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Introduction

Observation at FNAL, CERN, DESY, SLAC  of approximate Bj scaling 
for cross sections of hard  processes :

was great success of  asymptotic freedom in QCD,  of decrease of
running coupling constant with virtuality :

Concept of universal parton densities within a hadron modified by
calculable NLO pQCD evolution has been effective so far to describe 
numerous hard phenomena. Hard QCD phenomena form the basis for 
the search of  new particles at  LHC.
 

Q2σ = F (x, αs ln(Q2/λ2
QCD))

αs(Q2) = 4π/b ln(Q2/λ2
QCD)



However leading twist approximation and NLO pQCD 
calculations produce large parton densities which at 
sufficiently small x and/or large atomic number A violate 
probability conservation .  pQCD calculations of 
amplitudes for spatially small dipole scattering off hadron 
target scattering as well as phenomenological analysis 
based on diffractive gluon densities  of a proton measured 
at HERA found that for gluon driven processes troubles 
become serious for             
and in proton-nucleus collisions at significantly larger x:               

x(pp) ≤ 10−5

x(A) ≈ Ax(pp)
Simplicity of formulae is the result of interplay between 
unrelated phenomena-dependence of cross section on A 

due to nuclear shadowing phenomenon and power of 
increase of amplitude with energy.



Thus behavior of amplitudes of hard processes  should radically change, at these
 x characteristic for the part of kinematics of RHIC and LHC.   Bj scaling will 
disappear completely in spite of asymptotic freedom (V.Gribov 1970):  cross 
section become independent on Q  at large Q and small x  i.e. concept of 
parton distributions and conformal invariance of QCD disappear in this 
kinematics. Concept of structure  functions will be still valid.

Thus new  QCD  regime arises:  small running  coupling constant but 
strong interaction with large parton densities.  Properties of new QCD 
regime are actively discussed in the literature : Color Glass Condensate
(CGC), Black Disk regime(BDR)etc.   I will focus my talk  on the universal  
and model independent properties of hard processes within new QCD 
regime which are  calculable as the consequence of  complete absorption 
of projectile in this regime .

In this talk I will restrict myself by the discussion of some model 
independent properties of new qCD regime.



Conventional  small x  pQCD . 

1.  At interesting for the identification of new QCD regime 
and achievable  experimentally small x analytic pQCD 
calculations of hard high energy processes are in principle 
manageable  although rather tedious. This is because  the 
number of gluons radiated in multiRegge kinematics (where 
large interval in rapidity between adjacent gluon radiations) is 
rather slowly increasing with energy as the consequence of 
energy-momentum conservation law: 1-2 gluons at HERA and 
6-7 at LHC.  As a result predictions of popular approximations 
to hard processes -NLO DGLAP and NLO BFKL pQCD 
approximations are rather close for  x> 10-5                 



2.  Parton distributions evaluated within pQCD are fastly 
increasing  with energy at  small x : 

xGT (x,Q2) ∝ x−λ(Q2)

This is numerical fit to  actual pQCD calculations with                          .                 
The  increase of parton distributions within proton have been observed by 
CDF, DO(FNAL) ; by H1 and ZEUS at HERA(DESY) .

λ ≈ 0.25

3.The generalization of QCD factorization theorem to hard exclusive processes
(L.F&G.Miller&M.Strikman 91;S.Brodsky,J.Gunion,L.F,A.Mueller,M.Strikman  94; 
J.Collins ,L.F. and M.Strikman. 97) 

σL = c[xGT (x, Q2)]2/Q6

with calculable but depended on the process c.  This theorem helped to 
calculate new variety of hard processes in terms of generalized parton 
distributions of the hadron(nucleus) target. 



One of new QCD phenomena was discovery at FNAL of the 
transparency of nuclear matter  for the propagation of a spatially 
small wave package of quarks and gluons in the process:

σ(π + A→ 2jet + A) ∝ A1.54

 and close  dependence on A for coherent photoproduction 
of  J/ψ instead of ∝ A2/3. 



diffractive electroproduction of vector mesons: ρ, ϕ, J/ψ

Besides prove of applicability of pQCD for the description of new variety of
hard processes the dependence of generalized gluon  distribution on momentum 
transfer has been measured at HERA in photoproduction                                                                  
and in electroproduction  of           ρ, ϕ, J/ψ

γ + p→ J/ψ + p

   4. New variety of hard processes calculable in QCD has been measured at

HERA-mostly diffractive photoproduction



5.  At fixed target mode of FNAL, at  HERA and lesser energies 
hard diffractive processes probe gluon core of a proton- the 
contribution of pion tail of a nucleon carrying small fraction  of 
nucleon energy is dynamically suppressed for the processes 
rapidly  increasing with energy.  Radius of gluon core as 
determined from t dependence of hard diffractive processes is 
significantly smaller than electromagnetic radius of a nucleon.  
Important for establishing kinematics of applicability of LT 
approximation, for the evaluation of moderate x hard 
processes including production of supersymmetric particles. 
This suppression of the contribution of pion tail  will disappear 
with increase of energy. 



Inelastic diffraction in DIS

whose cross section depends on energy similarly to soft QCD processes 
(H1)  demonstrates presence of nonperturbative QCD contribution-
QCD Aligned Jet Model.

γ∗ + p→ ”diffractivestate” + p

Virtual photon produces quark-gluon configurations which have different 
size when hitting target. Selecting large Q is insufficient to suppress 
nonperturbative QCD. Observation at HERA of significant cross section of 
inelastic diffraction  in the process:



Restrictions from probability conservation.

To demonstrate origin of inequality let us evaluate within LT 
approximation  the  ratio :

This ratio becomes larger than 1 at sufficiently small x-
probability is violated within LT approximation.

To formalize theoretical restriction let us consider scattering of any wave 
package (for certainty colorless dipole) off target T. If the interaction is rapidly 
increasing with energy projectile will be absorbed by target.  Thus diagonal 
matrix element of S matrix(U matrix) should be 0.   This is condition of 
complete absorption.  This is generalization to hard processes restrictions from 
unitarity of S matrix.  This condition is important to define unambigous result of  
summing pQCD series. Remember that pQCD series are asymptotic and 
therefore dont define sum unambigously.

σ(γ∗ + T → V + T )/σ(γ∗ + T → X) ∼ (c(xGT )2/Q4)/(xGT /Q2)



This inequality can be rewritten in the familiar from soft  QCD form that 

partial wave at given impact parameter should be less than 1. Having 
formulae for cross section and exploring dependence of gluon distribution on 
impact parameter b we may evaluate region where complete absorption  
occur.

The tail of the dependence of gluon distribution within proton on the 
impact parameter b    is dictated by nonperturbative input to QCD 
evolution -i.e. by phenomenon of spontaneously broken chiral symmetry 
in QCD which is relevant for the average characteristics of a nucleon. At 
large distances dominates two pion exchange. So  at large b:

xGT (x,Q2, b2) ∝ exp− (2mπb)



Play with numbers shows that complete absorption occur for the scattering 
of gluon dipole at                           forQ2 = 10GeV 2 x ≤ 10−5

This kinematics is close to leading jet production at RHIC and in a wider 
region at LHC. At HERA difficult to identify since  this physics can be hidden 
in the initial condition for QCD evolution. The interaction of quark dipole 
requires smaller x to achieve BDR. The same calculations show that for 
heavy nuclei onset of BDR should occur at significantly larger x.

Experimental indications for onset of BDR

1.Large value of diffractive gluon density in the proton.

2. Peripheral production of leading jets in deutron-nucleus collisions



Distinctive features of new QCD regime. 
1. Structure functions of a nucleon will continue to increase fastly forever.

Additional ln x as compared to Froisart limit for cross sections is because of 
ultraviolet divergency of renormalization  of electric charge. Coefficient c is 
calculable. Bj scaling disappears. Such behavior is impossible in soft QCD and
presence of  Q2   justifies applicability of methods of hard QCD.

2.Structure functions of nuclei are almost energy independent at 
achievable energies. 

F2A, xGA = c2πr2
NQ2 ln(xo/x)

At very large energies unachievable in lab structure 
functions of nucleon and nuclei will coincide.

F2, xG = cQ2(ln(xo/x))3



3. Cross section of photoproduction should faster 
increase with energy than total cross section for pp 

collisions by additional power of log x. 

6.Eikonal diagrams are exactly cancelled in  QCD.

σ(γ∗ + T → 2jet + T ) = 1/2σtot(γ∗ + T → X)

4. Cross section of hard diffractive processes suppressed in LT 
approximation by power of Q form significant part of cross section:

Cross section of vector meson production becomes much weaker 
function of  Q

5.  Characteristic pt of hadrons should rapidly  increase with energy.

dσ(γ∗L + T → V + T )/dt = c
(2πr2

N )2

16πQ2

c is calculable within BDR .



7.QCD factorization theorem  differs from dipole model.

1.Amplitudes of hard diffractive processes are expressed in terms of skewed 
gluon distributions which are unsuitable for soft QCD processes.

Dipole model is convenient tool to evaluate amplitudes of processes initiated 
by virtual photon. However this model use concepts which are in variance 
with established properties of QCD.

2.Projectile photon produces quark-gluon configurations having  
different space-time distribution of color. So their interaction with 
target is different. This property is established both theoretically and 
experimentally.

Thus fitting parameter of dipole model-cross section has no direct 
relation to cross sections familiar from hadron collisions.



8. Structure functions of nuclei are practically uninvestigated
at     x≤  10-2.    New QCD phenomena are expected :

i). at x≤  10-2  LT nuclear shadowing. (Calculable within the approximation 
which assumes that radius of a nucleon is significantly less than internucleon 
distances in nuclei. (L.F.  V.Guzey and M.Strikman. 98-00) .  Competing   
parametrizations were suggested(K.Escola 00))

ii. at     x≤  10-3   the  violation of LT approximation and related new 
phenomena. Onset of new QCD regime of  strong interaction 
with small coupling constant .

 



      Small x physics is seemingly in a good shape -the number of 
calculable processes is increasing. Some of them are observed and
appeared in a reasonable agreement with NLO DGLAP calculations.  
New phenomena like color transparency were discovered .
    
  However let us consider theoretical toy-scattering of colorless 
sufficiently small size dipole consisting of gluons or quarks off target T. 
The application of pQCD factorization theorem produces cross 
section for the scattering of colorless gluon dipole of transverse size d 
off a target T (F.S.93) :

Intermediate conclusions

σ(dipole + T → X) = 2πd2αs(1/d2)xGT (x,Q2 = 1/d2)
Simple numerics shows that in the kinematics of HERA gluon dipole 
interacts with cross section around 20 mb. Quark dipole interacts with 
factor 2 smaller cross section due to smaller  value of Casimir operator 
for fundamental representation of color group.  Thus practical question 
arises on the role of HT effects, of  possible nonperturbative 
phenomena.  Problem exists in the kinematics where pQCD calculations 
of LT term looks reliable.



Energy losses of energetic partons in the small x processes. 

(L.F. ,M.Strikman 06)

  When energetic particle crosses dense medium it looses 
energy.  Thus unambigous signal for the formation of large 
parton density is opacity- increase of  absorption,  of energy  
losses.   Theoretical calculations  shows that in small x processes 
Landau-Pomeranchuk  coherence is lost and leading parton 
should loose finite   fraction of its energy ~ 10%   in pp collision 
and significantly larger in nuclear processes.  On the contrary at 
moderate x a parton looses  finite energy:  4 GeV for L=10 fm    
(Bayer, Y.Dokshitzer, A.Mueller, D.Schiff) Thus in the kinematics of 
RHIC in the target rest frame leading parton should loose   ~1 
TeV if  large parton densities occur.



BRAHMS, STAR investigated leading pion  production in 
dA collisions.  They found suppression of leading pion. Also 
~STAR found  little or no suppression of recoil jet, 
correlation between forward and slow hadrons. All 
experimental facts are consistent with energy losses, with 
dominance of peripheral collisions. So probably this is the 
first direct observation of large parton densities formed in 
small x processes. Current CGC inspired models which 
assume production of single jet have problems with data.
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Figure 17 Black-disk limit in central pA collisions at LHC: (a) The profile function for
the scattering of a leading gluon in the proton (regarded as a constituent of a gg dipole)
from the nucleus at zero impact parameter, !d A(b = 0), as a function of the trans-
verse momentum squared, p2

⊥. (b) The maximum transverse momentum squared, p2
⊥,BDL,

for which the interaction of the leading gluon is “black,” !d A > !crit, as a function
of the gluon’s momentum fraction, x1. Here we assume

√
s = 14TeV for the effective

NN collisions, in order to facilitate comparison with the case of central pp collisions in
Figure 16.

p2
⊥,BDL for a leading gluon, as a function of the gluon momentum fraction, x1;

for leading quarks, the result for p2
⊥,BDL is approximately 0.5 times the value

for gluons. The numerical estimates show that leading partons indeed receive
substantial transverse momenta when traversing the small-x2 gluon medium of
the nucleus. We emphasize that our estimate of p⊥,BDL applies equally well to the
interaction of leading partons in the central region of AA collisions.

Turning now to pp collisions, we have to take into account the transverse spatial
structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
that the maximum transverse momentum for interactions close to the BDL, p2

⊥,BDL,
decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
shows the dependence of p2

⊥,BDL on b, as obtained with the parametrization of the
transverse spatial distribution of gluons based on analysis of the HERA exclusive
data (Section 4.4) (73). One sees that p⊥,BDL ∼ several GeV in central collisions
at LHC. Substantially smaller values are obtained at the Tevatron energy.
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for gluons. The numerical estimates show that leading partons indeed receive
substantial transverse momenta when traversing the small-x2 gluon medium of
the nucleus. We emphasize that our estimate of p⊥,BDL applies equally well to the
interaction of leading partons in the central region of AA collisions.

Turning now to pp collisions, we have to take into account the transverse spatial
structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
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in the “target” proton decreases with transverse distance from the center, it is clear
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interaction of leading partons in the central region of AA collisions.
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structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
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decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
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for gluons. The numerical estimates show that leading partons indeed receive
substantial transverse momenta when traversing the small-x2 gluon medium of
the nucleus. We emphasize that our estimate of p⊥,BDL applies equally well to the
interaction of leading partons in the central region of AA collisions.

Turning now to pp collisions, we have to take into account the transverse spatial
structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
that the maximum transverse momentum for interactions close to the BDL, p2

⊥,BDL,
decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
shows the dependence of p2

⊥,BDL on b, as obtained with the parametrization of the
transverse spatial distribution of gluons based on analysis of the HERA exclusive
data (Section 4.4) (73). One sees that p⊥,BDL ∼ several GeV in central collisions
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do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
that the maximum transverse momentum for interactions close to the BDL, p2

⊥,BDL,
decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
shows the dependence of p2

⊥,BDL on b, as obtained with the parametrization of the
transverse spatial distribution of gluons based on analysis of the HERA exclusive
data (Section 4.4) (73). One sees that p⊥,BDL ∼ several GeV in central collisions
at LHC. Substantially smaller values are obtained at the Tevatron energy.
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Figure 17 Black-disk limit in central pA collisions at LHC: (a) The profile function for
the scattering of a leading gluon in the proton (regarded as a constituent of a gg dipole)
from the nucleus at zero impact parameter, !d A(b = 0), as a function of the trans-
verse momentum squared, p2

⊥. (b) The maximum transverse momentum squared, p2
⊥,BDL,

for which the interaction of the leading gluon is “black,” !d A > !crit, as a function
of the gluon’s momentum fraction, x1. Here we assume

√
s = 14TeV for the effective

NN collisions, in order to facilitate comparison with the case of central pp collisions in
Figure 16.
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for leading quarks, the result for p2
⊥,BDL is approximately 0.5 times the value

for gluons. The numerical estimates show that leading partons indeed receive
substantial transverse momenta when traversing the small-x2 gluon medium of
the nucleus. We emphasize that our estimate of p⊥,BDL applies equally well to the
interaction of leading partons in the central region of AA collisions.

Turning now to pp collisions, we have to take into account the transverse spatial
structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
that the maximum transverse momentum for interactions close to the BDL, p2

⊥,BDL,
decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
shows the dependence of p2

⊥,BDL on b, as obtained with the parametrization of the
transverse spatial distribution of gluons based on analysis of the HERA exclusive
data (Section 4.4) (73). One sees that p⊥,BDL ∼ several GeV in central collisions
at LHC. Substantially smaller values are obtained at the Tevatron energy.
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the scattering of a leading gluon in the proton (regarded as a constituent of a gg dipole)
from the nucleus at zero impact parameter, !d A(b = 0), as a function of the trans-
verse momentum squared, p2

⊥. (b) The maximum transverse momentum squared, p2
⊥,BDL,

for which the interaction of the leading gluon is “black,” !d A > !crit, as a function
of the gluon’s momentum fraction, x1. Here we assume

√
s = 14TeV for the effective

NN collisions, in order to facilitate comparison with the case of central pp collisions in
Figure 16.

p2
⊥,BDL for a leading gluon, as a function of the gluon momentum fraction, x1;

for leading quarks, the result for p2
⊥,BDL is approximately 0.5 times the value

for gluons. The numerical estimates show that leading partons indeed receive
substantial transverse momenta when traversing the small-x2 gluon medium of
the nucleus. We emphasize that our estimate of p⊥,BDL applies equally well to the
interaction of leading partons in the central region of AA collisions.

Turning now to pp collisions, we have to take into account the transverse spatial
structure of the colliding hadrons. A crucial point is that high-energy interactions
do not significantly change the transverse position of the leading partons, so that
their interaction with the small-x2 gluons is primarily determined by the gluon
density at this transverse position. Because the leading partons in the “projectile”
proton are concentrated in a small transverse area, and the small-x2 gluon density
in the “target” proton decreases with transverse distance from the center, it is clear
that the maximum transverse momentum for interactions close to the BDL, p2

⊥,BDL,
decreases with the impact parameter of the pp collision, b. Figure 18 (upper row)
shows the dependence of p2

⊥,BDL on b, as obtained with the parametrization of the
transverse spatial distribution of gluons based on analysis of the HERA exclusive
data (Section 4.4) (73). One sees that p⊥,BDL ∼ several GeV in central collisions
at LHC. Substantially smaller values are obtained at the Tevatron energy.
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p

p

8.8

xp = 2.5xA(
√

sAA = 5.5TeV )

p2 t
B

D
R
(g

lu
on

)
F2A(x,Q2) =

∑

q

e2
q/12π2Q22πR2

A[1/3 ln A + λ ln(x0/x)]θ(0.05/A1/3 − x), λ ∼ 0.2÷ 0.3

same longitudinal momentum during collision. It is the
distribution of small x partons which is influenced by the
nucleus medium. This phenomenon is the essence of
the parton model, and of the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution of hard pro-
cesses and current models for the energy losses [11]. In the
next discussion, we will use this property of QCD.

A parton with sufficiently large x belonging to the
proton emits a virtual photon (hard gluon) long before
the target and it interacts with the target, in a black
regime releasing the fluctuation, e.g., a Drell-Yan pair.
This leads to a qualitative change in the interactions for
the partons with xp; pt satisfying the condition that

xA ! 4p2
t ="xpsNN# (1)

is in the blackbody kinematics for the resolution scale
pt $ pb:b:l:

t "xA#. Here, pb:b:l:
t "xA# is the maximum pt for

which the blackbody approximation is applicable. In the

kinematics of LHC, Q2 % 4"pb:b:l:
t #2 can be estimated by

using formulas derived in [12]. At minimal xA, pb:b:l:
t may

reach 4 GeV=c. All the partons with such xp will obtain
pt"jet# & pb:b:l:

t "xA# leading to the multijet production. The
blackbody regime will extend down in xp with increasing
the incident energy. For LHC, for pt $ 3 GeV=c, this
regime may cover the whole region of xp ' 0:01 where
of the order of 10 partons reside. Hence, in this limit most
of the final states will correspond to multiparton colli-
sions. For pt $ 2 GeV=c the region extends to xp '
0:001. At LHC collisions of such partons result in the
generation of partons at central rapidities. The dynamics
of conversion of the high pt partons with similar rapidi-
ties to hadrons is certainly a collective effect which de-
serves special consideration.

The total inclusive cross sections in pA scattering can
be calculated within BBL using a similar method to that
used in !(-nucleus scattering [13]. In particular, the total
cross section of the dimuon production is

d""p) A ! #)#* ) X#
dxAdxp

! 4$%2

9

K"xA; xp;M2#
M2 F2p"xp;Q2# + 1

6$2 M
2 + 2$R2

A ln"x0=xA#: (2)

Here the K factor has the same meaning as in the leading
twist case, but K * 1 should be smaller since it originates
from the gluon emissions from the parton belonging to
the proton only. x0 is the maximal x for which BBL is
valid. For the smallest xA (forward kinematics) Eq. (2)
may be valid at LHC for M2 $ 60 GeV2. Obviously, the
Eq. (2) prediction for the M2, xA dependence of the cross
section is distinctively different from the DGLAP limit.
This difference would be less pronounced in the case of
pp scattering where scattering at large impact parameters
may mask the BBL contribution. Another signal for the
onset of the BBL is a broadening of the pt distribution of
the dimuons as compared to the DGLAP expectations;
see [14] for a calculation of this effect in the color glass
condensate model. This effect is similar to the case of pt
distribution of leading partons in the deep inelastic scat-
tering [12].

As xA decreases further, the formulas for BBL will
probably overestimate the cross section because the inter-
action with a heavy nucleus of sea quarks and gluons in
the projectile proton would become black as well.

The onset of the BBL will lead also to gross changes in
the hadron production: there is a much stronger drop with
xF of the spectrum in the proton fragmentation region
accompanied by a significant pt broadening of the spec-
trum. There is also the enhancement of hadron produc-
tion, at smaller rapidities. Indeed, the individual partons
in this limit are resolved at the virtuality scale corre-
sponding to transverse momenta &pb:b:l:

t without losing a
finite fraction of the light-cone momentum. Hence, the
limit of independent parton fragmentation [15] will be
realized with an important amplification since the lead-
ing partons will have much larger transverse momenta
[16] than that expected from the estimate of [15] based on

the pt broadening observed at the fixed target energies.We
want to emphasize here that the approximation of zero
fractional losses holds in the PQCD regime and appears to
hold in the various models of the onset of the BBL; see,
e.g., [16]. At RHIC this regime may hold for the very
forward hadrons and could be checked [17] by studying
the production of leading hadrons in the central p"2H#A
collisions [18]. The propagation of a proton interacting in
the BBL results in the removal of all partons in the
nucleus with the proton impact parameter and pt $
pb:b:l:
t . This leads to the formation of a &1 fm radius

tube in a perturbative phase. Thus, the essence of the
BBL is the striping of nucleons off the soft QCD modes
and releasing the gas of free quarks and gluons with large
transverse momenta. Remember that the PQCD interac-
tions between quarks and gluons within the same frag-
mentation region are small. Thus, we conclude that the
effects of the BBL should be first manifested in the
projectile fragmentation region and should gradually ex-
pand towards central rapidities. The detectors with a
forward acceptance would be optimal for this physics.

Let us now discuss the nucleus fragmentation region in
the central heavy ion collisions. It was discussed previ-
ously in the framework of the soft dynamics, see [19] and
references therein, and a significant increase of the den-
sities was found. Let us demonstrate now that even more
striking effects are expected in the BBL regime. In this
case (in difference from pA collisions) soft modes will
be stripped off in the whole volume of the nucleus. To
calculate the properties of the quark-gluon state produced
in the tube of radius RA in the target fragmentation region
we first evaluate the main characteristics of the process in
the rest frame of the fragmenting ion. The incoming
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Within reach of CMS +TOTEM  for  
xA=10-5, Q < 5 - 7 GeV 

RHIC II?

p2
t BDR(gluon) ≈ 2p2

t BDR(quark) ≈M2(DY )/2



Change of the structure of final states due to  BDR:

Hard diffraction

Suppression of the forward production 
due to fractional parton energy losses 
and pt broadening (RHIC and LHC)

σdiff (γ∗A→M + A)/σtot(γ∗A) ≈ 0.5

M ≈ 2 jets, < p2
t >∝M2

,

! 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

Εnergy dependence of the dijet cross section at fixed pt in the x range 
between 10-2 and 10-4 (UPC). Signal:  taming of the rate if increase of 
cross section  at the smallest x.



γA → jet1 + jet2 + X + A

for direct photon:  β≈ 1

σ(γA → jet1 + jet2 + X + A)

σ(γA → jet1 + jet2 + X)
≈ 0.5

Doable at LHC for x > 5*10-5, pt>5 GeV

M.Strikman R.Vogt, S.White, 06

dominant in BDR , negligible in LT  especially for 
forward direction

! 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)
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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
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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 FS factorization theorem 
- enhancement by a factor Q4 

EIC - DIS for light vector meson coherent production

UPC  - onium photoproduction in x range exceeding HERA 

by a factor ~100 at LHC  (WγΑ≤ 1 TeV)  + RHICII? 



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

Expectation: 

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   !!!

New QCD domain➳



Conclusions

Small x physics open series challenging problems. 
Some of them can be solved by existing methods.

Small x phenomena can be investigated in UPC
which is natural expansion of HERA physics 

into LHC domain.




