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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 BBar experiment at the PEP-B 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 fronBireIdllab-

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 BB 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 8
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~y
P. Dauncey, R. Fleischer, L. Lanceri

Semileptonic B Decays and the Extraction ofV,;, V., from B decays
T. Mannel, M. Neubert, K. Schubert, M. Witherell

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

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

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

Charm, 7, 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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A CP Violation Primer

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

The subject ofC’P 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.’P 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 lackrobiolation in strong
interactions. That subject is outside the realm of this document andbef &periments. The'P
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 @ifais not imposed as a symmetry.

However, while it is known that'’P violation occurs, because it has been observéd decays [1],

it is not yet known whether the pattern ©F violation predicted by the minimal Standard Model

is the one found in nature. Thi€-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 6fP-violating effects are expected B 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
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Model have additional sources 6%-violating effects, or effects which change the relationship of
the measurable quantities to the-violating parameters of the Standard Model.

In addition there is one great puzzle in cosmology that relatesRoviolation, 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 inctuBlesiolation 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 th@P 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 Beto by
(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 P violation in part of the theory, any extension of the Standard
Model cannot be required to li&” symmetric. Any additional fields in the theory bring possible
additionalCP-violating couplings. Even assumptions such as soft or spontarigdsymmetry
breaking leave a wide range of possibilities. Further experimental constraints, from experiments
such as the3 factory, are needed.

Section 1.1 begins by discussing the W@k violation appears in a field theory Lagrangian [6].
Sections 1.2—1.6, follow the discussion in f7Bection 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 of P 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 situationfedecays is reviewed.

1.1 CP Violation in Field Theories

1.1.1 Field Transformations

This section provides a basic introduction to the field theory basiSfosymmetry breaking.
The fundamental point is th&P symmetry is broken in any theory that has complex coupling

1For a recent, excellent, and very detailed review see [8].
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1.1 CP 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,
parity andtime reversahre spacetime symmetries and constitute part of the P&gcatp. Parity,
denoted byP, sendqt, x) — (¢, <x), reversing the handedness of space. Time reversal, denoted
by T, sendqt,x) — (<, x), interchanging the forward and backward light-cones. A third (non-
spacetime) discrete operationdsarge conjugationdenoted byC'. This operation interchanges
particles and antiparticles. The combinat@R replaces a particle by its antiparticle and reverses
momentum and helicity. The combinati@®PT 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 respBctt@nd7’. The weak
interactions violate” and P separately, but preserv&” and7" to a good approximation. Only
certain rare processes, all involving neutkaimesons, have been observed to exflbitviolation.

All observations to date are consistent with ex@&T symmetry. (Gravitation couples to the
energy-momentum tensor and is tiisP, and7 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 accommod&teviolation, one needs to know the
transformation properties of the fields under the various discrete symmetries. In particular for a
Dirac spinor:

Pip(t,x)P = y°(t, €x), (1.1)
Ty (t,x)T = <"y’ (&L, x), (1.2)
C(t,x)C = <i(P(t, x)7y"7*)". (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 diftder

are summarized in the table below. Here the shortliasid” = 1 for 4 = 0 and(<1)* = <1 for
p=1,2,3 (namely,(<1)*a* = a,) is used.

term iy W Yy b it
CP«transformed term  §,0;  ih;7%0; (S (1) 15y,

Similarly, theCP transformation properties of scaldf ), pseudoscalar{) and vector boson{’)
fields, and also of the derivative operator are given by

(1.4)

term H A Wtk oy
(1.5)
CP<transformed term H <A &(&)FWTE (<1)k0,
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4 A CP Violation Primer

Taking into account the Lorentz invariance and hermiticity of the Lagrangian, the ali@ve
transformation rules imply that each of the combinations of fields and derivatives that appear in
the Lagrangian transforms und@pP 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 undet'’P. 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(¢ass,not necessarily

a good symmetry of the Lagrangian. When the rates of physical processes that depend on these
Lagrangian parameters are calculated, there carifbeiolating effects, namely rate differences
between pairs of P 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 s@§ 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,

yi; H;1; + hermitian conjugate. (1.6)

The phase of;; can be changed by redefining the phase of any one of the threeHiglds «; 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 théi® 1golation. 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 automatically’-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-
guences. Only those differences between pairs of phases that are unchanged by such redefinitions
are physically meaningful. How such phase differences manifest themselveB-amlating

effects will be shown below. First some conventions and notation for neBtmralesons need

to be established.
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1.2 Neutral B Mesons 5

1.2 Neutral B Mesons

1.2.1 Mixing of Neutral B Mesons

This section treats the quantum mechanics of the two state system of neutrasons. 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: B; mesons, made from orietype quark or antiquark and onktype;

and B, mesons from oné and ones. Like the neutralK mesons, the neutrdd 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. ICP were a good symmetry, the mass eigenstates would als@rbe
eigenstates, namely under(& transformation they would transform into themselves with a
definite eigenvaluée-1. But sinceCP is not a good symmetry, the mass eigenstates can be different
from CP 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 8 are B° = bd andB' = db. (The convention is thaB? is the

isospin partner of3*; therefore it contains thiequark. This is similar to thé& mesons, wher&™®,

the isospin partner ok, contains the quark.) The conventional definitions for thi& system

areB, = bs andB, = 35b. Unless explicitly stated the following general discussion applies to both

B systems, and a similar notation can be used als&foor D° 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-1fg, and K5 for the long-lived and short-lived state,
respectively. For the neutrdl 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 neutr@lmeson flavor eigenstates,
a| B°) + b B"), (1.7)

is governed by a time-dependent Sudtinger equation

%(Z) :H<Z> E(M@%F)(Z) (1.8)

for which M andI” are2 x 2 Hermitian matricesCPT invariance guaranted$,; = Hs.
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The off-diagonal terms in these matricéd;, andI';,, are particularly important in the discus-

sion of CP violation. They are the dispersive and absorbtive parts respectively of the transition
amplitude fromB° to B (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
two W exchanges. The large mass of thenakes the QCD calculation of these quantities much
more reliable than the corresponding calculationfomixing. The dispersive pari/,., is clearly
short-distance dominatedd., 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 argumentaafark-hadron duality(see Chapter 2) to relate this quantity

to the corresponding hadronic quantity. This is similar to the calculatioR,of -, the ratio of

hadron to leptonic cross-sections fore~ scattering. While there is no rigorous argument that
qguark-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 fol',, that is expected to be valid up to corrections of ortle¥N. and/orA/m, where

N¢ = 3 is the number of colors andl 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 effect§ohecause 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 altép, as is discussed in Chapter 13, Section 13.2.

The light B, and heavyBy; mass eigenstates are given by
|B1) = p|B°) +q[B"), (1.9)
[Bu) = p|B%) ©4/B"). (1.10)
The complex coefficients andg obey the normalization condition
lal* + [p]* = 1. (1.11)

Note thatarg(q/p*) is just an overall common phase foB;) and |By) and has no physical
significance.

The mass differencAmpg and width difference\l’'s between the neutrd® mesons are defined
as follows:

AmB = My <:>ML, AFB =TIy <:>FL, (112)
so thatAmp is positive by definition. Finding the eigenvalues of (1.8), one gets
1 1
(Amp)? <:>Z(A1“B)2 = 4(| M, |? @Z|r12|2), (1.13)
AmBAFB == 4R€(M12FT2) (114)
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1.2 Neutral B Mesons 7

The ratiog/p is given by

_ Amp @Al 200, &4 (1.15)
2(M12 <:>§F12) Amp <:>§AFB

q
p
1.2.2 Phase Conventions

(This section follows the discussionin [9].) The stai¥sand B’ are related througb'P transfor-
mation:
CP|B%) = ¢%¢#|B%), CP[B’) = e %¢7|B"). (1.16)

The phasé 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,

1BY) = e7¢|B%, |B,)=¢"|B", (1.17)
has therefore no physical effects. In the new basistransformations take the form
i(Eg—¢) R0 -0 —2i(Ep—
(CP)(|BY) = e¥¢2=O[By), (CP)(|B;) = e 2279 BY). (1.18)

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

Miy = €My, T, = €T, (q/p)c = ¢ *(¢/p). (1.19)

Decay amplitudes, defined by
Ay = (f|H|B°), (1.20)
A = (f|HB"), (1.21)

are also affected by the phase transformation (1.17):
(Af)e = e Ay, (Ap)¢ =4y (1.22)
From the transformation of states (1.17), and the transformatigpyah (1.19), one learns that
|Bre) = €'|Br), |Buc) = €| Bu), (1.23)

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

Similar phase freedom exists in defining tHE transformation law for a possible final stgtand
its CP conjugatee®¢/ f. The quantity¢; depends on the flavor content pfand is related to the
quark flavor symmetries:( u, s, d) of the strong interactions.
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8 A CP 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 Bgth) and A; acquire overall

phase redefinitions when these phase rotations are made, the quantity

_ady

\ =
p Ay

(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 phasethe CP transformation

law (1.16) is the following. Ifl¢/p| = 1, it is always possible to choose(@ 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, theBtatan 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 defifiBdransformation) even without

CP violating phases in the decay amplitude.

1.2.3 Time Evolution of Neutral B; Mesons

The two neutralB; mesons are expected to have a negligible difference in lifetime,
AT, /Tp, = O(10?). (1.25)

Note thatAI' g, has not been measured. The difference in width is produced by decay channels

common toB° andB’. The branching ratios for such channels are at or below the levélof

As various channels contribute with differing signs, one expects that their sum does not exceed the
individual level, hencé\l'p, < I'p, is a rather safe and model-independent assumption [10]. (For
B? mesons the lifetime difference may be significant [11].)

On the other hand\m g, has been measured [12],
From (1.25) and (1.26) one learns that, model-independently,

ATy < Amp. (1.27)
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Equations (1.25) and (1.27) imply that, @®(102) accuracy, Egs. (1.13), (1.14) and (1.15)
simplify into
Amp = 2|Ms|, Al'p =2Re(Mi2I'7,)/[Mis], (1.28)

q/p = €| Mia| /M. (1.29)

Any B state can then be written as an admixture of the st@jeand B;,, and the amplitudes of
this admixture evolve in time

ag(t) = aH(O)e_iMHte_%FHt, ar(t) = aL(O)e_iMLte_%FLt. (1.30)

A state which is created at time= 0 as initially pure B®, is denoted BY, .), it hasa(0) =

phys
az(0) = 1/(2p). Similarly an initially pureB", |§ghys>, hasaz(0) = <ax(0) = 1/(2¢). The time
evolution of these states is thus given by

By (1)) = g1 (£)|B°) + (¢/p)g-(t)[B"), (1.31)
Bonys () = (p/a)g—(1)|B%) + g.(£)|B"), (1.32)
where
gi(t) = e Mg T2 cos(Amp t/2), (1.33)
g_(t) = e ™M T2 5in(Amp t/2), (1.34)

andM = 1 (My + My).

For some purposes, it is useful to go beyond the leading approximati%r,lﬂlme relevant expres-
sionis:

L= e (5]
—=—2|1ls-TInl—]]. 1.35
p |M12| 2 M, ( )

1.2.4 Two-Time Formalism for Coherent B B States

At a B factory, that is are*e™ collider operating at thé&'(4S5) resonance, th&®° and B’ mesons
produced from the decay of theare in a coherent = 1 state. One way to view this state is that
each of the two particles evolve in time as described above for a sthgldowever they evolve

in phase, so that at any time, until one particle decays, there is always exactly’ el one

B 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 tw® or two B decays, whose probability is governed by the time between

the two decays.
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The two particles from the Upsilon decay are identified by the afigihat they make with the™
beam direction in the Upsilon rest frame. Then the /state

Sty ty) = S{Blys(ts,0,0)Bypys by, w 0,6+ )
EBopys (7,0, 8) By (ty, ™ <0, ¢ + 7)) sin(6) (1.36)
can be written as

Sty ty) = Jse /M0 fcos[ Amp (ty <5t,) /2)(BYB, < B} BY)

isin[Amp (t; <) /2)(LBYBY 4By B,)} sin(f)), (1.37)

wheret; is the proper time of thé3;, the B particle in the forward half-space at angly <

7/2, ¢r) andt, is the proper time for the backward-movifty, at (7 <6, ¢; + 7). Since theB’s

have equal (though back-to-back) momenta in this frame, until such time as one or the other of
these particles decays = #, and Eq. (1.37) contains o8’ and oneB’. However decay stops

the clock for the decayed particle. Then the terms that depesthphm g (t; <t,)/2] begin to

play a role.

From Eqg. (1.37) one can derive the amplitude for decays where one of thB’snecays to any
statef; at timet; and the other decays {fo at timet,. One obtains
A(tl, tz) = %67“‘/2‘”]\4)(“ +t2)C(t1, tz){COS[AmB (tl <:>t2)/2](Ale @ZlAz)
) sin[AmB (tl <:>t2)/2](§A1A2 @%leg)} Sin(Hl), (138)

where A, is the amplitude for a° to decay to the statg, A, is the amplitude for B’ to decay

to thesamestatef; (see Egs. (1.20) and (1.21)). Any state that identifies the flavor of the parent
B (‘tagging decays’) has eithet; or A; = 0. (The fact that sif{r <) = -sin@) is used to
write Eq. (1.38) withd; running over angleg0, 7).) In Eq. (1.38) to keep signs consistent with

Eq. (1.37) the shorthand
. —|—]_ tl - tf, t2 == tb’
C(hsta) = {<:>1 ty = ty, ty =ty

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

(1.39)

It is now straightforward to calculate the time-dependent rate for producing the combined final
statesf;, f». One finds

R(ty, 1) = Ce™" O (| Ay ” + [A,*) (| s + [A,[?) 4 R@(%A’{Zl) Re(gA;Za
cos(Amp(t ©t2))[(|AL? A7) (|As)? & [ + 4Im(%A’{ZI)Im(%A§Z2)] (1.40)

+2sin(Amp(t ©t))[D (%A’{Zl)(maf S a4 <A zm(gA;m)]}.
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Here an integral over all directions for eithBrhas been performed, so the angular dependence
has dropped out of the expressions, and an overall normalization fact@s appeared. The
approximatiori¢/p| = 1 has also been used.

To measure&’P asymmetries one looks for events where égheecays to a final'P eigenstatgp

at timet;, while the second decays to a tagging mode, that is a mode which identificitaitsr,

at timet,,,. For example, take a tagging mode with = 0, 4, = A,,. This then identifies the
other B-particle as &3’ at timet, = t,, at which the tag decay occurs. Note that this is true even
when the tag decay occurs after tHe eigenstate decay. In this case the state of the dtragrany
timet; < t.,; Must be just that mixture that, if it had not decayed, would have evolved to become
aB’ attimet; = t,,. The double time expression reduces to the form

R(ttaga thP) = Ce_r(ttag+tfop)|Ztag|2|Af0P|2{1 + |)\fOP |2
+ COS[AmB (thP <:>tt8bg)] (1 <:>|)‘fop |2) =2 Sin[AmB (th'P <:>t‘ﬂé‘«£’;)] Im()‘f(rp)} (1-41)
where

qu,' qu
Nor = 5 2% = Miop s 1222 (1.42)

The second form fok_,, here uses the property

chp = nfCPZ_ (1-43)

fep?

wherer;., is the CP eigenvalue of the statf.». The amplitudesd;,, andA , are related

by CP and differ only in the signs of the weak phase for each term, wmlg = il so the
second form is useful in calculating the expected asymmetries, and explains the extra minus sign
that appears for &P odd final state.

For the case where the tag final state Has= 0, A, = Atag, Which identifies the second particle

as aB at timet,,,, an expression similar to Eq. (1.41) applies, except that the signs of both the
cosine and the sine terms are reversed. The faci¢liat = 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-dependéfit asymmetry[13], is given by

(1 <A opl?) cos(Ampt) <2Im Ay, sin(Ampt)
L+ |)\fO’P|2

, (1.44)

Afcp =

wheret = ty.,, Sliag-

It is useful to note that the above expressions can be integrated over the vesiatig, which for

t; > 0 andt, > 0 can take values betweéh <t,| and infinity. Thus one can fit the dependence

on the variable; <, without having to measure thHE decay time. The fact that the variable

t; <t 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 théactory. If one had to integrate over
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this variable as well all information on the coefficientsaf(Ampg(t; <)) would be lost in the
above expressions, and the experiment would be sensitive only todiibselating effects that
give |A| # 1. (Note that this is a consequence of the coherent production of th&tstates, in a
hadronic environment, where thgs are produced incoherently, time-integrated rates are always
integrals fromt = 0 to infinity and hence retain information about the(Amzt) behavior.)

1.3 The Three Types ofCP Violation in B Decays

The possible manifestations 6 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 it6€'P conjugate process have different magnitudes;

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

3. CP violation in the interference between decays with and without mixing, which occurs
in decays into final states that are commorBtband B’. (It often occurs in combination
with the other two types but, important forH8Rr, there are cases when, to an excellent
approximation, it is the only effect.)

In each case it is useful to identify a particut@P-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 statg, the quantity|%§| is independent of phase conventions and physically mean-
ingful. There are two types of phases that may appearfiandZT.

Complex parameters in any Lagrangian term that contributes to the amplitude will appear in
complex conjugate form in th€’P conjugate amplitude. Thus their phases appeat irand

ZT 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 id, 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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A second type of phase can appear in scattering or decay amplitudes even when the Lagrangian is
real. Such phases do not violaf#, since they appear i, andZ? 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 tbin three parts: its magnitud;, its weak-phase
terme’i, and its strong phase teref:. Then, if several amplitudes contribute BY — f, the
amplitudeA ; (see (1.20)) and th€P conjugate amplitudé7 (see (1.21)) are given by:

Af — ZAiei(fSierh‘), ZT — 2il&—¢B) ZAiei(tsi*dh‘)’ (1.45)
where¢; and¢p are defined in 1.2.2. (If is aCP eigenstate thee?s = +1is its CP eigenvalue.)
The convention-independent quantity is then

Ay
Ay

_ > Aiei(fﬁ*dﬁi)

_ ‘—Zi el (1.46)

WhenCP is conserved, the weak phasgsre all equal. Therefore, from Eqg. (1.46) one sees that
|A7/Asl #1 = CP violation. (1.47)

This type of CP violation is here called”P violation in decay It is often also calledlirect

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

i.j
Any CP asymmetries in chargeld decays,

(BT = f)eT(B™ = f)
YTIBT S HAB S ) (1.49)

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

_1eA/AP

_ =AAr 1.50
T A/AR (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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14 A CP Violation Primer

evidence forCP violation in decays. (As explained in 1.6.3, a measuremefot’. # 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 accuratdfdecays than folX 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

WhenCP is conserved, the mass eigenstates muétfbeigenstates. In that case the relative phase
betweenM, andl';, vanishes. Therefore, Eq. (1.51) implies

(1.51)

]Llf} 3 Iﬂi2
]Vfiz &L F12

l¢/p| #1 = CP violation. (1.52)

This type of CP violation is here called’'P violation in mixing it is often referred to asdirect
CP violation. It results from the mass eigenstates being different fromCtReeigenstatesCP
violation in mixing has been observed unambiguously in the neutral kaon system.

For the neutraB system, this effect could be observed through the asymmetries in semileptonic

decays:
D(Bppys(t) — CrvX) ST (BYy
ag) = —0

[(B s (t) = (v X) + T'(B)

phys

() = 0 vX)

(t) = t-vX) (1.53)
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1.3 The Three Types ofCP Violation in B Decays 15

In terms of|q/p|,

_ Lee/p*
sl — Wa (154)
which follows from
(v X |H|By () = (a/p)g-(1)A*, (CTvX|H|Bpy(t)) = (p/q)g- () A. (1.55)

As can be seen from the discussion in Section 1.2.3, effeat§’ofiolation in mixing in neutral
By decays, such as the asymmetries in semileptonic decays, are expected to b& grtiat).
Moreover, to calculate the deviation@fp from a pure phase, one needs to calculateand M.
This involves large hadronic uncertainties, in particular in the hadronization moddls,fofhe
overall uncertainty is easily a factor of 2-3|ifyp| <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 neutraB decays into finalUP eigenstatesf.p [14, 15, 16]. Such states are
accessible in bottB° and B’ decays. The quantity of interest here that is independent of phase

conventions and physically meaningfuhisf Eq. (1.42) A = nfopz%iiof’ WhenCP is conserved,
lg/p| = 1, |A ./Ajc»| =1, and furthermore, the relative phase betweg/p) and (A5 onl Ator)

vanishes. Therefore EqQ. (1.42) implies
A#+1 = (P violation. (1.56)

Note that bothCP violation in decay (1.47) and'P violation in mixing (1.52) lead to (1.56)
through|\| # 1. However, it is possible that, to a good approximatigrip| = 1 and|4/A4| = 1,
yet there igCP violation:

A =1, ZmX#0. (1.57)
This type of CP 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 OF violation has also been observed in the neutral kaon
system.

For the neutraB system'P violation in the interference between decays with and without mixing
can be observed by comparing decays into fir¥dleigenstates of a time-evolving neutfalstate
that begins at time zero d’ to those of the state that begins aBa

F(thys( ) — fCP) <:>F(Bphys( ) - fCP)

. (1.58)
[(BYys(t) = for) + T(Bops(t) — for)

Afcp =
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It was shown above (1.44) that this time-dependent asymmetry is given by:
(1 €| Afop|?) cos(Ampt) ©2Tm Ag,, sin(Ampt)
fop = 5 . (1.59)
1+ |)\fCP|

This asymmetry will be non-vanishing if any of the three typeé&'Bfviolation are present. How-
ever, for decays such thgt| = 1 (the ‘clean’ modes — see below), (1.44) simplifies considerably:

arop = SIm g, sin(Amp t) . (1.60)

One point concerning this type of asymmetries is worth clarifying. Consider the decay amplitudes
of BY into two different finalCP eigenstates4, andA,. A non-vanishing difference betweep\,
andnb)\b, . .

s mhs = 4 (j— @%ﬁ 0, (L.61)
would establish the existence 6P violation in Ab = 1 processes. For this reason, this type of
CP violation is also called sometimes “direcf’ violation.” Yet, unlike the case af’P violation
in decay, no nontrivial strong phases are necessary. The richness of possililé&fieigkenstates
in B decays makes it very likely that various asymmetries will exhibit (1.61). (A measurement
of B(K; — mvw) 2 10! can establish the existence [17, 18, 19] of a similar effectsa= 1
CP violation that does not depend on strong phase shifts.) Either this type of observation or the
observation of’P violation in decay would rule out superweak modelsd@®t violation.

CP violation in the interference between decays with and without mixing can be cleanly related to
Lagrangian parameters when it occurs with(1® violation in decay. In particular, foB; decays

that are dominated by a singl&’-violating phase, so that the effect 6f violation in decay is
negligible,a;,, is cleanly translated into a value f@m A (see (1.60)) which, in turn, is cleanly
interpreted in terms of purely electroweak Lagrangian parameters. (As discussedmeloy,
which describe€'P violation in the interference between decays with and without mixing in the
K system, is cleanly translated into a valuesef, the phase betweel,,(K) andl'»(K). Itis
difficult, however, to interprep,, cleanly in terms of electroweak Lagrangian parameters.)

When there igCP 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 (seeg.,[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 fddecay that have'P 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 CRP Violation in the Standard Model

1.4.1 The CKM Picture of CP Violation

In the Standard Model (SM) [24] ofU (3)c x SU(2); x U(1)y gauge symmetry with three
fermion generationg,P violation arises from a single phase in the mixing matrix for quarks [3].
Each quark generation consists of three multiplets:

UI
Q= (pf) = B2 vh=BDiya. dy=(1) 1, (1.62)

where(3, 2) 1/ denotes a triplet afU (3), doublet ofSU(2), with hyperchargé” = Q 715 =
+1/6, and similarly for the other representations. The interactions of quarks withtie)
gauge bosons are given by

1 —
Ly = @ig@iﬂ“TalijQijWﬁa (1.63)

wherey# operates in Lorentz space, operates ir6U(2);, space and 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 g¢outagt, /,

of the Standard Model are given by

Ly = @GijQ—iigzﬁd%j @F}jQ—iigz;uf{j + Hermitian conjugate, (1.64)

whereG and F' are generatomplex3 x 3 matrices. Their complex nature is the source” bt
violation in the Standard Model. With the spontaneous symmetry breakin@), x U(1)y —
U(1)gy due to(¢) # 0, the two components of the quark doublet become distinguishable, as are
the three members of th&* triplet. The charged current interaction in (1.63) is given by

1 N
Ly = %guiiv”lijdijwj the. (1.65)

The mass terms that arise from the replacerfi@it’) — \/g(v + HY) in (1.64) are given by

1 — 1 —
Ly = ﬁ\/;vGijdiidéj ﬁ\/;vﬂjuiiuf{j + Hermitian conjugate, (1.66)

namely
My =Gv/V2, M, = Fu/V2. (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

Voo MgV, = MO#8 Vo MV, = M3, (1.68)
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WhereM;1iag are diagonal and real, whilg,;, andV,; are complex. The charged current interac-
tions (1.65) are given in the mass eigenbasis by

1 —
Ly = %gu—muvij%wj +hec.. (1.69)

(Quark fields with no superscript denote mass eigenbasis.) The rW&&iWuLVdJ‘L 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 in by a transformation

where P, and P, 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:

qri = (Py)iqri, qri — (Py)iiqri, (1.71)

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

the elements of’, and P; can be chosen so that the transformation (1.70) eliminates five of the
six independent phases from; thus V' has one irremovable phase. This phase is called the
Kobayashi-Maskawa phase [3]xy, 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 remov&alliolating
phases — that theory could not accommodakeviolation 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 possilifeviolation. To see this, recall théP
transformation laws (1.4) and (1.5),

iy — ijia V' W1 Sy5)0; — Ejfyuwu(l E75) . (1.72)

Thus the mass terms and gauge interactions are obvi@iBigvariant if all the masses and
couplings are all real. In particular, consider the couplinglof to quarks. It has the form

gVijﬂi%W“L“(l <:>’Y5)dj + g\/;;dj%W_“(l <:>’}/5)ui. (173)
The CP operation interchanges the two terms except thaandV;* 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 frbis can be
written as a condition on quark mass differencég: violation requires

(mi mg)(mg <my) (mf <my) (my <mg)(mg <myg)(my <mg) # 0. (1.74)
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1.4 CP Violation in the Standard Model 19

(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 &, then the phase could be removed.
Finally, CP would not be violated if the value of the single phase were @.ofhese last eight
conditions are elegantly incorporated into one, parameterization-independent, condition [25]. To
find this condition, note that unitarity of the CKM matriX,V’'' = 1, requires that for any choice
ofi,jk1=1,2,3

3
Im[Y/”Vkﬂ/;’ﬂ/};;] =.J Z e,-kmejln. (175)

m,n=1

Then, the conditions on the mixing parameters are summarized by
J #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]:

Im{det[MyM}, M, M} #0 < CP violation. (1.77)

This is a convention-independent condition. The quantitg of much interest in the study of
CP violation from the CKM matrix. The maximum value thdtcould in principle assume is
1/(6v/3) ~ 0.1, but it is found to be< 4 x 10~?, 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 independer@P-violating phase makes the possildl&-violating effects in this theory

all very closely related. It is this that makes the patterr'6f violations in B decays strongly
constrained in this model. The goal of tBefactory 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]:

—id
C12C13 S512C13 513€

V = | 512023 @012323312,?“5 C12C23 @3128235136@ S23C13 |, (1.78)
812523 <:>C12023813€“5 125923 <:>812023813€“5 C23C13
wherec;; = cos ;; ands;; = sin §;;. In this parameterization

J = 0120230%3812823813 sin 0. (179)

This shows explicitly the requirement that all mixing angles are different fromi2 ands # 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 folCP violation:

VadVis + VeaVes + ViaVis = 0, (1.80)
VsV + VesVay + VisVip = 0, (1.81)
VuaVap + VeaViy + ViV = 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).

@)

(b)

D

7-92 (C) 7204A4

Figure 1-1. The three unitarity triangles &)4V;; = 0, b)V;,V;; = 0, and c)V;4V;;, = 0, drawn to
a common scale.

It is instructive to draw the three triangles, knowing the experimental values (within errors) for the
various|V;;|. 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 leading decays (the first triangle) and in the leadiBgdecays (the
second triangle). Decays related to the short sides of these triangles (for example, Tv7)

are rare but could exhibit significantP violation. The most exciting physics ¢fP violation

lies in the B system, related to the third triangle. The openness of this triangle predictsl&rge
asymmetries irB 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 equiglt/2.

3. The sign of/ gives the direction of the complex vectors.
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Figure 1-2. The rescaled Unitarity Triangle, all sides dividedgyV..

The rescaled Unitarity Triangle (Fig. 1-2) is derived from (1.82) by (a) choosing a phase convention
such that(V,,V;) is real, and (b) dividing the lengths of all sides by,V.;|; (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 denote@sby). It is customary these days to express the
CKM-matrix in terms of four Wolfenstein parametdrs A, p, n) with A = |V,;| = 0.22 playing

the role of an expansion parameter an@presenting thé'P-violating phase [27]:

1o A AN (psin)
V= )\ 11X AN +O(M). (1.83)
AN (1 &psin) ©AN? 1

A is small, and for each elementin the expansion parameter is actualty 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

s19= N, s93 = AN s13¢70 = AN3(p <in). (1.84)

This specifies the higher order terms in (1.83).
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The definition of §, A, p, n) given in (1.84) is useful because it allows an elegant improvement of
the accuracy of the original Wolfenstein parameterization. In particular, upX¢) ©g¢rrections,

Vis = A, Vi = AN, Vi = AN3(p i), (1.85)
Vig = AN} (1 &P &i7), (1.86)
Im Vg = <A’ Ny, ImV,, = @AM, (1.87)
where
p=p(1&X/2), 71=n(l=)/2). (1.88)

These are excellent approximations to the exact expressions [28]. Depicting the rescaled Unitarity
Triangle in the(p, 77) plane, the lengths of the two complex sides are

1 <:>)\2/2 Vub 1 Wd

Ry=\/p?+7m> = —"—|—|, Ri=+/1&p?2+1n?=~|—|. 1.89
b= \PP T N, (1=p)?+7 i (1.89)

The three angles of the Unitarity Triangle are denotedhy and~ [29]:
o = arg l@&ti’] , [ =arg [<:>V0d—cf] , (1.90)

VudViy ViaViy
The third angle is then
v = arg l@%d—vufl =1 Sa s, (1.91)
VeaVih

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

The angles gives, to a good approximation, the Standard Model phase between the rieutral
mixing amplitude and its leading decay amplitudes. It is interesting to define the analog phases for
the B, meson 3, and theK meson 5y

VisVi Ves Vi
Bs = arg [@%1 , [x = arg [&ﬁ] . (1.92)
csVeb us ¥ ud

The anglesi; andx 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 termsaid7. For example, the
following two relations are useful:

20[7° + p(p 1))
7 + (1 <p)?Im* + 77

sin 2a =

sin 2 = - 27(1 <7) (1.93)

2+ (1ep)*
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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

|Vaua| = 0.9736 = 0.0010. (1.94)
Semileptonic kaon and hyperon decays give
|Viis| = 0.2205 + 0.0018. (1.95)
Neutrino and antineutrino production of charm off valedaguarks give
|Vea| = 0.224 £ 0.016. (1.96)

SemileptonicD decays give
[Ves| = 1.01 +0.18 (1.97)

Semileptonic exclusive and inclusivgdecays give
V.| = 0.041 £ 0.003. (1.98)
The endpoint spectrum in semileptor¥adecays gives
Vis/Vis| = 0.08 £ 0.02. (1.99)

Using unitarity constraints, one can narrow some of the above ranges (most noticeably, that of
|Vs|) and put constraints on the top mixings;|. 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

0.9745 <0.9757  0.219 <0.224 0.002 <0.005
[V|=1 0.218<0.224 0.9736 <0.9750  0.036 <0.046
0.004 <0.014 0.034 <0.046  0.9989 +<0.9993

(1.100)

Note that the only large uncertainties argif),| and|V;,4|. 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 usefu’P conserving indirect measurement, namely a Standard Model loop level pro-
cess, is mixing in thes® B’ system. The experimental result is

AmB
Ty =

= 0.73 £ 0.05. (1.101)

BO
Note that this value averages over measurements at(the) of

_I'B"—=("X)
METB X))~ 2(1+43) (1.102)

and measurements at tié of
Amp = x4/Tpo. (1.103)

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

G> .
My = %UWB(BBfé)m?fz(m?/m%v)(th ) e e, (1.104)
Tg = 27| Mys|. (1.105)

In EQ. (1.104) the quantity is a QCD correction factor anfl(y) is a kinematic function calculated
from the box diagrams. Both are positive quantities. Using [B2)f2 = (1.2 + 0.2)(173 +
40 MeV)? andm,; = 174 + 16 GeV as input, (1.105) gives

Vs Vial = 0.009 + 0.003, (1.106)

which significantly improves over the unitarity constraint (1.100).

The above ranges for thg;’s give the following 90% CL range for théP-violating measureJ|:
|J| = (3.0 1.3) x 107° sind. (1.107)

1.5 ExpectedCP Asymmetries — Standard Model Predictions

1.5.1 CP Violation in Mixing

As mentioned above, in thB, system the resulf,, < M, is model independent. Moreover,
within the Standard Model and assuming that the box diagram (with a cut) is appropriate to
estimatel';,, one can actually calculate the two quantities from the quark diagrams of Fig. 1-3.
The calculation gives [10]

Ty _ 3 1 m%( gmzv;bv;z> (1.108)

My~ 2 folmZ/mi)ymi " 3mZ ViV
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This confirms the order of magnitude estimdie,/M;2| S 1072, The deviation ofig/p| from
unity is proportional taZm(T";5/M;,) which is even further suppressed by another order of mag-
nitude. Thus, to a very good approximation,

9_ Mo _ ViV sie, (1.109)
p M| ViV
Note that (1.108) allows an estimate@® violation in mixing, namely
q 1 F12 4 m2 J 3
le|=|==Im = — ~107°. 1.110
‘p‘ 2 Mz fo(mi/miy) mi Vi Vigl? ( :

The last term is the ratio of the area of the Unitarity Triangle to the length of one of its sides
squared, so it i€)(1). The only suppression factor is thém?/m?). The uncertainty in the
calculation comes from the use of a quark diagram to deséhband could easily be of order
30%, but not three orders of magnitude. (A similar expression to (1.109) holds fexcept that

the last terms ig/|V;,V,%|* ~ 1072, 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 photériboson. In certain

cases the latter contribution can be significant because it is enhanced by ald¢fai? which

partially compensates the relative suppression of electroweak versus QCD couplings.
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Tree Diagrams:

QCD Penguin Diagrams:

Figure 1-3. Quark diagrams contributing todecays.

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 descriptiéhdecays 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 amplitudesifer ¢gg' can always be written as a sum of three

terms with definite CKM coefficients:

Alqqq’) = Ve Vi P;, + VeV Tz 6ge + Py) + Vas Vi (Tuwg 6qu + Py ) (1.1112)
Here P and1" denote contributions from tree and penguin diagrams, excluding the CKM factors.

As they stand, thé” 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
Egs. (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 ofigs decays it is convenient to remove thgV: term. Then

A(cEs) = Vi Vi (Tizs + PC < PY) + Vip Vi (PY < PY),
A(utis) = Vi Vi (PE <P + Vi Vi (Tuas + PP & PY), (1.112)
A(sss) = VaVi(Py &P + Vi Vi (P <F;).

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 direa®P violations. (Note that terms — dds, which have only penguin contributions,

mix strongly with theuus terms and hence cannot be separated from them. Phtesms in

A(ums) include contributions from bottids anduas diagrams.)

In the case ofjgd decays the three CKM coefficients are all of similar magnitude. The convention

is then to retain thé&},V;, 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 theqcasesor

d, since neither has a tree contribution either term can be removed. Thus the amplitudes can be
written

A(ced) = Vi V(P& PY) + Vi Vi (Teea + P§ < PY),
A(uad) = Vi Vi (P & PS) + Vi Vi (Tuzg + PY < P5), (1.113)
A(ssd) = VaVig(PpePy) + VaVy(Pi < PY).

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-llliopoulos-Maiani) suppressed. However, particularly for in modes with no tree
contribution,(s3d), the interference of the two terms can still give significant di&@tviolation,

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

REPORT OF THEBaBArR PHYSICS WORKSHOP



28 A CP Violation Primer

contribution from a tree diagram is of order

PlePE
TPT = ~ n .
Tqaql 12'/T mg

2
My

(1.114)

This is a factor of0(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 additiQpdlr or «,, /7 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 analyzB 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 th&8 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

(FIHenli) oc D _(FIQu(10)]i) Cilp), (1.115)
k
wherep 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
(f1Qr(1)]7), the latter are described by perturbatively calculable Wilson coefficient functions

Ci(n).
In the case ofAB| = 1, AC = AU = 0 transitions one finds

Het = Heit(AB = 1) + Heg(AB = <1)7 (1.116)
with
Gr 2 ) 10
Ha( 3B = 1) = S| 5 v, {z QU Culi) + 3. Q! ck(m} S @)
j=u,c k=1 k=3

Here G denotes the Fermi constant, the renormalization sgake of O(m;,), the flavor label
qin{d,s} corresponds té — d andb — s transitions, respectively, an@;! are four-quark
operators that can be divided into three categories:
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(z) current-current operators:
Q1" = (@ads)v-a(J gba)vn

B (1.118)
3 = (Gaa)v-a(J5bs)v-a
(¢7) QCD penguin operators:
Q3 = (Taba)von X g (T5)v-a
Q= (Tabs)vea Xy (T30 )v-a (1.119)
Qf = (Qoba)v-n Xy (T5qs)v+a
Q8 = (@ubs)vea g (Tsqh)vea
(1i1) EW penguin operators:
7 = 5(Gaba)v-A 2.q €q (Q3d5)v+A
Q7 b g e (T5q5)
Tobs) vea Xy eq (T, ) vea
’ B (1.120)

aba)v-a g e (Taas)v-n

qa __
10 —

Q
o
I
N[W Nw NIw  Nw

)
)
Taba)
Tubp) ven Xy e (Tp0)vA-
Here o and 5 denoteSU(3)c color indices, \AA refers to the Lorentz structureg,(1 £ 7s),
respectivelyg’ runs over the quark flavors active at the sgale O(my), i.e., ¢ in{u,d,c,s,b},

ande, 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 type— quc andb — gcu with ¢in{d, s}, 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 factars, and

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

1.5.4 Decay Asymmetry Predictions in the Standard Model —
General Patterns

As mentioned above, dire¢tP violations require two contributions to the decay process which
differ in both their strong phases and their weak phases so|#yat| # 1. Purely leptonic

and semileptonic decays are dominated by a single diagram and thus are unlikely to exhibit any
measurable directP violation. Nonleptonic decays often have two terms that are comparable in
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magnitude and hence could have significant di€gewiolations. The theoretical calculation 6P
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 studyingP 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, @irect
violations could be significant and the neutral decay asymmetries cannot be cleanly interpreted in
terms of CKM phases.

1. Decays dominated by a single terin— c¢¢s andb — sss. The Standard Model cleanly
predicts zero (or very small) dire¢tP violations because the second term is Cabibbo sup-
pressed. Any observation of large diréd®-violating effects in these cases would be a clue
to beyond Standard Model physics. The mo#es— 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 terin=— céd andb — uud. The expectation that penguin-only
contributions are suppressed compared to tree contributions suggests that these modes will
have small direcCP 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 contributior> vus. The tree amplitude is suppressed by
small mixing angles},,V,’,. The no-tree term may be comparable or even dominate and
give large interference effects. An examplésis— pK.

4. Decays with no tree contributiori: — ssd. Here the interference comes from penguin
contributions with different charge 2/3 quarks in the loop. An examplg is K K.

5. Radiative decaysh — sv. The mechanism here is the same as in dasgrcept that the
leading contributions come from electromagnetic penguins. An exampleisK *~.

Recent CLEO results oB(B — Kr) 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, itis possible
thatb — wud 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 — ¢q's while the second givels— ¢q'd.

The lastline in the first table of Table 1-1 are methods to measure theqaimgl®, — D K decays.

These modes have no penguin contributions, but can have difeetolation due to interference

of D and D" in decays to common final state€? decays tac-flavor-distinguishing states are

then used to measure individual amplitude strengths. Thus the valueasf 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 dire€tP violation studies inB; — D7m or B, — DK

decays through interference of commbf andD’ channels [36, 37]. Here one of tli&-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 btetate. Rates will be small, but

the directCP violation could be a large effect. Tagging via the secéhi$ necessary to identify
b-flavor. Charged3 — 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 — ¢ Ky is an example of Class 1. A new ingredient in the analysis is the effect of
K <K mixing. For decays with a singl& in the final stateX <> K mixing is essential because
B - K° andB° — K", and interference is possible only dueRos K mixing. This adds a

factor of
p VesVea —2fg
— =_—¢ 1.121
(2), ~vir A
into (A/A). The quark subprocess B — YK isb — ccs which is dominated by th&V -
mediated tree diagram:
Ayks <VcbV*> <Vcs Z) 9iep
= — <L) e 7B, 1.122
Ayres VgV ) Vi (1122
The CP eigenvalue of the stateig x, = <1. Combining (1.109) and (1.122), one finds
VieVia \ [ VeoVis\ [ VesVeb :
AMB = pKg) = o 2t e ) [ e — Im \yk. = sin(20). 1.123
o o) (157) (152) = o =sen. a2

The second term in (1.112) is of order sin® §. for this decay and thus Eq. (1.123) is clean
of hadronic uncertainties t@(10~*). This measurement will thus give the theoretically cleanest
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Table 1-1. Decay modes fos — qq's andb — qq'd
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determination of a CKM parameter, even cleaner than the determinatiandpf from K — 7/v.
(If B(K; — mvv) were measured, it would give a comparably clean determinatisim ¢f[39].)

The channeB — ¢ 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 @pwigenstate. 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 accuracgyirf@rs, but on the other hand the
branching ratio to this channel is somewhat higher and it appears to be dominated by &Bingle
eigenstate [40], so it may in fact give comparably accurate and equally clean results.

A second example of a theoretically clean mode in ClassA is ¢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@der
compared to the first. ThusP 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 Ahecase, and the
asymmetry is proportional tan(243).

The same quark subprocesses give theoretically cléaasymmetries also i, decays. The list
of clean modes is given in Table 1-1.

The best known example of Class 2is — nw. The quark subprocess bs— uud which is
dominated by thél’-mediated tree diagram. Neglecting for the moment the second, pure penguin,
term in Eqg. (1.113) one finds

Zﬂ'ﬂ' VubV*d —2i€p
= N e 5B, 1.124
A?Tﬂ' 1 VJqud ( )
The CP eigenvalue for two pions i$-1. Combining (1.109) and (1.124), gives
ViV VeV,
AB—rtr7) =2 td) ( ud “”) — T Ay = sin(20). 1.125
( )= (T (s o). (125)

The pure penguin term in Eq. (1.113) has a weak phagél;V},), different from the term with

the tree contribution, so it modifies bafim A and (if there are nontrivial strong phases) Recent

results from CLEO suggest that tile— K rate is comparable to or larger than the— 7 rate.

This in turn indicates that the penguin contributiole— w7 channel is significant, probably%

or more. This then introducé&s” 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
Bt — 77 andB® — 7°7° as well as the correspondidg”® conjugate processes. The rate for
770 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 structére-are
p’7® andB — a{7°. Again an analysis involving the isospin-related channels can be used to help
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eliminate hadronic uncertainties fro@P violations in the decays. Channels suctpasanda,p
could in principle also be studied, using angular analysis to determine the mixiife @en and
CP-odd contributions.

The analysis ofB — DD~ proceeds along very similar lines. The quark subprocess here is
b — céd, and so the tree contribution gives

ViV VaVe
AB — D*D") = () [ ) — T A pp = ©sin(2 1.126
(B — ) =Np+p (thV}Z TV m App sin(203) ( )
sincenp+p- = +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 dase ¢=°. 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 predictR@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 ddfinRbotons and’ -

bosons on the other hand contribute to more thanohéansition 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 penguiis 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 addition@P-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®f and B’ 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
betweenz, and|V,,V;,| which led to Eq. (1.106) and a change in the relationship between the
phase ofy/p and the phase dfy,V};;. However, since all\; have a common factay/p, it would

not change the relative phases between varlgus

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 théC System

This section briefly reviews th& system in order to understand (a) the similarities and differences
between neutrak” and neutralB mesons and (b) the implications ©P violation as measured in
K decays for future measurementsifiecays.

1.6.1 The Neutral K System

In marked difference from the neutrBlmesons, the neutrd meson states differ significantly in
their lifetimes:

7¢ = (0.8927 + 0.0009) x 10 s, 7, = (5.174£0.04) x 10 ® s, (1.127)

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

|Ks) = plK°) +q|K"), (1.128)
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K1) = p|K°) <q[K), (1.129)

namelyATl'x < 0 by definition. (Thep, ¢ coefficients are of course different in the and K
systems. The notatiofy/p) for the ratio in theK system is used wherever the distinction is
necessary.) The mass difference in fiesystem is measured to be

Amyg = M, & Mg = (3.491 4 0.009) x 10 GeV. (1.130)
Equations (1.127) and (1.130) provide a convenient empirical approximation:
Al ~ L2Amg, (1.131)

which is quite different from thé3, system (1.27).

The calculation ofq/p) x according to (1.15) proceeds a little differently than for fhecase. To
understand the situation in th€ system, it is useful to define a phagg according to
M12 _
FIZ

ez, (1.132)

SinceCP-violating effects in thel{ system are known to be smafl;, < 1, so that¢;, can be
used as a small expansion parameter. To leading ordsgs ifcqs. (1.13) and (1.14) give

Consequently, Eq. (1.132) can be rewritten, to first order inas

My Amy .

In some arbitrary phase convention,
[y = [Tpple %%, (1.135)
Using (1.134) and (1.135), gives from (1.15):
(g) = ¢itx {1 iy i ;
K 1+ (50 )
Thus(¢/p)k is, to a good approximation, a pure phase. Actually, (1.136) implies that i6#he

limit (¢, = 0), the CP transformation law i€ P|K?) = e%¢<|K°). The K and K}, states are
CP eigenstates t®(¢5) ~ 10~2 approximation.

(1.136)

As a result of the large lifetime difference between the neutral kaons, kaon experiments can easily
separate the mass eigenstates and investigatnd K s decays independently. This is impossible
in B experiments, so there one will follow the decaysf, . (1) andﬁghys(t) instead.
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To compare the effects @fP violation in mixing, note that Egs. (1.133) and (1.28) imply that
l¢/p|k and|q/p| g, are both very close to L'P violation in mixing is then small in both systems.
However, while for theB; system the reason for that is the small lifetime difference, inkhe
system the reason is the smallness of the relevV&aviolating phase.

Finally, consideiCP 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 finil’ decays into finaCP eigenstates wherel/A| = 1to a

good approximation: for example, thel = 1/2 rule implies that’ — 7%7° andK — #*7~ are

both dominated by a single strong phase. The difference in wigth,s completely dominated

by the two pion intermediate state and therefore

arg(l) = arg(A’Q‘WZQW) = arg(ZZW/AQW). (1.137)

In the approximation that4,, /A,,) is a pure phase, thus

Zzﬂ— AFK —2i¢
_ — o 2K 1.1
A, oy, © (1.138)

(See (1.135) for the last equation.) However, Eq. (1.136) shows that in the approximation where
q/pis a pure phase, itis given lgyp = €%¢x . Thus, the prediction fofP? asymmetry inkK — 27
which is clean of hadronic uncertainties is simply zero:

AME = 7m) =1 = TmApy =0, (1.139)

It should hold (as it does!) t®(10?). To learn something abodtP violation it is necessary to
go beyond this approximation and use

Zﬂﬂ. 1 + - ATk
q T = L iy —— (1.140)
p m 1 + (QATTLKK)

Thus a value ofy;; can be cleanly extracted from measurementé'Bfviolation in K — 7.
However, the translation af,, into electroweak parameters requires the knowledge of either the
long distance contribution td/;, or the matrix element of the relevant four quark operator between
K° andK’ 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) measuredindecays [1]. A number of complementary
measurements have been madg.asymmetries in the semileptonic decays,
D(Kp — 7 ty) T(KL — 70 m)

F(KL — 7T_€+l/z) + F(KL — 7T+€_74) ’

5(0) = (1.141)
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have been measured, giving
§(p) = (3.0440.25) x 1072, d(e) = (3.33£0.14) x 1072, (1.142)

These asymmetries are manifestation§'Bfviolation in mixing:

_ Lelg/plk (1.143)
1+ |g/pl%
hence the statement above thaly| is very close to unity.
The asymmetries in the two-pion channels,
0.0 + -
= TR = ey .144)
have been measured:
00| = (2.275 4+ 0.019) x 1073, g = 43.5 & 1.0°, (1.145)
Ine_| = (2.285 £0.019) x 1073, ¢, _ = 43.7£0.6°. (1.146)
A straightforward evaluation gives
- pAgo <q Ao 1A _ pAL AL _leA (1.147)

) 77 - — - .
pAg +qApy 1+ pA,_+qA,_ 1+ _

As shown belowy),, andn,  are affected by all three types 6P violation: |¢/p| # 1 and
Im )\ # 0 give O(103) effects, while[A/A| # 1 gives anO(109) effect.

1.6.3 Theeg and ¢ Parameters

There is a possible contribution to (1.147) from dirégt violation. This is due to the fact that
there are two isospin channels, leading to fifzal) ;_, and(27),;_, states:

(m°7° = \/7 (77) 1=0] <:>\/7 (77) 1=2], (1.148)
<7['+7T_| = \/g«ﬂ'ﬂ')[ 0|+\/;<(7T7[')[ 2| (1149)

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

Ay = ((zm)|H|K), A; = ((x7);|H|K"). (1.150)
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Experimentally,|A;/Aq| =~ 1/20. Instead ofjy, andrn,_ one defines two combinations, and
¢, in such a way that the possible dirédP-violating effects are isolated intq;.

The definition of: x is

1 1)\
= - 2n, ) =
EK 3(7700+ Ne) T+,
where), = (¢/p)x(As/Ao) and the equation holds to first order.in /A, (at zeroth ordery, =
n._ = £g). As, by definition, only one strong channel contributes gpthere is indeed no direct
CP violation in (1.151).

(1.151)

Note that: i is a manifestation af'P violation in both mixing and the interference between decays
with and without mixing (to see this explicitly, examine Egs. (1.136) and (1.140)):

Alg

q 2Am
‘— o1 = gp— 22" (1.152)
A
DPlk 1+ (QAEHKK)
A i <ALk
2~ 1 @G) A—“ = gzsm%. (1.153)
p K 0 1 + (QATTLKK)

As ATk ~ <2Amg, the deviation ofq/p| x from unity (CP violation in mixing) and the deviation

of Zm[(q/p)x(Ao/Ap)] from zero CP violation in the interference between decays with and
without mixing) are bothO(#;2) and thus contribute te, at the same order. One can interpret
Egs. (1.152) and (1.153) to imply thRe(z ) is a manifestation of P violation in mixing while
Im(ck) is a manifestation o€’P violation in the interference between decays with and without
mixing. As (1.153) predictsrg(cx) ~ 7/4, the magnitudes of the two phenomena are similar.

One can define’, by

£k

(14— ©100) = (1.154)

wl|

2(Aoo &A1) _1lq (@ ©Z+>
3(1 + )\00)(1 + )\+,) 6p AOO A+, ’

where the last equality used (1.145) which gigs~ A, =~ 1. One can further evaluate (1.154)
in terms of A, and A, with the help of the relationships given in Eqs. (1.148) and (1.149). The
approximationsq/p)(A4y/Ao) ~ 1 and|A,/A4,| < 1 give

5\’ :Lé
V214

In the derivation of (1.155), since it is a good approximation to replgigewith a pure phase,

one sees that there is M@ violation in mixing in¢%. Equations (1.154) and (1.155) imply
that Re(e'y) is a manifestation of P violation in decay whileZm (<, ) is a manifestation o€’P
violation in the interference between decays with and without mixing. For recent experimental
results, see [44].

') gin () Sy). (1.155)
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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 interestiirphysics 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 experiment®anesons. 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
constanty; instead, itis 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 intrinsicallgd 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
my, m. — 00, Where a “spin-flavor” symmetry yields a variety of predictions for heavy-hadron
spectroscopy and semileptonic decays. For ChPT, the limit,isn,, m; — 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 # 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 Bfphysics, 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 asn, — oo. It will not be possible in this chapter to discuss or even enumerate all

of the models which are used i 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 @l 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 isomethingvhich is meant by “thé mass” because to say that thquark

is heavy is to say that the parametey is large compared tdqcp. Whatever thé mass is, it is
presumably somewhere close to 4 or 5 GeV. But the situation becomes more complicated when
one tries to pin dowm:, more precisely than that.

On the one hand, it is known that theuark acquires its mass from its coupling, of strengtio

the “Higgs vacuum expectation value; som; = A\,v. 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 B, which is used to define the theory. In perturbation theory,
there is also a pole in thtequark propagator, the position of which corresponds to the rest energy
of a freely propagating quark. This “pole mass” is closer to an intuitive notion of an invariant,
relativistic mass. Unfortunately, because of confinement, a freely propadatingrk 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 finitecdrddence 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
massesn, (1), which are defined with additional subtractions in the infrared.

An analogous variety of-quark masses is defined in lattice calculations. While it is typically
understood how these lattibemasses 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 thiequark masses which appear in QCD sum rules. Finally, there are the
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many quark masses introduced in models, which are free parametersowigjforous 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 in, 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 makeadefined on the

lattice consistent with one defined in the continuum, and impossible to make a model-dependent
my, consistent with either. Hence there can be limtgrinciple 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 stud/roksons 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 whiélgaark decays nonleptonically. The
virtual quarks and gauge bosons have virtualifieshich vary widely, fromAqcp to My, and
higher. Roughly speaking, these virtualities can be classified into a variety of energy regimes: (i)
p> My, (i) My > po>> my; (i) my, > p> Agen; (V) @~ Agep. Each of these momenta
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Figure 2-1. The nonleptonic decay oftaquark.

corresponds to a different distance scale; by the uncertainty principle, a particle of virfuality
can propagate a distancex 1/ before being reabsorbed. At a given resolution, only some

of these virtual particles can be distinguished, namely those that propagate a distancer.

For example, ifAx > 1/My, then the virtuallW" cannot be seen, and the process whereby it

is exchanged would appear as a point interaction. By the same tokexy asreases toward
1/Aqen, fewer and fewer of the virtual gluons can be seen explicitly. Finallyfor Aqgcp,

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 patrticles. This is important both conceptually and practically. First, itis
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 gsgalesu, appear together

can lead to logarithmic corrections of the fommIn(z/ps), which forln(u, /ps) ~ 1/a, 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 bfjaark,b — cud, which is mediated by the decay of
a virtuallW boson. Viewed with resolutionz < 1/My, the decay amplitude involves an explicit
W propagator and is proportional to

(ig2)*/4

2.1
Tl (2.1)

ey (1 = ¥°)bdy, (1 — 7°)u x

wherep* is the momentum of the virtudd’. Sincem, < My, the kinematics constraing <
M, so the virtuality of thé¥V is of order My, and it travels a distance of ordef My, before
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decaying. Viewed with a lower resolutionnz: > 1/My,, the proces$ — cud appears to be a

local interaction, with four fermions interacting via a potential whichddanction where the four

particles coincide. This can be seen by making a Taylor expansion of the amplitude in powers of
2 2

p* [ My,

2 4

2
E | P — 2.2)

eyH (1 — 75)63%(1 — 75)u X M e

The coefficient of the first term is just the usual Fermi decay constgnt,/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 propagatiohlobason
betweentwo spacetime points, is identical to the matrix element of the following infinite sum of
local operators:

&E*y”(l — )b |1+

V2

(i0)*  (i0)*

4+ |dy, (1= 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 agpamator product expansions

valid so long ag? < M3,. For B decays, the external kinematics requipgs< m3, so this
condition is well satisfied. In this regime, one may consider a nonrenormalietibteive field
theory, with interactions of dimension six and above. The construction of such a low-energy
effective theory is also known asatching As it is nonrenormalizable, the effective theory is
defined (by construction) only up to a cutoff, in this cddg-. The cutoff is explicitly the mass of

a particle which has been removed from the theoryp@grated outlf 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 powgt&\déf,. To agiven order

in p? /M2, 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 orde? jidZ3, 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 ordgy/ M3, ~ 102,
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Figure 2-2. The nonleptonic decay oftaquark at one loop.
2.1.3 Radiative Corrections

At tree level, the effective theory is constructed simply by integrating outitheoson because

this is the only particle in a tree-level diagram which is off-shell by ortlgr. 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 momefituare allowed to

take all values in the loop integral. However, the integrand is cut off both in the ultraviolet and
in the infrared. Folk > My, it scales agl*k/k®, which is convergent ak — co. Fork < my,

it scales asl‘k/k3my, M7, which is convergent as — 0. In between, all momenta in the range

my < k < My, contribute to the integral with roughly equivalent weight.

As a consequence, there is potentially a radiative correction of agde(My, /m,). Evenifa,(u)

is evaluated at the high scale= My, such a term is not small in the limit/y;; — oo. At n loops,

there is potentially a term of order? In"( My, /my). ForagIn(My, /my) ~ 1, these terms need

to be resummed for the perturbation series to be predictive. The technique for performing such a
resummation is theenormalization group.

The renormalization group exploits the fact that in the effective theory, operators such as
Or =" (1 =)0 djy(1 = %)’ (2.4)

receive radiative corrections and must be subtracted and renormalized. (Here the colo¥ emtices

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 independenirof

the renormalized effective theory it must be the case that the operators are multiplied by coefficients
with a dependence gmwhich 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,

Orr =" (1 — ) djy,(1 — ), (2.5)
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is induced at one loop. The interaction Hamiltonian of the effective theory is then

Hexr = Cr(p)Or(p) + Crr(p)Orr (1) (2.6)

and it satisfies the differential equation
d
p—Her = 0. (2.7)
dp

By computing the dependence prof the operator$); (), one can deduce thedependence of
the Wilson coefficient€’; (). In this case, a simple calculation yields

ot = |(4480) " (2t 29

For u = m,, these expressions resum all large logarithms proportioné} to" (My /my).

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

(Drley" (1 —9°)buvu(l —~°)d|B). (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 didigh as
Because of this, they should naturally be evaluated at a renormalizatiornus&al&/y;,, in which

case large logarithmBi(My,/m;) 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
C;(my). As promised, the physics at scales negy has been separated from the physics at scales
nearmy, 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
1~ Agep << my, explicitly resumming all perturbative QCD corrections.

2.1.4 Example Il: Penguins and Box Diagrams

In the previous example of nonleptonic decays, the ope€tappeared 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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t

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

YT dy, T, (2.10)
which mediates nonleptoni8 decay, or
by d by, d (2.11)

which is responsible foB°—B° mixing. Penguins can also lead to new flavor-changing magnetic
interactions, such as

sot TG, (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
logarithmsa? In" (M, /my).

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. > m, and accounting for it systematically in a double
expansion in powers ef, andm, /My, wherelMy, 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 compleie = 1 effective
Hamiltonian responsible faB 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 irb 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 m;, and below. The previous
section discussed how physics at higher scales is accounted for in QCD perturbation theory because
at high energies;; (1) /7 < 1. Althoughm, < My, at this “low” energy it is still the case that
as(my)/m = 0.1 < 1, andAqep/my ~ 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 thé quark in aB meson is different from that of a virtudll’ in a weak decay because
theb is real, not virtual, and th& carries nonzeré-number which persists in the asymptotic state.
Hence it is not appropriate to integrate out thie the same sense as thé was integrated out,
removing it from the theory entirely. Rather, when bound into a hadron with light degrees of
freedom of typical energieB ~ Aqcp, theb makes excursions from its mass shell by virtualities
only of orderAqcp. What can be integrated out is not théself, but rather those parts of the

field which take it far off shell. The result will be an effective theory of a statjoark, in its rest
frame.

Processes with hard virtual gluons, which drive &Har off shell, will lead to perturbative correc-

tions in the effective theory of order,(m,). They may be included as before. In additippyer
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 ofdeg.p/my)". The appearance of

the scaledqgcp 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 semilepf®diecays), it will be
useful to treat the quark as heavy, that is, to perform an expansion also in powets@f/m..
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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 hadréfyy composed of a heavy quark and “light degrees

of freedom” consisting of quarks, antiquarks, and gluons, in the limjt— oo. The Compton
wavelength of the heavy-quark scales as the inverse of the heavy-quark\gassl /mq. The

light degrees of freedom, by contrast, are characterized by momenta oflyagrcorresponding

to wavelengths\, ~ 1/Aqcp. Since), > Ag, 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 actuahlue of \p. Although the structure of the hadrdi 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 afdgl, < mg, against which the
heavy quark) does not recoil. In this limit}) 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 independeniofthen so is the spectrum

of excitations. It is these excitations which determine the spectrum of heavy hadronSince
thesplittingsA; ~ Aqcp between the various hadrof, are entirely due to the properties of the

light degrees of freedom, they are independer® @ind, in the limitng — oo, do not scale with

mq. For example, ifn,, m. > Aqcp, then the light degrees of freedom are in exactly the same
state in the mesonB; and D;, for a giveni. The offsetB; — D, = m;, — m.. is just the difference
between the heavy-quark masses. By no means does the relationship between the spectra rely on
an approximatiomn, ~ m..

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 nusgber 1, which leads to

a chromomagnetic moment, «x g/2mg. Note thatu, — 0 asmg — oo, 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 insensitiveg; their state is independent of whethg} = % or

S = —%. Thus each of the energy levdls and D; is actually doubled, one state for each value

of S§. 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 e, eld). (2.13)

The result is arfU (4) symmetry which leads to nonperturbative relations between physical quan-
tities.

REPORT OF THEBaBArR PHYSICS WORKSHOP



54 Introduction to Hadronic B Physics

Suppose the light degrees of freedom have total angular momesitumhich is integral for
baryons and half-integral for mesons. When combined with the heavy-quarji@pin%, physical
hadron states can be produced with total angular momentum

J=|l+3]. (2.14)

If J, # 0, then these are two degenerate states. For example, the lightest heavy mesons have
Jy = % leading to a doublet witli = 0 and.J = 1. When effects of ordet/m are included, the
chromomagnetic interactions split the states of givebut different.J. This “hyperfine” splitting
is not calculable perturbatively, but it is proportional to the heavy-quark magnetic mgment
Sinceyg o« 1/mg, one can construct a relation which is a nonperturbative prediction of heavy-
guark symmetry,

My — My = M. —m3,. (2.15)

Experimentallyyn?. — m% = 0.49 GeV? andm?. — m2, = 0.55 GeV>. The correction to this
prediction is of ordert?.,(1/m. — 1/m,) ~ 0.1 GeV?, 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-velacity= v(1,v). The symmetry

will then relate hadron#l,(v) and H.(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 therigit> oo

of the QCD Lagrangian. This is done by making the dependence of all quantities explicit,

and then developing the Lagrangian in a series in inverse powers.ofThe 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 virtualitigswhich are allowed satisfy < m,, with effects of greater
virtuality absorbed into the coefficients of higher dimension operators. The difference is that in
this case, the heawyquark is not explicitly removed from the effective theory.

In the heavy-quark limit, the velocity* of the b quark is conserved. Thus one may write its
four-momentum in the formp)’ = m,v* + k*, wherem,v” is the on-shellpart andk* is the
residual momentumln this decompositioni* ~ Aqcp represents the fluctuations jtf due to
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the exchange of soft gluons with the rest of themeson. Only the on-shell part of scales

with my,. Also, mixing between the “quark” and “anti-quark” components of the Dirac spinor is
suppressed by powers @i, the mass gap between the positive- and negative-energy parts of the
wavefunction. Hence an effective heavy-quark fielccan be defined,

1 :

h,(x) = %’é e (), (2.16)
where the Dirac matriXl + ¢)/2 projects out the “quark” part of the field. Furthermore, since
i0"h,(x) = (p — mpv*)h,(x) = k*h,(z), derivatives acting oh, scale aslqcp, rather than as
my.

The next step is to express the QCD Lagrangias; b(il) — my)b, in terms of then,-independent
field h,. At lowest order inl /m,, the result is

LHQET == EU w - th . (217)

At leading order,Cyqrr respects the heavy spin and flavor symmetries explicitly. Both bottom
and charm quarks can be treated as heavy by introducing separate effectivéfielrsd 1)

and duplicatingCuqrr. The theory has a simple heavy-quark propagator and quark-gluon vertex
which are manifestly independentaf, and have no Dirac structure.

The effective theory is also expanded perturbatively.ifmn,). In particular, the quark mass, is
shifted tOm,‘,’Ole, thepole masstn 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 thd? meson may be expanded in powersof
mp :mb+/T+ O(l/mb), (218)

whereA ~ Aqcp 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
parameterl depends on the flavor, excitation energy, and total angular momentum of the light
degrees of freedom.

When one includes the leadingm, . 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,

Lo = L (01 4+ 09) = L (EU(iD)QhU +hyzgG ,,U‘“’hv) (2.19)

2mb 2mb 2 a ’

neglecting terms which vanish by the classical equations of motion. Note that the “kinetic”
operatorO, violates the heavy-flavor symmetry, while the “chromomagnetic” operaiaiolates
both the spin and flavor symmetries. When radiative corrections are included, the opgrator
renormalized, and its coefficient develops a logarithmic dependeneg.on
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The subleading operato$, andO- contribute to the mass of the meson through their expecta-
tion values,

A1 = (B| h,(iD)?h, |B)/2mp , (2.20)
Ao = (Bl hy39 G ot hy |B) [6my . (2.21)
The matrix elements\; and )\, are often referred to by the alternate namés= —)\; and

pZ, = 3\y. The parameten? actually differs from\, in that it is defined with an explicit infrared
subtraction. Because they are defined in the effective theory, the parametansl \, do not
depend onn,. The expansion ofz nhow takes the form

A+ 3)
mp =mp+A— 222
2mb
mB*:mb+/T—)\1_)\2—l—.... (2.22)
my

BecauseD, violates the heavy-spin symmetry, it is the leading contribution to the splitting be-
tween B and B*. From the measured mass differende, ~ 0.12GeV2. On the other hand,

the parametersl and \; must be measured indirectly. Estimates from models yield the ranges
200MeV < A < 700MeV and —0.5GeV? < A; < 0. Measurement of various features
of inclusive semileptonid3 decays will provide experimental information ohand )\; in the
future.

2.2.4 Application of the HQE to B Decays

A variety of applications of the HQE t& 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
S0 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
and1/m, (or 1/m., as appropriate)? With what accuracy are the parameters known which
appear in the expansion?

2. Whatotherassumptions or approximations have been made, beyond those that go into the
HQE itself?
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2.2.4.1 Exclusive semileptoni@ decays

The paradigmatic application of heavy-quark symmetry is to semileptBrdecay in the limit

my, m. — 0. This decay is mediated by the quark transitior> ¢ /7. Suppose the weak decay
occurs at timg = 0. What happens to the light degrees of freedom? Sincé theark does not

recoil, fort < 0 they see simply the color field of a point source moving with veloeitjt ¢ = 0,

this point source changes (almost) instantaneously to a new veldcthye 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 functign) of the product = v - v/

of the initial and final velocities of the heavy color sources.

Clearly, the kinematic point = v/, 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 @t As far
as the light degrees of freedom are concernething happensHence 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 masseg and, especiallyn,.

The weak decay — cis mediated by a left-handed current'(1—~°)b, which can also change the
orientation of the spiy, of the heavy quark during the decay. Since the only difference between a
D and aD* is the orientation of,., heavy-quark symmetry implies relations between the hadronic
matrix elements which describe the semileptonic de¢ays D(v andB — D*(v. 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 §ow), a powerful constraint on the
structure of semileptonic decays.

Now consider more closely the structure of the theoretical expansion for the deeayD* (7,
which may be used to measure the CKM matrix elemiEpt. Near the zero-recoil point, the tran-
sition is dominated by a single form factaér,, (w), with the normalization conditioh 4, (1) = 1

in the heavy-quark limit. For generalz andm -, the differential decay rate may be written

dr
F G5 |V |? K (mp, mp-, w) F?(w), (2.24)

whereK (mg, mp,w) is a known kinematic function anfl(w) has an expansion at = 1 of the
form
F(1) = nalay) |1+ Yi %0 (1/m§)] . (2.25)
me myp
The perturbative function, (o) has been computed to two loops, with the regylte 0.960. The
leading HQE corrections arise at ord¢n; . rather than at ordelr/m,, ., 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 powets, @ind1/m, . 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@ as 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 thelusivedecayB — X., whereX. 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 héayyark 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 tlhkequark) 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 thguark 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 akcal parton-hadron dualityis an example of a crucial assumption
which lies outside of the HQE itself. What is its status? Clearly, local duality must hold as
my, — oo With all other masses held fixed. In this limit, wavelengths associated with djoark

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,ftarge but

finite. There is no analog of the heavy-quark expansion appropriate to this question, and no way
to estimate systematically deviations from the limig — oo. Although we will incorporate an
expansion in powers/m,, 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 inclusivB decays, is notindependently verifiable except by the direct confrontation
of theoretical calculations with the data.

For semileptonid3 decays,B — X, /7, 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 simpdiakty, while

global dualitywas first introduced to describe the technical assumption that one can neglect distant
cuts in computing the semileptoni¢ decay rate, which is an important and distinct issue. Both
terminologies remain in use in the literature.)

In essence, the argument is as follows. {.&e the momentum carried away by the leptons. The
semileptonic width is an integral of a differential width, written schematicallgidglg, which

must be calculated under the hypothesis of local duality. For certain ranggggdfnear its
kinematic maximum), local duality clearly fails. Howevei; /dq has a known analytic structure

as a function of;, with cuts and poles, corresponding to thresholds and resonances, which are
confined to the real axis. If the integration contouirs deformed away from the resonances,

into the complex planethen 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 oyemposes an average over the invariant mggsf the
hadrons in the final state, which smears out the effect of resonances when they do contribute. This
property, that quantities averaged ovgrmay be computable even when differential ones are not,

is global duality. The most important feature is #raearingof the perturbative calculation over

the resonance region. Note that global duality does not apply to purely hadsodécays, for

which s = m% 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 semiléptonic
decay width takes the form

G% |Vub|2
19273

A1 — 9\

2
2mj)

D(B — X, (7) = md |1 -2412% 4 +o. (2.26)
T

The leading corrections to this expression are of order, /m, and1/m3. Note that thel /m?
corrections are far more tractable than in the exclusive decay: first, belcau$eloes not appear,

and second, because they may all be written in terms of the two pararhetard)\,, one of which

is already known. Finally, note the strong dependence on themmasghich is equivalent via the
mass expansion (2.22) to a dependenceloriThis 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 cdse-otX . (v

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
of B 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
massm,;, 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 i phenomenology; one is usually required to analyze
guantities 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 descriBenesons 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. As,, m,, my — 0, the quarks of left and right helicity decouple
from each other. In this limit, the invariance of the Lagrangian separately under rotations among
(ur,dr,s) and(ug, dg, sg) gives rise to arU(3);, x SU(3)g chiral flavor symmetry. In the
QCD vacuum, this symmetry is dynamically broken to the diagonal subgf@i), by the

quark condensatéj,¢;) # 0. As a consequence, there are eight Goldstone bosons in the light
spectrum, which we identify with the physical K, andn. Since the actual, d, ands-quark
masses are small but nonzero, the<, andn are light but not exactly massless.

The spontaneous breaking of chiral symmetry is characterized by a.$gale 1 GeV, which

is related to the value of the quark condensate. For light masses:, m, < A, and small
momentap < A,, QCD exhibits a separation of energy scales which can be used as the basis
for an effective field theory. Thishiral Lagrangiandescribes low-energy interactions in a sys-
tematic expansion in powers pf A, andm,/A,. Since the fundamental degrees of freedom, the
eight “pions” 7, K andn, are the Goldstone bosons associated with the spontaneous symmetry
breakingSU (3), x 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 mAtgx which is in turn
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exponentiated,
Eab = [eXp (2ZH/f7r)]ab ) (227)

wheref, ~ 130 MeV is the pion decay constant anch are flavor indices which take valuesd,
or s. The unusual looking field’ has the property that it transforms simply und&¥(3), x
SU(3)r.

The chiral Lagrangian is the most general function*oftonsistent with the symmetries, con-
structed order by order in powers bf/,.. At lowest order, the Lagrangian is completely fixed,

2
L="7 0, T+ ..., (2.28)

where the flavor indices are summed over and the ellipsis indicates operators suppresed by
The exponential form of th&' 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 df order
Hence for external momenja< A, they can only appear as virtual states. Their effect on the
effective theory is reproduced by higher dimension operators involVinguch as

2
A—%(Tr 0" st £t0,%0,5] (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 asr—K radiative reactions or—r scattering, are accurate at th@-30% level, although in
some cases, such as the extractioflgf| from K — =/(v, 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 tal, ~ 1 GeV.

2.3.2 Heavy-Hadron Chiral Perturbation Theory

Although heavy hadrons have masses much larger dhait 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 d@cayr(v. 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 facfan¢?) which determines the differential rate
can be determined reliably. For a sufficiently soft pion, the dominant contributiéh te 7/(v
comes from the process whefe — B*m, with the virtual B* then decaying leptonically. The
strength of theB — B*r transition is proportional to a universal coupling constgrwhich may
be determined from the rate for the deday — D=. The amplitude folB — = /7 at lowest order
in HHChPT is then

_ 9ME s/

2

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 thé? and B* vanishes, whereas the energy gap to the nearest excited resonance
remains finite. Thus, for arbitrarily soft pions, tii is the only resonance which can affect the
form factor. Note that the heavy- and light-flavor symmetries reflateD and D, states to the3,

so there are analogous form factordin— K/v, D, — K(v, andD — n/(v.

(2.30)

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 ther has momentump = 2.3GeV > A,. If one attempts to use the chiral
Lagrangian here, one finds that the effects of higher dimension operators, which sgglé,as,

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 productia® (-~ 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 i 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 hypothesiaabrization,which applies to certain

two body nonleptonic decays. A simple exampleBis— 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 thiepair 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 betweeanreiie 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, theid pair has a large invariant mass, then the quarks will interact strongly with
the medium. In this case, their reassembly into a singkeextremely unlikely. As a result, it is
reasonable to hypothesize that the deBay» D~ is dominated by the former scenario, and that
the matrix element actually factorizes,

(Dr|ey*(1 = 2°)bdy,(1 —2°)u|B)y = (D|ey*(1 — 7°)b|B) x (x| dy,(1 —+°)u0). (2.31)

The result is something much simplefr| dv,(1 — 7°)u |0) is related tof,, and (D|ey*(1 —

7%)b | B) may be extracted from semileptonfitdecays. 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
scalen, 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 nonlepbdiecays,
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 précessX v, it would be

useful to re-express the combination

Cy 51”7”(1 - 75)0j Eﬂu(l - ’75)bi + Oy gﬁu(l - ’75)Ci Eﬂu(l - 75)bj ) (2.32)
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wherei and;j are color indices, as
(Cy + %Cg) (1 = 7°)esy (1 — )b+ 20 e Ty (1 — °)e s Ty, (1 — 7°)b. (2.33)

Then the first term can be factorized in the sense of Eq. (2.31), while the second cannot. If the
coefficientCﬁ%Cg of the factorizable term is large, that isGH%OQ > 2C5, 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 nonlep#@®miecays, 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 factorizationyasuum saturation.The
computation of B°~B° mixing requires the hadronic matrix eleme{®°| by*~v°d by, d | B°),

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, sirbeé~>d bvy,v°d is an indivisible local operator.

The result is of the form

(B°|0y"y°dby,y°d|B") = AfgmgBp, (2.34)

where A is a known constant anéz absorbs the error induced by keeping only the vacuum
intermediate state. Deviations 8fz from unity parameterize corrections to the ansatz. Vacuum
saturation becomes exact in the formal limit — oo, whereN, 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 valugfowhich is close to unity. One

may use HHChPT to estimate the uncertainty in the light-flavor dependence of thBatiBp, .

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,

7 = [1aAIaB Jidus] 'SP, (2.35)

where thefunctional integralis over all configurations with given gauge potentigl and quarks
;. The action,

S(Auawia 1/%) = /d4l’ [_% GIWG;W + %(2@ - g"A - m)wz +.. } ) (236)
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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 theorys to perform the integral in the action by discretizing space-time

on a grid of spacing, and then to comput& by summing over a finite but representative set of
configurations ofd* and+;. 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 nonleptoiidecays orr—r 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
guenchedor valence approximatignn 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 coupdireg the lattice scale. But in most cases,
guenching 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 capabledt flops, some
unguenched calculations will become feasible. Then it will begin to be possible to study the effects
of quenching in more quantitative detalil.

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 massn ~ 100 MeV or larger and then extrapolate to physieal ~ 5 MeV andm, ~ 10 MeV.

The nature of this extrapolation is strongly affected by quenching. It is also necessary to work at
nonzero lattice spacing, and finite overall lattice sizé, extrapolating taz — 0 andL — oo

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 she&tic approximation, nonrelativistic QGand
improved actionsThe 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

REPORT OF THEBaBarR PHYSICS WORKSHOP



66 Introduction to Hadronic B Physics

necessary because the Compton wavelength ob-tieark scales as/m; and is much smaller

than any lattice spacing in use, so fully dynamical 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 powelrgnof 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 oy which may be competitive with precision measurements attipele. Finally, it has been
understood how to “improve” the actidf(A,,, v, ;) 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 scalégdsthe result can be a

significant saving in computer resources.

In summary, the lattice will continue to be an important toolBphysics, 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 céfstard the splittings

in theY 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 tHaGay sum rulesThe

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 Brqinysics.
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 curkgnbq can create & meson, or
other excited stateB,, with the same quantum numbers. Sinceltij@ark is static, the appropriate
measure of the mass of a state is the excitation engrgy (m3, —m;)/2m,, which is independent
of m;, asm;, — oo. The object of study is the two point function

(w) =1 / d*a ™ (0] T{qy’ho(), huy°q(0)} 10) , (2.37)

wherew = v - k is the energy injected into the correlator. For generathe correlatodI(w)
receives contributions from all intermediate stalgs Hencell(w) may be written in the form

F?
Mw)=Y —"—
() —~ Up — w — i€’
whereF,, is the coupling of the current to the excited st&{e 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.

(2.38)

The goal is now two-fold: first, to compute the correlator (2.37) in QCD, and second, to isolate
the contribution of the ground stafe to the sum (2.38), so that its properties can be extracted.
These two goals conflict, as they require different limitsuofA perturbative calculation of the
correlator is appropriate fas far from resonances; > Aqcp, Or even better, in the unphysical
regionw — —oo. On the other hand, the ground state will only dominate the suma small and

near theB resonance. The compromise is to work in a regime of intermediatéere 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 rewrit€l(w) as a dispersion integral over its imaginary part, which receives
contributions from real intermediate states,

M(w) = /OOO dy%, (2.39)

wherep(r) o ImII(v). 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
thatp(v,) = F? at each point, global duality allows the two expressiong¥ar) to coincide once

both sides have been integrated. kdarge enough, it suffices to compute the dengity) as a

power series iny,. But for intermediatev, it is necessary also to include correctiondli@) of
orderl/w™. These corrections appear in the formcohdensatesiew nonperturbative quantities
characteristic of QCD. It is usually enough to include the condensates of dimeasipwhose

values have been extracted at th0% level from other processes:

(@q) ~ —(0.23 GeV)?
(,G" G,) = (0.45GeV)?,
(gqo" q G ) = —(0.40 GeV)® . (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 ewvermntr
asymptotically large.

The next step is to focus on the ground stBte The excited state®,, are all quite broad and
unlikely to induce rapid variations ifi(w), and it is assumed that above some scglehe integral

over the excited states can accurately be described by parton-hadron duality. Actually, it is hoped
that the scale,, may be chosen aghresholdjn 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
v > wg. The contribution of the excited states is then subtracted from both expressions, leaving an
upper cutoffu, on the dispersion integral (2.39), and only the ground state0 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 coupling and the energy of the ground staté#. To do so, one must

fix values for the threshold, and the energy, neither of which is givem priori. (In Borel sum

rules,w is exchanged for a “Borel parametef”) 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 thag andw usually may be chosen to make the sum rule
consistent and well behaved, there is no way to test whetheraihsistenthoice 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 choasjnandw, 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, tioarelativistic quark modelThis 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 o™ meson. In QCD, this state is a complicated collection of quarks, antiquarks, and
gluons, carrying overall flavor quantum numbers. Note that althoyghleas the flavor of ad

pair, there are in fact many, @, d, andd quarks in a*, and it is not correct to assign the flavor

of the overallp™ 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 thesenstituent: andd quarks are only indirectly related to the quarks

of QCD. They have large masses of order 300 MeV (in contrast tQ@B-currentquark masses

of 5 — 10 MeV), 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 dden@ehr”
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 émeld 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
guark 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 onds fitrysics

are listed here. The Isgur-Scora-Grinstein-Wise model is a version of the nonrelativistic quark
model which is tuned to the study of semileptoicdecays. The Bauer-Stech-Wirbel model

is a quark model on the light front, used for weBkand D 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 (Altarellial) model is used to
include initial bound state effects in inclusiveé 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 indispensableRool in
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 haéronic
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:

e Effective Hamiltonians and operator product expansions
— Dynamics of the Standard Moddhhn Donoghue, Eugene Golowich and Barry R. Hol-
stein, Cambridge University Press (1992)
— G. Buchalla, A. J. Buras and M. E. Lautenbactiey. Mod. Phys68, 1125 (1996)

e The heavy-quark expansion

— M. Neubert,Phys. Rep245, 259 (1994)

— M. Shifman, inQCD and BeyondProceedings of TASI 95, ed. D. Soper, World
Scientific (1996)

— B. Grinstein, inCP Violation and the Limits of the Standard ModBloceedings of
TASI 94, ed. J. F. Donoghue, World Scientific (1995)
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e Chiral perturbation theory
— J. Gasser and H. LeutwyldPhys. Re®7, 77 (1982)
e Lattice gauge theory

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

— S. Sharpe, if€P Violation and the Limits of the Standard Modetpceedings of TASI
94, ed. J. F. Donoghue, World Scientific (1995)

and
e QCD sum rules

— Stephan NarisorQCD Spectral Sum Ruleg/orld Scientific (1989).
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3

An Introduction to the B ABAR Experiment

The primary goal of theABar experiment is the systematic study@ asymmetries in the decays

of neutral B mesons. In addition to this, a sensitive measurement of the CKM matrix element,
Vs can be made, and a number of réteneson 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 atBw, 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 thaB8 will be able to measuré’P asymmetries
include the following:

e Forsin28: B® — Ji K%, B = JiWWK®, B® — Jip K*°, B® — DTD=, B® — D**D*~,
etc.

e Forsin2a: B —» ntn= , B > ot 7", B > ai7

The CP 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, howevee,g.,~ 10~° for .J/i» K and forr*7~, so that in excess af)” B° B® 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 ti? decay with respect to its production needs to be measured, as
(in most cases), the asymmetry cancels to zero in time-integrated measureméatsmaachines.

The BBar experiment was designed and optimized to achieve the goals specified above. The PEP-
Il B Factory was designed to deliver tiemesons to the experiment.

3.1 eTe~ B Factories and PEP-II

In the late 1980s, studies [1] indicated that the best souré&eroésons for such a physics program
was anete~ collider, operating at th&(4S) resonance, but in aasymmetrianode,i.e., with
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beams of unequal energy, resulting ## mesons with significant momenta in the laboratory
frame (the small Q-value of th¥#(4S) — BB decay results iBB mesons almost at rest in the
center of mass frame). This enables fBemesons’ decay times to be inferred from their now-
measurable decay lengths. The machine must also have unprecedented luminosity; of the order of
a few x10* cm=2s~!, or more, in order to provide enoughmesons. The PEP-B Factory was
designed with just these characteristics.

There are several advantages of ¢ie~ environment over the hadronic environment, for doing
such physics, namely:

A high signal-to-background ratio, with;/oror ~ 0.28.

Clean events, with a mean charged multiplicity~ofi 1.

Low interaction rates- 10 Hz (physics rate).

The possibility to reconstruct final states containirflg and photons, thereby allowing the
possibility to make measurements in many more channels.

Straightforward extrapolation from existing experiments.

There are two major advantages of th¢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, hamely
knowledge of the exact 4-momentum of the twWomeson system and also knowledge of the
momentum magnitudes of the tw® mesons individually in the center-of-mass frame. These
constraints help considerably in suppressing backgrounds.

PEP-1I 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 insafor 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 i8 x 1033 cm™2 s,

3.1.1 Cross-Sections at th& (4S)

The cross-sections for the production of fermion pairs afithes) are shown in Table 311 They
are discussed in more detail in Section 11.4.1.2. Bi cross-section can be calculated from

LAl quark-antiquark cross-sections excéptare calculated with théetset74  event generator for/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 gt = M (1 (4S)). Theete™ cross-section is the effective
cross-section, expected within the experimental acceptance.

ete” — | Cross-section (nb
bb 1.05
cC 1.30
S8 0.35
u 1.39
dd 0.35
Trr 0.94
whp 1.16
ete” ~ 40

known7'(4S) properties and the beam-energy spread of the machine. SincdBthdoBam spread

is very close to being the same as itis for CLEO, we take the peak cross-section obtained in CLEO
and adjust for the slightly larger beam spread expectedBBThis yields a peak cross-section of
1.05 nb with an uncertainty of less than 0.1 nb (td&BTDR [2] used 1.15 nb for most analyses).

While in principle thegg cross-section can be calculated if the valuécE o5/0,+,- 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 typigglevents. 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 fraratset74  with the usual photon-energy cutoff of 0.89....,,
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 th¥(4S) resonance, for the majority of its running. However,
off-resonance data are essential for all precision measurementsrason decays since Monte
Carlo simulations fo3 decay backgrounds from the continuum are less reliable than their direct
determination from real data (the ndhB physics (charm, tau,..) does not require any data
taking off thel'(4S) resonance since these data come simultanuously3ditavents). For decays
with very little background, likeB® — J/¥ K2 with background/signal ratioB/S < a few %,

a very high fraction of data taking on th€(4S) resonance gives the smallest error on e
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asymmetry for these events. For decays with higher continuum background’like 77—

with B/S = O(1), the smallest errors o8(B — "7~ ) and Acp(B — 77 ) are obtained

with a much larger fraction of continuum data taking. The same holds for all inclusive studies like
B — (v X. In this section, a recipe is derived for choosing the optimal fraction of continuum data
taking.

In order to reach a minimal error of), the cross-sectiox branching ratio for a signal, in the
presence of a continuum background with a magnitBd@or the analogous quantity), a given
integrated luminosity? = [ £ dt should be shared between two fractiofis- ¢) £ on theY'(4S),
andc.L in the continuum. Assuming that the error is predominantly statistical, the optimal value
for c depends oh = B/S. This can be seen as follows. The numbers of events off the) and

in the continuum are respectively

N(T(4S)) = (1 —c¢)L(1+b)S, N(continuum) = cLbS, (3.1)

so thatS can be obtained from
N(T(4S))  N(continuum)

5= (1-cL cL ' (3.2)
Propagating the errors, and substituting for Megives
_ A= LA+Db)S | LS iy
o(S) =] (= o)iL2 + Ve 1% = E-\/S/L (3.3)

where

E = E(c) = E(clb) = ’/c(itbc) . (3.4)

The functionE describes the increase of the error on the signal cross-section with respect to the
conditionb = ¢ = 0. Its dependence an for values ob between 0 and 1 is shown in Figure 3.1.2.

In all cases, the minimum obtained is very shallow, and wide rangegioé very similar statistical
errors for the signal cross-section. Table 3-2 gives the optimal continuum fraghon? (cuin ),
E(0.15)/E(¢min), andE(0.20) / E(¢min)-

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 ta: = 0, i.e.,with no continuum running at all.

This conclusion leads to a recommendation for the initial running conditiongBak:Bchoose

¢ = 0.174. At this continuum fraction, the errors on channels with no background increase by
exactly10%, the errors are minimal fdr~ 0.05, and the errors increase by less thatx for all b
values up to 0.40. Figure 3.1.2 shoWw$0.174, b), E(cmin, b), andE(0.174, b) / E(¢min, b), i.€.,the

error increase at = 0.174 with respect t&d = ¢ = 0, the error increase at the optimaland the

ratio of the two, as a function @t
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Figure 3-1. increase of the signal error with respecbte: ¢ = 0 as a function of the continnum
luminosity fractionc for various background to signal ratibs
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Table 3-2. The optimal fractiorc,,;, of continuum luminosity, the increase of signal errors with
respect td = ¢ = 0, and the increase ratios at twwalues, for seven background to signal ratios

b Cmin | £ (Cmin) g ((Smlli)) g ((311121?1))
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] 041 241 124 | 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 aréuht:V below theY (4S) mass. For

the storage ring operation, the easiest option might be to keep the low-energy 3ing%teV

and to decrease the high-energy ring from 9.0009060 GeV. This choice would change the boost
from 0.5568 by a negligible amount to 0.5505.
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Figure 3-2. Increase of the signal error at a continuum luminosity fractios 0.174 (upper

solid curve) with respect tb = ¢ = 0, the same increase at the optimal luminosity fractig,
(dashed curve), and ratio of the two (lower solid curve) as function of the background to signal ratio
b= B/S.
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3.2 An Overview of the B:\Bar Detector

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

e The maximum possible acceptance in the center-of-mass system. The asymmetry of the
beams in BBar 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.

e To accommodate machine components close to the interaction region. The high luminosities
needed to achieve the physics goalsdBnecessitate unusual beam optics with machine
elements coming very close to the interaction region.

e Excellent vertex resolution. Th& mesons travel almost parallel to theaxis, so that
their decay time difference is measured via a difference intbemponents of their decay
positions. This stresses thecomponent 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.

e To do tracking over the range 60 MeV < p, <~ 4 GeV.
e Discrimination between g, 7, 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 additidh,
discrimination at high momenta ( 2—-4 GeV) is essential in order to distinguish between
the decay channelB® — 7+7~ and B® — K*7F, B — ptr~— and B® — Kp and

BY - K*r.

e To detect photons and’s over the wide energy range20 MeV < E <~ 5 GeV.

e To have neutral hadron identification capability.

The BBar 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 BBar detector. See text for key.
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3. A Detector of Internally Reflected Cherenkov light (DIRC). This is designed and optimized
for charged hadron particle identification.

4. A Caesium lodide 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(ifeviolating time-
dependent asymmetries BY — J/i) K? as a cross-check to the result in th& — J/i K?
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 thB:B 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 () 0.92
o, /P (%) (1 GeV pions at 99 0.36
0, (um) (1 GeV pions at 99 52
Calorimetry coverage (14 0.90
Xy in front of Calorimeter (at 99 0.25
or/E (%) (1 GeV~y at all angles) 1.8

~ efficiency within acceptance ( at100 MeY) 0.92
Charged Hadron ID coverage /% 0.84

The BBar 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:

e Aslightincrease in the amount of material in the beam-pipe and beam support tube;

e The re-design of the drift chamber, including the forward end-plate;
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e The removal from the design of the forward aerogel threshold counter;
e The removal of the inner ring of Csl crystals from the forward end-cap;

e 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 theABar 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-dependétft asymmetries inB° 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 ¥R¥/c will not reach the drift chamber, so for
these patrticles the silicon vertex tracker provides the complete tracking information. The drift
chamber reaches full efficiency only for tracks wijthlarger than about 18WeV/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 fror@’P violation physics on the silicon vertex tracker is to measure
the separationr between the twaB vertices with a precision of better than one half the mean
separation, that is- 250 um at PEP-II [3]. This corresponds to a single vertex precision of better
than 80um, 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 1Q+h3or the inner layers, and
30—40um 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-Il 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 tt 7 Roth forward and
backward directions. To allow the maximum forward coverage, machine components such as
cooling systemetc, 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 2@dd 150.2.

A near-perfect overall track reconstruction efficiency is needed to handle the high background
level foreseen at PEP-Il. Moreover, low-momentum tracks, like slow piois‘idecays, 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 likek? 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 R4@1/ yr for the innermost layer detectors,

and 11Gkrad/ 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 tBeRBapparatus 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, th&48 silicon vertex tracker consists of five concentric
cylindrical layers of double-sided silicon detectors with® 3lereo. 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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10 cm
E—

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
the z coordinate £-side), whereas the outer sides, with longitudinal strips, allowtbeordinate
measuremenigtside). The read-out electronics will be placed outside the active area;side

strips will be connected to them with flexiblépilex fanout circuits glued to the inner faces of the
half-modules. In the two outer modules, the numbet atrips exceeds the number of readout
channels, so some fraction of the strips is “ganged’, two strips are connected to the same
readout channel. The “ganging” is performed by the fanout circuits.¢I$teps are daisy-chained
between detectors, resulting in a total strip length of up ten2@&nd a maximum capacitance of

35 pF. Also, for thep-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
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Figure 3-5. Layout of the BBar 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 BBar silicon vertex tracker will have 340 silicon detectors in total, covering an area of about
1m?, 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 inciderit at 90
assuming a signal-to-noise ratig®)/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'pstrips on the p-side and'rstrips on the opposite, n-side. The strips
on the n-side must be interleaved by inplants (p-stops). They are fabricated on (3@0) um
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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 im)
o 50 55 55 80-100 80-100
z 100 | 100 | 100 210 210
Floating Strips
o — — — 1 1
z 1 1 1 1 1
Intrinsic Resol.(m)
o 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 the: coordinates are on the junction side for the model I, Il and 11l 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 tlomordinates (ohmic side) have constant width
and pitch, whereas the strips which read ¢heoordinates (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
100um 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 aboutc4® 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 30t 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 120@~ and a perfect analog readout are assumed. According to these simulations,
a 100um readout pitch with one intermediate floating strip gives better readout results, both at
low and at high incidence angles, being equivalent tpia@eadout pitch at low angle (but %0n
readout pitch degrades significantly at high angle), and tq.d®@eadout 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 th&de of the inner layers, the achieved resolution

at 90 incidence angle was 13n. Figure 3-6 shows the measured resolutisrirack incidence

angle for thez side of a detector with 2bm strip pitch and 10@um 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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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 patrticle.
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 th&B detector. It provides up to 40 mea-
surements of space coordinates per track, ensuring high reconstruction efficiency for tracks with
transverse momentum greater than M&//c. Combined with the silicon vertex tracker, the
BaBar tracking system provides excellent spatial and momentum resolution required for exclusive
reconstruction of th€’P decays ofB mesons.

The performance goals of the drift chamber, motivated in detail in [2], are to provide spatial
resolution better than 14@m, averaged over the cell in thie ¢ plane, and to supply particle iden-
tification for low momentum tracks by~ /dz, with a resolution of 7% (for 40 measurements). For
tracks with momentum aboveGeV/c, a resolution ob,, ~ 0.3%x p, is expected. The angular
acceptance in the forward region must extend down to the beam-line comporey880 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 ofBie B
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 theaBsr drift chamber is shown in Fig. 3-7. TheHr 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 thBvBevents 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 he outer cylinder
consists of 2 layers of carbon fiber on a Nomex core, corresponding to 1,5% X
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Figure 3-7. Side view of the BBar drift chamber. The dimensions are in mm.
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Cell layout in the BBar drift chamber.

Figure 3-8.
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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 cn¥. Figure 3-9 shows the 50 ns isochrones in a typical cell in a
1.5 T magnetic field.

The sense wires are 2n gold-plated tungsten-rhenium, the field wires are A20and 8Qum
gold-plated aluminum. The chosen gas mixture, Helium-isobutane (80%:20%), provides good
spatial andlE'/dz resolution and reasonably short drift time, while minimizing the material. The
gas and the wires total 0.3%, Xor tracks at 90[11].

Nominal voltages of 1960V for the sense wires and 340V 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 typicahBwr drift chamber cell.
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3.4.2 Drift Chamber Electronics

The BBar 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 1ns
resolution. ThelE'/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 adfigger latency buffer into 4 levels

of event buffers to minimize the dead time. The electronics provides prompt trigger signals by
sending the hitinformation from all 7104 channels to the Level 1 Trigger system at a sampling fre-
guency of 3.75MHz. 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 BB 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 (1960V for sense wires). The gas gairrwas10* and the
discriminator threshold was: 2.5 electrons. The resolution for this configuration [14] was
100pm in the central part of the cell and 13in averaged over the cell (Fig. 3-10). Té&/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 predictél/dx resolution of 6.8% for the Bar drift chamber. These
results meet the goals for theB& drift chamber and confirm the validity of both the mechanical

and the electronics design.
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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 fobetection oflnternally ReflectedCherenkov (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 aboiD GeV/c, but also at higher momenta faare B meson decay processes.

In order to distinguish between the two-body decay malleés+ 7*7— and B —+ K*7~, the

DIRC must be able to separate pions from kaons up to ab0teV/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 750 MeV/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 dimensicheothick by

3.5 cm wide, and arel.9 m 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 focuse.82 cm diameter photomultiplier tubes (PMTSs), 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. Six® 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 ahioin 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% oXafor a particle at normal incidence).

The DIRC occupies onlg 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 Csl 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 asyninieaatory. 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 iBBsm full-simulation
program.

3.5.2 DIRC Acceptance

In the nominall.5 T magnetic field, the DIRC radiator polygon, with an internal radiu80afm,

can only be reached by particles produced (at the IP) with transverse momenta larger than
250 MeV/c. The DIRC bars extend78 cm forward from the IP (up ta60deg 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 & 460 MeV/c) is well below the value of momentum for which there is no possible
confusion between a pion and a kaon through ionization loss measurethghtc] in the drift
chamber { 700 MeV/c): the two systems are remarkably complementary as fay Asseparation

is concerned. The difference in Cherenkov angle between a pion and a k&orGav/c is as

small as6.5 mr (the same difference occurs between a muon and a pioe0atleV/c). A good

7/ K separation therefore requires resolutions on the Cherenkov angle for a teack of 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 nhumber of photoelectrons
generally observed for each track. As an example, the expected number of photoelectrons for an
ultrarelativistic particle a80 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 figer separation below50 MeV/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

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
~ 3 GeV/c. These results are fully satisfactory for tagging needs. Studies of the benchmark mode
B° — K7~ 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 (abové GeV/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% bé&laieV/c and is 95% ab00 MeV/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-1I have small velocity. Even above
the proton Cherenkov thresholé (940 MeV/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 as:eV/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 of8r led to a calorimeter design [2] based on quasi-projective CsI(TI)
crystals over a solid angle correspondingt®.775 < cosf < 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 Csl(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 990

on 1% 499 (3.5)
K JE(GeV)

The constant term arises from front and rear leakag®.6%), 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 Csl.

Properties CsI(TI)
Radiation Length (cm) 1.85
Moliere Radius (cm) 3.6
Absorption Length for eV pions (cm)| 41.7
Density (glem?) 4.53
dE/dx|mip, (MeViem) 5.6
Light Yield (PhotonsMeV x 10?) 40-50
Light Yield Temperature Coef. (%) 0.1
Peak Emission (nm) 565
Refractive Index at Emission Maximum 1.79
Decay Time (ns) 940
Hygroscopic slight
Radiation Hardness (rad) 103-10*

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 angl€ &f:90

3
0, = oM + 2mr. (3.6)

2/E(GeV)

As in CLEO-II, the minimum detectable energy for photons is about 10420 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 Csl(TI) 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 In and an outer radius of 13n. It is located asymmetrically about the
interaction point. The active crystal volume starts at a radius of@i..8s inner radius extending
112.7cm in the backward direction and 18@:& in the forward direction. The barrel crystals
cover a solid angle correspondingto- 684 mr < 6 < 470 mr (—0.775 < cosf < 0.892) in the
laboratory frame, and-0.916 < cos# < 0.715 in the center-of-mass frame.
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’«112.7 cCM >]«——180.9cm—7—m»

7-96 8184A1

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(TI) crystals, arranged in 48 polar-afiglews of distinct crystal

sizes, each having 120 identical crystals in azimuthal angleThe crystals are grouped in 280
modules, each spanninigx 3 crystals inf and ¢, respectively (except for the most-backward
module, which has only 6 crystals #). The modules are made from 30 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 thm-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 anotheni3of aluminum. (All thicknesses are
guoted 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 abouf,0.25
(0.20X,) at a polar angle of 90(20°), the major contributors being the DIRC (drift chamber
endplate) with about 0.1¥, in both cases. Areas of particular concern are the forward and
backward end of the barrel, where the material grows t&pand 0.3%,, respectively.

REPORT OF THEBaBarR PHYSICS WORKSHOP



3.6 The Electromagnetic Calorimeter 99

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 at9G@re nonprojective by-15 mr for most of the barrel,
increasing to +4mr within the most-forward module. The gapsdgnare fully projective; this
allows for identical crystals within &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 &t\2Rh/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 abouhzi. At present, the endcap contains 820 Csl(Tl) crystals,
arranged in & rings, starting at an inner radius of 5513 from the beam line. It covers the solid
angle range corresponding 468 mr < 6 < 275mr (0.893 < cosf < 0.962) in the laboratory
frame, and).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 CslI(TI) crystals to provide coverage down
to a polar angle of 25fhr. 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-projectivityy 45 the barrel/endcap

gap, is 45nr in the outer endcap ring and then reduced to the regularridver 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 dimensi¢ns ¢f mm? at the front

face, flaring out towards the back to ab60tx 60 mm? (55 x 55mm?) in the central (forward)

part of the barrel. Crystal dimensions in the endcap match those of the barrel at the barrel/endcap
interface, reducing taé6 x 53 mm? for the innermost ring. Front face dimensions vary by no more
than 2mm across the barrel, and are square to withim2; variations are somewhat larger in the
endcap — up to &am— due to the changing azimuthal segmentation.

In an effort to keep the Csl 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 16Y} (29.76cm); towards the forward end of the barrel, crystal
lengths increase in steps of X every 7 crystalsi(e., every module), up to a length of 17XG
(32.55cm) in the most-forward barrel module; all endcap crystals are ofXy(82.55cm) length,
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except the two innermost rings which had to be shortened¥yydlie to space limitations. Crystal
dimensions have tolerances of about 2a@transversely, and aboutrim longitudinally.

A crystal subassembly consists of a CslI(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 1pth layers of Tyvek 1056D, covering the front and all side
faces. It is wrapped in one layer of 3th 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 diodé$ &« 20 mm? 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 @n 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 360/ (1000keV) per crystal at<1 (x 10) background.

Using a variety of technique®.@., 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 Csl 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] forA&e Balorimeter
consists of the following:
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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 61V photons from the® N 3-v 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 suctitas (Bhabhas);, andu™* ., as well

as radiative Bhabha andyy states, and a clean subset6f— ~~ 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 fromy~ 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 afhowers 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 BB events have very low energy, and almost all of them originate
from decays of neutral pions? — . ExclusiveB reconstruction efficiency is very sensitive to

our ability to reconstruct’s effectively and with the best possible mass resolution. Fortunately,
that very population of-’s can be used to check the photon-energy response by employint) the
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 approximate\$e20up to near 1zeV, where

there is overlap with other calibration methodsg(, 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 BBar 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 andk<? 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 100¢*mThe cylindrical RPC is another novel feature of th&B 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 ém

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, anek 1000 n¥ 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 (CyH>F};), 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 isobutang)%, and does not satisfy the
safety standards foraBsr. 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
\oltage 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 sidgjma 40
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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 beiaamline,
the z 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 tlge 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 dhd
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 @ BiGistor, 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 & Btandard, by a set of custom built
modules [21].

3.8 The Trigger

The BBar 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 with, > 0.18 GeV/c and one short track wigly, > 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 faB andr physics and> 99% for v+ 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 aboue GeV. Most simulated backgrounds may alternatively be reduced by
introducing ap; 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 om(A’). The calorimeter trigger reports three main trigger objects,
corresponding to three configurable energy thresholds for clusters. The energy lowest threshold
object (M) defaults to> 0.12 GeV, 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 & — =+7—, B® — ;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 withl + 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*vr, 7= — p~wr. 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’' ABA
or M, as a function of (ap,with |cos 8| < 0.7 and (b)cos 6 with p; > 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 chdhnel pr), (b) cosine of the angle
between the normal to the decay plane and the thrust axis for the rest of the event (signal: solid
line, light-quark continuum: dotted line).

e Fox-Wolfram Moments:
The Fox-Wolfram momentd/;, are defined [42] as,

Pil-|P;

H, = Z %Pz(cos@ij) (4.32)
2,7

where P, are the Legendre polynomialp, ; are the particle momentd;; is the opening

angle between particlésandj, andE,; is the total visible energy of the event.

Neglecting particle masses, energy-momentum conservation requird$that. For 2-jet
events,H, = 0 andH, ~ 1 for [ even, and{, ~ 0 for [ odd. For this application the ratio of
Fox-Wolfram 2nd to Oth 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 candidatd? 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 dangerogisbackground 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 af'fhenode 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 lisBafandidates for each event.
This list, together with details of the decay products for each reconstrddtechode, 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(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 ong@ sampleCornelius  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 traininGornelius , on fully reconstructed events, is shown in

Fig. 4-36 for theB — pr 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 ofCornelius  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 of CP Asymmetries

This section presents a discussion of methods [44] of extractingfhasymmetry fromB or B

decays taCP eigenstates if"(4S) — BB events produced in an asymmetric collider. It begins
with a discussion of the equations that describeAhdistributions of the data. That is followed

by a discussion of the distribution, given perfect knowledge ofililavor tag recoiling against the

CP eigenstate, and then follows a discussion of a more realistic experimental situation with tagging
that contains some misidentificationmistagging Then a formula is presented for providiog

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
T(4S) — R+ (AZ+) - fCPBtag or fCPEta,g (433)
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is given by Eqg. (1.41) as

R(tiag, tep) oc e MPe M es[1 + Asin (Am(tag — top)/T)
+ Bcos (Am(tiag — tep)/T)] (4.34)

whereicp andii,,, are the proper times of the decay to tfie eigenstatefcp, and the decay of
the recoilingB or B tag, and the coefficients} and B are

2Im)\f 1_|)\f|2
-7 N 2 B = TN 2
1+ | 1+ | X

(4.35)

If the coefficientA is non-zero there will b€'P violation. The coefficients! and B for a B tag
will be equal in magnitude and opposite in sign to those f@ &ag. Integration of the above
expression forR(t,e, top) OVer the time variablée,,, + tcp, yields the dependence in terms of the
single variable{;,, — tcp, Which is the time difference between the two decays:

Ry (tiag — tep) o e Tltas—terl[] 4+ Asin (Am(tiag — ter)/T)
+ Bcos (Am(tiag — tep)/T)] (4.36)

where the+ sign depends on whether the recoiling tag i8 @r a B. Experimentally, the time
difference is actually determined in the laboratory from the difference ir thesitions of the
decay to theCP eigenstate.p, and of the recoilings or B tag. They are related by Lorentz
transformation as follows:

Vﬂc(tCP - ttag) = ZCP — Ztag = AZ, (437)

where z;,,(2cp) is the z position of theB;,, (Bcp) decay in the laboratory angs = 0.56 is
the Lorentz transformation factor between the laboratory frame antf t#f¢) rest frame. The
measurement ak z in the laboratory is exact for decays along thaxis and has a small correction
for decays that deviate from theaxis. 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 distribufigrwill be the convolution integral

f+(Az = At/(yPe)) = /jo o~ ('=AD?/20% .~ Tt
1+ Asin (Amit'/T) £ Bcos (Amt'/T)] dt/ (4.38)

The expected vertex separation will be approximatetyr = 0.56 x 468 ym = 260 um and the
experimental vertex resolution in thalirection is~130 pm. Hencel'o =2 0.5 andAmo =2 0.35.

Given these parameters, tlie(Az’) distribution for oo < Az' < oo will be a slightly skewed,
smeared exponential centered on zero. THeasymmetry occurs in the odd functional part of
f(AZ"). This asymmetry is more readily apparent by forming the forward-backward asymmetry of
f+(AZ') — fL(—AZ"), which appears as a Lorentzian distribution for non-zéfoviolation and

flat for zeroCP violation.
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4.10.2 Adding Flavor-Tagging Information

Since there are not pure samplesibfind B tags, what is really measured is the probability that
the recoil tag is @ or a B. Denoting this probabilitp andb respectively, then an observed®
event will have a probability

P=be "1+ AsinAmt]+be " [l — Asin Amt] = e [(b +b) + (b — b)Asin Amt] :
(4.39)
If the probabilitiesp andb, of the events being B or a3 are measured according to some variable
x (e.g.,from Cornelius ), then the joint probability distribution of the decay is

e [(b(x) +B(x)) + (b(x) — b(x)) Asin Amt] dadt , (4.40)

where the number aB events in a differentiadx is b(x)dz. To simplify the discussion, assume
the variabler varies between -1 and 1, where the selection is optimized such thatmiserear
1, the tag is &, and whene is near is near -1, the tag isfa The above can be rewritten as

f(t,x, A)dodt = e "' [1 + q (x) Asin Amt]n(z)dzdt (4.41)

whereq () = (b(z) = b(x)) / (b(x) + b (x)) andn(z) = b (z) + b (x). Note theb () andb (z)
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

1
\2moy ¢

This represents the probability distribution of th& events as a function of the two measured
observableg, andx and the fitting parametet. The notation can be simplified by writing

[tz A oy)dedt = [/ _5(;—'5) e "1 + g () Asin Amit'|n(z)dt' | dedt  (4.42)

f(t,x, A, 0)dedt = [E(t) + Aq (x) S (t)] n(x)dxdt (4.43)
with ,
E(t) = ;m o35 e "a!, (4.44)
V t
S(t) = / \/2;_06‘% (_) e MWl sin Amt'dt’. (4.45)

The functionsE (t) and S (¢) 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 of A

In the maximum-likelihood approach, the valuetbis chosen which maximizes the log likelihood

N N
InL =1In H f (tla i, Aa O-t) = Z In f (tla P A7 Ut) (446)
=1

=1

(4.47)

2

In J[ f (& 25, Ay 00) = Z (1+Ag(z) S (1) /E () E (t) n(z)]

=1

N
Z (1+ Ag(z)S(t)/E(t)+C .
Since the maximum depends only on terms which inclddéhe other terms are absorbed idito

with the result
(4.48)

N
e =3 In (1 +Aﬁ> .
=1 E

The value of4 that maximizesn £’ is the likelihood estimate of, and the one standard deviation
error onA occurs where the value &f £’ decreases by 0.5. Usually the maximum and error are

determined numerically maximizirig £’ using a program such aginuit
If one prefers to estimata without fitting, the log likelihood can be expanded

1n£':§;1n< +Aq> AZ( )-% 2;( )
() )

=1

(4.49)

The value of4 that maximizes the log likelihood occurs when the derivative of the log likelihood

is zero.
qS
(4.50)

3 q5>4 ¥ (4.51)
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In the limit thatA is small, this equation can be solved fér

N

X @) S /Bl & 2
0= T A o) S () JE () = = @) S () /B (1) = Ala(w:) S () /E @) (4.52)

- 2]:\;\;1 q(zi) S(t:)/E (tz')2 (4.53)
Simy la (w:) S (t:) /E ()]

The values of; (z;), S (t;) andE (t;) for each event are used to evaluate the sums. Note that the
termq (z;) S (¢;) /E (t;) is equivalent to the reduced Kin (see next section). This short cut is easy
to calculate and allows a fairly precise estimate wHeag 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 powersqk;)S (¢;) /E (t;) are formed and the appropriate ratios
yield Eq. (4.53).

4.10.4 Error of the Likelihood Estimate

The uncertainty in the likelihood estimate_ dfcan be calculated from

1 1/0f\
Ly / Sl i 4.54
whereN is the number of events arfdis the probability distribution function. In the present case,
there are two random variables leading to a double integral:

1 nN //001( > («)dtda (4.55)
A

For the case where vertex resolution is ignored, this becomes

1 e TlItg? sin? Amt
— = dtd 4.56
o4 / /oo 1+ q(z) Asin Amt n(z)dtdz (4.56)

while the case with vertex resolution becomes

1 )2 52 (1) Lo (2@SM))?
= N/ / +Aq ) :N/A /m M%E(t)n(mmt,

(4.57)

REPORT OF THEBaBarR PHYSICS WORKSHOP



192 Snapshot of EBar Software and Analysis Tools

where N is the number of P events. The above formula is the exact likelihood error estimate
for A.

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

1 b (Q(%@))z ! > (%)2
— & ~ 2 :
= N/_l/_oo [1+A%]E(t)n(x)dxdt N/_lq (x)n(x)dx/_oo T4 AT E(t)dt
(4.58)
Finally, .
0
04 ) (459)
VN/(¢?)
where
<q2> = /1 ¢* (z) n(z)dx (4.60)
-1
and
1
oo = (4.61)

o (56) |
\/foo [1+A5(t)]E (t) dt

With this approximation for th€'P error, the number of events, the tagging error and vertex error
parts are separated in a simpler expressiom for

Theo, term has been tabulated in Ref. [45] for different valued oAm, and measurement errors.
The error increases for larger valuesof but decreases for largé. Table 4-9 gives the error on
A for the case 0fA=0.7 andAm/'=0.75, for different values of measurement resolutiensjn
units ofyger.

Table 4-9. Single event error oA as a function of the error afsz

oo(A, Am/T',0,) for A=0.7 andAm /T'=0.75 for 1 event

o, lvyBer 0 25 |.50 | .75 |10 |20
oo(A,Am/T",0,) | 1.36| 1.42] 1.59| 1.85| 2.17 | 3.66

The uncertainty in the flavor determination of the recoiliBdag is contained in the factdy?).
This factor can be rewritten as a product of the tagging efficieraoyd (1 — 2w)?, wherew is the
B flavor misidentification probability. This results in

A, Am/T
UA(A?Am/FaUtaNaw)_ UO( : m/ ,O—t)

= i e (4.62)
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Often fitting nomenclature designates #ffective tagging efficien@s the product of the efficiency

to measure the tag and — 2w)?, and the inverse of(A, Am/T, o) is sometimes called the
dilution factor. If the measurement error i8,/v3¢r=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 fad = 0.7.

An error due to symmetric backgrounds can also be included, which scal\ésj‘ag;nt Ng) /Ns,
where Ny is the number of signal events aids is the number of background events. This
can be obtained from the estimator equation by letf\hgepresent the sum of background and
signal, and lettingf (=) include both the normalized background and signal distribution. Thus
the combined error on Ag,4, including the value of4, the resolutiorr,, the mixing Am/T,

the number of signal evenf§g, the number of backgrouniz, the tagging efficiency, and the
tagging misidentification rate is

oo(A,Am/T",0,)\/Ns + N
Ve(l — 2w)Ng '

The above equation will be used in later sections to estimate the precision of measurirfg the
asymmetry, with a correction applied when the backgrounds are not symmetric. Since the back-
grounds should be peaked near zero and’theevents should be more displaced, providing more
sensitivity to the parametet, the above is an over-estimate of the effect of background,on

O'A(A,Am/F,O'Z, N57 €, W, NB) =

(4.63)

4.10.5 The Kin Variable

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

N
L= Zln fz = ,C() + ,Ccp y (464)
=1
with:
N
Ly = Z fz +fi) (4.65)
N
Lop = Z (4.66)
where:

e f;isthe density distribution for eventtaking into account detector and background effects.

e [, is the density distribution for a virtual event, defined asdtfeconjugate of event

REPORT OF THEBaBArR PHYSICS WORKSHOP



194 Snapshot of EBar Software and Analysis Tools

e K is the Kin variable [46], defined by:

e
fi+ fi

The first component of the likelihoaof, is by constructiorCPinvariant and therefore contains no
information on the possibléP violation present in the data. In contrast, the second t€gm
embeds all information aboutP violation. The Kin variable depends akz, but also on the
tagging and background information available for evient

R.—R_ 1
R, +R_ 1+ RyB

(4.67)

i

K=(F, —F)

(4.68)

whereF are the relative probabilities for the event to follow tRe time and phase-space distri-
bution, the latter including detector effecfs,is the time and phase-space dependent background
over signal ratio, andk,,, 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:

U(K) = Uy(K)(1+K), (4.69)

where ¥y (K) is an even function. Its properties are best illustrated by consideringthe>
J/ip K2 channel wherd?, — R_ o sin 23 and where the Kin variable is thus linearsim 23:

The reduced Kin variabl& allows the immediate determination of tli&-violating parameter
through:
20 = = + 1— 2 . . 4.71
ey et e\ e @7

where the statistical uncertainty is only slightly larger than that achieved in a likelihood analysis.
The occurrence af'’P violation is displayed by the asymmetry in thiedistribution. The adequacy

of the Monte Carlo simulation used to compyteand hence to measuse 23, can be checked

by dividing the data distribution ok by ¥,: the result must be a straight line of slogie 2.

The K distributions obtained from different final states whéfe violation is due tain 23, 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 (0°)
Continuum {, d, s) 3.6
Continuum ¢) 2.4
GenericB°B° 1.3
GenericBTB~ 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, trackitw),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 thBaBevent generation packagBgget (for control of the

input parameters) anBvtGen (see Section 4.1.1) to handle the dynamics of the decays. The
generated data were then passed through the full detector simulation pagéBaga, 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 tBeast 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 sample®8east 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 sumnBagst 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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Determination of 3

This chapter presents results on methods of extracting the drjlhe 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 charmoniumZMy modes with two
charmed mesons and modes which have dominant penguin contributions. The chapter concludes
with a summary of the expect&d’-reach for nominal B8R luminosity.

5.1 Theoretical Review ofsin 23 Measurements

The first subsection gives an overview of the three classes of decay for whicttheymmetry

can be related (at least naively), 4m 23. These are discussed in more detail in Section 5.1.2,
which gives a detailed discussion of the calculatiorCéf asymmetries for each class, and the
resultant theoretical uncertainties in the extractiosio® 3. 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 G&parate
odd andCP-even contributions in certain vector-vector modes. The application of isospin analysis
to modes of interest for the determinationsii 23 is discussed in Section 5.1.4. Section 5.1.6
discusses the measurementsoin 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 Measurg

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

VeaViy,
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The time-dependent asymmetry for afliy eigenstate is given by

L(B(t) = f) —T(B"(t) = f)

t) = — =C Amt + S¢sin Amt 5.2
ar(t) NGB = )T () = f) rcos Amt + Sysin Am (5.2)
where
Tmie e T TN '

f is aCP eigenstate); = L %, and A(f), A(f) are the amplitudes of the decal§ — f,

BY — f. Present data constrain th# phase3, in the Standard Model to lie within the limits

[2]:
10° < 8 < 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

A e b ar(t) = nysin 23 sin Amt (5.5)
wheren; = +1 for CP(f) = +£1.

The decay modes that can be helpful in the determinatigh[8f 4, 5, 6, 7] can be classified into
three main types, here called Types |, Il, and lll, according to the underlying quark processes.

5.1.1.1 Type I decays

Color-suppressed modés- ces: BY, BY — Charmonium+K?(K") and the corresponding modes
with K*, where thel(* decays into &P eigenstate* — Km0 (K70).

The diagram for the tree amplitude in these modes is shown in Fig. 5-1. For such raages,

T K (CP = —),
ViVia\ (VaVi\ (V3V,
B J, KO —_ _ thVid cs "’ chb cd’ cs 5.6

where the first term comes from- B mixing, the second from the ratié((% and the third from
K°-K° mixing. Hence,
Im \(By — Jhp K?) =sin2p . (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 by)(\?) where) is the Wolfenstein parameter. Thus, to good accuracy, and independent
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[eR)
[eR)

Figure 5-1. BY — charmonium +#°(K*°) decays, color-suppressed (Type ).

of any assumptions about factorization, color suppression, or the role of final state interactions,
|As| = 1 for this mode, and the simple relationship betweendiieasymmetry andin 23 has
negligible theoretical uncertainty.

The CP of a two-body state has (@ 1) dependence on the relative angular momentum of the
two particles. When two non-zero spin particles are produced fradndecay, 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 a@d#. In such case<.g.,Vector-Vector {'V),

such as/J/iy) K*, an angular analysis is needed to separate the amplitudes of défihitd his

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 Il decays

Cabibbo-suppressed modes: ced: B}, BS — DD, DD*, D*D, D*D*, etc.

The tree diagram for these modes is shown in Fig. 5-2. The dominant tree ampditgdégr

DTD™,is:
ViVia\ (ViV
NBy— DTD)= -2 td)( cd C”)
(P = (vere ) (s
Im\(By — D"D") = —sin203 (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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D, D
| E—— |
C d
b C
BY D*, D™
d d

Figure 5-2. BY — D' D~ decay, Cabibbo-suppressed and color-allowed (Type II).

are an example of dire€tP violation, and result in\¢| # 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 @h 23, 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 valuesif 23. 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 thel’V' case,D* D*, one again needs an angular analysis to separate the amplitudes
of definiteCP.

5.1.1.3 Type lll decays

Penguin-only or penguin-dominated modesy sss ordds: BY, B} — n°K2(K?), n’ K2(K?),
pK2(K?) etc, and the corresponding modes with : BY, B, — =%, 1 or ¢, etc, andK*(K* —
Ksm®(Kp7)) [8].

In some of these modes, tree contributions are completely alesgntdr ¢ 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 coefficiéntV,, (charm minus top) and a second with the
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Ay,

u,c,t ¢’r]'
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BY -
s )
KO
L a a -
(a)
- b M S -
u,c,t KO
. d |
BY -
d
™, 0% w
L a a -

(b)
Figure 5-3. Penguin-dominate, decays (Type Ill).

Cabibbo-suppressed coefficidn V., (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

VisVi VEV. A

M B, Ko) = — th ¥ td csVch edVes

(By — ¢Ks) (th v ) v
ImA(By — ¢Kg) = sin2/ . (5.9)

Except forp K, ¢ K*, the theoretical status of Type Ill decays is less clear than for Types | and I,
as will be discussed below. In thél” case likep K*, one needs of course angular analysis.

Penguin-only modes (Type Ill modes) also include the radiative penguin transifhn8% —
v+ K*(K* — Ker(K 7)), 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 determihe The focus is on contributions that modify the time-
dependent asymmetries away from the clear-cut easg = 7y sin 26sin Amt. 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 ©fi 23 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 afflesafy, A(f) =
(f|Hers|B), can be written as sums of products of the fofixiy)(f|O:(x)|B). The amplitude
contains CKM factors’;; Vi, (U = u, ¢, t;qg = d, s), which are physical quantities independent of

the renormalization scale,. Hence, the:-dependence of the short-distance coefficieit$;.),

must cancel th@-dependence of the matrix elements of local operatpi®; (1) |B). The matrix
elements are complicated objects, containing the long-distance QCD effects, not included in the
short-distance coefficientS;(x), namely soft gluons, rescattering, final-state interaction (FSI)
phases.etc. The coefficientsC;(i) are computed fop. = m,. 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 amplitudé( f) that includes in principle all such nonperturbative effects. This
section considers onlg’P eigenstates and avoids spin complications. Our analysis generalizes
easily to non€P eigenstates such asg.,DD* + DD*. Angular analysis foi’V modes will be
discussed in more detail in Section 5.1.3.

While it is a general and model-independent result thatG@Reasymmetry for Type | decays
givessin 23 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 Hamiltodidh+ 1,

AC =0, AU = 0, AS = 1) written in Appendix A, theBY, B} — f amplitudes can be written,

in general:

AB — f) = Vi Vi M™ 4+ vV, Vi M 4 Vi Vi M
(B = f) = VEVieM®W + VEVLMO 4 ViV MO (5.10)

A(f)
A(f)

I
P

The amplitudes\/™, M), andM® are completely general, defined by their CKM factors and
the expression of{.;; 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
abovem,,) 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 amplitudé/.,V, =~ AN2)M(© contains the dominant tree amplltude contributing to
J K (K*) (Fig. 5- 1) M is the matrix element of the operatﬁr() +0202 . Assuming
factorization, this is proportional te, = C; + £ = 0.2, whereC; = O(ay), Cy = O(1)
and N, = 3 is the number of colors. Thus —> O(as) in the largeN, limit (Fig. 5-4a)

(in fact, o, and1/N, are of comparable magnitude). This term also contains the penguin
contribution with the: quark in the loop [9]. This has a possible (small) long-distance part,
represented by (Fig. 5-4b).

2. Theu-penguin term,, V5 M™ = AX*(p + in)M™ has a different weak phase than the
dominant term. However, it is suppressed®g)\?) as well as the factat, in the penguin
coefficients. Any long distance part is also suppressed by the Zweig rule (creation of a color
singletcz pair by soft gluons in Fig. 5-4b). The amplitudé® is the matrix element of
the combination of current-current operatérg)} + C,O% [9] and corresponds to a long
distanceu-penguin (Fig. 5-4b with the quark in the loop), describing rescattering of the
type BY — (su)(ud) — (ct)(sd) — Jp K(K*). This term is presumably very small.

3. The amplitude/,, Vi M® = —A)2M©® corresponds to the usual short-distance penguin
contribution (top quark in the loop\/® is the matrix element of the sum of local penguin
operatorsC;05 + - - - + C19049 (Fig. 5-4 where the dot represents the penguin operators).
Using the unitarity relation, one can writg,V;; = —V.V,; — V,,,V.};, and regroup this term
into the other two terms.

With the notatioril’ = M© — M®, P = M@ — pr®)
A(f) = VeV T + Vi Vi P
A(f) = VEVST + Vi Vi P (5.11)

Since % Ku” ~ O()\?), and P is suppressed relative 6 by penguin short-distance coefficients

or by the waelg rule, there is a clear hierarchy between the two terms. Therefore, in this class of
decays,\; defined above, is close to a pure phage= n;e~%¢. The time-dependent asymmetry
has the simple form

ap(t) = —Im (; jg;) sin Amt = nsin 23 sin Amt . (5.12)
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Figure 5-4. Contributions of local operators to Type | decay®, — Charmonium +K°(K*°).
The dot represents the local operators (current-current or penguin). Figure 5-4b represents the long
distanceu, andc-penguins, with thec pair created by soft gluons.

The determination of using modes of this type is thus safely free of hadronic uncertainties.

For Type Il decays, the dominant contributions to fheB — f amplitudes €.g.,f = DD) are
Cabibbo suppressed (Fig. 5-2), of the orddif) ~ Aay, with a; = O(1) (for color-allowed
modes). Assuming factorization, = C, + % with Cy, = O(1). Then

A(f) = VuaViy @ 1V, CZM(C) + Via t}ZM“’
A(f) = Vi VoM™ + ViV M@ + ViV MO (5.13)

The different terms are:
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1. The amplitude/ Vi M© =2 —ANM () is Cabibbo suppressed relative to the decays of
Type 1. M(©) is the matrix element of the current-current opera@r@gc)JrCzOéC) (Fig. 5-5a).
It contains the tree amplitude (Fig. 5-2) and also the contribution of Fig. 5-5¢ withghark
in the loop. M (® is color-allowed in decays lik®+ D, and color suppressed in decays of
the typeD°D° (Fig. 5-5b). This dominant decay amplitude is the one relatetl to

2. The amplitudd/;,V;; M® =2 AN3(1 — p — in) M® 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(107%). 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 amplitudé/,,V;;, M) =2 ANX3(p + in) M™ is theu-penguin term [9], which includes
also the long-distance contribution (Fig. 5-5¢) with thguark 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 theBlype (ud)(du) — (cd)(de) —
DtD.

Using the unitarityV*,V,, + V5V, + V5V, = 0, and the notatiod” = M© — M®, P =
MW — M® | the amplitudes may be written

A(f) = VeaVa T + ViV P

A(f) =ViVaT + ViV P . (5.14)

Again hereT denotes the tree-dominated term whitds a penguin-only contribution. However
the relative size of the two terms in Eq. (5.14) is quite different from Type | decays. The CKM
coefficients are comparable in magnitude. Only €he,) OPE coefficient of penguin graphs
suppresses relative toT'.

Hence theP terms cannot be neglected in this case. Using the fact that the weak phase of the
mixing, ¢ ~ V;4V};, cancels the weak phase of the coefficient of;F/,;, the ratio of amplitudes

can be written ' .
6—1,8 _ |R|€z6

Af =1y B [ R]e? (5.15)
using the definitions
Lt):litb 1 )
W A
R=zr z VeV r=7 Ir|e (5.16)

where, z is the ratio of CKM matrix elements, andis the ratio of the penguin-only teri to
the tree-dominated terffi. n; = +1 for D™D~ is theCP eigenvalue of the statg, andd is the
relative strong phase between the amplituéfeand7". It is important to keep in mind thaR|
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Figure 5-5. Contributions of local operators to Type Il decay®, — DD. The dot represents
the local operators (current-current or penguin). Figure 5-5c¢ represents the long-distamde
penguins induced by local operators.
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depends on the CKM ratio, and is therefore also a function of the weak angleg. The small
|R| limit is not a priori justified.

In Type Il decays, the coefficients; and.Sy in Eq. (5.3) are now

B —2|R)| sin B sin d _ sin23 —2|R|sin 3cos )
" 1+ |R|?=2|R|cosBcoss T Ty |R|> — 2|R| cos Bcosd

C; (5.17)

For small|R|,

Cr = —2|R|sin #sind Sr=mns (sin2f + 2|R|sin fcos2[ cosd) . (5.18)

In Section 5.1.5, factorization and models are used to calcliladed estimate the theoretical
uncertainty in the extraction efn 25 for some Type Il decays.

For Type lll decays, the dominant amplitudes are of the penguin type, (Figs. 5-3a and 5-3b). The
tree amplitude can pollute the determination/bfn some channels like’K g, etc. From the
general form of the CKM matrix, th&, B — f amplitudes for this type of decay can be written,

in general:

A(f) = Vi Vi, M® 4 Vo Vi M© 4V Ve M®

A(f) = Vi VipM™ + ViV, M + ViV, M® (5.19)

because in the modes under consideration, there is a simglark from theK (K*) in the final
state and the other mesois¢, etc, do not have open flavor.

These modes will be useful to measuraf the CKM termV;,V; (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 amplitudd/,,V;M® = —AX2M® 4+ O(A*) 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 ordar whereap is a combina-
tion of the short-distance penguin coefficieits ¢, and thus is suppressed dy. Therefore
the rates are expected to be small(fl0~->) for any of these modes.

2. The amplitudé’,,V;;, M) =2 A\*(p+in) M ™ is CKM suppressed and has a different CKM
phase than the top penguin term (Fig. 5-6a with «, and Fig. 5-6b with the quark in the
loop).

3. The amplitudeV,,V;M© =2 AX2M(© is c-penguin term, which includes long-distance
effects (Fig. 5-6b with the quark in the loop).
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Figure 5-6. Contributions of local operators to penguin-dominated, Type Ill dedays» ¢Ks,
n'Kg, etc. The dot represents the local operators. In Fig. 5-6aq fer u there are contributions
from current-current and penguin local operators. ¢er d, s, only penguin operators contribute.
Figure 5-6b represents the long-distamcandc penguins induced by local operators.

Once again, unitarity can be used to group these terms into two, one with the CKM coefficient
VesV; and the other with the Cabibbo-suppressed CKM coefficigny,. If the first of these
terms dominated the decay then the asymmetry would be proportiosial2d. Therefore, these
modes will be useful to measugaf |V, V5 (M® — M®)| < |V, Vi (M© — M®)).

Note that the terma/( and M (© 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 graph+ uus contribution tod/ ™ lead to large theoretical
uncertainties in the relationship between the asymmetry and the vatue abme 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 contains a long-distanaepenguin (Fig. 5-6b with the
u quark in the loop), describing rescatteriregyg., BY — (su)(ud) — (s3)(sd) — ¢K°.
There is a corresponding long-distarceontribution to)/(¢). The size of these two terms

. * (w) _ps( .
is expected to be comparable, so that the r%ﬁ"&(;f%@f %3;” is expected to be of order
cs Cb

|A?]. Hence the asymmetry in these modes gives a measurem&nt2gf which has quite
small theoretical uncertainties, though not quite as small as for the Type | modes where the
second term is suppressed by a further factar,of

2. Inmodes of the type’ K (K*), n' K (K*), p° K (K*), wK (K*) M™ has a (color-suppressed)

tree amplitude contribution (Fig. 5-6a with the dot representing the current-current opera-

. * (w) _pr(t)
tors). Therefore one expects a magnltﬁ‘/ﬁse“?f%(c)f z\]‘j(o)) of order\%a, /cp ~ 0.4 where
cs cb

cp ~ —0.02 is typically a short-distance penguin coefficient, and~ 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 measuremet tdncertainties in this quantity

will lead to significant uncertainties ifi as measured by these modes.

For these latter modes it is convenient to write
A(f) = VsV, T + Vo V3, P
A(f) = ViV T + ViV P (5.20)

whereT = M® — M® P = M© — M®_ The notatiori” is used because this term contains the
tree contribution wherever there is such a contribution. Note, however, if applying this notation for
oK, T represents a difference of two penguin terms.

Thus for the modes of Type IIl one gets

A =1y (v;,,v;d> (vusvub +VaVa ) (v;dv;s> 5.2

VisVia) \VusVip T+ Ve Vo, P ) \VeaVis
that gives
e—iﬂ - |R|ei°‘ ei§
A = . — 5.22
f ne 67’ﬁ o |R|€fza 625 ( )
where now o T
R = — _ubus = —|rle? 5.23
zZr z T r=3 Ir|e ( )
ny = —1for 9K, ' Ks, n°Kg, etc, andd is the relative strong phase between the amplitddes

andP. Again here, the quantity?| depends on the weak phaseand/ through|z|. In Eq. (5.23)
the small phase df,,, of O()\°), is neglected.
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Figure 5-7. The decayB) — K.

The correctior| R| differs according to the decay mode. Naively, one expects

|R| = \2\/p2 + 2 for 9K, etc.
Rl 27T

where |22 | is the ratio of the color suppression facter = 0.2 of the tree diagram, an@dp| ~
ap

few %, of the order of the penguin short-distance coefficie[fts.is small for¢ K's while it could
be not negligible forr’ K5, etc.

a2
ap

for 1’ Ky, etc. (5.24)

To summarize, the correction o, = nre=2 is expected to be small in modes of the type

oK (K*), and presumably also fof K (K*), but it could be quite sizeable for the modes of the

type n’ K (K*), p° K(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 uncertairtyfangiven

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 fa the Standard Model arBY, BY —

v+ K*(K* — Ksn°(Kp7)) (Fig. 5-7). In the Standard Model, the photon in the transition
b — sv is dominantly left-handed and only a fracti%ii} of the amplitude corresponds to a right-
handed photon, where the quark masses are current masses. Thus, the fidal-gi@ieh e.g.,

K* — Kgn°) is not a pureCP eigenstate, but consists to a good approximation (neglecting the
ratio Z—:) of equal admixtures of states wilP = + andCP = —. The expected’P asymmetry

is therefore quite small, suppressed by the fag;lioE 0.03:

A(t) = 2 Gin 203 sin Amt . (5.25)

myp

Thus, this mode could be a good candidate to lookdBrviolation 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 eéktrast an asymmetry
measurement. Examples afg) K* (J/ — (0, K* — Kr), Y'K* (' — Jhnr), D*D*
(D* — Dr), ¢K* (p — KK), etc, and also thelV modey . K* (xi. — J/).

In all such channels, there are three partial waltes- 0,2 (parity-violating decay of the),

L =1 (parity conserving decay]J, being the relative angular momentum between the two vector
particles. TheCP of the final state depends on the partial wave, since it contains a fa€tof.
Thus, even when the decays of the two particles lead to a seéPefelf-conjugate particles, one
has a final state that is an admixturg@?-odd andCP-even eigenstates. Since the asymmetry has
opposite sign for the tw@'P states they tend to cancel, or “dilute” the overall asymmetry.

If there is no separation of th&”” components oé.g.,J/y K*° (K*° — Kg7°), then theCP asym-
metry has a dilution factoD < 1 coming from the cancellation of the two differefif> compo-
nents:

a(t) = Dsin 2 sin Amt (5.26)
whereD is given by
Fcp:+ - Fcp:, Fo + FH - Fl QFJ_
D= = =1- . 5.27
Ftot 1—‘tot Ftot ( )

Here,l'y, I’ 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 differet” components, one can obtaim 23 without dilution?

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 whictlecays into two spig or two 0~ particles, namely the

main cases//yy K* (Jjy — (70, K* — Kr), D*D*(D* — Dr) and¢K*(¢p — KK). The
modey;.K* will be discussed in Section 5.3.

In these decays into two vector mesoms,— V; V5, 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 diff€f@sbmponents 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 B conserving background contribution in the data sample and the reduction in
magnitude of the measured asymmetry from the smearing efitemt term due to:-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 particula€’P contribution by projecting it out via some weighted integral over the
data and then performing a fit fgt by looking at theCP asymmetry in this projected quantity.

The more experimentally-oriented approach is simply to perform a multivariate analysis where
a maximume-likelihood procedure simultaneously fits foand for the chosen basis amplitudes.
Further restrictions on the nariP-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 amplitudgs (A = 0, +1) corresponding to the helicity of

Vi or V5 in the decayB — V; V5. 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
Ay remains unchanged, the other two transversity amplitudes are defined as the following linear
combinations of the helicity amplitudes [13]:

1

V2

1

A 7

(A +Ay) Al (A — Ay). (5.28)

The helicity formalism gives a straightforward determination of the longitudinal rate, while the
transversity formalism is convenient for the determination oftiffeodd component of the decay
rate, allowing a ready interpretation of tkie 25 measurement.

Finally there is the partial wave decomposition corresponding to the possilsteand D orbital
angular momenta (relative orbital angular momenturs 0, 1, 2 betweenl; and15). In terms of
the transversity amplitudes, the partial wave amplitudes read [14]

1 1
5= - 7

Note that the—1)-odd P-wave term is also the transversity amplitudie, while the other two
transversity amplitudes are combinations of thel)“-even S- andD-wave amplitudes. The
preceding relations are valid for any timeTo make the time dependence explicit it is convenient
to use the transversity basis, since those amplitudes each contribute to or{Pagigenstate.
One finds

V2A| = Ay), P=Ay, D (A) + V24). (5.29)

, Amt Amt
Ag(t) = Ag(0)eimt ¢~ 11/2 (cos 72n +inAssin 7271 >

+ inAysin

AH(t) = A”(O)e_imt €_Ft/2 (COS amt Amt)

— inAssin (5.30)

AL (t) = AL (0)e mt e T2 (cos Amt i Amt)

2These two combinations correspond respectiveli/te andG, - in the notation of Dunietet al.,[12].
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where); = % and theCP of the final state is);(—1)”, where; is the intrinsicCP (for

examplen(J/i) (Ksm°) g+) = +1) and L is the partial wave betweeri andV;. The factor(—1)*
is explicitin Eq. (5.30) and accounts for the negative sign in the expressich fey. From these
expressions one can deduce the time dependence in the helicity basis'pPfand D.

SIS

Note that these expressions are valid if a single CKM phase contributes, a safe assumption in the
case ofJ/iy) K*. However, forD* D*, where penguin effects can be sizeable, in generas 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 diffégent, A .

The corresponding amplitudes for the decaysdf, . (t) into theCP eigenstatef

— — : Amit Amt

Ag(t) = nAy(0)e ™t ¢ T2 (COS oy inA; " sin m >

_ _ . Amit Amt

Ay (t) = A (0)e ™t e T2 (COS ™4 2'77)\;1 sin 72n >

_ _ , A A

AL (t) = —nAL(0)e7imt o=IH/2 (cos mt _ inAy' sin mt) : (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 upedtenotes

the three-momentum of th€s in the K* rest framep, the three-momentum of thie in the J/y

rest frame; is the unit vector along the direction of flight of tHé* andé(d) is the unit vector

along the projection of (p2) orthogonal tos(—v). Three angles are now defined in the helicity

frame by
costy = 0-p1/ | p1| cosby = —0-pa/ | P2 | (5.32)
cosp = ¢-d sing = (éx0)-d '

In the helicity basis the three angles are then defined to be the polar anglg bfithine .J/i) rest
framed, ; the polar angle of th& in the K* rest frame); ; and the angle between tlié* decay
plane and thg/y) decay plane, that can take values from O #ar.

Then the full angular distribution of thB decay in the helicity basis:

1 T 9 1
[ dcos@idcosfpdp 167 |Ap|2 + [A ]2 + |A_ |2

(5.33)

1
{Z (1 + cos? 92) sin? 6, (|A+1|2 + |A,1|2) + sin? 0 cos® B | Ay |?
1
—3 sin? ) sin” 0, [cos 20Re(A1 A" ) — sin2¢ Im(AHAiI)]

+i sin 291 sin 292 [COS QSRG (A+1AS + A—IAS) — sin QS Im (A+1AS — A—IAS)]} .
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Figure 5-8. Helicity frame forBY — Jji K** — ¢4~ Kr. The vectors:, ¢ andd are defined in
the text.

Figure 5-9. Transversity frame foB) — Jjp K** — ¢t~ K.
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In Eg. (5.33) the amplitudes depend on time, and the angular distribution for the deBdy: pf
is normalized here at time It could be more convenient in practice to normalize to the total rate,
tagged or untagged, integrated over time.

The longitudinal polarization rati®, is defined by

I |AO|2
Ry=— = 5.34
= T T L E T AP+ AP (5:34)

and the proportion of transverse polarization will thenfye= 1 — R,. Integrating over the angle
¢ gives

1 d*T 9 9
T deosddeostn = 5(1 — Ry) sin® 01 (1 + cos® 0,) + gRo cos? f; sin?6, . (5.35)
1 2

Then, a one-parameter fit in thes 6; — cos 6, plane is sufficient to determine the longitudinal
polarizationR?,. However,I'r has two pieces, corresponding to the parity conservihgvéve)
amplitude {/V' part of the weak interaction) and to the parity-violatisg{ D waves) amplitude
(AV part of the interaction).

In the transversity formalism the angles are defined as follows: Idtheest frame, the momen-
tump,, defines the&z axis ; the pland({r contains th&y axis withp, (K) > 0; Oz is the normal
to K plane;f;, is the so-called transversity angle betwéerandOz, and the projection oft on
the K’ plane in the//i) rest frame and th@x axis define the azimuthal angle.. The third angle
6, is defined like in the helicity basis (Fig. 5-9).

The K* linear polarization lies in th& 7 plane because the VPP coupliAkg K7 is of the form

ex+ - (px — px), @and one can consider thi€* linear polarization to bex- = 7 (longitudinal) or

ex+~ = 7y (transverse). The three transversity amplitudes are then defined by the direction of the
polarization ofJ/i:

Ay Ex+ =1 £y =2 (CP = +)
A ex-=9Y ey =7 (CP = +)
Ay Ex- =1 ngg (CP:_)

Thus the notation becomes transparefit:means transverse polarization parallel to the plane of
the other decay, and, means transverse polarization perpendicular to that plane [14].

The relation between the angles in the helicity and the transversity basis is

cos fy = sin by, cos ¢y,
sin @, sin ¢ = cos Oy,
sin @, cos ¢ = sin By, sin ¢y, . (5.36)
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Thus, the angular distribution writes for the transversity basis is:

d*T 9 1

1
— = 5.37
[' dcosbydcosOidpy. 321 |Agl? + |A)2 + |AL|? (5-37)

{2 cos® 01 (1 — sin® B, cos® gy,)|Ag|* + sin® 0, (1 — sin” f;, sin’ Pur)| 4y B

+sin? @, sin® O, | A, |* + sin® #; sin 26, sin ¢y, Im( 1AL)

1 1
—|—E sin 26 sin? 6y, sin 2¢, Re(Ag4)) — E sin 26 sin 26;, cos ¢y, Im(ASAL)} )

The combinatiorj4,|* + | A;|? describes the parity-eves - D waves) whilg/A | |* corresponds
to the parity-odd P-wave) components. Define the proportion of parity-odd component as

AL
R, = 5.38
1 |A0|2+|A|||2+|AJ_|2 ( )
Integrating overp,, andd, one obtains
1 dI’ 3 3 .
T Joost = §(1 — Ry)(1+ cos® Oy) + ZRL sin? 0, (5.39)
tr

and the parity-odd component can be extracted by a one-parameter fit. This time-independent
analysis applies to chargdgidecays as well as to neutrdldecays without tagging. This analysis

has been done by CLEO fol/y K*, this measurement which provides a necessary input in the
simulations forCP this mode.

The CLEO fit on these distributions gives [13]

Ry =0.52£0.07 £ 0.04, R, =0.16 £0.08 = 0.04 (5.40)

and the relative phaseg A) with the conventionp(A4y) =0

P(A]) +7=300+037+0.04  @(A,)=—0.11+0.46 + 0.03 (5.41)

(the 7 comes from the CLEO choice of angle convention). These results are consistent with

relative reality of the amplituded, A, Ay, as expected within the hypothesis of factorization
[15, 16].

REPORT OF THEBaBarR PHYSICS WORKSHOP



5.1 Theoretical Review ofin 23 Measurements 219

Figure 5-10. Helicity frame forB — D**D*~ — D%+ D% ~. The vectors, 4, andd are used
to define the angles like in thBy K* case, described in the text.

Figure 5-11. Transversity frame foB — D*TD*~ — D7+ D7~
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The angular distribution in the helicity and the transversity frames for the lgde D**D*~ —
D°r*+ D%~ are given below [17]. In the helicity basis, the angles are defined as follvisthe
polar angle ofr~ in the D*~ rest framef), is the polar angle of ™ in the D** rest frame, and is
the azimuthal angle between the+ and D*~ decay planes (Fig. 5-10).

1 d*r 1
- S (5.42)
[' dcosbidcosbrdp 167 |Agl? + |Af]? + |A_1]?

1
{5 sin? ), sin® 0, (|A+1|2 + |A,1|2) + 2 cos? ) cos® By | Ay |2
+sin? ) sin® 6, [COS 2¢ Re(A1AY ) —sin2¢ Im(AHA*_l)]

—% sin 26, sin 26, [cos ¢ Re (A1 Ay + A_1Ay) —sing Im (A1 Af — A_IAS)]} :
Integrating over the anglg¢ gives

1 d’T
g(1 — Ry)sin® 6, sin” 6, + ZRO cos? 6, cos? 0, . (5.43)

T dcos 0,d cos b, - 16
Then, a one-parameter fit in thes; — cosf, plane is sufficient to determine the fraction of
longitudinal polarizationR,.

In the transversity basis, the angles are the polar ahghé the 7~ in the D*~ rest frame (like in
the helicity basis), the polar angle between the normal to the*~ decay plane and the" line
of flight and the relative azimuthal angle, (Fig. 5-11). The angular distribution writes then

1 d’T 9 1

= — (5.44)
I' dcosidcosbydpy,.  16m |Agl? + |A)|2 + |AL|?

{2 cos? 0 sin? By, cos? ¢ | Ag|? + sin? B sin® O, sin® bur| A B

+sin® 0y cos” Oy | A1 |* — sin® 6; sin 26, sin ¢y, Im( 141)

1
———sin 291 SiIl2 9“ sin 2¢)tr RG(ASA”)

V2
1
+E sin 26, sin 26;, cos ¢y, Im(ASAL)} .
Integrating over) andf; one obtains
1 dr 3 - 3 )
T deosfn Z(l — R, )sin” 0, + §RL cos” Oy, (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 measuas it can achieve a clean separation

of a tree-only contribution. For th6 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 | decays, charmonium K (K*), the transition is puré\l = 0, implying the equality of

the amplitudest (Eg — (cE)[?O) = A(B; — (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 23 such relationships between channels provide useful cross checks for the understanding of
experimental data.

For Type Il decays, as thB D modes, there are three possible charge stafess D+ D~, D°D°,
B~ — D D°. Since the interactio/,, is AI = % with final isospin then eithedr or 1 for both
tree and penguin operators, these cannot be separated via isospin analysis.

In the isospin basis the find)D can be in a staté = 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(By— D'D™) = S A, + S A (5.46)
A(B~ = D'D7) = 4.
This implies the isospin triangular relation
A(By— D'D) + A(By— D°D°) = A (B~ - D"D") (5.47)

and a similar one for th€P-conjugated processes. Relations of the same form hold separately for
the modes3 — DD*, DD* and for the different spin amplitudes 8f — 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 tasin 23 if penguin effects were negligible, but the non-negligible penguins introduce
a shift to both.

However, from vector current conservation and the assumption of factorizdtias) — DOEO) =

0, since the only possible diagram is of the exchange type (Fig. 5-5b). For the other modes, the
amplitudes in the neutral mode.g.,A(BY — D*°DY), A(BY — D°D*®) or A(BY — D*°D*"),

current conservation is not applicable, but these are suppressed by a colorefaatut also

by a form factor at large?, F*“(m%). Neglecting the exchange diagram, one predicts equality
between the other two modes, asdtB~ — D°D~) = A(BY — D™ D™). Thus the factorization
assumption predictdy, = 0, which implies thatd, = Ay, and in fact separately;, = 7, and

P, = P,. Thus, up to terms due to rescattering, the two definite-isospin asymmetries, and hence
the overall asymmetry, are the same. Clearly the sizé,pfand itsCP conjugateA,, 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
alsoAl = 1.

For the Type Ill modes, insofar as these are penguin-dominated, there is nothing to be gained by
isospin analysis. Fafds modes there is a small tree-contribution. Here the possible application
of isospin analysis would be to isolate a pure-penguin term, whereas indhannels 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 fhciiennels.

5.1.5 Modeling the Uncertainty on3

Decays of Type Il or lll can help to measusen 23, 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 valyeoé 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 uncertaihtAsunderstanding

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 s for decays of Types Il and Il is estimated as the shiffioalculated using factorization [19]

and neglecting the relatively small effect of electroweak penguins.
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5.1.5.1 Type Il modes

For Type Il (Cabibbo-suppressed) modes, within the factorization assumption, there are no final-
state interactions and hence FSI phase8. From the general formalism of decaysif, BY to
common modes that aré” conjugate pairs but not necessalrily eigenstates [20], one can write

the time-dependent rates for the differénD, DD* + D*D, D*D* modes in the form

R(By(t) — f) ~ [1+ R cos(Amt) + n;Dsin[2(8 + AB)] sin(Amt)]

R(BS(t) = f) ~ [L — R cos(Amt) — n;Dsin[2(3 + AB)] sin(Amt)] (5.48)

wheren; = + for DD and for(D*D*)cp-, and also forDD* + DD* in some theoretical limit
(see Section 5.1.6), ang = — for (D*D*)¢p-_ and

21| |A] A” = |A]?
I s s I S el B G O 5.49
A2 + |42 AP + AP 549
since one has: _ _
a A _ AL aipeas (5.50)

=Nf— €
p AR A
The effect of penguins is to shift the angleby an amountA3, and also to affect the dilution

factor D. Since within factorization the FSI phase is neglected(iBreigenstate®) = 1. For
non-CP eigenstates, sinc®? + R? = 1 andD can be measured from thes Amt dependence.

For the purpose of modeling the shift3, one can write the amplitudes for the different decays
DD, DD*, D*D, D*D* (up to irrelevant overall phases) [21]:

Gr

A(Bg— D*D7) = 7 fo(m —mb) f5'(m) (5.51)
* lVCd Var 01 = Vi Vap (a4 s (my — me)(me + md))]
— G
A(By— D*D*") = 7; 2fp- mpf(mp)p (Vg Ve ar — Vig Vip as)
o *+ y— GF ch 2
A(BY = D**D™) = 7 2fp mp AG(mp)p
2M?2
Vi Viway = Vig Vip [ ag — L
. l ca Teb T Ted B0 <a4 aG(mermc)(chrmd))]
and the amplitude®** D*~ are:
A 0 x4 *= GF
Ay=A(B)— D (A=0)D"(A=0)) :ﬁmp*fp*
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2p2 + m%)* cb mQB 2p cb
) () Ay — o o
X (Vi Veb a1 = Vig Vip as) (5.52)

AH Gr mp- fp-(mp + mp- )ACb( )V Vaar = Vg Viwas)  (CP=+)

1 2mB c * *
AJ_ = GF mpx fD*m V b(m%*)p (‘/cd ‘/cb ay — ‘/I-fd ‘/:fb a/4) (CP = —) .

In the preceding equations, = C, + & s = Cy+ & s = Cs + 05 , with the short-distance
coefficientsC; 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 th&shithis is also

true for the transverse amplitudg in the D* D* case. Thus the model gives

(AB)pp = Arg [1 +(1—p— i??)ail <a4 + g (my — nij)\f%zc + md)ﬂ

2
(Aﬂ)D*D = Arg [1 + (1 —pP - Z?])ail% (2&4 — s (mb —|—77”L2¢])\f7[7)10 +md)>]

(AB)pp+ = Arg [1 +(1—p— in)aicu] : (5.53)

1

The two penguin terms ifA ) pp have the same sign, while the two termgix3) p-p, have op-
posite signs: the penguin correction is smallebi* than inDD. For the purpose of illustration,
the uncertainties on masses and short-distance coefficients are neglected, and the carpastion
computed in terms g5 andr. Using the numerical values = 1.04, a, = —0.031, ag = —0.042
and the current masses, = 4.7 GeV/c?, m. = 1.2 GeV/c?, one finds

(AB)pp = Arg[l — 0.088(1 — p — in)]

(AB)pp = Arg[l — 0.010(1 — p — in)]

(AB)p-p- = Arg[l — 0.029(1 — p — in)] (5.54)
Since bothsin 23 and A3 are functions of p, ), the allowed region in thg — 7 plane due to the
constraints coming fromy, B) — BY mixing and|V,,;| will result in an allowed domain in the

planeAS — sin 2/3. In Fig. 5-12 the allowed domains from Eq. (5.54) are plotted for each these
modes.

5.1.5.2 Type lll (Penguin-dominated) modes

In the same way one can estimate, using the factorization assumption, the corfeétere to
the tree diagram in the penguin-dominated modesii€s, p° Kg, 7°(K*°) jcgo OF p° (K*0) i g 0.
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Figure 5-12. UncertaintyA (s due to penguins in Cabibbo-suppressed (Type Il) 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 modesK s, ¢ K*° do not have any tree contribution, and the determinatiofi isf
free from ambiguities.

To illustrate the expected shift 5 for the other modes, consider the amplitudes assuming factor-
ization:

_ G
A(By — m'K”) = 7; fp(mi —mp) f" (m}b)

X Vs Vap az + Vi Viy (as + asCp)]

(5.55)

Sl

_ Gy 1
A(BY — p"K°) = ﬁ 2 fpmp Agb(m?g)pﬁ
X [Virs Vup aaRvp + Vi Vip (as — asCp)]

_ _ G 1
A(BY — K" = 7’; 2 fy mp f(;f”(rrﬂv)pﬁ (V5 Vi agRpy + Vit Vi ay)
whereCp = nf;”; Rpy = Ryl is the ratiofp AL (m3)/ fy f&(m2), and the amplitudes for
P K*0 are:
Gp 1 ., .
Ay = ﬁﬁ (V5 Vi ag + Vi Vig ag) my fv (5.56)
2p? m? 2p?
[<mB ) (1 " m—v) A - B 2 g
1
A= GFE (Vi Vitia + ViVipaa) my fy(mg +my) AP (m?)
1 2m
Al = GFE (VasVavaz + Vi Vipas) my fvmljanqb(m%/)p :

In all these formulag® andV" stand for light pseudoscalar and vector mesdis(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 simpligity—=

R; 1 = 1is used, although this could be an overestimation in view of the actualfiafify .

Then the shift org for the different modes are:

. A? ay

(AB)roks = Arg [1 —(p— 7”7)@4 n %CP] (5.57)
: A? ay

(AB)oxs = Arg ll —(p—in) py— GGCP]
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AN
(AB) iy, = Ar [1 C(p—in) ]

Q4

In this latter casé{* is assumed to decay in@P eigenstate, ang’ K*° to be in a definite partial
wave, and hence a definif&’.

Numerically, one finds (using, = 150 MeV/c?)
(AB)rors = Arg[l +0.169(p — in)] (5.58)
(AB) K = Arg [l + 3.49(p — in)]
(AB) 0 = Arg[1 +0.322(p — in)]
(AB)

*)cp

(K)
(Byep = Arg[1+0.322(p — in)]

In the p° K5 case, the model predicts that the tree is of the same order as the penguin due to the
near cancellation between theandag coefficients in the penguin term (the same cancellation that
gives a smalA s for the D D* channel). It is clear that this mode cannot be used for the extraction

of 3. Further the branching ratio for this mode is predicted to be very small. This suppression of
the p° K amplitudes implies that electroweak penguins may be important in this mode; these were
not included in the above estimates.

This calculation predicts the hierarciB({,° K°) < B(7°K*°) < B(7°K"). The modevKy is

known from isospin arguments alone to be sizeable bedduser wK ~ has been observed with a
branching ratio of2(10~°) (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 plag — sin 23 for these modes are plotted. This
can be used to estimate the theoretical uncertaintiio®3. The correction for® K* and p® K*

is substantial (for the former this is possibly an overestimation in view of the value adopted for
Rpy); only the moder® K5 seems favorable in view of this naive calculation.

The channely K5 is interesting. The modeBY — »'K° and B~ — 'K~ have been observed
with a large branching ratio of the order ®fx 10~ (Table 5-5). An estimation of the rate can be
made using the same model assumptions as above Hyjthof Appendix 1. The mode is found
to be penguin-dominated. Taking into account the two possible topologiesH8rof Figs. 5-3
(7' = m, cos O + ng sin #), the model gives:

B (B}~ n'K") =3 x B(BY(B)) » K¥r%) = (5.59)
=3 x (1.50 £ 0.51) x 10~

where theSU (3) singlet f; and octetfs pseudoscalar decay constants are taken to be g¢qual
fs = fx. Inthis rough calculation, the finite chiral-limit quantity is estimated/3/0|7ysq|n:) =
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Figure 5-13. Uncertainty A due to the tree diagram in penguin-dominated (Type Ill) decays,
assuming factorization.
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(03759|K) [22]. This naive estimate qualitatively reproduces the measured rate [23], and the shift
in 4 is found to be small:

(AB)y s = Arg[1 - 0.05(p — in)] . (5.60)

This shift is plotted in Fig. 5-13.

Then' 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 3, for ¥ K could be even smaller. A smalt component in the) wave function has also
been assumed [24] in some models to fit the large rate. Such contributions would not invalidate
the measurement ofn 23 since the CKM phase of these terms is exactly that assumed for the
dominant term.

5.1.6 Measurement of3 in Inclusive Decays

This section examineSP asymmetries in inclusive decays), B — DD + X (AS = 0). It

has been suggested that such a measurement could be useful in the analysis of the ®atliest B
results. However, since bottiP-odd andCP-even modes contribute such an asymmetry cannot
be interpreted as a measuremendiof2 3 unless the fraction of each sigiP 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 thefthgroperties of the sum of
the ground state decay modB$, B} — DD + DD* + DD* + D*D*. The total branching ratio
is predicted to be abodtx 103 (Table 5-4).

The stateD D is aCP = + state. Now considebDD* + DD*. Note that in the heavy-quark limit
D andD* are degenerate partners of the same multiplet. Define two states of défiite

1

V2

In the limit of heavy-quark symmetry, the transformatiorff under the operat@rP x exp (@gag@)
implies that the spectator diagram (Fig. 5-5a) produces onlyg'the= + combination, while the
exchange diagram (Fig. 5-5b) gives only tt#é = — one [21]. The exchange diagram contribution
is presumably small since: 1) itis suppressed by the short-distancedaétar.2 ; and 2) there is a
form factor suppressioA,(¢?) because of the largg = m? in thes-channel. Thusp D* + D D*

is predicted to be in &P = + state to a good approximation [21].

(ID*(A=0,p)D(~p) > £[D(p)D*(A=0,-p) >)  (CP=7F). (5.61)
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D*D* could be in aCP = + state § + D waves) or 80P = — state (° 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 constdpt = fp- and to the form
factorsB — D (D*) that are given by the Isgur-Wise functigfw). In the non-leptonic decays
under consideration, the value ofis fixed: w = > . One can write th€’P asymmetry for the
whole ground state sum as

a(t) = Dy, sin2f sin Amt (5.62)

with the dilution factor given by the pure kinematic quantity

o, 4w? — 1) me
o _ 5.63
Ly 4(w? = 1)+ 2w — 1)?(w + 1)? v 2m, (5:63)

Dg.s. =1-

wherel',, = I'(DD + DD* + DD* + D*D*) is the total ground state width. With real masses,
this givesD, ;. = 0.95. Even though these modes are Cabibbo suppressed, the whole Bum
DD*+DD*+ D*D* represents a statistical gain of a factor 6 relatively to the golden nj@d&?.
However, the poorer detection efficiency in the former case pldst- DD* + DD* + D*D* and

J/p K2 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(tReproperties ofDD* + DD*
system can in principle be measured by looking for example at the three-body angular-distribution

DYD*~+ D DY - DD~ #°

In the center of mass of thB* D—, the relative partial wave of the’ will give the CP of the
system (L = even, CP = —; L = odd, CP = +), and the two componentaP = +, CP = —
could be hopefully separated. This will not be easy, however, becausaghery soft.

5.1.6.2 CP asymmetry in total b — ccd

It has been pointed out recently [25] that inclusiPedecays can be useful in the measure of the
CP angles. In the case ¢f, the method would need to isolate” = 0 AS = 0, but with charmed
particles in the final statesge., decays of the fornd(b) — ced(d). The estimated total branching
ratio to such states is abolito. The time-dependent asymmetry can be written in the form of Egs.
(5.2) and (5.3),

My, Trao

M| Ty

Ap = Crij = > (il fe) (fuld) (5.64)

k

In these formulas;, j indicate BY or B} and f the type of final states.e., AC = 0, AS = 0 with
charm. The calculation of [25] estimates the raticC#f-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 Ay = —0.41sin25. (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 th€’P-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 efn 23 can only determing up to a four-fold ambiguity [26]{3, 5 — (3, 7 +

,37“ — [}, with 5 defined by convention to lie betwe®nand2r. In addition to the values of
sin 23, one needs to determine the signs@f23 andsin 3, and also those afos 2. andsin .
These four signs resolve the ambiguities completely. As fariasoncerned,

e sign(cos 23) would resolve theg — 7 — 3 ambiguity.

e sign(sin 3) would resolve thes — 7 + 5 ambiguity.

Within the Standard Model, the present data on the CKM matrix elements reduces the allowed
range, implying thag is in the first quadran® < g < 7 and that0 < o < 7, and that there

is a correlation between the valuescofind 5. The ambiguities ins anda 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 ¢os 23)
1) Interference between opposit€’P amplitudes in J/y) K*.

The first question here is whether it is possible to lift the ambiggitys T — 5 by examining the
interference terms between opposite terms in.J/i) K* or D*D*. These terms are interference
terms betwee’P-even and”’P-odd amplitudes, of the form

Im A (1) A(1) Im A, (£) A% (%)
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Table 5-1. Observables in transversity frame oy (K*°) cp

Time-dependent| Time dependence Time-independent
observable observable
[Ayf? - (CP=+)
AL (CP=-) sin Amit sin 23
40> (CP=+)
constant cos[p(A)) — p(Ao)]
Re A A sin Amt cos[p(A)) — ¢(Ap)]sin 2/
sin Amt cos[p(AL) — p(A))] cos 2/
Im A, Aj cos Amt sin[p(AL) — p(A4))]
sin Amt cos [p(A L) — p(Ag)] cos 2/
Im A, Aj cos Amt sin[ep(AL) — ¢(Ao)]

that can be obtained from the transversity analysis [12, 13, 14], as was shown above. For example
Im Ay (t)Aj(t) ~ Im A1 (0)A}(0) cos Amt — Re A1 (0)A}(0) ncos 2 sin Amt (5.66)

contains a term ireos 23. To lift the ambiguity one needs the sign afs 23, but there is the
unknown sign of the coefficierite A, (0)A}(0), due to the strong interactions.

The relative phase betweet(0) and A, (t) and between4(0) and A, have been measured

by CLEO. CLEO reports the phases (5.41), consistent with the relative reality of the amplitudes
Ao, A, 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
observablegA |2, [A [, |4¢]*, Re A A, Im A Ag, Im AL A} and, separating the constant,

sin Amt andcos Amt terms, one can measure the time-independent observables quoted in the
Table 5-1.

The terms containingos 2 are of the formcos d 5 cos 23 sin Amt, wherejrg; IS Some strong
phase. CLEO results concern the time-independent angular distribution (the non-vanishing terms
att = 0 in the Table 5-1, the constant ang Amt terms):

cosp(A)),  sin[p(AL) = p(4)] . sing(A)
(in the conventionp(Ay) = 0). These quantities remain invariant under

e(A)) = —p(4)) @A) =7 —p(AL) (5.67)
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while the terms proportional tes 25 change sign

cos [@(AL) - <,0(AH)] cos 23 — — cos [g@(AL) - go(A”)] cos 23
cos p(A ) cos23 — —cosp(A))cos2f . (5.68)

Thus there is a sign ambiguity ens[¢(A | ) —¢(A))] and oncos (A, ) and therefore a sign ambi-

guity oncos 25 remains. One of the solutions for signs[y(A ) — ¢(4))]) and sigricos p(A))

will correspond to the relative sign betwe€fR-even and”P-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 onhe 7 — 5 ambiguity. Clearly, however,

if this leads to a value fop 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 ambiguity3 — Z — 3 one can try, in analogy with Dalitz-plot analysis ferin By,

BY — 7tp~, ptr— — mtr x° [27], for example the Dalitz-plot interferendg™ D 7° through
D*(B(D** — D*7°) =30 %):

BY,BY — D"D*~,D**"D~ — DD~ r°

This decay mode and other interesting channels are studied in detail in [28]. The time-dependent
rates are

4, (BY = D D~r)[" = L 1AL + | AP (5.69)
PP+ 1F17) + D 2Re[f (7))
—cos Amt [R (|f*2 = [f|?) = Dsind 2Im [£*(f)"]]
—sin Amit[D(sin(26 — 0)| £+ + sin(26 + 8)| £ [2) + sin 26 2Re[f* (£7)’]

+Rcos2f3 21m[f+(f7)*]] }

and|A; (B} — DT*D~=°) | is obtained by changing the sign of the coefficients ofdtweAmt
andsin Amt terms. fT(f~) are the Breit-Wigner of the decay$** — D*x%(D*~ — D7),
and

2044 |4 g A~ AL
|AL|? + [Ay]? |AL|? + Ay 2

whereA, = A(B — DD*) is the amplitude of emission db*, andA4, = A(B — DD*) is
the amplitude of emission ab. The sign ofcos 23 can in principle be measured, and lift the

) = arg (lez) (5.70)
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ambiguity. However, the interference effect is expected to be very small, essentially because the
D* is so narrow(I'(D*) < 0.1 MeV), and the effect is unobservable.

But one could tryD** in the different decay modelS7 and D*7r and look at the various Dalitz
plots DDn, DD*r, DD*r, D*D*r, e.g.,[28]

BY,BY — D*D* + D D*" — D*D x°
BY,BY — D**D*~ + D*D** — D**D* 7°
BY),B* - DD~ + D*"D** — D*D* n°.

The first excited level = 1 has the following states}7, (0%), D7}, (17), D37,(17) andD37,(27),

wherej = 1, 3 is the total angular momentum of the light quark relative to the heavy quark.
D37, (17) and D37, (2%) have been seen clearly in semileptonaecay: D7*(2420) decays only in

D*r, while D}*(2460) decays inDw, D*r (in a proportion 1.8, taking into account phase space).
Below a quantitative model of thB D= Dalitz plot through the distribution Eq. (5.69) is made to
study measurement ods 2/3. One should however emphasize that, unlike the&se, this analysis

does not allow the penguin contribution to be separated, and hence a theoretical uncertainty in the
value ofsin 23 remains. Another Dalitz-plot analysis that could measure sigr2(3) is D™D~ K

via D}* [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 decaBq — J/ Y K° — Jjip (m= (T uy).
A nice remark has been made recently [29] that can also help to measaré While the time-
dependent ratée £ is the time at which thés meson decays)
[ [BY(BY) — Jpp K2] ~ e % [1 F sin 20 sin Ampty)] (5.71)
only allows the measurement ©h 23, the cascade decay rate
T [BY(BY) — JW K — Jppn* ] (5.72)

can give information also oeps 23 due to the interference with*-K° mixing. The form rates,
dependent ong andtx, can be written as (the times of decay®find K respectively):

¢ I'nts {6*75“{ [1 Fsin203sin(Amptp)] +

+
e "% [1 £ sin 2@ sin(Ampt )] 2¢~ 3 (15 t7L)x¢

F)
-[cos(Amptp) cos(Amgty) + cos2[sin(Ampty) sin(Amgtk)] } (5.73)
One observes that a term éns 23 appears due to the interference betwéaBY mixing and

K°-K° mixing. The angle? here is not polluted by penguins.
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5.1.7.2 Determination of sign §in (3)

The determination of sigrin 3) [26] would lift the ambiguity3 — = + 3. However, this needs
some model-dependent input. It can be done by comparing Type | and Type Il decays, for example
Jip KO versusD* D~. The comparison of the coefficients ©fi Am¢ in both classes (see Egs.
(5.12) and (5.17)):

SJ/,(ng - _Sin 25 (5.74)
sin23 — 2|Rpp|sin Fcosdpp
1+ |Rpp|?> — 2|Rpp|cos B cosdpp

SDJer -

can give the sigfsin ) if sign(cos 2/) and sigricos dpp) are known. The sigros 2/3) could be
determined by the method described above. The determination atsignp) needs model-
dependent input. Without loss of generality one can keep the leading orldes in, that gives:

SJ/ng+SD+D7 = 2|Rpp|cosdpp cos2[ sin 3. (5.75)
Within factorization, sigfcos dpp) = + (see Egs. (5.14) and (5.52) and the fact thats < 0)
sign (Sj/ng + SD+D—) = sign (cos 23 sin 3) . (5.76)

Note that the present Standard-Model range givessigasin ) > 0, and the asymmetry in
D* D~ is larger in magnitude than i/y) K?, and opposite in sign.

5.1.7.3 Modeling the extraction ofcos 23 from Dalitz plot analyses

The Dalitz plot analysis of.g.,BY, BY — D* D=7 throughD*, can be modeled in the factoriza-
tion approximation. This analysis seems hopeless becauge tisevery narrow, and, in addition,
a further problem is that the interference termedn 25 that lifts the ambiguity is too small, since

its coefficientR vanishes in the heavy-quark limit assuming factorization: A ~ fp, & (sz)

For the D** channels proposed above [28] an estimate of the magnitude of the coefficient of the
cos 23 term can be made by assuming factorization. To study the different Dalitz plots one needs
to estimate the current matrix elemeiis— D, D* andB — D7},(07,17%), D37,(17,2%) and the
decay constants, = fp-, and the differenfp--.

The current matrix elements f& — D(D*) in the heavy-quark limit are given in terms of the
Isgur-Wise functiorg (w) and the transitiod? — Dy7,(0%,1%), D37, (1%, 27) are given in terms of
the IW functionsr, j»(w), 73/2(w) [30]. On the other hand, in the heavy-quark limit;, (0, 1%)

have equal decay constarfis’? while f&/% = 0.
Thus factorization plus heavy-quark symmetry predicts

A(B — DD3,(1%) = A(B = DD;,(21) =0 — R=1. (5.77)
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Table 5-2. Theoretical and experimental branching ratiB$ for semi-leptonicB — D, D*, D**
decays.

TheoreticalB Experimental Branching Ratio
(Orsay Quark PDG 1997 [32] New Measurements
Model [31])

B » Dt w 2.35% (1.94+0.5)% | (1.87 £0.15 + 0.32)% [33]

B~ — D% 7w 2.35% (1.6 £ 0.7)% | (1.94 £ 0.15 + 0.34)% [33]

B® — D*t(v 6.86% | (4.68 & 0.25)%

B~ — D v 6.86% (5.3 +0.8)%

B — D37, (27)lv 0.70%

B — D3, (17) v 0.45%

B — Dyj,(17) v 0.07%

B — D}7,(07) v 0.06%

On the other hand, since numerically one has(w) < {(w), and moreovefg/Q) is predicted to
be of the same order of magnitude fas[31] there is an expected hierarchy

|A(B = DD7},(07))] > |A(B — Dj},(07)D)| (5.78)
|A(B = DD7j,(17))| > |A(B — Dij,(17)D)|.
This also impliegR| = 1.

From these selections rules and the fact thatw) < £{(w) one sees that indeed the coefficient
of thecos 23 term will be maximal for theD* D~7° 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; namely\’? ~ fp, taking fp = 210 MeV from lattice calculations.

In the Figs. 5-14a and 5-14b show the Dalitz pltt — D* D~ =" via D7,(07) and D37, (27) at
t = 0. One can clearly see the-wave decay of theé* state. As an illustration, Figs. 5-14c and
5-14d also show thein 23 andcos 23 terms forAmt = 3 andg = ¢ [28].

5.1.8 Summary of Data on Decays Measurin@

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 | détayscharmoniumi (K*)

REPORT OF THEBaBarR PHYSICS WORKSHOP



5.1 Theoretical Review ofin 23 Measurements 237

Figure 5-14. Dalitz plot B; — DD~ 7% att = 0 (5-14a,b) and terms igsin23 (5-14c) and
cos 2(3 (5-14d) atAmt = § andf = %.
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decay modes. In Table 5-4 the Type Il decays modes are given. The column PDG 1997 is obtained
from rescaling of Cabibbo-allowed decays, through:

B(By — D™D™) 2 tan®60c B(By — DfD™) . (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 lll, penguin-dominated, naely ¢ K(K*),
n K(K*), etc.

Table 5-3. Data on branching ratios fd8 — CharmoniumK (K*) decay modes (Type I).

Decay Mode Experimental Branching Ratio

of B} or B, PDG 1997 [32] New Measurements

Jhp K° (8.84+1.7) x 10~* (8.5715 £ 0.6) x 104 [13]

J K= (1.01 4 0.14) x 1073 | (1.02 £ 0.08 + 0.07) x 1073 [13]

Jfp° <58x107°

Jhpn= (5.1 +1.6) x 107°

Jp K+ (1.49 +£0.22) x 1073 | (1.32 £ 0.17 £ 0.17) x 1073 [13]
(1.78 +0.14 4 0.29) x 1073 [34]

JI K*~ (1.67 4+ 0.35) x 1073 | (1.41 £ 0.23 4+ 0.24) x 1073 [13]

Ro=0.764£0.07 | Ro=0.52£0.07£0.04[13]
R, =0.16 £ 0.08 £ 0.04 [13]

W' K° <8x107*

VK- (6.943.1) x 1074 (5.6 + 0.8 + 1.0) x 10~* [34]
W K0 (1.440.9) x 1073 (9.2 +2.0 + 1.6) x 10~* [34]
WK <3 %1073

X K° <2.7x1073

Yo K~ (1.0 +0.4) x 1073

X K* <2.1x1073

N

neK*

REPORT OF THEBaBarR PHYSICS WORKSHOP



5.1 Theoretical Review okin 23 Measurements 239

Table 5-4. Data on branching ratios for Cabibbo-suppressed decays (Type)llhgans that the
value is rescaled from data on Cabibbo-allowed decays asswsning) symmetry and neglecting

the exchange diagram.

Decay Mode Experimental Branching Ratio

of BY or B, PDG 1997 [32] New Measurements

DtD~ (3.9+£1.5) x 107* (%) < 1.2 x 1073 [35]

DD~ (6.34+1.9) x 107 (x)

D°DP

Dt D* (4.8 £2.4) x 107* (%) < 1.8 x 1073 [35]

D°D*- (4.4+£1.9) x 107* (%)

DOE*O

D*tD~ (4.6 £1.6) x 107* (%) < 1.8 x 1073 [35]

DD~ (5.8 £2.4) x 107 (%)

D*OEO

D*tD*- (9.7 +£3.4) x 107* (¥) (5.3751 £1.0) x 10~* [35]
(2.3719£0.440.2) x 1073 [36]

D*OD* (1.3£0.5) x 1073 (%)

D*OE*O
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Table 5-5. Data on branching ratios for Penguin-dominated decays (Type Ill).

Decay Mode Experimental Branching Ratio

of BYor B, | PDG 1997 [32] ‘ New Measurements

T K~ <1.7x107° (15795 £0.140.1) x 107° [37]

T+ K° <4.8x107° (2.3%16£0.34£0.2) x 107°[37]

O KO <4.0x107° < 4.1 x107°[37]

K~ <1.4x107° < 1.6 x 107°[37]

7O K*0 <28 x107° < 2.0 x 1077 [38]

O K*~ <9.9x107° < 8.0 x 1075 [38]

nk?° < 3.3 x 107° [39]

nK~- < 1.4 x 107°[39]

nk*° < 3.0 x 107° [39]

nK*~ < 3.0 x 107° [39]

n K° (4.7727 £ 0.9) x 1075 [39]

K- (6.5715 £ 0.9) x 105 [39]

n K*° < 3.9 x 107° [39]

nK*~ < 1.3 x 107 [39]

PP K° <3.9x107° < 3.0 x 107°[38]

PP K~ <1.9x1075 < 1.4 x 107°[38]

PP K*0 <4.6x10*

PP K+ <9.0x 107

wK° < 5.7 x 107° [40]

wK - (1.570¢ 4+ 0.2) x 1075 [40]

wK*0 < 2.3 x107°[40]

wK*= < 8.7 x 1077 [40]

PK° <88 x107° < 3.1 x 107° [40]

PK - <1.2x107° < 0.5 x 107° [40]

PK* < 2.2 x 107° [40]
PK*0 <43 x107° < 2.1 x 107° [40]
pK*~ <7.0x10°° < 4.1 x 107° [40]

yK* (4.0+£1.9) x 107°

yK*~ (5.7+3.3) x 107°
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5.2 Experimental Considerations forsin 23 Analyses

This section introduces and describes some general aspects of the analysis required sireXfract
from the data (see also Section 4.10). The determinatiema@fs is performed by fitting the time
difference, At = tcp —ty,g, in the decay i’ (45) — BB, where one of twd3 mesons decays into
particularCP eigenstates as described in the previous section and theBiherays into a mode
whoseb-quark flavor can be ascertained (the fa This measurement is made experimentally
feasible by boosting th¥(4S) and measuring decays in the lab frame, where the difference in the
z positions is related to the time difference BYcAt = zcp — 2105 = Az.

The physically measurable observable is the difference in:lpbsition, Az, between theCP
eigenstate and the other taggiBgmeson. Neglecting measurement errors, Aedistribution
will have the form

Az = Ne 1841 4 ap (A2)], (5.80)

where isaf (Az) = Crcod AmAz) + Sysin(AmAz) and the coefficient§’s andS; are functions
of 4 (Section 5.1.1). In the simplest case suctBids— J/yy K? andB® — J/ K}, C; = 0 and
S = sin 2/ and the extraction ofin 23 amounts to fitting the\ z distribution of the data for the
parameterS; 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 sithich
can be measured withBr data. The precision on the measurementin can be estimated

from
o o (sin283, Am/T', o,) 1+ Ng/Ns (5.81)
" N5\ erag (1 — 2w)? 1+ (AB/As)(Np/Ns) ° '

whereNg (Np) is the number of signal (background) events vith asymmetryAs (Ag), o, is

the measurement error of the vertexis the misidentification rate of the flavor tagging and.,

is the efficiency for finding thé3 flavor tag. The coefficient (sin23, Am/T', ¢,) is obtained

from tabulated values [41]. This represents the error for one event with no background and no
uncertainty in the tag, denoteq throughout this book.

Hence the following analyses, to estimaig -4, for a particular value ofin 23, require:

e Number of reconstructed signal events;

Number of background eventdz

Az vertex resolutiong,

B mixing parameterAm /T

Tagging factorg,e (1 — 2w)?
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Table 5-6. Assumptions in Chapter 5

[Ldi 30 fb !
o (ee — T(4S)) 1.05nb
B(r(4S) — B"B% | 0.5

o (ee = qq) 3.39nb

€tag (1 — 2w)? 0.3 (Section 4.8.8
sin 23 0.7

Am,T 0.75

The analyses assume the values of these parameters as given in Table 5-6. Throughout this book,
the termusable samplevill be used for the number of events expected, including all branching
fractions, but not including efficiencies.

In other analyses in this chapter, the extractiorin®s and determination of the estimated error,

is more complex. The complications include mixe&t 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 withnigson decaying

to the mode of interest and thie meson decaying to all possible decay modes. Background
Monte Carlo events were generated for bgih(Jetset74 ) and BB (EvtGen ) events (see
Section 4.1.1). For the latter, bofh mesons decay to all knowB decay modes. The sample

of 4.9 million ¢g events corresponds to a luminosity of 1.4 fb The sample of 2.3 milliol3BB
events corresponds to a luminosity of 2.2 fbAslund and early Beta analyses have used other
Monte Carlo samples.

5.3 Charmonium + Kaon modes

The decay modes®, B — J/iy K%(K?), v'K%(K°) or x;.K%(K?), called Type | in Section

5.1.1, are color-suppressed and have the remarkable featustntpdtcan 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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531 B — J/pK?°

The combination of relatively large branching fractions, readily accessible final states with small
backgrounds and negligible theoretical uncertainty have earned the Béeay.J/) K0 the name
gold-plated modeThe aim of the analysis is to reconstruct fieneson through its decay products
with good purity and efficiency, tag its flavor with the associalednd hence measure the time-
dependent asymmetry from whisin 25 can be extracted.

Reconstructing thd/yy through its decays tp* i~ ande*e™ provides high efficiency and good
background suppression. By reconstructing B through both chargedr(7~) and neutral
(7°7°) decays good overall efficiency is maintained. In the charged decayttieidentified 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 7%s from aK?. Additional background suppression is achieved by exploiting the fact that the
B momentum is kinematically constrained in the rest frame ofithS) to bep,, ~330 MeV/ec.

In one year of data taking at design luminosity3® expects to collect 30 fi of data. Using
branching fractions and cross-sections measured by the CLEO collaboration [13] and noting that
the BBxr trigger efficiency for these events is expected to be nearly 160%600 B® — J/ K?

events are expected to be recorded, with.the decaying into either a muon or an electron pair.

In order to estimate the precision which can be obtainedioas from the time-dependent
asymmetries, it is necessary to know the signal efficiency, background contaminatiakzand
resolution. These factors are examined in Sections 5.3.1.1-5.3.1.6. The methods of extracting
sin 23 from the measured time dependent asymmetries are covered in detail in Section 4.10. All
the results quoted in this section were obtained using theBdim simulation, a preliminary
version of the BBar reconstruction software and the software tools described in Chapter 4.

5.3.1.1 J/p — £T€ reconstruction and selection

In order to select//y) — ¢*¢~, 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 withiviekQc? of

the J/i) mass [32] are considerefly candidates. The widths of the invariant-mass distributions

of these candidates are dominated by detector effects. The widthN&¥V2c? 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 defay — n* 1~ is considered. The efficiency

for reconstructing//;y in the muon channel was found to be80%. Use of this number for both
modes is expected to be slightly optimistic.

The B® decay vertex on thé'P side is taken to be the decay vertex of the . Its > coordinate

is used in evaluating\z. The distribution of the difference between the true and reconstructed
Az can be fitted with the sum of two Gaussian distributions. The narrow Gaussian has a width of
51 um and there is a 5% admixture of a second Gaussian with a width ofykd0For the tag

vertex, improvements on the procedure discussed in Section 4.5.1.3 result in a narrow Gaussian
with a width of 80um and a 20% admixture of a second Gaussian with a width of 280

5.3.1.2 K? — w*x~ reconstruction

The decayk? — 77 is reconstructed by selecting all pairs of oppositely charged tracks which
can be fitted to a common vertex and have an invariant mass withiieb3c? of the nominali?
mass [32]. The reconstruction efficiency for thi€ selection was found to be 75%.

5.3.1.3 K? — 7°x" reconstruction

Photon- and - 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 thetwlecays. The photons

can have energies up to @eV, but it is essential to maintain good photon detection efficiency
down to 20MeV.

The selection ofr® mesons is complicated at high energy where the two photons fron? thave

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 treatedrgsamd is subjected to the shower
shape analysis, described in Section 4.4. These “mergédandidates are included with those
constructed by the standard method of combining photons, as described below. A lower energy
cutoff of 700 MeV is imposed on such merged candidates.

Event-Selection Criteria

In order to formz® 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 mérgedorm a
complete set ofi’ candidates. Where possible these are then combined toAgQreandidates.
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For the non-merged's, the invariant mass of the neutral cluster pair is required to lie in the range
100 MeV/e? < myuo < 145 MeV/c? At this stage the invariant mass of tié€ is required

to be 380 MeV/c? < mgy < 550 MeV/c?. It is recognized that the invariant mass of both
the 7% s and theK?, formed for this purpose will necessarily be low since no account has been
made for the finite lifetime of th&?. A correction for this using the direction information from
the J/i) proceeds as follows: the flight path of th& is calculated using the reconstructéd
momentum and the momentum of tB& meson, neglecting the small component of its momentum
perpendicular to the beam axis. Points alongAHeflight path are then considered froa2.0 to

5.0 K lifetimes in steps of 0.Tgo. At each point, the following procedure is adopted: if the
two 7% s constituting the candidat&® are not merged, the invariant mass of each cluster pair
is calculated. The position at which the invariant mass is closest ta%meass is then stored

for possibleK? combinations.K? — 77" candidates are considered if the two times at which
the bestr® mass is found are within 3.6Kg of each other, and the best masses lie within

the rangel10 MeV/c? < m,o < 160 MeV/c?. Restricting the difference in measured lifetime
greatly reduces combinatorial backgrourtts, which will tend to be randomly distributed along
the flight path. The cluster combinations from the genuiffewill tend to cluster around zero
time difference. In addition, those candidates for which the Eédifetime lie at either end of the
range described above are rejected. Approximately two-thirds akthsignal arises from these
unmergedr s.

If one of the twor® s constituting the candidats? is a mergedr’, then the invariant mass of the
cluster pair constituting the othef is formed at each point. Again, the position at which the mass
is closest to ther® 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 ofithsignal has one
mergedr®.

If both of ther” s constituting the candidat&? are merged, then the invariant mass of theair
is formed at each point, and compared to figmass. The point with the be&f? mass is kept,
provided that it does not lie at the extremes of the allowed range. A cut of theass is not
imposed at this point. The fraction of signigP with two mergedr? s is negligible with respect to
the other two scenarios.

The K? 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-calculat&theass. The resulting? is restricted

to have a mass in the rangé0 MeV/c* < mgg < 560 MeV/c? and a momentum, calculated in

the rest frame of th&° meson, in the range2 GeV/c < pho < 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 theirimpact on the analysis backgrounds.
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Table 5-7. Cuts used to select the dec&f) — = x° and the corresponding reconstruction
efficiencies. All efficiencies were calculated using the BHsim simulation and reconstruction

chain

Cut

Efficiency

Overall 2r° efficiency
Wide K9 cut0.38 < mx < 0.56

K? lifetime wherer® s have correct masar < 3.0

Kaon mom in B rest frame.2 < pi,, < 2.0 GeV/c

~ pairs maker® mass alond<? flight path—2.0 < 7 < 5.0

Kaon mass from decay poitt) < M < 560 MeV/c?

37%
76%
99%
96%
99%
99%

CombinedK? — 770 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 forK? — =°7° detection as a function of calorimeter cluster threshold.

Minimum cluster energy detectableRelative signat

20 MeV
30 MeV
40 MeV
50 MeV

100%
93%
86%
7%

5.3.1.4 BP9 reconstruction

B° candidates are formed by considering all possible combinations of previously reconstructed
Jip and K? candidates. Before combining tHg) and K2, their masses are fitted to the nominal
values. TheB® candidate is then required to have a mass withinXIl@0/c? of the nominalB°

mass [32] and the momentum of thd in the rest frame of th& (4S) is required to be in the range
200< Pg <500 MeV/c for ther7° channel and 146 Py <450 MeV/c for ther 7~ channel.

The global efficiencies for the full reconstruction are 60% forthe ~ channel and 21% for the

7% channel.
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5.3.1.5 Backgrounds

The rejection power afforded by demanding/a candidate in the signal is rather good, so that the
dominant backgrounds are those which include a Jéalin the event. The following have been
considered: iB° — J/i X; i) semileptonic decays dfor c hadrons; and iiiyg 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 intdoth and7°7° modes.

5.3.1.6 CP reach

A summary of the numbers used in the analysis and the resulting uncertasni2jnis given in
Table 5-9.

Table 5-9. CP reach for a 30 fb! data sample for the gold-plated modeP-mode efficiencies
were derived from fulBBsim simulation and reconstruction.

K? - 7rta= | K2 — 7070
B(B® — J/h) K?) 4.25x<10~*
B(Jjp — 107) 0.12
B(K? — ) 0.686 0.314
Usable sample 1100 500
Reconstruction Efficiency 0.60 0.21
Number of reconstructed events per 30 660 110
fo!
Tag factore,,, (1 — 2w)* (Section4.8.8) 0.3
Ng/Ng 0.06 0.06
o) 1.59
d(sin 23) 0.12 0.30

532 B — J/p K

The study of theCP asymmetry in the channél® — J/i» K? is an independent measurement of
the angles. Its importance goes beyond the increase in statistics. Sinck thend theK? 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 thek? final states branching ratios and expected rates. The number of
expected events is based om(@ (4S)) = 1.05 nb~", an integrated luminosity of (C dt=30 fb!)

and include thé2% branching fraction of thd/i) decay to lepton pairs. The last three rows show
the B* decay to charmoniuri** as these are important backgrounds to allikechannels.

Channel Decay fractions8 from Table 5-3)| # events
BY = JWK? 4.25 x 1074 1600
BY — J K*° (K" — K%10) 1/3x1/2x13.2x107* 830
BY - /K? (¢ — Jhpmrn) 0.324 x 3.5 x 10~* 430
BY = 'K (¢ — Jhprtr~, K0 — K%70) 1/3 x 1/2 % 0.324 x 14.0 x 10~* 290
B = xa K (Xe1 — v J/Y) 0.273 x 5.0 x 10~* 520
B = X K* (xe1 — v/, K — K%7%) 0273 x 1/3 x 1/2 x 14 x 10~* 240
B* — Jip K** (K** — Ko71%) 2/3x1/2x14.1 x 107* 1780
BT ' K** () — Jhprra—, K — K%7%) | 2/3 x 1/2 x 0.324 x 14.0 x 1074 570
B* = xa K** (X1 — v/, K** — K%7%) 0273 x 2/3 x 1/2 x 14 x 104 480

because its asymmetry should be equal in magnitude but opposite in sign compared with that of
the B — J/y K? decay. For these reasohd final states have been studied extensively from the
very early stages of theaBwr experiment [42, 43], and updated and summarized in [44].

The expected event rates and branching ratios used for all the analyses invojvinghe 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 thd@f- J/ K2, the analysis techniques are
quite different because thH€” momentum is not measured. Since there are fewer constréaifits,
channels have a larger background than th&ircounterparts. The analysis of th# mode and
backgrounds in this channel was done usingAlstund fast simulation, although, as will be

seen later, a number of results concerning the signal are taken directly from the corresgchding
channel, in which the fulBBsim reconstruction analysis chain was employed. In addition, the
response of theABar detector toK? was parameterized iAslund after a carefuBBsim study,

as summarized in Section 4.1.3.

The J/i is reconstructed through its leptonic decay into a pair of electrons or muons as described
in Section 5.3.1.1, and its four-momentupy(, ,E,/,) is completely determined. For@’ —
Jip K° decay, the measurdd? momentum must satisfy

2
M%o = (EJM, + ,/pég +m%(2 > - |p]/1/1 +ng|2. (582)
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This equation has two solutions foro, but only one is positive, hence acceptable. A value
for Pxo is obtained fromng and theK? direction information measured in the IFR. Then, the
momentum and the energy of i are simply the sum of those of thi&/ andK?. The value of

Do IS then obtained by a Lorenz transformation, using the nominal values of the beam energies. If
the assumption is correct, thgp, must be monochromatic, apart from the spread in the CM total
energy and the angular resolution in reconstructingifelirection.

Mean .3253

RMS .6873E-01

300

250

200

150

100

50

0|||_ v oo e by v by ey Ty o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

pg" (GeV)

Figure 5-15. Distribution ofp},. The spread around the expected vakie3§0 MeV/c) is due to
beam-energy spread, momentum resolution and mB@esolution in thek® direction.

The distribution ofp%,, with 30 mr as the resolution in th&? direction measurement, is shown
in Fig. 5-15. The peak is centered around the correct vajye~x 330 MeV/c; the rm.s. is

~ 69 MeV/c, with contributions from: the error in th&”? direction measurementy(51 MeV/c),

the beam-energy spread @7 MeV/c, using5.5 MeV and2.5 MeV respectively fow g, andog, ),

and the experimental resolution in the lepton momentum measurermdntNleV/c). Improving

the measurement of the? direction would not result in a significant improvement of this channel,
since the distribution a3, is limited by the spread in beam energies.
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5.3.2.1 Event selection and efficiency

In the B® CM the J/i) and theK? from theB® — J/iy K decay are emitted back to back; since the
component of thé3® momentum transverse to the beam direction is very small, the difference in
the azimuthal angle between thig) and K? direction is also close t©80°, as shown in Fig. 5-16.
This suggests a method to improve the background rejectionithdirection in the xy plane
should be opposite to th&), within a few hundredmr. In this analysis the direction of thi?

has been required to be opposite to that ofthe within 300 mr, resulting in substantial reduction

of the background without affecting the signal significantly.

The event selection begins with all events wherga is identified in its decay into a lepton pair.
A A¢ cut of 300mr is applied around the direction opposite to the to look for neutral clusters
in the EMC and the IFR, following the criteria féf® identification described in Section 4.4.2, and
in greater detail in [42, 44].

1000 Entries 8480
L Mean 3.141
RMS [] 2077
800
600 - N
400 +
200
O-II'—‘—I IIIIIIIIIIIIIIIIIIIIIII I—!—l—ll—l

2 225 25 275 3 325 35 375 4 425
A (rad)

Figure 5-16. Distribution of the difference in azimuthal angle between kifeand thel/y. The
dip at~ is due to thein? 0* angular distribution of the decay of thg4S) to B mesons.
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The quantityp, is calculated and a cut on this quantjt, < 450 MeV/c, is finally applied. Of
a sample of 10K Monte Carlo signal events a total of 4060 were correctly identified, divisig
efficiency.

5.3.2.2 Backgrounds

The same analysis has been applied to offfeand B decays which contain.g+) and ak? in the

final state, since these are the dominant backgrounds. Among them, the most important processes
areB’ — JWK*, Bt — JWyK**, B - /X, B® — x.X. There is also combinatorial
background due to accidental combinations df@ and ak?.

The p};, 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.

80 -

60 —

40 —

Figure 5-17. p?,, distribution for.J/y) K Y (solid), J/ip K*° (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 theB® — J/ip KY decay described in the text. The analyses were performed with the
Aslund fast simulation.

Process Selection Efficiency # Events Selected
B — Jip K° 0.41 650
B — Jhp K*° 0.11 93
B* — Jhp K** 0.12 210
BY — ¢/'K° 0.032 14
B% = xa K? 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/thevertex and compatible with the

Bt — JWpK*T (K** — K°r") decay chain. No attempt has yet been made to do such a
vertex analysis, but studies of this are planned. This background, unlike that AU, toas 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 ©¥ 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(Ap) = —Sign(Ag) then the error increases, as the measured asymmetry is diluted by the
background. When they have the same sign, the deoreasessince in this case the background
is actually measuring the same quantity, and therefore effectively increases the amount of signal.

Assuming a value ofin 23=0.7, a tagging factor d§.30 (see Section 4.8.8),, = 1.61, and that
the background has zero asymmetry, the precision achievable with the present analytsision
in 30 fb™ ! would bed(sin 23) = 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 8om- J/i» K**, have zero
asymmetry, so there is no correction for them. Bfe— 'K° andB® — y., K? backgrounds

are expected to have the same asymmetry as the signal, and they therefore enter in the error
calculation as signal. Sincé/y) K*° is not a pureCP state, an admixture of P states was
assumed [13], namely tha6% (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 reductié(sin23) or ~ 0.01. Including also the
opposite sign asymmetry background, increageis: 23) 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 if(sin 23).

A value for theAz resolution equal to that used in the correspondifigchannel is assumed, since
the determinations of theP-side (see Section 4.10) and the tag-side (see Section 4.5.1.3) vertices
are essentially the same in the two analyses.

533 B’ - 'K°

The decay modeB® — ¢'K? is expected to have the same asymmetry and almost the same
branching ratio a$3® — J/ K?, as indicated by the branching ratios measured in the case of the
B* decay.

The ' is reconstructed from the decay mogde— J/i)=*7—, 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 tothe~ J/y 77~ branching fraction. Another
significant rate reduction compared wi? — J/» K9, is the lowerK? detection efficiency in

B — ' K" decays due to the lowdt? momentum.

5.3.3.1 Event selection and efficiency

The selection criteria are the same as described in Section 5.3.2R%fer J/iy K?. After
selecting ak? and ay)’ candidate, the<® momentum is calculated from th& momentum and
from the K direction, assuming they are coming fronBalecay. Consistency with(4S) — BB
decay is used as a constraint, requiring that the reconstructed center oBmaasentum has,
within resolution, the expected value.

The efficiency for the signal was measured ta-b27% on a sample of 10lslund Monte Carlo
events of the kind3° — ¢'K?, B® — X.

5.3.3.2 Backgrounds

Background decay modes for this decay are also similar to thaBfor+ J/iy K°. The most
significant are:
B = ¢/K* (K™ — K%2%) (5.83)

B* = /K™ (K% — KO7%) | (5.84)
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The background fronB* — ¢'K** 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/, K? andr, consistent with the proceggs K*°. However the background
reduction is not sufficient to offset the loss of efficiency. Conversely, due to'thmenta being

softer than that of thd/i), there is a larger combinatorial background expected from uncorrelated
¢'K? combinations in multi-hadronic events. Such events have a broad distributiorpip to

2 GeVJe.

The yields for 30 fb', are shown in Fig. 5-18 as a functionygf,, and summarized in Table 5-12.
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Figure 5-18. pj,, distribution fory' K (solid), ' K*° (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 theB — ' K" decay described in the text. The analysis was performed using
theAslund fast simulation.

Process Selection Efficiency # Events Selected
B — 'K? 0.27 120

B? — ¢/ K*0 0.06 17

Bt — /K** 0.056 32

B — JWK? 0.005 8

BY - xa, KY 0.009 5
Combinatorial 34

5.3.3.3 CP reach

About 120 signal events are expected from the decay nitides ¢’ K, with a total background

of 100 events. With the same assumptionsifpand the tag factor as in the preceding section, and
including in the signal all events with the safi® asymmetry as the signal, the error ©n 24
obtained isi(sin 2/3) = 0.305. Correcting for the asymmetric background, as discussed already in
Section 5.3.2.3, the error becom¥sin 23) = 0.335.

Reduction of the background for this channel is obviously very important faoiiirss? measure-
ment.

53.4 B° — xuK?°

The B® — .. K? decay is expected to have similar asymmetry and branching ratio @ fes

Jip KY. Thex,, is reconstructed from the,, — ~.J/i» decay. Taking into account all the appro-
priate branching ratios, the number of expected events is slightly larger than the aforementioned
' case, as can be seen in Table 5-10.

The analysis techniques are similar to thoseB8r— J/i» K?, described in Section 5.3.2, except
that in this case thg.,; has first to be reconstructed from ttig) and a photon. Once the,
four-momentum is obtained, it is used to determine Kfemomentum and to reconstruct the

B°. The photons from the radiative decay of the are quite energetic, as can be seen from the
energy spectrum shown in Fig. 5-19. The electromagnetic cluster energy is required to satisfy
E.ust > 250 MeV. The invariant-mass distribution of the//y) system is plotted in Fig. 5-20,

after requiringpj, < 450 MeV/c. x candidates are selected by requirthg9s < M, <
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3.525 GeV/c. The K? selection is similar to that described in Section 5.3.2.1. The efficiency for
the signal was measured to 8e28% on a sample of 10Kdslund Monte Carlo events of the kind
BY — x.K? B° — X.

120 L Entries 2340
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Figure 5-19. Distribution of photon energy from the decgy, — ~vyJ/1) .
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Figure 5-20. (a)~J/y invariant-mass distribution after thg,, < 450 MeV/c cut; (b) x.1 decay
and background (dashed) photon angular distribution irytheCM.
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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 frad — Y. K*°, B* — y,K**, B® — J&K?, 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 theB® — x.1 K decay described in the text. The analysis was performed using the
Aslund fast simulation.

Process Selection Efficiency # Events Selected
B? = xa K} 0.28 140

B — xaK*° 0.068 16

Bt = ya K** 0.065 31

BY - JWK? 0.018 29

B — 'K? 0.01 4
combinatorial 32

The angular distributions of the photon in the, 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 dégay ., K, with a total background of 110
events. Under the same assumptions made for the athehannels, the error afin 23 obtained
isd(sin 23) = 0.267 (0.285) without (with) the correction for the asymmetric background. Further
reduction in the backgrounds would substantially improve this error.

The results fokin 23 for all the K9 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*9 Modes

The decay mode®°, B® — Jip K%, 'K or x1. K5 (the subscripCP indicates aCP
eigenstate such a&’n’) are also Type |, as defined in Section 5.1.1. As in the mdeglgs
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Table 5-14. CP reach for one standard year of data taking and®3=0.7 in the variouskK?
modes. CP-mode efficiencies and background levels were calculated using\ghend fast
simulation. The\z resolution was taken from thepK? analysis with fullBBsim simulation.

B = JYK?| B - ¢'K° | B® - xa K"
B(X K?) (see Table 5-10) 4.25x107* | 1.134x10°* | 1.365x10*
B(J/ —1117) 0.12
Reconstruction Efficiency 0.41 0.27 0.28
# of signal events per 30 b 650 120 140
# of background events 380 100 110
# of CP symmetric background events 240 66 63
# of oppositeCP background events 90 17 16
# of sameCP background events 50 13 33
Az resolution (see Section5.3.1) 130 pm
o) 1.61
Tagging factor e,,(1 — 2w)* (see 0.30
Section4.8.8)
d(sin 23) 0.14 0.31 0.27
d(sin24) with CP-asymmetric back 0.15 0.34 0.28
ground

B° — Charmonium + Kaorsin 23 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 d&finitee 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 ;‘Qsﬂo.

In this section theB® decays to the following final states are studied:

Jp K0, K — K70 K% — ntr~

Jp K, K* — K7 K2 — 7070

YK = ot J, K — K% K — nhn—

X1 K*0, xe1 = vJfp, K* — K% K? — nhm
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For all four channels, only the leptonic decay of theé was considered. The branching ratios of
the B” meson into these states are given in Table 5-3.

Samples of events for the thrdé) K*° channels were produced with tBtGen 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 Agdk Bletailed simulation chain. The

' K* and x., K*° channels were studied using a fast simulation procedstufd ). In all

cases, the generated events wE(¢S) — B°B°, with one B decaying to the&”P channel under
consideration and the other one to the full set of inclugvdecay modes.

The event selection is presented for all channels. but only the chaangl’, K*° — K% K? —
7+t7~ is considered in detail for the extractionsifi 23.

5.4.1 Event Selection

Since all of these final states contaid/a, the event selection starts with thig) reconstruction.

The J/ib has a nearly background-free signature and is used to determinetiiedinate of the

decay vertex of thé3° decaying into aCP eigenstate-p). When aJ/y) candidate is found, the
reconstruction of<? and= candidates is further required. These are combined to fornktfie

candidate which is combined with th#y, ', or x.; to form aB meson candidate.

54.1.1 J/ip — ete, utu~ selection

The J/i) 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 2.958V}&; the upper
bound represents @ 30 cut (0 ~ 13 MeV/c¢?) around theJ/yymass [32] whereas the lower
bound is loosened to take into account radiative energy loss, which is particularly important for the
electron mode. Thd/y efficiency is76%.

5.4.1.2 9 selection

The 7 candidates are formed by combining pairs of neutral showers in the calorimeter with an
energy greater thazb MeV. The invariant mass of’ candidates is restricted to the range 0.110-
0.150 GeV/c¢?. Ther detection efficiency i20%.
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54.1.3 K? — w*x~ selection

Pairs of oppositely-charged tracks are combined to reconstruct the décay = 7. Only
track pairs with a decay distance in thg plane greater than 1 mm are accepted. An invariant
mass is calculated at this vertex and restricted to the range 0.486-@3%0” (the resolution is

~ 3.5 MeV/c?). The resulting efficiency i61%.

5414 K? — w°x° selection

K? — 7°7° candidates are created by combining/&lipairs and requiring the invariant mass to
be within the range 0.42-0.53¢V/c2. The efficiency for this decay modei8.8%.

5415 K*° — K?=° selection

K*° candidates are created by combining pairsrbfand K? candidates. The invariant mass

of the K*° candidates is restricted to the range 0.70-1Ck0//c* (0.74-0.96 GeV/c?) for the

K? — 7ta= (K2 — 7%7% channel. A smaller mass range is used for &t — 7’7" 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*? efficiencies are 23% and 9% for the charged and neutral decays éf’the
respectively.

5.4.1.6 x.1 Selection

J/y candidates are combined with selected photons satisfyirig< E., < 1.0 GeV to form x4
candidates with a mass resolution~efl6 MeV/c?. The invariant mass of the.; is required to lie
within the range 3.47-3.5GeV/c?. Thex., efficiency is62%.

5.4.1.7 1’ 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 theplane. The invariant mass of the these

' candidates is restricted to the range 3.65-332%/c? (the resolution isv 14 MeV/c?). They
efficiency is52%.
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Figure 5-21. K** — K2 mass distribution for signal events for (B — =*=— and (b)
K9 — %70, The integrated luminosities correspond to (a) 50'&ind (b) 250 fb'.

54.1.8 B° — J/yp K*°, K** — K27 reconstruction

B candidates are formed from selected pairgfaf and K*°. For the casé(** — 7+ 7 7° the

B mass ang, are restricted to the range 5.21-5.84V/¢? and 0.25-0.43GeV/c, respectively.

The resulting total efficiency for this channel4s 11%. Finally, a cut is applied on the helicity
angled; (see Section 5.1.3)ps 6; < 0.8 (see Figure 5-22). This cut reduces the efficiency t0 9.1%
but reduces the combinatorial background from 40% to 15%. Expected numbers of selected and
backgrounds events are summarized in Table 5-15.

For K*° — 3x°, the B mass andy, are restricted to the ranges 5.15-53&V/c? and 0.20—

0.45 GeV/c, respectively. In addition, thé/y) and theK ™ are required to be nearly back-to-back

in the B rest framecos §,,« < —0.97. The overall efficiency for this channel 4s 6%, but there

is 15 times as much background as signal, so further improvement is needed to make this a viable
analysis.

REPORT OF THEBaBarR PHYSICS WORKSHOP



5.4 Charmonium + K*° Modes 263

35

—— signal
30
fffff background

25—

ol b bl b1,
-1 -0.8 -0.6 -0.4 -02 0

Figure 5-22. The distribution ofcos 6, for signal (solid histogram) and background (dashed
histogram).

Table 5-15. Expected numbers of signal and background events for the detay: J/i K*°.
The analysis was performed using the BBsim simulation and reconstruction chain.

K? - rntr | K — 77"
B(B° — Jh) K*°) 1.32 x 1073
B(Jjp — 1117) 0.12
B(K** — K°7%) 0.167
B(K? — 7tm) 0.686 0.314
# of produced events per 30 tb 570 260
reconstruction efficiency 0.091 0.06
# of signal events per 30 51 16
Ng/Ns 0.18 15
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5.4.1.9 B° — x. K*° reconstruction

The B invariant mass is restricted to the range 5.21-8335/c¢? and thep’;, cut is the same as for
Jip K*°. The overall efficiency isv 19%. Note that this number, obtained with fast simulation,
is surely too optimistic. For comparison, the final efficiency obtainedfors .J/i) K*° with the
same fast simulation procedure~s30%.

5.4.1.10 B° — 1’ K*° reconstruction

The B invariant mass is restricted to the range 5.21-538//¢*>. The overall efficiency, not
including branching fractions is 12%, though again this is too optimistic.

5.4.1.11 Backgrounds

Backgrounds frongg and otherB B decays have been considered. The backgrounds were found
to be negligible for theB® — J/» K*° analysis, though it is possible that some background might
arise from decay modes not present in B Monte Carlo sample.

5.4.2 Measurement okin 23 with the Decay B® — J/i K*°

In this section, the measurementsif 23 using the transversity angular distributions®f —

Jp K* (K2 — w7 ~) events is discussed. These events were selected as described in Sec-
tion 5.4.1.8. From the time-dependent form of Eq. (5.38)25 and R, can be extracted si-
multaneously using an unbinned maximum likelihood fitz = z¢p — 2, IS determined using

the J/iy decay vertex forcp, and the tagging algorithm described in Section 4.5.1.3:fpr(the

flavor of the tagging3 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 thein 23 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 23 error, averaged over 20 experiments of 500 events each, is 0.0%;feven orCP-odd

final states, but degrades to 0.19 wli&Preven and’P-odd states are present in equal proportions.

The measured CLEO values [13] of the transversity amplitudes tend to indicate tli&?t&een
eigenstates dominate, so events are generated with UB8%ven longitudinal polarizatior4, =

A = 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 exthacandd;,. #;, smearing is found to
be less thari.5% over the whole acceptance region, so this effect is neglected in what follows.
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Resolution om\z can be described by the sum of two Gaussians distributions with widths similar
to those for the//i) K analysis described in Section 5.3.1. Using a sampl&gfignal events,

an error orsin 2 of 0.065 is obtained, implyingry = 1.79 (Eq. (5.81)). The value for, would
decrease to 1.59 (as for tHg) K? analysis) if theC'P mixture were known to be 100% asih 23

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 measuremeit 8 with the decayB’ —

Jhy K*° is obtained, for an integrated luminosity of 30 tbon theT'(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 meassitirdgf with these modes has not

yet been considered.

5.5 DTtD—, D*D, and D*D* Final States

The decay mode®°, B° — DD, DD*, D*D, D*D*, that have been called Type Il 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 | Charmonkifé#) 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" 7~ 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 dD* D*, angular analysis is, of course, necessary to meastibe

(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 meson® D + DD* + D*D + D*D*, one expects &P asymmetry with small dilution and a

gain in statistics of a factor of six relative to the golden mddeK?. Section 5.1.7 points out the
reasons for studying Dalitz plots of the typeDr or DD K? via D** s in order to measure sign(cos

23), necessary to resolve one of the discrete ambiguities left by the measurermiarg/of

5.5.1 Study ofB® - DTD~

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 'fodid not show any evidence for a signall
in the channeB® — D™ D~; a 90% CL upper limit ofi.3 x 10~ was obtained. Using the HQET
hypothesis, the branching ratio for the deddy — D* D~ can be predicted from that of the
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Table 5-16. The branching ratio of the decay modes ot used in this analysis. The branching
ratios for theD— modes are the same as for-.

Mode B (%)
Dt - K—ntrt 9.1
Dt - K ntgtnrl 6.4
Dt — Kon+ 2.74
Dt — K *7r° 9.7
Dt = Kor—ntrnt 7.0
Dt - Kr~ntnta% | 5.4

channelB® — D* D; via the formula
B(B® — D™D™) = (fp/fp.)tan* 0. B(B* — DS D7), (5.85)

wheref, and fp, are the decay constants for the- and DF, respectively. The CLEO measure-
ment [45]B(B° — DfD~) = 1.2+ 0.5% leads toB(B° — D*D~) = 4.5 x 10~*, which will be
used in this section.

The Aslund fast simulation program was used throughout the analysis of thenode 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] -

o= [Cl@ =L (5.86)

—o g°(z) + ¢*(2)

whereg® andg® are the distributions of the variahiefor 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 distinguitevents of interest fromg 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 b&heeents and
each type of continuum background is displayed in Table 5-17. This study shows that the second-
order Fox-Wolfram momentH,/ H,) 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) amd 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 betwe@vents and each type of

the continuum background.

Variable bb .vs.uw | bb.vs.dd | bb.vs.s5 | bb.vs.cc
H,/H, 0.50+0.09| 0.464+0.07 | 0.53+0.10| 0.56+£0.09
H;3/H, 0.07+0.05| 0.09+0.07 | 0.05+0.05| 0.06+0.04
Hy/H, 0.32+0.09| 0.314+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
Dinin(djoin, = 2.5) | 0.33:0.07 | 0.30+0.07 | 0.25+0.07 | 0.28+-0.06
Dinin(djoin, = 2.0) | 0.32£0.06 | 0.29+0.06 | 0.24+0.06 | 0.26+-0.06
Dinin(djoin, = 1.5) | 0.28£0.05| 0.24+0.05| 0.21+£0.05| 0.25+0.05
Tyen(djoin = 2.5) | 0.4740.09 | 0.474-0.09 | 0.50£0.09 | 0.54+0.09
Tyen(djoin = 2.0) | 0.48+0.08 | 0.47+0.08| 0.50+0.08 | 0.53+-0.08
Tyen(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 dilit/H, < 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 cuf’ < 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.

gq 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 from decays, the following simple algorithm was used. A
track is considered a kaon if:

e The DIRC response is consistent with the kaon hypoth@&sik lfut inconsistent with the
pion hypothesis3g), or

e The same criteria are satisfied ftf /dz if there is no DIRC response.
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Table 5-18. The efficiency for thek? reconstruction found in thaslund study after each step
of the analysis.

Cut € (%)
Acceptance 74
Vertexing 95
Invariant mass 99
Combined 71

5.5.1.3 K7 reconstruction

K? candidates were reconstructed from two charged tracks with opposite sign and vertexed with
the YTOP package [47]. The vertex probability was required to sakiéfy’) > 1%, and the fitted

decay length of thé&(? candidate was required to be more tl3arfrom 0. Finally, K° candidates

were required to satisfy\M -+ — Mo [< 300, Wwhere the mass resolutiofe , is 2.0 MeV/c?.

The overall efficiency fod<? reconstruction was found to i@ %, as seen in Table 5-18.

5.5.1.4 =% reconstruction

Electromagnetic clusters with an energy greater thalVRY 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
7Y mass at lowr momentum. This was corrected by rescaling the energy of the photons:’The
candidates were considered if they satisfied the requiremépt— M,o| < 30,.,, where ther"

mass resolution,, was 5.4MeV/c?. Ther? efficiency at this point was 60%. In order to remove
background photons, the requirement thabs 6* |< 0.7, was imposed, wheré* is the decay
angle. For the signal, the distribution of this variable is expected to be flat (before acceptance cuts)
since ther® 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 digl and 7° candidates,
as applicable. In order to reduce CPU time, once one charmed meson is reconstructed, a cut is
applied on the missing mas&/2. . = (Pgo — Pp,,.. )%, wherePgo and Pp,_ are, respectively, the
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Table 5-19. The reconstruction efficiency for chargedmesons, obtained using thslund fast
simulation program.

‘ Variable ‘ K-rntrt | K—ntata® ‘ Kot ‘ Kortn® | Konta—nt | KOrtr—nta®
Total Efficiency (%) 60.5 33.2 56.4 31.0 42.0 23.5
op(MeV/c?) 4.3 8.1 4.7 10.9 35 6.2
B(%) 9.1 6.4 14 4.9 3.5 6.2
ex B(%) 5.5 2.1 0.5 1.0 1.0 0.4

reconstructed3® and D* four-vectors. By performing the calculation in the center of mass and
neglecting the3® momentum, the following is obtained

Mmiss = \/Méo + M%)rec - QEEOE* (587)

rec

The distribution ofM,;s is @ Gaussian centered at thé mass with a resolution of 18BleV/c?.

This large resolution is due to the neglect of #ienomentum in the above calculation. The cut,
1.2 < My < 2.2, is applied, which retains all signal and rejects a great deal of combinatoric
background. A kinematic vertexing of the charged daughter particles abthéas also been
performed. TheD* mass resolution is 4-181eV/c?, depending on the number of mesons in

the final state, as seen in Fig. 5-24 and Table 5/2@andidates are taken to be those with a mass
within 30 of the nominal charged mass. The total efficiency timésfor D* reconstruction is
10.5%, as summarized in Table 5-19.

5.5.1.6 BP9 reconstruction

Once the list of charmed mesons has been obtained, opposite-charge pairs are combiizd. The
momentum in the center of mass is required to safisfy < pi, < 0.45GeV/c. The B mass
distribution for events passing these cuts and with 0, 1, or 2 sigfhais shown in Fig. 5-25. The

two D 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 dsfehas been reconstructed in the analysis, the one
with the best vertex-fit probability is kept. The overall efficiency obtained imthesconstruction

is> e x B; = 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 bdthmesons. The second one has three tracks for one

D and one track for the other one. The third category has one charged track fdp e@bk vertex
probability for the three categories is flat for the signal (Fig. 5-26). This figure also shows the
vertex position, which has a resolution of 52n for all three classes.
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Figure 5-24. The D-mass distribution obtained in the six modes which are considered in the
analysis. Those with a° in the final state have larger mass resolution and a tail at lower mass.
This does not affect the analysis becaude aass constraint is applied when tB& mesons are

reconstructed.
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Table 5-20. Relevant quantities for the various combinationsldd reconstruction. The upper
number is the reconstruction efficiency for the mode, obtained usingstund fast simulation,
the middle number is the branching ratio, and the lower number is the effective efficierndy)(

‘ Krnm ‘ Krnr® ‘ KOr ‘ K2rn® ‘ Krntm— ‘ Korntr=n0 ‘

Krm 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%

Krrn® 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%

Kz 32% 18% 28% 12%

0.0086%| 0.062%| 0.044% 0.0034%
0.003% | 0.01% | 0.009% 0.004%

KOnr® 9.5% 10% 5.1%
0.11% 0.16% 0.12%
0.01% 0.02% 0.006%

Konntm— 15% 9.0%

0.058% 0.089%
0.009% 0.008%
Kornta—n0 6.1%
0.0034%
0.0002%

5.5.1.7 Background study

In order to evaluate the background in this analysis, large sampleg afid generidb 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 fignevents and is concentrated in six decay
combinations, five of which have twedf s:

Dt - K—ntratx0, D™ - Ktn—n— 0

Dt —» K—ntntxl, D™ — Ko "

Dt —» K—ntntxl, D™ — Klr nfn-

Dt —» K—ntatal, D™ — K atn—n0

Dt — Kortxn0, D™ — Kl ntnn°
+

Dt - Kintata=70, D= — Kl ntr—n0
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Figure 5-25. The mass distribution for thB° depending on the number of in the final state.

These modes are removed from the analysis, resulting in an efficiency loss of only 10%. After a 3
B mass cut, the signal to background ratio has been measured for each type of background to be

S
5 =57 |y 24.6 |y, T4 |y 164 [, 042 |5 (5.88)

While the continuum background is relatively smali/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 the™ D~ vertex probability for the three categoris x No,
whereN, andN- are the number of tracks in the final state for the iwdecays. Plots on the bottom

show the resolution for the position of theB.
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Table 5-21. The number of generated events for the background study.

Type of eventy  bb cc uT dd S5
# events 2.2 x10% | 3.6 x 10% | 3.9 x 10° | 4.1 x 10% | 3.9 x 10°

Table 5-22. Summary of the expected results for th& — DD~ analysis with an integrated
luminosity of 30 fir'! running on ther(4S). The analysis was performed using te&lund fast
simulation program.

B(B° — D*D") 4.5 x 107*
Usable sample 610
Average reconstruction efficiengy 0.24
Reconstructed signal events 140
Ng/Ns 2.8
AverageCP vertexz resolution 55 um

5.5.1.8 Final sample and conclusions

The summary of the results expected with an integrated luminosity of 30 rimning on the

7(4S) is shown in Table 5-22. The results are based onAtblend fast simulation program.
Studies with the full reconstruction program show that the mass\ancksolutions 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 ofB® — D*+* D*-

This vector-vector mode is a superposition(@? states due to the different possible helicity
configurations of the final state. Experimentally, this means that in addition to reconstructing
the decayB’ — D**D* and tagging the event to determine the flavor of hethe transversity
angles of the final state must also be measured. Analyzing the distributions of transversity angles
then allows the separation of th&-even and”P-odd components of the final event sample.

The D* mesons are identified by their decAyt — D%z *. The D° mesons are reconstructed in
four decay modes, involving one kaok't or K?) and one or more pions (charged or neutral), as
shown in Table 5-23. Oppositely charged pairdifare combined to fornB° candidates and a
tagging algorithm is then applied to identify the original flavor of fifecandidate.
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Figure 5-27. The B-mass distribution foR.2 x 10° T(4S) events. The signal is constrained to
the expected mass and width.

Table 5-23 lists the different modes studied and their branching ratios. Bfhes D**D*~
branching ratio is not yet measured; an upper limiBeB° — D**D*7) < 2.2 x 1073 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 channeBig3° — D**D*~) = 9.7x 10 %, corresponding

to an estimate based on the measuB&d- D+ D*~ branching ratio [35].

The Monte Carlo simulation program used to produce the results presented & theD** D*~
channel was the fuBBsim simulation/reconstruction, except for studies of@tfitting program
which were generally performed with a toy Monte Carlo.
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Table 5-23. Branching ratios for decay modes used in Ble— D*+ D*~ study.

Decay Mode B (%)
B® — D*tD*~ 0.097
D*t — Dz 68.3+ 1.4
DY - K ot 3.83+0.12
DY — K—rtnm0 13.9+0.9
D - K—ntr—rnt | 75+04
D’ — Kintrm 2.7+£0.2

5.5.2.1 Generaltools

In this section the general tools used to selgttandidates in the modg® — 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-backdbund< —7+ 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 7°) momentum.

5.5.2.2 Event selection

Event selection is based on reconstructing the invariant mab$,ab*, andB° 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 massof (left) and K¢ (right) candidates, using the full
BBsim simulation and reconstructing chain.

5.5.2.3 7% selection

Neutral pions are reconstructed by combining all identified photons in an event. No selection is
made on the photon (a’) momentum. All such candidates are then used foilthes K7 7°

decay channel. The tail on the low-mass side of the distribution is accommodated by allowing the
7% mass cuts to be asymmetric20 < m,o < 145 MeV/c?. An efficiency of 42% is obtained for
theser® s.

Figure 5-28 shows the reconstructed mass’afandidates selected froB decays.

5.5.2.4 K selection

Oppositely charged pions are paired together to féftn— 77— candidates. The reconstructed
K? mass is shown in Fig. 5-28, with arrows indicating thes3mBass cut. The efficiency of this
selection is 40%.
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5.5.2.5 D° selection

The DY 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 reconsiiiotaddidates in
an event.

Charged and neutral kaons and pions were appropriately combined tdforandidates 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 tH¥an For the decayD)® — K =+, for
example, this cut removes about 25% of the background while retaining 94% of the signal.

For the decay modB°® — K ~7+7° most of the rate is through the resonant stafe&®, K*~ 7,

andK ~p*. 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 as:os?0y 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)andthe helicity angle satisfies the conditigrvs 6| > 0.3. This requirement removes

44% of the incorrect combinations while retaining 89% of the signal.

The reconstructed® mass distributions for the foub® modes are shown in Fig. 5-29. These
candidates were selected in simulatBti — D**D*  decays. Table 5-24 reports the mass
resolutiono,, obtained for each decay mode. The reconstructed mass is required to be within
20 (30 for the K7+ case) of the nominaD® mass. The efficiency of the D° selection criteria
(including all selection on charged and neutral pions and kaong)farising from theCP mode

under study are also shown in Table 5-24, together with3, where5 is the branching ratio of
the D decay channel.

5.5.2.6 D* selection

D° candidates are combined with charged pion candidatesD¥orodes with a charged kaon, the
flavor of the D is unambiguous and these candidates are combined only with pions of opposite
charge. For theD” modes with ak? in the final state, all charged pions are considered when
forming D* candidates.
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Figure 5-29. Reconstructed invariant-mass distributionl®f candidates for the decay modes of
interest in this analysis.

Table 5-24. Mass resolution and efficiency)(for the D° decay modes. The analyses were
performed using the fuBBsim simulation and reconstruction.

Decay Mode oy (MeV) | € exB

D — K—nt 6.5 0.64| 0.025
DY — K—rtnm0 16 0.17| 0.024
DY — K nrrnt 6.2 0.34| 0.026
D’ — Kontr 8.1 0.33| 0.006
Total 0.081
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Figure 5-30. (left) Transverse momentum () of the slow pion in theD* decay for events where
the D° has been reconstructed from generated tracks (open histogram) and reconstructed tracks
(shaded histogram); (right) soft pion reconstruction efficiency;vs

The low Q-value of theD** — D%+ decay means that very good resolution is obtained on the
quantitymp- — mpo. A resolution of approximatel).8 MeV/c? is obtained for this quantity,
independent of thé° decay mode.D® — K7+ andD° — K2r*x~ candidates are accepted

if mp« — mpo is within 3 MeV/c? of the nominal value. A tighter cut of 21eV/c? is made

for D° - K—7t7% andD° — K-nT#x~nT 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 dD* reconstruction is the efficiency for reconstructing the slow pion.
Figure 5-30 shows the transverse momentum distribution for soft pidnsdecay in events where

the D was reconstructed. A significant number haye< 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 wjth < 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 @*, given aD® candidate, is~ 75% for all D° decay modes,
corresponding to the average efficiency for identifying the soft pion. The reduction in background
obtained going from @° selection to a)* selection is illustrated in Fig. 5-31. The plot on the left
shows theD? invariant-mass distribution obtained for a sample of genBfiB° events. The plot
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Figure 5-31. D° mass distribution without anp* requirement (left) and requiring that tte
originate from aD* decay (right), clearly showing the reduction in background level.

on the right shows the same distribution with the additional requirement thattliandidate be
accompanied by a soft pion satisfying thg- — m po cut.

5.5.2.7 B9 selection

Oppositely charged* candidates selected in the same event are combined tadéandidates.
True B® mesons produced at ti&4S) have a narrow range of;,. Fig. 5-32 shows the distribution

of p3, for B° — D**D*~ and background candidates. Most candidates are required to satisfy
0.2 < pio < 0.45 GeV/c. The upper limit was tightened to 0.38eV/c for candidates in the two
decay combinations with high combinatoric backgrounds, wherelbdecayed ta 7 7 7+

and the other to eithek 77 or K nrn 7.
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Figure 5-32. Distribution ofp7,, for B decays (top) and for background candidates (bottom).

The invariant-mass distribution of selectBfl candidates is shown in Fig. 5-33, where the ten final
states have been grouped into three categories, according to the numBenegons in the final

state. Asignal regionis defined to be withir2.50 of the nominalB° mass, where the resolutions
given in Table 5-25 have been used. @&xpanded signal regiois 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 *flounning on theX'(4S). Details of this
calculation are given below.
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Figure 5-33. Invariant-mass distribution d8° candidates for final states with 0, 1 and®s.
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Table 5-25. Summary of3° resolutions grouped by number:idf s in the final state. These results
were obtained with the fuBBsim simulation and EBar reconstruction code.

70 Mass Vertex Fraction of

multiplicity | Resolution (MeV) | Resolution (xzm) | final sample

0 14.2 66 0.48
1 24.7 102 0.39
2 29.7 136 0.13

Table 5-26. B reconstruction efficiencies. The upper number in each cell is the efficiency, while
the lower number is the number of events expected in 30.f@ll results were obtained with the
full BBsim simulation and the ABar reconstruction.

Kr | Krn® | K(3m) | Kontr™

0.26| 0.068| 0.13 0.13

Kr 59| 114 | 122 2.8
0.025| 0.026 | 0.045

Krr® 7.5 8.4 3.6
0.06 0.05

K (3) 53 | 22
0.061

Klrrn— 0.3

The decay position of th&° is determined by performing a vertex fit of the ti2y candidates

and the two soft pions. The possibility of determining the vertex directly fronTtheandidates,

or with just theD° 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
reconstructed3’ candidates. The efficiency-weighted mean vertex resolution is189
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Figure 5-34. Difference in the: coordinate of the reconstructed vertex position and the true vertex
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Figure 5-35. Resolution for the reconstructed transversity afigleas a function otos 6y,..

5.5.2.8 Reconstruction of angles

Once aB 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, 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
At as will be discussed with other realistic effects in Section 5.5.4.2. Figure 5-36 show$ the
reconstruction efficiency as a function of the three transversity angles. The small deviation from
uniform acceptance is neglected when fitting the angular distributions.

REPORT OF THEBaBarR PHYSICS WORKSHOP



288 Determination of 3

0.5F .
L 06
© L
5 i, f
e, + s
§ 0.4 +++ +++++++ 05:
% - ++ 0.4 + +
I AN, ST
: M
03
OA2; +
0.2
01-
I 01
% 05 T T s s % 05 ¥ TS
0, (ad) 0, (rad)
0445;
0.4; + + + ++++
: ++ 7T ++++ +r 1
0.35;jr+ ++ B
0.3; +
ozsf—
o.zf—
0415;
0l
o.osf—
(ﬂr (rad)
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top right) angld,,.; bottom) angleb,.. This figure was produced using the fast simulation (with all
DY — K—=T), hence the atrtificially 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 backgroundinh saenple.
In order to verify this expectation, samples of generic decays discussed in Section 5.2 were studied.

The background was studied separately for samplésé,afz and light-quark ¢ds) events. The
background is expected to have a large component of correctly reconstidttewsons, and
therefore little background fromds events is expected. Pairs of rdat s are produced in both

cc and bb events, but most of these pairs fail tfi¥ mass and momentum selection criteria.
Figure 5-37 shows the scatter plot of the difference of the reconstrizteavariant mass from

the trueB® mass (in sigma) versuys,, 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-quarkcogvents are found in the expanded
signal region indicates that few such background events would be expected in a'3€afple.

There are fivéb events in the expanded region, suggesting a background of 14 events in &30 fb
sample.

Most of the background events have one or two correctly reconstriittedesons, implying that
tightening theD® 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
D° channelsk ~7*7% and K—7*7~x*. 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 30stimple. Thausable samplés

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 previou® — 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 fAstund and the somewhat
pessimistic values obtained here, since the reconstruction programs are still improving.
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versuspy, for B candidates selected from background sourcebb ayents; b)c events; Cuds

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 forB° — D** D*~ for a 30 fb ' sample. The fulBBsim simulation and
the BBar reconstruction was used for this analysis.

B(B® — D**D*") 9.7 x 104
Usable sample 1140
Average reconstruction efficiengcy 0.053
Reconstructed signal events 60
Background events 14

AverageCP vertexz resolution 89 um

5.5.3 Estimates for theD* D Mode

This decay mode can have bdail® = +1 andCP = —1 depending upon whether the wavefunc-
tion is symmetric or anti-symmetric. In this section it will be assumed t¢’'Be= +1 since the
heavy-quark symmetry prediction is that it is mosili = +1.

Using theD* efficiency and background estimates from the D~ analysis performed using the
Aslund fast simulation, and the® efficiency and vertex resolution from tie** D*~ analysis,
performed using the fuBBsim simulation and the reconstruction, th& resolution is estimated
for the modeD* D*F. AssumingB(B° — D*D*~) = 4.8 x 107, and an integrated luminosity of
30 fb!, atotal of~ 15000 D*D*F events will be produced. 144 reconstructed events were found
in the D* D~ analysis. Requiring an additional slo# would be expected to have an efficiency
of ~30% (a guess based on numbers infhe D*~ study, Section 5.5.2), yielding an estimate of
43 D*D events observed in 30 b running at ther’(4S). The signal to background rate from the
D*D~ analysis, Section 5.5.1, was 0.42 and freD** channel should be similar. The vertex
resolution was determined to be 149 microns in fe D*~ analysis, and this estimate will be
used to estimate the resolution of the- D*¥ channel. Assuming th®* D*¥ channel is 100%
CP = +1 allows CP fitting without the need of angular information. With these estimates, an
uncertainty of 0.92 is obtained fein 23. This may be improved with the inclusion of other final
states.
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Table 5-28. The fitted value ofsin2( for four event samples (background and the tagging
uncertainties are not included).

Number of events 2416 239

sin2 = 0.4 0.42+0.04 | 0.26 £0.11
sin23 =10.9 0.94£0.04 | 1.03£0.12

5.5.4 Measurement ofCP Asymmetries and Extraction of 3

55.41 B° - DtD~

The extraction o&in 2 for this channel is straightforward since the" D~ final state is a pure
CP eigenstate. The asymmetry is given by the formula

I'(B° - D*D~) —T(B° — D*D")
(B — D+*D-) +T'(B* — DtD~)

a(t) = = sin 23 sin(Amt). (5.89)

In this study, both the forward-backward asymmetry, [48], and Kin, [49], methods for extracting
sin 23 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 whet ftagor is

given by the charge of the lepton. T the time-dependent rate Brtag is given by

R(Az) = VU (Az) @ G(04et, A2) (5.90)

wherel (Az) = e TEaet20P)[145in 23 sin(AmAz)]. The convolution with the Gaussi&h(o ., A2)

takes into account detector resolution. The Kin variable is
_ R—R
 R+R

(5.91)

The values of K') and(K?) are measured and the value and errafin®3 are extracted:

(K) 1

sin 25 = @, Osin28 = <K2> .

(5.92)

The method has been applied to samples of eventsswiths 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 d3° — D*D~ events. (a) Events
generated within 26 = 0.4, and (b)sin 28 = 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 EqQ. (1.41) takes the form

R(Az, tag) = Psg x [Ppo X U(A2) @G (0ger, A2)+ Po X U(A2) QG (0ger, Az)]+ Porg X P(A2),
(5.93)
where

e Py, (Pug) Is the probability that the event is signal (background) as determined by the
Cornelius  package Bz + Poxs = 1).

e Ppo (Pz) is the probability that the event isig’ (B°) as determined by th€ornelius
package Ppo + Pgo = 1).

e O(Az)istheAz distribution for the background.
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Table 5-29. Error in the measurement eifa 23 in the decay mod®" — D* D~ for integrated
luminosity of 30 fb'!. The analysis was performed using telund fast simulation.

B(B® — D*D") 4.5 x 10~
Usable sample 610
Average reconstruction efficiengy 0.24
Reconstructed signal events 140
Np/Ns 2.8
Az resolution (narrow/wide) 63/189 um
0o 1.59
Tag factor 0.3
o(sin27) 0.48

In this case, the Kin expression becomes

R—-R UQG-T¥®G  Pp —Pp 1
= — = - X X 55 (5.94)
R+R VYRGH+IYRG Ppo + Pgo 1+TM%L_
~ ~~ - N——— sig \I"l"lj
‘Ideal Kin’

R —_—
Tagging effect gackground effect

Table 5-29 shows the summary of all relevant parameters in the extraction of the error in the mea-
surement ofin 2 for our decay mode. The uncertainty expected.48 with the fast simulation
(Aslund ). This error is likely to increase somewhat as the efficiency becomes more realistic.

55.42 B° — D*t*D*~

D**D*~ is a vector-vector final state and thus, in principle, a mixtur€Bfeven and_P-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

AH(t) — MHezauefzmtht/Z |:€7ﬂ COoS <Tm> + Z'efzﬁ sin <Tm>:|
' ~ ; A . A
AL (t) = M eoremimi=Tl2 [—ew CoS (_;mf) + e sin (_;mj)] (5.95)

. . , Amt , Amt
Ap(t) = Me'®0 e imt=Tt/2 [ew coS (_;n ) +ie P sin <_;n )} ,
where M; are the magnitudes of the amplitudes in the transversity basisiaate the strong
phasesi(= 0, |, L).
The combined time and angular distribution can then be written as

d3T'(B°(B%)—D**tD*~) k 9 It

dcos 01dcos Durdder . Am3, 8(2m)2 C
{ Mﬁ(l + (=) sin 23 sin(Amt)) sin? ¥; sin? 9, sin? ¢y,
+ M2 (1 — (+) sin 23 sin(Amt)) sin? ¥, cos? Oy,
+ 2ME(1 + (=) sin 23 sin(Amt)) cos? 9, sin ¥;; cos? ¢,
+ M | M sin® 9 sin(20;,) sin ¢y, [sin oy cos(Amt)

(5.96)
+(—) cos 23 cos oy sin(Amt)]

+ %MoMH sin 20 sin® Yy, sin(2¢,) (1
+(—) sin 2@ sin(Amt)) cos(ay — ap)

+ 5 MoM i sin 20, sin 20, cos g [sin o cos(Amt)
+(—) cos 23 cos ag sin(Amt)] }

where the+(—) sign corresponds to thg° (B°) tag, andx, = 0 has been chosen by convention.
The three amplitudesy1;, satisfy the equation:

M+ MG+ M =1 (5.97)
The definitions of the three anglég,, v;,, ¢.,) are given in Fig. 5-11.

The distribution of the polar transversity angle is the observable that contains most of the
information on the”'P of the final state. In order to simplify the fit, the complete distribution given
above can be integrated over the helicity angl@and the azimuthal transversity anglg, without
losing the capability to disentangle tlhg states. This simplified method will be referred to as
analysis in transversityit will be described below. However the smallest uncertaintyiarRj is
obtained using the complete angular and time information. Whiléuhangular analysiswill 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
(3. 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 arbitr@fy mixture is stressed.

5.5.4.3 Transversity analysis for the extraction okin 23

Integrating over the helicity angta and the azimuthal transversity anglg, the time and angular
distribution (Eq. (5.96)) becomes (up to a normalization constant)

(1,9 = T (0)(1 2+ a(t)) S sin® Dy + T (1)(1F (1))’ cos? b, (5.98)
where the time dependent rafes, corresponding t6'P +1 states, are
Lo (t) = (Mj+Mde ™ andl_(t) = Mie ™, (5.99)
and the time dependent asymmeity) is given by:

a(t) = sin 23 sin(Amt). (5.100)

One can then introduce a dilution factGrdefined as:

r,—I_

that relates the observed diluted asymmetry to the asymmetry that would be measured in the case
of pureCP eigenstates.

=) .
In each reconstructed’— D**D*~ event one can measure the transversity afglend At =
tep — tiag. FOr @ given measured tag, we will call this set of measurenestd;,, At}.

Using the ratioR,; as defined in Eq. (5.38) and the dilution fact®rone can then express the
relative rate ofB° decay toD** D*~ CP-even states as:

I, 1
———=(1-R,)==(1+4K 5.102
associated with an angular distribution of the tgp€ 9,,; for CP-odd states the corresponding

relative rate is: 1
T T Ry 9 ( K ) ( 1 )

and the transversity angle distributioriss? v,,.
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The probability distribution function for the maximum likelihood fit can then be written as:

[ F@;b, K) = 11+ K)(1 + a)? sin? 9, +
FEbE) =1 (1 - K)(1—a)dcos?¥,, for B®tag (5.104)
f(@ b, K) =11+ K)(1 — a)3sin® 9+
(1 - K)(1+a)3cos?¥, for B®tag,
where the parametér= sin 23 appears in the time dependent asymmetry as
a(t) = b sin(Amt). (5.105)

In the unbinned maximum likelihood fit the parameteesd K are determined by maximizing the
log-likelihood function:

log £="> log f(T;;b, K) + > _log f(zTi;b, K) , (5.106)

i=1 i=1
wheren () is the number of reconstructed events witB%Q(B°) 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 typicaliy)0 events each. Figure 5-39 shows the uncertaingynia 3,
averaged over 200 experiments of 500 events each as a function of the dilutionKactas
expected, the uncertainty increaseshor- 0 where the mixing of”P-states is maximal.

In Fig 5-40 the distribution of the fitted valuestodnd K" are shown for the (theoretically preferred)
input values ob = 0.7 and K = 0.88, corresponding to a combination of eigenstates Wit
CP = +1 and6% CP = —1.

5.5.4.4 Full angular analysis to extrackin 23

The full angular analysis will provide the most accurate measuremefitifosufficient data is
available to determine all the parameters that are present in the theoretical distribution (Eqg. (5.96)).
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Figure 5-39. Uncertainty insin 23 as a function of thé< dilution factor for the case ofin 23=
0.7.
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Figure 5-40. Distributions of the fit results for the parametér@eft) andK (right) obtained on a
data sample generated with true value 0.7 andK = 0.88.
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Five parameters must be evaluated in the fitting procedure: two of the three ampliiiges
M, and M ., two strong phases; anday, and thes angle of the unitarity triangle. The five
parameters, represented by a vectpare estimated by maximizing the log-likelihood function
defined as: ~
log £ =" log f(z; )+ _log f(T;; V). (5.107)

=1 =1
As before,n (m) is the number of reconstructed events witlB% (B°) tag, and the probability
distribution functionsf and f, defined up to a normalization constant by Eqg. (5.96), are evaluated
for each event at the measured valwes {V,, ¥;,, o1, At} for the given tag.

The sensitivity of the method in the simultaneous fitiof23 and the other four parameters was
studied with Monte Carlo-generated samples of 500 events.

In Fig. 5-41 the resolution okin 2 as a function of the dilution factok is plotted for three
different configurations of amplitudese., for the CP-even transverse polarization equal to zero
(M, = 0), the longitudinal polarization equal to zera4, = 0), and theCP-even combination

with equal amounts ofM| and M,. 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 ©f-even and’P-odd states.

5.5.45 Realistic effects

Thesin 23 uncertainty will increase due to non-zero background, errors in flavor tagging of the
other B (mis-tagging), and nonperfect resolution Ar and angle measurements. As described
above, the background fraction is expected to be about 23% in the final sample. Using Eg. (5.81),
an increase in then 23 uncertainty of a factor 1.12 is found. The increase due to flavor tagging is

a factor of1 /1/0.3 = 1.8.

The effect of the non-zero angular resolution is small compared to the temporal resolution and
has been neglected. The: resolution is affected by vertex resolution of both t#e B and the
taggingB. The resolutions obtained are 8h and 12Qum, respectively, giving an uncertainty on

Az of 150 um. This resolution, for the case of the full angular analysis, giyes 1.70.

5.5.4.6 CP Reach of theB?® — D** D*~ Channel

The results of the previous sections may now be combined to estimate the expected uncertainty
in sin 23 for a sample from 30 fo' running at thel"(4S). Table 5-30 summarizes the relevant
guantities. No study of systematic errors has yet been performed.
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Figure 5-41. Resolution insin2( as a function of different combinations of amplitudes; a
variation of theCP-odd M | corresponds to a variation of the dilution factlr, then for each
value of K three combinations afP-even are shown; the open circles corresponiil§o= 0, the
open squares to thd, = 0 and the triangles to a mixture of even paritie&% Mo and50% M.
The filled circles correspond to the transversity analysis.
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Table 5-30. Summary okin 23 measurement with thB® — D** D*~ channel for an integrated
luminosity of 30 fb''. The full BBsim simulation and the &Bar reconstruction was used for this
analysis.

B(B® — D**D*") 9.7 x 104
Usable sample 1050
Average reconstruction efficiengcy 0.053
Number reconstructed 60
Ng/Ns 0.23
Az resolution 150 pm
o) 1.7
Tag factor 0.3
o(sin 23) 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 7% and K efficiencies will increase the number of reconstructed signal events, as will
increasing the number @° decay modes studied. Improved vertex/kinematic fitting will improve

the mass resolution (reducing the background) and alsa thesolution.

The combined result fosin 23 resulting from this and other measurements is presented in Ta-
ble 5-38.

5.6 Penguin Modes

The decay modeB®, B — n°K%(K?),  K%(K?), o K2(K?), ... (and the corresponding modes
with K*) that have been called Type Il in Section 5.1.1, have dominant penguin contributions that
could allow measurement efn 23. The expected branching ratios atg10~°). As discussed

in detail in Section 5.1.2, in the pure-penguin modés?(K?), K2, there is contamination
from other weak phases that is quite small, and these modes are then suitable to sir@gure
However, in the modes of the typ@ K2(K?), " K2(K?), ... there are tree contributions that,
although CKM suppressed, can pollute the determinatioriio23 (see Section 5.1.2). The
modern’ K? is very interesting because the measured branching ratio at CLEO is rather large [37].
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Estimation of the tree pollution a#in 25 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:
B’ —» n’K’and B — ¢K*° in the K? channel andB’ — 'K and B — ¢K" in the K?
channel.

56.1 B°— /K"

The B — ' K? analysis is rather similar to th&y K° analysis discussed in Section 5.3.1. The
full BBsim simulation and reconstruction is used and &tfinding is identical, except that only
the K? — 77— channel is used. Fof candidates the' — n7"7— andn’ — p°y decay channels

are used. The' — nr+7~ analysis uses only the — v+ channel; because of lower efficiency,
then — 777 7° decay would increase thg — 77~ 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 applie@:50 < m, < 0.58 GeV/c?; 0.3 < m, < 0.9 GeV/c?;

0.92 < my < 0.98 GeV/c? 0.475 < mg,; < 0.515 GeV/c?; 5.20 < mp < 5.35 GeV/c* and

0.20 < pio < 0.45 GeV/c, where the notation for masses is clear afd is the B momentum

in the 1°(4S) center of mass. These cuts typically require quantities to be within three standard
deviations of the nominal mean; the distributionsfbmass and3 mass, before cuts, are shown

in Fig. 5-42.

The numbers of Monte Carlo signal agigbackground events which pass successive cuts are given

in Table 5-31 and Table 5-32 for thg — nr*7— andn’ — p°y 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 b sample. These numbers reflect only the situation for events with the
correctB® — ' K° decay. With the present cuts, there are 12% (23%) additional combinations
fortheny’ — nntn— (' — p°y) samples which pass all cuts but are not from the cofedecay

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 th€’P 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 thg sdimple 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 tfie— p°y mode, should reduce the backgroundtb0%

for then’ — nr*7— mode and~50% for then’ — p°y 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

BB Monte Carlo sample passed our selection cuts.
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Figure 5-42. Distribution ofy) mass for (a)y — n=tn~ and (b)y — p°y decay channels.
Distribution of B mass for (c)y — nnt=— and (d)y’ — p%y 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
nmtn~ selection criteria. Numbers in this table were derived from BBsim simulation and

reconstruction.

Signal gq Background
Cut Events| Eff. Events
None 89| 1.00 101691000
Filter 35| 0.40 887933
7 mass 30| 0.34 12839
1’ mass 28| 0.32 2255
K% mass 27| 0.30 1253
B mass 21| 0.24 167
Do 20| 0.23 21

Table 5-32. Number of events and efficiency for signal and background events passing the
n' — p%y selection criteria. Numbers in this table were derived fromBBbkim simulation and

reconstruction.

Signal gq Background
Cut Events| Eff. Events
None 157 1.00 101691000
Filter 76| 0.49 887933
p mass 71| 0.46 717119
n’ mass 64 | 0.41 232338
K? mass 61| 0.39 110146
B mass 56| 0.36 16450
Pl 55| 0.35 1942
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Figure 5-43. Distribution of zcp — zi. for a sample of Monte Carl® — n'K? events with
!/
n = py.

In order to determinein 23 from the samples)z = zcp — 2,5 IS determined, as in Section 4.10.

The z position of theCP vertex is determined from the charged tracks from theecay and

the K0 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 extractedfrom Az ... The Az
distribution for then’ — p’y sample with an input value 6fn 23 = 0.7 is shown in Fig. 5-43.

The fitted value okin 2/ is 0.67 + 0.04, which leads to a value af, = 1.8, approximately the
expected value given the effective resolutionofi 75 ym. Minor quality cuts on the tag andP
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 resolutigm{)3@do, (1.59) as

in the J/i» K? analysis, since in both cases the resolution fordRevertex is substantially smaller

REPORT OF THEBaBArR PHYSICS WORKSHOP



306 Determination of 3

Table 5-33. Efficiencies for theB — ' K decay obtained with thaslund fast simulation.

e('K?Y) | e(n K*°)

052 | 0.6
Ph< 0.45 (GeV/c) | 042 | 0.13

than for the tag vertex. The charged tracks inthe+ n7rt7~ mode are scattered more due to
their softer momentum spectrum. Hence, the resolution for this mode is expected to be larger,
(~1504m), leading tao, ~ 1.70. These and other numbers in this section are summarized below
in Table 5-38.

5.6.2 Analysis ofB® — n’K?

The decayB? — 1'K? has also been studied with tieslund fast simulation. As mentioned
already, the detection of botki® decay modes is important because ¢ti¢asymmetries have op-

posite signs and there is a substantial increase in statistics because of the large detection efficiency
for high-energyK? mesons. On the other hand the overall branching r&i&° — ' K%, ' —

atrTn, n — i 10 — 4v) ~ 0.44 x 0.62 x 2.4 x 107° [37, 50] is relatively low. This

' decay chain allows reconstruction of tB vertex and it is more background free, due to the
constraint on they andn masses than the decay — pvy. Only the decayyy — 7*7—7° and

n — v have been considered.

Selection criteria and background channels are the same as described in Section 53.2:for

Jip KO, The K momentum is determined from thg momentum and from thé&™® direction.
Consistency witl"(4S) — B°B° decay is used as a constraint, requiring that the reconstructed
center of mas$3 momentum has, within resolution, the expected vaijge ~ 330 MeV. The
resolution on this momentum is dominated by the energy spread of the colliding beams and by
the angular resolution in th&? direction as discussed in Section 5.3.2. Detection efficiencies are
rather high, due to the high'® momenta, ranging from 1.6:eV/c up to 4.4 GeV/c, with a flat
distribution. Then" momentum distribution is rather independent of thenass.

After simple cuts, the detection efficiency~4s0.42, as shown in Table 5-33.

Background arising fron3 B events are expected to be negligible as seen in the previous section.
The background fronB — n' K* decays, which was important in Section 5.3.2, is expected to
be only a few percent here because the branching fraction foBthe »'K* decay is small
compared to thd® — 1’ KY decay (see Table 5-5), unlike the case forBe— J/i) K? analysis.
Background from an uncorrelatgtiand ak&® in a multihadronic event is also expected to be small.
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Inclusiven’ production has been simulated and it turns out that its contribution, due to the large
difference i’ momentum, is negligible fart,, < 450 MeV/c.

The total yield of signal and background events expected from a 30 shmple, is shown in

Fig. 5-44 as a function op%,, with the K* background normalized as in the" — J/i) K?
analysis (hence likely overestimated by about an order of magnitude). The most important back-
ground, fromgg 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 f8tn— »'K? with an integrated
luminosity of 30 flo''. Additional cuts to reduceg background would be expected to decrease
this level by about a factor of two.

5.6.3 Analysis ofp K*

This section presents an analysis of the mBfe— ¢K*°, where thep decays tak * K —, and the

K*Y decays to & "7 . The current branching ratio limit for this modeB$B° — ¢K*?) < 2.1 x

1075 [40]. If the true branching ratio is estimated toBeB° — ¢K*°) = 1.0 x 1077 (close to the

central value of the CLEO analysis), tB8 — J/i» K? 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. I~ 600 B° — .J/iy K° events are expected for a 30 fbsample, then- 60

B° — ¢K* events can be expected (this includ®s— ¢K*° events). Note that this study looked

only at the combinatoric background B — ¢K*° events, and did not include background from
continuum events.

Table 5-34. Comparison of th&3® — ¢K** andB® — J/iy K2 modes.

B(B° — JpK?) =4x10* B(B" = ¢K**) =1x107°
B(Jjp —ete ,utu ) =12% B(p - KTK™) = 49%
B(K? = ntn7) = 69% B(K* — K'r7) = 61%
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Figure 5-44. pi,, distribution forn'K? (solid histogram),y’ K*° (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
KV(EATADAT) 0.73 19
---+ DOCA cut 0.65 32

5.6.3.1 Theg selection

In order to reconstruct this channeéldecays tak* K are required, so the efficiency for finding
charged kaons is an important contributor to the efficiency for fingieg Table 5-35 shows the
efficiency of findinge¢ s for different methods of identifying kaons. In this table “criterion” and
“mis-id” refer to parameters of the kaon selector cadagqnParamSelector ); “efficiency” is
the probability of correctly identifying a trug, and “S/B” is the ratio of true to fakes.

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 sele&taoiParamSelector ) (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-1D 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 betweersthieand K~ tracks. This cut reduced some

of the candidates from combinatorial background. Figure 5-47 shows the DOCA betwdgn the

and K~ tracks that form the.
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Figure 5-45. Kaon patrticle ID efficiency using standard kaon lists.
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Figure 5-46. Kaon patrticle ID efficiency using all charged tracks that aog pions, electrons,
muons, or protons.
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Figure 5-47. Momentum and DOCA for true candidates.
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Table 5-36. Cuts used in thé K* analysis.

Cut Value

¢ mass 0.990 < Mg+p- < 1.050 GeV/c?
DOCA di+r- < 400 pm

¢ momentum  py > 1.30 GeV/c

K* mass 0.770 < Mg+,- < 1.00 GeV/c?
DOCA Ag+r— < 400 pm

K* momentum pg- > 1.30 GeV/c
B mass 5.18 < My < 5.40 GeV/c?

5.6.3.2 TheK* selection

In this study, the decay mod€*® — K*7~ was reconstructed. This mode cannot exhitit
violation, but it is simpler to study thak™* — K27°. Nevertheless, it provides an estimate of how
well the K* — K27 mode can be measured. About a factor eight fewer events are expected in
the K* — K27° mode, a factor of four coming from the branching fraction, and the rest coming
from the smaller efficiency fok? and=® reconstruction.

In order to seleck*® — K*r candidates, pairs of charged tracks were used, where one track
satisfied the kaon-ID selection described above (and was not already used to mjalend the
other track satisfied a pion-ID selection (the pion selector with loose cuts). The reconsfkiicted
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 400B° — ¢K** events, giving an efficiency for these selection cuts

of 45%. Application of;g background suppression cuts and the factor mentioned previously would
suggest an efficiency 0£20% for theK* — K27° mode. TheB® mass distribution is shown

in Fig. 5-48 for signal and fake candidate events. Since the kaons have high momemnia, the
resolution for this mode is expected to be similar to the La0obtained forB® — J/ K. The

loss due to the angular analysis should be small, as fofth&™ case.
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Figure 5-48. Reconstructed” mass fromB® — ¢K*" events, for both true and fakes.

REPORT OF THEBaBarR PHYSICS WORKSHOP



5.6 Penguin Modes 315

Table 5-37. Efficiencies for theB® — ¢K° analysis obtained with analysis of th#&-mode and
backgrounds in this channel was done Mstund fast simulation.

€(¢K7) | e(9K™)

0.66 0.54
Pho< 045 (GeV/c) | 054 | 0.20
K*0 cuts 0.37 0.04

5.6.4 Estimates forB — ¢K?

The usable sample for the decBy— ¢K?, assuming3(B — ¢K?) = 0.65 x 107° [51] and

an integrated luminosity of 30 3, is ~100 events. Assuming the same geometrical acceptance
and tracking efficiency as for th&y) K? decay, about 60 events are expected to pass loose cuts.
Tighter cuts to reducegg backgrounds would be expected to decrease this by about a factor of two.
The 2 vertex resolution for the has been estimated to be 80 microns. As theAz resolution

will be limited by the recoilingB tag, theos, for this mode will be similar to the 1.59 obtained for
Jp K2, Hence the error ikin 23, assuming there is little background, will be approximately 0.6.

5.6.5 Analysis ofB® — ¢K?

The B® — ¢K? process is expected to have a small branching r&@° — ¢K° ¢ —
KtK~)~0.49x0.65x 107%, [51, 50]. The detection efficiency before cuts, however, is relatively
large, as shown in Table 5-37, due to the high momenta, which range from 1.6eV/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 wAl|threl

fast simulation.

For this channel, the backgrounds frdin— ¢K* are expected to be closer to that for the —
Jip KO decay than that for th&° — ' K° decay since the branching fraction fBr — ¢K* is
likely comparable to the branching fraction f&° — ¢K°. The analysis of these background
channels follows the method employed previously. The momentum distributi®f ahesons
from ¢ K* decays are also shown in Fig. 5-49. The low momenitfrdecays can be eliminated
with the usual requirement,, < 450 MeV/c.

Events fromB — ¢K* are rejected, if there is an additional pion such thattfie invariant mass
andpj, is consistent with the proceds — ¢/ *. This cut is optimized to increase the S/B ratio.
The K* background is reduced t©10% as summarized in Table 5-37 and shown in Fig. 5-50;
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1.4 =

Figure 5-50. p%, distribution forpK? (solid) andp K*° (dashed) after all cuts.
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the K* to K? ratio was taken to be the same as for #fe — J/i) K? case. The loss of signal
efficiency, could be reduced by requiring that thand the associated pion have a common vertex.

Combinatorial background is expected mostly at very high as is the case a8 — J/iy K°X.

While inclusives production is a factor 0£200 larger relative to signal than in t# — .J/) K°

case, thek? s from B — ¢K? 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 lagge, than forB® — J/ K?. Inclusive¢ production

has been simulated and it is mostly dueR®; production and decay. Identified} channels
account for~ 50% of the inclusivep production and are consistent with the meamomentum

P, ~ 1.2 GeV/c (see Fig. 5-51). The large differencegmrmomentum is such that no events are
expected to survive the requirement < 450 MeV/c.

~ 37 B® — J/) K° events are expected to pass these cuts, for an integrated luminosity of'30 fb
running at thel"(4S). While ¢g 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, by40%.

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 valugmdf. If this is the case, it will

also be interesting to combine them all, in order to obtain an overall vakie 8. 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 indsuidtakrrors

for each mode were estimated using the dilution factor as determined frofx:thesolution, the
number of reconstructed events for 30 fiof data-taking at th@ (4S), backgrounds if any, and

the effective tagging factor. Then 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 ofsin 23; a value of 0.7 was assumed here. The individual errors could be combined by
simply adding them in quadrature, to estimate the total erraio®s 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" fof data-taking at th&(4S), the
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Table 5-38. Summary oin 23 measurements assumisig 25=0.7 for a 30 fb'' sample.

Mode B Usable| Rec.| Ng | Ng/Ns | oa, 00 Tag | Error
(10~%) | sample| eff. (pm) factor
Jhp (YK (ntn™) 4.25 1100 | 0.60 | 660| 0.06 | 130 | 1.59| 0.3 | 0.12
Jhp (00K (n070) 4.25 500 | 0.21 | 110| 0.06 130 | 1.59| 0.3 | 0.30
Jhp (€0 KO 4.25 1600 0.41 | 650| 0.59 | 130 | 1.59| 0.3 | 0.15*
Y (ntr et KO 35 430|0.27 | 120| 0.83 | 130 | 1.59| 0.3 | 0.34*
X (YT K? 5.0 520 0.28 | 143| 0.78 | 130 | 1.59| 0.3 | 0.28*
Jhp (YK (ntrx0) | 13.2 570/ 0.09 | 51| 0.18 130 | 1.79| 0.3 | 0.50
Dt D~ (6 D Modes) 4.5 610 0.24 | 140| 2.80 | 130 | 1.59| 0.3 | 0.48*
D**D*~ (4 D Modes) 9.7 1050 | 0.05 | 60| 0.23 | 150 | 1.70| 0.3 | 0.44
H(KtK )K" 0.065 100 0.22 | 22| 0.10 | 130 | 1.59| 0.3 | 0.66*
H(KTK)K(ntr=n%) | 0.1 26| 0.20 5| 010 | 150 |1.70| 0.3 | 1.40*
o (prta™) K (ntn™) 0.24 88|023| 20| 0.10 | 150 | 1.70| 0.3 | 0.73
0 (py)K2(ntn) 0.24 160| 0.35 | 55| 0.90 130 | 1.59| 0.3 | 0.56
o (prtr=)K? 0.24 210/ 0.21 | 44| 0.10 | 150 |1.70| 0.3 | 0.49*

* The efficiency for these modes is fromAsiund 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 DT D~ and the varioud<? 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 recoiingeson. TheB® — J/» K? and

B® — n’K? modes were analyzed with an actual fit to the 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 th&y K? and.J/) K modes are the most promising in terms of precision.
These two measurements alone yield a precision @fn 23) =0.09 whereas all the others not
including these two will yield worse precision. difn 25=0.7, a three-standard-deviation measure-
ment for CP violation requires an error of 0.23, which is possible with 5 'flsample for the
Jhp K2 and J/p K° modes or a 3 fb' sample with all of the modes studied here. Such samples
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should surely be obtained in the first year @i running. The modé&* 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 ugénheariable.

5.7.2 Systematic Errors

Possible systematic errors are likely to include:

e Monte Carlo event-generator uncertainties:
— B modeling €.g9.,semileptonic decays, rare backgrounds)
— ¢q modeling €.g.,charm- vs. light-quark ratios)
— Modeling of specifia”P-violating B 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 thé3 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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e Experimental parameters uncertainties:
— B lifetime, 75
— B mixing, Amy

Although many effects cancel (#P-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 measutgtlangles.

It should be possible thai decays and various physics processes occurrirfj(ifs) decays

can provide usefuin situ measurements of resolutions and efficiencies. Such engineering mea-
surements will be helpful to reduce possible systematic errors idEtheneasurements. 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 thatAheresolution 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 reconsBsatad 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 theRBwowill require some

effort to deconvolute the efficiency and misidentification rates.

5.7.3 Conclusion

The theoretical and experimental sides of measuiimgs in an asymmetrid3 factory have been
extensively reviewed. The studies demonstrate that with a 30stimple at th& (4S), a precision
of ~ 0.08 could be achieved in the measurementiof3, which will provide crucial input to tests
of the Standard Model description 6P violation.
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Determinations of o and Direct
CP Violation

6.1 Theoretical Background: The Role of Penguins and
a-Extraction

Any mode with a contribution frond — duw is a possible source of measuremeniof This
chapter analyses the possibilities of extractingn 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 tBaB
Technical Design Report it was assumed that these methods would be sufficient and expected errors
on a were determined under that assumption. However the determinationsohow 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 extratdanly. Several studies in this
chapter explore the impact on the extractioradf significant penguin contributions. In addition,

in the presence of significant penguin contributions, the prospects for observing direilation
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 measuringv. Three themes emerge, (1) that the theoretical uncertaintyistarge

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 ina 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 workef B

and should eventually contribute to significant reduction of theoretical uncertainties.

Finally some sample channels are studied as possible searches fo€dingotation in B 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 a-Ignoring Penguins

The anglex can be obtained through measurement§’Btviolating asymmetries involving final
states which can be eithéfP eigenstates or not. If the state of interest i€'/a eigenstate, it
was shown in Chapter 1 how to relate an asymmetry to CKM parameters. If only a single weak-
decay amplitude contributes 8 — fcp, that is, if penguin contributions are negligible, then
|A_fO’P/AfCP| = 1, so that

arop = —ImAy,, sin(Ampt) . (6.1)

Inthis case\, , is a pure phase.e.,Im X is one of the angles of the unitarity triangle. In particular,
for the decayB — 7w, Im\,,; = sin 2a.

The case where the final states not aCP eigenstate is considerably more complicated. There
are four separate amplitudes f8f and B° to decay tof and f:

AB® — f) = Ap = |Agle™,
AB® — f) = Ay = |Ae”r,
AB® — f) = A7 = |A7e"r. (6.2)
The rates for the physical, time-evolvét}, (¢) and B, (t) states to decay int$ can then be
written [1]
[(Blys(t) = f) = e 7" A% x
{1 + Rcos(Ampt) — Dsin(2¢y — 0 + 05) sin(Ath)}
[(Buys(t) = f) = et A% x
{1 — Rcos(Amgt) + Dsin(2¢y — 07 + 0;) sin(Ath)} (6.3)
whereg,, is the phase of3°-B° mixing, and
1 T [As P — [Af] [Arl|Ay|
A2= - (JARP+ |47, R= 2L 1 p=o ITAEJL 6.4
(WP 2 mE PR O
Similarly, the rates foB), () and BY, (t) states to decay intp are
D(BYys(t) = ) = e Tt A% x
{1 — Rcos(Ampt) — Dsin(2¢y + 07 — 05) sin(Ath)}
D(Bys(t) = f) = e Tt A" x
{1 + Rcos(Ampt) + Dsin(2¢y + 9_]; —05) sin(Ath)} (6.5)
were A7F - 1A 41,
1 - _ A2 — |Az _ 7| A
A= (|A2+ |42 =_r "/ p=o Il 6.6
(A AE) R e PR v 9
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CP conservation requires that
[Afl = |As], [Af] = |Ag], (6.7)

Sin(2¢M - Hf + H_f) = sin(2¢M + 9_1? - 9];) . (68)
CP violation occurs if any of these equalities is not satisfied.

The above expressions for the decays)f,,(t) and B, (t) to f and f are completely general.
However, when one assumes that each decay is dominated by a single weak ampditutiat(
penguins and any new physics effects are negligible), the expressions simplify. In this case, the
parameters in the amplitudes for the decay8bandB° to f and f obey certain equalities which

reflect theirCP transformation relationships:

[Afl = [Asl, [Afl =144l
9f2¢pf+(5, _J?:—¢Df+5a
OF = ¢, + 8,  by= —¢p. + 5. (6.9)

In the abovegp, andngf represent the weak-CKM phases of the decayB'ofo f and f respec-
tively, while § andd’ are the strong phases. With these equalities, the expressions in Egs. (6.4) and
(6.6) become very similard> = A°, R = —R, D = D. The above equalities give

SIH(2¢M - gf + e_f) = SIH(2¢M - QSDf - QZSD? — A(S) s

whereAéd = § — ¢'. TheCP-violating weak-CKM phase is given by the quant#$ = 2¢,, —
¢p; — ¢D?. From measurements of the time-dependent decay distributions one can®btain
sin(2® + Ad) andS = sin(2® — Ad), and from these one can extraat” 2¢ up to a two-fold
ambiguity:

sin? 26 — % {1 +85+ /(1 - 82)(1-9)y|. (6.11)

The true value ofin? 2® is given by one of the signs on the right-hand side, while the other gives
cos? Ad. However, this discrete ambiguity can in principle be removed by comparison with other
final states which have the same weak-ph2de but different strong phases. Note that, if the
three different time-dependent terms ¢ds, sin) can be isolated with sufficient accuracy, it is not
necessary to measure all four time-dependent fgs (t), BY, .. (t) — f, f. The measurement

of one of the rates in Eqg. (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 anglea: one must measure t_h_e decaysf, . (t) andéghys(t) to sugh final states as*w.* or
af 7. When penguins are significant these methods yield a quantity, dengtedhich differs
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from the truea: by an unknown amount, which we will denote rag/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 shifbut 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 wherg¢ is aCP eigenstate the amplitudes f& — fop andB — fcp can then be
written as

Aj, = T 4 Pel®reir
P ?
Ay, = Te 91T 4 Pemioreir (6.12)

whereT’, ¢+ andor (P, ¢p anddp) 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 angthgt¢p. In this case itis clear

from Eq. (6.12) that\;_, (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 fédPaviolating
asymmetries. In general, the presence of non-negligible penguin contributions will also lead to
direct CP violation (see Section 6.3), that is\;_.| # 1. In the presence of directP violation,

the time-dependertP asymmetry contains @s(Amgt) term, the coefficient of which can also

be measured. However, this need not be the case. If the strong phases aré;egual;, then

Aip IS @ pure phase.é., |\;,| = 1). However, this phase depends on both tree and penguin
parameters, so that there is still a shifiirdue to penguin contributions, even though there is no
directCP violation.

Although the above discussion has been made for the case where the final stateaganstate,
it applies equally well when the final state is nof’R eigenstated.g.,pr, a7, etc). If penguin
contributions are important in decays to such final states, the@fhasymmetries 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 B — 7tr—. CLEO has observed the dec&) — 7=~ K*: they haveNy, = 21.653 events,

which translates into a branching ratiolo x 10~° [2]. For B® — 7+ 7~ they haved.9¢) events,
leading to an upper limit of.5 x 1075 [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=ADB"— 7r+7r_)|penguin , T=AB" = 777 |iree - (6.13)
This ratio can be written
P _AB = 1 K")|penguin P (6.14)
T T A(B® — 7 K)penguin '

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 ratiB%ors 77~ is half that of
B° — 7~K*. Second, assume that the observed event®fors 7~ K+ andB° — 77~ are
due only to thé — s penguin and thé — uud tree amplitudes, respectively. This implies that

ABO_> 7K+ enguin
( 7TT )|p guin _ (/5 .

The second term in Eq. (6.14) is the ratiobof> d andb — s penguins. This can be written

(6.15)

P
A(B® = 7~ K7)|penguin

Via

x an SU(3)-breaking factar (6.16)

ts

The size of the SU(3)-breaking effects is not known. However, as a crude guess, take this factor to
be roughlyf,/fx ~ 1/1.2. The ratio of CKM matrix elements is constrained to be in the range

[3]

Via

ts

0.15 < <0.34. (6.17)

Putting all the factors together, gives
P
0.18 < 7 < 0.4 . (6.18)

These numbers should not be taken literally, since they neglect both theoretical and experimental
uncertainties other than the range‘éf‘. However they show that the CLEO data suggests that
penguins are likely to be significant i — 77~ and, by extension, i8° — pr anda; .

The tool to separate the tree and penguin contributions is isospin analysis. Isospin amplitudes
Iaz1, can be labeled by thal value of theh-quark decay and by thg of the final state, which
includes the spectator quark. The key observationis that a gluon ig pufe so that the dominant
gluonich — d penguins are pural = % On the other hand, the tree-lewel> uud decays have
bothAI = 2 andAJ = 1 components. Thus, if thAl = 2 piece can be isolated, then the tree
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Table 6-1. Isospin decomposition faB — nn, B — wK andB — pw in terms of the isospin
amplitudesAM,[f, whereAI andI; are the isospin change of the transition and the final-state
isospin, respectively. ThéP-even part ofB — pp decays follow the same pattern Bs— nr;

B — nK* andB — pK are analogous tB — nK; B — a7 is similar toB — pm.

Channel| Decay Amplitudes

s ABT = nta%) = §A3/2,2
%A(BO —trT) = L/43/22 — \/%Auz,o
A(BY — 707%) = —A3/22 + \/%Auz,o
TK | A(B* — 1OK") = 24,50 + LA1170 — /L Ao
A(B® = n°K°) = §A1,3/2 + §A1,1/2 + \/%AO,I/Q
%A(B+ — ntK?) = %A1,3/2 - %Am/z + \/%Ao,uz
%A(BO -7 Kt) = §A1,3/2 - %Am/z - \/%AO,I/Z

pT A(BT — P+7T0) = %\/%A?,/m - %\/%A:s/m + \/%AI/Z,I

A(BT — pnT) = %\/%A:a/zg + %\/%A:z/z; - \/%A1/2,1

AB? = ptrn) = %\/%A?,/m - %A3/2,1 + %A1/2,1 — \/%AI/Z,O
AB® = p7nt) = l\/TA3/22 + %A3/2,1 - %A1/2,1 - \/%Auz,o
A(B® — p'n°) = fA3/22 + \/%Auz,o

contribution, which contains the weak phase to be measured, is thereby isolated. Inclusion of the
spectator quark then gives final isospin0obr 1 for the gluonic penguin contributions, bt 1

or 2 for the tree contributions. (Similar arguments applypte+ s penguins and — uus tree
amplitudes.)

Isospin analysis can be used for a variety of final states [4]Ab):pn, a7, pp, K7, K*m, Kp,
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 diagdamsfor B — 7,

Ay 3o for B — 7K, andA;), . andAs, ; for B — pr. 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 dBcay DD is not included in the list. This

is because both tree and penguin diagrams correspofdd te 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 B° - xta—

In the absence of penguin contributions, the asymmetBfin+s 7= 7~ measuresin 2c.. 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 extractienfidm this process. An

isospin analysis can be used to eliminate the penguin pollution in this case [4].

The isospin decomposition of the amplitudés’ = A(BT — 7t7°), AT = A(B® — 7Fn)
and A% = A(B® — 7%7%) is shown in Table 6-1. Note that because of Bose statisticg the)
two-pion state produced i decay has nd = 1 contribution. Thus the three two-pion decay
amplitudes depend only on two isospin amplitudes, hence there is one relationship,
1
V2

between them. Thus they form a triangle, as drawn in Fig. 6-1.

AFT A% = gt (6.19)

The amplitudes for th€'P-conjugate processds™ — 77, B® — n#fn~ andB° — 797 are
obtained from thed amplitudes by simply changing the sign of the CKM phases; the strong phases
remain the same. These amplitudes also form a triangle:

1

V2

The measurements of the total rates if — 7*7° andB~ — = «° yield |[A*°| and |[A~°|,
respectively. The measurement of the time-dependent decay raf¢ fpr—+ 7*7~ andB°(¢) —

At A% =a0, (6.20)

AB°— TCTT)

gataaa AB—TTC) = AB™— 11'T)

Figure 6-1. Isospin analysis oB — ww decays.
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m+r allow the extraction ofA*~|and|A" | as well as the asymmetry which giies\,+,—. For
then 7Y final state, the time dependence will not be measurableBat But the time-independent
rates still allow one to obtaihd®| and |A_OO|. The six magnitudes determine the shapes of two
isospin triangles.

The key observation is that, since the penguin diagram is puxély= 1/2, the A*® amplitude

is fed solely from the tree diagram. This means that’| = |Z_0|. 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 the = 0 final state|A*~| # |47 | and|A”| # |A”| in general.)

In fact, itis convenient to superimpose the triangles defined in Eqgs. (6.19) and (6.20) by introducing
Ali = e2ior 1 (6.21)

and in particular,
A0 = 9T A0 (6.22)

where¢, is the CKM phase of the tree diagram. Thén® = A*°. 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 beloW) of each of the triangles. Combined
with the two-fold ambiguity that comes because only the sine of the @agle «,., IS measured,
this then leaves an eight-fold ambiguity in the valuexofHence isospin analysis will reduce the
uncertainty inw significantly only if the error on each possible choice:gf is small.

TheCP asymmetry inB® — 77~ is given by

(6.23)

ImA\+,- =Im le_%a

i
F] -

Thus the quantityl™— /A*~ gives the penguin effect on the relationship between the angted
the measured asymmetry. The two-triangle construction gives the magnitude andphasé,
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 rateB8r— 7°7°. Present theoretical estimates

put this branching ratio ab(10~%) 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 decay8sofo heavy mesons: for example,

B(B® — ¥K?") is only about 10% of3( B — D} D~). However, color suppression does not hold

for D decays to light mesons: for example,

B(D° — 7°7%) =2 B(D® — ntn7) /2.
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(@ (b)

N

o o
oy
ool

C

I:)EW I:)EW

Figure 6-2. (a) Color-allowed” -penguin, (b) Color-suppressetdpenguin.

This could indicate that long-distance rescattering effects are large in such decays. If such large
rescattering effects are also presentdn— =, the branching ratio o3° — 7°7° may be
considerably larger than naive expectations, perhaps even as lajBas+ =+ )/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 contributiong2e—+ 7w come from diagrams with virtual

Z exchange (Fig. 6-2). Since the couplings of tfiecontain both/ = 1 and/ = 0 terms,

these contribute also td7 = % 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 thé? 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), thé8 — wr amplitudes can be written [7].

1
ABT - 7m1%) = ——=(T + C + Pew + PSy) ,
V2
0 +, — 2 ¢
AB’ - 7' ):—(T+P+E+§PEW), (6.24)
1 1
A(B® — 7°7%) = —ﬁ(c — P —E+ Pgw) + ngw :

In the above?, C, P, E, Ppw, and PS5, 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:

REPORT OF THEBaBarR PHYSICS WORKSHOP



336 Determinations ofa and Direct CP Violation

1: 7],
o) : [cl, |P],
O’ : |El, |Ppw]
ON’) : |PSyl, (6.25)

where) ~ 20%. (Note that the factok 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 contribGte to 7 7°

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
Af; in the extraction of the angle,., which is the relative phase between the and A+~
amplitudes. This leads to an uncertainty in the determination[@f:

1
Ao~ oA < (6.26)

PEw+P,§W
T+C

It can however be seen from the above hierarchy that this uncertainty is small, @(ﬁ%))stw 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

-~

; 5C
Sa16m2 (PEW + PEW)

Figure 6-3. Isospin analysis oB — nw decays with the inclusion of electroweak penguins.
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in B — nr decays. Even if th€’ (and PS;;) contributions turn out to be larger than expected, the
uncertainty inx is still at most about 5%.)

6.1.2.2 B° — pp

At first glance, the decayB — pp appear to be completely analogousBo— nw. However,

there is an important difference. Because jghe a vector meson, thep pair can be in a state of
angular momentuni = 0, 1 or 2. States of even and odd angular momentum correspond to states
of even and odd’P, respectively. However, the sign of th#® asymmetry for &8’P-even state will

be opposite to that of &P-odd state. Thus, if one does not separate@Reodd component of

the pp final state from th&’P-even component, there will be a dilution of th® asymmetry due

to a cancellation between these two components. This dilution factor is unknowraspni

there is no information about the relative sizes of@fi& even and”P-odd components. Thus it is

not possible to extract by simply measuring the asymmetry #h— pp. This is independent of
whether or not there is penguin pollution.

However, it is possible to separate out the even= 0,2) and odd { = 1) angular-momentum
components opp through an angular analysis, as discussed in Section 5.1.3. Once this is done,
then thep™p~ and p°p° final states ar&P eigenstates, and so can be used to probe the angle
a. If penguins are unimportant, then all asymmetries measuui@ 2«,, with the + (=) sign
corresponding to thé'P-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. E6¥the
even components, which contalin= 0 and 2, the analysis is identical to that developed above for

B — wm: thel = 2 amplitude, which is pure tree, can be isolated by measurements of the rates
for Bt — ptp°, B°(t) — ptp~ andB° — p°p°, along with theirCP-conjugates. (As in ther

case, electroweak-penguin contributions are expected to be small.) However, an isospin analysis
will not work for the CP-odd components. Since these hdve 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 B° — pm

As in the case of th& — 7m modes, theB — w7 channels provide an independent means of
extracting the CKM angle [1, 8]. The full three-pion distribution contains batt-odd andCP-

even contributions, the ratios of which cannot be reliably calculated. Several hadronic resonances
can contribute, and the nonreson&nt» 37 decay may also play a significant role. However if two

of the pions form a resonant state, the angular momentum is determined and’litpigenstates

can be made from combinations of different charge states, withfeigenvalues 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 themeson decays to two pions, the three
decaysB’ — ptn—, B — p nT andB® — p°z° all result in ar*7 7Y final state.
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Neutral BDalitz-plot Analysis

As recognized by Snyder and Quinn [8], the decayigrovides enough observables to determine
a 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:

e From decays of neutrdbs alone, it allows the determination af 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 af — o + 7.1

e 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.

The B° weak-decay amplitudes arise from “tree-dominated” contributions, for which the phase
comes fron/,,;V,;, and from “penguin-only” contributions, for which the phase comes fryi;,

and thus is the same as the Standard Model weak phase &°t# mixing. The onlyCP-
violating phase in the problem is thus

arg VadVup =0+y=1—q, (6.27)
th tZ

where the last equality defines the quantity The isospin decomposition for the varioB% — pr

decay amplitudes was shown in Table 6-1 [9]. There are four independent isospin amplitudes:
Asja2, A1, A12,0 andA 9, but only three linear combinations of them contribute to the neutral

B decays. The penguins contribute only to thé = 1/2 amplitudes, so there are only two
independent penguin amplitudedt 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.

2|t is often said that one tests the Standard Model by testing the relationshipp + v = ; 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 proportionaf gV, 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 V4V comes only from aAT = 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

AB® - ptr™) = AT =e0Tt 4 Pt
ABY - pnt)y =A+ =etor T4 p Tt
A(B® = 1) — 400 — g ia00 | poo

o . (6.28)
q/PA(B° — ptn~) = q/pAtT = et Tt 4 P

q/pA(B° — p~7t) = q/pA~t = etleT+= 4 Pt
q/pA(EO — pOﬂ.O) = q/pZOO — €+iaT00 + POO 7
where the isospin relationships given in Table 6-1 together withthe= 1/2 character of the
penguin process give
1
P% = —§(P+‘ +P1). (6.29)

In the theoretical parameterization given above, the six comBlex pm amplitudes are given by

three complex tree amplitudes, plus two complex penguin amplitudes (from Eq. (6.29) to eliminate
P%) and the weak phase One can fix the strong phase of any dner P 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 — 37 amplitude is given by:

A(t) = cos(Amt/2)[f AT + fLAT + f A%
+isin(Amt/2)[fL AT + fL AT + £ AY], (6.30)

where thet- depends on the flavor of the taggBdHere f, , for example, means the Breit-Wigner
form for p* — 7+7°. The Breit-Wigner form used hetés

cos O

6.31
s —m2 +ill(s)’ (6-31)

f(s) o

wheres is the square of the invariant mass of the putagivendd;; is the angle in the rest frame
between a decay pion direction and the line of flight of gh&he functionlI is given by

m? P 3
_ 2
I1(s) 75 (p()) L', (ms), (6.32)
4t is assumed that the most interesting part ofatstrong 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 efdecays [12] where other resonant contributigd450) andp(1700)) were
also taken into account. These are also considered for systematics studies (cf. [11]).
5The choice made for the functidih gives the proper threshold behavior for the width of thand is consistent
with elastic unitarity. The choice is not unique. One might ask thaptreependence level off far from threshold, but
this would be only a minor effect. Other overall dependence simould be mild.
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wherep = p(s) = y/s/4 —m2 is the momentum of the daughter-pion in theest frame
andp, = p(mz). In addition to the resonance form, the angular dependence of tleeay is
included in thef;. Angular momentum conservation requires th® have zero helicity and thus

the decay distribution is proportional tos ;. 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, Eg. (6.30), when squared, exhibits several con-
tributions. For example, neglecting Penguin contributions for the sake of clarity, one can identify:

a. Diagonal termse.g.,|f T+~ |*>. These necessarily have no dependence and no phase
dependence from the Breit-Wigner.

b. Interference from twd3° decays or twaB® decays tq's of different charges. These have
no o 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 chargesj one fromB° and one fromB°. Here there is
a phase dependence from the Breit-Wigner factors. Then the phase information comes from

Im(fyfre ) = Im(f.f*)cos2a + Re(f, f*)sin 2a (6.33)

d. Interference between’ and aB® decay to the same These have no phase-dependence
from the Breit-Wigner (just ahf|?), but a characteristic dependence

sin(Amt) Im [eﬂmTT'*] (6.34)

where, for chargeds, theT' andT” are different, but for neutrals they are the same. Thus,
for chargedp s, there are terms proportionaldm (2« + §) andsin(2«a — 6) whered is the
strong-phase difference

§ =arg(T-H(TT)"), (6.35)
while for neutralp s the dependence is simpiiy 2.

Thus the interference between the various intermediate states contributing to the same three-pion
kinematic region introduces a dependence:@Ra as well as oin 2a. This then removes the

(o, m/2— ) ambiguity in the value ofv. 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 prediction3 tawdory 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 vafiatiers the order of

+10%, and which is significant even quite far from thdand crossing region [11].

6In Ref. [8] a nonrelativistic Breit-Wigner is used. It yields significantly stronger interference effects.
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Different Sources of Interferences;

Bo(t)\BHp_n/T[T[n
\—1> 20
B~ _
Boa):::::::O:::E ol T o
B

L—————c> sin( 2a +3)

Figure 6-4. A representation of interference termsBn— p*=nT. The first diagram represents

the term (b), the second (c), and the third (6)is the difference between the strong final-state-
interaction phases fd8° — p*7— andB® — p~nt. ForB — p’x there is no such strong phase
difference. Penguin effects are neglected in describingvtbependence 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

e Higher resonances: The assumptiorpafominance 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 &r final state’ 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 chargétidecays.

In 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 descriBartbeon decay into higher resonances would
make the fit impracticable unless very high statistics data were available.
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Table 6-2. Potentialtm resonance candidates, X, that may be seéins X . Only resonances
with large branching ratios tor are shown [13].

Resonancel) | B(R — =) (%) | Width (MeV) | I1¢(JF°) Remarks
fo(400 — 1200) dominant 600 to 1000 | 07 (0**) | Nong candidate
p(770) 100 150.741.2 | 17(17) Well-known
f0(980) (78.1 +2.4) 40t0100 | 0*(0*H) Odd shape
f2(1270) (84.7115) 185420 | 0+(2*H) Well-known
p3(1690) (23.6 £ 1.3) 160+10 17(377) High spin
14(2050) (17.0 £ 1.5) 208+£13 0t (4+H) High spin

e p shape uncertainties: The description of t{€70) resonance used here, Eq. (6.31), makes
the double assumption th&t® — p*7— and B — p =+ have the same structure and
that this structure is precisely known. This parameterization, while expected to be good,
introduces some theoretical uncertainties.

e Nonresonan8r: 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 parameterizationgstizang 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 norCP studies of theD and D, systems, see for example [14]. The study of the Dalitz
plots of both neutral and chargetl decays may be helpful in understanding nonresonant
contributions, if they turn out to be large.

e Electroweak penguins: In addition to the gluonic penguins, there areZdlsmd 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 ip’techannel,
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 sectiopanThe disadvantage of such analyses is

that they do not resolve all the discrete ambiguities jmnd, 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 charged B decays

From the amplitudes in Table 6-1, one can write the chaigelbcay amplitudes forr as,

V2A(BT — ptn®) = e o0 4 Pt — Pt
V2A(BY — pont) = e (T + T+ 4 27%° — 740 — pt— 4 p~F | (6.36)

Note that there is a pentagonal relation between the three neutral and two cBailgedy ampli-
tudes

V2[AB" = pta) + A(BY — o) = ATT + AT 424" (6.37)

The addition of the two charged channéls — p*7° 7%’ adds one moré'-type amplitude.
However, theB* — p*7° channel has twa?'s in the final state, and thus may be more difficult

to measure (cf. Section 6.5.1.7). Without this channel, the inclusiaB*of— p°7* rates in

the analysis adds as many new parameters as new observables, thus in principal giving no new
constraints. (Though an observation of dirétt-violation via a difference in the rates of two
charge-conjugate channels would demonstrate dhigtnonzero [11].) However the full three-
charged-pion Dalitz plot distribution could give some valuable information on the isbspid, 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 far can be made in ther case,

arising from the relationship Eq. (6.37) and @& 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 &8 Furthermore, if there were
enough data to do such an analysis with small uncertainties, then tfser fDihlitz-plot analysis

would be also be possible. While the pentagon constructions rely on the measurebmanthbing

ratios, that is, amplitudesquared the Dalitz-plot analysis measures amplitudes anichesarly
sensitive to the suppressed channelg,,p’7’. Hence it is expected that analyses based on the
Dalitz-plot structure, rather than pentagon constructions will be the eventual method of choice to
determinex from these channels.
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6.1.24 B° - K

An isospin analysis can be performed #B8r— 7K decays [16, 9]. By measuring the rates for
Bt — 'Kt Bt — r*K° and B® — 7~ K™, along with the rates an@P asymmetry in
B® — YKy, itis 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 penguin8 i 7 K are comparable to the corresponding
tree contributions, unlike th8 — w7 andB — pr cases. This can be understood as follows. In
the case oB — 7w K decays, there are contributions from bothihe wus 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 thak the s penguin amplitude may be
about the same size as the— wuud tree amplitude. Thus the Cabibbo-suppressed uis

tree amplitude is smaller by a factor of about 0.2 (the Cabibbo angle) than-thes penguin
amplitude. Theé® — s electroweak penguin is also suppressed, however, by about 0.2 relative to
theb — s gluonic penguin. Thus, thie— s electroweak penguin and the— uus tree amplitude,

both of which contribute t@3 — 7 K, are possibly roughly the same size. It therefore appears that
electroweak-penguin contributions i — 7K 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 — nw, B — wK, and flavor SU(3)

An additional method [17, 18] for obtaininguses flavoiSU (3) symmetry [19] to relatd? — nr
to B — 7K decays, which permits the removal of the penguin pollutioBtn— 7*7~. Other
similar methods involving flavof U (3), are discussed in Chapter 7.

The decays of interest ai®’® — 77—, B — 7~ K+, andB*™ — 77K". The amplitudes for
these decays can be written

A=A (BO — 7r+7r’) = — (T + P) = Te“7e" + PelPe ¥ (6.38)

A,k = A (BO — 7r’K+) = —(T'+ P') =1, T — Pleir | (6.39)

Aty = A(B* 5 7K") = P' =P
where7 = |T|, P = |P|, andP’ = |P'|. HereT and P represent respectively the color-
allowed tree and penguin contributions for th& = 0 transitions, while their primed counterparts
correspond taAAS = 1 processes. Unlike th& 7 isospin analysis, channels with a final-state
7Y 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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e Rescattering effects are small, otherwise the final equation receives a second contribution
from rescattered tree diagrams (see further discussion in Chapter 7).

e Theb — d penguinP is dominated by the quark. Since long-distance effects may
substantially enhance thieandc penguin contributions, this assumption may not be justified
[20].

e The amplitude§” and7” are related simply by the ratio of their CKM matrix elements, with
an SU(3) breaking factor [21] of the ratio ok andr decay constants.¢., factorization
is assumed). Factorization is unlikely to hold for penguin amplitude®, aod?P’ are not
related in a simple way. However the strong phase of the penguin diagsams,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:

1 _

= 3 <|AW|2 + ‘Am 2> =T?+P*—2TPcosdcosa,
1 . o

=5 <|Am| - ‘Am > = —2T7Psindsina,

=Im (eZiﬁAWZ;W) = —T?sin2a + 27T P cos d sin a,

M O Qo
Il

1 _
3 (|A7TK|2 + ‘AWK 2> = r2T2 4+ P — 29, TP cos d cos,
]' 2 Y 2 ! . .
= 3 <|A7TK| — ‘AWK‘ > = 2r,TP'sind sin 7,
= Az =P (6.40)

These give six equations in six unknowns, so that one can solwe 4of7", P, P’, ands. 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 codrect),ithe quantities

B and FE vanish, so that one is left with four equations in five unknowns. In this case one must
use additional assumptions to extract information abou€tA@hases. Thus, this is an interesting
method for obtainingy with little or no penguin pollution, but it depends on several theoretical
assumptions. If these assumptions can be justiéagl,yia independent measurements), then this
may become a useful way of measuringleanly.
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6.2 Penguins and DirectCP Violation

Direct CP violation is an interesting and important manifestation(#t violation [22]. As a

rule it is simpler to establish experimentally than indir€¢t violation. It can occur in processes
involving either charged or neutrals. For all charged decays and for a few neutral decays (that
are self-tagged), tagging “the oth8r" is not necessary, which can translate into a reduction of

a factor of about 5-10 in the number 8% needed. These advantages are offset by a serious
disadvantage of directP 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

Direct CP violation arises from an explictt’P-odd phase in thé\b = 1 decay amplitude of the
b quark. As a result, the comparisonieflecays to a specific final state wiillecays to the’P-
conjugate final state can revea@P violation. Since direcCP violation results from the presence
of the CP-odd phase in the underlying\¢ = 1) Hamiltonian, it can show up in all types &
mesons B, By, Bs, B.]. This is in sharp contrast to indire€tP violation resulting from mixing
and decay [23, 24], which necessarily requires mixing between neutral sizite3® or B°-BY.
Such mixing results from\b = 2 interactionsi.e.,they are second order in the usdl = 1 weak
Hamiltonian and/or they involvAb = 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) o= 1) amplitudes leading
to the same final state. One can write:

A = |Ay|expli(dy + ¢1)] + [Az] exp[i(d2 + ¢o)]

where thejs are the’'P-even strong final-state rescattering phases, whereas thiee the”P-odd
phases which in the Standard Model result from the siigfeodd phase present in the CKM
matrix [25]. The corresponding amplitude for th&-conjugate process has the form:

A = A expli(d1 — ¢1)] + | Az] expli(dy — ¢2)] -
The typicalCP-violating observable is thpgartial rate asymmetryPRA) defined as:

B(B — f) —B(B — f)

B(B — f)+B(B = f)

B 2| Ay| |As| sin 4 sin ¢

A2 + A2 + 2| Ay] |Ag| cos dcos ¢

appA =

(6.41)
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whered = (§; — d2) and¢ = (¢ — @) are theCP-even and”P-odd phase differences between
the amplitudes. Within the Standard Modglis a function of the angles of the unitarity triangle.

Equation (6.41) exhibits the central difficulty in dealing with diré@t violation. Although the
asymmetry involves four unknownsl(, A,, J, ¢), the measurements of only two branching ratios

(|A| and|A|) are required to establish the existence of a PR&,(pra # 0). Thus theCP-odd

phase ¢) that one wants cannot in general be deduced from a measuremep, ofwithout a
separate knowledge of the strong-phase differén@nd the amplitude ratipd; /A,|. 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 mBodecay 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 thepghasemeasure-

ments of PRASs. In principle, there is also the possibility that, at least for some simple reactions
(say two pseudoscalars,g., K, =, K K), 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 interestifigyviolating observables that can, and
should be measured in order to understand fully the dynamics. It is useful to define the transfor-
mationTy, 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 gen€falodd observables can then be
divided into two types:

1. The first type ar€’P-odd Tv-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 a€P-odd, Tx-odd observables. A simple example of this is the triple-
correlation asymmetnge.g.,p; - (P2 X ps), wherepy, ps, 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 ffiemmdd (and also
Tx-even) observables involving spin can also be defined. An important class of processes
are B decays to two spin-one mesons, suctBas> ¢K*, B — ¢p, B — wK*, wp, etc.In
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such cases the vector meson decays can give information about their spin orientation [31].
Another interesting case is whenrdepton is in the final state, say — D7v, [32, 33].

Then the transverse polarization asymmetry ofittoan be used as one of the three vectors

in the product.

TheTy-even observables require the presence@Paeven (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 ffhasdd observables

are, on the other hand, driven by the real part of Feynman amplitudes. For these casks the
even phase i€'-odd, P-odd and originates from the presence of a trace involvifigsuch as

Trlvs ¥ Yo P¥s ], Wherep, ps, p3, andp, are the four linear-independent 4-momenta. For this
reason this phase is called the axial phase. A nonzero expectation valuEyebdd observ-

able does not necessarily mean thé&t is violated. To define observables which are manifestly
CP-violating usually requires comparison afx-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 measurementsickorepresent exhaustive tests@P.

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 thatighviolation can manifest itself
through all other observables. As an example, the energy asymmetry is an observable which
is Ty-even (like PRASs) 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 lllustrative Examples of Direct CP

The following few pages give some examples of dir€gt 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 ratigs10—¢ and asymmetries 1%.

Asymmetries due to directP 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
guantum 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 |Asymmetry Comments
b—s

b — sqq [41] ~ 1% ~ (1+0.5)% q=u,d,s

B — K,K*(X) [43] ~1x10* S15% Energy Asymmetry
b—d

b — dqg [41] ~05% | ~(20119% q=u,d,s

b — dip [44,45] | ~5x107* ~ 1%

B — 1/ (n(1440)) X4 [46] ~ 0(107?) <$12%

B — fo, f2(Xa) [46] ~" "

B - KK, mr(X,) [46] ~" "

Table 6-3 gives a sample of inclusive processes. This contains quark-level asymmetries, in charm-
less final states, via — sqq (i.e., As = 1) andb — dqq (i.e., As = 0), for ¢ = u,d,s. In

a recent study [41]CP asymmetries forAs = 1 and As = 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 arourd1%. (See Table 6-3.) For earlier and comparable study
see [42].

Another interesting recent study is of the energy asymmetry in the inclusive re&ttionK' X

[43]. Motivated by the recent CLEO observation[2] Bf — 1 + X, 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 asymmetrids in PP [47, 48], PV [47] andVV

[49] where P = pseudoscalar and = 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, comparertbeanching 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 selected® P, PV

andV'V modes. [Note: except for thE = 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 K° [48,47] | ~2x107° ~ 10%
— K°K° [48,47] | ~1x107° ~ 8%
— K= [48,47] | ~1x1075 ~ 1%

[50] " ~ 20%

- K ¢ [47] ~ 6 x107° ~ 1%
— 7m0~ [47] ~2x 1075 ~ 2%
— 7 p° [47] ~2x10°° ~ 2-10%
—Tw [47] ~15x10°% | ~12%
— DYD*= [47] ~5x107* ~ 0.6%
— p K*0 [49] ~1x107° ~ 0.6%
— OK*~ [49] ~1x107° ~ 0.6%
— wK*™ [49] ~3x107° ~ 28%
— pPK*~ [49] ~2x 1076 ~ 30%
= pw [49] ~2x107° ~ 4%
— D*=D*0 [49] ~1x1073 ~ 1%
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Table 6-5. Theoretical estimate of branching ratio and asymmetry modes dB@tgpenguins
[see also Table 6-6].

Process References B Asymmetry Comments
b— sy [51] ~2x107* 1-1.%

b— dvy [51] ~1x10° 1-10%

B — K*y [52] ~4x107° ~ 1%

B — py [52,53] | ~2x10°° S 30%

b— dtte [54,55] | ~5x 1077 ~ 3% 1 < myg/GeV<3
B —mlt¢~ | [54,55] | ~3x10°® " "

B — plt(~ [54,55] | ~5x 1078 " "

Table 6-6. Examples of theoretical estimates @P asymmetries in processes dominated by

resonances.
Process Ref. B Asymmetry Comments
B — K}~ [27] | ~ (1-5) x 1075 S 8% energy asymmetry
K — Kn,K*r,Kp | [27] < 3% PRA
B — ay/asy — 31y [28] | ~ (1-5) x 1077 <10% Tn-even, forward-backward
asymmetry
<S10% Tx-odd, triple correlation
asymmetry
<S30% Tn-even, optimal observable
<$20% Tx-odd, optimal observable
B — hm [29] ~5x 107" ~ 10% ne=pp, KKr,nnKK ...
h=mne x> X =nm, KK, 4. ..
B* — h*p%(w) [30]
h=p ~ (1-2) x 107> | ~ 9-30% maximum asymmetry
h=K* ~1x107° ~ 32-79% in the region of
h=m ~ (2-7) x 107% | ~ 17-48% M(w) +T'(w)
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6.2.2.1 Long-distance rescattering effects on dire€@P 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 fodiredlation in modes such a8 —

K. Itis now recognized that directP violation in B decays has a very rich structure. (The
presence of nontrivial final-state interaction phases and related difesiolating 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 af'ffirect
violation in B decays. Whereas the penguin Hamiltoniamg(in b — s transitions) has\/ = 0,
long-distance (LD) rescattering effects represent a distinct sourC® eiolation, particularly in

states that are mixtures of isospin suchias.

Recall that the isospin operator intimately links the two charge states and K —7° in B~

decays, and{’7° and K—=* in B° 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 effectddtw— must cancel exactly with that ik ~7°;
similarly, the PRA inK°7° must cancel with that id ~7+. A very important repercussion of this
result is that the PRA caused by long-distance effect&in (or Kp, or Ka,...) canot cancel

with the PRA inKw. Thus each category of such final-state interactions provides an independent
probe for searching for dire€tP violation [50].

One is often tempted to assume that feneson 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, Donogthak [56, 59] have claimed, on

very general grounds, that final-state rescattering phases due to soft physics do not vanish as
mp — oo. This has an important general consequence that it could improve the observabil-
ity of direct CP in various exclusive modes. Specifically, fBr — K, due to long-distance
rescattering effects, PRAs of around 20% (for siny = 1) may be possible [50]. However,
while enhancing direo®P asymmetries inB decays the presence of these long-distance rescat-
tering effects also raises serious doubts about the validity of constraints on the~afGpg
deduced by using the rates f&f* — K%* and B°(B°) — K*n (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 di€getviolation 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 importaritfgras 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.
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6.3 Overview of the Experimental Studies

Early feasibility studies of the measurement of the angfecused on the mod8° — 7*7~.

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 angdeng the decay3’ —

nTx~ 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 any channel requires information from several related
decay modes, including charg&ddecays, 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 anghill 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
guark 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, a;7, andpp.

A common feature of the benchmark modes is their expected low branching ratios, on the order of
10" or less. All are found also to have large backgrounds, both combinatorial background within
signal events themselves and also those arising from contigguand generid3 B 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 extraetih®iolating 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 thred8 — 77 decay modesB’ — 77—, Bt — 7t7% and B — 7%z and the
analogous decays of thg. They are all important in the study of CP-violation. In this section,
simulation studies of these modes using both theB&sim simulation, and the fast simulation,
Aslund are described.
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In the absence of penguin effects) 2« can be extracted from the analysis of the time evolution

of the decaysB’ — n*t7~ and B — =*r— 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 decdys tmay be a substantial
source of background, which presents a challenge to the particle identification capabili@sof B

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 ThewTn— Decay Mode

For this channel the observables are the coefficients ofith&m,¢ andcos Amg,t terms in the

time evolution, in addition to the overall branching ratiosi#ff — 7n*7~— and B — nt7r.

The branching ratio for this channel has not been measured, with the limit from CLEO currently
1.5 x 1075, A branching ratio ofl .2 x 10~° has been assumed. This corresponds &80 events
produced in 30 fb' running at the'(4S). The study reported here was done ushsgund ’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.

CandidateB? — 77~ 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:

e Continuum gq Production. The combinatorial background produced by random combina-
tion of two tracks in events produced by nonresondnt™ annihilation into lightgg pairs;
~ 10® 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.

e B — K+m—. Using the CLEO result of.5 x 10~° for the K=~ 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 7~ channel. The reconstructed mass of the
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B is below the true value by 42 MeV/c?. Since the mass resolution fé&t° — 7tr—
is about22 MeV/c? at BBar, there will be considerable overlap between the two channels
using kinematics alone.

e Combinatorial Background in Generic 7 (4S) — BB Events.~ 3.15 x 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 parti¢UKs)
events containing the decays — 77— 7~ or B® — 7t7~ 7 were studied. No such
events survived the kinematic cuts.

e 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 Bfecandidate and its momentum in tig4S)
rest frame. The reconstructed mass distribution of the signal is shown in Fig. 6-5(a), with the
mass distribution o8° — K7~ decays, treated d8° — 77— candidates, superimposed.
The invariant mass of the candidate is required to be withirof the nominalB° mass,
whereo, the resolution of the invariant mass, is abd2iMeV/c?. The momentum of each
pion candidate in th& (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 rang&—2.82 GeV/c?. The momentum
of eachB meson in th&"(4S) rest frame is fixed by energy-momentum conservation to be
~ 0.33GeV/c. This translates into the ran@el 7-0.42 GeV/c, once the widening of the
distribution due to the beam energy spread is taken into account. The distributions for signal
andqg background are shown in Fig. 6-5(c).

e Particle ID: The combinatorial background can be reduced by means of the particle iden-
tification system of BBar. The DIRC and drift chambet E'/dx information, if available,
are combined to form &2 variable. In order to separate effectively the signal from the
background (mainly3® — K7 ~) the following variable is usedAx? = min(x*(K, ) —
X2 (m, ), x*(m, K) — x*(m, m)) wherex?(K, r), x*(w, K) and x?(w, ) are the overall?
values for thel{w, 7 K andrm hypotheses, respectively. The distribution of this variable for
the signal and background is shown in Figs. 6-6 (a) and (b), respectively.

e \ertexing: The vertexing capability of theaBar 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 tracksthprobability of this vertex
is required to be greater then 0.01.
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Figure 6-5. (a) The invariant mass @&° — n*x~ candidates for truB° — 7+~ decays (solid
histogram) and foB° — K+~ decays (dashed histogram); (b) momenta of pion candidates in
theT (4S) rest frame for signal (solid histograms) apiplbackground (dashed histograms); and (c)
momenta of3° candidates in th& (4S) rest frame (same key as (b)).
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Figure 6-6. (a) Distribution of the particle identification variabley?, 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, calculatedlifithe

rest frame for signal (solid histogram) and background events (dashed histogram).
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e 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 th&(4S) rest frame, which can be seen in Fig. 6-6 (c). Bfecandidate is
required to havecos 6y,,| < 0.9. Other shape variables, being strongly correlated to this
variable, were not used.

e Flavor-Tagging: The tagging of the flavor of thé& meson is determined using tiGor-
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 ratiogipbackground, 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 becagse the
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@Pasymmetries 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, respectivedg, fior' of integrated
luminosity.

Cut Efficiency

tr | Ktno qq
Kinematic cuts 0.75 | 0.37 |51x10°°
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 x 107°¢
Flavor Tag () 0.39 | 0.39 0.03
Flavor Tag ) 0.23 | 0.23 0.22
Producedf0fb™') | 380 | 470 108
Selected () 93 3 15
Selected K) 55 2 110
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6.4.2 Then%xw? Decay Mode

Extraction of the decay rate for the proce3$ — 7%z 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
B® — 770 final state. Current knowledge of the branching ratio for this mode is limited to an
upper bound of x 10~% from CLEO, and the theoretical predictions of ordér®, 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.
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Figure 6-7. Distribution of the energy of the two clustet,({ defined in the text) for signal events

(top) and background events (bottom). The simulations were done using tB8fith simulation

and the reconstruction software. The small peak helaieV in the distribution for signal events

is from random combinations of clusters that are not associated with the signal decay. The second
peak neaR.7GeV represents combinations in which one cluster is from the signal process and
the other is not. The small peak néateV represents the case where both clusters are du to
mesons from the signal process.
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Since ther® 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 thAslund fast simulation program, so that the whole of this study
(signal and background estimation) was done using th&&diim simulation (Section 4.1.2) and

the reconstruction software. These studies show that 80&6ubf the7® 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 tht mass is not attempted in this analysiB’
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
T (4S) rest frame,E;, must be consistent with/ (2'(4S))/2, whereM (Y'(4S)) is the mass of the

7(4S). However, because of energy leakage in the calorimeter, the distributibphafs a mean

value significantly different from this nominal value. The distribution of this quantity for signal
and generigqg events is shown in Fig. 6-7. An energy window4oT5 GeV < E; < 5.15GeV is

used (the resolution on this quantity is approximaieélyy MeV).

As inthe case of th&° — 77— mode, the dominant background is from the continuum processes
ete” — ¢g. 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, = 7%%3 (6.42)
S

where N (Np) is the number of signal (background) events in a sample surviving all cuts. The
variables used (all computed in tifg4S) rest frame) are:

e Kinematic variables:
— Momenta of the pion candidatésp’ |;
— Momentum of theB candidate| p’; |;
— The quantity

2
) <| Pr + D | —MB>2 4 (\/(MT(4S)/2)2— | P |* — MB)

XB =

Ompg Obeam

whereo,,,, andoy..., are the width of the reconstructé! candidate and the spread in
the beam energy, respectively.
e Topological variables:

— cos 0, wherefly; is the angle between the candidate with the highest momentum
and the track closest to it;

— Fox-Wolfram moment$i,, = H,/Hy andHyy = Hy/ Hy;
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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, respectivalyftiot of
integrated luminosity. The number of signal events assuméshbranching ratio o8 x 107°.

Cut Efficiency
707 | Continuum
Preselection 0.47 | 2.2 x 1073
| Pro [> 2.118 GeV/c 0.98 0.30
| Pro < 2.864 GeV/c 0.99 0.31
0.190 GeV/c <| pj; |< 0.492GeV/e | 0.92 0.20
X5 < 2.39 0.53 0.013
Hyy + Hyp > 0.096 0.52 0.046
All cuts 0.15|2.0x 1077
Events Produced( fb ') 95 108
Events Selected3( fbo™!) 14 20

Table 6-8 lists the cuts and the efficiencies for signal and background samples.

With these optimised efficiencies; andeg, for signal and background respectively, it is straight-
forward to show that (assuming no uncertainty on the knowledge of the background rate)

O_B:\/B+(UBGB)/(OS€S) ’ (643)
£0'565

whereos andop are the cross-sections for signal and background production respectively and
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 Therntx® Decay Mode

As in the case of the’7" study (and for similar reasons), the simulation study offfe— 7+ 7°
mode was performed using the fBIBsim simulation and the reconstruction software. The genetic
algorithm described for th&° — 7%7° analysis was also used for ti&" — 7*7° mode. The
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primary quantity of interest is the total decay rate, which is expected to be the saBie forr 7"

andB~ — 7 n".

The cuts used for this mode, and the resulting efficiencies for signal and background events, are
given in Table 6-9, where a branching ratiddd x 105 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.
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Figure 6-8. Relative error on the branching ratio as a function of the number of years of data
taking (assuming0 fb~—' per year), forB® — 779, assuming different values for the branching

ratio.
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BKG efficiency =1.10"°
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Figure 6-9. Relative error on the branching ratio as a function of the number of years of data
taking (assuming0 fo—! per year), forB° — n+x°, assuming different values for the branching
ratio.

REPORT OF THEBaBarR PHYSICS WORKSHOP



364 Determinations ofa and Direct CP Violation

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, respectivalyftiot of
integrated luminosity.

Cut Efficiency
7t7% | Continuum
Preselection 0.63 | 3.7x 103
| P+ |[> 2.441 GeV/c 0.99 0.17
| pro |< 2.855 GeV/c 0.85 0.17
0.190 GeV/e <| p4 |< 0.492 GeV/e | 0.82 0.13
X% < 3.55 0.49 |  0.005
cos Ogpn < 0.8 0.78 0.15
cos O < 0.924 0.72 0.40
All cuts 0.19 | 1.0x 106
Produced0fb™") 250 108
Selected30fb™") 48 100

6.4.4 Extraction of CPAsymmetries from the B — «w+tn— Decay Mode

Information onCP violation for the modeB® — #+7~ is contained in the time evolution of the
decay, which, in the most general case (Eq. 6.3), is given by:

P(B° — 7h7) o< exp (—|At]/7) (1 + agin sin (AmgAt) + aeos cos (AmgAt)) (6.44)

where At ~ Az/(Bvc) (By ~ 0.56) and Az is the difference between the coordinates of
the two B° decays in the event. The parametgy, is analogous (but not equal) to the quantity
sin 2« obtained in the case of tree-dominated decays, and the paramgisra measure of direct
CPviolation. They also correspond to the paramefei@d D in Eq. 6.3. Theoretical predictions

are usually expressed in terms of the complex param}et:er%% (see EQs. 1.42 and 6.23). For

the fit described here, the free parameters are the magnitude and phask| @indarg A = 2.
They are related tag;, anda.s by:

—2|\| sin 20
sin — 6.45
¢ 1+ A2 (6-49)
1—|AP
cos — . 6.46
feos = TN (6.46)
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An unbinned, maximume-likelihood fit to the reconstruct&d distribution is used to extract the
parameter$)| and2aq.q. In order to reconstruch, it is necessary to estimate thecoordinates
of the decay vertices of both th8" — 7*7~ candidate {-p) and the otheB® (z,,). In this
section, the analysis of the time evolution®f — 7+~ decays is described, beginning with the
technique used to estimater = zop — ziag-

6.4.4.1 Az reconstruction

The z coordinate of theCPvertex comes directly from a fit of the candidate pion tracks to a
common vertex. The average resolutionn- is 40 yum. The Az resolution is dominated by
the error on the vertex of the taggiij, which is not as easily determined in an unbiased manner.
Two different methods of estimating,, have been studied:

e A vertex is formed using all the tracks in the event, excluding those of3theandidate
and those with a large impact parameter at the nominal interaction point (to refiffove
daughters). The coordinate of this vertex is a reasonable estimatg,pf

® 2, IS €stimated using thecoordinate of the point of closest approach oftéggingtrack
to the axis which is parallel to the axis and passes through the- 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 otheB’. Because the tw@® mesons are produced nearly at rest in
the 7°(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 nanaixialsince th&'P vertex
is known to greater precision (abot zm in both z andy) than is the average beam spot
position (about 50 pm in z and6 pm in y).

The primary disadvantage of the first method is that the vertex contains a mixture of tracks which
originate directly from the tagging decay and tracks which originate from the subsequent charm
decay. Thus, this vertex does not represent an unbiased estimate of the taggirigx. Correc-

tions derived from Monte Carlo simulation must be applied to take into account this effect which
entangles the charm lifetime with the taggiBglecay 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 taghdegay, 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 At distribution of Eq. (6.44) is modified to take into account the experimental effects described
above. The resolution ory» is accounted for by a simple Gaussian smearing of the idealized
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distribution. Two separate cases are considered in order to take into account properly the effects of
the reconstructee

e The case where the tagging track comes from the taggidgcay vertex (this is referred to
as a primary track).

e The case where the tagging track comes from meson decay vertex (this is referred to as
a secondary track).

The output of theCornelius  tagging package is used to assign to each tagging fragkob-

ability, g;, to be a primary track versus a secondary track. Simulation studies show that a tagging
lepton track has a0% probability to be a primary track, whereas a tagging kaon track ha$ca
probability to be a primary track. A numerical convolution method is used to take into account the
effect of using the”P B vertex to define the axis for the tagging3 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 ak¢, before and after experimental resolution convolutions, for primary
and secondary leptons for two different choices ofdlitviolation parameters,;, anda.s.

6.4.4.2 The maximum-likelihood fit

The maximum likelihood fit used to extract the paramefgfand2aq.; makes use of a probability
density function, which is defined for each evemt the following manner:

P(Ati, qi, [N, 20en) = Y[ Py (A, qp, [A], 200e) +
(1= g0) (fss PYB(ALi, g1, |l 200m) +
(1= fos) PIE(Ati, —g1, [\, 20e))] +
Sk P (AL (6.47)

where f58 is the fraction of selected events that is signalis the probability that the tagging
track is primary; PS8 (At;, i, | Al, 2aer) andPye(At;, g, |A], 20eg) are theAt distributions when

the tagging particle is primary or secondary, respectiVﬁﬂglandP,gg are the fraction and that¢
distribution for thek-th source of backgroundf,, is the fraction of tagging tracks that has the
same sign of charge as thequark in the tagging3 (determined from Monte Carlo simulation);
andg, is the charge of the tagging track. The distributions for the background processes are
parameterized from Monte Carlo simulations. Thedistribution ofuds background is a Gaussian
centered at zero, with a width given by the experimental resolutioA©rFor cé events, theAt
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 thBparameters, using samples
corresponding to 10, 30 ari) fb~! of integrated luminosity. The samples were generated with
asin = acos = 0 (noCPVviolation), which is the most conservative case.

10fb~" | 30fb~" | 90fb~"

S| A 0.58 0.33 0.19
0200t 0.67 0.29 0.16
corr. (JA], 2aeg) | 0.28 0.19 0.12
Olgin 0.41 0.26 0.15
0lcos 0.39 0.29 0.18
COIT. (asin, Geos) | 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 paramgtarsi2a.q 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|forand2a.s in generating the samples. In all
cases, the fitted values of th#&parameters are normally distributed around the generated values.
Table 6-10 gives the results of a fit using simulated samples corresponding to 10, 30fant

of integrated luminosity, generated in the most statistically conservative case, ayhere) and

Ueos = 0.

6.4.4.3 k.., the difference betweera and 2a.g

The observation of the time-dependent asymmetfy), in the presence of penguins, Eq. 6.44,
enables the amplitudes of the sine and cosine terms, Eqgs. (6.45) and (6.46), to be extracted with
the resolutions quoted in Table 6-10. These in turn determine the complex parameter:

— (O
e ‘T4 P _e—2ia1+|Z|eZ( +a)

ot p L4 |Z|el(5 —a)’

(6.48)

where Eq. 6.12 has been used to expand the right-hand&igeP/T is the ratio of the penguin
amplitudeP to the tree amplitudé&’, andé = dp — é7 is the difference in the strong phases/of
andT'. The experimental uncertainties|ikj and2a.q are also given in the table.

It can be seen that in the limit 48| — 0, the usual penguin-free limitA\| — 1 andaes — « is
recovered. In the general case, the equation represents corrections to this, of prafarnknown
sign, and of magnitude dependent on the strong-phase diffefehtéact 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 givés2a = —0.04,sin 2a.g = 0.21, [61].
The experimental errors are calculated¥oib " integrated luminosity.

By Central Value| Exp. Error(%)| Comments
rtr 1.2x10°° 6.0 Ref. [61]
0 0.81 x 10°° 14 Ref. [61]
7070 0.3 x 1075 21 Ref. [61]

_+_

Ay | ~ e 0.81 17 From CP Fit
—00

[ Aoo| ~ o 0.94 65 Flavor Tagging

maximum shift in2« is ~ 2|Z|, for | Z| < 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 anglev 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
k- 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 thre@r channels in order to estimate the effects of the penguin contribution and the
uncertainty on the measurementaof 2q.

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 df\, _| and the shiftk,, = 2a.s — 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 asia 2o are known. For

this study, central values of the decay amplitudés;, A*+0, A% A"~ A" and A%, were

taken from the theoretical model analysis of [61]. They perform a full analysis offatecays,
including the recent CLEO results on the branching ratios5for» Km andB — =, yielding
predictions for the size of the penguin effects and average branching ratids-efrr. As an
example, for an input value oin 2a = —0.04, they predictsin 2a.gz = 0.21. In Table 6-11 the
predictions for the central values Of the branching ratios are summarized, along with estimates

—— —00
of the ratio of decay amplitudeg), | ~ I;L} and|Ago| ~ 'j,‘—(m' 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 |\, _| are known from the study of the time evolutionBf— =7 ~. Since a time-dependence
analysis is not feasible for the mod® — 7°#°, the uncertainties on the decay amplitudes and
the ratio|\go| must be obtained from the time-integrated rates fojjaive decayof B°B° pairs to

X, 7% whereX. is ataggingfinal state {* tags aB® while X ~ tags aB°). The joint decay
branching ratia3(X.; 7°7°) is related to the partial rates by

B(Xy;m'7%) =

(D(B° =770+ (B°—7%70)) 1 D(B°—7%7%)-1(B°—7°7%)
2Tp 14a?2 2T'p

X 3 B(Biag — X14), (6.49)

wherez, = Am/T'z andI'p is the total width of the neutraB meson, and3(B,, — X') is

the branching ratio to the combined tagging modes. Since in the simulation study of the mode
B — #°7° tagging was not applied, the branching rati®sX . ; 7°z°), and the corresponding
uncertainties, were calculated from the simulation results on the experimental resolution of the
average branching ratio f& — 7°7°, accounting in addition, for the effective tagging efficiency
and the mistag rate. By inverting the two relations (6.#9)3° — #%7°) andT'(B° — 7°7°) can

be extracted, and, by dividing by a common phase space fadtorand|A%| are obtained. The
resolutions obtained oj\y| and| A, | are given in Table 6-11.

In order to understand the influence of the predicted experimental resolutiokg pand| A\, _|, a

Monte Carlo method was used to draw the isospin triangles, taking into account these uncertainties,
for 90fb™" of BaBar data. In the example described above, with input valuesngfa = —0.04

andsin 2a.¢ = 0.21, the anglex,, 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 B® — 7%7°. With four solutions forx,, and an additional factor of two in obtainingfrom

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 8{B* — 7*7°) and an upper bound on the combined rate
B(B® — m97%) + B(B® — 7°7°). In this approach nétagging is required.

In Fig. 6-12 limits for thex,, confidence level intervd%,;, +%.,| are displayed as a function
of the upper limit on

B,y (B — m7%)
B(Bt — 7tm0) -
Possible values fat,., are not only within this interval but also [ — %, k. and[—7, —7 +
Fanl- It can be seen that this method also leads to very poor limits.on

BY = (6.50)

REPORT OF THEBaBArR PHYSICS WORKSHOP



370 Determinations ofa and Direct CP Violation

6.4.6 « without B® — #%#x0?

As was seen in the last section, although theoretically clean, the isospin analysissinrz is
likely to be undermined by the expected smallness of the branching ratio Bfthe 7°7° mode:
although the measurement©fi(2« + ) is likely to be reasonably precise, the uncertainty in
the measurement of the correctien,., could suffer from a large statistical error. In this section,
another method is presented, which seeks to obtain information on the,twithout relying on

the B — 7%7° mode. Though theoretically less clean, it is conceivable that it could provide a
phenomenologically interesting bound @nwith far lower luminosity.

Referring back to Eqg. (6.48), it can be seen that it represents two constraints on the unknowns
|Z],0 and«. If one more constraint could be found, thercould be determined, up to a finite
number of ambiguities. As was discussed in Section 6.1.2, the recent observaiibrofd *7+

andB® — 77~ 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 estif@ate of

Eq. (6.18):

0.18 < |Z] < 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
bounda andd. In fact, the experimental errors on the branching rai¢8° — K*77) and

B(B® — ntn~) 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|Z|). However, by the time thataBar has recorded enougb’ — 7+~ 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 o by such methods. First it is necessary to examine briefly the possible bounds. ofhe
argument presented in Section 6.1.2, simply makes an order-of-magnitude estimate about the value
of |Z|, 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 boundififjy, 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)(y 0.3. Here, the present
central values of the CLEO branching ratios #8(B° — K*rF) andB(B° — =7 ) 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 i3 — 77~ is measured. Then, the allowed range.dfbecomes:
0.15 < |Z] < 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 estimdtgd pWithout 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,s, asi, ), EQs. (6.45), (6.46) and (6.48) can be solved for

« andd as a function of Z| within this range. The resulting range of valuesnofepresents its
measurement. The solution is a mapping of a point in the space of possible valugs,af;,)

onto a locus (or loci) in the solution space (af, §). 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 dfi..s, asin) (Or equivalently, the “true” values ef andJ). It is possible to

get no solution at all, which would indicate a violation of the assumed bounfs|¢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 vélygsas;, ), according

to each of several initial (test) values(af, ¢, | 7|). 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 fitegrated B3ar luminosity

at theY'(4S). For each paifacos, asin), EQS. (6.45), (6.46) and (6.48) were solved numerically for
the values of the initial parametefs, ¢).

Some example distributions of the true and “measured” valuesasfdé are shown in Fig. 6-13

(@) 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 ofa is constrained with respect to the full range of possible values. Furthermore, it can be
seen that any future constraints on the allowed rangeveduld help restrict it further. The kind

of resolution obtainable fax can be seen from the projections of the scatter plots onta toes,

as seen in Figs. 6-13 ¢) 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 af, but in the latter, the true value corresponds to the smaller peak. The
two figures shown are “typical.” They were generated with the “true” valu¢a of) shown in the

plots, and a “true” value dfZ| = 0.3. The solutions were obtained using many trial valuesZof

in the range specified by Eq. (6.52).

Eq. (6.48) has a symmetry under the transformations o + 7,6 — ¢ + w, which results in

the repeating of the pattern of solutions in diagonally opposite quadrants of the,fd)l ¢pace.

This symmetry is the only exact symmetry of the equations, and results in the method having two
degenerate sets of solutions ter separated by, which is why the figures are plotted only for
0<a<m.
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Figure 6-10. Underlying physics function: (a) true difference betweeRand tag vertex; (b)
primary leptons; c) secondary leptons égf, = 1 (asin = —1 dotted) andh..s = 0.
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Figure 6-11. Distributions ofk.., 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 6-13. Scatter plots of extracted valuesefnds 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 afe dominated by the
experimental resolution (at 90 fb), for values of|Z| < 1, but start to get smeared more
significantly for|Z| = 0.5. If |Z| > 1, i.e., B — nr 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 limit| Z| — oo, because the penguin weak phase cancels with the one from mixing.

This method is limited by theoretical uncertainties in ghpriori knowledge of the factofZ| =

|P/T| and breaks down if the central value |&f| 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 knowledgesdime

time to come.

6.4.7 Conclusions

The power of the BBar detector to isolate signals f@&° — 77~ decays and theif’P-violating
asymmetries has been reviewed, together with a number of methods of interpreting them in terms of
the anglex of the unitarity triangle. Observation 6P violation in this channel can be established

if eithera.,s Or ag;, differ significantly from zero, but translation of such an observation into a value
for o 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 & — #7°. 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 knowledgevi isospin analysis of
two-pion channels, at best, a doubtful proposition.

Future efforts to reduce the theoretical uncertainties in the fB}i&’| may be the best hope for an
accurate value af 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 oBireeBperimental
program.

6.5 B Decay Modes with Three Pions

Decays ofB° or B to three pions via ther channel are studied in this section. The feasibility

of the entireB — pr — 37 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 phenomenologiatiatséstimate

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 — pr 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 impdstasmt it .

Mode | Small Penguins Large Penguins No Penguins
p+in 0.05+i0.36 0.05+i0.36 0.05+i0.36
Q 1.35 1.35 1.35
T+ 1.00 1.00 1.00
T 0.47 0.47 0.47
T 0.14 0.14 0.14
T+o 1.09 1.09 1.09
pPt- -0.09 -0.20e~0-5% 0.00
P~ 0.01 0.15¢%% 0.00

worth briefly discussing here the assumptions that were used in modeling these modes. The main
ingredients are [15]:

e The factorization of the nonleptonic matrix elements has been assumed. They are expressed
as the product of two matrix elements of weak curreings,form factors.

e The heavy-to-light3 — 7(p) form factor$ are estimated fron — 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 oK' andn7 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 interdcTibes.
behaviour of this set is typical of what is seen with other phase choices. A set of amplitudes without
penguins, but with the same valueafhas also been defined. In Table 6-I2, = 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 resonancesi3the f,(980) (f2(1270)) form factors are estimated
from the quark model and/dp — fo(f2)K data [15].
Even in thel /N, — 0 limit, such phases between penguin and tree amplitude®@re
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Table 6-13. Branching ratios foB decays predicted by the same model that gives the amplitudes
in Table 6-12. The three sets of amplitudes yield the same overall branchingbratio {0—°) for

the average over the six processtsandB® — pr. The significant increase of tHg® — p°x°
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 Penguing No Penguins
B — ptr— 4.4 x107° 3.4x107° 4.4 x107°
B - p~rt | 1.0x107° 0.5 x 1075 1.0 x 107°
BY — p0 70 0.1 x 107° 0.4 x 107° 0.1 x 107°
B’ = ptr— | 1.0x107° 1.7x107° 1.0 x 107°
B = p=rnt 4.4 x 107° 4.9 x 107° 4.4 x107°
B® — 0 n° 0.1 x 1075 0.1 x10°° 0.1 x10°°
Bt — ptr® 2.6 x 107° 2.7 x107° 2.7 x107°
Bt — pnt 1.1 x 107 0.9 x 107° 1.0 x 1075
B~ — pn 2.6 x 107° 2.4 x107° 2.7 x 107°
B~ — p'n~ 1.1 x 107 1.2 x 1075 1.0 x 1075

The number of neutraB mesons produced in a canonical year of running (30)fis 3.2 x 107,

leading to 1700 decays d8° or B° to pr (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, Result®)fgh!). The large variation
among the branching ratios for the differgmtchannels and the strong angular dependence of the
polarizedp 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 thep’7° channels are a consequence of a cancellation between different terms, and are
very sensitive to the precise value of phadégetc. 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 the B — wr 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 1208 — pw events, generated with the Small Penguins set
of amplitudes. The"r" band is noticeably depleted. The events are concentrated at the ends of the
p bands because of the longitudinal polarization oflfef. Eq. (6.31)).

ground within the signal events, background fréndecays to similar channels (such Bs—

Krr), combinatorial background from genetit3 and, most importantly, continuugg events.

The event selection presented here does not treat the full three-body Dalitz plot, but instead focuses
on the threg bands where a better signal to background ratio can be obtained.

In addition to selecting3® — p* 7~ 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:B* > D7t 57 7% 7t, Bt - D' 7t - Ktn~ st andBt — DY 7t — ntn— #t.

The branching ratios are similar to those expectegfofl13]. Thus, in addition to the bands,D

bands are included in the preselection for both neutral and chatgedhe cuts are chosen large
enough (about GeV/c?) 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, thdands. A study of the Kr 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 chargBddecays will also be helpful.
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Table 6-14. Mass cuts and signal efficiencies Brdecay products.

Allowed Range (GeV/c¢?) | Signal Efficiency
70 Detectys 75%
70 0.10< M,, < 0.17 99%
P° Detectr 7~ 81%
p° | 0.35< M+, <1.20 99%
ot Detectr*7° 68%
pf | 0.35< M,+0 < 1.20 99%

The analysis was performed with theslund fast simulation. Thé8Bsim 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 Bfdaedidate decay products and
the mass and momentum (in th¢4S) rest frame) of the3 candidate. The continuum background
is reduced by a factor ef 200 by the following cuts:

e ¥ mass 7 s are formed imMslund by combining all pairs of photon candidates. The mass
resolution is 5.0eV/c? for 7° s coming fromp decay, and 8.81eV/c? for 7° s coming from
B decay. The cuts used and the signal efficiencies are shown in Table 6-14.

e p mass p 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.

e B mass and momentum The B candidates are reconstructed by forming all opposite-sign
combinations op andr which give an invariant mass compatible with thenass. The3 is
produced nearly at rest in tA&4S) rest frame, so a cut on tli@ momentump?,, decreases
the background substantially without affecting the signal significantly. The values &f the

REPORT OF THEBaBarR PHYSICS WORKSHOP



6.5 B Decay Modes with Three Pions 381

Table 6-15. Preselection efficiencies (in percent) dBemass resolutions for the true signals.

ptn® | P70 | 7t~ (NR)
All particles detected 65 67 65
m, p selection 98 97 27
517 < M, < 5.37 GeV/c? and
0.12 < pho < 0.52 GeV/c 95 90 93
Total efficiency 60 58 16
o(Mpg)(MeV/c?) 26 35 27

candidate cuts, the signal efficiencies andfheandidate mass resolutions are summarized
in Table 6-15. The mass resolution for thter® channel is larger than that pf 7T because

of the high-energyt® in this mode. Also included in this table are the results obtained for the
nonresonant (NR) three-pion decay of #& generated according to phase space, which is
selected roughly equally in the 7, p- 7 andp’z° channels.

The mass distributions af’ candidates fop™ 7~ signal and continuum events after all preselection
cuts are shown in Fig. 6-15. TH@candidate mass distributions for ther— 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 othét or from machine background. For each pre-selected true
signal combination in the* 7 (p°7°) channel, there are also 1.4 (0.3) false combinations in the
samep band, and 0.65 (0.25) in the other tWh.

6.5.1.2 Alternative preselection

The preselection method for reconstructiBits relies on the efficient reconstructionsdf. How-

ever, it is possible to undertake the entire preselection without the need to recon&rbgtusing

only the charged pions in the event. This is advantageous, since the statB®wrotiarged-

track reconstruction is quite advanced. The tracking efficiency cuts pff at50 MeV/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, whilertheeconstruction efficiency
varies from 80% a2 GeV/c? to as little as 60% belo®00 MeV/c? [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 50eV; this reduces the signal by 10%.
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This preselection method exploits the fact tl#atmesons are produced with small velocity in
the 1°(4S) rest frame @z ~ 0.064). Pairs of oppositely charged particles are formed, with the
requirement of a two-track vertex’ probability larger than 1%. The method uses the quantity
Prx = E¥o + Erptr- /75, WhereE, + .- is the total energy of the pair in tH€(4S) rest frame, and

*o = (m% — m2, +m2,)/2mp is the expected® energy in theB meson decay frame. For

0
the signalu,, is a nonbiased estimator of ti& meson mass:z. At a given value ofn,,, the
distribution is flat with widthsz p* wherep* is the momentum of the® in the B rest frame f* ~
E*,). Applying a cut centered on thB mass and linear im?2 . is very efficient for signal. The
efficiency of the preselection is 76% fpt 7~ 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 In order to determine the final position of
selected events in the Dalitz plot, a well-measurédirection 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 fastot00 (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.

T

The most powerful discriminating variabledss 6, , the cosine of the angle between the spheric-

ity axis of the rest of the event and tlpeor 7, 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 0°7

tons defined above

B
cos O,

a similar quantity defined for the reconstruciedlirection,

RSY, the normalized Fox-Wolfram second moment for the whole event,

R, the same quantity calculated for the rest of the event,

>- P,/p, the sum of transverse momenta of the rest of the event with respect to the B direction,

X2, , ax? formed from the masses of all reconstructed particles,
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o Mg,

p*BO )

M,, and

> P*, 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 tli&” 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 functioncof 6, . 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 if® for continuum background in the" 7~ 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 plotis 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 other B-decay channels: particle identification cuts

The B® — r*7~7° mode can also suffer backgrounds from otBedecay processes, leading to
final states with one® and two charged particles including one or two kaons. The focus here is
on the B — K7 x final state which can be reached fraB{ — K*p—, B® — K**r— with

K+ — K*7°% andB® — K*'7% with K*° — K*7—. The branching ratios for th& 7= modes
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Table 6-16. The branching ratios for thBE nm modes predicted for the three sets of amplitudes

considered for th&8° — ©rm analysis.

Mode Small Penguins Large Penguins No Penguins

BY - K*tp~ 1.1 x10°° 3.0x107° 0.2x107°
B Ktp~ 0.8 x 106 2.3 %1077 0.8 x 1076
B — K*0g0 0.4 x10°° 1.8 x 1075 0.1 x 1077
B - K+ 1.1 x10°° 4.7 x107° 0.2x107°
B — K—pt 0.8 x 106 3.9 x 1075 0.8 x 106
B — K*070 0.4 x 107° 1.7 x 1075 0.1 x 1077
Bt — K*tqn0 0.6 x 107° 1.5 x 1075 0.1 x 107°
Bt — K*p° 0.7 x 107° 1.1 x107° 0.7 x 107¢
Bt — K*x* 0.7 x 1075 3.5 x107° 0

B~ — K*7° 0.6 x 107° 2.4 x107° 0.1 x107°
B~ — K p° 0.7x 1076 2.1 x107° 0.7 %1076
B~ — K7~ 0.7 x 1075 3.5 x 1075 0

predicted for the three sets of amplitudes considered forBihe— wmm analysis are given in
Table 6-16. The Large Penguins set lead&tor 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 k77 background (and especially p 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 genBiidecays:K t7~ =" events are expected to survive

the selection stage with essentially the same efficiency a3xttsignal. Kinematic separation is

more difficult to exploit than in therr case. Even thougik'nr events peak slightly below the

mass of theB in thermm mass plot, the actual shift (of the order of @V/¢?) 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 thel{ 77 background relies mostly on Particle Identification (PID).

By combining individual PID information as provided by the different subsystems, one defines a
discriminating variabler,,x 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 therm hypothesis against any of thér and 7 X' 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 rough$¥ at a rejection ofl0°),
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Table 6-17. Efficiency of selected and tagged events frBnor B events (not summed).

piﬂ$ P70

Signal 21 % 21 %

ntr= 7% (NR) 2.0% 1.5%

BB 106 <10°©
Continuum 3x107%]3x10°°

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 redukerthbackground
to an acceptable level.

The discriminating power of the,,x variable depends on the number of particles of the pair
reaching the DIRC. In the case of two-bo#fydecays £*7~ and K "), the two particles are
kinematically almost fully correlated: it is very unlikely that both particles escape DIRC detection.
The presence of & in the final state greatly reduces this correlation. Furthermore, the kinematical
aspects depend on thé 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 gft 7~ 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 77 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*t7~ events an®0% of K p~ events are rejected. The rejection probability
reache®90% and97% respectively for candidates of the first category. While soft kaons fkom
decays are difficult to reject from PID alone, the energy for such evert8@ MeV below the
expected value, so they can easily be rejected with an energy cut.

The selection efficiency foK 77 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) therm 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
Krm channels are already excluded by experimental upper limits.
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6.5.1.5 Time (Az) resolution and tagging

The following steps describe the remainder of the analysis.

e Az determination: The B vertices are reconstructed by using a kinematical fitter (based on
FitVer see Section 4.5.2) for t@P-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 Orecp, 2, aNdAz = 2z, — 2o p are respectively 30, 63 and 2n. The selection
procedure described above does not affectXhalistribution.

It is worth noting here that, as for any-decay channel, the discrimination between con-
tinuum background events argidecay events could in principle be further enhanced by
performing a cut inAz, since background events cluster at small whereasB-decay
events (particularly those that are important for determining the coefficiesit@hmt))
extend to large\ z values. Such a cut is, however, not needed, since fita\usealues and

fit to different shapes in\z for signal and background events. The background to signal
ratio varies from one value akz to another, so the overall background numbers reported
here appear worse than is actually the case for most of the range.

e Tagging. The standard method of tagginige., 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 gené?iB, continuum and< 77 events at the various stages of
the selection, for an integrated luminosity of 89'. In the case of generiBB events, relevant
exclusive final states, such as the signal, @ahd» K7 events were explicitly excluded from

the generator. Other sources of background, such as downfeed fr@m4and pp), have been
studied and were found to make negligible contributions. For the chardehds, the overall
background over signal ratiois ~ 2 . If p°7° has a branching ratio at the levelif-¢, the signal

to noise ratio will be about 0.01; the direct productionp®f’ events well apart from the charged

p bands will not be seett. 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.

LApplying a tighter cut on the neural network output would achieve an efficiency of 11% after tagging with a
background less thanx 10~7. The signal to noise ratio would still be very small,0.03 for these cuts with the same
p° 70 branching ratio.
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Table 6-18. Number of signal and background events in the chaggédnds for the neutraB

decays at the various stages of the selection for an integrated lumino3ityféf'. 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 generiB B sample explicitly excluded thgr and K nn exclusive modes. The

pPnY signal is overwhelmed by background because of its low branching ratio. The nonresonant
B — 37 background is not shown because its branching ratio is uncertain.

ptr~andp~nt BB Continuum| Knr

Produced 1.7 x 103 3.2x 107 | 1.0 x10% | 2.1 x 10?
Preselected 1.0 x 103 1.3x10% | 3.9x10° | 1.2 x 10?
Selected 6.1 x 10? 2.2x10%| 4.0x10% | 7.6 x 10
PID 6.0 x 102 1.1 x 10% | 2.0 x 10° 15

Tagged 35x 102 | 6.3x10' | 5.9 x 102 9

6.5.1.7 ChargedB modes

For the charged mode3* — p*7° or p7*, 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 p’7* channel and- 77% remains for the*7° 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 adB-mass resolution and efficiencies are given in Table 6-19. The
efficiencies correspond to a rejection factor 6f° for the ¢z events.

The worsening in the resolution and the efficiencies obtained foBthe+ p*7° channel is due

to the presence of the twd’s in the final state. If the background rejection is increased to a level
of 10° to obtain better sensitivity, thet7? (o7 %) efficiency is 14% (29%). Furthermore, in the
charged modegs\z may be used to reject additional background, since no time-dependent fit is
needed. Rejecting candidates withz |< 200 pm, keeps 62% (54%) of signal events and 27%
(15%) of continuum events in the 7° (p°7*) 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 luminositgtof 30

Taken at face value, these numbers would lead+tol@% 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 efficiencigsirf the pr charged modes for #) >
rejection in background.

pt® POt
o(Mg) (MeV/c?) 45, 20.
€ - preselection
Signal 0.45 0.74
¢ - NN selection
Signal 0.22 0.48
BB 2x107% 1 <107
Continuum 107° 10°°
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®f 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=! using the tight selection with a continuum background rejection facttdfand applying

al Az |< 200um cut. At this last stage of the selection, the genérié background contributes
about 10 events in each channels. The expected backgroundkfroimevents is typically of a

few events. However, the Large Penguins set predicts a residual backgrophd térom Krr
comparable to the signal yield.

pEn® | continuum p7% | Continuum
Produced | 8.2 x 10% | 1.0 x 10® 3.5 x10% | 1.0 x 108
Selected (tight 70 30 60 15
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suggested by studies with teslund simulation, as described in the previous sectforThe

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 afplrely
1/2 character. In this treatment the two parameterB%fare effectively replaced hy.!?

When fitting for penguins as well as far, the contributions fromp’7° are essential. To see
this, take as the independent quantitieand the four complex amplitudes*, 4™, 4 " and
Ty =T% + (TT + T ")/2,and setd™ = 1.1* Then one can write

AOO _ 677104772 - (A+f + A*+)/2
AV e, — (AT +A )2 (6.53)

Without any knowledge of the’z® contributions, the number of unknowns is greater than the
number of observables amdremains undetermined. Note, however, that a fit to data in all three
pm bands with an unobservably small signal in #le® channel can still give information om
because it requires cancellations betweerftherm and thed*T terms in Eq. 6.53, and because
of small effects in the interference regions with fher channels. This interference effect can be
detected in the fits even when the signal-to-background ratio ip%heband is quite small. (If
data from all the chargeB decays tr channels are also available the sensitivity of the analysis
to thep’7® 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 neuBahargeds channels and use a constraint
taken from theory on the relative size of tree and penguin terms. Even though in the full

12A preliminary BBsim study, not reported here, indicates that both signal selection-efficiencies and background
rejection factors may be significantly overestimated byAkkind simulation, as expected.

13This procedure neglects electroweak penguins, which may be significant p?tHechannel. 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 magnittide of
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analysis the penguin contributions mask the preseneegmthe amplitudes for the charged

pS, a seven-parameter description (the four complex amplitiides 7+, P*, PT, and

a minus one free phase and one free magnitude), can be augmented by a single constraint,
taken from data and/or models, to allow the extractiom0fThe theoretical uncertainties
arising from the constraint can be evaluated using phenomenological assumptions and/or
model-calculations.

(b) To assume both charged and neuprdlands to be available and to ignore penguin contri-
butions® This analysis uses a five-parameter fit to the Dalitz-plot distributions, (the three
complex amplitude§™*—, T, 7%, anda minus one free phase and one free magnitude).

(c) To assume the interference with the neugrahannel 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 ampiittides
T+, anda, minus one free phase and one free magnitude), but still retains a full description
of the resonance structure of tBe final state and interference effects between the two
charged channels. It thus depends on the assyabdpe 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 integratingahes
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 assunsédpe 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§.

Methods (b)—(e) drop penguin terms, and thus implicitly assume there are noditealations;
observation of any such effects would indicate that there are significant penguin contributions and
thus that such methods are not satisfactory. Even if no diféctiolation is seen, the results of

all such methods will include a penguin-induced shift in the measured valueapared 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 denateg.'’

SAlternatively, it may be assumed that they are known from other channels si¢hrasr K p.

8|n practice, after integration over phase-space the residual interference contribution is weak. Thus, the PSI and
two-body analyses yield very similar results.

"The existence of such a shift is studied in Section 6.5.2.4, where errors as l@gerasin 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 differgiiands are neglected, and there is no information

on thep’7® channelie.,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 determinesn (2« + §) andsin(2a — ), whered is the difference between

the strong final-state-interaction phases Br — p*7~ and B — p~—=n* (cf. Eq. (6.35) and

Eq. (6.11)). Given this information, the parameterandd 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 solutio(s’, ') obtained by measuring only the charged-
states in the absence of penguins when ofily ™ are observed and interference between different
p bands is ignored. The true solution(is, §).

(a/,0") sin2a’ | cos2d/
(o, 0) sin2a | cos2«
(m/4—=46/2,7/2 — 2a) cos & sin &
(7/2 + a,m+0) —sin2a | — cos 2«
(3m/4—0/2,3m/2 — 2c) —cosd | —sind
(m/440/2,—7/2 + 2a) cosd | —sind
(/2 — a, —9) sin 2« | — cos 2«
(3n/4+06/2,-31/242a) | —cosé sin &
(—a, ™ —9) —sin2a | cos2a

The full three-body analysis is sensitivesi@ 2« and cos 2«, thus even with vanishing penguin
contributions some of these degeneracies are lifted by interferences betsvesifferent charges
andp’7® events. In the presence of penguins the mirror solutions are not precisely degenerate and
their locations are not dependent solely @n Nevertheless, a number of local minima of the
Likelihood function are expected. Depending on the values of the parameterafd 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 extractiam, tfie approach advocated
in [70] may be used.

6.5.2.3 Phase-space integrated analysis

In this approach one distinguishes four types of everits:(or B°) tag with a 3r final state
categorized inthg*n~ (or p~ 7 1) channel. With penguins dropped, the time-dependent amplitude
EqQ. (6.30) becomes

A(t) = cos (Amt/2)[fre T + f_e T~
 ésin(Ame/2)[f T + f_e"T*] (6.54)

where thet sign before the sine term depends on the sign of the tag4and —+) denotes the
tree amplitudes for final states 7~ (p~ 7). 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 particularfidal state to a given channel is a matter

of experimental definition based on the event kinematics. Selection functions, denatedang
defined to be equal to one when the kinematics ofidiBal state is such that the event is associated
with the p*7F channel, and equal to zero elsewhere. The choice of region whexee 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:/d¢s+|f+|2 ,B:/del>s+|f,|2 ,U:/dq>s+f+fi (6.55)

whered® indicates an integration over the full phase space (Dalitz plot). The notations stand for
Good associatiorBad association, andndefined association.

These quantities depend only on the assumed Breit-Wigner form (cf. Eq. 6.31) and on the ex-
perimental algorithm used to select evelitsTherefore, they can be evaluated by Monte Carlo
integration. From these values, a dilution facioand two interference terms and I, can be
formed [71]:
,_G-B W _Re U
~G+B ' T G+B'" T G+B’

The observable time distribution & tagged events associated to ferT channel is given by
(omitting the exponential factor):

(6.56)

cos sin

EX(t) o (1 £ a) (1 — aZ, cos(Amt) — o, sin(Amt)) (6.57)

¥The 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 parametersy, R andJ:

a=0, (6.58)
dR + DI;sin ¢
= ’ 6.59
Goos = T 14+ DI,cosd ' ( )
a’:i:n _ sin 2ae[D cos 6 + 1] £ cos 2aeg[dD sin 6 — RI;] (6.60)
1+ DI, cosd

Here,D = /1 — R? with R defined by

B |T+7|2 _ |T7+|2
T TR

(6.61)

and/ is the relative strong phase betweEh- andT~+, Eq. (6.35). ForB® tagged events, the
signs in front of theu..,, andag, coefficients are reversed. The values of the::_ anda,
observables in the three reference scenarios are given in Table 6-22.

Table 6-22. Values of theu, as andaZ, coefficients predicted in the three reference scenarios
(the valued = 0 was used here). The values &f I; and I, were calculated using realistic
experimental values for the~ selection functions (cf. Table 6-23). The slight difference between
theagfn coefficients in the No Penguins scenario arises because of interference effects. (cf. Eq. (6.59-
6.60)).

Small Penguins Large Penguins No Penguins
a —5x 1073 —0.05 0
al —0.58 —0.32 —0.59
Aps 0.58 0.79 0.59
at, 0.25 0.07 0.30
g, 0.32 0.13 0.37
The relations: = 0 (Eq. 6.58) andi}, = —a_, (EQ. 6.59) are consequences of neglecting the

penguin contribution. These relations no longer hold if penguin terms are presetih and- 0.
In particular, evidence that these relations are violated would indicate difégtolation.

In practice, even for a crude choice of thieselection function, both the dilution factdrand the
interference ternd 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 faci@drand the interference ternis
andI; as obtained in two cases: using a perfect detector and usirfgsthad  simulation of the
BaBar detector. The differences observed between the perfechgluid values are mostly due
to combinatorial background within signal events.

d I, I;
perfect | 0.98| 0.01| —0.04
Aslund | 0.95| 0.03| —0.06

small compared to the statistical accurddpr o, anda’, expected for a low statistics analysis.
However, the relationship betweeg; and thes® . anda, terms may be affected significantly by
d, I, andI;, depending on the value 6fand R. Therefore, a quasi-two-body analysis must check
the stability of the values obtained fots with respect to variations of the® selection function

designed to reduce/enhance the values of these coeffiéfents.

In order to illustrate the actual capabilities ofBBr, in low-statistics regimes, analyses were
performed in the framework of the PSI approach. It was assumed thaf4eevents would
be too scarce to be useful. The aim was to measure the model-independent five observahles,
anda® (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 resolutiofifor thea, a..s anda;, determinations can be shown [71] to be:
1 1 1
Y v e o S v IR S A

whereN* is the number of signal events associated tosthe™ channel (before tagging) angl,
€cos aNdeg;, are effectively selection efficiencies:

€a ~ 0.20 = (14+n.Bo) ', (6.63)
9 . 2

Ceos = 0.07 = Z5(1 4 7005 B) e (oa)” (6.64)
1 _ 2

€in ~ 0.05 = 552(1 + nsinB) e (0124) , (6.65)

There is a subtlety here: not only are the measurement§ oinda_,, 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 trag,; anda/; values are negligible compared to the statistical fluctuations on their
measurements and, thus, they can be safely ignored [71].

2For instance, since the small value of tffig integral results from an averaging of positive and negative
contributions, one may consider a choices&fwhich yieldsI; = 0, by construction.

21The formulae given here far, acos andagi, omita?, (af,)? and(aZ,)? dependence, since these quantities are
all small; the exact form was used in the Monte Carlo analysis.aldwefficient is measured without tagging.
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whereS? accounts for the imperfect tagging; it is the absolute separation defined in Seg? 48 (

0.3). The next factor accounts for the residual backgrousg> 4 is the background over signal

ratio before tagging, an® ~ 2 is the background over signal ratio after tagging (cf. Table 6-18).
The quantities), ~ 1, n.s ~ 1 andng, ~ 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 determinatiorugf.) The exponential factor accounts for the limited
vertex resolutiond;x, = oa,Am/Bvye ~ 0.35). It leads to a negligible correction.

Results for 30 fo~': One nominal year of data-taking on tifé4S) (defined as 30 fb') would
yield a total number of signal events, before tagging (see Table 618} N~ ~ 600 (with
about 2200 background events), hence alioit x 600 ~ 350 tagged events (with about 700
background events). The number of perfectly tagged evertts is 600 ~ 180 and the effective
number of perfectly tagged and background-free events is aBoyit1 + 7, B) ~ 100.

With these initial statistics the goal of the analysis is essentially limited to a sear€#faplation
in the data. There are three signals that would indicate CP violation:

a0 (6.66)
at +ag, # 0 (6.67)
A, + O, # 0 (6.68)

For each of these, the possible significance of a nonzero value for the measurement can be ex-
pressed in terms of?-like variables:

Xeos = X2 = (agin[meas] + ag, [meas])*
o2 ’ cos 0_2Jr 4 0_27 ) sin O'2+ n 0_27
2 a

a, . .
cos cos sin sin

a’[meas] o (ad,[meas] + A [meas])?

Xe =

(6.69)
(where[meas| indicates the measured value of the quantity) or, for a combined measate-of
violation, their sun®, or alternatively, the quantityv,[C'P] [70]?® can be used. The expected
sensitivities toCP violation turn out to be similar in the three reference scenarios, as shown in
Table 6-242% It is seen that, in the Large Penguins reference scenario, difeetolation could be
established from the® , observables (cf. Tables 6-22 and 6-25), whereas a nonzero valuewf the
coefficient would only be barely measurable. Thus, in the Large Penguins reference scenario, for
one year of data-taking, one expects fromdhe® . anda®, measurements a totgt = 6.6 which

COS sin

corresponds to a demonstration(@ violation at the 90% confidence levél.

22The correlations between thea..s andas, measurements are weak, thus the thygean be directly added.

23The expression of thEin variable in the quasi-two-body approach may be found in [70, 71].

%4The expected? for the difference of any quantity from zero is obtained fronix2) = 1 + ((z)/0.)?. 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.

2SHowever, it is easy to build other scenarios whéfe violation would be difficult to demonstrate. An example is
provided by a No-penguins reference scenario with a strong-phase/2.

REPORT OF THEBaBarR PHYSICS WORKSHOP



396 Determinations ofa and Direct CP Violation

Table 6-24. Expected values of the threés with one year of data-taking at nominal luminosity
in the various reference scenarios (for= 1.35, sin 2a = 0.43). Non-zeroy? and/ory?., indicate
directCP violation.

Scenario | (xz) | (Xeos) | (Xein)
Small Penguing 1 1 3.4
Large Penguins 1.3 4.0 1.3

No Penguins | 1 1 4.3

The distribution of events in th&in variable (Section 4.10.5) is a tool that may be used to
display CP 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 smallin values corresponds to events either intrinsically irrelevan€f@wiolation 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 valies= +1. Events with
sizeablelin values €.g.,| Kin |> 0.1) give significant information oGP violation. These events

must be thoroughly understood to establish the observatiai®ofiolation.

Results obtainable with 90 fo': From the numbers of events estimated above, scaled to three
years of data taking, the errors on the measured values of,thg, andaZ, coefficients are
estimated® and given in Table 6-25.

Table 6-25. Estimated errors on the measurements ofithe,, anda’  coefficients. The quoted
errors correspond to 90 Th (Nt + N~ ~ 1800) and depend only weakly on the input values of
the parameters.

Parametelf a | af. | a_. | atf | aZ

COS COS sin

Error 0.05|0.11 | 0.11 | 0.15 | 0.15

Constraints o may be derived from the measurements of dlfe and a2, coefficients by
using the approximate expressions of Eq. (6.59-6.60) which ignore penguin contributigfisr If

X2, are large, direafP violation can be established, but in this case penguin contributions cannot
consistently be ignored and the extraction of the actual valugefjuires further inputs. However,

note that small values for? and?., do not guarantee thats = «.

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 the, o, andaZ, 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 ftand 90fly ), of thex? as a function ofv.g:

= = 2 + + 2 - - 2
a, —Q meas Agin — Agin|TNEAS Agiy — Qgin [TNEAS
XQ(OleH) — ( cos 0205[ ]) + ( sin s;n[ ]) 4 ( sin s;n[ ]) ’ (670)
Qcos O—af O—af.
wherea,,; is the differencer) , — a_ .. At eacha.q value a fit is performed in order to locate the

minimum of they? with respect tak andé. The values of the, at the minimum thus found are
used to determine the values pf(c.s) shown in Figure 6-21. The translation of thé value

in terms of confidence level is straightforwardly obtained using a number of degree of freedom
ndgf = 1. The chosen example uses the Small Penguins set. For an integrated luminosity of
90fb~!, CP violation is established frong? , at about a three-sigma level, while, due to a statistical
fluctuation,y? = 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
behavior near the six apparent minima is not parabolic, (especially for the 30s#lmnple), it is
unwise to express the analysis result in terms of a set of valueswvith errors. It is better to use
confidence levels [11] as a function@fy as shown here.

The important limitations due to the multiple mirror solutions, dictate that the capabilitieBaf B
for this mode should not be summarized by the resolutiosioda., but by the resolutions on the
at, andaZ, coefficients of Table 6-22. These model-independent coefficients yield multiple solu-
tions for the quantityv.¢. Furthermore, the shift af.¢ from the truea. cannot be assessed easily

and estimation of this shift introduces model-dependence and thus theoretical uncertainties (see
however [15] and [63]§’ Thus a quasi-two-body analysis pf, by itself, cannot set significant

constraints oy, even when significar@P 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 flanalysis. One uses the background to prGBeviolating

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 n@'P violation is observed in such samples. The second cross-check concerns the
90 fb~' analysis. One can use the: 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 'flsample, one may expect the background-to-signal
ratio before and after tagging to be determineddgs= 4 + 0.3 and B = 2 + 0.25 respectively,

if the background distribution is about twice as sharp\in as the signal distribution and if the

270f course, in the present exercise, the true values of the theoretical parameters are known, and the measurement
biases can be quotedin 2a.s — sin2a = —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®would be sufficient since the systematic
effects on the:, coefficients (i, ~ a5, AB/(1 + nyuB)) would be smaller than the statistical
uncertainty.

6.5.2.4 Fitting for a 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:

e How well is the true solution separated from mirror solutions?
e How big an error is likely to be introduced by ignoring penguin contributions?

e How much does the background degrade the measuremeft 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 lowgt. With the input amplitudes considered and

a = 1.35, the most dangerous mirror solution occurs dér= 7/2 — «. To study this, multiple
samples of 300, 600, and 1200 events were generated. For each such expeisraatermined

twice with Minuit , once beginning near the traeand once beginning near the mirror solution.

The x? for each 2., x2.or) Was noted and the better solution was identified. By taking 100
experiments of each kind one obtains the mean differengé:in

sz = X%rue - X12nirr0r (671)

and the variation im\y? (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 correcty 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 hésagainstx, for all values ofa.

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 ffom the near-mirror values by this
method.
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Table 6-26. The difference, Ax? = X%.e — X2imop DEWeEN 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 grovNashe number of events. The rms variation is expected

to grow asy'N. At 300 and 600 events the separation is less tlamwhile by 1200 it is more than

lo. No backgrounds are included.

Events| Ax? | o(Ax?)
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 igliseit was run with

three different starting points, the trug(1.35),7/2 — « andx /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 x?s obtained for the three fits were compared and the one with the Iq@/@stue was taken

as the best solution. Thus for each of the 300 data sampldslisuit  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 6-2%.

The improvement as the number of events increase is quite clear in Fig. 6-22. Looking in more
detall, it can be seen that the analysis with penguins makes fewer mistakes than the analysis without
penguins, thatis, 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 ful}? versusa plot is the “result,” not just the value af corresponding to the the
lowesty?.
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Table 6-27. Sample studies of the determinationsif 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 amplitudesdfoe 1.35 (sin 2« = 0.43). The column labeletl
indicates how often the choice closest to the input value was identified.

# events|| Generateg Penguins No penguins
sin 2 (sin2a) | o(sin2a) | % || (sin2aeg) | o(sin2aeg) | %
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(2aer) — 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, iaclueliagnade,

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 introduceid v 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 | sin(2aeg) — sin(2a)|. In combination with fits to low statistics data that extrsiaf(2c.g),

this may provide the best estimates for the allowed range of valuethat 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 ther final state, one expects some amount of nonresddamt 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 sin2«a 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 stated wtl, 1, and2 were

taken from the Large Penguin set. Penguin amplitudes even larger than these appear quite possible.

Events| (a) | (sin2a) | o(«) | o(sin 2a)
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 penguing 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 p. The nonresonant background has the exponential decay time characteristiechys.

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 theBreit-Wigner?® The results drawn from the present
study do not depend significantly on the details of the background simuiaftids).

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 fittdohbit  was increased from nine

to eleven. To study how the presence of background degrades the resolutiQexperiments of

400, 600 and 1200 signal events were generated. The continuum withirbtrels 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 isfless than four units of?

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 continuum d, s events that are mistakenly calldad will typically have small values of\z .
Their distribution is described either by the sum of two Gaussians with widthgmh0énd 20Qum, with 80% of the
events in the narrower distribution and 20% in the wider, or, by a single exponential of effective lifetirge 0.4
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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 errar ghould 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 &lund results reported above.
Further work on background fighting may well reduce the backgrounds below the levels considered
in this table.

Signal Eventg Nonresonant EventsContinuum Events o («)
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 rangalfes because

it removes a number of the mirror solutions. It is interesting to note that this occurs even though
the signal forp’7® events is much smaller than background and could not be isolated. However
the effect of its interference with the" 7 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 aboitl0 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 ofv.

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 sigtit%, 77%, and 83% of the time for

300, 600, and 1200 signal events.
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Table 6-30. The difference, Ax? = X%.e — X2imop DEWeEN 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 lesksthanhile by 1200 it is more
thanlo. The results are somewhat worse than without backgrounds (See Table 6-26).

Events| Ax? | o(Ax?)
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. Measurementsy ofill thus be subject to significant
theoretical uncertainties, and the values obtained should be referred:tga¥Vvhen performed

in the quasi two-body approach, the analysis will not be able to distinguish between the eight-fold
aeff ambiguity inherent in a nafiP-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 thi&tviolation

can be established at the 8vel within the first few years of data taking at nominal luminogty.

Methods such as these, which suppress penguin contributions in parameterizing the data, cannot
be used to give an accurate valuenofinless supplemented by theoretical models which can help
determine the shift between the measusgdand the truexv. 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 — 7w channels in principle offer the possibility of extracting the anglsith

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, thg{tie contribution

is fairly dominant in the three-pion Dalitz plot, and that #e° contribution is large enough, both

so that its impact on the parameter fitting is sufficient and so that electroweak penguins do not spoll
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 valuené on the tree and penguin amplitudes.
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The charged3 decays to three-pion channels can also be measured. As for the deahahnels,

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 neufSathannels, to improve the extraction ®f The
inclusion of these channels reduces the sensitivity to the expected low rategtrthehannels

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 measurementafich 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 ot’snia the

final state, will be quite difficult to study in a hadronic environment, so it is importantd8wBo

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 mé&des,a;7 and B — pp,

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 eigenstatese(g.,a{ 7 ), and in thepp channel from the presence of bafi-odd and
CP-even components in the final states. However, these drawbacks are somewhat compensated if
the branching ratios are much larger thanfor 77, 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 modg¢s— a;7 and B — pp, providing a first order
assessment of the experimental issues involved in extraCfihgolation 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 rabonoésons into four-

pion final states. Theoretical calculations of the branching ratios for the exclisive a;x

and B — pp 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 mdsles a,m and
B — pp in the factorization model.

Decay Mode| B (%) B
for |Vub/|‘/cb|:008

B = arn" | 0.59V,,/ Ve |? 3.8x107°
BY — al7% | 0.0069V,;/Vip|? | 4.4 x 1077
BY — pTp~ | 0.49V,,/ Ve |? 2.9x107°
BY — p%0" | 0.04V,/Vep|? 6.4 x 1077

these calculations. For example, according to BSW the branching ratios of the color mixed modes
B — p°p° andB® — a7 are suppressed compared to the dedé#ys+ p™p~, andB® — a; 7.
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 the— 4 channel also can be obtained

from the mean multiplicity of final-state particlesihdecays combined with the transition rate for

b — u. Theb — wu transition accounts for approximately 1% Bfmeson 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 approximately 10~ for the B — 4r final states, which includes
nonresonan3 — 4x as well as the various resonant two and three body mallesy a;,

B — pp, andB — prm. 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 @f—* are assumed for each of the benchmark moBes; a7 (a] 7,

a; 7+, anda7® combined), and3 — pp (p*p~ andp’p’ 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 Thea;w Decay Modes

In order to extract a measurementsid 2. using the decays oB mesons intaz; 7, one must
measure the amplitudes a6@ asymmetries (for the case of neutfatlecays) for each of the five
possibleB — a;7 decay channelsB® — a7~, B® — a;7t, B® — a27% B* — af 7% and

BT — a%rT. A branching ratio ofi x 10~ is assumed for the sum of t##¥ — a7~ andB® —

a; 7 channels and x 10° is assumed for the other threechannels. For background channels

of relevance here, we have assumed branching ratit® 6ffor pp, prm and4r 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, enly000 of each of the above decays

are expected to be produced forfb ! of integrated luminosity.

In addition to the signal channels discussed above, the following sources of background have been
considered:

e 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 mesons from a signal decay is combined with products of the
other B decay to form a candidate which passes all of the cuts. Unlike other combinatorial
backgrounds, these events tend to produce a broad peakdin theariant mass distribution
near theB meson mass. Hereafter this background will be referred to as SCB (Signal
Combinatorial Background).

e BB Background: This consists of combinatorial background in genéfi@S) — BB
decays. For eactn fb~" of integrated luminosity31.5 million BB events are produced.

e Continuum Background: This is combinatorial background #te~ — g events, where
q = u, d, sorc. Approximately100 million of these types of events are produced for an
integrated luminosity 030 fo™".

e Physics Background: This background is fron8 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 i6#eigenstates, such @& — pp, 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 pad:decays, charget decays and extraction

of theCPasymmetries and amplitudes. The analysis [74] was performed on data samples of Monte
Carlo-simulated signal and background events, generated usingstied fast Monte Carlo

code.

6.6.2.1 B° decays

Each of the decayB® — a7, B — a; 7+ and B — 7%, manifests aPasymmetry which

must be extracted by fitting the relevaht distributions, where\t = Az/(v(3c¢) andvy3 = 0.56.

For the analysis described in this section, it is assumed that a single amplitude dominates each
decay mode. The!r® mode is aCPeigenstate with time dependence

P(B°(B®) = a%7%) o 712U/ [1 + ag sin(AmgAt)], (6.72)
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wherer is the B° lifetime, Am, is the B® <+ B° oscillation frequency and, is theCPasymmetry.
The At distributions for theni 7+ mode are not simple because it is no€Reigenstate. The
distributions can be described by

P(B°(B%) — afn™) o< e71AU/7[1 F R cos(AmgAt) + Day sin(AmgAt)]
P(B°(B®) = a;7t) oc e AT [1 £ R cos(AmgAt) + Day sin(AmgAt)], (6.73)

wherea, anda, are theCPasymmetries for the two decayR,is given by

B —=arnt) —=T(B° = af )]
=T = ) + T8 )] o

andD is a dilution factor, related t& according taD = /1 — R2.

The goal of the analysis of thB® decays is to measure the three asymmetrigsq; anda;,

which contain information abouin 2«. In fact, in the absence of penguin diagrams= sin 2«,

a; = sin(2« + 0) anda; = sin(2« — 0), whered is the difference in the strong-interaction phases

for the B — of 7~ andB® — a; 7+ decays. Even in the presence of penguin diagrams, it may

be possible to utilize an isospin-based analysis to extract an unbiased measuresinelit aing

thea,;7 decays alone. In that case, one must also measure the relative amplitudes of each of the
three B decays, as well as the relative amplitudes of the chafgyddcays, which is achieved by
measuring the branching fractions and the quarity

The decayB? — ain¥, with ¢ — p7% andp’ — =tz 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 mdmmesons. For th&° — o7 decays, the; can

decay top™7°, with the p* subsequently decaying to"7°, thus creating a final state with two

7% 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 deday/ — a7, thea? decays to eithep™ 7~ or p~7 T, with equal
probabilities, and the™ decays tar* 7. The final state of this decay is alwaysm—m°7°.

The first step in reconstructing® candidates is to form appropriate neutral combinations of four-
pion candidates for each event. One then associates the pion candidates withride 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 ffedecay has a
momentum in theB? rest frame in the rang®.2 — 2.7 GeV/c, which is much higher than the
momenta of the other pions in the decay. The distribution of reconstructed momentum, boosted
into the BY rest frame, for the bachelor pion and for the other three pions in the decay is shown
in Fig. 6-25. Ther® or the7° with the highest momentum in the rest frame of the four-pion

REPORT OF THEBaBarR PHYSICS WORKSHOP



408 Determinations ofa and Direct CP Violation

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' sample.

Cut Efficiency

ain¥ | SCB| p°p° | portrn= | wtatr—n BB Continuum
Kinematic cuts 0.37 | - |0.013| 0.051 0.016 2.3x 1075 | 5.0 x 1075
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 945 - | 1575| 1050 1575 31.5 x 10° 108
(30 fb1)
Events Selected 112 7 7 17 8 7 230
(30 fb 1)

Table 6-33. Efficiencies of signal and backgrounds BP modes containing® mesons in the
final state. The quantities in parentheses and square brackets are the numbers of events produced
and selected, respectively, for a 30" tbsample.

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 = ain¥ 0.065 - 0.0049 1.1x107% | 7.8 x 1076
(af — p™r°) (1890) ) (5250) (31.5 x 10°) (10%)
[123] [30] [26] [35] [780]
B® — a97" 0.070 - 0.0043 1.3x107% | 9.7x10°6
(1015) (-) (5250) (31.5 x 10°) (10%)
[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 tharizeV/c.

The remaining three-pion candidates are then assumed to be fram deeay and the invariant
mass of the combination is required to be in the rangel1.8 GeV/c? (M(a;1) = 1.23 GeV/c?,

[' = 0.400 GeV). From this three-pion combination there are two possible ways to foym 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—1.0 GeV/c2. In order to reduce background froB’ — pp decays, the candidate is
rejected if two distincp® candidates can be formed from the four-pion candidates.

The most effective cuts are those on the invariant mass and momentumif daedidate in the
T (4S) rest frame M (B") andpy,, respectively. The invariant mass is required to be withiior

(o = 17MeV/c?) of the nominalB® mass5.280 GeV/c?, and the momentum is required to be in
the range 0.175 — 0.426¢V/c. Each of these cuts is abo@t% efficient for signal and rejects
continuum and generiB B backgrounds by factors of about 25.

The continuum background is further reduced with event-shape cuts as described in Section 4.9.1.
Cuts atR, < 0.55 and| cos 6,1,,| < 0.8 are required.

Particle ID: The particle identification capabilities of theE& detector are also employed to
reduce the combinatorial backgrounds. All charged tracks inGheandidate are required to
be consistent (withirzo) with the pion hypothesis for both DIRC andéétlz: measurements and
to be at leasBo 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 fifecandidate 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 thd%. The position of the vertex of the oth& 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 theB 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 K? mesons. The confidence level of this vertex is also required to be greatet%hamhe
coordinates of the two vertices are used to reconstiict The Az resolution is modeled by the

sum of two Gaussians, with widths of 8om (75%) and 235um (25%). The difference between

the reconstructed and truez from Monte Carlo-simulated events is displayed in Fig. 6-26 along
with the fit to two Gaussians.

Flavor tagging: The neural network of th€ornelius  package, described elsewhere in this
document, is used to tag the flavor of the otBaneson in the event, using both kaons and leptons.
Since the tagging efficiency for signal event$%% and for continuum events it 8%, nearly a
factor of two is gained in the signal-to-background ratio by applying the flavor tag.

Cuts specific to channels withm® mesons The 7 candidates are reconstructed from pairs of
EMC clusters unassociated with charged tracks and are required to have energiy>abde€ and
invariant mass in the range 123+ MeV/c?. The invariant mass of thB candidate is required
to be within2.5¢ of the nominalB® mass, where: = 24 MeV/c? for the B® — a7 ¥ channel and

o = 30 MeV/¢? for the B — a{7° channel.
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6.6.2.2 BT decays

The decayB* — af 7° has a final state with three” mesonsd¢;” — p*7° andp* — 7*x°) and

one with asingler® (a7 — p°7 T andp® — 7+ 7). Only the latter decay has been considered since
the 370 final state is expected to have a much larger background and much lower reconstruction
efficiency. The otheB* decay considered iB™ — a{7*, which always results in a final state

with a singler® (a — p*nT andp* — 7*70).

The only quantities which need to be measured from these chdtgietays 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 chargétldecays:

¢ A significant increase in the signal-to-background ratioBdrdecays is obtained by cutting
on the reconstructed z. For signal events, the twB vertices are well separated and the
distribution has an RMS arouri0 pzm, which roughly corresponds to tlielifetime. The
continuum events, on the other hand, are very peaked athund 0. The Az distributions
for signal and continuum events are displayed in Fig. 6-27. A cut reqyiing< 170 pm
is applied, which has an efficiency 8% for signal events and only3% for the continuum
events (after all other cuts have been applied).

e Flavor tagging, although not essential for the analysis of the chdbg#etays, is very use-
ful in discriminating against continuum background because it preferentially selects events
containingB meson decays. As for the neutfalicase, the tagging efficiency is aba@its
for signal events an80% for continuum events.

Table 6-34 lists the reconstruction efficiencies, expected sample sizes, and backgrounds for the two
BT decays.

6.6.2.3 Comparison with full simulation for B® — wtn—ntw~

A study of the all-charged mode was performed [75] using the full simulation of#e Betector
(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 f8r modes. The quantities in parentheses
and square brackets are the numbers of events produced and selected, respectieety; foof
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.]
Bt — afn" 0.044 - 0.0012 41x10°7 | 89x 1077
(af — ') (508) (-) (6300) (31.5 x 105) (10%)
[23] 3] 8] [13] [89]
Bt — a0t 0.042 - 0.0025 52x 1077 | 9.8 x 1077
(945) (-) (6300) (31.5 x 10°) (10%)
[43] [5] [16] [16] [98]

Table 6-35. Effect of cuts on signal and background, using the full simulation.

Cut Surviving events

Event type am BB light-quark cC
Simulated event$ 5000| 2.0 x 105 | 2.8 x 105 | 1.6 x 10°
B Candidates 7026 1565 39460 10010
Dfast 5521 343 23612 5798
mpg 2796 46 2154 592
Mg, 2772 46 2086 556
mp 2267 29 1300 339
PB 2088 22 766 206
Bep x?2 >0.01 | 1774 8 477 90
Biag x? > 0.01 1509 6 440 80
Ry < 0.55 1318 5 217 38

| cos bine| < 0.8 | 1094 4 168 29
Tagging 698 2 20 16
Combinatorial 607 2 20 16
Overall effic. 012 1.0x10%| 7x10°% |1.0x107°
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Figure 6-15. Distributions of the reconstructed® 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 reconstructBdfor 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 thé decay axisgos oggh, 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).

REPORT OF THEBaBarR PHYSICS WORKSHOP



416

Determinations ofa and Direct CP Violation

0.6

0.4

0.2

+

T

o

+

o

+

?Jf ++++++++++++++ +<H» <|» ++++<H++++++++++++++++

r—

+

+

R =

|
[&)]

-10

-5 0 5 10 15
(m?o=m?,_)/v3 (GeV/c?)

0.6

0.4

0.2

+

oI T rrr 1

o

+

P T

(=]
o

+++++H++++++++Hﬂ+% J( Hﬂﬁtjfﬂ%tﬁﬁﬂn

+

+

It

|
8]

-10

-5 0 5 10 15
(m*s0=m*.0)/v3 (GeV/c%)

0.6

0.4

0.2

+

EL N B L B B B B

4

-+

ﬁﬂﬁﬂmﬁﬁw + + ﬂ ﬂﬁjjﬂ*ﬁ“ﬂm

\ %ww T \ \

+

+

4

s}
|
o |-

-10

-5 0 5 10 15
(m%_—m?,) /V3 (GeV/c?)

Figure 6-19. Efficiency for signal as a function of the three Dalitz-plot coordinatess~ band
(top), p°° band (center) ang~r* band (bottom). The large error bars near 0 are due to the fact
that the center of each band is depleted because of {h@olarization (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 the Kin variable for a total sample of 1000 tagged events
(corresponding to a90fb~! sample) analyzed in the framework of the quasi-two-body approach
for the Small Penguins selCP violation is established from the asymmetry of the distribution.
For most of the events théin value is close to zero, hence they do not carry informatio@'®n
violation: for 34% of the eventsKin |> 0.1, and among them 60% are signal events.
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Figure 6-21. An example ofy? (Eq. (6.70)) minimized with respect @ ands, as a function of
ae for 30 b (dashed) and 90 ft (solid) samples. The example uses the Small-Penguin set.

ataer = 0 establishes$’P violation.

Because the penguin contributions are unknawgg, is a model-dependent conventional quantity.
The only model-independent conclusion which may be drawn fromythis that the value reached
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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
truea (1.35) andr/2 — o = 0.224. The analysis with penguins chooses the corsentore 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 shiftipenguin contributions.

(cf. Table 6-27).
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Il ‘ Il Il ‘ Il
2.5 3

Figure 6-23. x? (—2In L) 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) valuenoWwas 1.35. The solid curve is obtained from a set

of eight-parameter fits performed at eachralue to locate the minimum of the® 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 ina 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, withoe = 1.35.
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Figure 6-25. Distribution of momentum in th&° rest frame of (a) the bachelor pion from th&
decay, (b) the remaining pions in the decay.
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Figure 6-26. Aslund distribution of the difference between the reconstructed andXriidor
Monte Carlo simulated® — a7 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 drhz|.
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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 thB8edecays has its own distinct time evolution.

For the B — a7° decay, there is a single asymmeisy, which can be extracted from thit

distributions. For theB® — ai7™ decays, there are two asymmetriesanda,, as well as the

parameter?. The observed asymmetry in the time-integrated rates to" anda; 7, R, iS

related toR by

1 + (Ade)Q
2P, — 1

wherePF,, is the probability that the B flavor has been correctly tagged.

R= Rops (6.75)

The asymmetries are extracted using an unbinned maximum likelihood fit. The probability density
function for each evenitis a sum of signal and background terms:

P (Aty) = f*[nPpo (At, () + (1 — ;) Pgo (At;, ()]
+>_f7 Py (A, (6.76)

where: f¢ is the fraction of events which are signal;is the probability that the decay is that

of a B%, as opposed to &°; Pgo and Py, are the probability density functions fd#° and B°

decays, respectively; represents the fit quantitiegy(or a,, a; and R, depending on the decay
mode); fj’.’ are the fractions of events comprised by each of the backgrounds discussed above; and
P? are the probability density functions for each of the backgrounds. The fundignand?

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 funwoase empirical
parameterizations of the distributions Af for Monte Carlo-simulated samples of each type of
background. The3® tag probability,n;, is derived from the output of th€ornelius  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. Theé 7~ anda; 7" events are combined in a single fit since they are
related by a common value for the fit parameler The a7 fit has three free parameters;,

a; and R, whereR is given a Gaussian constraint around the value calculated from the measured
Rys- Thean? sample hag, as the only fit parameter.

The fits were performed on Monte Carlo-simulated samples representing luminosities of 30, 90,
120, 150, and 300 fid. 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 the 7T sample, events were generated using parameters given in Table 6-36.

For thea)7® sample, events were generated wigh= 0.5, ap = —0.8 anday = 0.2. Only small
differences were found in the sizes of the errors for the different cases. The addition of the mode

B — afrT, with o — p*7°, to the all-charged mode was found to improve the errors on
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Table 6-36. The parameter sets used aP-fitting studies.

Sample 20| 6 R ay ay
A 0| O 0 0 0
B 0| O 0.6 0 0
C 0.100 0 0.6 | 0.100 0.100
D 0.100 | 37 /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 mode?® — af7T — ntr~ntr~ andB® — a7° — 7T~ 7070

for a representative subsample of the fit scenarios described in Table 6-36. The erfoveeoa

found to be independent of the choice of parameters. Figure 6-28b shows the eri@rasoa
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?({ — 2n)?, wheree is

the efficiency for tagging an event ands 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 the”P-violating phas€a in the following manner:

ap = sin2a, a; = sin(2a + 0) and @; = sin(2a — 9), (6.77)

where) is the phase introduced by the strong interaction. The ahglean be extracted frony
anda; with an eight-fold ambiguity:

1
sin? 20 = 5 [1 +ajay £ \/(1 —a})(1—a?)| . (6.78)

The amplitudes for all of the relevaB and B+ 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 idithenode withay = 0.50., (b)

Errors on the parametét 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 fqrthd f) and
a; 7+ (f) are related to the amplitudes according to the following expressions:

N(B® = f)+ N(B" — f) oc (|A;]* + |44]*) and (6.79)
N(B® = [)+ N(B® = f) o< (JAf]* + |A;), (6.80)

where the amplitudes are as defined in Chapter 1. Under the assurﬁ);ioﬁ |As| = A and
|4¢| = |A7| = A, the sum of all the above decaysi§:,= o 2(A” + A?). SinceA?/A? =
(1+ R)/(1 — R'), whereR' is defined to be?/(1 + z2) andz;, = Amy7, one can derive:

— Naf:ﬂ'? 1+R,

— I_
A? x and A2:£A2.

2 2 1+ R

(6.81)

The fractional errors on the amplitudes a6 for A and11% for A, for 30fb ', and scale like
V' Lin, WhereL,,, is the integrated luminosity.

® - 8 =
g 600 - E 800 -

g L a) g Cb)
n - i 600
S 400 5 -
g - g N
E - E 400 —
Pz - Pz :
200 200 |

O ‘ L L O L ‘ L L
-2 -2
a a

Figure 6-29. Distribution of extracted values ef for many toy Monte Carlo simulations with
truea. = —0.1 ands = 0.5. The assumed errors on the observed asymmetries are th@$etior

and90 fb~! of integrated luminosity, for plots a) and b), respectively. The dashed line is at the true
value ofa.

As discussed earlier in this section, the angt@an be extracted from the measured values aind
@, 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 af using thea=7F mode alone, thousands of valuesupfanda, 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 errersanda,;. For each set

of “observed” asymmetries, the eight solutions fowere calculated. Figure 6-29 displays the
resulting distributions ofr assuming30 fb—! and90 fb ! of integrated luminosity. For parameter

set E, the true value af is —0.1, which is shown in the figures by the dashed lines. In theory, the
measured uncertainties on the eight possible valuesak 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 Thepp Decay Modes

The B — pp decays involve three possible modé&¥, — p°p°, B® — ptp~ and Bt — ptpl.

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 ther modes, theB vertex can be determined for all final states.
Consequently, both neutré decays,B° — p°p° andB® — p™p~, can be used to measurd
asymmetries. Sincep is a vector-vector state, its decay can proceedViR or D waves. Hence,

there is the possibility of both longitudinal (= 0) and transverse\(= +1) polarization for the

p meson. The longitudinal mode &P-even, while the transverse mode has bGth-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 the pp
decay is described by three amplitudes: longituding) (CP-even transversed(), andCP-odd
transverseq ). The time evolution for these is given by:

, AmgA AmgA

Ag(At) = Ag(0)eimAt g=IAt/2T (cos maat + i sin —d t)
, AmgAt AmgAt

Aj(At) = A(0)e mAL g At/ (cos S i sin = > (6.82)
, AmgAt AmgAt

AL (At) = Aj(0)e mAL g lAH/2T (cos 22T i, sin ) :

wheren = 1 for pp. The three parameterk,, \; andX , are in general different from one another.
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However, they are equal if penguins are negligilélhis 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 of B — pp is obtained as a function of the transversity arfgledefined in thep™ p= (p°p°)
channel as the angle in the (p°) rest frame between the line of flight of the coming from one

of the p mesons and the normal to the decay plane of the gthegson in the decay:

—|At/r
p="2 [2(1 — Ry)sin? 0,,.(1 — asin(AmgAt)) + %RL cos? 0 (1 + asin(AmgAt))].

2T
(6.83)

A fit to the experimental distribution yields the fraction ©P-odd componenf?; and theCP
asymmetryu, which is simplysin 2« in the no-penguin approximation.

The branching fraction for each of the thregemodes is small. As explained in Section 6.6.1.1, it

is assumed to be of the orderiok 10~°, 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~! sample). Consequently, background will be a problem. As in the caBe-efa;

and theB — 27 and B — 37 channels, there are several sources of background: continuum
events, generi& B 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 usksijund 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. Ther® candidates are reconstructed as a combination of two photons with an invariant
mass in the rangé.10 < M., < 0.17 GeV/c?. Candidatep mesons must satisty.35 < M, <

1.20 GeV/c?. Since eactp candidate originates from a two-body decay, its momentum in the
T'(4S) rest frame is restricted to the range5 < P; < 2.85GeV/c. Finally, B candidates are
reconstructed by forming all possike combinations that satisfy.17 < M,, < 5.37 GeV/c and

0.12p%0 < 0.52 GeV/c, wherep?,, is the magnitude of the momentum of tBecandidate in the

7' (4S) rest frame.

Table 6-37 gives the efficiencies of this preselection and the reconstrGetedss resolution in
the various signal channels. The results get worse when channels withrhsoaee considered.

32This is certainly not true inBB — pp 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 resolutionsM@V/c? in the three channels for
longitudinal (L) and transverse (T) polarization.

p’p® (L) | p°p (T) | p*p® (L) | p*p° (T) | pp~ (L) | p*p (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
Mp and P 100. 100. 95.6 96.1 88.3 90.5
Total 64.7 72.1 53.6 60.6 42.4 50.0
o(Mpg) 17. 13.5 23. 21.5 325 325

Table 6-38. Cuts on masses (ifieV/c?) andB momentum (inGeV/c).

p°p° ptp’° ptp”
70 - 0.12 < M, < 0.15
p 0.60 < My, < 0.95
B | 5235 < M,, <5325| 521 < M,, <533 | 518 < M,, <5.34
B 0.15 < plyy < 0.45

Longitudinal polarization is also less favorable than transverse polarization because the decay of
the p 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
50 MeV 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 thep 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:

e The cosine of the sphericity axis of the rest of the event withptivbich is closer to it.

e The cosine of the sphericity axis of the rest of the event with the reconstrBotiection.
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e The ratio of the second Fox-Wolfram moment divided by the zeroth moment for the whole
event.

e The above quantity for the taggirigonly.
e The sphericity of the event.

e The algebraic sum of transverse momentum with respect t8 ttheection of the rest of the
event.
e The massy? defined asy? = Y (M“=M")2 \here the sum runs over all reconstructed

oM

particles (3, p mesons and’ mesons, if any).
e The B momentum in th&(4S) rest frame.

e Ther/K separation of the charged track in thecandidate which is most likely to be a
kaon.

e The larger mass of the twocandidates.

e cosfy, with 6 the angle of the pion from the decay in thep rest frame, with respect to
the line of flight of thep in the B rest frame (for longitudinal polarization this has@? 0;
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 wittsons.
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 ratie o6, for an integrated
luminosity of 30fb!. Included in the table are contaminations from various sources of physics
background. Some of these background processes can be problematici@relysis, as these
events may originate from® decays with differen€P asymmetries. Fortunately this background

is not dominant.
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Figure 6-30. Efficiency for continuum events as a function of the signal efficiencypfor
(circles), p*p° (squares) ang*p~ (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 isused fortagging, as described in the section. Vertexing is done using an impact
parameter method. The resolutions obtained (width of the narrow Gaussian) are respectively 31,
36 and 42um for the determination ofp in the p°p°, p*p°, andp*p~ channels. In all cases the
resolution is dominated by the 120 ym 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.

p°p° ptp’ ptp”
€signat | 0.315 0.219 0.153

ecuts | 0.85x 107° | 3.6 107 | 2.6 x 1077

ex 1 075x107° | 1.8 x107° | 1.2 x 107°

Table 6-40. Efficiencies of signal and backgrounds. The quantities in square brackets are the
numbers of selected events for an integrated luminosigp & .

Signal| SCB| a7 T 4 BB Continuum
Produced 1575 - 5x 945 | 8 x 1050 | 4 x 1575 | 31.5 x 108 108
2 0315 - | 0004 | 0004 | 0.003 |0.7x107°|0.75 x 10~
[496] | [47] | [18] [31] [20] [220] [750]
ptp® | 0219 - | 0011 | 0.008 | 0.0025 | 1.9 x 107 | 1.8 x 10
[345] | [70] | [51] [71] [16] [600] [1800]
ptp~ |0153| - | 0.007 | 0007 | 0.001 [0.4x107%| 1.2x10°°
[241] | [79] | [33] [55] 8] [126] [1200]

6.6.3.4 Decay amplitudes and extraction o®P asymmetries

With the above estimates of the signal and background yields, one can determine the resolutions of
the decay amplitudes fron@, whereS' is the number of signal events aitlis 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 fractiosofir ' of integrated
luminosity.

For a branching fraction d¢f x 10°, the amplitudeB® — ,°p" can be measured in one year with

a precision better than 10%. However, for the branching fractigh4of& 107 predicted by the

BSW model, there is no hope to se@’’ signal. With a time-integrated angular analysis, one

can also extract the longitudinal component anddieodd 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 ¢ 1/A) for p°p° (solid line), p™p° (dashed line) ang™*p~
(dotted line).

For the extraction of thé’P asymmetries, the unbinned maximum likelihood method described in
thea,7 section was employed. If the decay is dominated by longitudinal polarizatiBregen),
the At distribution is

_ o-lat/r
P(B°(B") — pp)

[1 £ agsin(AmgAt)]. (6.84)

In the absence of penguins, the coefficiegtcorresponds tein 2«. Figure 6-32a shows the
resolution obtained o, as a function of the integrated luminosity.

Allowing a transverse polarization component results in a degradation of the resolutiorn(dt the
asymmetry. In this case, the coefficient of the( AmAt) term obtained in the previous method

is no longer simplyin 2«e. There is an additional dilution factqi — 2R, ), whereR, is the
fraction of theCP-odd component. The angular analysis, described in the introduction of this
section, is performed to extract simultaneously @7 asymmetrya (sin 2« in the no-Penguin
approximation) and? , . Figure 6-32b shows the resolution on tfie asymmetry ¢) as a function

of the CP-odd componenk , , in the case 0p°p°, for an integrated luminosity afo0fo . The
resolution degrades by a factor of 1.6 for a valudiof= 0.5.
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Figure 6-32. (a) Uncertainty in the’P asymmetry, as a function of the integrated luminosity
for p°p° (circles) andp™ p~ (triangles); (b) uncertainty in for a 100 fb' sample as a function
of the value ofR | used in the generation for a perfect detector (circles) and\ghend 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 thesneges

a7, andB — pp. Since these studies have been carried out withAfland 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 BBaR and the current reconstruction programs indicate that the background level
predicted by the fast simulation studies is within a factor of two of Alstund 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 both — a;7, andB — pp. At this level of S/N ratio, with a 30 fb'

sample, unbinned maximum likelihood fits to the distributions yield a statistical error of 0.4 for

the CP asymmetry for the mod®& — a,7 (B = 6 x 107°), and 0.15 for the mod®& — p°p°

(B = 5 x 107°). For the modes involving® 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 caséof+ a7, would involve measuring the rates and
asymmetries of the chargeél modes as well as the rate of ti® 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 angléch results

from ignoring the presence of a penguin diagram in the amplitude, as a function of the ratio of
penguin-to-tree amplitude?(T") and the difference in the strong phase of the two diagrams. For
moderate values aP/T" (e.g.,0.2) and a strong-phase differenég { ;) = 0.5, Aa ~ 0.15is
obtained, corresponding to an error of approximately 0.802«, as compared with the statistical

error of 0.4 for 30 fb'. Eventually, theory may be able to restrict the rang@gt 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 ultim@gelgformation from

the B — 47 modes, while difficult, is feasible. As was discussed in the introductiord;fh&tudies

in the B system, in general, and extraction of the anglen particular, require complementary
information from various decay processes. It has been shown that such information can be obtained
from the4r decays of the3.
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Figure 6-33. Shift in the anglex 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 wth

0.4. The solid curve is for a strong-phase difference between the penguin and tree diagfams of
the dashed curve is for a strong-phase difference.flofand the dotted line is for a strong-phase
difference oR.0.

6.7 Conclusions

The results of the simulation studies of the neutral and chafgetkbcays 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
must be viewed only as indicative since the branching ratios are not known andBirer&
construction software is still in a preliminary stage. Furthermore, as discussed in detail above,
the relationship betweesin 2o and theCP observables:.,s and ag,, 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 thé-reliability of a demonstration thatP-violation occurs. It

is found that, with reasonable estimates of penguin size, based on the EkzEDservations, the

shift in the extracted value oin 2« in an analysis that ignores penguins can be of obdeto
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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 efficieriogjudes the impact of tagging.

For thepp channel, the effect of the transverse polarization is not included in the numbers presented
here. Note that for channels that are Gfteigenstates, such @s= a nonzero value for; ~ +

a. " is needed to demonstraté# violation, a nonzero value for a single channel is not sufficient.)

sin

f Biot € Nioy | BIS 5acos(f) 5asin(f)
atm 1.0x10°| 039 | 135| 0.9 | 0.29 0.26
7070 30x107%| 0.15| 14 | 2.5 - -
atm0 8.0x107%| 0.19 | 50 | 2.0 - -

ptr=+pmt | 54x107°] 021|350 | 2 0.19 0.26
P07 1.0x107%| 021] 7 | 50 - -
POt 1.1x107°| 0.16 | 30 | 0.3 - -
ptml 2.6 x107°| 0.09 | 40 | 0.3 - -

afm +a;mt | 6.0x107°| 0.12 | 124 | 1.7 | 0.23 0.34
ad? 3.0x107°| 0.07 | 72 | 13.3 - 0.47
aim° 3.0x107° | 0.042| 43 | 3.0 - -
admt 3.0x107° | 0.044| 23 | 4.6 - -
ptp~ 5.0x 107" | 0.15 | 263 | 5.3 - 0.28
p°p° 5.0 x107° | 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 determinatian Bbwever despite

the difficulty in extracting the actual value afany observation of Pviolation in these channels
would be interesting and would indicate a nonzero-valuenforAt this level of result the”'P-
eignestate modesr have the advantage that any asymmetry is a direct indicatio#efiolation.

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 ofdhg terms, measurements of branching ratios and
asymmetries for chargeft 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 fagecays (fosin 2a = —0.04 and

sin 2a.,¢ = 0.21) and with experimental resolution of observables corresponding to an integrated
luminosity of 90 fo *. This analysis indicates that for this scenario, the phase 8hift 2.5 —2a,

can be determined (with a four-fold ambiguity) with an uncertainty of 0.6(Rad), yielding the value

of a with multiple ambiguities and a wide range about each minimum. The message of this study
is that, unless th® — 7°7° branching ratio is somewhat higher than this model predicts, it will

be very difficult to achieve good restrictions on the true value bm an isospin analysis in this
channel. The conclusion of the three-pion Dalitz-plot analysis is a little more encouraging. With a
data sample of 000 fully tagged and reconstructed events, and even with significant backgrounds
the analysis is able to determine the unshifteand 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@ range of five of the

true minimum. This analysis also will be improved if the suppression ofpth€ 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 tqr channels. For thep channels one can in principle carry out an isospin analysis
similar to that forr7r, 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 tbe 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. &ar the isospin structure is similar to that for.

An isospin-based analysis to determine the unshifted valaei®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 far via an isospin analysis of these channels.

In conclusion, the accurate determinatiornodvill 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. Ther Dalitz-plot analysis appears at present to be the most hopeful. Even
though these analyses are difficult at}a(.S) 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®s, makes them very challenging.
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6.8 ChargedB Decays and DirectCP Violation

A striking consequence afP-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 chdsgietays, and, if observed,
could be the first evidence farP violation involving non-neutral systems. Such asymmetries are
examples of direa’P violation. The observable asymmetry can be defined as
" _
Am:N(B — f)— N(B —>]ﬁ) (6.85)
N(Bt* = f)+ N(B~ — f)

which is proportional to th€’P asymmetry of the signal,, = A;Ns/(Ns + Ng), whereNg
and Np are the numbers of signal and background events, respectively. Model predicti@As of
violating asymmetries®® 0.1-1%) exist for many channels (see for example Section 6.2); for some
of them the branching fractions in the corresponding channels rangelfiofrto 10-°, giving
rates which should be accessible with the statistics®4:B

In this section the results of a study of two benchmark modes are deschoed> nh~ (where

h can be eithed or 7) and B~ — D~D°. Theoretical predictions, based on several models,
suggest that these modes have the largest value of the prBducti?,, which is the relevant
guantity governing the observability of an asymmetry. The channelswitihesons have a large
branching ratio, but a small asymmetry, while the opposite is true fon tteannel. Many other
channels can be used to search for dité€tviolation; 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

_J(=A2)( + Fgys)
SA, = \/ i , (6.86)

whereNs is the observed number of signal events &fgds is the background to signal ratio. The
number of BB pairs needed to claim that an asymmetrin a channelf is different from zero by
n, Standard deviations, assumidgg 1, is

1
NBE>n3€A§B(B—>f)(1+FB/S)7 (687)
wheree is the selection efficiency for the channgl In order to quote the sensitivity ohBR in
the benchmark channels, some assumption for both’thasymmetry 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 thAslund parameterized fast Monte Carlo simulation.
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6.8.1 B~ — nh-

The branching fraction foB~ — n7~ is estimated to be- 0.5 x 1075, with an asymmetry of the
order of 10%. The is searched for in the channejs— vy andn — 7=+ 7~ 7°. In these channels
the acceptance is expected to be fairly large because the final states have low multiplicity.

For then — vy mode, they 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 1deV/c2. Then is required to be within@ of the nominal value; this
selection criterion keeps 97% of the signal. The averag®mentum 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 O for thecandidate.

For then — 3w channel, ther® is reconstructed from clusters in the calorimeter with energy
greater than 4QMeV, and not associated with charged tracks. THecandidate is required to

have an invariant mass in the range 115-MdV/c?; 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 backgraincandidates are obtained by
combining they and the remaining pion candidates. If thés reconstructed in th&r channel, a

fit to the common vertex of the three charged pions fromARhecandidate is performed, and the

x? 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 th&(4S) frame: the momentum and the invariant mass of Bhe The
invariant mass is required to be within 2.6f the nominalB~ mass and the momentum is required

to be in the range 0.175-0.425%V/c.

The main source of background arises from light quarks produced in the continuum: about half of
this contains a reaj. Background fromB B 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,,/H, and H,/ H, (calculated in th@"(4S) frame), as
described in Section 4.9. In addition, the sphericity anlg, (see Section 4.9), is also used. The
signal candidate is required to haues f;,,| < 0.9

After this selection, the reconstruction efficiency, includingsh®anching ratio, is 45%. Assum-
ing a branching ratio for the signal 6f5 x 10>, 70 signal events are expected in 30 flwith
190 background events. The expected statistical error on the asymmetry is 0.23.
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6.82 B~ — D D°

The reconstruction of this channel is similar to that for B¢ — D* D~ decay described in
Section 5.5. Only channels having a branching ratio greater than 10% and not more th&n one

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 andiielz in the central
tracking chamber are combined intqawhich is used to calculate the probability of a given mass
hypothesis. Candidate and X' 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 and K candidates.

Table 6-42. Selected)~ andD° decay channels.

D° decay B | D™ decay B

Ktn~ 0.040| K*tn— 7~ 0.091
Ktrx° 0.138| K 7 7° 0.064
Kot 0.026| Ko7 0.014
Kortn=70 0.049| K%r—n° 0.049
Ktntn—n~ 0.081| Kortn—m~ 0.035
Ktntn=r=n% | 0.043| Ko7t~ n—n° | 0.027

The criteria used to select the' are the same as described in Section 6.8L. mesons are
reconstructed only in th&? — 77~ channel. The two charged tracks are fitted to a common
vertex and the? probability is required to be greater than 2%.

The masses of the twb mesons are required to be withia 8f the nominal value. The vertex
fit for the D daughters is required to havey@ probability greater than 2%. In addition, the
cosine of the angle between the tWs is required to be less thar0.1. The mass resolutions and
reconstruction efficiencies for all decay channels are summarized in Table 6-43.

In the selection of th& candidate, the most effective cuts are the momentum aBtimethe1"(4S)
frame, and the invariant mass of the candidates. If more tharBarendidate per event survives
the cuts, that with the smaller value of the quantity

reco true\2 reco true)2
2 _ (m56° — mi5°) (mp> — mpL)
XM = 2 0_2

mpo mp—

(6.88)

REPORT OF THEBaBarR PHYSICS WORKSHOP



444 Determinations ofa and Direct CP Violation

Table 6-43. Mass resolutions and reconstruction efficiencies offtheand D° decay channels
used in this analysis.

D° decay mode oD (MeV/c?) | Eff. (%) | D~ decay mode o2 (MeV/c?) | Eff. (%)
Ktn~ 5.2 77 Ktp—n~ 4.4 69
Ktn=n0 13.0 52 K-ntn=n0 9.6 40
Kortn 5.3 50 | Kor 6.0 58
Kr 70 10.0 29 Kr—n® 11.9 37
Ktntn—n~ 3.5 56 Krtn—n~ 5.2 43
Ktrtn=n=n° 9 33 Krtn=n=n0 6.1 25

is retained. The background is mainly from otlf2B decays and fromc 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 BI® events and 9@z, in 30 fo
collected at th@°(4S) peak. The overall reconstruction efficiency, including the branching ratio of
the D mesons is = 2.8%. AssumingB(B~ — D~ D°) = 6.3 x 10~* (see Table 5-4), an sample
of 560 signal events can be expected, leading to a statistical error on the asymmgtey,0.05.

6.8.3 Outlook

These preliminary studies indicate that for the modes in question, and by extension, for other
multibody modes, the direetP-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 0f-10%.
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