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Outline

Introduction: What is UPC, why it is
doable and why small x are interesting

Breakdown of pQCD at small x  and 
the black disk scenaio

Lessons & questions from HERA

Our study group is finishing work on
 the CERN Yellow report on UPC
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What can be measured/discovered



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”
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Why small x physics is interesting?

• Hard process developing over large longitudinal distances =⇒ Possibility
to generate strong gluon fields while keeping the coupling constant small.

• Crucial for understanding the structure of the underlying events in central
pp collisions at LHC (the only collisions contributing to the new particle
production) F & S & Weiss 03:

A parton with a given x1 and resolution pt is sensitive to partons in
another nucleon with

x2 =
4p2

t

sNN

At LHC for x1 = 0.01, pt = 2GeV/c, x2 ∼ 10−5 !!.

• The problems are amplified in case of collisions with nuclei because

UIUC, November 7, 2003 M.Strikman

x1



What is UPC? Collisions of nuclei (pA) at impact
parameters b ≥ 2RA where strong interaction between

colliding particles is negligible

A

A

! !

Ultraperipheral Nucleus−Nucleus Collision

B > 2RA

UIUC, November 7, 2003 M.Strikman

Ultraperipheral Collisions ≡ UPC
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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
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Equivalent Photon spectrum in target nucleus frame

“Quasi-real” γ spectra
 compared to an e-hadron 

collider
->100 TeV @ LHC



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. 
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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.Strikman
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The first data from STAR (RHIC) (S.Klein group). Analysis can be done
using vector dominance model coupled with the Glauber model (corrections
are small for heavy nuclei)

−→ reaction tests understanding of the UPC picture: σth
coh = 490 mb

(Frankfurt, Zhalov, MS) to be compared to the STAR value σexp
coh =

370 ± 170 ± 80 mb.

UIUC, November 7, 2003 M.Strikman

CERN p_A Workshop

May 27 2005

Sebastian White,  BNL

! photoproduction: STAR Collaboration at RHIC "snn =130 GeV 

(C. Adler et al., Phys. Rev. Lett. 89(2002)272302)

pT spectrum shows clear coherent signal

Signal+background, unlike-sign pairs

background, like-sign pairs

Large exp. uncertainty

in luminosity and

trigger efficiency.

CERN p_A Workshop

May 27 2005

Sebastian White,  BNL

! photoproduction: STAR Collaboration at RHIC "snn =130 GeV 

(C. Adler et al., Phys. Rev. Lett. 89(2002)272302)

pT spectrum shows clear coherent signal

Signal+background, unlike-sign pairs

background, like-sign pairs

Large exp. uncertainty

in luminosity and

trigger efficiency.
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MS, Tverskoy, Zhalov - coherent + 
quasielastic,    σeff  (J/ψ N)=3 mb



Strength of interaction for
a small color dipole with hadron

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

Comment:   This simple picture is valid only in LO.  NLO would require  
introducing mixing of different components.
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Using information on DIS cross total cross sections and  the exclusive hard 
processes we can also estimate t-dependence of the elastic dipole-nucleon 
scattering and hence  estimate  impact factors for                                   -

In the case gg-N scattering we assume pQCD relation Γgg =
9
4
Γqq̄

13

qq̄−N scattering Γqq̄−N

Γ= 1 corresponds to the black disk limit = BDL -complete absorption

Γh(s,b) =
1
2is

1
(2π)2

Z
d2!qei!q!bAhN(s, t); ImA= sσtot exp(Bt/2)



NLO Fits by ZEUS:    

F2p(x,Q2) ∝ x−λ

xg(x,Q2) ∝ x−λ

xq̄(x,Q2) ∝ x−λ

Theoretical prediction:  drop of  λ(Q2) at small enough x 
(Altarelli et al, Ciafaloni et al) 
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Further evidence for proximity to the black disk regime 
- Diffractive phenomena - inclusive diffraction and 

measurement of  diffractive pdf ’s 
Collins factorization theorem:  consider  hard processes like 

γ∗+T → X+T (T ′), γ+T → jet1 + jet2+X+T

one can define conditional (fractional) parton distributions

f Dj (
x
xIP

,Q2,xIP, t) xIP ≡ 1− xTf where

Theorem:  for fixed xIP, t

the same Q evolution as for normal pdf’s.

15
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One defines fD
j ( x

xIP
, Q2, xIP , t), the leading twist conditional pdf’s for the

processes where parton j with x = xbj is removed from the nucleon and a
hadron with xIP = 1− xp

F is produced. So far most of the data for small x,
and main focus in of diffractive pdf’s (small xIP

HERA data

(a) Approximate scaling for the diffractive structure functions
fj(β, Q2, xIP , t) for Q2 ≥ 4 GeV 2 and large probability of the rapidity
gap:

Pq =
σ(γ∗ + p → X + p)xIP≤0.01,x≤10−3

σtot(γ∗ + p)
≈ 0.1

(b) Factorization theorem allows to define a probability Pj(x, Q2) =

∫
fD

j ( x
xIP

, Q2, xIP , t)dtdxIP/fj(x, Q2) of diffractive gaps for the hard
processes induced by hard scattering off

M.Strikman

g

!" !"
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q
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q g

*
3

3

8

8

If the interaction in the gluon sector at small x reaches strengths close to
the unitarity limit we should expect that Pg is rather close to 1/2 and
much larger than Pq.

M.Strikman
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Consistent with the analysis of the  HERA data:

Physics of factorization theorem: Soft interactions between “h′′ and the
partons emitted in the γ∗ − parton interaction does not resolve changes of
color distribution between the scale Q0 " soft scale and Q2 > Q0

Soft

h h

g g

!" !"

Q Q
0

g

b
qg
<
1

Q
0

interaction

→ Production of “h′′ when a parton at x, Q2 is hit is the same as when an
“ancestor” parton is hit at x, Q2

0.

SLAC, October 29, 2003 M.Strikman

Probability  of diffractive scattering from anti– quarks(left)and 
gluons(right), extracted from  a fit to the H1 data.

0

0.5

1

10-5 10-4 10-3 10-2 10-1

P u-

x

anti-u

Q = 2 GeV
5 GeV

10 GeV

0

0.5

1

10-5 10-4 10-3 10-2 10-1

P g

x

gluon

Q = 2 GeV
5 GeV

10 GeV

If the interaction in the gluon sector at small x reaches strengths 
close to the unitarity limit we should expect Pg to be reach values 
rather close to 1/2 and be much larger than Pq
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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

19
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Figure 2.4: LO diagrams for direct photoproduction. Figures taken from [Car02].
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Figure 2.5: LO diagrams for resolved photoproduction. Figure taken from [Car02].

The hadronic photon-proton cross section is obtained using a convolution of the partonic cross

sections with the parton density functions of the proton and the photon. It is usually divided into

the direct and resolved component

σdirect
γP =

∑

i

∫
dξpfi/P (ξp, µP )σ̂iγ(ŝ, µγ, µp, αs(µr), µr) (2.23a)

σresolved
γP =

∑

j,i

∫
dξγfj/γ(ξγ, µγ)dξpfi/p(ξp, µp)σ̂ij(ŝ, µγ, µp, αs(µr), µr). (2.23b)

Here the squared centre-of-mass energy of the hard subprocess is ŝ = ξpξγys. This distinction is
unambiguously defined only in leading order and depends on the photon factorisation scale µγ .

The individual components are not physical, only their sum is.
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The hadronic photon-proton cross section is obtained using a convolution of the partonic cross

sections with the parton density functions of the proton and the photon. It is usually divided into

the direct and resolved component

σdirect
γP =

∑

i

∫
dξpfi/P (ξp, µP )σ̂iγ(ŝ, µγ, µp, αs(µr), µr) (2.23a)

σresolved
γP =

∑

j,i

∫
dξγfj/γ(ξγ, µγ)dξpfi/p(ξp, µp)σ̂ij(ŝ, µγ, µp, αs(µr), µr). (2.23b)

Here the squared centre-of-mass energy of the hard subprocess is ŝ = ξpξγys. This distinction is
unambiguously defined only in leading order and depends on the photon factorisation scale µγ .

The individual components are not physical, only their sum is.

LO diagrams for
direct photon:   xγ =1

LO diagrams for
resolved  photon: 

  xγ <1

NLO is important - no separation between direct and 
resolved mechanisms - recently important theoretical 
progress - new MC codes are expected to be available soon.

Dominant diagram for small xp 
dominated by the nucleon gluon density 
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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.
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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 .
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 Expected rate of dijet 
photoproduction for a 
1 month LHC Pb+Pb 
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Rate for b-quark 
photoproduction. 
The same as for 
dijets but pT  bins 

are 1.5 GeV/c
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Figure 2: Rate for b-quark jet photoproduction. Same as 1a but pT bins are 1.5 GeV/c.

Event rates were calculated for bins of ± 1 GeV/c in pT and ±0.25 × x2 for a nominal 1

month run of 106 live seconds. The average luminosity is taken to be 0.42 × 1027 for Pb+Pb

collisions and 7.4 × 1029 for pPb collisions.

Ultraperipheral collision data can be recorded exploiting the full livetime available so long

as a trigger can be foundwith acceptable rate. We rely on experience in PHENIX at RHIC where

it was found that a loose UPC trigger in AuAu running yielded a trigger rate of < 0.5% × σinel

(ie 10-20 Hz at the LHC). The PHENIX UPC J/ψ trigger required a single high pt electron,

a rapidity gap and a leading neutron tag. For the processes discussed below there is always

a high pT jet with an additional opportunity for a heavy flavor tag (using soft leptons or a

secondary vertex) well within the calorimeter and tracking acceptance of ATLAS, for example.

Because the ATLAS calorimeter extends to ±4.9 units in η it should be possible to veto on
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Figure 4: Expected rate of b-quark jet photoproduction in a 1 month LHC p-Pb run at 7.4 ×
1029cm−2s−1.

Q2 for dijet production is ∼ p2
T so that Q

2 ∼ 2GeV2 the gain in the nonlinearity parameter for

central γA collisions is (cf. [1])

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

T )/p2
T

xGN (Q2, x ∼ 10−4)/Q2
∼ 6, (1)

where we used recent LO twist fits to the nucleon gluon density and neglected by the leading

twist nuclear shadowing (which is a small correction for such pt). Similarly, when comparing

to eRHIC: eA collisions at x ∼ 10−3, Q2 ∼ 2GeV2, we find a gain of the order of a factor of

two. The gains are due to direct gluon coupling and either a much larger x range, or the use of
nuclear beams.

7

Expected rate for b-quark photoproduction in a one 
month LHC pPb run with at 7.4x1029 cm-2s-1.



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 2

(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.



Are significant nuclear effects expected in the UPC AA 
kinematics at LHC? 

Restrict discussion to the  leading twist model of Frankfurt, 
Guzey, Strikman.



Theoretical expectations for nuclear pdf’s at small x and 
large virtualities - leading twist nuclear shadowing

The leading twist DIS diffraction and can be expressed through
diffractive nucleon parton distributions FS 98 by combining the Gribov
theory of nuclear shadowing and the Collins factorization theorem:

2
Im   −  Re

22
Im  + Re                                         
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j j
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Hard diffraction 

off parton  "j"

Leading twist contribution

structure function  fj (x,Q2)

to the nuclear shadowing for
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N2

A−2

UIUC, November 7, 2003 M.Strikman
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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:  β≈ 1

In the black disk limit

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 (no model necessary for 
double rescattering)
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! Measurement of the diffractive parton distribution functions.
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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

31

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.
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Measurement of the forward inclusive spectrum in γ p vs   γA - central 
detector at LHC!!! Look for origin/presence of the BRAHMS effect. For 
now, big challenge is figure out the mechanism of the suppression of the 
contribution from the leading twist with <xA>=0.03  for which  no 
significant effect are present in the parton nuclear structure.
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Figure 1: Distribution in log10(x2) of the NLO invariant cross section Ed3σ/dp3 at
√

s = 200 GeV,
pT = 1.5 GeV and η = 3.2.

course; for definiteness we note that the sum of all entries shown in the plot yields the full

NLO invariant cross section Ed3σ/dp3 in pb/GeV2. For the calculation we have chosen the

CTEQ6M [9] parton distribution functions and the fragmentation functions of Ref. [10]. One

can see that the distribution peaks at x2 > 0.01. There are several ways to estimate an average

〈x2〉 of the distribution. For example, one may define 〈x2〉 in the standard way from evaluating

the integral in Eq. (1) with an extra factor x2 in the integrand, divided by the integral itself:

〈x2〉 ≡

∫ 1
xmin
2

dx2 x2 fH2

b (x2, µ) . . .
∫ 1

xmin
2

dx2 fH2

b (x2, µ) . . .
, (4)

where the ellipses denote the remaining factors in Eq. (1). Alternatively, one may simply

determine 〈x2〉 as the median of the distribution, demanding that the area under the distribution

in Fig. 1 to the left of 〈x2〉 equals that to the right. Either way, one finds an average 〈x2〉 > 0.01,

typically 0.03 − 0.05 at this pT and η.

The precise shape of the distribution and the value of 〈x2〉 depend somewhat on the parton

distributions (and, less so, on the fragmentation functions) chosen. We remind the reader that

the distribution shown in Fig. 1 is at pT = 1.5 GeV and that we have chosen the factorization

and renormalization scales to be µ = pT . This means that we are using a fairly low scale in the

parton densities. At this scale, the CTEQ6 densities, in particular the gluon, are still relatively

flat towards small x. In order to estimate to what extent this influences the distribution, we

have calculated it for the GRV [11] parton distributions, which are steeper at this scale. The

corresponding histogram in log10(x2) is shown in Fig. 2. One can see that as expected it peaks

somewhat more to the left; nevertheless there is not much quantitative change in the average
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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:
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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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Extensive data on VM production from HERA support dominance of the  
pQCD dynamics. Numerical calculations including finite transverse size 
effects  explain key elements of high      data. The most important ones 
are:

Q2

Energy dependence of       production; absolute cross section 
of           production.

J/ψ

J/ψ,ϒ

Absolute cross section  and energy dependence of   ρ-meson 
production at                       . Explanation of the data at lower   
is more sensitive to  the higher twist effects, and uncertainties of 
the low       gluon densities.

Q2 ≥ 20 GeV 2 Q2

Q2

●

●
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Universal t-slope: process is dominated by the scattering of quark-
antiquark pair in a small size configuration - t-dependence is 
predominantly due to the transverse spread of the gluons in the nucleon 
- two gluon nucleon form factor,         

  Onset of universal regime FKS[Frankfurt,Koepf, MS] 97. 

 

Convergence of the t-slopes, B (               ), of  
ρ-meson electroproduction to the slope of
  J/psi photo(electro)production.  

●

rT ∝
1
Q

(
1
mc

)! rN

Transverse  distribution of gluons can be extracted from 
  
 

⇒

dσ
dt

= Aexp(Bt)

γ+ p→ J/ψ+N

Fg(x, t). dσ/dt ∝ F2g (x, t).
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Study of the onium production off nuclei is a good way to understand how 
close is interaction of a small dipole to the black disk limit in which  

! Probing the onset of the BBL

" In the BBL amplitudes weakly depend on the virtualities for the
scales where BBL holds.

" Strong suppression of the leading hadron production combined with
a very significant broadening of the pt spectrum Dumitru, Gerland,
MS

" use of the Gribov orthogonality argument allows to predict cross
section and the structure of the final states in the diffraction in
BBL (Guzey et al 02)

dσ(γ+A→“M ′′+A)

dtdM2
=

αem

3π

(2πR2
A)2

16π

ρ(M2)

M2

4
∣

∣J1(
√
−tRA)

∣

∣

2

−tR2
A

,

where ρ(M2) = σ(e+e− → hadrons)/σ(e+e− → µ+µ−).
The weight of various partial channels is the same as in e+e− →
”hadrons”. This corresponds to a dramatic enhancement of the
process γ + A → 2jets + A as compared to the leading twist
predictions. This would allow to look for precursors of the BBL.

UIUC, November 7, 2003 M.Strikman

σquasielastic(γ + A → J/ψ + A′) ∝ A1/3

as compared to  impulse approximation (naive color transparency) 

σelastic(γ + A → J/ψ + A) ∝ A2/3

σelastic ∝ A4/3, σquasielastic ∝ A2/3

Dramatic enhancement of the process 
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as compared to the LT expectations (FGMS 02)



! 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 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.
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The leading twist prediction is

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·"be−qlzρ(#b, z)

∣

∣

∣

∣

2

,

where x1 − x2 = m2
V

s ≡ x.

The expectations for the BBL will be discussed later.

UIUC, November 7, 2003 M.Strikman
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! Onset of perturbative color opacity at small x and onium coherent
photoproduction.
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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 Upsilons is good in a wide 
rapidity range.  Preliminary  studies for CMS suggest that it would be 
possible to trigger at y~0 with a large efficiency (P.Yeppes). 



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

42

UPC in pA 

extend studies of the onium  exclusive production



Measurement of nucleon gluon pdfs. Situation is more complicated than in AA case 
(measurement of the nuclear pdfs) as we need to study jet production in the direct 

photon proton interactions xγ ~1,  and compare it to contribution due to nuclear 

diffractive pdf’s at β ~1.  Photon  couples well to quarks (in particular heavy quarks), 
while in the inclusive dijet production gluon- gluon mechanism is strongly enhanced. 
Net result (Guzey and MS 05) - for heavy quarks  photons win, for dijet production 
“nuclear Pomeron” contribution may win. Rates for heavy quarks are high enough - a 
slide in the beginning of the talk.
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Color fluctuations in the nucleon wave function & 3-dimensional 
mapping of the nucleon

N = 3q + 3qg + 3q+ π +

Fluctuations of interaction strength are likely to be correlated with quark content 
of the hadron. Smallest configurations are most likely the minimal Fock state 
ones.

 Important feature  of QCD: 
chiral dynamics. 

QCD sum rules, form factors at large Q, 

Experimental evidence:  Pion diffraction into two jets, inelastic coherent
diffraction off nuclei.

At RHIC energies the variance of the interaction strength is still large
ωσ ∼ 0.25÷0.3 At  LHC it is expected to drop to ωσ ∼ 0.06
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Comment: Fluctuations of 
strength of nucleon 
interaction lead to strong 
modifications of the 
distribution over the 
number of wounded 
nucleons (Baym, LF, MS 93)



The inelastic small t coherent diffraction off nuclei provides one of the most
stringent tests of the presence of the fluctuations of the strength of the
interaction in NN interactions. The answer is expressed through P (σ) -
probability distribution for interaction with the strength σ. (Miller &FS 93)

σhA
diff =

∫

d2b

(

∫

dσPh(σ)|〈h|F 2(σ, b)|h〉| −
(

∫

dσP (σ)|〈h|F (σ, b)|h〉|
)2

)

.

Here F (σ, b) = 1 − e−σT (b)/2, T (b) =
∫ ∞
−∞ ρA(b, z)dz, and ρA(b, z) is the

nuclear density.
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σDD ≡ σ(pA→ X+A)



Further effect for large WγN    :

UPC  W dependence: dW 2

W 2 σγp(W )≈ dW 2

W 2 (W 2/W 2
0 )0.08

strong diffraction  W 
(diffractive mass) dependence:

dM2
X

M2
X
≡ dW 2

W 2

Strong background for large W is ~10 %

Situation is even better since we want to study jet 
production in the direct photon proton interactions xγ ~1,

corresponding to nuclear diffractive pdf’s at β ~1.
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Measurement of nucleon diffractive gluon pdfs. 

Situation is likely to be better than for inclusive case as the probability of diffraction in 
γp is much higher (~10%) than in pp.   Further  theoretical analysis is necessary of the pp 
background for dijets (for heavy quarks definitely no problems) - but the counting rates 
are high.

Note  that the 420 m Roman pots stations which are currently proposed 

for the Higgs searches will allow to detect protons for           between 

10-2 and 10-3. This would allow

xIP

a) To remove the processes 
γ+ p→ jet1+ jet2+X+N∗(small di f f ractivemass)

b)  Measure diffractive proton transverse momentum 
(even better            as well)xIP



☛ Allow much more reliable comparison between the planned 
LHC hard diffraction data and and theory without absorption 
- no HERA data in most of the kinematics to be probed at 
LHC.

☛

☛

Comparison with hard diffraction in AA UPC - which 
correspond to t~0

Check of the leading twist theory of gluon shadowing  - 
answer is expressed through the gluon diffractive pdf’s at  t~0

51

pPb run will allow measurements of diffractive gluon 
nucleon pdf’s at x ∼ 10

−2 ÷ 10
−4, Q ≥ 7 ÷ 10 GeV/c



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:

52



 
Main problems are 

small W interval
low lumi at high W
lack of the proton detection 

Assessment of the HERA experimental situation: 

significant uncertainties in the t-slope and its 
energy dependence, poor information about 
Upsilon production which is the cleanest case 
theoretically

Note - knowledge of t-dependence of GPDs at small x 
crucial for realistic modeling on pp collisions with 
production of new particles at LHC 
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a production cross section for the Υ alone. The resulting determinations of
the cross section for the exclusive process γp → Υ(1S)p, shown in Fig. 2, ex-
ceed the leading-order QCD estimate7 by a factor of 5-10. Detailed theoretical

Figure 2: Measurements from the H1 and ZEUS collaborations of the elastic Υ(1S) photo-
production cross section. The error bars show the quadratic sum of statistical and systematic
uncertainties. The curves show the results of QCD-based calculations which take into ac-
count a variety of effects beyond leading order 8

investigations8 into reasons for the large cross section have emphasized the im-
portance of the evolution of the parton density functions (which are necessarily
skewed by the kinematic lower bound on the momentum transferred to the pro-
ton resulting from the rest mass of the Υ(1S)) and that of the contribution
from the real part of the amplitude.

These initial measurements establishing the large cross section were based
on an integrated luminosity of about 40 pb−1 for each experiment. The HERA
luminosity upgrade program and operation schedule through 2005 will permit
an increase in the Υ candidate event sample of at least a factor of twenty and is
likely to enable decay-angle studies of the type described below for the lighter
vector mesons.

3 Helicity Analyses of ρ0, φ and J/ψ Electroproduction

The simplicity of the final state in the exclusive production of vector mesons
permits detailed investigations of the decay-angle distributions, which have
provided much information on the helicity structure of the diffractive produc-
tion mechanism. These analyses of the decay-angle distributions have been
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Effective Pomeron trajectory
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on the Wγp dependence of the J/ψ total cross section and its t dependence. In addition, only a handful
of Υ diffractive events were measured. As a result, it was not possible to check the pQCD prediction of

the very fast energy dependence of the Υ cross section, dσ/dt ∝ W1.8
γp , or to measure its t dependence,

the cleanest means of measuring the transverse size of the gluon field in the nucleon. A measurement of

the t dependence would not require detection of the proton transverse momentum although this would

improve the precision, but separation of proton dissociation events is still necessary.

A typical pA run will have sufficient luminosity to measure J/ψ and Υ photoproduction up to

Wγp ∼ 1 TeV, extending the x = m2
V /W 2

γp range by a factor of 10 and greatly improving theΥ statistics

[22].
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Fig. 3: The number of J/ψ (left) and Υ (right) expected from a 106 s pPb run. The branching ratios to dimuons have been

included.

A number of other diffractive processes sensitive to small x dynamics can be studied at the LHC.
These include diffractive dissociation of a photon into a pair of heavy flavor jets, diffractive production

of three jets and vector meson production at large t with a rapidity gap. It may be possible to extend the
HERA results to smaller x, more sensitive to nonlinear phenomena, in all these cases.

1.3 Physics potential of two-photon and electroweak processes

This section covers a range of processes accessible through two-photon interactions, including vector

meson pair production and heavy flavor meson spectroscopy. We also briefly discuss tagging two-photon

processes through forward proton scattering as a way to enhance searches for electroweak final states.

Finally, we mention the possibility of using γγ → e+e− as a luminosity monitor at colliders.

Double vector meson production, γγ → V V : Double vector meson production in pA and AA
collisions is hadronically forbidden for kinematics where both the rapidity difference between one vec-

tor meson and the initial hadron and the rapidity difference between the two vector mesons is large.

The negative C-parity of the vector mesons forbids the process to proceed via vacuum exchange. Ac-

cordingly, two-photon processes are the dominant contribution. Studies of final states where one of the

vector mesons is heavy, such as J/ψρ, can measure the two-gluon form factor of the vector meson for

the first time to determine the transverse size of the gluon in the vector meson. It is expected that the

t-dependence of γγ → J/ψV is very broad with more than 30% of the events at pT ≥ 1 GeV. In the
case when both pairs are heavy, e.g. J/ψJ/ψ, the BFKL regime can be probed. On the other hand, if
both mesons are light, e.g. ρρ or ρφ, the Gribov-Pomeranchuk factorization theorem can be tested in a

novel way. For a more extensive discussion and rate estimates in AA collisions, similar to those in pA,
see Ref. [23].

Number of γ+p →V+N events per unit rapidity for a standard 
proton-lead run - branching of decay to muons is included. 

Comparable number of  coherent γ+A →V+A is not shown.

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)

Zhalov & MS 05



Rates of VM production are sufficient 
to improve significantly on the HERA results.

Minimal requirement for 
the experimental setup:  

ability to eliminate  
proton dissociation 

Great gains if the proton is detected 
- with the current design/plans will be feasible 
in a substantial part of the phase space
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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 regime of black body limit, color opacity

☁ Several  of the discussed measurements though doable from the angle of luminosity and 
kinematics are a challenge for detector design (β*),  triggering, systematics, etc. Need for 
joint studies by theorists, experimentalists, accelerator experts.☂

★ Low Q will be missed - will require studies at eRHIC
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