
Differential  and 
photon modification 
in d+Au collisions

π0

[based on nucl-th/2404.17660]

Dennis V. Perepelitsa 
23 September 2024 

12th International Conference 
on Hard and EM Probes of 

High-Energy Nuclear Collisions 

PHYSICAL REVIEW C 110, L011901 (2024)
Letter

Contribution to differential π0 and γdir modification in small systems from color fluctuation effects

Dennis V. Perepelitsa *

Department of Physics, University of Colorado Boulder, Boulder, Colorado 80309, USA

(Received 6 May 2024; accepted 20 June 2024; published 1 July 2024)

A major complication in the search for jet quenching in proton- or deuteron-nucleus collision systems is the
presence of physical effects which influence the experimental determination of collision centrality in the presence
of a hard process. For example, in the proton color fluctuation picture, protons with a large Bjorken-x (x ! 0.1)
parton interact more weakly with the nucleons in the nucleus, leading to a smaller (larger) than expected yield in
large (small) activity events. A recent measurement by the PHENIX Collaboration compared the yield of neutral
pion and direct photon production in d + Au collisions, under the argument that the photon yields correct for such
biases, and the difference between the two species is thus attributable to final-state effects (i.e., jet quenching).
The main finding suggests a significant degree of jet quenching for hard processes in small systems. In this
paper, I argue that the particular photon and pion events selected by PHENIX arise from proton configurations
with significantly different Bjorken-x distributions, and thus are subject to different magnitudes of modification
in the color fluctuation model. Using the results of a previous global analysis of data from the BNL Relativistic
Heavy Ion Collider (RHIC) and the CERN Large Hadron Collider (LHC), I show that potentially all of the
pion-to-photon difference in PHENIX data can be described by a proton color fluctuation picture at a quantitative
level before any additional physics from final-state effects is required. This finding reconciles the interpretation
of the PHENIX measurement with others at RHIC and LHC, which have found no observable evidence for jet
quenching in small systems.

DOI: 10.1103/PhysRevC.110.L011901

Introduction. Measurements of hard processes in relativis-
tic proton- or deuteron-nucleus (p/d + A) collisions at the
BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider (LHC) have a number of scientific
purposes [1,2], including a precision determination of the
parton densities in nuclei (see Ref. [3] for a recent exam-
ple), constraints on dynamical processes in the initial state of
the cold nucleus (such as those observed at lower energies
[4]), and studies of the general interplay between soft and
hard processes in collisions involving nuclei. Another key
interest, given the robust experimental signatures of quark
gluon plasma–like behavior in these “small” systems [5–9],
is the search for evidence of final-state interactions between
the hard-scattered parton and the dilute system. If the parton
shower is modified in the final state as it propagates through
the produced system, it may lead to a number of effects, the
most direct of which is the decreased production of jets or
hadrons at fixed transverse momentum (pT), i.e., jet quench-
ing [10–12].

By analogy to large, nucleus-nucleus collision systems,
one wants to search in the most “central,” or highest-activity,
collisions where the produced system is largest and longest
lived. Unfortunately, the experimental selection on centrality
in small systems is challenging due to strong autocorrelation
biases and nontrivial physics effects, with magnitudes larger
than that required for a precision constraint on jet quenching
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effects. For events with a generic hard process, the selection
is sensitive to upward multiplicity fluctuations (multiplicity
vetoes), leading to an apparently enhanced yield in central
(decreased yield in peripheral) collisions compared to that
expected from the estimated number of nucleon-nucleon col-
lisions, 〈Ncoll〉, in the events [13–16].

A separate phenomenon observed in data is that, in ex-
treme kinematic regions characterized by Bjorken-x ! 0.1,
the pattern appears to reverse, with a significant deple-
tion (enhancement) in the high-activity central (low-activity
peripheral) events. This feature has been observed in measure-
ments by ATLAS [17], CMS [18], STAR [19], and PHENIX
[20] Collaborations in p/d + A events. In a recent measure-
ment by ATLAS [21], the produced dijet pair was used to
estimate the parton-level kinematics in each event, strongly
suggesting that the modifications follow a universal pattern in
the Bjorken-x of the proton, with their magnitude systemati-
cally increasing with x. A particular quantitative interpretation
of these observations in data is the QCD color fluctuation
model implemented in Refs. [22,23], with references therein
describing the theoretical development of this idea. The model
proposes that proton configurations with a large-x parton
interact more weakly with nucleons in the nucleus than
configuration-averaged protons, thus leading to a decreased
centrality signal and the particular pattern of x-dependent
modifications described above.

To get around these challenges, experimental searches
of jet quenching in p/d + A collisions have therefore been
performed in centrality-averaged (minimum-bias) collisions
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Measurement of  modification in d+Auπ0/γ
• PHENIX measures the double ratio 

 in small systems


➡Argument: the normalization to the 
number of photons takes out all 
centrality bias effects, and any 
modification is a final-state effect


• For centrality averaged events, 



• In the most central events, 

RdAu(π0)/RdAu(γdir)

RdAu(π0)/RdAu(γdir) = 0.92 ± 0.02 (stat) ± 0.15 (syst)

RdAu(π0)/RdAu(γdir) = 0.77 ± 0.03 (stat) ± 0.13 (syst)

2

6

1.16± 0.07, respectively. Because NGL
coll and NEXP

coll agree
reasonably well for 0%–100% and events with large event
activity, it seems that NGL

coll underestimates the number
of hard scattering processes in events with low event ac-
tivity. This may have led to the previously observed en-
hancement of RxA for ⇡0 in p+Au, d+Au and 3He+Au
collisions [21].

Investigated next are possible nuclear modifications of
⇡0 production in d+Au collisions with high event activity.
The nuclear-modification factor is calculated using NEXP

coll
(as defined in Eq. 2) instead of NGL

coll:

R⇡0

dAu,EXP =
Y ⇡0

dAu

NEXP
coll Y ⇡0

pp

=
Y ⇡0

dAu/Y
⇡0

pp

Y �dir

dAu /Y
�dir

pp

. (3)
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FIG. 3. Average R⇡0

dAu,EXP as a function of NEXP
coll . Horizon-

tal and vertical bars are the statistical uncertainties. The

R⇡0

dAu,EXP for 0%–100% d+Au collisions is represented by a

blue line, with the statistical uncertainty given as a band.

The scale uncertainty of 16.5% is shown as a vertical band

around the 0%–100% R⇡0

dAu,EXP value. This uncertainty is

common to all data points.

In Fig. 2, panels (d) to (f) show R⇡0

dAu,EXP for the same
event classes as panels (a) to (c). Over the observed pT
range there is no appreciable pT dependence; the results
of fits to the data are also indicated. Within uncertain-
ties, R⇡0

dAu,EXP for 0%–100% is consistent with unity. The

same is true for R⇡0

dAu,EXP from the lowest event-activity
sample (60%-88%). In contrast, for the highest event-
activity sample (0%–5%), a small but significant sup-
pression of ⇡20% can be seen.

Figure 3 shows the evolution of the average R⇡0

dAu,EXP

as a function of NEXP
coll . Up to NEXP

coll of ⇡12, R⇡0

dAu,EXP is
constant and consistent with the 0%–100% value, and
within the scale uncertainty of 16.5% consistent with
unity or a few percent increase above unity, which would
be expected from CNM e↵ects [47]. However, above

NEXP
coll of 12, R⇡0

dAu,EXP decreases. For the collisions with
the largest activity, the reduction is quantified by a dou-
ble ratio in which the systematic uncertainties cancel:

R⇡0

dAu,EXP(0%–5%)

R⇡0

dAu,EXP(0%–100%)
= 0.806± 0.042, (4)

with a 4.5� deviation from unity. The same ratio for the
events with the smallest event activity is 1.017 ± 0.056,
consistent with unity.
In summary, with the simultaneous measurement of ⇡0

and �dir at high pT in d+Au collisions at
p
sNN = 200

GeV, PHENIX has established that the previously ob-
served enhancement of ⇡0 RdAu in events with low activ-
ity is likely caused by an event-selection bias in estimat-
ing NGL

coll within the GLM framework. The NEXP
coll based

on direct photons, introduced in this paper, provides
a more accurate approximation of the hard-scattering
contribution. Using NEXP

coll eliminates the enhancement,
while maintaining a 20% suppression of high pT ⇡0 in
events with high activity. The observed suppression is
qualitatively consistent with the predictions of energy
loss in small systems [24, 25]. If the suppression is in-
deed owing to hot-matter e↵ects, the yield of fragmenta-
tion photons within �dir may also be suppressed, which in
turn would lead to a slight underestimate of the suppres-
sion. Further studies of the system size dependence with
p+Au, d+Au, and 3He+Au collisions may shed more
light on the existence of droplets of QGP in small sys-
tems [45]. If QGP is formed, the ⇡0 suppression should
be larger in the larger 3He+Au systems and smaller in
the smaller p+Au system, while any remaining e↵ects of
a selection bias would likely have the opposite system-size
dependence.
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Context with other small systems measurements 

Comparison to ALICE limit from Jets

Axel Drees20

ALICE: PLB783 (2018) 95

ALICE limit 0-20% p+Pb at 5.02 TeV: 
for charged jet  pT > 15 GeV/c
DE move outside of R=0.4 cone in 
recoil jet < 0.4 GeV at 90% CL 

PHENIX p0 suppression in 0-5% d+Au  
Assume p0 is leading particle
Use momentum loss  δpT estimate from 
PHENIX:PRC93(2016)24911
20% suppression relative to 0-100%
momentum shift  δpT ~ 0.2 GeV/c

A. Drees, PHENIX 
Overview, IS’23

The PHENIX results would require

  1-2% in 0-5% d+Au collisionsδpT/pT ≈
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Well-known “multiplicity” bias

• Increased event activity in the presence 
of a hard-scattering


➡ overestimate hard scattering yields in 
high-multiplicity events, underestimate 
them in low-multiplicity events


• This particular bias does not have a 
strong process (  vs. ) or kinematic 
dependence


➡ the PHENIX strategy likely eliminates 
this particular bias  ✅

γdir π0

4

J. ADAM et al. PHYSICAL REVIEW C 91, 064905 (2015)
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FIG. 19. (Color online) QpPb spectra (points) of all primary charged particles for various centrality classes obtained with the different
centrality estimators explained in the text. The lines are from G-PYTHIA calculations. The systematic error on the spectra is only shown for the
V0A 0%–5% centrality bin and is the same for all others. The systematic uncertainty on pp and p-Pb normalization is shown as a gray box
around unity at pT = 0. The systematic uncertainty on 〈TpPb〉MB is shown as a light blue box around unity at high pT.

and 6.7% in the measured pT range, 0.15–50 GeV/c, with a
negligible ηcms dependence. The nuclear modification factor is
calculated by dividing the data by the reference pp spectrum
scaled by 〈Ncoll〉MB. The reference pp spectrum is obtained at
low pT (pT < 5 GeV/c) by interpolating the data measured
at

√
s = 2.76 and 7 TeV, and at high pT (pT > 5 GeV/c)

by scaling the measurements at
√

s = 7 TeV with the ratio
of spectra calculated with NLO pQCD at

√
s = 5.02 and

7 TeV [61]. The systematic uncertainty, given by the largest
of the relative systematic uncertainties of the spectrum at 2.76
or 7 TeV at low pT and assigned from the relative difference
between the NLO-scaled spectrum for different scales and the
difference between the interpolated and the NLO-scaled data
at high pT, ranges from 6.8% to 8.2%. For MB collisions the
nuclear modification factor RpPb is consistent with unity for
pT above 6 GeV/c.

The same analysis was repeated by dividing the visible cross
section (see Sec. II) in event classes defined by the centrality
estimators described above, and the QpPb were calculated by

using the values of 〈Ncoll〉 listed in Tables III and VII for each
given estimator. Figure 19 shows QpPb for different centrality
estimators and different centrality classes. The uncertainties of
the p-Pb and pp spectra are added in quadrature, separately,
for the statistical and systematic uncertainties. The systematic
uncertainty on the spectra is only shown for the V0A 0%–5%
centrality bin and is the same for all others, since all the
corrections are independent of centrality. The total systematic
uncertainty on the normalization, given by the quadratic sum
of the uncertainty on the normalization of the pp data and the
normalization of the p-Pb data, amounts to 6.0% and is shown
as a gray box around unity. The systematic uncertainty on
TpPb is shown as a light blue box around unity. For simplicity,
we draw only the uncertainty for the minimum-bias value
〈TpPb〉MB.

As expected, for CL1, V0M, and V0A, QpPb strongly
deviates from unity at high pT in all centrality classes, with
values well above unity for central collisions and below
unity for peripheral collisions. However, the spread between

064905-18

ALICE, PRC 91 (2015) 064905 
+ much work by PHENIX, Steinberg, 

Morsch, Loizides, others



A different bias for extremely high-  processxp
• For hard-scattering processes with 

Bjorken-x in the proton, :


➡ data at RHIC and LHC: there is an 
anti-correlation between increasing 

 and the backward multiplicity 
(i.e. in the nucleus-direction)


➡ i.e. relative movement of events 
from “central” to “peripheral” 
category


➡ observed indirectly as an 

xp ≳ 0.1

xp

RCP < 1
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Globalanalysisofcolorfluctuationeffectsinproton–anddeuteron–nucleus
collisionsatRHICandtheLHC

M.Alvioli,1L.Frankfurt,2,3D.V.Perepelitsa,4andM.Strikman3
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3104DaveyLab,ThePennsylvaniaStateUniversity,UniversityPark,Pennsylvania16803,USA
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(Received30September2017;revisedmanuscriptreceived30January2018;published11October2018)

Wetestthehypothesisthatconfigurationsofaprotonwithalarge-xparton,xp≳0.1,haveasmallerthan
averagetransversesize.TheapplicationoftheQCDQ2evolutionequationsshowsthatthesesmall
configurationsalsohaveasignificantlysmallerinteractionstrength,whichhasobservableconsequencesin
proton-nucleuscollisions.Weperformaglobalanalysisofjetproductiondatainproton-anddeuteron-
nucleuscollisionsatRHICandtheLHC.Usingamodelwhichtakesadistributionofinteractionstrengths
intoaccount,wequantitativelyextractthexpdependenceoftheaverageinteractionstrength,σðxpÞ,overa
widekinematicrange.BycomparingtheRHICandLHCresults,ouranalysisfindsthattheinteraction
strengthforsmallconfigurations,whilesuppressed,growsfasterwithcollisionenergythandoesthatfor
averageconfigurations.Wecheckthatthisenergydependenceisconsistentwiththeresultsofamethod
which,givenσðxpÞatoneenergy,canbeusedtoquantitativelypredictthatatanother.Thisfindingfurther
suggeststhatatevenlowerenergies,nucleonswithalarge-xppartonshouldinteractmuchmoreweakly
thanthoseinanaverageconfiguration,aphenomenoninlinewithexplanationsoftheEMCeffectforlarge-
xpquarksinnucleibasedoncolorscreening.

DOI:10.1103/PhysRevD.98.071502

Hadronsarecomposite,quantummechanicalsystems
withavaryingspatialandmomentumconfigurationoftheir
internalquarkandgluonconstituents.Insufficientlyhigh
energyprocesses,theseconfigurationsremainapproxi-
matelyfixedduringthetimeofthecollision.Thuscertain
physicalpropertiesofthepartonsystemofarapidlymoving
hadron,suchasthetotaltransverseareaoccupiedbythe
colorfields,maychangecollisionbycollision,aphenome-
nonwerefertoascolorfluctuations[1,2].Thesevariations
intheinternalstructureofhadronshaveawiderangeof
observableconsequences,suchasinelasticdiffraction[3–5].
Inquantumchromodynamics(QCD),theconfigurationsin
whichalarge(>10%)fractionofthehadron’smomentumis
carriedbyasinglepartonarespatiallycompact.Forthese
cases,inthewiderangeofenergieswherenonlinear
(saturation)effectsareexpectedtobesmall[6],the
interactionstrengthoftheentireconfigurationdecreases
alongwiththeoverallareaoccupiedbycolor(forareview
andreferencesseeRef.[7]).Furthermore,whilethe

interactionstrengthforsuchsmallconfigurationsisreduced
overall,itrisesrapidlywithcollisionenergyduetoafast
increaseofthegluondensityatsmallx.Inthispaper,we
quantitativelyinvestigatethesepropertiesofQCDsystems
inproton-anddeuteron-nucleus(p=dþA)collisiondataat
theLargeHadronCollider(LHC)andtheRelativisticHeavy
IonCollider(RHIC),respectively.

Figure1symbolicallyillustrateshowprotonconfigura-
tionsoftwodifferentsizescontributetopþAinteractions.

FIG.1.Schematicrepresentationofaproton-nucleuscollision
withafixedgeometryofthetargetnucleus,withamoreweakly
(morestrongly)interactingprojectileprotonontheleft(right).
Theredtubeshowstheprojectionoftheprojectileproton’s
transversesizethroughthenucleus,withimpactednucleonsin
red.Typicalobservableshavecontributionsfrombothtypesof
events,whilelarge-xpconfigurationsmaypreferentiallyselect
weaklyinteractingcases(left).

PublishedbytheAmericanPhysicalSocietyunderthetermsof
theCreativeCommonsAttribution4.0Internationallicense.
Furtherdistributionofthisworkmustmaintainattributionto
theauthor(s)andthepublishedarticle’stitle,journalcitation,
andDOI.FundedbySCOAP3.

PHYSICALREVIEWD98,071502(R)(2018)
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• One compelling explanation: proton 
color fluctuations 

➡ protons with a large-  parton are 
quite different than “average” 
protons, and strike fewer 
nucleons in the nucleus

xp

M. Alvioli et al 
PRD 98 (2018) 071502(R)

“typical” proton rare high-  protonxp



Evidence for xp-UEbackward anti-correlation

6
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2. High-EA and low-EA, as defined in Sec. II B.

3. Pseudorapidity of charged particles in the TPC:

• Au-going, ⌘ 2 (�0.9,�0.3)

• mid-rapidity, ⌘ 2 (�0.3, 0.3)

• p-going, ⌘ 2 (0.3, 0.9)

As expected from the asymmetry of the colliding nu-
clei, the UE is higher at Au-going rapidities. Figure 3
also confirms the correlation between UE charged parti-
cle density and EA expected from Fig. 2: events selected
at high-EA (low-EA) have correspondingly higher (lower)
mean densities for all values of jet pT. As is the case in
Fig. 2, Fig. 3 also suggests that UE decreases with in-
creasing jet pT.

To explore the correlation between hard process and
EA further, Fig. 4 presents the distributions of EA for
three ranges of pleadT,jet, as used in Fig. 3. As already noted,
in 200GeV collisions when one member of a dijet pair is
measured in the TPC (|⌘| < 0.6), it is not kinematically
accessible for the other jet to reach the BBC and there-
fore cause an anti-correlation. Nevertheless, to ensure
this does not a↵ect the measurement, the event selection
for Fig. 4 requires both members of a dijet pair to be
found fully within the TPC acceptance. This is done
using the two highest-pT detector-level jets (praw,lead

T,jet

and praw,recoil
T,jet ) and requiring that: praw,lead

T,jet > 4GeV/c,

praw,recoil
T,jet > 1

2p
raw,lead
T,jet , and

����lead
jet � �recoil

jet

�� > ⇡ �Rjet

�
.
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FIG. 3. Charged particle density as a function of EA, UE
⌘, and pleadT,jet for HT (Etrig

T > 4GeV) events with praw,lead
T,jet >

4 GeV/c. Solid (open) markers represent high-EA (low-EA)
events with their highest-pT jet as specified along the x-axis.
The circles, +’s, and X’s represent the multiplicity densi-
ties in the Au-, mid-, and p-going pseudorapidities, respec-
tively. Statistical errors are smaller than the plotted sym-
bols. The markers in each pleadT,jet selection have small horizon-
tal o↵sets for visual clarity. The red stars show the values
for STAR UE in p+p collisions for pleadT,jet 2 (11,15), (15,20),
(20,25) GeV/c [47]. The shaded boxes show the size of the
systematic uncertainties
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Within these events, there is a statistically significant
drop of mean EA with increasing pleadT,jet: 21190 ± 80,
20300 ± 100 and 19500 ± 200, respectively, presenting a
clear anti-correlation between EA measured in the BBC
and the average momentum transfer of a hard scattering
at mid-rapidity.

C. Semi-Inclusive Jet Spectra

Figure 5 reports the first fully-corrected semi-inclusive
jet spectra in small system collisions at RHIC. The top
panel is the jet spectra per trigger, counting only jets az-
imuthally within ⇡/3 of the triggering tower for trigger-
side jets, while recoil-side jets are required to be az-

I. Mooney, STAR Overview 
nucl-ex/2404.08784
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Figure 8: Dijet pseudorapidity distributions in the five HF activity classes. (a) The distributions
are normalized by the number of selected dijet events. (b) The distributions are normalized by
the number of dijet events with hdijet < 0. The error bars represent the statistical uncertainties
and the dashed lines connecting the data points are drawn to guide the eye.

the combined tracker and calorimeter information. Events containing a leading jet with pT,1 >
120 GeV/c and a subleading jet with pT,2 > 30 GeV/c in the pseudorapidity range |h| < 3 were
analyzed. Data were compared to PYTHIA as well as PYTHIA + HIJING dijet simulations. In
contrast to what is seen in head-on PbPb collisions, no significant dijet transverse momentum
imbalance is observed in pPb data with respect to the simulated distributions. These pPb dijet
transverse momentum ratios confirm that the observed dijet transverse momentum imbalance
in PbPb collisions is not originating from initial-state effects.

The dijet pseudorapidity distributions in inclusive pPb collisions are compared to NLO calcula-
tions using CT10 and CT10 + EPS09 PDFs, and the data more closely match the latter. A strong
modification of the dijet pseudorapidity distribution is observed as a function of forward activ-
ity. The mean of the distribution shifts monotonically as a function of E

4<|h|<5.2
T . This indicates

a strong correlation between the energy emitted at large pseudorapidity and the longitudinal
motion of the dijet frame.
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and repeating the analysis. The variations were applied
simultaneously in the analyses of the dþ Au and pþ p
spectra to allow for their full or partial cancellation in the
RdAu and RCP quantities, with the exception of the variation
of k, described below.
The impact of uncertainties on the detector energy scales

was determined by varying the momenta of the recon-
structed tracks and clusters in simulation. The cluster
energies were varied by 3%. The track momenta were
varied by a track pT -dependent amount, which was 2% for
pT ≤ 10 GeV=c and increased linearly to 4% for
pT ¼ 30 GeV=c. The sensitivity of the results to the jet
selection was evaluated by varying the maximum and
minimum requirement on the calorimetric content of the
jet, and by raising the required number of jet constituents.
The uncertainty in the jet acceptance was evaluated by
doubling the fiducial distance between jets and the edges of
the detector, and by restricting the vertex z position to a
narrower range. The uncertainties associated with the
unfolding procedure were evaluated by changing the power
law index of the simulated pT spectrum by #1, and by
increasing and decreasing the value of k. Because they are
statistical in nature, the effects on the spectra from varying
k were treated as uncorrelated between the event classes.
The sensitivity to the underlying physics model was
evaluated by performing the corrections with a sample
of PYTHIA events analogous to the nominal one but
generated with TUNE A [39] and the CTEQ5L [40] set. A
2% uncertainty, uncorrelated between event classes, was
assigned to the spectra below 25 GeV=c to cover possible
defects in modeling the trigger efficiency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total
systematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT ¼ 12 GeV=c to 30% or higher at
pT ¼ 50 GeV=c and was dominated at all pT by the energy
scale. Because the reconstruction procedure in dþ Au and
pþ p collisions was identical, and the performance,
corrections, and resulting spectra are very similar, the
effects of the variations on RdAu and RCP canceled to a
large degree. The uncertainties on this quantity ranged from
4% at pT ¼ 12 GeV=c (with no single source dominating)
to 15% or higher (dominated by unfolding and physics
model) at pT ¼ 50 GeV=c.
Additional normalization uncertainties on the pþ p

cross section of 10% arose from the uncertainty on
σpp=ϵpp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total uncertainty
on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT independent within uncertainties.
The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear effects are small

at high Q2 in the nuclear Bjorken-x range ≈0.1–0.5. When
compared to calculations over a range of energy loss rates
in the cold nucleus [4], the data favor only small momen-
tum transfers between the hard-scattered parton and nuclear
material, providing constraints on initial-state, or any
additional final-state, energy loss.
In contrast, the centrality-dependent RdAu values

strongly deviate from unity, manifesting as a suppression
(RdAu < 1) and enhancement (RdAu > 1) in central and
peripheral collisions, respectively, which increase in mag-
nitude with pT . Accordingly, the RCP is < 1 in most
selections and decreases systematically with pT and in
more central events. While the suppressed RdAu in 0%–
20% events is consistent with a calculation incorporating
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PRL 116, 122301 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

25 MARCH 2016

122301-6

PHENIX, PRL 116 (2016) 122301

Systematic shift of 
multiplicity distribution 

under increasingly 
higher pTlead selections 

Strong UE-dependence of 
the yield of jets, increasing 
with more forward (higher-

xp) selections

Strongly suppressed 
RCP for jets, 

increasing with pT



Evidence for xp-UEbackward anti-correlation

7

cancellation of the resulting systematic uncertainties from
these sources results in considerably smaller uncertainties
on the RCP compared with those on the dijet yield. The
normalization uncertainty on the RCP corresponding to the
TAB is þ12%= − 19% and is independent of jet pT and η.
The measured central and peripheral dijet yields are

used to construct the RCP as a function of pT;Avg. The RCP
values are then plotted against the approximated
kinematics of the hard parton scattering, constructed using
Eqs. (2) and (3) as hxpi ∼ ð2pT;Avg=

ffiffiffiffiffiffiffiffi
sNN

p Þehybi coshhy$i and
hxPbi ∼ ð2pT;Avg=

ffiffiffiffiffiffiffiffi
sNN

p Þ × e−hybi coshhy$i, where hybi and
hy$i are the average values of the dijet boost and half-rapidity
separation in each given kinematic bin, respectively. The level
of accuracy of this approximation was evaluated via PYTHIA8

MC simulations and found to be accurate within the bin
widths used for the measurement.
Figure 1 shows the results as a function of hxpi (left) and

hxPbi (right). A distinct xp scaling of the RCPðxpÞ is
observed in the valence quark dominance region, charac-
terized by a log-linear decreasing trend. No similar scaling
is observed for smaller values of xp or for any region when
expressed as a function of xPb. Recently, the analysis of
forward dijet production in pþ Pb collisions at LHC
energies was proposed in order to search for the onset
of gluon saturation [42] at low values of xPb. The saturation
scale in the nuclear environment is expected to be enhanced
by a factor A1=3. The lack of monotonic scaling with
decreasing xPb observed in Fig. 1 suggests that gluon
saturation is not the dominant source of the observed effect.
These observations can be expected from the color fluc-
tuation-related interpretation discussed at the beginning of
this Letter. The measured suppression of the RCP is
qualitatively consistent with an xp-dependent decrease in
the interaction strength of proton configurations containing
high-x partons, resulting in a modification of the UE
activity and, therefore, the centrality. Centrality estimates

for events with hard scatterings have been found to be
biased by modifications in soft processes, an effect that is
typically enhanced with small pseudorapidity separations
Δη between a hard probe and the centrality detector
acceptance [23,43,44]. The effect is strongly reduced at
large Δη and is expected to have negligible impact on the
RCP xp scaling reported in Fig. 1.
The xp scaling observed in Fig. 1 is qualitatively similar

to that observed in the 5.02 TeV run 1 inclusive jet analysis
[9] as a function of the jet energy. A direct comparison
between the results could clarify whether or not they are
connected by the same underlying physics. The measure-
ments can be compared by making use of the Feynman
scaling variable xF [45]. Figure 2 shows the dijet results
as a function of the approximated xF computed in each

FIG. 1. RCP plotted as a function of approximated xp (left panel) and xPb (right panel), constructed using hybi and hy$i. An inset legend
is included, showing the (yb, y$) bins and their corresponding markers. The proton-going direction is defined by yb > 0. Shaded
rectangles represent the total systematic uncertainty, while the vertical error bars represent the statistical uncertainty. The solid rectangle
on the left side of each panel represents the uncertainty on the TAB.

FIG. 2. RCP plotted as a function of approximated xF, here
indicated with hxFi and constructed using hybi and hy$i. An inset
legend is included, showing the (yb, y$) bins and their corre-
sponding markers. The proton-going direction is defined by
yb > 0. Shaded rectangles represent the total systematic uncer-
tainty, while the vertical error bars represent the statistical
uncertainty. The solid rectangle on the left side of the panel
represents the uncertainty on the TAB.
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between σðxpÞ at two different energies, one may express
this as the probability to find a configuration with cross
section smaller than λðxpÞσtot,

Z
λðxp;

ffiffiffi
s1

p Þσtotð
ffiffiffi
s1

p Þ

0
dσPNðσ;

ffiffiffiffiffi
s1

p Þ

¼
Z

λðxp;
ffiffiffi
s2

p Þσtotð
ffiffiffi
s2

p Þ

0
dσPNðσ;

ffiffiffiffiffi
s2

p Þ; ð4Þ

which along with Eq. (1) is an implicit equation for the
energy dependence of λðxpÞ at fixed xp.
Starting with the LHC results for λðxpÞ, we use Eq. (4)

to systematically predict λðxpÞ at RHIC energies at the
same values of xp, and vice versa. Figure 4 shows the
results of this check. For xp ≳ 0.15, the relationship
between the extracted λðxpÞ values at RHIC and LHC
energies is consistent with that predicted by Eq. (4). At
lower xp, this method predicts a larger difference in λðxpÞ
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 xp range (e.g., since
it ignores a possible parton flavor dependence). Using the
parametrization for PNðσÞ at the lower, fixed-target
energies given in Ref. [27], one finds that λðxp ∼ 0.5Þ ≈
0.38 at

ffiffiffi
s

p
¼ 30 GeV. At these lower energies, the large-

xp quarks are thus localized in an area of transverse sizeffiffiffiffiffiffiffiffiffiffiffi
λðxpÞ

p
≈ 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 ν to the hadronic

activity as in the dþ Au data, we calculate the distributions
of ν in example centrality bins and the RCP values for hard
triggers with different ranges of xp. 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 dþ 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 pþ A collisions as arising from
an xp-dependent decrease in the interaction strength of
proton configurations [2], and demonstrates that the same
picture successfully describes RHIC data on large-xp 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-xp 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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We test the hypothesis that configurations of a proton with a large-x parton, xp ≳ 0.1, have a smaller than
average transverse size. The application of the QCD Q2 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 xp dependence of the average interaction strength, σðxpÞ, 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 σðxpÞ 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-xp parton should interact much more weakly
than those in an average configuration, a phenomenon in line with explanations of the EMC effect for large-
xp quarks in nuclei based on color screening.

DOI: 10.1103/PhysRevD.98.071502

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 a large (> 10%) fraction of the hadron’smomentum 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

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=dþ A) collision data at
the LargeHadronCollider (LHC) and theRelativistic Heavy
Ion Collider (RHIC), respectively.
Figure 1 symbolically illustrates how proton configura-

tions of two different sizes contribute to pþ A interactions.

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-xp configurations may preferentially select
weakly interacting cases (left).
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2

ferent technique and reported the relative yields of neu-
tral pions (⇡0’s) to those of direct photons (�dir’s), under
the argument that both are subject to the same cen-
trality bias e↵ects, and thus any di↵erence in the de-
gree of modification should be attributed to centrality-
dependent final-state e↵ects (i.e., which would not be
felt by the photons). The PHENIX measurement re-
ports the quantity RdAu,EXP, defined as the double ra-
tio of the nuclear modification factors for ⇡0’s and �dir,
RdAu,⇡0/RdAu,�dir , i.e., conceptually defining RdAu,�dir to
be unity for all centrality selections. The measurement
reports RdAu,EXP in the most central 0–5% of d+Au
events as 0.77± 0.03(stat)± 0.13(syst), where the latter
is dominated by a global uncertainty due to the normal-
ization of the �dir measurement. If interpreted as a jet
quenching e↵ect, the data are challenging to understand
given the extensive null results described above. For ex-
ample, the PHENIX data would require a ⇡0 pT spectrum
shift of �pT ⇡ �0.21 GeV in the most central events at
RHIC [30], corresponding to a fractional energy loss of
�pT/pT ⇡ 1–2% in d+Au events, whereas the measure-
ment by ATLAS in Ref. [28] sets an exclusion limit at 90%
confidence level of �pT/pT < 1.4% for charged hadrons
in p+Pb collisions at the LHC. However, these two mea-
surements probe partons with di↵erent initial energies
and collisions with di↵erent energies and geometries, and
thus may not be in explicit tension.
Notably, the ⇡0 and �dir were measured in the same pT

range of 7.5–18 GeV which, since the ⇡0 carries only a
fraction of the tree-level parton pT, actually corresponds
to di↵erent Bjorken-x ranges. Thus, the measurement
technique defined by PHENIX is directly sensitive to the
x-dependent color fluctuation e↵ects described above, in
addition to any jet quenching e↵ects. In particular, the
strength of the e↵ect changes quickly with x in the re-
gion of the measurement, and is thus only partially “cali-
brated out” with the �dir baseline. In this paper, I argue
that the color fluctuation e↵ect, as calculated using the
results of Ref. [23] with no additional model modifica-
tions or re-tuning to new data, can potentially explain
the full centrality dependence of the observable defined
by PHENIX. When accounting for it, the possible mag-
nitude of any jet quenching e↵ect is significantly smaller,
reconciling the interpretation of the PHENIX measure-
ment with the established constraints on jet quenching
by the other RHIC and LHC experiments.

II. METHOD

The Pythia Monte Carlo event generator [31] was
used to simulate the nucleon–nucleon sub-collisions in
d+Au collisions which produce ⇡0’s and �dir’s in the
PHENIX kinematic selections [29], and determine the
distribution of Bjorken-x values for these events. The
specific selections are pT = 7.5–18 GeV and |⌘| < 0.35
for both species. Pythia version 8.307 was used to gen-
erate events at

p
s = 200 GeV, with a mixture of proton–
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FIG. 1. Distribution in Pythia8 of the values of Bjorken-x in
the deuteron in 200 GeV d+Au collisions, for events produc-
ing ⇡0’s (solid black) or �dir’s (dashed red) in the kinematic
selection used by PHENIX in Ref. [29].

proton, proton–neutron, and neutron–neutron collisions
appropriate for d+Au. Pythia was configured with all
HardQCD processes and a p̂T,min (minimum parton–
parton transverse momentum exchange) of 5 GeV for
the ⇡0 case. For the direct photon case, Pythia was
configured with all PromptPhoton processes, also with
p̂T,min = 5 GeV, and photons which are the result of
hadron decays were rejected (i.e., only those radiated by
a quark were selected). For both samples, this p̂T,min

threshold was checked that it does not introduce a kine-
matic bias in the final-state pT range of interest. One
of the beam hadrons was chosen to represent the proton
or neutron in the deuteron of a d+Au collision and its
Bjorken-x value, defined in Pythia as the x at which
the PDF in the beam is defined [31], was recorded.
Figure 1 shows the distribution of Bjorken-x values

in the deuteron for events with a ⇡0 or �dir within the
PHENIX kinematic selection. For �dir, the distribution
is peaked near x ⇠ 7.5/100 = 0.075, where 7.5 GeV and
100 GeV are the minimum �dir pT threshold and the
beam energy, respectively, with a small tail of contribu-
tions from events with higher x. For ⇡0, the distribution
has a significantly harder tail to large-x values, reflecting
the fact that they are produced by the fragmentation of
hard scattered partons and thus carry only a fraction of
their energy. Notably, the average x value is more than
50% larger for ⇡0- than �dir-producing events, with 28%
(9%) of the ⇡0’s (�dir’s) produced in events with x > 0.2.
In principle, the magnitude of the color fluctuation ef-
fect is expected to be di↵erent depending on whether
the high-x parton in the deuteron is a quark or a gluon.
However, in these kinematics, the quark/gluon fraction is
similar in the ⇡0 and �dir events and thus the di↵erence
in their x distributions is the main distinction.

The distributions of x values in Fig. 1 were then folded
with the results of the color fluctuation model in Ref. [23]
to produce a prediction for the results of the PHENIX
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FIG. 2. Calculated nuclear modification factor RdAu within the
color fluctuation model as a function of the average number of
colliding nucleon pairs, 〈Ncoll〉. Calculations are shown for π 0’s (solid
black) and γdir’s (dashed red) matching the PHENIX kinematic selec-
tion. Since this model does not include any overall modification, the
minimum-bias RdAu is unity by construction.

nucleon pairs 〈Ncoll〉) of centrality-selected d + Au events.
Importantly, while the results here are presented as a func-
tion of the average 〈Ncoll〉, the calculations in Ref. [23] on
which they are based were determined using the distribution
of the Ncoll values in each centrality bin. Second, the color
fluctuation model presents results in exclusive Bjorken-x bins,
which are then combined in a weighted average with the x
distributions for π0 and γdir events above. Since the model in
Ref. [23] did not consider the region x ! 0.1, I treat the color
fluctuation effect as negligible for events with x in this range,
i.e., for these all RdAu = 1. I highlight that the parameters
of this model, determined using previous RHIC and LHC
data, have not otherwise been adjusted or updated before the
comparison to the PHENIX data of interest.

Notably, the color fluctuation model in Ref. [23] does
not itself include any centrality-independent modification,
i.e., RdAu for minimum-bias events is unity by construction.
However, there are expected to be small modifications of the
minimum-bias rate for both species due to the nuclear parton
densities [3] and the “isospin effect” for direct photon produc-
tion from the valence quark region [32,33]. Given the specific
interest in the centrality dependence of the observable and
the small magnitude of the minimum-bias-averaged effects
compared to the large overall normalization uncertainties in
PHENIX data, I do not model these effects explicitly in this
work. If such effects were included, they would result in a
global rescaling of all calculated RdAu points in the same
direction.

Figure 2 shows the calculated nuclear modification factors,
RdAu, within the color fluctuation model, applied to the π0 and
γdir events in the PHENIX kinematics selection, and within
the PHENIX centrality intervals. Since the minimum-bias
RdAu is unity by construction (see above), the modifications
appear as a relative enhancement (suppression) pattern around
unity in peripheral (central) events. Importantly, the magni-
tude of the relative modifications is stronger for π0’s than

FIG. 3. Comparison of the nuclear modification factor RdAu for
direct photons as a function of 〈Ncoll〉, showing the measurement
in PHENIX data (black points) and the calculation from the color
fluctuation model (red line). The vertical bars and boxes around the
data points indicate the statistical uncertainties and the overall 16.5%
normalization uncertainty, respectively.

for γdir’s, reflecting the different x distributions in Fig. 1.
Indeed, in Ref. [23], the quantity λ(x), which describes the
x-dependent weakening of the inelastic nucleon-nucleon inter-
action strength, falls rapidly over the Bjorken-x range relevant
for γdir and π0 production in the measurement, where it de-
creases from λ ≈ 0.8 at x ≈ 0.1 to λ ≈ 0.5 at x ≈ 0.4.

Comparison to data. Fig. 3 compares the calculated RdAu
for γdir integrated over the pT = 7.5–18 GeV range within the
color fluctuation model to that measured by PHENIX, where
the quantity is styled as (Y γdir

dAu/Y γdir
pp )/NGlauber

coll . For this compar-
ison, the measured minimum-bias RdAu for γdir is essentially
unity, and so no overall rescaling of the model calculation is
applied. The model gives a good description of the modest
centrality dependence of the data, with a relative enhancement
and suppression pattern in going from peripheral to central
events. As a reminder, the γdir selection typically results in
events with 〈x〉 ≈ 0.11, and thus the impact of the color fluc-
tuation physics on this observable is modest in the x range
relevant for γdir production.

Figure 4 compares the measured and calculated “double
ratio” of the RdAu for π0’s to that for γdir’s, as a function of
〈Ncoll〉, which is the main result of the PHENIX analysis. The
dashed red line shows the result of the color fluctuation model,
under the assumption that the RdAu in minimum-bias events is
unity for both species. The calculation gives a good, quantita-
tive description of the data within its significant normalization
uncertainty, including the slow decrease of the double ratio
with increasing 〈Ncoll〉.

In the PHENIX analysis, the minimum bias
RdAu(π0)/RdAu(γdir ) is measured to be 0.92 ± 0.02(stat) ±
0.15(syst). Reference [29] notes that this value is consistent
with unity within the large overall scale uncertainty, which
is dominated by uncertainties in the π0 and γdir p + p
references. Thus, the data-model comparison here has a
significant degree of freedom in the overall normalization
of the data. The best match between the model and the
central values of the data is achieved by adjusting the
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FIG. 2. Calculated nuclear modification factor RdAu within the
color fluctuation model as a function of the average number of
colliding nucleon pairs, 〈Ncoll〉. Calculations are shown for π 0’s (solid
black) and γdir’s (dashed red) matching the PHENIX kinematic selec-
tion. Since this model does not include any overall modification, the
minimum-bias RdAu is unity by construction.

nucleon pairs 〈Ncoll〉) of centrality-selected d + Au events.
Importantly, while the results here are presented as a func-
tion of the average 〈Ncoll〉, the calculations in Ref. [23] on
which they are based were determined using the distribution
of the Ncoll values in each centrality bin. Second, the color
fluctuation model presents results in exclusive Bjorken-x bins,
which are then combined in a weighted average with the x
distributions for π0 and γdir events above. Since the model in
Ref. [23] did not consider the region x ! 0.1, I treat the color
fluctuation effect as negligible for events with x in this range,
i.e., for these all RdAu = 1. I highlight that the parameters
of this model, determined using previous RHIC and LHC
data, have not otherwise been adjusted or updated before the
comparison to the PHENIX data of interest.

Notably, the color fluctuation model in Ref. [23] does
not itself include any centrality-independent modification,
i.e., RdAu for minimum-bias events is unity by construction.
However, there are expected to be small modifications of the
minimum-bias rate for both species due to the nuclear parton
densities [3] and the “isospin effect” for direct photon produc-
tion from the valence quark region [32,33]. Given the specific
interest in the centrality dependence of the observable and
the small magnitude of the minimum-bias-averaged effects
compared to the large overall normalization uncertainties in
PHENIX data, I do not model these effects explicitly in this
work. If such effects were included, they would result in a
global rescaling of all calculated RdAu points in the same
direction.

Figure 2 shows the calculated nuclear modification factors,
RdAu, within the color fluctuation model, applied to the π0 and
γdir events in the PHENIX kinematics selection, and within
the PHENIX centrality intervals. Since the minimum-bias
RdAu is unity by construction (see above), the modifications
appear as a relative enhancement (suppression) pattern around
unity in peripheral (central) events. Importantly, the magni-
tude of the relative modifications is stronger for π0’s than

FIG. 3. Comparison of the nuclear modification factor RdAu for
direct photons as a function of 〈Ncoll〉, showing the measurement
in PHENIX data (black points) and the calculation from the color
fluctuation model (red line). The vertical bars and boxes around the
data points indicate the statistical uncertainties and the overall 16.5%
normalization uncertainty, respectively.

for γdir’s, reflecting the different x distributions in Fig. 1.
Indeed, in Ref. [23], the quantity λ(x), which describes the
x-dependent weakening of the inelastic nucleon-nucleon inter-
action strength, falls rapidly over the Bjorken-x range relevant
for γdir and π0 production in the measurement, where it de-
creases from λ ≈ 0.8 at x ≈ 0.1 to λ ≈ 0.5 at x ≈ 0.4.

Comparison to data. Fig. 3 compares the calculated RdAu
for γdir integrated over the pT = 7.5–18 GeV range within the
color fluctuation model to that measured by PHENIX, where
the quantity is styled as (Y γdir

dAu/Y γdir
pp )/NGlauber

coll . For this compar-
ison, the measured minimum-bias RdAu for γdir is essentially
unity, and so no overall rescaling of the model calculation is
applied. The model gives a good description of the modest
centrality dependence of the data, with a relative enhancement
and suppression pattern in going from peripheral to central
events. As a reminder, the γdir selection typically results in
events with 〈x〉 ≈ 0.11, and thus the impact of the color fluc-
tuation physics on this observable is modest in the x range
relevant for γdir production.

Figure 4 compares the measured and calculated “double
ratio” of the RdAu for π0’s to that for γdir’s, as a function of
〈Ncoll〉, which is the main result of the PHENIX analysis. The
dashed red line shows the result of the color fluctuation model,
under the assumption that the RdAu in minimum-bias events is
unity for both species. The calculation gives a good, quantita-
tive description of the data within its significant normalization
uncertainty, including the slow decrease of the double ratio
with increasing 〈Ncoll〉.

In the PHENIX analysis, the minimum bias
RdAu(π0)/RdAu(γdir ) is measured to be 0.92 ± 0.02(stat) ±
0.15(syst). Reference [29] notes that this value is consistent
with unity within the large overall scale uncertainty, which
is dominated by uncertainties in the π0 and γdir p + p
references. Thus, the data-model comparison here has a
significant degree of freedom in the overall normalization
of the data. The best match between the model and the
central values of the data is achieved by adjusting the
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FIG. 4. Comparison of the ratio of nuclear modification
factors between that for neutral pions and direct photons,
RdAu(π 0)/RdAu(γdir ), as a function of 〈Ncoll〉, showing the measure-
ment in PHENIX data (black points) and the calculation from the
color fluctuation model (red lines). The vertical bars and boxes
around the data points indicate the statistical uncertainties and the
overall 16.5% normalization uncertainty, respectively. The dashed
red line assumes that RdAu in minimum-bias events for both π 0’s and
γdir’s is unity. The solid red line adjusts the calculation by a factor
of 0.9, to better match the actually measured RdAu(π 0)/RdAu(γdir ) in
minimum-bias events by PHENIX.

model down by a factor 0.90, shown as a solid red line
in Fig. 4. I note that this factor is close to the measured
minimum-bias RdAu(π0)/RdAu(γdir ) value of 0.92, and is
well within the normalization uncertainty of the data. This
may alternatively be thought of as scaling the data up by
approximately two-thirds of its stated global uncertainty.
With this normalization, the model now provides an excellent
description of the central values of the PHENIX data.
While not explored here, I note that taking into account the
uncertainties in the model parameters themselves [23] may
further improve the data-model agreement. Thus, no other
physics effects, such as a significant centrality-dependent jet
quenching, are needed to describe the PHENIX data.

In the future, several experimental avenues may help to
separate the contribution of the color fluctuation effect from
searches for the jet quenching physics of interest. First, one
may design the kinematic selections with an aim to match

the Bjorken-x ranges accessed by the hadron/jet and photon
processes, and thus cancel the impact of the color fluctuation
effect. Second, as motivated in Ref. [34], the two effects are
expected to have different sensitivities to changing the projec-
tile, such as in p + Au or 3He +Au data previously recorded
at RHIC. This has been performed for π0’s in Ref. [35], but
not yet for γdir. Third, one could attempt a centrality selec-
tion based on measuring spectator neutrons in a zero-degree
calorimeter (e.g., as used in Refs. [27,28]), which may better
isolate the underlying geometry and not be sensitive to physics
effects which manifest as a bias on the produced multiplicity.
Fourth, oxygen-oxygen (O + O) collisions at RHIC and the
LHC [36] would allow for the study of jet quenching in a
small system, in which a single weakly-interacting nucleon
in the 16O nucleus will have a much smaller impact on the
overall centrality signal.

Conclusion. This paper examines a recent PHENIX
measurement which found a different degree of centrality-
dependent modification for π0’s and γdir’s in d + Au colli-
sions at RHIC. The measurement strategy is ostensibly chosen
to calibrate out any centrality-dependent biases with the γdir
measurement. However, I show that the particular π0 and γdir
kinematic selections used in the measurement select events
which arise from different distributions of Bjorken-x values.
As such, the PHENIX measurement is directly sensitive to
the physics effects described by the color fluctuation model,
in which centrality-dependent modifications (which do not
arise from jet quenching) systematically increase with x. Us-
ing the model parameters determined from RHIC and LHC
measurements reported ten years ago, without any postdiction
updating, I show that a straightforward application of the
model to the PHENIX kinematics gives a good description of
the experimental data. After accounting for the possible role
of color fluctuation effects, the evidence for any remaining
final-state effects, such as from jet quenching, is significantly
more limited. This finding reconciles the interpretation of the
PHENIX data with that from other measurements at RHIC and
LHC, which have set stringent limits on the possible amount
of parton energy loss in small collision systems.
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A major complication in the search for jet quenching in proton- or deuteron-nucleus collision systems is the
presence of physical effects which influence the experimental determination of collision centrality in the presence
of a hard process. For example, in the proton color fluctuation picture, protons with a large Bjorken-x (x ! 0.1)
parton interact more weakly with the nucleons in the nucleus, leading to a smaller (larger) than expected yield in
large (small) activity events. A recent measurement by the PHENIX Collaboration compared the yield of neutral
pion and direct photon production in d + Au collisions, under the argument that the photon yields correct for such
biases, and the difference between the two species is thus attributable to final-state effects (i.e., jet quenching).
The main finding suggests a significant degree of jet quenching for hard processes in small systems. In this
paper, I argue that the particular photon and pion events selected by PHENIX arise from proton configurations
with significantly different Bjorken-x distributions, and thus are subject to different magnitudes of modification
in the color fluctuation model. Using the results of a previous global analysis of data from the BNL Relativistic
Heavy Ion Collider (RHIC) and the CERN Large Hadron Collider (LHC), I show that potentially all of the
pion-to-photon difference in PHENIX data can be described by a proton color fluctuation picture at a quantitative
level before any additional physics from final-state effects is required. This finding reconciles the interpretation
of the PHENIX measurement with others at RHIC and LHC, which have found no observable evidence for jet
quenching in small systems.

DOI: 10.1103/PhysRevC.110.L011901

Introduction. Measurements of hard processes in relativis-
tic proton- or deuteron-nucleus (p/d + A) collisions at the
BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider (LHC) have a number of scientific
purposes [1,2], including a precision determination of the
parton densities in nuclei (see Ref. [3] for a recent exam-
ple), constraints on dynamical processes in the initial state of
the cold nucleus (such as those observed at lower energies
[4]), and studies of the general interplay between soft and
hard processes in collisions involving nuclei. Another key
interest, given the robust experimental signatures of quark
gluon plasma–like behavior in these “small” systems [5–9],
is the search for evidence of final-state interactions between
the hard-scattered parton and the dilute system. If the parton
shower is modified in the final state as it propagates through
the produced system, it may lead to a number of effects, the
most direct of which is the decreased production of jets or
hadrons at fixed transverse momentum (pT), i.e., jet quench-
ing [10–12].

By analogy to large, nucleus-nucleus collision systems,
one wants to search in the most “central,” or highest-activity,
collisions where the produced system is largest and longest
lived. Unfortunately, the experimental selection on centrality
in small systems is challenging due to strong autocorrelation
biases and nontrivial physics effects, with magnitudes larger
than that required for a precision constraint on jet quenching

*Contact author: dvp@colorado.edu

effects. For events with a generic hard process, the selection
is sensitive to upward multiplicity fluctuations (multiplicity
vetoes), leading to an apparently enhanced yield in central
(decreased yield in peripheral) collisions compared to that
expected from the estimated number of nucleon-nucleon col-
lisions, 〈Ncoll〉, in the events [13–16].

A separate phenomenon observed in data is that, in ex-
treme kinematic regions characterized by Bjorken-x ! 0.1,
the pattern appears to reverse, with a significant deple-
tion (enhancement) in the high-activity central (low-activity
peripheral) events. This feature has been observed in measure-
ments by ATLAS [17], CMS [18], STAR [19], and PHENIX
[20] Collaborations in p/d + A events. In a recent measure-
ment by ATLAS [21], the produced dijet pair was used to
estimate the parton-level kinematics in each event, strongly
suggesting that the modifications follow a universal pattern in
the Bjorken-x of the proton, with their magnitude systemati-
cally increasing with x. A particular quantitative interpretation
of these observations in data is the QCD color fluctuation
model implemented in Refs. [22,23], with references therein
describing the theoretical development of this idea. The model
proposes that proton configurations with a large-x parton
interact more weakly with nucleons in the nucleus than
configuration-averaged protons, thus leading to a decreased
centrality signal and the particular pattern of x-dependent
modifications described above.

To get around these challenges, experimental searches
of jet quenching in p/d + A collisions have therefore been
performed in centrality-averaged (minimum-bias) collisions
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Figure 5: Measured ratio hPETi / h
P

ETiref in hard-scatter pp collisions, shown as a function of xtarg (left) and xproj
(right). The vertical shaded bands represent total systematic and statistical uncertainties in the data in quadrature
while the vertical bars represent statistical uncertainties only. The bottom panel shows the ratio of the predictions
of three MC event generators to the data.

They describe the xproj dependence well, but Pythia 6 and Pythia 8 show a slightly stronger dependence
on xtarg, while Herwig++ shows a much weaker one. The observed dependence admits a simple interpret-
ation: when the hard scattering involves a parton with large xtarg, the beam remnant has less longitudinal
energy and transverse energy production at large pseudorapidity is substantially reduced.

8 Conclusions

This Letter presents measurements of the dependence of transverse energy production at large rapidity on
hard-scattering kinematics in 4.0 pb�1 of

p
s = 2.76 TeV pp collision data with the ATLAS detector at the

LHC. The results have a number of implications. They demonstrate that the average level of transverse
energy production at large pseudorapidity is sensitive mainly to the Bjorken-x of the parton originating
in the beam-proton which is headed towards the energy-measuring region, and is largely insensitive to
x in the other proton. Specifically, the decrease in the mean transverse energy downstream of a beam-
proton is approximately linear in the longitudinal energy carried away from that beam-proton in the
hard scattering. Monte Carlo event generators generally underpredict the overall value of the transverse
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