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Outline

Double parton interaction mechanism of   forward dipion production
 in pp and d-Au + mechanisms of suppression in dipion production.

Reminder:  Suppression of the forward single pion production in d-Au - direct evidence 
for breaking of LT pQCD.  Suggested mechanisms of suppression.

Implications for LHC, LHeC, EIC

Introduction 1:  Why hadroproduction in the forward (fragmentation) kinematics is 
promising way to look for non-linear effects. 
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σinel =
π2

3
F2d2αs(λ/d2)xGT(x.λ/d2)

F2 Casimir operator  of color SU(3) Frankfurt et al 
2000-2001

studies of the “quark-
antiquark dipole”
  (transverse size d)  - 
nucleon cross 
section based pQCD and  
HERA data 

The simplest example - small dipole,d,   - nucleon interaction (for example J/ψ - N).  

Reason:  pQCD strength of parton interaction with a target   rapidly grows with Einc  

Fragmentation region for a given collision energy is most sensitive to nonlinear effects 
- breakdown of LT pQCD

Thursday, December 2, 2010



Impact factor Γ(b) for quark - antiquark dipole p and dipole -Pb scattering

Probability of inelastic interaction is
 Pinel= 1-|1-Γ(b)|2   ➙ Pin=3/4  for Γ(b)=1/2

pt ≈ 1.5GeV/c

pt ≈ 0.75GeV/c

Update of Rogers et al 03

Gluon densities in nuclei and proton at b=0 are 
rather  similar.  Difference at  <b>  is ~30% larger

4

pt ≈
π

2d

Main advantage of  nuclei - easier to regulate impact parameters

Expect large effects for sdipole-A ~  104 GeV2 - 
within the reach for  forward kinematics at RHIC
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Measurements of forward production of pions at  pp and dAu collisions at  RHIC (He’s talk)

Key early observations.

at RHIC - STAR

The pp data  are consistent with NLO pQCD 
calculations of  Vogelsang et  al. for 
pt >1.3 GeV/c. However they are sensitive to 
the gluon fragmentation which contributes !!! 
even at the highest pion energies
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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 correction which  reduces h-  
ration measured by BRAHMS by a factor ~ 
1.5 (Guzey, MS,Vogelsang 04 =GSV04)  is 
introduced 

6

Significant nuclear suppression = RdAu/1.5
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Area under the curve illustrates  relative contribution of different regions of x2.  Median of the integral is   
x2 ~ 0.013.    The mean value of  x2  is  substantially  larger.
Shape is nearly the same for different pion channels. It is a also practically the same in LO and NLO.  Median x for 
different inputs (fragmentation, LO vs NLO)  for the same pion kinematics are the same within 20%. Overall effect of 
gluon shadowing is  ~15%.

Scattering of small x2 < 10-3 partons gives a very small contribution to the total forward pion yield

INT = 3.273E+05   AVG =-1.873E+00   RMS = 6.120E-01
Entries =  393216  Undersc =     0  Oversc =     0
ufloat= 0.000E+00ofloat= 0.000E+00**-**, 19**  14:22

√
s= 200GeV,�η� = 3.8, pt = 2GeV/c

What values of  x2     (smaller of two x’s) are important in pQCD calculations?

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.

√
s = 200GeV, �η� = 3.2, pt = 1.5GeV/c

Guzey, MS,Vogelsang 04Can the suppression be due to LT nuclear shadowing?
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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.  ☞

☞ For pp - pQCD works both for inclusive pion spectra and for correlations (will discuss later)

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.

8
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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  ● LT xA> 0.01 mechanism  becomes negligible, though 
experimentally  nuclear pdf = A nucleon pdf for such x (suppression of 
the LT mechanism should be  >> than observed suppression of 
inclusive spectrum),   ● 2 → 1 mechanism dominates both for nucleus 
and nucleon targets 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
9

✔

✔

⇒
 

⇒
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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

10

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 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

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 )
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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 ~15. 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.
11

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.
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Evidence for double parton interaction mechanism in 
the forward production of two pions in pp and d-Au collisions at RHIC

a dedicated run to measure forward π0+π0 production:

pp  →π0+π0+ X

d-Au →π0+π0 + X
2009-2010η1,2 ≤ 4 (xF ≤ 0.5),pT> 1.5 GeV/c

12

analysis of MS + W.Vogelsang 2010

To single out scattering of small xA gluons GSV05 suggested to measure two forward pion 
production as a way to understand single pion forward production at sufficiently large pt.
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Trigger for two forward pions selects even larger xq than the single pion trigger

fraction of cross section due to given xa (x of the quark of the proton) 

Large enhancement of double parton interactions in pp and especially d-Au:
 (i) more likely for two quarks to share large x, (b) small gluon density is large - square of g(x). 

13
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In numerical calculations we used   experimental value of  πR2int= 15 mb  

Note that if  the typical distances between large x quarks are  smaller than typical 
distances between   small x gluons we get 

15

Two gluon form factor
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Comparison of the leading-twist cross section for pp→ π0+π0 + X  (blue) and the double-interaction 
contribution (red) as functions of pT,1 (left) and η1. Insert the ratio of double and single cross sections.

16

We used LO cross sections; NLO most likely leads to a larger double/single ratio
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17

Large effects also for √s =500 GeV

Figure 3: As Fig. 2, but at
√
S = 500 GeV and for 2 GeV < pT,2 < pT,1 and 1.5 < η2 < 4.

As there will be high luminosity runs at RHIC with polarized protons at
√
S = 500 GeV,

we have also performed calculations at this energy. Figure 3 shows the results as functions of

pT,1 and η1, integrated over 2 GeV < pT,2 < pT,1 and 1.5 < η2 < 4. As expected the effects are

overall smaller than at
√
S = 200 GeV, but remain significant at large rapidities.

As we have hinted at earlier, there are still considerable uncertainties in the computation

of the double-scattering contribution. We remind the reader that one would in principle need

to set up a framework based on 2pGPDs. Even within our ansatz in Eq. (2) there is some

uncertainty regarding the value for πR2
int and the model used for the double-parton correla-

tion functions. On top of this, one needs to address the role of higher-order QCD corrections.

The double-inclusive and single-inclusive leading-twist cross sections carry significant depen-

dence on the renormalization/factorization scales. While the NLO corrections are available

for both the double-inclusive leading-twist cross section [19] and for the single-inclusive one

in Eq. (3) [2], it is not guaranteed that the form of dσdouble in Eq. (4) carries over to higher

orders of perturbation theory, since particle radiation will tend to correlate the two separate

hard interactions (this effect should be small, however, for configurations which dominate in the

mean field uncorrelated approximation, since in this case the bulk of the parton cross sections

originates from quark transverse separations much larger than 1/pT ). That said, each of the

cross sections dσLT, dσ̃LT in Eqs. (1),(2) is known to receive NLO radiative corrections of ! 50%

or so for RHIC kinematics, so that it appears likely that QCD corrections will overall enhance

the relevance of the double-scattering contribution.

The uncertainties inherent in the present calculations somewhat limit the possibilities to

8
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dAu all

data

pp data

Forward-Forward: Centrality dependence

dAu central

Near side peaks

unchanged in dAu for

peripheral to central.

Azimuthal

decorrelations show

significant dependence

on centrality.

Away-side peaks

evident in peripheral

dAu and pp.

dAu peripheral

pedestal from MPI?

18

~ 2
pedestal

away peak
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Check - look at d-Au should see a 
large enhancement of the pedestal - 
two nucleons can hit many 
nucleons - (MS +Treleani 02)
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11

q

Figure 4: Contributions to two-pion production in dA collisions through the double-interaction
mechanism.

We may distinguish three contributions to the double-parton mechanism in dA scattering,

as shown in Fig. 4:

(a) Two (valence) quarks from one of the nucleons in the deuteron participate in the hard-

scattering, striking the same nucleon in the heavy nucleus (Fig. 4(a)).

(b) Independent scattering of the deuteron’s proton and neutron off separate nucleons in the

heavy nucleus. Each of the two collisions produces one of the observed pions (Fig. 4(b)).

(c) Same as (a), but with the double interaction occurring off two different nucleons in the

heavy nucleus. Again each of the two collisions produces one of the observed pions

(Fig. 4(c)).

We now proceed to make estimates for these contributions. For our more illustrative purposes,

we neglect effects of nuclear (anti-)shadowing for the heavy nucleus. Also, we treat the heavy

nucleus as roughly iso-scalar. For our estimates we need to take into account the distribution

of nucleons in a heavy nucleus. Since the experiments are performed with a centrality trigger,

it is useful to first write the double-inclusive cross section in a form where the integral over

impact parameter b is kept explicitly [12]. We write all expressions for N -nucleus scattering,

where N = (p + n)/2 denotes an iso-scalar combination of proton and neutron. Since they are

bound in a deuteron they propagate at similar impact parameters. We further assume that the

impulse approximation is valid for the interaction with the nucleus. For any contribution that

involves scattering off only one of the “target” nucleons, we then have the generic formula

d4σNA

dpT,1dη1dpT,2dη2
=

∫

d2b T (b)
d4σNN

dpT,1dη1dpT,2dη2
(11)

for the two-pion cross section. Here, T (b) is the nuclear thickness factor defined above in

Eq. (10). Equation (11) holds for contribution (a), but evidently also for the leading-twist

piece. Hence, if we consider a fixed impact parameter and take their ratio, the factor T (b) will

11

Ratio rdA  of double-parton and 
leading-twist contributions in 
central dA → π0π0X with no 
suppression effects included

19

Close to forward - central kinematics
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Figure 6: Left: Nuclear modification factor RdA for single-inclusive leading-twist pion produc-
tion as a function of rapidity η1 at pT,1 = 2.5 GeV. The upper dashed line shows the effect
of leading-twist shadowing for the Frankfurt-Guzey-Strikman (FGS) nuclear parton distribu-
tions [32]. The solid line includes shadowing and the “medium-modified” fragmentation func-
tions of Sassot-Stratmann-Zurita (SSZ) [36]. The lower dashed lines show the results for two
simple energy-loss models, see text. Right: Same for double-inclusive pion production.

energy losses. The interactions near the black disk regime select configurations in which the

parton has split into two or more partons. In [22] we pointed out that even a relatively small

energy loss of order 5 to 10%, which is consistent with the estimated magnitude of this effect [27],

can explain the observed patterns of suppression in forward dA-scattering at RHIC. Energy

loss effects are also typically embodied in an effective way in “nuclear-modified” fragmentation

functions; see for example [35, 36, 37, 38, 39], which are fitted or compared to RHIC dA and

AA data. These may hence also serve as useful tools for investigating suppression effects in a

leading-twist calculation of single-inclusive or double-inclusive particle production at RHIC.

The left part of Fig. 6 makes our observations more quantitative. We show results for RdA

(for A = Au), computed from the leading-twist single-inclusive cross section dσ̃dA
LT/pT,1dη1 in

Eq. (3) and normalized to the corresponding pp cross section. The upper dashed line shows

the effect of including leading-twist shadowing of [32] which, as discussed above, is quite small.

The solid line shows the result when using the same shadowing and in addition the set of

nuclear-modified fragmentation functions of Ref. [36]. As one can see, RdA is suppressed. The

suppression grows with η1 and is of order 1/4 − 1/3 at forward rapidities of the pion, in line

with the experimental observations. This is expected since the fragmentation functions of [36]

have been fitted to the RHIC data.

17

Nuclear modification factor RdA for single-inclusive leading-twist pion production as a function of rapidity 
η1 at pT,1 = 2.5 GeV for fractional loss ε =0.05 & 0.1.The upper dashed line shows the effect of leading-
twist shadowing for the Frankfurt-Guzey-Strikman (FGS) nuclear parton distributions. The solid line 
includes shadowing and the “medium-modified” fragmentation functions of Sassot-Stratmann-Zurita 
(SSZ).  The lower dashed lines show the results for two simple energy-loss models. 

Right: Same for double-inclusive pion production - much larger suppression effect

Thursday, December 2, 2010



 Accounting for fractional energy losses effect, and LT gluon shadowing reduces
 (4→4)/ (2→2) ratio:

Δϕ independent pedestal in dA is  2.5 ÷ 4 times larger than  in pp ✶

✶ Suppression of Δϕ =180o peak by a factor ~ four

Black curve is the pp data peak 
above pedestal for Δϕ ~π 
scaled down by a factor of 4

1: 3

21

Overall suppression of f-f (dAu/pp) is about a factor of 10;  hardly could be much larger - since the probability of 
fluctuations in the  nucleus wave function leads to a probability of punch through of 5 - 10% (Alvioli + MS).
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Large nonlinear effects at the LHC in wide range of rapidities.

in proton (A) - proton (A)  collisions a parton with given xR   resolves partons in  another nucleon with x2 = 4p2⊥/xRs

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

|1-Γdip(b)|2 <1/4 pt BDR ∼
π

2dBDR
➠
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Ed  [GeV]

A = 208, no shadowing

A = 208, shadowing

proton, b = 0

Forward RHIC
kinematics

0.010.001 xF for pp at LHC

Warning - estimate assumes x-ω regime for all x- may overestimate pt BDR for 
parton energies (in nucleus rest frame) Ed > 105 GeV   - better to use 
double log approximation

xR = 0.01, p⊥ = 2GeV/c ⇒ x2 ∼ 8× 10−6
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At LHC largest effects are for 
p2 ⊥
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√
s = 14 TeV

23

leading particles
events with centrality trigger - dijets (P2); 

four jets via double parton interactions (P4)

Large flow of energy to central rapidities

Thursday, December 2, 2010



24

Near future

Study of the structure of central collisions in pp at LHC: for example pT < few GeV distribution 
of Z - boson in central and peripheral events; y -dependence of dijet production for moderate 
pT disbalance,... 

Ultraperipheral HI collisions at LHC  = hard photon - nucleus scattering  at W ~ WHERA; 
Production of leading dijets,...

Need for high precision measurements to study onset of BDR at lower Q, W - ep/eA colliders 

Possibility to study high density quark rich systems produced in the nucleus fragmentation 
region in the central heavy ion collisions 

If nonlinear effects are observed at expected pt range

pA collisions at RHIC and LHC with emphasize on forward physics

Thursday, December 2, 2010



CONCLUSIONS

25

◆

◆

◆

◆

Consistent evidence from analysis of HERA data and leading pion production 
in d- Au for   BDR up to transverse momenta 1 -- 1.5 GeV/c at x ~10-4 

RHIC  data strongly indicate dominance of a peripheral mechanism of forward 
pion production. Interpretation of suppression of correlations in central collisions
 is very sensitive to the multiparton interactions. 

Multiparton mechanism +  2 →  2 with post selection suppression explain the 
bulk of the forward pion production regularities.

Multiparton dominance  making it very difficult to look for  the contribution 
of 2 →   1 mechanism in forward - forward production.

Thursday, December 2, 2010
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A fast parton of the projectile cannot propagate  through media in the BDR if it did not 
fluctuated into parton + gluon configuration with  large transverse momenta.

Qualitatively different pattern than at finite x - finite energy losses since in the initial moment 
no accompanying gluon field.

Effectively this corresponds to  fractional energy losses in BDR

numbers. By definition, the inelastic cross section is calculable in terms of the probability
of inelastic interaction, Pinel(b) of a parton with a target at a given impact parameter b [17]:

σinel =
�

d2bPinel(b, s, Q
2) (5)

Since σinel is calculable in QCD [18] above equation helps to calculate Pinel(b, s, Q2) . The
probability of inelastic interaction of a quark is cf. [19, 8]:

Pinel(b, x, Q2) =
π2

3
αs(k

2
t )

Λ

k2
t
xGA(x, Q2, b), (6)

where x ≈ 4k2
t /sqN , Q2 ≈ 4k2

t , Λ ∼ 2 (for the gluon case Pinel(b) is 9/4 times larger). We use
gluon density of the nucleus in impact parameter space, GA(x, Q2, b) (

�
d2bGA(x, Q2, b) =

GA(x, Q2)) . Above equation for the probability of inelastic interaction is valid only for the
onset of BDR when Pinel(b, s, Q2) < 1 (which is the unitarity limit for Pinel(b, s, Q2)).

If Pinel(b, x, Q2) as given by Eq.6 approaches one or exceeds one it means that average
number of inelastic interactions, N(b) becomes larger than one. Denoting as Gcr(x, Q2, b)
for which Pinel(b) reaches one we can evaluate N(b, x, Q2) as

N(b, x, Q2) = GA(x, Q2, b)/Gcr(x, Q2, b). (7)

As soon as Pinel becomes close to one, we can easily evaluate lower boundary for the
energy losses arising from the single inelastic interaction of a parton. This boundary follows
from the general properties of the parton ladder. Really, the loss of finite fraction of incident
parton energy -� arises from the processes of parton fragmentation into mass M which does

not increase with energy. For binary collision M2 = k2
t

�(1−�) . For the contribution of small

� ≤ 1/4
� ≈ k2

t /M
2 (8)

Here kt is transverse momentum of incident parton after inelastic collision. The spectrum
over the masses in the single ladder approximation (NLO DGLAP and BFKL approxima-
tions) is as follows

dσ ∝
�

dM2/M2(s/M2)λθ(M2 − 4k2
t ), (9)

where we accounted for the high energy behavior of the two gluon ladder amplitude Eq.(4).
We effectively take into account the energy momentum conservation i.e. NLO effects. Con-
sequently the average energy loss (for the contribution of relatively small energy losses
(� ≤ γ ∼ 1/4) where approximation of Eq.(8) is valid):

�N ≡ ��� =

� γ
0 �d�/�1−λ

� γ
0 d�/�1−λ

= γ
λ

1− λ
. (10)

For the realistic case γ = 1/4, λ = 0.2 this calculation gives the fractional energy loss of
6%. This is lower limit since we neglect here a significant contribution of larger � (it will be
calculated elsewhere).

In the kinematics of onset of BDR effective number of inelastic interactions becomes
significantly larger than 1 so in the evaluation of fractional energy loss one should multiply

5

∆E = cE(L/3fm), c ≈ 0.1

Inelastic cross section is calculable in terms of the probability of inelastic interaction, Pinel(b) 
of a parton with a target at given impact parameter b
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If Pinel(b,x,Q2) approaches one or exceeds one it means that average number 
of inelastic interactions, N(b) becomes larger than one.

Denote as  Gcr(x,Q2,b)  value of G for which Pinel(b,x,Q2)=1 

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