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Motivation

Cosmic rays of ultrahigh energies:   s!1011 GeV2=1000 sLHC

Interpretation is very sensitive to the forward physics - number of leading 
particles,...

A parton with a given x1 is and resolution pt is sensitive to the partons in 
the target with x"x2=4pt

2/sNNx1 

For s=1011 GeV2, x1=0.1, pt=5 GeV/c, x>x2=10-8 are resolved!!!

For kinematics relevant for the proton fragmentation s=1011 GeV2, 
x1=0.3, pt=1 GeV/c, x>x2=10-10 are resolved!!!



Outline

Implications for GZK energy range

 Propagation of partons through nuclear media in the BDR - 
pt broadening and fractional energy losses

!

!

!

! 

! Increase of gluon densities at small x & onset of black disk regime (BDR)

#Limiting curve for  leading hadron production  in BDR

aka taming /saturation of gluon density

Experimental evidence: 
fixed target,  RHIC dA data (BRAHMS effect)

Matching BDR at GZK with collider data - further studies of dA at 
RHIC, central pp collisions at LHC, pA at LHC

!

! What is missed in the current MCs for LHC



d

F2 Casimir operator  of color SU(3)

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

Consider first “small dipole - hadron” cross section

Comment:   This simple picture is valid only in LO.  NLO would require  
introducing mixing of different components.  Also, in more accurate expression 
there is an integral over x, and an extra term due to quark exchanges. However the 
general pattern is now tested and works.
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Baym, Blattel, F&S 93

Interaction of fast particles in QCD is expected to differ qualitatively 
from soft dynamics

σdipole−T
inel (x, d) =

π2

3
F 2d2αs(λ/d2)xGT (x,λ/d2)
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The interaction cross-section, σ̂ for CTEQ4L, x = 0.01, 0.001, 0.0001,
λ = 4, 10. Based on pQCD expression for σ̂ at small dt, soft dynamics at
large b, and smooth interpolation. Provides a good description of F2p at
HERA and J/ψ photoproduction.

Frankfurt, Guzey, McDermott, MS 2000-2001

M.Strikman

HERA data confirm a fast increase of the  cross sections of 
interaction  small dipoles with energy predicted by pQCD due to 

xGN!x-$(Q), $" 0.2 ÷ 0.4   

Provided a reasonable prediction for  %L
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Important variable for describing dynamics is impact parameter:

Peripheral pp collisions 
Central pp collisions 

b b

Proton momenta are 
perpendicular to the 

plane

L - angular momentum is conserved - L=bpinc

b is conserved in the collision



!tot = 2

Z
d
2
bRe"(s,b)

!inel =
Z
d
2
b(1− (1−Re"(s,b))2− [Im"(s,b)]2

!el =
Z
d
2
b|"(s,b)|2

Impact parameter distribution  in “h”(dipole)p interaction

Study of the  elastic scattering allows to determine how the strength of the 
interaction depends on the impact parameter, b:

!h(s,b) =
1

2is

1

(2")2

Z
d2!qei!q

!bAhN(s, t)

!(b) = 1 ≡ "inel = "el

- black disk regime -BDR

; ImA= s!tot exp(Bt/2)

)

Note that elastic unitarity:                                                             

1

2
ImA= |A|2+ ... allows  !(b)≤ 2
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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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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  &-meson electroproduction to the slope of
  J/' photo(electro)production.  

(

Transverse  distribution of gluons can be extracted from 
  
 

⇒

3

4

5

6

7

8

9

10

11

12

13

0 5 10 15 20 25 30 35 40

! ZEUS (prel.)
! ZEUS

" ZEUS (prel.)
" ZEUS
J/# ZEUS
J/# H1

! H1

Q
2
 (GeV

2
)

B
 (

G
eV

-2
)

!

J/#

FKS

9

Fg(x, t). d!/dt " F2g (x, t).

dσ

dt
= A exp(Bt)

γ + p→ J/ψ + N

dT ∝
1
Q

(
1

mc
)" rN



GPD

H) J/', *

p p

x1 x1 -x x =
Q2 + m2

V

W 2

In LT limit  x1 -x << x1  

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

GPD at Q0 scale

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

G(x, x, t) ≡ G(x, t) =
∫

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

distribution of gluons

x
&

xP

longitudinal

tr
an

sv
er

se

∫
d2ρG(x, ρ) = G(x) total gluon density
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• Gluonic transverse size - x dependence

Gluon transverse size decreases 
with increase of x

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

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

〈
ρ2(x > 10−2

〉
! R2

soft

⇐
Two scale picture

∣∣
Q2∼4GeV 2

α′
hard|Q2∼40GeV 2
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LHC

Can be measured in 
ultraperipheral collisions at  LHC

〈
ρ2

〉
g

=
∂

∂t

G(x.t)
G(x, 0)



Interplay of hard and soft interactions in pp collisions, rate of multiple 
hard collisions is determined by the value of <&2

g> as compared to 
much larger radius of soft interactions. Note PYTHIA assumes  <&2

g> 

= <&2
q>  which is a factor ~ 2 smaller than given by analysis of 

GPDs from J/' production. They also assume it to be 
x-independent.  Note also that from analysis DVCS there 

is evidence that <&2
g> somewhat smaller than  <&2

q>

x1 x2

x1,2 = 2 / W ~ 10
−2

hard dijet
q

T
   = 100 GeV

q
T

"central"

b

soft

hard

"peripheral"
(dominate total
cross section)

b



Using information on the exclusive hard processes we can also estimate t-dependence of the elastic 
dipole-nucleon scattering and hence  estimate !qq̄ f rom "(qq̄N).

For small dipole - nucleon interaction b=&.
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In the case gg-N scattering 
we assume pQCD relation

!gg =
9

4
!qq̄

|1- ,(b)|2  - 

probability for qq 
not to interact with 

N at given b

_



In  BDR  interaction reached  maximal strength allowed by 

unitarity - impact factor  ,(b)  approaches one

Onset of BDR for interaction of a small dipole - break down of LT pQCD 
approximation - natural definition of boundary: ,dip(b) =1/2   - corresponds the 
probability for dipole to pass through the target at given b without interaction:

|1-,dip(b)|2 <1/4 pt BDR ∼
π

2dBDR

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

Difference is in a very different spread  in b

xF for pp at LHC
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Also,  a spectator parton in the BDR regime loses a significant fraction of its energy similar to electron 
energy loss in backscattering of laser off a fast electron beam.  Very different from eikonal type picture 
(scattering off the classical field)

The critical transverse momentum squared, below which the interaction of a leading gluon  with the 
other proton is close to the black body limit, as a function    b (x1)

For leading quarks, the values of   p2
#,BDR  are about half of those for gluons. 

13 Oct 2005 18:17 AR AR257-NS55-10.tex XMLPublishSM(2004/02/24) P1: KUV

448 FRANKFURT ! STRIKMAN ! WEISS

Figure 18 Upper row: The transverse momentum squared, p2
⊥,BDL, acquired by a leading

gluon (momentum fraction x1) through interactions with the small-x2 gluon field in the other
proton near the BDL, as a function of the impact parameter of the pp collision, b. Shown are
the estimates for LHC (left panel) and Tevatron energies (right panel). Lower row: Average
values of p2

⊥,BDL in pp collisions with a single hard process (impact parameter distribution
P2) and two hard processes (distribution P4) (see Figure 14). For leading quarks, the values
of 〈p2

⊥,BDL〉 are approximately half of those for gluons shown here.

To determine the typical transverse momenta of leading partons in events with
new particle (or hard dijet) production, we need to average the results for p2

⊥,BDL
over pp impact parameters, with the distribution implied by the hard production
process, P2(b), Equation 37, or, in the case of four jet production, with P4(b),
Equation 38. The resulting average values of p2

⊥,BDL are shown in Figure 18 (lower
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We find  large 
pt(BDR) leads to 

strong suppression 
of pp-ppH at LHC

p2
#,BDR strongly depends on x, while cutoff in the MC’s depends only on s!!!



≡ |1−!(b)|2

If a leading parton got a transverse momentum p⊥
probability for a nucleon to remain intact is 

!
In central pp collision at collider energies leading quarks get transverse 
momenta > 1 GeV/c

Pq ∼ F2N(p2⊥)

If 〈p⊥〉> 1GeV/c=⇒ Pq% 1/2

However there are three leading quarks  (and also leading gluons) in each nucleon.

⇒ Probability not to interact                   ! [Pq]6 ∼ 0

!
!(b∼ 0) = 1 !!!

Explains  the elastic pp data for small b, predicts an increase of b range, 
b<bF where ,=0,  bF=c ln s  - Froissart -like  regime but c << 1/m+.

What dynamics governs the BLACK  DISK  regime in
hadron-hadron collisions?
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In the BDR soft interaction (soft Pomeron disappear) - minimal scale is pt BDR / Qs  .  Space 
structure of the fast nucleon/nucleus is very different from the classical Gribov space - time 
picture

Momentum P in z direction

3 D IMAGE OF FAST NUCLEON - z-x   cut 

the rate of increase of transverse size with x  decreases with increase of the   resolution scale
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BDR - gross violation of Bj scaling F2p ~ Q2 ln3(1/x), and suppression of 
the forward hadron spectrum. Both effects are a gross violation of the  
QCD factorization theorems for LT interactions 

Frankfurt,Guzey, McDermott,MS 91

BDR in central pA collisions: Leading partons in the proton, x1, 
interact with a dense medium of small x2 – gluons in the nucleus 
(shaded area), loosing fraction of its momentum and acquiring a 
large transverse momentum,  " pt BDR

x1 ∼ 0.2

x2 ∼ 10−3 ÷ 10−1

pt 

-pt 



fast partons in a nucleon before collisions fast partons in a nucleon after central collisions 

g
g

q
q

Characteristics of the final state in the central pA(pp) collisions

q

g

q

q
g

small x
cloud

Large x partons burn
 small holes in the small x cloud
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The leading particle spectrum will be strongly suppressed compared to minimal 
bias events  since each parton fragments independently  and splits into a couple 
of partons with comparable energies. The especially pronounced suppression 
for nucleons:  for  z"0.1  the differential multiplicity of pions should exceed 
that of nucleons. This model neglects additional suppression due to finite 
fractional energy losses in BDR 
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1
N

(
dN

dz

)pA→h+X

=
∑

a=q,g

∫
dx xf (p)

a (x,Q2
eff)Dh/a(z/x,Q2

eff)
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Fig. 2. Experimental results for h-A collisions at 100 GeV/c: (a) Differential multiplicity for T-A -+ ?r+ combined with n+A -+ T- 

for events with n,, = I,2 (n,, is the number of slow protons). The dashed curve is a fit to the form ( 1 - I)“; (b) Leading exponent a for 

TA -+ T, solid circles (open boxes) when the produced ?r has the same (opposite) charge to that of the beam projectile; the horizontal 

lines on the right are the theoretical limits from QGSM fragmentation functions to the same (dashed) and opposite (solid) charge leading 

particle; (c) Leading exponent a for TA + p(p), the horizontal lines on the right are the theoretical results from EMC fragmentation 

functions to like (dashed) and opposite (solid) charge leading particle; (d) The integrated multiplicity of hadrons with zel > 0.2 for 

rr* (solid circles) and proton (open boxes) beam projectiles as a function of nP. The horizontal lines on the right of the figure are the 

theoretical asymptotic limits for rr (dashed) and proton (solid) projectiles. 

Table I 
The integrated multiplicities, I,,/,+, (z,,*), of produced hadrons of type h with z > z ,,, from a projectile hp. The first two columns give the 

predictions for the limiting case A -+ co for the EMC and QGSM fragmentation functions, respectively, and the third column gives the 

experimental value for n,, > 15, each for z,,, = 0.2. The last three columns correspond to the case with z,,, = 0.3. 

EMC (0.2) QGSM (0.2) Exp (0.2) EMC (0.3) QGSM (0.3) Exp (0.3) 

ITIP 0.09 0.27 0.28 + 0.07 0.02 0.09 0.10 f 0.04 

ITI& 0.10 0.20 0.35 * 0.09 0.04 0.10 0.15 f 0.06 
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Simple model of pt broadening - eikonal rescattering model with 
saturation  (Boer, Dumitru 2003)

2

FIG. 1: Schematic view of the collision geometry.

transverse distances ρ from the second nucleon and hence
encounter significantly different local gluon densities (see
Fig.1). Thus we analyze the effects of the valence quark
interaction with small x gluon fields taking into account
the geometry of the collisions. This will allow us to deter-
mine how frequently valence quarks in pp collisions at dif-
ferent impact parameters b, experience hard collisions in
which they obtain a large transverse momentum. Based
on this study we propose a series of centrality triggers
which allow to select collisions at much smaller impact
parameters than in generic inelastic events and hence will
provide an opportunity to study the high gluon field ef-
fects in pp collisions. We also suggest that the pp colli-
sions leading to production of new particles like the Higgs
boson should be accompanied by a significantly stronger
flow of energy from the fragmentation regions to smaller
rapidities than in generic inelastic collisions.

Description of the model. To model the fragmentation
region in pp collisions we take a simple model for the three
quark wave function with the distribution of quarks over
transverse distance from the center given by exp(−Aρ2

i )
with < ρ2 >∼ 0.3fm2 matched to describe the distribu-
tion of the valence quarks as given by the axial nucleon
form factor. Accordingly, the event generator produces
the values of ρi for three quarks which are not correlated.
Note that one does not expect a very strong correlation
between ρ’s due to the presence of additional partons in
the wave function (gluons, qq̄ pairs). Nevertheless we
checked that a requirement |

∑3
i=1 "ρi| ≤ 0.1 fm does not

change results noticeably. Hence we neglect possible cor-
relations in ρ between valence quarks. We also assume
that there are no significant transverse correlations be-
tween small x (x ∼ 10−5) partons. This assumption is
based on the presence of diffusion in ρ in the small x
evolution which should wash away whatever correlations
may be present at x ≥ 0.01.

When computing the momentum fractions of the
quarks, we need to know the virtuality at which the
quarks are resolved. Since the latter quantity is not
known beforehand, we generate xB,i and "ρi from dx/x =
const. and dρ = const. distributions. The selection ac-
cording to the structure functions and the form factor is
done in the end, after specifying Q2

s, via rejection. For

b [fm]
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FIG. 2: Probability for the different classes of events with n
quarks struck at a given impact parameter b.

given "b, "ρi in the projectile, we estimate Q2
s for the den-

sity encounted by each of the three valence quarks within
the color glass condensate approach.

Q2 = Q2
s(xA, "|b + "ρi|), (2)

with xA = Q2/(sxB). Q2
s(xA, ρ) is parameterized as

Q2
s(xA, ρ) = Q2

s,0 (x0/xA)λ Fg(xA, ρ; Q2
s)/cF , (3)

where cF normalizes the density. We choose x0 = 0.01,
Q2

s,0 = 0.6 GeV2 and cF = Fg(x0, 0;Q2
s,0) such that

the saturation momentum in the center of the target at
xA = x0 is just Q2

s,0. The implicit definition for the sat-
uration scale in eq. (3) is solved by a simple iteration,
the expression converges after a few steps. Finally, the
whole configuration is accepted with the probability

p ∼ ρFg(xB , ρ; Q2
s)xBfGRV(xB , Q2

s) , (4)

where xfGRV are standard GRV structure functions of
the proton, and the two-gluon form factor at high mo-
mentum fraction xB describes the spatial distribution of
the valence quarks. The actual transverse momentum
kick is then drawn from the distribution [4, 5]

C(kt) ∼
1

Q2
s log Qs

ΛQCD

exp(− πk2
t

Q2
s log Qs

ΛQCD

) . (5)

We conservatively considered only the case when the
BDR is reached for Qs ≥ 1 GeV/c and counted only
quark interactions in which the quark received a trans-
verse momentum kt ≥ 0.75GeV/c. The reason for such a
cut is that for such momenta, the probability to form a
nucleon with large longitudinal momentum is suppressed,
as a minimum, by the square of the nucleon form fac-
tor F 2

N (kt). In the BDR a quark not only gets a large
transverse momentum but also loses a finite fraction of

Quark gets a transverse momentum of the order Qs  but does not loose significant 
energy. Use of the convolution formula for fixed transverse momentum of the 
produced hadron  using C(kt)  -   Dumitru, Gerland, MS -PRL03
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We expect a new pattern of parton interaction with the media in 
the BDR - fractional energy losses. Parton cannot go through media 
in the BDR without inelastic interaction and getting a large 
transverse momenta. Qualitatively different pattern than at finite x - 
finite energy losses since in the initial moment no accompanying gluon 
field.  In the nucleus rest frame one can speak about preselection of 
configurations in the partons of the projectile with large transverse 
momenta.

Denote as  Gcr(x,Q2,b)  value of gluon density at  impact parameter 

b (generalized gluon density) for which probability of inelastic 

interaction is Pinel(b,x,Q2)=1. 

N(b, x,Q2)= GA(x,Q2,b)/Gcr(x,Q2,b)

For  N>1 we find  ∆E

E
∼ cN, c ∼ 0.1

F&S 07



We predict that in the kinematics when BDR is achieved in pA but 
not in pN scattering, the  hadron inclusive cross section should be 
given by the sum of two terms - scattering from the nucleus edge 
which has the same momentum dependence as the elementary 
cross  section and scattering off the opaque media which occurs 
with large energy losses: 

dσ(d + A→ h + X)/dxhd2pt

dσ(d + p→ h + X)/dxhd2pt
= c1A

1/3 + c2(A)A2/3}
edge

}

area



-

gg -N interaction seems close to BDR for Q2~4 GeV2, x~10-4

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

#

Large probability of 
diffraction in gluon channel

⇒

25

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 59

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.

 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). 

Black limit



for these x nuclear gluon shadowing 
effect is rather small

⇒ Natural explanation of the BRAHMS 
forward pion result at RHIC, and the 

forward - central STAR correlations data 

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

Forward partons with pt less than BDR scale should 
loose energy and pt distribution should broaden

#

Gluon densities at small x in 
heavy nuclei at b=0 and in the 
proton at b=0 are similar

⇒
In high energy pp (p-air) collisions at small b no 

partons with pt < few GeV  can survive

#

#



Suppression of the pion spectrum for fixed pt  increases increase of .N.  

Dynamical suppression  effect for .=3.2 is even larger than the BRHAMS 
ratio (by a factor of 1.5) due isospin effect.

RHIC: Inclusive forward pion production in DAu collisions

☞

Cronin peak is not present and at more forward rapidities
(! ! 3:2) the data show a suppression at all pT . The
values of the RdAu ratios at low pT are observed to be
similar to the ratio of charged-particle pseudorapidity
densities in d" Au [13] and p" p collisions [14] 1

hNcolli #
dN=d!$Au%
dN=d!$pp% shown in Fig. 2 with dashed lines at
pT < 1:5 GeV=c.

Figure 3 shows the ratio Rcp of yields from collisions of
a given centrality class (0–20% or 30–50%) to yields
from more peripheral collisions (60–80%), scaled by the
mean number of binary collisions in each sample. The
centrality selection is based on charged-particle multi-
plicity in the range &2:2< !< 2:2 as described in [13].
Since the peripheral collisions are similar to p" p, the
Rcp is dominated by the nuclear effects in the more
central collisions, making the nuclear modification inde-
pendent of the p" p reference spectrum. The data from
the different centrality classes are obtained from the
same collider run. The ratios shown in Fig. 3 are therefore
largely free of systematic errors associated with run-by-

run collider and detector performance, and wide ! bins
can be used for each spectrometer setting. In contrast, the
ratios shown in Fig. 2 must be constructed from two
collider runs with different species. Smaller ! bins
must then be used in order to include detailed acceptance
corrections leading to larger fluctuations. The dominant
systematic error in the Rcp ratios comes from the deter-
mination of hNcolli in the centrality bins. Shaded bands in
Fig. 3 indicate the uncertainty in the calculation of hNcolli
in the peripheral collisions (12%). We estimate the mean
number of binary collisions in the three centrality classes
to be hN0–20%

coll i ! 13:6' 0:3, hN30–50%
coll i ! 7:9' 0:4, and

hN60–80%
coll i ! 3:3' 0:4.
There is a substantial change in Rcp between ! ! 0 and

the forward rapidities. At low pseudorapidity, the central-
to-peripheral collisions ratio is larger than the
semicentral-to-peripheral ratio, suggesting the increased
role of Cronin-like multiple scattering effects in the more
violent collisions. Conversely, at forward pseudorapid-
ities, the more central ratio is the smallest, indicating a
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FIG. 3 (color online). Central (filled circles) and semicentral (empty circles) Rcp ratios (see text for details) at pseudorapidities
! ! 0, 1.0, 2.2, 3.2. Systematic errors ( ( 5%) are smaller than the symbols.
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Cronin peak is not present and at more forward rapidities
(! ! 3:2) the data show a suppression at all pT . The
values of the RdAu ratios at low pT are observed to be
similar to the ratio of charged-particle pseudorapidity
densities in d" Au [13] and p" p collisions [14] 1

hNcolli #
dN=d!$Au%
dN=d!$pp% shown in Fig. 2 with dashed lines at
pT < 1:5 GeV=c.

Figure 3 shows the ratio Rcp of yields from collisions of
a given centrality class (0–20% or 30–50%) to yields
from more peripheral collisions (60–80%), scaled by the
mean number of binary collisions in each sample. The
centrality selection is based on charged-particle multi-
plicity in the range &2:2< !< 2:2 as described in [13].
Since the peripheral collisions are similar to p" p, the
Rcp is dominated by the nuclear effects in the more
central collisions, making the nuclear modification inde-
pendent of the p" p reference spectrum. The data from
the different centrality classes are obtained from the
same collider run. The ratios shown in Fig. 3 are therefore
largely free of systematic errors associated with run-by-

run collider and detector performance, and wide ! bins
can be used for each spectrometer setting. In contrast, the
ratios shown in Fig. 2 must be constructed from two
collider runs with different species. Smaller ! bins
must then be used in order to include detailed acceptance
corrections leading to larger fluctuations. The dominant
systematic error in the Rcp ratios comes from the deter-
mination of hNcolli in the centrality bins. Shaded bands in
Fig. 3 indicate the uncertainty in the calculation of hNcolli
in the peripheral collisions (12%). We estimate the mean
number of binary collisions in the three centrality classes
to be hN0–20%

coll i ! 13:6' 0:3, hN30–50%
coll i ! 7:9' 0:4, and

hN60–80%
coll i ! 3:3' 0:4.
There is a substantial change in Rcp between ! ! 0 and

the forward rapidities. At low pseudorapidity, the central-
to-peripheral collisions ratio is larger than the
semicentral-to-peripheral ratio, suggesting the increased
role of Cronin-like multiple scattering effects in the more
violent collisions. Conversely, at forward pseudorapid-
ities, the more central ratio is the smallest, indicating a
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☞ For pp - pQCD works both for inclusive pion spectra and for correlations (STAR)
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FIG. 3: Nuclear modification factor (RdAu) for minimum-
bias d+Au collisions versus transverse momentum (pT ). The
solid circles are for π0 mesons. The open circles and boxes
are for negative hadrons (h−) at smaller η [10]. The error
bars are statistical, while the shaded boxes are point-to-point
systematic errors. (Inset) RdAu for π0 mesons at 〈η〉 = 4.00
compared to the ratio of calculations shown in Figs. 2 and 1.

for h− at smaller values of η [10]. The systematic errors
from p+p and d+Au data are added in quadrature. The
uncertainty in 〈Nbin〉 is included in the normalization er-
ror, but not the absolute η uncertainty, as the calorimeter
position was unchanged for d+Au and p+p data.

In the absence of nuclear effects, hard processes are
expected to scale with the number of binary collisions
and RY

dAu = 1. At midrapidity, R h±

dAu
>
∼ 1, with the

familiar Cronin enhancement for pT
>
∼ 2 GeV/c [10, 21].

As η increases, RY
dAu becomes much less than unity. The

decrease of RY
dAu with η is qualitatively consistent with

models that suppress the nuclear gluon density [11, 13,

14, 15]. Multiplying Rh−

dAu by 2/3 to account for possible
isospin suppression of p+p → h−+X at these kinematics
[8], R π0

dAu is consistent with a linear extrapolation of the

scaled R h−

dAu to η = 4. The curves in Fig. 3 (inset) are
ratios of the calculations displayed in Figs. 2 and 1. The
data lie systematically below all the predictions.

Exploratory measurements of the azimuthal correla-
tions between a forward π0 and midrapidity h± are pre-
sented in Fig. 4 for p+p and d+Au collisions. The lead-
ing charged particle (LCP) analysis picks the midrapidity
track (|ηh| < 0.75) with the highest pT > 0.5 GeV/c, and
computes the azimuthal angle difference ∆φ = φπ0 −
φLCP for each event. The ∆φ distributions are normal-
ized by the number of π0 seen at 〈η〉 = 4.00. Correlations
near ∆φ = 0 are not expected due to the large η sepa-
ration between the π0 and the LCP. The data are fit to
a constant plus a Gaussian centered at ∆φ = π. The fit

FIG. 4: Coincidence probability versus azimuthal angle dif-
ference between the forward π0 and a leading charged particle
at midrapidity with pT > 0.5 GeV/c. The left (right) column
is p+p (d+Au) data with statistical errors. The π0 energy
increases from top to bottom. The curves are fits described
in the text, including the area of the back-to-back peak (S).

parameters are highly correlated, and their uncertainties
are based on the full error matrix. The area S under
the back-to-back peak centered at ∆φ = π represents
the probability of a LCP being correlated with a forward
π0. The area B under the constant represents contribu-
tions from the underlying event. The total coincidence
probability per trigger π0 is S + B ≈ 0.62 (0.90) for
p+p (d+Au) data, and is constant with Eπ. The value
of S/B for p+p does not depend on midrapidity track
multiplicity. The width of the peak has contributions
from transverse momentum in parton hadronization and
from momentum imbalance between the scattered par-
tons. The fit values are independent of Nγ .

A PYTHIA simulation [28] including detector resolu-
tion and efficiencies predicts most features of the p+p
data [29]. PYTHIA expects S ≈ 0.12 and B ≈ 0.46,
with the back-to-back peak arising from 2 → 2 scatter-
ing, resulting in forward and midrapidity partons that
fragment into the π0 and LCP, respectively. The width
of the peak is smaller in PYTHIA than in the p+p data,
which may be in part because the predicted momentum
imbalance between the partons is too small, as was seen
for back-to-back jets at the Tevatron [30].

The back-to-back peak is significantly smaller in d+Au
collisions compared to p+p, qualitatively consistent with
the monojet picture arising in the coherent scattering [13]
and CGC [18] models. HIJING [31] includes a model of
shadowing for nuclear PDFs. It predicts that the back-to-
back peak in d+Au collisions should be similar to p+p,
with S ≈ 0.08. The data are not consistent with the

BRAHMS and STAR are 
consistent when an isospin 
effect in the BRAHMS data 

is corrected for



Two possible explanations  both based on presence of high gluon field effects

Color Glass Condensate model
Assumes that the process is dominated both 
for a nucleus and nucleon target by the 
scattering of partons with minimal x allowed 
by the kinematics: x~10-4 in  a 2-1  process.  kt~Qs

Two effects - (i) density is smaller than for the incoherent sum of participant nucleons 

by a factor Npart ,  (ii) enhancement due to increase of kt of the small x parton: kt~Qs . $ 
Overall dependence on Npart is (Npart )0.5  , collisions with high pt trigger are more central 
than the minimal bias events, no recoil jets in the kinematics expected in pQCD.

⇒    dominant yield from central impact parameters

Energy losses in BDR regime - usually only finite energy losses 
discussed (BDMPS) - hence a rather small effect for partons with 
energies 104 GeV in the second nucleus rest frame. Not true in BDR 

⇒    dominant yield from peripheral impact parameters



Challenge - in pQCD main contribution to 
forward pion production comes  from quark 
scattering off gluons with <x> > 0.01 which 
are not screened

V. Guzey et al. / Physics Letters B 603 (2004) 173–183 175

In Eq. (1), f H
i (x,µ) denotes the distribution func-

tion at scale µ for a parton of type i in hadron H , car-

rying the fraction x of the hadron’s light-conemomen-
tum. Likewise, Dh

c (z,µ) describes the fragmentation

of produced parton c into the observed hadron h, the

latter taking momentum fraction z of the parton mo-
mentum. The scale µ in Eq. (1) stands generically for

the involved renormalization and factorization scales.

µ should be of the order of the hard scale in the

process; in the following we choose µ = pT . The de-

pendence on µ is actually quite large even at NLO [8];
however, in this work we are mainly interested in ra-

tios of cross sections for which the µ dependence is

fairly insignificant.

The lower limits of the integrations over momen-

tum fractions in Eq. (1) may be derived in terms of

xT = 2pT /
√

s and the pseudorapidity η of the pro-

duced hadron. They are given by

xmin2 = xT e
−η

2− xT eη
, xmin1 = x2xT e

η

2x2 − xT e−η
,

(3)zmin = xT

2

[
e−η

x2
+ eη

x1

]
.

From these equations it follows that at central rapidi-

ties η ≈ 0 the momentum fractions x1 and x2 can be-

come as small as roughly pT /
√

s. In forward scatter-
ing, that is, at (large) positive η, the collisions become

very asymmetric. In particular, x2 may become fairly
small, whereas x1 tends to be large. For forward kine-

matics at BRAHMS one has, typically, pT ∼ 1.5 GeV

and η = 3.2. This implies that x2 may become as small
as ∼ 3.5 × 10−4. However, in practice it turns out
that such small x2 hardly ever contribute to the cross

section: if x2 is so small, the hadron with transverse
momentum pT can only be produced if both x1 and

z are unity, where however the parton distributions

f
H1
a (x1,µ) and the fragmentation functions Dh

c (z,µ)
vanish. This is an immediate consequence of kinemat-

ics, as demonstrated by Eq. (3). One can show that

if the parton density f
H1
a (x1,µ) behaves at large x1

as (1 − x1)
af and Dh

c (z,µ) as (1 − z)aD (with some

powers af , aD & 1), the x2-integrand in Eq. (1) van-
ishes in the vicinity of xmin2 as (x2 − xmin2 )af +aD+1.
Therefore, contributions from very small x2 are highly

suppressed.

The question, then, remains of how small x2 re-

ally is on average for forward kinematics at RHIC.

Fig. 1. Distribution in log10(x2) of the NLO invariant cross section

E d3σ/dp3 at
√

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

This is of course relevant for judging various explana-

tions for the suppression of RdA seen by BRAHMS, in

particular, those relating to saturation effects in the nu-

cleus wave function [2]. Fig. 1 shows the distribution

of the cross section for pp → x0X at
√

s = 200 GeV,

pT = 1.5 GeV, η = 3.2, in bins of log10(x2). The over-
all normalization is unimportant of course; for defi-

niteness we note that the sum of all entries shown in

the plot yields the full NLO invariant cross section

E d3σ/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 dis-
tribution. 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:

(4)〈x2〉 ≡
∫ 1
xmin2

dx2 x2f
H2
b (x2,µ) · · ·

∫ 1
xmin2

dx2 f
H2
b (x2,µ) · · ·

,

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 aver-

age 〈x2〉 > 0.01, typically 0.03–0.05 at this pT and η.

CGC calculations which reproduce absolute yield due to scattering off 
x=10-4 parton via coherent mechanism (Dumitru et al) - assume that 
there exists a unknown mechanism which kills the x >0.005 contribution 
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∫ 2π

0

f(∆φ)d∆φ = B +

∫ 2π

0

S(∆φ)d∆φ ≡ B + S ≤ 1

The  STAR analysis: leading charge particle (LCP) analysis picks a 
midrapidity track  with     |.h| ! 0.75 with the highest  pT" 0.5 
GeV/c and computes the azimuthal angle difference /0=0+o -
0LCP for each event. This provides a coincidence probability 
f(/0). It is fitted as a sum of two terms - a  background term, B/
2+, which is independent of /0 and the correlation term /0 
which is peaked at /0 =+. By construction,
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FIG. 3: Nuclear modification factor (RdAu) for minimum-
bias d+Au collisions versus transverse momentum (pT ). The
solid circles are for π0 mesons. The open circles and boxes
are for negative hadrons (h−) at smaller η [10]. The error
bars are statistical, while the shaded boxes are point-to-point
systematic errors. (Inset) RdAu for π0 mesons at 〈η〉 = 4.00
compared to the ratio of calculations shown in Figs. 2 and 1.

for h− at smaller values of η [10]. The systematic errors
from p+p and d+Au data are added in quadrature. The
uncertainty in 〈Nbin〉 is included in the normalization er-
ror, but not the absolute η uncertainty, as the calorimeter
position was unchanged for d+Au and p+p data.

In the absence of nuclear effects, hard processes are
expected to scale with the number of binary collisions
and RY

dAu = 1. At midrapidity, R h±

dAu
>
∼ 1, with the

familiar Cronin enhancement for pT
>
∼ 2 GeV/c [10, 21].

As η increases, RY
dAu becomes much less than unity. The

decrease of RY
dAu with η is qualitatively consistent with

models that suppress the nuclear gluon density [11, 13,

14, 15]. Multiplying Rh−

dAu by 2/3 to account for possible
isospin suppression of p+p → h−+X at these kinematics
[8], R π0

dAu is consistent with a linear extrapolation of the

scaled R h−

dAu to η = 4. The curves in Fig. 3 (inset) are
ratios of the calculations displayed in Figs. 2 and 1. The
data lie systematically below all the predictions.

Exploratory measurements of the azimuthal correla-
tions between a forward π0 and midrapidity h± are pre-
sented in Fig. 4 for p+p and d+Au collisions. The lead-
ing charged particle (LCP) analysis picks the midrapidity
track (|ηh| < 0.75) with the highest pT > 0.5 GeV/c, and
computes the azimuthal angle difference ∆φ = φπ0 −
φLCP for each event. The ∆φ distributions are normal-
ized by the number of π0 seen at 〈η〉 = 4.00. Correlations
near ∆φ = 0 are not expected due to the large η sepa-
ration between the π0 and the LCP. The data are fit to
a constant plus a Gaussian centered at ∆φ = π. The fit

FIG. 4: Coincidence probability versus azimuthal angle dif-
ference between the forward π0 and a leading charged particle
at midrapidity with pT > 0.5 GeV/c. The left (right) column
is p+p (d+Au) data with statistical errors. The π0 energy
increases from top to bottom. The curves are fits described
in the text, including the area of the back-to-back peak (S).

parameters are highly correlated, and their uncertainties
are based on the full error matrix. The area S under
the back-to-back peak centered at ∆φ = π represents
the probability of a LCP being correlated with a forward
π0. The area B under the constant represents contribu-
tions from the underlying event. The total coincidence
probability per trigger π0 is S + B ≈ 0.62 (0.90) for
p+p (d+Au) data, and is constant with Eπ. The value
of S/B for p+p does not depend on midrapidity track
multiplicity. The width of the peak has contributions
from transverse momentum in parton hadronization and
from momentum imbalance between the scattered par-
tons. The fit values are independent of Nγ .

A PYTHIA simulation [28] including detector resolu-
tion and efficiencies predicts most features of the p+p
data [29]. PYTHIA expects S ≈ 0.12 and B ≈ 0.46,
with the back-to-back peak arising from 2 → 2 scatter-
ing, resulting in forward and midrapidity partons that
fragment into the π0 and LCP, respectively. The width
of the peak is smaller in PYTHIA than in the p+p data,
which may be in part because the predicted momentum
imbalance between the partons is too small, as was seen
for back-to-back jets at the Tevatron [30].

The back-to-back peak is significantly smaller in d+Au
collisions compared to p+p, qualitatively consistent with
the monojet picture arising in the coherent scattering [13]
and CGC [18] models. HIJING [31] includes a model of
shadowing for nuclear PDFs. It predicts that the back-to-
back peak in d+Au collisions should be similar to p+p,
with S ≈ 0.08. The data are not consistent with the

Coincidence probability versus azimuthal 
angle difference between the forward +0 
and a leading charged particle at 
midrapidity with pT> 0.5 GeV/c. The  left 
(right column in p+p (d+Au) data with 
statistical errors. The  +0  energy 
increases from top to bottom.  The curves 
are described fits. S is red area.

Obvious problem for central impact parameter scenario of    +0   
production is rather small difference between low pT production in the 
.=0 region (blue), in pp and in dAu - (while  for b=0,  Ncoll ~13 ). 
Presence of recoil jets corresponding to scattering off x ~0.02 partons.



To use information about central rapidities in a detailed way we used the relevant 
information from dAu  BRAHMS  analysis. Results are not sensitive to details.

Since the second jet has much smaller longitudinal momentum than the jet leading to the 
forward pion production  it propagates in a much more pQCD like regime with much 
smaller energy losses, and hence does not affect the rate of correlation. If the energy 
losses were fractional but energy independent this would not be the case.

For central impact parameters suppression is by a factor
 > 5, which requires energy losses of  >10% 

We confirm that pion production is strongly dominated by peripheral collisions, 
and that there is no significant suppression of  dijet mechanism.

Test of our interpretation-   ratio, R,  of soft pion multiplicity at y ~0 
with +0 trigger and in minimal bias events. 

In CGC scenario R ~ 1.3 In BDR energy loss  scenario we 
calculated  R ~ 0.5

STAR - R ~0.5    Gregory Rakness - priv. comm

Further confirmation - the STAR and PHENIX data reported at QM 09



Gair(xmin(GZK), Q2,b) >> GPb(xmin(RHIC), Q2,b) ⇒

Even stronger suppression of the forward spectrum than in 
the convolution approximation

Implications of RHIC data on the forward spectrum don’t  depend on details of 
interpretation - just on general pattern of dependence of the suppression on 

presence of the high gluon density at relevant impact parameters



Widely shared expectation: 

Interaction of the fast partons with nuclear media is determined by gluon  
thickness of media along the parton path for smallest x which the parton 
can resolve. 

Compare central deuteron -gold collision at RHIC and p-air at  b < 2 fm at GZK

gluon density GZK p- air

gluon density RHIC d Au
= }

105

=4  (using a conservative value of $=0.2)

gluon density GZK p-air ~  gluon density LHC  p Pb

"
Stronger suppression of forward production at GZK 

than observed at RHIC

(
14
200

)1/3 (
xmin(dAu)

xmin(p− air)

)ω



Why this effect is not observed in MC’s?

Main focus of MC’s is central rapidities. A large increase of the cross 
section of dijet production ( will discuss later) - too high multiplicities  
of hadrons for central rapidities  - cutoff on ptmin  of jets increasing 
with energy. Fit to current energy range & extrapolation to LHC, GZK 
- pt min  (LHC) ~ 5 GeV/c, pt min  (GZK) ~ 10 GeV/c

Such cutoff leaves fragmentation essentially energy independent.

Does suppression of the forward spectrum matters for GZK energies? 



 Stronger energy losses of primary and highest energy  particles, smaller Xmax.

modified cosmic ray code Sybill  to include the discussed effects for 
central impact parameters:

Two versions: 
 (a) power law increase of the gluon densities to the BBR.  
Specific implementation using Sybill contradicts to the  data: too large 

reduction of Xmax.

(b) Slower increase at very small x as suggested in Altarelli et al, Ciafaloni et 

al  estimates. - Leads to modest reduction of Xmax - does not contradict 

the data.
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We discuss particle production in the high-energy, small-x limit of QCD where the gluon density of
hadrons is expected to become nonperturbatively large. Strong modifications of the phase-space distri-
bution of produced particles as compared to leading-twist models are predicted, which reflect in the
properties of cosmic-ray induced air showers in the atmosphere. Assuming hadronic primaries, our results
suggest a light composition near Greisen-Zatsepin-Kuzmin cutoff energies. We also show that cosmic-ray
data are sensitive to various QCD evolution scenarios for the rate of increase of the gluon density at small
x, such as fixed-coupling and running-coupling Balitsky-Fadin-Kuraev-Lipatov evolution. There are clear
indications for a slower growth of the gluon density as compared to RHIC and HERA, due, e.g., to
running-coupling effects.
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Introduction.—Today, the cosmic-ray energy spectrum
has been measured up to energies near the Greisen-
Zatsepin-Kuzmin (GZK) cutoff, E ! 1011 GeV [1,2].
These energies by far exceed those reached by terrestrial
accelerators. Thus, air showers induced in our atmosphere
present a unique opportunity to probe high-energy QCD at
very small light-cone momentum fractions x, i.e., in the
regime of nonperturbatively large gluon densities. The
physics of gluon saturation is therefore expected to play
a significant role for the properties of extensive air show-
ers, and thus for the determination of the nature of the
highest-energy cosmic-rays. We refer to Refs. [3,4] for
discussions regarding the relevance of high-energy QCD
interactions for air showers and composition analysis.

High-energy scattering on a nucleus.—The high-energy
limit of hadron scattering from a nucleus can be addressed
from two complementary views. In the frame where the
nucleus is at rest the partons up to the ‘‘blackbody’’ reso-
lution scale pt"s# interact with the target with (nearly) the
geometric cross section of 2!R2

A. Hence, in this limit the
projectile wave function is resolved at a virtuality of $p2

t
which is much larger than any soft scale such as !QCD. In
this frame, the process of leading hadron production cor-
responds to releasing the resolved partons from the projec-
tile wave function. The partons then fragment with large
transverse momenta $pt and essentially independently,
since their coherence was completely lost in the propaga-
tion through the black body. In the case of "%A scattering
one is able to make nearly model independent predictions
for the leading hadron spectrum [5] which differ drastically
from the Dokhshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) leading-twist limit.

On the other hand, one could discuss the high-density
limit in the infinite momentum frame. Indeed, the wave
function of a fast hadron (or nucleus) exhibits a large
number of gluons at small x. The density of gluons is
expected to saturate when it becomes of order 1=#s [6].

The density of gluons per unit of transverse area at satura-
tion is denoted by Q2

s , the so-called saturation momentum.
This provides an intrinsic momentum scale [7] which
grows with atomic number (for nuclei) and with rapidity,
due to continued gluon radiation as phase space grows. For
sufficiently high energies and/or large nuclei, Qs can be-
come much larger than !QCD and so weak coupling meth-
ods are applicable. Nevertheless, the well-known leading-
twist perturbative QCD (pQCD) cannot be used precisely
because of the fact that the density of gluons is large;
rather, scattering amplitudes have to be resummed to all
orders in the density. When probed at a scale below Qs,
cross sections approach their geometrical limit over a large
range of impact parameters, while far above Qs one deals
with the dilute regime where they can be approximated by
the known leading-twist pQCD expressions.

The target nucleus, when seen from the projectile frag-
mentation region, is characterized by a large saturation
momentum. Its precise value cannot be computed from
first principles at present but model studies of deep inelas-
tic scattering (DIS) at HERA suggest

Q2
s"x# ’ Q2

0"x0=x#$ (1)

with x0 a reference point and an intercept $ ! 0:3 [8]. The
initial condition at x0 accounts for the growth of Qs with
the number of valence quarks; for example, near the rest
frame of the nucleus one might fix Q2

0 / A1=3 logA, with a
proportionality constant of order !QCD [7]. [We remark
that for realistic nuclei, Qs does, of course, also depend on
the impact parameter, which we do not spell out explicitly.]

The above scaling relation can be obtained from the
fixed-coupling Balitsky-Fadin-Kuraev-Lipatov (BFKL)
evolution equation for the scattering amplitude of a small
dipole. The BFKL equation is a linear QCD evolution
equation which cannot be applied in the high-density re-
gime. Nevertheless, one can evolve the wave function of
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fragmentation is reproduced when relative transverse mo-
menta of partons are large. The fragmentation is performed
via the Lund scheme as implemented in PYTHIA [18]. This
model is linked to a standard pQCD event generator,
commonly used in air-shower computations (Sibyll v2.1
[19]), which handles low-energy and peripheral collisions
where the saturation momentum of the nucleus is not
sufficiently large. Finally, the hadron-nucleus collision
models are embedded into the cascade equations which
solve for the longitudinal profile of the air shower [20].
Details of our Monte Carlo implementation are published
elsewhere [21].

Some remarks might be in order before discussing re-
sults. Many properties of air showers, such as the variable
Xmax discussed below, are influenced predominantly by
particle production in the forward region, since this is
where most of the energy (as opposed to number of parti-
cles) is scattered to. Taking proton-air reactions at
1010 GeV as an example, the Sibyll model deposits about
95% of the energy of secondaries in the region xF > 10!3

and 80% in xF > 10!2. The treatment of forward quark
scattering is therefore crucial. When the saturation mo-
mentum is sufficiently large, the scattered quarks fragment
independently, thus reducing the maximum xF. In contrast,
the usual soft scheme produces a leading diquark with
correspondingly higher longitudinal momentum. This cor-
responds in our approach to the case when the saturation
momentum is small and independent fragmentation does
not hold any more. We therefore recombine two quarks
when their invariant mass is small m< 0:77 GeV. This
ensures a smooth transition from the high to the low
density regime (see [21] for details).

At highest energies, about 90% of all minimum bias
hadron-air events are treated within the BBL model.
However, due to the mentioned recombination mechanism,
this does not mean that 90% of the cross section is black.

A major uncertainty of the computation of the saturation
scale resides with the initial condition, i.e., with Qs at
rapidity zero. At low energies, e.g., for RHIC, results are
quite sensitive to this parameter and it can be used to tune
results. At high rapidities however, the large differences in
Qs are mostly due to the evolution scenario.

Results.—Fluorescence detectors measure the number
of charged particles (mostly e") at a given atmospheric
depth X which is given by the integral of the atmospheric
density along the shower axis, X # R

ds!$s%. The position
of the maximum defines Xmax which increases monotoni-
cally with the energy of the primary. Note that for nuclei
the primary energy is shared by all of its nucleons and so
Xmax also depends on the mass number: at fixed E, heavier
primaries lead to smaller ‘‘penetration depth’’ Xmax.

In Fig. 1 we compare the predictions of the leading-twist
pQCD model Sibyll for proton and iron induced showers to
the saturation model (BBL, for proton primaries only) with
running and fixed-coupling BFKL evolution of Qs, respec-
tively, and to Hires stereo data [1]. In the saturation limit,
showers do not penetrate as deeply into the atmosphere.

This is due to the ‘‘breakup’’ of the projectile’s coherence
[15] together with the suppression of forward parton scat-
tering (for central collisions). The comparison to the data
suggests a light composition at those energies. Although
the curve for running-coupling evolution appears to be
parallel to that from Sibyll, the two curves actually ap-
proach at lower energies.

Also, contrary to present accelerator experiments, a
clear difference between running-coupling and fixed-
coupling BFKL evolution of the saturation momentum is
apparent in this observable. The discrepancy between those
evolution scenarios at the highest energies is strongly
amplified by subsequent hadronic collisions in the
cosmic-ray cascade since it determines the fraction of
events that occur close to the blackbody limit (averaged
over all impact parameters). Thus, assuming hadronic pri-
maries, the extremely rapid growth of Qs obtained for
fixed-coupling evolution is at variance with the Hires
data, as it would require hadrons lighter than protons.
This is due to a too strong suppression of leading hadron
production over a large range of impact parameters at high
energies. At lower energies, of course, the two evolution
scenarios predict similar saturation scales and so cannot be
distinguished as reliably by present collider experiments.

Finally, we remark that our results for running-coupling
evolution coincide with those of another popular hadronic
model, QGSJET [22]. Because of the absence of an ad hoc
qt cutoff for pQCD interactions in QGSJET, that model
needs to assume a too flat gluon density at small x in order
not to overestimate multiplicities at collider energies [4]. In
our approach, on the other hand, the increase of the multi-
plicity and of the typical transverse momenta with energy,
is controlled by the saturation mechanism and the corre-
sponding evolution of the gluon density.

Conclusion.—We have shown that at energies near the
GZK cutoff QCD evolution scenarios differ drastically in
their predictions for the scale Qs where gluon densities
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FIG. 1 (color online). Mean Xmax as a function of primary
energy for the pQCD model Sibyll (proton and iron primaries),
the saturation model BBL (proton primaries, fixed- and running-
coupling evolution of Qs), and the Hires stereo data [1].
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Mean Xmax as a function of primary energy for the pQCD model Sibyll 
(proton and iron primaries), the saturation model of BDR (proton primaries 
fixed and running - coupling evolution of Qs corresponding to BDR ) and 
the HiRes stereo data.



What else is missing in the current MC models?

Transverse correlations between partons ☞
☞ Fluctuations of the strength of soft interactions

Fluctuations of the strength of soft interactions☞
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a) b)

b1

t
pmin

A view of double scattering in the transverse plane.

Where is the infinite number of  primordial ’sea’ partons in the 

state of the proton: inside the constituent quarks (a) or outside (b) ?

infinite momentum

 Multi-jet production - probe of  parton correlations in nucleons

At  high energies, two (three ...) pairs of 
partons can collide to produce multi-jet 
events which have distinctive kinematics 
from the process two partons - four 

partons.  

Note - collisions  at the points 
separated in b by ~ 0.5 fm
⇒ independent fragmentations 
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 CDF observed the effect in a restricted x-range:  two balanced jets, and jet + photon 
and found                                        rather small - a naive expectation is           
                          indicating  high degree of correlations between partons in the nucleon  
in the  transverse plane. No dependence of             on        was observed.  

!e f f

Experimentally  one measures the  ratio 

where f (x1,x3), f (x2,x4) longitudinal light-cone double parton densities and

is ``transverse correlation area''. 

!e f f xi

!e f f ~ 60 mb

!e f f = 14.5±1.7+ 1.7
− 2.3 mb

d!(p+p̄→ jet1+ jet2+ jet3+")
d#1,2,3,4

d!(p+p̄→ jet1+ jet2)
d#1,2

· d!(p+p̄→ jet3+")
d#3,4

=
f (x1,x3) f (x2,x4)

!e f f f (x1) f (x2) f (x3) f (x4)
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Recently new  Tevatron data appeared. They agree with these early data



Small transverse area of the gluon field  --accounts for 50 % of the 
enhancement %eff ~ 30mb         (F&S & Weiss 03)

QCD evolution leads to “Hot spots” in transverse plane (A.Mueller).   One 
observes that such hot spots do enhance multijet production as well. 
However  this effect is  likely not to be relevant in the CDF kinematics as x’s 
of colliding partons are relatively large (>0.01).

!

Constituent quarks - quark -gluon correlations  (F&S&W)!

!

Possible sources  of small             for CDF kinematics  
of x ~0.1-0.3 include:

!e f f

If most of gluons at low Q~ 1GeV  scale are in constituent quarks of radius 
 rq/rN ~1/3  found  in  the   instanton  liquid   based  chiral   mean field  model      

(Diakonov & Petrov)   the enhancement as compared to uncorrelated  parton 

approximation  is                           Hence, combined these

two  effects are sufficient to explain CDF data for x>0.1.
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(F&S&W)

8
9

+
1
9

r2
N

r2
q

∼ 2

small x

! Fluctuations of the transverse size of nucleons   (Treliani, &F&S & W) - works in 
right direction but too small.



Fluctuations of the strength of soft interactions

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

N = 3q + 3qg + 3q+ ! + ...

( (
( vs

(

( (
rtr rtr

pN



Convenient quantity -             -probability that nucleon interacts 
with cross section 

P(!)
!

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

d!(pp→X+p)
dt

d!(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
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Both small and large configurations grow a 
periphery - still there is a correlation 
between % and parton distributions -
smaller %,  harder quark distribution 44
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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.
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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 

Do we know anything about such fluctuations? Yes - MS + LF + C.Weiss,
 D.Treliani PRL 08



(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

ωg ≡ 〈G2〉 − 〈G〉2

〈G〉2 =
dσγ∗+p→V M+X

dt

/
dσγ∗+p→V M+p

dt

∣∣∣∣
t=0

.

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 

⇒
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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, $g, as a function of x 
for several values of Q2, as obtained from the scaling model we 
developed which connects fluctuations of % and fluctuations of color. 
We naturally reproduce the observed magnitude of the ratio measured 
experimentally at HERA.
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Problem with pt cut.

jet multiplicity = σinel
2jets/σinel(pp)

It is this growth which leads to a MC fixes:

pt min  (LHC) ~ 5 GeV/c, pt min  (GZK) ~ 10 GeV/cpt min  (Tevatron) ~ 3 GeV/c,
49



Is the problem with jet fragmentation algorithm?

Idea: use information about transverse gluon distribution to calculate 
probability of inelastic  interactions at given b, due to interactions with 
production of  exactly 2 jets, 4 jets,...  - 

One can see that the problem emerges already on the level of S-channel 
unitarity ( T.Rogers, A.Stasto, MS, 2008)

Γinel
jets(s, b)

n
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?

naively

Main contribution from moderate x where taming effects are small



Could correlations in the proton be as large at large & as for small & where they are 
required by the multijet data?  Would reduce the problems with unitarity, and allow 
distribution over the number of pairs of jets similar to that generated by PYTHIA 
with correct transverse gluon distribution (T.Rogers & MS)
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To get information useful for CR at GZK need to develop a effective trigger 
for central pp collisions at LHC. Also necessary for  

MC code was developed by H.Drescher and MS - focus on forward particles; PRL 08

Generates configurations of three valence quarks, traces them through the gluon 
field of the second nucleon, and generates transverse momentum using  the 
simplest  version of color glass condensate model. If generated transverse 
momentum large enough - independent fragmentation. Otherwise string junction. 

!   more realistic modeling of QCD environment for new particle production

!   QCD interactions at gluon densities similar to those for AA collisions at LHC

2

FIG. 1: Schematic view of the collision geometry.

transverse distances ρ from the second nucleon and hence
encounter significantly different local gluon densities (see
Fig.1). Thus we analyze the effects of the valence quark
interaction with small x gluon fields taking into account
the geometry of the collisions. This will allow us to deter-
mine how frequently valence quarks in pp collisions at dif-
ferent impact parameters b, experience hard collisions in
which they obtain a large transverse momentum. Based
on this study we propose a series of centrality triggers
which allow to select collisions at much smaller impact
parameters than in generic inelastic events and hence will
provide an opportunity to study the high gluon field ef-
fects in pp collisions. We also suggest that the pp colli-
sions leading to production of new particles like the Higgs
boson should be accompanied by a significantly stronger
flow of energy from the fragmentation regions to smaller
rapidities than in generic inelastic collisions.

Description of the model. To model the fragmentation
region in pp collisions we take a simple model for the three
quark wave function with the distribution of quarks over
transverse distance from the center given by exp(−Aρ2

i )
with < ρ2 >∼ 0.3fm2 matched to describe the distribu-
tion of the valence quarks as given by the axial nucleon
form factor. Accordingly, the event generator produces
the values of ρi for three quarks which are not correlated.
Note that one does not expect a very strong correlation
between ρ’s due to the presence of additional partons in
the wave function (gluons, qq̄ pairs). Nevertheless we
checked that a requirement |

∑3
i=1 "ρi| ≤ 0.1 fm does not

change results noticeably. Hence we neglect possible cor-
relations in ρ between valence quarks. We also assume
that there are no significant transverse correlations be-
tween small x (x ∼ 10−5) partons. This assumption is
based on the presence of diffusion in ρ in the small x
evolution which should wash away whatever correlations
may be present at x ≥ 0.01.

When computing the momentum fractions of the
quarks, we need to know the virtuality at which the
quarks are resolved. Since the latter quantity is not
known beforehand, we generate xB,i and "ρi from dx/x =
const. and dρ = const. distributions. The selection ac-
cording to the structure functions and the form factor is
done in the end, after specifying Q2

s, via rejection. For
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FIG. 2: Probability for the different classes of events with n
quarks struck at a given impact parameter b.

given "b, "ρi in the projectile, we estimate Q2
s for the den-

sity encounted by each of the three valence quarks within
the color glass condensate approach.

Q2 = Q2
s(xA, "|b + "ρi|), (2)

with xA = Q2/(sxB). Q2
s(xA, ρ) is parameterized as

Q2
s(xA, ρ) = Q2

s,0 (x0/xA)λ Fg(xA, ρ; Q2
s)/cF , (3)

where cF normalizes the density. We choose x0 = 0.01,
Q2

s,0 = 0.6 GeV2 and cF = Fg(x0, 0;Q2
s,0) such that

the saturation momentum in the center of the target at
xA = x0 is just Q2

s,0. The implicit definition for the sat-
uration scale in eq. (3) is solved by a simple iteration,
the expression converges after a few steps. Finally, the
whole configuration is accepted with the probability

p ∼ ρFg(xB , ρ; Q2
s)xBfGRV(xB , Q2

s) , (4)

where xfGRV are standard GRV structure functions of
the proton, and the two-gluon form factor at high mo-
mentum fraction xB describes the spatial distribution of
the valence quarks. The actual transverse momentum
kick is then drawn from the distribution [4, 5]

C(kt) ∼
1

Q2
s log Qs

ΛQCD

exp(− πk2
t

Q2
s log Qs

ΛQCD

) . (5)

We conservatively considered only the case when the
BDR is reached for Qs ≥ 1 GeV/c and counted only
quark interactions in which the quark received a trans-
verse momentum kt ≥ 0.75GeV/c. The reason for such a
cut is that for such momenta, the probability to form a
nucleon with large longitudinal momentum is suppressed,
as a minimum, by the square of the nucleon form fac-
tor F 2

N (kt). In the BDR a quark not only gets a large
transverse momentum but also loses a finite fraction of

Schematic view of the collision geometry

Use of LHC pp and in a long term pA☞
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FIG. 1: Schematic view of the collision geometry.

transverse distances ρ from the second nucleon and hence
encounter significantly different local gluon densities (see
Fig.1). Thus we analyze the effects of the valence quark
interaction with small x gluon fields taking into account
the geometry of the collisions. This will allow us to deter-
mine how frequently valence quarks in pp collisions at dif-
ferent impact parameters b, experience hard collisions in
which they obtain a large transverse momentum. Based
on this study we propose a series of centrality triggers
which allow to select collisions at much smaller impact
parameters than in generic inelastic events and hence will
provide an opportunity to study the high gluon field ef-
fects in pp collisions. We also suggest that the pp colli-
sions leading to production of new particles like the Higgs
boson should be accompanied by a significantly stronger
flow of energy from the fragmentation regions to smaller
rapidities than in generic inelastic collisions.

Description of the model. To model the fragmentation
region in pp collisions we take a simple model for the three
quark wave function with the distribution of quarks over
transverse distance from the center given by exp(−Aρ2

i )
with < ρ2 >∼ 0.3fm2 matched to describe the distribu-
tion of the valence quarks as given by the axial nucleon
form factor. Accordingly, the event generator produces
the values of ρi for three quarks which are not correlated.
Note that one does not expect a very strong correlation
between ρ’s due to the presence of additional partons in
the wave function (gluons, qq̄ pairs). Nevertheless we
checked that a requirement |

∑3
i=1 "ρi| ≤ 0.1 fm does not

change results noticeably. Hence we neglect possible cor-
relations in ρ between valence quarks. We also assume
that there are no significant transverse correlations be-
tween small x (x ∼ 10−5) partons. This assumption is
based on the presence of diffusion in ρ in the small x
evolution which should wash away whatever correlations
may be present at x ≥ 0.01.

When computing the momentum fractions of the
quarks, we need to know the virtuality at which the
quarks are resolved. Since the latter quantity is not
known beforehand, we generate xB,i and "ρi from dx/x =
const. and dρ = const. distributions. The selection ac-
cording to the structure functions and the form factor is
done in the end, after specifying Q2

s, via rejection. For
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FIG. 2: Probability for the different classes of events with n
quarks struck at a given impact parameter b.

given "b, "ρi in the projectile, we estimate Q2
s for the den-

sity encounted by each of the three valence quarks within
the color glass condensate approach.

Q2 = Q2
s(xA, "|b + "ρi|), (2)

with xA = Q2/(sxB). Q2
s(xA, ρ) is parameterized as

Q2
s(xA, ρ) = Q2

s,0 (x0/xA)λ Fg(xA, ρ; Q2
s)/cF , (3)

where cF normalizes the density. We choose x0 = 0.01,
Q2

s,0 = 0.6 GeV2 and cF = Fg(x0, 0;Q2
s,0) such that

the saturation momentum in the center of the target at
xA = x0 is just Q2

s,0. The implicit definition for the sat-
uration scale in eq. (3) is solved by a simple iteration,
the expression converges after a few steps. Finally, the
whole configuration is accepted with the probability

p ∼ ρFg(xB , ρ; Q2
s)xBfGRV(xB , Q2

s) , (4)

where xfGRV are standard GRV structure functions of
the proton, and the two-gluon form factor at high mo-
mentum fraction xB describes the spatial distribution of
the valence quarks. The actual transverse momentum
kick is then drawn from the distribution [4, 5]

C(kt) ∼
1

Q2
s log Qs

ΛQCD

exp(− πk2
t

Q2
s log Qs

ΛQCD

) . (5)

We conservatively considered only the case when the
BDR is reached for Qs ≥ 1 GeV/c and counted only
quark interactions in which the quark received a trans-
verse momentum kt ≥ 0.75GeV/c. The reason for such a
cut is that for such momenta, the probability to form a
nucleon with large longitudinal momentum is suppressed,
as a minimum, by the square of the nucleon form fac-
tor F 2

N (kt). In the BDR a quark not only gets a large
transverse momentum but also loses a finite fraction of

 Relative probabilities for the 
different classes of events with n    
quarks struck at a given impact 
parameter b. 
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Impact parameter dependence of interaction 
probabilities and forward spectra
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inelastic
dijet trigger

0.1 veto trigger single sided
0.1 veto trigger single sided+dijet

0.1 veto both sides
dijet+0.1 veto both sides

0.1 veto single sided =
no baryons with x>0.1 

0.1 veto single sided #
0.1 veto both sides no 
neutrons with x>0.1 

One can trigger on <b>=0.4 fm - collisions with gluon field at <&> ~ 0.6 fm where 
gluon density  2- 3 times smaller than in AA at LHC but at higher energy where Gp(x) 
is higher  by a factor of two. Encounted densities  >> larger densities at RHIC. 
However dispersion in  strength of interaction is  much larger than in AA.



Additional effects - so far neglected  - much larger  (by 9/4) pt
2 which gluons 

get in the process

independent fragmentation of gluons down to smaller xF

Generation of color in high  representations in the proton fragmentation region for central 
collisions should lead to increase of multiplicity below xF where BDR holds over broad range of 
rapidities.

⇒

Long range correlations in rapidity, how decrease in the forward production 
propagates to more central rapidities: CMS:  T2, T1, CASTOR,...

Large increase of  multiplicities for y ~0

Observed at Tevatron with Z-boson trigger?  A factor of two increase.  
Likely much larger for our triggers and for LHC. 

56

suppression of forward particles is underestimated

⇒



★ Small x physics is an unavoidable component of the new particle physics production 
at LHC. Significant effects already for Tevatron.

Minijet activity in events with heavy particles should be much larger than in the 
minimum bias events or if it is modeled based on soft extrapolation from Tevatron.

★

★ Significant corrections to  the LT predictions especially for moderate transverse 
momenta.

57

★ Challenge- understand dynamic mechanism which is modeled in the  current 
MC by introducing ad hoc cutoff on pt>pmin  of the jets (> 3GeV for LHC)

Conclusions  

Prepare for QCD surprises at LHC --highly desirable to have a sample of minimal 
bias and central trigger events which would allow among other things  to adjust 

quickly  MCs for high lumi runs.

★     Understanding of the complexity of the nucleon structure is gradually emerging

Double hard processes at Tevatron provides evidence for transverse 
correlations between partons. Maybe due to lumpy structure of nucleon at 
low scale (constituent quarks) and size fluctuations.   Further studies of 
transverse correlations are necessary at colliders. 

★


