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New phenomena in the ultra forward region (x > 0.1) 
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x2 = 4p2?/x1s

● Black disk limit (limit of 100% absorption) / saturation effects  due to the small x 
effects: in proton - proton/nucleus  collisions a parton with given x1   resolves partons in  
another nucleon down to

At LHC

Near GZK

x1 = 0.1, p? = 2GeV/c �! x2min = 10�6

x1 = 0.1, p? = 2GeV/c �! x2min = 10�9

New phenomena in the ultra forward region (x > 0.1) 
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for CR protons



In central pA collisions

1
x ~10 −1

pT

x ~10
2

−5

Black disk limit in central collisions: 
Leading partons in the proton, x1, 
interact with a dense medium of small 
x2 – gluons in the nucleus (shaded 
area), acquiring a large transverse 
momentum,  p?
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Black–disk limit in central collisions:
 (a) The profile function for the scattering of a leading gluon in the proton 
(regarded as a constituent of a dipole) from the nucleus at zero impact parameter, , 
as a function of the transverse momentum squared, 
 (b) The maximum transverse momentum squared, BDL, for which the interaction 
of the leading gluon is “black” (for quarks it is a factor of two smaller).
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p2⊥,BDL strongly depends on x, while cutoff in the MC’s depends only on s!!!
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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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Impact factor Γ(“gluon-gluon —  dipole” - nucleus for LHC b=0

�(b) = 0.5 ! Probability to interact = 0.75



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

g
g

q
q

Characteristics of the nucleon fragmentation  
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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1
N

✓
dN
dz

◆pp!h+X
= ∑

a=q,g

Z
dxx fa(x,Q2e f f )Dh/a(z/x,Q2e f f )

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                 the differential multiplicity of 
pions should exceed that of nucleons. This model neglects additional suppression due to finite 
fractional energy losses in BDL 

z� 0.1
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Longitudinal (integrated over pt) and transverse  distributions in Color Glass 

Condensate  model for central pA collisions. (Dumitru, Gerland, MS -PRL03). 
Spectra for central pp - the same trends.

1
N

✓
dN
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◆pA!h+X
=



Both effects should become more and more pronounced with 
increase of collision energy and centrality of collision / increase of A.

Strong suppression of the  large z spectra at low pt

Generic features expected in all  model in which interaction strength is 
comparable with black disk regime:

LHCf / RHICf -  inclusive measurements , could not  remove 
contribution peripheral and ultraperipheral collisions (in pA UPC 
diffraction like events at LHC >> coherent diffractive events)

Broadening  of the  transverse momentum distribution at large z,

☛

☛
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Suppression can be even stronger as in BDR  quarks and gluons 
loose significant fraction of their energy -  10 —15 %. 

Obvious violation of DGLAP expectations

May have been observed but not explored in sufficient detail at RHIC 
in forward pion production.

pQCD works well, essential xg for hard process ~ 0.01.pp ! ⇡0 +X

gA(x = .01)/gN (x = .01) ⇡ 1.

pQCD

RdA= 1

grossly violated 
 8

MS & Frankfurt
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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 R h−

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 correction which  
reduces h-  ration measured by 
BRAHMS by a factor ~ 1.5 (Guzey, 
MS,Vogelsang 04 =GSV04)  is 
introduced 
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Significant nuclear suppression = RdAu/1.5



The key question what is the mechanism of the suppression of the dominant 
pQCD contribution - scattering off gluons with xA> 0.01 where shadowing effects 
are very small.  

Summary of the challenge

Suppression of the pion spectrum for fixed pt  increases with increase of 
ηN.  Pion production is mostly from peripheral collisions 

☞

☞ For pp - pQCD works both for inclusive pion spectra and for forward - central 
rapidity correlations

Independent of details - the observed effect is a strong evidence for breaking pQCD 
approximation.  Natural suspicion is that this is due to effects of strong small x gluon 
fields in nuclei as  the forward kinematics sensitive to small x effects.

two scenarios: CGC& post-selection 

CGC: leading pions from central collisions;  
post-selection - pions from peripheral collisions 

Future: analysis of the A-dependence/centrality  of pion production data at 
wide range of energies. Production of leading mesons in pp collisions with 
centrality trigger - like multijet production.

 10

supported by soft 
multiplicity  data



☛

What is mechanism of energy dependence of the suppression of minijets 
 in pp and pA scattering?

Do few GeV minijets exist?

hard (minijet) collisions with pt ~ few GeV main source of  σinel (pp)
HERWIG, Pythia 

puzzle: Suppression factor grows rather rapidly  with s

explanation (?) saturation - black disk regime - problem similar suppression 
 in peripheral and central pp collisions  & present  for collisions at x ~ 10-2 — 19-3  

Looking for minijets using multiparton interaction processes

�11
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Need to understand multiparton interactions — sensitive to transverse  
geometry  of colliding hadrons, parton - parton correlations in hadrons

Experimental studies - major problem to distinguish  higher order  
pQCD processes like 2 —> 4 and double parton interactions 4 —> 4

Experimentally  one measures the  ratio 

where f (x1,x3), f (x2,x4)
densities and σeff  is ``transverse correlation area''.  A priori
 longitudinal correlations contribute as well.
One tries to select   kinematics where 2 →4 contribution is small.
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where f (x1,x3), f (x2,x4)

 longitudinal light-cone double parton densities and σeff 
 is ``transverse correlation area''.  A priori longitudinal correlations contribute as well.
One selects kinematics where 2 →4 contribution is small.

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)

Sf(x1)f(x2)f(x3)f(x4)
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longitudinal light-cone double parton 



DPS in pA - tool to observe DPS, and probe nucleon structrue 

MS & Treleani 95 - PRL  2002
� = �1 · A + �2

h h

=�=�
“Antishadowing effect”:  For A=200, and σeff=20 mb, R=4.0. QCD 

evolution induced correlation enhance R by ~a factor 1.2

T (b) =
� ⇥

�⇥
dz�A(z, b),

�
T (b)d2b = A.
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R ⌘ �2

�1 ·A
⇡ (A� 1)

A2
· �eff

Z
T 2(b) d2b ⇡ 1.0 ·

✓
A

12

◆0.39

|A�12,�eff⇠20mb

Blok, MS , Wiedemann 2013: QCD analysis - small correction to the 
parton model result.
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“Antishadowing effect”:  For A=200, and σeff=14 mb [25 mb low Q] 

Measurement of R=σ2 /Aσ1 allows to separate longitudinal and transverse 
correlations of partons as it measures

�pA

A�pp
⇡ 3 �pA

A�pp
⇡ 4.5

R / f(x1, x2)

f(x1)f(x2)

σeff=14 mb σeff=25  mb

low Q

�pA

�pp
⇡ 3.8

σeff=20 mb

LHC large Q
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Strategy for  observing  DPS: consider build double ratios :of the rate 
of candidate DPS events and  SPS events in central and peripheral 
collisions. Expect  - a fast increase of  the ratio with centrality since  
all competing 2 --> 4 processes are linear in T(b)..

Alvioli 
& MS



Idea in nutshell

if no 2—> 3, 4 and and impact parameter b is known for each event

RDPS/LT (b) = �effT (b)

d�(DPS)
pA

d2b
= �pNTA(b) + �1�2T

2(b)

also

total including LT

model independent prediction for  b - dependence of DPS  in terms of the 
elementary (DPS+LT ) pp cross section, σ1,σ2   and T(b). 

Nuclear pdf / nucleon pdf =1 for high p_t kinematics for leading pair of jets

!16

No need to separate LT!!!
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Three contributions to the final state: 
(i) the leading twist contribution
(ii) DPS due to the interaction with one nucleon 
(iii) DPS due to the interaction with two nucleons. 

(i) &  (ii)  ∝T(b) 

(iii) ∝ T2(b)

Procedure to observe DPI/ MPI in pA

Rdouble/inclusive = N(dijet+ pion/jet)/N(dijet) = c1 + c2T (b)

No need to model LT contribution

Numerical studies for Z(W)+ dijet, 4 jets of c1, c2 — Blok & Ceccopieri



Define Ni = multiplicity of second pair of jets / high pt pion in the event 
belonging to a bin of ΣΕΤ

Main requirement for using a particular process: process is due to LT plus DPS  
that is Dependence of Ni on centrality  is due to hard scatterings.  σeff cancels 
in the ratio R. For different pt of jets, pions universal function. We use N2 to 
avoid super peripheral collisions where diffraction, etc maybe important. We 
avoid using information from pp - but can compare N1,N2  with pp.

Ri =
Ni �N2

N3 �N2

A bit more advanced procedure

!18

Centrality dependence of DPS multiplicity 
enhancement as a function of ∑ET measured 
in−3.2≥η≥−4.9 (along the nucleus direction) 
which corresponds centrality bins denoted 
in the plot.
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Conclusions

pA have a tremendous potential for study novel features of QCD

Superfast quarks(x> 1)  in nuclei

Interaction in the high density limit

fruitful interfaces with the physics of ultraperiphral collisions 

  multiparton nucleon structure (+global transverse  structure  via color fluctuations 
(Cole’s talk)

Critical to have data with one or two  nuclei  in 
addition to Pb to cross check centrality dynamics.

➠

➠

➠

➠



Supplementary slides
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Two possible explanations of d-Au data both based on presence of strong small x  gluon fields 

Color Glass Condensate inspired models
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.  Plus NLO  
emissions from quark and gluon lines.

x~0, kt~Qs

Two effects - (i) gluon 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  . Hence collisions with high pt trigger are more 
central than the minimal bias events, no recoil jets in the kinematics where such jets are 
predicted  in pQCD.

   dominant yield from central impact parameters
    Post-selection (effective energy losses) in proximity to black disk regime - usually 
only finite energy losses discussed (BDMPS) (QCD factorization for LT)  - hence a very small 
effect for partons with energies 104 GeV in the rest frame of second nucleus. Not true in 
BDR - post selection - energy splits before the collision - effectively 10- 15 % energy losses 
decreasing with increase of kt.  Large effect on the pion rate since xq’s, z’s are large,

   dominant yield from scattering at peripheral impact parameters

✔

✔
⇒

 
⇒
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! 2π

0

f(∆φ)d∆φ = B +

! 2π

0

S(∆φ)d∆φ ≡ B + S ≤ 1

 Leading charge particle (LCP) analysis picks a midrapidity track  with     |ηh| ≤ 0.75 with the highest  
pT≥ 0.5 GeV/c and computes the azimuthal angle difference Δφ=φπo -φLCP for each event. This 
provides a coincidence probability f(Δφ). It is fitted as a sum of two terms - a  background term, B/2π, 
which is independent of Δφ and the correlation term Δφ which is peaked at Δφ =π. By 
construction,

Forward central correlations - kinematics corresponding  to xA ~ 0.01 - main 
contribution in 2→2

 22

Analysis of the STAR correlation data of 2006

5

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 R h−

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

B/2π

Coincidence probability versus azimuthal 
angle difference between the forward π0 and 
a leading charged particle at midrapidity with 
pT> 0.5 GeV/c.  The curves are fits of the 
STAR. S is red area.

Obvious problem for central impact 
parameter scenario of    π0   production is 
rather small difference between low pT 
production in the η=0 region (blue), in pp and 
in dAu - (while  for b=0,  Ncoll ~16 )



average number of  wounded nucleons in events with leading pion: <N> ≅3

Test of our interpretation -   ratio, R,  of soft pion multiplicity at y ~0 with π0 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 - private communication

We find S(dAu)≈0.1 assuming no suppression of the second jet.  Data: S(dAu) = 0.093±0.040
Thus, the data are consistent with no suppression of recoil jets.  PHENIX analysis which effectively 
subtracts the soft background - similar conclusion. In CGC - 100% suppression -  no recoil jets at 
all. Moreover for a particular observables of STAR dominance of central impact parameters in the 
CGC mechanism would lead to (1-B-S) <0.01, S<0.01 since for such collisions Ncoll ~13. This 
would be the case even if the central mechanism would result in a central jet.

<η> =0 corresponds to xA=0.01⇒lack of suppression proves  validity of 2 →2  for dominant  

xA region.

Correlation data appear to rule out CGC 2 →1 mechanism as a major 
source of leading pions in inclusive setup⇒NLO CGC calculations of 

inclusive yield grossly overestimates 2 →1 contribution.
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Detailed analysis using  BRAHMS result: central multiplicity ∝N0.8.  Our results are not sensitive to details 
though we took into account of the distribution over the number of the collisions, energy conservation 
in hadron production, different number of collisions with proton and neutron.


