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Inelastic diffraction: VM + gap + Y was for years a considered an 
annoying background to elastic channel is trove of gold 

Will  discuss only proton case, though a lot of extra 
information from the nucleus case 



Are there global fluctuations of the strength of interaction of a fast nucleon, 
for example due to fluctuations of the size /orientation 

Due to a slow space-time evolution of the fast nucleon wave function one can 
treat the interaction as a superposition of interaction of configurations of 
different strength - Pomeranchuk & Feinberg, Good and Walker, Pumplin  
&Miettinen (in QCD this is reasonable for total cross sections and for 
diffraction at  very small t)
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Convenient quantity -             -probability that nucleon interacts 
with cross section 

P(σ)
σ

If there were no fluctuations of strength - there will be 
no inelastic diffraction at t=0:

dσ(pp→X+p)
dt

dσ(pp→p+p)
dt

| t = 0
=

∫
(σ − σtot)2P (σ)dσ

σ2
tot

≡ ωσ variance
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Fig. 3: (a) Graphical representation of the cross section distributions in diffraction at the Tevatron and LHC energy.

The area of the inner and outer disk at given energy is proportional to , i.e., the average area repre-

sents the average cross section tot, the difference (ring) the range of the fluctuations . (b) The

–dependence of the total cross section tot (left –axis) and the dispersion (right –axis), as predicted by a

Regge–based parametrization of tot [10] and a parametrization of the inelastic diffractive cross section inel ,

measured up to the Tevatron energy [9]. The weak energy dependence of the width of the ring in figure (a) reflects the

slow variation of the diffractive cross section with energy.

order–of–magnitude of the effect, as well as its energy dependence. Our basic assumption is that

the strength of interaction in a given configuration is proportional to the transverse area occupied

by color charges. To implement this idea, we start from the cross section distribution at

fixed–target energies ( GeV ), which can be related to the fluctuations of the size of

the basic “valence quark” configuration in the proton wave function and is known well from the

available data [7]. We then assume that

(a) The parton density is correlated with the parameter characterizing the size of the inter-

acting configuration. One simple scenario is to assume that the parton density changes

with the size of the configuration only through its dependence on the normalization scale,

config . This is analogous to the model of the EMC effect of Ref. [11], and

leads to a simple scaling relation for the –dependent gluon density,

(6)

where GeV . In Higgs boson production one expects GeV , and

(LHC) (Tevatron) with GeV. An alternative scenario

— the constituent quark picture — will be discussed below.

(b) The size distribution in soft high–energy interactions is correlated with the parameter

characterizing the valence quark configuration. As a minimal model we assume that soft

interactions in a configuration with given is described by a profile function of the form

tot

with tot (7)
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Both small and large configurations grow. 
Periphery remains- still there is a 
correlation between σ and parton 
distributions -smaller σ,  harder quark 
distribution
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→→

The 30 GeV curve is result of the analysis (Baym et al 93) of the FNAL diffractive 
pp and pd data which explains FNAL diffractive pA data (Frankfurt, Miller, MS 
93-97). The  14 and 2TeV curves are my guess based on matching with fixed target  
data and collider  diffractive data.

→ √
s = 14 TeV
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Strength of the gluon field should depend on the size of the quark configurations - for small 
configurations the field is strongly screened - gluon density much smaller than average.

Consider γ∗L + p→ V + X for Q2 > few GeV2

 Expand initial proton state in a set of partonic states characterized by the 
number of partons and their transverse positions, summarily labeled as  |n〉

|p〉 =
∑

n

an|n〉

Each configuration n has a definite gluon density G(x, Q2| n) given by the 
expectation value of the twist--2 gluon operator in the state |n〉

G(x, Q2) =
∑

n|an|2G(x, Q2|n) ≡ 〈G〉

In this limit the QCD factorization theorem (BFGMS03, CFS07) for these 
processes is applicable 



(dσel/dt)t=0 ∝
[∑

n|an|2G(x, Q2|n)
]2 ≡ 〈G〉2,

(dσdiff/dt)t=0 ∝
∑

n|an|2
[
G(x, Q2|n)

]2 ≡ 〈G2〉.

σinel = σdiff − σel

Making use of the completeness of partonic states, we find that the elastic(X = p)
 and total diffractive (X arbitrary) cross sections are proportional to

Hence cross section of inelastic diffraction is 

⇒

 MS + LF + C.Weiss, D.Treliani PRL 08

ωg ≡ 〈G2〉 − 〈G〉2

〈G〉2 =
dσγ∗+p→V M+X

dt

/
dσγ∗+p→V M+p

dt

∣∣∣∣
t=0

.



No official  numbers for t -slopes -  educated guess:
Bel /Binel ~ 3 ÷4   

⇒ ωg(Q2 ∼ few GeV2, x ∼ 10−3) ∼ 0.15÷ 0.2 pretty broad 
distribution



2

soft diffractive processes. We introduce the concept of
a configuration–dependent parton density and follow its
implications for various types of high–energy scattering
experiments with hard processes. Our investigation pro-
ceeds in three stages. First, we relate the fluctuations
of the gluon density to the ratio of inelastic to elastic
hard diffraction in ep scattering (HERA, future EIC) in
a model–independent fashion. Second, we use a simple
model of color fluctuations in the nucleon to illustrate
and quantify our results. Third, we discuss the implica-
tions of color fluctuations for pp/p̄p collisions with multi-
ple hard processes (Tevatron CDF), and for rapidity gap
survival in double–gap exclusive diffractive pp scattering
(RHIC, Tevatron, LHC). A more detailed account of our
studies will be given elsewhere [? ].

Consider diffractive production of vector mesons in ep
scattering at Q2 >∼ few GeV2, γ∗L + p → V + X, where
the proton may remain intact or dissociate into a set of
hadronic states X. The proton state can be expanded
in a set of partonic states characterized by the number
of partons and their transverse positions, summarily la-
beled as |n〉: |p〉 =

∑
n an|n〉. Each configuration n has a

definite gluon density G(x,Q2|n), given by the expecta-
tion value of the twist–2 gluon operator in the state |n〉,
and the overall gluon density in the proton is

G(x,Q2) =
∑

n|an|2G(x,Q2|n) ≡ 〈G〉. (2)

Because the partonic states appear “frozen” on the typi-
cal timescale of the hard scattering process, one can use
QCD factorization to calculate the amplitude for the vec-
tor meson production process configuration by configu-
ration. The latter is (up to small calculable corrections)
proportional to the gluon density in that configuration
[? ]. An essential point is now that in the leading–twist
approximation the hard scattering process attaches to a
single parton, and, moreover, does not transfer momen-
tum to that parton. It thus does not change the partonic
state |n〉. Making use of the completeness of partonic
states, we find that the elastic (X = p) and total diffrac-
tive (X arbitrary) cross sections are proportional to

(dσel/dt)t=0 ∝
[∑

n|an|2G(x,Q2|n)
]2 ≡ 〈G〉2, (3)

(dσdiff/dt)t=0 ∝
∑

n|an|2
[
G(x,Q2|n)

]2 ≡ 〈G2〉. (4)

For the cross section of diffractive dissociation σinel =
σdiff − σel we thus obtain

ωg ≡ 〈G2〉 − 〈G〉2

〈G〉2 =
dσinel

dt

/
dσel

dt

∣∣∣∣
t=0

. (5)

This model–independent relation allows one to infer the
fluctuations of the gluon density from the observable ra-
tio of inelastic and elastic diffractive vector meson pro-
duction. It can be easily generalized to a large variety of
hard processes such as γ∗L + T → 2π (two jets) + T , or Υ
production in ultraperipheral pp collisions at LHC [? ].
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FIG. 1: The dispersion of fluctuations of the gluon density, ωg,
as a function of x for several values of Q2, as obtained from
the scaling model, Eqs. (??)–(??), and a phenomenological
parametrization of the gluon density.

Generally, relative fluctuations of the density decrease
if the number of constituents of a system increases. Thus,
we expect ωg to decrease slowly with increasing Q2 for
fixed x, and with decreasing x for fixed Q2. For the same
reason we expect ωg to be suppressed in scattering from
nuclear targets. Present experimental data on the cross
section ratio of Eq. (??) are very limited; they are consis-
tent with a weak dependence on Q2 (the effective scale in
vector meson production at HERA is Q2

eff ∼ 2− 4GeV2)
and the vector meson mass, and indicate a value of ωg of
the same magnitude as ωσ at comparable energies.

More quantitative studies of gluon fluctuations are pos-
sible within a dynamical model of nucleon structure.
Modeling the configuration dependence of parton den-
sities is a complex task, requiring detailed knowledge of
the nucleon’s partonic wave function. To study the pos-
sible magnitude of fluctuation effects and their x– and
Q2–dependence, we propose here a simple model based
on two assumptions: (a) The hadronic cross section of a
configuration moderate energies (

√
s ∼ 20 GeV) is pro-

portional to the transverse area occupied by the color
charges in that configuration, σ ∝ R2

config; (b) the par-
ton density changes with the size of the configuration
only through its dependence on the normalization scale,
µ2 ∝ R−2

config ∝ σ. The latter is similar to the “nucleon
swelling” model of the EMC effect [? ] and implies a
simple scaling relation for the σ–dependent gluon den-
sity:

g(x,Q2 |σ) = g(x, ξQ2), (6)

ξ(Q2) ≡ (σ/〈σ〉)αs(Q2
0)/αs(Q2) , (7)

where Q2
0 ∼ 1 GeV2. Assumption (b) then allows us to

The dispersion of fluctuations of 
the gluon density, ωg, as a function 
of x for several values of Q2, as 
obtained from the scaling model

Simple “scaling model”     based on two assumptions

● At moderate energies √s = 20 GeV  the hadronic cross section of a configuration is 
proportional to the transverse area occupied by the color charges in that configuration,

σ ∝ R2
config

● the normalization scale of the parton density changes proportionally to the size of the 
configuration µ2 ∝ R−2

config ∝ σ−1
(in the spirit of Close et al 83 - EMC effect model)

G(x, Q2 |σ) = G(x, ξQ2) ξ(Q2) ≡ (σ/〈σ〉)αs(Q2
0)/αs(Q2)

whereQ2
0 ∼ 1 GeV2

the model designed for small x < 0.01. There maybe 
other   effects which could contribute to ωg for large x

Warning: 

At the same time decrease of ωg with Q2 at x=const - generic effect



Intermediate t
Major task for exclusive small x processes is to  determine  transverse 

distribution of gluons and also explore 

Γh(s, b) =
1

2is(2π)2

∫
d2"q exp(i"q ·"b)AhN (s, t)

and hence investigate proximity to the black disk regime of Γ ~ 1

Rogers et al 04
used information about J/psi
 photo production at FNAL
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The profile function for different values 
of the upper limit, U = (-t)1/2.

What is the maximal t for which one needs to do measurements to determine Γ(b=0) ? 

Need to reach -t ~ 2 GeV2 !!!

Challenge:  R(t) =
σ(γ∗ + p→ V + Y )
σ(γ∗ + p→ V + p)

≈ 0.2 exp(−4t) ∼ 10|−t=1GeV 2

Need either direct detection of proton or very good model for inelastic 
diffraction. Current model assumes soft factorization. Can we trust it? 



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

xq,g

N

γ (γ*)
VM (ρ, J/psi)

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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2

Forshaw & Ryskin 95

12

Allows to address a number of important issues including “What is 
Asymptotic behavior of the amplitude of the elastic scattering of small 
dipoles in QCD at large t ? Does  BFKL approximation works?”

EIC as good as HERA with proper detector - can work at much larger x ~ 0.2



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))
]

13

scattering off gluons dominates up to large x



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

Claims in the literature that data are consistent with LO BFKL !!!

real photon & light VM



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,

Frankfurt ,MS, Zhalov 06-08

Energy dependence was due to I(xmin, t) factor.   Not BFKL  amplitude 
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Description of ZEUS and H1 data for t-dependence of the large t  and 
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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Sensitivity to the energy 
dependence is weak.

z>0.95

t-dependence of J/ψ production
is consistent with dominance of 
hard dynamics

ZEUS

H1
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Study of the  VM production with gaps is mostly sensitive to gluon  pdfs if the cut is on zmin or MX2/W2 
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. Need good coverage of the 
proton fragmentation to do these measurements at  EIC

At LHC one can energy dependence 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

-
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where Sp is the density of charged partons in the proton, 

             ν=2mNqo, x=Q2/ν, k2=-t, y=-t/2(qo-pVo)mN with pVo 

dσγ∗L+p→V +X

dt

dσγ∗
L

+p→V +p

dt

∣∣∣
t=0

=
9
8π

α2
S

∣∣∣∣ln
Q2

k2

∣∣∣∣
2

×

1∫
y

[
Gp(y′, k2) + 16

81Sp(y′, k2)
]
dy′

[xGp(x, Q2)]2

Very weak t dependence for  |-t|<<  Q2 

Approximation of attachment of the ladder to one parton  may work already for  -t ~ 1 
GeV2 - early scaling  - very different pattern of hadron production from the one used in the 
MC for background subtraction.

Is mechanism has large enough cross section to dominate already at -t ~ 1GeV2?

FS95

Experimental test of dynamics - looking at the pt balance
pt  (VM)

rapidity gap
yp  -incident  proton rapidity

recoil minijet

Important limit not studied so far at HERA: |-t|<<  Q2 

the energy of the vector meson and all variables are defined in the nucleon rest frame.



Semiinclusive reactions provide new ways to study structure of the nucleon and the high 
energy dynamics, Good acceptance in the proton fragmentation region is critical for these 
studies.  This adds to the list of arguments in favor of good instrumentation of this rapidity 
range we put in the white book.  In particular, spin effects for polarized protons, studies of 
isospin 1/2 baryons, baryon 20 plet,...

Conclusions

One more possibility:  The process of knockout of gluon for moderate t (in γ+p→ VM +Y) 
maybe a good way to look for exotic baryons with valence gluons.


