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The centrality dependence of forward jet production in p A collisions at the Large Hadron Collider (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. We
implement 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, make quantitative predictions
for the centrality dependence of the jet production rate as a function of the x-dependent interaction strength o (x).
We find that o (x) ~ 0.6(c) gives a good description of the data at x = 0.6. These findings support an explanation
of the European Muon Collaboration effect as arising from the suppression of small-size nucleon configurations

in the nucleus.
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Studies of microscopic nucleon structure have progressed
from probing single-parton distributions to the study of gen-
eralized parton distributions (three-dimensional [3D] single-
parton distributions) and of parton-parton correlations in
multiparton interactions. Here we argue that correlations
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 nucleon depends on the
light cone momentum fraction (x) of the trigger parton.
The projectile nucleon propagates through the nucleus in a
frozen quark-gluon configuration, 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 configuration drops with a decrease in its transverse
size [1]. Such phenomena have been observed directly in,
for example, hard diffractive jet production [2] and exclusive
meson 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 ultrarela-
tivistic positronium atom through a slab of matter with density
p and length L. From the uncertainty principle and Lorentz
dilation of the interaction, the transverse distance r; between
the electron and positron remains constant over a longitudinal

coherence distance l.on ~ (1/AE) ~ Mfl_)p,;sz , where Py is

pos
the momentum of the positronium and M is the mass of the
intermediate (diffractive) state. In the limit /., > L, a new
absorption pattern emerges. This is due to coherence effects

and the dependence of the interaction cross section o of the
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ete™ dipole with a target on r,, which at small transverse
distance is o (r?) oc r2.

In this limit, the probability of an inelastic interaction,
1 —k, is obtained by summing over a complete set of
diffractive intermediate states with different r,, weighted by

the value of the positronium wave function at r;,

K= fdz d*r, Y2(z,r,) exp[—on(r})pL]. (D

Here, 1/ (z,r;) is the positronium wave function normalized
as f Y2(r)d®r = 1, and oy, is the inelastic positronium-target
cross section. Then, « is the probability for positronium to
transform to an e*e™ pair without inelastic interactions. For
oinpL > 1, the survival rate is k¥ = 2/(oinpL) [7], which is
larger than the naive expectation & exp(—oi,pL). Since oj,
depends on r,, positronium can be captured in a larger (smaller)
configuration 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 trans-
verse size and the number of constituents of the hadron. We
refer to both generically as color fluctuations (CF). CF effects
can be accounted for by introducing a probability distribution,
Py (o), for the hadron to be found in a configuration with total
cross section o for the interaction. This probability distribution
obeys the sum rules [ Py(0)do =1 and [ Py(0)odo =
(o) = athaftv , where (o) is the configuration-averaged (total)
cross section. The variance of the distribution divided by the
mean squared, w,, is given by the optical theorem [8,9],

ws = (0))/(0) = D= oy | @
T ar =0
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where a sum over diffractively produced states X, including
the triple Pomeron contribution [10], is implied. Fixed target
and collider data [11] indicate that w, for the proton first grows
with energy, reaching w, ~ 0.3 for /s ~ 100 GeV, and then
decreases at higher energies to w, ~ 0.1 at the LHC [10].

Several considerations constrain the shape of P,(o) [11].
For values of o ~ (o), P,(0) is expected to be Gaussian due
to small fluctuations in the number of, and in the transverse
area occupied by, partons. This expectation is supported by
an analysis [11] of coherent diffraction measurements in
proton-deuteron collisions [12]. For o0 <« (o), configurations
with a small number constituents, n,, localized in a small
transverse area should dominate, leading to Pj(0) o2
[11]. For protons, the resulting form of P,(c) and values of
0,00,$2 were chosen to smoothly interpolate between both
regimes while reproducing measurements of the first three
moments of the distribution. It is given by

_ o o (0/00 — 1)?
Py(o) _0_0<0 z 00>exp{— o } @

For the Gaussian distribution, w, = Q2 /2.

To determine the inelastic cross section o, for the proton
to interact with v nucleons in pA collisions, the standard
Gribov formalism [13] at high energies can be generalized
to include CF effects [14]. When the impact parameters in
nucleon-nucleon (N N) interactions are small compared to the
typical distance between neighboring nucleons,

o, = /daP,,(o)(T})

v A—v
» /db [Gm(ff)T(b)} [1 B Gm(ff)T(b)] @
A A

where T(b) = ffooo dzp(z,b) and p is the nuclear density
distribution normalized such that f p(r)dr = A.oj(0) is the
inelastic cross section for a configuration with the given
total cross section, which following Refs. [10,11] is taken
to be a fixed fraction of o. In the limit of no CF effects,
P,(0) =8(0c —{0)), and Eq. (4) reduces to the Glauber
model expression. The distribution over v can be calculated
with a Monte Carlo—Glauber procedure, which includes N N
correlations and finite size effects [15]. For v < 2(v) the
distribution over v depends mainly on w, and only weakly
on the exact form of P,(c) [15]. Although the Glauber
approximation ignores energy-momentum conservation in the
inelastic interaction of the proton with multiple nucleons,
this does not modify the calculation of o,, or of the hadron
multiplicity close to the nuclear fragmentation region [10].
(However, energy-momentum conservation effects may be
important in the evaluation of multiplicities at forward and
central rapidities.) This approach also accounts both for
inelastic shadowing [16] and for the possibility of intermediate
diffractive states between successive collisions [10,11].
ATLAS has studied the role of CF effects in interpreting
the correlation between hadron production at central rapidities
and at —4.9 < n < —3.2 in the nucleus-going direction in
pA collisions at /s =5 TeV [17]. The total transverse
energy, X Er, near the nuclear fragmentation region is not
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FIG. 1. Probability distributions of v proton-nucleon collisions in
all p A collisions and in those selected by different X E, or centrality,
ranges. The inset shows the distributions on a log scale.

expected to be influenced by energy conservation effects (due
to the approximate Feynman scaling in this region) or to be
strongly correlated with the activity in the rapidity-separated
central and forward regions. This expectation is validated
by a recent measurement of X E; as a function of hard
scattering kinematics in pp collisions [18]. In Ref. [17], X E7
distributions were constructed as a function of the number
of participating nucleons v + 1. Neglecting CF effects in
calculating v resulted in X Ey distributions narrower than
those observed in the data. Using the CF approach, which
generally leads to a broader v distribution from the o > (o)
tail of P,(o’) [14], with the value w, = 0.1 estimated for LHC
energies gives a reasonable description of the X Er data, while
ws ~ 0.2 produces an overly broad distribution. The resulting
Y Er(v) parametrization was used to calculate the relative
contributions from collisions with different v values to the p A
centrality classes (bins in X E7) used by ATLAS. Figure 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 configuration,
and, in particular, whether large-x partons originate from
configurations with smaller than average o. In the positronium
example above, let the e~ (et) momentum in the rest frame
be +k°, and apply a boost to a fast frame. The light cone
fraction carried by the electron is x, = 1/2 + k5/2m,. If
|xe — 1/2] > (|k5]/2m,), 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 Sec. 5.1 of Ref. [19]. In these models, the
size of a given configuration decreases 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 configurations is necessarily reduced. Additionally,
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in QCD the main contribution to the parton density in
configurations with x >> (x) is from configurations with the
minimal number of partons, leading to the quark counting
rules [20]. Hence for such configurations, the nucleon’s gg
cloud is suppressed, leading to a reduction of the soft cross
section even on the nonperturbative scale [21]. This picture is
corroborated through a body of experimental evidence such
as, for example, measurements of coherent dijet production in
pion-nucleus collisions [2].

Jet production measurements [5,6] in inclusive pA colli-
sions 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 collisions, the jet production rate, o™
for collisions with v wounded nucleons, was compared to the
Glauber model expectation through the ratio

RN = (o1 [5,) [ (vors’ [ (oin)), o
hard NN.

where oy is the jet rate in NN collisions and (oi,) = o},
Large deviations from the expected RM = 1 were observed
for jets produced along the proton-going direction: namely,
an enhancement for peripheral (small v) collisions and a
suppression for central (large v) collisions, which compensate
for 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], Rf)‘ard is presented as a function
of the fraction of the energy of the proton carried by the jet
7 = Ejet/Ep, which, in the forward kinematics of interest,
coincides with the x of the parton in the proton involved
in the hard interaction.! The data demonstrate that for fixed
energy release in the nuclear hemisphere (SE7) RM™9 is
predominantly a function of z and not of the jet pr or rapidity
alone.

In our quantitative analysis, we combine the ATLAS model
for the v dependence of X Er with the distribution of v given
by a CF Monte Carlo approach [10,15]. The strength of the
interaction oj, at given impact parameter, b, is generated
with the measure P,(o) with inelastic profile function T, (b)
evaluated using the optical theorem. In the evaluation, the
elastic amplitude is taken to be proportional to exp(Bt/2) with
the ¢ slope B fixed by the requirement that for small NN
impact parameter 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 parton
densities which take into account a much stronger localization
of hard interactions relative to soft ones as well as the spatial
N N correlations in the nucleus [22]. (For a detailed description
of the calculation of the hard collision rate as a function of v
see Ref. [10].)

Figure 2 shows R as a function of the ratio A of the
average strength of the inelastic interaction for a trigger with a

I'Studying the correlation between the initial parton-parton kinemat-
ics and the final-state kinematics of the produced jets in MC event
generators confirms that events with a forward jet with energy E have
a distribution of x values narrowly peaked around x = 2E/./s.
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FIG. 2. Probability of a hard process corresponding to a small
A = (oi(x))/{om) trigger selection relative to that for a generic hard
processes, as given in Eq. (5) for w,(x) = 0.1,0.2. R"™? =1 is the
expectation of the Glauber model.

given x, (oj,(x)) to that averaged over all configurations, (oy,),
A = {(oin(x))/ (o). (6)

For the generic hard collisions we used Eq. (3) with o, =
0.1 which, within ATLAS, provides a good description of
soft production. For the small oj,(x) triggers in Fig. 2, we
considered a range of A values and w, (x) values between 0.1
and 0.2. The relative jet production rate corresponding to small
(oin(x)) is enhanced at small v and strongly suppressed at large
v. With the exception of the most peripheral and most central
collisions, Rkvlard depends primarily on the mean (oj,(x)) and
not on the choice of w, (x). Thus we fix w, (x) = 0.1 and reduce
the dependence of R" on v to only one free x-dependent
parameter, A.

R values were then calculated for the specific cen-
trality bins used by ATLAS and compared to the RId
extracted from data. For each centrality bin, we consider
the measured R,pp(pt coshy) 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 = 2prcosh y/+/s and y > 0 denoting 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
A ~ 0.6 gives a good description of the data at x = 0.6. We
emphasize that a naive interpretation of the data due to jet
energy loss cannot explain either the modification pattern in the
centrality-dependent R", which features both enhancement
and suppression, or the observation of R"¢ = 1 for inclusive
collisions, which follows from QCD factorization.

Figure 4 shows the predictions of our model for RM™ in
each centrality bin as a function of A. These predictions 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 RB"“d = 1 increase
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FIG. 3. R for pA collisions with x = Ejq/E, = 0.6, and A =
0.6 for centrality bins extracted from the ATLAS data [5] and using
v distributions given by the CF model [17]. Errors are combined
statistical and systematic errors. The solid line is the Glauber model
expectation.

smoothly with decreasing A < 1. For larger than average
size configurations, corresponding to A > 1, the modification
pattern reverses, producing an enhancement and suppression
in central and peripheral events respectively.

The agreement of the data for x = 0.6 with our calculation
using A = 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 p A interactions and suggests that they should
contribute to the dynamics 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 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 Ref. [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 X at fixed x can be determined at two different energies
/51 and /s, through the probability conservation of P;(o):
[TV pyo, fsnda = [TV Py(o,/52) do. At 30 GeV,
A & 1/4, afactor of two smaller than at the LHC. This follows
from the fact that in pQCD, the cross section of small-size
configurations 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 European
Muon Collaboration (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.
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FIG. 4. Rh for different centralities as a function of A.

In this potential, the overall attractive nature of the NN
interaction results in a smaller binding energy for nucleons
in small configurations. Thus, by the variational principle,
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 discussed 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 contribute would probe
whether the squeezing of the transverse 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 (o (x)) and test whether it grows much
faster with energy than o as suggested by our analysis above.
Finally, a comparison of W, W~ production at large x,, would
allow for a comparison of the transverse structure of proton
configurations with leading u# and d quarks, respectively.
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