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Leonid Frankfurt



1. Cross sections of hard processes  are well understood within the framework   
of QCD factorization theorems =QCD evolution equations . 

                                 Introduction. 
QCD as the theory of strong interactions has been established by comparing 
experimental data with the model independent predictions of QCD.

2. The transparency of nuclei for the propagation of spatially small wave package 
of quarks and gluons observed at FNAL in the hard exclusive processes: 
π+A  ➔2jets+A;  γ+A ➙ ψ+A  and at TJNF in the large t process:  
γ+A ➙π+A demonstrated direct role of color in the wave functions of mesons .  
This phenomenon is observable as the consequence of special QCD factorization 
theorem. (L.Frankfurt, J.Miller, M.Strikman, G.Baum, B.Blattel, H.Heiselberg 
1991-1993) .  



Distribution of color in a nucleus  
No color flow at large internucleon distances.  The average distance in the 
transverse plane between the centers of two nucleons  is related to the 
slope of t dependence of the cross section of hard diffractive process , Bdiff

b
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Fig. 13. Geometry of the parton overlap in the transverse plane.

not find a significant change of the slope in the HERA range of energies). A transverse slice
of the wave function of a heavy nucleus for x ! 5 " 10"3 looks like as system of colorless
(white) clusters with some clusters (! 30% – cf. a numerical study below) build of two
rather than of one nucleon, with a gradual increase of the number of two-, three-nucleon,
etc. clusters with decreasing x.

The microscopic picture of nuclear shadowing described above allows to address also the
question of at what transverse distances from the centers of two nucleons, !1 and !2, for a
given transverse internucleon distance, b, shadowing occurs, see Fig. 13. We first observe
that experimentally the t-dependence of inclusive di!raction and Deeply Virtual Compton
scattering (DVCS) for similar values of x and Q2 are very close, BDVCS = 6.02±0.35±0.39
GeV"2 [96] and BDVCS = 5.45±0.19±0.34 GeV"2 [97] so that |BDVCS #Bdi! | < 1GeV"2.
This implies that the parton removed from the nucleon and the parton in the final nucleon
are located at very close impact parameters.

As a result, the screening e!ect occurs very locally in the transverse plane, mostly in the
region along the axis between the two nucleons. If we neglect the small di!erence between
the slopes of DVCS and di!raction, we can write changed the direction of vectors in
the delta-function to correspond to picture

f(b) =
!

p(r!1) p(r!2) "(r!1 # r!2 # b) d2r!1 d2r!2 , (62)

where f(b) is the Fourier transform of the t-dependence of the di!ractive cross section
and p(r!i) are transverse distributions of partons. Check normalizations: should be
fixed from condition that integrated answer is what we had before.

In our derivations, the global and local color neutrality are satisfied at every step. This
is very di!erent from approaches based on the light-cone approximation for the nuclear
wave function, where the nucleus is initially built from quarks which naturally carry color.
The approximate color neutrality is achieved by imposing additional conditions at a later
stage.
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Since the nucleon momenta are small, the integration is symmetric in k3 ! "k3 and
G weakly depends on the incident energy, we can neglect the dependence of the factor
G on !1, !2, p!1 and p!2. In this approximation (implicit in the Gribov derivation of
shadowing for hadron-deuteron scattering, see Sect. 2.2), G # G(x, Q2, !, q!) is the cross
section of the nucleon production for xF $ 1. Indeed, in the approximation that the energy
dependence of di"raction is given by the factor (s/M2)

n
, where n # 2(!IP "1) % 0.24, the

factor which takes into account the longitudinal motion of nucleons in G is (1 " !2)n %
1 " n · &k2' /3m2

N), which di"ers from unity by less than 1%.

As a result, we can write Eq. (57) as

!di!F2A(x, Q2) =
1

16"

!

d! d2q! G(x, Q2, !, q!)FA(!, q!) , (58)

where FA is the two-nucleon form factor of the nucleus, which we write for simplicity in
the nonrelativistic limit:

FA(!, q!) =
!

d3ki #A(ki) · #A(k1 + $q, k2 " $q, k3, . . .) , (59)

where $q = (!mN , q!). The application of the AGK cutting rules allows to connect
!di!F2A(x, Q2) with the shadowing contribution to the nuclear structure function F2A(x, Q2).
The result is

!di!F2A(x, Q2) = F (b)
2A (x, Q2) , (60)

where F (b)
2A (x, Q2) is derived in the nucleus rest frame and is given by Eq. (40).

It is straightforward to calculate the average distance in the transverse plane between the
centers of two nucleons which contribute to shadowing. It is related to the slope of the
di"ractive cross section, Bdi! , as check the coe!cient

"

(r!1 " r!2)
2
#

= 4 Bdi! . (61)

I’ve changed the values of the di"ractive slope according to the H1 LPS data
that we use Since experimentally Bdi! $ 6 GeV"2 [41], the average transverse distance
between the nucleon centers, which required for the presence of nuclear shadowing, is
approximately 1 fm, so that the two nucleons overlap rather strongly in the transverse
plane.

With the increase of the strength of the interaction with decreasing Bjorken x, more
nucleons screen each other within the cylinder of the radius of $

(
2 Bdi! % 0.7 fm (this

radius may slowly increase with decreasing x for x ) 10"3, although the current data does
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~ 1fm

local reshuffling of color in the cylinder of radius➽

Since the nucleon momenta are small, the integration is symmetric in k3 ! "k3 and
G weakly depends on the incident energy, we can neglect the dependence of the factor
G on !1, !2, p!1 and p!2. In this approximation (implicit in the Gribov derivation of
shadowing for hadron-deuteron scattering, see Sect. 2.2), G # G(x, Q2, !, q!) is the cross
section of the nucleon production for xF $ 1. Indeed, in the approximation that the energy
dependence of di"raction is given by the factor (s/M2)
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!di!F2A(x, Q2) =
1

16"

!

d! d2q! G(x, Q2, !, q!)FA(!, q!) , (58)
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where $q = (!mN , q!). The application of the AGK cutting rules allows to connect
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The result is
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where F (b)
2A (x, Q2) is derived in the nucleus rest frame and is given by Eq. (40).

It is straightforward to calculate the average distance in the transverse plane between the
centers of two nucleons which contribute to shadowing. It is related to the slope of the
di"ractive cross section, Bdi! , as check the coe!cient
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I’ve changed the values of the di"ractive slope according to the H1 LPS data
that we use Since experimentally Bdi! $ 6 GeV"2 [41], the average transverse distance
between the nucleon centers, which required for the presence of nuclear shadowing, is
approximately 1 fm, so that the two nucleons overlap rather strongly in the transverse
plane.

With the increase of the strength of the interaction with decreasing Bjorken x, more
nucleons screen each other within the cylinder of the radius of $

(
2 Bdi! % 0.7 fm (this

radius may slowly increase with decreasing x for x ) 10"3, although the current data does
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Compare to convolution of GPDs - given by the 
slope of DVCS. Experimentally BDVCS ≈ Bdiff
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Caution.   At  Q2 ≥ -t>> Q20  Q2  evolution strongly depends on t 
B.Blok,L.Frankfurt and M.Strikman



B=4 ±0.5 GeV-2

Spatial distribution of color within the proton wf has been 
measured at HERA in the dependence of hard semiexclusive 
process on momentum transfer t in particular in  γ+p ➙J/ψ+p
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• fit to 2-gluon form factor from diffractive J/ψ production 
Frankfurt, Strikman, Weiss (FSW(2004)):

• In impact parameter space:

Information from GPDs



To generalize idea of E.Fermi to quantum field theory , to suppress vacuum 
fluctuations,  to explain Bj scaling claimed by SLAC J.Bjorken and R.Feynman 
introduced the concept of light-cone wave function  of a hadron (nucleus) 
and parton distributions within a hadron(nucleus).  On the contrary  
Schrodinger wave functions of a hadron(nucleus) is ill  defined for the bound 
state consisting from the relativistic constituents . 

Parton model fundamentally contradicts to basics of QCD  since QCD as a 
quantum field theory contains ultraviolet divergencies. Thus momentum 
transfer Q will be always smaller than momenta of constituents within  bound 
state (a hadron,nucleus). Bj scaling means death of preQCD field theories.

The total cross section of DIS in QCD -puzzle.
E.Fermi proved within the nonrelativistic quantum mechanics applicability of 
impulse approximation for the total cross section of neutron scattering off 
molecule H2 since momentum transfer to molecule  significantly exceeds 
momentum of electron within molecule . 



Asymptotic freedom:  D.Politzer,D.Gross,F.Wilczek

α(Q2)=c∕log(Q2/Lambda2)

explained puzzle. It allowed to evaluate the contribution of large 
momenta  of constituents which lead to the violation of Bj scaling and 
to demonstrate that effective parameter characterizing pQCD series is 
small :

⌠ d2k α(k2)/k2ξ=Nc/(2π)2

QCD evolution equation well describe numerous data on structure 
functions of DIS and amplitudes of hard diffractive processes. It is 
one of basic tools of high energy physics now.



At sufficiently small x effective parameter of pQCD series  becomes 
large : η=ξLog(x0/x)

Summing leading terms over     (D.Gross,  F. Wilczek, Y. Dokshitzer) 
leads to structure functions of hadrons rapidly increasing with energy:

  η      

As the consequence of energy -momentum conservation this formulae 
should be applicable within pQCD in a wide kinematical region of small x 
including x achieved at HERA. To some extent this is implemented in the 
resummation models.

F2(x,Q2)~exp √(ξLog(x0/x))

At sufficiently small x parameter η  is not small anymore so the   
justification of Bj scaling based on asymptotic freedom becomes insufficient 
and the concept of parton distributions is not defined in this kinematics. 
New approaches are needed.



The aim of this talk is to visualize properties  of black disc (BD) regime 
where  pQCD fails but legitimate calculations are possible.   Basic feature 
of  BD regime  is complete absorption of spatially small  color neutral wave 
package  by hadron (nucleus) medium which is analogue of Fraunhofer 
diffraction of light off black screen . Thus with increase  of energies  
transparency of hadrons, nuclei for the propagation of spatially small color 
neutral  wave package  would disappear.  Challenging questions: are the 
structure functions of hadrons, nuclei  will rapidly increase with energy  
or this increase will slow down ,  what are the properties of new QCD 
regime and how to observe new QCD phenomena. 

I will briefly outline also experimental indications for the onset of BD 
regime and explain  evident advantages of nuclear target for the 
investigation of this new QCD regime. 
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Dipole Picture:

+   others.

next 9 slides 
prepared by 
Ted Rogers 



! =1 /2! !inel = 3/4
5

CONSERVATION OF PROBABILITY IS EVIDENT AT FIXED IMPACT 
PARAMETER

nearly black
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Information from DIS: GPDs

• The generalized gluon PDF and deep inelastic J/ψ production.

• Impact parameter space gluon distribution function.

Describes transverse distribution of hard partons 
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•  At high energies amplitude is predominantly imaginary .

•  
Black Disk Limit =complete  absorption

“Black Disk Limit”:

(figure from C. Weiss.)

Central black region 
grows  with decrease of x.

Cause increase with energy of cross 
sections of hard processes forever.
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LHeC Kinematics

Q2 = 10 GeV2
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Q2 = 1 GeV2

Octet Dipoles
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Octet Dipoles

Black: 1.0 GeV2

Red:   10 GeV2
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208P b
x from bottom to top: x=10-2,10-3,10-4,10-5
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•

• Effects of black disk are enhanced in eA collisions. 
Important advantage of nuclear target is almost uniform 
nuclear matter in impact parameter space-so BDR is 
achieved in a large region of space.



Signals of Proximity to black disk limit.

F2A(x, Q2) =
Q2

12!3

!

"
#

f

e2
f

$

% (2!R2
A) ln

x0(Q2)
x

,

where x0(Q2) slowly decreases with increasing Q2

Total cross sections

Proton !dp(s, b) ! exp("µb) for small dipole  - p scattering

(update to QCD of 
Gribov BD of 68)

Frankfurt, Guzey, McDermott, MS (FGMS-01)

F2p(x, Q2) =
Q2

12!3

!

"
#

f

e2
f

$

% "(dipole! p) ln
s

s0
"

" R2
pQ

2 ln(1/x)(1 + c(x) ln2(1/x))

✸
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The same prediction for DVCS amplitude at t=0.



Black-disk limit in hard diffractive scattering from heavy nuclei

Gribov: non-diagonal transitions between diffractive eigenstates are 
forbidden  in BDR

⇒ FGMS model independent predictions for diffraction in BDL
  where σdiff=σtot/2

Examples:
dF

!!T!X
T (x, Q2, M2

X)
dM2

Xd!X
=

!R2
A

12!3

Q2M2
X

(M2
X + Q2)2

d"(e+e" ! X)/d!X

"(e+e" ! µ+µ")
.

``jetty'' final states -  mostly diffraction to quark - antiquark and 
quark-antiquark - gluon jet states.  Dominant final state - two jets 
with distribution over cos θ like in e+e- annihilation(three-jets 
events are also like in e+e-  annihilation.   A smooth transition from 
DGLAP - graduate increase of high pt component with decrease of 
x at fixed Q. 

✸

✸
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Vector meson exclusive and semiexclusive production 
- a fine probe of onset of BDR for interaction of small quark 
dipoles and dynamics of dipole media interaction. In BDR

VOLUME 87, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 5 NOVEMBER 2001

jets (with fractal substructure) with a distribution in the
center of mass emission angle proportional to 1 1 cos2u
for the transverse case and sin2u for the longitudinal case.
The diffractive cross section, integrated over u, is obtained
from Eq. (10) by removing the 3

8 !1 1 cos2u", 3
4 sin2u fac-

tors. It follows from Eq. (10) that in the BBL diffractive
production of high p! jets is ~M2 (while in the LTA it
is ~lnQ2) and hence is enhanced: #p2

!!jet"$T ! 3M2%20,
#p2

!!jet"$L ! M2%5.
The relative rate and distribution of jet variables for three

jet events (originating from qq̄g configurations) will also
be the same as in e1e2 annihilation and hence is given
by the standard expressions for the process e1e2 ! qq̄g.
In addition, in the BBL, the production of jets is flavor
democratic (weighted by quark charges but unrelated to
the quark content of the target).

An important advantage of the diffractive BBL signal
is that these features of the diffractive final state should
hold for M2 # Q2

BBL even for Q2 $ Q2
BBL ¿ L2

QCD be-
cause configurations with transverse momenta #QBBL%2
are perturbative but still interact in the black regime (and
correspond to transverse size fluctuations for which the in-
teraction is already black).

Another interesting feature of the BBL is the spectrum
of leading hadrons in the photon fragmentation region. It
is essentially given by Eq. (10). Since the distributions in z
(or equivalently u) do not depend on M, the jet distribution
in z is given by

d!sT 1 esL"
dz

~
M2

Q2

1 1 !2z 2 1"2

8
1 e!z 2 z2" .

(11)

Exclusive vector meson production in the BBL corre-
sponds, in a sense, to a resurrection of the original vector
meson dominance model [14] without off-diagonal transi-
tions. The amplitude for the vector meson-nucleus inter-
action is proportional to 2pR2

A (since each configuration
in the virtual photon interacts with the same BBL cross
section). This is markedly different from the requirements
[3] for matching the generalized vector dominance model
(see, e.g., [2]) with QCD in the scaling limit, where the
off-diagonal matrix elements are large and lead to strong
cancellations. We can factorize out the universal black in-
teraction cross section for the dipole interaction from the
overlap integral between wave functions of virtual photon
and vector mesons to find, for the dominant electroproduc-
tion of vector mesons,

dsg"
T 1A!V1A

dt
!

M2
V

Q2

dsg"
L1A!V 1A

dt
!

!2pR2
A"2

16p

3GV M3
V

a!M2
V 1 Q2"2

4jJ1!
p

2t RA"j2
2tR2

A
, (12)

where GV is the electronic decay width V ! e1e2, a is
the fine-structure constant. Thus the parameter-free predic-
tion is that, in the BBL (complete absorption) at large Q2,
vector meson production cross sections have a 1%Q2 be-
havior. This is in stark contrast to the asymptotic behavior
of 1%Q6 predicted in PQCD [15] since a factor 1%Q4, due
to the square of the cross section of interaction of a small
dipole with the target (color transparency), disappears in
the BBL.

In the LTA, the factorization theorem is valid and leads
to a universal (i.e., target-independent) spectrum of leading
particles for scattering off partons of the same flavor. Fun-
damentally, this can be explained by the fact that, in the
Breit frame, the fast parton which is hit by the photon car-
ries practically all of its light-cone momentum (z ! 1). As
a result of QCD evolution, this parton acquires virtuality,
&Q2, and a rather large transverse momentum, kt (which
is still øQ2). So, in PQCD, quarks and gluons emitted
in the process of QCD evolution and in the fragmentation
of heavily virtual partons together still carry all the photon
momentum. In contrast, in the BBL, the leading particles
originate from coherent diffraction (peripheral collisions)
and central highly inelastic collisions. These contributions
come from the fragmentation of a highly virtual qq̄ pair
with similar light-cone fractions of longitudinal momenta
and large relative transverse momenta [see, e.g., Eqs. (10)
and (11)].

The inclusive spectrum of leading hadrons can be
assumed, neglecting energy losses, as being due to the in-

dependent fragmentation of quark and antiquark of virtu-
alities $Q2, with z and p! distributions given by Eqs. (10)
and (11) (cf. diffractive production of jets discussed
above). Note that energy losses of partons calculated in
the limit of small nuclear parton densities do not lead to a
change of the z fraction carried by a parton, and hence do
not violate the LTA (see, e.g., [16]). In the BBL, energy
losses may be larger, further suppressing the spectrum as
compared to Eq. (13).

The independence of fragmentation is justified because
large transverse momenta of quarks dominate in the photon
wave function [cf. Eqs. (4)–(7)] and because of the weak-
ness of the final-state interaction between q and q̄, since
the as is small and the rapidity interval is of the order of
1. Obviously, this leads to a gross depletion of the lead-
ing hadron spectrum as compared to the LTA situation in
which leading hadrons are produced in the fragmentation
region of the parton which carries essentially all momen-
tum of the virtual photon. If we neglect gluon emissions
in the photon wave function, we find, for instance, for the
differential multiplicity of leading hadrons, dNg"

T %h%dz,
produced by transverse virtual photons, in the BBL,

dNg"
T %h

dz
! 2

Z 1

z
Dq%h

µ

z
y

!

3
4

'1 1 !2y 2 1"2( dy . (13)

Here Dq%h!z%y, Q2" is the fragmentation function of
a quark, with any flavor q, into hadrons. To simplify

192301-3 192301-3

Gross violation of Collins and F.S. factorization theorem 
- enhancement by a factor Q4 

✸
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Transition from the CT regime without LT nuclear 
shadowing at x> 0.01 (observed at FNAL): 

Expectation: 

!elastic("A! J/# + A) " A4/3,!quasielastic("A! J/# + A!) " A

!elastic("A! J/# + A) " A2/3,!quasielastic("A! J/# + A!) " A1/3

⇒
⇒ LT shadowing

BDR

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

Allows to determine σtot(“small dipole” - nucleus)

New QCD domain
➳
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Perfect experimental observable. Study leading spectrum of hadrons as a function 
of neutron deposition in the forward calorimeter. DGLAP - no correlation. BDR  - 
strong correlation.  Also for the central impact parameters BDR onset is at 
substantially larger x.  Cannot trigger on centrality in diffraction.

Inclusive production of leading hadrons

The mechanism of fragmentation in BDR: quark and antiquark with
 pt ∝ Q and known z-distribution peaked at  ~1/2 fragment independently 

since in this case overlap between showers is small (as long as LC 
fractions are large). 

Hence to a 
first approximation 

D̄!!T!h(z) = 2
! 1

z
dyDh

q (z/y)
3
4
(1 + (2y ! 1)2)

In BDR the leading particle spectrum in BBL is strongly suppressed. The inclusion of 
the qqg states in the virtual photon wave function (due to the QCD evolution) will 
further amplify the effect (post-selection). Related to the effect of fractional energy 
losses in BDR (FS03- 08) (consistent with BRAMHS, STAR data) 

_

✸
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The total differential multiplicity normalized to the up quark 
fragmentation function as a function of z at Q2=2 GeV2.

dN!!T /h/dz)/Du/h(z, Q2)

24



Hard processes with gaps - just one example: Propagation of ultrafast 
small dipoles through nuclear media  

 t=-(pγ-pV)2  process  (γ, γ*)A ->Vector Meson + rapidity gap +X. For now analyzed 
real photon case which will be studied in the early HI run at LHC  

elementary reaction scattering of projectile off a parton of the target 
at large t belongs to a class of reactions with hard white 
exchange in t-channel

FS 89, FS95,

Mueller & Tung 91

Forshaw & Ryskin 95

25

best way to measure of the strength of inelastic interactions of small dipole in the processes 
initiated by elastic small dipole  - parton scattering. In HI via UPC feasible for 
 at [s’]1/2=20 GeV -  100  GeV  at the LHC

Fast track to observing the black disk regime of interaction with strong gluon 
fields   F& L & Zhalov - PRL June 09

x

N

γ* VM

X

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 di!raction 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 o!
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 " W!p " 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 W!p 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 ! meson photoproduction:

" + p(A)! ! + rapidity gap + X, (1)

at large t and with a rapidity gap between !-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 su"ciently large (# 4) to suppress contribution of the fragmentation
processes. Related physics can be investigated in the di!ractive 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 " + A ! (jet +
M1)+ rapidity gap+(jet+M2) will allow to check presence of the color transparency e!ects
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 = $(p! $ pV )2, and the invariant energy of the qq̄- parton elastic scattering

s! = xW 2
!p, (2)

where

x =
$t

($t + M2
X $m2

N)
, (3)

2

⎫
⎭⎬

~

~

Study of energy dependence of  inelastic dipole - nucleus  interactions in large

✸

x̃ =
!t

(M2
X ! t)



γ + A → J/ψ + gap + X⎫
⎭
⎬s! = x̃W 2

!N

xg ab
so
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Complementary  to coherent J/ψ.
 Tracks dipole though ~ 10 fm 

of nuclear matter
✺

✺ Allows to measure dipole 
size as a function of q2
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Estimate  of dipole size  for q2=0 

d0 = .25fm, mc = 1.5 GeV ( )

✺ Can reach maximal W of LHeC

100 200 300 400 500 600 700 800
W p, GeV

0.0
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ef
f/A
=d

(
A
->
X
J/
)/A
d
(
p-
>X

J/
) ultraperipheral Pb( ) +Pb->Pb+X+J/

LT

gcLT

HT

q2 = 4GeV 2

q2 = 50GeV 2

M2
X < 100q2GeV 2

-t

-t

-t

d2(!t)/d2(0) " (1! t/4m2
c)
!1

Significant absorption is expected 
in the leading twist and higher 

twist models of dipole interaction



LHeC covers  kinematics where large nuclear effects should be present 
both in the LT region, and in the regimes of transition to BDR and BDR. 

CONCLUSIONS

First peek into this region will be 
due to UPC at LHC 

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 11

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/! and ! . The transverse momentum
of the jet or leading pion sets the scale for dijet and "" production respectively. For comparison, the kinematic ranges for J/! at RHIC, F A

2 and
# 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
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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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 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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 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) based on the current HERA data. 

Black limit

Evidence for onset of 
BDR at HERA for gluons 

at Q=2 GeV

Guzey et al
Warning - curves for x < few •10-4 is extrapolation of the fits.  

For gluon channel B=7 GeV-2  leads to impact factor  Γgg(b=0, Q2=4 GeV2) ∼ 1
 for x ~10-3  ⇒  new regime? increase  of B?

Consistent with analysis of the exclusive processes at HERA 


