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Abstract

We discuss the physics of large impact parameter interactions at the LHC: ultraperipheral collisions (UPCs). The dominant
processes in UPCs are photon–nucleon (nucleus) interactions. The current LHC detector configurations can explore hard
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Main thrusts of the HERA small x QCD physics:

Small x parton densities 
Inclusive hard diffractive processes
Hard exclusive processes:  vector meson production, dijets, ...

Main issues: 
      high gluon densities, violation of DGLAP,  
      diffractive pdf’s   - leading twist vs higher twist;
      generalized parton densities at small x

●
●●
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Theory - gluons are most interesting for small x: 

       they drive evolution and quark sea, 

       interaction in the gluon sector is much stronger

Theory & HERA experience: photoproduction of dijets, 
heavy quarks, exclusive heavy meson production are

good “gluonometers”

4



σinel =
π2

3
F2d2αs(λ/d2)xGT(x.λ/d2)

d

F2
Casimir operator  of color SU(3)

F2 F2(quark) =4/3 (gluon)=3

Consider first “small dipole - hadron” cross section

Comment:   This simple picture is valid only in LO.  NLO would 
require  introducing mixing of different components.  Also, in 
more accurate expression there is an integral over x, and and 
extra term due to quark exchanges
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Baym et al 93

How strong is the interaction of small dipoles?Summary:

For  review of the most topics discussed in this talk see FS 
& Weiss, Annual Review of Nucl. & Particle Physics 05



New high energy QCD regime: regime of complete absorption for small αs: 
limit  -  fixed Q & large energies -black disk regime (BDR)

studies of the “quark-
antiquark dipole”(transverse 

size d)  - nucleon cross 
section based pQCD and  

HERA data 

Evidence for proximity to BDR at HERA

Frankfurt et al 
2000-2001Provided a reasonable 

prediction for  σL

Soft

Regime

Matching Region

Hard

Regime

Υ J/ψ



Combine  with:   analysis of  exclusive hard processes 
(t-dependence of the dipole - nucleon scattering)

 determine   impact factors for  elastic                               qq̄−N scattering

Γ= 1   corresponds to  regime of complete absorption - BDR

Γh(s,b) =
1
2is

1
(2π)2

Z
d2!qei!q!bAhN(s, t)
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In the case gg-N scattering 
we assume pQCD relation

Γgg =
9
4
Γqq̄
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 probability not to interact 
at given b
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gg -N interaction seems close to BDR for Q2~4 GeV2, x~10-4

for these x nuclear leading twist gluon shadowing effect is rather small

➙

 for Q2~4 GeV2, x~10-3 gg - Pb  interaction at b=0 is deep in BDR qq - Pb  interaction in BDR-

➙

Suppression of the leading hadron production in pA 
scattering at large pt comparable to the scale of 
Black disk regime at given energy  (FS 01-06)

⇒
Natural explanation of the 

BRAHMS result at RHIC, the 
only one consistent with the 
STAR data on correlations

Significant fractional energy losses and pt  broadening for partons propagating through black 
media  (FS 01-03)

Large gluon 
induced diffraction

-observed - see below↕
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Brahms 
kinematicswhere d is the 

minimal size of the gg 
(qq) dipole for which 
Γ(b=0) ≥ 1/2 in LT

Gluon densities in nuclei and 
proton at b=0 are very similar!!!!

Difference is in the spread  in b

pt BDR ∼
π

2d



One of fundamental questions:
How small color singlets (dipoles,...) propagate through nuclear media 

Intermediate energies - hundred GeV (lab) - color  transparency - 
observed at FNAL  in π +A → 2jets + A, γ+A → J/ψ + A,

High energies -  xeff=Q2eff/s < 0.01 - onset of color opacity regime both due 
to pQCD effects of LT gluon shadowing and proximity to black disk regime

strong screening of total cross section of dipole -nucleus scattering ⇒
σdA

tot ∝ A =⇒ σdA
tot ∝ A2/3

⇒ survival probability, P,  for propagation through the nucleus center drops 
to zero only rim contributes: P ∝ A =⇒ P ∝ A1/3

coherent photoproduction of  J/ψ, Υ 

quasielastic photoproduction of  J/ψ, Υ 

large t rapidity gap  photoproduction of  light vector mesons 

diffractive (rapidity gap between VM and A)   photoproduction of  J/ψ, Υ 
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Fig. 7. The kinematic range in which UPCs at the LHC can probe gluons in protons and nuclei in quarkonium production, dijet and dihadron
production. The Q value for typical gluon virtuality in exclusive quarkonium photoproduction is shown for J/ψ and Υ . The transverse momentum
of the jet or leading pion sets the scale for dijet and ππ production respectively. For comparison, the kinematic ranges for J/ψ at RHIC, F A

2 and
σ A

L at eRHIC and Z0 hadroproduction at the LHC are also shown.

Fig. 8. The rate for inclusive bb̄ photoproduction for a one month LHC Pb + Pb run at 0.42 × 1027 cm−2 s−1. Rates are in counts per bin of
±0.25x2 and ±0.75 GeV in pT . From Ref. [31].
c© 2006, by the American Physical Society (http://link.aps.org/abstract/PRL/v96/e082001).

The virtualities that can be probed in UPCs will be much higher than those reached in lepton–nucleon/nucleus
interactions. The larger x range and direct gluon couplings will make these measurements competitive with those
at HERA and the planned eRHIC as a way to probe nonlinear effects. Indeed if it is possible to go down to
pT ∼ 5 GeV/c, the nonlinear effects in UPCs would be a factor of six higher than at HERA and a factor of two
larger than at eRHIC [31]. An example of the b quark rate in the ATLAS detector [31] is presented in Fig. 8.

Hard diffraction
One of the cleanest signals of the proximity of the BDR is the ratio of the diffractive to total cross sections. In the

cases we discuss, rapidity-gap measurements will be straightforward in both ATLAS and CMS. If the diffractive rates

 The kinematic range in which UPCs at the LHC can probe gluons in protons and nuclei in 
quarkonium production, dijet and dihadron production. The Q value for typical gluon virtuality in 
exclusive quarkonium photoproduction is shown for J /ψ and Υ . The transverse momentum 
of the jet or leading pion sets the scale for dijet and π π production respectively. For comparison, 
the kinematic ranges for J /ψ at RHIC, F2A ,σL A and Z0 hadroproduction at the LHC are also shown. 

Ultraperipheral Collisions ≡ UPC



HERA

UPC

sm
a
ll

LHC

x

What can be measured/discovered at 
LHC in UPC to follow up on HERA?
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Trigger: One or both nuclei remain intact

Breakup of nuclei due to the Coulomb excitations are allowed (emission
of few soft (in the nucleus rest frame) neutrons. Contribution of strong
interactions due to nucleus-nucleus scattering at b ∼ 2RA is a small
correction (weak A-dependence & small probability of diffraction). One can
also study asymmetric UPC - pA, &AA

Counting rates are large up to

sγA
eff(LHC) ∼ (1TeV )2,∼ 10smax, HERA(γp)

UIUC, November 7, 2003 M.Strikman



Luminosities/equivalent photon numbers for pPb

• How does pPb fits into the different ion species?
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• For proton case higher luminosities might be achieved by allowing breakup of

proton. Ohnemus, Walsh, Zerwas PLB328, 369

• p → ∆ transition already gives 10% contribution.

• Inelastic photon emission only small effect for heavy ions

Hencken, Trautmann, Baur, ZPC68, 473, JPG24, 1657

“p+A at LHC”, CERN, 25.-27. May ’05, Kai Hencken – p.6

(a) The effective   γA luminosity, LABn(ω), is shown for the 
cases where the photon is emitted from the proton(γPb) and   
the ion (γp) as well as when  the proton is emitted from the 
ion in a Pb+Pb collision  (γPb@Pb+Pb). 

(b) The photon-photon  luminosities, LABdLγγ/dW, are 
compared for pp, pPb and Pb+Pb collisions at the LHC. 



Study of elastic dipole - nucleus scattering:
exclusive vector meson production

Example: exclusive vector meson production

dσ(AA → V AA)

dy
= Nγ(y)σγA→V A(y) + Nγ(−y)σγA→V A(−y).

rapidity y =
1

2
ln

EV − pV
3

EV + pV
3

= ln
2k

mV
.

The flux of the equivalent photons Nγ(y) is

N(y) =
Z2α

π2

∫

d2bΓAA($b)
1

b2
X2

[

K2
1(X) +

1

γ
K2

0(X)
]

.

K0(X),K1(X) – modified Bessel functions with argument X = bmV ey

2γ , γ

is Lorentz factor and $b is the impact parameter.

UIUC, November 7, 2003 M.Strikmanρ, J/ψ photoproduction off nuclei is studied at RHIC - talks of Boris 
Grube & Sebastian White - reasonable agreement with the theory

R

RAA(!b) = 1− |1− Γ(!b)|2



2.3. PHOTOPRODUCTION AT HERA 11
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Figure 2.3: Schematic view of dijet production in ep scattering. xγ and xp in the picture corre-

spond to ξγ and ξp in the text.

Here, Ee is the energy of the incoming, E ′
e the energy and θ′e the polar angle of the outgoing

electron. From the experimental setup (details are discussed later in section 3.2) the value of

Q2
max is set to 1 GeV2.

2.3.3 Photoproduction in the Parton Model

As illustrated in the previous sections of this chapter, processes involving hadrons in the initial

state are factorised into a hard interaction of partons and parton density functions of the partici-

pating hadrons. In photoproduction at HERA also the real photon radiated off the beam electron

can enter the interaction in two ways. It either couples directly to the parton from the proton or

first fluctuates into a quark-antiquark pair or vector meson. Processes where the photon enters the

hard scatter without fluctuations are called direct interactions in contrast to resolved processes

where the photon exhibits hadronic structure and one of the resulting partons participates in the

hard interaction. Similar to the proton case there is a longitudinal momentum fraction of the

interacting parton of momentum b from the photon side defined as

ξγ =
p · b
p · q . (2.22)

The production of dijets with high transverse momenta is due to processes that yield at least two

final state partons with large transverse momenta. A schematic view of dijet photoproduction

is depicted in figure 2.3. For direct interactions the hard processes include γq → gq (QCD-
Compton scattering) and γg → qq̄ (photon-gluon fusion). The corresponding leading order
Feynman diagrams are shown in figure 2.4. For resolved interactions the photon is exchanged

with either a quark (antiquark) or gluon. Examples of leading order diagrams for resolved pro-

cesses are shown in figure 2.5.

Schematic view  of dijet production in ep scattering studied at HERA 
xγ and xp are light cone fractions of partons of photon and proton

Real photon was effectively used for the QCD studies

17

Another lesson from HERA

Still open problems - see Tuesday talks
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R.Vogt, S.White, MS

case coherent diffraction would reach 50% of the total cross section). In our numerical studies,

we used the only nuclear difffractive PDFs currently available[6], which is based on the leading

twist description of the hard diffraction in ep scattering and uses a quasieikonal approximation
to model diffraction off N ≥ 3 nucleons.

In our calculations, we use a leading order QCD approximation, and the MRST PDFs[7]

and focus on the small x kinematics where a photon interacts predominantly with a gluon of the
target either via photon - gluon fusion (direct mechanism which dominates in this kinematics)

or through the parton constituents of the photon (resolved photon mechanism). We define x1 as

the fraction of the beam momentum carried by the photon, while x2 is the momentum fraction

carried by the gluon from the nucleus (per nucleon) or proton involved in the process.

6
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Figure 1: Expected rate of dijet photoproduction for a 1 month LHC Pb+Pb run at 0.4 ×
1027cm−2s−1. Rates are counts per bin of ±0.25 × x2 and 2 GeV/c in pT .

3

 Expected rate of 
dijet photoproduction 
for a 1 month LHC 
Pb+Pb run at 
0.4x1027 cm-2s-1. 
Rates are counts per 
bin of   0.25 x2 and 2 
GeV/c in pT.

±

More details in S. White talk

Many more interesting  
questions to study - like 
inclusive leading pion A-

dependence as a function of 
pt, associated multiplicity at 

different rapidities,...



Nonlinear effects: AA UPC  at LHC vs  HERA and eRHIC

The parameter to compare is: 
gluon density/unit area * strength of interaction

Cαs(Q2)xG(x, Q2)

Q2 ”area”
where Cg ≈ 9/4Cq

LHC vs  ep HERA 

for  central  γA collisions (with no centrality trigger the gain is  a factor of
 two smaller ).  A factor of 3 gain = change in x by a factor ~100.

LHC vs  eRHIC: eA at Q=2, x=10-3 the gain is a factor of 1.5

(9/4)A1/3αS(p2
T )xGN (x ∼ 5 · 10−5, p2

T )/p2
T

αS(Q2)xGN (x ∼ 10−4, Q2)/Q2
∼ 6

Will be possible to study energy dependence of the dijet cross 
section in the x range between 10-2 and 10-4 and check whether 
taming of the increase is happening at the smallest x.

3
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FIG. 2: The ratio of the nuclear to nucleon PDFs, fj/A/(Afj/N ), for 40Ca and 208Pb at Q2 = 4,

10 and 100 GeV2 as a function of Bjorken x, see Eq. (6). The solid curve corresponds to ū-quarks;

the dotted curve corresponds to gluons.

t-dependence,

fD(4)
j/N (β, Q2

0, xIP , t) = e−Bdiff |t|fD(4)
j/N (β, Q2

0, xIP , t = 0) , (8)

where Bdiff = 6 GeV−2 is taken from the recent H1 measurement with the leading proton

spectrometer [9].

Figure 2 presents an example of our calculation of nuclear shadowing for nuclear PDFs of

40Ca and 208Pb as a function of Q2 and Bjorken x. The solid curve corresponds to the ratio

fj/A/(Afj/N) for ū-quarks; the dotted curve corresponds to gluons. The lower set of curves

corresponds to Q2 = Q2
0 = 4 GeV2. In addition to nuclear shadowing given by Eq. (6),

we have introduced an enhancement (antishadowing) of nuclear gluon PDF on the interval

0.03 ≤ x ≤ 0.2, which is modelled by requiring the conservation of the momentum sum rule,

see e.g. [18]. The two other sets of predictions for Q2 = 10 GeV2 and Q2 = 100 GeV2 are

obtained by NLO DGLAP evolution.

We would like to point out that the numerical analysis of nuclear shadowing presented in

this work differs from our earlier analyses, see e.g. [18], because we now use the most recent

H1 fits to nuclear diffractive PDFs and a different value of Bdiff , see Eq. (8). However,

8

Shadowing for nuclear pdfs using H1 2006 diffractive pdfs (difference 
between in the shadowing results for H1 B and jet fits is small)

Are significant nuclear effects expected in the UPC AA kinematics at 
LHC? The leading twist theory  FS 98 based on AGK cutting rules and 
Collins factorization theorem for diffraction indicates that effects are 
likely to be significant (will briefly discuss  later)



Expected suppression is large enough in the UPC kinematics (a factor of 
two)  to be measured. Can be further enhanced with centrality trigger.  

Another  critical measurement is hard diffraction: 

γA → jet1 + jet2 + X + A for direct photon:  βγ≈ 1

In the black disk regime

σ(γA → jet1 + jet2 + X + A)

σ(γA → jet1 + jet2 + X)
≈ 0.5

Nuclear diffractive pdfs were calculated  by Guzey et al 03 in the same 
approximations as LT nuclear pdf’s 
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Fig. 44. The probability of hard diffraction on the nucleon, P j
diff, defined in Eq. (64), as a function of x and Q2 for u quarks (left) and gluons

(right).

Fig. 45. The probability of hard diffraction, P j
diff, on 40Ca and 208Pb, at Q2 = 4 GeV2 as a function of x for u quarks (left) and gluons (right).

the LHC, similar to inclusive production, considered in Ref. [142]. Dijet production is another alternative, studied by
ZEUS [143] and H1 [97] using protons.6

The discussion presented here is relevant for hard processes produced in direct proton interactions. Spectator parton
interactions will suppress the probability of diffraction for resolved photons. Estimates [144] indicate that spectator
interactions will decrease the probability of nuclear diffraction by at least a factor of two for A ∼ 200. Thus, the A
dependence of diffraction with resolved photons will also be interesting since it will measure the interaction strength
of the spectator system with the media, providing another handle on the photon wavefunction.

6 The recent HERA data seem to indicate that the factorization theorem for direct photoproduction holds at lower transverse momentum for
charm production than that for typical dijet production.
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diff, defined in Eq. (64), as a function of x and Q2 for u quarks (left) and gluons
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Fig. 45. The probability of hard diffraction, P j
diff, on 40Ca and 208Pb, at Q2 = 4 GeV2 as a function of x for u quarks (left) and gluons (right).

the LHC, similar to inclusive production, considered in Ref. [142]. Dijet production is another alternative, studied by
ZEUS [143] and H1 [97] using protons.6

The discussion presented here is relevant for hard processes produced in direct proton interactions. Spectator parton
interactions will suppress the probability of diffraction for resolved photons. Estimates [144] indicate that spectator
interactions will decrease the probability of nuclear diffraction by at least a factor of two for A ∼ 200. Thus, the A
dependence of diffraction with resolved photons will also be interesting since it will measure the interaction strength
of the spectator system with the media, providing another handle on the photon wavefunction.

6 The recent HERA data seem to indicate that the factorization theorem for direct photoproduction holds at lower transverse momentum for
charm production than that for typical dijet production.

 The probability of hard diffraction on the nucleon, P j diff as a function of x and Q2 
for u quarks (left) and gluons (right). 

 The probability of hard diffraction, P j diff as a function of x and Q2 for u quarks 
(left) and gluons (right) for Q2=4 GeV2 

Black limit
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Proximity of the hard interactions
with nuclei to BBL leads also to a

large probability of diffractive events
in nuclei (larger than in the

proton). Results of the calculation
within the leading twist model

(Guzey, et al, 03) are shown the

ratios fD(2)
j/A /fj/A for the u-quarks

and gluons and NLO FD(2)
2A /F2A for

208Pb at Q=2,10, 100 GeV.

UIUC, November 7, 2003 M.Strikman

Probability of diffracion remains large up to very large Q



In AA scattering it will be possible to measure gluon nuclear 
diffractive pdfs (or at least rapidity gap probabilities) in most of 
the small x kinematic range where measurements of nuclear 
gluon pdfs will be feasible. The key element is the  possibility to 
use the direct photon mechanism to determine which of the 
nuclei has emitted the photon

24

The measurements are likely to be doable practically for the
whole range where inclusive measurement of pdf ’s will be possible.
Key element - possibility to use the direct photon mechanism to
determine which of the nuclei has emitted the photon. Numerical
studies are in progress.

!

     !

     !  " ! 0

JET

JET

UPC  induced direct photon hard diffraction: AA−−> AA + 2jets +X

#

A A

$

UIUC, November 7, 2003 M.Strikman



Onium production

Hard physics: 

 Diffraction into two, three jets

Soft (Pomeron) physics: 
Energy dependence of production of ρ,φ-mesons

Studies of exclusive photoproduction processes:

25



QCD factorization theorem for DIS exclusive processes 
(Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector mesons,small x; 

general case Collins, Frankfurt, MS 97)
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●

Vector meson production

Models:
dipole model - effectively LO 
with choice of scale based on 
transverse size  of the dipole 
and large HT effects due to 
comparable transverse sizes  
of γ*L  and VM qq dipoles 

Frankfurt, Koepf, MS 95-97

● NLO approach Ivanov, Szymanowski et al  04-06 
open questions - energy conservation and related issues with gauge 
invariance. treatment of the meson  wave function

13 Oct 2005 18:17 AR AR257-NS55-10.tex XMLPublishSM(2004/02/24) P1: KUV
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Figure 8 The average dipole size, d, (left) and the effective scale, Q2
eff, (right) in

exclusive vector meson production (ρ, J/ψ, ϒ) by longitudinally polarized photons,
as a function of Q2 (26, 56). Also shown are the average values of d in the integrand
of the expression for the inclusive cross section, σL .

HERA data on heavy and light vector meson production. The data confirm in
particular the following predictions of this picture:

! Increase of cross sections with energy. Equation 19 implies that dσ/dt(t = 0)
grows with energy as [xG(x, Q2

eff)]
2, with Q2

eff estimated to be ∼3 GeV2.
When combined with the LO gluon density obtained from fits to DIS data, this
implies a growth ∝ W 0.8. Such behavior has been observed for ρ production
at Q2 = 10–20 GeV2, and for J/ψ production starting from Q2 = 0 (57).
The later onset of the hard regime for ρ electroproduction is due to the rather
slow “squeezing” of the qq̄ configuration in the ρ meson; it reaches a size
comparable to that of the J/ψ only at Q2 ∼ 20 GeV2 (Figure 8).3 The
naive choice Q2

eff = Q2 would imply a too fast growth (Figure 5). For soft
interactions, on the other hand, dσ/dt(t = 0) ∝ W 0.32, and the growth is
even smaller for the cross section integrated over t.

! Decrease of cross sections with Q2. The decrease with Q2 of σL for ρ-meson
production, and of the total cross section for J/ψ production, is slower than
1/Q6, owing to the Q2-dependence of αs G in Equation 19, as well as finite-
size (higher-twist) effects. This is best observed in J/ψ electroproduction,
where the model of Reference (55), which neglects finite-size effects, predicts

3In the case of ρ-meson production initiated by transverse photons, the squeezing is gener-
ated by the Sudakov form factor, as well as by the more rapid increase with energy of the
small size contribution. The observed behavior of σL/σT can be fitted within the current
models (58).
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2. QUARKONIUM PRODUCTION

In the leading order of the relativistic expan-
sion the meson mass can be taken as twice the
heavy quark pole mass, (q′)2 = M2 and M = 2m.
p2 = p′2 = m2

N , where mN is the proton mass.
The photon polarization is described by the vec-
tor eγ , (eγq) = 0. The invariant c.m. energy is
sγp = (q + p)2 = W 2. We define

∆ = p′ − p , P =
p + p′

2
, t = ∆2 ,

(q − ∆)2 = (q′)2 = M2 , ζ =
M2

W 2
, (3)

At |t| " M2 the factorization formula reads

M =
4π

√
4πα eq(e∗V eγ)

Nc ξ

(

〈O1〉V
m3

)1/2
1

∫

−1

dx ×

[

Tg(x, ξ)F g(x, ξ, t) + Tq(x, ξ)F q,S(x, ξ, t)
]

,

F q,S(x, ξ, t) =
∑

q=u,d,s

F q(x, ξ, t) . (4)

as the sum of the gluon, F g(x, ξ, t), and the
quark, F q(x, ξ, t), GPDs contributions. GPDs
are defined as a functions which parametrized the
matrix elements of the renormalized light-cone
quark and gluon operators. The polarization vec-
tor of quarkonium is eV , variable ξ = ζ/(2 − ζ)
parametrizes the non vanishing longitudinal mo-
mentum transfer in the process.

The hard scattering amplitude Tg(x, ξ) (or
Tq(x, ξ)) represents essentially the on-shell parton
amplitude for the scattering of a pair of gluons
(quarks) which are collinear to the proton mo-
mentum and have the fractions (x + ξ)/(1 + ξ)
and (x−ξ)/(1+ξ). Calculated in the dimensional
regularization method these one-loop amplitudes
contain poles, the infrared collinear and the ultra-
violet singularities. The full renormalization pro-
cedure includes mass counterterm diagrams, the
renormalization of the heavy quark field and the
renormalization of the strong coupling. The fac-
torization of collinear singularities is achieved by
the replacement of the bare GPDs by the renor-
malized ones. This procedure leads to the finite

results for Tg(x, ξ) and Tq(x, ξ) at NLO

Tq(x, ξ) =
α2

S(µR)CF

2π
fq

(

x − ξ + iε

2ξ

)

, (5)

Tg(x, ξ) =
ξ

(x − ξ + iε)(x + ξ − iε)
× (6)

[

αS(µR) +
α2

S(µR)

4π
fg

(

x − ξ + iε

2ξ

)]

,

here CF = 4/3. The functions fq and fg (see [5])
contain terms ∼ ln(m2/µ2

F ).
The dependence of NLO hard scattering am-

plitudes on µF compensates partially the effect
of the evolution of GPDs with factorization scale
(the dependence of Tg, Tq and GPDs on µF in
(4) is not shown for shortness). That leads to
the substantial reduction of the scale ambiguity
of the theoretical predictions in NLO in compar-
ison with leading order (LO), see Fig. 1
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Figure 1. The cross section of the Υ photopro-
duction; the predictions at LO (upper figure) and
NLO (lower figure) for the scales µF = µR =
[1.3, 7] GeV. The data are from ZEUS [7] and H1
[8]. For the t− dependence we assumed exponen-
tial with the slope parameter b = 4.4 GeV−2.
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Drop of  B is well 
reproduced by dipole  
models (in case of FKS 
actually a prediction)

B
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⇒ γ+ p→ J/ψ+N



(iv)  the ratio  !L/!T >> 1 at large Q2    for  " and #-meson  production

(v) at Q2 >  5 GeV2 for SU(3) symmetry is restored for #/" - ratio ~ 2/9

! Presence of small size  qq Fock componentss in light mesons is 
unambigously established

!

!

-

At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )

30
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!
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At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )
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GPD

Hγ J/ψ, ϒ

p p

x1 x1 -x x =
Q2 + m2

V

W 2

In LT limit  x1 -x << x1  

however due to DGLAP evolution skewed 
GPD kinematics for large Q probes diagonal 

GPD at Q0 scale

A(γ∗ + p→ ”Onium” + p) ∝ G(x1, x1− x, t)

G(x, x, t) ≡ G(x, t) =
∫

d2ρe−i!∆⊥ρ G(x, ρ)
transverse spatial 

distribution of gluons

x
ρ

xP

longitudinal

tra
ns

ve
rs

e

∫
d2ρG(x, ρ) = G(x) total gluon density

31



cloud
Pion

!M1/

11010
!3

1010
!1!2!4

11010
!3

1010
!1!2!4

0.1

0.4

0.3

0.2

"Diffusion"

"< 2
>
g

x

x

#
hard
’

HERA

Fixed
target

Valence
quarks/
gluons

cloud
Pion

!M1/

11010
!3

1010
!1!2!4

11010
!3

1010
!1!2!4

0.1

0.4

0.3

0.2

"Diffusion"

"< 2
>
g

x

x

#
hard
’

HERA

Fixed
target

Valence
quarks/
gluons

〈
ρ2

〉
soft

• Gluonic transverse size - x dependence

Gluon transverse size decreases 
with increase of x

Pion  cloud contributes for
x<Mπ/MN   [MS &C.Weiss 03]

Transverse size of large x partons is 
much smaller than the transverse 
range of soft strong interactions 
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soft

⇐
Two scale picture

∣∣
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Central collision of two high energy protons
which dominates in production on SUSY,Higgs

b

Precision measurement of t -dependence of onium photoproduction off proton 
crucial for reliable modeling of  these phenomena

Valence quarks/gluons of the protons are 
interacting with probability   ~ one, 
loosing energy and getting large 
transverse momenta growing with energy. 
Soft interactions are suppressed -  minimal 
scale/virtuality of strong interaction is few 
GeV and growing with energy. 

Central  ppPeripheral  pp



! Looking for the breakdown of the QCD factorization (γA versus
AA)

! Violation of the DGLAP equations
! measurement/discovery of the leading twist gluon shadowing

" Exclusive onium production

For J/ψ photoproduction off a nucleon can be measured in pA
scattering up to W = 800GeV (FELIX study). For x ∼ m2

J/ψ/W 2 ∼
10−5 dipoles with d ∼ 0.25fm are likely to interact with Γ(b) ∼ 1
forb ≤ 0.5fm.

−→ Onset of new regime. Change of the t-dependence. α′ ∝ ln s
FGMS01

UIUC, November 7, 2003 M.Strikman

AA (pp)  collisions - maximal  W2 one can effectively probe is W2 = 
2mVEN   due to dominance of photons with smaller energy

xmin≡ mV2/W2 =mV/2 EN

At LHC xmin (J/ψ)= .0005, xmin (Υ)= .002 for AA 
and a factor of  2.5 smaller for pp

AA collisions - one can reach WγN =
√

4ENmV due to the dominance
of photons with smaller energy. −→ xmin(J/ψ) = 0.0005, xmin(Υ) ∼
0.0015.

The nuclear Coulomb induced dissociation occurs at small impact
parameters. At the same time in such events the photon spectrum
is harder. (Can be used enhanced contribution of hard photons)Baltz,
Klein Nystrand, 02. (Price a factor of 10 reduction in counting rate).
Allows to extend measurements for J/ψ case to y ∼ 2, → x ∼ 10−5.

UIUC, November 7, 2003 M.Strikman

Another approach - use of the break up channels - processes where nucleus 
emits few neutrons (Tverskoi, MS , Zhalov 05). Allows to determine which 
nucleus emitted the photon. 

Numerical study is still needed

separate problem - how to trigger for y=0
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Figure 1: High energy quarkonium photoproduction in the leading twist approximation.

accounts for the inelastic strong interactions of the nuclei at impact parameters b ≤ 2RA

and, hence, suppresses the corresponding contribution to the Υ photoproduction. In
our calculations we use the nuclear matter density ρA(z,"b) obtained from the mean field
Hartree-Fock-Skyrme (HFS) model, which describes many global properties of nuclei [27]
as well as many single-particle nuclear structure characteristics extracted from the high
energy A(e, e′p) reactions [28].

The amplitude of Υ photoproduction (necessary for the calculation of σγA→ΥA in
eq. (2.1)) in the leading twist approximation is described by the series of the Feynman
diagrams depicted in figure. 1. The QCD factorization theorem2 for exclusive meson pho-
toproduction [5, 7, 29] allows one to express the imaginary part of the forward amplitude
for the production of a heavy vector meson by a photon, γ + T → V + T , through con-
volution of the wave function of the meson at the zero transverse separation between the
quark and antiquark, the hard interaction block and the generalized parton distribution
(GPD) of the target, GT (x1, x2, Q2, tmin), evaluated at tmin ≈ −x2m2

N . The momentum
light cone fractions xi of the gluons attached to the quark loop satisfy the relation:

x1 − x2 =
m2

Υ

s
≡ x , (2.4)

where s = 4ENω = 4γωmN is the invariant energy for γ − N scattering (EN = γmN is
the energy per nucleon in the c.m. of the nucleus-nucleus collisions). If the quark Fermi
motion and binding effects were negligible, then x2 & x1 as a consequence of the fact that

2The proof of the factorization theorem for diffractive electroproduction of vector mesons is rather

straightforward [29] and, therefore, it is generally accepted in the published literature. At the same time,

the proof of the factorization theorem is more delicate in the case of hadron-initiated processes such as

diffraction of pions into two jets. For such processes factorization was questioned in refs. [30, 31]. However,

approximations used in these papers appear to violate gauge invariance when describing hadron desinte-

gration into jets in high-energy processes off the nucleon (nucleus) target. In particular, the same approx-

imations lead to the formulae for the process of dijet production by the pion projectile off the Coulomb

field of a nucleon (nucleus) [32], which differ from the exact answer deduced from the requirement of the

conservation of the e.m. current and renormalizability of QCD [33].

– 5 –

⇒
Factor of  > 1.5 suppression of cross sections at x< 0.001 for onium 
production for all Q ( as it is ∝ shadowing2)

σγA→V A(s) =
dσγN→V N (s, tmin)

dt

[
GA(x1, x2, Q2

eff , t = 0)
AGN (xx, x2, Q2

eff , t = 0)

]2 tmin∫

−∞

dt

∣∣∣∣
∫

d2bdzei"qt·"beiqlzρ(#b, z)
∣∣∣∣
2

.

The leading twist prediction (neglecting small t dependence of shadowing)

where x = x1 − x2 = m2
V /W 2

γN

GA(x1, x2, Q2
eff , t = 0)

GN (x1, x2, Q2
eff , t = 0)

≈
GA((x1 + x2)/2, Q2

eff , t = 0)
GN ((x1 + x2)/2, Q2

eff , t = 0)

for small d - LT much 
larger screening than 

eikonal

(x1 + x2)J/ψ

2
≈ x;

(x1 + x2)Υ
2

≈ x/2

Brodsky et al 94



Brodsky et al 94
Theory of LT nuclear shadowing (FS98) allows to relate
 GA(x,Q2)/GN(x,Q2)  and diffractive gluon nucleon pdfs -which were 
recently measured with small uncertainties at HERA, leading to 
[Guzey et al 07]

factor > 2 shadowing effects for J/ψ for x< 10-2  
& for Υ for x< 10-4
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! Onset of perturbative color opacity at small x and onium coherent
photoproduction.
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Figure 4: The rapidity distribution for coherent Υ production in Ca-Ca and Pb-Pb ultraperipheral
collisions at the LHC. The solid curve corresponds to the calculation including leading twist nuclear
shadowing; the dotted curve corresponds to the calculation with the model of shadowing of Eskola
et al.; the dot-dashed curve is the calculation in the eikonal dipole rescattering model; the dashed
curve corresponds to the impulse approximation.

calorimeter (the requirement is that there are no neutrons in the final state) and by se-
lecting the produced Υ with small transverse momenta, which strongly suppresses the
contribution of incoherent diffraction. The specific transverse momentum distributions
for both coherent and incoherent production are shown in figure 3. The cross section of
incoherent Υ photoproduction was estimated in the impulse approximation as

dσγA→ΥX(s, t)
dt

= A
dσγN→ΥN (s, t)

dt
. (2.11)

This constitutes the upper limit for the incoherent contribution.
The rapidity distributions for coherent Υ production in ultraperipheral collisions with

Ca and Pb beams are shown in figure 4 and the corresponding total cross sections are given
in table 1. For comparison, in figure 4 we also present results (the dotted curve) of the
calculation using the model of Eskola et al. [10] for the gluon shadowing, which predicts
somewhat smaller suppression of the Υ yield. In order to illustrate that that eikonal dipole
models of rescatterings give a much smaller suppression, we present also the result of the
eikonal calculation (the dot-dashed curve) using the analysis of the value of σ(d, x) from [20]
(the results of [41] for d ∼ 0.1 fm are very similar, see comparison in [20]).

It appears that a detector with good acceptance for Υ production for the currently dis-
cussed luminosities for heavy ion runs at the LHC will collect enough statistics to measure
the cross section of the discussed process with good precision. As seen from the comparison

– 10 –

The rapidity distribution for coherent  Υ  production in Ca-Ca and Pb-Pb ultraperipheral collisions at the LHC. 
The solid curve corresponds to the calculation including leading twist nuclear shadowing using H1 diffractive 
pdfs of 2000;  the dotted curve corresponds to the calculation with the model of shadowing of Eskola et al.; 
the dot-dashed curve is the calculation in the  eikonal dipole rescattering model; the dashed 
curve corresponds to the impulse approximation. 

Imp.Approx
Eikonal  Approx

LT shadowing using  
Eskola et al fit

LT shadowing 
using  FGS 03  



Experimental challenges:  Trigger on relatively low transverse 
momentum leptons. Problem for J/ψ ’s for y=0(??) for  y=2-4 the 
ALICE study finds good rates.  Acceptance for Υ is good in a wide 
rapidity range.   CMS - talk at the workshop



Neutron tagging of quasielastic J/ψ and Υ 
photoproduction off nucleus

σγA→J/ψA′

inc = 2πσ(γN → J/ψN) ·
∞∫

0

bd b

∞∫

−∞

dzρ(&b, z) exp[−σJ/ψN
tot T (&b)]

Here T (!b) =
∞∫

−∞

ρ(!b, z)d z

If σJ/ψN
tot the effective quarkonium(QQ)-nucleon total cross section

_

is small ( ~ 3mb for J/ψ   for s~ 200 GeV2)



σelastic(γA→ J/ψ + A) ∝ A4/3,σquasielastic(γA→ J/ψ + A′) ∝ A

σelastic(γA→ J/ψ + A) ∝ A2/3,σquasielastic(γA→ J/ψ + A′) ∝ A1/3

⇒
⇒ LT shadowing

BDR

Change of A dependence by a factor ~A2/3   for both processes !!!

Both processes allow to study new QCD domain

➳

QE channel allows to reach a factor of ~100 smaller x !!
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Figure 2: The integrated over momentum transfer rapidity distributions for the J/ψ coherent
photoproduction in UPC of Au ions at RHIC calculated with effective cross section for J/ψ -
nucleon interaction of 3 mb (long-dashed line) and in the Impulse Approximation (short-
dashed line) The incoherent J/ψ production cross section estimated in the Glauber model
for J/ψ - nucleon cross section of 3 mb (solid line) and 6 mb (dotted line), and in the IA
(dot-dashed line) .
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The integrated over momentum transfer rapidity 
distributions for the J/ψ  coherent photoproduction  in 
UPC of Au ions at RHIC calculated with effective cross 
section for J/ψ - nucleon interaction of 3 mb (long-
dashed line) and in the Impulse Approximation (short-
dashed line). The incoherent J/ψ production cross 
section estimated in the Glauber model for  J/ψ - 
nucleon cross section of 3 mb (solid line) and 6 mb 
(dotted line), and in the  IA (dot-dashed line)

All plans/measurements involve  selecting events where nucleus emitted 
neutrons  - efficiency ~100% for QE and ~50% (RHIC)/ ~70% LHC

Hence QE/ELASTIC ~0.3 →  ~40% (RHIC)  - 35% (LHC)  for observed events

IA

IA

3 mb
3 mb

6 mb



Rapidity gap processes at large t=(pρ-pγ)2:  from HERA to LHC

xq

N

γ ρ

X

Elementary reaction - scattering of a hadron (γ, γ*)
off a parton of the target at large t=(pγ-pV)2 

FS 89 (large t pp→p +gap + jet), FS95

Mueller & Tung 91

regime of color opacity, a direct evidence is very limited, see however [?]. The rapidity gap
processes we discuss in this paper will provide additional handles to address these questions.

To probe this physics a number of small x processes which originate due to elastic scat-
tering of a parton and a small quark-antiquark (qq̄) color singlet dipoles (we will refer to
them in the following simply as dipoles) at large momentum transfer and at high energies
were suggested. This includes hard diffraction in pp→ pX process at large t, production of
two jets accompanied by rapidity gap-coherent Pomeron [?], the rate of production of two
back to back jets with a large rapidity gap in between [?] as compared to the rate of two jet
production in the same kinematics without rapidity gaps [?, ?], photo(electro) production
of vector mesons at large t with a rapidity gap [?, ?, ?]. Production of two jets with a gap
in between was studied experimentally at the Tevatron, see e.g. [?]. Over the last ten years
the theoretical and experimental studies were focused on the photo/electro production off
a proton. Studies of these processes at HERA resulted in the measurements of the rele-
vant cross sections [?, ?, ?, ?, ?] in a region of the photon-proton center of mass energies
20 GeV ≤ Wγp ≤ 200 GeV .

The HERA data agree well with many (though not all) predictions of the QCD motivated
models (several of which use the LO BFKL approximation[?]), see for example [?] and
references therein.

Clearly it would be beneficial to extend such study to higher Wγp and over a larger
range of the rapidity gap intervals to investigate how energy dependence of the small dipole
- parton scattering changes with t. Recently we demonstrated [?] that this will be possible
using quasireal photons in the ultraperipheral collisions (UPC) of protons with nuclei at
LHC.

Here we perform a more detailed analysis focusing on study of ρ meson photoproduction:

γ + p(A)→ ρ + rapidity gap + X, (1)

at large t and with a rapidity gap between ρ-meson and produced hadronic system X in
the proton-nucleus and nucleus-nucleus UPC at LHC. We consider the kinematics where the
rapidity gap interval is sufficiently large (≥ 4) to suppress contribution of the fragmentation
processes. Related physics can be investigated in the diffractive production of charm or two
jets separated by large rapidity gap from the nucleon fragmentation region. For example,
studies of the A-dependence of production of two jets in the processes like γ + A → (jet +
M1)+ rapidity gap+(jet+M2) will allow to check presence of the color transparency effects
in the gap survival in hard photon induced processes [?].

The CMS and ATLAS detectors are well suited for observing such processes since they
cover large rapidity intervals.

The main variables determining the dynamics of the process are the mass MX of system
produced due to the dissociation of proton target, the square of the transfered momentum
−t ≡ Q2 = −(pγ − pV )2, and the invariant energy of the qq̄- parton elastic scattering

s′ = xW 2
γp, (2)

where

x =
−t

(−t + M2
X −m2

N)
, (3)

2

⎫
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rapidity gap interval is sufficiently large (≥ 4) to suppress contribution of the fragmentation
processes. Related physics can be investigated in the diffractive production of charm or two
jets separated by large rapidity gap from the nucleon fragmentation region. For example,
studies of the A-dependence of production of two jets in the processes like γ + A → (jet +
M1)+ rapidity gap+(jet+M2) will allow to check presence of the color transparency effects
in the gap survival in hard photon induced processes [?].

The CMS and ATLAS detectors are well suited for observing such processes since they
cover large rapidity intervals.

The main variables determining the dynamics of the process are the mass MX of system
produced due to the dissociation of proton target, the square of the transfered momentum
−t ≡ Q2 = −(pγ − pV )2, and the invariant energy of the qq̄- parton elastic scattering

s′ = xW 2
γp, (2)
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(−t + M2
X −m2
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The   rapidity gap between the produced vector meson and knocked out 
parton (roughly corresponding to the leading edge of the rapidity range filled 
by the hadronic system X) is related to Wγp and t  (for large t,  Wγp as

yr = ln
xW 2

γp√
(−t)(m2

V − t)

The choice of large t ensures two important simplifications. First,  the 
parton ladder mediating quasielastic  scattering  is attached to the  projectile  
via two gluons. Second is that  attachment of the ladder to two partons of the 
target is strongly suppressed.  Also the transverse size dqq̄ ∝ 1/

√
−t

dσγ+p→V +X

dtdx
=

dσγ+quark→V +quark

dt

[
81
16

gp(x, t) +
∑

i

(qi
p(x, t) + q̄i

p(x, t))
]



dσγ+q(g)→V +q(g)

dt
∝ 1

t4
dσN+q(g)→N+q(g)

dt
∝ 1

t6

Energy dependence of fq(s’,t)∝ [s’]δ(t)

δ(-t >> 1 GeV2)?

Soft QCD   δ<-0.5

Two gluon exchange   δ=0

DGLAP / resummed BFKL  for t=0  δ=0.2 -- 0.3 

subtle points in BFKL analysis  for t away from 0



We analyzed the rho-meson data using a fit

dσγ+p→ρ+X

dt
=

C

(1− t/t0)4

(
s

mV
2 − t

)2δ(t)

I(xmin, t)

I(xmin, t) =
1∫

xmin

x2δ(t)

[
81
16

gp(x, t) +
∑

i

[qi
p(x, t) + q̄i

p(x, t)

]
dx

δ=0.1 -0.2 is consistent with the data at large t

For J/ψ we changed 1
(1− t/t0)4

→ 1
(1− t/t0)(1− t/m2

J/ψ)3

t0  ~ 1 GeV2,
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rapidity gap cross section. ZEUS data were taken at average Wγp=100 
GeV with fixed cut MX < 25 GeV and additional restriction 0.01 <x< 
1. The H1 data were taken at average Wγp=85 GeV and cut MX < 5 
GeV.
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is made. Sensitivity to the energy dependence of dipole - parton amplitude f(s’,t)∝s’δ is minor. On the 

contrary if the cut on MX< const is made,  sensitivity to the value of δ is very high.

H1



Analyses with z cut, M2X/s < const cuts are good for study of the 
dominance of the mechanism of scattering off single partons. However 
they correspond to rapidity interval between VM and jet which are 
typically of the order Δy = 2 - 3. 

Optimal way to study BFKL dynamics  is to keep
 M2X < const and vary W

Difficult but not impossible at HERA natural at LHC

At LHC one can energy depedence of  elastic qq - parton scattering at W’=20 GeV -  400 GeV  

σel(qq̄ − q(g)(W ′ = 400GeV )/σel(qq̄ − q(g)(W ′ = 20GeV ) ∼ 10 !!! if  δ=0.2

-



●
measure of the strength of inelastic interactions of small dipole in the processes 
initiated by BFKL elastic qq - parton scattering at W=30 GeV -  1 TeV   

q
Α

γ VM

Χ

FS & Zhalov 06

-

γ + A →ρ (J/ψ) + gap + X UPC [LHC & RHIC11(?)]

ab
so

rp
tiv

e 
in

te
ra

ct
io

n

trigger on hadron production in a rapidity interval close to one of the nuclei Advantages: 
no ambiguity which of the nuclei emitted photon - Large W are possible, 
better VM acceptance for large t.

σel(qq̄ − q(g)(W = 1TeV )/σel(qq̄ − q(g)(W = 30GeV ) > 30 !!!
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Strong sensitivity of Aeff/A to 
the strength of  inelastic qq-N 
interactions
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Figure 6: The probability of rapidity gap survival as a function of σeff which models the
strength of dipole-nucleon interaction in nuclear medium.
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Predict:

❃ Aeff/A  should increase with t at fixed W

❃ Aeff/A  should decrease with increase of W
 at fixed t - onset of black disk regime

Complementary to quasielastic and 
coherence process of VM production - no 

small x partons in the nucleus are 
involved on the trigger level
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Figure 10: The same as in Fig.?? but for PbPb UPC and −t = 5 GeV 2
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Integrated over mass of produced system cross section of the nucleon dissociative ρ meson 
photoproduction at -t=5 GeV2 in the ultraperipheral lead-lead collisions at LHC. The upper 
figure - the limit of the mass of produced system MX is proportional to the photon-nucleon 
center of mass energy MX < 0.1Wγ p, in the right figure for central rapidities the limit of MX  is 
fixed by restriction  MX < 5GeV. Solid line - calculations with Glauber-Gribov screening, dashed 
line calculations in the leading twist approximation neglecting nuclear shadowing correction 
which is very small for discussed kinematics, dot-dashed line - one-side contribution when ρ 
meson is produced by photons emitted by only one nucleus: large positive rapidities correspond 
to vector mesons produced by high energy photons.  The counting rate can be estimated using 
expected luminosity for PbPb collisions L=10-3  μb-1 sec -1.



pA ultraperipheral will play dual role - 

    extend studies of the nucleon structure

serve as a reference point to nuclear studies 
using  UPC  in AA collisions

53

Exclusive UPC processes in pA 

extend studies of the onium  exclusive production



Onium production

Hard physics: 

 Diffraction into two, three jets

Soft (Pomeron) physics: 
Energy dependence of production of ρ,φ-mesons

Studies of exclusive photoproduction processes in pA UPC:

54



     Production of ϒ’s in pA collisions : coherent γ+A →V+A is  
shown by black lines, and γ+p →V+p by blue lines.

Sufficient to check pQCD 
prediction of  σ~W1.6    for 
Upsilon production, 
determination of the t-slope 
provided protons could be 
detected (420 m proposal) and 
measure nuclear shadowing at 
Q2=40 GeV2

Zhalov & MS 05 
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Figure 3: Rapidity distribution for Υ photoproduction in pPb UPC at LHC with and without
gluon shadowing. Solid curves are the total yield. The contribution of the γp process is shown
by the long -dashed lines, and of the γA process by the short-dashed lines.
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Figure 1: Rapidity distribution for J/ψ meson photoproduction in pPb and pCa UPC at
LHC. Solid line - cross section accounting for the contributions from photoproduction of
both the proton and nuclear target. The long dashed curve is the contribution of the proton
target and the dashed curve is the contribution of the nuclear target. In Figs. b and d effect
of the nuclear shadowing was included.
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High enough rates down to x ~ 10-6, however extracting nuclear 
contribution would be a challenge if indeed the nuclear shadowing is 
as high as in FGS05. Would require resolution in transverse 
momentum of J/ψ of ~150 MeV/c.
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Need proton 
detector/ veto



Conclusions 

Studies of UPC at LHC will address many (though not all) of 
the benchmark issues of HERA III proposal including 

Small x physics with protons and nuclei 

in a factor of ten  larger energy 
range though at higher virtualities both 
in inclusive and diffractive channels

Interaction of small dipoles at 
ultrahigh energies -  approach to 
black body regime, color opacity

Low Q will be missed - will require 
studies at eRHIC
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