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The centrality-dependence of forward jet production in pA collisions at the LHC has been found to
grossly violate the Glauber model prediction in a way that depends on the x in the proton. We argue
that this modification pattern provides the first experimental evidence for x-dependent proton color
fluctuation effects. On average, parton configurations in the projectile proton containing a parton
with large x interact with a nuclear target with a significantly smaller than average cross section and
have smaller than average size. Implementing the effects of fluctuations of the interaction strength
and using the ATLAS analysis of how hadron production at backward rapidities depends on the
number of wounded nucleons, we make quantitative predictions for the centrality dependence of
the jet production rate as a function of the x-dependent interaction strength σ(x). We find that
σ(x) ∼ 0.6 〈σ〉 gives a good description of the data at x = 0.6. These findings support an explanation
of the EMC effect as arising from the suppression of small size nucleon configurations in the nucleus.

PACS numbers: 14.20.Dh, 25.40.Ve, 13.85.-t, 25.75.

Studies of microscopic nucleon structure have pro-
gressed from probing single parton distributions to the
study of generalized parton distributions (3D single par-
ton distributions) and of parton–parton correlations in
multi-parton interactions. Here we argue that correla-
tions between soft and hard scattering processes in very
high energy proton–nucleus (pA) collisions probe how
the transverse area occupied by partons in a fast nu-
cleon depends on the light cone momentum fraction (x)
of the trigger parton. The projectile nucleon propagates
through the nucleus in a frozen quark–gluon configura-
tion, leading to the coherence of its interactions. Due
to the color screening property of high energy QCD, the
overall interaction strength of a color neutral configura-
tion drops with a decrease in its transverse size [1]. Such
phenomena have been observed directly in, for example,
hard diffractive jet production [2] and in exclusive me-
son production [3, 4]. The presence of configurations of
the nucleon which have smaller than average interaction
strength results in new phenomena which are observable
in the centrality dependence of single jet [5] or dijet [6]
production in pA collisions at the Large Hadron Collider
(LHC).

To visualize the origin of fluctuation phenomena in
high energy processes, consider the propagation of an
ultra-relativistic positronium atom through a slab of
matter with density ρ and length L. From the un-
certainty principle and Lorentz dilation of the interac-
tion, the transverse distance rt between the electron and
positron remains constant over a longitudinal coherence

distance lcoh ∼ (1/∆E) ∼ 2Ppos

M2−m2
pos

, where Ppos is the

momentum of the positronium and M is the mass of the
intermediate (diffractive) state. In the limit lcoh � L,
a new absorption pattern emerges. This is due to co-
herence effects and to the dependence of the interaction

cross-section σ of the e+e− dipole with a target on rt,
which at small transverse distance is σ(r2t ) ∝ r2t .

In this limit, the probability of an inelastic interaction,
1 − κ, is obtained by summing over a complete set of
diffractive intermediate states with different rt, weighted
by the value of the positronium wave function at rt,

κ =

∫
dz d2rt ψ

2(z, rt) exp
[
−σin(r2t )ρL

]
. (1)

Here, ψ(z, rt) is the positronium wave function nor-
malized as

∫
ψ2(r)d3r = 1, and σin is the inelastic

positronium–target cross-section. Then, κ is the proba-
bility for positronium to transform to an e+e− pair with-
out inelastic interactions. For σinρL � 1, the survival
rate is κ ≈ 2/(σinρL) [7], which is larger than the naive
expectation ≈ exp(−σinρL). Since σin depends on rt,
positronium can be captured in a larger (smaller) con-
figuration by selecting events with more (fewer) excited
atoms in the target.

In QCD, fluctuations in the interaction strength of a
hadron h with a nucleon originate from fluctuations in
both the transverse size and in the number of constituents
of the hadron. We refer to both generically as color fluc-
tuations (CF). CF effects can be accounted for by intro-
ducing a probability distribution, Ph(σ), for the hadron
to be found in a configuration with total cross-section σ
for the interaction. This probability distribution obeys
the sum rules

∫
Ph(σ)dσ = 1 and

∫
Ph(σ)σdσ = 〈σ〉 ≡

σhNtot where 〈σ〉 is the configuration-averaged (total) cross
section. The variance of the distribution divided by the
mean squared, ωσ, is given by the optical theorem [8, 9],

ωσ = (
〈
σ2
〉
/ 〈σ〉2 − 1) =

dσ(h+p→X+p)
dt

dσ(h+p→h+p)
dt

∣∣∣∣∣
t=0

, (2)
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where a sum over diffractively produced states X, in-
cluding the triple Pomeron contribution [10], is implied.
Fixed target and collider data [11] indicate that ωσ for
the proton first grows with energy, reaching ωσ ∼ 0.3
for
√
s ∼ 100 GeV, then decreases at higher energies to

ωσ ∼ 0.1 at the LHC [10].
Several considerations constrain the shape of

Ph(σ) [11]. For values of σ ∼ 〈σ〉, Ph(σ) is ex-
pected to be Gaussian due to small fluctuations in the
number of, and in the transverse area occupied by, par-
tons. This expectation is supported by an analysis [11]
of coherent diffraction measurements in proton–deuteron
collisions [12]. For σ � 〈σ〉, configurations with a small
number constituents, nq, localized in a small transverse
area should dominate, leading to Ph(σ) ∝ σnq−2 [11].
For protons, the resulting form of Pp(σ) and values of
ρ, σ0,Ω were chosen to smoothly interpolate between
both regimes while reproducing measurements of the
first three moments of the distribution. It is given by

Pp(σ) =
ρ

σ0

(
σ

σ + σ0

)
exp

{
− (σ/σ0 − 1)2

Ω2

}
. (3)

For the Gaussian distribution ωσ = Ω2/2.
To determine the inelastic cross-section σν for the pro-

ton to interact with ν nucleons in pA collisions, the stan-
dard Gribov formalism [13] at high energies can be gen-
eralized to include CF effects [14]. When the impact pa-
rameters in nucleon-nucleon (NN) interactions are small
compared to the typical distance between neighboring
nucleons,

σν =

∫
dσPp(σ)

(
A
ν

)
×∫

db

[
σin(σ)T (b)

A

]ν [
1− σin(σ)T (b)

A

]A−ν
,

(4)

where T (b) =
∫∞
−∞ dzρ(z, b) and ρ is the nuclear density

distribution normalized such that
∫
ρ(r) dr = A. σin(σ)

is the inelastic cross-section for a configuration with the
given total cross-section, which following Ref. [10, 11]
is taken to be a fixed fraction of σ. In the limit of no
CF effects, Pp(σ) = δ(σ − 〈σ〉), and Eq. 4 reduces to
the Glauber model expression. The distribution over
ν can be calculated with a Monte Carlo Glauber pro-
cedure, which includes NN correlations and finite size
effects [15]. For ν ≤ 2 〈ν〉 the distribution over ν de-
pends mainly on ωσ and only weakly on the exact form
of Pp(σ) [15]. Although the Glauber approximation ig-
nores energy-momentum conservation in the inelastic in-
teraction of the proton with multiple nucleons, this does
not modify the calculation of σν , or of the hadron mul-
tiplicity close to the nuclear fragmentation region [10].
(However, energy-momentum conservation effects may
be important in the evaluation of multiplicities at for-
ward and central rapidities.) This approach also accounts
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FIG. 1: (Color online) Probability distributions of ν proton-
nucleon collisions in all pA collisions and in those selected
by different ΣET , or centrality, ranges. The inset shows the
distributions on a log scale.

both for inelastic shadowing [16] and for the possibility
of intermediate diffractive states between successive col-
lisions [10, 11].

ATLAS has studied the role of CF effects in interpret-
ing the correlation between hadron production at central
rapidities and at −4.9 < η < −3.2 in the nucleus-going
direction in pA collisions at

√
s = 5 TeV [17]. The total

transverse energy, ΣET , near the nuclear fragmentation
region is not expected to be influenced by energy conser-
vation effects (due to the approximate Feynman scaling
in this region), or to be strongly correlated with the activ-
ity in the rapidity-separated central and forward regions.
This expectation is validated by a recent measurement
of ΣET as a function of hard scattering kinematics in
pp collisions [18]. In Ref. [17], ΣET distributions were
constructed as a function of the number of participating
nucleons ν + 1. Neglecting CF effects in calculating ν
resulted in ΣET distributions narrower than those ob-
served in data. Using the CF approach, which gener-
ally leads to a broader ν distribution from the σ > 〈σ〉
tail of Pp(σ) [14], with the value ωσ = 0.1 estimated
for LHC energies gives a reasonable description of the
ΣET data, while ωσ ∼ 0.2 produces an overly broad dis-
tribution. The resulting ΣET (ν) parameterization was
used to calculate the relative contributions from colli-
sions with different ν values to the pA centrality classes
(bins in ΣET ) used by ATLAS. Fig. 1 demonstrates that
these centrality-selected distributions have well separated
mean values.

A challenging question is whether the fluctuations are
modified or amplified when a parton carrying a fraction x
of the projectile momentum is present in the parton con-
figuration, and, in particular, whether large x partons
originate from configurations with smaller than average
σ. In the positronium example above, let the e−(e+) mo-

mentum in the rest frame be ±~ke, and apply a boost to
a fast frame. The light cone fraction carried by the elec-
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tron is xe = 1/2 + ke3/2me. If |xe − 1/2| � 〈|ke3| /2me〉,
the positronium is squeezed, leading to the cancellation
of the photon field discussed above.

An analogous effect is present in the models of hadrons
where few quarks in the rest frame interact with each
other through a potential which is Coulomb-like at short
distances, cf. the discussion in section 5.1 of Ref. [19].
In these models, the size of a given configuration de-
creases with increasing quark momentum. Thus quarks
with large x in the fast frame arise from configurations
with large relative momenta in the rest frame and, thus,
a smaller size. The density of the gluon field in these con-
figurations is necessarily reduced. Additionally, in QCD
the main contribution to the parton density in configura-
tions with x � 〈x〉 is from configurations with the min-
imal number of partons, leading to the quark counting
rules [20]. Hence for such configurations, the nucleon’s
qq̄ cloud is suppressed, leading to a reduction of the
soft cross-section even on the non-perturbative scale [21].
This picture is corroborated through a body of experi-
mental evidence such as, for example, measurements of
coherent dijet production in pion–nucleus collisions [2].

Jet production measurements [5, 6] in inclusive pA col-
lisions at the LHC confirmed the pQCD expectations for
the total production rate. In the following, we focus
on the data from ATLAS which is directly adaptable to
our analysis, although qualitatively similar effects were
observed by CMS [6]. For centrality-selected pA colli-
sions, the jet production rate, σhardν for collisions with ν
wounded nucleons, was compared to the Glauber model
expectation through the ratio

Rhardν =
(
σhardν /σν

)
/
(
ν · σhardNN / 〈σin〉

)
, (5)

where σhardNN is the jet rate in NN collisions, and 〈σin〉 =
σNNin . Large deviations from the expected Rhardν = 1
were observed for jets produced along the proton-going
direction: namely, an enhancement for peripheral (small
ν) collisions and a suppression for central (large ν) colli-
sions, which compensate each other in the inclusive cross
section. These findings are not sensitive either to finite
size effects [10] in the Glauber modeling nor, as explained
above, to energy-conservation effects. In the ATLAS
data [5], Rhardν is presented as a function of the fraction of
the energy of the proton carried by the jet z = Ejet/Ep,
which, in the forward kinematics of interest, coincides
with the x of the parton in the proton involved in the
hard interaction1. The data demonstrate that for fixed
energy release in the nuclear hemisphere (ΣET ) Rhardν is
predominantly a function of z and not of the jet pT or
rapidity alone.

1 Studying the correlation between the initial parton–parton kine-
matics and the final state kinematics of the produced jets in MC
event generators confirms that events with a forward jet with en-
ergy E have a distribution of x values narrowly peaked around
x = 2E/

√
s.

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 0  5  10  15  20

Glauber

R
νha

rd

ν

ω = 0.1

ω = 0.2

<σ> / <σin> = 0.5

<σ> / <σin> = 0.6

<σ> / <σin> = 0.7

FIG. 2: (Color online) Probability of a hard process corre-
sponding to a small λ = 〈σin(x)〉 / 〈σin〉 trigger selection rela-
tive to that for a generic hard processes, as given in Eq. 5 for
ωσ(x) = 0.1, 0.2. Rhardν = 1 is the expectation of the Glauber
model.

In our quantitative analysis, we combine the ATLAS
model for the ν-dependence of ΣET with the distribution
of ν given by a CF Monte Carlo approach [10, 15]. The
strength of the interaction σin at given impact parame-
ter, b, is generated with the measure Ph(σ) with inelastic
profile function Γin(b) evaluated using the optical the-
orem. In the evaluation, the elastic amplitude is taken
to be proportional to exp(Bt/2) with the t-slope B fixed
by the requirement that for small NN impact parame-
ter the interaction is nearly black as it is for the total
pp amplitude. The transverse spread of partons in the
colliding nucleons were generated using generalized par-
ton densities which take into account a much stronger
localization of hard interactions relative to soft ones as
well as the spatial NN correlations in the nucleus [22].
(For a detailed description of the calculation of the hard
collision rate as a function of ν see Ref. [10].)

Fig. 2 shows Rhardν as a function of the ratio λ of the
average strength of the inelastic interaction for a trigger
with a given x, 〈σin(x)〉 to that averaged over all config-
urations, 〈σin〉,

λ = 〈σin(x)〉 / 〈σin〉 . (6)

For the generic hard collisions we used Eq. 3 with ωσ =
0.1 which, within ATLAS, provides a good description of
soft production. For the small σin(x) triggers in Fig. 2,
we considered a range of λ values and ωσ(x) values be-
tween 0.1 and 0.2. The relative jet production rate cor-
responding to small 〈σin(x)〉 is enhanced at small ν and
strongly suppressed at large ν. With the exception of
the most peripheral and most central collisions, Rhardν

depends primarily on the mean 〈σin(x)〉 and not on the
choice of ωσ(x). Thus we fix ωσ(x) = 0.1 and reduce the
dependence of Rhardν on ν to only one free x-dependent
parameter, λ.
Rhardν values were then calculated for the specific cen-

trality bins used by ATLAS and compared to the Rhardν
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FIG. 3: (Color online) Rhardν for pA collisions with x =
Ejet/Ep = 0.6, and λ = 0.6 for centrality bins extracted from
the ATLAS data [5] and using ν distributions given by the
CF model [17]. Errors are combined statistical and system-
atic errors. The solid line is the Glauber model expectation.

extracted from data. For each centrality bin, we con-
sider the measured RpPb(pT cosh y) values from the four
rapidity intervals in the range 0.3 < y < 2.8. These
were fit to a linear function in log (x/0.6) in the range
0.04 < x < 1, with x ≡ 2pT cosh y/

√
s and y > 0 denot-

ing the proton-going direction, and the value at x = 0.6
was extracted. Statistical uncertainties estimated by
evaluating the RMS deviation of the data points from
the linear function in the region of the fit were combined
with systematic uncertainties on the data points to yield
total uncertainties. Figure 3 shows that λ ∼ 0.6 gives
a good description of the data at x = 0.6. We empha-
size that a naive interpretation of the data due to jet
energy loss cannot explain either the modification pat-
tern in the centrality-dependent Rhardν , which features
both enhancement and suppression, or the observation
of Rhard = 1 for inclusive collisions, which follows from
QCD factorization.

Figure 4 shows the predictions of our model for Rhardν

in each centrality bin as a function of λ. These predic-
tions could be tested by extending the current analysis
of the LHC pA data to x < 0.6 as well as by analyzing
the RHIC dA data [23]. The magnitude of the deviations
from Rhardν = 1 increase smoothly with decreasing λ < 1.
For larger than average size configurations, correspond-
ing to λ > 1, the modification pattern reverses, producing
an enhancement and suppression in central and periph-
eral events respectively.

The agreement of the data for x = 0.6 with our cal-
culation using λ = 0.6 has a number of implications. It
demonstrates that large x configurations have a weaker
than average interaction strength. More generally, it
confirms the presence of CF effects in pA interactions
and suggests that they should contribute to the dynam-
ics of central AA collisions [14]. It is in line with the
QCD quark counting rules which assume that large x
partons belong to configurations with a minimal number
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FIG. 4: (Color online) Rhardν for different centralities as a
function of λ.

of constituents interacting via hard gluon exchanges [20].
However, it is in tension with approaches which neglect
the short range correlations between hadron constituents,
such as the model in [24], and with those in which the
transverse size of the hadron is not squeezed at large x.

To explore the energy dependence of this effect,
the value of λ at fixed x can be determined at two
different energies

√
s1 and

√
s2 through the proba-

bility conservation of Ph(σ):
∫ σ(√s1)
0

Ph(σ,
√
s1)dσ =∫ σ(√s2)

0
Ph(σ,

√
s2) dσ. At 30 GeV, λ ≈ 1/4, a factor

of two smaller than at the LHC. This follows from the
fact that in pQCD, the cross-section of small-size con-
figurations grows faster with increasing collision energy
than that of average configurations.

A weaker interaction strength for configurations with
x ≥ 0.5 has implications for our understanding of the
EMC effect. This follows from the analysis of Ref. [21],
in which the Schrodinger equation for the bound state
of the nucleus included a potential term which depends
on the internal coordinates of the nucleons. In this po-
tential, the overall attractive nature of the NN inter-
action results in a smaller binding energy for nucleons
in small configurations. Thus, by the variational princi-
ple, the probability of such configurations is suppressed.
The magnitude of this suppression is comparable to the
strength of the EMC effect at x ≥ 0.5, as further dis-
cussed in Ref. [25].

Future pA data in which the dijet kinematics are used
to determine x and xA on an event-by-event basis would
allow for a more detailed study of nucleon structure. In
particular, studying the modification pattern for hard
processes to which gluons with x ≥ 0.3 significantly con-
tribute would probe whether the squeezing of the trans-
verse size is also present for configurations with large-x
gluons. Similarly, studying dijet production for x ≤ 0.01
would allow for a study of configurations which have a
higher than average interaction strength. Measurements
at lower energies would reveal the energy dependence of
〈σ(x)〉 and test whether it grows much faster with energy
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than σ as suggested by our analysis above. Finally, a
comparison of W+,W− production at large xp would al-
low for a comparison of the transverse structure of proton
configurations with leading u and d quarks, respectively.
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