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Queen star hands in science PhD

Queen guitarist Brian May

has handed in his astronomy

PhD thesis - 36 years after

abandoning it to join the

band.

May recently carried out

observational work in Tenerife,

where he studied the formation

of "zodiacal dust clouds".

The subject forms the basis of

a 48,000-word thesis for

Imperial College, London,

where 60-year-old May studied

before becoming a rock star.

"It's been the longest gap year

ever," May said. "It was a

tough decision back then to

leave my studies for music."

But the star said that at the time, his "passion for music was

stronger".

"I'm so proud to be here today," he told BBC London.

"Astronomy has always interested me. I used to love sitting

at home and watching Sir Patrick Moore on the Sky at

Night."

May handed in the thesis,

called Radial Velocities in the

Zodiacal Dust Cloud, to

Imperial's head of astrophysics

Professor Paul Nandra.

The guitarist is scheduled to discuss his thesis with the

examining board on 23 August, his spokesman said. The

results should be known some time shortly after that date.

"If I fail I will fail big time," May said. "It will be a very public

failure with all this press."

The rock star is also preparing a concert to mark the

inauguration of a telescope at the Observatory of the Roque

de Los Muchachos in La Palma in the Canary Islands, where

he completed his studies last month.

"I have no doubt that Brian

May would have had a brilliant

career in science had he

completed his PhD in 1971,"

VIDEO AND AUDIO NEWS

Brian May interviewed after
handing in his PhD 
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Fig. 4. Fraction r of events with a large rapidity gap, 

qmax < 1.5, as a function of Q2 A for two ranges of XDA. No 
acceptance corrections have been applied. 

small compared to WDA and is typically smaller than 

10 GeV. The events span the range of  WDA from 60 

to 270 GeV. For  WDA > 150 GeV these events are 

well separated from the rest of  the sample. In this 

region, acceptance corrections have little dependence 

on W and the contr ibut ion of  these events to the deep 

inelastic cross section is, within errors, constant with 

WDA, as expected for a diffractive type of  interaction 

(see fig. 3b). At smaller values of  WDA, the acceptance 

for these events decreases since the final state hadronic 

system is boosted in the forward direction. 

In fig. 3c we present the dis tr ibut ion of  Mx for 

events with r/max< 1.5 and WOA > 150 GeV. The dis- 

t r ibution is not corrected for detector or acceptance ef- 

fects. Although this acceptance could be model  depen- 

dent, the three models  we have checked [ 13,14,16 ] 

predict  a flat acceptance with Mx for Mx > 4 GeV. 

We observe a spectrum which, given our resolution, 

the uncertainty about the acceptance and the large sta- 

tistical errors, is compat ible  with a 1/MZx dependence,  

shown as the solid curve. 

The fraction of  events with a large rapidi ty gap, pre- 

sented as a function of  Q~A in fig. 4 for two selected 

bins of  XOA, is, within errors, independent  of  Q2. The 

Q2 dependence is little affected by acceptance correc- 

tions. In QCD terminology, leading twist contribu- 

tions to structure functions show little (at most loga- 

r i thmic)  dependence on Q2 at fixed x, whereas higher 

twist terms fall as a power of  Q2. Since the proton 

structure function determined for our DIS data  sam- 

ple shows a leading twist behavior  [29], the produc- 

t ion mechanism responsible for the large rapidity gap 

events is also likely to be a leading twist effect. The 

decrease with x is partly due to acceptance, since for 

larger values of x the final hadronic state is boosted 

in the direction of  the proton so that such events will 

not be identified as having a large rapidi ty  gap in our 

detector. 

8. Discussion and conclusions 

In a sample of  deep inelastic neutral current scatter- 

ing events, we have observed a class of  events with a 

large rapidi ty gap in the final hadronic state. The flat 

rapidi ty  distr ibution,  the lack of  W dependence and 

the shape of  the Mx distr ibution are suggestive of  a 

diffractive interaction between a highly virtual pho- 

ton and the proton, mediated by the exchange of  the 

pomeron [5 ]. The fact that the percentage of  events 

with a large rapidity gap shows only a weak depen- 

dence on Q2 points to a leading twist contribution to 

the proton structure function. 

For  the hypothesis that events with a large rapidi ty 

gap are produced by a diffractive mechanism, one 

expects such events to be accompanied by a quasi- 

elastically scattered proton. For  this type of  pro- 

cess the gap between the maximum rapidity of  the 

calorimeter  and the rapidi ty of  the scattered proton is 

about three units. The selection criteria, in part icular 

the requirement of  a rapidi ty gap in the detector of  

at least 2.8 units, l imit  the acceptance for diffractive- 

like events. Since we have made no corrections for 

acceptance, the 5.4% for DIS events with a large 

rapidity gap should be considered a lower l imit  for 

diffractively produced events. 
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Inclusive Diffraction at HERA

F.-P. Schillinga∗ (on behalf of the H1 and ZEUS collaborations) †

aDESY, Notkestr. 85, D-22603 Hamburg, Germany

New precision measurements of inclusive diffractive deep-inelastic ep scattering interactions, performed by the
H1 and ZEUS collaborations at the HERA collider, are discussed. A new set of diffractive parton distributions,
determined from recent high precision H1 data, is presented.

1. INTRODUCTION

One of the biggest challenges in our under-
standing of QCD is the nature of colour sin-
glet exchange or diffractive interactions. The
electron-proton collider HERA is an ideal place to
study hard diffractive processes in deep-inelastic
ep scattering (DIS). In such interactions, the
point-like virtual photon probes the structure of
colour singlet exchange, similarly to inclusive DIS
probing proton structure.

2

!

Figure 1: Illustration of
a diffractive DIS event.

At HERA,
around 10% of
low x events
are diffractive
[1]. Experimen-
tally, such events
are identified by
either tagging
the elastically
scattered pro-
ton in Roman
pot spectrometers
60− 100 m down-
stream from the
interaction point
or by asking for

a large rapidity gap without particle production
between the central hadronic system and the
proton beam direction.

A diagram of diffractive DIS is shown in Fig. 1.
A virtual photon coupling to the beam electron

∗e-mail address: fpschill@mail.desy.de
†Talk presented at 31st Intl. Conference on High Energy
Physics ICHEP 2002, Amsterdam

interacts diffractively with the proton through
the exchange of a colour singlet and produces a
hadronic system X with mass MX in the final
state. If the 4-momenta of the incoming (out-
going) electron and proton are labeled l (l′) and
p (p′) respectively, the following kinematic vari-
ables can be defined: Q2 = −q2 = −(l − l′)2, the
photon virtuality; β = Q2/q.(p − p′), the longi-
tudinal momentum fraction of the struck quark
relative to the diffractive exchange; xIP = q.(p −
p′)/q.p, the fractional proton momentum taken
by the diffractive exchange and t = (p− p′)2, the
4-momentum squared transferred at the proton
vertex. Bjorken-x is given by x = xIP β. For the
measurements presented here typical values of xIP

are < 0.05. y = Q2/sx denotes the inelasticity,
where s is the ep CMS energy.

A diffractive reduced cross section σD(4)
r can be

defined via

d4σep→eXp

dxIP dt dβ dQ2
=

4πα2

βQ4

(

1 − y +
y2

2

)

σD(4)
r (xIP , t, β, Q2) , (1)

which is related to the diffractive structure func-
tions FD

2 and the longitudinal FD
L by

σD
r = FD

2 −
y2

2(1 − y + y2

2 )
FD

L . (2)

Except at the highest y, σD
r = FD

2 to a very good
approximation. If the outgoing proton is not de-
tected, the measurements are integrated over t:

σD(3)
r =

∫

dt σD(4)
r .

10% to 15% 
of DIS events 

are 
diffractive !

Remarkable observation at HERA

4
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Diffractive Deep Inelastic 
Lepton-Proton Scattering

DDIS

Profound effect: target stays intact despite 
production of a massive system X
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p

Final-State  QCD Interaction 
Produces Diffractive DIS 

Quark Rescattering 
Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB

Low-Nussinov model of Pomeron
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QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

7

Reproduces lab-frame color dipole approach

Hoyer, Marchal, Peigne, Sannino, sjb

Light-Front Proton 
Wavefunction

Light-Front Proton 
Wavefunction
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Feynman Gauge Light-Cone Gauge

Result is Gauge Independent

Final State Interactions in QCD 
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Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron

Need Imaginary Phase to Generate 
T-Odd Single-Spin Asymmetry

Physics of FSI not in Wavefunction of Target
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proton which we are using is a maximal coupling for the soft Odderon in relation to the soft Pomeron. So on the

one hand the ratio may be smaller than this, and on the other hand the ratio may be larger if the hard Odderon

and Pomeron have a different ratio for the coupling to the proton. For the hard Pomeron the coupling is in
Ž w x.general different at the two vertices see e.g. 27 and this could also be true for the hard Odderon.

There is also a small irreducible asymmetry from photon-Pomeron interference. Adding the photon exchange
Žamplitude to the Odderon amplitude modifies the asymmetry as follows again only taking into account the
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Measure charm momentum asymmetry in
photon fragmentation region

Odderon-Pomeron Interference!

Merino, Rathsman, sjb

γ c̄

c

p p’

γ c̄

c

p p’

Only one charm quark needs to be measured

dσ

dzc
(γp→ cc̄p′)
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f⊥1T must arise from
interference ... but a distribution function

is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere

with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are

final (or initial) state interactions ... and may be

process dependent ! new universality issues e.g. Drell-Yan

Gamberg: Hermes
data compatible with BHS 

model

Schmidt, Lu: Hermes
charge pattern follow quark 
contributions to anomalous 

moment
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In the context of the quark-parton model, the virtual-photon asymmetry Ah
UT can be

represented in terms of parton distribution and fragmentation functions [7]:

Ah
UT (φ, φS) ∝ sin(φ + φS)

∑

q

e2
q I

[
hq

1T (x, p2
T ) H⊥,q

1 (z, k2
T )

]

+ sin(φ − φS)
∑

q

e2
q I

[
f⊥,q

1T (x, q2
T ) Dq

1(z, k
2
T )

]
+ . . . (3)

Here eq is the charge of the quark species q, f⊥,q
1T (x, q2

T ) the Sivers distribution func-
tion, H⊥,q

1 (z, k2
T ) the Collins fragmentation function, hq

1T (x, p2
T ) a twist-2 relative of the

transversity distribution function [7] and Dq
1(z, k

2
T ) is the usual unpolarized fragmentation

function.
The appearance in Eq. 3 of the convolution integral I[. . .] over initial (pT ) and final

(kT ) quark transverse momenta implies that the different functions involved can not be
readily extracted in a model-independent way from the measured asymmetry. It is under
theoretical debate to what extent weighting of the measured asymmetries makes the
involved distribution and fragmentation functions appear factorized.

The data were taken since 2002 using the Hermes forward spectrometer [10] at Desy
in conjunction with a transversely polarized hydrogen target [11]. All presently available
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final results are summarized in Ref. [9], de-
tails of the analysis can be found in Ref. [12].
The kinematics coverage of the measure-
ment is 0.023 < x < 0.4 and 0.2 < z < 0.7,
and the corresponding average values of the
kinematic parameters are 〈x〉 = 0.09, 〈z〉 =
0.36, 〈y〉 = 0.54, 〈Q2〉 = 2.41 GeV2 and
〈Pπ⊥〉 = 0.41 GeV. The x and z-dependence
of the extracted moments is shown in Fig.2.
The statistical correlation in the fit between
the Collins and Sivers harmonic components
ranges between -0.5 and -0.6.

Figure 2. Top (middle) panel: Fitted
virtual-photon Collins (Sivers) moments for
charged pions, as a function of x (left) and z
(right). The error bars represent the statis-
tical uncertainties, the moments have an 8%
scale uncertainty. The bottom panel shows
the relative contribution to the measured
pion yield from exclusive vector meson pro-
duction, based on a Monte Carlo simulation.
The figure was taken from Ref.[9].
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Sivers asymmetry from HERMES

3. INTERPRETATION

The Collins moment for π+, averaged over acceptance, is positive: Aπ+
C = 0.042 ±

0.014stat.. This agrees with expectations for the transversity distributions hq
1(x), derived

from the similarities to the well measured valence helicity distributions g q
1(x) [13], namely

positive hu
1(x) and negative hd

1(x). The acceptance averaged Collins moment for π− is
large and negative, especially at large x: Aπ−

C = −0.076 ± 0.0016stat.. This comes as a
surprise, as neither u nor d flavor dominates π− production and also |hd

1(x)| < |hu
1(x)| is

expected. This observation may be explained if the disfavored Collins function was larger
and opposite in sign, as e.g. suggested by the string fragmentation model of Ref. [14].
Note that little dependence on z is seen for the Collins moments.

The Sivers moments averaged over acceptance are Aπ+
S = 0.034 ± 0.008stat. and Aπ−

S =
−0.004 ± 0.010stat., i.e. positive for π+ and consistent with zero for π−. The former
result is the first indication for the existence of a non-zero Sivers distribution function
f⊥,u

1T . However, this conclusion has to be taken with caution, as presently an unknown
systematic uncertainty has to be attributed to this result, due to the yet unmeasured
asymmetry in the pion yield from exclusive ρ0 production. More data is presently collected
at Hermes, both for semi-inclusive pion and exclusive vector meson production, which
is hoped to allow a firm conclusion on the existence of a non-zero Sivers function.
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In the context of the quark-parton model, the virtual-photon asymmetry Ah
UT can be

represented in terms of parton distribution and fragmentation functions [7]:

Ah
UT (φ, φS) ∝ sin(φ + φS)

∑

q

e2
q I

[
hq

1T (x, p2
T ) H⊥,q

1 (z, k2
T )

]

+ sin(φ − φS)
∑

q

e2
q I

[
f⊥,q

1T (x, q2
T ) Dq

1(z, k
2
T )

]
+ . . . (3)

Here eq is the charge of the quark species q, f⊥,q
1T (x, q2

T ) the Sivers distribution func-
tion, H⊥,q

1 (z, k2
T ) the Collins fragmentation function, hq

1T (x, p2
T ) a twist-2 relative of the

transversity distribution function [7] and Dq
1(z, k

2
T ) is the usual unpolarized fragmentation

function.
The appearance in Eq. 3 of the convolution integral I[. . .] over initial (pT ) and final

(kT ) quark transverse momenta implies that the different functions involved can not be
readily extracted in a model-independent way from the measured asymmetry. It is under
theoretical debate to what extent weighting of the measured asymmetries makes the
involved distribution and fragmentation functions appear factorized.

The data were taken since 2002 using the Hermes forward spectrometer [10] at Desy
in conjunction with a transversely polarized hydrogen target [11]. All presently available
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final results are summarized in Ref. [9], de-
tails of the analysis can be found in Ref. [12].
The kinematics coverage of the measure-
ment is 0.023 < x < 0.4 and 0.2 < z < 0.7,
and the corresponding average values of the
kinematic parameters are 〈x〉 = 0.09, 〈z〉 =
0.36, 〈y〉 = 0.54, 〈Q2〉 = 2.41 GeV2 and
〈Pπ⊥〉 = 0.41 GeV. The x and z-dependence
of the extracted moments is shown in Fig.2.
The statistical correlation in the fit between
the Collins and Sivers harmonic components
ranges between -0.5 and -0.6.

Figure 2. Top (middle) panel: Fitted
virtual-photon Collins (Sivers) moments for
charged pions, as a function of x (left) and z
(right). The error bars represent the statis-
tical uncertainties, the moments have an 8%
scale uncertainty. The bottom panel shows
the relative contribution to the measured
pion yield from exclusive vector meson pro-
duction, based on a Monte Carlo simulation.
The figure was taken from Ref.[9].
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Final-State Interactions Produce 
Pseudo T-Odd  (Sivers Effect)

• Leading-Twist Bjorken Scaling!

• Requires nonzero orbital angular momentum of quark

• Arises from the interference of Final-State QCD                                                  
Coulomb phases in S- and P- waves; Wilson line effect;                       
gauge independent

• Relate to the quark contribution to the target proton                                        
anomalous magnetic moment and final-state QCD phases

• QCD phase at soft scale!

• New window to QCD coupling and running gluon mass in the IR

• QED S and P Coulomb phases infinite -- difference of phases finite!

!S ·!p jet×!q

!S ·!p jet×!qi

11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark
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Single Spin Asymmetry In the Drell Yan Process
!Sp ·!p×!qγ∗
Quarks Interact in the Initial State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]Proportional

to the Proton Anomalous Moment and αs.
Opposite Sign to DIS! No Factorization

Collins; 
Hwang, Schmidt. 

sjb

Predict Opposite Sign SSA in DY !
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 DY               correlation at leading twist from double ISI

the differential cross section is written as

1

!

d!

d"
!
3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos'"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not
satisfied by the experimental data ,13,14-. The Drell-Yan
data show remarkably large values of ( , reaching values of
about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These
large values of ( are not compatible with $+1 as also seen
in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger
and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-
eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .
In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized
approach ,23- involving the chiral-odd partner of the Sivers
effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.
We compute the function h1

!(x ,p!
2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model
for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even* Sivers effect
function f 1T

! (x ,p!
2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal
asymmetries such as the cos 2' dependence. Since polarized
proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp→!!̄X )measurable
at RHIC* is smaller than for the process #$N→&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄→!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2→!!̄X *

d"dx1dx2d
2q!

!
.2

3Q2 0
a , ā

ea
2# A)y *F , f 1 f̄ 1-

"B)y *cos)2'*F $ )2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.

BOER, BRODSKY, AND HWANG PHYSICAL REVIEW D 67, 054003 )2003*
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Anomalous effect from Double ISI in 
Massive Lepton Production

• Leading Twist, valence quark dominated

• Violates Lam-Tung Relation!

• Not obtained from standard PQCD subprocess analysis

• Normalized to the square of the single spin asymmetry in semi-
inclusive DIS

• No polarization required 

• Challenge to standard picture of PQCD Factorization

Boer, Hwang, sjb
ν(QT )

cos 2φ correlation

Q = 8GeV

πN → µ+µ−X NA10

Conformal behavior: Q4F1(Q2)→ const

Conformal behavior: Q2Fπ(Q2)→ const

αs(Q2) # constant at small Q2.

function. Here we do not intend to give a full demonstration

of this in the Drell-Yan process; a generalized factorization

theorem which includes transverse momentum dependent

functions and initial- or final-state interactions remains to be

proven !27". Instead we present how to arrive at an effective
# from initial- and/or final-state interactions and use this

effective # in Fig. 2. Also, for simplicity we will perform

the explicit calculation in QED. Our analysis can be gener-

alized to the corresponding calculation in QCD. The final-

state interaction from gluon exchange has the strength

!e1e2!/4$→CF%s(&
2), where ei are the photon couplings to

the quark and diquark.

The diagram in Fig. 3 coincides with Fig. 6'a( of Ref. !28"
used for the evaluation of a twist-4 contribution ()1/Q2) to

the unpolarized Drell-Yan cross section. The differences

compared to Ref. !28" are that in the present case there is
nonzero transverse momentum of the partons, and the as-

sumption that the matrix elements are nonvanishing in case

the gluon has a vanishing light-cone momentum fraction 'but
nonzero transverse momentum(. This results in an unsup-
pressed asymmetry which is a function of the transverse mo-

mentum Q! of the lepton pair with respect to the initial

hadrons. If this transverse momentum is integrated over, then

the unsuppressed asymmetry will average to zero and the

diagrams will only contribute at order 1/Q2 as in Ref. !28".

First we will calculate the # matrix to lowest order

'called #L
%*) in the quark-scalar diquark model which was

used in Ref. !7". 'Although the model is based on a point-like
coupling of a scalar diquark to elementary fermions, it can be

softened to simulate a hadronic bound state by differentiating

the wave function formally with respect to a parameter such

as the proton mass.( As indicated earlier, no nonzero f 1T
! and

h1
! will arise from #L

%* . Next we will include an additional

gluon exchange to model the initial- and/or final-state inter-

actions 'relevant for timelike or spacelike processes( to cal-
culate # I/F

%* and do obtain nonzero values for f 1T
! and h1

! .

Our results agree with those recently obtained in the same

model by Goldstein and Gamberg !12". We can then obtain
an expression for the cos 2+ asymmetry from Eq. '16( and
perform a numerical estimation of the asymmetry.

A. ! matrix in the lowest order „!
L

"#…
As indicated in Fig. 4 the initial proton has its momentum

given by P&!(P",P#,P!)!(P
",M 2/P" ,0!), and the fi-

nal diquark P!&!(P!",P!#,P!! )!„P"(1#,),(-2

"r!
2 )/P"(1#,),r!…. We use the convention a$!a0$a3,

a•b!1/2 (a"b#"a#b")#a!•b! .
We will first calculate the # matrix to lowest order (#L

%*)

in the quark-scalar diquark model used in Ref. !7". By cal-
culation of Fig. 4 one readily obtains

#L
%*!ag2" ū'P ,S (

r”"m

r2#m2#*" r”"m

r2#m2
u'P ,S (#%

1

P"'1#,(

!ag2! ū'P ,S ('r”"m ("*!'r”"m (u'P ,S ("%
1

P"'1#,(

%$ 1

,$M 2#
m2"r!

2

,
#

-2"r!
2

1#, % % 2

, '17(

with a constant a!1/!2(2$)3" . The normalization is fixed
by the condition

& d,d2r! f 1', ,r!(!1. '18(

In Eq. '17( we used the relation

FIG. 2. The leading-order contribution to the Drell-Yan process.

FIG. 3. The initial-state interaction contribution to the Drell-Yan

process.

FIG. 4. Diagram which gives the lowest order # 'called #L
%*).

BOER, BRODSKY, AND HWANG PHYSICAL REVIEW D 67, 054003 '2003(
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS ∗

DANIËL BOER

Dept. of Physics and Astronomy,
Vrije Universiteit Amsterdam,

De Boelelaan 1081, 1081 HV Amsterdam,

The Netherlands
E-mail: D.Boer@few.vu.nl

The anomalously large cos(2φ) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum effect and one that suggests it is a hadronic
effect. Experimental signatures distinguishing these effects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process differ-
ential cross section arise only in the following way

1

σ

dσ

dΩ
∝

(

1 + λ cos2 θ + µ sin 2θ cosφ +
ν

2
sin2 θ cos 2φ

)

, (1)

where φ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order α0

s)
quark-antiquark annihilation yields λ = 1, µ = ν = 0. The leading order
(LO) perturbative QCD corrections (order α1

s) lead to µ "= 0, ν "= 0 and
λ "= 1, such that the so-called Lam-Tung relation 1 − λ − 2ν = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity κ ≡ − 1

4 (1 − λ − 2ν) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order α2
s κ

is small and negative: −κ <
∼ 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-α2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for π−N →
µ+µ−X , with N = D and W . The π−-beam energies range from 140 GeV

∗Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005

1

4

Nachtmann & Mirkes3 demonstrated that the diagonal elements H11 and
H22 can give rise to a deviation from the Lam-Tung relation:

κ ≡ −
1

4
(1 − λ − 2ν) ≈

〈

H22 − H11

1 + H33

〉

. (5)

A simple assumption for the transverse momentum dependence of (H22 −
H11)/(1 + H33) produced a good fit to the data:

κ = κ0
Q4

T

Q4
T + m4

T

, with κ0 = 0.17 and mT = 1.5 GeV. (6)

Note that for this Ansatz κ approaches a constant value (κ0) for large QT .
In other words, the vacuum effect could persist out to large values of QT .
The Q2 dependence of the vacuum effect is not known, but there is also no
reason to assume that the spin correlation due to the QCD vacuum effect
has to decrease with increasing Q2.

3. Explanation as a hadronic effect

Usually if one assumes that factorization of soft and hard energy scales in
a hard scattering process occurs, one implicitly also assumes factorization
of the spin density matrix. In the present section this will indeed be as-
sumed, but another common assumption will be dropped, namely that of
collinear factorization. It will be investigated what happens if one allows for
transverse momentum dependent parton distributions (TMDs). The spin
density matrix of a noncollinear quark inside an unpolarized hadron can
be nontrivial. In other words, the transverse polarization of a noncollinear
quark inside an unpolarized hadron in principle can have a preferred direc-
tion and the TMD describing that situation is called h⊥

1
10. As pointed out

in Ref.1 nonzero h⊥
1 leads to a deviation from Lam-Tung relation. It offers

a parton model explanation of the DY data (i.e. with λ = 1 and µ = 0):
κ = ν

2 ∝ h⊥
1 (π)h⊥

1 (N) . In this way a good fit to data was obtained
by assuming Gaussian transverse momentum dependence. The reason for
this choice of transverse momentum dependence is that in order to be con-
sistent with the factorization of the cross section in terms of TMDs, the
transverse momentum of partons should not introduce another large scale.
Therefore, explaining the Lam-Tung relation within this framework neces-
sarily implies that κ = ν

2 → 0 for large QT . This offers a possible way to
distinguish between the hadronic effect and the QCD vacuum effect.

It may be good to mention that not only a fit of h⊥
1 to data has been

made (under certain assumptions), also several model calculations of h⊥
1

5

and some of its resulting asymmetries have been performed11,12,13, based
on the recent insight that T-odd TMDs like h⊥

1 arise from the gauge link.
In order to see the parton model expectation κ = ν

2 → 0 at large QT in
the data, one has to keep in mind that the pQCD contributions (that grow
as QT increases) will have to be subtracted. For κ perturbative corrections
arise at order α2

s, but for ν already at order αs. To be specific, at large QT

hard gluon radiation (to first order in αs) gives rise to14

ν(QT ) =
Q2

T

Q2 + 3
2Q2

T

. (7)

Due to this growing large-QT perturbative contribution the fall-off of the
h⊥

1 contribution will not be visible directly from the behavior of ν at large
QT . Therefore, in order to use ν as function of QT to differentiate between
effects, it is necessary to subtract the calculable pQCD contributions. In
Fig. 3 an illustration of this point is given. The dashed curve corresponds

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6 7 8
QT

Figure 3. Impression of possible contributions to ν as function of QT compared to DY
data of NA10 (for Q = 8 GeV). Dashed curve: contribution from perturbative one-gluon
radiation. Dotted curve: contribution from a nonzero h⊥

1 . Solid curve: their sum.

to the contribution of Eq. (7) at Q = 8 GeV. The dotted line is a pos-
sible, parton model level, contribution from h⊥

1 with Gaussian transverse
momentum dependence. Together these contributions yield the solid curve
(although strictly speaking it is not the case that one can simply add them,
since one is a noncollinear parton model contribution expected to be valid
for small QT and the other is an order-αs result within collinear factor-
ization expected to be valid at large QT ). The data are from the NA10
Collaboration for a pion beam energy of 194 GeV/c 5.

The Q2 dependence of the h⊥
1 contribution is not known to date. Only

the effect of resummation of soft gluon radiation on the h⊥
1 contribution to

function. Here we do not intend to give a full demonstration

of this in the Drell-Yan process; a generalized factorization

theorem which includes transverse momentum dependent

functions and initial- or final-state interactions remains to be

proven !27". Instead we present how to arrive at an effective
# from initial- and/or final-state interactions and use this

effective # in Fig. 2. Also, for simplicity we will perform

the explicit calculation in QED. Our analysis can be gener-

alized to the corresponding calculation in QCD. The final-

state interaction from gluon exchange has the strength

!e1e2!/4$→CF%s(&
2), where ei are the photon couplings to

the quark and diquark.

The diagram in Fig. 3 coincides with Fig. 6'a( of Ref. !28"
used for the evaluation of a twist-4 contribution ()1/Q2) to

the unpolarized Drell-Yan cross section. The differences

compared to Ref. !28" are that in the present case there is
nonzero transverse momentum of the partons, and the as-

sumption that the matrix elements are nonvanishing in case

the gluon has a vanishing light-cone momentum fraction 'but
nonzero transverse momentum(. This results in an unsup-
pressed asymmetry which is a function of the transverse mo-

mentum Q! of the lepton pair with respect to the initial

hadrons. If this transverse momentum is integrated over, then

the unsuppressed asymmetry will average to zero and the

diagrams will only contribute at order 1/Q2 as in Ref. !28".

First we will calculate the # matrix to lowest order

'called #L
%*) in the quark-scalar diquark model which was

used in Ref. !7". 'Although the model is based on a point-like
coupling of a scalar diquark to elementary fermions, it can be

softened to simulate a hadronic bound state by differentiating

the wave function formally with respect to a parameter such

as the proton mass.( As indicated earlier, no nonzero f 1T
! and

h1
! will arise from #L

%* . Next we will include an additional

gluon exchange to model the initial- and/or final-state inter-

actions 'relevant for timelike or spacelike processes( to cal-
culate # I/F

%* and do obtain nonzero values for f 1T
! and h1

! .

Our results agree with those recently obtained in the same

model by Goldstein and Gamberg !12". We can then obtain
an expression for the cos 2+ asymmetry from Eq. '16( and
perform a numerical estimation of the asymmetry.

A. ! matrix in the lowest order „!
L

"#…
As indicated in Fig. 4 the initial proton has its momentum

given by P&!(P",P#,P!)!(P
",M 2/P" ,0!), and the fi-

nal diquark P!&!(P!",P!#,P!! )!„P"(1#,),(-2

"r!
2 )/P"(1#,),r!…. We use the convention a$!a0$a3,

a•b!1/2 (a"b#"a#b")#a!•b! .
We will first calculate the # matrix to lowest order (#L

%*)

in the quark-scalar diquark model used in Ref. !7". By cal-
culation of Fig. 4 one readily obtains

#L
%*!ag2" ū'P ,S (

r”"m

r2#m2#*" r”"m

r2#m2
u'P ,S (#%

1

P"'1#,(

!ag2! ū'P ,S ('r”"m ("*!'r”"m (u'P ,S ("%
1

P"'1#,(

%$ 1

,$M 2#
m2"r!

2

,
#

-2"r!
2

1#, % % 2

, '17(

with a constant a!1/!2(2$)3" . The normalization is fixed
by the condition

& d,d2r! f 1', ,r!(!1. '18(

In Eq. '17( we used the relation

FIG. 2. The leading-order contribution to the Drell-Yan process.

FIG. 3. The initial-state interaction contribution to the Drell-Yan

process.

FIG. 4. Diagram which gives the lowest order # 'called #L
%*).
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Double Initial-State Interactions 
generate anomalous  

the differential cross section is written as

1

!

d!

d"
!
3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos'"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not
satisfied by the experimental data ,13,14-. The Drell-Yan
data show remarkably large values of ( , reaching values of
about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These
large values of ( are not compatible with $+1 as also seen
in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger
and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-
eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .
In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized
approach ,23- involving the chiral-odd partner of the Sivers
effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.
We compute the function h1

!(x ,p!
2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model
for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even* Sivers effect
function f 1T

! (x ,p!
2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal
asymmetries such as the cos 2' dependence. Since polarized
proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp→!!̄X )measurable
at RHIC* is smaller than for the process #$N→&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄→!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2→!!̄X *

d"dx1dx2d
2q!

!
.2

3Q2 0
a , ā

ea
2# A)y *F , f 1 f̄ 1-

"B)y *cos)2'*F $ )2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.
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Drell-Yan planar correlations

Double ISI

Hard gluon radiation

ν(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)→ const

Conformal behavior: Q2Fπ(Q2)→ const

αs(Q2) " constant at small Q2.

Q4F1(Q2) " constant

If αs(Q∗2) " constant

ν(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)→ const

Conformal behavior: Q2Fπ(Q2)→ const

αs(Q2) " constant at small Q2.

Q4F1(Q2) " constant

If αs(Q∗2) " constant

ν(QT )

Q = 8GeV

πN → µ+µ−X NA10

Conformal behavior: Q4F1(Q2)→ const

Conformal behavior: Q2Fπ(Q2)→ const

αs(Q2) # constant at small Q2.

Q4F1(Q2) # constant

Violates Lam-Tung relation!

Boer, Hwang, sjb
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS ∗

DANIËL BOER

Dept. of Physics and Astronomy,
Vrije Universiteit Amsterdam,

De Boelelaan 1081, 1081 HV Amsterdam,

The Netherlands
E-mail: D.Boer@few.vu.nl

The anomalously large cos(2φ) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum effect and one that suggests it is a hadronic
effect. Experimental signatures distinguishing these effects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process differ-
ential cross section arise only in the following way

1

σ

dσ

dΩ
∝

(

1 + λ cos2 θ + µ sin 2θ cosφ +
ν

2
sin2 θ cos 2φ

)

, (1)

where φ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order α0

s)
quark-antiquark annihilation yields λ = 1, µ = ν = 0. The leading order
(LO) perturbative QCD corrections (order α1

s) lead to µ "= 0, ν "= 0 and
λ "= 1, such that the so-called Lam-Tung relation 1 − λ − 2ν = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity κ ≡ − 1

4 (1 − λ − 2ν) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order α2
s κ

is small and negative: −κ <
∼ 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-α2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for π−N →
µ+µ−X , with N = D and W . The π−-beam energies range from 140 GeV

∗Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005
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c

c̄

g

Q4F1(Q2)→ const

x→ 1 ≡ kz → −∞

α(t) = α(0)
1−Π(t)

2πρ(x, b, Q)

c

c̄

g

Q4F1(Q2)→ const

x→ 1 ≡ kz → −∞

α(t) = α(0)
1−Π(t)

2πρ(x, b, Q)

Problem for factorization when both ISI and FSI occur

g
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FIG. 8: The exchange of two extra gluons, as in this graph,
will tend to give non-factorization in unpolarized cross sec-
tions.

FIG. 9: In a conventional perturbative QCD calculation for
an unpolarized partonic cross section, non-factorization by
the mechanisms discussed in this paper would first appear in
graphs of this order.

culations. Normally one performs calculations with on-
shell massless quarks and gluons, and extracts collinear
divergences that are grouped with parton densities and
fragmentation functions; any remaining divergences can-
cel between graphs. Non-factorization in the hadronic
cross section corresponds to uncanceled divergences in
quark-gluon calculations. The lowest order in which the
mechanisms we have discussed could possible give an un-
canceled divergence in unpolarized partonic cross sec-
tions is NNNLO, as in Fig. 9. The region for the un-
canceled divergence is where the lower gluon is collinear
to the lower incoming quark, and two of the exchanged
gluons are soft. This graph is at least one order beyond
all standard perturbative QCD calculations.

Because our calculations directly concern cross sec-
tions that use transverse-momentum-dependent parton
densities, a certain amount of care is needed in inter-
preting the results. The natural direction for the Wilson
lines is light-like, as from Eq. (3.8). However light-like
Wilson lines give divergences in transverse-momentum-
dependent densities [7]. These are due to rapidity di-
vergences [20] in integrals over gluon momentum; they
cancel [7] in conventional parton densities only because
of an integral over all transverse momentum in integrated

parton densities. The solution adopted by Collins, Soper
and Sterman [7] (CSS) was to define parton densities
without Wilson lines but in a non-light-like axial gauge.
The gauge-fixing vector introduces a cut-off on gluon ra-
pidity, and then an evolution equation with respect to
the cut-off was derived. The non-perturbative functions
involved in this CSS evolution equation have been mea-
sured (e.g., [21]) in fits to DY cross sections, and would
be an essential ingredient in testing non-factorization.

However, there are some unsatisfactory features of the
use of axial gauges, which are made particularly evident
in polarized cross sections. This includes complications
concerning gauge links at infinity [22], when a Wilson line
formalism is used. A much better definition is to use a
non-light-like Wilson line. This again obeys an equation
of the CSS form. It is also possible to use a subtractive
formalism [20, 23] with light-like Wilson lines but with
generalized renormalization factors involving vacuum ex-
pectation values of Wilson lines, which also implement a
rapidity cutoff, and lead to a CSS equation.

To test the predicted non-factorization, we simply need
predictions of high-pT hadrons in hadron-hadron colli-
sions, made on the basis of fits to parton densities in
DIS and DY and to fragmentation functions in e+e− and
SIDIS [24]. Probing the SSA would be particularly inter-
esting, and such measurements are underway at RHIC
[25, 26]. The same physics is probed in the transverse
shape of jets, and would be worth investigating.

Our counterexample applies in a kinematic region
where the normal intuitive ideas of the parton model
appear quite appropriate, even with a generalization to
kT -factorization. Therefore it forces us to question un-
der what conditions factorization is actually valid and to
what extent it has actually been demonstrated. It cannot
be assumed that naive extensions of apparently estab-
lished results are applicable beyond the cases to which
the actual proofs explicitly apply.

For hadron-hadron collisions, factorization has been
proved [5, 6] for the Drell-Yan process integrated over
transverse momentum or at large transverse momentum
(of order Q). These proofs apply in the presence of gluon
exchanges of the kind that we discuss in the present pa-
per. But these papers do not go beyond this, to the pro-
duction of hadrons. Because factorization is important to
all aspects of hadron-collider phenomenology, it is critical
to solve this problem for the hadroproduction of high-pT

hadrons. Given our counterexample to kT -factorization,
a proof of factorization can only succeed in a situation
where conventional collinear factorization is appropriate.
For dihadron production this is when the hadron-pair has
itself large transverse momentum or when the pair’s out-
of-plane transverse momentum is integrated over a wide
range.

In fact, Nayak, Qiu and Sterman [27] have recently
given strong arguments that collinear factorization does
indeed hold in such a situations. The graphs examined
are similar to ours. They apply Ward identities to prove
an eikonalization generalizing our specific calculations.
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Factorization is violated in production of high-transverse-momentum particles in
hadron-hadron collisions

John Collins∗
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We show that hard-scattering factorization is violated in the production of high-pT hadrons in
hadron-hadron collisions, in the case that the hadrons are back-to-back, so that kT factorization
is to be used. The explicit counterexample that we construct is for the single-spin asymmetry
with one beam transversely polarized. The Sivers function needed here has particular sensitivity
to the Wilson lines in the parton densities. We use a greatly simplified model theory to make the
breakdown of factorization easy to check explicitly. But the counterexample implies that standard
arguments for factorization fail not just for the single-spin asymmetry but for the unpolarized cross
section for back-to-back hadron production in QCD in hadron-hadron collisions. This is unlike
corresponding cases in e+e− annihilation, Drell-Yan, and deeply inelastic scattering. Moreover, the
result endangers factorization for more general hadroproduction processes.

PACS numbers: 12.38.Bx, 12.39.St, 13.85.Ni, 13.87.-a, 13.88.+e

I. INTRODUCTION

The great importance of hard-scattering factorization
in high-energy phenomenology hardly needs emphasis.
Essential to its application and predictiveness is the uni-
versality of parton densities (and fragmentation func-
tions, etc) between different reactions. However, as can
be seen from [1, 2, 3, 4], process-dependent Wilson lines
appear to be needed in the inclusive production of two
high-transverse-momentum particles in hadron-hadron
collisions, i.e., in the process

H1 + H2 → H3 + H4 + X. (1.1)

In this paper we will show that this situation definitively
leads to a breakdown of factorization.

The standard expectation is that the cross section is
a convolution of a hard scattering coefficient dσ̂, par-
ton densities, fragmentation functions and a possible soft
function:

E3E4

dσ

d3p3d3p4

=
∑

∫

dσ̂i+j→k+l+X fi/1 fj/2 d3/k d4/l

+ power-suppressed correction.
(1.2)

Here the sum and integral are over the flavors and mo-
menta of the partons of the hard scattering, fi/H denotes
a parton density, and dH/i a fragmentation function.

It is noteworthy that the classic published proofs for
factorization in hadron-hadron scattering [5, 6] only con-
cerned the Drell-Yan process. There are a number of

∗Electronic address: collins@phys.psu.edu
†Electronic address: jwq@iastate.edu

difficult issues in the proof that are highly non-trivial
to extend to other reactions in hadron-hadron collisions,
even though Eq. (1.2) is a standard expectation.

We will examine the case that the produced hadrons
are almost back-to-back. Then the appropriate factoriza-
tion property is kT -factorization, which entails [7] the use
of transverse-momentum dependent (TMD) parton den-
sities and fragmentation functions. However, the issues
raised by our counterexample to factorization are suffi-
ciently general that they create a need to examine very
carefully the arguments for factorization in hadropro-
duction of hadrons even in situations where ordinary
collinear factorization with integrated densities is appro-
priate. In the case of kT -factorization with TMD den-
sities, the factorization formula needs the insertion of a
soft factor S, not shown in Eq. (1.2).

The problems concern gluon exchanges between differ-
ent kinds of collinear line, as in Fig. 7 below. To obtain
factorization, the gluon attachments must be converted
to Wilson lines in gauge-invariant definitions of the par-
ton densities and fragmentation functions. This relies [6]
on the use of Ward identities applied to approximations
to the amplitudes. But the approximations are only valid
after certain contour deformations on the loop momenta.

Bacchetta, Bomhof, Mulders and Pijlman [1, 2, 3, 4]
argued that because of the complicated combination of
initial- and final-state interactions, the Wilson lines must
be modified. What is not so clear is the interpretation of
their result. So in the present paper we present an argu-
ment to make fully explicit the failure of factorization.

Since the issue is one of factorization in general, and
not just specifically in QCD, we clarify the issue by ex-
amining a particular process in a model field theory. The
process is a transverse single-spin asymmetry of the kind
controlled by a Sivers function. This is a case where prob-

John Collins, Jian-Wei Qiu . ANL-HEP-PR-07-25, May 2007.
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Novel Aspects of QCD in ep scattering

• Initial and final-state interactions are not power suppressed 
DIS; Wilson line correction to handbag diagram in DVCS

• Leading-twist Bjorken-scaling single-spin asymmetry:

• Leading-twist Bjorken-scaling Diffractive DIS

• Diffractive Electroproduction; Color Transparency

• DIS at high energy reflects interactions of color-dipole of 
virtual photon with proton and nucleus: shadowing, saturation:  

• Breakdown of parton model concepts: Structure functions are 
not probability distributions

• Nuclear LFWFS are universal, but the measured nuclear 
parton distributions are  not universal -- antishadowing  is 
flavor-dependent
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FIG. 2: (Color online) Comparison with experimental ratios
R = F A

2 /F D
2 . The ordinate indicates the fractional differences

between experimental data and theoretical values: (Rexp −

Rtheo)/Rtheo.
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ters cannot be determined easily by the present data.
The χ2 analysis results are shown in comparison with

the data. First, χ2 values are listed for each nuclear
data set in Table III. The total χ2 divided by the degree
of freedom is 1.58. Comparison with the actual data is
shown in Figs. 2, 3, and 4 for the FA

2 /FD
2 , FA

2 /FC,Li
2 ,

and Drell-Yan (σpA
DY /σpA′

DY ) data, respectively. These ra-
tios are denoted Rexp for the experimental data and Rtheo

for the parametrization calculations. The deviation ra-
tios (Rexp−Rtheo)/Rtheo are shown in these figures. The
NPDFs are evolved to the experimental Q2 points, then
the ratios (Rexp − Rtheo)/Rtheo are calculated.
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DY /σpA′

DY . The ratios (Rexp − Rtheo)/Rtheo are shown.
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FIG. 5: (Color online) Parametrization results are compared
with the data of F2 ratios F Ca

2 /F D
2 and Drell-Yan ratios

σpCa
DY /σpD

DY . The theoretical curves and uncertainties are cal-
culated at Q2=5 GeV2 for the F2 ratios and at Q2=50 GeV2

for the Drell-Yan ratios.

As examples, actual data are compared with the
parametrization results in Fig. 5 for the ratios FCa

2 /FD
2

and σpCa
DY /σpD

DY . The shaded areas indicate the ranges of
NPDF uncertainties, which are calculated at Q2=5 GeV2

for the F2 ratios and at Q2=50 GeV2 for the Drell-Yan
ratios. The experimental data are well reproduced by the
parametrization, and the the data errors agree roughly
with the uncertainty bands. We should note that the
parametrization curves and the uncertainties are calcu-
lated at at Q2=5 and 50 GeV2, whereas the data are
taken at various Q2 points. In Fig. 5, the smallest-
x data at x=0.0062 for FCa

2 /FD
2 seems to deviate from

the parametrization curve. However, the deviation comes
simply from a Q2 difference. In fact, if the theoretical ra-
tio is estimated at the experimental Q2 point, the data
point agrees with the parametrization as shown in Fig.
2.
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Anti-Shadowing

Shadowing
M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF ! 

 Dynamical effect due to virtual photon interacting in 
nucleus

Stodolsky
Pumplin, sjb

Gribov

Shadowing depends on understanding leading twist-diffraction in DIS
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Integration over on-she# domain produces phase i

Need Imaginary Phase to Generate Pomeron
Need Imaginary Phase to Generate T-

Odd Single-Spin Asymmetry

Physics of FSI not in Wavefunction of Target

Shadowing depends on 
leading-twist DDIS

23

Antishadowing (Reggeon exchange) is not 
universal!

23
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Nuclear Antishadowing not universal !

24

Schmidt, Yang; sjb
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Shadowing and Antishadowing  of DIS 
Structure Functions

S. J. Brodsky, I. Schmidt and J. J. Yang, “Nuclear Antishadowing in
Neutrino Deep Inelastic Scattering,” Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

S. J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in
Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

25

Modifies
NuTeV extraction of 

sin2 θW

Test in flavor-tagged 
lepton-nucleus collisions

25



• Diffractive DIS

• Non-Unitary Correction to DIS:  Structure functions are not 
probability distributions

• Nuclear Shadowing,  Antishadowing-  Not in Target WF

• Single Spin Asymmetries -- opposite sign in DY and DIS

•  DY angular distribution at leading twist from double ISI-- 
not given by PQCD factorization -- breakdown of 
factorization!

• Wilson Line Effects not 1 even in LCG

• Must correct hard subprocesses for initial and final-state soft 
gluon attachments

• Corrections to Handbag Approximation in DVCS
Hoyer, Marchal, Peigne, Sannino, sjb

Physics of Rescattering

26



• Square of Target LFWFs                 Modified by Rescattering: ISI & FSI

• No Wilson Line                             Contains Wilson Line, Phases

• Probability Distributions                 No Probabilistic Interpretation

• Process-Independent                      Process-Dependent - From Collision

• T-even Observables                        T-Odd (Sivers, Boer-Mulders, etc.)

• No Shadowing,  Anti-Shadowing      Shadowing,  Anti-Shadowing, Saturation

• Sum Rules: Momentum and Jz               Not Proven

• DGLAP Evolution; mod. at large x   DGLAP Evolution

• No Diffractive DIS                         Hard Pomeron and Odderon: DDIS

Static  vs. Dynamic Structure Functions
Static                               DynamicGeneral remarks about orbital angular mo-

mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

2
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P+

!"⊥

−!"⊥

P+

Universal 
Frame-Independent 

Light Front 
virtual photon and 

proton Wavefunctions 

xa
!"⊥ + !k⊥a

ΨB(xb,!k⊥b)

Ψ∗
γ(xa,!k⊥a)

LF time of first interaction

28
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Dirac’s Amazing  Idea: 
The Front Form

Fig. 1. Dirac’s three forms of Hamiltonian dynamics.

2.4. Forms of Hamiltonian dynamics

Obviously, one has many possibilities to parametrize space—time by introducing some general-
ized coordinates xJ (x). But one should exclude all those which are accessible by a Lorentz
transformation. Those are included anyway in a covariant formalism. This limits considerably the
freedom and excludes, for example, almost all rotation angles. Following Dirac [123] there are no
more than three basically different parametrizations. They are illustrated in Fig. 1, and cannot be
mapped on each other by a Lorentz transform. They differ by the hypersphere on which the fields
are initialized, and correspondingly one has different “times”. Each of these space—time parametriz-
ations has thus its own Hamiltonian, and correspondingly Dirac [123] speaks of the three forms of
Hamiltonian dynamics: The instant form is the familiar one, with its hypersphere given by t"0. In
the front form the hypersphere is a tangent plane to the light cone. In the point form the time-like
coordinate is identified with the eigentime of a physical system and the hypersphere has a shape of
a hyperboloid.

Which of the three forms should be prefered? The question is difficult to answer, in fact it is
ill-posed. In principle, all three forms should yield the same physical results, since physics should
not depend on how one parametrizes the space (and the time). If it depends on it, one has made
a mistake. But usually one adjusts parametrization to the nature of the physical problem to
simplify the amount of practical work. Since one knows so little on the typical solutions of a field
theory, it might well be worth the effort to admit also other than the conventional “instant” form.

The bulk of research on field theory implicitly uses the instant form, which we do not even
attempt to summarize. Although it is the conventional choice for quantizing field theory, it has

S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486 315

Instant Form Front Form 

z0 = 1
ΛQCD

z∆

∆ = 3 + L: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

σ = ct− z

z0 = 1
ΛQCD

z∆

∆ = 3 + L: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

σ = ct− z

Evolve in 
light-front time!

29

Evolve in 
ordinary time

P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

29



 

Each element of 
flash photograph  

illuminated  
at same LF time

τ = t + z/c

Eigenstate -- independent of τ

Evolve in LF time

P− = i
d

dτ

30
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General remarks about orbital angular mo-
mentum

!R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

∑n
i=1(xi

!P⊥+ !k⊥i) = !P⊥

xi
!P⊥+ !k⊥i

∑n
i

!k⊥i = !0⊥

∑n
i xi = 1

General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

P+, !P+

xiP
+, xi

!P⊥+ !k⊥i

ẑ

!L = !R× !P

!Li = (xi
!R⊥+!b⊥i)× !P

!"i = !b⊥i × !k⊥i

!"i = !Li − xi
!R⊥ × !P = !b⊥i × !P

A(σ,∆⊥) = 1
2π

∫
dζe

i
2σζM(ζ,∆⊥)

P+, $P⊥

xiP
+, xi

$P⊥+ $k⊥i

ζ = Q2

2p·q

ẑ

$L = $R× $P

$Li = (xi
$R⊥+$b⊥i)× $P

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of P
μ 

31

Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory

x =
k+

P+
=

k0 + k3

P 0 + P 3

31
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ψ(x,k⊥)
HQCD
LF |ψ>=M2|ψ>

Dirac’s Front Form: Fixed τ= t+ z/c

Light-Front Wavefunctions

xi =
k+
i

P+

0 < xi < 1

n∑

i=1
xi = 1Remarkable new insights from AdS/CFT,              

the duality between conformal field theory       
and Anti-de Sitter Space 

Invariant under boosts.   Independent of Pμ

32

Direct connection to QCD Lagrangian

32
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Heisenberg Matrix 
FormulationLight-Front QCD

Eigenvalues and Eigensolutions give Hadron 
Spectrum and Light-Front wavefunctions

HQCD
LF |Ψh >= M2

h|Ψh >

HQCD
LF =

∑

i

[
m2 + k2

⊥
x

]i + Hint
LF

Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

10. For the instantaneous fermion lines use the factor ¼
"

in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor ¼

#
.

The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: ¹he qqN -scattering amplitude

The simplest application of the above rules is the calculation of the electron—muon scattering
amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
difficult. We thus imagine an initial (q, qN )-pair with different flavors fOfM to be scattered off each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states

!q, qN "" 1

!n
$

%$

!
$!"

b!
$"

(k
&
, #

&
)d!

$"M
(k

&N
, #

&N
)!0" , (3.29)

!q$, qN $"" 1

!n
$

%$
!
$!"

b!
$"

(k$
&
, #$

&
)d!

$"M
(k$

&N
, #$

&N
)!0" , (3.30)

338 S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486

LQCD → HQCD
LF

Hint
LF : Matrix in Fock Space

Physical gauge: A+ = 0

33
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General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

LFWFs

B-Decays

GPDs

Distribution 
Amplitudes

Hadronization 
at the amplitude 

level

Underlie 
Diffractive  
Reactions

34
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|p,Sz>=∑
n=3

ψn(xi, !k⊥i,λi)|n;k⊥i,λi>|p,Sz>=∑
n=3

Ψn(xi,!k⊥i,λi)|n;!k⊥i,λi>

|p,Sz>=∑
n=3

Ψn(xi,!k⊥i,λi)|n;!k⊥i,λi>

The Light Front Fock State Wavefunctions

Ψn(xi,!k⊥i,λi)

are boost invariant; they are independent of the hadron’s energy
and momentum Pµ.
The light-cone momentum fraction

xi =
k+
i
p+ =

k0i + kzi
P0+Pz

are boost invariant.
n

∑
i
k+
i = P+,

n

∑
i
xi = 1,

n

∑
i

!k⊥i =!0⊥.

sum over states with n=3, 4, ...constituents

Fixed LF time

35

Intrinsic heavy quarks,    s̄(x) != s(x)

φM(x, Q0) ∝
√

x(1− x)

ψM(x, k2
⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep→ eπ+n

Pπ/p " 30%

Violation of Gottfried sum rule

ū(x) #= d̄(x)

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3
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HEP
::
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::
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::
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::
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Light cone wave functions at small x.
F. Antonuccio (Heidelberg, Max Planck Inst. & Heidelberg U.) , S.J. Brodsky (SLAC) , S. Dalley (CERN) . 
Phys.Lett.B412:104-110,1997. 
e-Print: hep-ph/9705413

36

Mueller: BFKL derived from multi-gluon Fock State

Soft gluons in the infinite momentum wave function and the BFKL pomeron.
Alfred H. Mueller (SLAC & Columbia U.) . SLAC-PUB-10047, CU-TP-609, Aug 1993. 12pp. 
Published in Nucl.Phys.B415:373-385,1994.

Antonuccio, Dalley, sjb: Ladder Relations
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 E866/NuSea (Drell-Yan)

s(x) != s̄(x)

Intrinsic glue, sea, 
heavy quarks

d̄(x) != ū(x)
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z

0.0

0.6

–0.6

9-96 
8229A01

A
 p s

p–
  
(z

)
s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
Ds→p(z)+Ds→p̄(z)

Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)

s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
Ds→p(z)+Ds→p̄(z)

Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)

s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
Ds→p(z)+Ds→p̄(z)

Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)

s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
Ds→p(z)+Ds→p̄(z)

Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)
Compare protons versus anti-proton in s̄ current quark fragmentation

Tag s quark via high xF Λ production in proton fragmentation region.

B.Q. Ma and sjb
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S.J. Brodsky et al. / Nuclear Physics B 593 (2001) 311–335 331

moment vanishes [22]. The light-cone formalism also properly incorporatesWigner boosts.

Thus this model of composite systems can serve as a useful theoretical laboratory to

interrelate hadronic properties and check the consistency of formulae proposed for the

study of hadron substructure.

7. Spin and orbital angular momentum composition of light-cone wavefunctions

In general the light-cone wavefunctions satisfy conservation of the z projection of

angular momentum:

J z =
n∑

i=1
sz
i +

n−1∑

j=1
lzj . (62)

The sum over sz
i represents the contribution of the intrinsic spins of the n Fock state

constituents. The sum over orbital angular momenta lzj = −i
(
k1j

∂
∂k2j

− k2j
∂

∂k1j

)
derives from

the n−1 relative momenta. This excludes the contribution to the orbital angularmomentum
due to the motion of the center of mass, which is not an intrinsic property of the hadron.

We can see how the angular momentum sum rule Eq. (62) is satisfied for the

wavefunctions Eqs. (20) and (23) of the QED model system of two-particle Fock states.

In Table 1 we list the fermion constituent’s light-cone spin projection sz
f = 1

2
λf, the boson

constituent spin projection sz
b = λb, and the relative orbital angular momentum lz for each

contributing configuration of the QED model system wavefunction.

Table 1 is derived by calculating the matrix elements of the light-cone helicity operator

γ +γ 5 [29] and the relative orbital angular momentum operator−i
(
k1 ∂

∂k2
− k2 ∂

∂k1

)
[16,30,

31] in the light-cone representation. Each configuration satisfies the spin sum rule: J z =
sz
f + sz

b + lz.

For a better understanding of Table 1, we look at the non-relativistic and ultra-relativistic

limits. At the non-relativistic limit, the transversal motions of the constituent can be

neglected and we have only the | + 1
2
〉 → | − 1

2
+ 1〉 configuration which is the non-

relativistic quantum state for the spin-half system composed of a fermion and a spin-1

boson constituents. The fermion constituent has spin projection in the opposite direction

to the spin J z of the whole system. However, for ultra-relativistic binding in which the

transversal motions of the constituents are large compared to the fermion masses, the

Table 1

Spin decomposition of the J z = + 1
2
electron

Configuration Fermion spin sz
f

Boson spin sz
b

Orbital ang. mom. lz

∣∣+ 1
2

〉
→

∣∣+ 1
2

+ 1
〉

+ 1
2

+1 −1
∣∣+ 1

2

〉
→

∣∣− 1
2

+ 1
〉

− 1
2

+1 0
∣∣+ 1

2

〉
→

∣∣+ 1
2

− 1
〉

+ 1
2

−1 +1

Conserved 
LF Fock state by Fock State
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boson constituents. The fermion constituent has spin projection in the opposite direction

to the spin J z of the whole system. However, for ultra-relativistic binding in which the

transversal motions of the constituents are large compared to the fermion masses, the

Table 1

Spin decomposition of the J z = + 1
2
electron

Configuration Fermion spin sz
f

Boson spin sz
b

Orbital ang. mom. lz

∣∣+ 1
2

〉
→

∣∣+ 1
2

+ 1
〉

+ 1
2

+1 −1
∣∣+ 1

2

〉
→

∣∣− 1
2

+ 1
〉

− 1
2

+1 0
∣∣+ 1

2

〉
→

∣∣+ 1
2

− 1
〉

+ 1
2

−1 +1

n-1 orbital angular momenta

Angular Momentum on the Light-Front

Nonzero Anomalous Moment -->Nonzero orbital angular momentum
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For leptons, such as the electron or neutrino, it is convenient to employ the electron
mass for M , so that the magnetic moment is given in Bohr magnetons.

Now we turn to the evaluation of the helicity-conserving and helicity-flip vector-
current matrix elements in the light-front formalism. In the interaction picture, the
current Jµ(0) is represented as a bilinear product of free fields, so that it has an
elementary coupling to the constituent fields [13, 14, 15]. The Dirac form factor can
then be calculated from the expression

F1(q
2) =

∑

a

∫
[dx][d2k⊥]

∑

j

ej

[
ψ↑∗

a (xi,k
′
⊥i, λi) ψ↑

a(xi,k⊥i, λi)
]
, (10)

whereas the Pauli and electric dipole form factors are given by

F2(q2)

2M
=

∑

a

∫
[dx][d2k⊥]

∑

j

ej
1

2
× (11)

[
− 1

qL
ψ↑∗

a (xi,k
′
⊥i, λi) ψ↓

a(xi,k⊥i, λi) +
1

qR
ψ↓∗

a (xi,k
′
⊥i, λi) ψ↑

a(xi,k⊥i, λi)
]

,

F3(q2)

2M
=

∑

a

∫
[dx][d2k⊥]

∑

j

ej
i

2
× (12)

[
− 1

qL
ψ↑∗

a (xi,k
′
⊥i, λi) ψ↓

a(xi,k⊥i, λi)−
1

qR
ψ↓∗

a (xi,k
′
⊥i, λi) ψ↑

a(xi,k⊥i, λi)
]

.

The summations are over all contributing Fock states a and struck constituent charges
ej. Here, as earlier, we refrain from including the constituents’ color and flavor
dependence in the arguments of the light-front wave functions. The phase-space
integration is

∫
[dx] [d2k⊥] ≡

∑

λi,ci,fi

[
n∏

i=1

(∫ ∫ dxi d2k⊥i

2(2π)3

)]

16π3δ

(

1−
n∑

i=1

xi

)

δ(2)

(
n∑

i=1

k⊥i

)

, (13)

where n denotes the number of constituents in Fock state a and we sum over the
possible {λi}, {ci}, and {fi} in state a. The arguments of the final-state, light-front
wave function differentiate between the struck and spectator constituents; namely, we
have [13, 15]

k′
⊥j = k⊥j + (1− xj)q⊥ (14)

for the struck constituent j and

k′
⊥i = k⊥i − xiq⊥ (15)

for each spectator i, where i $= j. Note that because of the frame choice q+ = 0, only
diagonal (n′ = n) overlaps of the light-front Fock states appear [14].
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6

Drell, sjbA(σ,∆⊥) = 1
2π

∫
dζe

i
2σζM(ζ,∆⊥)

P+, $P⊥

xiP
+, xi

$P⊥+ $k⊥i

ζ = Q2

2p·q

x̂, ŷ plane

M2(L) ∝ L

Must have ∆%z = ±1 to have nonzero F2(q2)

-

β = 0

B(0) = 0 Fock-state-by-Fock state

qR,L = qx ± iqy

ψ(x, b⊥)

x

b⊥(GeV)−1

Identify z ↔ ζ =
√

x(1− x) b⊥

40

q2 = −q2
⊥

q+ = 0
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-

graviton

Anomalous gravitomagnetic moment  B(0)

B(0) = 0 Each Fock State

sum over constituents

41

Hwang, Schmidt, sjb; 
Holstein et al

Okun, Kobzarev, Teryaev:  B(0) Must vanish because of 
Equivalence Theorem 

q2 = −q2
⊥

41
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Some Applications of Light-Front Wavefunctions

• Exact formulae for form factors, quark and gluon distributions; 
vanishing anomalous gravitational moment; edm connection to 
anm

• Deeply Virtual Compton Scattering, generalized parton 
distributions, angular momentum sum rules

• Exclusive weak decay amplitudes

• Single spin asymmetries: Role of ISI and FSI

• Factorization theorems, DGLAP, BFKL, ERBL Evolution

• Quark interchange amplitude

• Relation of spin, momentum, and other distributions to  physics of 
the hadron itself.

42
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N-1N+1

N N

NN

Light-Front Wave Function Overlap Representation

See also: Diehl, Feldmann, Jakob, Kroll
DGLAP
region

DGLAP
region

ERBL
region

N=3 VALENCE QUARK ⇒ Light-cone Constituent quark model

N=5 VALENCE QUARK + QUARK SEA ⇒ Meson-Cloud model

Diehl, Hwang, sjb,  NPB596, 2001

44

DVCS/GPD
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‘Seagull’ contribution to real and virtual 
Compton scattering

p p’

kq

M = −2
∑

q/p

e2
qF

+
q (t)!ε · !ε′

Independent of  
s, q2 at fixed t 

Local coupling of 
photons to 

fundamental 
carriers of the em 

current F+
q (t) =<

1
x

>
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Instantaneous fermion exchange contribution 
to real and virtual Compton scattering

p p’

kq

M = −2
∑

q/p

e2
qF

+
q (t)!ε · !ε′

Independent of  
s, q2 at fixed t 

Local coupling of 
photons to 

fundamental 
carriers of the em 

current F+
q (t) =<

1
x

>

47



 
 Stan Brodsky,  SLAC

Imperial College,  
September 16, 2008

Novel QCD Physics
48

S.J. Brodsky et al. / Nuclear Physics B 596 (2001) 99–124 103

Fig. 3. Light-cone time-ordered contributions to deeply virtual Compton scattering. Only the

contributions of leading power in 1/Q are illustrated. These contributions illustrate the factorization

property of the leading twist amplitude.

see Fig. 3. We specify the frame by choosing a convenient parametrization of the light-cone

coordinates for the initial and final proton:

P =
(

P+, !0⊥,
M2

P+

)
, (3)

P ′ =
(

(1− ζ )P+,− !∆⊥,
M2 + !∆2

⊥
(1− ζ )P+

)
, (4)

whereM is the proton mass. We use the component notation V = (V +, !V⊥,V −), and our

metric is specified by V ± = V 0±V z and V 2 = V +V − − !V 2
⊥. The four-momentum transfer

from the target is

∆ = P − P ′ =
(

ζP+, !∆⊥,
t + !∆2

⊥
ζP+

)
, (5)

where t = ∆2. In addition, overall energy–momentum conservation requires ∆− =
P− − P ′−, which connects !∆2

⊥, ζ , and t according to

t = 2P · ∆ = −ζ 2M2 + !∆2
⊥

1− ζ
. (6)

As in the case of space-like form factors, it is convenient to choose a frame where the

incident space-like photon carries q+ = 0 so that q2 = −Q2 = −!q 2⊥:

Nuclear Physics B 596 (2001) 99–124

www.elsevier.nl/locate/npe

Light-cone wavefunction representation of deeply
virtual Compton scattering !

Stanley J. Brodsky a, Markus Diehl a,1, Dae Sung Hwang b

a Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
b Department of Physics, Sejong University, Seoul 143-747, South Korea

Received 25 September 2000; accepted 22 November 2000

Abstract

We give a complete representation of virtual Compton scattering γ ∗p → γp at large initial photon

virtuality Q2 and small momentum transfer squared t in terms of the light-cone wavefunctions of

the target proton. We verify the identities between the skewed parton distributions H(x, ζ, t) and

E(x, ζ, t) which appear in deeply virtual Compton scattering and the corresponding integrands of

the Dirac and Pauli form factors F1(t) and F2(t) and the gravitational form factors Aq(t) and Bq(t)

for each quark and anti-quark constituent. We illustrate the general formalism for the case of deeply

virtual Compton scattering on the quantum fluctuations of a fermion in quantum electrodynamics at

one loop. ! 2001 Elsevier Science B.V. All rights reserved.

PACS: 12.20.-m; 12.39.Ki; 13.40.Gp; 13.60.Fz

1. Introduction

Virtual Compton scattering γ ∗p → γp (see Fig. 1) has extraordinary sensitivity to

fundamental features of the proton’s structure. Particular interest has been raised by the

description of this process in the limit of large initial photon virtuality Q2 = −q2 [1–5].

Even though the final state photon is on-shell, one finds that the deeply virtual process

probes the elementary quark structure of the proton near the light-cone as an effective

local current, or in other words, that QCD factorization applies [3,6,7].

In contrast to deep inelastic scattering, which measures only the absorptive part of

the forward virtual Compton amplitude, ImTγ ∗p→γ ∗p , deeply virtual Compton scattering

!Work partially supported by the Department of Energy, contract DE-AC03-76SF00515.

E-mail addresses: sjbth@slac.stanford.edu (S.J. Brodsky), markus.diehl@desy.de (M. Diehl),

dshwang@kunja.sejong.ac.kr (D.S. Hwang).
1 Supported by the Feodor Lynen Program of the Alexander von Humboldt Foundation.

0550-3213/01/$ – see front matter ! 2001 Elsevier Science B.V. All rights reserved.

PII: S0550-3213(00)00695-7

Local J=0 
fixed pole

contribution
Close, Gunion, sjb; 

Szczepaniak, Llanes-
Estrada, sjb

AJ=0 ∼ e2
qs

0F (t)
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• Quarks and Gluons:                                                            
Fundamental constituents of hadrons and nuclei

• Quantum Chromodynamics (QCD)

• New Insights from higher space-time dimensions:  AdS/QCD

• Light-Front Holography

• Hadronization at the Amplitude Level

• Light Front Wavefunctions:     analogous to the 
Schrodinger wavefunctions of atomic physics

49

Exploring QCD, Cambridge, August 20-24, 2007 Page 9

General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

49
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Applications of AdS/CFT  to QCD 

in collaboration with Guy de Teramond

Changes in 
physical

length scale 
mapped to 

evolution in the 
5th dimension z 
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Exploring QCD, Cambridge, August 20-24, 2007 Page 9

ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

(x(1− x)|b⊥|

z

z∆

z0 = 1
ΛQCD

γd→ np

• Light-Front Holography

51

General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

0.20.40.60.8

1.3

1.4

1.5

0

0.05

0.1

0.15

0.2

0

5

ψ(x, k⊥)(GeV)

ψ(x, k⊥)

• Light Front Wavefunctions:                                   

Schrödinger Wavefunctions
of Hadron Physics

51
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z

z∆
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φ(z)

ζ =
√
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z∆
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ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)"b2⊥

z

z∆

z0 = 1
ΛQCD

γd→ np

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆
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ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

LF(3+1)              AdS5

52

Light-Front Holography: Unique mapping derived from 
equality of LF and AdS  formula for current matrix elements

ψ(x, ζ) =
√

x(1− x)ζ−1/2φ(ζ)

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD
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soft wall
confining potential:

Light-Front Holography: 
Map AdS/CFT  to  3+1 LF Theory

[
− d2

d2ζ
+ V (ζ)

]
=M2φ(ζ)

[
− d2

dζ2 + V (ζ)
]
=M2φ(ζ)

ζ2 = x(1− x)b2
⊥.

Jz = Sz
p =

∑n
i=1 Sz

i +
∑n−1

i=1 #z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Relativistic LF radial equation

G. de Teramond, sjb 

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

Frame Independent

[
− d2

dζ2
+

1− 4L2

4ζ2
+ U(ζ)

]
φ(ζ) =M2φ(ζ)

U(ζ) = κ4ζ2
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Fig: Orbital and radial AdS modes in the soft wall model for κ = 0.6 GeV .
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Light meson orbital (a) and radial (b) spectrum for κ = 0.6 GeV.

Exploring QCD, Cambridge, August 20-24, 2007 Page 26
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Higher Spin Bosonic Modes SW

• Effective LF Schrödinger wave equation
[
− d2

dζ2
− 1− 4L2

4ζ2
+ κ4ζ2 + 2κ2(L+ S−1)

]
φS(ζ) =M2φS(ζ)

with eigenvalues M2 = 2κ2(2n + 2L + S).

• Compare with Nambu string result (rotating flux tube): M2
n(L) = 2πσ (n + L + 1/2) .

0

2

(a) (b)

4

(G
eV

2 )

0 2 4
5-2006
8694A20

ω (782)
ρ (770)

a2 (1320)

f2 (1270)

ρ3 (1690)

ω3 (1670)

f4 (2050)
a4 (2040)

L
0 2 4

n

ρ (770)

ρ (1450)

ρ (1700)

Vector mesons orbital (a) and radial (b) spectrum for κ = 0.54 GeV.

• Glueballs in the bottom-up approach: (HW) Boschi-Filho, Braga and Carrion (2005); (SW) Colangelo,

De Facio, Jugeau and Nicotri( 2007).

Exploring QCD, Cambridge, August 20-24, 2007 Page 27

[
− d2

dz2
− 1− 4L2

4z2
+ κ4z2 + 2κ2(L+ S−1)

]
φS(z) =M2φS(z)

S = 1S = 1

Soft-wall model

Same slope in n and L 
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Fπ(q2)
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However J/ψ → ρπ

is largest two-body hadron decay

Small value for ψ′ → ρπ

ρ

π

Spacelike pion form factor from AdS/CFT

Fπ(q2)

q2(GeV 2)

However J/ψ → ρπ

is largest two-body hadron decay

Small value for ψ′ → ρπ

ρ

π

Hard Wall: Truncated Space Confinement

Soft Wall: Harmonic Oscillator Confinement

One parameter -  set by pion decay constant

Data Compilation
Baldini, Kloe and Volmer

de Teramond, sjb
See also: Radyushkin 
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Prediction from AdS/CFT: Meson LFWF
ψ(x, k⊥)

ψ(x, k⊥)
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0.05
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Soft Wall Model

(GeV)
de Teramond, sjb
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φM(x, Q0) ∝
√

x(1− x)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

q

φM(x, Q0) ∝
√

x(1− x)

ψM(x, k2
⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

Increases PQCD prediction for Fπ(Q2) by 16/9
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Second Moment of  Pion Distribution Amplitude

< ξ2 >=
∫ 1

−1
dξ ξ2φ(ξ)

ξ = 1− 2x

φasympt ∝ x(1− x)
φAdS/QCD ∝

√
x(1− x)

Braun et al.

Donnellan et al.

< ξ2 >π= 1/5 = 0.20

< ξ2 >π= 1/4 = 0.25

Lattice (I) < ξ2 >π= 0.28± 0.03

Lattice (II) < ξ2 >π= 0.269± 0.039
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Other Applications of Light-Front Holography
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• Light baryon spectrum

• Light meson spectrum

• Nucleon form-factors: space-like region

• Pion form-factors: space and time-like regions

• Gravitational form factors of composite hadronss

• n-parton holographic mapping

• Heavy flavor mesons
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x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)"b2⊥

z

z∆

z0 = 1
ΛQCD

γd→ np

gu→ γu

pp→ γX

E dσ
d3p

(pp→ γX) = F (θcm,xT )
p4
T

− d
dζ2 ≡

k2
⊥

x(1−x)

Conjecture for massive quarks

− d
dζ2 → − d

dζ2 + m2
a

x +
m2

b
1−x ≡

k2
⊥+m2

a
x +

k2
⊥+m2

b
1−x

LF Kinetic Energy in 
momentum space 

Holographic Variable

u↓(x)
u↑(x)

∼ (1− x)2

Q2(GeV2)

[
− d2

d2ζ
+ V (ζ)

]
φ(ζ) =M2φ(ζ)

[
− d2

dζ2 + V (ζ)
]
φ(ζ) =M2φ(ζ)

ζ2 = x(1− x)b2
⊥.

#L = #P × #R

Assume LFWF is a dynamical function of the  
quark-antiquark invariant mass squared

− d

dζ2
→ − d

dζ2
+

m2
1

x
+

m2
2

1− x
≡ k2

⊥ + m2
1

x
+

k2
⊥ + m2

2

1− x

de Teramond, sjbm1

m2
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ψ(x,b⊥) =
cκ√

π

√
x(1− x) e

− 1
2κ2x(1−x)b2

⊥−
1

2κ2

»
m2

1
x −

m2
2

1−x

–

ψ(x,k⊥) =
4πc

κ
√

x(1− x)
e
− 1

2κ2

„
k2
⊥

x(1−x)+
m2

1
x +

m2
2

1−x

«

z → ζ → χ

χ2 = b2x(1− x) +
1
κ4

[
m2

1

x
+

m2
2

1− x
]

Result:  Soft-Wall LFWF  for massive constituents  

LF WF  in  impact space: soft-wall model 
with massive quarks 

+
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ü

J êY: m1 = 1.25 GeV, m2 = 0

In[13]:=

Plot3D@psi@x, b, 1.25, 1.25, 0.375D, 8x, 0.0001, 0.9999<,

8b, 0.0001, 25 <, PlotPoints Ø 35, ViewPoint Ø 81.2, 1.4, 0.3<,

AspectRatio Ø 1.1, PlotRange -> 880, 1<, 80, 20<, 80, 0.3<<D
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Out[13]= Ü SurfaceGraphics Ü

AdS Heavy Quark Masses.nb 6

LFWF peaks at 

xi = m⊥iPn
j m⊥j

where
m⊥i =

√
m2 + k2

⊥

J/ψ

ma = mb = 1.25 GeV

x

ψJ/ψ(x, b)
b[GeV−1]

minimum of LF 
energy 

denominator 

κ = 0.375 GeV
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2

where c is the dimensionless normalization factor

c−2 =
∫ 1

0
dx e

− 1
κ2

„
m2

1
x +

m2
2

1−x

«

. (5)

The Fourier transform of (4) is the impact space LFWF

ψ̃(x,b⊥) =
c κ√

π

√
x(1− x) e−

1
2 κ2χ2

, (6)

where the invariant quantity χ is

χ2 = x(1− x)b2
⊥ +

1
κ4

[
m2

1

x
+

m2
2

1− x

]
. (7)

Impact space holographic LFWFs for the π, K, D, ηc, B
and ηb mesons are depicted in Fig. 1.

The non-perturbative input to hard exclusive processes
and heavy hadron decays can be computed in terms of
gauge invariant hadronic distribution amplitudes (DAs),
which describe the momentum-fraction distribution of
partons at zero transverse impact distance in a Fock
state with a fixed number of constituents. The me-
son DA is computed from the transverse integral of the
valence quark light-front wavefunction in the light-cone
gauge [17]

φM (x,Q) =
∫ k2

⊥<Q2
d2k⊥
16π3

ψM (x,k⊥), (8)

and thus φ(x) ≡ φ(x,Q → ∞) → ψ̃(x,b⊥ → 0)/
√

4π.
From (6) we obtain the holographic distribution ampli-
tude φ(x)

φM (x) =
c κ

2π

√
x(1− x) e

− 1
2κ2

»
m2

1
x +

m2
2

1−x

–

, (9)

in the soft wall model. The distribution amplitudes for
the π, K, D, ηc, mesons are shown in Fig. 2. Predictions
for the first and second moment of the meson distribution
amplitude

〈ξN 〉M =

∫ 1
−1 ξNφM (ξ)
∫ 1
−1 φM (ξ)

, (10)

and comparison with available lattice computations are
given on Table I . In the chiral limit, the AdS distribu-
tion amplitude φAdS(x) ∼

√
x(1− x) gives for the second

moment 〈ξ2〉AdS → 1/4, compared with the asymptotic
value 〈ξ2〉PQCD → 1/5 from the PQCD asymptotic DA
φPQCD(x) ∼ x(1− x) [17] .

...............

III. PARTONIC MASS SHIFT

We compute the partonic mass shift contribution to a
meson due to the constituents quark masses [21]

M2 =M2
massless +

〈
m2

1

x

〉
+

〈
m2

2

1− x

〉
, (11)

FIG. 1: Two-parton flavored meson holographic LFWF
ψ(x,b⊥): (a) |π+〉 = |ud〉, (b) |K+〉 = |us〉, (c) |D+〉 = |cd〉,
(d) |ηc〉 = |cc〉, (e) |B+〉 = |ub〉 and (f) |ηb〉 = |bb〉. Values
for the quark masses used are mu = 2 MeV, md = 5 MeV,
ms = 95 Mev, mc = 1.25 GeV and mb = 4.2 GeV. The value
of κ = 0.375 GeV is extracted from the pion form factor [16].

for the holographic LFWF (4). Results for the partonic
mass shift contribution ∆M =

(
M2 −M2

massless

)1/2 are
compared with hadronic masses on Table II.

.....

IV. CONCLUSIONS

..........

|π+ >= |ud̄ > |K+ >= |us̄ >

|D+ >= |cd̄ >

|ηb >= |bb̄ >

|ηc >= |cc̄ >

mu = 2 MeV
md = 5 MeV

ms = 95 MeV

mc = 1.25 GeV

mb = 4.2 GeV

κ = 375 MeV

b[GeV−1]

x

|B+ >= |ub̄ >
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First Moment of  Kaon Distribution Amplitude

ξ = 1− 2x

Braun et al.

Donnellan et al.

< ξ >=
∫ 1

−1
dξ ξ φ(ξ)

< ξ >K= 0.04± 0.02

3

FIG. 2: Two-parton holographic distribution amplitude
φM (x) as function of ξ = 1−2x: a) π meson, (b) K me-
son, c) D meson and d) ηc meson. Values of quark masses
and κ as in Fig. 1. The normalization is arbitrary.

TABLE I: Predictions for the first and second moment of me-
son DA and comparison with available lattice results. Values
of quark masses and κ as in Fig. 1

M 〈ξ〉M 〈ξ2〉M
π 0.25

K 0.04± 0.02 a 0.235± 0.005a

D 0.71 0.54

ηc 0.02

B 0.96 0.91

ηb 0.002

π 0.28± 0.03b

K 0.029± 0.002 b 0.27± 0.02 b

π 0.269± 0.039c

K 0.0272± 0.0005 c 0.260± 0.006 c

aThe results correspond to ms = 65± 25 MeV from [18].
bLattice results from Ref. [19]
cLattice results from Ref. [20]

TABLE II: Partonic mass shift contribution ∆M =`
M2 −M2

massless

´1/2
to the total hadronic mass M2. Ex-

perimental values are from [18].

M ∆M MeV Mexp MeV

π 9 MeV 139.57 MeV

K 150 MeV 493.7 MeV

D 1.3 GeV 1.87 GeV

ηc 2.5 GeV 2.98 GeV

B 4.2 GeV 5.28 GeV

ηb 8.4 GeV
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πq → γ∗q
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q

Coulomb  field

Coalescence of  off-shell co-moving  positron and antiproton

“Hadronization” at the Amplitude Level

Wavefunction maximal at sma# impact separation and equal rapidity

τ = t + z/c

b⊥ ≤ 1
mredα

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
$

|p >

γ

cos 2φ

+κ4ζ2

τ = t + z/c

yp̄ ! ye+
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mredα
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Hadronization at the Amplitude Level
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q

pp → p + J/ψ + p
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e−

γ∗

g

q̄

q

pp → p + J/ψ + p

Construct helicity amplitude using Light-Front 
Perturbation theory;   coalesce quarks via LFWFs

ψ(x,"k⊥, λi)

e+

e−

γ∗

g

q̄

q

ψH(x,"k⊥, λi)

pH

x,"k⊥

1− x,−"k⊥

e+

e−

γ∗

ψH(x,"k⊥, λi)

pH

x,"k⊥

1− x,−"k⊥

e+

e−

γ∗

ψH(x,"k⊥, λi)

pH

x,"k⊥

1− x,−"k⊥

e+

e−

γ∗

ψH(x,"k⊥, λi)

pH

x,"k⊥

1− x,−"k⊥

τ = x+

e+

e−

Event amplitude 
generator
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q̄

q
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1− x,−"k⊥

τ = x+

e+

e−

Event amplitude 
generator

AdS/QCD 
Hard Wall 

Confinement:

Capture if ζ2 = x(1− x)b2
⊥ > 1

Λ2
QCD

i.e.,
M2 = k2

⊥
x(1−x) < Λ2

QCD
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Jet Hadronization at the Amplitude Level

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + pConstruct helicity amplitude using Light-Front Perturbation 
theory;   coalesce quarks via Light-Front Wavefunctions

Event amplitude 
generator

τ = t + z/c

πq → γ∗q

γ∗

π

p

$

$̄

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

Ψp(xi,!k⊥i, λi)

ψπ(y, "#⊥)
y, !"⊥

1− y,−!"⊥γ∗

x1 = xbj

M2 < Λ2
QCD

coalesce if 

p

AdS/QCD 
model
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Three Pictures of High Energy 
Lepton-Proton Collisions

Infinite momentum frame
Simple Virtual Photon Probes Complex Evolved Proton 

Proton Rest Frame

Color Dipole of  Virtual Photon Scatters on a Static Proton 

Parton Model

Color-Dipole Model

Frame-Independent
Light-Front 

HamiltonianTheory
Collision of Light-Front Wavefunctions  

of  Virtual Photon and Proton 
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P+

!"⊥

−!"⊥

P+

Universal 
Frame-Independent 

Light Front 
virtual photon and 

proton Wavefunctions 

xa
!"⊥ + !k⊥a

ΨB(xb,!k⊥b)

Ψ∗
γ(xa,!k⊥a)

LF time of first interaction
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Diffractive Dissociation of Pion  
into Quark Jets

Measure Light-Front Wavefunction of Pion

Minimal momentum transfer to nucleus
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Fig. 23. The Acceptance-corrected u distributions of diffractive dijets obtained by applying correction to the E791

results [96]. The distributions are for 1.25 ≤ kt ≤ 1.5 GeV/c (left) and for 1.5 ≤ kt ≤ 2.5 GeV/c (right). The

solid line is a fit to a combination of Gegenbauer polynomials, Eq. (49).

were very stable. The fact that a4 "= 0, which seems to be essential for a reasonable fit, indicates

a distribution amplitude that is different from φCZ as defined in Eq. (37) which contains only a
a2 term [32].

3.3.4. Transverse momentum distribution

As discussed in Section 2.3, derivation of the cross section for diffractive dissociation [69]

is based on the double-differentiation of the LCWF with respect to kt (Eq. (26)). More

specifically:

dσ

dk2t
∝ |αs(k2t )xNG(u, k2t )|2

∣∣∣∣
∂2

∂k2t
ψ(u, kt )

∣∣∣∣
2

, (50)

with xN = 2k2t /s and GN the gluon distribution function in the nucleon. This double-

differentiation leads to a prediction of the kt dependence of the cross section. By comparing the

measured and predicted kt distributions it is possible to test to what extent the assumptions used

in deriving the cross section are correct with sensitivity to both the LCWF and the interaction.

When applying Eq. (26) to the pion LCWF given by Eq. (46) the differentiation with respect to

kt does not modify the u-dependence if k
2
t $ µ2. An additional kt dependence comes from the

gluon distribution in the nucleon. With αs(k
2
t )xNG(u, k2t ) ∼ k

1
2
t [97] this yields:

M(N) ∝ xNGN

k4t
,

dσ

dk2t
∝ (xNGN )2

k8t
,

dσ

dkt
∝ k−6

t (51)

and the u-dependence is the same as for φ2(u), Eq. (27). The experimental results are shown in
Fig. 24 where they are compared with several fits. An attempt to fit the data over the whole kt
range to a power-law dependence: dσ

dkt
∝ knt resulted in n = −9.2 ± 0.4(stat) ± 0.3(sys), much

larger than expected from Eq. (51). This result is dominated by the low kt high statistics region.

It can be seen that for the larger kt the slope changes and when only the kt > 1.8 GeV region is

fit to a power-law the result is n = −6.5 ± 2.0, consistent with the predictions, Fig. 24(a, b).
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Fig. 25. Diagram of diffractive dissociation of a pion to two jets used for the calculations by Chernyak [103] and by

Braun et al. [102,106].

3.3.5. Has E791 measured the pion distribution amplitude?

Following publication of the E791 results [96] several theoretical papers were published

discussing the question of whether they can indeed be taken as measurement of the pion

distribution amplitude. The subject was also discussed in several conferences [104]. We bring

here a brief summary of the main points that were raised and add some comments. The main

questions that were discussed are:

• Is the cross section for the process indeed proportional to φ(u)2 as claimed in Eq. (27) [69]?
• Are the results precise enough to distinguish between φAsy(u) and other forms of φ(u)?

Nikolaev et al. [74] calculate the cross section for diffractive dissociation of pions to dijets

using pQCD methods. They show that the cross section is proportional to φ2(u) and to the

unintegrated gluon structure function of the nucleon. They disagree with Frankfurt et al. [69] who

used the integrated gluon structure function. They calculate higher-twist effects which contain

some u-dependence but show that in nuclear medium they are suppressed. As a result, when the

measurements are done in a heavy nuclear target the cross section is proportional to φ(u)2 and
can be used to determine it. Hence their response to the first question is positive. Concerning the

shape of φ(u) they propose a soft model distribution amplitude that has a different mathematical

form than that of φAsy(u) but has a very similar u-dependence. Because of this similarity they
conclude that the E791 results are consistent with their calculations as well. They are also able

to reproduce the kt and A dependence observed in the experiment.

V. Chernyak [103–105] calculates the process described in Fig. 25. The lower blob in the

diagram represents the skewed gluon distribution of the nucleon. The upper blob represents the

hard kernel of the amplitude that consists of 31 connected Born diagrams. Nuclear effects and

the quark transverse momenta are ignored. Calculations of these diagrams lead to an expression

for the amplitude which is not proportional to φ(u) but rather to a sum of four integrals over

φ(u) multiplied by expressions that contain u-dependence. His conclusion is that the cross
section depends on φ2(u) in a complicated way hence measurement of the cross section cannot

provide a measurement of φ2(u). Chernyak disagrees with the authors of [74] as they ignore

the contributions where the jet momenta differ significantly from the quark momenta. He agrees

that making this assumption will lead to proportionality of the cross section and φ2(u). He also

disagrees with the authors of [69] that ignored contributions from diagrams that are, according

to their evaluation of the E791 conditions, suppressed by Sudakov form factors. Following these

arguments Chernyak applies his calculations to φAsy(u) and to φCZ(u) which he evolves to the

scale of 2 GeV. He does it by treating the pion as free qq̄ and does not use the logarithmic

gluons 
measure 
size of 
color 
dipole

x

x

1-x
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Table 1

The exponent in σ ∝ Aα , experimental results for coherent dissociation and the color-transparency (CT) predictions [69]

kt bin (GeV/c) α #αstat #αsys #α α(CT)

1.25–1.5 1.64 ±0.05 +0.04–0.11 +0.06–0.12 1.25

1.5–2.0 1.52 ±0.09 ±0.08 ±0.12 1.45

2.0–2.5 1.55 ±0.11 ±0.12 ±0.16 1.60

Fig. 14. q2t distributions of dijets with 1.5 ≤ kt ≤ 2.0 GeV/c for the platinum and carbon targets. The lines are fits of the

MC simulations to the data: coherent nuclear dissociation (dotted line), coherent nucleon/incoherent nuclear dissociation

(dashed line), background (dashed–dotted line) and total fit (solid line).

note also that in their more recent work [70] the authors carried out more detailed calculations

and predicted a value α = 1.54.

This process was calculated also by Nikolaev et al. [74] who include higher twist corrections.

They calculate the α dependence and their results are very similar to those shown in Table 1 as
derived from [69].

In summary of this section we may conclude that color transparency was well demonstrated

in vector meson electroproduction and in diffractive dissociation of the pion to dijets. It was not

unambiguously verified for the proton. It is important to understand the experimental results for

the proton: why (e, e′ p) experiments show no sign of CT and why (p, 2p) experiments show a

rise and fall of transparency, strongly deviating from Glauber calculations and at the same time

not reproducing the expected CT signature. It can be expected that if the effect exists in the qq̄

system it should also exist for the qqq system. One could argue that the probability to find a qq̄ at

short distances is higher than that to find a qqq in short distances. If we interpret these systems as

the valence components of their respective LCWFs, this may indicate that the contribution of the

valence component to the total LCWF may be different for mesons and baryons. The difficulties

encountered in understanding the anomalous spin effects in pp scattering [25,26] leave this as an

open question. For observation of CT with protons there might also be the problem of choosing

the sensitive process: reaction, momentum transfer etc. that would select a proton in a PLC

state and the observable that would identify it as such. It may be that diffractive dissociation

of protons or perhaps baryon photoproduction would show this effect. Following the example

Nuclear coherence Nuclear coherence
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E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

A-Dependence results: σ ∝ Aα

kt range (GeV/c) α α (CT)

1.25 < kt < 1.5 1.64 +0.06 -0.12 1.25

1.5 < kt < 2.0 1.52 ± 0.12 1.45

2.0 < kt < 2.5 1.55 ± 0.16 1.60

α (Incoh.) = 0.70 ± 0.1
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Color Transparency

• Fundamental test of gauge theory in hadron physics

• Small color dipole moments interact weakly in nuclei

• Complete coherence at high energies

• Clear Demonstration of CT from Diffractive Di-Jets

Bertsch, Gunion, Goldhaber, sjb
A. H. Mueller,  sjb
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THE kt DEPENDENCE OF DI-JETS YIELD
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πA→ JetJetA′

ψπ
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D. Ashery, Tel Aviv University

THE qq̄ MOMENTUM WAVE FUNCTION

MEASURED BY DI-JETS

Fermilab E791 Collaboration, PRL 86, 4768 (2001)

1.5GeV/c ≤ kt ≤ 2.5GeV/c; Q2 ∼ 16 (GeV/c)2 : φ2 > 0.9φ2
Asy

1.25GeV/c ≤ kt ≤ 1.5GeV/c; Q2 ∼ 8 (GeV/c)2 :

φ2 contains contributions from CZ or other non-perturbative wave functions

x

Diffractive Dissociation of a 
Pion into Dijets

• E791 Fermilab Experiment 
Ashery et al

• 500 GeV pions collide on 
nuclei keeping it intact

• Measure momentum of two 
jets

• Study momentum distributions 
of pion LF wavefunction
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Fig. 22. The u distribution of diffractive dijets from the platinum target for 1.25 ≤ kt ≤ 1.5 GeV/c (left) and for

1.5 ≤ kt ≤ 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.

The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

They were identified through the e−bq2t dependence of their yield (q2t is the square of the trans-

verse momentum transferred to the nucleus and b = 〈R2〉
3
where R is the nuclear radius).

For measurement of the wave function the most forward events (q2t < 0.015 GeV/c2) from
the platinum target were used, see Fig. 14. For these events, the value of u was computed from

the measured longitudinal momenta of the jets. The analysis was carried out in two windows of

transverse momentum kt : 1.25 GeV/c ≤ kt ≤ 1.5 GeV/c and 1.5 GeV/c ≤ kt ≤ 2.5 GeV/c.

The resulting u distributions are shown in Fig. 22. In order to get a measure of the correspondence

between the experimental results and the calculated distribution amplitudes, the results were fit

with a linear combination of squares of the two distribution amplitudes after smearing, as shown

on the right side of Fig. 21. This assumes an incoherent combination of the two distribution

amplitudes and that the evolution of the Chernyak–Zhitnitsky function is slow (as stated in [32]).

The results for the higher kt window show that the asymptotic distribution amplitude describes

the data very well. Hence, for kt > 1.5 GeV/c, which translates to Q2 ∼ 10 (GeV/c)2, the
pQCD approach that led to construction of the asymptotic distribution amplitude is reasonable.

The distribution in the lower window is consistent with a significant contribution from the

Chernyak–Zhitnitsky distribution amplitude or may indicate contributions due to other non-

perturbative effects.

The quantity measured in this experiment, the distribution of longitudinal momentumwithin a

kt window, is not exactly the distribution amplitude. The latter is an integral over kt with a lower

limit of zero, covering the low Q2 non-perturbative region (Eq. (4)). The results can be regarded

instead as representing the square of the light-conewave function averaged over kt in the window:

ψ2
qq̄(u, 〈kt 〉). With the measured kt -dependence described in Section 3.3.4 the average values are

〈kt 〉 = 1.34 GeV/c and 1.75 GeV/c for the low and high kt windows, respectively:ψ
2
qq̄(u, 1.34)

and ψ2
qq̄(u, 1.75) were measured. Alternatively, the results for each window can be related to the

difference of distribution amplitudes:

∣∣∣∣

∫ k2

k1

ψ(u, kt )d
2kt

∣∣∣∣
2

= |φ(u, k2) − φ(u, k1)|2. (48)
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Fig. 22. The u distribution of diffractive dijets from the platinum target for 1.25 ≤ kt ≤ 1.5 GeV/c (left) and for

1.5 ≤ kt ≤ 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.

The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

They were identified through the e−bq2t dependence of their yield (q2t is the square of the trans-

verse momentum transferred to the nucleus and b = 〈R2〉
3
where R is the nuclear radius).

For measurement of the wave function the most forward events (q2t < 0.015 GeV/c2) from
the platinum target were used, see Fig. 14. For these events, the value of u was computed from

the measured longitudinal momenta of the jets. The analysis was carried out in two windows of

transverse momentum kt : 1.25 GeV/c ≤ kt ≤ 1.5 GeV/c and 1.5 GeV/c ≤ kt ≤ 2.5 GeV/c.

The resulting u distributions are shown in Fig. 22. In order to get a measure of the correspondence

between the experimental results and the calculated distribution amplitudes, the results were fit

with a linear combination of squares of the two distribution amplitudes after smearing, as shown

on the right side of Fig. 21. This assumes an incoherent combination of the two distribution

amplitudes and that the evolution of the Chernyak–Zhitnitsky function is slow (as stated in [32]).

The results for the higher kt window show that the asymptotic distribution amplitude describes

the data very well. Hence, for kt > 1.5 GeV/c, which translates to Q2 ∼ 10 (GeV/c)2, the
pQCD approach that led to construction of the asymptotic distribution amplitude is reasonable.

The distribution in the lower window is consistent with a significant contribution from the

Chernyak–Zhitnitsky distribution amplitude or may indicate contributions due to other non-

perturbative effects.

The quantity measured in this experiment, the distribution of longitudinal momentumwithin a

kt window, is not exactly the distribution amplitude. The latter is an integral over kt with a lower

limit of zero, covering the low Q2 non-perturbative region (Eq. (4)). The results can be regarded

instead as representing the square of the light-conewave function averaged over kt in the window:

ψ2
qq̄(u, 〈kt 〉). With the measured kt -dependence described in Section 3.3.4 the average values are

〈kt 〉 = 1.34 GeV/c and 1.75 GeV/c for the low and high kt windows, respectively:ψ
2
qq̄(u, 1.34)

and ψ2
qq̄(u, 1.75) were measured. Alternatively, the results for each window can be related to the

difference of distribution amplitudes:

∣∣∣∣

∫ k2

k1

ψ(u, kt )d
2kt
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2

= |φ(u, k2) − φ(u, k1)|2. (48)
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Fig. 22. The u distribution of diffractive dijets from the platinum target for 1.25 ≤ kt ≤ 1.5 GeV/c (left) and for

1.5 ≤ kt ≤ 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.

The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

They were identified through the e−bq2t dependence of their yield (q2t is the square of the trans-

verse momentum transferred to the nucleus and b = 〈R2〉
3
where R is the nuclear radius).

For measurement of the wave function the most forward events (q2t < 0.015 GeV/c2) from
the platinum target were used, see Fig. 14. For these events, the value of u was computed from

the measured longitudinal momenta of the jets. The analysis was carried out in two windows of

transverse momentum kt : 1.25 GeV/c ≤ kt ≤ 1.5 GeV/c and 1.5 GeV/c ≤ kt ≤ 2.5 GeV/c.

The resulting u distributions are shown in Fig. 22. In order to get a measure of the correspondence

between the experimental results and the calculated distribution amplitudes, the results were fit

with a linear combination of squares of the two distribution amplitudes after smearing, as shown

on the right side of Fig. 21. This assumes an incoherent combination of the two distribution

amplitudes and that the evolution of the Chernyak–Zhitnitsky function is slow (as stated in [32]).

The results for the higher kt window show that the asymptotic distribution amplitude describes

the data very well. Hence, for kt > 1.5 GeV/c, which translates to Q2 ∼ 10 (GeV/c)2, the
pQCD approach that led to construction of the asymptotic distribution amplitude is reasonable.

The distribution in the lower window is consistent with a significant contribution from the

Chernyak–Zhitnitsky distribution amplitude or may indicate contributions due to other non-

perturbative effects.

The quantity measured in this experiment, the distribution of longitudinal momentumwithin a

kt window, is not exactly the distribution amplitude. The latter is an integral over kt with a lower

limit of zero, covering the low Q2 non-perturbative region (Eq. (4)). The results can be regarded

instead as representing the square of the light-conewave function averaged over kt in the window:

ψ2
qq̄(u, 〈kt 〉). With the measured kt -dependence described in Section 3.3.4 the average values are

〈kt 〉 = 1.34 GeV/c and 1.75 GeV/c for the low and high kt windows, respectively:ψ
2
qq̄(u, 1.34)

and ψ2
qq̄(u, 1.75) were measured. Alternatively, the results for each window can be related to the

difference of distribution amplitudes:
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∫ k2

k1

ψ(u, kt )d
2kt

∣∣∣∣
2

= |φ(u, k2) − φ(u, k1)|2. (48)
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shown in Fig. 1. The corresponding predictions for !R and

!MS using the CSRs at NLO are also shown. Note that for

low Q2 the couplings, although frozen, are large. Thus the

NLO and higher-order terms in the CSRs are large, and in-

verting them perturbatively to NLO does not give accurate

results at low scales. In addition, higher-twist contributions

to !V and !R , which are not reflected in the CSR relating

them, may be expected to be important for low Q2 "35#.
It is clear that exclusive processes such as the pion and

photon to pion transition form factors can provide a valuable

window for determining the magnitude and the shape of the

effective charges at quite low momentum transfers. In par-

ticular, we can check consistency with the !V prediction

from lattice gauge theory. A complimentary method for de-

termining !V at low momentum is to use the angular anisot-

ropy of e!e"→QQ̄ at the heavy quark thresholds "36#. It
should be emphasized that the parametrization $18% is just an
approximate form. The actual behavior of !V(Q

2) at low Q2

is one of the key uncertainties in QCD phenomenology. In

this paper we shall use exclusive observables to deduce in-

formation on this quantity.

IV. APPLICATIONS

As we have emphasized, exclusive processes are sensitive

to the magnitude and shape of the QCD couplings at quite

low momentum transfer: QV
*2!e"3Q2!Q2/20 and

QR
*2!Q2/50 "37#. The fact that the data for exclusive pro-

cesses such as form factors, two photon processes such as

&&→'!'", and photoproduction at fixed (c .m . are consis-
tent with the nominal scaling of the leading-twist QCD pre-

dictions $dimensional counting% at momentum transfers Q up

to the order of a few GeV can be immediately understood if

the effective charges !V and !R are slowly varying at low

momentum. The scaling of the exclusive amplitude then fol-

lows that of the subprocess amplitude TH with effectively

fixed coupling. Note also that the Sudakov effect of the end-

point region is the exponential of a double log series if the

coupling is frozen, and thus is strong.

In Fig. 2, we compare the recent CLEO data "38# for the
photon to pion transition form factor with the prediction

Q2F&'$Q2%#2 f '" 1"
5

3

!V$e"3/2Q %

' # . $19%

The flat scaling of the Q2F&'(Q
2) data from Q2#2 to

Q2#8 GeV2 provides an important confirmation of the ap-

plicability of leading twist QCD to this process. The magni-

tude of Q2F&'(Q
2) is remarkably consistent with the pre-

dicted form assuming the asymptotic distribution amplitude

and including the LO QCD radiative correction with

!V(e
"3/2Q)/'!0.12. Radyushkin "39#, Ong "40# and Kroll

"41# have also noted that the scaling and normalization of the
photon-to-pion transition form factor tends to favor the

asymptotic form for the pion distribution amplitude and rules

out broader distributions such as the two-humped form sug-

gested by QCD sum rules "42#. One cannot obtain a unique
solution for the non-perturbative wave function from the F'&
data alone. However, we have the constraint that

1

3
$ 1

1"x
% &1"

5

3

!V$Q*%

' '!0.8 $20%

"assuming the renormalization scale we have chosen in Eq.
$13% is approximately correct#. Thus one could allow for

some broadening of the distribution amplitude with a corre-

sponding increase in the value of !V at low scales.

In Fig. 3 we compare the existing measurements of the

space-like pion form factor F'(Q
2) "43,44# $obtained from

the extrapolation of &*p→'!n data to the pion pole% with
the QCD prediction $10%, again assuming the asymptotic
form of the pion distribution amplitude. The scaling of the

FIG. 1. The coupling function !V(Q
2) as given in Eq. $18%.

Also shown are the corresponding predictions for !MS̄ and !R fol-

lowing from the NLO commensurate scale relations "Eqs. $2% and
$9%#.

FIG. 2. The &→'0 transition form factor. The solid line is the

full prediction including the QCD correction "Eq. $19%#; the dotted
line is the LO prediction Q2F&'(Q

2)#2 f ' .

FIG. 3. The space-like pion form factor.
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Increases PQCD leading twist prediction for
Fπ(Q2) by factor 16/9

φasymptotic ∝ x(1− x)

φ(x, Q0) ∝
√

x(1− x)

pp→ ppJ/ψ

pp→ pΛcD

pp→ γγ

PQCD: No handbag dominance
for real photons

J = 0 fixed pole from
local qq → γγ interactions

AdS/CFT :

Oberwölz

Π(Q2) = α
5π

Q2

m2
e

Q2 << 4m2
e

Π(Q2) ∝ Q2

m2
g

Q2 << 4m2
g

Increases PQCD leading twist prediction for
Fπ(Q2) by factor 16/9

where !M(x ,Q̃) is the process-independent meson distribu-

tion amplitude, which encodes the non-perturbative dynam-

ics of the bound valence Fock state up to the resolution scale

Q̃ , and

TH"x ,y ,Q2#!
16$CF%s"&#

"1"x #"1"y #Q2 '1#O"%s#( "6#

is the leading-twist perturbatively-calculable subprocess am-

plitude )*q(x) q̄ (1"x)→q(y) q̄ (1"y), obtained by re-

placing the incident and final mesons by valence quarks col-

linear up to the resolution scale Q̃ . The contributions from

non-valence Fock states and the correction from neglecting

the transverse momentum in the subprocess amplitude from

the non-perturbative region are higher twist, i.e., power-law

suppressed. The transverse momenta in the perturbative do-

main lead to the evolution of the distribution amplitude and

to NLO corrections in %s . The contribution from the end-

point regions of integration, x*1 and y*1, are power-law
and Sudakov suppressed and thus can only contribute correc-

tions at higher order in 1/Q '4(.
The distribution amplitude !(x ,Q̃) is boost and gauge

invariant and evolves in lnQ̃ through an evolution equation

'4(. It can be computed from the integral over transverse

momenta of the renormalized hadron valence wave function

in the light-cone gauge at fixed light-cone time '4(:

!"x ,Q̃ #!! d2k!!+" Q̃2"
k!!
2

x"1"x #
#,"Q̃ #"x ,k!!#. "7#

The physical pion form factor must be independent of the

separation scale Q̃ . The natural variable in which to make
this separation is the light-cone energy, or equivalently the

invariant mass M2!k!!
2 /x(1"x), of the off-shell partonic

system '20,4(. Any residual dependence on the choice of Q̃
for the distribution amplitude will be compensated by a cor-
responding dependence of the NLO correction in TH . How-
ever, the NLO prediction for the pion form factor depends
strongly on the form of the pion distribution amplitude as
well as the choice of renormalization scale & and scheme.
It is straightforward to obtain the commensurate scale re-

lation between F$ and %V following the procedure outlined
above. The appropriate BLM scale for F$ is determined
from the explicit calculations of the NLO corrections given
by Dittes and Radyushkin '21( and Field et al. '22(. These
may be written in the form 'A(&)n f#B(&)(%s /$ , where A
is independent of the separation scale Q̃ . The n f dependence
allows one to uniquely identify the dependence on -0, which
is then absorbed into the running coupling by a shift to the

BLM scale Q*!e3A(&)& . An important check of self-

consistency is that the resulting value for Q* is independent
of the choice of the starting scale & .
Combining this result with the BLM scale-fixed expres-

sion for %V , and eliminating the intermediate coupling, we

find

F$"Q2#!!
0

1

dx!$"x #!
0

1

dy!$"y #
16$CF%V"QV#

"1"x #"1"y #Q2" 1#CV

%V"QV#

$ #
!"4!

0

1

dx!$"x #!
0

1

dy!$"y #V"QV
2 #" 1#CV

%V"QV#

$ # , "8#

where CV!"1.91 is the same coefficient one would obtain
in a conformally invariant theory with -!0, and

QV
2.(1"x)(1"y)Q2. In this analysis we have assumed

that the pion distribution amplitude has the asymptotic form

!$!!3 f $x(1"x), where the pion decay constant is f $$93
MeV. In this simplified case the distribution amplitude does

not evolve, and there is no dependence on the separation

scale Q̃ . This commensurate scale relation between F$(Q
2)

and /%V(QV)0 represents a general connection between the
form factor of a bound-state system and the irreducible ker-

nel that describes the scattering of its constituents.

Alternatively, we can express the pion form factor in

terms of other effective charges such as the coupling %R(!s)
that defines the QCD radiative corrections to the e#e"→X

cross section: R(s).31eq
2'1#%R(!s)/$( . The CSR be-

tween %V and %R is

%V"QV#!%R"QR#" 1"
25

12

%R

$
#••• # , "9#

where the ratio of commensurate scales to this order is

QR /QV!e23/12"223$0.614.
If we expand the QCD coupling about a fixed point in

NLO '10(: %s(QV)$%s(Q0)'1"„-0%s(Q0)/2$…ln(QV /Q0)(,
then the integral over the effective charge in Eq. "8# can be
performed explicitly. Thus, assuming the asymptotic distri-

bution amplitude, the pion form factor at NLO is

Q2F$"Q2#!16$ f$
2%V"Q*#" 1"1.91

%V"Q*#

$ # , "10#

where Q*!e"3/2Q . In this approximation lnQ*2

!/ln(1"x)(1"y)Q20, in agreement with the explicit calcula-
tion. A striking feature of this result is that the physical scale

controlling the meson form factor in the %V scheme is very

low: e"3/2Q$0.22Q , reflecting the characteristic momentum
transfer experienced by the spectator valence quark in

lepton-meson elastic scattering.

We may also determine the renormalization scale of %V

for more general forms of the coupling by direct integration

over x and y in Eq. "8#, assuming a specific analytic form for
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Lepage, sjb C. Ji, A. Pang, D. Robertson, sjb

Increases PQCD leading twist prediction for
Fπ(Q2) by factor 16/9

φasymptotic ∝ x(1− x)

Normalized to fπ

Choi,   Ji
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Diffractive Dissociation of 
Proton into Quark Jets

Measure Light-Front Wavefunction of 
Proton

Minimal momentum transfer to nucleus
Nucleus left Intact!

x3,!k⊥3

84

Frankfurt, Miller, 
Strikman

p 

84



 
 Stan Brodsky,  SLAC

Imperial College,  
September 16, 2008

Novel QCD Physics

p
u

Electromagnetic Tri-Jet Excitation of Proton

d

u

e−
e−

u

Coulomb Exchange analogous to diffractive excitation 

∂
∂k⊥

Ψp
n=3(xi,!k⊥i, λi)

Measure light-front 
wavefunction of 

proton

ep→ e jet jet jet

γ∗

Need Forward 
Small Angle 

Detection

85
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for 
Intrinsic Charm

Measurement of Charm 
Structure  Function 

DGLAP / Photon-Gluon Fusion: factor of 30 too sma#

86

factor of 30 !
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• EMC data: c(x, Q2) > 30×DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp→ J/ψX

• High xF pp→ J/ψJ/ψX

• High xF pp→ ΛcX

• High xF pp→ ΛbX

• High xF pp→ Ξ(ccd)X (SELEX)

87

IC Structure Function: Critical Test of QCD
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|uudcc̄> Fluctuation in Proton
QCD: Probability ∼Λ

2
QCD

M2
Q

|e+e−!+!− > Fluctuation in Positronium
QED: Probability ∼(meα)4

M4
!

Distribution peaks at equal rapidity (velocity)
Therefore heavy particles carry the largest mo-

mentum fractions

cc̄ in Color Octet

High x charm!

OPE derivation - M.Polyakov et al.

Hoyer, Peterson, Sakai, sjb

88

< xF >= 0.33

Minimize LF energy denominator

x̂i = m⊥i∑n
j m⊥j

m⊥i =
√

m2
i + k2

⊥i

Same velocity; heavy constituents carry high-
est momentum fraction

Q2 = 1 GeV2

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp → HX)[fb]

fb

πq → γ∗q
88
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color-Octet Color-Octet Fock State! 

• Probability

• Large Effect at high x

• Greatly increases kinematics of colliders  such as Higgs production 
(Kopeliovich, Schmidt, Soffer, sjb)

• Severely underestimated in conventional parameterizations of 
heavy quark distributions (Pumplin, Tung)

• Many empirical tests  

PQQ̄ ∝
1

M2
Q

Pcc̄/p " 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) "

Λ2
QCD

M2
Q

PQQ̄ ∝
1

M2
Q

Pcc̄/p " 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) "

Λ2
QCD

M2
Q

PQQ̄ ∝
1

M2
Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p # 1%

Q

Q̄

b⊥ = O(1/MQ)

Hoyer, Peterson, Sakai, sjb
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Leading Hadron Production 
from Intrinsic Charm

Coalescence of Comoving Charm and Valence Quarks
Produce J/ψ, Λc and other Charm Hadrons at High xF

PX X

90
90
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SELEX Λc
+ Studies – pT Dependence

(Vogt, Brodsky and Hoyer, 
Nucl. Phys. B383,683 (1992))

•  Λc
+ production by Σ- vs xF 

shows harder spectrum at low pT - 

consistent with an intrinsic charm 

picture.
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

92
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Production of Two 
Charmonia at High xF

X

93

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

X
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0.0 0.5 1.0 

% 

Fig. 3. The fi# pair distributions are shown in (a) and (c) for the 

pion and proton projectiles. Similarly, the distributions of J/$‘s 

from the pairs are shown in (b) and (d). Our calculations are 

compared with the n-N data at 150 and 280 GeV/c [ I]. The 

x++, distributions are normalized to the number of pairs from both 

pion beams (a) and the number of pairs from the 400 GeV proton 

measurement (c) The number of single J/e’s is twice the number 

of pairs. 

x+ = ~it,/pt,~a~ in Fig. 3. The +$ pair distributions 

are shown in Fig. 3(a) and 3(c) and the associated 

the single J/I) distributions in pair events are shown 

in Fig. 3(b) and 3(d) . Both are normalized to the 

data with the single J/r/ normalization twice that of 

the pair. 

4. Other tests of the intrinsic heavy quark 

mechanism 

The intrinsic charm model provides a natural expla- 

nation of double J/e hadroproduction and thus gives 

strong phenomenological support for the presence of 

intrinsic heavy quark states in hadrons. While the gen- 

eral agreement with the intrinsic charm model is quite 

good, the excess events at medium xlfi~l suggests that 

intrinsic charm may not be the only @$ QCD produc- 

tion mechanism present or that the model parameteri- 

zation with a constant vertex function is too oversim- 

plified. The x,++,+ distributions can also be affected by 

the A dependence. Additional mechanisms, including 

an update of previous models [ 3-71, will be presented 

in a separate paper [ 81. 

The intrinsic heavy quark model can also be used to 

predict the features of heavier quarkonium hadropro- 

duction, such as YY, Y$, and (6~) (Eb) pairs. Using 

fib = 4.6 GeV, we find that the single Y and YY pair 

x distributions are similar to the equivalent I,& distri- 

butions. The average mass, (MYY), is 21.4 GeV for 

pion projectiles and 21.7 GeV for a proton, a few GeV 

above threshold, 2my = 18.9 GeV. The xy@ pair distri- 

butions are also similar to the +@ distributions but we 

note that (xy) = 0.44 and (xe) = 0.30 from a l&fcCbb) 

configuration and (xy) = 0.39 and (x$) = 0.27 from 

a luudc&) configuration. Here (MY@) = 14.9 GeV 

with a pion projectile and 15.2 GeV with a proton, 

again a few GeV above threshold, my + rn+ = 12.6 

GeV. 

It is clearly important for the double J/+ measure- 

ments to be repeated with higher statistics and also at 

higher energies. The same intrinsic Fock states will 

also lead to the production of multi-charmed baryons 

in the proton fragmentation region. It is also interesting 

to study the correlations of the heavy quarkonium pairs 

to search for possible new four-quark bound states and 

final state interactions generated by multiple gluon ex- 

change [ 71. It has been suggested that such QCD Van 

der Waals interactions could be anomalously strong at 

low relative rapidity [ 22,231. 

There are many ways in which the intrinsic heavy 

quark content of light hadrons can be tested. More 

measurements of the charm and bottom structure func- 

tions at large XF are needed to confirm the EMC data 

[ 151. Charm production in the proton fragmentation 

region in deep inelastic lepton-proton scattering is sen- 

sitive to the hidden charm in the proton wavefunction. 

The presence of intrinsic heavy quarks in the hadron 

wavefunction also enhances heavy flavor production 

in hadronic interactions near threshold. More gener- 

ally, the intrinsic heavy quark model leads to enhanced 

open and hidden heavy quark production and leading 

particle correlations at high XF in hadron collisions 

with a distinctive strongly-shadowed nuclear depen- 

dence characteristic of soft hadronic collisions. 
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[ 121. For soft interactions at momentum scale CL, the 

intrinsic heavy quark cross section is suppressed by a 

resolving factor cc &2/m; [ 131. 

There is substantial circumstantial evidence for the 

existence of intrinsic CL! states in light hadrons. For ex- 

ample, the charm structure function of the proton mea- 

sured by EMC is significantly larger than predicted by 

photon-gluon fusion at large XBj [ 151. Leading charm 

production in TN and hyperon-N collisions also re- 

quires a charm source beyond leading twist [ 13,161. 

The NA3 experiment has also shown that the single 

J/$ cross section at large XF is greater than expected 

from gg and q?j production [ 171. Additionally, intrin- 

sic charm may account for the anomalous longitudi- 

nal polarization of the J/+4 at large XF [ 181 seen in 

?rN -+ J/+X interactions. 

Over a sufficiently short time, the pion can contain 

Fock states of arbitrary complexity. For example, two 

intrinsic CC pairs may appear simultaneously in the 

quantum fluctuations of the projectile wavefunction 

and then, freed in an energetic interaction, coalesce 

to form a pair of I,!J’s. We shall estimate the creation 
-- 

probability of ~~vcccc) Fock states, where nv = &I for 

7~- and nv = uud for proton projectiles, assuming that 

all of the double J/I,~ events arise from these configu- 

rations. We then examine the x+$ and invariant mass 

distributions of the $$ pairs and the x,,+ distribution 

for the single $‘s arising from these Fock states. 

2. Intrinsic charm Fock states 

The probability distribution for a general n-particle 

intrinsic CC Fock state as a function of x and kr is 

written as 

(1) 

where N,, normalizes the Fock state probability. In 

the model, the vertex function in the intrinsic charm 

wavefunction is assumed to be relatively slowly vary- 

ing; the particle distributions are then controlled by the 

light-cone energy denominator and phase space. This 

form for the higher Fock wavefunctions generalizes 

for an arbitrary number of light and heavy quark com- 

ponents. The Fock states containing charmed quarks 

can be materialized by a soft collision in the target 

which brings the state on shell. The distribution of 

produced open and hidden charm states will reflect the 

underlying shape of the Fock state wavefunction. 

The invariant mass of a c.? pair, M,, from such a 

Fock state is 

(2) 

where n = 4 and 5 is the number of partons in the 

lowest lying meson and baryon intrinsic CC Fock states. 

The probability to produce a J/(/I from an intrinsic 

CT state is proportional to the fraction of intrinsic ci? 

production below the Or, threshold. The fraction of 

CC pairs with 2m, < MC? < 2rno is 

The ratio fc~jr is approximately 15% larger than fc~iP 

for 1.2 < m, < 1.8 GeV. However, not all c?‘s pro- 

duced below the DB threshold will produce a final- 

state J/S. We include two suppression factors to es- 

timate J/q5 production, one reflecting the number of 

quarkonium channels available with McT < 2rno and 

one for the c and C to coalesce with each other rather 

than combine with valence quarks to produce open 

charm states. The “channel” suppression factor, s, z 

0.3, is estimated from direct and indirect J/$ produc- 

tion, including x1 and xz radiative and +’ hadronic 

decays. The combinatoric “flavor” suppression factor, 

of, is l/2 for a IEdcC) state and l/4 for a IuudcC) 

state. In Fig. 1 we show the predicted fraction of $‘s 

produced from intrinsic CC pairs, 

f@lh = s,sf.fE/h ) (4) 

as a function of m,. We take m, = I .5 GeV, suggesting 

f ur  M 0.03 and f e j p M 0.014. 
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Abstract 

Double J/e production has been observed by the NA3 collaboration in n-N and pN collisions with a cross section of 

the order of 20-30 pb. The +@ pairs measured in v- nucleus interactions at 150 and 280 GeV/c are observed to carry an 

anomalously large fraction of the projectile momentum in the laboratory frame, x~ > 0.6 at 150 GeV/c and > 0.4 at 280 

GeV/c. We postulate that these forward +@ pairs are created by the materialization of Fock states in the projectile containing 

two pairs of intrinsic CC quarks. We calculate the overlap of the charmonium states with the 1ii&ET) Fock state as described 

by the intrinsic charm model and find that the T-N -+ $9 longitudinal momentum and invariant mass distributions are both 

well reproduced. We also discuss double J/t,b production in pN interactions and the implications for other heavy quarkonium 

production channels in QCD. 

1. Introduction 

It is quite rare for two charmonium states to be pro- 

duced in the same hadronic collision. However, the 

NA3 collaboration has measured a double .I/$ pro- 

duction rate significantly above background in multi- 

muon events with T- beams at laboratory momentum 

150 and 280 GeV/c [ 11 and a 400 GeV/c proton beam 

[ 21. The integrated T-N ---) ++X production cross 

section, a+*, is 18 f 8 pb at 150 GeV/c and 30 f 10 

pb at 280 GeV/c, and the pN -t I&X cross section is 

*This work was supported in part by the Director, Office of 

Energy Research, Division of Nuclear Physics of the Office of 

High Energy and Nuclear Physics of the U.S. Department of 

Energy under Contract Numbers DE-ACO3-76SFOO98 and DE- 

ACO3-76SFUO515. 

27 f 10 pb. The relative double to single rate, a++ /a~, , 

is (3 f 1) x 10e4 for pion-induced production where 

a+ is the integrated single $ production cross section. 

A particularly surprising feature of the NA3 

T-N + t&X events is that the laboratory fraction 

of the projectile momentum carried by the #+ pair 

is always very large, x++ 2 0.6 at 150 GeV/c and 

xW 2 0.4 at 280 GeV/c. In some events, nearly 

all of the projectile momentum is carried by the I@++ 

system. In contrast, perturbative gg and 44 fusion 

processes are expected to produce central $$ pairs, 

centered around the mean value, (x~) = 0.4-0.5, in 

the laboratory [ 3-61. 

The average invariant mass of the pair, (M+e) = 7.4 

GeV, is well above the 2~9 threshold. In fact, all the 

events have MM > 6.7 GeV. The average transverse 

0370-2693/95/$09.50 @ 1995 Blsevier Science B.V. All rights reserved 
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NA3 Data

πA→ J/ψJ/ψX

µ2
R = CQ2

ρ(Q2) = C0 + C1αs(µR) + C2α2
s(µR) + · · ·

σ = 1
2x−P+

γp→ µ+µ−p

Oberwölz

All events have xF
ψψ > 0.4 !

σ(pp→ cX) ∼ 1µb
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Excitation of  Intrinsic Heavy Quarks in Proton

d
u

u

Amplitude maximal at small invariant mass, equal rapidity

b

b̄

xi ∼
m⊥i∑n
j m⊥j

xb ∼ 0.4

xb̄ ∼ 0.4

Produce forward, high xF

Υ(bb̄),Λb(bud), B+(b̄u), B0(b̄d)

high xF tt̄
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Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction.
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp. 

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!
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J/ψ nuclear dependence vrs rapidity, xAu, xF
PHENIX compared to lower energy measurements

Klein,Vogt, PRL 91:142301,2003 
Kopeliovich, NP A696:669,2001 

E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)
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pA→ J/ψX

πA→ J/ψX

A2/3 component

A1 component

Fits conventional PQCD subprocesses

Gp
M(q2)

assumes timelike |Gp
M | = |Gp

E|

Conventional PQCD 
subprocesses

J. Badier et al, NA3
Two Components

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses
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dxF
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dxF
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pA→ J/ψX

πA→ J/ψX

A2/3 component
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M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fp
2(Q2)

Fp
1(Q2)

pA→ J/ψX

πA→ J/ψX

A2/3 component
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M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fp
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1(Q2)

pA→ J/ψX
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A2/3 component
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M(q2)

assumes timelike |Gp
M | = |Gp

E|
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2(Q2)
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1(Q2)

Excess beyond  conventional PQCD subprocesses

J. Badier et al, NA3
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Scattering on front-face nucleon produces color-singlet     paircc̄

u

100

Octet-Octet IC Fock State

Color-Opaque IC Fock state
interacts on nuclear front surface  

dσ
dxF

(pA → J/ψX) = A2/3 × dσ
dxF

(pN → J/ψX)

fb

πq → γ∗q

γ∗

π

p

%

J/ψ

p

c

c̄

No absorption of 
small color-singlet

g

Kopeliovich, Schmidt, 
Soffer, sjb

A
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Octet-Octet IC Fock State

Color-Opaque IC Fock state interacts on nuclear front surface  

p
c

c̄

g

A

Λc(cud)

dσ

dxF
(pA→ ΛcX) = Aα(xF ) dσ

dxF
(pN → ΛcX)

u

u
d

1/3 < α(xF ) < 2/3 at high xF

Reconciles ISR and Fixed Target Measurements!
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• IC Explains Anomalous α(xF ) not α(x2)
dependence of pA→ J/ψX

(Mueller, Gunion, Tang, SJB)

• Color Octet IC Explains A2/3 behavior at
high xF (NA3, Fermilab)
(Kopeliovitch, Schmidt, Soffer, SJB)

• IC Explains J/ψ → ρπ puzzle
(Karliner, SJB)

• IC leads to new effects in B decay
(Gardner, SJB)

Color Opaqueness

Higgs production at xF = 0.8

102
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c

Hoyer, Peterson, SJB

Measure c(x) in Deep Inelastic 
Lepton-Proton Scattering

103
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Why is Intrinsic Charm Important for Flavor Physics?

• New perspective on fundamental nonperturbative hadron structure

• Charm structure function at high x

• Dominates high xF charm and charmonium production

• Hadroproduction of new heavy quark states such as ccu, ccd at high xF

• Intrinsic charm -- long distance contribution to penguin mechanisms for 
weak decay 

• Novel Nuclear Effects from color structure of IC, Heavy Ion Collisions

• New mechanisms for high xF Higgs hadroproduction

• Dynamics of b production: LHCb 

• Fixed target program at LHC:  produce bbb states

104



 

Diffractive Higgs production from intrinsic heavy flavors in the proton

Stanley J. Brodsky,1,* Boris Kopeliovich,2,† Ivan Schmidt,2,‡ and Jacques Soffer3,x
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We propose a novel mechanism for exclusive diffractive Higgs production pp ! pHp in which the
Higgs boson carries a significant fraction of the projectile proton momentum. This mechanism will
provide a clear experimental signal for Higgs production due to the small background in this kinematic
region. The key assumption underlying our analysis is the presence of intrinsic heavy flavor components
of the proton bound state, whose existence at the high light-cone momentum fraction x has growing
experimental and theoretical support. We also discuss the implications of this picture for exclusive
diffractive quarkonium and other channels.

DOI: 10.1103/PhysRevD.73.113005 PACS numbers: 14.80.Bn, 12.38.Bx

I. INTRODUCTION

A central goal of the Large Hadron Collider (LHC)
being built at CERN is the discovery of the Higgs boson,
a key component of the standard model, whose discovery
would constitute the first observation of an elementary
scalar field. A number of theoretical analyses suggest the
existence of a light Higgs boson with a mass MH &
130 GeV.

In this paper we propose a novel mechanism for had-
ronic Higgs production, in which the Higgs is produced
with a significant fraction of the projectile momentum. The
key assumption underlying our analysis is the presence of
intrinsic charm (IC) and intrinsic bottom (IB) fluctuations
in the proton bound state [1,2], whose existence at high x as
large as x ’ 0:4 has substantial and growing experimental
and theoretical support. Clearly, this phenomenon can be
extended to the consideration of intrinsic top (IT). A recent
review of the theory and experimental constraints on the
charm quark distribution c!x;Q2" and its consequences for
open and hidden charm production has been given by
Pumplin [3]. The presence of high x intrinsic heavy quark
components in the proton’s structure function will lead to
Higgs production at high xF through subprocesses such as
gb ! Hb; such reactions could be particularly important
in minimal supersymmetric standard model (MSSM) mod-
els in which the Higgs has enhanced couplings to the b
quark [4].

The virtual Fock state juudQ !Qi of a proton has a long
lifetime at high energies and can be materialized in a

collision by the exchange of gluons. The heavy quark
and antiquark can then coalesce to produce the Higgs
boson at large xF ’ xc # x !c. This Higgs production pro-
cess can be inclusive as in pp ! HX, semidiffractive
pp ! HpX, where one of the projectile protons remains
intact, or exclusive diffractive pp ! pHp, where the
Higgs can be reconstructed from the missing mass distri-
bution. In each case the Higgs distribution can extend to
momentum fractions xF as large as 0.8, reflecting the
combined momentum fractions of the heavy intrinsic
quarks.

Perhaps the most novel production process for the Higgs
is the exclusive diffractive reaction, pp ! p#H # p [5],
where the # sign stands for a large rapidity gap (LRG)
between the produced particles. If both protons are de-
tected, the mass and momentum distribution of the Higgs
can be determined. The TOTEM detector [6] proposed for
the LHC will have the capability to detect exclusive dif-
fractive channels. The detection of the Higgs via the ex-
clusive diffractive process pp ! p#H# p has the ad-
vantage that it does not depend on a specific decay mecha-
nism for the Higgs. The branching ratios for the decay
modes of the Higgs can then be individually determined by
combining the measurement of !!pp ! p#H # p" with
the rate for a specific diffractive final state Bf!!pp ! p#
H!f # p". This is in contrast to the standard inclusive
measurement, where one can only determine the product
of the cross section and branching ratios Bf!!pp !
H!fX".

The existing theoretical estimates for diffractive Higgs
production are based on the gluon-gluon fusion subpro-
cess, where two hard gluons couple to the Higgs !gg ! H"
[5]. A third gluon is also exchanged in order that both
projectiles remain color singlets. Perturbative QCD then
predicts !!pp ! p#H # p" ’ 3 fb for the production of
a Higgs boson of mass 120 GeV at LHC energies, with a
factor of 2 uncertainty [5]. Since the annihilating gluons

*Electronic address: sjbth@slac.stanford.edu
†Electronic address: bzk@mpi-hd.mpg.de
‡Electronic address: ivan.schmidt@usm.cl
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Abstract

We propose a novel mechanism for the production of the Higgs boson in inclusive

hadronic collisions, which utilizes the presence of heavy quarks in the proton wave

function. In these inclusive reactions the Higgs boson acquires the momenta of both

the heavy quark and antiquark and thus carries 80% or more of the projectile’s mo-

mentum. We predict that the cross section dσ/dxF (pp → HX) for the inclusive

production of the Standard Model Higgs coming from intrinsic bottom Fock states

is of order 150 fb at LHC energies, peaking in the region of xF ∼ 0.9. Our esti-

mates indicate that the corresponding cross section coming from gluon-gluon fusion

at xF = 0.9 is relatively negligible and therefore the peak from intrinsic bottom

should be clearly visible for experiments with forward detection capabilities. The

predicted cross section for the production of the Standard Model Higgs coming from
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large xF whereM is a charmonium state, a Z0 boson, or the
Higgs. We first explain, using Fig. 2, how the exclusive
diffractive channels shown in Fig. 1 arise with the required
color structure in the final state. As noted above, we shall
assume that the projectile (upper) proton has an approxi-
mate 1% probability to fluctuate to an IC Fock component
with the color structure j!uud"8C! !cc"8Ci. This virtual
state has a long coherence length in a high energy collision
/ s=M2Mp, where M is the total invariant final-state
mass. In a pp collision, two soft gluons must be exchanged
in order to keep both protons intact and to create a rapidity
gap, mimicking Pomeron exchange. The two gluons
couple the target nucleon to the large color dipole moment
of the projectile IC Fock state. For example, as shown in
Fig. 2, one of the exchanged gluons can be attached to the d
valence quark spectator in j!uud"8C! !cc"8Ci, changing its
color, and the other one can be attached to the !c, also
changing its color. The net effect of this color rearrange-
ment is the same as single-gluon exchange between the two
color-octet clusters. The !cc and the uud can thus emerge as
color singlets because of the gluonic exchange. The ! !cc"1C
can couple to the J= , or to a Z0 or an H. Meanwhile the
color singlet uud gives rise to the scattered proton, thus
producing the two required rapidity gaps in the final state.
Notice that the xF distribution of the produced particle is
approximately the same as the distribution of the ! !cc"
inside the proton. As we shall discuss below, the sum of
couplings of the gluon to all of the quarks, as dictated by
gauge invariance, brings in a form factor which vanishes at
zero momentum transfer, thus giving an important sup-
pression factor.

A. The cross section

The cross section of exclusive diffractive production of
the Higgs, pp! Hp# p, can be estimated in the light-
cone (LC) dipole approach [37]. The Born graph for this
process is shown in Fig. 2. As discussed above, we shall
assume the presence in the proton of an IC component, a !cc
pair, which is predominantly in a color-octet state, and
which has either a nonperturbative or perturbative origin.
In the former case this heavy component can interact
strongly with the 3q valence quark component. Such non-
perturbative reinteractions of the intrinsic sea quarks in the
proton wave function can lead to a Q$x% ! !Q$x% asymme-
try as in the "K model for the s!s asymmetry [38,39]. As in
the charmonium, the mean !cc separation should be con-
siderably larger than the transverse size 1=mc of perturba-
tive !cc fluctuations. For instance, if the binding potential

has the oscillator form, the mean distance is

hr2!cci &
2

!mc
; (1)

where !' 300 MeV is the oscillation frequency.
Alternatively, the IC component can be considered to
derive perturbatively from the minimal gluonic couplings
of the heavy quark pair to two valence quarks of the proton;
this is likely the dominant mechanism at the largest values
of xc [21]. In this case the transverse separation of the !cc is
controlled by the energy denominator, hr2!cci & 1=m2

c, and is
much smaller than the estimate given by Eq. (1).

In accordance with the notation in Fig. 2 the two protons
in the center of mass frame are detected with Feynman
momentum fractions x1 and x2 and transverse momenta ~p1
and ~p2, respectively. Correspondingly, the produced Higgs
carries longitudinal momentum $x2 ( x1% and transverse
momentum ~pH & ($ ~p1 # ~p2%. We assume the Higgs to be
heavy, over 100 GeV; then x1 and x2 turn out to be tightly
correlated in this reaction. Indeed, the effective mass
squared of the H ( p1 pair reads

M2 & M2
H # ~p2

H

1( x1
#m2

p # ~p2
1

x1
( ~p2

2: (2)

(We assume the equivalence of Feynman x and the corre-
sponding fractions of the light-cone momenta, which is an
accurate approximation at large x.) Because of the form
factors of the two protons, neither transverse momenta,
~p1;2, can be much larger than a few hundred MeV and
therefore they, together with ~pH and the proton mass, can
be safely neglected in Eq. (2). This could be incorrect at
very small values of x1 'm2

p=M2
H, but we will show that

the x1 distribution sharply peaks at !x1 ) 0:25. Then, em-
ploying the standard relation M2=s & 1( x2, we arrive at
the simple relation

$1( x1%$1( x2% &
M2
H

s
: (3)

The diffractive cross section has the form

d!$pp! ppH%
dx2d2p1d2p2

& 1

$1( x2%16"2 jA$x2; ~p1; ~p2%j2; (4)

where the diffractive amplitude in Born approximation
reads

A$x2; ~p1; ~p2% &
8

3
!!!
2

p
Z
d2Q

d2q
q2

d2k
k2

#s$q2%#s$k2%$$ ~q# ~p2 # ~k%$$ ~k( ~p1 ( ~Q%
Z
d2%j#p$%%j2!ei$ ~k# ~q%* ~%=2 ( ei$ ~q( ~k%* ~%=2"

+
Z
d2Rd2rd2&Hy$~r%ei ~q* ~r=2$1( e(i ~q*~r%#y

p$ ~&%ei ~k* ~&=2$1( e(i ~k* ~&%$p$ ~R; ~r; ~&; z%ei ~Q* ~R: (5)
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Higgs. We first explain, using Fig. 2, how the exclusive
diffractive channels shown in Fig. 1 arise with the required
color structure in the final state. As noted above, we shall
assume that the projectile (upper) proton has an approxi-
mate 1% probability to fluctuate to an IC Fock component
with the color structure j!uud"8C! !cc"8Ci. This virtual
state has a long coherence length in a high energy collision
/ s=M2Mp, where M is the total invariant final-state
mass. In a pp collision, two soft gluons must be exchanged
in order to keep both protons intact and to create a rapidity
gap, mimicking Pomeron exchange. The two gluons
couple the target nucleon to the large color dipole moment
of the projectile IC Fock state. For example, as shown in
Fig. 2, one of the exchanged gluons can be attached to the d
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color singlets because of the gluonic exchange. The ! !cc"1C
can couple to the J= , or to a Z0 or an H. Meanwhile the
color singlet uud gives rise to the scattered proton, thus
producing the two required rapidity gaps in the final state.
Notice that the xF distribution of the produced particle is
approximately the same as the distribution of the ! !cc"
inside the proton. As we shall discuss below, the sum of
couplings of the gluon to all of the quarks, as dictated by
gauge invariance, brings in a form factor which vanishes at
zero momentum transfer, thus giving an important sup-
pression factor.

A. The cross section

The cross section of exclusive diffractive production of
the Higgs, pp! Hp# p, can be estimated in the light-
cone (LC) dipole approach [37]. The Born graph for this
process is shown in Fig. 2. As discussed above, we shall
assume the presence in the proton of an IC component, a !cc
pair, which is predominantly in a color-octet state, and
which has either a nonperturbative or perturbative origin.
In the former case this heavy component can interact
strongly with the 3q valence quark component. Such non-
perturbative reinteractions of the intrinsic sea quarks in the
proton wave function can lead to a Q$x% ! !Q$x% asymme-
try as in the "K model for the s!s asymmetry [38,39]. As in
the charmonium, the mean !cc separation should be con-
siderably larger than the transverse size 1=mc of perturba-
tive !cc fluctuations. For instance, if the binding potential

has the oscillator form, the mean distance is

hr2!cci &
2

!mc
; (1)

where !' 300 MeV is the oscillation frequency.
Alternatively, the IC component can be considered to
derive perturbatively from the minimal gluonic couplings
of the heavy quark pair to two valence quarks of the proton;
this is likely the dominant mechanism at the largest values
of xc [21]. In this case the transverse separation of the !cc is
controlled by the energy denominator, hr2!cci & 1=m2

c, and is
much smaller than the estimate given by Eq. (1).

In accordance with the notation in Fig. 2 the two protons
in the center of mass frame are detected with Feynman
momentum fractions x1 and x2 and transverse momenta ~p1
and ~p2, respectively. Correspondingly, the produced Higgs
carries longitudinal momentum $x2 ( x1% and transverse
momentum ~pH & ($ ~p1 # ~p2%. We assume the Higgs to be
heavy, over 100 GeV; then x1 and x2 turn out to be tightly
correlated in this reaction. Indeed, the effective mass
squared of the H ( p1 pair reads
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(We assume the equivalence of Feynman x and the corre-
sponding fractions of the light-cone momenta, which is an
accurate approximation at large x.) Because of the form
factors of the two protons, neither transverse momenta,
~p1;2, can be much larger than a few hundred MeV and
therefore they, together with ~pH and the proton mass, can
be safely neglected in Eq. (2). This could be incorrect at
very small values of x1 'm2
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H, but we will show that

the x1 distribution sharply peaks at !x1 ) 0:25. Then, em-
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large xF whereM is a charmonium state, a Z0 boson, or the
Higgs. We first explain, using Fig. 2, how the exclusive
diffractive channels shown in Fig. 1 arise with the required
color structure in the final state. As noted above, we shall
assume that the projectile (upper) proton has an approxi-
mate 1% probability to fluctuate to an IC Fock component
with the color structure j!uud"8C! !cc"8Ci. This virtual
state has a long coherence length in a high energy collision
/ s=M2Mp, where M is the total invariant final-state
mass. In a pp collision, two soft gluons must be exchanged
in order to keep both protons intact and to create a rapidity
gap, mimicking Pomeron exchange. The two gluons
couple the target nucleon to the large color dipole moment
of the projectile IC Fock state. For example, as shown in
Fig. 2, one of the exchanged gluons can be attached to the d
valence quark spectator in j!uud"8C! !cc"8Ci, changing its
color, and the other one can be attached to the !c, also
changing its color. The net effect of this color rearrange-
ment is the same as single-gluon exchange between the two
color-octet clusters. The !cc and the uud can thus emerge as
color singlets because of the gluonic exchange. The ! !cc"1C
can couple to the J= , or to a Z0 or an H. Meanwhile the
color singlet uud gives rise to the scattered proton, thus
producing the two required rapidity gaps in the final state.
Notice that the xF distribution of the produced particle is
approximately the same as the distribution of the ! !cc"
inside the proton. As we shall discuss below, the sum of
couplings of the gluon to all of the quarks, as dictated by
gauge invariance, brings in a form factor which vanishes at
zero momentum transfer, thus giving an important sup-
pression factor.

A. The cross section

The cross section of exclusive diffractive production of
the Higgs, pp! Hp# p, can be estimated in the light-
cone (LC) dipole approach [37]. The Born graph for this
process is shown in Fig. 2. As discussed above, we shall
assume the presence in the proton of an IC component, a !cc
pair, which is predominantly in a color-octet state, and
which has either a nonperturbative or perturbative origin.
In the former case this heavy component can interact
strongly with the 3q valence quark component. Such non-
perturbative reinteractions of the intrinsic sea quarks in the
proton wave function can lead to a Q$x% ! !Q$x% asymme-
try as in the "K model for the s!s asymmetry [38,39]. As in
the charmonium, the mean !cc separation should be con-
siderably larger than the transverse size 1=mc of perturba-
tive !cc fluctuations. For instance, if the binding potential

has the oscillator form, the mean distance is
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where !' 300 MeV is the oscillation frequency.
Alternatively, the IC component can be considered to
derive perturbatively from the minimal gluonic couplings
of the heavy quark pair to two valence quarks of the proton;
this is likely the dominant mechanism at the largest values
of xc [21]. In this case the transverse separation of the !cc is
controlled by the energy denominator, hr2!cci & 1=m2

c, and is
much smaller than the estimate given by Eq. (1).

In accordance with the notation in Fig. 2 the two protons
in the center of mass frame are detected with Feynman
momentum fractions x1 and x2 and transverse momenta ~p1
and ~p2, respectively. Correspondingly, the produced Higgs
carries longitudinal momentum $x2 ( x1% and transverse
momentum ~pH & ($ ~p1 # ~p2%. We assume the Higgs to be
heavy, over 100 GeV; then x1 and x2 turn out to be tightly
correlated in this reaction. Indeed, the effective mass
squared of the H ( p1 pair reads

M2 & M2
H # ~p2

H

1( x1
#m2

p # ~p2
1

x1
( ~p2

2: (2)

(We assume the equivalence of Feynman x and the corre-
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accurate approximation at large x.) Because of the form
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~p1;2, can be much larger than a few hundred MeV and
therefore they, together with ~pH and the proton mass, can
be safely neglected in Eq. (2). This could be incorrect at
very small values of x1 'm2
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H, but we will show that
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Higgs. We first explain, using Fig. 2, how the exclusive
diffractive channels shown in Fig. 1 arise with the required
color structure in the final state. As noted above, we shall
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mate 1% probability to fluctuate to an IC Fock component
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color singlet uud gives rise to the scattered proton, thus
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Notice that the xF distribution of the produced particle is
approximately the same as the distribution of the ! !cc"
inside the proton. As we shall discuss below, the sum of
couplings of the gluon to all of the quarks, as dictated by
gauge invariance, brings in a form factor which vanishes at
zero momentum transfer, thus giving an important sup-
pression factor.
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The cross section of exclusive diffractive production of
the Higgs, pp! Hp# p, can be estimated in the light-
cone (LC) dipole approach [37]. The Born graph for this
process is shown in Fig. 2. As discussed above, we shall
assume the presence in the proton of an IC component, a !cc
pair, which is predominantly in a color-octet state, and
which has either a nonperturbative or perturbative origin.
In the former case this heavy component can interact
strongly with the 3q valence quark component. Such non-
perturbative reinteractions of the intrinsic sea quarks in the
proton wave function can lead to a Q$x% ! !Q$x% asymme-
try as in the "K model for the s!s asymmetry [38,39]. As in
the charmonium, the mean !cc separation should be con-
siderably larger than the transverse size 1=mc of perturba-
tive !cc fluctuations. For instance, if the binding potential
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where !' 300 MeV is the oscillation frequency.
Alternatively, the IC component can be considered to
derive perturbatively from the minimal gluonic couplings
of the heavy quark pair to two valence quarks of the proton;
this is likely the dominant mechanism at the largest values
of xc [21]. In this case the transverse separation of the !cc is
controlled by the energy denominator, hr2!cci & 1=m2

c, and is
much smaller than the estimate given by Eq. (1).

In accordance with the notation in Fig. 2 the two protons
in the center of mass frame are detected with Feynman
momentum fractions x1 and x2 and transverse momenta ~p1
and ~p2, respectively. Correspondingly, the produced Higgs
carries longitudinal momentum $x2 ( x1% and transverse
momentum ~pH & ($ ~p1 # ~p2%. We assume the Higgs to be
heavy, over 100 GeV; then x1 and x2 turn out to be tightly
correlated in this reaction. Indeed, the effective mass
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(We assume the equivalence of Feynman x and the corre-
sponding fractions of the light-cone momenta, which is an
accurate approximation at large x.) Because of the form
factors of the two protons, neither transverse momenta,
~p1;2, can be much larger than a few hundred MeV and
therefore they, together with ~pH and the proton mass, can
be safely neglected in Eq. (2). This could be incorrect at
very small values of x1 'm2
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H, but we will show that

the x1 distribution sharply peaks at !x1 ) 0:25. Then, em-
ploying the standard relation M2=s & 1( x2, we arrive at
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inside the proton. As we shall discuss below, the sum of
couplings of the gluon to all of the quarks, as dictated by
gauge invariance, brings in a form factor which vanishes at
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process is shown in Fig. 2. As discussed above, we shall
assume the presence in the proton of an IC component, a !cc
pair, which is predominantly in a color-octet state, and
which has either a nonperturbative or perturbative origin.
In the former case this heavy component can interact
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siderably larger than the transverse size 1=mc of perturba-
tive !cc fluctuations. For instance, if the binding potential
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where !' 300 MeV is the oscillation frequency.
Alternatively, the IC component can be considered to
derive perturbatively from the minimal gluonic couplings
of the heavy quark pair to two valence quarks of the proton;
this is likely the dominant mechanism at the largest values
of xc [21]. In this case the transverse separation of the !cc is
controlled by the energy denominator, hr2!cci & 1=m2

c, and is
much smaller than the estimate given by Eq. (1).

In accordance with the notation in Fig. 2 the two protons
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and ~p2, respectively. Correspondingly, the produced Higgs
carries longitudinal momentum $x2 ( x1% and transverse
momentum ~pH & ($ ~p1 # ~p2%. We assume the Higgs to be
heavy, over 100 GeV; then x1 and x2 turn out to be tightly
correlated in this reaction. Indeed, the effective mass
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(We assume the equivalence of Feynman x and the corre-
sponding fractions of the light-cone momenta, which is an
accurate approximation at large x.) Because of the form
factors of the two protons, neither transverse momenta,
~p1;2, can be much larger than a few hundred MeV and
therefore they, together with ~pH and the proton mass, can
be safely neglected in Eq. (2). This could be incorrect at
very small values of x1 'm2
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H, but we will show that
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Here !p! ~R; ~r; ~!; z" is the light-cone wave function of the
IC component of the projectile proton with transverse
separations ~R between the "cc and 3q clusters, ~r between
the c and "c, ~Q is the relative transverse momentum of the
3q and "cc clusters in the projectile, and ~! is the transverse
separation of the quark and diquark which couple to the
final-state proton p2. The density j#p!""j2 is the wave
function of the target proton which we also treat as a color
dipole quark-diquark with transverse separation ". (The
extension to three quarks is straightforward [37].) The
fraction of the projectile proton light-cone momentum
carried by the "cc is z # 1$ x1. This wave function is
normalized as

Z 1

0
dz

Z
d2Rd2rd2!j!p! ~R; ~r; ~!; z"j2 % PIC; (6)

where PIC is the weight of the IC component of the proton,
which is suppressed as 1=m2

c, and is assumed to be PIC &
1%. The amplitudes H!~r" and #p! ~!" denote the wave
functions of the produced Higgs and the outgoing proton,
respectively, in accordance with Fig. 2.

The phase factors in Eq. (5) correspond to different
attachments of the exchanged gluons to quarks in Fig. 2.
Thus, attaching the gluon either to the c or to the "c quarks
one gets the factor 'exp!i ~q ( ~r=2" $ exp!$i ~q ( ~r=2"). An
analogous factor corresponding to the second gluon cou-
pling to the proton p1 is also included in Eq. (5). The
transverse coordinates of the quark and diquark in the
target proton are "=2 and $"=2 (relative to its center of
gravity). The phase factor in the square brackets in Eq. (5)
thus includes two terms corresponding to attachment of the
exchanged gluons to the same or different valence quark or
diquark in p2.

Notice that, in our QCD mechanism for high xF exclu-
sive Higgs production pp ! pHp, there is no Sudakov
suppression. Although we have a large rapidity gap (LRG)
process, not every LRG is associated with a Sudakov
suppression. For instance, elastic scattering, which is a
shadow of all inelastic processes, has no Sudakov factor.
On the other hand, the inelastic diffraction amplitude is a
linear superposition of elastic amplitudes [40]. Therefore,
it should not have any Sudakov factor either.

Furthermore, the incoming IC Fock state, when it ap-
pears, is already in the needed color coherent and rapidity
configuration to produce the forward diffractive state from
two-gluon exchange. Since we fit the required dipole cross
section to the diffractive deep inelastic scattering data, our
phenomenological Pomeron includes the relevant evolu-
tion and suppression effects.

In order to advance the calculations further, we will take
the following steps: first, we assume a factorized form of
the proton wave function,

!p! ~R; ~r; ~!; z" % !IC! ~R; z"!"cc!~r"!3q! ~!": (7)

Here !"cc and !3q are the "cc and 3q wave functions

normalized to unity, whereas !IC! ~R; z" is the wave func-
tion describing the relative motion of the "cc and 3q clus-
ters, where z is the fraction of the longitudinal momentum
carried by the "cc. This wave function is normalized as

Z
d2Rj!IC! ~R; z"j2 % PIC!z"; (8)

where PIC!z" is the z distribution of "cc, related to the x1
distribution of the produced protons, since with a very high
precision z % 1$ x1 % M2

H=s!1$ x2" (unless x1 is as
small as x1 & 2mp=

!!!
s

p
).

We will perform the calculations in Eq. (5) only for
forward diffraction, i.e. p2 % 0, ~q % $ ~k, and we assume
for the Pomeron the typical Gaussian t dependence (t %
$p2

2),

d#
d2p1d2p2

/ e$B!s0"p2
2 ; (9)

so the t-integrated cross section then reads

d#
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% $
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d#
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""""""""p2%0
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Here the slope B!s0" & B0 * 2%0
P ln!s0=M2

0", where B0 %
4 GeV$2, %0

P % 0:25 GeV$2, s0=M2
0 % s=M2

H, and M0 %
1 GeV.

The next step is to replace the two-gluon proton vertex,
represented by the integral over ~" in Eq. (5), by the unin-
tegrated gluon density, F !x; k2" % @G!x; k2"=@!ln k2",
where G!x;Q2" % xg!x;Q2". This preserves the infrared
stability of the cross section, since F vanishes at k2 ! 0.
The phenomenological gluon density fitted to data includes
by default all higher order corrections and supplies the
cross section with an energy dependence important for
extrapolation to very high energies. One can relate the
unintegrated gluon distribution to the phenomenological
dipole cross section fitted to data for F2!x;Q2" from
HERA, as was done in Ref. [41],

F !x; k2" % 3#0

16$2%s!k2"
k4R2

0!x" exp
#
$ 1

4
R2
0!x"k2

$
:

(11)

The problem is the extrapolation to the small virtualities k2

typical for the process under consideration. The Bjorken
variable is not a proper variable for soft reactions; therefore
we use the parametrization from Ref. [32] adjusted to data
for soft interactions. Then R0!x" in Eq. (11) should be
replaced by R0!s0" % 0:88 fm+ !s0=s0"$&=2 with & %
0:28, s0 % 1000 GeV2, and #0 ) #0!s0" % #$p

tot !s0"+
'1* 3R2

0!s0"=8hr2chi$), where #$p
tot !s0" % 23:6 mb+

!s0=s0"0:08 is the Pomeron part of the $p total cross section.
The energy variable s0 is related to the rapidity gap be-
tween the two protons in the final state, controlled by x2,

s0 % M2
0

1$ x2
% s!1$ x1"

M2
0

M2
H
: (12)
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IC component of the projectile proton with transverse
separations ~R between the "cc and 3q clusters, ~r between
the c and "c, ~Q is the relative transverse momentum of the
3q and "cc clusters in the projectile, and ~! is the transverse
separation of the quark and diquark which couple to the
final-state proton p2. The density j#p!""j2 is the wave
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forward diffraction, i.e. p2 % 0, ~q % $ ~k, and we assume
for the Pomeron the typical Gaussian t dependence (t %
$p2

2),

d#
d2p1d2p2

/ e$B!s0"p2
2 ; (9)

so the t-integrated cross section then reads

d#
d2p1dx2

% $
B!s0"

d#
d2p1d2p2dx2

""""""""p2%0
: (10)

Here the slope B!s0" & B0 * 2%0
P ln!s0=M2

0", where B0 %
4 GeV$2, %0

P % 0:25 GeV$2, s0=M2
0 % s=M2

H, and M0 %
1 GeV.

The next step is to replace the two-gluon proton vertex,
represented by the integral over ~" in Eq. (5), by the unin-
tegrated gluon density, F !x; k2" % @G!x; k2"=@!ln k2",
where G!x;Q2" % xg!x;Q2". This preserves the infrared
stability of the cross section, since F vanishes at k2 ! 0.
The phenomenological gluon density fitted to data includes
by default all higher order corrections and supplies the
cross section with an energy dependence important for
extrapolation to very high energies. One can relate the
unintegrated gluon distribution to the phenomenological
dipole cross section fitted to data for F2!x;Q2" from
HERA, as was done in Ref. [41],

F !x; k2" % 3#0

16$2%s!k2"
k4R2

0!x" exp
#
$ 1

4
R2
0!x"k2

$
:

(11)

The problem is the extrapolation to the small virtualities k2

typical for the process under consideration. The Bjorken
variable is not a proper variable for soft reactions; therefore
we use the parametrization from Ref. [32] adjusted to data
for soft interactions. Then R0!x" in Eq. (11) should be
replaced by R0!s0" % 0:88 fm+ !s0=s0"$&=2 with & %
0:28, s0 % 1000 GeV2, and #0 ) #0!s0" % #$p

tot !s0"+
'1* 3R2

0!s0"=8hr2chi$), where #$p
tot !s0" % 23:6 mb+

!s0=s0"0:08 is the Pomeron part of the $p total cross section.
The energy variable s0 is related to the rapidity gap be-
tween the two protons in the final state, controlled by x2,

s0 % M2
0

1$ x2
% s!1$ x1"

M2
0

M2
H
: (12)
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At the energy of the LHC, the longitudinal momentum
transfer is very small, even for Higgs production, since
qL ! "M2

H=s#mN; therefore the skewness effect for the
unintegrated gluon distributions can be safely neglected.
One can check this point using data for the photoproduc-
tion of the J= at HERA, which has approximately the

same value for qL. In fact, analogous calculations per-
formed in the dipole approach with the same form of the
universal dipole cross section lead to very good agreement
with data with no fitting parameter (see [42]).

Finally, combining all the above modifications and per-
forming the p1 integration in Eq. (5), we arrive at

d!IC"pp! ppH#
dx2

! 32"PIC"z#
9B"s0#"1$ x2#

!!!!!!!!
Z d2k

k4
#s"k2#F "x; k2#

Z
d2rHy" ~r#e$i ~k% ~r=2"1$ ei ~k%~r#!"cc"~r#

&
Z
d2$#y

p" ~$#e$i ~k% ~$=2"1$ ei ~k% ~$#!3q" ~$#
!!!!!!!!

2
: (13)

Here

z ! 'xHF (
"""""""""""""""""""""""""""""""""
"xHF #2 ( 4M2

H=s
q

)=2 * xHF * 1$ x1

! M2
H=s"1$ x2#: (14)

This relation receives sizable corrections only at very small
Higgs Feynman xHF + 2MH=

"""
s

p
. Notice that the expansion

of the exponentials in Eq. (13) contains only odd powers of
~k % ~r and ~k % ~$. This signals a change of orbital momentum
of the quark configurations participating in the one-gluon
exchange process. In order to obtain a nonzero result of the
integration over ~r, either the initial or the final "cc wave
function must contain a factor ~rr, i.e. it must be a P wave.
Since we assume that the Higgs is a scalar, its "cc compo-
nent must be in a P-wave state, while the primordial "cc in
the projectile IC state should be in an S wave. This is vice
versa for the proton p1: the final j3qi system is in an S
wave, but !3q" ~$# must be a P wave.

Notice that both the scalar Higgs and % states may be
produced from the same IC component of the proton con-
taining an S-wave "cc. However, the production of J= , $,
Z0 requires an IC component containing a P-wave "cc,
which is presumably more suppressed.

The P-wave LC wave function of the Higgs in an impact
parameter representation is given by the Fourier transform
of its Breit-Wigner propagator:

H"~r# ! i
"""""""""""""
NcGF

p

2"
mc "% ~!%

~r
r

#
&Y1"&r# $

ir
2
%HMHY0"&r#

$
:

(15)

HereGF is the Fermi constant, % and "% are the spinors for c
and "c, respectively, and

&2 ! #"1$ ##M2
H $m2

c; (16)

where # is the fraction of the LC momentum of the Higgs
carried by the c quark. The functions Y0;1"x# in Eq. (15) are
the second order Bessel functions and %H is the total width
of the Higgs. Assuming %G , MH, we neglect the second
term in Eq. (15).

The LC wave function Eq. (16) assumes that the Higgs
mass is much larger than the quark masses, which is

probably true for charm and bottom. However, it is quite
probable that for top-antitop in the Higgs 2mt >MH, then
the wave function is different,

H"tt"~r# !
"""""""""""""
NcGF

p

2"
mt "% ~!%

~r
r
&tK1"&tr#; (17)

where K1"x# is the modified Bessel function and

&2t ! m2
t $ #"1$ ##M2

H: (18)

The probabilities computed from the wave functions,
Eqs. (15) and (18), require regularization in the ultraviolet
limit [43,44], as is the case of the "Qq wave function of a
transverse photon. Such wave functions are not solutions of
the Schrödinger equation, but are distribution functions for
perturbative fluctuations. They are overwhelmed by very
heavy fluctuations with large intrinsic transverse momenta,
or vanishing transverse separations. Such pointlike fluctu-
ations lead to a divergent normalization, but they do not
interact with external color fields, i.e., they are not observ-
able. All the expressions for any measurable quantity,
including the cross section, are finite.

As we have discussed, the IC wave function can be
modeled as a nonperturbative 5-quark stationary state
j3qc "ci, or as a perturbative fluctuation j3qi ! j3qc "ci.
Correspondingly, the "cc wave function within the Fock
state will be assumed to be a linear combination of non-
perturbative and perturbative distribution amplitudes,

!"cc"~r# ! '!npt
"cc " ~r# (

"""""""""""""""
1$ '2

q
!pt

"cc" ~r#: (19)

The parameter ', which controls the relation between the
nonperturbative and perturbative IC contributions, is such
that 0 - ' - 1. The nonperturbative wave function should
be an S-wave solution of the Schrödinger equation.
Assuming an oscillator potential form we get

!npt
"cc " ~r# !

""""""""""
mc!
2"

r
exp"$r2mc!=4#; (20)

where ! is the oscillation frequency, as mentioned earlier.
Since the Higgs is produced from an S-wave "cc, the

perturbative distribution amplitude is ultraviolet stable and
can be normalized to 1, in order to correspond to Pc as a
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!IQ!Q; z;!" / z!1# z"
Q2 $ z2m2

p $M2
"QQ!1# z" : (34)

Momentum ~Q was defined in Fig. 2 and Eq. (5). The
effective mass of the "QQ depends on the intrinsic trans-
verse momentum of the "QQ pair, M2

"QQ % 4!!2 $m2
Q". It is

controlled by the convolution of the IC "QQ wave function
with the P-wave "QQ wave function in the Higgs and the
one-gluon exchange amplitude (see Fig. 2), which has the
form
Z 1

0
d!2!IQ!Q; z;!"&H "QQ! ~!$ ~k=2" #H "QQ! ~!# ~k=2"'

/ z!1# z"
ln& jM2

H#4m2
Qj!1#z"

Q2$4m2
Q!1#z"$m2

pz2
'

M2
H!1# z" $Q2 $m2

pz2
: (35)

This expression peaks at 1# z(mp=MH, therefore the
logarithmic factor hardly varies as a function of Q2 which
is restricted by the proton form factor. Making use of this
we perform integration in Eq. (33) and arrive at the follow-
ing z distribution,

PIQ!z"
PIQ

% Nz!1# z"
fln&jM

2
H#4m2

Qj!1#z"
4m2

Q!1#z"$m2
pz2
'g2

M2
H!1# z" $m2

pz2
; (36)

where N is a constant normalizing to 1 the integral over z.
The corresponding z distributions for charm and top are
shown in Fig. 3 by dotted (dashed) and solid curves,
respectively.

C. Energy dependence

One can integrate in Eqs. (26) and (27) over x2 using
relation (14). Since the momentum distribution of Higgs
produced from the nonperturbative IC sharply peaks at z %
z0 % 0:75, one can replace PIC!z" ) "!z# z0"PIC. With a
reasonable accuracy we can fix z at the same value for the
perturbative case and heavier flavors too, which is justified
by the rather mild dependence on s0 of other factors in
Eqs. (26) and (27).

Since at high energies z ) xH ) 1# x1, performing
integration in Eq. (26) one arrives at

#IC!pp ! ppH" % 32

$2

GFPIC

z0

m4
c

M4
H

&#$p
tot !~s"'2

B!~s"hr2chip
%2!~s"

&2$ 2%!~s" $ %2!~s"'3
!
1$ hr2chip

16hr2chi$
1

%!~s"

"
2

*
!
&

#########
!
2mc

s
$

##################
!1# &2"

q
ln
$
MH

2mc

%"
2
; (37)

where ~s % sz0M2
0=M

2
H. An analogous expression should be valid for Higgs production from intrinsic bottom. For top quark

in the proton we use Eq. (27) which leads to

#IT!pp ! ppH" % 8

$2

GFPIT

z0

m4
t

M4
H

&#$p
tot !~s"'2

B!~s"hr2chip
%2!~s"

&2$ 2%!~s" $ %2!~s"'3
!
1$ hr2chip

16hr2chi$
1

%!~s"

"
2
!
1$ 1# "

"
ln!1# ""

"
2
:

(38)

Notice that function %!~s" increases with energy as ~s0:28,
and such a steep rise of the denominator in Eq. (37) is not
compensated by the rise of the total cross section in the
numerator. Therefore, the diffractive cross sections,
Eqs. (37) and (38), turn out to decrease at asymptotic
energies approximately as inverse energy. This unexpected
result may be interpreted as follows. The source of the
falling energy dependence is the steep rise with energy of
the mean transverse momentum of gluons as is given by the
unintegrated gluon density, Eq. (11), hk2i % 4=R2

0!x" /
!s=M2

H"0:28. Also, the integral over k2 of the distribution
(11) rises with energy, and its value at k % 0 is steeply
falling. The rise comes for large transverse momenta
which, however, are cut off by the nucleon form factor,
Eq. (20). This is why the diffractive cross section (37) is
steeply falling. Indeed, without this form factor, for in-
stance in the reaction pp ! HXp, the cross section would
rise as !s=MH"0:7.

Nevertheless, at the energy of LHC,
###
s

p % 14 TeV, the
effective energy is rather low,

###
'

p
s % 120 GeV (we as-

sume MH % 100 GeV) and the cross section still rises
with energy. Indeed, R2

0 % 0:36 fm2, so %!'s" % 0:55 is
still rather small at this energy, and the cross sections,
Eqs. (37) and (38), rise as

#IQ!pp ! ppH"LHC /
$

s
M2

H

%
0:6
: (39)

However, at much higher energies the energy dependence
will switch to a steeply falling one. Besides, absorptive or
unitarity corrections are known to slow down the rise of the
cross sections.

D. Absorptive corrections

The amplitude of any off-diagonal large rapidity gap
process is subject to unitarity or absorptive corrections,
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d!IT!pp ! ppH"
dx2

# 8

"2

GFPIT!z"
1$ x2

m4
t

M4
H

%!"p
tot !s0"&2

B!s0"hr2chip
#2!s0"

%2' 2#!s0" ' #2!s0"&3
!
1' hr2chip

16hr2chi"
1

#!s0"

"
2
!
1' 1$ $

$
ln!1$ $"

"
2
:

(27)

B. Feynman xHF distribution of Higgs particles

The xHF distribution of the cross section, Eqs. (26) and
(27), is related to the LC wave function !IC!R; z" of the
system 3q$ "cc, namely, to the function PIC!z" defined in
Eq. (8). The momentum fraction z is related to x1;2 and xHF
by Eq. (14). The shape of PIC!z" strongly correlates with
the origin of IC, a nonperturbative component of the proton
wave function or a perturbative fluctuation.

1. Nonperturbative IC

In principle, one can construct a hadronic LC wave
function by diagonalizing the LC Hamiltonian. Here we
will use the method of Ref. [45] for the Lorentz boost of the
wave function, which is supposed to be known in the
hadron rest frame. The Lorentz boost generates higher
particle number quantum fluctuations which are missed
by this procedure; however, this method works well in
known cases [46,47], and even provides a nice cancellation
of large terms violating the Landau-Yang theorem [48].

We assume that the rest frame IC wave function has the
oscillatory form (in momentum space)

~! IC! ~Q; z" #
#############
PIC!z"

q $
1

"!%

%
3=4

exp
$
$

~Q2

2!%

%
: (28)

Here ! stands for the oscillator frequency and % #
M "ccM3q=!M "cc 'M3q" is the reduced mass of the "cc and
3q clusters. For further estimates we use M "cc # 3 GeV and
M3q # 1 GeV, although the latter could be heavier, since it
is the P wave.

To express the 3-vector ~Q by the effective mass of the

system, Meff #
#####################
~Q2 'M2

"cc

q
'

#####################
~Q2 'M2

3q

q
, one can

switch to the LC variables, ~Q and z,

M2
eff #

Q2

z!1$ z" '
M2

"cc

z
'

M2
3q

1$ z
: (29)

Then the longitudinal component QL in the exponent in
(28) reads

Q2
L # M2

eff

4
'

!M2
"cc $M2

3q"2
4M2

eff

$
M2

"cc 'M2
3q

2
$Q2; (30)

and the LC wave function acquires the form

!IC!Q; z" # K
#############
PIC!z"

q
exp

&
$ 1

8!%

!
M2

eff

'
!M2

"cc $M2
3q"2

M2
eff

"'
; (31)

where

K2 # 1

8QL

$
1

"!%

%
3=2

exp
$M2

"cc'M2
3q

2!%

%!
1$

!M2
"cc$M2

3q"
M4

eff

"

(
!
Q2!2z$1"
z2!1$z"2 $M2

"cc

z2
'

M2
3q

!1$ z"2
"
: (32)

Now we can calculate the z dependence of the function
PIC!z" defined in Eq. (8), which controls the x1 dependence
of the cross section,

PIC!z"
PIC

# 1

!IC!pp ! ppH"
d!IC!pp ! ppH"

dx1

# 1

PIC

Z
d2Qj!IC!Q; z"j2: (33)

This function is plotted in Fig. 3. The distribution sharply
peaks at z ) 0:75, as one could expect, since the IC pair is
heavy and should carry the main fraction of the proton
momentum. Note that at high energies, in particular, at
LHC, the momentum fraction z coincides with the
Feynman xH of the Higgs particle, with a high accuracy
*M2

H=s.

2. Perturbative intrinsic heavy flavors

The light-cone wave function of a perturbative fluctua-
tion p ! j3q "QQi in momentum representation is con-
trolled by the energy denominator,

FIG. 3. The distribution of produced Higgs particles over the
fraction of the proton beam momentum. The dotted, dashed, and
solid curves correspond to Higgs production from nonperturba-
tive IC (& # 1), perturbative IC (& # 0), and IT, respectively.
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which have the intuitive meaning of a survival probability
of the participating hadrons. To include these corrections
one should replace the diffractive amplitude as

fppsd !b; s" ) fppsd !b; s"#1$ Imfppel !b; s"%: (40)

The data for elastic pp scattering show that the partial
amplitude fppel !b; s" is independent of energy at small
impact parameters b ! 0, while rising as a function of
energy at large b [49–51]. This is usually interpreted as a
manifestation of saturation of the unitarity limit, Imfppel &
1. Indeed, this condition imposes a tight restriction at small
b, where Imfppel ' 1, leaving almost no room for further
rise. We will treat the Pomeron as a Regge pole without
unitarity corrections:

Im fppel !b; s" (
!pp

tot !s"
4"Bpp

el !s"
exp

!
$ b2

2Bpp
el !s"

"
; (41)

where !pp
tot !s" ( 21:8 mb) !s=M2

0"#, and # ( 0:08;
Bpp
el !s" ( B0

el * 2$0
P ln!s=M2

0" with B0
el ( 7:5 GeV$2.

Because of the accidental closeness of 2$0
P=B

0
el ( 0:067

and #, the preexponential factor in (41) hardly changes
with energy even without unitarity corrections. It is dem-
onstrated in Ref. [51] that not only at b ( 0, but in the
whole range of impact parameters, the model, Eq. (41),
describes correctly the energy dependence of the partial
amplitude fppel !b; s".

Thus we arrive at the absorption corrected cross section,

~! IQ!pp ! ppH" ( !IQ!pp ! ppH"
#
1$ 1

"
!pp

tot !s0"
B!s0" * 2Bpp

el !s0"
* 1

!4""2
#!pp

tot !s0"%2
Bpp
el !s0"#B!s0" * Bpp

el !s0"%

$
: (42)

This is not a severe suppression even at the energy of LHC,
where the absorptive factor is 0.2.

Including the absorptive corrections we calculated the
total cross sections for diffractive Higgs production, pp !
Hpp, from the intrinsic heavy quark (IQ) components. The
results at the energy of LHC,

%%%
s

p ( 14 TeV, are plotted as
a function of Higgs mass in Fig. 4. We assume a perturba-
tive origin for all intrinsic components, a 1=m2

Q scaling for
their weights, and a 1% probability of IC for % ( 0 in
Eq. (37). Note that the contributions of the intrinsic charm
and bottom fall steeply with the mass of the Higgs in
accordance with Eq. (37). The contribution of the intrinsic
top rises with MH unless MH > 2mt ' 350 GeV; then the
cross section starts falling.

In our case, the enhanced corrections (also called
Gribov’s corrections) increase, rather than suppress the

survival probability. In Regge models one can check this
by applying the quasieikonal model which leads to a
‘‘gray disk’’ rather than ‘‘black disk’’ regime in the
Froissart limit. It is more correct to rely on the dipole
approach. For each Fock state the survival probability
hexp#$!!r"T!b"%i is larger than the eikonal one,
exp#$h!!r"iT!b"%, where T!b" is the thickness function
at impact parameter ~b (profile function of the target), and
!!r" is the dipole cross section. To be on the safe side we
use the latter more conservative estimate. The difference
between these two approaches is not dramatic, even for
nuclei (see Ref. [31]).

V. FURTHER POSSIBILITIES TO GET A LARGER
CROSS SECTION

A. Direct production of Higgs from a colorless IQ

A heavy flavor !QQ pair in the IQ component of the
proton may be found in a colorless state. In this case the
Higgs particle can be produced directly from this pair via
Pomeron exchange as is shown in Fig. 5. We consider the

FIG. 4. The cross section of the reaction pp ! Hp* p as a
function of the Higgs mass. Contributions of IC (dashed line), IB
(dotted line), and IT (solid line).
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FIG. 5 (color online). Higgs production via Pomeron ex-
change.
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of the participating hadrons. To include these corrections
one should replace the diffractive amplitude as
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The data for elastic pp scattering show that the partial
amplitude fppel !b; s" is independent of energy at small
impact parameters b ! 0, while rising as a function of
energy at large b [49–51]. This is usually interpreted as a
manifestation of saturation of the unitarity limit, Imfppel &
1. Indeed, this condition imposes a tight restriction at small
b, where Imfppel ' 1, leaving almost no room for further
rise. We will treat the Pomeron as a Regge pole without
unitarity corrections:
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with energy even without unitarity corrections. It is dem-
onstrated in Ref. [51] that not only at b ( 0, but in the
whole range of impact parameters, the model, Eq. (41),
describes correctly the energy dependence of the partial
amplitude fppel !b; s".

Thus we arrive at the absorption corrected cross section,

~! IQ!pp ! ppH" ( !IQ!pp ! ppH"
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1$ 1

"
!pp

tot !s0"
B!s0" * 2Bpp

el !s0"
* 1
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#!pp

tot !s0"%2
Bpp
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This is not a severe suppression even at the energy of LHC,
where the absorptive factor is 0.2.

Including the absorptive corrections we calculated the
total cross sections for diffractive Higgs production, pp !
Hpp, from the intrinsic heavy quark (IQ) components. The
results at the energy of LHC,
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p ( 14 TeV, are plotted as
a function of Higgs mass in Fig. 4. We assume a perturba-
tive origin for all intrinsic components, a 1=m2

Q scaling for
their weights, and a 1% probability of IC for % ( 0 in
Eq. (37). Note that the contributions of the intrinsic charm
and bottom fall steeply with the mass of the Higgs in
accordance with Eq. (37). The contribution of the intrinsic
top rises with MH unless MH > 2mt ' 350 GeV; then the
cross section starts falling.

In our case, the enhanced corrections (also called
Gribov’s corrections) increase, rather than suppress the

survival probability. In Regge models one can check this
by applying the quasieikonal model which leads to a
‘‘gray disk’’ rather than ‘‘black disk’’ regime in the
Froissart limit. It is more correct to rely on the dipole
approach. For each Fock state the survival probability
hexp#$!!r"T!b"%i is larger than the eikonal one,
exp#$h!!r"iT!b"%, where T!b" is the thickness function
at impact parameter ~b (profile function of the target), and
!!r" is the dipole cross section. To be on the safe side we
use the latter more conservative estimate. The difference
between these two approaches is not dramatic, even for
nuclei (see Ref. [31]).

V. FURTHER POSSIBILITIES TO GET A LARGER
CROSS SECTION

A. Direct production of Higgs from a colorless IQ

A heavy flavor !QQ pair in the IQ component of the
proton may be found in a colorless state. In this case the
Higgs particle can be produced directly from this pair via
Pomeron exchange as is shown in Fig. 5. We consider the

FIG. 4. The cross section of the reaction pp ! Hp* p as a
function of the Higgs mass. Contributions of IC (dashed line), IB
(dotted line), and IT (solid line).
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will be produced at quite large xF values, where the background from multi-particle

production is expected to be small. Nevertheless, the main goal of this paper is to

evaluate the cross section of this novel Higgs production mechanism, leaving a detailed

clarification of the relevant backgrounds to further investigations.

2 Inclusive Hadroproduction of the Higgs from

Intrinsic Heavy Flavors

We start our analysis with the totally inclusive case, described by the diagram of

Fig. 1. Since the remnants of both protons are color octets, no rapidity gap is ex-

Q

HH

Q Q

−kk

pp

pp

Q

Figure 1: Representation of the cross section for inclusive Higgs produc-

tion. The dashed line shows the unitarity cut.

pected.

Assuming that the intrinsic QQ pair is in a color-octet P -wave state, the corre-

sponding cross section can be readily obtained. It is given by

dσ

d2k dz
= PIQ(z)

2παs(k2)
3

F(x, k2)
k4

∣∣∣∣
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)
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k2 δ2 ×
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


ln(δ) if Q = c, b

1
8

[
1 + 1−δ

δ ln(1 − δ)
]

if Q = t
(1)
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Figure 2: The cross section of inclusive Higgs production in fb, coming

from the non-perturbative intrinsic charm distribution, at LHC (
√

s =

14 TeV) energies. For comparison we show also an estimate of the cross

section for gluon-gluon fusion.

the following procedure. Using the NNLO results of ref. [27] we see that dσH/dy = 1pb

at y = 3, which corresponds to xF = 0.165. Then, since

dσH

dxF
=

e−y
√

s

MH

dσH

dy

we get
dσH

dxF
(xF = 0.165) = 5.83pb.

We extrapolate to higher values of xF using the MRST2006NNLO gluon distributions

at the Higgs scale [28], and calculate the suppression factors due to rise of x1 = xF . At

the same time x2 decreases and the gluon density in the target rises (x2 = m2
H/s/x1).

Eventually we get gg-cross section shown in Fig. 2.

The same analysis can be repeated for inclusive Higgs production from intrinsic

bottom (IB), assuming that the probability for Fock states in the light hadron to have

an extra heavy quark pair of mass MQ scales as 1/M2
Q, which is a result that can be

obtained using the operator product expansion. The result is shown in Fig.3. Notice

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

14

Figure 2: The cross section of inclusive Higgs production in f b, coming 
from the non-perturbative intrinsic charm distribution, at LHC (√s = 
14 TeV) energies. For comparison we show also an estimate of the cross 

section for gluon-gluon fusion. 
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same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4
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Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
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sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4

11

Peripheral 

Central 

Protons less absorbed  
in nuclear co#isions than pions 

114
114



 
 Stan Brodsky,  SLAC

Imperial College,  
September 16, 2008

Novel QCD Physics

p
u

u

n = 4

nactive =  4
n= 2nactive -  4

xT

ε = 1− xT

xT = 2pT√
s

pp→ HX at high pT

Working assumption: leading-twist subpro-
cesses plus jet fragmentation

qq → qq, gq → gq, gg → qq̄, gg → gg

u

p

H

Color Opaque

 Proton created from 
jet fragmentation

115
115



 
 Stan Brodsky,  SLAC

Imperial College,  
September 16, 2008

Novel QCD Physics
116

Crucial Test of Leading -Twist QCD:
Scaling at fixed xT
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As fundamental as Bjorken scaling  in DIS
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xT =
2pT√
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Figure 9: (left) xT scaling [52] of direct photon data in p-p and p-p̄ collisions. The quantity plotted is

(
√
s)n×Ed3!/dp3(xT ) with n = 5.0. (right) xT scaling of jet cross sections measured in p-p̄ collisions by

CDF and D0 [55]. The quantity plotted is the ratio of p4T times the invariant cross section as a function of

xT for
√
s= 630 and 1800 GeV. Note that the theory curves are plotted in the same way in order to avoid as

much as possible uncertainties from the various parton distribution functions used.

of approximately 15 GeV/fm3. The theory curve appears to show a reduction in suppression with

increasing pT , while, as noted above, the data appear to be flat to within the errors, which clearly

could still be improved.

It is unreasonable to believe that the properties of the medium have been determined by a

theorist’s line through the data which constrains a few parameters of a model. The model and

the properties of the medium must be able to be verified by more detailed and differential mea-

surements. All models of medium induced energy loss [60] predict a characteristic dependence of

the average energy loss on the length of the medium traversed. This is folded into the theoretical

calculations with added complications that the medium expands during the time of the collision,

etc [61]. In an attempt to separate the effects of the density of the medium and the path length

traversed, PHENIX [33, 62] has studied the dependence of the #0 yield as a function of the an-

gle ($% ) to the reaction plane in Au+Au collisions (see Fig. 12). For a given centrality, variation

of $% gives a variation of the path-length traversed for fixed initial conditions, while varying the

centrality allows the initial conditions to vary. Clearly these data reveal much more activity than

the reaction-plane-integrated RAA (Fig. 11) and merit further study by both experimentalists and

theorists.

The point-like scaling of direct photon production in Au+Au collisions indicated by the ab-
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a given
√
s fall below the asymptote at successively lower values of xT with increasing

√
s, cor-

responding to the transition region from hard to soft physics in the pT region of about 2 GeV/c.

Although xT -scaling provides a rather general test of the validity QCD without reference to details,

the agreement of the PHENIX measurement of the invariant cross section for !0 production in p-p

collisions at
√
s= 200 GeV [30] with NLO pQCD predictions over the range 2.0≤ pT ≤ 15 GeV/c

(Fig. 4) is, nevertheless, impressive.
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Figure 4: (left) PHENIX [30] !0 invariant cross section at mid-rapidity from p-p collisions at
√
s= 200GeV,

together with NLO pQCD predictions fromVogelsang [31, 32]. a) The invariant differential cross section for

inclusive !◦ production (points) and the results from NLO pQCD calculations with equal renormalization

and factorization scales of pT using the “Kniehl-Kramer-Pötter” (solid line) and “Kretzer” (dashed line) sets

of fragmentation functions. b) The relative statistical (points) and point-to-point systematic (band) errors.

c,d) The relative difference between the data and the theory using KKP (c) and Kretzer (d) fragmentation

functions with scales of pT /2 (lower curve), pT , and 2pT (upper curve). In all figures, the normalization

error of 9.6% is not shown. (right) e) p-p data from a) multiplied by the nuclear thickness function, TAA,

for Au+Au central (0-10%) collisions plotted on a log-log scale (open circles) together with the measured

semi-inclusive !0 invariant yield in Au+Au central collisions at
√
sNN = 200 GeV [33]

3.1 The importance of the power law

A log-log plot of the !0 spectrum from Fig. 4a in p-p collisions, shown in Fig. 4e along with

corresponding data from Au+Au collisions [33], illustrates that the inclusive single particle hard-

scattering cross section is a pure power law for pT ≥ 3 GeV/c. The invariant cross section for !0

production can be fit to the form

Ed3#/dp3 & p−nT (3.3)
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particle production:

E
d3!

d3p
=

1

p
n(xT ,

√
s)

T

F(xT ) =
1

√
s
n(xT ,

√
s)
G(xT ) , (3.1)

where xT = 2pT/
√
s. The cross section has two factors, a function F(xT ) (G(xT )) which ‘scales’,

i.e. depends only on the ratio of momenta, and a dimensioned factor, 1/pn(xT ,
√
s)

T (1/
√
s
n(xT ,

√
s)
),

where n(xT ,
√
s) equals 4 in lowest-order (LO) calculations, analogous to the 1/q4 form of Ruther-

ford Scattering in QED. The structure and fragmentation functions are all in the F(xT ) (G(xT ))

term. Due to higher-order effects such as the running of the coupling constant, "s(Q2), the evo-

lution of the structure and fragmentation functions, and the initial-state transverse momentum kT ,

n(xT ,
√
s) is not a constant but is a function of xT ,

√
s. Measured values of n(xT ,

√
s) for #0 in p-p

collisions are between 5 and 8 [5].

The scaling and power-law behavior of hard scattering are evident from the
√
s dependence

of the pT dependence of the p-p invariant cross sections. This is shown for nonidentified charged

hadrons, (h+ + h−)/2, in Fig. 3a. At low pT ≤ 1 GeV/c the cross sections exhibit a “thermal”
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exp(−6pT ) dependence, which is largely independent of
√
s, while at high pT there is a power-law

tail, due to hard scattering, which depends strongly on
√
s. The characteristic variation with

√
s at

high pT is produced by the fundamental power-law and scaling dependence of Eqs. 2.1, 3.1. This

is best illustrated by a plot of

√
s
n(xT ,

√
s) ×E

d3!

d3p
= G(xT ) , (3.2)

as a function of xT , with n(xT ,
√
s) = 6.3, which is valid for the xT range of the present RHIC

measurements (Fig. 3b). The data show an asymptotic power law with increasing xT . Data at

6

E dσ
d3p

(pp→ γX)

√
snE dσ

d3p
(pp→ γX) at fixed xT

√
s6.3 × E dσ

d3p
(pp→ πX) at fixed xT

√
s6.3 × E dσ

d3p
(pp→ H±X) at fixed xT

pT
n × E dσ

d3p
(pp→ πX) at fixed xT , θCM = π

2

E dσ
d3p

(pp→ πX) = F (xT ,θCM)
p8
T

120

Review of hard scattering and jet analysis Michael J. Tannenbaum

a given
√
s fall below the asymptote at successively lower values of xT with increasing

√
s, cor-

responding to the transition region from hard to soft physics in the pT region of about 2 GeV/c.

Although xT -scaling provides a rather general test of the validity QCD without reference to details,

the agreement of the PHENIX measurement of the invariant cross section for !0 production in p-p

collisions at
√
s= 200 GeV [30] with NLO pQCD predictions over the range 2.0≤ pT ≤ 15 GeV/c

(Fig. 4) is, nevertheless, impressive.
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Figure 4: (left) PHENIX [30] !0 invariant cross section at mid-rapidity from p-p collisions at
√
s= 200GeV,

together with NLO pQCD predictions fromVogelsang [31, 32]. a) The invariant differential cross section for

inclusive !◦ production (points) and the results from NLO pQCD calculations with equal renormalization

and factorization scales of pT using the “Kniehl-Kramer-Pötter” (solid line) and “Kretzer” (dashed line) sets

of fragmentation functions. b) The relative statistical (points) and point-to-point systematic (band) errors.

c,d) The relative difference between the data and the theory using KKP (c) and Kretzer (d) fragmentation

functions with scales of pT /2 (lower curve), pT , and 2pT (upper curve). In all figures, the normalization

error of 9.6% is not shown. (right) e) p-p data from a) multiplied by the nuclear thickness function, TAA,

for Au+Au central (0-10%) collisions plotted on a log-log scale (open circles) together with the measured

semi-inclusive !0 invariant yield in Au+Au central collisions at
√
sNN = 200 GeV [33]

3.1 The importance of the power law

A log-log plot of the !0 spectrum from Fig. 4a in p-p collisions, shown in Fig. 4e along with

corresponding data from Au+Au collisions [33], illustrates that the inclusive single particle hard-

scattering cross section is a pure power law for pT ≥ 3 GeV/c. The invariant cross section for !0

production can be fit to the form

Ed3#/dp3 & p−nT (3.3)
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FIG. 3: Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pT range. Shown are data for central (0 − 5%) and for peripheral (60 − 90%) collisions.

law Ed3σ/d3p(pp → π+X) ∝ p−8.2
T giving nactive = 6 may indicate a quark-quark scattering

process which produces in addition to the incoming quarks a qq̄ pair, which becomes the

observed pion with high transverse momentum. This process has been analyzed within the

Constituent Interchange Model (CIM) [1], where an incoming qq̄ pair collides with a quark

by interchanging a quark and antiquark. The CIM is motivated by the inclusive to exclusive

transition mentioned above and is in good agreement with the Chicago-Princeton (CP) data

[15]. The model even can reproduce the absolute normalization of the inclusive cross section.

Obviously, the production mechanism for high pT hadrons changes from
√

s = 20 GeV to
√

s = 200 GeV. For constituent interchange longitudinal momenta of O(1 GeV) can still be

accommodated in the wave function of the proton. When the relevant longitudinal momenta

are about O(10 GeV) at higher energies, interchange is no longer possible which the different

reaction mechanisms with increasing energy.

Moreover, for proton production the pT dependence at Chicago-Princeton energies is

also explained by CIM. A value of n = 12 is a strong indication that higher twists from

wave function effects dominate high pT hadron production around
√

s = 20 GeV. Here the

produced proton is the result of proton scattering on a quark. If protons and pions were

both produced by fragmentation as in the Feynman-Field-Fox parton model, it is hard to

understand how a dimensionless fragmentation function could change n from 8 for pions to

12 for protons.
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Fig. 5.6.2. Plots ofNeff and Feff from the ISR—BS and FNAL—CP data for charged particles. The FNAI. energy pairs are

(19.4-23.8 GeV) marked by X’s and (23.8--27.4 GeV) marked by dots.

up by a jet of hadrons. Another important application of this analysis is the process pp -+ pX,

since it separates the Drell—Yan N 2 process from hadron-produced muons.
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derived from Eq. 3.2, for peripheral and central collisions, by taking the ratio of Ed3!/dp3 at a

given xT for
√
sNN = 130 and 200 GeV, in each case. The "0’s exhibit xT scaling, with the same
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Figure 6: Power-law exponent n(xT ) for "0 and h spectra in central and peripheral Au+Au collisions at
√
sNN = 130 and 200 GeV [44].

value of n = 6.3 as in p-p collisions, for both Au+Au peripheral and central collisions, while the

non-identified charged hadrons xT -scale with n = 6.3 for peripheral collisions only. Notably, the

(h+ +h−)/2 in Au+Au central collisions exhibit a significantly larger value of n(xT ,
√
s), indicat-

ing different physics, which will be discussed below. The xT scaling establishes that high-pT "0

production in peripheral and central Au+Au collisions and (h+ + h−)/2 production in peripheral

Au+Au collisions follow pQCD as in p-p collisions, with parton distributions and fragmentation

functions that scale with xT , at least within the experimental sensitivity of the data. The fact that

the fragmentation functions scale for "0 in Au+Au central collisions indicates that the effective

energy loss must scale, i.e. S(pT )/pT = is constant, which is consistent with the parallel spectra

on Fig. 4e and the constant value of RAA as noted in the discussion above.

The deviation of (h+ +h−)/2 from xT scaling in central Au+Au collisions is indicative of and

consistent with the strong non-scaling modification of particle composition of identified charged-

hadrons observed in Au+Au collisions compared to that of p-p collisions in the range 2.0 ≤ pT ≤
4.5 GeV/c, where particle production is the result of jet-fragmentation. As shown in Fig. 7-(left)

the p/"+ and p̄/"− ratios as a function of pT increase dramatically to values ∼1 as a function
of centrality in Au+Au collisions at RHIC [45] which was totally unexpected and is still not fully

understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).

4.2 Direct photon production

Direct photon production is one of the best reactions to study QCD in hadron collisions, since
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non-identified charged hadrons xT -scale with n = 6.3 for peripheral collisions only. Notably, the
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√
s), indicat-

ing different physics, which will be discussed below. The xT scaling establishes that high-pT "0
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Au+Au collisions follow pQCD as in p-p collisions, with parton distributions and fragmentation

functions that scale with xT , at least within the experimental sensitivity of the data. The fact that

the fragmentation functions scale for "0 in Au+Au central collisions indicates that the effective

energy loss must scale, i.e. S(pT )/pT = is constant, which is consistent with the parallel spectra

on Fig. 4e and the constant value of RAA as noted in the discussion above.

The deviation of (h+ +h−)/2 from xT scaling in central Au+Au collisions is indicative of and

consistent with the strong non-scaling modification of particle composition of identified charged-

hadrons observed in Au+Au collisions compared to that of p-p collisions in the range 2.0 ≤ pT ≤
4.5 GeV/c, where particle production is the result of jet-fragmentation. As shown in Fig. 7-(left)

the p/"+ and p̄/"− ratios as a function of pT increase dramatically to values ∼1 as a function
of centrality in Au+Au collisions at RHIC [45] which was totally unexpected and is still not fully

understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).
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understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).
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derived from Eq. 3.2, for peripheral and central collisions, by taking the ratio of Ed3!/dp3 at a

given xT for
√
sNN = 130 and 200 GeV, in each case. The "0’s exhibit xT scaling, with the same
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Figure 6: Power-law exponent n(xT ) for "0 and h spectra in central and peripheral Au+Au collisions at
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sNN = 130 and 200 GeV [44].
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4.5 GeV/c, where particle production is the result of jet-fragmentation. As shown in Fig. 7-(left)

the p/"+ and p̄/"− ratios as a function of pT increase dramatically to values ∼1 as a function
of centrality in Au+Au collisions at RHIC [45] which was totally unexpected and is still not fully

understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).
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Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4
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Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4
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for meson-meson and baryon-meson conditional yields
and nearly the same magnitude for baryon-meson and
baryon-baryon near side conditional yields. In contrast,
the data show the conditional yield of associated mesons
with baryon triggers to be a factor of two to five times
larger than the conditional yield of baryons associated
with baryon triggers, depending on centrality. The re-
sults presented here also appear to exclude baryon pro-
duction via higher twist mechanisms [32] which would
produce isolated p and p̄. No correlation calculations are
available from the gluon junction model [15], so a com-
parison beyond the successfully described single particle
data could not be done at this point.

We have systematically explored the particle type de-
pendence of jet fragmentation at intermediate pT in
Au+Au collisions at

√
sNN = 200 GeV. The new data

disagree with calculations from the recombination model
presented in [19, 31]. Given the success of recombination
models in reproducing elliptic flow and hadron spectra
data it would be interesting to see if other recombination
calculations are able to describe the data presented here.
We find that near side correlations between meson trig-
gers and associated mesons increase with centrality. Near
side correlations between baryon triggers and associated
mesons show the same centrality dependence except for
the most central collisions where there is a significant
decrease. The first measurements of baryon pairs on the

near side are found to be largely due to opposite charge p-
p̄ pairs. Under the assumption that the above centrality
dependencies of particle pairs and single particles are not
coincidental, one can explain the observed baryon excess
at intermediate pT in Au+Au collisions via jet induced
production of baryon-antibaryon pairs.
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Baryon Anomaly:  Evidence for Direct, 
Higher-Twist Subprocesses

• Explains anomalous power behavior at fixed xT

• Protons more likely to come from direct higher-twist 
subprocess than pions

• Protons less absorbed than pions in central nuclear 
collisions because of color transparency

• Predicts increasing proton to pion ratio in central collisions

• Proton power neff  increases with centrality since leading 
twist contribution absorbed

• Fewer same-side hadrons for proton trigger at high 
centrality

• Exclusive-inclusive connection at xT = 1
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• Quarks and Gluons:                                                            
Fundamental constituents of hadrons and nuclei

• Quantum Chromodynamics (QCD)

• New Insights from higher space-time dimensions:  AdS/QCD

• Light-Front Holography

• Hadronization at the Amplitude Level

• Light Front Wavefunctions:     analogous to the 
Schrodinger wavefunctions of atomic physics
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General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1
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Baryon Anomaly:  Evidence for Direct, 
Higher-Twist Subprocesses

• Explains anomalous power behavior at fixed xT

• Protons more likely to come from direct higher-twist 
subprocess than pions

• Protons less absorbed than pions in central nuclear 
collisions because of color transparency

• Predicts increasing proton to pion ratio in central collisions

• Proton power neff  increases with centrality since leading 
twist contribution absorbed

• Fewer same-side hadrons for proton trigger at high 
centrality

• Exclusive-inclusive connection at xT = 1
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• Clash of DGLAP and BFKL with unitarity: saturation phenomena;  off-shell 
effects at high x

• Heavy quark distributions do not derive exclusively from DGLAP or gluon 
splitting -- component intrinsic to hadron wavefunction:                                 
Intrinsic c(x,Q), b(x,Q), t(x,Q): 

• Hidden-Color of Nuclear Wavefunction

• Antishadowing is quark specific!

• Polarized u(x) and d(x) at large x; duality

• Virtual Compton scattering : DVCS, DVMS, GPDs; J=0 fixed pole reflects 
elementary source of electromagnetic current

• Initial-and Final-State Interactions: leading twist SSA, DDIS

• Direct Higher-Twist Processes; Color Transparency

135

Novel Aspects of QCD in ep scattering
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limNC → 0 at fixed α = CFαs, n" = nF/CF

e+e− → p# p

QCD → Abelian Gauge Theory

limNC → 0 at fixed α = CFαs, n" = nF/CF

e+e− → p# p

Huet, sjb

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD 
must be applicable to QED

136



• Renormalization scale “unphysical”:  No optimal 
physical scale

• Can ignore possibility of multiple physical scales

• Accuracy of PQCD prediction can be judged by taking 
arbitrary guess                        

• with an arbitrary range           

• Factorization scale should be taken equal to 
renormalization scale

Conventional wisdom  in QCD concerning 
scale setting

These assumptions are untrue in QED 
and thus they cannot be true for QCD!

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,"k⊥, λi)

pH

x,"k⊥

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,"k⊥, λi)

pH

x,"k⊥

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,"k⊥, λi)

pH

x,"k⊥
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Electron-Electron Scattering in QED

t u

This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Gell Mann-Low Effective Charge
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• No renormalization scale ambiguity!   

• Two separate physical scales: t, u = photon virtuality  

• Gauge Invariant.  Dressed photon propagator

• Sums all vacuum polarization, non-zero beta terms into running coupling.

• If one chooses a different scale, one can sum an infinite number of graphs -- but always 
recover same result!  

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

• No renormalization scale ambiguity!   

• Two separate physical scales.  

• Gauge Invariant.  Dressed photon propagator

• Sums all vacuum polarization, non-zero beta terms into running coupling.

• If one chooses a different scale, one must sum an infinite number of graphs -- but then 
recover same result!  

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

Electron-Electron Scattering in QED
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Another Example in QED: Muonic Atoms

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ

Z

ψH(x,"k⊥, λi)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ

Z

e+e−

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

Z

e+e−

V (q2) = −ZαQED(q2)
q2

αQED = 1
1−Π(Q2)

ψH(x,#k⊥, λi)

pH

x,#k⊥

1− x,−#k⊥

V (q2) = −ZαQED(q2)
q2

αQED(q2) =
αQED(0)
1−Π(q2)

ψH(x,#k⊥, λi)

pH

x,#k⊥

1− x,−#k⊥

Scale is unique:  Tested to ppm

e+e−

V (q2) = −ZαQED(q2)
q2

αQED(q2) =
αQED(0)
1−Π(q2)

µ2
R ≡ q2

ψH(x,#k⊥, λi)

pH

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

q

Z
This is very important!

This is very important!

This is very important!

This is very important!

Gyulassy: Higher Order VP verified to

0.1% precision in µ Pb

+
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µ2
R !

Q2
minQ2

med
Q2

max

µ2
R !

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

"+

"−

µ2
R !

Q2
minQ2

med
Q2

max

µ2
R !

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

"+

"−

µ2
R !

Q2
minQ2

med
Q2

max

µ2
R !

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

"+

"−

µ2
R !

Q2
minQ2

med
Q2

max

µ2
R !

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

Q

Q̄

µ2
R !

Q2
minQ2

med
Q2

max

µ2
R !

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

Q

Q̄

Example of Multiple BLM Scales
 Angular distributions of massive quarks and leptons close to threshold.

Hoang, Kuhn, Teubner, sjb
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Novel Aspects of QCD 

• Heavy quark distributions do not derive exclusively 
from DGLAP or gluon splitting -- component 
intrinsic to hadron wavefunction: Higgs at high xF

• Initial and final-state interactions are not power 
suppressed in  hard QCD reactions

• LFWFS are universal, but measured nuclear parton 
distributions are not universal -- antishadowing  is 
flavor dependent

• Hadroproduction at large transverse momentum 
does not derive exclusively from 2 to 2 scattering 
subprocesses 
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• DDIS and Sivers Effect: Breakdown of Leading-Twist Factorization

• Physics of Hard Pomeron

• Measure Fundamental Hadron Wavefunction via Di-jet and Tri-jet 
Fragmentation

• Origin of Leading Twist Shadowing

• Non-Universal Antishadowing

• Heavy quark structure functions at high x

• Higgs production at large xF

• Hadroproduction of new heavy quark states such as ccu, ccd at high xF

• Novel Nuclear Effects from color structure of IC

• Fixed target program at LHC:  produce bbb states

• Direct Hadroproduction at high pT
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Novel QCD Physics

Truth is stranger than fiction, but it is because 
Fiction is obliged to stick to possibilities. 
                              —Mark Twain

• Although we know the QCD Lagrangian, we 
have only begun to understand its remarkable 
properties and features.

• Novel QCD Phenomena: hidden color, color 
transparency, strangeness asymmetry, intrinsic 
charm, anomalous heavy quark phenomena,  
anomalous spin effects, single-spin 
asymmetries, odderon, diffractive deep 
inelastic scattering, initial and final-state  
interaction effects, shadowing, 
antishadowing ...
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