aa

Aa
� Ab
Ab

!
6= 0; (1.61)

would establish the existence ofCP violation in�b = 1 processes. For this reason, this type of
CP violation is also called sometimes “directCP violation.” Yet, unlike the case ofCP violation
in decay, no nontrivial strong phases are necessary. The richness of possible finalCP eigenstates
in B decays makes it very likely that various asymmetries will exhibit (1.61). (A measurement
of B(KL ! ���) >� 10�11 can establish the existence [17, 18, 19] of a similar effect, a�s = 1
CP violation that does not depend on strong phase shifts.) Either this type of observation or the
observation ofCP violation in decay would rule out superweak models forCP violation.

CP violation in the interference between decays with and without mixing can be cleanly related to
Lagrangian parameters when it occurs with noCP violation in decay. In particular, forBd decays
that are dominated by a singleCP -violating phase, so that the effect ofCP violation in decay is
negligible,afCP is cleanly translated into a value forIm� (see (1.60)) which, in turn, is cleanly
interpreted in terms of purely electroweak Lagrangian parameters. (As discussed below,Im"K
which describesCP violation in the interference between decays with and without mixing in the
K system, is cleanly translated into a value of�12, the phase betweenM12(K) and�12(K). It is
difficult, however, to interpret�12 cleanly in terms of electroweak Lagrangian parameters.)

When there isCP violation in decay at the same time as in the interference between decays with
and without mixing, the asymmetry (1.58) depends also on the ratio of the different amplitudes
and their relative strong phases, and thus the prediction has hadronic uncertainties. In some cases,
however, it is possible to remove any large hadronic uncertainties by measuring several isospin-
related rates (seee.g.,[20, 21, 22]) and thereby extract a clean measurement of CKM phases. This
is discussed in further detail in Chapters 5 and particularly 6.

There are also many final states forB decay that haveCP self-conjugate particle content but are not
CP eigenstates because they contain admixtures of different angular momenta and hence different
parities. In certain cases angular analyses of the final state can be used to determine the amplitudes
for each differentCP contribution separately. Such final states can then also be used for clean
comparison with theoretical models [23]. This is discussed in more detail in Chapter 5.
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1.4 CP Violation in the Standard Model

1.4.1 The CKM Picture ofCP Violation

In the Standard Model (SM) [24] ofSU(3)C � SU(2)L � U(1)Y gauge symmetry with three
fermion generations,CP violation arises from a single phase in the mixing matrix for quarks [3].
Each quark generation consists of three multiplets:

QI
L =

�
U I
L

DI
L

�
= (3; 2)+1=6; uIR = (3; 1)+2=3; dIR = (3; 1)�1=3; (1.62)

where(3; 2)+1=6 denotes a triplet ofSU(3)C , doublet ofSU(2)L with hyperchargeY = Q� T3 =
+1=6, and similarly for the other representations. The interactions of quarks with theSU(2)L
gauge bosons are given by

LW = �1

2
gQI

Li

��a1ijQ

I
LjW

a
� ; (1.63)

where
� operates in Lorentz space,�a operates inSU(2)L space and1 is the unit matrix operating
in generation (flavor) space. This unit matrix is written explicitly to make the transformation to
mass eigenbasis clearer. The interactions of quarks with the single Higgs scalar doublet�(1; 2)+1=2
of the Standard Model are given by

LY = �GijQ
I
Li�d

I
Rj � FijQ

I
Li
~�uIRj +Hermitian conjugate; (1.64)

whereG andF are generalcomplex3 � 3 matrices. Their complex nature is the source ofCP

violation in the Standard Model. With the spontaneous symmetry breaking,SU(2)L � U(1)Y !
U(1)EM due toh�i 6= 0, the two components of the quark doublet become distinguishable, as are
the three members of theW � triplet. The charged current interaction in (1.63) is given by

LW = �
s
1

2
guILi


�
1ijd

I
LjW

+
� + h:c:: (1.65)

The mass terms that arise from the replacementRe(�0)!
q

1
2
(v +H0) in (1.64) are given by

LM = �
s
1

2
vGijd

I
Lid

I
Rj �

s
1

2
vFiju

I
Liu

I
Rj +Hermitian conjugate; (1.66)

namely
Md = Gv=

p
2; Mu = Fv=

p
2: (1.67)

The phase information is now contained in these mass matrices. To transform to the mass eigen-
basis, one defines four unitary matrices such that

VdLMdV
y
dR =M

diag
d ; VuLMuV

y
uR =Mdiag

u ; (1.68)
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whereMdiag
q are diagonal and real, whileVqL andVqR are complex. The charged current interac-

tions (1.65) are given in the mass eigenbasis by

LW = �
s
1

2
guLi


�V ijdLjW
+
� + h:c:: (1.69)

(Quark fields with no superscript denote mass eigenbasis.) The matrixV = VuLV
y
dL is the (unitary)

mixing matrix for three quark generations. As such, it generally depends on nine parameters: three
can be chosen as real angles (like the Cabibbo angle) and six are phases. However, one may reduce
the number of phases inV by a transformation

V =) V = PuV P
�
d ; (1.70)

wherePu andPd are diagonal phase matrices. This is a legitimate transformation because it
amounts to redefining the phases of the quark-mass-eigenstate fields, as was discussed earlier:

qLi ! (Pq)iiqLi; qRi ! (Pq)iiqRi; (1.71)

which does not change the real diagonal mass matrixMdiag
q . The five phase differences among

the elements ofPu andPd can be chosen so that the transformation (1.70) eliminates five of the
six independent phases fromV ; thusV has one irremovable phase. This phase is called the
Kobayashi-Maskawa phase [3],�KM, and the mixing matrix is called the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2]. It is interesting to note that the same procedure applied to a two-
generation Standard Model Lagrangian with a single Higgs field would remove allCP -violating
phases — that theory could not accommodateCP violation without the addition of extra fields.
It was this observation that led Kobayashi and Maskawa to suggest a third quark generation long
before there was any experimental evidence for it.

The irremovable phase in the CKM matrix allows possibleCP violation. To see this, recall theCP
transformation laws (1.4) and (1.5),

 i j !  j i;  i

�W�(1� 
5) j !  j


�W�(1� 
5) i: (1.72)

Thus the mass terms and gauge interactions are obviouslyCP invariant if all the masses and
couplings are all real. In particular, consider the coupling ofW� to quarks. It has the form

gVijui
�W
+�(1� 
5)dj + gV �

ijdj
�W
��(1� 
5)ui: (1.73)

TheCP operation interchanges the two terms except thatVij andV �
ij are not interchanged. Thus,

CP is a good symmetry only if there is a mass basis and choice of phase convention where all
couplings and masses are real.

CP is not necessarily violated in the three generation Standard Model. If two quarks of the same
charge had equal masses, one mixing angle and the phase could be removed fromV . This can be
written as a condition on quark mass differences:CP violation requires

(m2
t �m2

c)(m
2
c �m2

u)(m
2
t �m2

u)(m
2
b �m2

s)(m
2
s �m2

d)(m
2
b �m2

d) 6= 0: (1.74)
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(The squared masses appear here because the sign of a fermion mass term is not physical.) Like-
wise, if the value of any of the three mixing angles were 0 or�=2, then the phase could be removed.
Finally, CP would not be violated if the value of the single phase were 0 or�. These last eight
conditions are elegantly incorporated into one, parameterization-independent, condition [25]. To
find this condition, note that unitarity of the CKM matrix,V V y = 1, requires that for any choice
of i; j; k; l = 1; 2; 3

Im[VijVklV
�
ilV

�
kj] = J

3X
m;n=1

�ikm�jln: (1.75)

Then, the conditions on the mixing parameters are summarized by

J 6= 0: (1.76)

The fourteen conditions incorporated in (1.74) and (1.76) can all be written as a single requirement
of the mass matrices in the interaction basis [25]:

Imfdet[MdM
y
d ;MuM

y
u]g 6= 0 , CP violation: (1.77)

This is a convention-independent condition. The quantityJ is of much interest in the study of
CP violation from the CKM matrix. The maximum value thatJ could in principle assume is
1=(6

p
3) � 0:1, but it is found to be<� 4� 10�5, providing a concrete meaning to the notion that

CP violation in the Standard Model is small.

The fact that the three generation Standard Model with a single Higgs multiplet contains only
a single independentCP -violating phase makes the possibleCP -violating effects in this theory
all very closely related. It is this that makes the pattern ofCP violations inB decays strongly
constrained in this model. The goal of theB factory is to test whether this pattern occurs.

1.4.2 Unitarity of the CKM Matrix

The unitarity of the CKM matrix is manifest using an explicit parameterization. There are various
useful ways to parameterize it, but the standard choice is the following [26]:

V =

0
B@ c12c13 s12c13 s13e

�i�

�s12c23 � c12s23s13e
i� c12c23 � s12s23s13e

i� s23c13
s12s23 � c12c23s13e

i� �c12s23 � s12c23s13e
i� c23c13

1
CA ; (1.78)

wherecij � cos �ij andsij � sin �ij. In this parameterization

J = c12c23c
2
13s12s23s13 sin �: (1.79)

This shows explicitly the requirement that all mixing angles are different from0; �=2 and� 6= 0; �.
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The unitarity of the CKM matrix implies various relations among its elements. A full list of these
relations can be found in Ref. [8]. Three of them are very useful for understanding the Standard
Model predictions forCP violation:

VudV
�
us + VcdV

�
cs + VtdV

�
ts = 0; (1.80)

VusV
�
ub + VcsV

�
cb + VtsV

�
tb = 0; (1.81)

VudV
�
ub + VcdV

�
cb + VtdV

�
tb = 0: (1.82)

Each of these three relations requires the sum of three complex quantities to vanish and so can be
geometrically represented in the complex plane as a triangle. These are “the unitarity triangles.”
Note that the term “Unitarity Triangle” is reserved for the relation (1.82) only (for reasons soon to
be understood).

(c)

(b)

(a)

7204A47–92

Figure 1-1. The three unitarity triangles a)VidV �
is = 0, b)VisV �

ib = 0, and c)VidV �
ib = 0, drawn to

a common scale.

It is instructive to draw the three triangles, knowing the experimental values (within errors) for the
variousjVijj. This is done in Fig. 1-1. In the first two triangles, one side is much shorter than the
other two, and so they almost collapse to a line. This would give an intuitive understanding of why
CP violation is small in the leadingK decays (the first triangle) and in the leadingBs decays (the
second triangle). Decays related to the short sides of these triangles (for example,KL ! ���)
are rare but could exhibit significantCP violation. The most exciting physics ofCP violation
lies in theB system, related to the third triangle. The openness of this triangle predicts largeCP

asymmetries inB decays.

Equation (1.75) has striking implications for the unitarity triangles:

1. All unitarity triangles are equal in area.

2. The area of each unitarity triangle equalsjJ j=2.

3. The sign ofJ gives the direction of the complex vectors.
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ρ
γ β

α

Aη

(b) 7204A5
7–92

1

VtdVtb
∗

|VcdVcb|∗
VudVub

∗

|VcdVcb|∗

VudVub
∗

VtdVtb
∗

VcdVcb
∗

α

β

γ

0
0

(a)

Figure 1-2. The rescaled Unitarity Triangle, all sides divided byV �
cbVcd.

The rescaled Unitarity Triangle (Fig. 1-2) is derived from (1.82) by (a) choosing a phase convention
such that(VcdV �

cb) is real, and (b) dividing the lengths of all sides byjVcdV �
cbj; (a) aligns one side

of the triangle with the real axis, and (b) makes the length of this side 1. The form of the triangle
is unchanged. Two vertices of the rescaled Unitarity Triangle are thus fixed at (0,0) and (1,0). The
coordinates of the remaining vertex are denoted by(�; �). It is customary these days to express the
CKM-matrix in terms of four Wolfenstein parameters(�;A; �; �) with � = jVusj = 0:22 playing
the role of an expansion parameter and� representing theCP -violating phase [27]:

V =

0
B@

1� �2

2
� A�3(�� i�)

�� 1� �2

2
A�2

A�3(1� �� i�) �A�2 1

1
CA+O(�4): (1.83)

� is small, and for each element inV , the expansion parameter is actually�2. Hence it is sufficient
to keep only the first few terms in this expansion. The relation between the parameters of (1.78)
and (1.83) is given by

s12 � �; s23 � A�2; s13e
�i� � A�3(�� i�): (1.84)

This specifies the higher order terms in (1.83).
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The definition of (�;A; �; �) given in (1.84) is useful because it allows an elegant improvement of
the accuracy of the original Wolfenstein parameterization. In particular, up to O(�6) corrections,

Vus = �; Vcb = A�2; Vub = A�3(�� i�); (1.85)

Vtd = A�3(1� �� i�); (1.86)

ImVcd = �A2�5�; ImVts = �A�4�; (1.87)

where
� = �(1� �2=2); � = �(1� �2=2): (1.88)

These are excellent approximations to the exact expressions [28]. Depicting the rescaled Unitarity
Triangle in the(�; �) plane, the lengths of the two complex sides are

Rb �
q
�2 + �2 =

1� �2=2

�

����VubVcb

���� ; Rt �
q
(1� �)2 + �2 =

1

�

����VtdVcb
���� : (1.89)

The three angles of the Unitarity Triangle are denoted by�; � and
 [29]:

� � arg

"
� VtdV

�
tb

VudV
�
ub

#
; � � arg

"
�VcdV

�
cb

VtdV
�
tb

#
; (1.90)

The third angle is then


 � arg

"
�VudV

�
ub

VcdV
�
cb

#
� � � �� �: (1.91)

These are physical quantities and, as discussed below, can be measured byCP asymmetries in
variousB decays. The consistency of the various measurements provide tests of the Standard
Model.

The angle� gives, to a good approximation, the Standard Model phase between the neutralB

mixing amplitude and its leading decay amplitudes. It is interesting to define the analog phases for
theBs meson,�s, and theK meson,�K :

�s � arg

"
�VtsV

�
tb

VcsV
�
cb

#
; �K � arg

"
� VcsV

�
cd

VusV
�
ud

#
: (1.92)

The angles�s and�K can be seen to be the small angles of the second and first unitarity triangles,
(1.81) and (1.80), respectively.

It is straightforward to express the angles of the triangle in terms of� and�. For example, the
following two relations are useful:

sin 2� =
2�[�2 + �(�� 1)]

[�2 + (1� �)2][�2 + �2]
; sin 2� =

2�(1� �)

�2 + (1� �)2
: (1.93)
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Note that unitarity is a fundamental property of any field theory. When one speaks of testing the
unitarity of the CKM matrix one is not looking for violations of unitarity, but for violations of
the consequences of unitarity in the three generation theory. Such violations would simply imply
the presence of other channels, particles not included in the Standard Model theory, contributing
in some way to the decays under study. To call these effects “unitarity violations” is perhaps
misleading, but it is the common terminology of the field.

1.4.3 Measuring CKM Parameters withCP -Conserving Processes

Six of the nine absolute values of the CKM entries are measured directly, namely by tree-level
processes. (All numbers below are taken from [12].) Nuclear beta decays give

jVudj = 0:9736� 0:0010: (1.94)

Semileptonic kaon and hyperon decays give

jVusj = 0:2205� 0:0018: (1.95)

Neutrino and antineutrino production of charm off valenced quarks give

jVcdj = 0:224� 0:016: (1.96)

SemileptonicD decays give
jVcsj = 1:01� 0:18 (1.97)

Semileptonic exclusive and inclusiveB decays give

jVcbj = 0:041� 0:003: (1.98)

The endpoint spectrum in semileptonicB decays gives

jVub=Vcbj = 0:08� 0:02: (1.99)

Using unitarity constraints, one can narrow some of the above ranges (most noticeably, that of
jVcsj) and put constraints on the top mixingsjVtij. The full information on the absolute values of
the CKM elements (as given by [12]) from both direct measurements and three generation unitarity
is summarized by

jV j =
0
B@ 0:9745� 0:9757 0:219� 0:224 0:002� 0:005

0:218� 0:224 0:9736� 0:9750 0:036� 0:046
0:004� 0:014 0:034� 0:046 0:9989� 0:9993

1
CA : (1.100)

Note that the only large uncertainties are injVubj andjVtdj. However, the two are related through
(1.82). Thus, the unitarity triangle is a very convenient tool for presenting constraints from indirect
measurements on the most poorly determined parameters.
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The most usefulCP conserving indirect measurement, namely a Standard Model loop level pro-
cess, is mixing in theB0 � B

0
system. The experimental result is

xd � �mB

�B0

= 0:73� 0:05: (1.101)

Note that this value averages over measurements at the� (4S) of

�d �
�(B0 ! `�X)

�(B0 ! `�X)
=

x2d
2(1 + x2d)

; (1.102)

and measurements at theZ0 of
�mB = xd=�B0 : (1.103)

The Standard Model accounts for this quantity by the box diagrams with intermediate top quarks
[30]:

M12 = � G2
F

12�2
�mB(BBf

2
B)m

2
t f2(m

2
t =m

2
W )(VtbV

�
td)

2e�2i�B ; (1.104)

xd = 2�bjM12j: (1.105)

In Eq. (1.104) the quantity� is a QCD correction factor andf2(y) is a kinematic function calculated
from the box diagrams. Both are positive quantities. Using [12]BBf

2
B = (1:2 � 0:2)(173 �

40MeV )2 andmt = 174� 16 GeV as input, (1.105) gives

jV �
tbVtdj = 0:009� 0:003; (1.106)

which significantly improves over the unitarity constraint (1.100).

The above ranges for theVij ’s give the following 90% CL range for theCP -violating measurejJ j:
jJ j = (3:0� 1:3)� 10�5 sin �: (1.107)

1.5 ExpectedCP Asymmetries — Standard Model Predictions

1.5.1 CP Violation in Mixing

As mentioned above, in theBd system the result�12 � M12 is model independent. Moreover,
within the Standard Model and assuming that the box diagram (with a cut) is appropriate to
estimate�12, one can actually calculate the two quantities from the quark diagrams of Fig. 1-3.
The calculation gives [10]

�12

M12

= �3�

2

1

f2(m2
t=m

2
W )

m2
b

m2
t

 
1 +

8

3

m2
c

m2
b

VcbV
�
cd

VtbV
�
td

!
: (1.108)
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This confirms the order of magnitude estimate,j�12=M12j <� 10�2. The deviation ofjq=pj from
unity is proportional toIm(�12=M12) which is even further suppressed by another order of mag-
nitude. Thus, to a very good approximation,

q

p
= � M�

12

jM12j
=
V �
tbVtd

VtbV
�
td

e2i�B : (1.109)

Note that (1.108) allows an estimate ofCP violation in mixing, namely

1�
�����qp
����� = 1

2
Im �12

M12

=
4�

f2(m2
t=m

2
W )

m2
c

m2
t

J

jVtbV �
tdj2

� 10�3: (1.110)

The last term is the ratio of the area of the Unitarity Triangle to the length of one of its sides
squared, so it isO(1). The only suppression factor is then(m2

c=m
2
t ). The uncertainty in the

calculation comes from the use of a quark diagram to describe�12 and could easily be of order
30%, but not three orders of magnitude. (A similar expression to (1.109) holds forBs, except that
the last terms isJ=jVtbV �

tsj2 � 10�2, as can be seen from the relevant unitarity triangle in Fig. 1-1.)

1.5.2 Decay-Amplitude Weak-Phase Structure

Most channels have contributions from both tree and three types of penguin diagrams [31]. The
latter are classified according to the identity of the quark in the loop, as diagrams with different
intermediate quarks may have both different strong phases and different weak phases. On the
other hand, the subdivision of tree processes into spectator, exchange, and annihilation diagrams
is unimportant in this respect since they all carry the same weak phase. In addition to gluonic
penguins there are also electroweak penguin contributions, with a photon orZ boson. In certain
cases the latter contribution can be significant because it is enhanced by a factorM2

t =M
2
Z which

partially compensates the relative suppression of electroweak versus QCD couplings.
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Figure 1-3. Quark diagrams contributing tob decays.

Figure 1-3 shows the quark diagrams for tree, penguin and electroweak penguin contributions.
While quark diagrams can be easily classified in this way, the description ofB decays is not so
neatly divided into tree and penguin contributions once long distance physics effects are taken into
account. Rescattering processes can change the quark content of the final state and confuse the
identification of a contribution. There is no physical distinction between rescattered tree diagrams
and long-distance contributions to the cuts of a penguin diagram. While these issues complicate
estimates of various rates they can always be avoided in describing the weak-phase structure of
B-decay amplitudes. The decay amplitudes forb ! qqq0 can always be written as a sum of three
terms with definite CKM coefficients:

A(qqq0) = VtbV
�
tq0P

t
q0 + VcbV

�
cq0(Tccq0�qc + P c

q0) + VubV
�
uq0(Tuuq0�qu + P u

q0): (1.111)

HereP andT denote contributions from tree and penguin diagrams, excluding the CKM factors.
As they stand, theP terms are not well defined because of the divergences of the penguin diagrams.
Only differences of penguin diagrams are finite and well defined. (However, as will be seen,
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introduction of a common high momentum cut off in the loop diagrams does not affect the final
answer, since it depends only on differences of penguin amplitudes. This can be seen by using
Eqs. (1.81) and (1.82) to eliminate one of the three terms, by writing its CKM coefficient as minus
the sum of the other two.

In the case ofqqs decays it is convenient to remove theVtbV �
ts term. Then

A(ccs) = VcbV
�
cs(Tccs + P c

s � P t
s) + VubV

�
us(P

u
s � P t

s);

A(uus) = VcbV
�
cs(P

c
s � P t

s) + VubV
�
us(Tuus + P u

s � P t
s); (1.112)

A(sss) = VcbV
�
cs(P

c
s � P t

s) + VubV
�
us(P

u
s � P t

s):

In these expressions only differences of penguin contributions occur, which makes the cancelation
of the ultraviolet divergences of these diagrams explicit. Further, the second term has a CKM
coefficient that is much smaller than the first. Hence this grouping is useful in classifying the
expected directCP violations. (Note that termsb! dds, which have only penguin contributions,
mix strongly with theuus terms and hence cannot be separated from them. ThusP terms in
A(uus) include contributions from bothdds anduus diagrams.)

In the case ofqqd decays the three CKM coefficients are all of similar magnitude. The convention
is then to retain theVtbV �

td term because, in the Standard Model, the phase difference between this
weak phase and half the mixing weak phase is zero. Thus only one unknown weak phase enters
the calculation of the interference between decays with and without mixing. One can choose to
eliminate whichever of the other terms does not have a tree contribution. In the casesq = s or
d, since neither has a tree contribution either term can be removed. Thus the amplitudes can be
written

A(ccd) = VtbV
�
td(P

t
d � P u

d ) + VcbV
�
cd(Tccd + P c

d � P u
d );

A(uud) = VtbV
�
td(P

t
d � P c

d ) + VubV
�
ud(Tuud + P u

d � P c
d ); (1.113)

A(ssd) = VtbV
�
td(P

t
d � P u

d ) + VcbV
�
cd(P

c
d � P u

d ):

Again only differences of penguin amplitudes occur. Furthermore the difference of penguin terms
that occurs in the second term would vanish if the charm and up quark masses were equal, and thus
is GIM (Glashow-Illiopoulos-Maiani) suppressed. However, particularly for in modes with no tree
contribution,(ssd), the interference of the two terms can still give significant directCP violation,
and thus complicate the simple predictions for the interference of decays with and without mixing
[32] obtained by ignoring this term.

The penguin processes all involve the emission of a neutral boson, either a gluon (strong penguins)
or a photon orZ boson (electroweak penguins). Excluding the CKM coefficients, the ratio of
the contribution from the difference between a top and light quark strong penguin diagram to the
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contribution from a tree diagram is of order

rPT =
P t � P light

Tqqq0
� �s

12�
ln
m2
t

m2
b

: (1.114)

This is a factor ofO(0:03). However this estimate does not include the effect of hadronic matrix
elements, which are the probability factor to produce a particular final state particle content from
a particular quark content. Since this probability differs for different kinematics, color flow, and
spin structures, it can be different for tree and penguin contributions and may partially compensate
the coupling constant suppression of the penguin term. Electroweak penguin difference terms are
even more suppressed since they have an additional�em=� or�w=� compared to tree diagrams, but
certainZ-contributions are enhanced by the large top quark mass and so can be non-negligible [33].

1.5.3 Low-Energy Effective Hamiltonians

The most efficient tool to analyzeB decays is that of the low-energy effective Hamiltonian. The
meaning and use of this tool is discussed further in the following chapter. Here the conventional
notations used for theB decay Hamiltonian are simply noted. This section is based on Ref. [34],
where a more detailed discussion can be found.

Low-energy effective Hamiltonians are constructed using the operator product expansion (OPE)
which yields transition matrix elements of the structure

hf jHeffjii /
X
k

hf jQk(�)jiiCk(�); (1.115)

where� denotes an appropriate renormalization scale. The OPE allows one to separate the “long-
distance” contributions to that decay amplitude from the “short-distance” parts. Whereas the
former pieces are not calculable and are relegated to the nonperturbative hadronic matrix elements
hf jQk(�)jii, the latter are described by perturbatively calculable Wilson coefficient functions
Ck(�).

In the case ofj�Bj = 1, �C = �U = 0 transitions one finds

Heff = Heff(�B = �1) +Heff(�B = �1)y (1.116)

with

Heff(�B = �1) = GFp
2

2
4 X
j=u;c

V �
jqVjb

(
2X

k=1

Q
jq
k Ck(�) +

10X
k=3

Q
q
k Ck(�)

)3
5 : (1.117)

HereGF denotes the Fermi constant, the renormalization scale� is of O(mb), the flavor label
q infd; sg corresponds tob ! d and b ! s transitions, respectively, andQjq

k are four-quark
operators that can be divided into three categories:
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(i) current-current operators:

Q
jq
1 = (q�j�)V–A(j�b�)V–A

Q
jq
2 = (q�j�)V–A(j�b�)V–A :

(1.118)

(ii) QCD penguin operators:

Q
q
3 = (q�b�)V–A

P
q0(q

0
�q

0
�)V–A

Q
q
4 = (q�b�)V–A

P
q0(q

0
�q

0
�)V–A

Q
q
5 = (q�b�)V–A

P
q0(q

0
�q

0
�)V+A

Q
q
6 = (q�b�)V–A

P
q0(q

0
�q

0
�)V+A :

(1.119)

(iii) EW penguin operators:

Q
q
7 = 3

2
(q�b�)V–A

P
q0 eq0(q

0
�q

0
�)V+A

Q
q
8 = 3

2
(q�b�) V–A

P
q0 eq0(q

0
�q

0
�)V+A

Q
q
9 = 3

2
(q�b�)V–A

P
q0 eq0(q

0
�q

0
�)V–A

Q
q
10 = 3

2
(q�b�) V–A

P
q0 eq0(q

0
�q

0
�)V–A:

(1.120)

Here� and� denoteSU(3)C color indices, V�A refers to the Lorentz structures
�(1 � 
5),
respectively,q0 runs over the quark flavors active at the scale� = O(mb), i.e., q0 infu; d; c; s; bg,
andeq0 are the corresponding electrical quark charges. The current-current, QCD, and EW penguin
operators are related to the tree, QCD, and EW penguin processes, depicted in Fig. 1-3.

In the case of transitions of the typeb ! quc andb ! qcu with q infd; sg, only current-current
operators contribute. The structure of the corresponding low-energy effective Hamiltonians is
completely analogous to (1.117). To obtain it, one replaces both the CKM factorsV �

jqVjb and
the flavor contents of the current-current operators (1.118) straightforwardly with the appropriate
quark flavor structure, and omits the sum over penguin operators.

1.5.4 Decay Asymmetry Predictions in the Standard Model —
General Patterns

As mentioned above, directCP violations require two contributions to the decay process which
differ in both their strong phases and their weak phases so thatjA=Aj 6= 1. Purely leptonic
and semileptonic decays are dominated by a single diagram and thus are unlikely to exhibit any
measurable directCP violation. Nonleptonic decays often have two terms that are comparable in
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magnitude and hence could have significant directCP violations. The theoretical calculation ofCP
asymmetries of the type (1.50) requires knowledge of strong phase shifts and of absolute values of
various amplitudes, as can be seen from (1.46). The estimates therefore necessarily have hadronic
uncertainties. In contrast, a clean relationship between measured asymmetries and CKM phases is
obtained when studyingCP violation in the interference between decays with and without mixing
for CP eigenstate modes dominated by a single term in the decay amplitude.

B decays can thus be grouped into five classes. Classes 1 and 2 are expected to have relatively
small directCP violations and hence are particularly interesting for extracting CKM parameters
from interference of decays with and without mixing. In the remaining three classes, directCP

violations could be significant and the neutral decay asymmetries cannot be cleanly interpreted in
terms of CKM phases.

1. Decays dominated by a single term:b ! ccs andb ! sss. The Standard Model cleanly
predicts zero (or very small) directCP violations because the second term is Cabibbo sup-
pressed. Any observation of large directCP -violating effects in these cases would be a clue
to beyond Standard Model physics. The modesB+ !  K+ andB+ ! �K+ are examples
of this class. The corresponding neutral modes have cleanly predicted relationships between
CKM parameters and the measured asymmetry from interference between decays with and
without mixing.

2. Decays with a small second term:b! ccd andb! uud. The expectation that penguin-only
contributions are suppressed compared to tree contributions suggests that these modes will
have small directCP violation effects, and an approximate prediction for the relationship
between measured asymmetries in neutral decays and CKM phases can be made.

3. Decays with a suppressed tree contribution:b ! uus. The tree amplitude is suppressed by
small mixing angles,VubV �

us. The no-tree term may be comparable or even dominate and
give large interference effects. An example isB ! �K.

4. Decays with no tree contribution:b ! ssd. Here the interference comes from penguin
contributions with different charge 2/3 quarks in the loop. An example isB ! KK.

5. Radiative decays:b ! s
. The mechanism here is the same as in case4 except that the
leading contributions come from electromagnetic penguins. An example isB ! K�
.

Recent CLEO results onB(B ! K�) andB(B ! ��) [35] suggest that the matrix element of
penguin operators is enhanced compared to that of tree operators. If this enhancement is significant,
then some of the decay modes listed in Class 2 might actually fit better to Class 3; that is it
becomes more difficult to relate a measured asymmetry to a CKM phase. For example, it is possible
that b ! uud decays have comparable contributions from tree and penguin amplitudes. On the
other hand, this would also mean that some modes listed in Class 3 could be dominated by a
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single penguin term. For such cases an approximate relationship between measured asymmetries
in neutral decays and CKM phases can be made. This is discussed in greater detail in Chapter 5.

It is useful to summarize all this discussion in two tables. The first table shows all cases for
b! qq0s while the second givesb! qq0d.

The last line in the first table of Table 1-1 are methods to measure the angle
 inBd ! DK decays.
These modes have no penguin contributions, but can have directCP violation due to interference
of D0 andD

0
in decays to common final states.D decays toc-flavor-distinguishing states are

then used to measure individual amplitude strengths. Thus the value of
 can be extracted, up to
a fourfold ambiguity, via these modes if rates are high enough to make the relevant measurements
accurately. These methods are discussed in more detail in Chapter 7. Again in the second table
of Table 1-1 the final entry refers to directCP violation studies inBd ! D� or Bs ! DK

decays through interference of commonD0 andD
0

channels [36, 37]. Here one of theB-decay
amplitudes is doubly Cabibbo suppressed, so the only hope for large interference effects is in a
channel which is a doubly Cabibbo-suppressed decay of the otherD state. Rates will be small, but
the directCP violation could be a large effect. Tagging via the secondB is necessary to identify
b-flavor. ChargedB ! D� can be similarly studied (with no tagging needed) [38].

1.5.5 Decay Asymmetry Predictions in the Standard Model —
Some Sample Modes

The decayB !  KS is an example of Class 1. A new ingredient in the analysis is the effect of
K �K mixing. For decays with a singleKS in the final state,K �K mixing is essential because
B0 ! K0 andB

0 ! K
0
, and interference is possible only due toK � K mixing. This adds a

factor of  
p

q

!
K

=
VcsV

�
cd

V �
csVcd

e�2i�K (1.121)

into (A=A). The quark subprocess inB
0 !  K

0
is b ! ccs which is dominated by theW -

mediated tree diagram:

A KS

A KS

= � KS

 
VcbV

�
cs

V �
cbVcs

! 
VcsV

�
cd

V �
csVcd

!
e�2i�B : (1.122)

TheCP eigenvalue of the state is� KS
= �1. Combining (1.109) and (1.122), one finds

�(B !  KS) = �
 
V �
tbVtd

VtbV
�
td

! 
VcbV

�
cs

V �
cbVcs

! 
V �
csVcb

VcsV
�
cb

!
=) Im� KS

= sin(2�): (1.123)

The second term in (1.112) is of orderrT sin2 �C for this decay and thus Eq. (1.123) is clean
of hadronic uncertainties toO(10�3). This measurement will thus give the theoretically cleanest
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Table 1-1. Decay modes forb! qq0s andb! qq0d
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determination of a CKM parameter, even cleaner than the determination ofsin �C fromK ! �`�.
(If B(KL ! ���) were measured, it would give a comparably clean determination ofsin� [39].)

The channelB !  K� has a similar amplitude structure, but, since the two vector particles can
have either even or odd relative angular momentum, the final state is not a pureCP eigenstate. The
two differentCP states can be separated by an analysis of the angular distribution of the decays
[23]. This requires more data to get a comparable accuracy forsin 2�, but on the other hand the
branching ratio to this channel is somewhat higher and it appears to be dominated by a singleCP

eigenstate [40], so it may in fact give comparably accurate and equally clean results.

A second example of a theoretically clean mode in Class 1 isB ! �KS. The quark subprocess
involves flavor changing neutral current and cannot proceed via a tree-level Standard Model dia-
gram. The leading contribution comes from penguin diagrams. The two terms in Eq. (1.112) are
now both differences of penguins, but the second term is CKM suppressed and thus of order0:02
compared to the first. ThusCP violation in the decay is at most a few percent and can be neglected
in the analysis of asymmetries in this channel. The analysis is similar to the KS case, and the
asymmetry is proportional tosin(2�).

The same quark subprocesses give theoretically cleanCP asymmetries also inBs decays. The list
of clean modes is given in Table 1-1.

The best known example of Class 2 isB ! ��. The quark subprocess isb ! uud which is
dominated by theW -mediated tree diagram. Neglecting for the moment the second, pure penguin,
term in Eq. (1.113) one finds

A��

A��
= ���

VubV
�
ud

V �
ubVud

e�2i�B : (1.124)

TheCP eigenvalue for two pions is+1. Combining (1.109) and (1.124), gives

�(B ! �+��) =

 
V �
tbVtd

VtbV
�
td

! 
V �
udVub

VudV
�
ub

!
=) Im��� = sin(2�): (1.125)

The pure penguin term in Eq. (1.113) has a weak phase,arg(V �
tdVtb), different from the term with

the tree contribution, so it modifies bothIm� and (if there are nontrivial strong phases)j�j. Recent
results from CLEO suggest that theB ! K� rate is comparable to or larger than theB ! �� rate.
This in turn indicates that the penguin contribution toB ! �� channel is significant, probably10%
or more. This then introducesCP violation in decay, unless the strong phases cancel (or are zero, as
suggested by factorization arguments). The resulting hadronic uncertainty can be eliminated using
isospin analysis [20]. This requires a measurement of the rates for the isospin-related channels
B+ ! �+�0 andB0 ! �0�0 as well as the correspondingCP conjugate processes. The rate for
�0�0 is expected to be small and the measurement is difficult, but even an upper bound on this rate
can be used to limit the magnitude of hadronic uncertainties.

Related but slightly more complicated channels with the same underlying quark structure areB !
�0�0 andB ! a01�

0. Again an analysis involving the isospin-related channels can be used to help
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eliminate hadronic uncertainties fromCP violations in the decays. Channels such as�� anda1�
could in principle also be studied, using angular analysis to determine the mixture ofCP -even and
CP -odd contributions.

The analysis ofB ! D+D� proceeds along very similar lines. The quark subprocess here is
b! ccd, and so the tree contribution gives

�(B ! D+D�) = �D+D�

 
V �
tbVtd

VtbV
�
td

! 
V �
cdVcb

VcdV
�
cb

!
=) Im�DD = � sin(2�) (1.126)

since�D+D� = +1. Again, there are hadronic uncertainties due to the pure penguin term in
(1.113), but they are estimated to be small. (See, however, [41].)

Now consider Class 4 decays, for example the caseB ! ��0. Here both terms in (1.113) are sig-
nificant, though the second is GIM suppressed; that is it would vanish if charm and up quark masses
were equal. Neglecting this term early studies predict noCP asymmetry in this channel in the Stan-
dard Model. However it has been shown that the presence of the second term can introduce asym-
metries that may be as large as 10% [32]. Hence this channel cannot readily be used to look for vio-
lations of Standard Model predictions, unless one can reliably bound the size of the penguin effects.

In all cases the above discussions have neglected the distinction between strong penguins and
electroweak penguins. The CKM phase structure of both types of penguins is the same. The only
place where this distinction becomes important is when an isospin argument is used to remove
hadronic uncertainties due to penguin contributions. These arguments are based on the fact that
gluons have isospin zero, and hence strong penguin processes have definite�I. Photons andZ-
bosons on the other hand contribute to more than one�I transition and hence cannot be separated
from tree terms by isospin analysis. In most cases electroweak penguins are small, typically no
more than ten percent of the corresponding strong penguins and so their effects can safely be
neglected. However in Cases 3 to 5, where tree contributions are small or absent, their effects may
need to be considered. A full review of the role of electroweak penguins inB decays has been
given by Fleischer [34].

1.5.6 Effects of Physics Beyond the Standard Model

A more detailed examination of the effects in a variety of theories beyond the Standard Model
is given in Chapter 13 of this book and in various reviews [42]. Here only some very general
observations are in order.

By now the Standard Model and its particle content are so well established that any future theory
will certainly contain them. However extensions that go beyond the Standard Model inevitably
introduce additional fields. Along with them there often come additional coupling constants
and hence the possibility of additionalCP -violating phases. Even if no new phases occur there
can be changes in the relationship between various physical quantities and CKM matrix element
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magnitudes and phases. Effects of physics beyond the Standard Model can manifest themselves
in two ways, as additional contributions to the mixing ofB0 andB

0
states, and/or as additional

contributions to some set of decays.

An additional contribution to the mixing would have two effects: a change in the relationship
betweenxd and jVtdVtbj which led to Eq. (1.106) and a change in the relationship between the
phase ofq=p and the phase ofVtbV �

td. However, since all�f have a common factorq=p, it would
not change the relative phases between various�f .

Additional contributions to the decays can only be unambiguously and model-independently ob-
served in cases where an amplitude is dominated by a single weak-phase term in the Standard
Model. Then such terms destroy the relationship between the asymmetry and a CKM matrix
phase and so lead to inconsistencies. For example, various modes that have the same Standard
Model asymmetry may actually give different asymmetries [43]. In cases where two competing
terms with different weak phases occur in the Standard Model expression, any additional term,
whatever its phase, can always be absorbed into these two terms, appearing simply as changes in
their magnitudes. Since these magnitudes cannot as yet be calculated in a model-independent and
reliable fashion, this makes it quite difficult to identify changes from the Standard Model in these
cases. However by a systematic study of expected patterns and improved theoretical calculations
of matrix elements, one may be able to identify the impact of contributions beyond the Standard
Model in these cases as well.

1.6 Some Comments about theK System

This section briefly reviews theK system in order to understand (a) the similarities and differences
between neutralK and neutralB mesons and (b) the implications ofCP violation as measured in
K decays for future measurements ofB decays.

1.6.1 The NeutralK System

In marked difference from the neutralB mesons, the neutralK meson states differ significantly in
their lifetimes:

�S = (0:8927� 0:0009)� 10�10 s; �L = (5:17� 0:04)� 10�8 s; (1.127)

where the sub-indicesS andL stand for the short-lived and long-lived mass eigenstates, respec-
tively. Indeed, for theK system it is more useful to define the eigenstates by the lifetimes,

jKSi = pjK0i+ qjK0i; (1.128)
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jKLi = pjK0i � qjK0i; (1.129)

namely��K < 0 by definition. (Thep; q coefficients are of course different in theB andK
systems. The notation(q=p)K for the ratio in theK system is used wherever the distinction is
necessary.) The mass difference in theK system is measured to be

�mK �ML �MS = (3:491� 0:009)� 10�15 GeV: (1.130)

Equations (1.127) and (1.130) provide a convenient empirical approximation:

��K � �2�mK ; (1.131)

which is quite different from theBd system (1.27).

The calculation of(q=p)K according to (1.15) proceeds a little differently than for theBd case. To
understand the situation in theK system, it is useful to define a phase�12 according to

M12

�12

� �
����M12

�12

���� ei�12 : (1.132)

SinceCP -violating effects in theK system are known to be small,�12 � 1, so that�12 can be
used as a small expansion parameter. To leading order in�12, Eqs. (1.13) and (1.14) give

�mK = 2jM12j; ��K = �2j�12j: (1.133)

Consequently, Eq. (1.132) can be rewritten, to first order in�12, as

M12

�12

=
�mK

��K
(1 + i�12): (1.134)

In some arbitrary phase convention,

�12 = j�12je�2i�K : (1.135)

Using (1.134) and (1.135), gives from (1.15):

 
q

p

!
K

= e2i�K

2
641� i�12

1 + i ��K
2�mK

1 +
�

��K
2�mK

�2
3
75 : (1.136)

Thus(q=p)K is, to a good approximation, a pure phase. Actually, (1.136) implies that in theCP

limit (�12 = 0), theCP transformation law isCP jK0i = e2i�K jK0i. TheKS andKL states are
CP eigenstates toO(�12) � 10�3 approximation.

As a result of the large lifetime difference between the neutral kaons, kaon experiments can easily
separate the mass eigenstates and investigateKL andKS decays independently. This is impossible
in B experiments, so there one will follow the decays ofB0

phys(t) andB
0

phys(t) instead.
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To compare the effects ofCP violation in mixing, note that Eqs. (1.133) and (1.28) imply that
jq=pjK andjq=pjBd are both very close to 1.CP violation in mixing is then small in both systems.
However, while for theBd system the reason for that is the small lifetime difference, in theK

system the reason is the smallness of the relevantCP -violating phase.

Finally, considerCP violation in the interference of mixing and decay. This could give a theoret-
ically clean observable, provided that the decay is dominated by a single weak phase or a single
strong phase. It is not difficult to findK decays into finalCP eigenstates wherejA=Aj = 1 to a
good approximation: for example, the�I = 1=2 rule implies thatK ! �0�0 andK ! �+�� are
both dominated by a single strong phase. The difference in width,�12, is completely dominated
by the two pion intermediate state and therefore

arg(�12) = arg(A�
2�A2�) = arg(A2�=A2�): (1.137)

In the approximation that(A2�=A2�) is a pure phase, thus

A2�

A2�

= ���K
2��12

= e�2i�K : (1.138)

(See (1.135) for the last equation.) However, Eq. (1.136) shows that in the approximation where
q=p is a pure phase, it is given byq=p = e2i�K . Thus, the prediction forCP asymmetry inK ! 2�
which is clean of hadronic uncertainties is simply zero:

�(K ! ��) = 1 =) Im��� = 0: (1.139)

It should hold (as it does!) toO(10�3). To learn something aboutCP violation it is necessary to
go beyond this approximation and use

q

p

A��

A��
= 1� i�12

1 + i ��K
2�mK

1 +
�

��K
2�mK

�2 : (1.140)

Thus a value of�12 can be cleanly extracted from measurements ofCP violation inK ! ��.
However, the translation of�12 into electroweak parameters requires the knowledge of either the
long distance contribution toM12 or the matrix element of the relevant four quark operator between
K0 andK

0
states. This introduces large hadronic uncertainties into the calculation.

1.6.2 MeasuringCP Violation in the K System

CP violation was first (and so far only) measured inK decays [1]. A number of complementary
measurements have been made.CP asymmetries in the semileptonicK decays,

�(`) =
�(KL ! ��`+�`)� �(KL ! �+`��`)
�(KL ! ��`+�`) + �(KL ! �+`��`)

; (1.141)
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have been measured, giving

�(�) = (3:04� 0:25)� 10�3; �(e) = (3:33� 0:14)� 10�3: (1.142)

These asymmetries are manifestations ofCP violation in mixing:

� =
1� jq=pj2K
1 + jq=pj2K

; (1.143)

hence the statement above thatjq=pjK is very close to unity.

The asymmetries in the two-pion channels,

�00 =
A(KL ! �0�0)

A(KS ! �0�0)
; �+� =

A(KL ! �+��)
A(KS ! �+��)

: (1.144)

have been measured:

j�00j = (2:275� 0:019)� 10�3; �00 = 43:5� 1:0o; (1.145)

j�+�j = (2:285� 0:019)� 10�3; �+� = 43:7� 0:6o: (1.146)

A straightforward evaluation gives

�00 =
pA00 � qA00

pA00 + qA00

=
1� �00

1 + �00
; �+� =

pA+� � qA+�
pA+� + qA+�

=
1� �+�
1 + �+�

: (1.147)

As shown below,�00 and �+� are affected by all three types ofCP violation: jq=pj 6= 1 and
Im� 6= 0 giveO(10�3) effects, whilejA=Aj 6= 1 gives anO(10�6) effect.

1.6.3 The"K and "0

K
Parameters

There is a possible contribution to (1.147) from directCP violation. This is due to the fact that
there are two isospin channels, leading to final(2�)I=0 and(2�)I=2 states:

h�0�0j =
s
1

3
h(��)I=0j �

s
2

3
h(��)I=2j; (1.148)

h�+��j =
s
2

3
h(��)I=0j+

s
1

3
h(��)I=2j: (1.149)

However, the possible interference effects are small because (on top of the smallness of the relevant
CP -violating phases) the finalI = 0 state is dominant (this is the�I = 1=2 rule). Isospin
amplitudes can be defined by

AI = h(��)IjHjK0i; AI = h(��)IjHjK0i: (1.150)
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Experimentally,jA2=A0j � 1=20. Instead of�00 and�+� one defines two combinations,"K and
"0K, in such a way that the possible directCP -violating effects are isolated into"0K.

The definition of"K is

"K � 1

3
(�00 + 2�+�) =

1� �0

1 + �0
; (1.151)

where�0 � (q=p)K(A0=A0) and the equation holds to first order inA2=A0 (at zeroth order�00 =
�+� = "K). As, by definition, only one strong channel contributes to�0, there is indeed no direct
CP violation in (1.151).

Note that"K is a manifestation ofCP violation in both mixing and the interference between decays
with and without mixing (to see this explicitly, examine Eqs. (1.136) and (1.140)):

�����qp
�����
K

� 1 = �12

��K
2�mK

1 +
�

��K
2�mK

�2 ; (1.152)

2"K � 1�
 
q

p

!
K

A0

A0

= �12
i� ��K

2�mK

1 +
�

��K
2�mK

�2 : (1.153)

As��K � �2�mK , the deviation ofjq=pjK from unity (CP violation in mixing) and the deviation
of Im[(q=p)K(A0=A0)] from zero (CP violation in the interference between decays with and
without mixing) are bothO(�12) and thus contribute to"K at the same order. One can interpret
Eqs. (1.152) and (1.153) to imply thatRe("K) is a manifestation ofCP violation in mixing while
Im("K) is a manifestation ofCP violation in the interference between decays with and without
mixing. As (1.153) predictsarg("K) � �=4, the magnitudes of the two phenomena are similar.

One can define"0K by

"0K �
1

3
(�+� � �00) =

2(�00 � �+�)
3(1 + �00)(1 + �+�)

� 1

6

q

p

 
A00

A00

� A+�
A+�

!
; (1.154)

where the last equality used (1.145) which gives�00 � �+� � 1. One can further evaluate (1.154)
in terms ofA0 andA2 with the help of the relationships given in Eqs. (1.148) and (1.149). The
approximations(q=p)(A0=A0) � 1 andjA2=A0j � 1 give

"0K =
ip
2

����A2

A0

���� ei(�2��0) sin(�2 � �0): (1.155)

In the derivation of (1.155), since it is a good approximation to replaceq=p with a pure phase,
one sees that there is noCP violation in mixing in "0K. Equations (1.154) and (1.155) imply
thatRe("0K) is a manifestation ofCP violation in decay whileIm("0K) is a manifestation ofCP
violation in the interference between decays with and without mixing. For recent experimental
results, see [44].
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2

Introduction to Hadronic B Physics

The purpose of this chapter is to provide an overview of theoretical techniques essential to the study
of B mesons and their decays. Of course, there is an enormous literature on this subject, and it is
not our goal here to review it all. Rather, this chapter will provide a general context within which
to place the theoretical treatments of specific processes found later in this book. The focus here
will be on general issues of philosophy and approach. No attempt is made in this chapter to include
references to the voluminous literature of individual contributions on each topic. Subsequent more
detailed chapters will, it is hoped, remedy this situation.

A key factor in the experimental interest inb physics is the potential insight it affords into physics
at very short distances. In particular, it is hoped that the high precision study of phenomena such
asCP violation, rare decays, and flavor changing processes will provide precious insights into new
interactions associated with the flavor sector of whatever theory lies beyond the Standard Model.
However, in order for this information to become available, it is necessary to confront the fact that
the b quarks, which are the ultimate objects of study, are bound by strong dynamics into color
neutral hadrons. While understood in principle, the nonperturbative nature of these bound states
makes problematic the extraction of precision information about physics at higher energies from
even the most clever and precise experiments onB mesons. To explore new physics effects one
faces a daunting theoretical challenge to untangle them from the effects of nonperturbative QCD.

This is not a problem which has been solved in its entirety, nor is it likely ever to be. Rather,
what is available is a variety of theoretical approaches and techniques, appropriate to a variety
of specific problems and with varying levels of reliability. There are a few situations in which
one can do analyses which are rigorous and predictive, and many in which what can be said is
more imprecise and model dependent. The result is an interesting interplay between theory and
experiment, where one often cannot measure what one can compute reliably, nor compute reliably
what one can measure. In the search for quantities which can be both predicted and measured, one
must be creative and flexible in the choice of theoretical techniques. While approaches which are
based directly on QCD, and which allow for quantitative error estimates, are clearly to be preferred,
more model-dependent methods are often all that are available and thus have an important role to
play as well.

The theoretical methods discussed in this chapter fall roughly into three categories. First, there are
effective field theories such as the Heavy-Quark Expansion (HQE) and Chiral Perturbation Theory
(ChPT). Effective field theories derive their predictive power by exploiting systematically a small
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expansion parameter. For nonperturbative QCD, this parameter cannot be the strong coupling
constant�s; instead, it is a ratio of mass scales obtained by considering a particular limit or special
kinematics. Second, there are the approaches of lattice QCD and QCD sum rules, which are based
on QCD but do not exploit a large separation of scales. While in principle these techniques are
rigorous, they suffer in their current practical implementations from a degree of uncontrolled model
dependence. In the case of the lattice, this problem will improve with the availability of ever more
powerful computers. Third, there are quark models, which do not purport to be derived from QCD.
Instead, in using models one introduces some new degrees of freedom and interactions which, it
is hoped, capture or mimic some behavior of the true theory. The advantage of models is their
flexibility, since a model may be tuned to particular processes or hadronic states. The disadvantage
is that models are intrinsicallyad hoc,and it is difficult to assess their reliability. For this reason,
one should use them only when no better options are available.

Effective field theories are based on the idea that in a given process, only certain degrees of freedom
may be important for understanding the physics. In particular, it is often the case that kinematical
considerations that restrict the momenta of external particles effectively restrict the momenta of
virtual particles as well. Thus it is sensible to remove from the theory intermediate states of high
virtuality. Their absence may be compensated by introducing new “effective” interactions between
the degrees of freedom which remain. Effective field theories are often constructed using the
technique of the operator product expansion, which provides an elegant and general conceptual
framework.

Both the HQE and ChPT are effective field theories which are derived from formal limits of QCD
in which the theory exhibits new and useful symmetries. In the case of the HQE, the limit is
mb; mc ! 1, where a “spin-flavor” symmetry yields a variety of predictions for heavy-hadron
spectroscopy and semileptonic decays. For ChPT, the limit ismu; md; ms ! 0, which leads to
exact predictions for the emission and absorption of soft pions. In both cases, the quark masses
are large or small compared to the scale of nonperturbative QCD, typically hundreds of MeV.
What makes an effective field theory powerful is that the deviations from the limiting behavior
may be organized in a systematic expansion in a small parameter. Hence one can both improve
the accuracy of an analysis and derive quantitative error estimates. An effective field theory is
predictive precisely because it is under perturbative control.

While the HQE and ChPT are powerful tools where they may be applied, their use is restricted
to a small number of processes involving certain initial and final states. Unfortunately, the HQE
and ChPT have nothing to say about the vast majority of processes and quantities available for
experimental study at aB Factory. Similar considerations affect lattice QCD. Because of both
computational and theoretical limitations, reliable lattice predictions are confined largely to spec-
troscopy and matrix elements with restricted kinematics. QCD sum rules, also for technical
reasons, may only be used in limited circumstances.

Thus a serious problem remains, namely that many quantities of experimental and phenomenolog-
ical importance cannot be analyzed by methods which are systematic and well understood. For
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inclusive weak decays, some exclusive semileptonic decays, and some static properties, effective
field theories or the lattice give controlled theoretical predictions. But for the description of exclu-
sive hadronic weak decays, most exclusive semileptonic decays, strong decays, fragmentation, and
many other interesting aspects ofB physics, only a variety of model-dependent approaches are
available. While no model is “correct,” some models are better than others. A successful model
should be motivated by some physical picture, should reproduce much more data than there are
input parameters, and should behave correctly in appropriate limits, such as obeying heavy-quark
symmetry asmb ! 1. It will not be possible in this chapter to discuss or even enumerate all
of the models which are used inB physics, but it is generally true that every model ought to be
judged by criteria such as these.

Because there is no single theoretical framework which suffices for all ofB physics, it is often
necessary to utilize a variety of methods in one theoretical analysis. Usually, this is desirable, as a
combination of complementary approaches can lead to conclusions which are much more robust.
But at the same time, one must be careful to be consistent in the use and definition of theoretical
concepts and quantities, and particularly in their translation from one context to another. Otherwise
one is led easily to error and confusion.

An excellent illustration of how problems can arise is given by the definition of the heavy-quark
mass. Clearly there issomethingwhich is meant by “theb mass” because to say that theb quark
is heavy is to say that the parametermb is large compared to�QCD. Whatever theb mass is, it is
presumably somewhere close to 4 or 5 GeV. But the situation becomes more complicated when
one tries to pin downmb more precisely than that.

On the one hand, it is known that theb quark acquires its mass from its coupling, of strength�b, to
the “Higgs vacuum expectation value”v, somb = �bv. The quark mass which is directly related
to this coupling is known as the “current mass” or “short-distance mass.” Its value depends on the
renormalization scheme, such asMS, which is used to define the theory. In perturbation theory,
there is also a pole in theb-quark propagator, the position of which corresponds to the rest energy
of a freely propagatingb quark. This “pole mass” is closer to an intuitive notion of an invariant,
relativistic mass. Unfortunately, because of confinement, a freely propagatingb quark cannot
actually exist, and the pole mass is not defined nonperturbatively. In fact, even within perturbation
theory the pole mass is ill behaved and can only be defined to a fixed finite order�ns . Hence there is
really a family of pole masses, namely the “1-loop pole mass,” the “2-loop pole mass,” and so on,
none more “accurate” or intuitively accessible than another. There are also “Wilsonian” running
massesmb(�), which are defined with additional subtractions in the infrared.

An analogous variety ofb-quark masses is defined in lattice calculations. While it is typically
understood how these latticeb masses are related to each other, relating them to pole or current
masses defined in continuum QCD can be problematic. For example, lattice field theory, both
perturbative and nonperturbative, is regulated and subtracted differently from field theory in the
continuum, and the relationship between the various schemes often is not straightforward. Similar
ambiguities can affect theb-quark masses which appear in QCD sum rules. Finally, there are the
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many quark masses introduced in models, which are free parameters withno rigorous relationship
either to each other or to masses defined in QCD. A typical example is the “constituent-quark
mass” of the nonrelativistic quark model. No matter how precisely one fits the constituent-quark
mass to data, it can never be used as an input into a lattice or HQE calculation. The most that can
be said is that all of these various masses probably are within several hundred MeV of each other.

It is important to understand that there is no more precise way to unify these many masses into
a single universal quantity. The ambiguity inmb is unimportant, so long as its definition is
consistentwithin a given analysis, and ultimately one predicts measurable quantities in terms
of other measurable quantities. This issue will be treated with care in the detailed discussions
found in subsequent chapters. The problem is that it is difficult to make anmb defined on the
lattice consistent with one defined in the continuum, and impossible to make a model-dependent
mb consistent with either. Hence there can be limitsin principle to the accuracy which one can
obtain when a variety of methods are combined in a single analysis.

The rest of this chapter consists of elementary introductions to the most important theoretical
techniques inB physics. After a general discussion of operator product expansions and effective
field theories, Heavy-Quark Effective Theory and Chiral Perturbation Theory are introduced. The
next two sections contain discussions of lattice QCD and QCD sum rules, and the chapter will
close with a brief discussion of quark models. None of these ideas will be developed in much
depth; rather, they will serve as a background to the variety of detailed theoretical analyses to be
presented in subsequent chapters. More extended and technical discussions of some of these topics
are given in Appendices A–D.

2.1 The Operator Product Expansion

2.1.1 General Considerations

A central observation which underlies much of the theoretical study ofB mesons is that physics at a
wide variety of distance (or momentum) scales is typically relevant in a given process. At the same
time, the physics at different scales must often be analyzed with different theoretical approaches.
Hence it is crucial to have a tool which enables one to identify the physics at a given scale and to
separate it out explicitly. Such a tool is the operator product expansion, used in conjunction with
the renormalization group. Here a general discussion of its application is given.

Consider the Feynman diagram shown in Fig. 2-1, in which ab-quark decays nonleptonically. The
virtual quarks and gauge bosons have virtualities� which vary widely, from�QCD to MW and
higher. Roughly speaking, these virtualities can be classified into a variety of energy regimes: (i)
� � MW ; (ii) MW � � � mb; (iii) mb � � � �QCD; (iv) � � �QCD. Each of these momenta
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b
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u

d

Figure 2-1. The nonleptonic decay of ab quark.

corresponds to a different distance scale; by the uncertainty principle, a particle of virtuality�

can propagate a distancex � 1=� before being reabsorbed. At a given resolution�x, only some
of these virtual particles can be distinguished, namely those that propagate a distancex > �x.
For example, if�x > 1=MW , then the virtualW cannot be seen, and the process whereby it
is exchanged would appear as a point interaction. By the same token, as�x increases toward
1=�QCD, fewer and fewer of the virtual gluons can be seen explicitly. Finally, for� � �QCD,
it is probably not appropriate to speak of virtual gluons at all because at such low momentum
scales QCD becomes strongly interacting and a perturbation series in terms of individual gluons is
inadequate.

It is useful to organize the computation of a diagram such as is shown in Fig. 2-1 in terms of the
virtuality of the exchanged particles. This is important both conceptually and practically. First, it is
often the case that a distinct set of approximations and approaches is useful at each distance scale,
and one would like to be able to apply specific theoretical techniques at the scale at which they
are appropriate. Second, Feynman diagrams in which two distinct scales�1 � �2 appear together
can lead to logarithmic corrections of the form�s ln(�1=�2), which for ln(�1=�2) � 1=�s can
spoil the perturbative expansion. A proper separation of scales will include a resummation of such
terms.

2.1.2 Example I: Weakb Decays

As an example, consider the weak decay of ab quark,b! cud, which is mediated by the decay of
a virtualW boson. Viewed with resolution�x < 1=MW , the decay amplitude involves an explicit
W propagator and is proportional to

c
�(1� 
5)b d
�(1� 
5)u� (ig2)
2=4

p2 �M2
W

; (2.1)

wherep� is the momentum of the virtualW . Sincemb � MW , the kinematics constrainsp2 �
M2

W , so the virtuality of theW is of orderMW , and it travels a distance of order1=MW before

REPORT OF THEBABAR PHYSICS WORKSHOP



48 Introduction to Hadronic B Physics

decaying. Viewed with a lower resolution,�x > 1=MW , the processb ! cud appears to be a
local interaction, with four fermions interacting via a potential which is a� function where the four
particles coincide. This can be seen by making a Taylor expansion of the amplitude in powers of
p2=M2

W ,

c
�(1� 
5)b d
�(1� 
5)u� g22
8M2

W

"
1 +

p2

M2
W

+
p4

M4
W

+ : : :

#
: (2.2)

The coefficient of the first term is just the usual Fermi decay constant,GF=
p
2. The higher order

terms correspond to local operators of higher mass dimension. In the sense of a Taylor expansion,
the momentum-dependent matrix element (2.1), which involves the propagation of aW boson
betweentwo spacetime points, is identical to the matrix element of the following infinite sum of
local operators:

GFp
2
c
�(1� 
5)b

"
1 +

(i@)2

M2
W

+
(i@)4

M4
W

+ : : :

#
d
�(1� 
5)u ; (2.3)

where the derivatives act on the entire current on the right. This expansion of the nonlocal product
of currents in terms of local operators, sometimes known as anoperator product expansion,is
valid so long asp2 � M2

W . ForB decays, the external kinematics requiresp2 � m2
b , so this

condition is well satisfied. In this regime, one may consider a nonrenormalizableeffective field
theory, with interactions of dimension six and above. The construction of such a low-energy
effective theory is also known asmatching. As it is nonrenormalizable, the effective theory is
defined (by construction) only up to a cutoff, in this caseMW . The cutoff is explicitly the mass of
a particle which has been removed from the theory, orintegrated out.If one considers processes in
which one is restricted kinematically to momenta well below the cutoff, the nonrenormalizability
of the theory poses no technical problems. Although the coefficients of operators of dimension
greater than six require counterterms in the effective theory (which may be unknown in strongly
interacting theories), their matrix elements are suppressed by powers ofp2=M2

W . To agiven order
in p2=M2

W , the theory is well defined and predictive.

From a modern point of view, in fact, such nonrenormalizable effective theories are actually
preferable to renormalizable theories, because the nonrenormalizable terms contain information
about the energy scale at which the theory ceases to apply. By contrast, renormalizable theories
contain no such explicit clues about their region of validity.

In principle, it is possible to include effects beyond leading order inp2=M2
W in the effective theory,

but in practice, this is usually quite complicated and rarely worth the effort. Almost always, the
operator product expansion is truncated at dimension six, leaving only the four-fermion contact
term. Corrections to this approximation are of orderm2

b=M
2
W � 10�3.
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b
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d
k�

Figure 2-2. The nonleptonic decay of ab quark at one loop.

2.1.3 Radiative Corrections

At tree level, the effective theory is constructed simply by integrating out theW boson because
this is the only particle in a tree-level diagram which is off-shell by orderM2

W . When radiative
corrections are included, gluons and light quarks can also be off-shell by this order. Consider the
one-loop diagram shown in Fig. 2-2. The components of the loop momentumk� are allowed to
take all values in the loop integral. However, the integrand is cut off both in the ultraviolet and
in the infrared. Fork > MW , it scales asd4k=k6, which is convergent ask ! 1. For k < mb,
it scales asd4k=k3mbM

2
W , which is convergent ask ! 0. In between, all momenta in the range

mb < k < MW contribute to the integral with roughly equivalent weight.

As a consequence, there is potentially a radiative correction of order�s ln(MW=mb). Even if�s(�)
is evaluated at the high scale� =MW , such a term is not small in the limitMW !1. At n loops,
there is potentially a term of order�ns ln

n(MW=mb). For�s ln(MW=mb) � 1, these terms need
to be resummed for the perturbation series to be predictive. The technique for performing such a
resummation is therenormalization group.

The renormalization group exploits the fact that in the effective theory, operators such as

OI = ci

�(1� 
5)bi dj
�(1� 
5)uj (2.4)

receive radiative corrections and must be subtracted and renormalized. (Here the color indicesi and
j are explicit.) In dimensional regularization, this means that they acquire, in general, a dependence
on the renormalization scale�. Because physical predictions are of necessity independent of�, in
the renormalized effective theory it must be the case that the operators are multiplied by coefficients
with a dependence on� which compensates that of the operators. It is also possible for operators
to mix under renormalization, so the set of operators induced at tree level may be enlarged once
radiative corrections are included. In the present example, a second operator with different color
structure,

OII = ci

�(1� 
5)bj dj
�(1� 
5)ui ; (2.5)
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is induced at one loop. The interaction Hamiltonian of the effective theory is then

He� = CI(�)OI(�) + CII(�)OII(�) ; (2.6)

and it satisfies the differential equation

�
d

d�
He� = 0 : (2.7)

By computing the dependence on� of the operatorsOi(�), one can deduce the�-dependence of
theWilson coefficientsCi(�). In this case, a simple calculation yields

CI;II(�) =
1

2

2
4
 
�s(MW )

�s(�)

!6=23
�
 
�s(MW )

�s(�)

!
�12=23

3
5 : (2.8)

For� = mb, these expressions resum all large logarithms proportional to�ns ln
n(MW=mb).

The decays which are observed involve physical hadrons, not asymptotic quark states. For exam-
ple, this nonleptonicb decay can be realized in the channelsB ! D�, B ! D���, and so on.
The computation of partial decay rates for such processes requires the analysis of hadronic matrix
elements such as

hD�j c
�(1� 
5)b u
�(1� 
5)d jBi : (2.9)

Such matrix elements involve nonperturbative QCD and are extremely difficult to compute from
first principles. However, they have no intrinsic dependence on large mass scales such asMW .
Because of this, they should naturally be evaluated at a renormalization scale�� MW , in which
case large logarithmsln(MW=mb) will not arise in the matrix elements. By choosing such a
low scale in the effective theory (2.6), all such terms are resummed into the coefficient functions
Ci(mb). As promised, the physics at scales nearMW has been separated from the physics at scales
nearmb, with the renormalization group used to resum the large logarithms which connect them.
In fact, nonperturbative hadronic matrix elements are usually evaluated at an even lower scale
� � �QCD � mb, explicitly resumming all perturbative QCD corrections.

2.1.4 Example II: Penguins and Box Diagrams

In the previous example of nonleptonic decays, the operatorOI appeared when the matching at tree
level was performed. It is also possible to find new operators in the effective theory which appear
only when the matching is performed at one loop. The most common such operators are those
which arise from penguin and box diagrams, such as those shown in Fig. 2-3. These diagrams are
important inb physics typically because they lead to flavor-changing interactions at low energies
which are suppressed at tree level in the Standard Model. Hence the transitions mediated by these
operators are potentially a sensitive probe of new physics.
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Figure 2-3. Penguin diagram (left) and box diagram (right).

Both penguins and box diagrams can lead, via the operator product expansion, to four-quark
operators with new flavor or color structure, such as

s
�T ab d
�T
ad ; (2.10)

which mediates nonleptonicB decay, or

b
�
5d b
�

5d ; (2.11)

which is responsible forB0–B0 mixing. Penguins can also lead to new flavor-changing magnetic
interactions, such as

s���T abGa
�� ; (2.12)

when thed-quark line in Fig. 2-3 is removed. The gluon could also be replaced by a photon or a
Z boson. From the point of view of the low-energy effective theory, it is unimportant that these
operators arise at one loop at high energy. They can mix with four-fermion operators induced at
tree level, insofar as such mixing is allowed by the flavor and Lorentz symmetries of the effective
theory. In fact, the renormalization of penguin-induced operators can be quite complicated, due
to the nature of their flavor structure; two loop calculations may be required to resum the leading
logarithms�ns ln

n(MW=mb).

2.1.5 Summary

Low-energy effective theories are constructed using the operator product expansion and the renor-
malization group. This procedure implements an important separation of scales, isolating the
physics which involves virtualities� � mb and accounting for it systematically in a double
expansion in powers of�s andmb=MW , whereMW is the matching scale at which heavy particles
are integrated out of the theory. This procedure may be generalized to integrate out heavy particles
of many different kinds. For reference, Appendix A includes the complete�B = 1 effective
Hamiltonian responsible forB decays.

This analysis explicitly does not address those parts of a process which are dominated by low mo-
menta, which will typically be more difficult to deal with. By breaking the problem up according
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to momentum scale, one may compute systematically in perturbation theory where it is possible
to do so. However, the accuracy obtained in this part of the calculation is useful only if one can
also account for physics at lower energy. The chief limitation on the accuracy of most theoretical
calculations inb physics is, in fact, from these lower energy effects.

2.2 The Heavy-Quark Expansion

2.2.1 Separation of Scales

This section considers physics characterized by virtualities� � mb and below. The previous
section discussed how physics at higher scales is accounted for in QCD perturbation theory because
at high energies�s(�)=� � 1. Althoughmb � MW , at this “low” energy it is still the case that
�s(mb)=� � 0:1 � 1, and�QCD=mb � 0:1 � 1. Hence one seeks a technique analogous to the
operator product expansion by which to exploit the presence of such small parameters.

The status of theb quark in aB meson is different from that of a virtualW in a weak decay because
theb is real, not virtual, and theB carries nonzerob-number which persists in the asymptotic state.
Hence it is not appropriate to integrate out theb in the same sense as theW was integrated out,
removing it from the theory entirely. Rather, when bound into a hadron with light degrees of
freedom of typical energiesE � �QCD, theb makes excursions from its mass shell by virtualities
only of order�QCD. What can be integrated out is not theb itself, but rather those parts of theb
field which take it far off shell. The result will be an effective theory of a staticb quark, in its rest
frame.

Processes with hard virtual gluons, which drive theb far off shell, will lead to perturbative correc-
tions in the effective theory of order�s(mb). They may be included as before. In addition,power
correctionsappear, analogous to the higher order operators appearing in Eq. (2.3). In this case, it
will be necessary to include the leading higher-dimension operators to achieve results of the desired
accuracy. These power corrections will lead to terms of order(�QCD=mb)

n. The appearance of
the scale�QCD serves as a reminder that these corrections involve nonperturbative physics and
will typically not be calculable from first principles. Instead, the inclusion of power corrections
will require the introduction of new phenomenological parameters, whose values are controlled by
nonperturbative QCD. These parameters have precise field-theoretic definitions, and they will be
introduced in a systematic manner. Their appearance will not spoil the inherent predictability of the
theory, although in practice they will increase the number of quantities which must be determined
from experiment before accurate predictions can be made.

Finally, for some applications (notably the analysis of exclusive semileptonicB decays), it will be
useful to treat thec quark as heavy, that is, to perform an expansion also in powers of�QCD=mc.
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In this case, clearly, the leading power corrections will be important and will have to be well
understood for the theory to be predictive.

2.2.2 Heavy-Quark Symmetry

Let us, for generality, consider a hadronHQ composed of a heavy quarkQ and “light degrees
of freedom” consisting of quarks, antiquarks, and gluons, in the limitmQ ! 1. The Compton
wavelength of the heavy-quark scales as the inverse of the heavy-quark mass,�Q � 1=mQ. The
light degrees of freedom, by contrast, are characterized by momenta of order�QCD, corresponding
to wavelengths�` � 1=�QCD. Since�` � �Q, the light degrees of freedom cannot resolve
features of the heavy quark other than its conserved gauge quantum numbers. In particular, they
cannot probe the actualvalue of �Q. Although the structure of the hadronHQ is determined
by nonperturbative strong interactions, the typical momenta exchanged by the light degrees of
freedom with each other and with the heavy quark are of order�QCD � mQ, against which the
heavy quarkQ does not recoil. In this limit,Q acts as a static source of electric and chromoelectric
field.

There is an immediate implication for the spectroscopy of heavy hadrons. Since the interaction of
the light degrees of freedom with the heavy quark is independent ofmQ, then so is the spectrum
of excitations. It is these excitations which determine the spectrum of heavy hadronsHQ. Since
thesplittings�i � �QCD between the various hadronsH i

Q are entirely due to the properties of the
light degrees of freedom, they are independent ofQ and, in the limitmQ !1, do not scale with
mQ. For example, ifmb; mc � �QCD, then the light degrees of freedom are in exactly the same
state in the mesonsBi andDi, for a giveni. The offsetBi �Di = mb �mc is just the difference
between the heavy-quark masses. By no means does the relationship between the spectra rely on
an approximationmb � mc.

This picture is enriched by recalling that the heavy quarks and light degrees of freedom also
carry angular momentum. The heavy quark has spin quantum numberSQ = 1

2
, which leads to

a chromomagnetic moment�Q / g=2mQ. Note that�Q ! 0 asmQ ! 1, and the interaction
between the spin of the heavy quark and the light degrees of freedom is suppressed. Hence the
light degrees of freedom are insensitive toSQ; their state is independent of whetherSzQ = 1

2
or

SzQ = �1

2
. Thus each of the energy levelsBi andDi is actually doubled, one state for each value

of SzQ. In summary, the light degrees of freedom in a heavy hadron are the same when combined
with any of the four heavy-quark states:

b(") ; b(#); c(") ; c(#) : (2.13)

The result is anSU(4) symmetry which leads to nonperturbative relations between physical quan-
tities.
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Suppose the light degrees of freedom have total angular momentumJ`, which is integral for
baryons and half-integral for mesons. When combined with the heavy-quark spinSQ = 1

2
, physical

hadron states can be produced with total angular momentum

J =
���J` � 1

2

��� : (2.14)

If J` 6= 0, then these are two degenerate states. For example, the lightest heavy mesons have
J` =

1

2
, leading to a doublet withJ = 0 andJ = 1. When effects of order1=mQ are included, the

chromomagnetic interactions split the states of givenJ` but differentJ . This “hyperfine” splitting
is not calculable perturbatively, but it is proportional to the heavy-quark magnetic moment�Q.
Since�Q / 1=mQ, one can construct a relation which is a nonperturbative prediction of heavy-
quark symmetry,

m2
B� �m2

B = m2
D� �m2

D : (2.15)

Experimentally,m2
B� � m2

B = 0:49GeV2 andm2
D� � m2

D = 0:55GeV2. The correction to this
prediction is of order�3

QCD(1=mc � 1=mb) � 0:1GeV2, so it works about as well as one should
expect. Note that the relation (2.15) involves not only the heavy-quark symmetry, but also the
systematic inclusion of the leading-symmetry-violating effects.

So far, heavy-quark symmetry has been formulated for hadrons in their rest frame. One can easily
boost to a frame in which the hadrons have arbitrary four-velocityv� = 
(1;v). The symmetry
will then relate hadronsHb(v) andHc(v) with the same velocity but with different momenta. This
distinguishes heavy-quark symmetry from ordinary symmetries of QCD, which relate states of the
same momentum. It will often be convenient to label heavy hadrons explicitly by their velocity:
B(v), B�(v), and so on.

2.2.3 Heavy-Quark Effective Theory

It is quite useful to make heavy-quark symmetry manifest within QCD by taking the limitmb !1
of the QCD Lagrangian. This is done by making the dependence of all quantities onmb explicit,
and then developing the Lagrangian in a series in inverse powers ofmb. The idea is to write
the Lagrangian in a form in which the action of the heavy-quark symmetries is well-defined at
each order in the expansion, so the effect of symmetry breaking corrections can be studied in a
systematic way. The resulting Lagrangian is known as the Heavy-Quark Effective Theory (HQET).
The HQET is similar to an effective theory which results from an operator product expansion, in
the sense that the only virtualitiesp which are allowed satisfyp � mb, with effects of greater
virtuality absorbed into the coefficients of higher dimension operators. The difference is that in
this case, the heavyb quark is not explicitly removed from the effective theory.

In the heavy-quark limit, the velocityv� of the b quark is conserved. Thus one may write its
four-momentum in the formp�b = mbv

� + k�, wherembv
� is the on-shellpart andk� is the

residual momentum.In this decomposition,k� � �QCD represents the fluctuations inp�b due to
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the exchange of soft gluons with the rest of theB meson. Only the on-shell part ofp�b scales
with mb. Also, mixing between the “quark” and “anti-quark” components of the Dirac spinor is
suppressed by powers of2mb, the mass gap between the positive- and negative-energy parts of the
wavefunction. Hence an effective heavy-quark fieldhv can be defined,

hv(x) =
1 + =v

2
eimbv�x b(x) ; (2.16)

where the Dirac matrix(1 + =v)=2 projects out the “quark” part of the field. Furthermore, since
i@�hv(x) = (p�b �mbv

�)hv(x) = k�hv(x), derivatives acting onhv scale as�QCD, rather than as
mb.

The next step is to express the QCD Lagrangian,L = b(i=D�mb)b, in terms of themb-independent
field hv. At lowest order in1=mb, the result is

LHQET = hv iv �Dhv : (2.17)

At leading order,LHQET respects the heavy spin and flavor symmetries explicitly. Both bottom
and charm quarks can be treated as heavy by introducing separate effective fieldsh(b)v andh(c)v
and duplicatingLHQET. The theory has a simple heavy-quark propagator and quark-gluon vertex
which are manifestly independent ofmb and have no Dirac structure.

The effective theory is also expanded perturbatively in�s(mb). In particular, the quark massmb is
shifted tompole

b , thepole massatn loops. The pole mass is a quantity which makes sense only at
finite order in perturbation theory. One must always be careful to be consistent in the convention
by which one chooses to define it.

The mass of theB meson may be expanded in powers ofmb,

mB = mb + �+O(1=mb) ; (2.18)

where� � �QCD is the energy contributed by the light degrees of freedom. Its precise definition
depends on the convention by which one chooses to define the heavy-quark pole mass. The
parameter� depends on the flavor, excitation energy, and total angular momentum of the light
degrees of freedom.

When one includes the leading1=mb;c corrections, the heavy spin and flavor symmetries are broken
by the subleading terms. The leading Lagrangian (2.17) is modified by the addition of two terms,

L(1) =
1

2mb

(O1 +O2) =
1

2mb

�
hv(iD)2hv + hv

1

2
g G���

��hv
�
; (2.19)

neglecting terms which vanish by the classical equations of motion. Note that the “kinetic”
operatorO1 violates the heavy-flavor symmetry, while the “chromomagnetic” operatorO2 violates
both the spin and flavor symmetries. When radiative corrections are included, the operatorO2 is
renormalized, and its coefficient develops a logarithmic dependence onmb.
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The subleading operatorsO1 andO2 contribute to the mass of theB meson through their expecta-
tion values,

�1 = hBj hv(iD)2hv jBi=2mB ; (2.20)

�2 = hBj hv 12g G���
��hv jBi=6mB : (2.21)

The matrix elements�1 and �2 are often referred to by the alternate names�2� = ��1 and
�2G = 3�2. The parameter�2� actually differs from�1 in that it is defined with an explicit infrared
subtraction. Because they are defined in the effective theory, the parameters�1 and�2 do not
depend onmb. The expansion ofmB now takes the form

mB = mb + �� �1 + 3�2
2mb

+ : : : ;

mB� = mb + �� �1 � �2

2mb

+ : : : : (2.22)

BecauseO2 violates the heavy-spin symmetry, it is the leading contribution to the splitting be-
tweenB andB�. From the measured mass difference,�2 � 0:12GeV2. On the other hand,
the parameters� and�1 must be measured indirectly. Estimates from models yield the ranges
200MeV < � < 700MeV and�0:5GeV2 < �1 < 0. Measurement of various features
of inclusive semileptonicB decays will provide experimental information on� and�1 in the
future.

2.2.4 Application of the HQE toB Decays

A variety of applications of the HQE toB decays will be discussed in later chapters. Here a few
general comments and two illustrative examples are given. In principle, the value of using an
effective theory such as the HQE is that there is a framework within which one can estimate the
error in a calculation, due to uncomputed terms of a definite size. Even when the accuracy is not
so good, it is under control in the sense that one can understand the magnitude of the error to be
expected. In any application of the HQE, then, two sorts of questions must be addressed in addition
to the computation itself:

1. What are the sizes of the leading uncomputed corrections in the expansion in powers of�s
and1=mb (or 1=mc, as appropriate)? With what accuracy are the parameters known which
appear in the expansion?

2. Whatother assumptions or approximations have been made, beyond those that go into the
HQE itself?
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2.2.4.1 Exclusive semileptonicB decays

The paradigmatic application of heavy-quark symmetry is to semileptonicB decay in the limit
mb; mc ! 1. This decay is mediated by the quark transitionb ! c `�. Suppose the weak decay
occurs at timet = 0. What happens to the light degrees of freedom? Since theb quark does not
recoil, fort < 0 they see simply the color field of a point source moving with velocityv. At t = 0,
this point source changes (almost) instantaneously to a new velocityv0; the color neutral leptons
do not interact with the light hadronic degrees of freedom as they fly off. The light quarks and
gluons then must reassemble themselves about the recoiling color source. There is some chance
that this nonperturbative process will lead the light degrees of freedom to reassemble themselves
back into aD meson. The amplitude for this to happen is a function�(w) of the productw = v � v0
of the initial and final velocities of the heavy color sources.

Clearly, the kinematic pointv = v0, orw = 1, is a special one. In this corner of phase space, where
the leptons are emitted back to back, there is no recoil of the source of color field att = 0. As far
as the light degrees of freedom are concerned,nothing happens!Hence the amplitude for them to
remain in the ground state is exactly unity. This is reflected in a nonperturbative normalization of
�(w) at zero recoil,

�(1) = 1 : (2.23)

This normalization condition is of great phenomenological use. There are important corrections to
this result for finite heavy-quark massesmb and, especially,mc.

The weak decayb! c is mediated by a left-handed currentc
�(1�
5)b, which can also change the
orientation of the spinSQ of the heavy quark during the decay. Since the only difference between a
D and aD� is the orientation ofSc, heavy-quark symmetry implies relations between the hadronic
matrix elements which describe the semileptonic decaysB ! D`� andB ! D�`�. These matrix
elements are parameterized by six form factors, which are independent nonperturbative functions
of w. In the heavy-quark limit, they are all proportional to�(w), a powerful constraint on the
structure of semileptonic decays.

Now consider more closely the structure of the theoretical expansion for the decayB ! D�`�,
which may be used to measure the CKM matrix elementjVcbj. Near the zero-recoil point, the tran-
sition is dominated by a single form factor,hA1

(w), with the normalization conditionhA1
(1) = 1

in the heavy-quark limit. For generalmB andmD�, the differential decay rate may be written

d�

dw
= G2

F jVcbj2K(mB; mD�; w)F 2(w) ; (2.24)

whereK(mB; mD; w) is a known kinematic function andF (w) has an expansion atw = 1 of the
form

F (1) = �A(�s)
�
1 +

0

mc

+
0

mb

+O
�
1=m2

b

��
: (2.25)

The perturbative function�A(�s) has been computed to two loops, with the result�A = 0:960. The
leading HQE corrections arise at order1=m2

b;c rather than at order1=mb;c, and have been estimated
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to be approximately 5%. A more detailed analysis of this decay will be given in a later chapter.
For now, the point is to note how the double expansion in powers of�s and1=mb;c appears in a
physical quantity. This analysis is also typical because it applies only to a very particular case of
enhanced symmetry, namely the decay rate asw ! 1. The extrapolation of the data to this limit
requires both experimental ingenuity and more theoretical input beyond the HQE.

2.2.4.2 Duality and inclusive semileptonic decays

As a second example, consider theinclusivedecayB ! Xc, whereXc is any final state containing
a charm quark. The analysis of inclusive decays, although it relies on a similar expansion, is
different from the treatment of exclusive decays. In this case, it is useful to observe that the energy
released into the final state by the decay of the heavyb quark is large compared to the QCD scale.
Hence the final hadronic state need not be dominated by a few sharp resonances. If resonances
are indeed unimportant, then there is a factorization between the short-distance part of the decay
(the disappearance of theb quark) and the long-distance part (the eventual hadronization of the
decay products). This factorization implies that for sufficiently inclusive quantities it is enough to
consider the short-distance part of the process, with the subsequent hadronization taking place with
unit probability. Note that what is important here is that theb quark is heavy, with no restriction
placed on the charm mass. In fact, a smaller charm-quark mass is better because it increases the
average kinetic energy of the decay products.

This factorization, known aslocal parton-hadron duality, is an example of a crucial assumption
which lies outside of the HQE itself. What is its status? Clearly, local duality must hold as
mb ! 1 with all other masses held fixed. In this limit, wavelengths associated with theb-quark
decay are arbitrarily short and cannot interfere coherently with the hadronization process. On the
other hand, it is not known how to estimate the size of corrections to local duality formb large but
finite. There is no analog of the heavy-quark expansion appropriate to this question, and no way
to estimate systematically deviations from the limitmb ! 1. Although we will incorporate an
expansion in powers1=mb in the calculation of inclusive quantities, the behavior of this expansion
does not address directly the issue of violations of duality. The duality hypothesis, while entirely
reasonable for inclusiveB decays, is not independently verifiable except by the direct confrontation
of theoretical calculations with the data.

For semileptonicB decays,B ! Xc ` �, the situation has additional interesting features. On the
one hand, in the region of phase space where the leptons carry away most of the available energy,
the final hadronic state is likely to be dominated by resonances and local duality is likely to fail.
(In someB decays, local duality can be shown to hold even in the resonance region; however, this
requires a more subtle and less intuitive argument than the one on which this discussion is based.)
On the other hand, if one integrates over the lepton phase space to compute an inclusive quantity
such as the total semileptonic width, then one needs not local duality but rather the weaker notion
of global parton-hadron duality.(The use here and elsewhere in this book of this term, while it
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reflects current practice, is ahistorical. This notion originally was known simply asduality, while
global dualitywas first introduced to describe the technical assumption that one can neglect distant
cuts in computing the semileptonicB decay rate, which is an important and distinct issue. Both
terminologies remain in use in the literature.)

In essence, the argument is as follows. Letq be the momentum carried away by the leptons. The
semileptonic width is an integral of a differential width, written schematically asd�=dq, which
must be calculated under the hypothesis of local duality. For certain ranges ofq (q2 near its
kinematic maximum), local duality clearly fails. However,d�=dq has a known analytic structure
as a function ofq, with cuts and poles, corresponding to thresholds and resonances, which are
confined to the real axis. If the integration contour inq is deformed away from the resonances,
into the complex plane,then it may be possible to compute the integral without knowing the
integrand everywhere along the original (real) contour of integration. From one point of view,
complexq forces the final state away from the mass shell, where long-distance effects can become
important. From another, the integral overq imposes an average over the invariant masssH of the
hadrons in the final state, which smears out the effect of resonances when they do contribute. This
property, that quantities averaged oversH may be computable even when differential ones are not,
is global duality. The most important feature is thesmearingof the perturbative calculation over
the resonance region. Note that global duality does not apply to purely hadronicB decays, for
whichsH = m2

B is fixed.

Once the issue of duality has been addressed, the actual expansions obtained for inclusive decays
are very similar to those for exclusive decays. For example, the total charmless semileptonicB

decay width takes the form

�(B ! Xu `�) =
G2
F jVubj2
192�3

m5
b

"
1� 2:41

�s

�
+
�1 � 9�2
2m2

b

+ : : :

#
: (2.26)

The leading corrections to this expression are of order�2s, �s=mb and1=m3
b . Note that the1=m2

b

corrections are far more tractable than in the exclusive decay: first, because1=m2
c does not appear,

and second, because they may all be written in terms of the two parameters�1 and�2, one of which
is already known. Finally, note the strong dependence on the massmb, which is equivalent via the
mass expansion (2.22) to a dependence on�. This is a significant source of uncertainty in the
expression for the rate. The extensive recent theoretical efforts to reduce this uncertainty will be
discussed in detail in Chapter 8. Similarly, the technically-more-complicated case ofB ! Xc `�

is left until this later more-detailed discussion.

2.2.5 Limitations of the HQE

While the heavy-quark expansion and the HQET are powerful tools in the analysis of many aspects
ofB spectroscopy and decay, there are important issues into which they provide little direct insight.
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What the HQE provides is a framework within which the dependence of quantities on the large
massmb may be extracted systematically. However, once this has been accomplished, the task
usually remains of analyzing those parts of the process which are characterized by long distances,
small momenta, and nonperturbative dynamics. For a few quantities, such as the exclusive and
inclusive decay rates discussed in this section, the calculation can be organized so that such effects
appear only at subleading order, with the leading order terms controlled by heavy-quark symmetry.
But this is not the typical situation inB phenomenology; one is usually required to analyze
quantities and processes for which the nonperturbative nature of QCD is a dominant effect.

By necessity, such analyses involve a wide variety of methods, techniques, approximations and
ansatzes. Some of the most important approaches are briefly discussed in the rest of this chapter.
But even where the heavy-quark limit is not itself predictive, it still has an important role to play.
Any model or effective theory which purports to describeB mesons must obey the heavy-quark
limit. By the same token, it is often possible to enhance or extend a model by building heavy-quark
symmetry in explicitly. The information provided by the heavy-quark limit will prove to be very
useful in this broader context.

2.3 Light Flavor Symmetry

2.3.1 Chiral Lagrangians

Complementary to the heavy-quark limit, new symmetries of QCD also arise in the limit of
vanishing light-quark masses. Asmu; md; ms ! 0, the quarks of left and right helicity decouple
from each other. In this limit, the invariance of the Lagrangian separately under rotations among
(uL; dL; sL) and(uR; dR; sR) gives rise to anSU(3)L � SU(3)R chiral flavor symmetry. In the
QCD vacuum, this symmetry is dynamically broken to the diagonal subgroupSU(3)V by the
quark condensatehqiqji 6= 0. As a consequence, there are eight Goldstone bosons in the light
spectrum, which we identify with the physical�, K, and�. Since the actualu, d, ands-quark
masses are small but nonzero, the�,K, and� are light but not exactly massless.

The spontaneous breaking of chiral symmetry is characterized by a scale�� � 1GeV, which
is related to the value of the quark condensate. For light massesm�; mK ; m� � �� and small
momentap � ��, QCD exhibits a separation of energy scales which can be used as the basis
for an effective field theory. Thischiral Lagrangiandescribes low-energy interactions in a sys-
tematic expansion in powers ofp=�� andmq=��. Since the fundamental degrees of freedom, the
eight “pions”�, K and�, are the Goldstone bosons associated with the spontaneous symmetry
breakingSU(3)L � SU(3)R ! SU(3)V , they transform in a complicated nonlinear way under
the full symmetry group. It is convenient to assemble them into a matrix�ab, which is in turn
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exponentiated,
�ab = [exp (2i�=f�)]ab ; (2.27)

wheref� � 130MeV is the pion decay constant anda; b are flavor indices which take valuesu; d,
or s. The unusual looking field� has the property that it transforms simply underSU(3)L �
SU(3)R.

The chiral Lagrangian is the most general function of� consistent with the symmetries, con-
structed order by order in powers of1=��. At lowest order, the Lagrangian is completely fixed,

L =
f 2�
4
@��

y

ab@��ba + : : : ; (2.28)

where the flavor indices are summed over and the ellipsis indicates operators suppressed by�n�.
The exponential form of the� field allows this simple Lagrangian to describe interactions between
arbitrarily large numbers of pions. Indeed, one of the useful features of Chiral Perturbation
Theory (ChPT) is its ability to relate scattering amplitudes involving different numbers of external
particles.

All hadrons other than the pions, such as vector mesons or baryons, have masses of order��.
Hence for external momentap � �� they can only appear as virtual states. Their effect on the
effective theory is reproduced by higher dimension operators involving�, such as

f 2�
�2
�

Tr
h
@��y@��y@��@��

i
; (2.29)

where the trace is over flavor indices. Because one cannot solve QCD, the couplings of these
operators are unknown constants which must be determined phenomenologically. In practice, the
Lagrangian (2.28) has been generalized to include operators containing up to four derivatives or
one power of the light-quark masses, as well as effects from electromagnetic and flavor changing
currents. By now, most of the couplings have been extracted from experiment. Typical predictions,
such as�–K radiative reactions or�–� scattering, are accurate at the10–30% level, although in
some cases, such as the extraction ofjVusj fromK ! �`�, the uncertainties are much smaller. It
is important to keep in mind that these predictions are valid only so long as external momenta are
small compared to�� � 1 GeV.

2.3.2 Heavy-Hadron Chiral Perturbation Theory

Although heavy hadrons have masses much larger than��, it is still possible to incorporate them
into ChPT. This is because it is only the light degrees of freedom in the hadron, whose mass
does not scale with the heavy quark, which interact with external pions. This extension of the
effective theory, known as Heavy-Hadron Chiral Perturbation Theory (HHChPT), incorporates the
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heavy-quark spin-flavor symmetry in an expansion in derivatives, light-quark masses, and inverse
heavy-quark masses. It describes soft pions interacting with a static heavy hadron.

A simple example of where such a formalism is useful is the semileptonic decayB ! �`�. Over
most of the Dalitz plot, the pion is much too energetic for chiral symmetry to apply. However,
in the region where the pion is soft, the form factorf+(q

2) which determines the differential rate
can be determined reliably. For a sufficiently soft pion, the dominant contribution toB ! �`�

comes from the process whereB ! B��, with the virtualB� then decaying leptonically. The
strength of theB ! B�� transition is proportional to a universal coupling constantg, which may
be determined from the rate for the decayD� ! D�. The amplitude forB ! �`� at lowest order
in HHChPT is then

f+(q
2) =

gM2
BfB=f�

M2
B� � q2

; (2.30)

which is simply a statement of nearest pole dominance, which holds rigorously in the combined
heavy-quark and chiral limit. Physically, pole dominance holds because in this limit the mass
splitting between theB andB� vanishes, whereas the energy gap to the nearest excited resonance
remains finite. Thus, for arbitrarily soft pions, theB� is the only resonance which can affect the
form factor. Note that the heavy- and light-flavor symmetries relateBs; D andDs states to theB,
so there are analogous form factors inBs ! K`�;Ds ! K`�, andD! �`�.

As is typical in chiral calculations, the amplitude relations hold only where the pions are soft.
There will be corrections to these relations at higher order, when loop graphs and explicit sym-
metry breaking terms are included. Most calculations within HHChPT are done at leading order,
or include only some of the numerically important corrections. Since the number of unknown
coefficients tends to proliferate at higher order, such results are usually presented as estimates of
the size of symmetry breaking effects. Chiral Lagrangians are particularly useful for exploring the
light-flavor dependence of quantities arising from pion loops and other infrared physics.

2.3.3 Factorization, Color Flow, and Vacuum Saturation

The problem with chiral calculations is that they only apply when the external pions are soft,
and for most processes of phenomenological interest, nothing constrains this to be the case. For
example, it is not very useful to apply such techniques to exclusive nonleptonic decays such as
B ! D�, since the� has momentump = 2:3GeV > ��. If one attempts to use the chiral
Lagrangian here, one finds that the effects of higher dimension operators, which scale as(p=��)

2,
are unsuppressed, and the theory loses its predictive power. The hadrons in the final state continue
to interact long after the weak decay, and there is no clean separation of scales. The situation is
even more complicated for multiple pion production (B ! D��; � � �), which is governed over
most of the phase space not by low-energy theorems but by the nonperturbative dynamics of QCD
fragmentation. In the absence of a solution to QCD, exclusive nonleptonic decays remain one of
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the most intractable problems inB physics. All that one has is a variety of models, based on ideas
such as light cone wavefunctions or fragmenting strings, which describe the data with varying
degrees of success.

In the absence of any theory based on first principles, phenomenological approaches are often used
instead. The most popular of these is the hypothesis offactorization,which applies to certain
two body nonleptonic decays. A simple example isB ! D�, which is mediated by the quark
transitionb ! cud. Immediately after the weak decay, the quarks typically find themselves with
a large momentum and in the middle of a medium of gluons and light quark-antiquark pairs, with
which they subsequently interact strongly. However, if theud pair has a small invariant mass,
m(ud) � m�, then these two quarks will remain close together as they move through the colored
medium. If, in addition, they are initially in a color singlet state, then they will interact with the
medium not individually but as a single color dipole. Since the distance between theu and thed
grows slowly, it is possible that the pair will have left the colored environment completely before
its dipole moment is large enough for its interactions to be significant. In this case, the pair will
hadronize as a single�. Such a phenomenon is known as “color transparency.”

If, by contrast, theud pair has a large invariant mass, then the quarks will interact strongly with
the medium. In this case, their reassembly into a single� is extremely unlikely. As a result, it is
reasonable to hypothesize that the decayB ! D� is dominated by the former scenario, and that
the matrix element actually factorizes,

hD�j c
�(1� 
5)b d
�(1� 
5)u jBi = hDj c
�(1� 
5)b jBi � h�j d
�(1� 
5)u j0i : (2.31)

The result is something much simpler:h�j d
�(1 � 
5)u j0i is related tof�, and hDj c
�(1 �

5)b jBi may be extracted from semileptonicB decays. With this ansatz, it is possible to obtain
relations among various two body decays which can then be tested experimentally. A proper anal-
ysis is fairly complicated because it is necessary to take into account short-distance perturbative
corrections and other formally subleading effects. In particular, when the leading QCD radiative
corrections are included, the matrix element (2.31) develops a dependence on the renormalization
scale� which cannot be compensated within the factorization ansatz. Thus even the question of
whether a matrix element factorizes has no scale invariant meaning. A complete discussion is
reserved for later chapters.

There is a heuristic distinction which is often made in the discussion of nonleptonicB decays,
between contributions to decays which are “color allowed” and those which are “color suppressed.”
In the spirit of factorization, it is often convenient to use Fierz identities to rewrite the effective
Hamiltonian as a sum of products of quark bilinears which could interpolate certain exclusive final
states. For example, if one were interested in the semi-inclusive processB ! Xs , it would be
useful to re-express the combination

C1 si

�(1� 
5)cj cj
�(1� 
5)bi + C2 si


�(1� 
5)ci cj
�(1� 
5)bj ; (2.32)
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wherei andj are color indices, as

(C1 +
1

3
C2) c


�(1� 
5)c s
�(1� 
5)b + 2C2 c T
a
�(1� 
5)c s T a
�(1� 
5)b : (2.33)

Then the first term can be factorized in the sense of Eq. (2.31), while the second cannot. If the
coefficientC1+

1

3
C2 of the factorizable term is large, that is, ifC1+

1

3
C2 � 2C2, then the amplitude

is said to be “color allowed”; if the reverse is true, then it is said to be “color suppressed.” It is often
supposed that amplitudes which have the wrong color structure to factorize are intrinsically small.
Of course, soft gluons can always be exchanged to rearrange the color structure, so this distinction
does not survive radiative corrections. However, the neglect of nonfactorizable amplitudes is a
common phenomenological starting point for analyses of nonleptonicB decays, where it is often
useful to have some guess as to which four-quark operators are the most important for mediating a
given transition.

Another common ansatz, which is similar in spirit to factorization, isvacuum saturation.The
computation ofB0–B0 mixing requires the hadronic matrix elementhB0j b
�
5d b
�
5d jB0i;
where the four-quark operator has been induced by an interaction (such as a box diagram) at very
short distances. In vacuum saturation, one inserts a complete set of states between the two currents,
and then assumes that the sum is dominated by the vacuum. This ansatz is neither stable under
radiative corrections, nor really well defined, sinceb
�
5d b
�
5d is an indivisible local operator.
The result is of the form

hB0j b
�
5d b
�
5d jB0i = Af 2Bm
2
BBB ; (2.34)

whereA is a known constant andBB absorbs the error induced by keeping only the vacuum
intermediate state. Deviations ofBB from unity parameterize corrections to the ansatz. Vacuum
saturation becomes exact in the formal limitNc ! 1, whereNc is the number of colors, since
then the mesons are noninteracting. This limit is often cited as a justification of the ansatz. As it
turns out, calculations in lattice QCD do seem to prefer a value forBB which is close to unity. One
may use HHChPT to estimate the uncertainty in the light-flavor dependence of the ratioBBs=BBd

.

2.4 Lattice Gauge Theory

An important alternative to the analytic analyses presented so far is the attempt to solve QCD
directly via a numerical simulation. As for any quantum field theory, QCD may be defined by a
partition function,

Z =
Z
[dA�][d i][d i] e

iS(A�; i; i) ; (2.35)

where thefunctional integralis over all configurations with given gauge potentialA� and quarks
 i. The action,

S(A�;  i;  i) =
Z
d4x

h
�1

4
G��G�� +  i(i=@ � g =A�m) i + : : :

i
; (2.36)
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is supplemented by sources for the quarks and gluons, and by gauge fixing terms. The functional
Z and its derivatives are enough to determine all of the correlation functions of the theory. The
program oflattice gauge theoryis to perform the integral in the action by discretizing space-time
on a grid of spacinga, and then to computeZ by summing over a finite but representative set of
configurations ofA� and i. In principle, given enough configurations and a fine enough grid,
such an analysis provides an arbitrarily accurate solution to QCD.

However, there are a number of important practical difficulties with this program, which effectively
restrict its accuracy and rigor, and the uses to which it may be put. The first is that any realistic
analysis requires an enormous amount of computer power. While such resources continue to
improve at a remarkable pace, it will be long in the future before it will be possible to analyze
processes in which a wide range of momentum scales is important. Effectively, this limits the use
of the lattice for the study of exclusive nonleptonicB decays or�–� scattering. For the time being,
it is the static, rather than the dynamical, properties of QCD which are most amenable to a lattice
treatment.

Another practical limitation of lattice QCD is that it is extremely expensive to include quark loops
in the computation. It is possible to save a huge factor in computing time by working in the
quenchedor valence approximation, in which quark loops are neglected entirely. Quenching is
really more an ansatz than an approximation, in the sense that it is difficult to estimate reliably
the error which it induces. It can be argued that in certain contexts, such as heavy quark-antiquark
bound states, the primary effect of quenching is to renormalize the effective coupling of the gluons,
which can be compensated by adjusting the couplingg at the lattice scale. But in most cases,
quenching is just a necessary simplification of the calculation, with a largely unknown effect on
the results. With the emergence of a new generation of computers capable of� 1012 flops, some
unquenched calculations will become feasible. Then it will begin to be possible to study the effects
of quenching in more quantitative detail.

Other practical difficulties in lattice QCD are more tractable. Because of the nature of the propaga-
tor, massless quarks induce singularities in lattice calculations, so one must work with light quarks
of massm � 100MeV or larger and then extrapolate to physicalmu � 5MeV andmd � 10MeV.
The nature of this extrapolation is strongly affected by quenching. It is also necessary to work at
nonzero lattice spacinga, and finite overall lattice sizeL, extrapolating toa ! 0 andL ! 1
at the end. These extrapolations are believed to be reasonably under control in most calculations.
Finally, it turns out to be extremely difficult to incorporate chiral quarks in lattice computations,
although this is not an important problem for a vector theory such as QCD.

Even given these limitations, the progress in lattice QCD in the past ten years has been phenom-
enal. This is due both to advances in computing technology, and perhaps more important, to
the development of new theoretical methods particular to the lattice. New techniques which are
relevant to the study of heavy quarks include thestatic approximation, nonrelativistic QCD, and
improved actions. The first of these is the analogue of HQET for heavy quarks on the lattice, which
actually predates (and inspired) the development of HQET in the continuum. Static techniques are
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necessary because the Compton wavelength of theb-quark scales as1=mb and is much smaller
than any lattice spacinga in use, so fully dynamicalb quarks are extremely difficult to simulate.
The static limit has proven very useful for the computation of heavy-hadron spectra and decay
constants. Nonrelativistic QCD, a somewhat different expansion in powers of1=m, is relevant
to the study of heavy quark-antiquark bound states. Such analyses have become so accurate that
lattice determinations of quarkonium splittings, when compared with data, provide a measurement
of �s which may be competitive with precision measurements at theZ pole. Finally, it has been
understood how to “improve” the actionS(A�;  i;  i) by including discretization effects order by
order ina, thereby allowing the same accuracy to be obtained with larger lattice spacing. Since for
a lattice of a given size in physical units, the number of points scales as1=a4, the result can be a
significant saving in computer resources.

In summary, the lattice will continue to be an important tool forB physics, but it is not a universal
approach for the numerous important quantities which cannot as yet be treated analytically. Lattice
QCD has been very successful for certain quantities, such as the bag constantBB and the splittings
in the� system. For others, such as bottom meson and baryon spectroscopy, decay constants, and
semileptonic form factors, the situation continues to improve. A collection of lattice results rele-
vant toB phenomenology is given in Appendix C, along with additional discussion of lattice meth-
ods. On the other hand, there are quantities, such as exclusive nonleptonic decays or fragmentation
functions, where lattices of impractical size and granularity would be required to obtain useful pre-
dictions. For such processes, there is no rigorous theoretical calculation based on first principles.

2.5 QCD Sum Rules

Another theoretical approach which is based, in principle, on QCD is that ofQCD sum rules. The
idea is to exploit parton-hadron duality as fully as possible, by studying inclusive quantities with
kinematic or other restrictions which require them to be dominated by a single exclusive interme-
diate state. In this way one can learn something about nonperturbative physics, which controls the
detailed properties of bound states, within a calculation based on a perturbative expansion.

The construction of QCD sum rules has a number of technical subtleties. This section only
outlines the ingredients and the general structure, leaving specific applications to later chapters. A
discussion which contains considerably more detail, along with some results, is found in Appendix
D. The method involves the study of correlation functions in QCD, as a function of external
momenta. The correlation functions of a quantum field theory contain all the information about
the theory, and hence in principle this method has access to every observable of QCD. In practice,
it is only feasible to study two-point and some three-point functions, so QCD sum rules are useful
primarily for computing spectra, decay constants and form factors.

The main features of the method will be illustrated here with a simple example fromB physics.
One attractive feature of sum rules is that they can be formulated within HQET, thereby incorpo-
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rating heavy-quark symmetry automatically. In HQET, the currenthv

5q can create aB meson, or

other excited statesBn with the same quantum numbers. Since theb quark is static, the appropriate
measure of the mass of a state is the excitation energy�n = (m2

Bn
�m2

b)=2mb, which is independent
of mb asmb !1. The object of study is the two point function

�(!) = i

Z
d4x eik�x h0jTfq
5hv(x); hv
5q(0)g j0i ; (2.37)

where! = v � k is the energy injected into the correlator. For general!, the correlator�(!)
receives contributions from all intermediate statesBn. Hence�(!) may be written in the form

�(!) =
X
n

F 2
n

�n � ! � i�
; (2.38)

whereFn is the coupling of the current to the excited stateBn. The correlator (2.37) and sum over
states (2.38) are often referred to, respectively, as the “theoretical” and “phenomenological” sides
of the sum rule.

The goal is now two-fold: first, to compute the correlator (2.37) in QCD, and second, to isolate
the contribution of the ground stateB to the sum (2.38), so that its properties can be extracted.
These two goals conflict, as they require different limits of!. A perturbative calculation of the
correlator is appropriate for! far from resonances,! � �QCD, or even better, in the unphysical
region! ! �1. On the other hand, the ground state will only dominate the sum for! small and
near theB resonance. The compromise is to work in a regime of intermediate!, where it is hoped
that, with some technical improvements, both the correlator and the sum over states can be treated
accurately. These improvements are the source of most of the complications in the method.

The first step is to rewrite�(!) as a dispersion integral over its imaginary part, which receives
contributions from real intermediate states,

�(!) =
Z

1

0
d�

�(�)

� � ! � i�
; (2.39)

where�(�) / Im�(�). For simplicity, local subtractions, which may be required to make this
expression well behaved, have been omitted here. Note the similarity between the theoretical
expression (2.39) and the phenomenological sum over states (2.38). While it is certainly not true
that�(�n) = F 2

n at each point, global duality allows the two expressions for�(!) to coincide once
both sides have been integrated. For! large enough, it suffices to compute the density�(�) as a
power series in�s. But for intermediate!, it is necessary also to include corrections to�(!) of
order1=!n. These corrections appear in the form ofcondensates, new nonperturbative quantities
characteristic of QCD. It is usually enough to include the condensates of dimension� 5, whose
values have been extracted at the� 30% level from other processes:

hqqi � �(0:23GeV)3 ;
h�sG��G��i � (0:45GeV)4 ;

hgq���q G��i � �(0:40GeV)5 : (2.40)
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The condensates are universal quantities which, it is hoped, capture the leading nonperturbative
effects of the QCD vacuum and allow the correlator to be computed accurately even for! not
asymptotically large.

The next step is to focus on the ground stateB. The excited statesBn are all quite broad and
unlikely to induce rapid variations in�(!), and it is assumed that above some scale!0, the integral
over the excited states can accurately be described by parton-hadron duality. Actually, it is hoped
that the scale!0 may be chosen as athreshold,in the sense that the entire contribution of the excited
states (and none of the ground state) may be modeled by the perturbative dispersion integral for
� > !0. The contribution of the excited states is then subtracted from both expressions, leaving an
upper cutoff!0 on the dispersion integral (2.39), and only the ground staten = 0 in the sum over
intermediate states (2.38).

The object of the analysis is now to equate the theoretical and phenomenological sides of the sum
rule and attempt to fit the couplingF and the energy� of the ground stateB. To do so, one must
fix values for the threshold!0 and the energy!, neither of which is givena priori. (In Borel sum
rules,! is exchanged for a “Borel parameter”T .) While there exists a prescription for choosing
these parameters, it is not based directly on QCD, but rather derives from the requirement that the
sum rule be self-consistent, that is, dominated neither by the condensates nor by the excited states.
In fact, therein lies a fundamental source of uncertainty in the practical application of QCD sum
rules. While it is certainly encouraging that!0 and! usually may be chosen to make the sum rule
consistent and well behaved, there is no way to test whether theconsistentchoice is, in fact, the
correctone. It is not clear, from first principles, how the stability of a sum rule corresponds to its
accuracy.

The absence of a reliable estimate of the error from choosing!0 and!, as well as of the error
from truncating the sum over intermediate states, leaves QCD sum rule analyses with systematic
uncertainties which are difficult to quantify. In this respect, they are a lot like lattice gauge theory
calculations in the quenched approximation. Both methods are based, in principle, on QCD, which
is their most attractive feature. However, in their practical implementation it is unavoidable that
uncontrolled model dependence emerges. The result in each case is a bit of a hybrid, a valuable
theoretical tool which one must rely on only with considerable care.

2.6 Quark Models and Related Methods

This section discusses quark models and their relatives. While a QCD analysis is always preferable
to a model, there are unfortunately many processes and quantities of interest for which models are
the only recourse. The variety of models, even commonly used ones, is indeed enormous, and
there is no hope to survey the field here. More information about specific models may be found in
Appendix B. This brief section explains what is meant by a model, and why a model is distinct from
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QCD. Many models are invented for a very limited purpose, to capture some particular feature of
hadron phenomenology such as spectroscopy, fragmentation, or weak decay. Here the focus is on
a popular model with more general ambitions, thenonrelativistic quark model.This is probably
the most intuitively accessible model, and it serves as an excellent illustrative example. Appendix
B contains some discussion of a number of models used to estimate hadron form factors relevant
in semi-leptonic decays.

Consider a�+ meson. In QCD, this state is a complicated collection of quarks, antiquarks, and
gluons, carrying overall flavor quantum numbers. Note that although a�+ has the flavor of aud
pair, there are in fact manyu, u, d, andd quarks in a�+, and it is not correct to assign the flavor
of the overall�+ to any particular ones. In the nonrelativistic quark model, however, a meson is
treated as a bound state of a single quark and antiquark. Entirely new degrees of freedom have
been introduced, since theseconstituentu andd quarks are only indirectly related to the quarks
of QCD. They have large masses of order 300 MeV (in contrast to theQCD-currentquark masses
of 5 � 10MeV), they have small magnetic moments, they are nonrelativistic, they are not pair
produced, and they interact with each other through an instantaneous potential. This is an ansatz,
not an approximation to or a limit of QCD.

Given these new degrees of freedom, one can then guess a potential and solve the Schr¨odinger
equation to find quark wavefunctions. Magnetic interactions and other effects are introduced as
necessary, as perturbations to the nonrelativistic potential. The wavefunctions then may be used to
fit or predict physical observables such as spectra, decay constants, or transition rates. Note that
the very idea of a nonrelativistic wavefunction is foreign to QCD, so there is no meaningful sense
in which the solutions which are obtained are “correct.” All that one can ask is that the model be
“predictive,” in that it fit many independent pieces of data with few adjustable parameters.

In principle, models should be constrained to reproduce the known behavior of QCD in its various
limits, but this is not always possible. The chiral limit is a particular problem: it is difficult to tune
the nonrelativistic quark model to obtain a massless pion when theu andd current masses vanish.
By contrast, heavy-quark symmetry provides useful constraints, and it can be used to tune aspects
of the quark model when it is applied to bottom and charmed hadrons.

The central problem with models is that it is difficult to accompany their predictions with mean-
ingful error estimates. Since they do not arise as an expansion of QCD, there is no small parameter
and no systematic corrections to a controlled limit. It is very difficult to guess, when a model is
extended to a new region, at what level to trust its predictions. For example, the nonrelativistic
quark model typically works very well for hadron spectroscopy, but this fact gives little insight
into its reliability in predicting form factors. It is common practice, unfortunately, to cite uncer-
tainties due to “model dependence” which are obtained by surveying the predictions of a variety
of models. This exercise certainly provides more insight into the tastes of model builders than into
the accuracy of their predictions.
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Of the wide variety of models currently in use, just a few of the most popular ones forB physics
are listed here. The Isgur-Scora-Grinstein-Wise model is a version of the nonrelativistic quark
model which is tuned to the study of semileptonicB decays. The Bauer-Stech-Wirbel model
is a quark model on the light front, used for weakB andD decays and the exploration of the
factorization hypothesis. String fragmentation and flux tube models are used to study heavy-quark
fragmentation. The Skyrme model, derived from the chiral Lagrangian, is a model of light baryons
which has been extended to describe heavy baryons as well. An alternative tool for studying
baryons is the nonrelativistic diquark model. The ACCMM (Altarelliet al.) model is used to
include initial bound state effects in inclusiveB decays. What these models, and others like
them, have in common is that they are tuned to specific particles or specific processes, for which
they typically work reasonably well. By contrast, their predictivity in new contexts is hard to
assess reliably. Since it is unavoidable that models will continue to be an indispensable tool inB

phenomenology, it is important always to remain mindful of their limitations.

2.7 Further Reading

This chapter has given only the briefest discussion to a few topics in the theory of hadronicB

physics. Many of the ideas introduced here will be developed in considerably more detail in
subsequent chapters, when they are applied to specific processes and analyses. The purpose here
has been to provide a background and some context for these later applications. Because of the
very general level of the discussion in this chapter, references to the original literature have not
been included. In subsequent chapters where these methods are applied the relevant references
are given. The reader who wishes to explore any of these topics further at an introductory level is
invited to consult the many textbooks and reviews which now exist.

A few examples are:

� Effective Hamiltonians and operator product expansions

– Dynamics of the Standard Model,John Donoghue, Eugene Golowich and Barry R. Hol-
stein, Cambridge University Press (1992)

– G. Buchalla, A. J. Buras and M. E. Lautenbacher,Rev. Mod. Phys.68, 1125 (1996)

� The heavy-quark expansion

– M. Neubert,Phys. Rep.245, 259 (1994)

– M. Shifman, in QCD and Beyond,Proceedings of TASI 95, ed. D. Soper, World
Scientific (1996)

– B. Grinstein, inCP Violation and the Limits of the Standard Model,Proceedings of
TASI 94, ed. J. F. Donoghue, World Scientific (1995)

REPORT OF THEBABAR PHYSICS WORKSHOP



2.7 Further Reading 71

� Chiral perturbation theory

– J. Gasser and H. Leutwyler,Phys. Rep.87, 77 (1982)

� Lattice gauge theory

– Phenomenology and Lattice QCD,Proceedings of the Uehling Summer School on
Phenomenology and Lattice QCD, eds. G. Kilcup and S. Sharpe, World Scientific
(1995)

– S. Sharpe, inCP Violation and the Limits of the Standard Model,Proceedings of TASI
94, ed. J. F. Donoghue, World Scientific (1995)

and

� QCD sum rules

– Stephan Narison,QCD Spectral Sum Rules,World Scientific (1989).
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3

An Introduction to the B ABAR Experiment

The primary goal of the BABAR experiment is the systematic study ofCP asymmetries in the decays
of neutralB mesons. In addition to this, a sensitive measurement of the CKM matrix element,
Vub can be made, and a number of rareB meson decays may be measured, together enabling good
constraints to be put on fundamental parameters of the Standard Model. A range of other physics
may also be studied at BABAR, including otherB physics, the physics of charm and tau leptons,
and two-photon physics. Many of the methods for doing this are described in later chapters of this
book.

The particular channels in which it is hoped that BABAR will be able to measureCP asymmetries
include the following:

� Forsin 2�: B0
! J= K0

S
,B0

! J= K0
L

,B0
! J= K�0,B0

! D+D� ,B0
! D�+D��,

etc.

� For sin 2�: B0
! �+�� , B0

! �+���0 , B0
! a1�

TheCP asymmetries in question may be quite large, needing only a few hundred reconstructed
events in the appropriate channel to observe. The branching ratios to reconstructible final states
are very small, however,e.g.,� 10�5 for J= K0

S
and for�+��, so that in excess of107 B0B0 pairs

need to be produced, in order to measure the asymmetries with errors at the 10% level or better.

In order to observe the asymmetries, three things need to be measured: the exclusive final state
needs to be fully reconstructed; the flavor (beauty or anti-beauty) of the decaying particle needs to
be tagged; the proper time of theB0 decay with respect to its production needs to be measured, as
(in most cases), the asymmetry cancels to zero in time-integrated measurements ate+e� machines.

The BABAR experiment was designed and optimized to achieve the goals specified above. The PEP-
II B Factory was designed to deliver theB mesons to the experiment.

3.1 e
+
e
�

B Factories and PEP-II

In the late 1980s, studies [1] indicated that the best source ofB mesons for such a physics program
was ane+e� collider, operating at the� (4S) resonance, but in anasymmetricmode,i.e., with
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beams of unequal energy, resulting inB0 mesons with significant momenta in the laboratory
frame (the small Q-value of the� (4S) ! BB decay results inB mesons almost at rest in the
center of mass frame). This enables theB0 mesons’ decay times to be inferred from their now-
measurable decay lengths. The machine must also have unprecedented luminosity; of the order of
a few�1033 cm�2s�1, or more, in order to provide enoughB mesons. The PEP-IIB Factory was
designed with just these characteristics.

There are several advantages of thee+e� environment over the hadronic environment, for doing
such physics, namely:

� A high signal-to-background ratio, with�bb=�TOT ' 0:28.

� Clean events, with a mean charged multiplicity of� 11.

� Low interaction rates� 10 Hz (physics rate).

� The possibility to reconstruct final states containing�0s and photons, thereby allowing the
possibility to make measurements in many more channels.

� Straightforward extrapolation from existing experiments.

There are two major advantages of the� (4S) resonance over the situation at LEP. The first
is the absence of any fragmentation products, thereby reducing the possibility of combinatorial
backgrounds. The second advantage is the existence of several kinematic constraints, namely
knowledge of the exact 4-momentum of the two-B meson system and also knowledge of the
momentum magnitudes of the twoB mesons individually in the center-of-mass frame. These
constraints help considerably in suppressing backgrounds.

PEP-II will have two rings, one of 9 GeV (for electrons) and one of 3.1 GeV (for positrons),
housed in the former PEP tunnel. This results in a�
 for the resultingB mesons of 0.56 in
the laboratory frame. The machine will use the already-existing SLAC linac as an injector. The
machine construction schedule allows for phased commissioning of the various components. The
design luminosity goal is3� 1033 cm�2 s�1.

3.1.1 Cross-Sections at the� (4S)

The cross-sections for the production of fermion pairs at the� (4S) are shown in Table 3-11. They
are discussed in more detail in Section 11.4.1.2. TheBB cross-section can be calculated from

1All quark-antiquark cross-sections exceptbb are calculated with theJetset7.4 event generator for
p

s =

10:58 GeV. Radiative corrections are included; hence the cross-sections include radiative events for which acceptance
will be low.
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Table 3-1. Production cross-sections at
p
s =M(� (4S)). Thee+e� cross-section is the effective

cross-section, expected within the experimental acceptance.

e+e� ! Cross-section (nb)

bb 1.05

cc 1.30

ss 0.35

uu 1.39

dd 0.35

�+�� 0.94

�+�� 1.16

e+e� � 40

known� (4S) properties and the beam-energy spread of the machine. Since the BABAR beam spread
is very close to being the same as it is for CLEO, we take the peak cross-section obtained in CLEO
and adjust for the slightly larger beam spread expected in BABAR. This yields a peak cross-section of
1.05 nb with an uncertainty of less than 0.1 nb (the BABAR TDR [2] used 1.15 nb for most analyses).

While in principle theqq cross-section can be calculated if the value ofR � �qq=��+�� is known,
initial-state radiation assures that the value depends sensitively on the minimum value of center-
of-mass energy that is required in an analysis. Events with very hard radiated photons look more
like 2-photon processes than typicalqq events. For most purposes in this book, it is only necessary
to know how to normalize the Monte Carlo samples that have been generated. In this case we use
the cross-section calculated fromJetset7.4 with the usual photon-energy cutoff of 0.99Ebeam,
corresponding to a minimum center-of-mass energy of 1.06 GeV. This cross-section is found to be
3.39 nb.

3.1.2 Data Taking in the Continuum

It is intended to run PEP-II at the� (4S) resonance, for the majority of its running. However,
off-resonance data are essential for all precision measurements ofB meson decays since Monte
Carlo simulations forB decay backgrounds from the continuum are less reliable than their direct
determination from real data (the non-BB physics (charm, tau,. . . ) does not require any data
taking off the� (4S) resonance since these data come simultanuously withBB events). For decays
with very little background, likeB0

! J=	 K0
S with background/signal ratiosB=S < a few %,

a very high fraction of data taking on the� (4S) resonance gives the smallest error on theCP
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asymmetry for these events. For decays with higher continuum background, likeB0
! �+��

with B=S = O(1), the smallest errors onB(B ! �+��) andACP(B ! �+��) are obtained
with a much larger fraction of continuum data taking. The same holds for all inclusive studies like
B ! `�X. In this section, a recipe is derived for choosing the optimal fraction of continuum data
taking.

In order to reach a minimal error onS, the cross-section� branching ratio for a signal, in the
presence of a continuum background with a magnitudeB (for the analogous quantity), a given
integrated luminosity,L =

R _L dt should be shared between two fractions,(1� c)L on the� (4S),
andcL in the continuum. Assuming that the error is predominantly statistical, the optimal value
for c depends onb = B=S. This can be seen as follows. The numbers of events on the� (4S) and
in the continuum are respectively

N(� (4S)) = (1� c)L(1 + b)S; N(continuum) = cLbS; (3.1)

so thatS can be obtained from

S =
N(� (4S))

(1� c)L
�
N(continuum)

cL
: (3.2)

Propagating the errors, and substituting for theNs gives

�(S) = [
(1� c)L(1 + b)S

(1� c)2L2
+
cbLS

c2L2
]1=2 = E �

q
S=L (3.3)

where

E = E(c) = E(cjb) =

s
c+ b

c(1� c)
: (3.4)

The functionE describes the increase of the error on the signal cross-section with respect to the
conditionb = c = 0. Its dependence onc, for values ofb between 0 and 1 is shown in Figure 3.1.2.
In all cases, the minimum obtained is very shallow, and wide ranges ofc give very similar statistical
errors for the signal cross-section. Table 3-2 gives the optimal continuum fractioncmin, E(cmin),
E(0:15)=E(cmin), andE(0:20)=E(cmin).

It may be concluded that small luminosity fractions in the continuum, around one sixth of the total
integrated luminosity, cover the optimal conditions for background to signal ratios up to 0.50. The
price for channels without background is very low; their errors increase only by 10 percent with
respect toc = 0, i.e.,with no continuum running at all.

This conclusion leads to a recommendation for the initial running conditions of BABAR: choose
c = 0:174. At this continuum fraction, the errors on channels with no background increase by
exactly10%, the errors are minimal forb � 0:05, and the errors increase by less than10% for all b
values up to 0.40. Figure 3.1.2 showsE(0:174; b),E(cmin; b), andE(0:174; b)=E(cmin; b), i.e., the
error increase atc = 0:174 with respect tob = c = 0, the error increase at the optimalc, and the
ratio of the two, as a function ofb.
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3.1e+e� B Factories and PEP-II 77

Figure 3-1. increase of the signal error with respect tob = c = 0 as a function of the continnum
luminosity fractionc for various background to signal ratiosb.

Table 3-2. The optimal fractioncmin of continuum luminosity, the increase of signal errors with
respect tob = c = 0, and the increase ratios at twoc values, for seven background to signal ratiosb.

b cmin E(cmin)
E(0:15)

E(cmin)

E(0:20)

E(cmin)

0.00 0.00 1.00 1.08 1.12

0.05 0.18 1.25 1.00 1.00

0.10 0.23 1.37 1.02 1.00

0.15 0.27 1.46 1.05 1.01

0.25 0.31 1.62 1.09 1.04

0.50 0.37 1.93 1.17 1.08

1.00 0.41 2.41 1.24 1.14

Continuum running with the recommended fraction of around one sixth of the total integrated
luminosity should be done at a center-of-mass energy around60MeV below the�(4S) mass. For
the storage ring operation, the easiest option might be to keep the low-energy ring at3:109GeV

and to decrease the high-energy ring from 9.000 to8:900GeV. This choice would change the boost
from 0.5568 by a negligible amount to 0.5505.
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78 An Introduction to the BABAR Experiment

Figure 3-2. Increase of the signal error at a continuum luminosity fractionc = 0:174 (upper
solid curve) with respect tob = c = 0, the same increase at the optimal luminosity fractioncmin

(dashed curve), and ratio of the two (lower solid curve) as function of the background to signal ratio
b = B=S.

3.2 An Overview of the BABAR Detector

In order to achieve the physics goals stated in the introduction to this chapter, and to function
optimally, the BABAR detector needs:

� The maximum possible acceptance in the center-of-mass system. The asymmetry of the
beams in BABAR causes the decay products to be boosted forward in the laboratory frame.
This puts the solid angle in the forward direction at a premium. Although the boost is rather
a small one, optimizing the detector acceptance leads to an asymmetric detector.

� To accommodate machine components close to the interaction region. The high luminosities
needed to achieve the physics goals at BABAR necessitate unusual beam optics with machine
elements coming very close to the interaction region.

� Excellent vertex resolution. TheB mesons travel almost parallel to thez-axis, so that
their decay time difference is measured via a difference in thez-components of their decay
positions. This stresses thez-component of vertex resolution. The experiment needs the
best possible vertex resolution in order to help in the discrimination of beauty, charm, and
light-quark vertices. Vertex resolution also stresses the importance of minimizing multiple
scattering.

� To do tracking over the range� 60 MeV < pt <� 4 GeV.

� Discrimination between e,�, �,K andp over a wide kinematic range. Tagging of the flavor
of B-meson decays is needed in many analyses, and this can be done with high efficiency
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and purity only if electrons, muons and kaons can be well identified. In addition,�-K
discrimination at high momenta ( 2–4 GeV) is essential in order to distinguish between
the decay channelsB0

! �+�� andB0
! K���, B0

! �+�� andB0
! K� and

B0
! K��.

� To detect photons and�0s over the wide energy range� 20 MeV < E <� 5 GeV.

� To have neutral hadron identification capability.

The BABAR detector was designed to provide all the above features. A schematic of the detector is
shown in Fig. 3-3. Major subsystems of the detector include:

1. A Silicon Vertex Tracker (SVT). This provides precise position information on charged
tracks, and also is the sole tracking device for very low-energy charged particles.

2. A Drift Chamber (DCH) filled with a helium-based gas, in order to try to minimize multiple
scattering. This provides the main momentum measurement for charged particles and helps
in particle identification through energy loss measurements.

Figure 3-3. Layout of the BABAR detector. See text for key.
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80 An Introduction to the BABAR Experiment

3. A Detector of Internally Reflected Cherenkov light (DIRC). This is designed and optimized
for charged hadron particle identification.

4. A Caesium Iodide Electromagnetic Calorimeter (EMC). It has a forward endcap, but none in
the backward direction, for reasons of economy, as it was found that the boost prevents more
than a tiny fraction of neutrals from going in the extreme backward direction. In addition to
neutral electromagnetic particles, the calorimeter provides good electron identification down
to about 0.5 GeV, and information for neutral hadron identification.

5. A superconducting coil, which provides a 1.5 T solenoidal magnetic field.

6. An Instrumented Flux Return (IFR) for muon identification down to about 0.6 GeV and
neutral hadron identification. The latter is of particular interest in theCP -violating time-
dependent asymmetries inB0

! J= K0
L

as a cross-check to the result in theB0
! J= K0

S

channel.

As always, the detector is constrained by space, time, and financial considerations. In addition,
however, it is more than usually constrained by the machine considerations already mentioned. A
number of the design parameters of the BABAR detector are listed in Table 3-3.

Table 3-3. Detector design performance parameters. Acceptance coverages are quoted for the
Center of Mass system.

Parameter Value [2]

Tracking coverage (/4�) 0.92

�pt=pt (%) (1 GeV pions at 90�) 0.36

�z0 (�m) (1 GeV pions at 90�) 52

Calorimetry coverage (/4�) 0.90

X0 in front of Calorimeter (at 90�) 0.25

�E=E (%) (1 GeV
 at all angles) 1.8


 efficiency within acceptance ( at100 MeV) 0.92

Charged Hadron ID coverage (/4�) 0.84

The BABAR detector, was extensively described in the Technical Design Report (TDR) [2]. Since
that time, a number of features of the design have changed. These changes include the following:

� A slight increase in the amount of material in the beam-pipe and beam support tube;

� The re-design of the drift chamber, including the forward end-plate;
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� The removal from the design of the forward aerogel threshold counter;

� The removal of the inner ring of CsI crystals from the forward end-cap;

� Numerous small changes in the geometry of the Instrumented Flux Return, in order to
accommodate other pieces of the detector, its supports and services.

In this Chapter, the main features of each of the detector systems are reviewed, paying particular
attention to those features which have changed since the design quoted in the TDR. Individual
expected performances of systems will be summarized here. The anticipated performances of the
detector as a whole, as seen in the latest full simulations at the time of writing, will be summarised
in Chapter 4, and subsequent chapters.

3.3 The Silicon Vertex Tracker

3.3.1 Physics Requirements and Performance Goals

The main task of the BABAR vertex detector is to reconstruct the decay vertices of the two primary
B mesons in order to determine the time between the two decays. This determination will allow
the measurement of time-dependentCP asymmetries inB0 decays. For a given track, the best
angular information is provided by the inner points, measured by the silicon vertex detector,
because the precision on the outer points is limited by multiple scattering. In addition, charged
particles with transverse momenta lower than 100MeV=c will not reach the drift chamber, so for
these particles the silicon vertex tracker provides the complete tracking information. The drift
chamber reaches full efficiency only for tracks withpt larger than about 180MeV=c. For these
reasons this subdetector is called the Silicon “vertex tracker” rather than the “vertex detector,”
henceforth referred to as the silicon vertex tracker.

The basic requirement fromCP violation physics on the silicon vertex tracker is to measure
the separationz between the twoB vertices with a precision of better than one half the mean
separation, that is� 250�m at PEP-II [3]. This corresponds to a single vertex precision of better
than 80�m, which is readily achievable with silicon micro-strip detectors. However, obtaining a
better precision will help with pattern recognition, vertex reconstruction and background rejection.
The silicon vertex tracker was designed to reach the best practicable resolution. Multiple scattering
sets the lower limit for the useful point resolution: resolutions of 10–15�m for the inner layers, and
30–40�m for the outer ones, will ensure that the impact parameter resolution will be dominated
by the uncertainty given by multiple scattering [4].

It is a general requirement, for a collider detector, to cover as much solid angle as possible.
As PEP-II is an asymmetric collider, particular care must be taken to cover the forward region.
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The accelerator bending magnets limit the maximum acceptance to 17.2�, in both forward and
backward directions. To allow the maximum forward coverage, machine components such as
cooling systemsetc., are located in the backward region. Taking into account the unavoidable
dead spaces due to mechanical supports, electronics and cabling, the active parts of the silicon
vertex tracker will cover the polar angle between 20.1� and 150.2�.

A near-perfect overall track reconstruction efficiency is needed to handle the high background
level foreseen at PEP-II. Moreover, low-momentum tracks, like slow pions inD� decays, will be
mostly contained in the silicon vertex tracker volume; in this case only the silicon vertex tracker
information can be used for track reconstruction. In addition, the silicon vertex tracker must be
efficient for particles likeK0

S
which decay within the active volume.

As the impact parameter resolution is dominated by the precision of the measurement closest to the
interaction point; both high efficiency and good point resolution are needed for the inner layers,
requiring redundancy for this measurement. Also an outer point redundant measurement is needed
to allow a better alignment with the drift chamber measurements. The third detector, placed in
the middle region, will help the track reconstruction in particular when the tracks’ helices are
completely contained in the silicon vertex tracker volume.

At PEP-II the radiation near the interaction region is nonuniform in azimuth, peaking in the
bending plane of the machine, with a maximum of 240krad/ yr for the innermost layer detectors,
and 110krad/ yr for the electronics in the same layer. The system is designed to withstand at least
ten times the expected annual dose for the lifetime of the experiment, of about ten years.

Particular attention is being paid to the reliability of the detector, given the high statistics needed
for CP violation studies. The detector will be mounted in a zone of the BABAR apparatus which is
not easily accessible, so that a shutdown period would be required if intervention were necessary.

3.3.2 Silicon Vertex Tracker Layout

As can be seen in Fig. 3-4 and 3-5, the BABAR silicon vertex tracker consists of five concentric
cylindrical layers of double-sided silicon detectors with 90� stereo. Each layer is divided in
azimuth into modules. The inner three layers have six detector modules and are traditional barrel-
style structures. The outer two consist respectively of 16 and 18 detector modules, and employ a
new arch structure in which the detectors are electrically connected across an angle. The bend
in the arch modules increases the solid angle coverage and avoids very large track incidence
angles. The two outer layers are further divided into “a” and “b” modules, with “a”-type modules
situated at slightly smaller radii than the corresponding “b”-type ones (see Fig. 3-5), to allow the
detectors to overlap. For the inner “barrel”-like modules, overlap is guaranteed by a pin-wheel
type arrangement.
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Figure 3-4. Detail of the inner part of the apparatus, showing the cross-sectional view of the
silicon vertex tracker in a plane containing the beam axis.

Each module is divided into two electrically separated forward and backward half-modules, the
shorter (if they are not exactly symmetrical) always being the forward one. In order to follow the
designed structure of the fourteen half-modules, detectors with six different wafer geometries are
needed.

The inner sides of the detectors have strips oriented perpendicular to the beam direction to measure
thez coordinate (z-side), whereas the outer sides, with longitudinal strips, allow the� coordinate
measurement (�-side). The read-out electronics will be placed outside the active area, thez-side
strips will be connected to them with flexibleUpilex fanout circuits glued to the inner faces of the
half-modules. In the two outer modules, the number ofz strips exceeds the number of readout
channels, so some fraction of the strips is “ganged”,i.e., two strips are connected to the same
readout channel. The “ganging” is performed by the fanout circuits. The� strips are daisy-chained
between detectors, resulting in a total strip length of up to 26cm and a maximum capacitance of
35 pF. Also, for the�-side, a short fanout extension is needed to connect the ends of the strips to
the readout electronics.

Half-modules contain from two to four detectors. The connections between two adjacent detectors
on the�-side, and with the fanout on both sides, are made with wire bonds. The bending of the

REPORT OF THEBABAR PHYSICS WORKSHOP



84 An Introduction to the BABAR Experiment

x

y

Figure 3-5. Layout of the BABAR silicon vertex tracker. Cross-sectional view in the plane
orthogonal to the beam axis.

outer detector of external layers is done after the wire bonding. The modules are supported on
Kevlar ribs mounted to the end cones located in the forward and backward directions. A carbon-
fiber space frame supports the assembly, which is mounted on the bending magnets using kinematic
mounts. The space frame is needed to allow some motion of the magnet during the assembly
procedure.

The BABAR silicon vertex tracker will have 340 silicon detectors in total, covering an area of about
1m2, with a total of� 150.000 readout channels. Details of the silicon vertex tracker parameters
are shown in Table 3-4: here the intrinsic point resolution is calculated for tracks incident at 90�,
assuming a signal-to-noise ratio,S=N = 20 : 1.

3.3.3 The Silicon Microstrip Detectors

Silicon vertex detectors use double-sided silicon strip detectors, AC coupled with polysilicon bias
resistors [5]. They have p+ strips on the p-side and n+ strips on the opposite, n-side. The n+ strips
on the n-side must be interleaved by p+ implants (p-stops). They are fabricated on (300�30)�m
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Table 3-4. Some parameters of the silicon vertex tracker layout.

Layer Layer Layer Layer Layer Layer Layer

1 2 3 4a 4b 5a 5b

Radius (mm) 32 40 54 124 127 140 144

Modules/Layer 6 6 6 8 8 9 9

Wafers/Module 4 4 6 7 7 8 8

Readout pitch (�m)

� 50 55 55 80–100 80–100

z 100 100 100 210 210

Floating Strips

� — — — 1 1

z 1 1 1 1 1

Intrinsic Resol.(�m)

� 10 10 10 10–12 10–12

z 12 12 12 25 25

thick high-resistivity silicon with [111] orientation. Six types of detectors (I to VI) are needed,
having different physical dimensions, number of strips and readout pitches. The readout pitch is
sometimes larger than the strip pitch. This is due to the floating strips, which are biased but not
connected to preamplifiers, capacitively dividing the charge between adjacent channels, which are
connected to the readout system.

The wafers of the “barrel” detector (I to V) have orthogonal strips on the two sides. The strips
which read thez coordinates are on the junction side for the model I, II and III detectors, and on
the ohmic side for models IV and V. On the “wedge” detectors, due to their shape, the strips are not
orthogonal on the two sides. Strips which read thez coordinates (ohmic side) have constant width
and pitch, whereas the strips which read the� coordinates (junction side) have different starting
and ending pitches. Also, the strip width is scaled to maintain a constant width/pitch ratio over the
whole detector.

3.3.4 Silicon Vertex Tracker Readout

The front-end signal processing will be performed by ICs mounted on hybrid circuits [6] which
distribute power and signals, and thermally interface the ICs to the cooling system. The chips are
fabricated in a radiation-hard CMOS technology.
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Signals from strips are amplified, shaped, and compared with a threshold. The time interval during
which they exceed the threshold is approximately logarithmically related to the charge induced on
the strips. The length of this interval, called “time over threshold” (TOT), is digitally recorded and,
in the case of level-1 trigger acknowledgment, is read by the data acquisition system.

The TOT method has several advantages with respect the traditional linear analog readout: due to
the logarithm relation the dynamic range is compressed, reducing the number of bits needed for
the recording. In addition, since digitization is accomplished in the front-end chips, cost, power,
and space requirements are reduced. In Fig. 3-6(b) different readout modes are compared for a
100�m readout pitch and one floating strip configuration, showing that the expected resolution for
the ideal TOT readout scheme is comparable with that of an analog readout.

The readout chips amplify, shape, and digitize the input signals, in parallel for all channels [7, 8].
The signals are buffered for the duration of level-1 trigger latency. Buffered data are stored
until a read command is received, in the case of trigger acknowledgment. Due to the large
anticipated trigger rate, data acquisition, digitization, buffering and readout occur simultaneously
during normal operations to allow a high acquisition rate.

The acquired data will be transmitted from the hybrid on flexible cables to passive impedance
matching cards, situated at about 40cm from the front-end electronics; from there, twisted pair
cables will carry the signals to multiplexer modules, located on the detector platform. These
modules will convert the signals, transmitting them to the remote readout electronics on optical
fibers.

3.3.5 Silicon Vertex Tracker Space Resolution

A Monte Carlo simulation of the intrinsic resolution for 300�m thick silicon, as a function of
track incidence angle for different strip and readout pitches, is shown in Fig. 3-6(a) and (b) [2]; a
noise level of 1200e� and a perfect analog readout are assumed. According to these simulations,
a 100�m readout pitch with one intermediate floating strip gives better readout results, both at
low and at high incidence angles, being equivalent to 50�m readout pitch at low angle (but 50�m
readout pitch degrades significantly at high angle), and to 100�m readout with no floating strips
at high angle (this configuration has worse resolution at low angle).

In 1995 prototypes of the detectors, reproducing all the relevant configurations of physical and
readout strip pitch and ganging, were tested in an SPS beam at CERN [9], with a classical analog
readout. For a geometry corresponding to thez side of the inner layers, the achieved resolution
at 90� incidence angle was 13�m. Figure 3-6 shows the measured resolutionvs. track incidence
angle for thez side of a detector with 25�m strip pitch and 100�m readout pitch; the result is
in good agreement with the simulated one. Several other configurations were tested with different
pitches and numbers of floating strips, giving full confidence in the design of the silicon vertex
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Figure 3-6. (a) Simulated intrinsic resolutionvs. dip angle for various strip configurations
assuming perfect analog readout.(b) same as(a), assuming 100�m readout pitch and one floating
strip, for various readout techniques [2].(c) Measured resolutionvs.track incidence angle for thez
side of a detector with 25�m strip pitch and 100�m readout pitch. The result is from the July 1995
test-beam [9].
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tracker and the Monte Carlo prediction of its performance. More recently, final detector modules
of layers 2 and 5a were tested with prototype TOT readout chips, confirming the basic features of
the system.

3.3.6 Calibration and Alignment

Procedures for calibration, reconstruction and alignment are currently under development.

The front-end electronics is calibrated by injecting known amounts of charge into the preamplifiers
and varying the TOT thresholds. This method will also be used frequently during data taking to
monitor the stability of the TOT response function for each channel.

Different point reconstruction algorithms are used, according to the number of strips collecting the
released charge in a given wafer, as a function of the angle of incidence of the incoming particle.
They are being optimized to take into account also the detailed knowledge of unavoidable detector
defects collected during construction which will be stored in a database.

Global and local alignment algorithms using reconstructed particle tracks are under development.
They will monitor the position of each wafer in the experiment at the required precision level.

3.4 The Drift Chamber

The drift chamber is the main tracking device of the BABAR detector. It provides up to 40 mea-
surements of space coordinates per track, ensuring high reconstruction efficiency for tracks with
transverse momentum greater than 100MeV=c. Combined with the silicon vertex tracker, the
BABAR tracking system provides excellent spatial and momentum resolution required for exclusive
reconstruction of theCP decays ofB mesons.

The performance goals of the drift chamber, motivated in detail in [2], are to provide spatial
resolution better than 140�m, averaged over the cell in theR-� plane, and to supply particle iden-
tification for low momentum tracks bydE=dx, with a resolution of 7% (for 40 measurements). For
tracks with momentum above 1GeV=c, a resolution of�pt � 0.3%� pt is expected. The angular
acceptance in the forward region must extend down to the beam-line components,i.e.,300 mr. In
addition, the drift chamber is designed to provide one of the principal triggers for the experiment.

For low momentum tracks, the momentum resolution is limited by the multiple scattering in the
inner cylinder of the drift chamber as well as in the silicon vertex tracker. The material in the
drift chamber also affects the performance of the DIRC and the electromagnetic calorimeter. The
mechanical structure of the drift chamber is built using light materials and the gas mixture is
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Helium-based. The read-out electronics are mounted on the rear endplate to minimize the material
in the forward region.

The high luminosity of PEP-II imposes a stringent demand on the deadtime tolerated both for the
chamber itself and for its readout electronics. Background from synchrotron radiation is expected
to cause high signal occupancy, especially in the innermost sense wires. A small-cell cylindrical
chamber design was chosen to minimize the drift time, and a fast and highly pipelined design was
adopted for the front-end electronics, in order to eliminate the readout deadtime.

The detailed engineering design of the drift chamber was finalized after the time of the BABAR

Technical Design Report [2]. An up-to-date description of the design can be found in [10]. In the
following sections, the main features of the final design are summarized.

3.4.1 Drift Chamber Design

A schematic side view of the BABAR drift chamber is shown in Fig. 3-7. The BABAR drift chamber
is a 280 cm-long cylinder, with an inner radius of 23.6 cm and an outer radius of 80.9 cm. The flat
endplates are made of aluminum. Since the BABAR events will be boosted in the forward direction,
the design of the detector is optimized to reduce the material in the forward end. The forward
endplate is made thinner (12 mm) in the acceptance region of the detector compared to the rear
endplate (24 mm), and all the electronics is mounted on the rear endplate. The inner cylinder is
made of 1 mm beryllium, which corresponds to 0.28% radiation lengths (X0). The outer cylinder
consists of 2 layers of carbon fiber on a Nomex core, corresponding to 1.5% X0.

IP
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17.1920235

Figure 3-7. Side view of the BABAR drift chamber. The dimensions are in mm.
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Figure 3-8. Cell layout in the BABAR drift chamber.
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The drift cells are arranged in 10 superlayers of 4 layers each, for a total of 40 layers. Axial
(A) and stereo (U, V) superlayers alternate, following the pattern AUVAUVAUVA as shown in
Fig. 3-8. The stereo angle varies from a minimum of 40 mrad in the innermost stereo superlayer,
to a maximum of 70 mrad in the outermost stereo superlayer. The 7104 cells are hexagonal with
typical dimension of 1.2� 1.8 cm2. Figure 3-9 shows the 50 ns isochrones in a typical cell in a
1.5 T magnetic field.

The sense wires are 20�m gold-plated tungsten-rhenium, the field wires are 120�m and 80�m
gold-plated aluminum. The chosen gas mixture, Helium-isobutane (80%:20%), provides good
spatial anddE=dx resolution and reasonably short drift time, while minimizing the material. The
gas and the wires total 0.3% X0 for tracks at 90� [11].

Nominal voltages of 1960 V for the sense wires and 340 V for the field-shaping wires at the
boundaries of the superlayers are supplied by HV assemblies mounted on the feedthroughs of
the rear endplate. Other field wires are connected to the ground through metal feedthroughs on the
rear endplate. The forward endplate carries no components other than the feedthroughs.

 

Figure 3-9. 50 ns isochrones in a typical BABAR drift chamber cell.
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3.4.2 Drift Chamber Electronics

The BABAR drift chamber electronics is designed not to degrade the intrinsic performance of the
chamber by more than 10%. For the drift-time measurement, the electronics detects the leading
edge of the signal from the charge arriving at the sense wire and digitizes the time with 1 ns
resolution. ThedE=dx measurement requires summing the total charge in the pulse. The approach
adopted is to apply a slow shaper, then digitize the pulse with a 6-bit 15 MHz FADC.

In order to achieve the required channel density, the electronics design uses a 4-channel amplifier-
discriminator IC [12] and an 8-channel CMOS TDC/FADC IC [13]. The amplifier, digitizer, and
the trigger interface electronics are mounted on the rear endplate, on top of the HV Assembly. They
are contained in 48 wedge-shaped aluminum boxes called Front-End Assemblies (FEAs) that are
water-cooled.

The data from the TDCs and FADCs are written through a 12�s trigger latency buffer into 4 levels
of event buffers to minimize the dead time. The electronics provides prompt trigger signals by
sending the hit information from all 7104 channels to the Level 1 Trigger system at a sampling fre-
quency of 3.75 MHz. The system is designed to maintain good performance in severe background
conditions. The expected single-cell efficiency for the trigger signal is greater than 95%.

3.4.3 Prototype Results

A full-length prototype of the BABAR drift chamber was built at SLAC in 1996. This test chamber
consists of 214 drift cells (930 wires) and reproduces a portion of the first 4 superlayers of the
final chamber. The main goals of this prototype are the validation of the design choices, test of the
assembly procedures, and provision of a test bench for the electronics and for the development of
the online and offline software.

The tracks used for the analysis are cosmic rays with a minimum momentum of 0.8 GeV/c. The
typical data set was recorded using the nominal gas mixture (He:isobutane 80:20) and the nominal
settings of the high voltages (1960 V for sense wires). The gas gain was� 7�104 and the
discriminator threshold was� 2.5 electrons. The resolution for this configuration [14] was�

100�m in the central part of the cell and 131�m averaged over the cell (Fig. 3-10). ThedE=dx
resolution was studied by comparing the truncated mean of the signal charges measured in the
inner and outer 8 layers of the 16-layer prototype chamber [15]. The result, extrapolated to 40
layers, corresponds to a predicteddE=dx resolution of 6.8% for the BABAR drift chamber. These
results meet the goals for the BABAR drift chamber and confirm the validity of both the mechanical
and the electronics design.

REPORT OF THEBABAR PHYSICS WORKSHOP



3.5 The DIRC 93

60

80

100

120

140

160

180

200

220

240

0 1 2 3 4 5 6 7 8 9 10
 Drift Distance (mm)

 R
es

ol
ut

io
n 

D
at

a 
 (µ

m
)

Figure 3-10. Spatial resolution obtained in the Prototype drift chamber with sense wire voltage at
1960 V.

3.5 The DIRC

The DIRC, an acronym forDetection ofInternallyReflectedCherenkov (light), is a new type
of Cherenkov-based detector devoted to particle identification (PID). In particular, the DIRC is
designed to provide excellent kaon identification, not only for tagging purposes, where kaon mo-
menta extend up to about2:0GeV=c, but also at higher momenta forrareB meson decay processes.
In order to distinguish between the two-body decay modesB0

! �+�� andB0
! K+��, the

DIRC must be able to separate pions from kaons up to about4:0GeV=c at large dip angles in the
laboratory frame. The DIRC will also participate in muon identification in the momentum range
where the IFR is still inefficient (typically below� 750MeV=c).
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3.5.1 DIRC Concept and Hardware Overview

The DIRC inverts the traditional concept of ring-imaging Cherenkov counters (RICH) in that it
relies on the detection of Cherenkov photons trapped in the radiator due to total internal reflec-
tion [16].

The DIRC radiator consists of 144 long, straight bars of synthetic quartz with rectangular section,
arranged in a 12-sided polygonal barrel. The bars have transverse dimensions of1:7 cm thick by
3:5 cm wide, and are4:9m long. The DIRC radiator extends through the steel of the solenoid flux
return in the backward direction, to bring the Cherenkov light, through successive total internal
reflections, outside the tracking and magnetic volumes. Only this end of the bars is instrumented.
A mirror placed at the other end on each bar reflects forward-going photons to the instrumented
end. The Cherenkov angle at which a photon was produced is preserved in the propagation, modulo
a certain number of discrete ambiguities, some of which can be resolved by the photon arrival-time
measurement. Remaining ambiguities are dealt with by the pattern recognition during Cherenkov
angle reconstruction.

At the instrumented end, the Cherenkov image is allowed to expand. The expansion medium is
purified water, whose refractive index matches reasonably well that of the bars, thus minimizing
the total internal reflection at the quartz-water interface. The region containing water is called the
Standoff Box. Cherenkov photons are detected in the visible and near-UV range by a close-packed
array of linear focused2:82 cm diameter photomultiplier tubes (PMTs), lying on an approximately
toroidal surface. A small piece of quartz with a trapezoidal profile glued at the back end of each bar
allows for significant reduction in the area requiring instrumentation because it folds one half of
the image onto the other half, while also reflecting photons with large angles in the radial direction
back into the detection array. The dimensions of the Standoff Box are such that geometrical errors
on angle measurements due to the finite size of bars and PMTs are of the order of the irreducible
error due to quartz achromaticity. Sixm3 of water are needed to fill the Standoff Box, and about
11,000 PMTs to cover the detection area. The PMTs are operated directly in water, and are
equipped with light concentrators. The PMTs are about1:2m away from the end of the quartz
bar. Magnetic shielding around the Standoff Box is further needed to maintain the magnetic fringe
field at an acceptable level for PMT operation.

The DIRC technique was chosen for some of its many advantages. It presents an amount of
material comparable to that of other techniques (14% of anXo for a particle at normal incidence).
The DIRC occupies only8 cm of radial space, which allows for a relatively large radius for the
drift chamber while keeping the volume (and thus the cost) of the CsI Calorimeter reasonably low.
Furthermore, its material is located close to the front faces of the crystals and has minimal impact
on the Calorimeter performance for soft photon detection. Also, the DIRC performance tends to
improve with the steepness of incidence of particles, as more light is generated and trapped at
steeper angles, which matches well the needs of a detector at an asymmetricB Factory. Finally,
the DIRC design is rather robust, involving conventional photodetectors and well-known materials.
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The main uncertainty resides in the photoelectron yield, which depends on various parameters such
as transparencies of quartz, water and glues, reflectivities of mirrors and light collectors, and on the
quality of quartz polishing. However, extensive beam tests with a large prototype of the DIRC [17]
give some confidence in the DIRC simulation model currently used in theBBsim full-simulation
program.

3.5.2 DIRC Acceptance

In the nominal1:5 T magnetic field, the DIRC radiator polygon, with an internal radius of80 cm,
can only be reached by particles produced (at the IP) with transverse momenta larger than�

250MeV=c. The DIRC bars extend178 cm forward from the IP (up to60 deg in dip angle),
covering 87% of the polar solid angle in the center-of-mass frame. The azimuthal coverage is
93%, since there are gaps between bars at the 12 sides of the radiator polygon.

3.5.3 DIRC Performance

The refractive index of quartz is close to 1.474. In a quartz radiator, the Cherenkov threshold
for kaons (� 460MeV=c) is well below the value of momentum for which there is no possible
confusion between a pion and a kaon through ionization loss measurement (dE=dx) in the drift
chamber (� 700MeV=c): the two systems are remarkably complementary as far as�=K separation
is concerned. The difference in Cherenkov angle between a pion and a kaon at4:0GeV=c is as
small as6:5mr (the same difference occurs between a muon and a pion at700MeV=c). A good
�=K separation therefore requires resolutions on the Cherenkov angle for a track of2mr or better.
The single photoelectron resolution, intrinsically limited by geometry and quartz achromaticity,
is of order9mr, largely independent of the track momentum and dip angle. Designed track
resolutions are obtained by combining measurements from the large number of photoelectrons
generally observed for each track. As an example, the expected number of photoelectrons for an
ultrarelativistic particle at60 deg of dip angle is larger than 50. This number drops to around 25 at
some smaller dip angles, but momentum spectra are then much softer.

The DIRC performance depends also on the accuracy of extrapolated track parameters and their
errors, as provided by the tracking software. The best accuracy is obtained with a Kalman filter fit,
which takes into account correctly the effects of scattering and energy loss in the material along
the trajectory, including the material between the last drift chamber hit and the quartz bar. At low
momenta, the uncertainty on the track direction due to multiple scattering in the drift chamber outer
wall, the DIRC supports and the bar itself, actually dominates the error on the Cherenkov angle
measurement. Cherenkov resolutions are greatly improved at low momenta by a full constrained
fit of the Cherenkov image. This is particularly relevant for�=� separation below750MeV=c.
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The DIRC reconstruction provides for each charged track, together with an estimation of the
Cherenkov angle and its error, a confidence level for each of the five mass hypotheses (e, �, �, K
andp). The probability for a kaon in the DIRC acceptance to be given the largest confidence level
for the kaon hypothesis is of order 95% or larger for all dip angles and all momenta above the kaon
threshold, while the fraction of pions misidentified as kaons is lower than 3% up to momenta of
� 3GeV=c. These results are fully satisfactory for tagging needs. Studies of the benchmark mode
B0

! K+�� show excellent results as well, with efficiencies of order 97% and contaminations
lower than 3 for both pions and kaons, except for kaons in the very upper tail of the momentum
spectrum (above4GeV=c), where the efficiency drops to 90%. A study of a sample of isotropically
generated muons shows that the probability of correctly assigning muon as the best hypothesis to
a muon in the DIRC acceptance, is larger than 80% below750MeV=c and is 95% at500MeV=c.
The DIRC can also be used in veto-mode when there are not enough associated photons, or when
a Cherenkov image cannot be reconstructed, for a track whose extrapolated trajectory crosses the
radiator. However, efficiencies and purities in this mode are strongly dependent on the level and
nature of machine induced backgrounds. Most protons at PEP-II have small velocity. Even above
the proton Cherenkov threshold (� 940MeV=c), the Cherenkov cone hardly opens. At small dip
angles, the effective proton threshold, for which some fraction of the Cherenkov cone is trapped
by total internal reflection, is as high as2GeV=c. Protons are therefore identified most of the time
in veto mode, above the kaon threshold. Below the kaon threshold, kaons and protons cannot be
distinguished.

3.6 The Electromagnetic Calorimeter

3.6.1 Performance Goals and Layout

The physics requirements of BABAR led to a calorimeter design [2] based on quasi-projective CsI(Tl)
crystals over a solid angle corresponding to�0:775 � cos � � 0:962 in the laboratory frame, and
�0:916 � cos � � 0:895 in the center-of-mass frame. Useful physics coverage is slightly less since
one has to stay away from the forward and backward edges to avoid excessive shower leakage. The
properties of CsI(Tl) are summarized in Table 3-5. The crystal scintillation light is read-out by
photodiodes because of the strong magnetic field in which the calorimeter lies.

The target energy resolution for photons at a polar angle of 90� is:

�E

E
=

1%

4

q
E(GeV)

� 1:2%: (3.5)

The constant term arises from front and rear leakage (� 0:5%), inter-calibration errors (0.25%),
and light collection non-uniformity (� 0:5%). This expression includes neither electronic noise,
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Table 3-5. Properties of Thallium-doped CsI.

Properties CsI(Tl)

Radiation Length (cm) 1.85

Moli ère Radius (cm) 3.6

Absorption Length for 5GeV pions (cm) 41.7

Density (g/cm3) 4.53

dE=dxjmip (MeV/cm) 5.6

Light Yield (Photons/MeV�103) 40–50

Light Yield Temperature Coef. (%/�C) 0.1

Peak Emission (nm) 565

Refractive Index at Emission Maximum 1.79

Decay Time (ns) 940

Hygroscopic slight

Radiation Hardness (rad) 103–104

nor beam-background noise. The energy resolution degrades towards the ends of the barrel as
a consequence of the staggered arrangement of crystals and the increasing amount of inactive
material in front of the calorimeter.

The angular resolution is determined by the transverse crystal size and average distance to the
interaction point. The target angular resolution for photons at a polar angle of 90� is:

��;� =
3mr

2

q
E(GeV)

+ 2mr: (3.6)

As in CLEO-II, the minimum detectable energy for photons is about 10–20MeV. It is expected to
be largely determined by beam- and event-related backgrounds in the calorimeter even at energies
as low as a few MeV, since the intrinsic CsI(Tl) efficiency should be close to 100%.

The calorimeter consists of a cylindrical barrel section and a forward conic endcap, as shown in
Fig. 3-11. Radially, the barrel is located outside the particle ID system and within the magnet
cryostat. It weighs 23.5 metric tonnes and is supported off each end of the coil cryostat. The barrel
has an inner radius of 91cm and an outer radius of 136cm. It is located asymmetrically about the
interaction point. The active crystal volume starts at a radius of 91.9cm its inner radius extending
112.7cm in the backward direction and 180.9cm in the forward direction. The barrel crystals
cover a solid angle corresponding to� � 684mr � � � 470mr (�0:775 � cos � � 0:892) in the
laboratory frame, and�0:916 � cos � � 0:715 in the center-of-mass frame.
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Figure 3-11. The EMC layout: Side view showing dimensions (in mm) of the calorimeter barrel
and forward endcap.

The barrel consists of 5760 CsI(Tl) crystals, arranged in 48 polar-angle (�) rows of distinct crystal
sizes, each having 120 identical crystals in azimuthal angle (�). The crystals are grouped in 280
modules, each spanning7 � 3 crystals in� and�, respectively (except for the most-backward
module, which has only 6 crystals in�). The modules are made from 300�m thick carbon fiber
composite (CFC) material and held from the rear by an aluminum strongback. They are mounted
in an aluminum support cylinder, which in turn is fixed to the coil cryostat.

By supporting the crystals from the rear, minimal material is placed in front of them. The EMC
front material consists of two 1mm-thick cylinders of aluminum, separated by foam, which pro-
vide a gas seal and rf shielding. Additional front material due to the liquid radioactive source
calibration system consists of the equivalent of another 3mm of aluminum. (All thicknesses are
quoted at perpendicular incidence.) Cooling, cables, and services are located at the back of each
module and thus do not add to the inactive-materials budget.

The total amount of external material in front of the calorimeter barrel (endcap) is about 0.25X0

(0.20X0) at a polar angle of 90� (20�), the major contributors being the DIRC (drift chamber
endplate) with about 0.14X0 in both cases. Areas of particular concern are the forward and
backward end of the barrel, where the material grows to 0.5X0 and 0.39X0, respectively.
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CFC and crystal wrapping material introduce gaps between the crystal active material of about
1.25mm in each of the� and� directions. In order to minimize the loss of photons traversing
these gaps, all� gaps (except the one at 90�) are nonprojective by�15mr for most of the barrel,
increasing to +45mr within the most-forward module. The gaps in� are fully projective; this
allows for identical crystals within a� ring, at the cost of up to 2.5% of photons traversing inactive
material between crystals.

The forward endcap is a conic section, with front and back surfaces tilted at 22.7� with respect
to the vertical. The endcap weighs about 3.2 metric tonnes. It is supported off the barrel support
cylinder to enable precision alignment relative to the barrel; this is to minimize the barrel/endcap
gap, which is expected to be about 2mm. At present, the endcap contains 820 CsI(Tl) crystals,
arranged in 8� rings, starting at an inner radius of 55.3cm from the beam line. It covers the solid
angle range corresponding to468mr � � � 275mr (0:893 � cos � � 0:962) in the laboratory
frame, and0:718 � cos � � 0:895 in the center-of-mass frame. A 9th ring is currently filled with
lead shielding blocks, but could be instrumented with CsI(Tl) crystals to provide coverage down
to a polar angle of 250mr. The� segmentation of the endcap is not the same in all rings. In the
outermost three rings, it is matched to that of the barrel with 120 crystals. In subsequent inner
rings it decreases to 100 and 80 crystals. The crystal non-projectivity, 45mr at the barrel/endcap
gap, is 45mr in the outer endcap ring and then reduced to the regular 15mr over the next rings.

As in the barrel, the endcap crystals are grouped in modules: there are 20 modules around in
azimuth, each with currently 41 crystals (potentially 45 crystals if the innermost ring is instru-
mented). The modules are of a CFC construction similar to the one in the barrel and are also held
from behind by aluminum strongbacks, mounted to an aluminum backplate. Inactive EMC front
material is very similar to that in the barrel; and again, all cooling, cables, and services are mounted
behind the crystals or at polar angles below the acceptance.

3.6.2 Crystal Subassemblies and Readout

The crystals are of trapezoidal shape with typical transverse dimensions of47�47mm2 at the front
face, flaring out towards the back to about60 � 60mm2 (55 � 55mm2) in the central (forward)
part of the barrel. Crystal dimensions in the endcap match those of the barrel at the barrel/endcap
interface, reducing to46� 53mm2 for the innermost ring. Front face dimensions vary by no more
than 2mm across the barrel, and are square to within 2mm; variations are somewhat larger in the
endcap — up to 8mm— due to the changing azimuthal segmentation.

In an effort to keep the CsI volume down, crystal lengths change with polar angle, taking into
account the effect of the boost on the photon energy spectrum: all crystals in the backward half
of the barrel have a length of 16.1X0 (29.76cm); towards the forward end of the barrel, crystal
lengths increase in steps of 0.5X0 every 7 crystals (i.e., every module), up to a length of 17.6X0

(32.55cm) in the most-forward barrel module; all endcap crystals are of 17.6X0 (32.55cm) length,
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except the two innermost rings which had to be shortened by 1X0 due to space limitations. Crystal
dimensions have tolerances of about 250�m transversely, and about 1mm longitudinally.

A crystal subassembly consists of a CsI(Tl) crystal covered with a white, diffuse reflector wrapped
in thin aluminum foil, and a readout package located at the rear. The readout package consists
of two silicon PIN diodes, closely coupled to the crystal and to two low-noise, charge-sensitive
preamplifiers, all enclosed in a metallic housing (which is tightly connected to the aluminum foil)
to shield against rf noise. All components are selected to have uniform and high light collection,
together with minimal noise from the readout electronics, in order to achieve optimal energy
resolution. Mostly for reliability reasons, but also to increase signal/noise, two independent readout
and electronics chains are implemented, starting with the diodes.

The diffuse reflector consists of two 150�m layers of Tyvek 1056D, covering the front and all side
faces. It is wrapped in one layer of 30�m aluminum foil. The area of the rear surface not viewed
by the diodes is covered by a white plastic reflector plate (Trovidur, coated with NE561 paint). The
two Hamamatsu S2744-08 diodes (10�20mm2 each) are glued with epoxy to a slightly oversized,
1mm thick Polystyrene carrier plate, which in turn is glued with epoxy to the crystal. Each diode
is connected via a 3cm long flexible flat cable to its own preamplifier IC, which sits on a printed
circuit board located in a metal box whose side walls rest on the rear plastic reflector plate.

This setup results in an average light yield per crystal of 7300 pe/MeV, varying between 5000
and 10000. Using a “long-shaping-time” digital filter, the incoherent electronic noise has been
measured as about 900 e per crystal, resulting in an average equivalent noise energy of less than
150keV per crystal. That renders incoherent electronic noise a negligible contribution to the
calorimeter’s energy resolution for typical cluster sizes of 9 to 25 crystals, even at the lowest
energies. The beam background noise, even at nominal levels, completely overwhelms electronic
noise: it is estimated as about 350keV (1000keV) per crystal at�1 (�10) background.

Using a variety of techniques (e.g., surface roughening), every crystal has been compensated,
resulting in the light collection efficiency along the length of the crystal being uniform to within
�2% (�6%) for the front (back) half of the crystal. At that level, non-uniformity contributes
less than 0.5% (absolute) to the constant term in the energy resolution. Concern remains, though,
that radiation damage might increase this. There is also concern about how a change in the light
collection profile can be monitored.

3.6.3 Calibration

In order to realize the intrinsic performance of which a CsI calorimeter is capable, it is crucial
to provide for precise means of setting its energy scale and for monitoring short- and long-term
variations of its response. The calibration and monitoring system [18] for the BABAR calorimeter
consists of the following:

REPORT OF THEBABAR PHYSICS WORKSHOP



3.6 The Electromagnetic Calorimeter 101

� A charge injection system to linearize the response of the FEE to better than 0.1% over all
of the four ADC ranges;

� A liquid radioactive source system using 6.1MeV photons from the16N �-
 cascade for
setting the initial energy scale per crystal to better than 0.5%, and monitoring long term
variations;

� A light pulser system for conveniently tracking short term changes to better than 0.5%; and

� A detailed program of using physics processes to determine the energy scale for individual
crystals as well as clusters to better than 0.25% and 0.5%, respectively.

The main tasks of the radioactive source system are to determine single-crystal calibration con-
stants and to provide an absolute monitor of changes in light collection due to crystal radiation
damage or to degradation of optical couplings, surfaces, or wrappings. For both functions, the
most crucial feature of the source is that it provides an absolutely known and stable photon-
energy deposit in a single crystal. The source provides a readily-determined low-energy point
on the photon response curve. It will be the primary means of calibration during initial running,
when it will also help establish the Bhabha calibration procedure. Together with Bhabhas, it will
provide continuing calibration of the energy dependence of single-crystal response, a necessity in
the potentially hostile PEP-II environment. Reliance on the source is heavier still for those crystals
which are not hit by coincident Bhabha events.

Calibration using colliding beam events entails measuring the response of the system to a particle
of known type, known energy, and known position at the calorimeter. The events to be used are
those providing constraints: two-body final states such ase+e� (Bhabhas),

, and�+��, as well
as radiative Bhabha and


 states, and a clean subset of�� ! 

 decays in more complex states.
The nonradiative Bhabha events play a special role: because of their high yield, they are used both
to track the crystal gains in time and — with small geometry-dependent corrections determined
from simulation and from

 events — to provide intercalibration of crystals. They also give the
overall scale at the highest possible energies. At design luminosity, it takes less than 12 hours of
data to achieve 0.25% accuracy per crystal.

Radiative Bhabha events are used to study the photon-energy response in the energy range from a
few hundred MeV to a few GeV. Photons from radiative Bhabhas cover the whole kinematically
allowed range of photon energy versus polar angle. They are used to derive an energy-dependent
correction to the energy ofshowers, initially measured using a combination of the Bhabha and
radioactive-source single-crystal constants. In order to achieve the best possible calibration from
radiative Bhabha events, geometric effects such as variations in crystal length and stagger need to
be taken into account. This requires energy-response curves in bins of polar angle, likely as small
as individual crystal rings. At design luminosity, it takes less than two weeks to collect the data
required to calibrate the energy response of a crystal ring to 0.25%.
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Many of the photons produced inBB events have very low energy, and almost all of them originate
from decays of neutral pions,�0 ! 

. ExclusiveB reconstruction efficiency is very sensitive to
our ability to reconstruct�0s effectively and with the best possible mass resolution. Fortunately,
that very population of�0s can be used to check the photon-energy response by employing the�0

mass constraint on pairs of well-separated photon showers. Although this technique is complicated,
it is expected to be used in the energy range from approximately 20MeV up to near 1GeV, where
there is overlap with other calibration methods (e.g.,radiative Bhabhas). It remains to be seen
how well the method works at the very lowest energies, as the background level there increases
rapidly. (This is due to fake photons from within the event as well as from beam background.) The
accuracy of such a calibration should approach 0.5%, depending on photon energy and the actual
background conditions. This assumes that any variations in crystal response are monitored over
the time it takes to collect the necessary statistics.

3.7 The Muon and Neutral Hadron Detector

3.7.1 The Detector Layout

The large iron structure needed as magnet yoke is segmented and instrumented with Resistive Plate
Counters (RPCs), in order to provide muon identification and (in tandem with the calorimeter)
neutral hadron detection. This system, called the Instrumented Flux Return (IFR), consists of a
central part (Barrel), and two plugs (End Caps), which complete the solid angle coverage down to
300 mrad in the forward direction and 400 mrad in the backward direction.

A novel feature of the BABAR experiment is the graded segmentation of the iron, which varies from
2 to 10 cm, increasing with the radial distance from the interaction region. This segmentation
is the result of detailed Monte Carlo studies which have shown that muon identification at low
momentum andK0

L
detection improve, for a given amount of absorber, as the thickness of the

iron plates decreases. This effect, however, is most important in the first absorption length, so by
grading the segmentation it is possible to improve the performance without increasing too much
the number of layers.

The iron is segmented into 18 plates, giving a total thickness of 65 cm in the Barrel and 60 cm in
the End Caps. The innermost nine plates are 2 cm thick, followed by four of 3 cm and three of
5 cm; the two outermost plates are 10 cm thick in the Barrel, with one 5 cm and one 10 cm in the
End Caps. The gaps housing the RPCs are 3.2 cm wide, except the ones between the 2 cm Barrel
plates where more room, 3.5 cm, is allowed for housing the RPCs.

In the Barrel region there are 21 active detector layers: a double layer cylindrical RPC surrounding
the Electromagnetic Calorimeter, an inner layer of planar RPCs between the solenoidal coil and
the iron, 17 layers in the gaps, and one last layer outside the iron structure. The total area covered
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Figure 3-12. The IFR Barrel: layout of the RPC Modules.

by detector exceeds 1000 m2. The cylindrical RPC is another novel feature of the BABAR detector.
It consists of 8 chambers, in two layers, for maximum efficiency. Each chamber covers one quarter
of a cylinder, 147 cm in radius, and is made by joining 4 modules, for a total of 32 modules, each
of approximate size 115 by 190 cm2.

Each planar Barrel chamber covers the whole gap and consists of three modules, joined along
their long sides (in the direction perpendicular to the beam axis), as shown in Fig. 3-12; each RPC
module is 125 cm wide and 181 cm to 320 cm long, depending on the radial distance from the
interaction region. The Barrel yoke is divided into sextants, so there are 114 chambers and 342
independent modules.

Each End Cap door has a hexagonal shape and is divided vertically into two halves to allow access
to the inner detectors; each half door is divided into three sections by horizontal spacers which
are needed to withstand the magnetic forces; so there are 6 chambers in each layer of one door.
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There are 18 detector layers, with the first starting behind the innermost iron plate, for a total of
216 modules, and� 1000 m2 detector surface.

3.7.2 The Active Detectors

The active volume is filled with a gas mixture based on comparable quantities of Argon and Freon
134A (C2H2F4), and a small amount (a few %) of Isobutane. This choice was driven by the
need to operate the RPCs with a nonflammable and environmentally safe gas mixture: the mixture
traditionally used in RPCs [19] has a large fraction of isobutane,� 40%, and does not satisfy the
safety standards for BABAR. With the choice used here, the chambers can work in streamer mode,
and it has been proved to yield good performance. Long-term effects of this new gas have been
studied over a period of two years on the first-built chambers, which have been kept in continuous
operation. Typical examples of efficiencies, single rates and currents as a function of the operating
Voltage are shown in Fig. 3-13. The estimate of the absolute efficiency of the RPCs was computed
on a sample of events in which full spatial reconstruction and tracking of the cosmic muons was
performed.

The distribution of' 100 RPCs shows an average value of 97.2% at 8 kV, [20] with losses due
essentially to the dead areas corresponding to the spacers. All modules were tested with cosmic
rays prior to assembly; finished chambers were also tested with cosmic rays before insertion into
the iron.
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Figure 3-13. Typical results obtained with a set of 12 RPCs, as a function of HV: Left: Currents;
Right: Plateau curves.

3.7.3 The Readout System

The external pick-up electrodes are made of aluminum strips glued on a plastic support and
coupled, with a suitable 4 mm thick insulator, to the bakelite sheets. On the other side, a 40�m
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aluminum plane is connected to ground and insulated from the iron by a laminated mylar sheet.
Both sides of the RPC are read-out with such strip electrodes, which run along the chamber
lengthwise and crosswise, respectively, to provide 3-dimensional information.

In the Barrel, the strips which run along each module measure the direction along the beamline,i.e.,
thez coordinate; this strip plane faces the ground side of the RPCs. The strip-width is 36.5 mm,
and the gap between strips is 2 mm, for a total pitch of 38.5 mm: there are 32 longitudinal strips
on each module. The other plane of strips is glued across three modules on the HV electrode, and
allows the measurement of the� angle; the pitch is different in each layer, increasing with the
radial coordinate from 19.7 to 33.5 mm, to give exactly 96 strips in each chamber.

In the End Cap chambers, the strips run horizontally and vertically, to measure thex and y
coordinates, respectively. The horizontal strips are glued on the HV side of each module; their
width is 26.4 mm, and the gap between strips is 2 mm, for a total pitch of 28.4 mm. The vertical
strips are glued across two modules, on the Ground side, and have a 38 mm pitch. Strip pitch
is the same throughout all End Cap chambers. Typically each one has 64 horizontal strips and 64
vertical; due to the conical shape of the central hole in the forward door and the presence of cutouts
for services, the chambers come in many different sizes and the strip planes vary accordingly.

One end of each strip is connected to the ground plane with a 2K
 resistor, the other side is
connected to the input of the Front End readout Cards (FEC), which have 16 channels each. In
the Barrel, the readout cards for layers 1–16 are positioned directly on the chambers, six cards at
one end are connected to the odd-numbered strips, the other six at the opposite end are connected
to the even-numbered strips; adjacent strips are read by different cards so that in case of a card
failure there are no dead areas. The FECs for the cylindrical RPC and for layers 17–19 are housed
in external small custom-built crates (minicrates), located on the top of the Barrel.

In the End Cap, the chambers can be accessed only by one side, adjacent strips are, however, always
connected to two different cards; for lack of space in the gaps, only the FECs for the horizontal
strips are positioned on the chambers, the others are in external minicrates, on the back of the
doors.

The FECs are interfaced to the readout module, which is a BABAR standard, by a set of custom built
modules [21].

3.8 The Trigger

The BABAR trigger has two levels: Level 1 which executes in hardware and Level 3 which executes in
software after the event assembly. The trigger system Requirements Document contains a detailed
description [22].
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The primary performance measure of a trigger system is its efficiency for benchmark physics
processes. The Level 1 trigger system is designed to achieve very high efficiency and good
understanding of the efficiency. The charged track trigger requires at least two tracks in the drift
chamber: one long track withpt > 0:18 GeV/c and one short track withpt > 0:12 GeV/c. The
energy trigger requires two clusters in the electromagnetic calorimeter, both with reconstructed
energy deposits above a threshold that is efficient for muons. The orthogonality of the requirements
allows good cross-calibration of trigger efficiency. Under nominal background conditions, this
‘open trigger’ is simulated to produce a rate of 1.5 KHz, while yielding 100% efficiency inside the
fiducial region of the detector forB and� physics and> 99% for 

 physics.

With no further restrictions, the total trigger rate for this open trigger is simulated to be about
16 KHz at 10 times nominal beam backgrounds, which is greater than the specification of 2 KHz.
The rate can be reduced further rather simply, for example by using a correlated trigger which
requires either one charged track and two energy clusters, or two back-to-back clusters with one of
the cluster energies above0:5GeV. Most simulated backgrounds may alternatively be reduced by
introducing apt cut on the track with the largest transverse momentum and an energy cut on the
largest energy deposit.

While a detailed simulation of the trigger electronics is available, most properties of the trigger
can be obtained from the acceptance curves for the individual trigger objects (tracks and clusters).
There are three drift chamber trigger objects: long tracks (A), short tracks (B) and long tracks
with a configurable cut onpt(A0). The calorimeter trigger reports three main trigger objects,
corresponding to three configurable energy thresholds for clusters. The energy lowest threshold
object (M) defaults to> 0:12GeV, low enough to be quite efficient for minimum ionizing muons.
The solid angle acceptance for these can be seen in Fig. 3-14.

The global trigger selects events using any combination of these objects, using requirements on
the number of objects, optionally subject to separation cuts in azimuth and to matching between
tracks and clusters.

The efficiency for events such asB0
! �+��,B0

! �X is simulated to be close to 100% for any
reasonable variation of the proposed trigger. There are so many charged tracks and photons with
high momentum in such events that the efficiency is very robust.

Tau events with1 + 1 prongs and low-mass two-photon production are more demanding of the
trigger, and therefore have been given attention in the trigger design. Even under worst-case
scenarios of backgrounds and drift chamber cell inefficiences, requirements are met for these
challenging topologies. For example, efficiencies larger than about 95% inside the fiducial volume
are expected for events with�+ ! e+��, �� ! ����. The crucial performance parameter for
such events is not the efficiency itself, but the systematic error in determining the efficiency. Since
the efficiencies for� events are dominated by the angular acceptance of the experiment, they should
be measurable with great precision.
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Figure 3-14. Differential efficiencies for single muons to be identified as trigger objects A, A0, B
or M, as a function of (a)ptwith jcos �j < 0:7 and (b)cos � with pt > 0:4GeV=c.

The Level 3 trigger contains a flexible combination of tools to reduce backgrounds while keeping
the physics. Under nominal background conditions, it has been demonstrated that the output rate
to mass storage can be kept to the specified value of 100 Hz. Preliminary studies indicate that
simulated above-nominal conditions can also be handled, using information from the full event.
For example, a hierarchy of increasingly complex algorithms obtain more and more accurate
precision on track impact parameters from the Level 1 trigger track segments, the drift chamber hits
and the silicon vertex tracker hits. The Level 3 trigger is not expected to reduce significantly the
efficiencies delivered by Level 1. In Level 3, the only physics processes that need to be prescaled
are two-photon processes used to match data from previous experiments and Bhabhas. The rates
of all other physics processes amount to only 20 Hz of the 100 Hz budget at the design luminosity.
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Figure 4-35. Examples of event shape variables (a) cosine of the angle between the sphericity
axis of the rest of the event and the daughter pion (for the channelB ! ��), (b) cosine of the angle
between the normal to theB decay plane and the thrust axis for the rest of the event (signal: solid
line, light-quark continuum: dotted line).

� Fox-Wolfram Moments:

The Fox-Wolfram moments,Hl, are defined [42] as,

Hl =
X
i;j

jpij:jpjj
E2

vis

Pl(cos�ij) (4.32)

wherePl are the Legendre polynomials,pi;j are the particle momenta,�ij is the opening
angle between particlesi andj, andEvis is the total visible energy of the event.

Neglecting particle masses, energy-momentum conservation requires thatH0 = 1. For 2-jet
events,H1 = 0 andHl � 1 for l even, andHl � 0 for l odd. For this application the ratio of
Fox-Wolfram 2nd to 0th moments is used as the discriminating variable.

4.9.2 A Common Procedure for Background Fighting

A common procedure [43] has been developed to provide background suppression for any analy-
sis. Many of the more general of the discriminating variables described above are automatically
calculated, while the basic structure of these tools allows further variables to be calculated easily
and added to the procedure. Each stage in the procedure is controlled by a module, as described
below:

Filtering: Filtering is an optional step, allowing the application of a set of preliminary selections
to every reconstructed event, in order to isolate a sample of events, each of which contains at least
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one candidateB meson in the desired channel. The aim is to reduce the background sample by
a significant fraction (typically one to two orders of magnitude), providing a condensed sample
which contains the most dangerousqq background events for the signal channel considered, and
of course, the signal. The cuts are loose enough to maintain signal efficiency as far as possible and
are typically made on the masses and momenta of theCP -mode candidates.

User Analysis Module: This runs on the filtered or unfiltered events, and typically applies the
same or a similar preselection as in filtering. Its output is a list ofB candidates for each event.
This list, together with details of the decay products for each reconstructedCP mode, are then
passed to the background fighting module, BtaBgFighter.

Background Fighting: This tool has been set up to provide an interface between the various
functions used to calculate a set of background discriminating variables, and the subsequent mul-
tivariate analysis tools (e.g.,Cornelius , see Section 4.7), which can be used to optimize back-
ground suppression. The aim is that it should supply a general list of variables which can apply to
any channel, and that it should be straightforward to add further variables which are customized
for particular channels. The output of the tool is an n-tuple containing the distributions for each
variable.

Cornelius Training: This requires two n-tuples of the discriminating variables to be supplied, for
signal and background events respectively. For the neural network approach at least 5000 entries
are needed in each n-tuple to achieve good performance.

Cornelius Output: Having been trained on aqq sample,Cornelius can be implemented in the
analysis in order to provide continuum suppression. A probability of being signal/background is
attached to each event, and the user can then select events based on this criterion.

4.9.3 Performance

The effectiveness of the procedure described above is dependent on both the discriminating power
of the individual variables, and on the correlations between them. Selecting the final set of
discriminating variables to use for background suppression must also take into account the type
of multivariate analysis method employed, as correlations between the variables are handled dif-
ferently in the various methods (see Section 4.7).

An example of the output of trainingCornelius , on fully reconstructed events, is shown in
Fig. 4-36 for theB ! �� channel. The final separation achieved, using the PA method and four
discriminating variables, was 75%. The separation at each stage of the training process is shown in
the figure on the right. The PA method is most effective when the variables are uncorrelated, and
it can be seen in this example that adding a fourth variable provides no additional discriminating
power. A neural network method, however, can handle correlations effectively, so in general it is
possible to use more variables in the training process.
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Figure 4-36. Results of Cornelius training with the PA method (Section 4.7) on four
discriminating variables. Left: distribution of the final separation (see Sections 4.7 and 4.8) of
signal and background; Right: the value of separation (on the vertical axis) achieved during the
training process using different sets of the discriminating variables (signal: solid line, light-quark
continuum: dotted line).

4.10 Extraction ofCP Asymmetries

This section presents a discussion of methods [44] of extracting theCP asymmetry fromB orB
decays toCP eigenstates in� (4S) ! BB events produced in an asymmetric collider. It begins
with a discussion of the equations that describe the�z distributions of the data. That is followed
by a discussion of the distribution, given perfect knowledge of theB flavor tag recoiling against the
CP eigenstate, and then follows a discussion of a more realistic experimental situation with tagging
that contains some misidentification ormistagging. Then a formula is presented for providingCP
error estimates assuming Gaussian smearing of the vertex and including tagging efficiency and
backgrounds. Finally, there is an introduction to alternative methods of fitting and displaying the
CP results with the Kin variable.

4.10.1 Fit Equations

The time evolution of the process

� (4S)! R+(�z+)! fCPBtag or fCPBtag (4.33)
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is given by Eq. (1.41) as

R(ttag; tCP ) / e��tCP e��ttag [1 + A sin (�m(ttag � tCP )=�)

+ B cos (�m(ttag � tCP )=�)] (4.34)

wheretCP andttag, are the proper times of the decay to theCP eigenstate,fCP , and the decay of
the recoilingB orB tag, and the coefficients,A andB are

A = � 2Im�f

1 + j�f j2
; B =

1� j�f j2
1 + j�fj2

: (4.35)

If the coefficientA is non-zero there will beCP violation. The coefficientsA andB for aB tag
will be equal in magnitude and opposite in sign to those for aB tag. Integration of the above
expression forR(ttag; tCP ) over the time variable,ttag + tCP , yields the dependence in terms of the
single variable,ttag � tCP , which is the time difference between the two decays:

R�(ttag � tCP ) / e��jttag�tCP j[1 � A sin (�m(ttag � tCP )=�)

� B cos (�m(ttag � tCP )=�)] (4.36)

where the� sign depends on whether the recoiling tag is aB or aB. Experimentally, the time
difference is actually determined in the laboratory from the difference in thez positions of the
decay to theCP eigenstate,fCP , and of the recoilingB or B tag. They are related by Lorentz
transformation as follows:


�c(tCP � ttag) �= zCP � ztag � �z; (4.37)

whereztag(zCP ) is thez position of theBtag (BCP ) decay in the laboratory and
� �= 0:56 is
the Lorentz transformation factor between the laboratory frame and the� (4S) rest frame. The
measurement of�z in the laboratory is exact for decays along thez-axis and has a small correction
for decays that deviate from thez-axis. Usually this correction is ignored in the fit.

The observed measurements will be smeared by the finite resolution of the vertex measurements.
If the errors are Gaussian, the observed distributionf�, will be the convolution integral

f�(�z = �t=(
�c)) =

Z
1

�1

e�(t
0

��t)2=2�2e��jt
0

j

: [1� A sin (�mt0=�)�B cos (�mt0=�)] dt0 (4.38)

The expected vertex separation will be approximately
�c� �= 0:56 � 468�m = 260�m and the
experimental vertex resolution in thez direction is�130 �m. Hence�� �= 0:5 and�m� �= 0:35.
Given these parameters, thef�(�z0) distribution for -1 < �z0 < 1 will be a slightly skewed,
smeared exponential centered on zero. TheCP asymmetry occurs in the odd functional part of
f(�z0). This asymmetry is more readily apparent by forming the forward-backward asymmetry of
f�(�z

0) � f�(��z0), which appears as a Lorentzian distribution for non-zeroCP violation and
flat for zeroCP violation.
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4.10.2 Adding Flavor-Tagging Information

Since there are not pure samples ofB andB tags, what is really measured is the probability that
the recoil tag is aB or aB. Denoting this probabilityb andb respectively, then an observedCP
event will have a probability

P = b e��t [1 + A sin�mt] + b e��t [1� A sin�mt] = e��t
h
(b+ b) + (b� b)A sin�mt

i
:

(4.39)
If the probabilities,b andb, of the events being aB or aB are measured according to some variable
x (e.g.,from Cornelius ), then the joint probability distribution of the decay is

e��t
h
(b(x) + b(x)) + (b(x)� b(x))A sin�mt

i
dxdt ; (4.40)

where the number ofB events in a differentialdx is b(x)dx. To simplify the discussion, assume
the variablex varies between -1 and 1, where the selection is optimized such that whenx is near
1, the tag is aB, and whenx is near is near -1, the tag is aB. The above can be rewritten as

f (t; x; A) dxdt = e��t [1 + q (x)A sin�mt]n(x)dxdt ; (4.41)

whereq (x) =
�
b (x)� b (x)

�
=
�
b (x) + b (x)

�
andn(x) = b (x) + b (x). Note theb (x) andb (x)

distributions must be known (either from measurement or accurate Monte Carlo simulation) and
their relative normalizations must be determined.

When vertex resolution is included, the above becomes a convolution integral, with

f (t; x; A; �t) dxdt =

2
4Z 1p

2��t
e
�

1
2

�
t�t

0

�t

�2
e��jt

0

j [1 + q (x)A sin�mt0]n(x)dt0

3
5 dxdt (4.42)

This represents the probability distribution of theCP events as a function of the two measured
observables,t andx and the fitting parameterA. The notation can be simplified by writing

f (t; x; A; �) dxdt = [E (t) + Aq (x)S (t)]n(x)dxdt (4.43)

with

E (t) =

Z
1p
2��t

e
�

1
2

�
t�t

0

�t

�2
e��jt

0jdt0; (4.44)

S (t) =

Z
1p
2��t

e
�

1
2

�
t�t

0

�t

�2
e��jt

0j sin�mt0dt0: (4.45)

The functionsE (t) andS (t) have simple analytic forms obtained from complex error function
integrals. These error functions can be approximated by computer programs and used to fit the
distributions.
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4.10.3 Likelihood Estimate ofA

In the maximum-likelihood approach, the value ofA is chosen which maximizes the log likelihood,

lnL = ln
NY
i=1

f (ti; xi; A; �t) =
NX
i=1

ln f (ti; xi; A; �t) (4.46)

ln
NY
i=1

f (ti; xi; A; �t) =
NX
i=1

ln [(1 + Aq (x)S (t) =E (t))E (t)n(x)] (4.47)

=
NX
i=1

ln (1 + Aq (x)S (t) =E (t)) + C :

Since the maximum depends only on terms which includeA, the other terms are absorbed intoC
with the result

lnL0 =
NX
i=1

ln

�
1 + A

qS

E

�
: (4.48)

The value ofA that maximizeslnL0 is the likelihood estimate ofA, and the one standard deviation
error onA occurs where the value oflnL0 decreases by 0.5. Usually the maximum and error are
determined numerically maximizinglnL0 using a program such asMinuit ˙

If one prefers to estimateA without fitting, the log likelihood can be expanded:

lnL0 =
NX
i=1

ln

�
1 + A

qS

E

�
= A

NX
i=1

�
qS

E

�
� 1

2
A2

NX
i=1

�
qS

E

�2

+ (4.49)

1

3
A3

NX
i=1

�
qS

E

�3
� 1

4
A4

NX
i=1

�
qS

E

�4
+ :::

The value ofA that maximizes the log likelihood occurs when the derivative of the log likelihood
is zero.

0 =
@ lnL
@A

=
NX
i=1

qS
E

1 + A qS
E

(4.50)

0 =
NX
i=1

�
qS

E

�
� A

NX
i=1

�
qS

E

�2
+ A2

NX
i=1

�
qS

E

�3
� A3

NX
i=1

�
qS

E

�4
+ ::: (4.51)
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In the limit thatA is small, this equation can be solved forA:

0 =
NX
i=1

q (xi)S (ti) =E (ti)

1 + Aq (xi)S (ti) =E (ti)
'

NX
i=1

q (xi)S (ti) =E (ti)� A [q (xi)S (ti) =E (ti)]
2 (4.52)

A '
PN

i=1 q (xi)S (ti) =E (ti)PN
i=1 [q (xi)S (ti) =E (ti)]

2 ; (4.53)

The values ofq (xi) ; S (ti) andE (ti) for each event are used to evaluate the sums. Note that the
termq (xi)S (ti) =E (ti) is equivalent to the reduced Kin (see next section). This short cut is easy
to calculate and allows a fairly precise estimate whenA is less than 1, but it is slightly less precise
than the likelihood estimate. It is easy to see from Eq. (4.51) that this is equivalent to a moment
analysis, where moments of powers ofq(xi)S (ti) =E (ti) are formed and the appropriate ratios
yield Eq. (4.53).

4.10.4 Error of the Likelihood Estimate

The uncertainty in the likelihood estimate ofA can be calculated from

1

�2A
= N

Z
1

f

 
@f

@A

!2

dx ; (4.54)

whereN is the number of events andf is the probability distribution function. In the present case,
there are two random variables leading to a double integral:

1

�2A
= N

Z 1

�1

Z
1

�1

1

f

 
@f

@A

!2

n(x)dtdx : (4.55)

For the case where vertex resolution is ignored, this becomes

1

�2A
= N

Z 1

�1

Z
1

�1

e��jtjq2 sin2�mt

1 + q (x)A sin�mt
n(x)dtdx ; (4.56)

while the case with vertex resolution becomes

1

�2A
= N

Z 1

�1

Z
1

�1

q (x)
2
S2 (t)

[E (t) + Aq (x)S (t)]
n(x)dxdt = N

Z 1

�1

Z
1

�1

�
q(x)S(t)

E(t)

�2
h
1 + A q(x)S(t)

E(t)

iE (t)n(x)dxdt ;

(4.57)
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whereN is the number ofCP events. The above formula is the exact likelihood error estimate
for A.

If q (x) is near 1, then this can be approximated as

1

�2A
� N

Z 1

�1

Z
1

�1

�
q(x)S(t)
E(t)

�2
h
1 + A

S(t)

E(t)

iE (t)n(x)dxdt � N

Z 1

�1
q2 (x)n(x)dx

Z
1

�1

�
S(t)
E(t)

�2
h
1 + A

S(t)

E(t)

iE (t) dt :

(4.58)
Finally,

�A �
�0p

N
q
hq2i

; (4.59)

where D
q2
E
�
Z 1

�1
q2 (x)n(x)dx (4.60)

and

�0 � 1sR
1

�1

( S(t)
E(t))

2

[1+A S(t)

E(t) ]
E (t) dt

: (4.61)

With this approximation for theCP error, the number of events, the tagging error and vertex error
parts are separated in a simpler expression for�A.

The�0 term has been tabulated in Ref. [45] for different values ofA,�m; and measurement errors.
The error increases for larger values of�t, but decreases for largeA. Table 4-9 gives the error on
A for the case ofA=0.7 and�m/�=0.75, for different values of measurement resolutions,�z, in
units of
�c� .

Table 4-9. Single event error onA as a function of the error on�z

�0(A;�m=�; �z) for A=0.7 and�m=�=0.75 for 1 event

�z/
�c� 0 .25 .50 .75 1.0 2.0

�0(A;�m=�; �z) 1.36 1.42 1.59 1.85 2.17 3.66

The uncertainty in the flavor determination of the recoilingB tag is contained in the factorhq2i.
This factor can be rewritten as a product of the tagging efficiency� and(1� 2w)2, wherew is the
B flavor misidentification probability. This results in

�A(A;�m=�; �t; N; w) =
�0(A;�m=�; �t)p
N
p
�(1� 2w):

(4.62)
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Often fitting nomenclature designates theeffective tagging efficiencyas the product of the efficiency
to measure the tag and(1 � 2w)2, and the inverse of�0(A;�m=�; �t) is sometimes called the
dilution factor. If the measurement error is�z/
�c�=0.5 and the effective tagging efficiency
is 0.3, at least 135 reconstructed events would be needed to achieve a four standard deviation
measurement forA = 0:7.

An error due to symmetric backgrounds can also be included, which scales as,
q
(NS +NB) =NS;

whereNS is the number of signal events andNB is the number of background events. This
can be obtained from the estimator equation by lettingN represent the sum of background and
signal, and lettingf(x) include both the normalized background and signal distribution. Thus
the combined error on A,�A, including the value ofA, the resolution�z, the mixing�m=�,
the number of signal eventsNS, the number of backgroundNB, the tagging efficiency�, and the
tagging misidentification ratew is

�A(A;�m=�; �z; NS; �; w;NB) =
�0(A;�m=�; �z)

p
NS +NBp

�(1� 2w)NS

: (4.63)

The above equation will be used in later sections to estimate the precision of measuring theCP

asymmetry, with a correction applied when the backgrounds are not symmetric. Since the back-
grounds should be peaked near zero and theCP events should be more displaced, providing more
sensitivity to the parameterA, the above is an over-estimate of the effect of background on�A.

4.10.5 The Kin Variable

For any final state analysis, the likelihood can be rewritten as a sum of two terms:

L =
NX
i=1

ln fi = L0 + LCP ; (4.64)

with:

L0 =
NX
i=1

ln (
1

2
(fi + f i)) ; (4.65)

LCP =
NX
i=1

ln(1 +Ki) ; (4.66)

where:

� fi is the density distribution for eventi, taking into account detector and background effects.

� f i is the density distribution for a virtual event, defined as theCP conjugate of eventi.
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� Ki is the Kin variable [46], defined by:

Ki =
fi � f i

fi + f i
: (4.67)

The first component of the likelihoodL0 is by constructionCP invariant and therefore contains no
information on the possibleCP violation present in the data. In contrast, the second termLCP

embeds all information aboutCP violation. The Kin variable depends on�z, but also on the
tagging and background information available for eventi:

K = (F+ � F�)
R+ � R�

R+ +R�

1

1 +RtagB
(4.68)

whereF� are the relative probabilities for the event to follow theR� time and phase-space distri-
bution, the latter including detector effects,B is the time and phase-space dependent background
over signal ratio, andRtag is a correction term accounting for the tagging response for background
events [47]. The Kin variable bears interesting properties due to the fact that its distribution is of
the form:

	(K) = 	0(K)(1 +K) ; (4.69)

where	0(K) is an even function. Its properties are best illustrated by considering theB0 !
J= K0

S
channel whereR+ � R� / sin 2� and where the Kin variable is thus linear insin 2�:

Ki = sin 2� Ki : (4.70)

The reduced Kin variableK allows the immediate determination of theCP -violating parameter
through:

sin 2� =

PN
i=1KiPN
i=1K2

i

� 1qPN
i=1K2

i

vuut1� sin2 2�

PN
i=1K4

iPN
i=1K2

i

; (4.71)

where the statistical uncertainty is only slightly larger than that achieved in a likelihood analysis.
The occurrence ofCP violation is displayed by the asymmetry in theK distribution. The adequacy
of the Monte Carlo simulation used to computefi, and hence to measuresin 2�, can be checked
by dividing the data distribution ofK by 	0: the result must be a straight line of slopesin 2�.
TheK distributions obtained from different final states whereCP violation is due tosin 2�, can be
merged directly into a single histogram, thereby permitting simultaneous handling of a variety of
channels.

4.11 Data Production

For the analyses in this book, approximately 10 million events were generated with full simulation.
These were generated in numerous exclusive physics channels, as well as in various inclusive
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Table 4-10. The number of events produced for each of the general types of event.

Type of Event Number of

Events (106)

Continuum (u; d; s) 3.6

Continuum (c) 2.4

GenericB0B0 1.3

GenericB+B� 1.3

Exclusive Physics Channels 1.2

modes for use in background studies. The numbers of events generated in the various inclusive
modes are summarized in Table 4-10). In addition, over 2 million events containing only a single
particle per event were simulated and reconstructed. The single particle events (as well as the
physics events) were used to aid the development of the sub-detector reconstruction algorithms
(such as electromagnetic calorimeter cluster-finding, tracking,etc.) and were also used to develop
particle identification algorithms. The results of these technical studies have been described in
earlier sections of this book.

The events were generated using the BABAR event generation packagesBeget (for control of the
input parameters) andEvtGen (see Section 4.1.1) to handle the dynamics of the decays. The
generated data were then passed through the full detector simulation package,BBsim , described
in Section 4.1.2, and were written out to tape as raw hits. These simulated events were then
passed through the full reconstruction software (see Section 4.2), the high-level results of which
were written out toBeast tapes. This large-scale production was carried-out at six different sites
around the world. It used more than 61000 CPU hours and required more than 1200 GB of storage
space.

Eight million events from the inclusive background samples onBeast tape were passed through
10 different physics filter algorithms (see Section 4.9), each one corresponding to a different
exclusive physics channel, and were written out to filter summaryBeast tapes. These filtered
event samples, and the exclusive physics samples, were used as input to many of the physics
analyses which are described in the rest of this book.
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5

Determination of �

This chapter presents results on methods of extracting the angle� of the unitarity triangle. It starts
with a theoretical introduction, which is followed by a general discussion of some experimental
considerations. Then the results of Monte Carlo-based analyses are presented in successive sec-
tions on: modes with charmonium and a kaon, modes with charmonium and aK�0, modes with two
charmed mesons and modes which have dominant penguin contributions. The chapter concludes
with a summary of the expectedCP -reach for nominal BABAR luminosity.

5.1 Theoretical Review ofsin 2� Measurements

The first subsection gives an overview of the three classes of decay for which theCP asymmetry
can be related (at least naively), tosin 2�. These are discussed in more detail in Section 5.1.2,
which gives a detailed discussion of the calculation ofCP asymmetries for each class, and the
resultant theoretical uncertainties in the extraction ofsin 2�. Uncertainties due to hadronic effects
are quite different in the three classes. In general the discussion is model-independent, although
in some instances, for the purpose of illustration, it appeals to models. Following that, the ideas
and methods of angular analysis are presented in Section 5.1.3. This can be used to separateCP -
odd andCP -even contributions in certain vector-vector modes. The application of isospin analysis
to modes of interest for the determination ofsin 2� is discussed in Section 5.1.4. Section 5.1.6
discusses the measurement of� in inclusive decays and Section 5.1.7 addresses the question of
discrete ambiguities. The theoretical introduction ends with a summary of existing data, since
these determine input numbers for simulation analyses.

5.1.1 Decays That Can Measure�

The angle� of the unitarity triangle is defined by [1]:

� = Arg

 
�VcdV

�
cb

VtdV
�
tb

!
: (5.1)
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The time-dependent asymmetry for anyCP eigenstatef is given by

af (t) =
�(B0(t)! f)� �(B0(t)! f)

�(B0(t)! f) + �(B0(t)! f)
= Cf cos�mt + Sf sin�mt (5.2)

where

Cf =
1� j�f j2
1 + j�f j2

Sf = � 2Im�f

1 + j�f j2
: (5.3)

f is aCP eigenstate,�f = q
p

A(f)

A(f)
, andA(f), A(f) are the amplitudes of the decaysB0

d ! f ,

B0
d ! f . Present data constrain theCP phase,�, in the Standard Model to lie within the limits

[2]:
10� � � � 35� : (5.4)

In the modes discussed in this chapter, a naive leading result is predicted, with corrections that
differ according to the type of mode, of the form

�f �= �fe
�2i� af(t) �= �f sin 2� sin�mt (5.5)

where�f = �1 for CP (f) = �1.

The decay modes that can be helpful in the determination of� [3, 4, 5, 6, 7] can be classified into
three main types, here called Types I, II, and III, according to the underlying quark processes.

5.1.1.1 Type I decays

Color-suppressed modesb! ccs: B0
d ,B

0
d !Charmonium+K0

S
(K0

L
) and the corresponding modes

with K�, where theK� decays into aCP eigenstateK� ! K0
S
�0(K0

L
�0).

The diagram for the tree amplitude in these modes is shown in Fig. 5-1. For such modes,e.g.,
J= K0

S
(CP = �),

�(Bd ! J= K0
S
) = �

 
V �
tbVtd

VtbV
�
td

! 
V �
csVcb

VcsV
�
cb

! 
V �
cdVcs

VcdV �
cs

!
(5.6)

where the first term comes fromB0
d-B

0
d mixing, the second from the ratioA(f)

A(f)
and the third from

K0-K0 mixing. Hence,
Im �(Bd ! J= K0

S
) = sin 2� : (5.7)

For decays of Type I, the tree amplitudes are color-suppressed because of the topology of Fig. 5-1.
However the dominant penguin contribution has the same weak phase as the tree, as will be shown
below. The only term with a different weak phase is a penguin contribution that is Cabibbo sup-
pressed byO(�2) where� is the Wolfenstein parameter. Thus, to good accuracy, and independent
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d
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c c
−

s

K
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− ∗0B
− 0

d

J/Ψ

Figure 5-1. B0
d ! charmonium +K0(K�0) decays, color-suppressed (Type I).

of any assumptions about factorization, color suppression, or the role of final state interactions,
j�f j = 1 for this mode, and the simple relationship between theCP asymmetry andsin 2� has
negligible theoretical uncertainty.

TheCP of a two-body state has a(�1)L dependence on the relative angular momentum of the
two particles. When two non-zero spin particles are produced from aB decay, they can have
either even or odd relative angular momentum, and thus final states (those which are otherwise
CP self-conjugate) are a mixture of even and oddCP . In such cases,e.g.,Vector-Vector (V V ),
such asJ= K�, an angular analysis is needed to separate the amplitudes of definiteCP . This
adds an experimental complication, but once this analysis is applied, these modes are as clean,
theoretically, as the vector-pseudoscalar case.

5.1.1.2 Type II decays

Cabibbo-suppressed modesb! ccd: B0
d, B

0
d ! DD,DD�,D�D,D�D�, etc.

The tree diagram for these modes is shown in Fig. 5-2. The dominant tree amplitude,e.g., for
D+D�, is:

�(Bd ! D+D�) =

 
V �
tbVtd

VtbV
�
td

! 
V �
cdVcb

VcdV
�
cb

!

Im�(Bd ! D+D�) = � sin 2� (5.8)

sinceCP (D+D�) = +. In these modes, the tree amplitude is CKM suppressed. Hence, the
contribution of penguin graphs with a different weak phase is potentially significant. Such effects
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− 0
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Figure 5-2. B0
d ! D+D� decay, Cabibbo-suppressed and color-allowed (Type II).

are an example of directCP violation, and result inj�f j 6= 1. This complicates the expression for
the measured asymmetry to the form given in Eq. (5.3). Hence, as will be shown below, if this
complication is ignored in the extraction ofsin 2�, the value obtained is shifted from the correct
one by an amount which depends on the ratio of tree to penguin contributions and their relative
weak phases. Calculations for these quantities depend on models and have large uncertainties,
as is typical for such low-energy hadronic effects. This translates into significant theoretical
uncertainties in the extracted value ofsin 2�. Eventual reduction of these uncertainties is possible
as models, and final-state interaction effects are constrained by comparison with data in a variety
of channels.

In addition, for theV V case,D�D�, one again needs an angular analysis to separate the amplitudes
of definiteCP .

5.1.1.3 Type III decays

Penguin-only or penguin-dominated modes,b! sss or dds: B0
d , B

0
d ! �0K0

S
(K0

L
), �0K0

S
(K0

L
),

�K0
S
(K0

L
) etc., and the corresponding modes withK� : B0

d,Bd ! �0, �0 or �, etc., andK�(K� !
KS�

0(KL�
0)) [8].

In some of these modes, tree contributions are completely absent (e.g.,for �K, �K�). In others a
uus tree contribution can enter for the same modes, but it is both color-suppressed and Cabibbo-
suppressed, thus the penguin contributions are expected to dominate. As shown in Table 1-1,
one can always use the unitarity relationship to group the three penguin terms as two terms
with different weak phases, one with coefficientV �

csVcb (charm minus top) and a second with the
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Figure 5-3. Penguin-dominatedB0
d decays (Type III).

Cabibbo-suppressed coefficientV �
usVub (up minus top). Examples of the diagrams for such modes

are given in Fig. 5-3. Ignoring the Cabibbo-suppressed terms the asymmetry is given by

�(Bd ! �KS) �= �
 
V �
tbVtd

VtbV
�
td

! 
V �
csVcb

VcsV
�
cb

! 
V �
cdVcs

VcdV �
cs

!

Im�(Bd ! �KS) �= sin 2� : (5.9)

Except for�K, �K�, the theoretical status of Type III decays is less clear than for Types I and II,
as will be discussed below. In theV V case like�K�, one needs of course angular analysis.

Penguin-only modes (Type III modes) also include the radiative penguin transitionsB0
d , B

0
d !


+K�(K� ! KS�
0(KL�

0)), although in this case, the asymmetries are quite small in the Standard
Model.
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5.1.2 Uncertainties: Penguins and FSI phases

This section discusses in some detail the different contributions to the amplitudes for the decay
modes that can be used to determine�. The focus is on contributions that modify the time-
dependent asymmetries away from the clear-cut caseaf(t) = �f sin 2� sin�mt. This occurs
when there are two contributions to the amplitude with different weak phases. Calculations of the
relative size, or the relative strong phases, of the various contributions are model-dependent, and
involve the typical uncertainties of low-energy hadronic calculations. Theoretical uncertainties are
thereby introduced into the value ofsin 2� determined from such modes. Throughout this section,
factorization is assumed, whenever needed, to estimate the relative sizes of terms. More detailed
model assumptions are discussed point by point as they arise.

Using the Operator Product Expansion (see Section 2.1), the amplitude of a decayB ! f ,A(f) =
hf jHeff jBi, can be written as sums of products of the formCi(�)hf jOi(�)jBi. The amplitude
contains CKM factorsV �

UqVUb (U = u; c; t;q = d; s), which are physical quantities independent of
the renormalization scale,�. Hence, the�-dependence of the short-distance coefficients,Ci(�),
must cancel the�-dependence of the matrix elements of local operatorshf jOi(�)jBi. The matrix
elements are complicated objects, containing the long-distance QCD effects, not included in the
short-distance coefficientsCi(�), namely soft gluons, rescattering, final-state interaction (FSI)
phases,etc. The coefficientsCi(�) are computed for� �= mb. For diagrams with penguin
topology withc andu quarks in the loop the amplitudes also include long distance effects, where
these quarks are on or close to mass-shell. Such effects are not reliably given by the short-
distance calculation of the operator coefficient. Therefore, one needs to write a completely general
expression of the amplitudeA(f) that includes in principle all such nonperturbative effects. This
section considers onlyCP eigenstates and avoids spin complications. Our analysis generalizes
easily to non-CP eigenstates such ase.g.,DD� + DD�. Angular analysis forV V modes will be
discussed in more detail in Section 5.1.3.

While it is a general and model-independent result that theCP asymmetry for Type I decays
gives sin 2� directly, it is useful for comparison purposes (and also for model testing) to cast
this calculation in the same form as will be used subsequently for other modes. For this type of
decay, from the general form of the CKM matrix and of the effective weak Hamiltonian (�B = 1,
�C = 0, �U = 0, �S = 1) written in Appendix A, theB0

d, B
0
d ! f amplitudes can be written,

in general:

A(f) = A(B ! f) = VusV
�
ubM

(u) + VcsV
�
cbM

(c) + VtsV
�
tbM

(t)

A(f) = A(B ! f) = V �
usVubM

(u) + V �
csVcbM

(c) + V �
tsVtbM

(t) : (5.10)

The amplitudesM (u), M (c), andM (t) are completely general, defined by their CKM factors and
the expression ofHeff in terms of local operators. (Note that technically, the separate penguin
graphs are ill-defined because they are divergent. However, formally, they can be simply defined
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by introducing a cutoff on the loop momenta in the penguin diagrams at some large value (well
abovemtop) since the unitarity relationship guarantees the cancellation of the high momentum
(divergent) contributions between the three graphs. The eventual answers depend only on the
differences between two penguin graphs with different quarks in the loop, and thus are independent
of the cutoff prescription. All such divergences are correctly handled in the usual operator product
treatment; large loop momenta are integrated out in defining the residual local operators and their
coefficients.) The separate terms in Eq. (5.10) are:

1. The amplitudeVcsV �
cbM

(c) �= A�2M (c) contains the dominant tree amplitude contributing to
J= K(K�) (Fig. 5-1).M (c) is the matrix element of the operatorC1O

(c)
1 +C2O

(c)
2 . Assuming

factorization, this is proportional toa2 = C1 +
C2

Nc
�= 0:2, whereC1 = O(�s), C2 = O(1)

andNc = 3 is the number of colors. Thusa2 ! O(�s) in the largeNc limit (Fig. 5-4a)
(in fact, �s and1=Nc are of comparable magnitude). This term also contains the penguin
contribution with thec quark in the loop [9]. This has a possible (small) long-distance part,
represented by (Fig. 5-4b).

2. Theu-penguin termVusV �
ubM

(u) �= A�4(� + i�)M (u) has a different weak phase than the
dominant term. However, it is suppressed byO(�2) as well as the factor�s in the penguin
coefficients. Any long distance part is also suppressed by the Zweig rule (creation of a color
singletcc pair by soft gluons in Fig. 5-4b). The amplitudeM (u) is the matrix element of
the combination of current-current operatorsC1O

u
1 + C2O

u
2 [9] and corresponds to a long

distanceu-penguin (Fig. 5-4b with theu quark in the loop), describing rescattering of the
typeB0

d ! (su)(ud)! (cc)(sd)! J= K(K�). This term is presumably very small.

3. The amplitudeVtsV �
tbM

(t) �= �A�2M (t) corresponds to the usual short-distance penguin
contribution (top quark in the loop).M (t) is the matrix element of the sum of local penguin
operatorsC3O3 + � � � + C10O10 (Fig. 5-4 where the dot represents the penguin operators).
Using the unitarity relation, one can writeVtsV �

tb = �VcsV �
cb � VusV

�
ub and regroup this term

into the other two terms.

With the notationT =M (c) �M (t), P =M (u) �M (t),

A(f) = VcsV
�
cbT + VusV

�
ubP

A(f) = V �
csVcbT + V �

usVubP (5.11)

Since V �
usVub
VcsV

�

cb

� O(�2), andP is suppressed relative toT by penguin short-distance coefficients
or by the Zweig rule, there is a clear hierarchy between the two terms. Therefore, in this class of
decays,�f defined above, is close to a pure phase�f = �fe

�2i�. The time-dependent asymmetry
has the simple form

af (t) = �Im
 
q

p

A(f)

A(f)

!
sin�mt = �f sin 2� sin�mt : (5.12)
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Figure 5-4. Contributions of local operators to Type I decays,B0 ! Charmonium +K0(K�0).
The dot represents the local operators (current-current or penguin). Figure 5-4b represents the long
distanceu andc-penguins, with thecc pair created by soft gluons.

The determination of� using modes of this type is thus safely free of hadronic uncertainties.

For Type II decays, the dominant contributions to theB, B ! f amplitudes (e.g.,f = DD) are
Cabibbo suppressed (Fig. 5-2), of the orderA(f) � �3a1, with a1 = O(1) (for color-allowed
modes). Assuming factorization,a1 = C2 +

C1

Nc
, with C2 = O(1). Then

A(f) = VudV
�
ubM

(u) + VcdV
�
cbM

(c) + VtdV
�
tbM

(t)

A(f) = V �
udVubM

(u) + V �
cdVcbM

(c) + V �
tdVtbM

(t) : (5.13)

The different terms are:
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1. The amplitudeVcdV �
cbM

(c) �= �A�3M (c) is Cabibbo suppressed relative to the decays of
Type I.M (c) is the matrix element of the current-current operatorsC1O

(c)
1 +C2O

(c)
2 (Fig. 5-5a).

It contains the tree amplitude (Fig. 5-2) and also the contribution of Fig. 5-5c with thec quark
in the loop.M (c) is color-allowed in decays likeD+D�, and color suppressed in decays of
the typeD0D0 (Fig. 5-5b). This dominant decay amplitude is the one related to�.

2. The amplitudeVtdV �
tbM

(t) �= A�3(1 � � � i�)M (t) corresponds to the usual short-distance
penguin contribution (Fig. 5-5 where the dot represents the local penguin operators). It is
Cabibbo suppressed and also suppressed by the small penguin short-distance QCD coeffi-
cients,aP � O(10�2). It has a different weak phase than the dominant term; in the Standard
Model, this is the weak phase of the mixing amplitude.

3. The amplitudeVudV �
ubM

(u) �= A�3(� + i�)M (u) is theu-penguin term [9], which includes
also the long-distance contribution (Fig. 5-5c) with theu quark in the loop. This term also
has a different weak phase than the dominant term. This term is not Zweig rule suppressed
because it can describe rescattering processes of the typeB0

d ! (ud)(du) ! (cd)(dc) !
D+D�.

Using the unitarityV �
udVub + V �

cdVcb + V �
tdVtb = 0, and the notationT � M (c) � M (u), P �

M (t) �M (u), the amplitudes may be written

A(f) = VcdV
�
cbT + VtdV

�
tbP

A(f) = V �
cdVcbT + V �

tdVtbP : (5.14)

Again hereT denotes the tree-dominated term whileP is a penguin-only contribution. However
the relative size of the two terms in Eq. (5.14) is quite different from Type I decays. The CKM
coefficients are comparable in magnitude. Only theO(�s) OPE coefficient of penguin graphs
suppressesP relative toT .

Hence theP terms cannot be neglected in this case. Using the fact that the weak phase of the
mixing, q � VtdV

�
tb, cancels the weak phase of the coefficient of P,VtbV

�
td, the ratio of amplitudes

can be written

�f = �f
e�i� � jRjei�
ei� � jRjei� (5.15)

using the definitions

R = z r z =
V �
tdVtb

V �
cdVcb

r =
P

T
= jrjei� : (5.16)

where,z is the ratio of CKM matrix elements, andr is the ratio of the penguin-only termP to
the tree-dominated termT . �f = +1 for D+D� is theCP eigenvalue of the statef , and� is the
relative strong phase between the amplitudesP andT . It is important to keep in mind thatjRj
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Figure 5-5. Contributions of local operators to Type II decays,B0
d ! DD. The dot represents

the local operators (current-current or penguin). Figure 5-5c represents the long-distanceu andc
penguins induced by local operators.
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depends on the CKM ratioz, and is therefore also a function of the weak angles�, �. The small
jRj limit is not a priori justified.

In Type II decays, the coefficientsCf andSf in Eq. (5.3) are now

Cf =
�2jRj sin� sin �

1 + jRj2 � 2jRj cos� cos � Sf = �f
sin 2� � 2jRj sin� cos �
1 + jRj2 � 2jRj cos� cos � : (5.17)

For smalljRj,
Cf �= �2jRj sin� sin � Sf �= �f (sin 2� + 2jRj sin� cos 2� cos �) : (5.18)

In Section 5.1.5, factorization and models are used to calculateR and estimate the theoretical
uncertainty in the extraction ofsin 2� for some Type II decays.

For Type III decays, the dominant amplitudes are of the penguin type, (Figs. 5-3a and 5-3b). The
tree amplitude can pollute the determination of� in some channels like�0KS, etc. From the
general form of the CKM matrix, theB, B ! f amplitudes for this type of decay can be written,
in general:

A(f) = VusV
�
ubM

(u) + VcsV
�
cbM

(c) + VtsV
�
tbM

(t)

A(f) = V �
usVubM

(u) + V �
csVcbM

(c) + V �
tsVtbM

(t) (5.19)

because in the modes under consideration, there is a singles quark from theK(K�) in the final
state and the other mesons�0, �, etc., do not have open flavor.

These modes will be useful to measure�, if the CKM termVtsV
�
tb (i.e., the short-distance penguin

operators) clearly dominate the other contributions. This is still a matter of discussion and depends
on the particular decay mode considered.

The different terms are:

1. The amplitudeVtsV �
tbM

(t) �= �A�2M (t) + O(�4) is the dominant short-distance penguin
term contributing to this class of modes (Figs. 5-3a, b and Fig. 5-6 with the dot representing
the local penguin operators). This contribution is of the order�2aP whereaP is a combina-
tion of the short-distance penguin coefficientsC3;:::6, and thus is suppressed by�s. Therefore
the rates are expected to be small, ofO(10�5) for any of these modes.

2. The amplitudeVusV �
ubM

(u) �= A�4(�+i�)M (u) is CKM suppressed and has a different CKM
phase than the top penguin term (Fig. 5-6a withq = u, and Fig. 5-6b with theu quark in the
loop).

3. The amplitudeVcsV �
cbM

(c) �= A�2M (c) is c-penguin term, which includes long-distance
effects (Fig. 5-6b with thec quark in the loop).
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Figure 5-6. Contributions of local operators to penguin-dominated, Type III decays,B0
d ! �KS ,

�0KS , etc. The dot represents the local operators. In Fig. 5-6a, forq = u there are contributions
from current-current and penguin local operators. Forq = d; s, only penguin operators contribute.
Figure 5-6b represents the long-distanceu andc penguins induced by local operators.

Once again, unitarity can be used to group these terms into two, one with the CKM coefficient
VcsV

�
cb and the other with the Cabibbo-suppressed CKM coefficientVusV

�
ub. If the first of these

terms dominated the decay then the asymmetry would be proportional tosin 2�. Therefore, these
modes will be useful to measure� if jVusV �

ub(M
(u) �M (t))j � jVcsV �

cb(M
(c) �M (t))j.

Note that the termsM (u) andM (c) differ only in their dependence on the mass of the quark in the
penguin diagram loop, and hence their short-distance parts are comparable in size. The possible
long-distance parts, plus any tree graphb ! uus contribution toM (u) lead to large theoretical
uncertainties in the relationship between the asymmetry and the value of� in some modes.
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The relative sizes of these terms for different modes can be quite different:

1. In modes of the type�K(K�), M (u) contains a long-distanceu penguin (Fig. 5-6b with the
u quark in the loop), describing rescattering,e.g.,B0

d ! (su)(ud) ! (ss)(sd) ! �K0.
There is a corresponding long-distancec contribution toM (c). The size of these two terms

is expected to be comparable, so that the ratiojVusV �

ub
(M(u)�M(t))j

jVcsV �

cb
(M(c)�M(t))j

is expected to be of order

j�2j. Hence the asymmetry in these modes gives a measurement ofsin 2� which has quite
small theoretical uncertainties, though not quite as small as for the Type I modes where the
second term is suppressed by a further factor of�s.

2. In modes of the type�0K(K�), �0K(K�), �0K(K�),!K(K�)M (u) has a (color-suppressed)
tree amplitude contribution (Fig. 5-6a with the dot representing the current-current opera-

tors). Therefore one expects a magnitudeVusV �

ub
(M(u)�M(t))

VcsV �

cb
(M(c)�M(t))

of order�2a2=cP � 0:4 where
cP � �0:02 is typically a short-distance penguin coefficient, anda2 � 0:2 is the color-
suppression factor. Thus, in this latter case it seems that the term with a different weak phase
must be included in relating the asymmetry measurement to�. Uncertainties in this quantity
will lead to significant uncertainties in� as measured by these modes.

For these latter modes it is convenient to write

A(f) = VusV
�
ubT + VcsV

�
cbP

A(f) = V �
usVubT + V �

csVcbP (5.20)

whereT =M (u) �M (t), P =M (c) �M (t). The notationT is used because this term contains the
tree contribution wherever there is such a contribution. Note, however, if applying this notation for
�KS, T represents a difference of two penguin terms.

Thus for the modes of Type III one gets

�f = �f

 
V �
tbVtd

VtbV
�
td

!  
V �
usVubT + V �

csVcbP

VusV
�
ubT + VcsV

�
cbP

!  
V �
cdVcs

VcdV �
cs

!
(5.21)

that gives

�f = �f
e�i� � jRjei� ei�
ei� � jRje�i� ei� (5.22)

where now

R = z r z =
VubV

�
us

VcbV �
cs

r =
T

P
= jrjei� (5.23)

�f = �1 for �KS, �0KS, �0KS, etc., and� is the relative strong phase between the amplitudesT

andP . Again here, the quantityjRj depends on the weak phases� and� throughjzj. In Eq. (5.23)
the small phase ofVcd, ofO(�5), is neglected.
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Figure 5-7. The decayB0
d ! K0
.

The correctionjRj differs according to the decay mode. Naively, one expects

jRj �= �2
p
�2 + �2 for �KS; etc:

jRj �= �2
p
�2 + �2

��� a2
aP

��� for �0KS; etc: (5.24)

where
��� a2
aP

��� is the ratio of the color suppression factora2 �= 0:2 of the tree diagram, andjaP j �
few%, of the order of the penguin short-distance coefficients.jRj is small for�KS while it could
be not negligible for�0KS, etc.

To summarize, the correction to�f = �fe
�2i� is expected to be small in modes of the type

�K(K�), and presumably also for�0K(K�), but it could be quite sizeable for the modes of the
type�0K(K�), �0K(K�), as will be shown in the calculations in Section 5.1.5 which are made
within the factorization assumption. The preceding discussion of the uncertainty on� for given
decay modes holds for both QCD and electroweak penguins, because the weak phase affecting
both types of operators is the same (see Appendix A).

The radiative penguin transitions [10] that are related to� in the Standard Model areB0
d, B

0
d !


 + K�(K� ! KS�
0(KL�

0)) (Fig. 5-7). In the Standard Model, the photon in the transition
b ! s
 is dominantly left-handed and only a fractionms

mb

of the amplitude corresponds to a right-
handed photon, where the quark masses are current masses. Thus, the final-stateK�
 (with e.g.,
K� ! KS�

0) is not a pureCP eigenstate, but consists to a good approximation (neglecting the
ratio ms

mb

) of equal admixtures of states withCP = + andCP = �. The expectedCP asymmetry
is therefore quite small, suppressed by the factorms

mb

�= 0:03:

A(t) �= 2
ms

mb

sin 2� sin�mt : (5.25)

Thus, this mode could be a good candidate to look forCP violation beyond the Standard Model
[2, 10].
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5.1.3 Angular Analyses to ExtractCP Amplitudes

Decays to two particles with non-zero spin need an angular analysis to extract� from an asymmetry
measurement. Examples areJ= K� (J= ! `+`�, K� ! K�),  0K� ( 0 ! J= ��), D�D�

(D� ! D�), �K� (�! KK), etc., and also theAV mode�1cK� (�1c ! J= 
).

In all such channels, there are three partial wavesL = 0; 2 (parity-violating decay of theB),
L = 1 (parity conserving decay),L being the relative angular momentum between the two vector
particles. TheCP of the final state depends on the partial wave, since it contains a factor(�1)L.
Thus, even when the decays of the two particles lead to a set ofCP -self-conjugate particles, one
has a final state that is an admixture ofCP -odd andCP -even eigenstates. Since the asymmetry has
opposite sign for the twoCP states they tend to cancel, or “dilute” the overall asymmetry.

If there is no separation of theCP components ofe.g.,J= K�0 (K�0 ! KS�
0), then theCP asym-

metry has a dilution factorD < 1 coming from the cancellation of the two differentCP compo-
nents:

a(t) = D sin 2� sin�mt (5.26)

whereD is given by

D =
�CP=+ � �CP=�

�tot
=

�0 + �k � �?

�tot
= 1� 2�?

�tot
: (5.27)

Here,�0;�k andGamma? are partial widths corresponding to an angular momentum decomposi-
tion based on the decay topology, which will be explained below. However, when angular analysis
allows separation of the differentCP components, one can obtainsin 2� without dilution.1

Although the amplitudes are in general time-dependent, in an appropriate basis the angular depen-
dence and the time dependence factorize; this greatly simplifies this treatment [11, 12].The simplest
cases are described here, those in whichV decays into two spin1

2
or two 0� particles, namely the

main casesJ= K� (J= ! `+`�; K� ! K�), D�D�(D� ! D�) and�K�(� ! KK). The
mode�1cK� will be discussed in Section 5.3.

In these decays into two vector mesons,B ! V1V2, there are three different angular momen-
tum projections that can be used: the helicity basis, the transversity basis and the partial wave
decomposition. They are completely equivalent, but quantities defined in these different basis
states have different physical interpretations, and thus lead to slightly different physical insights

1There are many different factors that tend to decrease the measured asymmetry that are all referred to as “dilution
factors” in the literature. The cancellation between the asymmetry from two differentCP components in an otherwise
CP eigenstate is the most common dilution factor in theoretical papers. Other reductions coming from experimental
effects, such as the presence of aCP conserving background contribution in the data sample and the reduction in
magnitude of the measured asymmetry from the smearing of thesin�mt term due toz-resolution are also sometimes
called dilution effects. Since these effects all have different causes and thus different cures it is well to keep them
separate.
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about the underlying process. There are two general approaches that can be used in applying
the angular analysis. The first approach, generally the way theorists think about the problem, is
to isolate a particularCP contribution by projecting it out via some weighted integral over the
data and then performing a fit for� by looking at theCP asymmetry in this projected quantity.
The more experimentally-oriented approach is simply to perform a multivariate analysis where
a maximum-likelihood procedure simultaneously fits for� and for the chosen basis amplitudes.
Further restrictions on the non-CP -violating parameters can be obtained from time-integrated
and/or untagged data samples, and possibly from isospin-related charged channels.

In the helicity basis, there are three amplitudesA�, (� = 0;�1) corresponding to the helicity of
V1 or V2 in the decayB ! V1V2. The transverse amplitudes are defined as spin projections for
one vector particle parallel and perpendicular to the plane of the decay of the other. The amplitude
A0 remains unchanged, the other two transversity amplitudes are defined as the following linear
combinations of the helicity amplitudes [13]:2

Ak =
1p
2
(A+1 + A�1) A? =

1p
2
(A+1 � A�1): (5.28)

The helicity formalism gives a straightforward determination of the longitudinal rate, while the
transversity formalism is convenient for the determination of theCP -odd component of the decay
rate, allowing a ready interpretation of thesin 2� measurement.

Finally there is the partial wave decomposition corresponding to the possibleS, P andD orbital
angular momenta (relative orbital angular momentumL = 0; 1; 2 betweenV1 andV2). In terms of
the transversity amplitudes, the partial wave amplitudes read [14]

S =
1p
3
(
p
2Ak � A0); P = A?; D =

1p
3
(Ak +

p
2A0): (5.29)

Note that the(�1)L-oddP -wave term is also the transversity amplitudeA?, while the other two
transversity amplitudes are combinations of the(�1)L-even S- andD-wave amplitudes. The
preceding relations are valid for any timet. To make the time dependence explicit it is convenient
to use the transversity basis, since those amplitudes each contribute to only oneCP eigenstate.
One finds

A0(t) = A0(0)e
�imt e��t=2

�
cos

�mt

2
+ i��f sin

�mt

2

�

Ak(t) = Ak(0)e
�imt e��t=2

�
cos

�mt

2
+ i��f sin

�mt

2

�

A?(t) = A?(0)e
�imt e��t=2

�
cos

�mt

2
� i��f sin

�mt

2

�
(5.30)

2These two combinations correspond respectively toG1+ andG1� in the notation of Dunietzet al.,[12].
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where�f = q
p

A(f)

A(f)
and theCP of the final state is�f(�1)L, where�f is the intrinsicCP (for

example�(J= (KS�
0)K�) = +1) andL is the partial wave betweenV1 andV2. The factor(�1)L

is explicit in Eq. (5.30) and accounts for the negative sign in the expression forA?(t). From these
expressions one can deduce the time dependence in the helicity basis or forS, P andD.

Note that these expressions are valid if a single CKM phase contributes, a safe assumption in the
case ofJ= K�. However, forD�D�, where penguin effects can be sizeable, in general�f is not
the same for the different transversity amplitudes because the ratio of penguin to tree contributions
will be different for the different amplitudes. In general one should assume different�0, �k, �?.

The corresponding amplitudes for the decay ofB0
phys(t) into theCP eigenstatef

A0(t) = �A0(0)e
�imt e��t=2

�
cos

�mt

2
+ i���1f sin

�mt

2

�

Ak(t) = �Ak(0)e
�imt e��t=2

�
cos

�mt

2
+ i���1f sin

�mt

2

�

A?(t) = ��A?(0)e�imt e��t=2
�
cos

�mt

2
� i���1f sin

�mt

2

�
: (5.31)

The algebra that gives predicted time-dependent angular distributions has been given in detail in
[12]. To write the angular distribution, the following conventions (Fig. 5-8) are used:p1 denotes
the three-momentum of theKS in theK�0 rest frame;p2 the three-momentum of thel+ in theJ= 
rest frame;̂v is the unit vector along the direction of flight of theK�0 and ĉ(d̂) is the unit vector
along the projection ofp1(p2) orthogonal tôv(�v̂). Three angles are now defined in the helicity
frame by

cos �1 = v̂ � p1= j p1 j cos �2 = �v̂ � p2= j p2 j
cos � = ĉ � d̂ sin� = (ĉ� v̂) � d̂ (5.32)

In the helicity basis the three angles are then defined to be the polar angle of the`+ in theJ= rest
frame�2 ; the polar angle of theK in theK� rest frame�1 ; and the angle between theK� decay
plane and theJ= decay plane�, that can take values from 0 to2�.

Then the full angular distribution of theB decay in the helicity basis:

1

�

d3�

d cos �1d cos �2d�
=

9

16�

1

jA0j2 + jA+1j2 + jA�1j2
(5.33)

�
1

4

�
1 + cos2 �2

�
sin2 �1

�
jA+1j2 + jA�1j2

�
+ sin2 �2 cos

2 �1jA0j2

�1

2
sin2 �1 sin

2 �2
h
cos 2�Re(A+1A

�
�1)� sin 2� Im(A+1A

�
�1)
i

+
1

4
sin 2�1 sin 2�2 [cos�Re (A+1A

�
0 + A�1A

�
0)� sin� Im (A+1A

�
0 � A�1A

�
0)]

�
:
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Figure 5-8. Helicity frame forB0
d ! J= K�0 ! `+`�K�. The vectorŝc; v̂ andd̂ are defined in

the text.
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Figure 5-9. Transversity frame forB0
d ! J= K�0 ! `+`�K�.
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In Eq. (5.33) the amplitudes depend on time, and the angular distribution for the decay ofB0
d(t)

is normalized here at timet. It could be more convenient in practice to normalize to the total rate,
tagged or untagged, integrated over time.

The longitudinal polarization ratioR0 is defined by

R0 =
�0

�
=

jA0j2
jA0j2 + jA+1j2 + jA�1j2

(5.34)

and the proportion of transverse polarization will then beRT = 1�R0. Integrating over the angle
� gives

1

�

d2�

d cos �1d cos �2
=

9

32
(1� R0) sin

2 �1(1 + cos2 �2) +
9

8
R0 cos2 �1 sin2 �2 : (5.35)

Then, a one-parameter fit in thecos �1 � cos �2 plane is sufficient to determine the longitudinal
polarizationR0. However,�T has two pieces, corresponding to the parity conserving (P -wave)
amplitude (V V part of the weak interaction) and to the parity-violating (S +D waves) amplitude
(AV part of the interaction).

In the transversity formalism the angles are defined as follows: In theJ= rest frame, the momen-
tump defines theOx axis ; the planeK� contains theOy axis withpy(K) > 0 ;Oz is the normal
toK� plane;�tr is the so-called transversity angle between`+ andOz, and the projection of̀+ on
theK� plane in theJ= rest frame and theOx axis define the azimuthal angle�tr. The third angle
�1 is defined like in the helicity basis (Fig. 5-9).

TheK� linear polarization lies in theK� plane because the VPP couplingK�K� is of the form
"K� � (pK � p�), and one can consider theK� linear polarization to be"K� = bx (longitudinal) or
"K� = by (transverse). The three transversity amplitudes are then defined by the direction of the
polarization ofJ= :

A0 : "K� = bx " = bx (CP = +)

Ak : "K� = by " = by (CP = +)

A? : "K� = by " = bz (CP = �) :

Thus the notation becomes transparent:Ak means transverse polarization parallel to the plane of
the other decay, andA? means transverse polarization perpendicular to that plane [14].

The relation between the angles in the helicity and the transversity basis is

cos �2 = sin �tr cos�tr

sin �2 sin� = cos �tr

sin �2 cos� = sin �tr sin�tr : (5.36)
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Thus, the angular distribution writes for the transversity basis is:

1

�

d3�

d cos �trd cos �1d�tr
=

9

32�

1

jA0j2 + jAkj2 + jA?j2
(5.37)

n
2 cos2 �1(1� sin2 �tr cos

2 �tr)jA0j2 + sin2 �1(1� sin2 �tr sin
2 �tr)jAkj2

+sin2 �1 sin
2 �trjA?j2 + sin2 �1 sin 2�tr sin�tr Im(A�kA?)

+
1p
2
sin 2�1 sin

2 �tr sin 2�tr Re(A
�
0Ak)�

1p
2
sin 2�1 sin 2�tr cos�tr Im(A�0A?)

)
:

The combinationjA0j2 + jAkj2 describes the parity-even (S +D waves) whilejA?j2 corresponds
to the parity-odd (P -wave) components. Define the proportion of parity-odd component as

R? =
jA?j2

jA0j2 + jAkj2 + jA?j2
: (5.38)

Integrating over�tr and�1 one obtains

1

�

d�

d cos �tr
=

3

8
(1�R?)(1 + cos2 �tr) +

3

4
R? sin

2 �tr (5.39)

and the parity-odd component can be extracted by a one-parameter fit. This time-independent
analysis applies to chargedB decays as well as to neutralB decays without tagging. This analysis
has been done by CLEO forJ= K�, this measurement which provides a necessary input in the
simulations forCP this mode.

The CLEO fit on these distributions gives [13]

R0 = 0:52� 0:07� 0:04; R? = 0:16� 0:08� 0:04 (5.40)

and the relative phases'(A) with the convention'(A0) = 0

'(Ak) + � = 3:00� 0:37� 0:04 '(A?) = �0:11� 0:46� 0:03 (5.41)

(the � comes from the CLEO choice of angle convention). These results are consistent with

relative reality of the amplitudesAk, A?, A0, as expected within the hypothesis of factorization
[15, 16].
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Figure 5-10. Helicity frame forB ! D�+D�� ! D0�+D0��. The vectorŝc; v̂, andd̂ are used
to define the angles like in theJ= K� case, described in the text.
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Figure 5-11. Transversity frame forB ! D�+D�� ! D0�+D0��.
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The angular distribution in the helicity and the transversity frames for the modeB0
d ! D�+D�� !

D0�+D0�� are given below [17]. In the helicity basis, the angles are defined as follows:�1 is the
polar angle of�� in theD�� rest frame,�2 is the polar angle of�+ in theD�+ rest frame, and� is
the azimuthal angle between theD�+ andD�� decay planes (Fig. 5-10).

1

�

d3�

d cos �1d cos �2d�
=

9

16�

1

jA0j2 + jA+1j2 + jA�1j2
(5.42)

�
1

2
sin2 �1 sin

2 �2
�
jA+1j2 + jA�1j2

�
+ 2 cos2 �1 cos

2 �2jA0j2

+sin2 �1 sin
2 �2

h
cos 2� Re(A+1A

�
�1)� sin 2� Im(A+1A

�
�1)
i

�1

2
sin 2�1 sin 2�2 [cos� Re (A+1A

�
0 + A�1A

�
0)� sin� Im (A+1A

�
0 � A�1A

�
0)]

�
:

Integrating over the angle� gives

1

�

d2�

d cos �1d cos �2
=

9

16
(1�R0) sin

2 �1 sin
2 �2 +

9

4
R0 cos

2 �1 cos
2 �2 : (5.43)

Then, a one-parameter fit in thecos �1 � cos �2 plane is sufficient to determine the fraction of
longitudinal polarizationR0.

In the transversity basis, the angles are the polar angle�1 of the�� in theD�� rest frame (like in
the helicity basis), the polar angle�tr between the normal to theD�� decay plane and the�+ line
of flight and the relative azimuthal angle�tr (Fig. 5-11). The angular distribution writes then

1

�

d3�

d cos �1d cos �trd�tr
=

9

16�

1

jA0j2 + jAkj2 + jA?j2
(5.44)

n
2 cos2 �1 sin

2 �tr cos
2 �trjA0j2 + sin2 �1 sin

2 �tr sin
2 �trjAkj2

+sin2 �1 cos
2 �trjA?j2 � sin2 �1 sin 2�tr sin�tr Im(A�kA?)

� 1p
2
sin 2�1 sin

2 �tr sin 2�tr Re(A
�
0Ak)

+
1p
2
sin 2�1 sin 2�tr cos �tr Im(A�0A?)

)
:

Integrating over� and�1 one obtains

1

�

d�

d cos �tr
=

3

4
(1� R?) sin

2 �tr +
3

2
R? cos

2 �tr (5.45)

and the parity-odd component can be extracted by a one-parameter fit.
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5.1.4 Isospin Analysis

The isospin structure of QCD penguin diagrams is, in general, more restricted than that of the
tree contributions. Hence, isospin analysis can be a useful tool in some channels for separating
the effects of these two types of contribution. This is discussed in greater detail in Chapter 6,
since the method is most useful for channels that measure�, as it can achieve a clean separation
of a tree-only contribution. For the� modes no such clean separation can be made, but it is
possibly still useful to apply isospin analyses to these channels as it provides tests that help to gain
an understanding of and further constraints on penguin contributions, and on the validity of the
factorization approximation.

In Type I decays, charmonium+K(K�), the transition is pure�I = 0, implying the equality of
the amplitudesA

�
B0
d ! (cc)K0

�
= A (B�

u ! (cc)K�). This simple isospin relationship shows
that measurements of the charged modes can be used to constrain the time-independent quantities
that also enter into the neutral decay channels. While none of these quantities is needed to extract
sin 2� such relationships between channels provide useful cross checks for the understanding of
experimental data.

For Type II decays, as theDD modes, there are three possible charge statesB0
d ! D+D�; D0D0,

B� ! D�D0. Since the interactionHw is �I = 1
2
, with final isospin then either0 or 1 for both

tree and penguin operators, these cannot be separated via isospin analysis.

In the isospin basis the finalDD can be in a stateI = 0 or I = 1. Isospin symmetry says that
each isospin amplitude has a unique strong phase, although they are not necessarily the same for
current-current (tree) and penguin operators. This last can be understood from the fact that the
kinematics of the two diagrams are different and hence the mixing of the two-body state with
higher multiplicity states of the same isospin is different for the two terms, this then results in
different rescattering phases. One can write [18]

A
�
B0
d ! D+D�

�
=

1

2
A1 +

1

2
A0 (5.46)

A
�
B0
d ! D0D0

�
=

1

2
A1 � 1

2
A0

A
�
B� ! D0D�

�
= A1:

This implies the isospin triangular relation

A
�
B0
d ! D+D�

�
+ A

�
B0
d ! D0D0

�
= A

�
B� ! D0D�

�
(5.47)

and a similar one for theCP -conjugated processes. Relations of the same form hold separately for
the modesB ! DD�,DD� and for the different spin amplitudes ofB ! D�D�.

From these relationships it is clear that one can find the magnitudes and relative phases of the
various isospin amplitudes from a measurement of the three rates. In principle this allows one to
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define and measure an asymmetry for each isospin separately. These two quantities both would be
proportional tosin 2� if penguin effects were negligible, but the non-negligible penguins introduce
a shift to both.

However, from vector current conservation and the assumption of factorization,A
�
B0
d ! D0D0

�
=

0, since the only possible diagram is of the exchange type (Fig. 5-5b). For the other modes, the
amplitudes in the neutral mode,e.g.,A(B0

d ! D�0D0), A(B0
d ! D0D�0) or A(B0

d ! D�0D�0),
current conservation is not applicable, but these are suppressed by a color factora2 and also
by a form factor at largeq2, F cc(m2

B). Neglecting the exchange diagram, one predicts equality
between the other two modes, as inA(B� ! D0D�) = A(B0

d ! D+D�). Thus the factorization
assumption predictsA00 = 0, which implies thatA1 = A0, and in fact separatelyT1 = T0 and
P1 = P0. Thus, up to terms due to rescattering, the two definite-isospin asymmetries, and hence
the overall asymmetry, are the same. Clearly the size ofA00 and itsCP conjugateA00 provide a
test of factorization, but the isospin analysis gives little new information in these channels. Note
that the preceding discussion is not changed by Electroweak penguin operators, since these are
also�I = 1

2
.

For the Type III modes, insofar as these are penguin-dominated, there is nothing to be gained by
isospin analysis. Fordds modes there is a small tree-contribution. Here the possible application
of isospin analysis would be to isolate a pure-penguin term, whereas in the� channels the aim is
to isolate a pure-tree term. While the latter is possible, the former is not, because the tree terms
contribute to every possible isospin state, while the penguins contribute only to a restricted class.

Thus the general conclusion is that isospin analysis is not particularly useful in the� channels.

5.1.5 Modeling the Uncertainty on�

Decays of Type II or III can help to measuresin 2�, based on the naively expected order of
magnitude of penguins and current-current operators respectively. As discussed above, corrections
due to the suppressed terms may be significant. These corrections can be calculated using theo-
retical models, but this introduces a theoretical uncertainty in the extracted value of�, due to the
uncertainty of the model-dependent calculation. As a first approximation for this uncertainty, one
can take the size of the shift introduced in a simple model as the uncertainty in�. As understanding
of the validity of these models is improved by confronting them with data, the actual shift may
become better determined and the uncertainty in the shift reduced. In this section, the uncertainty
on� for decays of Types II and III is estimated as the shift in� calculated using factorization [19]
and neglecting the relatively small effect of electroweak penguins.
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5.1.5.1 Type II modes

For Type II (Cabibbo-suppressed) modes, within the factorization assumption, there are no final-
state interactions and hence FSI phases! 0. From the general formalism of decays ofB0

d, B
0
d to

common modes that areCP conjugate pairs but not necessarilyCP eigenstates [20], one can write
the time-dependent rates for the differentDD,DD� +D�D,D�D� modes in the form

R(B0
d(t)! f) � [1 +R cos(�mt) + �fD sin[2(� +��)] sin(�mt)]

R(B0
d(t)! f) � [1�R cos(�mt)� �fD sin[2(� +��)] sin(�mt)] (5.48)

where�f = + for DD and for(D�D�)CP=+, and also forDD� +DD� in some theoretical limit
(see Section 5.1.6), and�f = � for (D�D�)CP=� and

D =
2jAj jAj
jAj2 + jAj2 R =

jAj2 � jAj2
jAj2 + jAj2 (5.49)

since one has:
q

p

A(f)

A(f)
= �f

jAj
jAj e

�2i(�+��) : (5.50)

The effect of penguins is to shift the angle� by an amount��, and also to affect the dilution
factorD. Since within factorization the FSI phase is neglected, forCP eigenstatesD = 1. For
non-CP eigenstates, sinceD2 +R2 = 1 andD can be measured from thecos�mt dependence.

For the purpose of modeling the shift��, one can write the amplitudes for the different decays
DD,DD�,D�D,D�D� (up to irrelevant overall phases) [21]:

A(B0
d ! D+D�) =

GFp
2
fD(m

2
B �m2

D)f
cb
0 (m

2
D) (5.51)

�
"
V �
cd Vcb a1 � V �

td Vtb

 
a4 + a6

2M2
D

(mb �mc)(mc +md)

!#

A(B0
d ! D+D��) =

GFp
2
2fD� mBf

cb
+ (m

2
D�)p (V

�
cd Vcb a1 � V �

td Vtb a4)

A(B0
d ! D�+D�) = �GFp

2
2fD mB A

cb
0 (m

2
D)p

�
"
V �
cd Vcb a1 � V �

td Vtb

 
a4 � a6

2M2
D

(mb +mc)(mc +md)

!#

and the amplitudesD�+D�� are:

A0 = A
�
B0
d ! D�+(� = 0)D��(� = 0)

�
=
GFp
2
mD� fD�
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"
(mB +mD�)

 
2p2 +m2

D�

m2
D�

!
Acb1 (m

2
D�)� m2

B

mB +mD�

2p2

m2
D�

Acb2 (m
2
D�)

#

� (V �
cd Vcb a1 � V �

td Vtb a4) (5.52)

Ak = GF mD� fD�(mB +mD�)Acb1 (m
2
D�) (V

�
cd Vcb a1 � V �

td Vtb a4) (CP = +)

A? = GF mD� fD�

2mB

mB +mD�

V cb(m2
D�)p (V �

cd Vcb a1 � V �
td Vtb a4) (CP = �) :

In the preceding equations,a1 = C2 +
C1

Nc
, a4 = C4 +

C3

Nc
, a6 = C6 +

C5

Nc
, with the short-distance

coefficientsCi given in Appendix A. Since in this approximation the various form factors in the
DD andDD� case appear only as overall quantities, multiplying both the leading and the naively
suppressed term, their actual form does not affect the estimated value of the shift��. This is also
true for the transverse amplitudeA? in theD�D� case. Thus the model gives

(��)DD = Arg

"
1 + (1� �� i�)

1

a1

 
a4 + a6

2M2
D

(mb �mc)(mc +md)

!#

(��)D�D = Arg

"
1 + (1� �� i�)

1

a1

1

2

 
2a4 � a6

2M2
D

(mb +mc)(mc +md)

!#

(��)D�D� = Arg

�
1 + (1� �� i�)

1

a1
a4

�
: (5.53)

The two penguin terms in(��)DD have the same sign, while the two terms in(��)D�D have op-
posite signs: the penguin correction is smaller inDD� than inDD. For the purpose of illustration,
the uncertainties on masses and short-distance coefficients are neglected, and the correction�� is
computed in terms of� and�. Using the numerical valuesa1 = 1:04, a4 = �0:031, a6 = �0:042
and the current massesmb = 4:7 GeV=c2,mc = 1.2 GeV=c2, one finds

(��)DD �= Arg[1� 0:088(1� �� i�)]

(��)D�D
�= Arg[1� 0:010(1� �� i�)]

(��)D�D�
�= Arg[1� 0:029(1� �� i�)] (5.54)

Since bothsin 2� and�� are functions of(�; �), the allowed region in the� � � plane due to the
constraints coming from"K, B0

d � B0
d mixing andjVubj will result in an allowed domain in the

plane�� � sin 2�. In Fig. 5-12 the allowed domains from Eq. (5.54) are plotted for each these
modes.

5.1.5.2 Type III (Penguin-dominated) modes

In the same way one can estimate, using the factorization assumption, the correction�� due to
the tree diagram in the penguin-dominated modes like�0KS, �0KS, �0(K�0)KS�0 or �0(K�0)KS�0 .
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Figure 5-12. Uncertainty�� due to penguins in Cabibbo-suppressed (Type II) decays, assuming
factorization.
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Again one can use the model estimate of the shift as an estimate of the uncertainty in the shift.
Note that the modes�KS, �K�0 do not have any tree contribution, and the determination of� is
free from ambiguities.

To illustrate the expected shift�� for the other modes, consider the amplitudes assuming factor-
ization:

A(B0
d ! �0K0) =

GFp
2
fP (m

2
B �m2

P )f
ub
0 (m2

P )
1p
2

(5.55)

� [V �
us Vub a2 + V �

ts Vtb (a4 + a6CP )]

A(B0
d ! �0K0) =

GFp
2
2 fP mB A

qb
0 (m

2
P )p

1p
2

� [V �
us Vub a2RV P + V �

ts Vtb (a4 � a6CP )]

A(B0
d ! �0K�0) =

GFp
2
2 fV mB f

qb
0 (m2

V )p
1p
2
(V �

us Vub a2RPV + V �
ts Vtb a4)

whereCP �= 2m2
K

mb ms
, RPV = R�1

V P is the ratiofPA
qb
0 (m

2
P )=fV f

qb
0 (m2

V ), and the amplitudes for
�0K�0 are:

A0 =
GFp
2

1p
2
(V �

us Vub a2 + V �
ts Vtb a4)mV fV (5.56)
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Ak = GF

1p
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2
V )

A? = GF

1p
2
(V �

usVuba2 + V �
tsVtba4)mV fV

2mB

mB +mV

V qb(m2
V )p :

In all these formulaeP andV stand for light pseudoscalar and vector mesons.SU(3) symmetry
has been used to reduce the number of independent form factors. This is essential to the estimate
and introduces a further source of uncertainty into it. Moreover, for the sake of simplicity,RPV =

R�1
V P = 1 is used, although this could be an overestimation in view of the actual ratiofP=fV .

Then the shift on� for the different modes are:

(��)�0KS
= Arg

"
1� (�� i�)

�2 a2

a4 + a6CP

#
(5.57)

(��)�0KS
= Arg

"
1� (�� i�)

�2 a2

a4 � a6CP

#

(��)�0(K�0)CP
= Arg

"
1� (�� i�)

�2 a2

a4

#
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(��)�0(K�0)CP
= Arg

"
1� (�� i�)

�2 a2

a4

#

In this latter caseK�0 is assumed to decay in aCP eigenstate, and�0K�0 to be in a definite partial
wave, and hence a definiteCP .

Numerically, one finds (usingms
�= 150 MeV=c2)

(��)�0KS
= Arg [1 + 0:169(�� i�)] (5.58)

(��)�0KS
= Arg [1 + 3:49(�� i�)]

(��)�0(K�)CP
= Arg [1 + 0:322(�� i�)]

(��)�0(K�)CP
= Arg [1 + 0:322(�� i�)] :

In the�0KS case, the model predicts that the tree is of the same order as the penguin due to the
near cancellation between thea4 anda6 coefficients in the penguin term (the same cancellation that
gives a small�� for theDD� channel). It is clear that this mode cannot be used for the extraction
of �. Further the branching ratio for this mode is predicted to be very small. This suppression of
the�0KS amplitudes implies that electroweak penguins may be important in this mode; these were
not included in the above estimates.

This calculation predicts the hierarchyB(�0K0) � B(�0K�0) < B(�0K0). The mode!KS is
known from isospin arguments alone to be sizeable becauseB� ! !K� has been observed with a
branching ratio ofO(10�5) (Table 5-5). This rate is not surprisingly high taking into account both
QCD and electroweak penguin contributions, although a factorization calculation gives an unstable
result owing to the uncertainties on the short-distance coefficients. Tests of these and other model
predictions may serve to help reduce the uncertainty in the shift of�.

In the Fig. 5-13 the allowed domains in the plane�� � sin 2� for these modes are plotted. This
can be used to estimate the theoretical uncertainty onsin 2�. The correction for�0K� and�0K�

is substantial (for the former this is possibly an overestimation in view of the value adopted for
RPV ); only the mode�0KS seems favorable in view of this naive calculation.

The channel�0KS is interesting. The modesB0
d ! �0K0 andB� ! �0K� have been observed

with a large branching ratio of the order of5� 10�5 (Table 5-5). An estimation of the rate can be
made using the same model assumptions as above, withHeff of Appendix 1. The mode is found
to be penguin-dominated. Taking into account the two possible topologies for�0K0 of Figs. 5-3
(�0 = �1, cos � + �8 sin �), the model gives:

B
�
B0
d ! �0K0

� �= 3� B
�
B0
d(B

0
d)! K���

�
= (5.59)

= 3� (1:50� 0:51)� 10�5

where theSU(3) singletf1 and octetf8 pseudoscalar decay constants are taken to be equalf1 =

f8 = fK. In this rough calculation, the finite chiral-limit quantity is estimated by
p
3h0jq
5qj�1i �=

REPORT OF THEBABAR PHYSICS WORKSHOP



228 Determination of�

Figure 5-13. Uncertainty�� due to the tree diagram in penguin-dominated (Type III) decays,
assuming factorization.
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h0js
5qjKi [22]. This naive estimate qualitatively reproduces the measured rate [23], and the shift
in � is found to be small:

(��)�0KS

�= Arg [1� 0:05(�� i�)] : (5.60)

This shift is plotted in Fig. 5-13.

The �0 is coupled to two gluons through the chiral anomaly. Contributions of this type have the
penguin topology. If they are large, the ratio of tree to penguin contributions, and hence the shift
of �, for �0KS could be even smaller. A smallcc component in the�0 wave function has also
been assumed [24] in some models to fit the large rate. Such contributions would not invalidate
the measurement ofsin 2� since the CKM phase of these terms is exactly that assumed for the
dominant term.

5.1.6 Measurement of� in Inclusive Decays

This section examinesCP asymmetries in inclusive decaysB0
d , B

0
d ! DD + X (�S = 0). It

has been suggested that such a measurement could be useful in the analysis of the earliest BABAR

results. However, since bothCP -odd andCP -even modes contribute such an asymmetry cannot
be interpreted as a measurement ofsin 2� unless the fraction of each signCP state can be reliably
calculated.

5.1.6.1 CP asymmetry in the sum of allDD type modes.

Heavy-quark symmetry and factorization be used to estimate the theCP properties of the sum of
the ground state decay modesB0

d , B
0
d ! DD +DD� +DD� +D�D�. The total branching ratio

is predicted to be about2� 10�3 (Table 5-4).

The stateDD is aCP = + state. Now considerDD� +DD�. Note that in the heavy-quark limit
D andD� are degenerate partners of the same multiplet. Define two states of definiteCP :

1p
2
(jD�(� = 0;p)D(�p) > �jD(p)D�(� = 0;�p) >) (CP = �) : (5.61)

In the limit of heavy-quark symmetry, the transformation ofHw under the operatorCP � exp
�
i�
2
�(c)z

�
implies that the spectator diagram (Fig. 5-5a) produces only theCP = + combination, while the
exchange diagram (Fig. 5-5b) gives only theCP = � one [21]. The exchange diagram contribution
is presumably small since: 1) it is suppressed by the short-distance factora2 �= 0:2 ; and 2) there is a
form factor suppressionA0(q

2) because of the largeq2 = m2
B in thes-channel. Thus,DD�+DD�

is predicted to be in aCP = + state to a good approximation [21].
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D�D� could be in aCP = + state (S +D waves) or aCP = � state (P wave). This contribution
can be estimated in the heavy-quark limit. In this limit and within the factorization assumption the
decaysDD, DD�, DD�, andD�D� are related to the decay constantfD = fD� and to the form
factorsB ! D (D�) that are given by the Isgur-Wise function�(w). In the non-leptonic decays
under consideration, the value ofw is fixed:w = mB

2mD

. One can write theCP asymmetry for the
whole ground state sum as

a(t) = Dg:s: sin 2� sin�mt (5.62)

with the dilution factor given by the pure kinematic quantity

Dg:s: = 1� 2�?

�g:s:
= 1� 4(w2 � 1)

4(w2 � 1) + (2w � 1)2(w + 1)2
w =

mb

2mc

(5.63)

where�g:s: = �(DD +DD� +DD� +D�D�) is the total ground state width. With real masses,
this givesDg:s:

�= 0:95. Even though these modes are Cabibbo suppressed, the whole sumDD +

DD�+DD�+D�D� represents a statistical gain of a factor 6 relatively to the golden modeJ= K0
S
.

However, the poorer detection efficiency in the former case putsDD+DD� +DD� +D�D� and
J= K0

S
on roughly equal footing. Further, as discussed above there is a theoretical uncertainty in

the extraction of� from these modes due to the terms from penguin diagrams that contribute with
a different weak phase.

As a check on the validity and the heavy-quark-limit estimate, theCP properties ofDD� +DD�

system can in principle be measured by looking for example at the three-body angular-distribution

D+D�� +D�D�+ ! D+D��0 :

In the center of mass of theD+D�, the relative partial wave of the�0 will give theCP of the
system (L = even, CP = �; L = odd, CP = +), and the two componentsCP = +, CP = �
could be hopefully separated. This will not be easy, however, because the� is very soft.

5.1.6.2 CP asymmetry in total b! ccd

It has been pointed out recently [25] that inclusiveB decays can be useful in the measure of the
CP angles. In the case of�, the method would need to isolate�C = 0 �S = 0, but with charmed
particles in the final states,i.e.,decays of the formb(b) ! ccd(d). The estimated total branching
ratio to such states is about1%. The time-dependent asymmetry can be written in the form of Eqs.
(5.2) and (5.3),

�f = � M�
12

jM12j
�f;12

�f;11
; �f;ij =

X
k

hijfkihfkjji (5.64)

In these formulas,i, j indicateB0
d orB0

d andf the type of final states,i.e.,�C = 0, �S = 0 with
charm. The calculation of [25] estimates the ratio ofCP -odd toCP -even final states. It is found
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that the relative size of penguin-only compared to tree-dominated contributions to the total rate is
small. One obtains a predicted dilution factor

Im �f �= �0:41 sin 2�: (5.65)

However this calculation requires strong assumptions and thus has a significant theoretical uncer-
tainty. The feasibility of such a measurement is worth studying. However care must be taken in
comparing any measurement to this predicted asymmetry because cuts made to reduce background
could possibly affect theCP -odd andCP -even states differently, so the expected dilution factor
may need to be re-estimated for the actual experimental situation. Further theoretical work is also
needed to estimate the uncertainties in the dilution factor.

5.1.7 Discrete Ambiguities

The measurement ofsin 2� can only determine� up to a four-fold ambiguity [26]:f�; �
2
� �; �+

�; 3�
2
� �g, with � defined by convention to lie between0 and2�. In addition to the values of

sin 2�, one needs to determine the signs ofcos 2� andsin�, and also those ofcos 2� andsin�.
These four signs resolve the ambiguities completely. As far as� is concerned,

� sign(cos 2�) would resolve the� ! �
2
� � ambiguity.

� sign(sin�) would resolve the� ! � + � ambiguity.

Within the Standard Model, the present data on the CKM matrix elements reduces the allowed
range, implying that2� is in the first quadrant0 < � < �

4
and that0 < � < �, and that there

is a correlation between the values of� and�. The ambiguities in� and� could hide a beyond-
Standard-Model result that has a different sign pattern, because the related ambiguous solution is
consistent with the Standard Model. Thus it is interesting to attempt to resolve these ambiguities.

5.1.7.1 Determination of sign (cos 2�)

1) Interference between oppositeCP amplitudes in J= K�.

The first question here is whether it is possible to lift the ambiguity� ! �
2
� � by examining the

interference terms between oppositeCP terms inJ= K� or D�D�. These terms are interference
terms betweenCP -even andCP -odd amplitudes, of the form

Im A?(t)A
�
k(t) Im A?(t)A

�
0(t)
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Table 5-1. Observables in transversity frame forJ= (K�0)CP

Time-dependent Time dependence Time-independent

observable observable

jAkj2 (CP= +)

jA?j2 (CP= �) sin�mt sin 2�

jA0j2 (CP= +)

constant cos['(Ak)� '(A0)]

ReAkA�0 sin�mt cos['(Ak)� '(A0)] sin 2�

sin�mt cos['(A?)� '(Ak)] cos 2�

Im A?A
�
k cos�mt sin['(A?)� '(Ak)]

sin�mt cos ['(A?)� '(A0)] cos 2�

Im A?A
�
0 cos�mt sin['(A?)� '(A0)]

that can be obtained from the transversity analysis [12, 13, 14], as was shown above. For example

Im A?(t)A
�
k(t) � Im A?(0)A

�
k(0) cos�mt� Re A?(0)A

�
k(0) � cos 2� sin�mt (5.66)

contains a term incos 2�. To lift the ambiguity one needs the sign ofcos 2�, but there is the
unknown sign of the coefficientRe A?(0)A�k(0), due to the strong interactions.

The relative phase betweenAk(0) andA?(t) and betweenAk(0) andA0 have been measured
by CLEO. CLEO reports the phases (5.41), consistent with the relative reality of the amplitudes
A0, Ak, A? as given by the factorization assumption. However there is a discrete ambiguity that
leads to a difficulty. As pointed out above, looking at the time-dependent formulae in Appendix
B of Dunietzet al., [12] one sees that one can measure by angular analysis the time-dependent
observablesjAkj2, jA?j2, jA0j2, Re AkA�0, Im A?A

�
0, Im A?A

�
k and, separating the constant,

sin�mt and cos�mt terms, one can measure the time-independent observables quoted in the
Table 5-1.

The terms containingcos 2� are of the formcos �FSI cos 2� sin�mt, where�FSI is some strong
phase. CLEO results concern the time-independent angular distribution (the non-vanishing terms
at t = 0 in the Table 5-1, the constant andcos�mt terms):

cos'(Ak) ; sin
h
'(A?)� '(Ak)

i
; sin'(A?)

(in the convention'(A0) = 0). These quantities remain invariant under

'(Ak)! �'(Ak) '(A?)! � � '(A?) (5.67)
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while the terms proportional tocos 2� change sign

cos
h
'(A?)� '(Ak)

i
cos 2� ! � cos

h
'(A?)� '(Ak)

i
cos 2�

cos'(A?) cos 2� ! � cos'(A?) cos 2� : (5.68)

Thus there is a sign ambiguity oncos['(A?)�'(Ak)] and oncos'(A?) and therefore a sign ambi-
guity oncos 2� remains. One of the solutions for sign(cos['(A?)� '(Ak)]) and sign(cos'(A?))
will correspond to the relative sign betweenCP -even andCP -odd amplitudes as given by factoriza-
tion. The other solution will correspond to the situation in which the relative sign has been exactly
reversed by a very large FSI. Thus the measurement of the relative phases plus the hypothesis of
factorization can give a model-dependent result on the� ! �

2
� � ambiguity. Clearly, however,

if this leads to a value for� inconsistent with that extracted from other measurements using the
Standard Model, the factorization hypothesis will need to be examined more closely.

2) Dalitz plot analyses throughD��.

To lift the ambiguity� ! �
2
� � one can try, in analogy with Dalitz-plot analysis for� in B0

d,
B0
d ! �+��, �+�� ! �+���0 [27], for example the Dalitz-plot interferenceD+D��0 through

D�(B(D�+ ! D+�0) = 30 %):

B0
d; B

0
d ! D+D��; D�+D� ! D+D��0

This decay mode and other interesting channels are studied in detail in [28]. The time-dependent
rates are ���At �B0

d ! D+D��0
����2 = e��t

1

2

h
jA1j2 + jA2j2

i
(5.69)

n �
jf+j2 + jf�j2

�
+D 2Re[f+(f�)�]

� cos�mt
h
R
�
jf+j2 � jf�j2

�
�D sin � 2Im

h
f+(f�)�

ii

� sin�mt
h
D(sin(2� � �)jf+j2 + sin(2� + �)jf�j2) + sin 2� 2Re[f+(f�)�]

+R cos 2� 2Im[f+(f�)�]
io

and jAt (B0
d ! D+D��0) j2 is obtained by changing the sign of the coefficients of thecos�mt

andsin�mt terms. f+(f�) are the Breit-Wigner of the decaysD�+ ! D+�0(D�� ! D��0),
and

D =
2jA1j jA2j
jA1j2 + jA2j2

R =
jA1j2 � jA2j2
jA1j2 + jA2j2

� = arg
�
A1A

�
2

�
(5.70)

whereA1 = A(B ! DD�) is the amplitude of emission ofD�, andA2 = A(B ! DD�) is
the amplitude of emission ofD. The sign ofcos 2� can in principle be measured, and lift the
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ambiguity. However, the interference effect is expected to be very small, essentially because the
D� is so narrow(�(D�) < 0:1 MeV), and the effect is unobservable.

But one could tryD�� in the different decay modesD� andD�� and look at the various Dalitz
plotsDD�;DD��,DD��,D�D��, e.g.,[28]

B0
d; B

0
d ! D+D��� +D�D��+ ! D+D��0

B0
d; B

0
d ! D�+D��� +D��D��+ ! D�+D���0

B0
d; B

0 ! D+D��� +D��D��+ ! D+D���0 :

The first excited level̀ = 1 has the following states:D��
1=2(0

+),D��
1=2 (1

+),D��
3=2(1

+) andD��
3=2(2

+),
wherej = 1

2
, 3
2

is the total angular momentum of the light quark relative to the heavy quark.
D��

3=2(1
+) andD��

3=2(2
+) have been seen clearly in semileptonicb decay:D��

1 (2420) decays only in
D��, whileD��

2 (2460) decays inD�, D�� (in a proportion 1.8, taking into account phase space).
Below a quantitative model of theDD� Dalitz plot through the distribution Eq. (5.69) is made to
study measurement ofcos 2�. One should however emphasize that, unlike the 3� case, this analysis
does not allow the penguin contribution to be separated, and hence a theoretical uncertainty in the
value ofsin 2� remains. Another Dalitz-plot analysis that could measure sign(cos 2�) isD+D�KS

viaD��
s [28] (provided rates are favorable in the interesting regions). This mode is in principle quite

interesting because it is CKM allowed and free of penguins.

3) Cascade decayBd ! J= K0 ! J= (��`+�`).

A nice remark has been made recently [29] that can also help to measurecos 2�. While the time-
dependent rate (tB is the time at which theB meson decays)

�
h
B0
d(B

0
d)! J= K0

S

i
� e��BtB [1� sin 2� sin�mBtB] (5.71)

only allows the measurement ofsin 2�, the cascade decay rate

�
h
B0
d(B

0
d)! J= K ! J= ��`��

i
(5.72)

can give information also oncos 2� due to the interference withK0-K0 mixing. The form rates,
dependent ontB andtK , can be written as (the times of decay ofB andK respectively):

e��BtB
n
e�
StK [1� sin 2� sin(�mBtB)] +

e�
LtK [1� sin 2� sin(�mBtB)]
�
(�) 2e

� 1
2
(
S+
L)tK

� [cos(�mBtB) cos(�mKtK) + cos 2� sin(�mBtB) sin(�mKtK)]
o
: (5.73)

One observes that a term incos 2� appears due to the interference betweenB0
d-B

0
d mixing and

K0-K0 mixing. The angle� here is not polluted by penguins.
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5.1.7.2 Determination of sign (sin�)

The determination of sign(sin�) [26] would lift the ambiguity� ! � + �. However, this needs
some model-dependent input. It can be done by comparing Type I and Type II decays, for example
J= K0

S
versusD+D�. The comparison of the coefficients ofsin�mt in both classes (see Eqs.

(5.12) and (5.17)):

SJ= K0
S

= � sin 2� (5.74)

SD+D� =
sin 2� � 2jRDDj sin� cos �DD

1 + jRDDj2 � 2jRDDj cos� cos �DD
can give the sign(sin�) if sign(cos 2�) and sign(cos �DD) are known. The sign(cos 2�) could be
determined by the method described above. The determination of sign(cos �DD) needs model-
dependent input. Without loss of generality one can keep the leading order injRDDj, that gives:

SJ= K0
S

+ SD+D� = 2jRDDj cos �DD cos 2� sin � : (5.75)

Within factorization, sign(cos �DD) = + (see Eqs. (5.14) and (5.52) and the fact thata4; a6 < 0)

sign
�
SJ= K0

S

+ SD+D�

�
= sign (cos 2� sin�) : (5.76)

Note that the present Standard-Model range gives sign(cos 2� sin�) > 0, and the asymmetry in
D+D� is larger in magnitude than inJ= K0

S
, and opposite in sign.

5.1.7.3 Modeling the extraction ofcos 2� from Dalitz plot analyses

The Dalitz plot analysis ofe.g.,B0
d,B

0
d ! D+D��0 throughD�, can be modeled in the factoriza-

tion approximation. This analysis seems hopeless because theD� is very narrow, and, in addition,
a further problem is that the interference term incos 2� that lifts the ambiguity is too small, since
its coefficientR vanishes in the heavy-quark limit assuming factorization,A �= A � fD �

�
mB

2mD

�
.

For theD�� channels proposed above [28] an estimate of the magnitude of the coefficient of the
cos 2� term can be made by assuming factorization. To study the different Dalitz plots one needs
to estimate the current matrix elementsB ! D,D� andB ! D��

1=2(0
+; 1+),D��

3=2(1
+; 2+) and the

decay constantsfD = fD�, and the differentfD��.

The current matrix elements forB ! D(D�) in the heavy-quark limit are given in terms of the
Isgur-Wise function�(w) and the transitionB ! D��

1=2(0
+; 1+),D��

3=2(1
+; 2+) are given in terms of

the IW functions�1=2(w), �3=2(w) [30]. On the other hand, in the heavy-quark limitD��
1=2(0

+; 1+)

have equal decay constantsf (1=2)D while f (3=2)D = 0.

Thus factorization plus heavy-quark symmetry predicts

A(B ! DD��
3=2(1

+)) = A(B ! DD��
3=2(2

+)) = 0 ! R = 1 : (5.77)
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Table 5-2. Theoretical and experimental branching ratios (B) for semi-leptonicB ! D;D�;D��

decays.

TheoreticalB Experimental Branching Ratio

(Orsay Quark PDG 1997 [32] New Measurements

Model [31])

B0 ! D+`�� 2.35% (1:9� 0:5)% (1:87� 0:15� 0:32)% [33]

B� ! D0`�� 2.35% (1:6� 0:7)% (1:94� 0:15� 0:34)% [33]

B0 ! D�+`�� 6.86% (4:68� 0:25)%

B� ! D�0`�� 6.86% (5:3� 0:8)%

B ! D��
3=2(2

+)`� 0.70%

B ! D��
3=2(1

+)`� 0.45%

B ! D��
1=2(1

+)`� 0.07%

B ! D��
1=2(0

+)`� 0.06%

On the other hand, since numerically one has�1=2(w)� �(w), and moreoverf (1=2)D is predicted to
be of the same order of magnitude asfD [31] there is an expected hierarchy

jA(B ! DD��
1=2(0

+))j � jA(B ! D��
1=2(0

+)D)j (5.78)

jA(B ! DD��
1=2(1

+))j � jA(B ! D��
1=2(1

+)D)j:
This also impliesjRj �= 1.

From these selections rules and the fact that�1=2(w) � �(w) one sees that indeed the coefficient
of thecos 2� term will be maximal for theD+D��0 Dalitz plot.

In the Table 5-2 are given the semileptonic branching ratios in the Bakamjian-Thomas scheme
(Orsay Quark Model [31]). This model predicts covariant form factors with Isgur-Wise scaling
(see also Appendix B). For the decay constants the heavy-quark-model values for the same model
are used; namelyf (1=2)D � fD, takingfD �= 210 MeV from lattice calculations.

In the Figs. 5-14a and 5-14b show the Dalitz plotBd ! D+D��0 viaD��
1=2(0

+) andD��
3=2(2

+) at
t = 0. One can clearly see theD-wave decay of the2+ state. As an illustration, Figs. 5-14c and
5-14d also show thesin 2� andcos 2� terms for�mt = �

2
and� = �

6
[28].

5.1.8 Summary of Data on Decays Measuring�

This section summarizes the existing data on the decay modes discussed in this chapter. Table 5-3
gives the measured or expected branching ratios of the Type I decaysB ! charmoniumK(K�)
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(a) (b)

(c) (d)

Figure 5-14. Dalitz plot Bd ! D+D��0 at t = 0 (5-14a,b) and terms insin 2� (5-14c) and
cos 2� (5-14d) at�mt = �

2
and� = �

6
.
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decay modes. In Table 5-4 the Type II decays modes are given. The column PDG 1997 is obtained
from rescaling of Cabibbo-allowed decays, through:

B(Bd ! D+D�) �= tan2 �C B(Bd ! D+
s D

�) : (5.79)

BesidesSU(3) symmetry, this amounts to assume also that the exchange diagram (Fig. 5-5b) is
small. Table 5-5 lists the decay modes of Type III, penguin-dominated, namelyBd ! � K(K�),
�0 K(K�), etc.

Table 5-3. Data on branching ratios forB ! CharmoniumK(K�) decay modes (Type I).

Decay Mode Experimental Branching Ratio

of B0
d orB�

u PDG 1997 [32] New Measurements

J= K0 (8:8� 1:7)� 10�4 (8:5+1:4�1:2 � 0:6)� 10�4 [13]

J= K� (1:01� 0:14)� 10�3 (1:02� 0:08� 0:07)� 10�3 [13]

J= �0 < 5:8� 10�5

J= �� (5:1� 1:6)� 10�5

J= K�0 (1:49� 0:22)� 10�3 (1:32� 0:17� 0:17)� 10�3 [13]

(1:78� 0:14� 0:29)� 10�3 [34]

J= K�� (1:67� 0:35)� 10�3 (1:41� 0:23� 0:24)� 10�3 [13]

R0 = 0:76� 0:07 R0 = 0:52� 0:07� 0:04 [13]

R? = 0:16� 0:08� 0:04 [13]

 0K0 < 8� 10�4

 0K� (6:9� 3:1)� 10�4 (5:6� 0:8� 1:0)� 10�4 [34]

 0K�0 (1:4� 0:9)� 10�3 (9:2� 2:0� 1:6)� 10�4 [34]

 0K�� < 3� 10�3

�c1K
0 < 2:7� 10�3

�c1K
� (1:0� 0:4)� 10�3

�c1K
� < 2:1� 10�3

�cK

�cK
�
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Table 5-4. Data on branching ratios for Cabibbo-suppressed decays (Type II). (�) means that the
value is rescaled from data on Cabibbo-allowed decays assumingSU(3) symmetry and neglecting
the exchange diagram.

Decay Mode Experimental Branching Ratio

of B0
d orB�

u PDG 1997 [32] New Measurements

D+D� (3:9� 1:5)� 10�4 (�) < 1:2� 10�3 [35]

D0D� (6:3� 1:9)� 10�4 (�)
D0D0

D+D�� (4:8� 2:4)� 10�4 (�) < 1:8� 10�3 [35]

D0D�� (4:4� 1:9)� 10�4 (�)
D0D�0

D�+D� (4:6� 1:6)� 10�4 (�) < 1:8� 10�3 [35]

D�0D� (5:8� 2:4)� 10�4 (�)
D�0D0

D�+D�� (9:7� 3:4)� 10�4 (�) (5:3+7:1�3:7 � 1:0)� 10�4 [35]

(2:3+1:9�1:2 � 0:4� 0:2)� 10�3 [36]

D�0D�� (1:3� 0:5)� 10�3 (�)
D�0D�0
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Table 5-5. Data on branching ratios for Penguin-dominated decays (Type III).

Decay Mode Experimental Branching Ratio

of B0
d orB�

u PDG 1997 [32] New Measurements

�+K� < 1:7� 10�5 (1:5+0:5�0:4 � 0:1� 0:1)� 10�5 [37]

�+K0 < 4:8� 10�5 (2:3+1:1�1:0 � 0:3� 0:2)� 10�5 [37]

�0K0 < 4:0� 10�5 < 4:1� 10�5 [37]

�0K� < 1:4� 10�5 < 1:6� 10�5 [37]

�0K�0 < 2:8� 10�5 < 2:0� 10�5 [38]

�0K�� < 9:9� 10�5 < 8:0� 10�5 [38]

�K0 < 3:3� 10�5 [39]

�K� < 1:4� 10�5 [39]

�K�0 < 3:0� 10�5 [39]

�K�� < 3:0� 10�5 [39]

�0K0 (4:7+2:7�2:0 � 0:9)� 10�5 [39]

�0K� (6:5+1:5�1:4 � 0:9)� 10�5 [39]

�0K�0 < 3:9� 10�5 [39]

�0K�� < 1:3� 10�4 [39]

�0K0 < 3:9� 10�5 < 3:0� 10�5 [38]

�0K� < 1:9� 10�5 < 1:4� 10�5 [38]

�0K�0 < 4:6� 10�4

�0K�� < 9:0� 10�4

!K0 < 5:7� 10�5 [40]

!K� (1:5+0:7�0:6 � 0:2)� 10�5 [40]

!K�0 < 2:3� 10�5 [40]

!K�� < 8:7� 10�5 [40]

�K0 < 8:8� 10�5 < 3:1� 10�5 [40]

�K� < 1:2� 10�5 < 0:5� 10�5 [40]

�K� < 2:2� 10�5 [40]

�K�0 < 4:3� 10�5 < 2:1� 10�5 [40]

�K�� < 7:0� 10�5 < 4:1� 10�5 [40]


K�0 (4:0� 1:9)� 10�5


K�� (5:7� 3:3)� 10�5
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5.2 Experimental Considerations forsin 2� Analyses

This section introduces and describes some general aspects of the analysis required to extractsin 2�

from the data (see also Section 4.10). The determination ofsin 2� is performed by fitting the time
difference,�t = tCP � ttag, in the decay in� (4S)! BB, where one of twoB mesons decays into
particularCP eigenstates as described in the previous section and the otherB decays into a mode
whoseb-quark flavor can be ascertained (the tagB). This measurement is made experimentally
feasible by boosting the� (4S) and measuring decays in the lab frame, where the difference in the
z positions is related to the time difference by
�c�t = zCP � ztag = �z.

The physically measurable observable is the difference in labz position,�z, between theCP
eigenstate and the other taggingB meson. Neglecting measurement errors, the�z distribution
will have the form

�z = Ne��z j�zj [1 + af (�z)] ; (5.80)

where isaf (�z) = Cfcos(�m�z) +Sfsin(�m�z) and the coefficientsCf andSf are functions
of � (Section 5.1.1). In the simplest case such asB0 ! J= K0

S
andB0 ! J= K0

L
, Cf = 0 and

Sf = sin 2� and the extraction ofsin 2� amounts to fitting the�z distribution of the data for the
parameterSf in Eq. (5.80), appropriately smeared to account for experimental resolution.

In the analyses in the following sections, the aim was to determine the precision to whichsin 2�

can be measured with BABAR data. The precision on the measurement ofsin 2� can be estimated
from

�sin 2� =
� (sin 2�; �m=�; �z)p
NS

q
�tag (1� 2w)

2

q
1 +NB=NS

1 + (AB=AS)(NB=NS)
; (5.81)

whereNS (NB) is the number of signal (background) events withCP asymmetryAS (AB), �z is
the measurement error of the vertex,w is the misidentification rate of theB flavor tagging and�tag
is the efficiency for finding theB flavor tag. The coefficient� (sin 2�; �m=�; �z) is obtained
from tabulated values [41]. This represents the error for one event with no background and no
uncertainty in the tag, denoted�0 throughout this book.

Hence the following analyses, to estimate�sin 2�, for a particular value ofsin 2�, require:

� Number of reconstructed signal events,NS

� Number of background events,NB

� �z vertex resolution,�z

� B mixing parameter,�m=�

� Tagging factor,�tag(1� 2w)2
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Table 5-6. Assumptions in Chapter 5

R L dt 30 fb�1

� (ee! � (4S)) 1.05 nb

B(� (4S)! B0B0) 0.5

� (ee! qq) 3.39 nb

�tag(1� 2w)2 0.3 (Section 4.8.8)

sin 2� 0.7

�m=� 0.75

The analyses assume the values of these parameters as given in Table 5-6. Throughout this book,
the termusable samplewill be used for the number of events expected, including all branching
fractions, but not including efficiencies.

In other analyses in this chapter, the extraction ofsin 2� and determination of the estimated error,
is more complex. The complications include mixedCP eigenstates and penguin corrections. The
mixedCP eigenstates are unraveled by use of the angular distributions and the penguin corrections
are applied by separating isospin states. These are explained and considered in their respective
sections.

For full-reconstruction (Beta) analyses throughout this book, two types of Monte Carlo (MC)
samples have been generated. Signal Monte Carlo was generated with theB meson decaying
to the mode of interest and theB meson decaying to all possible decay modes. Background
Monte Carlo events were generated for bothqq (Jetset7.4 ) andBB (EvtGen ) events (see
Section 4.1.1). For the latter, bothB mesons decay to all knownB decay modes. The sample
of 4.9 million qq events corresponds to a luminosity of 1.4 fb�1. The sample of 2.3 millionBB
events corresponds to a luminosity of 2.2 fb�1. Aslund and early Beta analyses have used other
Monte Carlo samples.

5.3 Charmonium + Kaon modes

The decay modesB0, B0 ! J= K0
S
(K0

L
);  0K0

S
(K0

L
) or �1cK0

S
(K0

L
), called Type I in Section

5.1.1, are color-suppressed and have the remarkable feature thatsin 2� can be measured from the
time-dependent asymmetry essentially without hadronic uncertainties, as has been discussed in
detail in Section 5.1.2. This is because the tree and penguin contributions have the same weak
phase up to small corrections.
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5.3.1 B0
! J= K0

S

The combination of relatively large branching fractions, readily accessible final states with small
backgrounds and negligible theoretical uncertainty have earned the decayB0 ! J= K0

S
the name

gold-plated mode. The aim of the analysis is to reconstruct theB meson through its decay products
with good purity and efficiency, tag its flavor with the associatedB and hence measure the time-
dependent asymmetry from whichsin 2� can be extracted.

Reconstructing theJ= through its decays to�+�� ande+e� provides high efficiency and good
background suppression. By reconstructing theK0

S
through both charged (�+��) and neutral

(�0�0) decays good overall efficiency is maintained. In the charged decay theK0
S

is identified as a
pair of oppositely charged tracks with a vertex distinct from the interaction point while the neutral
decays are identified as four neutral clusters in the calorimeter, which are consistent with being
two �0s from aK0

S
. Additional background suppression is achieved by exploiting the fact that the

B0 momentum is kinematically constrained in the rest frame of the� (4S) to bep�B0 �330 MeV=c.

In one year of data taking at design luminosity, BABAR expects to collect 30 fb�1 of data. Using
branching fractions and cross-sections measured by the CLEO collaboration [13] and noting that
the BABAR trigger efficiency for these events is expected to be nearly 100%,� 1600 B0 ! J= K0

S

events are expected to be recorded, with theJ= decaying into either a muon or an electron pair.

In order to estimate the precision which can be obtained onsin 2� from the time-dependent
asymmetries, it is necessary to know the signal efficiency, background contamination and�z

resolution. These factors are examined in Sections 5.3.1.1–5.3.1.6. The methods of extracting
sin 2� from the measured time dependent asymmetries are covered in detail in Section 4.10. All
the results quoted in this section were obtained using the fullBBsim simulation, a preliminary
version of the BABAR reconstruction software and the software tools described in Chapter 4.

5.3.1.1 J= ! `+`� reconstruction and selection

In order to selectJ= ! `+`�, all pairs of oppositely charged tracks in an event are considered.
If the two tracks are consistent with the hypothesis that they originated from a common vertex and
at least one of the two tracks is identified as either a muon or an electron, the invariant mass of the
track pair is calculated at their vertex. Those pairs with an invariant mass within 70MeV=c2 of
theJ= mass [32] are consideredJ= candidates. The widths of the invariant-mass distributions
of these candidates are dominated by detector effects. The width is 12MeV=c2 for the muon case
and wider with a long tail towards lower invariant masses in the electron channel. The differences
in efficiency and width between the electron and muon channels are due to bremsstrahlung by
electrons, which occurs mainly in the beam pipe and beam support tube.
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Much of the difference between the electron and muon decays can eventually be recovered by
adding the bremsstrahlung photons which will often be measured in the calorimeter. For this
reason in the study presented below, only the decayJ= ! �+�� is considered. The efficiency
for reconstructingJ= in the muon channel was found to be� 80%. Use of this number for both
modes is expected to be slightly optimistic.

TheB0 decay vertex on theCP side is taken to be the decay vertex of theJ= . Its z coordinate
is used in evaluating�z. The distribution of the difference between the true and reconstructed
�z can be fitted with the sum of two Gaussian distributions. The narrow Gaussian has a width of
51 �m and there is a 5% admixture of a second Gaussian with a width of 150�m. For the tag
vertex, improvements on the procedure discussed in Section 4.5.1.3 result in a narrow Gaussian
with a width of 80�m and a 20% admixture of a second Gaussian with a width of 280�m.

5.3.1.2 K0
S
! �+�� reconstruction

The decayK0
S
! �+�� is reconstructed by selecting all pairs of oppositely charged tracks which

can be fitted to a common vertex and have an invariant mass within 13MeV=c2 of the nominalK0
S

mass [32]. The reconstruction efficiency for theK0
S

selection was found to be� 75%.

5.3.1.3 K0
S
! �0�0 reconstruction

Photon- and�0- Selection Criteria

The efficiency of this channel is highly dependent upon measuring the neutral calorimeter clusters
(without an associated charged track) from the four photons from the two�0 decays. The photons
can have energies up to 2GeV, but it is essential to maintain good photon detection efficiency
down to 20MeV.

The selection of�0 mesons is complicated at high energy where the two photons from the�0 have
a small angular separation which can result in the photons entering adjacent crystals or even the
same crystal. In such cases, the entire cluster is treated as a�0, and is subjected to the shower
shape analysis, described in Section 4.4. These “merged”�0 candidates are included with those
constructed by the standard method of combining photons, as described below. A lower energy
cutoff of 700MeV is imposed on such merged�0 candidates.

Event-Selection Criteria

In order to form�0 candidates, pairs of neutral calorimeter clusters are combined. Only those
having a shower shape that is consistent with being electromagnetic in origin are considered.
To these are added those clusters which are consistent with being from a merged�0, to form a
complete set of�0 candidates. Where possible these are then combined to formK0

S
candidates.
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For the non-merged�0s, the invariant mass of the neutral cluster pair is required to lie in the range
100 MeV=c2 < m�0 < 145 MeV=c2. At this stage the invariant mass of theK0

S
is required

to be 380 MeV=c2 < mK0
S
< 550 MeV=c2. It is recognized that the invariant mass of both

the�0 s and theK0
S
, formed for this purpose will necessarily be low since no account has been

made for the finite lifetime of theK0
S
. A correction for this using the direction information from

theJ= proceeds as follows: the flight path of theK0
S

is calculated using the reconstructedJ= 
momentum and the momentum of theB0 meson, neglecting the small component of its momentum
perpendicular to the beam axis. Points along theK0

S
flight path are then considered from�2:0 to

5.0K0
S

lifetimes in steps of 0.1�K0
S

. At each point, the following procedure is adopted: if the
two �0 s constituting the candidateK0

S
are not merged, the invariant mass of each cluster pair

is calculated. The position at which the invariant mass is closest to the�0 mass is then stored
for possibleK0

S
combinations.K0

S
! �0�0 candidates are considered if the two times at which

the best�0 mass is found are within 3.0�K0
S

of each other, and the best�0 masses lie within
the range110 MeV=c2 < m�0 < 160 MeV=c2. Restricting the difference in measured lifetime
greatly reduces combinatorial background�0 s, which will tend to be randomly distributed along
the flight path. The cluster combinations from the genuineK0

S
will tend to cluster around zero

time difference. In addition, those candidates for which the bestK0
S

lifetime lie at either end of the
range described above are rejected. Approximately two-thirds of theK0

S
signal arises from these

unmerged�0 s.

If one of the two�0 s constituting the candidateK0
S

is a merged�0, then the invariant mass of the
cluster pair constituting the other�0 is formed at each point. Again, the position at which the mass
is closest to the�0 is kept, provided that it is in the range described above and that the lifetime
is not at either extreme of the allowed range. Approximately one-third of theK0

S
signal has one

merged�0.

If both of the�0 s constituting the candidateK0
S

are merged, then the invariant mass of the�0 pair
is formed at each point, and compared to theK0

S
mass. The point with the bestK0

S
mass is kept,

provided that it does not lie at the extremes of the allowed range. A cut on theK0
S

mass is not
imposed at this point. The fraction of signalK0

S
with two merged�0 s is negligible with respect to

the other two scenarios.

TheK0
S

decay length is now taken as the best point along the flight path as calculated in the
appropriate method above and is used to re-calculate theK0

S
mass. The resultingK0

S
is restricted

to have a mass in the range440 MeV=c2 < mK0
S
< 560 MeV=c2 and a momentum, calculated in

the rest frame of theB0 meson, in the range1:2 GeV=c < p�B0 < 2:0 GeV=c. Efficiencies for this
procedure are given in Table 5-7.

Machine-background suppression

While most events have few photons, there will be a significant number of low-energy showers
produced by lost particles in PEP-II. The uncertainty on the number and energy spectrum of these
machine background showers makes it difficult to predict their impact on the analysis backgrounds.
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Table 5-7. Cuts used to select the decayK0
S
! �0�0 and the corresponding reconstruction

efficiencies. All efficiencies were calculated using the fullBBsim simulation and reconstruction
chain

Cut Efficiency

Overall 2�0 efficiency 37%

WideK0
S

cut0:38 < mK < 0:56 76%


 pairs make�0 mass alongK0
S

flight path�2:0 < � < 5:0 99%

K0
S

lifetime where�0 s have correct mass�� < 3:0 96%

Kaon mass from decay point440 < M < 560 MeV=c2 99%

Kaon mom in B rest frame1:2 < p�B0 < 2:0 GeV=c 99%

CombinedK0
S
! �0�0 efficiency 26%

Since most of these machine background showers have low energy, the impact on the selection
efficiency can be studied as a function of a threshold for cluster production, as shown in Table 5-8.

Table 5-8. Efficiency forK0
S
! �0�0 detection as a function of calorimeter cluster threshold.

Minimum cluster energy detectableRelative signal�

20 MeV 100%

30 MeV 93%

40 MeV 86%

50 MeV 77%

5.3.1.4 B0 reconstruction

B0 candidates are formed by considering all possible combinations of previously reconstructed
J= andK0

S
candidates. Before combining theJ= andK0

S
, their masses are fitted to the nominal

values. TheB0 candidate is then required to have a mass within 100MeV=c2 of the nominalB0

mass [32] and the momentum of theB0 in the rest frame of the� (4S) is required to be in the range
200< PB <500 MeV=c for the�0�0 channel and 140< PB <450 MeV=c for the�+�� channel.
The global efficiencies for the full reconstruction are 60% for the�+�� channel and 21% for the
�0�0 channel.
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5.3.1.5 Backgrounds

The rejection power afforded by demanding aJ= candidate in the signal is rather good, so that the
dominant backgrounds are those which include a realJ= in the event. The following have been
considered: i)B0 ! J= X; ii) semileptonic decays ofb or c hadrons; and iii)qq continuum events.
For this study very large samples of simulated background events of each type were generated.
These studies place an upper limit of 6% for background events in both�+�� and�0�0 modes.

5.3.1.6 CP reach

A summary of the numbers used in the analysis and the resulting uncertainty insin 2� is given in
Table 5-9.

Table 5-9. CP reach for a 30 fb�1 data sample for the gold-plated mode.CP -mode efficiencies
were derived from fullBBsim simulation and reconstruction.

K0
S
! �+�� K0

S
! �0�0

B(B0 ! J= K0
S
) 4.25�10�4

B(J= ! `+`�) 0.12

B(K0
S
! ��) 0.686 0.314

Usable sample 1100 500

Reconstruction Efficiency 0.60 0.21

Number of reconstructed events per 30
fb�1

660 110

Tag factor�tag(1� 2w)2 (Section4.8.8) 0.3

NB=NS 0.06 0.06

�0 1.59

�(sin 2�) 0.12 0.30

5.3.2 B0
! J= K0

L

The study of theCP asymmetry in the channelB0 ! J= K0
L

is an independent measurement of
the angle�. Its importance goes beyond the increase in statistics. Since theK0

S
and theK0

L
are

CP eigenstates of opposite sign, this channel provides also an excellent check of the systematics,
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Table 5-10. Summary of theK0
L

final states branching ratios and expected rates. The number of
expected events is based on a�(� (4S)) = 1:05 nb�1, an integrated luminosity of (

R
L dt=30 fb�1)

and include the12% branching fraction of theJ= decay to lepton pairs. The last three rows show
theB� decay to charmoniumK�� as these are important backgrounds to all theK0

L
channels.

Channel Decay fractions (B from Table 5-3) # events

B0 ! J= K0
L

4:25� 10�4 1600

B0 ! J= K�0 (K�0 ! K0
L
�0) 1=3� 1=2� 13:2� 10�4 830

B0 !  0K0
L

( 0 ! J= �+��) 0:324� 3:5� 10�4 430

B0 !  0K�0 ( 0 ! J= �+��,K�0 ! K0
L
�0) 1=3� 1=2� 0:324� 14:0� 10�4 290

B0 ! �c1K
0
L

(�c1 ! 
J= ) 0:273� 5:0� 10�4 520

B0 ! �c1K
�0 (�c1 ! 
J= ,K�0 ! K0

L
�0) 0:273� 1=3� 1=2� 14� 10�4 240

B� ! J= K�� (K�� ! K0
L
��) 2=3� 1=2� 14:1� 10�4 1780

B� !  0K�� ( 0 ! J= �+��,K�� ! K0
L
��) 2=3� 1=2� 0:324� 14:0� 10�4 570

B� ! �c1K
�� (�c1 ! 
J= ,K�� ! K0

L
��) 0:273� 2=3� 1=2� 14� 10�4 480

because its asymmetry should be equal in magnitude but opposite in sign compared with that of
theB0 ! J= K0

S
decay. For these reasonsK0

L
final states have been studied extensively from the

very early stages of the BABAR experiment [42, 43], and updated and summarized in [44].

The expected event rates and branching ratios used for all the analyses involvingK0
L

in the final
state are summarized in Table 5-10. Note that the various signals contaminate each other and there-
fore they are regarded as signal or background depending on the channel under study. Although
the kinematics of the process is the same as that ofB0 ! J= K0

S
, the analysis techniques are

quite different because theK0
L

momentum is not measured. Since there are fewer constraints,K0
L

channels have a larger background than theirK0
S

counterparts. The analysis of theCP mode and
backgrounds in this channel was done using theAslund fast simulation, although, as will be
seen later, a number of results concerning the signal are taken directly from the correspondingK0

S

channel, in which the fullBBsim reconstruction analysis chain was employed. In addition, the
response of the BABAR detector toK0

L
was parameterized inAslund after a carefulBBsim study,

as summarized in Section 4.1.3.

TheJ= is reconstructed through its leptonic decay into a pair of electrons or muons as described
in Section 5.3.1.1, and its four-momentum (pJ= ,EJ= ) is completely determined. For aB0 !
J= K0

L
decay, the measuredK0

L
momentum must satisfy

M2
B0 =

 
EJ= +

r
p2
K0
L

+m2
K0
L

!2

� jpJ= + pK0
L

j2: (5.82)
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This equation has two solutions forpK0
L

, but only one is positive, hence acceptable. A value
for pK0

L

is obtained frompK0
L

and theK0
L

direction information measured in the IFR. Then, the
momentum and the energy of theB0 are simply the sum of those of theJ= andK0

L
. The value of

p�B0 is then obtained by a Lorenz transformation, using the nominal values of the beam energies. If
the assumption is correct, thenp�B0 must be monochromatic, apart from the spread in the CM total
energy and the angular resolution in reconstructing theK0

L
direction.

Mean
RMS

  .3253
  .6873E-01

pB
*  (GeV)

0

50

100

150

200

250

300

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 5-15. Distribution ofp�B0 . The spread around the expected value (� 330MeV=c) is due to
beam-energy spread, momentum resolution and a 30mr resolution in theK0

L
direction.

The distribution ofp�B0 with 30 mr as the resolution in theK0
L

direction measurement, is shown
in Fig. 5-15. The peak is centered around the correct valuep�B0 � 330MeV=c; the r.m.s. is
� 69MeV=c, with contributions from: the error in theK0

L
direction measurement (� 51MeV=c),

the beam-energy spread (� 47MeV=c, using5:5MeV and2:5MeV respectively for�EH and�EL),
and the experimental resolution in the lepton momentum measurement (� 11MeV=c). Improving
the measurement of theK0

L
direction would not result in a significant improvement of this channel,

since the distribution ofp�B0 is limited by the spread in beam energies.
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5.3.2.1 Event selection and efficiency

In theB0 CM theJ= and theK0
L

from theB0 ! J= K0
L

decay are emitted back to back; since the
component of theB0 momentum transverse to the beam direction is very small, the difference in
the azimuthal angle between theJ= andK0

L
direction is also close to180�, as shown in Fig. 5-16.

This suggests a method to improve the background rejection: theK0
L

direction in the xy plane
should be opposite to theJ= , within a few hundredmr. In this analysis the direction of theK0

L

has been required to be opposite to that of theJ= within 300mr, resulting in substantial reduction
of the background without affecting the signal significantly.

The event selection begins with all events where aJ= is identified in its decay into a lepton pair.
A �� cut of 300mr is applied around the direction opposite to theJ= to look for neutral clusters
in the EMC and the IFR, following the criteria forK0

L
identification described in Section 4.4.2, and

in greater detail in [42, 44].
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Figure 5-16. Distribution of the difference in azimuthal angle between theK0
L

and theJ= . The
dip at� is due to thesin2 �� angular distribution of the decay of the� (4S) toB mesons.
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The quantityp�B0 is calculated and a cut on this quantity,p�B0 � 450MeV=c, is finally applied. Of
a sample of 10K Monte Carlo signal events a total of 4060 were correctly identified, giving40:6%

efficiency.

5.3.2.2 Backgrounds

The same analysis has been applied to otherB0 andB+ decays which contain aJ= and aK0
L

in the
final state, since these are the dominant backgrounds. Among them, the most important processes
areB0 ! J= K�0, B+ ! J= K�+, B0 !  0X, B0 ! �c1X. There is also combinatorial
background due to accidental combinations of aJ= and aK0

L
.

The p�B0 distribution of the signal and its main background events, is shown in Fig. 5-17; the
statistics correspond to one nominal year. The corresponding numbers of reconstructed events are
summarized in Table 5-11.

Figure 5-17. p�
B0 distribution forJ= K0

L
(solid),J= K�0 (dashed) and combinatorial background

(dotted).
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Table 5-11. Summary of signal and background events selected applying the selection criteria
optimized for theB0 ! J= K0

L
decay described in the text. The analyses were performed with the

Aslund fast simulation.

Process Selection Efficiency # Events Selected

B0 ! J= K0
L

0.41 650

B0 ! J= K�0 0.11 93

B� ! J= K�� 0.12 210

B0 !  0K0
L

0.032 14

B0 ! �c1K
0
L

0.062 32

Combinatorial 36

5.3.2.3 CP reach

A total of 650 signal events are expected with a background of 380 events, of which the largest
contribution is fromB� decays. These events are expected to be reduced easily by removing
those with at least one charged track associated with theJ= vertex and compatible with the
B+ ! J= K�+ (K�+ ! K0

L
�+) decay chain. No attempt has yet been made to do such a

vertex analysis, but studies of this are planned. This background, unlike that due toK�0, has zero
CP asymmetry and therefore it affects the total statistical power of the measurement, but does not
dilute the measured value (see Eq. (5.81)).

The effect on the measured asymmetry introduced by aCP asymmetric background is to introduce
a term in the denominator of the error calculation as seen in Eq. (5.81). As the formula shows, if
Sign(AB) = �Sign(AS) then the error increases, as the measured asymmetry is diluted by the
background. When they have the same sign, the errordecreases, since in this case the background
is actually measuring the same quantity, and therefore effectively increases the amount of signal.

Assuming a value ofsin 2�=0.7, a tagging factor of0:30 (see Section 4.8.8),�0 = 1:61, and that
the background has zero asymmetry, the precision achievable with the present analysis onsin 2�

in 30 fb�1 would be�(sin 2�) = 0:15.

If the asymmetry of the various background components is taken into account, this error is altered,
according to Eq. (5.81). The combinatorial background, and that fromB+ ! J= K�+, have zero
asymmetry, so there is no correction for them. TheB0 !  0K0

L
andB0 ! �c1K

0
L

backgrounds
are expected to have the same asymmetry as the signal, and they therefore enter in the error
calculation as signal. SinceJ= K�0 is not a pureCP state, an admixture ofCP states was
assumed [13], namely that16% (84%) of it has the same (opposite) sign asymmetry with respect to
that of the signal. Recalculating the error with this assumption, but considering only the effect of
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same sign asymmetry background, leads to a reduction in�(sin 2�) or� 0:01. Including also the
opposite sign asymmetry background, increases�(sin 2�) by about 0.005, as evidently the effect
of same sign and opposite sign background asymmetries compensate each other. The net effect is
a negligible change in�(sin 2�).

A value for the�z resolution equal to that used in the correspondingK0
S

channel is assumed, since
the determinations of theCP -side (see Section 4.10) and the tag-side (see Section 4.5.1.3) vertices
are essentially the same in the two analyses.

5.3.3 B0
!  0K0

L

The decay modeB0 !  0K0
L

is expected to have the same asymmetry and almost the same
branching ratio asB0 ! J= K0

L
, as indicated by the branching ratios measured in the case of the

B� decay.

The 0 is reconstructed from the decay mode 0 ! J= �+��, which can be reconstructed with
low background since there are four charged tracks coming from the vertex. However the number
of events is reduced by a factor of three due to the 0 ! J= �+�� branching fraction. Another
significant rate reduction compared withB0 ! J= K0

L
, is the lowerK0

L
detection efficiency in

B0 !  0K0
L

decays due to the lowerK0
L

momentum.

5.3.3.1 Event selection and efficiency

The selection criteria are the same as described in Section 5.3.2.1 forB0 ! J= K0
L
. After

selecting aK0
L

and a 0 candidate, theK0
L

momentum is calculated from the 0 momentum and
from theK0

L
direction, assuming they are coming from aB decay. Consistency with� (4S)! BB

decay is used as a constraint, requiring that the reconstructed center of massB momentum has,
within resolution, the expected value.

The efficiency for the signal was measured to be� 27% on a sample of 10KAslund Monte Carlo
events of the kindB0 !  0K0

L
, B0 ! X.

5.3.3.2 Backgrounds

Background decay modes for this decay are also similar to that forB0 ! J= K0
L
. The most

significant are:
B0 !  0K�0 (K�0 ! K0

L
�0) (5.83)

B� !  0K�� (K�� ! K0
L
��) : (5.84)
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The background fromB� !  0K�� events can be suppressed with a vertex analysis, as dis-
cussed in the previous section. Further background rejection may be achieved by removing all
combinations of a 0, K0

L
and�, consistent with the process 0K�0. However the background

reduction is not sufficient to offset the loss of efficiency. Conversely, due to the 0 momenta being
softer than that of theJ= , there is a larger combinatorial background expected from uncorrelated
 0K0

L
combinations in multi-hadronic events. Such events have a broad distribution up top�B0 �

2 GeV=c.

The yields for 30 fb�1, are shown in Fig. 5-18 as a function ofp�B0 , and summarized in Table 5-12.

Figure 5-18. p�
B0 distribution for 0K0

L
(solid),  0K�0 (dashed) and combinatorial background

(dot-dashed).
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Table 5-12. Summary of signal and background events selected with the selection criteria
optimized for theB0 !  0K0

L
decay described in the text. The analysis was performed using

theAslund fast simulation.

Process Selection Efficiency # Events Selected

B0 !  0K0
L

0.27 120

B0 !  0K�0 0.06 17

B� !  0K�� 0.056 32

B0 ! J= K0
L

0.005 8

B0 ! �c1K
0
L

0.009 5

Combinatorial 34

5.3.3.3 CP reach

About 120 signal events are expected from the decay modeB0 !  0K0
L
, with a total background

of 100 events. With the same assumptions for�0 and the tag factor as in the preceding section, and
including in the signal all events with the sameCP asymmetry as the signal, the error onsin 2�
obtained is�(sin 2�) = 0:305. Correcting for the asymmetric background, as discussed already in
Section 5.3.2.3, the error becomes�(sin 2�) = 0:335.

Reduction of the background for this channel is obviously very important for thesin 2� measure-
ment.

5.3.4 B0
! �c1K

0
L

TheB0 ! �c1K
0
L

decay is expected to have similar asymmetry and branching ratio as forB0 !
J= K0

L
. The�c1 is reconstructed from the�c1 ! 
J= decay. Taking into account all the appro-

priate branching ratios, the number of expected events is slightly larger than the aforementioned
 0 case, as can be seen in Table 5-10.

The analysis techniques are similar to those forB0 ! J= K0
L
, described in Section 5.3.2, except

that in this case the�c1 has first to be reconstructed from theJ= and a photon. Once the�c1
four-momentum is obtained, it is used to determine theK0

L
momentum and to reconstruct the

B0. The photons from the radiative decay of the�c1 are quite energetic, as can be seen from the
energy spectrum shown in Fig. 5-19. The electromagnetic cluster energy is required to satisfy
Eclust � 250 MeV. The invariant-mass distribution of the
J= system is plotted in Fig. 5-20,
after requiringp�B0 � 450MeV=c. �c1 candidates are selected by requiring3:495 � M
J= �
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3:525 GeV=c. TheK0
L

selection is similar to that described in Section 5.3.2.1. The efficiency for
the signal was measured to be� 28% on a sample of 10KAslund Monte Carlo events of the kind
B0 ! �c1K

0
L
, B0 ! X.
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Figure 5-19. Distribution of photon energy from the decay�c1 ! 
J= .
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Figure 5-20. (a) 
J= invariant-mass distribution after thep�
B0 � 450MeV=c cut; (b) �c1 decay

and background (dashed) photon angular distribution in the�c1 CM.
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5.3.4.1 Backgrounds

The backgrounds for this channel are similar to those discussed in the previous sections. The
largest contributions are expected fromB0 ! �c1K

�0, B� ! �c1K
��, B0 ! J= K0

L
, and

combinatorial background as shown in Table 5-13.

Table 5-13. Summary of signal and background events selected applying the selection criteria
optimized for theB0 ! �c1K

0
L

decay described in the text. The analysis was performed using the
Aslund fast simulation.

Process Selection Efficiency # Events Selected

B0 ! �c1K
0
L

0.28 140

B0 ! �c1K
�0 0.068 16

B� ! �c1K
�� 0.065 31

B0 ! J= K0
L

0.018 29

B0 !  0K0
L

0.01 4

combinatorial 32

The angular distributions of the photon in the�c1 CM is different for signal and background,
as shown in Fig. 5-20b. This may be used to enhance the signal/background ratio, but was not
exploited in the present analysis.

5.3.4.2 CP reach

About 140 signal events are expected from the decayB0 ! �c1K
0
L
, with a total background of 110

events. Under the same assumptions made for the otherK0
L

channels, the error onsin 2� obtained
is �(sin 2�) = 0:267 (0:285) without (with) the correction for the asymmetric background. Further
reduction in the backgrounds would substantially improve this error.

The results forsin 2� for all theK0
L

channels are summarized in Table 5-14. Since these channels
contaminate each other, it will be necessary to account for correlations when combining them.

5.4 Charmonium +K�0 Modes

The decay modesB0, B0 ! J= K�0
CP ;  

0K�0
CP or �1cK�0

CP (the subscriptCP indicates aCP
eigenstate such asK0

S
�0) are also Type I, as defined in Section 5.1.1. As in the modesB0,
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Table 5-14. CP reach for one standard year of data taking andsin 2�=0.7 in the variousK0
L

modes. CP -mode efficiencies and background levels were calculated using theAslund fast
simulation. The�z resolution was taken from theJ K0

S
analysis with fullBBsim simulation.

B0 ! J= K0
L

B0 !  0K0
L

B0 ! �c1K
0
L

B(XK0
L
) (see Table 5-10) 4.25�10�4 1.134�10�4 1.365�10�4

B(J= ! l+l�) 0.12

Reconstruction Efficiency 0.41 0.27 0.28

# of signal events per 30 fb�1 650 120 140

# of background events 380 100 110

# ofCP symmetric background events 240 66 63

# of oppositeCP background events 90 17 16

# of sameCP background events 50 13 33

�z resolution (see Section5.3.1) 130 �m

�0 1.61

Tagging factor �tag(1 � 2w)2 (see
Section4.8.8)

0.30

�(sin 2�) 0.14 0.31 0.27

�(sin 2�) with CP -asymmetric back-
ground

0.15 0.34 0.28

B0 ! Charmonium + Kaon,sin 2� can be measured from the time-dependent asymmetry without
hadronic uncertainties, as has been discussed in detail in Section 5.1.2. However, for this purpose
one needs to perform an angular analysis to separate the amplitudes of definiteCP . The transver-
sity analysis is a suitable tool for this, and has been described at length in Section 5.1.3 for the case
J= K�0

KS�0
.

In this section theB0 decays to the following final states are studied:

� J= K�0,K�0 ! K0
S
�0; K0

S
! �+��

� J= K�0,K�0 ! K0
S
�0; K0

S
! �0�0

�  0K�0,  0 ! �+��J= ,K�0 ! K0
S
�0; K0

S
! �+��

� �c1K
�0, �c1 ! 
J= ,K�0 ! K0

S
�0; K0

S
! �+��
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For all four channels, only the leptonic decay of theJ= was considered. The branching ratios of
theB0 meson into these states are given in Table 5-3.

Samples of events for the threeJ= K�0 channels were produced with theEvtGen Monte Carlo
generator taking into account the expected angular distribution described in Section 5.1.3. These
events were analyzed after being passed through the full BABAR detailed simulation chain. The
 0K�0 and�c1K�0 channels were studied using a fast simulation procedure (Aslund ). In all
cases, the generated events were� (4S) ! B0B0, with oneB decaying to theCP channel under
consideration and the other one to the full set of inclusiveB decay modes.

The event selection is presented for all channels. but only the channelJ= K�0,K�0 ! K0
S
�0; K0

S
!

�+�� is considered in detail for the extraction ofsin 2�.

5.4.1 Event Selection

Since all of these final states contain aJ= , the event selection starts with theJ= reconstruction.
TheJ= has a nearly background-free signature and is used to determine thez coordinate of the
decay vertex of theB0 decaying into aCP eigenstate (zCP ). When aJ= candidate is found, the
reconstruction ofK0

S
and�0 candidates is further required. These are combined to form theK�0

candidate which is combined with theJ= ,  0, or�c1 to form aB meson candidate.

5.4.1.1 J= ! e+e�; �+�� selection

TheJ= candidates are formed by combining all pairs of oppositely charged reconstructed tracks.
No particle identification is required at this stage. Only pairs originating from a fitted common
vertex are considered. The invariant mass is restricted to the range 2.9–3.15GeV=c2; the upper
bound represents a� 3� cut (� � 13 MeV=c2) around theJ= mass [32] whereas the lower
bound is loosened to take into account radiative energy loss, which is particularly important for the
electron mode. TheJ= efficiency is76%.

5.4.1.2 �0 selection

The�0 candidates are formed by combining pairs of neutral showers in the calorimeter with an
energy greater than25MeV. The invariant mass of�0 candidates is restricted to the range 0.110–
0.150GeV=c2. The�0 detection efficiency is40%.
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5.4.1.3 K0
S
! �+�� selection

Pairs of oppositely-charged tracks are combined to reconstruct the decayK0
S
! �+��. Only

track pairs with a decay distance in thexy plane greater than 1 mm are accepted. An invariant
mass is calculated at this vertex and restricted to the range 0.486–0.510GeV=c2 (the resolution is
� 3:5MeV=c2). The resulting efficiency is61%.

5.4.1.4 K0
S
! �0�0 selection

K0
S
! �0�0 candidates are created by combining all�0 pairs and requiring the invariant mass to

be within the range 0.42–0.53GeV=c2. The efficiency for this decay mode is18:8%.

5.4.1.5 K�0
! K0

S
�0 selection

K�0 candidates are created by combining pairs of�0 andK0
S

candidates. The invariant mass
of theK�0 candidates is restricted to the range 0.70–1.10GeV=c2 (0.74–0.96GeV=c2) for the
K0

S
! �+�� (K0

S
! �0�0) channel. A smaller mass range is used for theK0

S
! �0�0 case

in order to reduce the large combinatorial background coming from one or more wrong photons
among the six needed for this decay. The invariant-mass distributions are shown for signal events
in Fig. 5-21. TheK�0 efficiencies are 23% and 9% for the charged and neutral decays of theK0

S

respectively.

5.4.1.6 �c1 selection

J= candidates are combined with selected photons satisfying0:15 < E
 < 1:0 GeV to form�c1
candidates with a mass resolution of� 16 MeV=c2. The invariant mass of the�c1 is required to lie
within the range 3.47–3.57GeV=c2. The�c1 efficiency is62%.

5.4.1.7  0 selection

J= candidates are combined with all pairs of pions with opposite charge. A common vertex is
required to be within 1 mm of the interaction point in thexy plane. The invariant mass of the these
 0 candidates is restricted to the range 3.65–3.73GeV=c2 (the resolution is� 14 MeV=c2). The 0

efficiency is52%.
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Figure 5-21. K�0 ! K0
S
�0 mass distribution for signal events for (a)K0

S
! �+�� and (b)

K0
S
! �0�0. The integrated luminosities correspond to (a) 50 fb�1and (b) 250 fb�1.

5.4.1.8 B0
! J= K�0,K�0

! K0
S
�0 reconstruction

B0 candidates are formed from selected pairs ofJ= andK�0. For the caseK�0 ! �+���0 the
B mass andp�B0 are restricted to the range 5.21–5.34GeV=c2 and 0.25–0.43GeV=c, respectively.
The resulting total efficiency for this channel is� 11%. Finally, a cut is applied on the helicity
angle�1 (see Section 5.1.3),cos �1 < 0:8 (see Figure 5-22). This cut reduces the efficiency to 9.1%
but reduces the combinatorial background from 40% to 15%. Expected numbers of selected and
backgrounds events are summarized in Table 5-15.

ForK�0 ! 3�0, theB mass andp�B0 are restricted to the ranges 5.15–5.31GeV=c2 and 0.20–
0.45 GeV=c, respectively. In addition, theJ= and theK� are required to be nearly back-to-back
in theB rest frame,cos � K� < �0:97. The overall efficiency for this channel is� 6%, but there
is 15 times as much background as signal, so further improvement is needed to make this a viable
analysis.
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Figure 5-22. The distribution ofcos �1 for signal (solid histogram) and background (dashed
histogram).

Table 5-15. Expected numbers of signal and background events for the decayB0 ! J= K�0.
The analysis was performed using the fullBBsim simulation and reconstruction chain.

K0
S
! �+�� K0

S
! �0�0

B(B0 ! J= K�0) 1:32� 10�3

B(J= ! l+l�) 0.12

B(K�0 ! K0
S
�0) 0.167

B(K0
S
! �+��) 0.686 0.314

# of produced events per 30 fb�1 570 260

reconstruction efficiency 0.091 0.06

# of signal events per 30 fb�1 51 16

NB=NS 0.18 15
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5.4.1.9 B0
! �c1K

�0 reconstruction

TheB invariant mass is restricted to the range 5.21–5.35GeV=c2 and thep�B0 cut is the same as for
J= K�0. The overall efficiency is� 19%. Note that this number, obtained with fast simulation,
is surely too optimistic. For comparison, the final efficiency obtained forB0 ! J= K�0 with the
same fast simulation procedure is� 30%.

5.4.1.10 B0
!  0K�0 reconstruction

TheB invariant mass is restricted to the range 5.21–5.35GeV=c2. The overall efficiency, not
including branching fractions is 12%, though again this is too optimistic.

5.4.1.11 Backgrounds

Backgrounds fromqq and otherBB decays have been considered. The backgrounds were found
to be negligible for theB0 ! J= K�0 analysis, though it is possible that some background might
arise from decay modes not present in theBB Monte Carlo sample.

5.4.2 Measurement ofsin 2� with the DecayB0
! J= K�0

In this section, the measurement ofsin 2� using the transversity angular distributions ofB0 !
J= K�0 (K0

S
! �+��) events is discussed. These events were selected as described in Sec-

tion 5.4.1.8. From the time-dependent form of Eq. (5.39),sin 2� andR? can be extracted si-
multaneously using an unbinned maximum likelihood fit.�z = zCP � ztag is determined using
theJ= decay vertex forzCP , and the tagging algorithm described in Section 4.5.1.3 forztag (the
flavor of the taggingB is taken from the generator information, and the standard tagging efficiency,
Section 4.8.8, is used at the end of the analysis).

CP mixture effects on thesin 2� resolution are considered by generating the events with different
values of the transversity amplitudes in the model (detector smearing is ignored for this study).
Thesin 2� error, averaged over 20 experiments of 500 events each, is 0.09, forCP -even orCP -odd
final states, but degrades to 0.19 whenCP -even andCP -odd states are present in equal proportions.
The measured CLEO values [13] of the transversity amplitudes tend to indicate that theCP -even
eigenstates dominate, so events are generated with 100%CP -even longitudinal polarization (A? =

Ak = 0). These events were reconstructed and the selection criteria described in Section 5.4.1 were
applied.

The sample surviving the selection criteria is used to extract�z and�tr. �tr smearing is found to
be less than1:5% over the whole acceptance region, so this effect is neglected in what follows.
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Resolution on�z can be described by the sum of two Gaussians distributions with widths similar
to those for theJ= K0

S
analysis described in Section 5.3.1. Using a sample of759 signal events,

an error onsin 2� of 0:065 is obtained, implying�0 = 1:79 (Eq. (5.81)). The value for�0 would
decrease to 1.59 (as for theJ= K0

S
analysis) if theCP mixture were known to be 100% andsin 2�

were extracted with�z only.

Using the numbers of expected signal and background events given in Table 5-15 and a tagging
factor of 0.30 (Section4.8.8), an error of 0.50 on the measurement ofsin 2� with the decayB0 !
J= K�0 is obtained, for an integrated luminosity of 30 fb�1 on the� (4S). Although the other
modes appear to be feasible and will be considered in future analyses, their branching ratios and
efficiencies are much smaller and thus the capability of measuringsin 2� with these modes has not
yet been considered.

5.5 D+D�,D�D, andD�D� Final States

The decay modesB0, B0 ! DD, DD�, D�D, D�D�, that have been called Type II in Sec-
tion 5.1.1, are Cabibbo suppressed and have color-allowed contributions. However, their branching
ratios are not suppressed relative to the type I Charmonium+K(K�) because of color. As was
discussed in detail in Sections 5.1.2 and 5.1.4, these modes have a potentially important penguin
contribution that, unlike the�+�� case, cannot be extracted by isospin analysis. This penguin
pollution is thus irreducible, but naive estimates using factorization (Section 5.1.5) seem to indicate
that it is small. In the case ofD�D�, angular analysis is, of course, necessary to measuresin 2�

(up to penguins) without dilution, as discussed in detail in Section 5.1.3. Moreover, calculations
using heavy-quark symmetry and factorization (Section 5.1.6) indicate that for the sum of ground
state mesonsDD+DD�+D�D+D�D�, one expects aCP asymmetry with small dilution and a
gain in statistics of a factor of six relative to the golden modeJ= K0

S
. Section 5.1.7 points out the

reasons for studying Dalitz plots of the typeDD� orDDK0
S

viaD�� s in order to measure sign(cos
2�), necessary to resolve one of the discrete ambiguities left by the measurement ofsin 2�.

5.5.1 Study ofB0
! D+D�

Due to the low value of the branching ratios for the decay of charged charmed mesons, six channels
have been considered in the present analysis. These are shown in Table 5-16. The results from
CLEO [35], based on an integrated luminosity of 3.1 fb�1, did not show any evidence for a signal
in the channelB0 ! D+D�; a 90% CL upper limit of1:3� 10�3 was obtained. Using the HQET
hypothesis, the branching ratio for the decayB0 ! D+D� can be predicted from that of the
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Table 5-16. The branching ratio of the decay modes forD+ used in this analysis. The branching
ratios for theD� modes are the same as forD+.

Mode B (%)

D+ ! K��+�+ 9.1

D+ ! K��+�+�0 6.4

D+ ! K0�+ 2.74

D+ ! K0�+�0 9.7

D+ ! K0���+�+ 7.0

D+ ! K0���+�+�0 5.4

channelB0 ! D+D�
s via the formula

B(B0 ! D+D�) = (fD=fDs) tan
2 �c B(B0 ! D+

s D
�) ; (5.85)

wherefD andfDs are the decay constants for theD� andD�
s , respectively. The CLEO measure-

ment [45]B(B0 ! D+
s D

�) = 1:2� 0:5% leads toB(B0 ! D+D�) = 4:5� 10�4, which will be
used in this section.

The Aslund fast simulation program was used throughout the analysis of theCP mode in this
study.

5.5.1.1 Event shape cuts

Different variables were studied in order to extract the most powerful continuum background
suppression cuts. Those chosen were applied in the early stages of the analysis as filter cuts. The
initial study compared the methods using a variable called the separation, given by the formula
[46]

s =

Z +1

�1

[gs(x)� gb(x)]2

gs(x) + gb(x)
; (5.86)

wheregs andgb are the distributions of the variablex for the signal and background, respectively.
Onces is computed for each discriminating variable, the methods with the largest separation are
chosen. As discussed in Section 4.9.1, variables such as Fox-Wolfram moments, sphericity, thrust,
and aplanarity can be used to distinguishB events of interest fromqq background via the event
shape. These quantities, and a clusterization algorithm have been studied for this decay mode.

The study was performed on samples of continuum events. The separation betweenbb events and
each type of continuum background is displayed in Table 5-17. This study shows that the second-
order Fox-Wolfram moment (H2=H0) is the variable which provides the best separation between
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Figure 5-23. Four event-shape variables: the second order of Fox-Wolfram moment (top left),
sphericity (top right), aplanarity (bottom left), and thrust (bottom right). There is good separation
betweenbb events (open histogram) andcc events (shaded histogram). The cuts applied in the
analysis are shown.
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Table 5-17. The separation, as defined in the text, obtained betweenbb events and each type of
the continuum background.

Variable bb .vs.uu bb .vs.dd bb .vs.ss bb .vs. cc

H2=H0 0.50�0.09 0.46�0.07 0.53�0.10 0.56�0.09

H3=H0 0.07�0.05 0.09�0.07 0.05�0.05 0.06�0.04

H4=H0 0.32�0.09 0.31�0.07 0.35�0.09 0.27�0.08

Thrust 0.48�0.09 0.44�0.08 0.51�0.09 0.56�0.09

Sphericity 0.42�0.08 0.38�0.06 0.45�0.08 0.43�0.08

Aplanarity 0.33�0.08 0.33�0.06 0.35�0.08 0.30�0.07

Dmin(djoin = 2:5) 0.33�0.07 0.30�0.07 0.25�0.07 0.28�0.06

Dmin(djoin = 2:0) 0.32�0.06 0.29�0.06 0.24�0.06 0.26�0.06

Dmin(djoin = 1:5) 0.28�0.05 0.24�0.05 0.21�0.05 0.25�0.05

Tgen(djoin = 2:5) 0.47�0.09 0.47�0.09 0.50�0.09 0.54�0.09

Tgen(djoin = 2:0) 0.48�0.08 0.47�0.08 0.50�0.08 0.53�0.08

Tgen(djoin = 1:5) 0.39�0.07 0.37�0.07 0.39�0.07 0.41�0.07

signal and background (see Figure 5-23). A cut,H2=H0 � 0:3, allows rejection of 70% of the
continuum while keeping 93% of the signal. A slight improvement can be made by adding the
thrust variable, with a cutT < 0:79. Though these variables are highly correlated, use of both cuts
reduces the background by 75% while keeping 91% of the signal. Further improvements could be
obtained by combining all shape variables, for instance with a neural network.

qq background tends to have low multiplicity, so at least seven tracks were required in the event.
All three cuts together reject 82% of the background while retaining 90% of the signal.

5.5.1.2 Particle identification

In order to identify charged kaons fromD decays, the following simple algorithm was used. A
track is considered a kaon if:

� The DIRC response is consistent with the kaon hypothesis (3�) but inconsistent with the
pion hypothesis (3�), or

� The same criteria are satisfied fordE=dx if there is no DIRC response.
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Table 5-18. The efficiency for theK0
S

reconstruction found in theAslund study after each step
of the analysis.

Cut � (%)

Acceptance 74

Vertexing 95

Invariant mass 99

Combined 71

5.5.1.3 K0
S

reconstruction

K0
S

candidates were reconstructed from two charged tracks with opposite sign and vertexed with
the YTOP package [47]. The vertex probability was required to satisfyP (�2) > 1%, and the fitted
decay length of theK0

S
candidate was required to be more than3� from 0. Finally,K0

S
candidates

were required to satisfyjM���+�MK0
S

j� 3�K0
S

, where the mass resolution,�K0
S

, is 2.0MeV=c2.
The overall efficiency forK0

S
reconstruction was found to be71%, as seen in Table 5-18.

5.5.1.4 �0 reconstruction

Electromagnetic clusters with an energy greater than 20MeV were paired to form neutral pion
candidates. The invariant mass distribution for the signal is a Gaussian with a low-mass tail, which
reflects the presence of matter in front of the electromagnetic calorimeter and leakage out of the
back of the calorimeter. Due to the tail effect, the position of the peak was shifted from the nominal
�0 mass at low�0 momentum. This was corrected by rescaling the energy of the photons. The�0

candidates were considered if they satisfied the requirementjM

 �M�0 j � 3�

 , where the�0

mass resolution�

 was 5.4MeV=c2. The�0 efficiency at this point was 60%. In order to remove
background photons, the requirement thatj cos �� j� 0:7, was imposed, where�� is the decay
angle. For the signal, the distribution of this variable is expected to be flat (before acceptance cuts)
since the�0 spin is zero. This cut removed one-third of the background while reducing the signal
by 20%.

5.5.1.5 D� reconstruction

Reconstruction ofD� mesons is performed by looping over tracks andK0
S

and�0 candidates,
as applicable. In order to reduce CPU time, once one charmed meson is reconstructed, a cut is
applied on the missing mass,M2

miss = (PB0 � PDrec
)2, wherePB0 andPDrec

are, respectively, the
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Table 5-19. The reconstruction efficiency for chargedD mesons, obtained using theAslund fast
simulation program.

Variable K��+�+ K��+�+�0 K0
S
�+ K0

S
�+�0 K0

S
�+���+ K0

S
�+���+�0

Total Efficiency (%) 60.5 33.2 56.4 31.0 42.0 23.5

�D(MeV=c2) 4.3 8.1 4.7 10.9 3.5 6.2

B(%) 9.1 6.4 1.4 4.9 3.5 6.2

��B(%) 5.5 2.1 0.5 1.0 1.0 0.4

reconstructedB0 andD� four-vectors. By performing the calculation in the center of mass and
neglecting theB0 momentum, the following is obtained

Mmiss '
q
M2

B0 +M2
Drec

� 2E�
B0E�

Drec
: (5.87)

The distribution ofMmiss is a Gaussian centered at theD� mass with a resolution of 180MeV=c2.
This large resolution is due to the neglect of theB momentum in the above calculation. The cut,
1:2 < Mmiss < 2:2, is applied, which retains all signal and rejects a great deal of combinatoric
background. A kinematic vertexing of the charged daughter particles of theD� has also been
performed. TheD� mass resolution is 4–10MeV=c2, depending on the number of�0 mesons in
the final state, as seen in Fig. 5-24 and Table 5-19.D candidates are taken to be those with a mass
within 3� of the nominal chargedD mass. The total efficiency timesB for D� reconstruction is
10:5%, as summarized in Table 5-19.

5.5.1.6 B0 reconstruction

Once the list of charmed mesons has been obtained, opposite-charge pairs are combined. TheB0

momentum in the center of mass is required to satisfy0:15 � p�B0 � 0:45GeV=c. TheB mass
distribution for events passing these cuts and with 0, 1, or 2 signal�0 s is shown in Fig. 5-25. The
twoD mesons are required to be from the same vertex by requiring the probability of the combined
vertex to be greater than 1%. If more than oneB0 has been reconstructed in the analysis, the one
with the best vertex-fit probability is kept. The overall efficiency obtained in theB0 reconstruction
is
P
�i�Bi = 1:2%. The detailed results for the 21 combinations of decay channels are displayed

in Table 5-20.

In order to study the performance of the vertex reconstruction, we have defined three categories
depending on the number of charged tracks in the final state. The first category contains the modes
which have 3 tracks in the final state for bothD mesons. The second one has three tracks for one
D and one track for the other one. The third category has one charged track for eachD. The vertex
probability for the three categories is flat for the signal (Fig. 5-26). This figure also shows thez

vertex position, which has a resolution of 52�m for all three classes.
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Figure 5-24. TheD-mass distribution obtained in the six modes which are considered in the
analysis. Those with a�0 in the final state have larger mass resolution and a tail at lower mass.
This does not affect the analysis because aD mass constraint is applied when theB0 mesons are
reconstructed.
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Table 5-20. Relevant quantities for the various combinations ofDD reconstruction. The upper
number is the reconstruction efficiency for the mode, obtained using theAslund fast simulation,
the middle number is the branching ratio, and the lower number is the effective efficiency (�� B).

K�� K���0 K0
S
� K0

S
��0 K0

S
��+�� K0

S
��+���0

K�� 40% 20% 37% 18% 28% 14%

0.83% 1.2% 0.17% 0.61% 0.44% 0.34%

0.33% 0.24% 0.06% 0.11% 0.13% 0.05%

K���0 11% 18% 9.1% 12% 6.4%

0.41% 0.12% 0.43% 0.31% 0.24%

0.04% 0.02% 0.04% 0.04% 0.02%

K0
S
� 32% 18% 28% 12%

0.0086% 0.062% 0.044% 0.0034%

0.003% 0.01% 0.009% 0.004%

K0
S
��0 9.5% 10% 5.1%

0.11% 0.16% 0.12%

0.01% 0.02% 0.006%

K0
S
��+�� 15% 9.0%

0.058% 0.089%

0.009% 0.008%

K0
S
��+���0 6.1%

0.0034%

0.0002%

5.5.1.7 Background study

In order to evaluate the background in this analysis, large samples ofqq and genericbb events
have been used. The number of events for each type of background is shown in Table 5-21. The
study shows that the background arises mainly frombb events and is concentrated in six decay
combinations, five of which have two�0 s:

D+ ! K��+�+�0; D� ! K+�����0

D+ ! K��+�+�0; D� ! K0
S
���0

D+ ! K��+�+�0; D� ! K0
S
���+��

D+ ! K��+�+�0; D� ! K0
S
���+���0

D+ ! K0
S
�+�0; D� ! K0

S
���+���0

D+ ! K0
S
�+�+���0; D� ! K0

S
���+���0
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Figure 5-25. The mass distribution for theB0 depending on the number of�0 in the final state.

These modes are removed from the analysis, resulting in an efficiency loss of only 10%. After a 3�

B0 mass cut, the signal to background ratio has been measured for each type of background to be

S

B
= 5:7 jcc; 24:6 juu; 7:4 jdd; 16:4 jss; 0:42 jbb : (5.88)

While the continuum background is relatively small (NB=NS � 0:4), thebb background is prob-
lematic, as can be seen in Fig. 5-27.
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Figure 5-26. Plots on the top show theD+D� vertex probability for the three categoriesN1�N2,
whereN1 andN2 are the number of tracks in the final state for the twoD decays. Plots on the bottom
show the resolution for thez position of theB.
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Table 5-21. The number of generated events for the background study.

Type of events bb cc uu dd ss

# events 2:2� 106 3:6� 106 3:9� 106 4:1� 106 3:9� 106

Table 5-22. Summary of the expected results for theB0 ! D+D� analysis with an integrated
luminosity of 30 fb�1 running on the� (4S). The analysis was performed using theAslund fast
simulation program.

B(B0 ! D+D�) 4:5� 10�4

Usable sample 610

Average reconstruction efficiency 0.24

Reconstructed signal events 140

NB=NS 2.8

AverageCP vertexz resolution 55 �m

5.5.1.8 Final sample and conclusions

The summary of the results expected with an integrated luminosity of 30 fb�1 running on the
� (4S) is shown in Table 5-22. The results are based on theAslund fast simulation program.
Studies with the full reconstruction program show that the mass and�z resolutions are the same
as found here. However the efficiency of this analysis is likely to decrease as a more realistic
simulation is performed.

5.5.2 Study ofB0
! D�+D��

This vector-vector mode is a superposition ofCP states due to the different possible helicity
configurations of the final state. Experimentally, this means that in addition to reconstructing
the decayB0 ! D�+D�� and tagging the event to determine the flavor of theB, the transversity
angles of the final state must also be measured. Analyzing the distributions of transversity angles
then allows the separation of theCP -even andCP -odd components of the final event sample.

TheD� mesons are identified by their decayD�+ ! D0�+. TheD0 mesons are reconstructed in
four decay modes, involving one kaon (K� orK0

S
) and one or more pions (charged or neutral), as

shown in Table 5-23. Oppositely charged pairs ofD� are combined to formB0 candidates and a
tagging algorithm is then applied to identify the original flavor of theB0 candidate.
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Figure 5-27. TheB-mass distribution for2:2 � 106 � (4S) events. The signal is constrained to
the expected mass and width.

Table 5-23 lists the different modes studied and their branching ratios. TheB0 ! D�+D��

branching ratio is not yet measured; an upper limit ofB(B0 ! D�+D��) < 2:2 � 10�3 at 90%
confidence level is set by the CLEO-II collaboration [35]. The value used here to estimate the total
number of reconstructed events in this channel is:B(B0 ! D�+D��) = 9:7�10�4, corresponding
to an estimate based on the measuredB0 ! D�+

s D�� branching ratio [35].

The Monte Carlo simulation program used to produce the results presented for theB0 ! D�+D��

channel was the fullBBsim simulation/reconstruction, except for studies of theCP -fitting program
which were generally performed with a toy Monte Carlo.
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Table 5-23. Branching ratios for decay modes used in theB0 ! D�+D�� study.

Decay Mode B (%)

B0 ! D�+D�� 0:097

D�+ ! D0�+ 68:3� 1:4

D0 ! K��+ 3:83� 0:12

D0 ! K��+�0 13:9� 0:9

D0 ! K��+���+ 7:5� 0:4

D0 ! K0
S
�+�� 2:7� 0:2

5.5.2.1 General tools

In this section the general tools used to selectB0 candidates in the modeB0 ! D�+D��are briefly
summarized.

Charged particles are identified by reconstructing tracks in the silicon vertex tracker and the drift
chamber. Particle identification of charged tracks has been discussed in detail previously (Sec-
tion 4.3). Kaon candidates generally are required to be consistent with the kaon hypothesis, while
all charged tracks are considered as pion candidates. For the low-backgroundD0 ! K��+ mode,
no PID requirement is made for the kaon.

Photons are identified as energy deposits (bumps) in the EMC. A track veto is applied to eliminate
electron showers and charged hadrons that interact in the EMC. No selection is made on the photon
(or �0) momentum.

5.5.2.2 Event selection

Event selection is based on reconstructing the invariant mass ofD0, D�, andB0 candidates. At a
lower level, neutral pions and kaons are reconstructed in their decays to photons and charged pions,
respectively. Charged and neutral particle candidates are combined to form the invariant mass of
intermediate particles. Where relevant, a vertex is formed from charged tracks and a selection on
the vertex probability is applied.
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Figure 5-28. Reconstructed invariant mass of�0 (left) andK0
S

(right) candidates, using the full
BBsim simulation and reconstructing chain.

5.5.2.3 �0 selection

Neutral pions are reconstructed by combining all identified photons in an event. No selection is
made on the photon (or�0) momentum. All such candidates are then used for theD0 ! K��+�0

decay channel. The tail on the low-mass side of the distribution is accommodated by allowing the
�0 mass cuts to be asymmetric:120 < m�0 < 145 MeV=c2. An efficiency of 42% is obtained for
these�0 s.

Figure 5-28 shows the reconstructed mass of�0 candidates selected fromB0 decays.

5.5.2.4 K0
S

selection

Oppositely charged pions are paired together to formK0
S
! �+�� candidates. The reconstructed

K0
S

mass is shown in Fig. 5-28, with arrows indicating the 3.5� mass cut. The efficiency of this
selection is 40%.
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5.5.2.5 D0 selection

TheD0 selection is characterized by the application of very few selection criteria. This is possible
due to the low background that is encountered when there are two reconstructedD� candidates in
an event.

Charged and neutral kaons and pions were appropriately combined to formD0 candidates in the
four different channels as described in Table 5-23. Charged tracks were fit to a common vertex
and the vertex probability was required to be greater than1%. For the decayD0 ! K��+, for
example, this cut removes about 25% of the background while retaining 94% of the signal.

For the decay modeD0 ! K��+�0 most of the rate is through the resonant statesK�0�0,K���+,
andK��+. This substructure is exploited to reduce the combinatorial background in this channel.
For each of the possible resonances two quantities are calculated: the mass of the resonant particle
and thehelicity angle, defined as the angle between the scalar particle and one of the decay products
of the vector particle calculated in the rest frame of the vector particle. The helicity angle is
distributed ascos2�H for resonant signal and approximately flat for background. A candidate is
accepted if, for at least one of the three resonance hypotheses, the mass is within two standard
deviations of the expected mass (both the natural width and experimental resolution were taken into
account)and the helicity angle satisfies the conditionjcos �Hj > 0:3. This requirement removes
44% of the incorrect combinations while retaining 89% of the signal.

The reconstructedD0 mass distributions for the fourD0 modes are shown in Fig. 5-29. These
candidates were selected in simulatedB0 ! D�+D�� decays. Table 5-24 reports the mass
resolution�M obtained for each decay mode. The reconstructed mass is required to be within
2� (3� for theK��+ case) of the nominalD0 mass. The efficiency� of theD0 selection criteria
(including all selection on charged and neutral pions and kaons) forD0 arising from theCP mode
under study are also shown in Table 5-24, together with� � B, whereB is the branching ratio of
theD decay channel.

5.5.2.6 D� selection

D0 candidates are combined with charged pion candidates. ForD0 modes with a charged kaon, the
flavor of theD0 is unambiguous and these candidates are combined only with pions of opposite
charge. For theD0 modes with aK0

S
in the final state, all charged pions are considered when

formingD� candidates.
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GeV GeV 

GeV GeV 

Figure 5-29. Reconstructed invariant-mass distribution ofD0 candidates for the decay modes of
interest in this analysis.

Table 5-24. Mass resolution and efficiency (�) for the D0 decay modes. The analyses were
performed using the fullBBsim simulation and reconstruction.

Decay Mode �M (MeV) � ��B
D0 ! K��+ 6.5 0.64 0.025

D0 ! K��+�0 16 0.17 0.024

D0 ! K��+���+ 6.2 0.34 0.026

D0 ! K0
S
�+�� 8.1 0.33 0.006

Total 0.081
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Figure 5-30. (left) Transverse momentum (pT ) of the slow pion in theD� decay for events where
theD0 has been reconstructed from generated tracks (open histogram) and reconstructed tracks
(shaded histogram); (right) soft pion reconstruction efficiency vspT .

The low Q-value of theD�+ ! D0�+ decay means that very good resolution is obtained on the
quantitymD� � mD0 . A resolution of approximately0:8 MeV=c2 is obtained for this quantity,
independent of theD0 decay mode.D0 ! K��+ andD0 ! K0

S
�+�� candidates are accepted

if mD� � mD0 is within 3 MeV=c2 of the nominal value. A tighter cut of 2MeV=c2 is made
for D0 ! K��+�0 andD0 ! K��+���+ candidates, because of the larger background. The
resolution can be improved somewhat by constraining the vertex position of the soft pion, but this
technique was not employed in this study.

An important consideration ofD� reconstruction is the efficiency for reconstructing the slow pion.
Figure 5-30 shows the transverse momentum distribution for soft pions inD� decay in events where
theD0 was reconstructed. A significant number havepT < 100 MeV=c, which is the approximate
cutoff for a track to reach the drift chamber. For these pions, it is necessary to perform stand-alone
tracking in the silicon vertex tracker. Tracks withpT < 50 MeV=c are not reconstructed at all. Also
shown in Fig. 5-30 is the reconstruction efficiency for the soft pion as a function of its transverse
momentum.

The efficiency for selecting aD�, given aD0 candidate, is� 75% for all D0 decay modes,
corresponding to the average efficiency for identifying the soft pion. The reduction in background
obtained going from aD0 selection to aD� selection is illustrated in Fig. 5-31. The plot on the left
shows theD0 invariant-mass distribution obtained for a sample of genericB0B0 events. The plot
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Figure 5-31. D0 mass distribution without anyD� requirement (left) and requiring that theD
originate from aD� decay (right), clearly showing the reduction in background level.

on the right shows the same distribution with the additional requirement that theD0 candidate be
accompanied by a soft pion satisfying themD� �mD0 cut.

5.5.2.7 B0 selection

Oppositely chargedD� candidates selected in the same event are combined to formB0 candidates.
TrueB0 mesons produced at the� (4S) have a narrow range ofp�B0 . Fig. 5-32 shows the distribution
of p�B0 for B0 ! D�+D�� and background candidates. Most candidates are required to satisfy
0:2 < p�B0 < 0:45 GeV=c. The upper limit was tightened to 0.38GeV=c for candidates in the two
decay combinations with high combinatoric backgrounds, where oneD decayed toK��+���+

and the other to eitherK��+�0 orK��+���+.
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Figure 5-32. Distribution ofp�B0 for B0 decays (top) and for background candidates (bottom).

The invariant-mass distribution of selectedB0 candidates is shown in Fig. 5-33, where the ten final
states have been grouped into three categories, according to the number of�0 mesons in the final
state. Asignal regionis defined to be within2:5� of the nominalB0 mass, where the resolutions
given in Table 5-25 have been used. Anexpanded signal regionis also defined. This is used to
increase the effective statistics in the background studies described below. This region is five times
wider than the signal region.

Table 5-26 shows the reconstruction efficiency for the ten final states, along with the expected
number of events for an integrated luminosity of 30 fb�1 running on the� (4S). Details of this
calculation are given below.
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Figure 5-33. Invariant-mass distribution ofB0 candidates for final states with 0, 1 and 2�0 s.
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Table 5-25. Summary ofB0 resolutions grouped by number of�0 s in the final state. These results
were obtained with the fullBBsim simulation and BABAR reconstruction code.

�0 Mass Vertex Fraction of

multiplicity Resolution (MeV) Resolution (�m) final sample

0 14.2 66 0.48

1 24.7 102 0.39

2 29.7 136 0.13

Table 5-26. B0 reconstruction efficiencies. The upper number in each cell is the efficiency, while
the lower number is the number of events expected in 30 fb�1. All results were obtained with the
full BBsim simulation and the BABAR reconstruction.

K� K��0 K(3�) K0
S
�+��

0.26 0.068 0.13 0.13

K� 5.9 11.4 12.2 2.8

0.025 0.026 0.045

K��0 7.5 8.4 3.6

0.06 0.05

K(3�) 5.3 2.2

0.061

K0
S
�+�� 0.3

The decay position of theB0 is determined by performing a vertex fit of the twoD0 candidates
and the two soft pions. The possibility of determining the vertex directly from theD� candidates,
or with just theD0 candidates (excluding the soft pions from the fit), was also studied, but both
these options resulted in degraded vertex resolution. Figure 5-34 shows the vertex resolution of
reconstructedB0 candidates. The efficiency-weighted mean vertex resolution is 89�m.
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Figure 5-34. Difference in thez coordinate of the reconstructed vertex position and the true vertex
position forB0 candidates with 0, 1 and 2�0 s.
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Figure 5-35. Resolution for the reconstructed transversity angle�tr as a function ofcos �tr.

5.5.2.8 Reconstruction of angles

Once aB0 candidate is fully reconstructed, it is straightforward to calculate decay angles in
the transversity basis (see Section 5.1.3). The angular resolution was studied, and a significant
dependence of the transversity angle,�tr, as a function of angle was found, as shown in Fig. 5-35.
However the uncertainty in the angle measurement is negligible compared to the uncertainty in
�t as will be discussed with other realistic effects in Section 5.5.4.2. Figure 5-36 shows theB0

reconstruction efficiency as a function of the three transversity angles. The small deviation from
uniform acceptance is neglected when fitting the angular distributions.
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Figure 5-36. Angular acceptance for the three angles in the transversity frame: top left) angle�1;
top right) angle�tr; bottom) angle�tr. This figure was produced using the fast simulation (with all
D0 ! K��+), hence the artificially high value of the average efficiency.
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5.5.2.9 Backgrounds

Backgrounds are expected to be low for this channel, due to the low background in theD� sample.
In order to verify this expectation, samples of generic decays discussed in Section 5.2 were studied.

The background was studied separately for samples ofbb, cc and light-quark (uds) events. The
background is expected to have a large component of correctly reconstructedD� mesons, and
therefore little background fromuds events is expected. Pairs of realD� s are produced in both
cc and bb events, but most of these pairs fail theB0 mass and momentum selection criteria.
Figure 5-37 shows the scatter plot of the difference of the reconstructedB0 invariant mass from
the trueB0 mass (in sigma) versusp�B0 for the three different samples. The boxes in the figures
depict the signal region and the expanded signal region as defined above. Taking a mass window
five times larger than nominal assumes that the shape of the background in this region is linear,
although not necessarily flat. The fact that no light-quark orcc events are found in the expanded
signal region indicates that few such background events would be expected in a 30 fb�1 sample.
There are fivebb events in the expanded region, suggesting a background of 14 events in a 30 fb�1

sample.

Most of the background events have one or two correctly reconstructedD� mesons, implying that
tightening theD0 or D� selection will not reduce the background levels dramatically. Slightly
loosening the cuts demonstrates that the most serious background involves false candidates in the
D0 channelsK��+�0 andK��+���+. This is the motivation for the tighter selection criteria
above when these modes are involved.

5.5.2.10 Final event sample

Table 5-27 summarizes the event sample obtained from a 30 fb�1 sample. Theusable sampleis
the total number of events that decay into the decay modes analyzed, before any selection criteria
are applied. It represents the number of events that would be reconstructed if the efficiency were
100% for all channels.

The number of signal events is calculated by combining the information from this table with the
branching ratios from Table 5-23 and the efficiencies from Table 5-26. The yield from each of the
ten channels is computed separately (see Table 5-26) and then summed. The average reconstruction
efficiency quoted in Table 5-27 is simply the number of reconstructed events divided by the total
sample. This efficiency is considerably smaller than for the previousD+D� analysis. While part
of this loss is due to the efficiency for the slow pions, the remainder of the difference is due to
the difference between the overly optimistic efficiency obtained fromAslund and the somewhat
pessimistic values obtained here, since the reconstruction programs are still improving.
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Figure 5-37. Difference of the measured invariant mass and the trueB0 mass (in sigma) plotted
versusp�B0 for B0 candidates selected from background sources: a)bb events; b)cc events; c)uds
events. Candidates in the two high-background combinations are shown as open circles and the rest
are shown as filled circles.
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Table 5-27. Summary forB0 ! D�+D�� for a 30 fb�1 sample. The fullBBsim simulation and
the BABAR reconstruction was used for this analysis.

B(B0 ! D�+D��) 9:7� 10�4

Usable sample 1140

Average reconstruction efficiency 0.053

Reconstructed signal events 60

Background events 14

AverageCP vertexz resolution 89 �m

5.5.3 Estimates for theD�D Mode

This decay mode can have bothCP = +1 andCP = �1 depending upon whether the wavefunc-
tion is symmetric or anti-symmetric. In this section it will be assumed to beCP = +1 since the
heavy-quark symmetry prediction is that it is mostlyCP = +1.

Using theD� efficiency and background estimates from theD+D� analysis performed using the
Aslund fast simulation, and the�0 efficiency and vertex resolution from theD�+D�� analysis,
performed using the fullBBsim simulation and the reconstruction, theCP resolution is estimated
for the modeD�D��. AssumingB(B0 ! D+D��) = 4:8�10�4, and an integrated luminosity of
30 fb�1, a total of� 15000D�D�� events will be produced. 144 reconstructed events were found
in theD+D� analysis. Requiring an additional slow�0 would be expected to have an efficiency
of �30% (a guess based on numbers in theD�+D�� study, Section 5.5.2), yielding an estimate of
43D�D events observed in 30 fb�1 running at the� (4S). The signal to background rate from the
D+D� analysis, Section 5.5.1, was 0.42 and theD�D�� channel should be similar. The vertex
resolution was determined to be 149 microns in theD�+D�� analysis, and this estimate will be
used to estimate the resolution of theD�D�� channel. Assuming theD�D�� channel is 100%
CP = +1 allowsCP fitting without the need of angular information. With these estimates, an
uncertainty of 0.92 is obtained forsin 2�. This may be improved with the inclusion of other final
states.
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Table 5-28. The fitted value ofsin 2� for four event samples (background and the tagging
uncertainties are not included).

Number of events 2416 239

sin 2� = 0:4 0:42� 0:04 0:26� 0:11

sin 2� = 0:9 0:94� 0:04 1:03� 0:12

5.5.4 Measurement ofCP Asymmetries and Extraction of�

5.5.4.1 B0
! D+D�

The extraction ofsin 2� for this channel is straightforward since theD+D� final state is a pure
CP eigenstate. The asymmetry is given by the formula

a(t) =
�(B0 ! D+D�)� �(B0 ! D+D�)

�(B0 ! D+D�) + �(B0 ! D+D�)
= sin 2� sin(�mt): (5.89)

In this study, both the forward-backward asymmetry, [48], and Kin, [49], methods for extracting
sin 2� have been investigated. Both methods worked well and gave the same results. The method
which uses the Kin variable is described here. In order to illustrate this method, a simple case is
considered, without complications from background or vertex tagging, and where theB flavor is
given by the charge of the lepton. T the time-dependent rate for aB0 tag is given by

R(�z) = 	(�z)
G(�det;�z) ; (5.90)

where	(�z) = e��(ztag+zCP )[1+sin 2� sin(�m�z)]: The convolution with the GaussianG(�det;�z)
takes into account detector resolution. The Kin variable is

K � R�R

R +R
: (5.91)

The values ofhKi andhK2i are measured and the value and error ofsin 2� are extracted:

sin 2� =
hKi
hK2i ; �sin 2� =

1

hK2i : (5.92)

The method has been applied to samples of events withsin 2� equal to 0.4 and 0.9. The fitted
values are given in Table 5-28. The results in Fig. 5-38 and Table 5-28 show agreement between
the generated and fitted values.
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Figure 5-38. The Kin distribution for a large number ofB0 ! D+D� events. (a) Events
generated withsin 2� = 0:4; and (b)sin 2� = 0:9. The fitted values are shown on the plot.

In the more realistic case, where background and tagging are taken into account in the expression
of the Kin, the double time expression of Eq. (1.41) takes the form

R(�z; tag) = Psig�[PB0�	(�z)
G(�det;�z)+PB0�	(�z)
G(�det;�z)]+Pbkg��(�z);

(5.93)
where

� Psig (Pbkg) is the probability that the event is signal (background) as determined by the
Cornelius package (Psig + Pbkg = 1).

� PB0 (PB0) is the probability that the event is aB0 (B0) as determined by theCornelius
package (PB0 + PB0 = 1).

� �(�z) is the�z distribution for the background.
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Table 5-29. Error in the measurement ofsin 2� in the decay modeB0 ! D+D� for integrated
luminosity of 30 fb�1. The analysis was performed using theAslund fast simulation.

B(B0 ! D+D�) 4:5� 10�4

Usable sample 610

Average reconstruction efficiency 0.24

Reconstructed signal events 140

NB=NS 2.8

�z resolution (narrow/wide) 63/189�m

�0 1.59

Tag factor 0.3

�(sin 2�) 0.48

In this case, the Kin expression becomes

K =
R �R

R +R
=

	
G� 	
G

	
G+	
G| {z }
‘Ideal Kin’

� PB0 � PB0

PB0 + PB0| {z }
Tagging effect

� 1

1 +
2Pbkg
Psig

�

	+	| {z }
Background effect

(5.94)

Table 5-29 shows the summary of all relevant parameters in the extraction of the error in the mea-
surement ofsin 2� for our decay mode. The uncertainty expected is0:48 with the fast simulation
(Aslund ). This error is likely to increase somewhat as the efficiency becomes more realistic.

5.5.4.2 B0
! D�+D��

D�+D�� is a vector-vector final state and thus, in principle, a mixture ofCP -even andCP -odd
states. As discussed in Section 5.1.3, in order to avoid the dilution of the measured asymmetries,
an angular analysis can be performed to separate the two contributions. In this section, an un-
binned Maximum Likelihood (ML) fit is described. This is based on combined time and angular
distributions in the transversity basis.

The angular distribution in the transversity frame for the decay under study has already been given
in Eq. (5.44). In order to write the complete probability distribution function, the time dependent
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amplitudes are parameterized as

Ak(t) =Mke
i�ke�imt��t=2

�
ei� cos

�
�mt

2

�
+ ie�i� sin

�
�mt

2

��

A?(t) =M?e
i�?e�imt��t=2

�
�ei� cos

�
�mt

2

�
+ ie�i� sin

�
�mt

2

��
(5.95)

A0(t) =M0e
i�0e�imt��t=2

�
ei� cos

�
�mt

2

�
+ ie�i� sin

�
�mt

2

��
;

whereMi are the magnitudes of the amplitudes in the transversity basis and�i are the strong
phases (i = 0; k;?).

The combined time and angular distribution can then be written as

d3�(B0(B0)!D�+D��)

d cos #1d cos#trd�tr
= k

4m2
B

9
8(2�)2

e��t

f M2
k(1 + (�) sin 2� sin(�mt)) sin2 #1 sin2 #tr sin2 �tr

+ M2
?(1� (+) sin 2� sin(�mt)) sin2 #1 cos

2 #tr

+ 2M2
0(1 + (�) sin 2� sin(�mt)) cos2 #1 sin2 #tr cos2 �tr

+ M?Mk sin
2 #1 sin(2#tr) sin�tr[sin�k cos(�mt)

+(�) cos 2� cos�k sin(�mt)]
+ 1p

2
M0Mk sin 2#1 sin

2 #tr sin(2�tr)(1

+(�) sin 2� sin(�mt)) cos(�k � �0)

+ 1p
2
M0M? sin 2#1 sin 2#tr cos�tr[sin�0 cos(�mt)

+(�) cos 2� cos�0 sin(�mt)]g ;

(5.96)

where the+(�) sign corresponds to theB0 (B0) tag, and�? = 0 has been chosen by convention.
The three amplitudes,Mi, satisfy the equation:

M2
k +M2

0 +M2
? = 1: (5.97)

The definitions of the three angles(#1; #tr; �tr) are given in Fig. 5-11.

The distribution of the polar transversity angle#tr is the observable that contains most of the
information on theCP of the final state. In order to simplify the fit, the complete distribution given
above can be integrated over the helicity angle#1 and the azimuthal transversity angle�tr, without
losing the capability to disentangle theCP states. This simplified method will be referred to as
analysis in transversity; it will be described below. However the smallest uncertainty onsin 2� is
obtained using the complete angular and time information. While thefull angular analysis, will be
used to obtain the final result, both methods are described below.
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The contribution of penguin diagrams to the decays under study can shift the measured value of
�. This effect is discussed in Section 5.1.5, as a correction to be applied to the experimental
determination, and is not taken into account in the following. Here, the possibility to perform a
measurement in the case of an arbitraryCP mixture is stressed.

5.5.4.3 Transversity analysis for the extraction ofsin 2�

Integrating over the helicity angle#1 and the azimuthal transversity angle�tr, the time and angular
distribution (Eq. (5.96)) becomes (up to a normalization constant)

g(t; #tr) = �+(t)(1� a(t))
3

4
sin2 #tr + ��(t)(1� a(t))

3

2
cos2 #tr; (5.98)

where the time dependent rates��, corresponding toCP �1 states, are

�+(t) = (M2
k +M2

0)e
��t and��(t) =M2

?e
��t ; (5.99)

and the time dependent asymmetrya(t) is given by:

a(t) = sin 2� sin(�mt): (5.100)

One can then introduce a dilution factorK defined as:

K =
�+ � ��

�+ + ��
(5.101)

that relates the observed diluted asymmetry to the asymmetry that would be measured in the case
of pureCP eigenstates.

In each reconstructedB0
(—) ! D�+D�� event one can measure the transversity angle#tr and�t =

tCP � ttag. For a given measured tag, we will call this set of measurementsx = f#tr; �tg.
Using the ratioR? as defined in Eq. (5.38) and the dilution factorK one can then express the
relative rate ofB0 decay toD�+D�� CP -even states as:

�+

�+ + ��
= (1�R?) =

1

2
(1 +K); (5.102)

associated with an angular distribution of the typesin2 #tr; for CP -odd states the corresponding
relative rate is:

��

�+ + ��
= R? =

1

2
(1�K) (5.103)

and the transversity angle distribution iscos2 #tr.
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The probability distribution function for the maximum likelihood fit can then be written as:

F (x; b;K) =

8>>>>>>>><
>>>>>>>>:

f(x; b;K) = 1
2
(1 +K)(1 + a)3

4
sin2 #tr+

1
2
(1�K)(1� a)3

2
cos2 #tr for B0 tag

f(x; b;K) = 1
2
(1 +K)(1� a)3

4
sin2 #tr+

1
2
(1�K)(1 + a)3

2
cos2 #tr for B0 tag ;

(5.104)

where the parameterb = sin 2� appears in the time dependent asymmetry as

a(t) = b sin(�mt): (5.105)

In the unbinned maximum likelihood fit the parametersb andK are determined by maximizing the
log-likelihood function:

logL =
nX
i=1

log f(xi; b;K) +
nX
i=1

log f(xi; b;K) ; (5.106)

wheren (n) is the number of reconstructed events with aB0 (B0) tag.

As a preliminary step in the study of the sensitivity of the transversity analysis, the properties of
the maximum likelihood fit were studied with many Monte Carlo-generated distributions corre-
sponding to experiments of typically500 events each. Figure 5-39 shows the uncertainty insin 2�,
averaged over 200 experiments of 500 events each as a function of the dilution factorK. As
expected, the uncertainty increases forK � 0 where the mixing ofCP -states is maximal.

In Fig 5-40 the distribution of the fitted values ofb andK are shown for the (theoretically preferred)
input values ofb = 0:7 andK = 0:88, corresponding to a combination of eigenstates with94%

CP = +1 and6% CP = �1.

5.5.4.4 Full angular analysis to extractsin 2�

The full angular analysis will provide the most accurate measurement of� if sufficient data is
available to determine all the parameters that are present in the theoretical distribution (Eq. (5.96)).
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Figure 5-39. Uncertainty insin 2� as a function of theK dilution factor for the case ofsin 2�=
0.7.

Figure 5-40. Distributions of the fit results for the parametersb̂ (left) andK̂ (right) obtained on a
data sample generated with true valueb = 0:7 andK = 0:88.
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Five parameters must be evaluated in the fitting procedure: two of the three amplitudesMk,
M0 andM?, two strong phases�k and�0, and the� angle of the unitarity triangle. The five
parameters, represented by a vector#, are estimated by maximizing the log-likelihood function
defined as:

logL =
nX
i=1

log f(xi;#) +
nX
i=1

log f(xi;#): (5.107)

As before,n (n) is the number of reconstructed events with aB0 (B0) tag, and the probability
distribution functionsf andf , defined up to a normalization constant by Eq. (5.96), are evaluated
for each event at the measured valuesx = f#1; #tr; �tr;�tg for the given tag.

The sensitivity of the method in the simultaneous fit ofsin 2� and the other four parameters was
studied with Monte Carlo-generated samples of 500 events.

In Fig. 5-41 the resolution onsin 2� as a function of the dilution factorK is plotted for three
different configurations of amplitudes,i.e., for theCP -even transverse polarization equal to zero
(Mk = 0), the longitudinal polarization equal to zero (M0 = 0), and theCP -even combination
with equal amounts ofMk andM0. Furthermore, Fig. 5-41 shows a comparison between the
resolution achievable from a transversity analysis and from a full angular analysis. The improve-
ment achieved using the full angular analysis is more significant for the case where the final state
consists of a nearly equal mixture ofCP -even andCP -odd states.

5.5.4.5 Realistic effects

The sin 2� uncertainty will increase due to non-zero background, errors in flavor tagging of the
otherB (mis-tagging), and nonperfect resolution on�z and angle measurements. As described
above, the background fraction is expected to be about 23% in the final sample. Using Eq. (5.81),
an increase in thesin 2� uncertainty of a factor 1.12 is found. The increase due to flavor tagging is
a factor of1=

p
0:3 = 1:8.

The effect of the non-zero angular resolution is small compared to the temporal resolution and
has been neglected. The�z resolution is affected by vertex resolution of both theCP B and the
taggingB. The resolutions obtained are 89�m and 120�m, respectively, giving an uncertainty on
�z of 150�m. This resolution, for the case of the full angular analysis, gives�0 = 1:70.

5.5.4.6 CP Reach of theB0
! D�+D�� Channel

The results of the previous sections may now be combined to estimate the expected uncertainty
in sin 2� for a sample from 30 fb�1 running at the� (4S). Table 5-30 summarizes the relevant
quantities. No study of systematic errors has yet been performed.
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Figure 5-41. Resolution insin 2� as a function of different combinations of amplitudes; a
variation of theCP -oddM? corresponds to a variation of the dilution factorK; then for each
value ofK three combinations ofCP -even are shown; the open circles correspond toM0 = 0, the
open squares to theMk = 0 and the triangles to a mixture of even parities,50%M0 and50%Mk.
The filled circles correspond to the transversity analysis.
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Table 5-30. Summary ofsin 2� measurement with theB0 ! D�+D�� channel for an integrated
luminosity of 30 fb�1. The full BBsim simulation and the BABAR reconstruction was used for this
analysis.

B(B0 ! D�+D��) 9:7� 10�4

Usable sample 1050

Average reconstruction efficiency 0.053

Number reconstructed 60

NB=NS 0.23

�z resolution 150 �m

�0 1.7

Tag factor 0.3

�(sin 2�) 0.44

Improvements on the results presented here may be expected. Certain aspects of the analysis may
be optimized, which will undoubtedly have the effect of reducing the overall error. Improvements
to the �0 andK0

S
efficiencies will increase the number of reconstructed signal events, as will

increasing the number ofD0 decay modes studied. Improved vertex/kinematic fitting will improve
the mass resolution (reducing the background) and also the�z resolution.

The combined result forsin 2� resulting from this and other measurements is presented in Ta-
ble 5-38.

5.6 Penguin Modes

The decay modesB0, B0 ! �0K0
S
(K0

L
), �0K0

S
(K0

L
), �K0

S
(K0

L
); : : : (and the corresponding modes

withK�) that have been called Type III in Section 5.1.1, have dominant penguin contributions that
could allow measurement ofsin 2�. The expected branching ratios areO(10�5). As discussed
in detail in Section 5.1.2, in the pure-penguin modes�K0

S
(K0

L
), �K�0

CP , there is contamination
from other weak phases that is quite small, and these modes are then suitable to measuresin 2�.
However, in the modes of the type�0K0

S
(K0

L
), �0K0

S
(K0

L
); : : : there are tree contributions that,

although CKM suppressed, can pollute the determination ofsin 2� (see Section 5.1.2). The
mode�0K0

S
is very interesting because the measured branching ratio at CLEO is rather large [37].
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Estimation of the tree pollution onsin 2� using factorization (Section 5.1.5) seems to indicate that
this mode is very encouraging.

Included in this section are examples of the various penguin modes that have been investigated:
B0 ! �0K0andB0 ! �K�0 in theK0

S
channel andB0 ! �0K0 andB0 ! �K0 in theK0

L

channel.

5.6.1 B0
! �0K0

S

TheB0 ! �0K0
S

analysis is rather similar to theJ= K0
S

analysis discussed in Section 5.3.1. The
full BBsim simulation and reconstruction is used and theK0

S
finding is identical, except that only

theK0
S
! �+�� channel is used. For�0 candidates the�0 ! ��+�� and�0 ! �0
 decay channels

are used. The�0 ! ��+�� analysis uses only the� ! 

 channel; because of lower efficiency,
the� ! �+���0 decay would increase the�0 ! ��+�� yield by only 30%. A preliminary filter
with fairly loose mass cuts is used to obtain events for further study. In order to select a final
sample, the following cuts are applied:0:50 < m� < 0:58 GeV=c2; 0:3 < m� < 0:9 GeV=c2;
0:92 < m0

� < 0:98 GeV=c2; 0:475 < mKS
< 0:515 GeV=c2; 5:20 < mB < 5:35 GeV=c2 and

0:20 < p�B0 < 0:45 GeV=c, where the notation for masses is clear andp�B0 is theB momentum
in the� (4S) center of mass. These cuts typically require quantities to be within three standard
deviations of the nominal mean; the distributions for�0 mass andB mass, before cuts, are shown
in Fig. 5-42.

The numbers of Monte Carlo signal andqq background events which pass successive cuts are given
in Table 5-31 and Table 5-32 for the�0 ! ��+�� and�0 ! �0
 decay channels, respectively. The
numbers for signal were obtained from a sample of 8000-signal Monte Carlo events and scaled to
the expectations for a 30 fb�1 sample. These numbers reflect only the situation for events with the
correctB0 ! �0K0

S
decay. With the present cuts, there are 12% (23%) additional combinations

for the�0 ! ��+�� (�0 ! �0
) samples which pass all cuts but are not from the correctB decay
chain. Many of these are from events which have more than one combination of tracks and showers
which pass the selection. While further study of events with multiple combinations is necessary, it
is already known that about one-half of such events differ only in the photons in the event. Thus
the vertex position of theCP decay is the same for such combinations since photons are not used
to determine the vertex position.

The background numbers in Tables 5-31 and 5-32 are scaled from the fullqq sample discussed
in Section 5.2. The backgrounds are approximately an order of magnitude larger than for the
comparable CLEO analyses since background suppression cuts have not been made. The use of
tight event shape cuts, especially for the�0 ! �0
 mode, should reduce the background to�10%
for the�0 ! ��+�� mode and�50% for the�0 ! �0
 mode. TheBB background is expected
to be negligible for both of these samples, confirmed by the fact that no events from the 2.2 fb�1

BB Monte Carlo sample passed our selection cuts.
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η′

Figure 5-42. Distribution of �0 mass for (a)�0 ! ��+�� and (b)�0 ! �0
 decay channels.
Distribution ofB mass for (c)�0 ! ��+�� and (d)�0 ! �0
 decay channels. All other cuts have
been applied when making these distributions.
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Table 5-31. Number of events and efficiency for signal and background events passing the�0 !

��+�� selection criteria. Numbers in this table were derived from fullBBsim simulation and
reconstruction.

Signal qq Background

Cut Events Eff. Events

None 89 1.00 101691000

Filter 35 0.40 887933

� mass 30 0.34 12839

�0 mass 28 0.32 2255

K0
S

mass 27 0.30 1253

B mass 21 0.24 167

p�B0 20 0.23 21

Table 5-32. Number of events and efficiency for signal and background events passing the
�0 ! �0
 selection criteria. Numbers in this table were derived from fullBBsim simulation and
reconstruction.

Signal qq Background

Cut Events Eff. Events

None 157 1.00 101691000

Filter 76 0.49 887933

� mass 71 0.46 717119

�0 mass 64 0.41 232338

K0
S

mass 61 0.39 110146

B mass 56 0.36 16450

p�B0 55 0.35 1942
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Figure 5-43. Distribution of zCP � ztag for a sample of Monte CarloB0 ! �0K0
S

events with
�0 ! �
.

In order to determinesin 2� from the samples,�z = zCP � ztag is determined, as in Section 4.10.
The z position of theCP vertex is determined from the charged tracks from the�0 decay and
theK0

S
direction. Thez position of the tag vertex is obtained with an algorithm similar to that

discussed in Section 4.5.1.3, though with some improvements. The resolution is accounted for
by a double-Gaussian (with the mean allowed to be non-zero to account for the effect of tracks
from charm decays pulling the tag vertex) with parameters extracted from�z � �ztrue. The�z
distribution for the�0 ! �0
 sample with an input value ofsin 2� = 0:7 is shown in Fig. 5-43.
The fitted value ofsin 2� is 0:67 � 0:04, which leads to a value of�0 = 1:8, approximately the
expected value given the effective resolution of� 175�m. Minor quality cuts on the tag andCP
vertices were needed to obtain these results. Improvements to the procedure for the location of the
vertices, should enable us to achieve approximately the same resolution (130�m) and�0 (1.59) as
in theJ= K0

S
analysis, since in both cases the resolution for theCP vertex is substantially smaller
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Table 5-33. Efficiencies for theB0 ! �0K0
L

decay obtained with theAslund fast simulation.

�(�0K0
L
) �(�0K�0)

0.52 0.46

p�B0� 0:45 (GeV=c) 0.42 0.13

than for the tag vertex. The charged tracks in the�0 ! ��+�� mode are scattered more due to
their softer momentum spectrum. Hence, the resolution for this mode is expected to be larger,
(�150�m), leading to�0 � 1:70. These and other numbers in this section are summarized below
in Table 5-38.

5.6.2 Analysis ofB0
! �0K0

L

The decayB0 ! �0K0
L

has also been studied with theAslund fast simulation. As mentioned
already, the detection of bothK0 decay modes is important because theCP asymmetries have op-
posite signs and there is a substantial increase in statistics because of the large detection efficiency
for high-energyK0

L
mesons. On the other hand the overall branching ratio,B(B0 ! �0K0

L
; �0 !

�+���; � ! �+���0; �0 ! 

) ' 0:44 � 0:62 � 2:4 � 10�5 [37, 50] is relatively low. This
�0 decay chain allows reconstruction of theB0 vertex and it is more background free, due to the
constraint on the�0 and� masses than the decay�0 ! �
. Only the decays� ! �+���0 and
� ! 

 have been considered.

Selection criteria and background channels are the same as described in Section 5.3.2 forB0 !
J= K0

L
. TheK0

L
momentum is determined from the�0 momentum and from theK0

L
direction.

Consistency with� (4S) ! B0B0 decay is used as a constraint, requiring that the reconstructed
center of massB momentum has, within resolution, the expected valuep�B0 � 330 MeV. The
resolution on this momentum is dominated by the energy spread of the colliding beams and by
the angular resolution in theK0

L
direction as discussed in Section 5.3.2. Detection efficiencies are

rather high, due to the highK0
L

momenta, ranging from 1.5GeV=c up to 4.4GeV=c, with a flat
distribution. The�0 momentum distribution is rather independent of the�0 mass.

After simple cuts, the detection efficiency is' 0:42, as shown in Table 5-33.

Background arising fromBB events are expected to be negligible as seen in the previous section.
The background fromB ! �0K� decays, which was important in Section 5.3.2, is expected to
be only a few percent here because the branching fraction for theB ! �0K� decay is small
compared to theB0 ! �0K0

L
decay (see Table 5-5), unlike the case for theB0 ! J= K0

L
analysis.

Background from an uncorrelated�0 and aK0
L

in a multihadronic event is also expected to be small.
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Inclusive�0 production has been simulated and it turns out that its contribution, due to the large
difference in�0 momentum, is negligible forp�B0 � 450MeV=c.

The total yield of signal and background events expected from a 30 fb�1 sample, is shown in
Fig. 5-44 as a function ofp�B0 , with theK� background normalized as in theB0 ! J= K0

L

analysis (hence likely overestimated by about an order of magnitude). The most important back-
ground, fromqq events, is not shown because the Monte Carlo samples were not available for this
Aslund analysis. Suitable cuts such as those employed in the previous section should reduce the
background to an acceptable level.

In conclusion' 87 events are expected after these cuts fromB0 ! �0K0
L

with an integrated
luminosity of 30 fb�1. Additional cuts to reduceqq background would be expected to decrease
this level by about a factor of two.

5.6.3 Analysis of�K�

This section presents an analysis of the modeB0 ! �K�0, where the� decays toK+K�, and the
K�0 decays to aK+��. The current branching ratio limit for this mode isB(B0 ! �K�0) < 2:1�
10�5 [40]. If the true branching ratio is estimated to beB(B0 ! �K�0) = 1:0� 10�5 (close to the
central value of the CLEO analysis), theB0 ! J= K0

S
analysis can be used to estimate the number

of events expected in one year of running. The two modes have the same number of charged tracks
in the final state, so it has been assumed that they have the same geometrical acceptance and
tracking efficiency. The branching ratios in the two modes are compared in Table 5-34. Although a
factor of 40 is lost in the initial branching ratios, a factor of four is gained from the branching ratios
of the daughters. If� 600 B0 ! J= K0

S
events are expected for a 30 fb�1 sample, then� 60

B0 ! �K�0 events can be expected (this includesB0 ! �K�0 events). Note that this study looked
only at the combinatoric background inB0 ! �K�0 events, and did not include background from
continuum events.

Table 5-34. Comparison of theB0 ! �K�0 andB0 ! J= K0
S

modes.

B(B0 ! J= K0
S
) = 4� 10�4

B(J= ! e+e�; �+��) = 12%

B(K0
S
! �+��) = 69%

B(B0 ! �K�0) = 1� 10�5

B(�! K+K�) = 49%

B(K�0 ! K+��) = 67%
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Figure 5-44. p�
B0 distribution for �0K0

L
(solid histogram),�0K�0 (dashed) and combinatorial

background (dotted).
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Table 5-35. Phi-finding (reconstruction + identification) efficiency using different kaon selection
criteria.

Criterion Mis-ID Efficiency S/B

loose 10% 0.50 45

tight 10% 0.59 31

K _ (e ^ � ^ p ^ �) 0.73 19

� � �+ DOCA cut 0.65 32

5.6.3.1 The� selection

In order to reconstruct this channel,� decays toK+K� are required, so the efficiency for finding
charged kaons is an important contributor to the efficiency for finding� s. Table 5-35 shows the
efficiency of finding� s for different methods of identifying kaons. In this table “criterion” and
“mis-id” refer to parameters of the kaon selector code (KaonParamSelector ); “efficiency” is
the probability of correctly identifying a true�, and “S/B” is the ratio of true to fake� s.

At the time this analysis was performed, the kaon selector had significant inefficiencies, especially
at low momentum (see Fig. 5-45). In order to maximize the number of kaon candidates, several
other ways of creating kaon lists were explored, and the best method for this analysis was selected.
This involved taking as kaons, all charged tracks that were not selected as electron, muon, or proton
(using the tight selection criteria), nor selected as a pion (using the loose criteria), as well as any
track identified as a kaon using the standard selector (KaonParamSelector ) (with the tight
critera and a 10% mis-ID level, and all other cuts set to zero). As can be seen from Fig. 5-46,
this enhanced the efficiency considerably. Even after making a cut on the distance of closest
approach of the tracks, the efficiency is still larger than the standard kaon selection, and the signal-
to-background is still large (see Table 5-35).

The� candidates were selected by taking all pairs of oppositely-charged tracks that satisfied the
kaon-ID criteria described above. In addition to the mass and momentum cuts listed in Table 5-36,
these candidates were also required to pass a distance-of-closest-approach (DOCA) cut, where the
DOCA is the distance of closest approach between theK+ andK� tracks. This cut reduced some
of the candidates from combinatorial background. Figure 5-47 shows the DOCA between theK+

andK� tracks that form the�.
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Kaon Id Efficiency vs Momentum
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Figure 5-45. Kaon particle ID efficiency using standard kaon lists.
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Kaon Id Efficiency vs Momentum
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Figure 5-46. Kaon particle ID efficiency using all charged tracks that arenot pions, electrons,
muons, or protons.
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phi momentum, tight mass cut, true
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Figure 5-47. Momentum and DOCA for true� candidates.
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Table 5-36. Cuts used in the�K� analysis.

Cut Value

� mass 0:990 < MK+K� < 1:050GeV=c2

DOCA dK+K� < 400�m

� momentum p� > 1:30GeV=c

K� mass 0:770 < MK+�� < 1:00GeV=c2

DOCA dK+�� < 400�m

K� momentum pK� > 1:30GeV=c

B0 mass 5:18 < M�K� < 5:40GeV=c2

5.6.3.2 TheK� selection

In this study, the decay modeK�0 ! K+�� was reconstructed. This mode cannot exhibitCP

violation, but it is simpler to study thanK� ! K0
S
�0. Nevertheless, it provides an estimate of how

well theK� ! K0
S
�0 mode can be measured. About a factor eight fewer events are expected in

theK� ! K0
S
�0 mode, a factor of four coming from the branching fraction, and the rest coming

from the smaller efficiency forK0
S

and�0 reconstruction.

In order to selectK�0 ! K+�� candidates, pairs of charged tracks were used, where one track
satisfied the kaon-ID selection described above (and was not already used to make a�), and the
other track satisfied a pion-ID selection (the pion selector with loose cuts). The reconstructedK�

was required to satisfy the cuts described in Table 5-36.

5.6.3.3 Results

Table 5-36 lists all of the cuts that were used in this analysis. After these cuts, 1786 events remained
from the original sample of 4000B0 ! �K�0 events, giving an efficiency for these selection cuts
of 45%. Application ofqq background suppression cuts and the factor mentioned previously would
suggest an efficiency of�20% for theK� ! K0

S
�0 mode. TheB0 mass distribution is shown

in Fig. 5-48 for signal and fake candidate events. Since the kaons have high momenta, the�z

resolution for this mode is expected to be similar to the 130�m obtained forB0 ! J= K0
S
. The

loss due to the angular analysis should be small, as for theJ= K� case.
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B0 mass, tight mass cut, true
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Figure 5-48. ReconstructedB0 mass fromB0 ! �K�0 events, for both true and fakeB s.

REPORT OF THEBABAR PHYSICS WORKSHOP



5.6 Penguin Modes 315

Table 5-37. Efficiencies for theB0 ! �K0
L

analysis obtained with analysis of theCP -mode and
backgrounds in this channel was done theAslund fast simulation.

�(�K0
L
) �(�K�0)

0.66 0.54

p�B0� 0:45 (GeV=c) 0.54 0.20

K�0 cuts 0.37 0.04

5.6.4 Estimates forB ! �K0
S

The usable sample for the decayB ! �K0
S
, assumingB(B ! �K0

S
) = 0:65 � 10�5 [51] and

an integrated luminosity of 30 fb�1, is�100 events. Assuming the same geometrical acceptance
and tracking efficiency as for theJ= K0

S
decay, about 60 events are expected to pass loose cuts.

Tighter cuts to reduceqq backgrounds would be expected to decrease this by about a factor of two.
The z vertex resolution for the� has been estimated to be� 80 microns. As the�z resolution
will be limited by the recoilingB tag, the�0 for this mode will be similar to the 1.59 obtained for
J= K0

S
. Hence the error insin 2�, assuming there is little background, will be approximately 0.6.

5.6.5 Analysis ofB0
! �K0

L

The B0 ! �K0
L

process is expected to have a small branching ratio,B(B0 ! �K0
L
; � !

K+K�) ' 0:49�0:65�10�5, [51, 50]. The detection efficiency before cuts, however, is relatively
large, as shown in Table 5-37, due to the highK0

L
momenta, which range from 1.5GeV=c up

to 4.4 GeV=c (see Fig. 5-49). Selection criteria and backgrounds are similar to what has been
described in Sections 5.3.2 and 5.6.2. All results in this section were obtained with theAslund
fast simulation.

For this channel, the backgrounds fromB ! �K� are expected to be closer to that for theB0 !
J= K0

L
decay than that for theB0 ! �0K0

L
decay since the branching fraction forB ! �K� is

likely comparable to the branching fraction forB0 ! �K0
L
. The analysis of these background

channels follows the method employed previously. The momentum distribution ofK0
L

mesons
from �K� decays are also shown in Fig. 5-49. The low momentumK0

L
decays can be eliminated

with the usual requirementp�B0 � 450MeV=c.

Events fromB ! �K� are rejected, if there is an additional pion such that theK0
L
� invariant mass

andp�B0 is consistent with the processB ! �K�. This cut is optimized to increase the S/B ratio.
TheK� background is reduced to�10% as summarized in Table 5-37 and shown in Fig. 5-50;

REPORT OF THEBABAR PHYSICS WORKSHOP



316 Determination of�

Figure 5-49. K0
L

momentum distribution for�K0
L

(solid) and�K� (dashed) decays.
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Figure 5-50. p�B0 distribution for�K0
L

(solid) and� K�0 (dashed) after all cuts.
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theK� to K0
L

ratio was taken to be the same as for theB0 ! J= K0
L

case. The loss of signal
efficiency, could be reduced by requiring that the� and the associated pion have a common vertex.

Combinatorial background is expected mostly at very highp�B0 , as is the case ofB ! J= K0
L
X.

While inclusive� production is a factor of�200 larger relative to signal than in theB0 ! J= K0
L

case, theK0
L

s fromB0 ! �K0
L

are more energetic. Thus the detection efficiency will be higher
and the combinatorial missing mass and background smaller. Furthermore, the combinatorial
background is even more peaked at largep�B0 , than forB0 ! J= K0

L
. Inclusive� production

has been simulated and it is mostly due toDD+
s production and decay. IdentifiedD+

s channels
account for' 50% of the inclusive� production and are consistent with the mean� momentum
P� ' 1.2 GeV=c (see Fig. 5-51). The large difference in� momentum is such that no events are
expected to survive the requirementp�B0 � 450MeV=c.

' 37B0 ! J= K0
L

events are expected to pass these cuts, for an integrated luminosity of 30 fb�1

running at the� (4S). While qq background has not been simulated, it is likely that additional cuts
will be required to suppress this background as discussed previously. Such cuts would lower the
number of signal events, by�40%.

5.7 Summary and Conclusions

When measurements have been performed in several modes, it will be interesting to compare them,
in order to verify that they are consistent with the same value ofsin 2�. If this is the case, it will
also be interesting to combine them all, in order to obtain an overall value ofsin 2�. In this section,
the errors from each of the Monte Carlo-based analyses are summarised. Following that, possible
systematic errors are considered, and methods to deal with them are mentioned. Finally, there
follows a brief summary.

5.7.1 Summary of Results

The results of the Monte Carlo-based analyses are listed in Table 5-38. The individualsin 2� errors
for each mode were estimated using the dilution factor as determined from the�z resolution, the
number of reconstructed events for 30 fb�1 of data-taking at the� (4S), backgrounds if any, and
the effective tagging factor. Thesin 2� error is the one standard deviation error that would be
obtained from a maximum likelihood fit. Note that the value of the error depends on the actual
value of sin 2�; a value of 0.7 was assumed here. The individual errors could be combined by
simply adding them in quadrature, to estimate the total error onsin 2� obtained by combining all
the measurements. In this case, this is not strictly possible, as there were two distinct approaches
to the various analyses. However, it is clear that with 30 fb�1 of data-taking at the� (4S), the
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Figure 5-51. � momentum distribution for combinatorial background (solid) and�K0
L

(dashed),
normalized to the same entries.

REPORT OF THEBABAR PHYSICS WORKSHOP



320 Determination of�

Table 5-38. Summary ofsin 2� measurements assumingsin 2�=0.7 for a 30 fb�1 sample.

Mode B Usable Rec. NS NB=NS ��z �0 Tag Error

(10�4) sample eff. (�m) factor

J= (`+`�)K0
S
(�+��) 4.25 1100 0:60 660 0.06 130 1.59 0.3 0:12

J= (`+`�)K0
S
(�0�0) 4.25 500 0:21 110 0.06 130 1.59 0.3 0:30

J= (`+`�)K0
L

4.25 1600 0:41 650 0.59 130 1.59 0.3 0:15�

 0(�+��`+`�)K0
L

3.5 430 0:27 120 0.83 130 1.59 0.3 0:34�

�c1(
`
+`�)K0

L
5.0 520 0:28 143 0.78 130 1.59 0.3 0:28�

J= (`+`�)K�0(�+���0) 13.2 570 0:09 51 0.18 130 1.79 0.3 0:50

D+D� (6D Modes) 4.5 610 0:24 140 2.80 130 1.59 0.3 0:48�

D�+D�� (4D Modes) 9.7 1050 0:05 60 0.23 150 1.70 0.3 0:44

�(K+K�)K0
L

0.065 100 0:22 22 0.10 130 1.59 0.3 0:66�

�(K+K�)K�0(�+���0) 0.1 26 0:20 5 0.10 150 1.70 0.3 1:40�

�0(��+��)K0
S
(�+��) 0.24 88 0:23 20 0.10 150 1.70 0.3 0:73

�0(�
)K0
S
(�+��) 0.24 160 0:35 55 0.90 130 1.59 0.3 0:56

�0(��+��)K0
L

0.24 210 0:21 44 0.10 150 1.70 0.3 0:49�

� The efficiency for these modes is from anAslund study, or is estimated from an incomplete
analysis.

combined statistical error is likely to be on the order of 0.08. It is likely that this will dominate
over the systematic errors and limit the precision.

Several remarks are in order concerning the results with the different modes. All the studies except
for D+D� and the variousK0

L
channels used the full simulation and reconstruction to determine

the reconstruction efficiencies. All the modes assumed an effective tagging efficiency of 0.3 and no
loss in efficiency due to the vertex reconstruction of the recoilingB meson. TheB0 ! J= K0

S
and

B0 ! �0K0
S

modes were analyzed with an actual fit to the�z distribution to extract the dilution
error and the other modes used a maximum likelihood estimator. The results of the actual fits
agreed with the maximum likelihood estimate of the error.

The results show that theJ= K0
S

andJ= K0
L

modes are the most promising in terms of precision.
These two measurements alone yield a precision of� (sin 2�) =0.09 whereas all the others not
including these two will yield worse precision. Ifsin 2�=0.7, a three-standard-deviation measure-
ment forCP violation requires an error of 0.23, which is possible with 5 fb�1 sample for the
J= K0

S
andJ= K0

L
modes or a 3 fb�1 sample with all of the modes studied here. Such samples
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should surely be obtained in the first year of BABAR running. The modeD+D� will have substantial
complications from penguin pollution and perhaps should be considered separately. Possible
improvements to the combination of different modes would be to make a joint likelihood of all
of the fits and extract nonsymmetric errors by integrating the likelihood, or to use theKin variable.

5.7.2 Systematic Errors

Possible systematic errors are likely to include:

� Monte Carlo event-generator uncertainties:

– B modeling (e.g.,semileptonic decays, rare backgrounds)

– qq modeling (e.g.,charm- vs. light-quark ratios)

– Modeling of specificCP -violatingB decays

� Simulation uncertainties:

– Uncertainties in the machine background modelling and imperfections in mixing them
with the physics events

– Digitization of the detector response

– Imperfections in modelling hadronic interactions in the detector

� Reconstruction uncertainties:

– Vertexing and tracking efficiencies

– Vertex and drift chamber resolution

– Particle identification efficiencies and mis-identifications

– Uncertainties in theB flavor tagging effective efficiency

� Detector-performance uncertainties:

– Tracking asymmetries in charge

– Detector resolutions

– Overlapping tracks

� Backgrounds:

– Amount of background

– Time distribution of background
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� Experimental parameters uncertainties:

– B lifetime, �B

– B mixing,�md

Although many effects cancel inCP -violating asymmetries, residual effects from the above sources
contribute to effective dilutions, and possibly generate their own asymmetries. These can of course
be corrected for, both on the basis of Monte Carlo simulations, and even better, on the basis of
measurements of the effects in real data. It is the uncertainties in these corrections which lead to
systematic uncertainties in the measuredCP angles.

It should be possible thatqq decays and various physics processes occurring in� (4S) decays
can provide usefulin situ measurements of resolutions and efficiencies. Such engineering mea-
surements will be helpful to reduce possible systematic errors in theCP measurements. As the
CP reach depends largely on the vertexing and the tagging, it is important to study these aspects
carefully.

For vertexing, Monte Carlo studies have indicated that the�z resolution is dominated by the
resolution on the tagging vertex. Careful studies are required, both to optimise the vertexing on the
tagging side, and to measure well the actual resolution there.

Determining effects due to tagging requires understanding the tagging efficiency and misidentifica-
tion rates. These can be measured with real data, where a set of fully reconstructedB s can be used
as a self-tagged sample, to measure the efficiency and misidentification of tagging on the other side
of the event. Untangling mixing, and possibly vertexing between the twoB s will require some
effort to deconvolute the efficiency and misidentification rates.

5.7.3 Conclusion

The theoretical and experimental sides of measuringsin 2� in an asymmetricB factory have been
extensively reviewed. The studies demonstrate that with a 30 fb�1 sample at the� (4S), a precision
of� 0:08 could be achieved in the measurement ofsin 2�, which will provide crucial input to tests
of the Standard Model description ofCP violation.
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6

Determinations of� and Direct
CP Violation

6.1 Theoretical Background: The Role of Penguins and
�-Extraction

Any mode with a contribution fromb ! duu is a possible source of measurement of�. This
chapter analyses the possibilities of extracting� in final states with two, three, and four final-
state pions. It begins with some theoretical background. Section 6.1.1 reviews the methods for
extracting the angle� of the unitarity triangle if penguin contributions can be ignored. In the BABAR

Technical Design Report it was assumed that these methods would be sufficient and expected errors
on � were determined under that assumption. However the determination of� is now expected
to be complicated by the fact that penguin contributions may be large. In this case additional
techniques, reviewed in Section 6.1.2, are needed to extract� cleanly. Several studies in this
chapter explore the impact on the extraction of� of significant penguin contributions. In addition,
in the presence of significant penguin contributions, the prospects for observing directCP violation
improve. Some expectations for such effects are discussed in Section 6.2.

The simulation work described in this chapter offers a view of both the opportunities and the
difficulties in measuring�. Three themes emerge, (1) that the theoretical uncertainty on� is large
in any analysis that does not include an isospin-based method to remove penguin pollution; (2)
that analyses which do treat the full problem are difficult and will need several years of data taking
before they can be expected to yield reliable answers; and (3) that efforts to test and improve
theoretical model-dependent estimates of the various penguin and tree contributions are important
because such methods may reduce the theoretical uncertainties in calculating penguin-induced
shifts in� and thus provide the best determinations of alpha for some time to come. Refinement of
models by comparison with data in many channels will be a significant part of the work of BABAR

and should eventually contribute to significant reduction of theoretical uncertainties.

Finally some sample channels are studied as possible searches for directCP violation inB decays.
The results again indicate that, at least for these channels, a large data sample will be needed to
yield well-controlled asymmetry measurements.
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6.1.1 Extraction of�-Ignoring Penguins

The angle� can be obtained through measurements ofCP -violating asymmetries involving final
states which can be eitherCP eigenstates or not. If the state of interest is aCP eigenstate, it
was shown in Chapter 1 how to relate an asymmetry to CKM parameters. If only a single weak-
decay amplitude contributes toB ! fCP , that is, if penguin contributions are negligible, then
jAfCP =AfCP j = 1, so that

afCP = �Im�fCP sin(�mBt) : (6.1)

In this case�fCP is a pure phase,i.e.,Im� is one of the angles of the unitarity triangle. In particular,
for the decayB ! ��, Im��� = sin 2�.

The case where the final statef is not aCP eigenstate is considerably more complicated. There
are four separate amplitudes forB0 andB0 to decay tof andf :

A(B0 ! f) � Af = jAf jei�f ;
A(B0 ! f) � Af = jAf jei�f ;
A(B0 ! f) � Af = jAf je

i�
f ;

A(B0 ! f) � Af = jAf je
i�
f : (6.2)

The rates for the physical, time-evolvedB0
phys(t) andB0

phys(t) states to decay intof can then be
written [1]

�(B0
phys(t)! f) = e��t A2�n

1 +R cos(�mBt)�D sin(2�M � �f + �f) sin(�mBt)
o

�(B0
phys(t)! f) = e��t A2�n

1� R cos(�mBt) +D sin(2�M � �f + �f) sin(�mBt)
o

(6.3)

where�M is the phase ofB0-B0 mixing, and

A2 � 1

2

�
jAf j2 + jAf j2

�
; R � jAf j2 � jAf j2

jAf j2 + jAf j2
; D � 2

jAf jjAf j
jAf j2 + jAf j2

: (6.4)

Similarly, the rates forB0
phys(t) andB0

phys(t) states to decay intof are

�(B0
phys(t)! f) = e��tA

2�n
1� R cos(�mBt)�D sin(2�M + �f � �f) sin(�mBt)

o
�(B0

phys(t)! f) = e��tA
2�n

1 +R cos(�mBt) +D sin(2�M + �f � �f) sin(�mBt)
o

(6.5)

where

A
2 � 1

2

�
jAf j2 + jAf j2

�
; R �

jAf j2 � jAf j2
jAf j2 + jAf j2

; D � 2
jAf jjAf j

jAf j2 + jAf j2
: (6.6)
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CP conservation requires that

jAf j = jAf j ; jAf j = jAf j ; (6.7)

sin(2�M � �f + �f) = sin(2�M + �f � �f) : (6.8)

CP violation occurs if any of these equalities is not satisfied.

The above expressions for the decays ofB0
phys(t) andB0

phys(t) to f andf are completely general.
However, when one assumes that each decay is dominated by a single weak amplitude (i.e., that
penguins and any new physics effects are negligible), the expressions simplify. In this case, the
parameters in the amplitudes for the decays ofB0 andB0 to f andf obey certain equalities which
reflect theirCP transformation relationships:

jAf j = jAf j ; jAf j = jAf j ;
�f = �Df + � ; �f = ��Df + � ;

�f = �D
f
+ �0 ; �f = ��D

f
+ �0 : (6.9)

In the above,�Df and�D
f

represent the weak-CKM phases of the decays ofB0 to f andf respec-
tively, while � and�0 are the strong phases. With these equalities, the expressions in Eqs. (6.4) and
(6.6) become very similar:A2 = A

2
,R = �R,D = D. The above equalities give

sin(2�M � �f + �f ) = sin(2�M � �Df � �D
f
���) ;

sin(2�M + �f � �f ) = sin(2�M � �Df � �D
f
+��) ; (6.10)

where�� � � � �0. TheCP -violating weak-CKM phase is given by the quantity2� � 2�M �
�Df � �D

f
. From measurements of the time-dependent decay distributions one can obtainS �

sin(2� + ��) andS � sin(2� � ��), and from these one can extractsin2 2� up to a two-fold
ambiguity:

sin2 2� =
1

2

�
1 + SS �

q
(1� S2)(1� S)2

�
: (6.11)

The true value ofsin2 2� is given by one of the signs on the right-hand side, while the other gives
cos2��. However, this discrete ambiguity can in principle be removed by comparison with other
final states which have the same weak-phase2�, but different strong phases. Note that, if the
three different time-dependent terms (1,cos, sin) can be isolated with sufficient accuracy, it is not
necessary to measure all four time-dependent ratesB0

phys(t); B
0
phys(t) ! f; f . The measurement

of one of the rates in Eq. (6.3) and one of the rates in Eq. (6.5) is sufficient to obtain the above
phase information.

Thus, assuming penguins make negligible contributions, this technique can be used to extract the
CP angle�: one must measure the decays ofB0

phys(t) andB0
phys(t) to such final states as�+�� or

a+1 �
�. When penguins are significant these methods yield a quantity, denoted�e� , which differs
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from the true� by an unknown amount, which we will denote as�f=2. This quantity is channel-
dependent because it depends on the ratio of tree-dominated to penguin-only contributions. Model-
dependent calculations can be used to estimate this shift in� but significant theoretical uncertainty
remains. Eventually, this uncertainty may be reduced by restricting the value of the penguin
terms from other measurements, for example via the SU(3) relationships discussed below. As
models become better tested by a variety of measurements the uncertainties that arise due to their
application may also be reduced, even without the use of such SU(3) relationships. Eventually,
however, one would like to be able to use model-independent methods that take the penguin
contributions into account correctly. These are discussed below.

6.1.2 Extraction of� in the Presence of Penguins

In most cases there is in fact more than one weak-decay amplitude contributing to a decay, which
can always be written as a tree-dominated plus a penguin-only term (see Section 1.5.2). In the
channels of interest here, the weak-phase difference between these terms is�.

For the case wheref is aCP eigenstate the amplitudes forB ! fCP andB ! fCP can then be
written as

AfCP = Tei�T ei�T + Pei�P ei�P ;

AfCP = Te�i�T ei�T + Pe�i�P ei�P ; (6.12)

whereT , �T and�T (P , �P and�P ) represent the magnitude, the weak phase and the strong phase
of the tree-dominated (penguin-only) amplitude, respectively.

Now suppose that penguin contributions are non-negligible and that�T 6= �P . In this case it is clear
from Eq. (6.12) that�fCP (Eq. (1.24)) depends on a function of tree and penguin parameters, so
that it no longer cleanly measures a single CKM phase. Thus the presence of significant “penguin
pollution” spoils the clean extraction of the angles of the unitarity triangle fromCP -violating
asymmetries. In general, the presence of non-negligible penguin contributions will also lead to
directCP violation (see Section 6.3), that is,j�fCP j 6= 1. In the presence of directCP violation,
the time-dependentCP asymmetry contains acos(�mBt) term, the coefficient of which can also
be measured. However, this need not be the case. If the strong phases are equal,�T = �P , then
�fCP is a pure phase (i.e., j�fCP j = 1). However, this phase depends on both tree and penguin
parameters, so that there is still a shift in� due to penguin contributions, even though there is no
directCP violation.

Although the above discussion has been made for the case where the final state is aCP eigenstate,
it applies equally well when the final state is not aCP eigenstate (e.g.,��, a1�, etc.). If penguin
contributions are important in decays to such final states, then theCP asymmetries alone do not
cleanly probe the angles of the unitarity triangle.
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In fact, present experimental information suggests that penguin pollution may well be significant
in B0 ! �+��. CLEO has observed the decayB0 ! ��K+: they haveNK� = 21:6+6:8�6:0 events,
which translates into a branching ratio of1:5�10�5 [2]. ForB0 ! �+�� they have9:9+6:0�5:1 events,
leading to an upper limit of1:5�10�5 [2]. While one cannot draw rigorous conclusions from these
data, one can still make a back-of-the-envelope estimate as follows. The quantity of interest is a
P=T , where

P � A(B0 ! �+��)jpenguin ; T � A(B0 ! �+��)jtree : (6.13)

This ratio can be written

P

T
=
A(B0 ! ��K+)jpenguin

T

P

A(B0 ! ��K+)jpenguin
; (6.14)

This ratio can be estimated with the help of some assumptions. First, take the central values of
the number of events at face value, so that the branching ratio forB0 ! �+�� is half that of
B0 ! ��K+. Second, assume that the observed events forB0 ! ��K+ andB0 ! �+�� are
due only to theb! s penguin and theb! uud tree amplitudes, respectively. This implies that

A(B0 ! ��K+)jpenguin
T

=
p
2 : (6.15)

The second term in Eq. (6.14) is the ratio ofb! d andb! s penguins. This can be written

P

A(B0 ! ��K+)jpenguin
=

����VtdVts
����� an SU(3)-breaking factor: (6.16)

The size of the SU(3)-breaking effects is not known. However, as a crude guess, take this factor to
be roughlyf�=fK � 1=1:2. The ratio of CKM matrix elements is constrained to be in the range
[3]

0:15 �
����VtdVts

���� � 0:34 : (6.17)

Putting all the factors together, gives

0:18 � P

T
� 0:4 : (6.18)

These numbers should not be taken literally, since they neglect both theoretical and experimental
uncertainties other than the range of

���Vtd
Vts

���. However they show that the CLEO data suggests that
penguins are likely to be significant inB0 ! �+�� and, by extension, inB0 ! �� anda1�.

The tool to separate the tree and penguin contributions is isospin analysis. Isospin amplitudes
I�I;If can be labeled by the�I value of theb-quark decay and by theIf of the final state, which
includes the spectator quark. The key observation is that a gluon is pureI = 0, so that the dominant
gluonicb! d penguins are pure�I = 1

2
. On the other hand, the tree-levelb! uud decays have

both�I = 3
2

and�I = 1
2

components. Thus, if the�I = 3
2

piece can be isolated, then the tree
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Table 6-1. Isospin decomposition forB ! ��, B ! �K andB ! �� in terms of the isospin
amplitudesA�I;If , where�I and If are the isospin change of the transition and the final-state
isospin, respectively. TheCP -even part ofB ! �� decays follow the same pattern asB ! ��;
B ! �K� andB ! �K are analogous toB ! �K; B ! a1� is similar toB ! ��.

Channel Decay Amplitudes

�� A(B+ ! �+�0) =
p
3
2
A3=2;2

1p
2
A(B0 ! �+��) = 1p

12
A3=2;2 �

q
1
6
A1=2;0

A(B0 ! �0�0) = 1p
3
A3=2;2 +

q
1
6
A1=2;0

�K A(B+ ! �0K+) = 2
3
A1;3=2 +

1
3
A1;1=2 �

q
1
3
A0;1=2

A(B0 ! �0K0) = 2
3
A1;3=2 +

1
3
A1;1=2 +

q
1
3
A0;1=2

1p
2
A(B+ ! �+K0) = 1

3
A1;3=2 � 1

3
A1;1=2 +

q
1
3
A0;1=2

1p
2
A(B0 ! ��K+) = 1

3
A1;3=2 � 1

3
A1;1=2 �

q
1
3
A0;1=2

�� A(B+ ! �+�0) = 1
2

q
3
2
A3=2;2 � 1

2

q
1
2
A3=2;1 +

q
1
2
A1=2;1

A(B+ ! �0�+) = 1
2

q
3
2
A3=2;2 +

1
2

q
1
2
A3=2;1 �

q
1
2
A1=2;1

A(B0 ! �+��) = 1
2

q
1
3
A3=2;2 � 1

2
A3=2;1 +

1
2
A1=2;1 �

q
1
6
A1=2;0

A(B0 ! ���+) = 1
2

q
1
3
A3=2;2 +

1
2
A3=2;1 � 1

2
A1=2;1 �

q
1
6
A1=2;0

A(B0 ! �0�0) =
q

1
3
A3=2;2 +

q
1
6
A1=2;0

contribution, which contains the weak phase to be measured, is thereby isolated. Inclusion of the
spectator quark then gives final isospin of0 or 1 for the gluonic penguin contributions, but0, 1
or 2 for the tree contributions. (Similar arguments apply tob ! s penguins andb ! uus tree
amplitudes.)

Isospin analysis can be used for a variety of final states [4]–[5]:��, ��, a1�, ��, K�, K��, K�,
etc.Isospin analysis for some final-state particle pairs will be discussed separately below. Table 6-1
lists the isospin amplitudes for all relevant channels for these states. Note that, in all cases, there
is at least one isospin amplitude which can be reached only via tree diagrams:A3=2;2 for B ! ��,
A1;3=2 forB ! �K, andA3=2;2 andA3=2;1 forB ! ��. Isolation of such isospin amplitudes allows
the removal of penguin pollution. (Note: this statement is only true to the extent that electroweak
penguins can be neglected [6] The effects of such contributions in the context of the various final
states are discussed below.) Note also that the decayB ! DD is not included in the list. This
is because both tree and penguin diagrams correspond to�I = 1=2 transitions. Thus, an isospin
analysis cannot be used to remove penguin pollution in this case.
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6.1.2.1 B0
! �+��

In the absence of penguin contributions, the asymmetry inB0 ! �+�� measuressin 2�. However,
penguins can contribute to this decay. Indeed, as was argued above, it appears that such penguin
contributions are sizeable. Since the weak phase of the penguin diagram is different from that
of the tree diagram, penguin pollution can affect the clean extraction of� from this process. An
isospin analysis can be used to eliminate the penguin pollution in this case [4].

The isospin decomposition of the amplitudesA+0 � A(B+ ! �+�0), A+� � A(B0 ! �+��)
andA00 � A(B0 ! �0�0) is shown in Table 6-1. Note that because of Bose statistics theJ = 0

two-pion state produced inB decay has noI = 1 contribution. Thus the three two-pion decay
amplitudes depend only on two isospin amplitudes, hence there is one relationship,

1p
2
A+� + A00 = A+0 ; (6.19)

between them. Thus they form a triangle, as drawn in Fig. 6-1.

The amplitudes for theCP -conjugate processesB� ! ���0, B0 ! �+�� andB0 ! �0�0 are
obtained from theA amplitudes by simply changing the sign of the CKM phases; the strong phases
remain the same. These amplitudes also form a triangle:

1p
2
A
+�

+ A
00
= A�0 : (6.20)

The measurements of the total rates forB+ ! �+�0 andB� ! ���0 yield jA+0j and jA�0j,
respectively. The measurement of the time-dependent decay rates forB0(t)! �+�� andB0(t)!

κππ

6–98
8418A3

A(B°     π°π°)~

A(B°     π°π°)A(B°     π+π–)~

A(B     π–π°) = A(B+     π+π°)~

1
2

A(B°     π+π–)1
2

Figure 6-1. Isospin analysis ofB ! �� decays.
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�+�� allow the extraction ofjA+�j andjA+�j as well as the asymmetry which givesIm��+��. For
the�0�0 final state, the time dependence will not be measurable at BABAR, but the time-independent
rates still allow one to obtainjA00j and jA00j. The six magnitudes determine the shapes of two
isospin triangles.

The key observation is that, since the penguin diagram is purely�I = 1=2, theA+0 amplitude
is fed solely from the tree diagram. This means thatjA+0j = jA�0j. In other words, the two
triangles have a base in common. (However, due to the fact that both the tree and penguin diagrams
contribute to theI = 0 final state,jA+�j 6= jA+�j andjA00j 6= jA00j in general.)

In fact, it is convenient to superimpose the triangles defined in Eqs. (6.19) and (6.20) by introducing

~Aij � e2i�TA
ij

(6.21)

and in particular,
~A�0 � e2i�TA�0 (6.22)

where�T is the CKM phase of the tree diagram. Then~A�0 = A+0. From the resulting Fig. 6-1
one can determine the angle��� betweenA+� and ~A+�, up to a four-fold discrete ambiguity
corresponding to the choice of orientation (above or belowA+0) of each of the triangles. Combined
with the two-fold ambiguity that comes because only the sine of the angle2� + ��� is measured,
this then leaves an eight-fold ambiguity in the value of�. Hence isospin analysis will reduce the
uncertainty in� significantly only if the error on each possible choice of��� is small.

TheCP asymmetry inB0 ! �+�� is given by

Im��+�� = Im

"
e�2i�

~A+�

A+�

#
: (6.23)

Thus the quantity~A+�=A+� gives the penguin effect on the relationship between the angle� and
the measured asymmetry. The two-triangle construction gives the magnitude and phase,���, of
this quantity, so that� can in principle be extracted cleanly, even in the presence of penguins.

The experimental prospects for carrying out such an analysis are discussed in detail in Section 6.4.
A crucial ingredient in the above analysis is the rate forB0 ! �0�0. Present theoretical estimates
put this branching ratio atO(10�6) or even smaller, which would make its measurement very
challenging. However, it should also be noted that these estimates all assume that color suppression
is significant inB decays to light mesons and small penguins. It is known and experimentally
confirmed that color suppression is important in the decays ofBs to heavy mesons: for example,
B(B0 ! 	K0) is only about 10% ofB(B0 ! D+

s D
�). However, color suppression does not hold

for D decays to light mesons: for example,

B(D0 ! �0�0) �= B(D0 ! �+��)=2:
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Figure 6-2. (a) Color-allowedZ-penguin, (b) Color-suppressedZ-penguin.

This could indicate that long-distance rescattering effects are large in such decays. If such large
rescattering effects are also present inB ! ��, the branching ratio ofB0 ! �0�0 may be
considerably larger than naive expectations, perhaps even as large asB(B0 ! �+��)=2, and the
isospin analysis could then yield more accurate results than those found in the study given below.

One potential problem from the theory side with the isospin method is the presence of electroweak
penguins (EWPs) [6]. The main EWP contributions toB ! �� come from diagrams with virtual
Z exchange (Fig. 6-2). Since the couplings of theZ contain bothI = 1 and I = 0 terms,
these contribute also to�I = 3

2
, and their effects cannot be separated from tree contributions

via isospin analysis. Fortunately, the effects of EWPs are expected to be small in this channel.
Since both theW and theZ are color singlet particles, there are two contributions (color-allowed
and color-suppressed) for each tree or electroweak-penguin quark diagram, which are defined by
which quark lines go to which final hadron. Including both color-allowed and color-suppressed
EWPs (Fig. 6-2), theB ! �� amplitudes can be written [7].

A(B+ ! �+�0) = � 1p
2
(T + C + PEW + PC

EW ) ;

A(B0 ! �+��) = �(T + P + E +
2

3
PC
EW ) ; (6.24)

A(B0 ! �0�0) = � 1p
2
(C � P � E + PEW ) +

1

3
PC
EW :

In the above,T , C, P , E, PEW , andPC
EW represent the color-allowed tree contribution, the color-

suppressed tree contribution, the gluonic penguin, the exchange diagram, the color-allowed EWP
contribution, and the color-suppressed EWP contribution, respectively. These various contribu-
tions are expected to obey roughly the following hierarchy:
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1 : jT j;
O(�) : jCj; jP j;
O(�2) : jEj; jPEW j
O(�3) : jPC

EW j; (6.25)

where� � 20%. (Note that the factor� is simply a size-counting factor which can come either
from CKM factors, from color suppression, or from coupling constant ratio and loop counting.)
The above amplitudes do indeed form the triangles of Eq. (6.19) and (6.20). However, the key point
is that there are now two amplitudes, with different weak phases, which contribute toB+ ! �+�0

and likewise to itsCP conjugate. Thus, the two triangles no longer have a common base. This
is shown in Fig. 6-3. Therefore, due to the presence of EWPs, there is a theoretical uncertainty
��f in the extraction of the angle���, which is the relative phase between the~A+� andA+�

amplitudes. This leads to an uncertainty in the determination of� [7]:

�� � 1

2
��f �

�����PEW + PC
EW

T + C

����� : (6.26)

It can however be seen from the above hierarchy that this uncertainty is small, at mostO(�
2
) � 5%.

Therefore the presence of electroweak penguins does not significantly affect the isospin analysis.
(Note that this conclusion is largely independent of assumptions about the size of color suppression

∆κππ

6–98
8418A2
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Figure 6-3. Isospin analysis ofB ! �� decays with the inclusion of electroweak penguins.
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in B ! �� decays. Even if theC (andPC
EW ) contributions turn out to be larger than expected, the

uncertainty in� is still at most about 5%.)

6.1.2.2 B0
! ��

At first glance, the decaysB ! �� appear to be completely analogous toB ! ��. However,
there is an important difference. Because the� is a vector meson, the�� pair can be in a state of
angular momentumL = 0; 1 or 2. States of even and odd angular momentum correspond to states
of even and oddCP , respectively. However, the sign of theCP asymmetry for aCP -even state will
be opposite to that of aCP -odd state. Thus, if one does not separate theCP -odd component of
the�� final state from theCP -even component, there will be a dilution of theCP asymmetry due
to a cancellation between these two components. This dilution factor is unknown sincea priori
there is no information about the relative sizes of theCP -even andCP -odd components. Thus it is
not possible to extract� by simply measuring the asymmetry inB ! ��. This is independent of
whether or not there is penguin pollution.

However, it is possible to separate out the even (L = 0; 2) and odd (L = 1) angular-momentum
components of�� through an angular analysis, as discussed in Section 5.1.3. Once this is done,
then the�+�� and�0�0 final states areCP eigenstates, and so can be used to probe the angle
�. If penguins are unimportant, then all asymmetries measure� sin 2�, with the+ (�) sign
corresponding to theCP -even (CP -odd) final state. Of course, here again penguin contributions
may be important, so an isospin analysis is needed to remove the penguin pollution. For theCP -
even components, which containI = 0 and 2, the analysis is identical to that developed above for
B ! ��: theI = 2 amplitude, which is pure tree, can be isolated by measurements of the rates
for B+ ! �+�0, B0(t) ! �+�� andB0 ! �0�0, along with theirCP -conjugates. (As in the��
case, electroweak-penguin contributions are expected to be small.) However, an isospin analysis
will not work for theCP -odd components. Since these haveI = 1 only, which can be fed by both
the tree and the penguin diagrams, there is no way to remove the penguin pollution.

6.1.2.3 B0
! ��

As in the case of theB ! �� modes, theB ! ��� channels provide an independent means of
extracting the CKM angle� [1, 8]. The full three-pion distribution contains bothCP -odd andCP -
even contributions, the ratios of which cannot be reliably calculated. Several hadronic resonances
can contribute, and the nonresonantB ! 3� decay may also play a significant role. However if two
of the pions form a resonant state, the angular momentum is determined and henceCP -eigenstates
can be made from combinations of different charge states, with theCP -eigenvalues specified by the
spin of the resonance. In what follows, it is assumed that the resonant contributions are dominant
and, among them, the�(770) is the main one. Once the�-meson decays to two pions, the three
decaysB0 ! �+��, B0 ! ���+ andB0 ! �0�0 all result in a�+���0 final state.
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Neutral BDalitz-plot Analysis

As recognized by Snyder and Quinn [8], the decay to�� provides enough observables to determine
� in principle, even in the presence of penguins. The analysis of the time-dependent three-pion
Dalitz plot including interference effects between the resonances offers three attractive features:

� From decays of neutralBs alone, it allows the determination of�, even in the presence of
gluonic penguin contributions.

� It may resolve all the discrete phase ambiguities that remain after the traditional methods,
with the single exception of�! � + �.1

� It may lead to the measurement of some QCD matrix elements, including those of penguin
contributions. This will be useful in constraining and selecting models for use elsewhere.

TheB0 weak-decay amplitudes arise from “tree-dominated” contributions, for which the phase
comes fromVudV �

ub and from “penguin-only” contributions, for which the phase comes fromVtdV
�
tb,

and thus is the same as the Standard Model weak phase of theB0-B0 mixing. The onlyCP -
violating phase in the problem is thus

arg

 
VudV

�
ub

VtdV
�
tb

!
= � + 
 � � � � ; (6.27)

where the last equality defines the quantity�.2 The isospin decomposition for the variousB0 ! ��

decay amplitudes was shown in Table 6-1 [9]. There are four independent isospin amplitudes:
A3=2;2,A3=2;1,A1=2;1 andA1=2;0, but only three linear combinations of them contribute to the neutral
B decays. The penguins contribute only to the�I = 1=2 amplitudes, so there are only two
independent penguin amplitudes.3 It is convenient to incorporate the weak phase of the mixing

1This ambiguity is irreducible (unless there is theoretical input to resolve it), thus its presence is to be understood
everywhere in what follows.

2It is often said that one tests the Standard Model by testing the relationship�+ � + 
 = �; in fact there are only
two independent parameters defining the (scaled) Standard Model Unitarity triangle and one tests whether different
ways of measuring these parameters give consistent results.

3If there are sizeable penguin contributions proportional toVudV
�

ub
, as claimed by various authors [10], they can

simply be absorbed into the tree amplitude, see Section 1.5.2. The essential point is that the contribution proportional
to VtdV

�
tb

comes only from a�I = 1=2 operator. This is true up to the small correction from electroweak-penguin
contributions.
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and write the amplitudes with the weak phases displayed explicitly as follows

A(B0 ! �+��) � A+� = e�i�T+� + P+� ;

A(B0 ! ���+) � A�+ = e�i�T�+ + P�+ ;

A(B0 ! �0�0) � A00 = e�i�T 00 + P 00 ;

q=pA(B0 ! �+��) � q=pA+� = e+i�T�+ + P�+ ;

q=pA(B0 ! ���+) � q=pA�+ = e+i�T+� + P+� ;

q=pA(B0 ! �0�0) � q=pA00 = e+i�T 00 + P 00 ;

(6.28)

where the isospin relationships given in Table 6-1 together with the�I = 1=2 character of the
penguin process give

P 00 = �1

2
(P+� + P�+) : (6.29)

In the theoretical parameterization given above, the six complexB ! �� amplitudes are given by
three complex tree amplitudes, plus two complex penguin amplitudes (from Eq. (6.29) to eliminate
P 00) and the weak phase�. One can fix the strong phase of any oneT orP to make the amplitude
real by convention, so there are 10 parameters to be fit to the data (including the overall rate). The
Dalitz-plot analysis in principal allows extraction of all these parameters.

With the notation of Eq. (6.28), dropping the exponential decay factor from the lifetime, the�-
mediatedB ! 3� amplitude is given by:

A(t) = cos(�mt=2)[f+A
+� + f�A

�+ + f0A
00]

�i sin(�mt=2)[f+A+� + f�A
�+ + f0A

00] ; (6.30)

where the� depends on the flavor of the taggedB. Heref+, for example, means the Breit-Wigner
form for �+ ! �+�0. The Breit-Wigner form used here4 is

f(s) / cos �H

s�m2
� + i�(s)

; (6.31)

wheres is the square of the invariant mass of the putative�, and�H is the angle in the� rest frame
between a decay pion direction and the line of flight of the�. The function� is given by5

�(s) =
m2

�p
s

 
p

p0

!3

��(m
2
�); (6.32)

4It is assumed that the most interesting part of the� strong decay is well-described by a Breit-Wigner. The precise
form of this function is a source of a systematic uncertainty which has been investigated [11]. The form retained is the
one used by ALEPH in their study of� decays [12] where other resonant contributions (�(1450) and�(1700)) were
also taken into account. These are also considered for systematics studies (cf. [11]).

5The choice made for the function� gives the proper threshold behavior for the width of the� and is consistent
with elastic unitarity. The choice is not unique. One might ask that thep3 dependence level off far from threshold, but
this would be only a minor effect. Other overall dependence ons should be mild.
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where p = p(s) =
q
s=4�m2

� is the momentum of the daughter-pion in the� rest frame
andp0 = p(m2

�). In addition to the resonance form, the angular dependence of the� decay is
included in thefi. Angular momentum conservation requires the� to have zero helicity and thus
the decay distribution is proportional tocos �H . The known phase variation over the Dalitz plot
introduced by the Breit-Wigner form provides the means of disentangling the unknown phases
in the amplitudes, both those introduced by the weak interactions and those arising from strong
final-state interactions.

The time- and phase-space-dependent amplitude, Eq. (6.30), when squared, exhibits several con-
tributions. For example, neglecting Penguin contributions for the sake of clarity, one can identify:

a. Diagonal terms,e.g.,jf+T+�j2. These necessarily have no dependence on� and no phase
dependence from the Breit-Wigner.

b. Interference from twoB0 decays or twoB0 decays to� s of different charges. These have
no � dependence, but they show phase dependence from the Breit-Wigner factors and the
strong phases of the various tree amplitudes.

c. Interference between two different charged� s, one fromB0 and one fromB0. Here there is
a phase dependence from the Breit-Wigner factors. Then the phase information comes from

Im(f+f
�
�e

�2i�) = Im(f+f
�
�) cos 2�+Re(f+f

�
�) sin 2� (6.33)

d. Interference between aB0 and aB0 decay to the same�. These have no phase-dependence
from the Breit-Wigner (just anjf j2), but a characteristic dependence

sin(�mt) Im
h
e�2i�TT 0�

i
(6.34)

where, for charged� s, theT andT 0 are different, but for neutral� s they are the same. Thus,
for charged� s, there are terms proportional tosin(2� + �) andsin(2� � �) where� is the
strong-phase difference

� = arg(T�+(T+�)�) ; (6.35)

while for neutral� s the dependence is simplysin 2�.

Thus the interference between the various intermediate states contributing to the same three-pion
kinematic region introduces a dependence oncos 2� as well as onsin 2�. This then removes the
(�; �=2��) ambiguity in the value of�. Since the analysis fits both tree and penguin contributions
it also removes any theoretical systematic uncertainty from our lack of ability to calculate the
relative sizes and phases of these terms. The removal of these degeneracies and uncertainties
could be an important step in the comparison of Standard Model predictions andB factory results.
The interference terms are shown diagrammatically in Fig. 6-4. The strength of the interferences
implies a correction to the amplitude-squared, whose phase-space variations6 are of the order of
�10%, and which is significant even quite far from the�-band crossing region [11].

6In Ref. [8] a nonrelativistic Breit-Wigner is used. It yields significantly stronger interference effects.
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Figure 6-4. A representation of interference terms inB ! ����. The first diagram represents
the term (b), the second (c), and the third (d):� is the difference between the strong final-state-
interaction phases forB0 ! �+�� andB0 ! ���+. ForB ! �0�0 there is no such strong phase
difference. Penguin effects are neglected in describing the� dependence here, but not in the full
analysis.

There are a number of theoretical and experimental complications that need to be addressed to
complete such an analysis

� Higher resonances: The assumption of� dominance has no strong theoretical basis. As is
shown in Table 6-2 (which is not exhaustive) [13], there are many other higher resonances
which can contribute to a3� final state.7 Large values of such branching ratios would imply
a contamination of events which should, however, be detectable by inspecting the Dalitz
plots of the neutral and chargedB decays.

7In principle, if one has enough information on these resonances, one can include them as well in the analysis.
However, the increasing number of parameters necessary to describe theB-meson decay into higher resonances would
make the fit impracticable unless very high statistics data were available.
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Table 6-2. Potential�� resonance candidates, X, that may be seen inB0 ! X�. Only resonances
with large branching ratios to�� are shown [13].

Resonance (R) B(R! ��) (%) Width (MeV) IG(JPC) Remarks

f0(400� 1200) dominant 600 to 1000 0+(0++) Non-qq candidate

�(770) 100 150.7�1.2 1+(1��) Well-known

f0(980) (78:1� 2:4) 40 to 100 0+(0++) Odd shape

f2(1270) (84:7+2:6�1:2) 185�20 0+(2++) Well-known

�3(1690) (23:6� 1:3) 160�10 1+(3��) High spin

f4(2050) (17:0� 1:5) 208�13 0+(4++) High spin

� � shape uncertainties: The description of the�(770) resonance used here, Eq. (6.31), makes
the double assumption thatB0 ! �+�� andB0 ! ���+ have the same� structure and
that this structure is precisely known. This parameterization, while expected to be good,
introduces some theoretical uncertainties.

� Nonresonant3�: It is not possible to say anything reliable from theory on a nonresonant
contribution. The simplest way to handle it is to fit it, by assuming that it is dominated by
a flat component which can be measured in the center of the Dalitz plot (well outside the�

bands). The uncertainties due to the precise parameterization of the� strong decay, and to the
definition of the cuts used to reduce the contribution of higher resonances, will be reflected
in variation of the fitted nonresonant contribution. For a recent illustration of these ideas in
the nonCP studies of theD andDs systems, see for example [14]. The study of the Dalitz
plots of both neutral and chargedB decays may be helpful in understanding nonresonant
contributions, if they turn out to be large.

� Electroweak penguins: In addition to the gluonic penguins, there are alsoZ0 and photonic
penguins which have a different isospin structure. Theoretical estimates of these terms are
model-dependent [15], but suggest that they may not be negligible in the�0�0 channel,
because of cancellations between the tree and gluonic penguin terms. A procedure to define
a theoretical error on� induced by the electroweak penguins can be found in Ref. [15].

This “three-body” Dalitz-plot analysis requires fitting ten parameters and thus requires a substantial
data set, as is discussed below in Section 6.5. When the data are limited, an alternative is to attempt
an analysis that reduces the number of free parameters by making assumptions or approximations.
These will be discussed in the experimental section on��. The disadvantage of such analyses is
that they do not resolve all the discrete ambiguities in�, and, more seriously, that they introduce
theoretical systematic uncertainties which are difficult to quantify. As in the two-pion case how-
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ever, it is likely that these more restricted approaches will be the only ones feasible for some time
to come, and hence theoretical efforts to reduce the theoretical uncertainties will be important in
controlling the errors on�.

Adding chargedB decays

From the amplitudes in Table 6-1, one can write the chargedB-decay amplitudes for�� as,

p
2A(B+ ! �+�0) = e�i�T+0 + P+� � P�+;p
2A(B+ ! �0�+) = e�i�(T+� + T�+ + 2T 00 � T+0)� P+� + P�+ : (6.36)

Note that there is a pentagonal relation between the three neutral and two chargedB decay ampli-
tudes p

2
h
A(B+ ! �+�0) + A(B+ ! �0�+)

i
= A+� + A�+ + 2A00 : (6.37)

The addition of the two charged channelsB� ! ���0; ���0 adds one moreT -type amplitude.
However, theB� ! ���0 channel has two�0s in the final state, and thus may be more difficult
to measure (cf. Section 6.5.1.7). Without this channel, the inclusion ofB� ! �0�� rates in
the analysis adds as many new parameters as new observables, thus in principal giving no new
constraints. (Though an observation of directCP -violation via a difference in the rates of two
charge-conjugate channels would demonstrate that� is nonzero [11].) However the full three-
charged-pion Dalitz plot distribution could give some valuable information on the isospinI = 0, 1,
2 resonant and/or nonresonant contributions and thus should also be considered as a cross-check of
the neutral channel Dalitz-plot analysis. Once the two neutral pion amplitudes are measured then
an analysis that fits the charged three-pion decay rates as well as the neutral Dalitz plot may better
constrain the various fit parameters and should be pursued [15].

Pentagon analysis

A construction similar to the isospin triangle construction for�� can be made in the�� case,
arising from the relationship Eq. (6.37) and itsCP conjugate. The geometric figures to be
constructed are pentagons rather than triangles. However, this analysis is equivalent to solving a
number of higher-order algebraic equations for this system and hence the solution can be obtained
only up to multiple discrete ambiguities [9, 5]. Given the effects of experimental errors and the
multiple ambiguities, it is unlikely that such a phase-space-integrated (PSI) approach will give
useful information with the kind of accuracy achievable at BABAR. Furthermore, if there were
enough data to do such an analysis with small uncertainties, then the full3� Dalitz-plot analysis
would be also be possible. While the pentagon constructions rely on the measurement ofbranching
ratios, that is, amplitudessquared, the Dalitz-plot analysis measures amplitudes and islinearly
sensitive to the suppressed channels,e.g.,�0�0. Hence it is expected that analyses based on the
Dalitz-plot structure, rather than pentagon constructions will be the eventual method of choice to
determine� from these channels.
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6.1.2.4 B0
! �K

An isospin analysis can be performed forB ! �K decays [16, 9]. By measuring the rates for
B+ ! �0K+, B+ ! �+K0 andB0 ! ��K+, along with the rates andCP asymmetry in
B0 ! �0KS, it is possible in principle to remove the penguin pollution and measure�.

However, this analysis assumes that electroweak-penguin contributions are negligible. However
CLEO data [2] suggest that electroweak penguins inB ! �K are comparable to the corresponding
tree contributions, unlike theB ! �� andB ! �� cases. This can be understood as follows. In
the case ofB ! �K decays, there are contributions from both theb! uus tree amplitude and the
b! s penguin amplitude. It is this latter penguin pollution which one seeks to remove. However,
as discussed above in 6.1.2, CLEO results indicate that theb ! s penguin amplitude may be
about the same size as theb ! uud tree amplitude. Thus the Cabibbo-suppressedb ! uus

tree amplitude is smaller by a factor of about 0.2 (the Cabibbo angle) than theb ! s penguin
amplitude. Theb ! s electroweak penguin is also suppressed, however, by about 0.2 relative to
theb! s gluonic penguin. Thus, theb! s electroweak penguin and theb! uus tree amplitude,
both of which contribute toB ! �K, are possibly roughly the same size. It therefore appears that
electroweak-penguin contributions toB ! �K are non-negligible, so that an isospin analysis is
unlikely to successfully isolate a dominantly tree contribution in this case [7].

6.1.2.5 B ! ��,B ! �K, and flavor SU(3)

An additional method [17, 18] for obtaining� uses flavorSU(3) symmetry [19] to relateB ! ��

to B ! �K decays, which permits the removal of the penguin pollution inB0 ! �+��. Other
similar methods involving flavorSU(3), are discussed in Chapter 7.

The decays of interest areB0 ! �+��, B0 ! ��K+, andB+ ! �+K0. The amplitudes for
these decays can be written

A�� � A
�
B0 ! �+��

�
= � (T + P ) = T ei�T ei
 + Pei�P e�i� ; (6.38)

A�K � A
�
B0 ! ��K+

�
= � (T 0 + P 0) = ruT ei�T ei
 � P 0ei�P ; (6.39)

A+
�K � A

�
B+ ! �+K0

�
= P 0 = P 0ei�P ;

whereT � jT j, P � jP j, andP 0 � jP 0j. HereT andP represent respectively the color-
allowed tree and penguin contributions for the�S = 0 transitions, while their primed counterparts
correspond to�S = 1 processes. Unlike theK� isospin analysis, channels with a final-state
�0 are not included here, and hence electroweak penguins are “color-suppressed” and are not
expected to be a significant contribution. They are ignored in the analysis that follows. Three
strong assumptions are essential in Eq. (6.38).
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� Rescattering effects are small, otherwise the final equation receives a second contribution
from rescattered tree diagrams (see further discussion in Chapter 7).

� The b ! d penguinP is dominated by thet quark. Since long-distance effects may
substantially enhance theu andc penguin contributions, this assumption may not be justified
[20].

� The amplitudesT andT 0 are related simply by the ratio of their CKM matrix elements, with
anSU(3) breaking factor [21] of the ratio ofK and� decay constants (i.e., factorization
is assumed). Factorization is unlikely to hold for penguin amplitudes, soP andP 0 are not
related in a simple way. However the strong phase of the penguin diagram,�P , is assumed
to be SU(3) symmetric, so the same for both terms. While plausible, this assumption
introduces some theoretical uncertainty.

With these assumptions one can obtain the following six quantities:

A � 1

2

�
jA��j2 +

���A��

���2� = T 2 + P2 � 2T P cos � cos�;

B � 1

2

�
jA��j2 �

���A��

���2� = �2T P sin � sin�;

C � Im
�
e2i�A��A

�
��

�
= �T 2 sin 2� + 2T P cos � sin�;

D � 1

2

�
jA�K j2 +

���A�K

���2� = r2uT 2 + P 02 � 2ruT P 0 cos � cos 
;

E � 1

2

�
jA�K j2 �

���A�K

���2� = 2ruT P 0 sin � sin 
;

F �
���A+

�K

���2 = P 02: (6.40)

These give six equations in six unknowns, so that one can solve for�, 
, T ,P,P 0, and�. However,
because the equations are nonlinear, there are discrete ambiguities in extracting these quantities.
In fact, a detailed study [18] shows that, depending on the actual values of the phases, there can
be up to eight solutions. Many of these can be eliminated due to other information on the CKM
phases, but still some ambiguity often remains.

Note that, if one relaxes any of the assumptions, the method breaks down because additional
parameters are needed. Furthermore, even if the assumptions are correct, if� = 0, the quantities
B andE vanish, so that one is left with four equations in five unknowns. In this case one must
use additional assumptions to extract information about theCP phases. Thus, this is an interesting
method for obtaining� with little or no penguin pollution, but it depends on several theoretical
assumptions. If these assumptions can be justified (e.g.,via independent measurements), then this
may become a useful way of measuring� cleanly.
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6.2 Penguins and DirectCP Violation

Direct CP violation is an interesting and important manifestation ofCP violation [22]. As a
rule it is simpler to establish experimentally than indirectCP violation. It can occur in processes
involving either charged or neutralBs. For all charged decays and for a few neutral decays (that
are self-tagged), tagging “the otherB” is not necessary, which can translate into a reduction of
a factor of about 5–10 in the number ofBs needed. These advantages are offset by a serious
disadvantage of directCP violation: it is in general difficult to convert experimental observation
of an asymmetry in a specific channel into a quantitative determination of the basic parameters of
the Standard Model.

6.2.1 Varieties of DirectCP Violation

DirectCP violation arises from an explicitCP -odd phase in the�b = 1 decay amplitude of the
b quark. As a result, the comparison ofb-decays to a specific final state withb decays to theCP -
conjugate final state can revealCP violation. Since directCP violation results from the presence
of theCP -odd phase in the underlying (�b = 1) Hamiltonian, it can show up in all types ofB
mesons [Bu, Bd, Bs, Bc]. This is in sharp contrast to indirectCP violation resulting from mixing
and decay [23, 24], which necessarily requires mixing between neutral states:B0-B0 or B0

s -B
0
s.

Such mixing results from�b = 2 interactions,i.e.,they are second order in the usual�b = 1 weak
Hamiltonian and/or they involve�b = 2 interactions from new physics.

For theCP -odd phase in the�b = 1 effective Hamiltonian to manifest itself experimentally via
directCP violation, there must be interference between (at least) two (�b = 1) amplitudes leading
to the same final state. One can write:

A = jA1j exp[i(�1 + �1)] + jA2j exp[i(�2 + �2)]

where the�s are theCP -even strong final-state rescattering phases, whereas the�s are theCP -odd
phases which in the Standard Model result from the singleCP -odd phase present in the CKM
matrix [25]. The corresponding amplitude for theCP -conjugate process has the form:

A = jA1j exp[i(�1 � �1)] + jA2j exp[i(�2 � �2)] :

The typicalCP -violating observable is thepartial rate asymmetry(PRA) defined as:

�PRA =
B(B ! f)� B(B ! f)

B(B ! f) + B(B ! f)

=
2jA1j jA2j sin � sin�

jA1j2 + jA2j2 + 2jA1j jA2j cos � cos�
; (6.41)
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where� � (�1 � �2) and� � (�1 � �2) are theCP -even andCP -odd phase differences between
the amplitudes. Within the Standard Model,� is a function of the angles of the unitarity triangle.

Equation (6.41) exhibits the central difficulty in dealing with directCP violation. Although the
asymmetry involves four unknowns (A1; A2; �; �), the measurements of only two branching ratios
(jAj andjAj) are required to establish the existence of a PRA (i.e.,�PRA 6= 0). Thus theCP -odd
phase (�) that one wants cannot in general be deduced from a measurement of�PRA without a
separate knowledge of the strong-phase difference�, and the amplitude ratiojA1=A2j. Theory is
completely unreliable for predicting these quantities. This is especially so for exclusive reactions
and probably true even for inclusive processes. So, while many model-dependent calculations
have been done over the years to estimate PRAs in various modes, they should really be regarded
as illustrative examples. As the branching fractions of more and moreB decay modes become
measured, it is quite likely that a few good phenomenological models of hadron dynamics will
emerge which could eventually be used to deduce or at least constrain the phase� from measure-
ments of PRAs. In principle, there is also the possibility that, at least for some simple reactions
(say two pseudoscalars,e.g.,K�, ��, KK), the final-state phase shifts could be experimentally
determined. Usually this is extremely difficult, but if it could be done, the weak phase might be
deducible [26].

In some decay channels that are dominated by the presence of well-defined resonances, the strong
phases may be determined from the masses and widths of the resonances. Some examples that
have been discussed so far to illustrate this possibility are presented below [27, 28, 29, 30].

In addition to PRAs there are several other interestingCP -violating observables that can, and
should be measured in order to understand fully the dynamics. It is useful to define the transfor-
mationTN , the “naive” time reversal operator. This is defined to be the inversion of momenta
and spins. It differs from the time-reversal operator (T) in quantum field theory which requires,
in addition, the interchange of initial and final states. In generalCP -odd observables can then be
divided into two types:

1. The first type areCP -oddTN -even observables. The simplest example is a PRA. Another
interesting and important example is the energy asymmetry. In exclusive modes such asym-
metries can occur when there are three or more particles in the final state. In inclusive
reactions this means comparing the energy distribution of a particle in the final state with
that of the corresponding antiparticle in the conjugate reaction.

2. The second type areCP -odd,TN -odd observables. A simple example of this is the triple-
correlation asymmetry,e.g.,p1 � (p2 � p3), wherep1; p2; p3 are three linearly independent
momenta in the final state. For exclusive reactions this requires at least four spinless mesons
in the final state. When initial or final states involve particles with spin thenTN -odd (and also
TN -even) observables involving spin can also be defined. An important class of processes
areB decays to two spin-one mesons, such asB ! �K�, B ! ��, B ! !K�, !�, etc.In
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such cases the vector meson decays can give information about their spin orientation [31].
Another interesting case is when a� -lepton is in the final state, sayB ! D��� [32, 33].
Then the transverse polarization asymmetry of the� can be used as one of the three vectors
in the product.

TheTN -even observables require the presence of aCP -even (C-even,P -even) strong phase which
can originate from the absorptive part in a Feynman amplitude [34] and/or from the presence of
resonances [27, 28, 29, 30] in the decay chain. When it originates from the perturbation-theory
calculation of a Feynman amplitude such a phase is called the perturbative phase. Similarly,
when resonances dominate the phase it is often called the resonant phase.TN -odd observables
are, on the other hand, driven by the real part of Feynman amplitudes. For these cases theCP -
even phase isC-odd, P -odd and originates from the presence of a trace involving
5, such as
Tr[
5 6p1 6p2 6p3 6p4], wherep1, p2, p3, andp4 are the four linear-independent 4-momenta. For this
reason this phase is called the axial phase. A nonzero expectation value of aTN -odd observ-
able does not necessarily mean thatCP is violated. To define observables which are manifestly
CP -violating usually requires comparison of (TN -odd) expectation values between the conjugate
reactions [35].

The CPT theorem implies nontrivial and important restrictions on PRAs: absorptive parts of
Feynman amplitudes that result from the scattering of a state onto itself cannot contribute to a
PRA [36, 37, 38, 27]. As a result, PRA measurements donot represent exhaustive tests ofCP .
That is, even if all PRAs are identically zero it does not necessarily mean that the underlying
theory is notCP -violating. Consider, as an explicit example, a two-Higgs-doublet model with
natural flavor conservation. In such models flavor-diagonal interactions of neutral Higgs lead
to CP violation [39]. ThusCP -violating vertices necessarily involve rescattering of states onto
themselves. Consequently PRAs will not arise even thoughCP violation can manifest itself
through all other observables. As an example, the energy asymmetry is an observable which
is TN -even (like PRAs) and is proportional to absorptive parts of Feynman amplitude. Such an
asymmetry can, and in general will arise, through self-rescattering of quarks [40].

6.2.2 Illustrative Examples of DirectCP

The following few pages give some examples of directCP violation that have been studied. The
emphasis will be on calculations done in the last five years or so. This discussion focuses chiefly
on modes with predicted branching ratios>� 10�6 and asymmetries>� 1%.

Asymmetries due to directCP violation in inclusive processes, although somewhat challenging
to measure, are expected to be relatively clean from a theoretical point of view. This is because
notions of quark-hadron duality are likely to work best for inclusive reactions. Perturbation theory
calculations for the inclusive reactions are, in fact, closest in spirit to the initial realization [34] that
quantum corrections, in general, endow the amplitudes with an absorptive part. This absorptive
part is essential for generating the asymmetries.
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Table 6-3. Theoretical estimates of branching ratios and asymmetries for quark-level processes
and other inclusive reactions.

Process Reference(s) B jAsymmetryj Comments

(b! s)

b! sqq [41] � 1% � (1� 0:5)% q = u; d; s

B ! K;K�(X) [43] � 1� 10�4 <� 15% Energy Asymmetry

(b! d)

b! dqq [41] � 0:5% � (2:0+1:2�1:0)% q = u; d; s

b! d [44, 45] � 5� 10�4 � 1%

B ! �0(�(1440))Xd [46] � 0(10�5) <� 12%

B ! f0; f2(Xd) [46] � " "

B ! KK; ��(Xd) [46] � " "

Table 6-3 gives a sample of inclusive processes. This contains quark-level asymmetries, in charm-
less final states, viab ! sqq (i.e.,�s = 1) and b ! dqq (i.e., �s = 0), for q = u; d; s. In
a recent study [41],CP asymmetries for�s = 1 and�s = 0 inclusive charmless final states
were computed by a systematic use of the renormalization-group-improved perturbation theory by
including the probable dominant contributions to next-to-leading order. These calculations give
branching ratios and PRAs of around� 1%. (See Table 6-3.) For earlier and comparable study
see [42].

Another interesting recent study is of the energy asymmetry in the inclusive reactionB ! KX

[43]. Motivated by the recent CLEO observation[2] ofB ! �0 + Xs, estimated partial rate and
energy asymmetries in such single-particle inclusive reactions, studied in Ref. 24, are also given
in Table 6-3. Table 6-4 gives the estimated asymmetries inB ! PP [47, 48],PV [47] andV V
[49] whereP = pseudoscalar andV = vector. Table 6-5 shows the asymmetries in electroweak-
penguin processes. Note that different models can give significantly different numbers for both
branching ratios and asymmetries. As an example, compare the�� branching ratio given here to
that used in the simulations in Section 6.5 from a different model calculation.
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Table 6-4. Theoretical estimates of branching ratios and asymmetries for selectedB ! PP , PV
andV V modes. [Note: except for theK� case, where the result is due to long-distance effects,
entries in this table are based on calculations that assume the absence of long-distance rescattering.
Different models give significantly different numbers in some channels.]

Process Reference B Asymmetry

B ! K�K0 [48, 47] � 2� 10�6 � 10%

! K0K0 [48, 47] � 1� 10�6 � 8%

! K�� [48, 47] � 1� 10�5 � 1%

[50] " � 20%

! K�� [47] � 6� 10�6 � 1%

! �0�� [47] � 2� 10�5 � 2%

! ���0 [47] � 2� 10�6 � 2–10%

! ��! [47] � 1:5� 10�6 � 12%

! D0D�� [47] � 5� 10�4 � 0:6%

! ��K�0 [49] � 1� 10�5 � 0:6%

! �K�� [49] � 1� 10�5 � 0:6%

! !K�� [49] � 3� 10�6 � 28%

! �0K�� [49] � 2� 10�6 � 30%

! ��! [49] � 2� 10�5 � 4%

! D��D�0 [49] � 1� 10�3 � 1%
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Table 6-5. Theoretical estimate of branching ratio and asymmetry modes due toEW penguins
[see also Table 6-6].

Process References B Asymmetry Comments

b! s
 [51] � 2� 10�4 .1–1.%

b! d
 [51] � 1� 10�5 1–10%

B ! K�
 [52] � 4� 10�5 � 1%

B ! �
 [52, 53] � 2� 10�6 <� 30%

b! d`+`� [54, 55] � 5� 10�7 � 3% 1 < m``=GeV< 3

B ! �`+`� [54, 55] � 3� 10�8 " "

B ! �`+`� [54, 55] � 5� 10�8 " "

Table 6-6. Examples of theoretical estimates ofCP asymmetries in processes dominated by
resonances.

Process Ref. B Asymmetry Comments

B ! K�
i 
 [27] � (1–5)� 10�5 <� 8% energy asymmetry

K�
i ! K�;K��;K� [27] <� 3% PRA

B ! a1=a2
 ! 3�
 [28] � (1–5)� 10�7 <� 10% TN -even, forward-backward
asymmetry

<� 10% TN -odd, triple correlation
asymmetry

<� 30% TN -even, optimal observable
<� 20% TN -odd, optimal observable

B ! h� [29] � 5� 10�7 � 10% nc = ��;KK�; ��KK : : :

h = nc; �
0
c �0c = ��;KK; 4� : : :

B� ! h��0(!) [30]

h = � � (1–2)� 10�5 � 9–30% maximum asymmetry

h = K� � 1� 10�5 � 32–79% in the region of

h = � � (2–7)� 10�6 � 17–48% M(!)� �(!)

REPORT OF THEBABAR PHYSICS WORKSHOP



352 Determinations of� and Direct CP Violation

6.2.2.1 Long-distance rescattering effects on directCP in B ! K�-like modes

Recently there has been some discussion [56, 57, 58, 50] of the effects of soft physics on final-
state (FS) rescattering phases and the consequences for directCP violation in modes such asB !
K�. It is now recognized that directCP violation in B decays has a very rich structure. (The
presence of nontrivial final-state interaction phases and related directCP -violating effects was
discussed earlier in [42], but this work has not received much attention and the view that final-
state-interaction effects are small has been widely held.) The important point is that the short-
distance Hamiltonian, and in particular the penguin operators, are not the only source of directCP

violation inB decays. Whereas the penguin Hamiltonian (e.g.,in b ! s transitions) has�I = 0,
long-distance (LD) rescattering effects represent a distinct source ofCP violation, particularly in
states that are mixtures of isospin such asK�.

Recall that the isospin operator intimately links the two charge statesK0�� andK��0 in B�

decays, andK0�0 andK��+ in B0 decays. Indeed, the CPT theorem places severe restrictions
[50] on the PRA arising due to long-distance rescattering effects in such states related by the isospin
operator: the PRA due to long-distance effects inK0�� must cancel exactly with that inK��0;
similarly, the PRA inK0�0 must cancel with that inK��+. A very important repercussion of this
result is that the PRA caused by long-distance effects inK�� (or K�, orKa1. . . ) cannot cancel
with the PRA inK�. Thus each category of such final-state interactions provides an independent
probe for searching for directCP violation [50].

One is often tempted to assume that theB-meson mass (� 5 GeV) is large enough that final-
state rescattering effects will be negligible in such exclusive decay modes. Not only are there
no good reasons to support such an assumption, Donoghueet al. [56, 59] have claimed, on
very general grounds, that final-state rescattering phases due to soft physics do not vanish as
mB ! 1. This has an important general consequence that it could improve the observabil-
ity of direct CP in various exclusive modes. Specifically, forB ! K�, due to long-distance
rescattering effects, PRAs of around� 20% (for sin 
 = 1) may be possible [50]. However,
while enhancing directCP asymmetries inB decays the presence of these long-distance rescat-
tering effects also raises serious doubts about the validity of constraints on the angle
 [60]
deduced by using the rates forB� ! K0�� andB0(B0) ! K+��(K��+), to the extent that
the constraint is derived by explicitly assuming the absence of long-distance rescattering effects
[57, 58, 50].

Two remarks are in order. First, most of the calculations of directCP -violation asymmetries in
exclusive hadronic channels, samples of which are given in Table 6-4, assume the absence of long-
distance rescattering effects. If these effects are important forK�, as suggested in some of these
studies [56, 57, 58, 50], then they are likely to be important in many other exclusive channels as
well. Second, the PRAs due to these short- and long-distance effects are additive. As a result, in
some modes the net asymmetries may be enhanced while in others they may be reduced due to
cancellations.

REPORT OF THEBABAR PHYSICS WORKSHOP



6.3 Overview of the Experimental Studies 353

6.3 Overview of the Experimental Studies

Early feasibility studies of the measurement of the angle� focused on the modeB0 ! �+��.
This was partly motivated by the simple two-body topology of the decay and partly by the fact that
it is aCP eigenstate. However, as was discussed in the theoretical introduction to this chapter, the
presence of penguin effects can complicate the extraction of the angle� using the decayB0 !
�+�� alone. Therefore, in experimental studies it is crucial to use methods which enable the
contribution of penguin diagrams to be disentangled from that of tree diagrams.

The theoretical basis of some of the proposed methods is discussed in the theoretical introduction,
the most powerful being isospin-based analyses. The main message for experimental studies is
that accurate measurement of the angle� in any channel requires information from several related
decay modes, including chargedB decays, which provide complementary information on the angle
� and the penguin effects. The nature of this extended isospin-based analysis differs from channel
to channel but in all cases will require large luminosity data samples to be carried out. Interim
methods that constrain penguin effects by a combination of models and theory and comparison
with many different modes will be important for some time to come.

It is thus expected that the correct solution for the angle� will arise from a comparison of the
results from several modes. With this approach in mind, simulation studies have been performed
for three classes of benchmark modes, all of which have the same underlying short-distance
quark diagram structure. Modes with two, three or four pions in the final state are considered in
Sections 6.4, 6.5, and 6.6 respectively. The studies of three-pion and four-pion modes are limited
to the quasi-two-body states��, a1�, and��.

A common feature of the benchmark modes is their expected low branching ratios, on the order of
10�5 or less. All are found also to have large backgrounds, both combinatorial background within
signal events themselves and also those arising from continuumqq and genericBB events. The
focus of the experimental studies is the identification of the background sources and methods to
suppress them, and the performance of fits to extract theCP -violating asymmetry and other related
parameters from the time evolution of the decays. The specific details of the analyses of the various
decays are given in the following sections. For the two- and three-pion modes the experimental
inputs for the possible isospin-based analyses are also examined.

6.4 B-Decay Modes with Two Pions

There are threeB ! �� decay modes:B0 ! �+��, B+ ! �+�0 andB0 ! �0�0 and the
analogous decays of theB. They are all important in the study of CP-violation. In this section,
simulation studies of these modes using both the fullBBsim simulation, and the fast simulation,
Aslund are described.
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In the absence of penguin effects,sin 2� can be extracted from the analysis of the time evolution
of the decaysB0 ! �+�� andB0 ! �+�� alone. However, in the more general case, one
needs complementary information from all of the above modes in order to disentangle the penguin
and tree effects. An important experimental issue in these channels is the suppression of events
from continuumu-, d-, s-, c- quark production, which comprise the dominant background. Also,
the recent results from the CLEO experiment indicate that the decays toK� may be a substantial
source of background, which presents a challenge to the particle identification capabilities of BABAR.

The following sections contain a description of the analyses used to determine the sensitivity of the
BABAR experiment to the various relevant observables and the results of an isospin analysis which
could be performed using these measurements.

6.4.1 The�+�� Decay Mode

For this channel the observables are the coefficients of thesin�mdt andcos�mdt terms in the
time evolution, in addition to the overall branching ratios ofB0 ! �+�� andB0 ! �+��.
The branching ratio for this channel has not been measured, with the limit from CLEO currently
1:5� 10�5. A branching ratio of1:2� 10�5 has been assumed. This corresponds to� 380 events
produced in 30 fb�1 running at the� (4S). The study reported here was done usingAslund ’s fast
Monte Carlo simulation (Section 4.1.3). However, independent studies of the signal using the full
BBsim simulation and the reconstruction software indicate that for such charged-only modes, the
results are consistent.

CandidateB0 ! �+�� decays may be reconstructed simply by forming all pairs of oppositely
charged tracks in the event and assuming they are pions in calculating the invariant mass. There
are a number of possible sources of background.

6.4.1.1 Sources of background

The sources of background which were taken into account in this study were:

� Continuum qq Production. The combinatorial background produced by random combina-
tion of two tracks in events produced by nonresonante+e� annihilation into lightqq pairs;
� 108 such events are expected for nominal annual luminosity. This is the largest source of
background which survives the selection criteria. In general, the two tracks are in opposite
jets, owing to the large invariant mass of the signal.

� B0
! K+��. Using the CLEO result of1:5 � 10�5 for theK+�� branching ratio, there

will be about470 events of this kind per year. When the kaon is misidentified as a pion,
this will show up as a background to the�+�� channel. The reconstructed mass of the
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B0 is below the true value by� 42MeV=c2. Since the mass resolution forB0 ! �+��

is about22MeV=c2 at BABAR, there will be considerable overlap between the two channels
using kinematics alone.

� Combinatorial Background in Generic � (4S)! BB Events.� 3:15 � 107 events of
this type are expected to be produced per year. Due to the kinematics of the two-body decay,
this background was found to be negligible after preselection cuts. In particular,� (4S)

events containing the decaysB� ! �+���� or B0 ! �+���0 were studied. No such
events survived the kinematic cuts.

� Combinatorial Background in the Signal Channel. This was found to be insignificant,
after the cuts which suppress the above backgrounds were made.

6.4.1.2 Background suppression

Many of the techniques used to reduce the background in this channel were summarized in Sec-
tion 4.9. Here, details specific to this channel are given.

� Kinematic Cuts: The quantities which provide the most effective discrimination between
signal and background are the mass of theB0 candidate and its momentum in the� (4S)
rest frame. The reconstructed mass distribution of the signal is shown in Fig. 6-5(a), with the
mass distribution ofB0 ! K+�� decays, treated asB0 ! �+�� candidates, superimposed.
The invariant mass of the candidate is required to be within2� of the nominalB0 mass,
where�, the resolution of the invariant mass, is about22MeV=c2. The momentum of each
pion candidate in the� (4S) rest frame, is also kinematically constrained for the signal, as is
shown in Fig. 6-5(b). This is required to be in the range2:46–2:82GeV=c2. The momentum
of eachB meson in the� (4S) rest frame is fixed by energy-momentum conservation to be
� 0:33GeV=c. This translates into the range0:17–0:42GeV=c, once the widening of the
distribution due to the beam energy spread is taken into account. The distributions for signal
andqq background are shown in Fig. 6-5(c).

� Particle ID : The combinatorial background can be reduced by means of the particle iden-
tification system of BABAR. The DIRC and drift chamberdE=dx information, if available,
are combined to form a�2 variable. In order to separate effectively the signal from the
background (mainlyB0 ! K+��) the following variable is used:��2 = min(�2(K; �)�
�2(�; �); �2(�;K) � �2(�; �)) where�2(K; �), �2(�;K) and�2(�; �) are the overall�2

values for theK�, �K and�� hypotheses, respectively. The distribution of this variable for
the signal and background is shown in Figs. 6-6 (a) and (b), respectively.

� Vertexing: The vertexing capability of the BABAR tracking system is also used to reduce the
combinatorial background. For a signal event the two pions are from the same vertex, so a
fit to a common vertex is made for the two charged tracks; the�2 probability of this vertex
is required to be greater then 0.01.
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Figure 6-5. (a) The invariant mass ofB0 ! �+�� candidates for trueB0 ! �+�� decays (solid
histogram) and forB0 ! K+�� decays (dashed histogram); (b) momenta of pion candidates in
the� (4S) rest frame for signal (solid histograms) andqq background (dashed histograms); and (c)
momenta ofB0 candidates in the� (4S) rest frame (same key as (b)).
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Figure 6-6. (a) Distribution of the particle identification variable��2, defined in the text, for
signal; (b) same for background events; and (c) absolute value of the cosine of the angle between
the sphericity axis of the nonsignal tracks and the signal pion closest to it, calculated in the� (4S)

rest frame for signal (solid histogram) and background events (dashed histogram).

REPORT OF THEBABAR PHYSICS WORKSHOP



358 Determinations of� and Direct CP Violation

� Event Shape: As explained in Section 4.9, the continuum background has a jet-like struc-
ture, while the signal is much more spherical. This difference is parameterized by the cosine
of the angle between sphericity axis of the nonsignal tracks and the signal pion closest to it,
calculated in the� (4S) rest frame, which can be seen in Fig. 6-6 (c). TheB0 candidate is
required to havej cos �sphj < 0:9. Other shape variables, being strongly correlated to this
variable, were not used.

� Flavor-Tagging: The tagging of the flavor of theB meson is determined using theCor-
nelius package, described in Section 4.7.2, for both leptons and kaons. This tagging
information is essential for the time-dependent asymmetry measurement. The tagging also
has the effect of improving the signal to background ratio forqq background, especially in
the case of lepton tagging. The efficiency for signal events is 0.39 for the lepton tag and 0.23
for the kaon tag, while for background events it is 0.03 for the lepton tag and 0.22 for the
kaon tag. The gain in the signal to noise ratio, in the lepton tag case, happens because theqq

background produces fewer leptons in the final state.

Table 6-7 summarizes the efficiencies for the cuts described above, for both signal and background
processes. The extraction ofCPasymmetries for this mode is described in detail in Section 6.4.4.

Table 6-7. Efficiencies for each successive cut, for signal and backgrounds. The efficiencies for
each row are computed after applying all the cuts in the previous rows. The final two rows are the
number of events produced and the number surviving all cuts, respectively, for30 fb�1 of integrated
luminosity.

Cut Efficiency

�+�� K+�� qq

Kinematic cuts 0.75 0.37 5:1� 10�5

Event Shape 0.88 0.88 0.30

Particle ID 0.97 0.051 0.39

Vertexing 0.99 0.99 0.89

All cuts 0.63 0.017 5:3� 10�6

Flavor Tag (̀) 0.39 0.39 0.03

Flavor Tag (K) 0.23 0.23 0.22

Produced (30 fb�1) 380 470 108

Selected (̀) 93 3 15

Selected (K) 55 2 110
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6.4.2 The�0�0 Decay Mode

Extraction of the decay rate for the processB0 ! �0�0 will not be simple. There are two key
complications which conspire to make this task a difficult one: the anticipated low branching
fractions, and the experimental problems in background suppression and in reconstructing the
B0 ! �0�0 final state. Current knowledge of the branching ratio for this mode is limited to an
upper bound of9 � 10�6 from CLEO, and the theoretical predictions of order10�6, which are
based on factorization models with color suppression effects. In constructing an all-neutral final
state, the only information available is from the calorimeter clusters. This lack of information
makes effective discrimination between signal and background particularly difficult.

GeV

GeV

Figure 6-7. Distribution of the energy of the two clusters (Et, defined in the text) for signal events
(top) and background events (bottom). The simulations were done using the fullBBsim simulation
and the reconstruction software. The small peak near0:4GeV in the distribution for signal events
is from random combinations of clusters that are not associated with the signal decay. The second
peak near2:7GeV represents combinations in which one cluster is from the signal process and
the other is not. The small peak near5GeV represents the case where both clusters are due to�0

mesons from the signal process.
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Since the�0 mesons in this decay mode are energetic, the opening angle of the two photons is very
small, and therefore they tend to overlap in the electromagnetic calorimeter. Such effects are known
to be poorly simulated by theAslund fast simulation program, so that the whole of this study
(signal and background estimation) was done using the fullBBsim simulation (Section 4.1.2) and
the reconstruction software. These studies show that about80% of the�0 mesons from this process
that enter the detector acceptance are seen as a single cluster in the electromagnetic calorimeter.
For this reason an explicit reconstruction of the�0 mass is not attempted in this analysis.B0

candidates are reconstructed by forming pairs of electromagnetic clusters that are unmatched to
charged tracks. By energy conservation, the sum of the energies of the clusters, boosted to the
� (4S) rest frame,Et, must be consistent withM(� (4S))=2, whereM(� (4S)) is the mass of the
� (4S). However, because of energy leakage in the calorimeter, the distribution ofEt has a mean
value significantly different from this nominal value. The distribution of this quantity for signal
and genericqq events is shown in Fig. 6-7. An energy window of4:75GeV � Et � 5:15GeV is
used (the resolution on this quantity is approximately100MeV).

As in the case of theB0 ! �+�� mode, the dominant background is from the continuum processes
e+e� ! qq. A multivariate technique (based on a Genetic Algorithm, see Section 4.7) is used in
order to optimize the cuts on kinematic and topological variables for background suppression. The
algorithm fixes the cuts in such a way as to maximize the statistical significance, which is defined as

N� =

p
NS +NB

NS

(6.42)

whereNS (NB) is the number of signal (background) events in a sample surviving all cuts. The
variables used (all computed in the� (4S) rest frame) are:

� Kinematic variables:

– Momenta of the pion candidates,j p�� j;
– Momentum of theB candidate,j p�B j;
– The quantity

�2B =

 
j p� + p� j �MB

�mB

!2

+

0
@
q
(M� (4S)=2)2� j p�B j2 �MB

�beam

1
A
2

;

where�mB
and�beam are the width of the reconstructedB0 candidate and the spread in

the beam energy, respectively.

� Topological variables:

– cos �H , where�H is the angle between the�0 candidate with the highest momentum
and the track closest to it;

– Fox-Wolfram momentsH20 � H2=H0 andH40 � H4=H0;
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Table 6-8. Efficiencies for preselection and for each cut separately applied. The final two rows
are the number of events produced and the number surviving all cuts, respectively, for30 fb�1 of
integrated luminosity. The number of signal events assumes a�0�0 branching ratio of3� 10�6.

Cut Efficiency

�0�0 Continuum

Preselection 0.47 2:2� 10�3

j p�0
1
j� 2:118GeV=c 0:98 0.30

j p�0
2
j� 2:864GeV=c 0:99 0.31

0:190GeV=c �j p�B j� 0:492GeV=c 0:92 0.20

�2B � 2:39 0:53 0.013

H20 +H40 � 0:096 0:52 0.046

All cuts 0.15 2:0� 10�7

Events Produced (30 fb�1) 95 108

Events Selected (30 fb�1) 14 20

Table 6-8 lists the cuts and the efficiencies for signal and background samples.

With these optimised efficiencies,�S and�B, for signal and background respectively, it is straight-
forward to show that (assuming no uncertainty on the knowledge of the background rate)

�B =

s
B + (�B�B)=(�S�S)

L�S�S
; (6.43)

where�S and�B are the cross-sections for signal and background production respectively andL
is the integrated luminosity. The error in the branching ratio found from the above formula (as a
fraction of the branching ratio itself) is shown in Fig. 6-8 as a function of the integrated luminosity
for different assumptions for the branching fraction.

The branching ratio will be used below in an isospin analysis; the uncertainty limits the precision
of the determination of�.

6.4.3 The�+�0 Decay Mode

As in the case of the�0�0 study (and for similar reasons), the simulation study of theB+ ! �+�0

mode was performed using the fullBBsim simulation and the reconstruction software. The genetic
algorithm described for theB0 ! �0�0 analysis was also used for theB+ ! �+�0 mode. The
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primary quantity of interest is the total decay rate, which is expected to be the same forB+ ! �+�0

andB� ! ���0.

The cuts used for this mode, and the resulting efficiencies for signal and background events, are
given in Table 6-9, where a branching ratio of0:8�10�5 has been assumed. In Fig. 6-9 the relative
error on the branching fraction as a function of the integrated luminosity is shown for different
assumptions for the branching fraction.

BKG efficiency

1 year luminosity

years

Figure 6-8. Relative error on the branching ratio as a function of the number of years of data
taking (assuming30 fb�1 per year), forB0 ! �0�0, assuming different values for the branching
ratio.
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BKG efficiency

years

Figure 6-9. Relative error on the branching ratio as a function of the number of years of data
taking (assuming30 fb�1 per year), forB0 ! �+�0, assuming different values for the branching
ratio.
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Table 6-9. Efficiencies for preselection and for each cut separately applied. The final two rows
are the number of events produced and the number surviving all cuts, respectively, for30 fb�1 of
integrated luminosity.

Cut Efficiency

�+�0 Continuum

Preselection 0.63 3:7� 10�3

j p�+ j� 2:441GeV=c 0:99 0:17

j p�0 j� 2:855GeV=c 0:85 0:17

0:190GeV=c �j p�B j� 0:492GeV=c 0:82 0:13

�2B � 3:55 0:49 0:005

cos �sph � 0:8 0:78 0:15

cos �H � 0:924 0:72 0:40

All cuts 0.19 1:0� 10�6

Produced (30 fb�1) 250 108

Selected (30 fb�1) 48 100

6.4.4 Extraction ofCPAsymmetries from theB0
! �+�� Decay Mode

Information onCP violation for the modeB0 ! �+�� is contained in the time evolution of the
decay, which, in the most general case (Eq. 6.3), is given by:

P (B0 ! �+��) / exp (�j�tj=�) (1 + asin sin (�md�t) + acos cos (�md�t)) ; (6.44)

where�t ' �z=(�
c) (�
 � 0:56) and�z is the difference between thez coordinates of
the twoB0 decays in the event. The parameterasin is analogous (but not equal) to the quantity
sin 2� obtained in the case of tree-dominated decays, and the parameteracos is a measure of direct
CPviolation. They also correspond to the parametersR andD in Eq. 6.3. Theoretical predictions

are usually expressed in terms of the complex parameter� = q
p

Af
Af

(see Eqs. 1.42 and 6.23). For
the fit described here, the free parameters are the magnitude and phase of�: j�j andarg � � 2�e� .
They are related toasin andacos by:

asin =
�2j�j sin 2�e�

1 + j�j2 (6.45)

acos =
1� j�j2
1 + j�j2 : (6.46)
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An unbinned, maximum-likelihood fit to the reconstructed�t distribution is used to extract the
parametersj�j and2�e� . In order to reconstruct�t, it is necessary to estimate thez coordinates
of the decay vertices of both theB0 ! �+�� candidate (zCP ) and the otherB0 (ztag). In this
section, the analysis of the time evolution ofB0 ! �+�� decays is described, beginning with the
technique used to estimate�z = zCP � ztag.

6.4.4.1 �z reconstruction

The z coordinate of theCPvertex comes directly from a fit of the candidate pion tracks to a
common vertex. The average resolution onzCP is 40�m. The�z resolution is dominated by
the error on the vertex of the taggingB0, which is not as easily determined in an unbiased manner.
Two different methods of estimatingztag have been studied:

� A vertex is formed using all the tracks in the event, excluding those of theB0 candidate
and those with a large impact parameter at the nominal interaction point (to removeK0

S

daughters). Thez coordinate of this vertex is a reasonable estimate ofztag.

� ztag is estimated using thez coordinate of the point of closest approach of thetaggingtrack
to the axis which is parallel to thez axis and passes through thex � y projection of the
CPvertex, where the tagging track is the candidate kaon or lepton track which has been used
to tag the flavor of the otherB0. Because the twoB mesons are produced nearly at rest in
the� (4S) rest frame, they decay along the same axis, to a very good approximation. The
axis defined as described above is more accurate than the nominalz axis since theCP vertex
is known to greater precision (about40�m in bothx andy) than is the average beam spot
position (about150�m in x and6�m in y).

The primary disadvantage of the first method is that the vertex contains a mixture of tracks which
originate directly from the taggingB decay and tracks which originate from the subsequent charm
decay. Thus, this vertex does not represent an unbiased estimate of the taggingB vertex. Correc-
tions derived from Monte Carlo simulation must be applied to take into account this effect which
entangles the charm lifetime with the taggingB decay time.

This problem is mitigated in the second method since only the tagging track is used. This track is
preselected in a manner which favors particles coming directly from the taggingB decay, so there
is less contamination from tertiary charm decays. In addition, the case where the tagging track
comes from the charm decay can be taken into account in a rather straightforward manner without
much reliance on Monte Carlo simulation, as will be demonstrated below. For these reasons, this
second approach has been used here.

The�t distribution of Eq. (6.44) is modified to take into account the experimental effects described
above. The resolution onzCP is accounted for by a simple Gaussian smearing of the idealized�t

REPORT OF THEBABAR PHYSICS WORKSHOP



366 Determinations of� and Direct CP Violation

distribution. Two separate cases are considered in order to take into account properly the effects of
the reconstructedztag:

� The case where the tagging track comes from the taggingB decay vertex (this is referred to
as a primary track).

� The case where the tagging track comes from aD meson decay vertex (this is referred to as
a secondary track).

The output of theCornelius tagging package is used to assign to each tagging tracki a prob-
ability, gi, to be a primary track versus a secondary track. Simulation studies show that a tagging
lepton track has a50% probability to be a primary track, whereas a tagging kaon track has a15%

probability to be a primary track. A numerical convolution method is used to take into account the
effect of using theCPB vertex to define thez axis for the taggingB decay and to take into account
the effect of the charmed-meson decay length (for the case of secondary tracks only). Figure 6-10
shows the distributions of�t, before and after experimental resolution convolutions, for primary
and secondary leptons for two different choices of theCPviolation parametersasin andacos.

6.4.4.2 The maximum-likelihood fit

The maximum likelihood fit used to extract the parametersj�j and2�e� makes use of a probability
density function, which is defined for each eventi in the following manner:

P(�ti; qt; j�j; 2�e�) = f sig[giPsig
p (�ti; qt; j�j; 2�e�) +

(1� gi)(fssPsig
s (�ti; qt; j�j; 2�e�) +

(1� fss)Psig
s (�ti;�qt; j�j; 2�e�))] +P
k f

bg
k Pbg

k (�ti) ; (6.47)

wheref sig is the fraction of selected events that is signal;gi is the probability that the tagging
track is primary;Psig

p (�ti; qt; j�j; 2�e�) andPsig
s (�ti; qt; j�j; 2�e�) are the�t distributions when

the tagging particle is primary or secondary, respectively;f
bg
k andPbg

k are the fraction and the�t
distribution for thek-th source of background;fss is the fraction of tagging tracks that has the
same sign of charge as theb quark in the taggingB (determined from Monte Carlo simulation);
andqt is the charge of the tagging track. The�t distributions for the background processes are
parameterized from Monte Carlo simulations. The�t distribution ofuds background is a Gaussian
centered at zero, with a width given by the experimental resolution on�t. For cc events, the�t
distribution is instead the convolution of the average charmed-meson lifetime with a Gaussian
resolution function.
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Table 6-10. Errors and correlations obtained from the fit to theCPparameters, using samples
corresponding to 10, 30 and90 fb�1 of integrated luminosity. The samples were generated with
asin = acos = 0 (noCPviolation), which is the most conservative case.

10 fb�1 30 fb�1 90 fb�1

�j�j 0.58 0.33 0.19

�2�e� 0.67 0.29 0.16

corr. (j�j; 2�e�) 0.28 0.19 0.12

�asin 0.41 0.26 0.15

�acos 0.39 0.29 0.18

corr. (asin; acos) 0.35 0.20 0.12

The likelihood for a selected sample of events is the product of the probability density functions
given by equation 6.47 for all the events in the sample. The fitted parametersj�j and2�e� are those
which maximize this likelihood. The fit was extensively tested by varying the size of the simulated
data samples and by using a variety of values forj�j and2�e� in generating the samples. In all
cases, the fitted values of theCPparameters are normally distributed around the generated values.
Table 6-10 gives the results of a fit using simulated samples corresponding to 10, 30 and90 fb�1

of integrated luminosity, generated in the most statistically conservative case, whereasin = 0 and
acos = 0.

6.4.4.3 ���, the difference between2� and 2�e�

The observation of the time-dependent asymmetry,A(t), in the presence of penguins, Eq. 6.44,
enables the amplitudes of the sine and cosine terms, Eqs. (6.45) and (6.46), to be extracted with
the resolutions quoted in Table 6-10. These in turn determine the complex parameter:

� = j�je2i�e� � q

p

A

A
=

e
�i�

T + P

e+i�T + P
= e

�2i� 1 + jZjei(� + �)

1 + jZjei(� � �)
; (6.48)

where Eq. 6.12 has been used to expand the right-hand side,Z = P=T is the ratio of the penguin
amplitudeP to the tree amplitudeT , and� = �P � �T is the difference in the strong phases ofP

andT . The experimental uncertainties inj�j and2�e� are also given in the table.

It can be seen that in the limit asjZj ! 0, the usual penguin-free limit,j�j ! 1 and�e� ! � is
recovered. In the general case, the equation represents corrections to this, of orderjZj, of unknown
sign, and of magnitude dependent on the strong-phase difference�. In fact it can be shown that the
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Table 6-11. Theoretical central values and experimental resolution for the isospin analysis. The
branching ratios are calculated in a model which gives:sin 2� = �0:04; sin 2�e� = 0:21, [61].
The experimental errors are calculated for90 fb�1 integrated luminosity.

Bav Central Value Exp. Error(%) Comments

�+�� 1:2� 10�5 6:0 Ref. [61]

�+�0 0:81� 10�5 14 Ref. [61]

�0�0 0:3� 10�5 21 Ref. [61]

j�+�j � jA+�j
jA+�j 0:81 17 From CP Fit

j�00j � jA00j
jA00j 0:94 65 Flavor Tagging

maximum shift in2� is ' 2jZj, for jZj < 1. This shift is the angle��� shown in Figs. 6-1 and
6-3, so named, because there are analogous shifts in other modes, of different values governed by
the relative magnitudes and phases of their own tree and penguin amplitudes.

The shift in the angle� limits the available precision which can be obtained in its measurement.
The relative magnitude of tree and penguin mechanisms is unknown at the time of writing, but is
thought to be significant. In the next section, a study of the experimental possibilities for measuring
��� using the isospin analysis is presented.

6.4.5 Isospin Analysis

This section studies the isospin analysis described in Section 6.1.2, which combines the informa-
tion from the three2� channels in order to estimate the effects of the penguin contribution and the
uncertainty on the measurement ofsin 2�.

As described in Section 6.1.2 and above, the effect of penguin diagrams can be characterized in
terms of a shift in the value ofj�+�j and the shift,��� = 2�e� � 2�, these in turn depend on
the ratio of the penguin to tree amplitudes and their strong-phase difference. The isospin analysis
determines��� (with four-fold ambiguity), if the decay amplitudes andsin 2�e� are known. For
this study, central values of the decay amplitudes,A+�, A+0, A00, A

+�
, A

+0
andA

00
, were

taken from the theoretical model analysis of [61]. They perform a full analysis of rareB decays,
including the recent CLEO results on the branching ratios forB ! K� andB ! ��, yielding
predictions for the size of the penguin effects and average branching ratios ofB ! ��. As an
example, for an input value ofsin 2� = �0:04, they predictsin 2�e� = 0:21. In Table 6-11 the
predictions for the central values Of the branching ratios are summarized, along with estimates

of the ratio of decay amplitudes,j�+�j � jA+�j
jA+�j andj�00j � jA00j

jA00j . In addition, the measurement
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errors on the branching ratios from Figs. 6-8 and 6-9 are shown. The experimental uncertainties
on j�+�j are known from the study of the time evolution ofB ! �+��. Since a time-dependence
analysis is not feasible for the modeB0 ! �0�0, the uncertainties on the decay amplitudes and
the ratioj�00j must be obtained from the time-integrated rates for thejoint decayof B0B0 pairs to
X� �0�0, whereX� is a taggingfinal state (X+ tags aB0 whileX� tags aB0). The joint decay
branching ratioB(X�; �0�0) is related to the partial rates by

B(X�; �
0�0) = �

(�(B0!�0�0)+�(B0!�0�0))

2�B
� 1

1+x2
d

�(B0!�0�0)��(B0!�0�0)

2�B

�
�Pi B(Btag ! X i

�) ; (6.49)

wherexd = �m=�B and�B is the total width of the neutralB meson, andB(Btag ! X i
�) is

the branching ratio to the combined tagging modes. Since in the simulation study of the mode
B ! �0�0, tagging was not applied, the branching ratiosB(X�; �0�0), and the corresponding
uncertainties, were calculated from the simulation results on the experimental resolution of the
average branching ratio forB ! �0�0, accounting in addition, for the effective tagging efficiency
and the mistag rate. By inverting the two relations (6.49),�(B0 ! �0�0) and�(B0 ! �0�0) can
be extracted, and, by dividing by a common phase space factor,jAijj andjAijj are obtained. The
resolutions obtained onj�00j andj�+�j are given in Table 6-11.

In order to understand the influence of the predicted experimental resolutions onj�00j andj�+�j, a
Monte Carlo method was used to draw the isospin triangles, taking into account these uncertainties,
for 90 fb�1 of BABAR data. In the example described above, with input values ofsin 2� = �0:04
and sin 2�e� = 0:21, the angle��� was determined with a four-fold ambiguity to be 0.2 rad.,
-0.2 rad., 0.7 rad. and -0.7 rad., with a root-mean-square spread of 0.6 rad. The distributions of
these fitted values of��� are shown in Figs. 6-11. The large magnitude of the error seen in this
analysis is mainly the result of the very poor statistics available with the branching ratio estimated
for B0 ! �0�0. With four solutions for���, and an additional factor of two in obtaining� from
sin 2�, the method has a total of eight solutions for�. With such large errors, it is doubtful that
this method will be useful for many years to come.

Another possible method for bounding the effect of penguin diagrams in the limit of a small
branching ratio has been suggested by Grossman and Quinn, [62]. This bound can be obtained
using only the measured rate ofB(B� ! ���0) and an upper bound on the combined rate
B(B0 ! �0�0) + B(B0 ! �0�0). In this approach nob tagging is required.

In Fig. 6-12 limits for the��� confidence level interval[����;+���] are displayed as a function
of the upper limit on

B00 =
Bav(B

0 ! �0�0)

B(B+ ! �+�0)
: (6.50)

Possible values for��� are not only within this interval but also in[� � ���; ���] and[��;�� +
���]. It can be seen that this method also leads to very poor limits on�.
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6.4.6 � without B0
! �0�0?

As was seen in the last section, although theoretically clean, the isospin analysis inB ! �� is
likely to be undermined by the expected smallness of the branching ratio in theB0 ! �0�0 mode:
although the measurement ofsin(2� + ���) is likely to be reasonably precise, the uncertainty in
the measurement of the correction,���, could suffer from a large statistical error. In this section,
another method is presented, which seeks to obtain information on the true�, without relying on
theB0 ! �0�0 mode. Though theoretically less clean, it is conceivable that it could provide a
phenomenologically interesting bound on�, with far lower luminosity.

Referring back to Eq. (6.48), it can be seen that it represents two constraints on the unknowns
jZj; � and�. If one more constraint could be found, then� could be determined, up to a finite
number of ambiguities. As was discussed in Section 6.1.2, the recent observation ofB0 ! K���

andB0 ! �+�� events at CLEO [2] indicates that penguins are not negligible in such modes. As
was shown there, taking the current central values of the CLEO results at face value (and, for now,
ignoring their measurement error, and theoretical uncertainties), leads to a striking estimate ofjZj,
Eq. (6.18):

0:18 < jZj < 0:40 : (6.51)

If this range could be taken seriously, it could be used as a constraint to solve Eq. (6.48) and to
bound� and�. In fact, the experimental errors on the branching ratiosB(B0 ! K���) and
B(B0 ! �+��) are today very significant and, when taken into account properly, expand the
allowed ranges of Eq. (6.51) dramatically (in fact, it is not currently possible to put an upper bound
on jZj). However, by the time that BABAR has recorded enoughB0 ! �+�� events to measure the
time-dependent asymmetry, the experimental errors on these quantities will be negligible, and only
the theoretical uncertainties will be an issue.

The rest of this section summarizes the results of a study of the precision in the determination
of � by such methods. First it is necessary to examine briefly the possible bounds onjZj. The
argument presented in Section 6.1.2, simply makes an order-of-magnitude estimate about the value
of jZj, based on an (assumed) exact knowledge of SU(3) breaking and ignoring experimental
errors. Chapter 7, and references therein, on the other hand, discuss in detail, the possible ways of
bounding penguin amplitudes using SU(3) symmetry. Here, it is assumed that an unspecified
method has been used for boundingjZj, and a range of putative resulting central values and
uncertainties have been explored. For a more detailed discussion of the possibilities for such
constraints see [63].

As a first guess estimate, the method of Section 6.1.2.5 can be used, but modified by assuming that
the SU(3) breaking factor has an uncertainty, and is given (say) by1:0 � 0:3. Here, the present
central values of the CLEO branching ratios forB(B0 ! K���) andB(B0 ! �+��) will be
assumed. The experimental errors on them will be considered negligible, as will be the case by the
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time the asymmetry inB0 ! �+�� is measured. Then, the allowed range ofjZj becomes:

0:15 < jZj < 0:62 : (6.52)

Clearly, the central value could change up or down from the one used here, so this range is just
used for illustrative purposes. In addition, as models are refined, and tested by comparison with
measurements in many channels, the model dependence in estimates ofjP=T j without reference
to SU(3) relationships may decrease to the point where the range given by such estimates is even
smaller than this.

For any given pair of measured values(acos; asin), Eqs. (6.45), (6.46) and (6.48) can be solved for
� and� as a function ofjZj within this range. The resulting range of values of� represents its
measurement. The solution is a mapping of a point in the space of possible values of(acos; asin)

onto a locus (or loci) in the solution space of(�; �). Ambiguities (mirror solutions) mean that
the mapping is, in general, a one-to-many mapping and the topology of the solution can depend
strongly on the values of(acos; asin) (or equivalently, the “true” values of� and�). It is possible to
get no solution at all, which would indicate a violation of the assumed bounds onjZj (presumably
an interesting outcome in itself), although measurement errors could cause this also.

A toy Monte Carlo was used to generate many pairs of experimental values,(acos; asin), according
to each of several initial (test) values of(�; �; jZj). The mock experimental results were generated
for each set of test parameters, according to a two-dimensional Gaussian distribution with widths
given by the experimental errors tabulated in Table 6-10 for 90 fb�1 integrated BABAR luminosity
at the� (4S). For each pair(acos; asin), Eqs. (6.45), (6.46) and (6.48) were solved numerically for
the values of the initial parameters(�; �).

Some example distributions of the true and “measured” values of� and� are shown in Fig. 6-13
(a) and (b). The broadening of the loci in the(�; �) space into bands is caused by the experimental
resolution, factored in via the Gaussian smearing of the experimental quantities. The range of
values of� is constrained with respect to the full range of possible values. Furthermore, it can be
seen that any future constraints on the allowed range of� would help restrict it further. The kind
of resolution obtainable for� can be seen from the projections of the scatter plots onto the� axis,
as seen in Figs. 6-13 c) and d). The widths here get a contribution from the slopes of the loci in
the(�; �) plane as well as from the resolution in the observed quantities. In Fig. 6-13 c), the peak
is close to the true value of�, but in the latter, the true value corresponds to the smaller peak. The
two figures shown are “typical.” They were generated with the “true” values of(�; �) shown in the
plots, and a “true” value ofjZj = 0:3. The solutions were obtained using many trial values ofjZj
in the range specified by Eq. (6.52).

Eq. (6.48) has a symmetry under the transformations� ! � + �; � ! � + �, which results in
the repeating of the pattern of solutions in diagonally opposite quadrants of the full (�, �) space.
This symmetry is the only exact symmetry of the equations, and results in the method having two
degenerate sets of solutions for�, separated by�, which is why the figures are plotted only for
0 < � < �.
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Figure 6-10. Underlying physics function: (a) true difference betweenCPand tag vertex; (b)
primary leptons; c) secondary leptons forasin = 1 (asin = �1 dotted) andacos = 0.
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Figure 6-11. Distributions of���, the shift in2� due to penguin effects, for toy Monte Carlo
samples. The four plots represent the four-fold ambiguity arising from the isospin analysis. Each
plot has an rms width of� 0:6 rad.
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Figure 6-12. Limits for the��� confidence level interval[����;+���] versus the upper limit on
B00 (horizontal scale10�7 ). The three curves displayed refer toB(B+ ! �+�0) = 1 � 10�5,
0:75 � 10�5 and0:5� 10�5.
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Figure 6-13. Scatter plots of extracted values of� and� for two pairs of “true” values, which are
indicated by the “O” characters in the figures.
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It has been found that the typical widths of the “measured” values of� are dominated by the
experimental resolution (at 90 fb�1), for values ofjZj � 1, but start to get smeared more
significantly forjZj >� 0:5. If jZj � 1, i.e.,B ! �� is dominated by penguin diagrams, then both
asymmetries’ amplitudes, Eq. (6.45), (6.46), become very small and difficult to measure. They
vanish in the limitjZj ! 1, because the penguin weak phase cancels with the one from mixing.

This method is limited by theoretical uncertainties in thea priori knowledge of the factorjZj =
jP=T j and breaks down if the central value ofjZj gets close to unity. Comparison of model
calculations and measurements to study penguin effects in many channels will eventually limit the
theoretical uncertainties, and in that case this approach may give the best knowledge of� for some
time to come.

6.4.7 Conclusions

The power of the BABAR detector to isolate signals forB0 ! �+�� decays and theirCP -violating
asymmetries has been reviewed, together with a number of methods of interpreting them in terms of
the angle� of the unitarity triangle. Observation ofCP violation in this channel can be established
if eitheracos orasin differ significantly from zero, but translation of such an observation into a value
for � requires the further considerations discussed below.

The recent discovery of significant penguin effects in these kinds of modes makes their interpre-
tation much more difficult than thought earlier. Significant penguin amplitudes however may lead
to larger than expected branching ratios forB0 ! �0�0. With present estimates for this rate the
statistical uncertainty on the measurement of this quantity, together with the large multiplicity of
solutions inherent in the method make improvement in the knowledge of� via isospin analysis of
two-pion channels, at best, a doubtful proposition.

Future efforts to reduce the theoretical uncertainties in the ratiojP=T jmay be the best hope for an
accurate value of� from the two-pion channel. Such efforts will be dependent on tests of models in
a great variety of channels. Measuring these will be an important aspect of the BABAR experimental
program.

6.5 B Decay Modes with Three Pions

Decays ofB0 or B0 to three pions via the�� channel are studied in this section. The feasibility
of the entireB ! �� ! 3� analysis depends on the number of events and their distribution
among the three� bands, the strength of the penguin contributions compared to those of the
trees, and the size of the interference effects. In order to estimate these and to provide input
for the Monte Carlo generators, the relevant QCD matrix elements have been evaluated within the
factorization assumption, together with some model and/or phenomenological ans¨atze to estimate
the contributing form factors. The sensitivity of the analysis also depends on the presence of final-
state interaction phases. Clearly once data exist, analyses will be less model-dependent, but it is
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Table 6-12. B ! �� amplitudes used in these studies. The Small Penguins amplitudes were
derived from theoretical models. The Large Penguin set enhances penguin contributions and has
also been used in studies because of the evidence that penguins are important inB ! K�.

Mode Small Penguins Large Penguins No Penguins

� + i� 0.05+i0.36 0.05+i0.36 0.05+i0.36

� 1.35 1.35 1.35

T+� 1.00 1.00 1.00

T�+ 0.47 0.47 0.47

T 00 0.14 0.14 0.14

T+0 1.09 1.09 1.09

P+� -0.09 -0.20e�0:5i 0.00

P�+ 0.01 0.15e2:0i 0.00

worth briefly discussing here the assumptions that were used in modeling these modes. The main
ingredients are [15]:

� The factorization of the nonleptonic matrix elements has been assumed. They are expressed
as the product of two matrix elements of weak currents,i.e., form factors.

� The heavy-to-lightB ! �(�) form factors8 are estimated fromD ! K(K�) Fermilab data
[13, 64] andSU(3) and heavy-quark symmetries [65, 66].

The set of amplitudes labeled “Small Penguins” in Table 6-12 is obtained from this model cal-
culation. The set of amplitudes called “Large Penguins” is obtained from the Small Penguins
amplitudes by simply increasing the penguin amplitudes, taking into account indications from
CLEO data onK� and�� that penguin terms are significant [2]. Indeed, the very small value for
P�+ predicted by the factorization model (Small Penguins set) comes from a cancellation between
terms of different signs and is quite unstable. Somewhat randomly chosen strong phases have
been included in the penguin amplitudes, reflecting our ignorance of final-state interactions.9 The
behaviour of this set is typical of what is seen with other phase choices. A set of amplitudes without
penguins, but with the same value of�, has also been defined. In Table 6-12,T+� = 1 has been
set by convention. The full model calculation provides an absolute normalization, leading to the
predicted branching ratios shown in Table 6-13.

8In order to estimate the contribution of other resonances, theB ! f0(980) (f2(1270)) form factors are estimated
from the quark model and/orD ! f0(f2)K data [15].

9Even in the1=Nc ! 0 limit, such phases between penguin and tree amplitudes areO(1).
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Table 6-13. Branching ratios forB decays predicted by the same model that gives the amplitudes
in Table 6-12. The three sets of amplitudes yield the same overall branching ratio (5:5 � 10�5) for
the average over the six processesB0 andB0 ! ��. The significant increase of theB0 ! �0�0

branching ratio predicted by the Large Penguins set is due in large part to the final-state interaction
phases assumed for the penguin amplitudes.

Mode Small Penguins Large Penguins No Penguins

B0 ! �+�� 4:4� 10�5 3:4� 10�5 4:4� 10�5

B0 ! ���+ 1:0� 10�5 0:5� 10�5 1:0� 10�5

B0 ! �0 �0 0:1� 10�5 0:4� 10�5 0:1� 10�5

B0 ! �+�� 1:0� 10�5 1:7� 10�5 1:0� 10�5

B0 ! ���+ 4:4� 10�5 4:9� 10�5 4:4� 10�5

B0 ! �0 �0 0:1� 10�5 0:1� 10�5 0:1� 10�5

B+ ! �+�0 2:6� 10�5 2:7� 10�5 2:7� 10�5

B+ ! �0�+ 1:1� 10�5 0:9� 10�5 1:0� 10�5

B� ! ���0 2:6� 10�5 2:4� 10�5 2:7� 10�5

B� ! �0�� 1:1� 10�5 1:2� 10�5 1:0� 10�5

The number of neutralB mesons produced in a canonical year of running (30 fb�1) is 3:2� 107,
leading to 1700 decays ofB0 or B0 to �� (The TDR [67] assumed similar branching ratios).
Reconstruction efficiency, tagging, and backgrounds reduce this to an equivalent number of perfect
events near 100 (cf. Table 6-18 and Section 6.5.2.3, Results for30 fb�1). The large variation
among the branching ratios for the different�� channels and the strong angular dependence of the
polarized� decay leads to the Dalitz plot shown in Fig. 6-14.

It should be stressed that these values are only indicative. In particular, the small branching
ratios for the�0�0 channels are a consequence of a cancellation between different terms, and are
very sensitive to the precise value of phases,Vtd etc.This cancellation is particularly unfortunate
because this channel is important for the analysis [11, 15]. Moreover for this channel the tree is
color-suppressed whereas the electroweak-penguin contribution is color-allowed and thus may be
significant, thereby spoiling the (critical) relation Eq. (6.29). For further discussion, see below and
Refs. [11, 15].

6.5.1 Event Selection

As in theB ! �� case, this channel suffers from a huge background compared with the small
number of expected signal events. There are several sources of background: combinatorial back-
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Figure 6-14. A Dalitz plot showing 1200B ! �� events, generated with the Small Penguins set
of amplitudes. The�0�0 band is noticeably depleted. The events are concentrated at the ends of the
� bands because of the longitudinal polarization of the� (cf. Eq. (6.31)).

ground within the signal events, background fromB decays to similar channels (such asB !
K��), combinatorial background from genericBB and, most importantly, continuumqq events.
The event selection presented here does not treat the full three-body Dalitz plot, but instead focuses
on the three� bands where a better signal to background ratio can be obtained.

In addition to selectingB0 ! �+�� candidates, the estimated selection efficiencies for the signal
can be verified by measuring the branching ratios for several similar channels with known branch-
ing ratios, with exactly the same event selection. For this purpose, the following decays can be
used:B0 ! D� �+ ! ���0 �+, B+ ! D0 �+ ! K+�� �+ andB+ ! D0 �+ ! �+�� �+.
The branching ratios are similar to those expected for�� [13]. Thus, in addition to the� bands,D
bands are included in the preselection for both neutral and chargedBs. The cuts are chosen large
enough (about 1GeV=c2) to keep both the signal and a significant fraction of background. Further
experimental cross-checks for the selection efficiency can be made by measuring the background
level in regions close to, but outside, the� bands. A study of the K�� channels which present a
particular background is presented in Section 6.5.1.4; preselection criteria do not include particle
identification and thus retain events from such channels as well as the three-pion events. Studies
of similar three body channels in chargedB decays will also be helpful.
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Table 6-14. Mass cuts and signal efficiencies forB-decay products.

Allowed Range (GeV=c2) Signal Efficiency

�0 Detect
s 75%

�0 0.10< M

 < 0.17 99%

�0 Detect�+�� 81%

�0 0.35< M�+�� < 1.20 99%

�� Detect���0 68%

�� 0.35< M���0 < 1.20 99%

The analysis was performed with theAslund fast simulation. TheBBsim full simulation was
used to evaluate the effect of particle identification with more realism. The event selection was
carried out in two stages. In the first stage, a set of preselection cuts was applied for the purpose of
reducing the background while keeping the signal efficiency essentially unaffected. In the second
stage, a set of more stringent cuts was applied, in order to increase the background rejection to a
sufficient level, but with some loss in signal efficiency. This factorization of the problem facilitates
optimization of the analysis in the second stage.

6.5.1.1 Preselection of events

The variables used for these preliminary cuts are the masses of theB candidate decay products and
the mass and momentum (in the� (4S) rest frame) of theB candidate. The continuum background
is reduced by a factor of� 200 by the following cuts:

� �0 mass: �0 s are formed inAslund by combining all pairs of photon candidates. The mass
resolution is 5.4MeV=c2 for �0 s coming from� decay, and 8.3MeV=c2 for �0 s coming from
B decay. The cuts used and the signal efficiencies are shown in Table 6-14.

� � mass: � candidates are reconstructed by forming all appropriately charged pairs of pions.
No particle identification is applied at this stage: the charged pion candidates are simply
taken to be all the charged tracks in the event. The cuts used and the signal efficiencies are
shown in Table 6-14.

� B mass and momentum: TheB candidates are reconstructed by forming all opposite-sign
combinations of� and� which give an invariant mass compatible with theB mass. TheB is
produced nearly at rest in the� (4S) rest frame, so a cut on theB momentum,p�B0 , decreases
the background substantially without affecting the signal significantly. The values of theB
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Table 6-15. Preselection efficiencies (in percent) andB-mass resolutions for the true signals.

���� �0�0 �+���0 (NR)

All particles detected 65 67 65

�, � selection 98 97 27

5:17 < M�� < 5:37 GeV=c2 and

0:12 < p�B0 < 0:52 GeV=c 95 90 93

Total efficiency 60 58 16

�(MB)(MeV=c2) 26 35 27

candidate cuts, the signal efficiencies and theB candidate mass resolutions are summarized
in Table 6-15. The mass resolution for the�0�0 channel is larger than that of���� because
of the high-energy�0 in this mode. Also included in this table are the results obtained for the
nonresonant (NR) three-pion decay of theB0, generated according to phase space, which is
selected roughly equally in the�+��, ���+ and�0�0 channels.

The mass distributions of�0 candidates for�+�� signal and continuum events after all preselection
cuts are shown in Fig. 6-15. TheB candidate mass distributions for the�+�� channel are shown in
Fig. 6-16 for signal and continuum background. It should be noted that an important combinatorial
background is present within signal events, which can be seen from Fig. 6-16. It is due to wrong
low-energy photons from the otherB or from machine background. For each pre-selected true
signal combination in the���� (�0�0) channel, there are also 1.4 (0.3) false combinations in the
same� band, and 0.65 (0.25) in the other two.10

6.5.1.2 Alternative preselection

The preselection method for reconstructingB0s relies on the efficient reconstruction of�0s. How-
ever, it is possible to undertake the entire preselection without the need to reconstruct�0s by using
only the charged pions in the event. This is advantageous, since the status of BABAR charged-
track reconstruction is quite advanced. The tracking efficiency cuts off atpt ' 50MeV=c, which
is comparable to the detection energy threshold for neutral pions. However the charged-track
efficiency is close to 100% efficient within the acceptance, while the�0 reconstruction efficiency
varies from 80% at2GeV=c2 to as little as 60% below200MeV=c2 [67].

10The signal combinatorial background may be reduced by about a factor of two by requiring that the energy of
each photon is greater than 50MeV; this reduces the signal by 10%.
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This preselection method exploits the fact thatB mesons are produced with small velocity in
the� (4S) rest frame (�B ' 0:064). Pairs of oppositely charged particles are formed, with the
requirement of a two-track vertex�2 probability larger than 1%. The method uses the quantity
��� = E?

�0 + E�+��=
B, whereE�+�� is the total energy of the pair in the� (4S) rest frame, and
E?
�0 = (m2

B � m2
�� + m2

�0)=2mB is the expected�0 energy in theB meson decay frame. For
the signal,��� is a nonbiased estimator of theB meson massmB. At a given value ofm��, the
distribution is flat with width�B p? wherep? is the momentum of the�0 in theB rest frame (p? '
E?
�0). Applying a cut centered on theB mass and linear inm2

�� is very efficient for signal. The
efficiency of the preselection is 76% for�+�� events including acceptance effects, with no internal
combinatorial background. Since the tracking efficiency and acceptance are largely independent
of momentum, this preselection does not bias the Dalitz plot.

It is also possible to estimate all the topological variables that enter the list for the multivariate
analysis (see next section) without detecting the�0. In order to determine the final position of
selected events in the Dalitz plot, a well-measured�0 direction is still needed, which will decrease
the efficiency, but this requirement may be postponed until after the background-fighting process.

6.5.1.3 Multivariate background rejection

After preselection, the background still dominates by a factor� 400 (cf. Table 6-18). Unfortu-
nately there is no variable left for which a cut to reduce background does not also reduce the signal.
There are, however, a number of other discriminating variables available. In order to optimize their
use, the remainder of the background rejection which is needed is done with multivariate analysis
techniques which were discussed in Section 4.9.

The most powerful discriminating variable iscos ���sph, the cosine of the angle between the spheric-
ity axis of the rest of the event and the� or �, whichever is closer to it. A cut at 0.9, 0.8 or 0.7
on this quantity reduces the continuum background, by a factor of 3.5, 8 or 15, respectively, while
reducing signal by only 12%, 23%, or 34%. The idea is to apply a multivariate analysis in order to
reduce the background, while keeping a reasonable efficiency for signal. In this analysis, selections
based on cuts, the linear method and a neural network were used, for comparison [68].

Ten discriminating variables were used to separate signal and continuum background:

� cos ���sph, defined above

� cos �Bsph, a similar quantity defined for the reconstructedB direction,

� Rev
2 , the normalized Fox-Wolfram second moment for the whole event,

� R
tag
2 , the same quantity calculated for the rest of the event,

� PPt=B, the sum of transverse momenta of the rest of the event with respect to the B direction,

� �2m , a�2 formed from the masses of all reconstructed particles,
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� MB,

� p�B0 ,

� M�, and

� PP �
� , the algebraic sum of the three pion momenta.

Many of these variables were introduced in Section 4.9. The first five are topological, while the
last five characterize the quality of theCP candidate. Particle identification was not used in the
multivariate analysis, its use being postponed to a later stage of the analysis.

Figure 6-17 shows the effect of a cut at 0.9 on the neural network output, for both the signal and
the continuum background, as a function ofcos ���sph. This illustrates one of the advantages of
multivariate analyses, which allow the selection of events even in a variable-range dominated by
background, resulting in improved signal efficiency.

Figure 6-18 shows the efficiency for the continuum background obtained as a function of the
efficiency for the signal for the three techniques considered here (cuts, linear multivariate analysis,
neural network). For a rejection factor of105 for continuum background in the�+�� channel these
three methods have corresponding signal efficiencies of 31.5%, 32.6%, and 37.6% respectively
(these correspond to a cut with a value of 0.94 in the neural network output). These results do not
depend very much on the channel studied. For a fixed rejection factor for continuum background,
the selection based on the neural network gives the best efficiency for the signal, and will be used
in the rest of this section.

As already mentioned, there is also combinatorial background present in signal events. A separate
multivariate analysis was performed (with similar variables), optimized to reduce this background.
This resulted in a further loss of about 10% of the signal, while effectively eliminating the combi-
natorial background.

In order to see how all of the above cuts affect the Dalitz plot, Fig. 6-19 illustrates how the
efficiency for the signal varies as a function of the Dalitz-plot variables. Each plot is a projection of
one of the three� bands onto the corresponding side of the Dalitz plot. The efficiency is rather flat
except for a decrease at the ends of the ranges, which correspond to the production of a soft charged
or neutral pion. This reduction is largely due to the combinatorial background rejection cut.

6.5.1.4 Background from otherB-decay channels: particle identification cuts

TheB0 ! �+���0 mode can also suffer backgrounds from otherB decay processes, leading to
final states with one�0 and two charged particles including one or two kaons. The focus here is
on theB0 ! K+���0 final state which can be reached fromB0 ! K+��, B0 ! K�+�� with
K�+ ! K+�0, andB0 ! K�0�0 with K�0 ! K+��. The branching ratios for theK�� modes
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Table 6-16. The branching ratios for theK�� modes predicted for the three sets of amplitudes
considered for theB0 ! ��� analysis.

Mode Small Penguins Large Penguins No Penguins

B0 ! K�+�� 1:1� 10�5 3:0� 10�5 0:2� 10�5

B0 ! K+�� 0:8� 10�6 2:3� 10�5 0:8� 10�6

B0 ! K�0�0 0:4� 10�5 1:8� 10�5 0:1� 10�7

B0 ! K���+ 1:1� 10�5 4:7� 10�5 0:2� 10�5

B0 ! K��+ 0:8� 10�6 3:9� 10�5 0:8� 10�6

B0 ! K�0�0 0:4� 10�5 1:7� 10�5 0:1� 10�7

B+ ! K�+�0 0:6� 10�5 1:5� 10�5 0:1� 10�5

B+ ! K+�0 0:7� 10�6 1:1� 10�5 0:7� 10�6

B+ ! K�0�+ 0:7� 10�5 3:5� 10�5 0

B� ! K���0 0:6� 10�5 2:4� 10�5 0:1� 10�5

B� ! K��0 0:7� 10�6 2:1� 10�5 0:7� 10�6

B� ! K�0�� 0:7� 10�5 3:5� 10�5 0

predicted for the three sets of amplitudes considered for theB0 ! ��� analysis are given in
Table 6-16. The Large Penguins set leads toK�� branching ratios above the currently available
upper limits [69]. Therefore, its prediction cannot be taken at face value. However, it clearly
indicates that the level ofK�� background (and especiallyK� background) is very sensitive to
penguin contributions.

None of the topological cuts designed to fight the dominant continuum background contribute to
reduce this background, since these are genuineB decays:K+���0 events are expected to survive
the selection stage with essentially the same efficiency as the3� signal. Kinematic separation is
more difficult to exploit than in the�� case. Even thoughK�� events peak slightly below the
mass of theB in the��� mass plot, the actual shift (of the order of 50MeV=c2) and width depend
on the kaon momentum spectrum, in other words, on the position of the candidate in the Dalitz
Plot. Besides, the mass peak for the signal is broader and exhibits a low-mass tail. Therefore, the
reduction of theK�� background relies mostly on Particle Identification (PID).

By combining individual PID information as provided by the different subsystems, one defines a
discriminating variable��=K which characterizes the charged pair. A null value would indicate
that the particle of the pair most likely to be a kaon has equal probability to be a pion. A positive
value favors the�� hypothesis against any of theK� and�K hypotheses. When this variable
is included in the multivariate analysis, it improves significantly the signal efficiency for a given
rejection level of the continuum combinatorial background (by roughly20% at a rejection of105),
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Table 6-17. Efficiency of selected and tagged events fromB orB events (not summed).

���� �0�0

Signal 21 % 21 %

�+���0 (NR) 2.0 % 1.5 %

BB 10�6 < 10�6

Continuum 3� 10�6 3� 10�6

Signal combinatorial / Signal 0.11 0.05

This is because about one-third of selected continuum events otherwise would contain at least one
kaon. However, subsequent PID cuts still have to be applied to further reduce theK�� background
to an acceptable level.

The discriminating power of the��=K variable depends on the number of particles of the pair
reaching the DIRC. In the case of two-bodyB decays (�+�� andK+��), the two particles are
kinematically almost fully correlated: it is very unlikely that both particles escape DIRC detection.
The presence of a�0 in the final state greatly reduces this correlation. Furthermore, the kinematical
aspects depend on the�0 spectrum, and thus on the resonance structure of the final state. Events
are classified into three categories according to the number of particles which reach the DIRC. For
instance, the fraction of�+�� events in the first category (two particles in the DIRC acceptance)is
68%, there are 27% in the second (only one in the DIRC acceptance) and 5% in the third (none
in the DIRC acceptance). For candidates of the first category, purity is limited essentially by kaon
decays in flight occurring before the DIRC.

The study ofK�� event rejection was performed with full simulation, reconstruction and prelimi-
nary versions of PID combining algorithms, as described in Section 4.3.1, on the sample of events
surviving the alternative preselection based on charged tracks only. For a PID cut with an efficiency
of 95%, 75% of K�+�� events and80% of K+�� events are rejected. The rejection probability
reaches90% and97% respectively for candidates of the first category. While soft kaons fromK�

decays are difficult to reject from PID alone, the energy for such events is�300 MeV below the
expected value, so they can easily be rejected with an energy cut.

The selection efficiency forK�� events with the PID cuts is 4–5%, to be compared with the values
given in Table 6-17 for the signal and other backgrounds. For the branching ratios of the Small
Penguins set (cf. Tables 6-13,6-16) theK�� background is 3% with PID cuts alone. It reaches
30% for the Large Penguins set, however, as remarked above, some values given by this set for
K�� channels are already excluded by experimental upper limits.

REPORT OF THEBABAR PHYSICS WORKSHOP



386 Determinations of� and Direct CP Violation

6.5.1.5 Time (�z) resolution and tagging

The following steps describe the remainder of the analysis.

� �z determination: TheB vertices are reconstructed by using a kinematical fitter (based on
FitVer see Section 4.5.2) for theCP -side and an impact parameter method for the tag-side
(Section 4.5.1.3). The resolutions (widths of the narrow Gaussian in a double-Gaussian fit)
obtained onzCP , ztag and�z = ztag� zCP are respectively 30, 63 and 82�m. The selection
procedure described above does not affect the�z distribution.

It is worth noting here that, as for anyB-decay channel, the discrimination between con-
tinuum background events andB-decay events could in principle be further enhanced by
performing a cut in�z, since background events cluster at small�z whereasB-decay
events (particularly those that are important for determining the coefficient ofsin(�mt))
extend to larger�z values. Such a cut is, however, not needed, since fits use�z values and
fit to different shapes in�z for signal and background events. The background to signal
ratio varies from one value of�z to another, so the overall background numbers reported
here appear worse than is actually the case for most of the range.

� Tagging: The standard method of tagging,i.e., Cornelius , is applied. This gives an
additional factor of two in continuum background rejection since the fraction of tagged
events is 58% for signal events and 30% for continuum events. However, the tagging is
not perfect; this is not accounted for in the above tagging efficiency but the effect of wrong
tags is included in estimating the number of “perfectly tagged events” (cf. Sections 4.8 and
6.5.2.3).

6.5.1.6 Summary of results for neutralB modes

Table 6-17 gives the efficiencies for the signal and the main backgrounds for each of the three�

bands after the final selection including tagging. Table 6-18 gives the expected number of signal
and background candidates from genericBB, continuum andK�� events at the various stages of
the selection, for an integrated luminosity of 30fb�1. In the case of genericBB events, relevant
exclusive final states, such as the signal, andB ! K�� events were explicitly excluded from
the generator. Other sources of background, such as downfeed from 4� (a1� and��), have been
studied and were found to make negligible contributions. For the charged� bands, the overall
background over signal ratio isB ' 2 . If �0�0 has a branching ratio at the level of10�6, the signal
to noise ratio will be about 0.01; the direct production of�0�0 events well apart from the charged
� bands will not be seen.11 However, such events are not essential for the analysis; the interference
effects in the overlap region of the bands can still be significant enough to yield results.

11Applying a tighter cut on the neural network output would achieve an efficiency of 11% after tagging with a
background less than5�10�7. The signal to noise ratio would still be very small,� 0:03 for these cuts with the same
�0�0 branching ratio.
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Table 6-18. Number of signal and background events in the charged� bands for the neutralB
decays at the various stages of the selection for an integrated luminosity of30 fb�1. The branching
ratios of the Small Penguin set of Table 6-16 are used, where the final state includes a charge kaon.
Generation of the genericBB sample explicitly excluded the3� andK�� exclusive modes. The
�0�0 signal is overwhelmed by background because of its low branching ratio. The nonresonant
B ! 3� background is not shown because its branching ratio is uncertain.

�+�� and���+ BB Continuum K��

Produced 1:7� 103 3:2� 107 1:0� 108 2:1� 102

Preselected 1:0� 103 1:3� 103 3:9� 105 1:2� 102

Selected 6:1� 102 2:2� 102 4:0� 103 7:6� 101

PID 6:0� 102 1:1� 102 2:0� 103 15

Tagged 3:5� 102 6:3� 101 5:9� 102 9

6.5.1.7 ChargedB modes

For the charged modesB� ! ���0 or �0��, the preselection analysis follows the same strategy
as for the neutral modes. Nearly all of the detectable signal remains after the preselection cuts for
the�0�� channel and� 77% remains for the���0 channel. At this level only a rejection factor of
about 400 is obtained in each channel for the continuum background.

In order to fight the remaining high background the same approach has been used as for the neutral
modes. The main results onB-mass resolution and efficiencies are given in Table 6-19. The
efficiencies correspond to a rejection factor of10�5 for theqq events.

The worsening in the resolution and the efficiencies obtained for theB� ! ���0 channel is due
to the presence of the two�0s in the final state. If the background rejection is increased to a level
of 106 to obtain better sensitivity, the���0 (�0��) efficiency is 14% (29%). Furthermore, in the
charged modes�z may be used to reject additional background, since no time-dependent fit is
needed. Rejecting candidates withj �z j< 200 �m, keeps 62% (54%) of signal events and 27%
(15%) of continuum events in the���0 (�0��) channel.

Table 6-20 gives the expected numbers of signal events and background candidates from generic
BB and continuum events at the last stage of the selection, for an integrated luminosity of 30fb�1.
Taken at face value, these numbers would lead to a� 10% precision measurement of each branch-
ing ratio within three years of data-taking.
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Table 6-19. B mass resolution and selection efficiencies (�) in the�� charged modes for a10�5

rejection in background.

�+�0 �0�+

�(MB) (MeV=c2) 45. 20.

� - preselection

Signal 0.45 0.74

� - NN selection

Signal 0.22 0.48

BB 2� 10�6 < 10�6

Continuum 10�5 10�5

Signal Combinatorial / Signal 0.22 0.05

6.5.2 Analysis

Several obstacles stand in the way of completing the full Dalitz-plot analysis of these modes. First,
the small branching ratios mean that there will be limited statistics for some time to come. Second,
the problem of low statistics will be exacerbated by backgrounds from several sources. Third, both
because of the near “mirror” solutions discussed below, and also because many parameters are to
be fitted, there may be several local minima of�2, leading to ambiguous results.

Ultimately, these issues need to be explored in a complete simulation. Results reported here
are based on simplified Monte Carlo calculations in which backgrounds have been included as

Table 6-20. Number of signal and continuum background events for the charged B decays for
30 fb�1 using the tight selection with a continuum background rejection factor of106, and applying
a j �z j< 200�m cut. At this last stage of the selection, the genericBB background contributes
about 10 events in each channels. The expected background fromK�� events is typically of a
few events. However, the Large Penguins set predicts a residual background to�0�� from K��

comparable to the signal yield.

���0 continuum �0�� Continuum

Produced 8:2� 102 1:0� 108 3:5� 102 1:0� 108

Selected (tight) 70 30 60 15
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suggested by studies with theAslund simulation, as described in the previous section.12 The
results are sensitive to the choice of input amplitudes, to their phases and to the relative amounts of
tree and penguin amplitudes. Despite these limitations, the current study is a significant advance on
the work done for the TDR [67], in which the effects of penguins were ignored. Not surprisingly,
the conclusions here are more modest.

The parameterization of Eq. (6.28) uses the fact that the penguin contribution has a purely�I =

1=2 character. In this treatment the two parameters ofP 00 are effectively replaced by�.13

When fitting for penguins as well as for�, the contributions from�0�0 are essential. To see
this, take as the independent quantities� and the four complex amplitudesA�+, A

+�
, A

�+
and

T2 = T 00 + (T+� + T�+)=2, and setA+� = 1.14 Then one can write

A00 = e�i�T2 � (A+� + A�+)=2

A
00
= e i�T2 � (A

+�
+ A

�+
)=2 (6.53)

Without any knowledge of the�0�0 contributions, the number of unknowns is greater than the
number of observables and� remains undetermined. Note, however, that a fit to data in all three
�� bands with an unobservably small signal in the�0�0 channel can still give information on�
because it requires cancellations between theT2 term and theA�� terms in Eq. 6.53, and because
of small effects in the interference regions with the���� channels. This interference effect can be
detected in the fits even when the signal-to-background ratio in the�0�0 band is quite small. (If
data from all the chargedB decays to�� channels are also available the sensitivity of the analysis
to the�0�0 modes is reduced [11].)

6.5.2.1 Alternative approaches

Since with few events it will be difficult to perform the full nine-parameter analysis, it is of interest
to consider alternative possible analyses. These analyses regard the penguins as small effects,
either by ignoring them or by using estimated bounds on their size to limit their influence on the
analysis. A variety of alternative simplifications can be considered [15]:

(a) To measure only the amplitudes of the four neutral-B charged-� channels and use a constraint
taken from theory on the relative size of tree and penguin terms. Even though in the full

12A preliminaryBBsim study, not reported here, indicates that both signal selection-efficiencies and background
rejection factors may be significantly overestimated by theAslund simulation, as expected.

13This procedure neglects electroweak penguins, which may be significant in the�0�0 channel. Cancellations
between tree and penguin contributions are found in the model calculation leading to a small amplitude. A model-
independent approach based on a ten-parameter fit together with a simple parameterization of electroweak-penguin
effects can be found in [11, 15].

14This gives nine independent parameters. The tenth, as counted in Section 6.1.2.3, is the overall rate, which does
not impact this analysis and is hence scaled out, as reflected in the arbitrary definition of the magnitude ofA+�.
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analysis the penguin contributions mask the presence of� in the amplitudes for the charged
� s, a seven-parameter description (the four complex amplitudesT+�; T�+; P�; P�, and
� minus one free phase and one free magnitude), can be augmented by a single constraint,
taken from data and/or models, to allow the extraction of�. The theoretical uncertainties
arising from the constraint can be evaluated using phenomenological assumptions and/or
model-calculations.

(b) To assume both charged and neutral� bands to be available and to ignore penguin contri-
butions.15 This analysis uses a five-parameter fit to the Dalitz-plot distributions, (the three
complex amplitudesT+�; T�+; T 00; and� minus one free phase and one free magnitude).

(c) To assume the interference with the neutral� channel to be negligible and to assume this
channel is too weak to provide reliable fits. In this case, one must also neglect penguin
contributions. This analysis uses a three-parameter fit (the two complex amplitudesT+�;
T�+; and�, minus one free phase and one free magnitude), but still retains a full description
of the resonance structure of the3� final state and interference effects between the two
charged channels. It thus depends on the assumed� shape and on a precise understanding of
detector effects.

(d) To ignore the detailed event kinematics and apply a Phase Space Integrated (PSI, or quasi-
two-body) analysis and again a three-parameter fit. This analysis, by integrating the� bands
rather than using the angular distributions, has less ability to discriminate between mirror
solutions (discussed in the following section) and to discriminate against backgrounds, but is
also less dependent on the details of the assumed� shape than the Dalitz-plot treatments out-
lined above. This method has been studied and is discussed in some detail in Section 6.5.2.3.

(e) To ignore, in addition, all interference effects and to perform the three-parameter fit of the
simple two-body analysis [1, 67].16

Methods (b)–(e) drop penguin terms, and thus implicitly assume there are no directCP violations;
observation of any such effects would indicate that there are significant penguin contributions and
thus that such methods are not satisfactory. Even if no directCP violation is seen, the results of
all such methods will include a penguin-induced shift in the measured value of� compared to the
actual value. The size of this shift depends on the size and strong phase of the penguin amplitudes,
and estimates of it are model dependent. In order to stress this theoretical uncertainty, the value of
� extracted via such an analysis will be denoted�e� .17

15Alternatively, it may be assumed that they are known from other channels such asK�� orK�.
16In practice, after integration over phase-space the residual interference contribution is weak. Thus, the PSI and

two-body analyses yield very similar results.
17The existence of such a shift is studied in Section 6.5.2.4, where errors as large as0:2 in sin 2� are encountered

when fits ignoring penguins are performed.
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6.5.2.2 Mirror solutions

Multiple minima of the Likelihood function complicate all parameter-fitting methods. Consider
first the ambiguities that occur in the two-body analysis when penguins terms are assumed to be
negligible, interference effects between different� bands are neglected, and there is no information
on the�0�0 channel (i.e.,method e above). In that case some of the minima are related by parameter
redefinitions and have exactly the same value of the likelihood. These are here referred to as “mir-
ror solutions”. The fit determinessin(2� + �) andsin(2�� �), where� is the difference between
the strong final-state-interaction phases forB0 ! �+�� andB0 ! ���+ (cf. Eq. (6.35) and
Eq. (6.11)). Given this information, the parameters� and� cannot be unambiguously determined;
the discrete ambiguities are summarized in Table 6-21. The eight minima are exactly degenerate
in this simplified treatment, see for example Section 6.5.2.3.

Table 6-21. The eight degenerate solutions(�0; �0) obtained by measuring only the charged-�

states in the absence of penguins when only���� are observed and interference between different
� bands is ignored. The true solution is(�; �).

(�0; �0) sin 2�0 cos 2�0

(�; �) sin 2� cos 2�

(�=4� �=2; �=2� 2�) cos � sin �

(�=2 + �; � + �) � sin 2� � cos 2�

(3�=4� �=2; 3�=2� 2�) � cos � � sin �

(�=4 + �=2;��=2 + 2�) cos � � sin �

(�=2� �;��) sin 2� � cos 2�

(3�=4 + �=2;�3�=2 + 2�) � cos � sin �

(��; � � �) � sin 2� cos 2�

The full three-body analysis is sensitive tosin 2� andcos 2�, thus even with vanishing penguin
contributions some of these degeneracies are lifted by interferences between� s of different charges
and�0�0 events. In the presence of penguins the mirror solutions are not precisely degenerate and
their locations are not dependent solely on�. Nevertheless, a number of local minima of the
Likelihood function are expected. Depending on the values of the parameters (�, � and penguin
amplitudes) several of the mirror solutions may have a likelihood close to that of the true solution
when the statistics are limited. At sufficiently high statistics, these degeneracies are lifted (except
for some special values of parameters).

The full analysis is further hampered by the large number of correlated parameters, and hence the
difficulty of fully searching the parameter space for alternate minima. A procedure to ensure that
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the fit finds all such solutions, including the known mirror solutions of the simplified case, has been
developed and is described in [11]. In order to clarify the extraction of�, the approach advocated
in [70] may be used.

6.5.2.3 Phase-space integrated analysis

In this approach one distinguishes four types of events:B0 (or B0) tag with a 3� final state
categorized in the�+�� (or ���+) channel. With penguins dropped, the time-dependent amplitude
Eq. (6.30) becomes

A(t) = cos (�mt=2)[f+e
�i�T+� + f�e

�i�T�+]

� i sin(�mt=2)[f+e
i�T�+ + f�e

i�T+�] (6.54)

where the� sign before the sine term depends on the sign of the tag, and+ � (�+) denotes the
tree amplitudes for final states�+��(���+). In order to find the decay rate to these final states, it
is necessary to square the amplitude, and integrate over the available phase space.

In this PSI analysis, the association of a particular 3� final state to a given channel is a matter
of experimental definition based on the event kinematics. Selection functions, denoted bys�, are
defined to be equal to one when the kinematics of a 3-� final state is such that the event is associated
with the���� channel, and equal to zero elsewhere. The choice of region wheres� are nonzero
is somewhat arbitrary and can be varied to optimize the treatment; the two functions are related by
interchange of the momenta of the two charged pions. One can then define the quantities

G =
Z
d�s+jf+j2 ; B =

Z
d�s+jf�j2 ; U =

Z
d�s+f+f

�
� (6.55)

whered� indicates an integration over the full phase space (Dalitz plot). The notations stand for
Good association,Bad association, andUndefined association.

These quantities depend only on the assumed Breit-Wigner form (cf. Eq. 6.31) and on the ex-
perimental algorithm used to select events.18 Therefore, they can be evaluated by Monte Carlo
integration. From these values, a dilution factord and two interference termsIi andIr can be
formed [71]:

d =
G� B

G+B
; Ii = Im

2U

G+B
; Ir = Re

2U

G+B
: (6.56)

The observable time distribution ofB
0

tagged events associated to the���� channel is given by
(omitting the exponential factor):

E�(t) / (1� a)
�
1� a�cos cos(�mt)� a�sin sin(�mt)

�
; (6.57)

18The quantities B and U could be made vanishingly small by choice of the selection functions, but at the cost of
reducing the efficiency of the selection procedure and removing all information from interference effects.
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where (neglecting penguins), the coefficients can be written in terms of the quantities defined above
and the unknown parameters�e� ,R and�:

a = 0 ; (6.58)

a�cos = �dR +DIi sin �

1 +DIr cos �
; (6.59)

a�sin =
sin 2�e� [D cos � + Ir]� cos 2�e� [dD sin � �RIi]

1 +DIr cos �
: (6.60)

Here,D =
p
1� R2 with R defined by

R =
jT+�j2 � jT�+j2
jT+�j2 + jT�+j2 ; (6.61)

and� is the relative strong phase betweenT+� andT�+, Eq. (6.35). ForB0 tagged events, the
signs in front of theacos and asin coefficients are reversed. The values of thea, a�cos and a�sin
observables in the three reference scenarios are given in Table 6-22.

Table 6-22. Values of thea, a�cos anda�sin coefficients predicted in the three reference scenarios
(the value� = 0 was used here). The values ofd, Ii and Ir were calculated using realistic
experimental values for thes� selection functions (cf. Table 6-23). The slight difference between
thea�sin coefficients in the No Penguins scenario arises because of interference effects. (cf. Eq. (6.59-
6.60)).

Small Penguins Large Penguins No Penguins

a �5� 10�3 �0:05 0

a+cos �0:58 �0:32 �0:59
a�cos 0:58 0:79 0:59

a+sin 0:25 0:07 0:30

a�sin 0:32 0:13 0:37

The relationsa = 0 (Eq. 6.58) anda+cos = �a�cos (Eq. 6.59) are consequences of neglecting the
penguin contribution. These relations no longer hold if penguin terms are present andsin 2� 6= 0.
In particular, evidence that these relations are violated would indicate directCP violation.

In practice, even for a crude choice of thes+ selection function, both the dilution factord and the
interference termI give corrections at the level of a few percent (cf. Table 6-23), which may appear
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Table 6-23. Examples of the evaluation of the dilution factord and the interference termsIr
andIi as obtained in two cases: using a perfect detector and using theAslund simulation of the
BABAR detector. The differences observed between the perfect andAslund values are mostly due
to combinatorial background within signal events.

d Ir Ii

perfect 0.98 0.01 �0:04
Aslund 0.95 0.03 �0:06

small compared to the statistical accuracy19 for a+cos anda+sin expected for a low statistics analysis.
However, the relationship between�e� and thea�cos anda�sin terms may be affected significantly by
d, Ir andIi, depending on the value of� andR. Therefore, a quasi-two-body analysis must check
the stability of the values obtained for�e� with respect to variations of thes� selection function
designed to reduce/enhance the values of these coefficients.20

In order to illustrate the actual capabilities of BABAR, in low-statistics regimes, analyses were
performed in the framework of the PSI approach. It was assumed that the�0�0 events would
be too scarce to be useful. The aim was to measure the model-independent five observables,a, a�cos
anda�sin (cf. Eq. (6.57)). For such measurements, the loss of precision due to imperfect tagging,
residual background, and vertex resolution have been the subject of several previous studies [72].
The experimental resolutions21 for thea, acos andasin determinations can be shown [71] to be:

�a '
1q

�a(N+ +N�)
; �a�cos '

1p
�cosN� ; �a�

sin

' 1p
�sinN� ; (6.62)

whereN� is the number of signal events associated to the���� channel (before tagging) and�a,
�cos and�sin are effectively selection efficiencies:

�a ' 0:20 = (1 + �aB0)
�1 ; (6.63)

�cos ' 0:07 =
2

3
S2(1 + �cosB)

�1e
�(�txd)2

; (6.64)

�sin ' 0:05 =
1

3
S2(1 + �sinB)

�1e
�(�txd)2

; (6.65)

19There is a subtlety here: not only are the measurements ofa+cos anda+sin subject to statistical fluctuations, but their
true values themselves depend on the analyzed sample and are thus also subject to statistical fluctuations. However,
the statistical fluctuations of the truea+cos anda+sin values are negligible compared to the statistical fluctuations on their
measurements and, thus, they can be safely ignored [71].

20For instance, since the small value of theIi integral results from an averaging of positive and negative
contributions, one may consider a choice ofs� which yieldsIi = 0, by construction.

21The formulae given here fora, acos andasin omit a2, (a�cos)
2 and(a�sin)

2 dependence, since these quantities are
all small; the exact form was used in the Monte Carlo analysis. Thea coefficient is measured without tagging.
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whereS2 accounts for the imperfect tagging; it is the absolute separation defined in Sec. 4.8 (S2 =

0:3). The next factor accounts for the residual background:B0 ' 4 is the background over signal
ratio before tagging, andB ' 2 is the background over signal ratio after tagging (cf. Table 6-18).
The quantities�a ' 1, �cos ' 1 and�sin ' 0:5 stem from the differences in the time distribution
and in the tagging response [73] for background and signal events. (The latter value reduces the
impact of background on the determination ofa�sin.) The exponential factor accounts for the limited
vertex resolution (�txd = ��z�m=�
c ' 0:35). It leads to a negligible correction.

Results for 30 fb�1: One nominal year of data-taking on the� (4S) (defined as 30 fb�1) would
yield a total number of signal events, before tagging (see Table 6-18)N+ + N� ' 600 (with
about 2200 background events), hence about0:58 � 600 ' 350 tagged events (with about 700
background events). The number of perfectly tagged events isS2 � 600 ' 180 and the effective
number of perfectly tagged and background-free events is about180=(1 + �sinB) ' 100.

With these initial statistics the goal of the analysis is essentially limited to a search forCP violation
in the data. There are three signals that would indicate CP violation:

a 6= 0 (6.66)

a+cos + a�cos 6= 0 (6.67)

a+sin + a�sin 6= 0 (6.68)

For each of these, the possible significance of a nonzero value for the measurement can be ex-
pressed in terms of�2-like variables:

�2a =
a2[meas]

�2a
; �2cos =

(a+cos[meas] + a�cos[meas])2

�2
a+cos

+ �2
a�cos

; �2sin =
(a+sin[meas] + a�sin[meas])2

�2
a+
sin

+ �2
a�
sin

(6.69)
(where[meas] indicates the measured value of the quantity) or, for a combined measure ofCP -
violation, their sum22, or alternatively, the quantityN�[CP ] [70]23 can be used. The expected
sensitivities toCP violation turn out to be similar in the three reference scenarios, as shown in
Table 6-24.24 It is seen that, in the Large Penguins reference scenario, directCP violation could be
established from thea�cos observables (cf. Tables 6-22 and 6-25), whereas a nonzero value of thea

coefficient would only be barely measurable. Thus, in the Large Penguins reference scenario, for
one year of data-taking, one expects from thea, a�cos anda�sin measurements a total�2 = 6:6 which
corresponds to a demonstration ofCP violation at the 90% confidence level.25

22The correlations between thea, acos andasin measurements are weak, thus the three�2 can be directly added.
23The expression of theKin variable in the quasi-two-body approach may be found in [70, 71].
24The expected�2 for the difference of any quantityx from zero is obtained fromh�2xi = 1 + (hxi=�x)

2. The
results shown in Table 6-24 are obtained from Tables 6-22 and 6-25, scaling the latter values by three to reflect the
ratio of the running times. The results of these simple calculations have been confirmed by Monte Carlo simulations.

25However, it is easy to build other scenarios whereCP violation would be difficult to demonstrate. An example is
provided by a No-penguins reference scenario with a strong-phase� ' �=2.
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Table 6-24. Expected values of the three�2s with one year of data-taking at nominal luminosity
in the various reference scenarios (for� = 1:35, sin 2� = 0:43). Non-zero�2a and/or�2cos indicate
directCP violation.

Scenario h�2ai h�2cosi h�2sini
Small Penguins 1 1 3:4

Large Penguins 1:3 4:0 1:3

No Penguins 1 1 4:3

The distribution of events in theKin variable (Section 4.10.5) is a tool that may be used to
displayCP violation graphically, which is demonstrated by any asymmetry of the distribution.
The example shown in Fig. 6-20 is obtained using the Small Penguin scenario. The accumulation
at smallKin values corresponds to events either intrinsically irrelevant forCP violation or where
tagging information is poor. Detector effects and backgrounds tend to shrink the distribution to
small values, which explains why no events reach the extreme valuesKin = �1. Events with
sizeableKin values (e.g.,j Kin j> 0:1) give significant information onCP violation. These events
must be thoroughly understood to establish the observation ofCP violation.

Results obtainable with 90 fb�1: From the numbers of events estimated above, scaled to three
years of data taking, the errors on the measured values of thea, a�cos and a�sin coefficients are
estimated26 and given in Table 6-25.

Table 6-25. Estimated errors on the measurements of thea, a�cos anda�sin coefficients. The quoted
errors correspond to 90 fb�1 (N+ + N� ' 1800) and depend only weakly on the input values of
the parameters.

Parameter a a+cos a�cos a+sin a�sin

Error 0:05 0:11 0:11 0:15 0:15

Constraints on�e� may be derived from the measurements of thea�cos anda�sin coefficients by
using the approximate expressions of Eq. (6.59-6.60) which ignore penguin contributions. If�2a or
�2cos are large, directCP violation can be established, but in this case penguin contributions cannot
consistently be ignored and the extraction of the actual value of� requires further inputs. However,
note that small values for�2a and�2cos do not guarantee that�e� = �.

26The actual values obtained from Monte Carlo simulation are reproduced well by the approximate expressions of
Eq. (6.62).
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The values taken by thea, a�cos anda�sin coefficients in the three reference scenarios were given
in Table 6-22. The residual effect of interference is weak in the PSI analysis, so that the analysis
cannot distinguish between the various mirror solutions (cf. Table 6-21). Figure 6-21 shows an
example, for two different levels of statistics (30 fb�1 and 90 fb�1), of the�2 as a function of�e� :

�2(�e�) =
(acos � acos[meas])

2

�2acos
+
(a+sin � a+sin[meas])

2

�2
a+
sin

+
(a�sin � a�sin[meas])

2

�2
a�
sin

; (6.70)

whereacos is the differencea+cos � a�cos. At each�e� value a fit is performed in order to locate the
minimum of the�2 with respect toR and�. The values of theax at the minimum thus found are
used to determine the values of�2(�e�) shown in Figure 6-21. The translation of the�2 value
in terms of confidence level is straightforwardly obtained using a number of degree of freedom
ndof = 1. The chosen example uses the Small Penguins set. For an integrated luminosity of
90 fb�1,CP violation is established from�2sin at about a three-sigma level, while, due to a statistical
fluctuation,�2a = 3:5 indicates that there might be significant penguin contributions, although this
is not the case. Two pairs of mirror solutions are very close and are not resolved. Since the�2

behavior near the six apparent minima is not parabolic, (especially for the 30 fb�1 sample), it is
unwise to express the analysis result in terms of a set of values of� with errors. It is better to use
confidence levels [11] as a function of�e� as shown here.

The important limitations due to the multiple mirror solutions, dictate that the capabilities of BABAR

for this mode should not be summarized by the resolution onsin 2�e� , but by the resolutions on the
a�cos anda�sin coefficients of Table 6-22. These model-independent coefficients yield multiple solu-
tions for the quantity�e� . Furthermore, the shift of�e� from the true� cannot be assessed easily
and estimation of this shift introduces model-dependence and thus theoretical uncertainties (see
however [15] and [63]).27 Thus a quasi-two-body analysis of��, by itself, cannot set significant
constraints on�, even when significantCP violation is indeed visible.

Experimental cross-checks: Two experimental cross-checks should be made. The first cross-
check can be applied even for the 30 fb�1 analysis. One uses the background to probeCP -violating
effects that the detector or the analysis might induce. For instance the analysis can be repeated
using side-bands or multiply charged candidates or off-resonance data (cf. Section 6.5.1.1). It must
be verified that noCP violation is observed in such samples. The second cross-check concerns the
90 fb�1 analysis. One can use the�z distributions of events selected before and after tagging to
determine the background-to-signal ratio from the analyzed events themselves. For example, from
a naive likelihood analysis based on a 90 fb�1 sample, one may expect the background-to-signal
ratio before and after tagging to be determined asB0 = 4 � 0:3 andB = 2 � 0:25 respectively,
if the background distribution is about twice as sharp in�z as the signal distribution and if the

27Of course, in the present exercise, the true values of the theoretical parameters are known, and the measurement
biases can be quoted:sin 2�e� � sin 2� = �0:06 and+0:13 for the Small Penguins and Large Penguins sets
respectively. These numerical values only give a very rough idea of how large the theoretical uncertainties might
be.
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shape of its distribution is known. Such a precision onB would be sufficient since the systematic
effects on thea�sin coefficients (�sin ' a�sin�B=(1 + �sinB)) would be smaller than the statistical
uncertainty.

6.5.2.4 Fitting for� and penguins: studies of the three-body analysis

The full three-body analysis pioneered by Snyder and Quinn [8] holds the prospect of determining
� from the data, even in the presence of penguin contributions. How well this can be accomplished
depends on the extent and purity of the data. Studies of this method were made with a simple
Monte Carlo to address three specific questions:

� How well is the true solution separated from mirror solutions?

� How big an error is likely to be introduced by ignoring penguin contributions?

� How much does the background degrade the measurement of�?

Distinguishing the true solution from mirrors

Even though the addition of penguins and interference effects lifts the degeneracies between the
minima of the Likelihood function, with finite data there is always the chance that a near-mirror
solution, not the true solution, will have the lower�2. With the input amplitudes considered and
� = 1:35, the most dangerous mirror solution occurs for�0 = �=2 � �. To study this, multiple
samples of 300, 600, and 1200 events were generated. For each such experiment� is determined
twice with Minuit , once beginning near the true� and once beginning near the mirror solution.
The�2 for each (�2true; �

2
mirror) was noted and the better solution was identified. By taking 100

experiments of each kind one obtains the mean difference in�2:

��2 = �2true � �2mirror (6.71)

and the variation in��2 (see also [70]). The results are in Table 6-26.

From Table 6-26, using Gaussian statistics, one expects that, with 300 events, about 72% of the
time the correct� is picked. With 600 and 1200 events, this rises to 81% and 91%, respectively.
(However, one should remember that in any analysis that does not include penguin effects, these
two minima will always be indistinguishable.) In an actual analysis, one would not simply select
a given minimum, the output information is the value of the best�2 against�, for all values of�.
The point of this study is to estimate how many events are needed in order to achieve a statistically
meaningful and reliable separation of the correct value of� from the near-mirror values by this
method.
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Table 6-26. The difference,��2 = �2true � �2mirror, between the likelihood at� and that at
�=2��, averaged over 100 experiments. The rms variation away from this mean is shown, as well.
The mean separation is expected to grow asN , the number of events. The rms variation is expected
to grow as

p
N . At 300 and 600 events the separation is less than1�, while by 1200 it is more than

1�. No backgrounds are included.

Events ��2 �(��2)

300 �2.13 3.54

600 �5.22 5.81

1200 �10.7 7.90

Error introduced by ignoring penguins

A possible means of analyzing a small data set is to ignore the penguin amplitudes and thus
reduce the number of parameters to be fitted. The error introduced in this way will depend on
the magnitudes of the penguin amplitudes and their phases. This was studied in two ways. First,
the Large Penguins amplitudes were used. Since these amplitudes have ad hoc strong-interaction
phases, this study might not be representative. Therefore, a second study was done with strong-
interaction phases introduced in a random way.

For each of the three sample sizes (300, 600, and 1200 events), 100 independent samples were
generated with the Large Penguin amplitudes. Each sample was analyzed both with penguins
(nine-parameter fit) and without penguins (five-parameter fit). In each case,Minuit was run with
three different starting points, the true� (1.35),�=2� � and�=4. The last was chosen because it
is a mirror solution in the case of zero strong-interaction phases and no penguins (cf. Table 6-21).
The�2s obtained for the three fits were compared and the one with the lowest�2 value was taken
as the best solution. Thus for each of the 300 data samples, sixMinuit fits were done. The best
fit with penguins and the best fit without penguins were each retained. The results are shown in
Fig. 6-22 and Table 6-27.28

The improvement as the number of events increase is quite clear in Fig. 6-22. Looking in more
detail, it can be seen that the analysis with penguins makes fewer mistakes than the analysis without
penguins, that is, it picks�=2�� less often. In addition, it can be seen that there is also a systematic
bias in the result without penguins. This is displayed quantitatively in Table 6-27. The smaller
spread in the results when the analysis is done without penguins is an obvious consequence of
there being fewer parameters to fit. The increased precision is illusory since the systematic bias
overwhelms this apparent advantage.

28In an actual analysis the full�2 versus� plot is the “result,” not just the value of� corresponding to the the
lowest�2.
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Table 6-27. Sample studies of the determination ofsin 2� by fitting � itself along with all the
amplitudes. Both fits with and without penguins are considered. The Monte Carlo data were
generated with the large penguin amplitudes for� = 1:35 (sin 2� = 0:43). The column labeled%
indicates how often the� choice closest to the input value was identified.

# events Generated Penguins No penguins

sin 2� hsin 2�i �(sin 2�) % hsin 2�e�i �(sin 2�e�) %

300 0.432 0.34 0.27 73 0.19 0.16 76

600 0.432 0.38 0.20 89 0.20 0.12 81

1200 0.432 0.39 0.11 95 0.19 0.06 90

Since strong-interaction phases will remain unknown, an additional study was made of the error
sin(2�e�) � sin(2�) introduced by ignoring penguins. The magnitudes of the input amplitudes
were taken from the Large Penguins set. For each trial the amplitudes were given randomly-
chosen strong phases and data generated. Then two fits for the parameters, including� were made,
one including and one excluding penguins from the analysis (though always using penguins in
generating the events). To remove spurious sources of error (such as selection of a mirror solution),
many events were generated in each of 100 trials. The results are shown in Table 6-28. The analysis
with penguins performs as expected. The typical error introduced insin 2� by ignoring penguins is
roughly 0.10. (In the study that used the model-assigned phases of the Large Penguin amplitudes
the shift turned out to be about twice this, a perfectly consistent result.)

Clearly this result depends on the magnitudes of the Large Penguin reference amplitudes. It is
worth remembering that the actual penguin amplitudes may be even larger than the Large Penguin
amplitudes used here (see for instance the last column of Table 6-28). Similar errors can be
expected to limit studies that ignore penguin amplitudes in the two- or four-pion decay channels.
It is possible that, with further data on many rare decays, measurements and models will combine
to give well-constrained results for the ratio of magnitudes of tree and penguin amplitudes. In this
case simulations such as that presented here can be used to estimate the expected magnitude of the
shift j sin(2�e�) � sin(2�)j. In combination with fits to low statistics data that extractsin(2�e�),
this may provide the best estimates for the allowed range of values of� that can be made (until such
time as sufficient data are available to carry out the full analysis including penguin contributions).
The implication of this study is that the range will possibly be quite large.

Inclusion of background

The idealized three-body treatment can be made more realistic by introducing simulated back-
grounds. In addition to the�� final state, one expects some amount of nonresonant3� in addition
to background from continuum events. The nonresonant background is assumed to be distributed
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Table 6-28. The mean values of� and sin 2� and their variations determined from 100
experiments, each with many events. Each experiment had fixed values of the tree and penguin
amplitudes. Different experiments had different phase relations between different amplitudes as
explained in the text. The magnitudes of tree amplitudes for final states withI = 0; 1; and2 were
taken from the Large Penguin set. Penguin amplitudes even larger than these appear quite possible.

Events h�i hsin 2�i �(�) �(sin 2�)

With penguins 1000 1:35 0:436 0:046 0:082

2000 1:35 0:426 0:030 0:054

6000 1:34 0:437 0:016 0:028

Without penguins 1000 1:36 0:411 0:063 0:116

2000 1:36 0:406 0:063 0:115

6000 1:35 0:416 0:054 0:099

uniformly across the Dalitz plot with the same size as the signal, and thus fairly sparse in the region
of the�. The nonresonant background has the exponential decay time characteristic ofB decays.

Because the continuum events are dominantly two-jet, there is a tendency for two of the pions
to have a small invariant mass. This means that these continuum background events will tend to
accumulate near the boundary of the Dalitz plot. The continuum events are therefore modeled by
Breit-Wigner-like distributions on top of the� Breit-Wigner.29 The results drawn from the present
study do not depend significantly on the details of the background simulation30 [15].

The Monte Carlo events generated with such added background contributions were analyzed with
the ratios of the nonresonant background to the signal and the continuum background to the signal
as free parameters. Thus the number of parameters to be fitted byMinuit was increased from nine
to eleven. To study how the presence of background degrades the resolution for�, experiments of
400, 600 and 1200 signal events were generated. The continuum within the� bands was taken to
be from 2 to 7 times the signal. The spreads were determined by running 100 experiments in each
instance.

The fits with only 400 or 600 signal events showed some variability. The difficulty of working
with such a small data sample is apparent in Fig. 6-23. This figure represents a single experiment,
viewed first without any background then with continuum background included with a background
over signal ratio of two. In this last instance, much of the range of� is less than four units of�2

29This is a worst-case scenario, other distributions for the background shape, which will be determined by fits to
off-resonance data, will make it easier to separate background and signal events.

30For example, the continuumu; d; s events that are mistakenly called3� will typically have small values of�z .
Their distribution is described either by the sum of two Gaussians with widths 100�m and 200�m, with 80% of the
events in the narrower distribution and 20% in the wider, or, by a single exponential of effective lifetime 0.4�B.
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Table 6-29. The dependence of the uncertainty�� on the extent of the backgrounds. The
nonresonant background was taken to be uniform across the Dalitz plot. The continuum background
is concentrated at the periphery of the Dalitz plot as described in the text. In all instances, 100
experiments were simulated. Accordingly, the rms error on� should be about 10%. It is not possible
to determine from these limited samples how much is gained by reducing the continuum-to-signal
ratio from 7.2 to 3.6. The continuum background levels considered here reflect early results from
a preliminaryBBsim study, which are more pessimistic than theAslund results reported above.
Further work on background fighting may well reduce the backgrounds below the levels considered
in this table.

Signal Events Nonresonant EventsContinuum Events �(�)

1200 0 0 0:06

1200 1200 0 0:07

1200 1200 4200 0:13

1200 1200 8600 0:12

removed from the minimum. Of course, different samples of events would lead to different features
in detail, but the lesson is clear and unsurprising. It is difficult to fit 8, 9, or 10 parameters with
a few hundred data points, especially in the presence of background. A comparison of Fig. 6-23
with the results given earlier for the PSI study Fig. 6-21 (after three years of data taking) shows
that, even with backgrounds, the multi-parameter fit excludes a greater range of� values because
it removes a number of the mirror solutions. It is interesting to note that this occurs even though
the signal for�0�0 events is much smaller than background and could not be isolated. However
the effect of its interference with the���� bands does significantly constrain the parameters even
in this situation.

With 1200 events, the situation is much improved, as shown in Table 6-29. Roughly speaking,
the background adds about0:10 to the error in�, taken in quadrature. What is clear is that
the backgrounds significantly degrade the result that can be achieved in their absence. With
effective background fighting, a 1200-event signal sample might be expected to determine�

to �0:10. Figure 6-24 shows a single 1200-event experiment with various backgrounds added.
While this particular example is exceptionally clean in its identification of the true solution and
the near mirror, it reflects the more general feature that a 1200-event signal sample allows a good
determination of�.

The presence of background will diminish the ability to distinguish the true solution from mirror
solutions. This is shown in Table 6-30, which may be compared to Table 6-26. Here nonresonant
background equal to the signal and continuum background 2.4 times the signal have been included.
Assuming Gaussian statistics, one expects to pick the right� 70%, 77%, and 83% of the time for
300, 600, and 1200 signal events.
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Table 6-30. The difference,��2 = �2true � �2mirror, between the likelihood at� and that at
�=2 � �, averaged over 100 experiments. The rms variation away from this mean is also shown.
Here nonresonant background equal to the signal and continuum background 2.4 times the signal
have been included. At 300 and 600 events the separation is less than1�, while by 1200 it is more
than1�. The results are somewhat worse than without backgrounds (See Table 6-26).

Events ��2 �(��2)

300 �1.60 3.10

600 �2.80 3.88

1200 �5.33 5.72

6.5.3 Conclusion

In the first few years of running the analysis of three-pion channels will be carried out in the
framework of a No-Penguin analysis. Measurements of� will thus be subject to significant
theoretical uncertainties, and the values obtained should be referred to as�eff. When performed
in the quasi two-body approach, the analysis will not be able to distinguish between the eight-fold
�eff ambiguity inherent in a nonCP -eigenstate analysis. Even analyses such as the phase-space-
integrated approach described above, which retains some information from interference effects,
will have difficulty in distinguishing many of the multiple minima. It is expected thatCP violation
can be established at the 3� level within the first few years of data taking at nominal luminosity.31

Methods such as these, which suppress penguin contributions in parameterizing the data, cannot
be used to give an accurate value of� unless supplemented by theoretical models which can help
determine the shift between the measured�e� and the true�. The situation here is similar to that
for two- and four-pion channels. Systematic work to limit the theoretical uncertainties arising from
such methods is needed and will improve the information available from any of these channels.

Eventually, theB ! ��� channels in principle offer the possibility of extracting the angle� with
no ambiguity or penguin uncertainties. This ambitious goal would necessitate several years of
data taking, given current branching ratio estimates. Further it must be hoped that the underlying
amplitudes do not conspire to yield quasi-degenerate mirror-solutions, that the�(770) contribution
is fairly dominant in the three-pion Dalitz plot, and that the�0�0 contribution is large enough, both
so that its impact on the parameter fitting is sufficient and so that electroweak penguins do not spoil
the isospin relation which is at the core of the analysis. Further study and actual measurements of
these channels will clarify these points.

31The luminosity needed depends of course on the actual value of� and on the tree and penguin amplitudes.

REPORT OF THEBABAR PHYSICS WORKSHOP



404 Determinations of� and Direct CP Violation

The chargedB decays to three-pion channels can also be measured. As for the neutralB channels,
the major problem is low rates and large background effects, particularly for the channels with two
neutral pions. It will require several years of data collection to acquire samples large enough to use
these channels, in combination with the neutralB channels, to improve the extraction of�. The
inclusion of these channels reduces the sensitivity to the expected low rate in the�0�0 channels
and provides a number of cross-checks on the effects of other resonances and of backgrounds. It
will be an important part of the eventual analysis.

With sufficient data and sufficient experience in background fighting the three-pion channels hold
out the best hope for an eventual measurement of�which resolves most of the ambiguities inherent
in the simpler treatments and correctly treats the impact of penguin effects (or beyond Standard
Model contributions) in a model-independent way. These channels, with one or two�0s in the
final state, will be quite difficult to study in a hadronic environment, so it is important for BABAR to
persist in efforts to make and improve measurements of them.

6.6 B-Decay Modes with Four Pions

6.6.1 Overview

This section describes the results of a study of two benchmark modes,B ! a1� andB ! ��,
both of which result in four pions in the final state. On the whole, analysis of these channels is
somewhat more complex than that of the two-pion and three-pion modes, as one has to deal with
a much larger combinatorial background level. Complications also arise from interference of the
various modes that make up the four-pion final states, from the fact that some of these modes are
not CP eigenstates (e.g.,a+1 �

�), and in the�� channel from the presence of bothCP -odd and
CP -even components in the final states. However, these drawbacks are somewhat compensated if
the branching ratios are much larger than forB ! ��, as expected. The following sections review
the predictions for the branching ratios of the four-pion modes, followed by descriptions of the
simulation studies of the two benchmark modesB ! a1� andB ! ��, providing a first order
assessment of the experimental issues involved in extractingCP violation in these modes.

6.6.1.1 Comments on the branching ratio for the four-pion modes

At this time, there is no experimental measurement of the branching ratio ofB mesons into four-
pion final states. Theoretical calculations of the branching ratios for the exclusiveB ! a1�

andB ! �� have been made within the framework of the factorization model, by Bauer, Stech
and Wirbel (BSW) (Table 6-31). These rates, and in particular the ratio of the branching ratios,
are sensitive to final-state scattering, which, as the authors point out, is not taken into account in
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Table 6-31. Theoretical predictions of BSW for the branching ratios of the modesB ! a1� and
B ! �� in the factorization model.

Decay Mode B (%) B
for jVub=jVcbj=0.08

B0 ! a�1 �
+ 0.59jVub=Vcbj2 3:8� 10�5

B0 ! a01�
0 0.0069jVub=Vcbj2 4:4� 10�7

B0 ! �+�� 0.45jVub=Vcbj2 2:9� 10�5

B0 ! �0�0 0.01jVub=Vcbj2 6:4� 10�7

these calculations. For example, according to BSW the branching ratios of the color mixed modes
B0 ! �0�0 andB0 ! a01�

0 are suppressed compared to the decaysB0 ! �+��, andB0 ! a�1 �
+.

Final-state scattering effects, however, tend to cancel the suppression and raise the branching ratios
of the color suppressed modes.

A rough estimate of the overall branching ratio for theB ! 4� channel also can be obtained
from the mean multiplicity of final-state particles inB decays combined with the transition rate for
b ! u. Theb ! u transition accounts for approximately 1% ofB meson decays. The measured
mean particle multiplicity ofB decay final states is 8.25. If a Poisson multiplicity distribution
is assumed, this leads to a probability of 5% for the occurrence of a four-pion final state. This
suggests a branching ratio of approximately5� 10�4 for theB ! 4� final states, which includes
nonresonantB ! 4� as well as the various resonant two and three body modes,B ! a1�,
B ! ��, andB ! ���. In the absence of more solid information on the branching ratios, this
guess-timate is used to set the scale for the branching ratios of benchmark modes in the simulation
studies. Branching ratios of10�4 are assumed for each of the benchmark modes,B ! a1� (a+1 �

�,
a�1 �

+, anda01�
0 combined), andB ! �� (�+�� and�0�0 combined). The sensitivity of the results

to changes in the branching ratios are discussed, and the results for the case of BSW predictions
are presented.

6.6.2 Thea1� Decay Modes

In order to extract a measurement ofsin 2� using the decays ofB mesons intoa1�, one must
measure the amplitudes andCP asymmetries (for the case of neutralB decays) for each of the five
possibleB ! a1� decay channels:B0 ! a+1 �

�, B0 ! a�1 �
+, B0 ! a01�

0, B+ ! a+1 �
0 and

B+ ! a01�
+. A branching ratio of6� 10�5 is assumed for the sum of theB0 ! a+1 �

� andB0 !
a�1 �

+ channels and3� 10�5 is assumed for the other threea1 channels. For background channels
of relevance here, we have assumed branching ratios of10�4 for ��, ��� and4� nonresonant. The
division of this into each of the possible charged states of these modes is assumed to be equal. As
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will be described in greater detail later in this section, each channel contains a final state with at
least two charged pions, which means that one is able to employ vertexing to estimate the parent
B vertex in all cases. Using these branching fractions, only� 1000 of each of the above decays
are expected to be produced for30 fb�1 of integrated luminosity.

In addition to the signal channels discussed above, the following sources of background have been
considered:

� Combinatorial Background within Signal Events: This consists of combinatorial back-
ground within events containing one of the signal decays. This arises when one or more of
the tracks or reconstructed�0 mesons from a signal decay is combined with products of the
otherB decay to form a candidate which passes all of the cuts. Unlike other combinatorial
backgrounds, these events tend to produce a broad peak in the4� invariant mass distribution
near theB meson mass. Hereafter this background will be referred to as SCB (Signal
Combinatorial Background).

� BB Background: This consists of combinatorial background in generic� (4S) ! BB

decays. For each30 fb�1 of integrated luminosity,31:5 million BB events are produced.

� Continuum Background: This is combinatorial background ine+e� ! qq events, where
q = u; d; s or c. Approximately100 million of these types of events are produced for an
integrated luminosity of30 fb�1.

� Physics Background:This background is fromB decays into states which have the same
four-pion final-state signature as one of the signal modes. Particular attention must be paid to
this background since it includes decays intoCPeigenstates, such asB ! ��, which exhibit
time-dependent asymmetries that must be taken into account. As will be shown later, cuts
have been devised to specifically reduce this type of background.

The rest of this section will be divided into three parts:B0 decays, chargedB decays and extraction
of theCPasymmetries and amplitudes. The analysis [74] was performed on data samples of Monte
Carlo-simulated signal and background events, generated using theAslund fast Monte Carlo
code.

6.6.2.1 B0 decays

Each of the decaysB0 ! a+1 �
�, B0 ! a�1 �

+ andB0 ! a01�
0, manifests aCPasymmetry which

must be extracted by fitting the relevant�t distributions, where�t �= �z=(
�c) and
� � 0:56.
For the analysis described in this section, it is assumed that a single amplitude dominates each
decay mode. Thea01�

0 mode is aCPeigenstate with time dependence

P (B0(B0)! a01�
0) / e�j�tj=� [1� a0 sin(�md�t)] ; (6.72)
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where� is theB0 lifetime,�md is theB0 $ B0 oscillation frequency anda0 is theCPasymmetry.
The�t distributions for thea�1 �

� mode are not simple because it is not aCPeigenstate. The
distributions can be described by

P (B0(B0)! a+1 �
�) / e�j�tj=� [1� R cos(�md�t)�Da1 sin(�md�t)]

P (B0(B0)! a�1 �
+) / e�j�tj=� [1� R cos(�md�t)�Da1 sin(�md�t)] ; (6.73)

wherea1 anda1 are theCPasymmetries for the two decays,R is given by

R =
[�(B0 ! a�1 �

+)� �(B0 ! a+1 �
�)]

[�(B0 ! a�1 �+) + �(B0 ! a+1 �
�)]

; (6.74)

andD is a dilution factor, related toR according toD =
p
1� R2.

The goal of the analysis of theB0 decays is to measure the three asymmetries,a0, a1 anda1,
which contain information aboutsin 2�. In fact, in the absence of penguin diagrams:a0 = sin 2�,
a1 = sin(2� + �) anda1 = sin(2�� �), where� is the difference in the strong-interaction phases
for theB0 ! a+1 �

� andB0 ! a�1 �
+ decays. Even in the presence of penguin diagrams, it may

be possible to utilize an isospin-based analysis to extract an unbiased measurement ofsin 2� using
thea1� decays alone. In that case, one must also measure the relative amplitudes of each of the
threeB0 decays, as well as the relative amplitudes of the chargedB decays, which is achieved by
measuring the branching fractions and the quantityR.

The decayB0 ! a�1 �
�, with a�1 ! �0�� and�0 ! �+��, is the cleanest signal channel to

reconstruct due to the four charged pions in the final state. In addition to the all-charged final
state, there are states containing one or more�0 mesons. For theB0 ! a�1 �

� decays, thea�1 can
decay to���0, with the�� subsequently decaying to���0, thus creating a final state with two
�0 mesons. These decays involve the same amplitudes and asymmetries as the all-charged final
state, so events reconstructed in this topology can be simply added to the all-charged sample to
enhance the statistics. In the decayB0 ! a01�

0, thea01 decays to either�+�� or ���+, with equal
probabilities, and the�� decays to���0. The final state of this decay is always�+���0�0.

The first step in reconstructingB0 candidates is to form appropriate neutral combinations of four-
pion candidates for each event. One then associates the pion candidates with thea1 and� decays.
A variety of cuts are employed to reduce the backgrounds. These cuts include kinematic cuts,
particle identification, vertex quality, and flavor tagging, the effects of which are summarized in
Tables 6-32 and 6-33.

Kinematic cuts: The so-called bachelor pion which comes directly from theB0 decay has a
momentum in theB0 rest frame in the range2:2 � 2:7GeV=c, which is much higher than the
momenta of the other pions in the decay. The distribution of reconstructed momentum, boosted
into theB0 rest frame, for the bachelor pion and for the other three pions in the decay is shown
in Fig. 6-25. The�� or the�0 with the highest momentum in the rest frame of the four-pion
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Table 6-32. Efficiencies for each successive cut, for signal and backgrounds, for the all-charged
final state. The efficiencies for each row are computed after applying all the cuts in the previous
rows. The final two rows are the number of events produced and the number surviving all cuts,
respectively, for a 30 fb�1 sample.

Cut Efficiency

a�1 �
� SCB �0�0 �0�+�� �+�+���� BB Continuum

Kinematic cuts 0.37 - 0.013 0.051 0.016 2:3� 10�5 5:0� 10�5

Particle ID 0.64 - 0.65 0.64 0.61 0.047 0.25

Vertex quality 0.83 - 0.83 0.83 0.83 0.39 0.57

Flavor Tag 0.59 - 0.59 0.59 0.59 0.53 0.32

Events Produced
(30 fb�1)

945 - 1575 1050 1575 31:5� 106 108

Events Selected
(30 fb�1)

112 7 7 17 8 7 230

Table 6-33. Efficiencies of signal and backgrounds forB0 modes containing�0 mesons in the
final state. The quantities in parentheses and square brackets are the numbers of events produced
and selected, respectively, for a 30 fb�1 sample.

Mode Signal SCB Bkgd. Physics Bkgd. BB Continuum
effic. effic. effic. effic. effic.

(evts. prod.) (evts. prod.) (evts. prod.) (evts. prod.) (evts. prod.)
[evts. sel.] [evts. sel.] [evts. sel.] [evts. sel.] [evts. sel.]

B0 ! a�1 �
� 0.065 - 0.0049 1:1� 10�6 7:8� 10�6

(a�1 ! ���0) (1890) (-) (5250) (31:5� 106) (108)

[123] [30] [26] [35] [780]

B0 ! a01�
0 0.070 - 0.0043 1:3� 10�6 9:7� 10�6

(1015) (-) (5250) (31:5� 106) (108)

[72] [14] [23] [41] [970]

combination and the correct charge for the given signal channel is assumed to be the bachelor pion
and this momentum is required to be greater than2:3GeV=c.

The remaining three-pion candidates are then assumed to be from thea1 decay and the invariant
mass of the combination is required to be in the range0:7–1:8GeV=c2 (M(a1) = 1:23GeV=c2,
� = 0:400GeV). From this three-pion combination there are two possible ways to form a�

candidate and it is required that the invariant mass of at least one of the combinations be in the
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range0:5–1:0GeV=c2. In order to reduce background fromB0 ! �� decays, the candidate is
rejected if two distinct�0 candidates can be formed from the four-pion candidates.

The most effective cuts are those on the invariant mass and momentum of theB0 candidate in the
� (4S) rest frame,M(B0) andp�B0 , respectively. The invariant mass is required to be within2:5�

(� = 17MeV=c2) of the nominalB0 mass,5:280GeV=c2, and the momentum is required to be in
the range 0.175 – 0.425GeV=c. Each of these cuts is about98% efficient for signal and rejects
continuum and genericBB backgrounds by factors of about 25.

The continuum background is further reduced with event-shape cuts as described in Section 4.9.1.
Cuts atR2 < 0:55 andj cos �thrj < 0:8 are required.

Particle ID : The particle identification capabilities of the BABAR detector are also employed to
reduce the combinatorial backgrounds. All charged tracks in theB0 candidate are required to
be consistent (within2�) with the pion hypothesis for both DIRC and dE/dx measurements and
to be at least3� from the kaon hypothesis using the DIRC alone. Only tracks for which DIRC
measurements are available are subjected to these cuts.

Vertex quality : For a signal event, all the charged tracks of theB0 candidate originate from a
common vertex. The position of this vertex is determined from a fit, for which the confidence level
is required to be greater than1%. The position of the vertex of the otherB meson in the event
is also needed. It is estimated by fitting to a common vertex all the tracks in the event, excluding
the tracks of theB0 candidate and all other tracks with impact parameters transverse to the beam
direction, measured at the point of closest approach to the nominal interaction point, greater than
1 mm. The exclusion of tracks with large impact parameters primarily removes decay products
of K0

S
mesons. The confidence level of this vertex is also required to be greater than1%. The

coordinates of the two vertices are used to reconstruct�z. The�z resolution is modeled by the
sum of two Gaussians, with widths of 85�m (75%) and 235�m (25%). The difference between
the reconstructed and true�z from Monte Carlo-simulated events is displayed in Fig. 6-26 along
with the fit to two Gaussians.

Flavor tagging: The neural network of theCornelius package, described elsewhere in this
document, is used to tag the flavor of the otherB meson in the event, using both kaons and leptons.
Since the tagging efficiency for signal events is59% and for continuum events it is32%, nearly a
factor of two is gained in the signal-to-background ratio by applying the flavor tag.

Cuts specific to channels with�0 mesons: The �0 candidates are reconstructed from pairs of
EMC clusters unassociated with charged tracks and are required to have energy above150MeV and
invariant mass in the range 123–147MeV=c2. The invariant mass of theB0 candidate is required
to be within2:5� of the nominalB0 mass, where� = 24MeV=c2 for theB0 ! a�1 �

� channel and
� = 30MeV=c2 for theB0 ! a01�

0 channel.
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6.6.2.2 B+ decays

The decayB+ ! a+1 �
0 has a final state with three�0 mesons (a+1 ! �+�0 and�+ ! �+�0) and

one with a single�0 (a+1 ! �0�+ and�0 ! �+��). Only the latter decay has been considered since
the3�0 final state is expected to have a much larger background and much lower reconstruction
efficiency. The otherB+ decay considered isB+ ! a01�

+, which always results in a final state
with a single�0 (a01 ! ���� and�� ! ���0).

The only quantities which need to be measured from these chargedB decays are the branching
fractions, which can be used to provide information about penguin-mediated decays and are inputs
to an isospin analysis

All of the decay modes considered above are reconstructed in a manner analogous to that described
in the previous section, and the same cuts are used. Two cuts, in particular, are very important in
the final selection of the chargedB decays:

� A significant increase in the signal-to-background ratio forB+ decays is obtained by cutting
on the reconstructed�z. For signal events, the twoB vertices are well separated and the�z

distribution has an RMS around250 �m, which roughly corresponds to theB lifetime. The
continuum events, on the other hand, are very peaked around�z = 0. The�z distributions
for signal and continuum events are displayed in Fig. 6-27. A cut requiringj�zj < 170 �m

is applied, which has an efficiency of58% for signal events and only13% for the continuum
events (after all other cuts have been applied).

� Flavor tagging, although not essential for the analysis of the chargedB decays, is very use-
ful in discriminating against continuum background because it preferentially selects events
containingB meson decays. As for the neutralB case, the tagging efficiency is about60%

for signal events and30% for continuum events.

Table 6-34 lists the reconstruction efficiencies, expected sample sizes, and backgrounds for the two
B+ decays.

6.6.2.3 Comparison with full simulation forB0
! �+���+��

A study of the all-charged mode was performed [75] using the full simulation of the BABAR detector
(BBsim ) and the current version of the reconstruction code. This study was limited to the all-
charged mode because the reconstruction of neutral particles is presently in a less reliable state.
Table 6-35 summarizes the results of this study for the efficiencies of the signal and background
processes. The signal efficiency is similar to that given in Table 6-32 but the background levels are
substantially higher.
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Table 6-34. Efficiencies of signal and backgrounds forB+ modes. The quantities in parentheses
and square brackets are the numbers of events produced and selected, respectively, for30 fb�1 of
integrated luminosity.

Mode Signal SCB Bkgd. Physics Bkgd. BB Continuum

effic. effic. effic. effic. effic.

(evts. prod.) (evts. prod.) (evts. prod.) (evts. prod.) (evts. prod.)

[evts. sel.] [evts. sel.] [evts. sel.] [evts. sel.] [evts. sel.]

B+ ! a+1 �
0 0.044 - 0.0012 4:1� 10�7 8:9� 10�7

(a+1 ! �0�+) (508) (-) (6300) (31:5� 106) (108)

[23] [3] [8] [13] [89]

B+ ! a01�
+ 0.042 - 0.0025 5:2� 10�7 9:8� 10�7

(945) (-) (6300) (31:5� 106) (108)

[43] [5] [16] [16] [98]

Table 6-35. Effect of cuts on signal and background, using the full simulation.

Cut Surviving events

Event type a1� BB light-quark cc

Simulated events 5000 2:0� 106 2:8� 106 1:6� 106

B Candidates 7026 1565 39460 10010

pfast 5521 343 23612 5798

mB 2796 46 2154 592

ma1 2772 46 2086 556

m� 2267 29 1300 339

pB 2088 22 766 206

BCP �
2 > 0:01 1774 8 477 90

Btag �
2 > 0:01 1509 6 440 80

R2 < 0:55 1318 5 217 38

j cos �thrj < 0:8 1094 4 168 29

Tagging 698 2 20 16

Combinatorial 607 2 20 16

Overall effic. 0.12 1:0� 10�6 7� 10�6 1:0� 10�5
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Figure 6-15. Distributions of the reconstructed�0 mass for signal events (top) and continuum
events (bottom). The fitted histogram in the top plot corresponds to the true signal, the remainder is
combinatorial within signal events.
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Figure 6-16. Distributions of mass of the reconstructedB for signal events (top) and continuum
events (bottom). The fitted histogram in the top plot corresponds to the true signal, the remainder is
combinatorial within signal events.
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Figure 6-17. Distributions of the cosine of the angle between the sphericity axis of the rest of the
event and theB decay axis,cos ���sph, for signal before (solid) and after (dashed) cutting on the neural
network output at 0.9. The continuum background is shown before (dotted) and after (dot-dashed)
the neural net cut.
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Figure 6-18. Efficiency for continuum background versus efficiency for signal for neural network
(triangles), linear method (squares) and simple cuts (circles).
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Figure 6-19. Efficiency for signal as a function of the three Dalitz-plot coordinates :�+�� band
(top), �0�0 band (center) and���+ band (bottom). The large error bars near 0 are due to the fact
that the center of each� band is depleted because of the� polarization (cf. Eq. 6.31). The drop
in efficiency at the edges of the ranges is mainly due to the cut which reduces the combinatorial
background.
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Figure 6-20. Distribution of theKin variable for a total sample of� 1000 tagged events
(corresponding to a�90 fb�1 sample) analyzed in the framework of the quasi-two-body approach
for the Small Penguins set.CP violation is established from the asymmetry of the distribution.
For most of the events theKin value is close to zero, hence they do not carry information onCP

violation: for 34% of the eventsj Kin j> 0:1, and among them 60% are signal events.
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Figure 6-21. An example of�2 (Eq. (6.70)) minimized with respect toR and�, as a function of
�e� for 30 fb�1 (dashed) and 90 fb�1 (solid) samples. The example uses the Small-Penguin set.
Because the penguin contributions are unknown,�e� is a model-dependent conventional quantity.
The only model-independent conclusion which may be drawn from this�2 is that the value reached
at�e� = 0 establishesCP violation.
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Figure 6-22. Scatter plots showing� extracted with and without penguins. There are 100
experiments each of the data sample of 300, 600, and 1200 events. The results cluster near the
true� (1.35) and�=2 � � = 0:224. The analysis with penguins chooses the correct� more often
than the analysis without penguins does. While the distribution is narrow for the analysis without
penguins, the result shows a bias, due to the model-dependent shift in� by penguin contributions.
(cf. Table 6-27).
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χ2

α

Figure 6-23. �2 (�2 lnL) as a function of� with 600 signal events: with no background (solid)
and with 1200 continuum events (dotted). The events were generated with the Large Penguins
amplitude set. The “true” (generated) value of� was 1.35. The solid curve is obtained from a set
of eight-parameter fits performed at each� value to locate the minimum of the�2 and to probe for
mirror solutions. The dotted curve is obtained from similar fits, but with the continuum background
over signal ratio as an additional parameter.
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Figure 6-24. Scan in� with 1200 events: with no background (solid), with 1200 nonresonant
events (dashed), with 4200 continuum events as well (dotted). The Large Penguin amplitudes were
used, with� = 1:35.
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Figure 6-25. Distribution of momentum in theB0 rest frame of (a) the bachelor pion from theB0

decay, (b) the remaining pions in the decay.
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Figure 6-26. Aslund distribution of the difference between the reconstructed and true�z for
Monte Carlo simulatedB0 ! a�1 �

� decays. The fit function is a sum of two Gaussians as described
in the text.
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Figure 6-27. Distribution of reconstructed�z for chargedB decays (solid histogram) and
continuum events (dashed histogram), with arbitrary normalizations. The area between the dotted
lines is rejected by a cut onj�zj.
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6.6.2.4 Extraction of theCP asymmetries and decay amplitudes

As described in Section 6.6.2.1, each of the threeB0 decays has its own distinct time evolution.
For theB0 ! a01�

0 decay, there is a single asymmetry,a0, which can be extracted from the�t
distributions. For theB0 ! a�1 �

� decays, there are two asymmetries,a1 anda1, as well as the
parameterR. The observed asymmetry in the time-integrated rates toa�1 �

+ anda+1 �
�, Robs, is

related toR by

R =
1 + (�md�)

2

2Ptag � 1
Robs ; (6.75)

wherePtag is the probability that the B flavor has been correctly tagged.

The asymmetries are extracted using an unbinned maximum likelihood fit. The probability density
function for each eventi is a sum of signal and background terms:

P (�ti) = f s [�iPB0 (�ti; �) + (1� �i)PB0 (�ti; �)]

+
X
j

f bj Pb
j (�ti) ; (6.76)

where: f s is the fraction of events which are signal;�i is the probability that the decay is that
of a B0, as opposed to aB0; PB0 andPB0 are the probability density functions forB0 andB0

decays, respectively;� represents the fit quantities (a0 or a1, a1 andR, depending on the decay
mode);f bj are the fractions of events comprised by each of the backgrounds discussed above; and
Pb
j are the probability density functions for each of the backgrounds. The functionsPB0 andPB0

are derived from the convolution of the distributions in equations 6.72 and 6.73 with resolution
functions represented by the sum of two Gaussians. The background functions,Pb

j , are empirical
parameterizations of the distributions of�t for Monte Carlo-simulated samples of each type of
background. TheB0 tag probability,�i, is derived from the output of theCornelius neural
network.

The likelihood is the product of the probability density functions, described by Eq. 6.76, of all the
events in a given sample. Thea+1 �

� anda�1 �
+ events are combined in a single fit since they are

related by a common value for the fit parameterR. Thea�1 �
� fit has three free parameters:a1,

a1 andR, whereR is given a Gaussian constraint around the value calculated from the measured
Robs. Thea01�

0 sample hasa0 as the only fit parameter.

The fits were performed on Monte Carlo-simulated samples representing luminosities of 30, 90,
120, 150, and 300 fb�1. For each luminosity, signal samples were generated with seven different
values of the fit parameters in order to estimate the variation of the errors for different values of the
parameters. For thea�1 �

� sample, events were generated using parameters given in Table 6-36.

For thea01�
0 sample, events were generated witha0 = 0:5, a0 = �0:8 anda0 = 0:2. Only small

differences were found in the sizes of the errors for the different cases. The addition of the mode
B0 ! a�1 �

�, with a�1 ! ���0, to the all-charged mode was found to improve the errors on
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Table 6-36. The parameter sets used forCP -fitting studies.

Sample 2� � R a1 a1

A 0 0 0 0 0

B 0 0 0:6 0 0

C 0:100 0 0:6 0:100 0:100

D 0:100 3�=4 0:6 0:633 �0:774
E �0:200 0:5 0:6 0:296 �0:644
F 0:800 0:2 �0:6 0:841 0:565

G 0:524 0 0 0:500 0:500

the asymmetries by a negligible amount, so it is not used in the final fit. Its very poor signal-to-
background ratio gives it a small statistical weight, relative to the all-charged mode, with a potential
for large systematic uncertainties. Figure 6-28a shows the errors on the asymmetries as a function
of luminosity for the two decay modesB0 ! a�1 �

� ! �+���+�� andB0 ! a01�
0 ! �+���0�0

for a representative subsample of the fit scenarios described in Table 6-36. The errors onR were
found to be independent of the choice of parameters. Figure 6-28b shows the errors onR as a
function of luminosity.

The flavor tagging used in this analysis is known to be optimistic, which leads to somewhat smaller
statistical uncertainties on the fitted quantities than would be expected for real data. The effect
of more realistic tagging can be accounted for by simply scaling the uncertainties by the factor
0:35=0:30 = 1:17, which is the ratio of “effective tagging efficiencies” (�(1 � 2�)2, where� is
the efficiency for tagging an event and� is the global mistag probability) for the overly optimistic
simulation and a more realistic assumption (see equation 4.62 and the discussion following it for a
description of the dependence of the error on the effective tagging efficiency).

In this simple case where one amplitude dominates each decay (no penguins), the asymmetries are
related to theCP -violating phase2� in the following manner:

a0 = sin 2�; a1 = sin(2� + �) and a1 = sin(2�� �); (6.77)

where� is the phase introduced by the strong interaction. The angle2� can be extracted froma1
anda1 with an eight-fold ambiguity:

sin2 2� =
1

2

�
1 + a1a1 �

q
(1� a21) (1� a21)

�
: (6.78)

The amplitudes for all of the relevantB0 andB+ decays are determined from the observed number
of signal events in each mode. The actual values of the amplitudes are not needed for the isospin
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Figure 6-28. (a) Errors on the asymmetries as a function of integrated luminosity. The open
circles are for scenario A, the solid squares are for scenario E, the solid triangles are for scenario F,
the solid circles are for scenario G and the open squares are for thea01�

0 mode witha0 = 0:50., (b)
Errors on the parameterR as a function of integrated luminosity.
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analysis, since an arbitrary normalization can be used. The quantities of interest are the sizes of
the amplitudes relative to each other. The time-integrated number of events for thea+1 �

� (f ) and
a�1 �

+ (f ) are related to the amplitudes according to the following expressions:

N(B0 ! f) +N(B0 ! f) / (jAf j2 + jAf j2) and (6.79)

N(B0 ! f) +N(B0 ! f) / (jAf j2 + jAf j2); (6.80)

where the amplitudes are as defined in Chapter 1. Under the assumptionjAf j = jAf j � A and
jAf j = jAf j � A, the sum of all the above decays isNa�

1
�� / 2(A2 + A2). SinceA2=A2 =

(1 +R0)=(1�R0), whereR0 is defined to beR=(1 + x2d) andxd = �md� , one can derive:

A2 /
Na�

1
��

2

1 +R0

2
and A2 =

1� R0

1 +R0 A
2 : (6.81)

The fractional errors on the amplitudes are16% for A and11% for A, for 30 fb�1, and scale likep
Lint, whereLint is the integrated luminosity.
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Figure 6-29. Distribution of extracted values of� for many toy Monte Carlo simulations with
true� = �0:1 and� = 0:5. The assumed errors on the observed asymmetries are those for30 fb�1

and90 fb�1 of integrated luminosity, for plots a) and b), respectively. The dashed line is at the true
value of�.

As discussed earlier in this section, the angle� can be extracted from the measured values ofa1 and
a1 from equation 6.78, with an eight-fold ambiguity. In order to get an idea of the uncertainty on the
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measurement of� using thea�1 �
� mode alone, thousands of values ofa1 anda1 were generated,

using the central values given by parameter set E in Table 6-36 and allowing for Gaussian smearing,
where the widths of the Gaussians are given by the expected errors ona1 anda1. For each set
of “observed” asymmetries, the eight solutions for� were calculated. Figure 6-29 displays the
resulting distributions of� assuming30 fb�1 and90 fb�1 of integrated luminosity. For parameter
set E, the true value of� is�0:1, which is shown in the figures by the dashed lines. In theory, the
measured uncertainties on the eight possible values of� are given by the widths of the peaks in
Figure 6-29. However, it is clear that for poor statistics many of the solutions become merged. The
ability to extract information about� from multiple channels will hopefully allow one to eliminate
these discrete ambiguities.

6.6.3 The�� Decay Modes

TheB ! �� decays involve three possible modes,B0 ! �0�0, B0 ! �+�� andB+ ! �+�0.
These modes result in final states with four charged pions, two charged and two neutral pions, and
three charged and one neutral pion, respectively. Since all of these contain at least two charged
particles, as in the case of thea1� modes, theB vertex can be determined for all final states.
Consequently, both neutralB decays,B0 ! �0�0 andB0 ! �+��, can be used to measureCP
asymmetries. Since�� is a vector-vector state, its decay can proceed viaS, P orD waves. Hence,
there is the possibility of both longitudinal (� = 0) and transverse (� = �1) polarization for the
� meson. The longitudinal mode isCP -even, while the transverse mode has bothCP -even and
CP -odd components. The longitudinal state is believed to be dominant [66]. This was supported
by early measurements from CLEO in other vector-vector channels. However, a recent angular
analysis of the K� mode by CLEO indicates that the transverse state may be more important than
previously thought [76].

The general formalism for angular analysis introduced in Section 5.1.3 shows that theB0 ! ��

decay is described by three amplitudes: longitudinal (A0), CP -even transverse (Ak), andCP -odd
transverse (A?). The time evolution for these is given by:

A0(�t) = A0(0)e
�im�t e�j�tj=2�

�
cos

�md�t

2
+ i��0 sin

�md�t

2

�

Ak(�t) = Ak(0)e
�im�t e�j�tj=2�

�
cos

�md�t

2
+ i��k sin

�md�t

2

�
(6.82)

A?(�t) = A?(0)e
�im�t e�j�tj=2�

�
cos

�md�t

2
� i��? sin

�md�t

2

�
;

where� = 1 for ��. The three parameters,�0, �k and�?, are in general different from one another.
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However, they are equal if penguins are negligible.32 This result is true even in the presence of
penguins if factorization is assumed. The angular dependence takes the general form given in
Section 5.1.3. Introducing explicitly the time dependence into the latter, the time-dependent decay
rate ofB0 ! �� is obtained as a function of the transversity angle�tr, defined in the�+�� (�0�0)
channel as the angle in the�+ (�0) rest frame between the line of flight of the�+ coming from one
of the� mesons and the normal to the decay plane of the other� meson in the decay:

P =
e�j�tj=�

2�
[
3

4
(1� R?) sin

2 �tr(1� a sin(�md�t)) +
3

2
R? cos

2 �tr(1 + a sin(�md�t))]:

(6.83)

A fit to the experimental distribution yields the fraction ofCP -odd componentR? and theCP
asymmetrya, which is simplysin 2� in the no-penguin approximation.

The branching fraction for each of the three�� modes is small. As explained in Section 6.6.1.1, it
is assumed to be of the order of5�10�5, which is still optimistic compared to the BSW prediction
(see Table 6-31). The number of expected signal events is therefore relatively small (1575 events
for a 30 fb�1 sample). Consequently, background will be a problem. As in the case ofB ! a1�

and theB ! 2� andB ! 3� channels, there are several sources of background: continuum
events, genericBB events, physics background, and combinatorial background in signal events.
As will be shown below, the dominant contribution comes from the continuum. The studies [68]
described in this section were performed usingAslund fast Monte Carlo-simulated events.

6.6.3.1 Reconstruction and preselection

Since an important aspect of this analysis is background suppression, two approaches were ex-
plored: 1) a simple cut method, and 2) a neural network-based multi-variate analysis. The purpose
of the neural network analysis was to explore the optimal use of the cut variables for background
separation. As a starting point for both analyses, a loose preselection of events was applied to
the data. The�0 candidates are reconstructed as a combination of two photons with an invariant
mass in the range0:10 < M

 < 0:17GeV=c2. Candidate� mesons must satisfy0:35 < M�� <

1:20GeV=c2. Since each� candidate originates from a two-body decay, its momentum in the
� (4S) rest frame is restricted to the range2:25 < P �

� < 2:85GeV=c. Finally,B candidates are
reconstructed by forming all possible�� combinations that satisfy5:17 < M�� < 5:37GeV=c and
0:12p�B0 < 0:52GeV=c, wherep�B0 is the magnitude of the momentum of theB candidate in the
� (4S) rest frame.

Table 6-37 gives the efficiencies of this preselection and the reconstructedB-mass resolution in
the various signal channels. The results get worse when channels with more�0s are considered.

32This is certainly not true inB ! �� decays. However the analysis during the first years of data taking will
probably be done with this approximation, since an analysis taking into account penguins will require far more data.
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Table 6-37. Efficiencies in percent and mass resolutions inMeV=c2 in the three channels for
longitudinal (L) and transverse (T) polarization.

�0�0 (L) �0�0 (T) �+�0 (L) �+�0 (T) �+�� (L) �+�� (T)

All particles detected 64.8 72.2 57.4 64.0 50.0 57.1

Reconstruction 99.8 99.9 97.7 98.5 96.0 96.8

MB andP �
B 100. 100. 95.6 96.1 88.3 90.5

Total 64.7 72.1 53.6 60.6 42.4 50.0

�(MB) 17. 13.5 23. 21.5 32.5 32.5

Table 6-38. Cuts on masses (inGeV=c2) andB momentum (inGeV=c).

�0�0 �+�0 �+��

�0 - 0:12 < M

 < 0:15

� 0:60 < M�� < 0:95

B 5:235 < M�� < 5:325 5:21 < M�� < 5:33 5:18 < M�� < 5:34

B 0:15 < p�B0 < 0:45

Longitudinal polarization is also less favorable than transverse polarization because the decay of
the� produces mainly a high-energy pion and a low-energy pion (less likely to be detected) in the
former case and two medium-energy pions in the latter case.

6.6.3.2 Background fighting

At this stage, the background-to-signal ratio is still close to 1000 to 1. As discussed in the previous
section, two approaches were used to further reduce the background. For the simple cut method
the criteria listed in Table 6-38 are imposed. In addition, each photon is required to have at least
50MeV of energy and each charged particle to have a greater probability to be identified as a pion
than as a kaon. Finally, the cosine of the angle between the sphericity axis of the rest of the event
and the� which is closer to it must be less than 0.8.

In the multivariate analysis, the following eleven discriminating variables are used to separate
signal and continuum background:

� The cosine of the sphericity axis of the rest of the event with the� which is closer to it.

� The cosine of the sphericity axis of the rest of the event with the reconstructedB direction.
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� The ratio of the second Fox-Wolfram moment divided by the zeroth moment for the whole
event.

� The above quantity for the taggingB only.

� The sphericity of the event.

� The algebraic sum of transverse momentum with respect to theB direction of the rest of the
event.

� The mass�2 defined as�2 =
P
(M

rec�Mtrue

�M
)2, where the sum runs over all reconstructed

particles (B, � mesons and�0 mesons, if any).

� TheB momentum in the� (4S) rest frame.

� The�=K separation of the charged track in theB candidate which is most likely to be a
kaon.

� The larger mass of the two� candidates.

� cos �H , with �H the angle of the pion from the� decay in the� rest frame, with respect to
the line of flight of the� in theB rest frame (for longitudinal polarization this has acos2 �H
distribution).

A second multivariate analysis is performed to discriminate between signal and signal combi-
natorial. Cutting on the two neural network outputs rather than only on the signal/continuum
discriminating output permits reduction of the signal combinatorial by more than a factor two for
essentially the same efficiencies on signal and continuum.

The effect of the selection will be given for the longitudinally polarized signal, which is more dif-
ficult to extract from the background. Figure 6-30 shows the rejection obtained for the continuum
in this case, as a function of the efficiency for the signal for both cut and neural-network methods.

Table 6-39 gives the continuum background efficiencies with simple cuts and with the multivariate
analysis using neural networks for the same efficiencies on the signal. It shows that the multivari-
ate analysis somewhat improves the background rejection, especially in modes with�0 mesons.
Therefore, for the remainder of this section the results are presented only for the neural network
analysis.

Table 6-40 gives the efficiencies for the signal and the background processes, and the expected
number of events after the final selection, assuming a branching ratio of5�10�5, for an integrated
luminosity of 30 fb�1. Included in the table are contaminations from various sources of physics
background. Some of these background processes can be problematic for aCP analysis, as these
events may originate fromB decays with differentCP asymmetries. Fortunately this background
is not dominant.
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Figure 6-30. Efficiency for continuum events as a function of the signal efficiency for�0�0

(circles), �+�0 (squares) and�+�� (triangles) channels. The filled symbols are for cutting at
different values of the neural network output (signal/continuum discrimination), and the open
symbols are for the simple cut analysis.

6.6.3.3 Tagging and vertexing

Cornelius is used for tagging, as described in thea1� section. Vertexing is done using an impact
parameter method. The resolutions obtained (width of the narrow Gaussian) are respectively 31,
36 and 42�m for the determination ofzCP in the�0�0, �+�0, and�+�� channels. In all cases the
resolution is dominated by the� 120�m expected for the tag vertex.
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Table 6-39. Comparison of continuum background rejection obtained with the cut approach and
the neural network approach for the same efficiency of selection on the signal.

�0�0 �+�0 �+��

�Signal 0.315 0.219 0.153

�cutsqq 0:85� 10�5 3:6� 10�5 2:6� 10�5

�NN
qq 0:75� 10�5 1:8� 10�5 1:2� 10�5

Table 6-40. Efficiencies of signal and backgrounds. The quantities in square brackets are the
numbers of selected events for an integrated luminosity of30 fb�1.

Signal SCB a1� ��� 4� BB Continuum

Produced 1575 - 5� 945 8� 1050 4� 1575 31:5� 106 108

�0�0 0.315 - 0.004 0.004 0.003 0:7� 10�5 0:75� 10�5

[496] [47] [18] [31] [20] [220] [750]

�+�0 0.219 - 0.011 0.008 0.0025 1:9� 10�5 1:8� 10�5

[345] [70] [51] [71] [16] [600] [1800]

�+�� 0.153 - 0.007 0.007 0.001 0:4� 10�5 1:2� 10�5

[241] [79] [33] [55] [8] [126] [1200]

6.6.3.4 Decay amplitudes and extraction ofCP asymmetries

With the above estimates of the signal and background yields, one can determine the resolutions of
the decay amplitudes from

p
S+B
S

, whereS is the number of signal events andB is the number
of background events for a given luminosity. Figure 6-31 shows the resolution for the decay
amplitudes for the three modes as a function of the branching fraction for30 fb�1 of integrated
luminosity.

For a branching fraction of5� 10�5, the amplitudeB0 ! �0�0 can be measured in one year with
a precision better than 10%. However, for the branching fraction of6:4 � 10�7 predicted by the
BSW model, there is no hope to see a�0�0 signal. With a time-integrated angular analysis, one
can also extract the longitudinal component and theCP -odd transverse component, as described
above. For one year of data taking, these fractions can be measured with an absolute precision
better than 10%.
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Figure 6-31. Amplitude resolution (�A=A) for �0�0 (solid line), �+�0 (dashed line) and�+��

(dotted line).

For the extraction of theCP asymmetries, the unbinned maximum likelihood method described in
thea1� section was employed. If the decay is dominated by longitudinal polarization (CP even),
the�t distribution is

P (B0(B0)! ��) / e�j�tj=�

2�
[1� a0 sin(�md�t)] : (6.84)

In the absence of penguins, the coefficienta0 corresponds tosin 2�. Figure 6-32a shows the
resolution obtained ona0 as a function of the integrated luminosity.

Allowing a transverse polarization component results in a degradation of the resolution of theCP

asymmetry. In this case, the coefficient of thesin(�m�t) term obtained in the previous method
is no longer simplysin 2�. There is an additional dilution factor(1 � 2R?), whereR? is the
fraction of theCP -odd component. The angular analysis, described in the introduction of this
section, is performed to extract simultaneously theCP asymmetrya (sin 2� in the no-Penguin
approximation) andR?. Figure 6-32b shows the resolution on theCP asymmetry (a) as a function
of theCP -odd componentR?, in the case of�0�0, for an integrated luminosity of100 fb�1. The
resolution degrades by a factor of 1.6 for a value ofR? = 0:5.
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Figure 6-32. (a) Uncertainty in theCP asymmetrya0 as a function of the integrated luminosity
for �0�0 (circles) and�+�� (triangles); (b) uncertainty ina for a 100 fb�1 sample as a function
of the value ofR? used in the generation for a perfect detector (circles) and theAslund BABAR

simulation (triangles).
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6.6.4 Summary and Conclusion for Four-Pion Channels

The results of the simulation studies are summarized in Tables 6-32 and 6-40 for the modesB !
a1�, andB ! ��. Since these studies have been carried out with theAslund fast simulation
program, and that there is little experimental or theoretical information on the branching ratios
of these modes, one should use extreme caution in the use and interpretation of these numbers.
Nonetheless, for modes involving charged particles only, the comparison with studies of the full
simulation of BABAR and the current reconstruction programs indicate that the background level
predicted by the fast simulation studies is within a factor of two of theAslund results. With
this in mind, one can conclude that at least in modes involving only charged tracks, the task of
extracting a signal from background is not insurmountable — signal-to-background ratios (S/N)
of 1/2 can be obtained in bothB ! a1�, andB ! ��. At this level of S/N ratio, with a 30 fb�1

sample, unbinned maximum likelihood fits to the�t distributions yield a statistical error of 0.4 for
theCP asymmetry for the modeB ! a1� (B = 6 � 10�5), and 0.15 for the modeB ! �0�0

(B = 5 � 10�5). For the modes involving�0 mesons, preliminary results from full simulation
studies show that the background level is significantly higher than that which is predicted by the
fast simulation studies. Therefore, further caution should be taken there, and these results should
only be used as a first indication of the experimental conditions.

Penguin effects: The simulation studies and the fits to the data were performed using the time
evolution relation for dominance of one weak amplitude. In the presence of penguins, one needs to
perform an isospin analysis, which in the case ofB ! a1�, would involve measuring the rates and
asymmetries of the chargedB modes as well as the rate of theB0 decays. These quantities form
a pentagon in the complex plane. While such an analysis may be feasible at a mature state of the
experiment, it is not warranted at early stages of the experiment, when statistical errors dominate
the uncertainties. As an example, Fig. 6-33, shows the shift (error) in the angle� which results
from ignoring the presence of a penguin diagram in the amplitude, as a function of the ratio of
penguin-to-tree amplitude (P=T ) and the difference in the strong phase of the two diagrams. For
moderate values ofP=T (e.g.,0.2) and a strong-phase difference (�p � �t) = 0:5, �� � 0:15 is
obtained, corresponding to an error of approximately 0.3 onsin 2�, as compared with the statistical
error of 0.4 for 30 fb�1. Eventually, theory may be able to restrict the range ofP=T in which case
the range of the shift in� from these effects can be limited.

In conclusion, these studies indicate that extraction of signal and ultimatelyCP information from
theB ! 4�modes, while difficult, is feasible. As was discussed in the introduction, theCP studies
in theB system, in general, and extraction of the angle�, in particular, require complementary
information from various decay processes. It has been shown that such information can be obtained
from the4� decays of theB.
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Figure 6-33. Shift in the angle� due to the the effect of ignoring the presence of a penguin
diagram, as a function of the ratio of penguin-to-tree amplitude. The plots are made with� =

0:4. The solid curve is for a strong-phase difference between the penguin and tree diagrams of0,
the dashed curve is for a strong-phase difference of0:5 and the dotted line is for a strong-phase
difference of2:0.

6.7 Conclusions

The results of the simulation studies of the neutral and chargedB decays into two, three and
four-pion final states are summarized in Table 6-41. These results, which consist of the expected
uncertainties of the observables from the various modes for an integrated luminosity of 30 fb�1,
must be viewed only as indicative since the branching ratios are not known and the BABAR re-
construction software is still in a preliminary stage. Furthermore, as discussed in detail above,
the relationship betweensin 2� and theCP observablesacos and asin, is model- and channel-
dependent and is therefore subject to important theoretical uncertainties. Hence, no additional
information can be obtained by combining the raw (penguin untreated) information from various
channels, other than improving the�2-reliability of a demonstration thatCP -violation occurs. It
is found that, with reasonable estimates of penguin size, based on the CLEOK� observations, the
shift in the extracted value ofsin 2� in an analysis that ignores penguins can be of order0:1 to
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Table 6-41. Summary of the studies of the two-, three- and four-pion final states. Note that at this
point there is very limited information on the branching ratios, those given here represent plausible
choices used in in the simulation studies. The selection efficiency,�,includes the impact of tagging.
For the�� channel, the effect of the transverse polarization is not included in the numbers presented
here. Note that for channels that are notCPeigenstates, such as�+�� a nonzero value fora+�sin +

a�+sin is needed to demonstrateCP violation, a nonzero value for a single channel is not sufficient.)

f Btot � Ntot B/S �acos(f) �asin(f)

�+�� 1:0� 10�5 0.39 135 0.9 0:29 0:26

�0�0 3:0� 10�6 0.15 14 2.5 - -

�+�0 8:0� 10�6 0.19 50 2.0 - -

�+�� + ���+ 5:4� 10�5 0.21 350 2 0:19 0:26

�0�0 1:0� 10�6 0.21 7 50 - -

�0�+ 1:1� 10�5 0.16 30 0.3 - -

�+�0 2:6� 10�5 0.09 40 0.3 - -

a+1 �
� + a�1 �

+ 6:0� 10�5 0.12 124 1.7 0:23 0:34

a01�
0 3:0� 10�5 0.07 72 13.3 - 0:47

a+1 �
0 3:0� 10�5 0.042 43 3.0 - -

a01�
+ 3:0� 10�5 0.044 23 4.6 - -

�+�� 5:0� 10�5 0.15 263 5.3 - 0:28

�0�0 5:0� 10�5 0.22 377 6.7 - 0:17

0:3, depending on the model and the channel. These large and uncertain shifts make the type of
analysis discussed in the TDR insufficient for the accurate determination of�. However despite
the difficulty in extracting the actual value of� any observation ofCPviolation in these channels
would be interesting and would indicate a nonzero-value for�. At this level of result theCP -
eignestate modes�� have the advantage that any asymmetry is a direct indication ofCP -violation.

A procedure must be devised to evaluate the penguin effects. Until such time as the statistics
are sufficient that a full isospin-based analysis that treats penguin effects correctly yields good
results for one or more channels, there will be a theoretical uncertainty in the actual value of�

coming from such effects. In order to limit this uncertainty a multi-channel study of many penguin-
related effects will be needed. The values of theacos terms, measurements of branching ratios and
asymmetries for chargedB decays, and evaluations of the size of the penguin contributions from
measurements of branching ratios for many rare decay channels will all contribute to such studies.
As a better understanding of the magnitudes of penguin contributions in a variety of channels is
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developed through these studies, theoretical constraints on the magnitude of the possible penguin-
induced shifts in the channels studied here will be refined. These will be valuable in determining
the allowed range of values for�.

Eventually, the aim will be to carry out a more complete isospin-based analysis, such as have been
studied here for the two and three-pion channels. The message from these studies is that very large
data samples must be accumulated before these studies can yield good results. As an example, in
the two-pion section an isospin analysis was presented for one set of input parameters (extracted
from a theoretical analysis of the existing CLEO results on rareB decays (forsin 2� = �0:04 and
sin 2�e� = 0:21) and with experimental resolution of observables corresponding to an integrated
luminosity of 90 fb�1. This analysis indicates that for this scenario, the phase shift,� = 2�e��2�,
can be determined (with a four-fold ambiguity) with an uncertainty of 0.6(Rad), yielding the value
of � with multiple ambiguities and a wide range about each minimum. The message of this study
is that, unless theB ! �0�0 branching ratio is somewhat higher than this model predicts, it will
be very difficult to achieve good restrictions on the true value of� from an isospin analysis in this
channel. The conclusion of the three-pion Dalitz-plot analysis is a little more encouraging. With a
data sample of1000 fully tagged and reconstructed events, and even with significant backgrounds
the analysis is able to determine the unshifted� and to rule out most of the alternative solutions.
At most one alternate minimum of the likelihood function (rather than the eight of the analysis
neglecting penguins and interference effects) is found to lie within a��2 range of five of the
true minimum. This analysis also will be improved if the suppression of the�0�0 channel is
not as large as the (model-dependent) estimates suggest. Further improvements in background
suppression may also significantly improve the result, as will the inclusion of data from charged
B decays to�� channels. For the�� channels one can in principle carry out an isospin analysis
similar to that for��, but only after angular analysis is used to isolate the even-spin contributions.
While the branching ratio to these channels is expected to be larger than for�� the requirement
of angular analysis of the� decays will mean that larger data samples are needed. No study of the
feasibility of this analysis has yet been made. Fora1� the isospin structure is similar to that for��.
An isospin-based analysis to determine the unshifted value of� is in principle possible if charged
B channels are measured as well as the neutral ones, although the overlap region of the resonance
bands are smaller than in the�� case because of the higher dimensional four-pion phase space,
which will reduce the impact of interference effects. Preliminary studies of all relevant channels
were made here, these indicate that further work on background reduction methods will be needed
to obtain good values for� via an isospin analysis of these channels.

In conclusion, the accurate determination of� will require the accumulation of a large luminosity
data sample. From the above studies one may draw the conclusion that a vigorous effort must
be pursued to explore more thoroughly the experimental feasibility of analyses that correctly treat
penguin effects. The�� Dalitz-plot analysis appears at present to be the most hopeful. Even
though these analyses are difficult at an� (4S)B-Factory, they may be even more so at a hadronic
B factory, where, despite higher rates, the need to observe low-branching-ratio channels involving
only hadrons, including�0s, makes them very challenging.
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6.8 ChargedB Decays and DirectCP Violation

A striking consequence ofCP -non-conservation is that the rate for the decay of a particle into
a definite final state can be different from that for the corresponding charge-conjugate decay.
Such partial-rate asymmetries (PRA) are predicted for many chargedB decays, and, if observed,
could be the first evidence forCP violation involving non-neutral systems. Such asymmetries are
examples of directCP violation. The observable asymmetry can be defined as

Am =
N(B+ ! f)�N(B� ! f)

N(B+ ! f) +N(B� ! f)
(6.85)

which is proportional to theCP asymmetry of the signalAm = AsNS=(NS + NB), whereNS

andNB are the numbers of signal and background events, respectively. Model predictions ofCP -
violating asymmetries (O 0.1-1%) exist for many channels (see for example Section 6.2); for some
of them the branching fractions in the corresponding channels range from10�4 to 10�6, giving
rates which should be accessible with the statistics of BABAR.

In this section the results of a study of two benchmark modes are described:B� ! �h� (where
h can be eitherK or �) andB� ! D�D0. Theoretical predictions, based on several models,
suggest that these modes have the largest value of the productB � A2

m, which is the relevant
quantity governing the observability of an asymmetry. The channels withD mesons have a large
branching ratio, but a small asymmetry, while the opposite is true for the� channel. Many other
channels can be used to search for directCP violation; these studies are simply given as examples.
However, since the benchmark channels studied here involve both charged and neutral particles in
the final state and cover a wide range of topologies, selection criteria similar to those developed
here can be applied in other cases, to estimate the efficiency and, with some caution, also the
background.

The statistical error on the asymmetry of the signal can be estimated as

�As =

s
(1� A2

m)(1 + FB=S)

NS

; (6.86)

whereNS is the observed number of signal events andFB=S is the background to signal ratio. The
number ofBB pairs needed to claim that an asymmetryA in a channelf is different from zero by
n� standard deviations, assumingA� 1, is

NBB > n2�
1

�A2
s B(B ! f)

(1 + FB=S) ; (6.87)

where� is the selection efficiency for the channelf . In order to quote the sensitivity of BABAR in
the benchmark channels, some assumption for both theCP asymmetry and the branching fraction
must be made; for the theoretical input used, see Section 6.2; this study estimates the efficiency, the
signal to background ratio, and the systematic errors. All the simulations reported in this section
were performed with theAslund parameterized fast Monte Carlo simulation.
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6.8.1 B� ! �h�

The branching fraction forB� ! ��� is estimated to be� 0:5� 10�5, with an asymmetry of the
order of 10%. The� is searched for in the channels� ! 

 and� ! �+���0. In these channels
the acceptance is expected to be fairly large because the final states have low multiplicity.

For the� ! 

 mode, the� candidates are reconstructed from pairs of clusters in the electro-
magnetic calorimeter not associated with charged tracks. In order to reduce accelerator related
background, photons are required to have an energy greater then 40 MeV. This removes about 90%
of the fake combinations, keeping 98% of the signal. A fit to the Gaussian core of the distribution
gives a mass resolution of 13MeV=c2. The� is required to be within 3� of the nominal value; this
selection criterion keeps 97% of the signal. The average� momentum is 3GeV=c and the opening
angle of the two photons is generally rather small: the average cosine of the opening angle is in
fact 0.85 for signal events. This feature is exploited by requiring that the cosine of the opening
angle is greater than 0 for the� candidate.

For the� ! 3� channel, the�0 is reconstructed from clusters in the calorimeter with energy
greater than 40MeV, and not associated with charged tracks. The�0 candidate is required to
have an invariant mass in the range 115–147MeV=c2; this is not symmetric around the nominal
value due to the characteristic low-mass tail. The Gaussian core of the invariant mass distribution
has a width of 4.7 MeV. The charged tracks are required to have a probability of being a pion
greater than 2%, in order to reduce the combinatorial background.B� candidates are obtained by
combining the� and the remaining pion candidates. If the� is reconstructed in the3� channel, a
fit to the common vertex of the three charged pions from theB� candidate is performed, and the
�2 probability is required to be greater than 2%.

The selection criteria that are most effective in reducing the background are those related to the
decay kinematics in the� (4S) frame: the momentum and the invariant mass of theB�. The
invariant mass is required to be within 2.5� of the nominalB� mass and the momentum is required
to be in the range 0.175–0.425GeV=c.

The main source of background arises from light quarks produced in the continuum: about half of
this contains a real�. Background fromBB decays is negligible. The continuum background has
a jet-like shape, while the signal is more spherical. These topologies can be discriminated using
the ratios of the Fox-Wolfram moments,H2=H0 andH4=H0 (calculated in the� (4S) frame), as
described in Section 4.9. In addition, the sphericity angle,�sph (see Section 4.9), is also used. The
signal candidate is required to havej cos �sphj < 0:9

After this selection, the reconstruction efficiency, including the� branching ratio, is 45%. Assum-
ing a branching ratio for the signal of0:5 � 10�5, 70 signal events are expected in 30 fb�1 with
190 background events. The expected statistical error on the asymmetry is�Am = 0:23.
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6.8.2 B� ! D�D0

The reconstruction of this channel is similar to that for theB0 ! D+D� decay described in
Section 5.5. Only channels having a branching ratio greater than 10% and not more than one�0

in the final state are included here; the decay channels are listed in the Table 6-42. In order to
reduce combinatorial background, the information from the DIRC and thedE=dx in the central
tracking chamber are combined into a�2 which is used to calculate the probability of a given mass
hypothesis. Candidate� andK mesons are required to have a probability greater than 2%. If a
track is consistent with both hypotheses, or if the particle identification information is not available,
the track is used for both� andK candidates.

Table 6-42. SelectedD� andD0 decay channels.

D0 decay B D� decay B
K+�� 0.040 K+���� 0.091

K+���0 0.138 K+�����0 0.064

K0
s�

+�� 0.026 K0
s�

� 0.014

K0
s�

+���0 0.049 K0
s�

��0 0.049

K+�+���� 0.081 K0
s�

+���� 0.035

K+�+�����0 0.043 K0
s�

+�����0 0.027

The criteria used to select the�0 are the same as described in Section 6.8.1.K0
S

mesons are
reconstructed only in theK0

S
! �+�� channel. The two charged tracks are fitted to a common

vertex and the�2 probability is required to be greater than 2%.

The masses of the twoD mesons are required to be within 3� of the nominal value. The vertex
fit for the D daughters is required to have a�2 probability greater than 2%. In addition, the
cosine of the angle between the twoDs is required to be less than�0:1. The mass resolutions and
reconstruction efficiencies for all decay channels are summarized in Table 6-43.

In the selection of theB candidate, the most effective cuts are the momentum of theB in the� (4S)
frame, and the invariant mass of the candidates. If more than oneB candidate per event survives
the cuts, that with the smaller value of the quantity

�2M =
(mreco

D0 �mtrue
D0 )

2

�2m
D0

+
(mreco

D� �mtrue
D� )

2

�2m
D�

(6.88)
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Table 6-43. Mass resolutions and reconstruction efficiencies of theD� andD0 decay channels
used in this analysis.

D0 decay mode �Dm (MeV=c2) Eff. (%) D� decay mode �Dm (MeV=c2) Eff. (%)

K+�� 5.2 77 K+���� 4.4 69

K+���0 13.0 52 K��+���0 9.6 40

K0
s�

+�� 5.3 50 K0
s�

� 6.0 58

K0
s�

+���0 10.0 29 K0
s�

��0 11.9 37

K+�+���� 3.5 56 K0
s�

+���� 5.2 43

K+�+�����0 9 33 K0
s�

+�����0 6.1 25

is retained. The background is mainly from otherBB decays and fromcc events from the contin-
uum; the latter is greatly reduced using event shape cuts: the sphericity of the events is computed
and is required to be greater then 0.1.

The number of background event surviving the cuts is 190BB events and 90cc, in 30 fb�1

collected at the� (4S) peak. The overall reconstruction efficiency, including the branching ratio of
theD mesons is� = 2:8%. AssumingB(B� ! D�D0) = 6:3� 10�4 (see Table 5-4), an sample
of 560 signal events can be expected, leading to a statistical error on the asymmetry,�Am = 0:05.

6.8.3 Outlook

These preliminary studies indicate that for the modes in question, and by extension, for other
multibody modes, the directCP -violating asymmetries predicted by the Standard Model calcu-
lations will be difficult to observe. In particular such searches will require more sophisticated
background-fighting techniques than developed in these preliminary studies. It should not be
forgotten however that models beyond the Standard Model can yield significantly larger direct
CP violations (see Chapter 13). Thus, systematic searches for such effects should be carried out
in any channel where the combined branching ratios, and efficiencies are large enough to achieve
aCP asymmetry sensitivity of�10%.
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[70] S. Versillé and F. Le Diberder, “The KIN Variable,” BABAR Note# 406, (1998); “The KIN
Variable andCP Thinking Revisited,” BABAR Note# 421, (1998).
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