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We test the hypothesis that configurations of a proton with a large-x parton, x,, 2 0.1, have a smaller than
average transverse size. The application of the QCD Q7 evolution equations shows that these small
configurations also have a significantly smaller interaction strength, which has observable consequences in
proton-nucleus collisions. We perform a global analysis of jet production data in proton- and deuteron-
nucleus collisions at RHIC and the LHC. Using a model which takes a distribution of interaction strengths
into account, we quantitatively extract the x,, dependence of the average interaction strength, o(x,,), over a
wide kinematic range. By comparing the RHIC and LHC results, our analysis finds that the interaction
strength for small configurations, while suppressed, grows faster with collision energy than does that for
average configurations. We check that this energy dependence is consistent with the results of a method
which, given o(x,,) at one energy, can be used to quantitatively predict that at another. This finding further
suggests that at even lower energies, nucleons with a large-x,, parton should interact much more weakly
than those in an average configuration, a phenomenon in line with explanations of the EMC effect for large-

X, quarks in nuclei based on color screening.
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Hadrons are composite, quantum mechanical systems
with a varying spatial and momentum configuration of their
internal quark and gluon constituents. In sufficiently high
energy processes, these configurations remain approxi-
mately fixed during the time of the collision. Thus certain
physical properties of the parton system of a rapidly moving
hadron, such as the total transverse area occupied by the
color fields, may change collision by collision, a phenome-
non we refer to as color fluctuations [1,2]. These variations
in the internal structure of hadrons have a wide range of
observable consequences, such as inelastic diffraction [3-5].
In quantum chromodynamics (QCD), the configurations in
which alarge (> 10%) fraction of the hadron’s momentum is
carried by a single parton are spatially compact. For these
cases, in the wide range of energies where nonlinear
(saturation) effects are expected to be small [6], the
interaction strength of the entire configuration decreases
along with the overall area occupied by color (for a review
and references see Ref. [7]). Furthermore, while the
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interaction strength for such small configurations is reduced
overall, it rises rapidly with collision energy due to a fast
increase of the gluon density at small x. In this paper, we
quantitatively investigate these properties of QCD systems
in proton- and deuteron-nucleus (p/d + A) collision data at
the Large Hadron Collider (LHC) and the Relativistic Heavy
Ion Collider (RHIC), respectively.

Figure 1 symbolically illustrates how proton configura-
tions of two different sizes contribute to p + A interactions.
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FIG. 1. Schematic representation of a proton-nucleus collision
with a fixed geometry of the target nucleus, with a more weakly
(more strongly) interacting projectile proton on the left (right).
The red tube shows the projection of the projectile proton’s
transverse size through the nucleus, with impacted nucleons in
red. Typical observables have contributions from both types of
events, while large-x, configurations may preferentially select
weakly interacting cases (left).
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For many processes, a large number of projectile configu-
rations contribute to a studied observable, resulting in a
lack of sensitivity to color fluctuation effects. However, in
processes to which only a restricted subset of projectile
configurations contribute, these effects are important for
understanding the experimental data. Historically, they
have played a role in interpreting multiplicity distributions
in nuclear collisions [8] and in describing the coherent
diffractive production of dijets [9—11].

Experimentally, p + A collisions with a restricted
subset of projectile configurations may be selected with
a special trigger such as a hard QCD process involving a
large-x,, (20.1) parton in the proton [12]. In these con-
figurations, color charge screening within the dominant
Feynman diagrams suppresses the gluon field and density
of gq pairs, leading to an interaction cross section which is
smaller but grows rapidly with energy (for a review of this
phenomenon in HERA data, see Ref. [13]).

The success of the quark counting rules [14] indicates
what chain diagrams dominate at large x. Analysis of these
Feynman diagrams [15] indicates that quark transverse
momenta should be rather large and hence the 3q configu-
rations should have size much smaller than average
(However, this is not true for all wavefunctions [16].).

In p + A collisions, the shrinking of the proton con-
figuration in large-x, scattering events should lead to a
decrease in the average number of nucleon-nucleon (NN)
interactions between the projectile and target nucleus, v,
relative to that for collisions with a more typical proton
configuration. In the p + A case, v also coincides with the
number of wounded nucleons in the target nucleus. This
feature should also be present in d + A collisions, although
the magnitude of the effect is diminished due to the
unaffected nucleon in the deuteron contributing with an
average over its configurations. v is indirectly measured in
experiments via the soft particle multiplicity [17-19].

Measurements which can test these properties of QCD
were recently performed in proton-lead (p + Pb) collisions
at the LHC [20,21] and deuteron-gold (d + Au) collisions
at RHIC [22] at center of mass energies of 5.02 TeV and
200 GeV, respectively. In these data, the production of large
transverse momentum (p,) jets was studied in the large-x,,
kinematic region as a function of hadronic activity in the
downstream nucleus-going direction (# < —3). Hadron
production rates in this rapidity are correlated with v,
and have been experimentally shown to be insensitive to
energy-momentum conservation effects related to jet pro-
duction at mid- and forward (proton-going) rapidities [23]
(though such correlations were expected in some models of
the process under consideration [24]). Each experiment
observed a qualitatively consistent picture: for events with
jets originating from a large-x, scattering, the geometric
(eikonal) model strongly underestimates the number of
events with low hadronic activity (geometrically “periph-
eral” events in the classical picture) and overestimates those

with a large hadronic activity (“central” events). However,
inclusive  production  rates  were  unmodified,
Pt = AcP*P, as expected from QCD factorization and
the small modification of the nuclear parton densities in this
region [25].

In our previous analysis [2] we demonstrated that color
fluctuation effects which led to a more weakly interacting
large-x,, configuration could quantitatively describe the
ATLAS data for jet production at x,, = 0.6. In this paper, we
present a unified analysis of ATLAS [20] and PHENIX [22]
data to study the collision energy and x,, dependence of this
effect in detail. CMS has observed a qualitatively similar
effect in the centrality dependence of dijet production [21].
However, those data are presented with an open p, selection
and as a function of the system pseudorapidity (17; + 15)/2,
and thus integrate over a rather wide distribution of x,
values. Thus we do not include it in the present extraction,
which relies on isolating narrow ranges of x, values.

To model the effects of color fluctuations in p + A
collisions, we use the Monte Carlo algorithm developed in
Refs. [1,26], of which we summarize the main features
here. In our procedure, the probability distribution, Py (o),
for a projectile nucleon configuration to have a total cross
section for an interaction with another nucleon in the target,

o, is given by
(¢/o9 = 1)

Note here that configurations with small ¢ correspond to
the color transparency regime which contributes very little
to the phenomena we consider here.

The parameters of P, are determined from data on
diffractive processes in hadronic collisions, which are
sensitive to the size of the fluctuations [27]. This form
consistently accounts for several expected properties of the
projectile hadron wave functions: (1) it follows from a
generalization of the quark counting rules, Py — 0 as
o — 0; (2) Py is approximately Gaussian for ¢ ~ o; (3) the
first two moments of the distribution give the conservation
of probability ([ Pydo = 1) and define the average total
cross section ( f Pyodo = oy,); (4) it smoothly interpolates
between the expected behavior at small and large values of
o (the former of which is in the color transparency regime).
A different parametrization of Py at RHIC energies may be
found in Ref. [28], and other approaches based on
fluctuations in the positions of proton constituents are also
discussed in the literature, see e.g., [29].

We determine the distribution of v values in p 4+ A
collisions by extending standard simulation procedures
[30] to include fluctuations in the proton interaction
strength and other effects. The spatial configuration of
nucleons in the nucleus are generated according to a
Woods-Saxon distribution but taking into account
short-range NN spatial correlations which affect the

PN(G) - Ca + oy
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nuclear two-body density [31]. The probability that the
projectile nucleon interacts with a target nucleon varies
with their transverse displacement according to the profile
function of the interaction. The probability of a hard
interaction was determined through the convolution
of generalized parton distributions (which describe the
longitudinal and transverse distributions of partons) in the
projectile and target nucleons, as discussed in Ref. [1].
Thus, the model takes into account the spatial localization
of hard partons close to the center of the nucleon [32].

One of the struck nucleons in the target is randomly
chosen to contain the hard scattering, while the remaining
nucleons undergo soft interactions with the inelastic frac-
tion of the fluctuating cross section (%0.756,,). For d + A
collisions, the configuration of the deuteron is sampled
according to the projection of its wave function into the
transverse plane. In this way, the model provides the
distribution v for p/d + A collisions.

To explore how hard scattering rates are correlated with
v, we define the ratio

R(v) = (a}™!/a}"®)/ (v o}l /oNR)

— (o olnd) /(- NP /0B, 2)
where 61 and 4% are the hard process cross section in
p + A collisions with NN interactions and just in one NN
collision, respectively, and 6)B and o)\'5 are the analogues
of these but for minimum bias (inelastic) collisions. R(v) is
the ratio of the observed hard process rate to the rate
expected given the number of (soft) inelastic NN inter-
actions. Hence, the experiments observed R > 1 for small
v, R < 1 for large v, and R = 1 for v-integrated collisions.

We define the x,-dependent shrinking of the average
interaction strength at a given collision energy /s as

l(xp) = <6%£/(xp)>/6%1% (3)

The distribution over the number of collisions is mainly
sensitive to the value of A(x,,). It has a small sensitivity to
the size of the fluctuations of oyy(x,). Hence, similar to
what was done in Ref. [2], we model fluctuations in the
strength of interaction at fixed x, by assuming that the
dispersion of ¢ at fixed x, is similar to the average
dispersion. As A(x,) decreases from unity, the deviations
of R(v) from unity smoothly increase. For a given value of
A(x,), our model provides R(v) for each v.

The value of R(v) is schematically identical to the
experimentally measured nuclear modification factors
Roa (Rpp, Or Rgpy), except that these are reported for
different centrality selections: sets of events experimentally
characterized by some range of hadronic activity at large
nuclear-going rapidity. In p + Pb collisions in ATLAS
[18], the hadronic activity is measured as the transverse
energy sum, XEt, in the hadronic calorimeter situated at

—4.9 < n < =3.2, and is taken to be proportional to v + 1
(the total number of participating nucleons). In d + Au
collisions in PHENIX [22], the hadronic activity is defined
as the total charge measured in the beam-beam counter
situated at —3.9 <5 < —3.1, and is taken to be propor-
tional to v. In both cases, the selected hadronic event
activity (i.e., centrality) ranges result in sets of events with
broad but well-separated distributions of v. To compare our
model with the LHC and RHIC jet production data, we use
the relationships between v and ZEt or charge established
by the experiments in Refs. [17,18] to determine the
distributions over v for each centrality selection. Thus,
for each value of A(x,), we calculate the nuclear modifi-
cation factors, Ry, weighted by the v distribution in each
experimentally defined centrality selection.

Based on this model, we fit the ATLAS and PHENIX
data in every bin of x, &~ 2p, cosh(y)/+/s reported in the
experiments to find the best value of A(x,,) which describes
Ry in all reported centrality selections. In both data sets,
we compare to the so-called central-to-peripheral ratio,
Rcp, which is the ratio of R,, in a given central event
selection to that in the most peripheral one. Since the
centrality-averaged Ry, values are consistent with unity,
the Rcp values encode the same information on the
centrality dependence but with improved experimental
uncertainties for our fits.

We determine the best A(x,) by minimizing the y?
summed over all centrality selections i, y* = >, (R%@—
RmMdel(2))2 /€2 where €? is taken to be the quadrature sum
of the statistical and systematic uncertainties in the data.
The RHIC and LHC data provide three and five centralities
for each value of x,,, which are used to fit a single value of
A(x,), and they provide data on eight and ten values of x,, in
total. In each X, range, we estimate the uncertainty on the
extracted value of A(x,) as the range over which the y*
increases by one.

We note that there may be additional uncertainties in the
modeling of P(c, s), such as its variance. These arise from
the lack of appropriate diffractive pp data at RHIC and
LHC energies, and are thus difficult to quantify. However,
the reasonable agreement of the model with the data
obtained at very different energies and kinematic selections
below suggests that the observables considered here have
only a moderate sensitivity to these details.

Figures 2 and 3 compare of the predictions of our model
to RHIC and LHC data, respectively.

Figure 4 summarizes the results of our global analysis of
A(x,) as a function of x,, and collision energy. In the case of
the RHIC data, our analysis yields slightly smaller values
of A(x,) than those in Ref. [33], due to differences in the
treatment of the collision geometry. At low values of
x, ~0.1, A(x,) is similar at both RHIC and LHC energies.
At increasingly larger x,, A(x,) systematically decreases
but does so faster at RHIC energies.

071502-3



M. ALVIOLI et al.

PHYS. REV. D 98, 071502 (2018)

PA prediction PA prediction PA prediction PA prediction
1% 1 A=0.733 1 A=0.681 1 A=0.620
0.8 0.8 ‘H:‘i\I 0.8 ‘\i\i\:.: 0.8
a * a a a
o o o o
0.6 ~ 0.6 0.6 0.6
0.4 0.4 0.4 0.4
02 X, =0.11 0.2 X, =0.14 02 X, =0.17 02 X, =0.20
10 20 30 :6 50 60 70 10 20 30 40 50 60 70 8 10 20 30 40 50 60 70 10 20 30 40 50 60 70
measured BBC charge measured BBC charge measured BBC charge measured BBC charge
12 — 12 — 12 — 12 —
PA prediction PA prediction PA prediction PA prediction
1 A=057C3 1 A=0.5400 1 A=051C0 1 A=049C0
0.8 0.8 0.8 0.8 I:ﬁ
a a a a
& o o o
~ 0.6 X 0.6 0.6 ~ 0.6
0.4 0.4 0.4 0.4
0.2 X, =0.25 0.2 X, =031 0.2 X, =0.39 0.2 X, =0.47
10 20 30 40 50 60 70 10 20 30 40 50 g(-) 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70

measured BBC charge measured BBC charge

measured BBC charge measured BBC charge

FIG. 2. Comparison of the RHIC deuteron-gold nuclear modification factor data (black points) in different hadronic activity bins, to
those in our model (shaded band), and to predictions for proton-gold data at RHIC (blue line). Each panel shows a different x,, range.

These findings verify our previous expectations in
Ref. [2] and have a natural explanation. In perturbative
QCD the total cross section for a bound state with a small
transverse size p to interact with a nucleon is proportional
to the gluon density g(Q?, x,) in the nucleon at resolution
scales 0% « 1/p and x, ~ Q?/s. At large Q% g grows
quickly with decreasing x,, resulting in an increase of the
cross section [and of /l(xp) at fixed x,] for these small
configurations with increasing collision energy. However,
this increase is slower than what is observed for perturba-
tive processes with vacuum exchange in #-channel, such as
J/y exclusive photoproduction [13]. Thus the interaction

at high energies may be thought of as lying between the
perturbative and nonperturbative domains, suggesting that
chiral symmetry is restored for the probed components of
the light cone proton wave function. Finally, the fast growth
of the cross section for small configurations is consistent
with the expected narrowing of the Py (o) distribution at
increasing collision energies [34].

A consistency check of our results can be performed
under the assumption that the probability to find a con-
figuration with some large x), is the same at two collision
energies ,/s7 and ,/s5. If the fluctuations in o(x,,) are small
such that, at fixed x,, there is a one-to-one correspondence
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FIG. 3.

Comparison of the LHC proton-lead nuclear modification factor data (black points) in different hadronic activity bins, to those

in our model (shaded band). Each panel shows a different x, range.
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FIG. 4. Extracted values of A(x,) as a function of x, at RHIC
and LHC energies (solid points), with fits to an exponential
function in x,, shown as dashed lines to guide the eye. The shaded
bands are a prediction for A(x,, ) at each energy using the results at
the other energy as input (see text).

between o(x,,) at two different energies, one may express
this as the probability to find a configuration with cross
section smaller than A(x )6,

doPy(o;/51)

/Mﬁﬁ\/@)"tnt(\/@
0

/i(xp;\/ﬁ)”m((\/ﬁ)
0

LdoPy(oi/).  (4)

which along with Eq. (1) is an implicit equation for the
energy dependence of A(x,) at fixed x,.

Starting with the LHC results for A(x,), we use Eq. (4)
to systematically predict A(x,) at RHIC energies at the
same values of x,, and vice versa. Figure 4 shows the
results of this check. For x, 2 0.15, the relationship
between the extracted A(x,) values at RHIC and LHC
energies is consistent with that predicted by Eq. (4). At
lower x,, this method predicts a larger difference in A(x,)
at the two energies than is extracted in data, suggesting
that our model does not provide a complete description of
color fluctuation phenomena in this x, range (e.g., since
it ignores a possible parton flavor dependence). Using the
parametrization for Py(c) at the lower, fixed-target
energies given in Ref. [27], one finds that A(x, ~0.5) =
0.38 at /s = 30 GeV. At these lower energies, the large-
x, quarks are thus localized in an area of transverse size
\/A(x,) 0.6 smaller than that in the average configu-
ration, leading to them having a significantly larger
nonperturbative transverse momentum.

Recently, data on 200 GeV proton-gold collisions were
recorded at RHIC, allowing for a further test of our model.
Using the same parameters which relate v to the hadronic

activity as in the d + Au data, we calculate the distributions
of v in example centrality bins and the Rcp values for hard
triggers with different ranges of x,. These predictions are
summarized in Fig. 2. As also argued in Ref. [33], the
magnitude of the observable effect should be larger than in
the d + Au data, where it is expected to be washed out by
the additional projectile nucleon.

The global analysis presented in this paper quantitatively
extends our initial interpretation of the LHC data on
forward jet production in p + A collisions as arising from
an x,-dependent decrease in the interaction strength of
proton configurations [2], and demonstrates that the same
picture successfully describes RHIC data on large-x, jet
production. We find that the suppression is stronger at
lower energies, consistent with expectations from QCD that
cross sections for small configurations grow faster with
energy than do those for average configurations.

Measurements of other processes arising from a different
mixture of large-x, quarks and gluons (e.g., Drell-Yan or
electroweak processes) would allow for a comparison
of quark- vs gluon-dominated configurations. Analogous
studies in ultraperipheral collision data [35] may probe
color fluctuations in the photon wave function.

Our conclusions also have implications for under-
standing features in the quark-gluon structure of nuclei
such as the observed suppression of the nuclear structure
function at large x, commonly known as the EMC effect
[36]. Since nucleons in a configuration with a large-x
parton are weakly interacting and the strength of the
interaction at fixed x falls at lower energies, it is natural
to expect that such configurations interact very weakly
with other nucleons at the energy ranges relevant for
nuclei. In the bound nucleon wave function, such weakly
interacting nucleon configurations are strongly suppressed
[12]. Thus, this picture suggests a natural explanation for
the observed suppression of partons in the EMC effect
region. This phenomenon may furthermore provide
information on how the properties of nucleons experi-
encing large pressures may change, leading to, e.g., the
restoration of chiral symmetry within the core of neu-
tron stars.
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