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LHeC: Virtual Photon-Proton Collider
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LHeC: Virtual Photon-Proton Collider

variable spacelike photon virtuality, 
various primary flavors
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Perspective from the e-p collider frame
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photon and proton fragmentation vs. central regions

Saturation, nuclear shadowing, antishadowing
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LHeC: Virtual Z-Proton Collider
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variable Z* virtuality, 
various flavors proton or ions

pZ*

Interferes with virtual photon amplitude
e+ e- and q q asymmetries, parity violation

q q plane aligned with lepton scattering plane ~ cos2φ -
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Inclusive Top Electroproduction at the LHeC

t� ¯t asymmetry from �⇤ and Z⇤
or �⇤�⇤ interference

LHeC: Virtual Photon-Proton Collider

t t Plane correlated with Electron Scattering Plane -

�⇤, Z0

Ambiguous: Top quark in photon vs. heavy sea quark in proton?



LHeC in the “Infinite Momentum Frame”

All hadronic physics assumed  to come from the 
structure function of the proton or nucleus

q+ = q0 + q3 = 0,
q0 = �q3, Q2 = �q2 = q2

?



LHeC in the “Infinite Momentum Frame”

All hadronic physics assumed  to come from the 
structure function of the proton or nucleus

q+ = q0 + q3 = 0,
q0 = �q3, Q2 = �q2 = q2

?

Initial and final electron in 
transverse direction
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LHeC: Virtual Photon-Proton Collider

variable spacelike photon virtuality 
various primary flavors

p

Perspective from the photon-proton collider frame

QCD Factorization: Interactions of Light-Front 
Wavefunctions of photon and proton

Virtual photon structure function

q q plane aligned with lepton scattering plane ~ cos2φ 
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LHeC: “Top Quark-Proton Collider”
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t t plane aligned with lepton scattering plane

proton or ions
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No single “aligned jet”

Strong enhancement at top threshold 

Only partially included by DGLAP in proton pdf
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High Q2, high M2Q virtual photon at LHeC acts as a precision, small bore, 
linearly oriented, flavor-dependent probe acting on a proton or nuclear target. 

Study final-state hadron multiplicity distributions, 
ridges, nuclear dependence, etc.
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No nuclear shadowing at high Q2 or M2Q 

Mueller, sjb
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Multiple Renormalization Scales

Sommerfeld Enhancement of massive quark and lepton production close to threshold.

Hoang, Kühn, Teubner, sjb

Sommerfeld
Threshold  

Enhancement

Principle of Maximum Conformality
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Inclusive Higgs Electroproduction at the LHeC 
from the Neutral Current
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Inclusive Higgs Electroproduction at the LHeC
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Inclusive Higgs Electroproduction at the LHeC
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Inclusive Two-Higgs Electroproduction or 
photoproduction at the LHeC!

H
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Diffractive Higgs Electroproduction at the LHeC
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Diffractive Higgs Electroproduction at the LHeC 
from Intrinsic Heavy Quarks at very high xF
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Hoyer, Peterson, Sakai, sjb

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)

29



Two(parBcle(correlaBons:(CMS(results(

�Discovery� 

!  Ridge: Distinct long range correlation in η collimated around ΔΦ≈ 0 
                  for two hadrons in the intermediate 1 < pT, qT < 3 GeV   

Raju VenugopalanRidge in p p collisions
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Small size domain activated

Bjorken, Goldhaber, sjb
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Possible origin of same-side CMS ridge in p p Collisions

Bjorken, Goldhaber, sjbThe key point is that a multi-particle correlation should give a much more conspicuous signal

than the two-particle correlation used so far in the experimental analysis, but of course only

in that small fraction of the events where the prerequisite conditions of coincidence of narrow

strings in the projectile and target are in fact obtained. To be specific, we suggest looking at

the following vector ~V , computing its magnitude for each event. If the number of events with

large magnitude are greater than expected from chance, one would have powerful evidence

for the proposed colliding flux tube mechanism. Define

~V =
NX

i=1

[cos 2�ix̂+ sin 2�iŷ] , (1)

and obtain the distribution of ~V 2. If the particles were distributed randomly in �, then the

expectation value of ~V 2 would be N , where N is the number of particles in the event in

the given region of transverse momentum. The probability of getting a value N2 may be

estimated by introducing quadrants in the variable 2�: Assume each vector can take only

the values ±x̂ or ±ŷ, with each having a probability 1/4. Suppose the first vector is +x̂.

Then the chance that the remainder would all be in the same direction would be (1/4)N�1.

For N = 5, this would yield a probability 1/256. If, among events in which the ridge was

seen, with more than 110 particles per event, and 5 particles separated from each other by

about one unit in �⌘ in an interval of p? between 1 and 2 GeV/c, as many as 2% of the

events should show ~V 2 ⇡ 25, that could be evidence for the kind of correlation we suggest.

This exercise is equivalent to asking the probability – assuming complete randomness in � –

that all 5 particles are in either of two opposite octants of �. If they were more collimated

than that, the probability would be even smaller.

It is likely that insistence on rapidity separation of emerging particles by one unit is

unnecessary: If there were only short-range correlations, then the value of ~V 2 inevitably

would lie far below its allowed maximum. Thus counting all particles in each event in the

specified range of transverse momentum, regardless of rapidity separation, should give a

reliable measure of the correlation. Technically, ~V is just the square of the usual ellipticity

variable. An advantage of squaring is that maximal ellipticity events are easy to pick out.

Also, it is easier to think about such a scalar variable rather than a vector variable.

At this point let us take a step back to gain perspective on what could cause such

phenomena. Obviously projectile and target must overlap in impact parameter to some

extent. Dynamics, in the form of conservation of momentum or of attraction of outgoing

6



We suggest that this “ridge”-like correlations are a reflection 
of the rare events generated by the collision of aligned flux 
tubes connecting the valence quarks in the wave functions of 
the colliding protons. 

The “spray” of particles resulting from the approximate line 
source produced in such inelastic collisions then gives rise to 
events with a strong correlation between particles produced 
over a large range of both positive and negative rapidity. 

Multiparticle ridge-like correlations in very high 
multiplicity proton-proton collisions

Bjorken, Goldhaber, sjb

LHeC: Variable plane and photon size: 
enhanced sensitivity to ridge mechanism
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Light-Front Wavefunctions:  rigorous representation of composite 
systems in quantum field theory
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Causal, Frame-independent.  Creation Operators on Simple Vacuum, 
Current Matrix Elements are Overlaps of LFWFS
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Rigorous First-Principle Formulation of Non-Perturbative QCD

HLF
QCD

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
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338 S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486
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number of coupled integral eigenvalue equations, 
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where V is the interaction part of HLC. Diagrammatically, V involves completely 

irreducible interactions--i.e. diagrams having no internal propagators-coupling 

Fock states (Fig. 5). These equations determine the hadronic spectrum and 

xJ= 
: 3 II 
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0 l . . f 
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Figure 5. Coupled eigenvalue equations for the light-cone wa.vefunctious of a 

pion. 

wave functions. Although the potential is essentially trivial, the many channels 

required to describe an hadronic state make these equations very difficult to solve. 

Nevertheless the first attempts at a direct solution have been made. 

The bulk of the probability for a nonrelativistic system is in a single Fock 

state-e.g. (eE> for positronium, or Ibb) for the r meson. For such systems it 

is useful to replace the full set of multi-channel eigenvalue equations by a single 

equation for the dominant wavefunction. To see how this can be done, note that 

the bound state equation, say for positronium, can be rewritten as two equations 

using the projection operator P onto the subspace spanned by eE states, and its 

complement & E 1 - P: 

Hpp IPs)~ + HPQ IPs)~ = h4” IPs)p 

(29) 

H&p [Ps)~ + HQQ jP& = hf” h)g 

where H~Q E PHQ.. ., and lPsjp E P jPs) . . . . Solving the second of these 

equations for IPs)~ and substituting the result into the first equation, we obtain 

a single equation for the ee or valence part of the positronium state: 

Her [Ps)~ = Al2 IPS)P (30) 
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LIGHT-FRONT MATRIX EQUATION

A+ = 0

⇥� ggg � d̄X

⇥� ggg � p̄n̄X

R = �(⇥�d̄X)
�(⇥�p̄n̄X)

R = C

ū(x) ⇥= d̄(x)

s̄(x) ⇥= s(x)

Minkowski space; frame-independent; no fermion doubling; no ghosts

Rigorous Method for Solving Non-Perturbative QCD!

• Light-Front Vacuum = vacuum of free Hamiltonian!



 



Light-Front Holography 

AdS/QCD
Soft-Wall  Model

⇥
� d2

d⇣2
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1� 4L2

4⇣2
+ U(⇣)

⇤
 (⇣) =M2 (⇣)

Conformal Symmetry
of the action  

U(⇣) = 4⇣2 + 22(L + S � 1)

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

Confinement scale:   

Light-Front Schrödinger Equation

�
� d2

d2�
+ V (�)

⇥
=M2⇥(�)

�
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⇥
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2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Unique 
Confinement Potential!

de Tèramond, Dosch, sjb

 ' 0.6 GeV

1/ ' 1/3 fm

• de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM 
without affecting conformal invariance of action!

(mq=0)

Single scheme-independent 
fundamental mass scale 



 

Same slope in n and L!Massless pion in Chiral Limit!

Mass ratio of the ρ and the a1 mesons: coincides with Weinberg sum rules

mq = 0

G. de Teramond, H. G. Dosch, sjb 



 

Prediction from AdS/QCD: Meson LFWF
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TMDs

Charges

GTMDs

GPDs

TMSDs

TMFFs

Transverse density in 
momentum space

Transverse density in position 
space

Longitudinal 

Transverse

Momentum space Position space

Lorce, 
Pasquini

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
 b�i =  0�

�n
i xi = 1

• Light Front Wavefunctions:                                   

Sivers, T-odd from lensing
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Electromagnetic Tri-Jet Excitation of Proton

d

u

e�
e�

u

Coulomb Exchange analogous to diffractive excitation 

�
�k�

�p
n=3(xi,⇧k�i, �i)

Measure light-front 
wavefunction of 

proton

ep� e jet jet jet

��

Need Forward 
Small Angle 

Detection

Ashery, et al



LFWF: Invariant under boosts! 

General remarks about orbital angular mo-
mentum
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Light-Front Wavefunctions of Virtual Photon
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Virtual photon has space-like mass q2
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Feynman virtuality from sum over all electron LF time-orderings
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Scattered lepton produces a virtual top-quark pair in 
lepton’s scattering plane 

t

t̄

e

e’

Factorization:  Product of LFWFs

Forward rapidity in final state: Intrinsic to Virtual Photon
Backward in final state: Intrinsic to Proton
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Scattered lepton produces a virtual top-quark pair in 
lepton’s scattering plane 
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Also: LF instantaneous contribution
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e
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Factorization:  Product of LFWFs

D.S. Hwang, sjb
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Scattered lepton produces a virtual top-quark pair in 
lepton’s scattering plane 
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Born LFWFs of 
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Lz=+1

Witten evolution of Photon 
Structure Function!

Jz = Sz
q + Sz

q̄ + Lz

+1! (1/2) + (�1/2) + 1



�⇤(q2)

Scattered lepton produces a virtual top-quark pair in 
lepton’s scattering plane 

t

t̄

e

e’

Born LFWFs of 
Virtual Photon

 

⇤
� =

N

Q

2(1� x) + k

2
? + m

2
t

+1 +1/2

+1/2
Lz=0

DGLAP evolution of Photon 
Structure Function!
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Dressed Heisenberg current predicted by 
AdS/QCD and LF Holography: 

VM Poles in s-channel
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Timelike Pion Form Factor from AdS/QCD 
          and Light-Front Holography
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Frascati data 14% four-quark
 probability
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Excitation of  Intrinsic Heavy Quarks in Proton

d

u

e�
e�

u
��

Need Forward Small Angle Detection

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

⇥(bb̄),�b(bud), B+(b̄u), B0(b̄d)

In principle: high xF tt̄
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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 small

55

factor of 30 !
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(1� xF )p
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p(uudcc̄)

ns = 2

Phase space gives 
minimum power p

p=1
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Jet Hadronization at the Amplitude Level
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pp ⇤ p + J/⇥ + pConstruct helicity amplitude using Light-Front Perturbation 
theory;   coalesce quarks via Light-Front Wavefunctions

Event amplitude 
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• EMC data: c(x, Q2) > 30�DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp⇤ J/�X

• High xF pp⇤ J/�J/�X

• High xF pp⇤ �cX

• High xF pp⇤ �bX

• High xF pp⇤ ⇥(ccd)X (SELEX)

Critical Measurements at threshold
Interesting spin, charge asymmetry, threshold, spectator effects

Important corrections to B decays; Quarkonium decays

Gardner, Karliner, sjb

 C.H. Chang,  J.P. Ma,  C.F. Qiao and  X.G.Wu
 



 

where s0 is a typical hadronic scale ∼ 1 GeV2 which replaces M2
X in Eq. (4). In the last

step we also make the simplifying assumption that the contribution to the denominator
from the Odderon is numerically much smaller than from the Pomeron and therefore can be
neglected. The maximally allowed Odderon coupling at t=0 is then given by,
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Strictly speaking this limit applies for the soft Odderon and Pomeron and is therefore not
directly applicable to charm photoproduction which is a harder process, i.e. with larger
energy dependence. According to recent data from HERA [24] the energy dependence,
parameterized as sδ

γp, for photoproduction of J/ψ mesons is δ = 0.39 ± 0.09 for exclusive
production and δ = 0.45±0.13 for inclusive production corresponding to a Pomeron intercept
of αP(0) ≃ 1.2. Even so we will use this limit to get an estimate of the maximal Odderon
coupling to the proton.
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FIG. 3. The amplitudes for the asymmetry using the Donnachie-Landshoff [21] model for the

Pomeron/Odderon coupling to the quark and the proton.

The amplitudes can be calculated using the Donnachie-Landshoff [21] model for the
Pomeron and a similar ansatz for the Odderon [12]. The coupling of the Pomeron/Odderon
to a quark is then given by κγcc̄

P/Oγρ, i.e. assuming a helicity preserving local interaction. In

the same way the Pomeron/Odderon couples to the proton with 3κP/O
pp′ F1(t)γσ if we only

include the Dirac form-factor F1(t). The amplitudes shown in Fig. 3 can then be obtained

by replacing gP/O
pp′ (t)gγcc̄

P/O(t, M2
X , zc) in Eq. (4) by,
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zM2
X
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}

v(pc̄)

where ℓ = ξp is the Pomeron/Odderon momentum and gρσ − ℓρqσ+ℓσqρ

ℓq stems from the
Pomeron/Odderon “propagator”. Note the signature which is inserted for the crossed dia-
gram to model the charge conjugation property of the Pomeron. The Pomeron amplitude

7
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Measure charm asymmetry in
photon fragmentation region

Odderon-Pomeron Interference!

Merino, Rathsman, sjb

�⇤p! cc̄p
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BFKL hard pomeron exchange
+ BLM NLO scale fixing

61
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QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

62

Reproduces lab-frame color dipole approach

Hoyer, Marchal, Peigne, Sannino, sjb

“Lensing”



 
LHeC Workshop
 January 21, 2014  Stan Brodsky,  SLACLHeC Physics Highlights63

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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Strong shadowing of 
color-octet c c

Front-Surface 
dominated!

Zhu, sjb
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Novel nuclear effect at the LHeC
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Double-gluon subprocess

Strong shadowing of color-octet 
di-gluon

Front Surface 
dominated!

Zhu, sjb

Crossing: Diffractive  
& pomeron exchange
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Figure 1: Nuclear correction factor R according to Eq. 1
for the differential cross section d2σ/dx dQ2 in charged
current neutrino-Fe scattering at Q2 = 5 GeV2. Results
are shown for the charged current neutrino (solid lines)
and anti-neutrino (dashed lines) scattering from iron.
The upper (lower) pair of curves shows the result of our
analysis with the Base-2 (Base-1) free-proton PDFs.

Figure 2: Predictions (solid and dashed line) for the
structure function ratio F F e

2 /F D
2 using the iron PDFs

extracted from fits to NuTeV neutrino and anti-neutrino
data. The SLAC/NMC parameterization is shown with
the dot-dashed line. The structure function F D

2 in the
denominator has been computed using either the Base-2
(solid line) or the Base-1 (dashed line) PDFs.

(significant) dependence on the energy scale Q, the atomic number A, or the specific observable.
The increasing precision of both the experimental data and the extracted PDFs demand that the
applied nuclear correction factors be equally precise as these contributions play a crucial role in
determining the PDFs. In this study we reexamine the source and size of the nuclear corrections
that enter the PDF global analysis, and quantify the associated uncertainty. Additionally, we
provide the foundation for including the nuclear correction factors as a dynamic component of
the global analysis so that the full correlations between the heavy and light target data can be
exploited.

A recent study 1 analyzed the impact of new data sets from the NuTeV 3, Chorus, and E-
866 Collaborations on the PDFs. This study found that the NuTeV data set (together with the
model used for the nuclear corrections) pulled against several of the other data sets, notably the
E-866, BCDMS and NMC sets. Reducing the nuclear corrections at large values of x reduced
the severity of this pull and resulted in improved χ2 values. These results suggest on a purely
phenomenological level that the appropriate nuclear corrections for ν-DIS may well be smaller
than assumed.

To investigate this question further, we use the high-statistics ν-DIS experiments to perform
a dedicated PDF fit to neutrino–iron data.2 Our methodology for this fit is parallel to that of
the previous global analysis,1 but with the difference we use only Fe data and that no nuclear
corrections are applied to the analyzed data; hence, the resulting PDFs are for a bound proton
in an iron nucleus. Specifically, we determine iron PDFs using the recent NuTeV differential
neutrino (1371 data points) and anti-neutrino (1146 data points) DIS cross section data,3 and
we include NuTeV/CCFR dimuon data (174 points) which are sensitive to the strange quark
content of the nucleon. We impose kinematic cuts of Q2 > 2 GeV and W > 3.5 GeV, and obtain
a good fit with a χ2 of 1.35 per data point.2

2 Nuclear Correction Factors

We now compare our iron PDFs with the free-proton PDFs (appropriately scaled) to infer the
proper heavy target correction which should be applied to relate these quantities. Within the

Extrapolations from  NuTeV

SLAC/NMC data

Q2 = 5 GeV2

Scheinbein, Yu, Keppel, Morfin, Olness, Owens

No anti-shadowing in deep inelastic neutrino scattering !
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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

67
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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

Shadowing depends on 
understanding leading-
twist-diffraction in DIS

68

Antishadowing (from Reggeon exchange) is not universal!



 
LHeC Workshop
 January 21, 2014  Stan Brodsky,  SLACLHeC Physics Highlights

Nuclear Effect not Universal !

69
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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].
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xT
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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×Ed3σ/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 π0 yield as a function of the an-

gle (Δφ ) to the reaction plane in Au+Au collisions (see Fig. 12). For a given centrality, variation

of Δφ 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-

13
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Scaling of direct 
photon 

production 
consistent with 

PQCD
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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 π0 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] π0 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 π◦ 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 π0 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 π0 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 π0

production can be fit to the form

Ed3σ/dp3 ∝ p−nT (3.3)

7
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 Proton created from 
jet fragmentation

74

pp! pX at high pT
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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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Transition to higher twist reactions where
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RHIC

Leading twist:

neff  = 4
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94 D.Sivers et a!., Large transverse momentum processes
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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
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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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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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Figure 7: (left) p/π and p̄/π ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for π± (π0), 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→ γ+q , (4.3)

with q+ q̄→ γ + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from π0 → γ+ γ and η → γ+ γ 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 π0 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 Δr =
√

(Δη)2+(Δφ)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 (Δη×Δφ ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent γ and π0 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

Particle ratio changes with centrality! 
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Figure 7: (left) p/π and p̄/π ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for π± (π0), 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→ γ+q , (4.3)

with q+ q̄→ γ + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from π0 → γ+ γ and η → γ+ γ 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 π0 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 Δr =
√

(Δη)2+(Δφ)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 (Δη×Δφ ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent γ and π0 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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Standard PQCD Factorization Ansatz for 
Hadron via Fragmentation
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LHeC QCD Physics Highlights

• Diffractive Deep Inelastic Scattering

• Non-Universal Anti-Shadowing

• The Odderon

• Deeply Virtual Meson Production and Color 
Transparency

• Heavy Quark Interactions at Threshold

• Heavy Quark Distributions

• Higgs Production at high xF
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Theory Advances
• PMC/BLM: Eliminate Renormalization 

Scale Ambiguity

• AdS/QCD: Unique form of confinement 
potential; light-front Schrödinger 
Equation; spectroscopy, dynamics, running 
coupling; hadronization at amplitude level

• Multi-parton and direct processes

• Hidden Color

• Non-Universal Antishadowing

84



LHeC Workshop
 January 21, 2014  Stan Brodsky,  SLACLHeC Physics Highlights

• 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
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Novel Aspects of QCD in ep scattering
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Challenging PQCD Conventional Wisdom
• Renormalization scale is not arbitrary;  multiple 

scales, unambiguous at given order

• Heavy quark distributions do not derive exclusively 
from DGLAP or gluon splitting -- component 
intrinsic to hadron wavefunction

• Initial and final-state interactions are not always 
power suppressed in a hard QCD reaction

• 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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New Physics at the LHeC 

• Leptoquark, squark Production and Decay              

• ZZ, WZ, WW elastic and inelastic collisions

• Technicolor

• Novel Higgs Production Mechanisms

• Composite electrons

• Lepton-Flavor Violation

• QCD at High Density in ep and eA collisions

• Odderon

87



q̄

q

p

LHeC: Virtual Photon-Proton Collider

variable spacelike photon virtuality, 
various primary flavors

p�⇤(q2)

e
e’
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