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Abstract

I discuss a number of novel tests of QCD at the LHC, measurements which can illuminate fundamental features
of hadron physics. I also review the “Principle of Maximum Conformality” (PMC) which systematically sets the
renormalization scale order-by-order in pQCD, eliminating an unnecessary theoretical uncertainty. The PMC allows
LHC experiments to test QCD much more precisely, and the sensitivity of LHC measurements to physics beyond the
Standard Model is increased.
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1. Introduction

The LHC has the unique capability to test novel and
unexpected aspects of hadron and nuclear physics pre-
dicted by QCD and the Standard Model at very high
energies. In this short review I will focus on several
examples: (a) the production of ‘ridge’ correlations in
high multiplicity proton-proton collisions and its con-
nections to the dynamics controlling color confinement;
(b) digluon-initiated subprocesses – a novel multiparton
hadroproduction mechanism which can explain the ob-
served nuclear suppression of quarkonium production
at forward rapidity; (c) flavor-dependent antishadow-
ing of the nuclear structure functions; and (d) high xF

Higgs hadroproduction, which is predicted from the ex-
istence of intrinsic heavy-quark Fock states in the pro-
ton’s light-front wavefunction.

Hadronic processes measured at the LHC involving
high momentum transfer probe the structure and com-
positeness of quarks and gluons at unprecedented short
distances. They can test for the existence of new types
of particles carrying color such as new flavors of quarks
and supersymmetric partners. Precision tests of QCD
such as the measurements of the top pair production
cross section and the tt̄ asymmetry are complimen-
tary to the search for new fields and particles. As I
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will discuss, the ”Principle of Maximum Conformality”
(PMC) [1, 2]. provides a systematic and unambiguous
way to set the renormalization scale and effective num-
ber of quark flavors in pQCD predictions at each or-
der of perturbation theory. An unnecessary uncertainty
from QCD theory is eliminated. The PMC thus allows
the LHC to test QCD much more precisely, and the sen-
sitivity of LHC measurements to physics beyond the
Standard Model is greatly increased.

The versatility of the LHC in testing fundamental
aspects of hadron physics can be extended by adding
fixed-target capability, as in the AFTER (A Fixed-
Target ExperRiment). proposal [3], or by adding a high
energy electron ring as in the LHeC proposal [4]. In
addition, by adding detectors which can measure par-
ticles at high forward and backward rapidity, an im-
portant new range of phenomena can be explored; es-
pecially for testing predictions for Higgs production at
xF > 0.8 [5, 6].

In the following sections I will discuss a number of
LHC physics topics which test novel aspects of QCD.
Further details can be found in the references.

2. The Origin of the “Ridge” in Proton-Proton Col-
lisions and the Connection to the Dynamics Un-
derlying Confinement

The CMS collaboration [7] at the LHC has reported
a surprising phenomenon in very high-multiplicity high
energy proton-proton collisions: a positive correlation
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between particles produced over a large rapidity inter-
val along the same azimuthal angle as a trigger parti-
cle. It had been previously believed that such ridge-like
correlations would only occur in nucleus-nucleus colli-
sions due to their elliptical overlap. Bjorken, Goldhaber
and I [8] have suggested that the “ridge”-like correla-
tion in pp collisions reflects the rare events generated
by the collision of aligned flux tubes which connect the
valence quarks in the wave functions of the colliding
protons. The “spray” of particles resulting from the ap-
proximate line source produced in such inelastic colli-
sions then gives rise to events with a strong correlation
between particles produced over a large range of both
positive and negative rapidity. The highest multiplicity
events will appears when the flux tubes have maximal
overlap. In the case when the Y-junctions between the
three quarks of each proton overlap, one could also gen-
erate a v3 pattern.

The physics of colliding flux tunes can also be studied
in high multiplicity, high energy electron-ion collisions
at the proposed LHeC. In this case the flux tube between
the quark and antiquark of the virtual photon is oriented
in azimuthal angle with the electron’s scattering plane,
and its characteristics – such as its size in impact space
– can be controlled by the photon’s virtuality, as well as
the qq̄ flavor.

The flux tube can be identified physically as the near-
planar manifestation of the exchange of soft gluons
which produce the fundamental color-confining interac-
tion. In fact, the entire Regge spectrum of light-quark
baryons in n and L is well reproduced by the eigenval-
ues of a frame-independent light-front Shrödinger and
Dirac equations with a confining quark-diquark poten-
tial dictated by the soft-wall AdS/QCD approach and
light-front holography [9–11]. Remarkably the same
confining light-front potential arises from principle of
de Alfaro, Fubini, and Furlan [12] which allows a mass
scale an a confining harmonic oscillator potential to ap-
pear in equations of motion without affecting the con-
formal invariance of the action.

The use of Dirac’s light-front time τ = t+z/c provides
a Lorentz frame-independent formulation of hadronic
collisions, where the quark and gluon composition of
hadrons or their formation at the amplitude level is de-
termined by their light-front wavefunctions – the eigen-
solutions of the QCD light-front Hamiltonian [13]. In
this boost-invariant formalism, the light-front wave-
functions of the colliding protons (or ions) are frame-
independent; there is no Lorentz contraction nor “col-
liding pancakes”! This description of hadron dynamics
also predicts the shape of the light-front wavefunctions
ψn,H(xi, k⊥i) of the hadrons which underly hadronic

form factors, structure functions, transverse momentum
distributions, fragmentation functions, etc. In addition,
diffractive vector meson electroproduction is predicted
successfully without any new parameter [14].

3. Higgs production at High xF and the Intrinsic
Heavy-Quark Distributions of the Proton

A first-principle prediction of QCD is the existence
of proton Fock states such as |uudQQ̄ >. The light-
wave function for such five-quark states have two ori-
gins: (1) the usual DGLAP “extrinsic” contribution aris-
ing from gluon splitting producing heavy quarks primar-
ily at small momentum fractions x = k+/P+, and (2)
the “intrinsic” contribution where the QQ̄ pair is multi-
connected to the proton’s valence quarks [16, 17]. The
intrinsic contributions arise for example from the cut of
the quark loop contribution to the gg → gg amplitude
in the wavefunction describing proton’s self energy. The
amplitude for the intrinsic contribution is maximum at
minimum off-shellness where the constituents tend have
the same rapidity; i.e. xi ∝

√
m2

i + k2
⊥i. Thus the in-

trinsic heavy quarks in the Fock state carry most of the
hadron’s momentum. Since the effective four-gluon op-
erator is twist-six, the operator product expansion pre-
dicts the probability for the intrinsic five-quark state is
proportional to 1/m2

Q in non-Abelian QCD [17, 18]. The
intrinsic contribution also leads to asymmetries in the s
vs. s̄ momentum and spin distributions [21].

The conventional pQCD mechanisms for Higgs pro-
duction at the LHC such as gluon fusion gg → H lead
to Higgs boson production in the central rapidity re-
gion. However the Higgs can also be produced at very
high xF by the process [QQ̄] + g → H [5], where both
heavy quarks from the proton’s five quark Fock state
|uudQQ̄ > couple directly to the Higgs. See. fig. 1.
Since the Higgs couples to each quark proportional to
its mass, one has roughly equal contributions from in-
trinsic ss̄, cc̄, bb̄ and even tt̄ Fock states. The intrinsic
heavy-quark distribution of the proton at high x leads
to Higgs production with as much as 80% of the beam
momentum. The same mechanism produces the J/ψ at
high xF as observed in fixed-target experiments such as
NA3. The decay of the high-xF decay Higgs to muons
could be observed using very forward detectors at the
LHC. The predicted cross section dσ/dxF(pp → HX)
for Higgs production at high xF ∼ 0.8 computed by
Kopeliovitch, Schmidt, Goldhaber, and myself [5] is of
order of 50 fb. We have also computed with Soffer [6]
the corresponding double-diffractive rate pp → HppX.
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Figure 3: The cross section of inclusive Higgs production in fb, coming

from the nonperturbative intrinsic bottom distribution, at both LHC

(
√

s = 14 TeV, solid curve) and Tevatron (
√

s = 2 TeV, dashed curve)

energies.

that the cross section for inclusive Higgs production from intrinsic bottom is much

higher than the one coming from intrinsic charm. Although it is true that the Higgs-

quark coupling, proportional to mQ, cancels in the cross section with PIQ ∝ 1/m2
Q,

the matrix element between IQ and Higgs wave functions has an additional mQ factor.

This is because the Higgs wave function is very narrow and the overlap of the two

wave functions results in ΨQQ(0) ∝ mQ. Thus, the cross section rises as m2
Q, as we

see in the results.

We can compare our predictions for inclusive Higgs production coming from

IB with our previous ansatz for the Higgs production gluon-gluon fusion process

xdN/dx = 6(1 − x)5. At the maximum (xF = 0.9) of the IB curve we get a value of

roughly 50 fb, while there gluon-gluon gives 0.067 fb. Thus this high-xF region is the

ideal place to look for Higgs production coming from intrinsic heavy quarks.

We obtain essentially the same curves for Tevatron energies (
√

s = 2 TeV) , al-

though the rates are reduced by a factor of approximately 3.

We also show in Fig.4 the results for Higgs production coming from the perturba-

tive charm distribution. The magnitude of the production cross section is considerably
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Figure 1: Intrinsic Heavy Quark Mechanism and cross section for
Higgs Production at LHC and Tevatron energies.

Testing these predictions would open up a new domain
of Higgs physics at the LHC.

Signals for the Intrinsic heavy quark distribution at
high x have been seen by many experiments, includ-
ing the measurement of c(x,Q2) at high xby the EMC
collaboration and forward production at high xF of the
Λc at the ISR and SELEX at FermiLab, Λb, at the ISR,
double-charm baryons by SELEX, and the high xF pro-
duction of the Jψ and double J/ψ by NA3 at CERN
at FermiLab. A review and references are given in ref.
[19]. Since the [QQ̄] is a color-octet 8C , the produc-
tion of the J/ψ at high xF from intrinsic charm in pA
collisions occurs at the nuclear front surface, explaining
the observed A2/3 nuclear dependence. Intrinsic charm
in the reaction gc → γc has the potential to explain
the anomalously large rate seen by D0 pp̄ → cγX at
high pγT . Intrinsic charm is included in CTEQ 6.6M. A
signal for Intrinsic strangeness s(x) + s̄(x) in the region
0.1 < x < 0.4 from HERMES has been discussed by
Chang and Peng [20]. The duality of the |uudss̄ > Fock
state with hadronic channels such as |K|lambda > im-
plies that the s(x) and s̄(x) distributions will be different
in shape [21].

4. Digluon-Initiated Quarkonium Production

Since the J/ψ-nucleon cross section is only a few mil-
libarns, the usual expectation is that the J/ψ production
cross sections in nuclei will be approximately linear in
the number of nucleons A. However, the production
cross section pA → J/ψX measured by LHCb [22] and
ALICE [23] at forward rapidity y ∼ 4 shows unexpect-

edly strong nuclear suppression. This strong suppres-
sion cannot be accounted for by shadowing of the nu-
clear gluon distribution.

Arleo and Peigne [24, 25] have suggested that the
strong nuclear suppression of J/ψ production in pA col-
lisions can be explained as a manifestation of the “color-
octet” model: the cc̄ propagates through the nucleus as a
color-octet, and its energy loss will be proportional to its
energy if the induced gluon radiation is coherent on the
entire nucleus. The color-octet cc̄ is assumed to convert
to the color-singlet J/ψ after exciting the nucleus.

There is an alternative QCD mechanism for pro-
ducing the J/ψ in proton-nucleus collisions at for-
ward rapidity and small transverse momentum; digluon-
initiated subprocesses: [gg]g → J/ψ. Here the [gg] is
a color-octet digluon originating from the colliding pro-
ton; e.g. from its |uudgg > Fock state. See fig. ??.
It should be noted that since g(x,Q2) falls rapidly, two
gluons in the digluon, each with x ∼ 0.02, could have
a higher probability than a single gluon with x ∼ 0.04.
The digluon mechanism will be suppressed at high pT ,
but can dominate at low pT and forward rapidity. The
propagating color-octet digluon has a large interaction
cross section, and it thus interacts primarily at the nu-
cleus front surface, giving a production cross section
σ(pA → J/ψX) ∝ A2/3. The produced J/ψ then propa-
gates essentially freely though the nuclear interior. The
Υ produced by di-gluons will have a similar A de-
pendence. However, this is not the case for the ψ′;
it can be further suppressed as it propagates through
the nuclear environment because of its larger radius.
This digluon subprocess is the color-octet analog of the
color-singlet two-gluon exchange mechanism [26] un-
derlying diffractive processes such as `p → `pX. The
digluon multiparton subprocess is also analogous to the
higher-twist subprocess [q]̄qq → γ∗q which dominates
the πN → ` ¯̀X Drell-Yan reaction at high xF and is
known to accounts for the observed dramatic change
from transverse to longitudinal virtual photon polariza-
tion [27]. Similarly, multiparton “direct” subprocesses
can account [28] for the observed anomalous power-
law fall-off of high pT inclusive hadron production cross
sections Edσ/3 p(pp → hX) at fixed xT = 2pT /

√
s and

fixed θCM as discussed in the next section.
The pA → J/ψX cross sections measured in fixed-

target experiments at CERN and FermiLab at high xF

also show a very strong nuclear suppression at high xF .
The ratio of the nuclear and proton target cross sections
has the form Aα(xF ), where xF is Feynman fractional lon-
gitudinal momentum of the J/ψ. At small xF , α(xF) is
slightly smaller than one, but at xF ∼ 1, it decreases to
α = 2/3. These results are again surprising since (1) the
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Figure 2: Digluon-induced quarkonium production. Since the color-
octet digluon is strongly shadowed, the production process occurs
dominantly on the front surface of the nuclear target.

dependence Aα = A2/3 is characteristic of a strongly in-
teracting hadron, not a small-size quarkonium state; and
(2) the functional dependence Aα(xF ) contradicts pQCD
factorization [29]. The observed nuclear suppression,
in combination with the anomalously nearly flat cross
section at high xF can be explained by the properties
of the intrinsic charm Fock state [5, 19]. QCD pre-
dicts that the color-configuration of the heavy quark pair
QQ̄ in the intrinsic five-quark Fock state is primarily a
color-octet. The intrinsic heavy quark Fock state of the
proton: |(uud)8C (cc̄)8C 〉 thus interacts primarily with the
A2/3 nucleons at the front surface because of the large
color-dipole moment of the color-octet cc̄. The color-
singlet quarkonium state is thus produced at the front
surface, and it then propagates through the nucleus with
high xF .

5. The Unexpected Role of Direct Processes in High
pT Hadron Reactions

The factorization picture derived from the parton
model and then from pQCD has played a guiding role in
virtually all aspects of hadron physics phenomenology.
In the case of inclusive reactions such as pp → πX, the
pQCD ansatz predicts that the cross section at leading
order in pion’s transverse momentum pT can be com-
puted by convoluting the perturbatively calculable hard
subprocess cross section with the process-independent
structure functions and quark fragmentation functions.
It is thus usually assumed that hadrons produced at
high transverse momentum in inclusive high energy
hadronic collisions arise dominantly from jet fragmen-
tation. A fundamental test of leading-twist QCD pre-
dictions in high transverse momentum hadronic reac-

tions is the measurement of the power-law fall-off of
the inclusive cross section [30] Edσ/d3 p(AB→ CX) =

F(θcm, xT )/pneff

T at fixed xT = 2pT /
√

s and fixed θCM .
In the case of the scale-invariant parton model neff = 4.
However in QCD, neff ∼ 4 + δ where δ ' 1.5 is the
typical correction to the conformal prediction arising
from the QCD running coupling and the DGLAP evo-
lution of the input parton distribution and fragmentation
functions. [28, 31] The usual expectation then is that
leading-twist subprocesses (i.e., the leading power-law
contributions) will dominate high pT hadron produc-
tion at RHIC and at Tevatron energies. Measurements
of isolated photon production pp → γdirectX, as well
as jet production, do agree well with the leading-twist
scaling prediction neff ' 4.5. [28] However, measure-
ments of neff for hadron production show much faster
fall-off in pT at fixed xT and θCM and are inconsistent
with the leading twist predictions. Striking deviations
from the leading-twist predictions were also observed at
lower energy at the ISR and Fermilab fixed-target exper-
iments. [30, 32, 33] This deviation points to a signif-
icant contribution from ‘direct’ higher-twist processes
where the hadron is created directly in the hard subpro-
cess, rather than from quark or gluon jet fragmentation.

Normally many more pions than protons are pro-
duced at high transverse momentum in hadron-hadron
collisions. This is also true for the peripheral collisions
of heavy ions. However, when the nuclei collide with
maximal overlap (central collisions) the situation is re-
versed – more protons than pions emerge. This observa-
tion at RHIC [34] contradicts the usual expectation that
protons should be more strongly absorbed than pions in
the nuclear medium.

In fact, a significant fraction of high pH
⊥ isolated

hadrons can emerge directly from hard higher-twist sub-
process [28, 31] even at the LHC. The direct production
of hadrons can also explain [35] the remarkable “baryon
anomaly” observed at RHIC: the ratio of baryons to
mesons at high pH

⊥ , as well as the power-law fall-off

1/pn
⊥ at fixed x⊥ = 2p⊥/

√
s, both increase with central-

ity, [34] opposite to the usual expectation that protons
should suffer more energy loss in the nuclear medium
than mesons. The high values neff with xT seen in the
data indicate the presence of an array of higher-twist
processes, including subprocesses where the hadron en-
ters directly, rather than through jet fragmentation. [36]
Although they are suppressed by powers of 1/pT , the
direct higher twist processes can dominate because they
are energy efficient – no same-side energy or momen-
tum is lost from the undetected fragments. Thus the
incident colliding partons are evaluated at the mini-
mum possible values of light-front momentum frac-
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tions x1 and x2, where the parton distribution func-
tions are numerically large. Since these processes create
color-transparent baryons with minimal absorption, this
mechanism can explain the RHIC baryon anomaly. [35]

6. Flavor-Dependent Antishadowing

It has been conventional to assume that the nu-
clear modifications to the structure functions mea-
sured in deep inelastic charged lepton-nucleus and
neutrino-nucleus interactions are identical. The an-
tishadowing of the nuclear structure functions is
particularly interesting. Empirically, one finds
F2A(x,Q2)/(A/2)Fd(x,Q2) > 1 in the domain 0.1 < x <
0.2; i.e., the measured nuclear structure function (refer-
enced to the deuteron) is larger than the scattering on a
set of A independent nucleons.

One can show [37] using Gribov-Glauber theory that
the Bjorken-scaling diffractive deep inelastic scattering
events lead to the shadowing of nuclear structure func-
tions at small xBjorken. This is due to the destructive in-
terference of two-step and one step amplitudes in the
nucleus. Since diffraction involves rescattering, one
sees that shadowing and diffractive processes are not in-
trinsic properties of hadron and nuclear wavefunctions
and structure functions, but are properties of the com-
plete dynamics of the scattering reaction. [38] In fact,
Gribov-Glauber theory also predicts that the antishad-
owing of nuclear structure functions is not universal, but
depends on the quantum numbers of each struck quark
and antiquark. [39] This could explain the recent obser-
vation of Schienbein et al. [40] who find that the nu-
clear structure functions in the range 0.1 < x < 0.2
measured by NuTeV in deep inelastic neutrino charged-
current reactions differ significantly from the distribu-
tions measured in deep inelastic electron and muon scat-
tering. Note that there are leading-twist diffractive con-
tributions γ∗N1 → (qq̄)N1 arising from Reggeon ex-
changes in the t-channel. For example, isospin–non-
singlet C = + Reggeons contribute to the difference of
proton and neutron structure functions, giving the char-
acteristic Kuti-Weiskopf F2p − F2n ∼ x1−αR(0) ∼ x0.5

behavior at small x. The x dependence of the structure
functions reflects the Regge behavior ναR(0) of the virtual
Compton amplitude at fixed Q2 and t = 0. The phase
of the diffractive amplitude is determined by analyticity
and crossing to be proportional to −1 + i for αR = 0.5,
which together with the phase from the Glauber cut,
leads to constructive interference of the diffractive and
nondiffractive multi-step nuclear amplitudes. The co-
herence length only needs to be long enough to ensure
coherence between the one-step and two-step Glauber

processes, not the entire nuclear length. The nuclear
structure function is predicted [41] to be enhanced pre-
cisely in the domain 0.1 < x < 0.2 where antishadow-
ing is empirically observed. Since quarks of different
flavors couple to different Reggeons, this leads to the
remarkable prediction that nuclear antishadowing is not
universal; [39] it depends on the quantum numbers of
the struck quark. This picture implies substantially dif-
ferent antishadowing for charged and neutral current re-
actions, thus affecting the extraction of the weak-mixing
angle θW .

7. Leading-Twist Lensing Corrections and the
Breakdown of Perturbative QCD Factorization

The effects of the final-state interactions of the scat-
tered quark in deep inelastic scattering have been tradi-
tionally assumed to either give an inconsequential phase
factor or power-law suppressed corrections. However,
this is only true for sufficiently inclusive cross sections.
For example, consider semi-inclusive deep inelastic lep-
ton scattering (SIDIS) on a polarized target `pl →
H`′X. In this case the final-state gluonic interactions of
the scattered quark lead to a T -odd non-zero spin corre-
lation of the plane of the lepton-quark scattering plane
with the polarization of the target proton [42] which is
not power-law suppressed with increasing virtuality of
the photon Q2; i.e. it Bjorken-scales. This leading-twist
“Sivers effect” [43] is nonuniversal in the sense that
pQCD predicts an opposite-sign correlation in Drell-
Yan reactions relative to single-inclusive deep inelastic
scattering. [44, 45] This important but yet untested pre-
diction occurs because the Sivers effect in the Drell-Yan
reaction is modified by the initial-state interactions of
the annihilating antiquark. A simple argument for this
sign change is given in ref. [47]

Similarly, the final-state interactions of the produced
quark with its comoving spectators in SIDIS produces a
final-state T -odd polarization correlation – the “Collins
effect”. This can be measured without beam polariza-
tion by measuring the correlation of the polarization of a
hadron such as the Λ baryon with the quark-jet produc-
tion plane. Analogous spin effects occur in QED reac-
tions due to the rescattering via final-state Coulomb in-
teractions. Although the Coulomb phase for a given par-
tial wave is infinite, the interference of Coulomb phases
arising from different partial waves leads to observable
effects. These considerations have led to a reappraisal
of the range of validity of the standard factorization
ansatz. [46]

The calculation of the Sivers single-spin asymmetry
in deep inelastic lepton scattering in QCD requires two
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different orbital angular momentum components: S -
wave with the quark-spin parallel to the proton spin and
P-wave for the quark with anti-parallel spin; the differ-
ence between the final-state “Coulomb” phases leads to
a ~S · ~q × ~p correlation of the proton’s spin with the vir-
tual photon-to-quark production plane. [42] Thus, as it
is clear from its QED analog, the final-state gluonic in-
teractions of the scattered quark lead to a T -odd non-
zero spin correlation of the plane of the lepton-quark
scattering plane with the polarization of the target pro-
ton. [42]

The S - and P-wave proton wavefunctions also ap-
pear in the calculation of the Pauli form factor quark-
by-quark. Thus one can correlate the Sivers asym-
metry for each struck quark with the anomalous mag-
netic moment of the proton carried by that quark, [48]
leading to the prediction that the Sivers effect is larger
for positive pions as seen by the HERMES experi-
ment at DESY, [49] the COMPASS experiment [50–52]
at CERN, and CLAS at Jefferson Laboratory [53, 54]
The physics of the “lensing dynamics” or Wilson-line
physics [55] underlying the Sivers effect involves non-
perturbative quark-quark interactions at small momen-
tum transfer, not the hard scale Q2 of the virtuality of
the photon. It would interesting to see if the strength
of the soft initial- or final- state scattering can be pre-
dicted using the effective confining potential of QCD
from light-front holographic QCD.

Measurements [56] of the Drell-Yan Process πp →
µ+µ−X display an angular distribution which contra-
dicts pQCD expectations. In particular one observes an
anomalously large cos 2φ azimuthal angular correlation
between the lepton decay plane and its production plane
which contradicts the Lam-Tung relation, a prediction
of perturbative QCD factorization. [57] Such effects
again point to the importance of initial and final-state
interactions of the hard-scattering constituents, [58] cor-
rections not included in the standard pQCD factoriza-
tion formalism. For example, if both the quark and
antiquark in the Drell-Yan subprocess qq̄ → µ+µ− in-
teract with the spectators of the other hadron, then one
predicts a cos 2φ sin2 θ planar correlation in unpolarized
Drell-Yan reactions. [58] This “double Boer-Mulders
effect” can account for the anomalously large cos 2φ
correlation observed by the NA10 collaboration [56]
and the violation [58, 59] of the Lam Tung relation a
standard prediction based on perturbative QCD factor-
ization. [57] Such effects point to the importance of both
initial and final-state interactions of the hard-scattering
constituents, corrections not included in the standard
pQCD factorization formalism. One also observes large
single-spin asymmetries in reactions such as pplπX, an

effect not yet explained. [60] Another important signal
for factorization breakdown at the LHC will be the ob-
servation of a cos 2φ planar correlation in dijet produc-
tion. As emphasized by Collins and Qiu, [46] the tradi-
tional factorization formalism of perturbative QCD fails
in detail for many hard inclusive reactions because of
initial- and final-state interactions.

The final-state interactions of the struck quark with
the spectators [26] also lead to diffractive events in
deep inelastic scattering (DDIS) at leading twist, such
as `p → `′p′X, where the proton remains intact and
isolated in rapidity; in fact, approximately 10 % of the
deep inelastic lepton-proton scattering events observed
at HERA are diffractive. [61, 62] This seems surpris-
ing since the underlying hard subprocess `q → `′q′ is
highly disruptive of the target nucleon. The presence
of a rapidity gap between the target and diffractive sys-
tem requires that the target remnant emerges in a color-
singlet state; this is made possible in any gauge by the
soft rescattering incorporated in the Wilson line or by
augmented light-front wavefunctions. Quite different
fractions of single pp → Jet p′X and double diffractive
pp̄ → Jet p′ p̄′X events are observed at the Tevatron.
The underlying mechanism is believed to be soft gluon
exchange between the scattered quark and the remnant
system in the final state occurring after the hard scatter-
ing occurs.

8. The Principle of Maximum Conformality

It is conventional to guess the renormalization scale µ
of the QCD coupling αs(µ2) and its range in pQCD pre-
dictions. The resulting predictions then depend on the
choice of the renormalization scheme. This arbitrary
procedure of guessing the renormalization scale and
range violates the principle of “renormalization group
invariance”: physical observables cannot depend on the
choice of the renormalization scheme or the initial scale.
Varying the renormalization scale can only expose terms
in the pQCD series which are proportional to the β func-
tion; it is thus an unreliable way to estimate the accuracy
of pQCD predictions.

In fact, there is a rigorous method – the “Principle
of Maximum Conformality” (PMC) [1, 2] which sys-
tematically eliminates the renormalization scale uncer-
tainty at each order of perturbation theory. The PMC
provides scheme-independent predictions at each finite
order in perturbative QCD by systematically identifying
and shifting the nonconformal β , 0 terms into the QCD
running coupling. The renormalization scale at each or-
der of perturbation theory is thus fixed by systematically
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identifying and resuming the nonconformal β terms into
the QCD running coupling.

The PMC is a rigorous extension of the BLM
method [63]. It reduces in the Abelian limit [64] NC →

0 at fixed CFαs = α to the standard Gell Mann-Low
method for setting the renormalization scale in precision
QED predictions; in the case of QED, the renormaliza-
tion scale is simply the photon virtuality. The PMC also
sets the effective number of active flavors nF appearing
in loops correctly at each order of perturbation theory,
and it can be applied to multi-scale problems.

The identification of the β terms at any order in
pQCD can be performed unambiguously using the Rδ

method [65], which systematically exposes all of the βi

terms in any dimensional regularization scheme. One
first generalizes the MS scheme by subtracting a con-
stant δ in the dimensional regularization of the UV di-
vergent amplitudes which renormalize the QCD running
coupling, in addition to the usual log4π−γE subtraction.
The resulting terms in δ reveal the pattern of noncon-
formal βi , 0 terms. The renormalization scales are
then fixed order-by-order by shifting the arguments of
αn

s , so that no terms in δ or βi appear. The coefficients
of the resulting series matches that of the correspond-
ing scheme-independent β = 0 conformal theory. The
PMC predictions are thus independent of the choice of
renormalization scheme, as required by renormalization
group invariance. All other principles of the renormal-
ization group, such as transitivity and reciprocity, are
satisfied [66]. The divergent “renormalon” αn

sβ
n
0n! terms

in the pQCD series based on a guessed scale are also
eliminated. These are also the principles underlying the
scheme-independent commensurate scale relations [66]
between observables such as the Generalized Crewther
Relation [67]

In the case of the forward-backward asymmetry in
p̄p → tt̄X at the Tevatron, the application of the
PMC [68] eliminates the anomaly reported by CDF and
D0 – the discrepancy between measurements and pQCD
predictions was based on the choice of an erroneous
choice of renormalization scale and range. See fig. 3
As in the QED analog, e+e− → µ+µ−, the higher Born
amplitudes which produce the µ+µ− forward backward
asymmetry have a smaller renormalization scale than
the lowest-order amplitude. Thus it is essential to as-
sign a different renormalization scale at each order of
perturbation theory. The effective number of flavors n f

is also different at each order.
As we have recently shown [69], the scale uncertainty

for top-pair production at the LHC can be eliminated at
the NNLO level. When one includes the known higher-
order contributions, the central values predicted by the

The Renormalization Scale Ambiguity for Top-Pair Production -!
Eliminated Using the ‘Principle of Maximum Conformality’ (PMC)

Xing-Gang Wu  
 SJB

Conventional guess for 
renormalization scale  

and range

Experimental  
asymmetry

PMC Prediction

Top quark forward-backward asymmetry predicted by pQCD NNLO !
is within 1 σ of CDF/D0 measurements using PMC/BLM scale setting 

Figure 3: Application of the PMC to pp̄ → tt̄X forward-backward
asymmetry..

PMC become closer to the central value of the LHC
measurements. The application of the PMC scale set-
ting to Higgs branching ratios is given in Ref. [70].

The PMC thus provides a systematic and unambigu-
ous way to set the renormalization scale of any process
at each order of PQCD. An unnecessary error from the-
ory is eliminated. The PMC thus allows the LHC to test
QCD much more precisely, and the sensitivity of LHC
measurements to physics beyond the Standard Model is
greatly increased. The PMC is clearly an important ad-
vance for LHC physics since it provides an important
opportunity to strengthen tests of fundamental theory.
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