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PHENIX presents a simultaneous measurement of the production of direct γ and π0 in dþ Au collisions
at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV over a pT range of 7.5 to 18 GeV=c for different event samples selected by event

activity, i.e., charged-particle multiplicity detected at forward rapidity. Direct-photon yields are used to
empirically estimate the contribution of hard-scattering processes in the different event samples. Using this

estimate, the average nuclear-modification factor, Rπ0
dAu;EXP, is 0.925� 0.023ðstatÞ � 0.15ðscaleÞ, con-

sistent with unity for minimum-bias (MB) dþ Au collisions. For event classes with low and moderate

event activity, Rπ0
dAu;EXP is consistent with the MB value within 5% uncertainty. This result confirms that the

previously observed enhancement of high-pT π0 production found in small-system collisions with low
event activity is a result of a bias in interpreting event activity within the Glauber framework. In contrast,

for the top 5% of events with the highest event activity, Rπ0
dAu;EXP is suppressed by 20% relative to the MB

value with a significance of 4.5σ, which may be due to final-state effects. This suppression corresponds to a
pT shift of δpT ¼ 0.213� 0.055 Gev=c at 9 Gev=c.

DOI: 10.1103/PhysRevLett.134.022302

High transverse-momentum (pT) particles are produced
in rare, initial hard-scattering processes and are sensitive to
the evolution of relativistic heavy-ion collisions. The
suppression of their yields with respect to the incoherent
superposition of yields from pþ p collisions was predicted
[1–3] as a signature for the formation of a hot and dense
partonic medium, the quark-gluon plasma (QGP). This was
first observed in Aþ A collisions at the Relativistic Heavy
Ion Collider (RHIC) [4,5] and later at the Large Hadron
Collider (LHC) [6–8]. Together with the absence of
suppression in minimum-bias (MB) dþ Au [9,10] colli-
sions at RHIC and pþ Pb collisions at the LHC [11,12], it
served as a compelling piece of evidence that QGP is
formed in heavy-ion collisions.
Multiparticle correlations [13–18] and strangeness

enhancement [19] in collisions of small-on-large nuclei
(xþ A) with high particle multiplicity, or event activity,
have led to the suggestion that QGP droplets may be
formed even in small systems. If true, one may also find
evidence for energy loss of high-pT particles in these
collisions. However, measurements at RHIC [20,21] and
LHC [22,23] have revealed an inconclusive pattern of
suppression in high-activity events and a puzzling enhance-
ment in low-activity events.
Theoretical calculations predict that any presence of

QGP in xþ A collisions should result in a suppression of
high-pT hadrons [24,25]. While there are now stringent
experimental limits on energy loss for jets with pT above
15 GeV=c in pþ Pb collisions at the LHC [17,26], the pT

range below 15 GeV=c remains less constrained, and the
cause of the enhancement in low activity events remains
unclear. To better understand these observations, high pT
particle production in xþ A at RHIC needs to be explored
with greater accuracy.
Evidence for energy loss is typically quantified by the

nuclear-modification factor, RAB, as a function of pT :

RABðpTÞ ¼
YABðpTÞ

NcollYppðpTÞ
; ð1Þ

where YAB and Ypp are the yields in Aþ B and pþ p
collisions, respectively, with A and B being large or small
ions. The average number of binary nucleon-nucleon (NN)
collisions, Ncoll is used to scale particle production from
hard-scattering processes from pþ p to Aþ B events.
Because Ncoll is not experimentally accessible, the Glauber
model (GLM) [27,28] is usually used to map Ncoll to the
measured event activity or centrality. The basic tenet is that
the majority of NN collisions involve only small momen-
tum exchanges; thus, Ncoll can be estimated with the
eikonal approximation.
The observation that the direct photon RAA is consistent

with unity in Auþ Au collisions, independent of the event
selection [29], confirmed that the particle production
from hard-scattering processes scales with Ncoll. Similar
behavior has been seen at the LHC for electromagnetic
(EM) probes [30–34] including the Z boson [35].
Studies at RHIC and LHC [36–38] indicate that the

GLM based mapping of various measures of event activity
to Ncoll can be biased by the presence of hard-scattering
processes. The effect will not be noticeable if Ncoll is*Contact author: akiba@rcf.rhic.bnl.gov
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large [37], but it can be significant if Ncoll is small, as in
peripheral Aþ A collisions or collisions of xþ A systems
[38–42]. In xþ A collisions, this bias would manifest itself
as an underestimate (overestimate) of Ncoll for events with
low (high) event activity leading to an apparent enhance-
ment (suppression) of high-pT hadron or jet yields.
Although the effect of this selection bias has been studied
extensively [43–45], it remains a challenge to disentangle
the final-state effects in RxA from the impact of this bias.
This Letter aims to resolve the ambiguity of whether the

observed enhancement and/or suppression pattern in RdAu
for dþ Au collisions selected by event activity [21] is due
to an event-selection bias in estimating Ncoll or true nuclear
effects. To achieve this, high-pT direct photons (γdir) are
employed as a benchmark for particle production from
hard-scattering processes in a given event sample [46].
They are used to experimentally estimate the number of
binary collisions (NEXP

coll ) for a given event selection from
the ratio of the direct-photon yields in that selection to that
from pþ p collisions:

NEXP
coll ðpTÞ ¼

Yγdir

dAuðpTÞ
Yγdir
ppðpTÞ

: ð2Þ

Here it is assumed that final-state effects on photons are
negligible. Indeed, in Auþ Au collisions, where Rγdir

AA is
consistent with unity and shows no appreciable pT depend-
ence [29], NEXP

coll is equal to Ncoll as determined by the GLM
(NGL

coll). Because cold-nuclear-matter (CNM) effects on γdir

in dþ Au are expected to be similar or smaller than in
Auþ Au [47], NEXP

coll is also a measure of Ncoll in dþ Au
with the advantage that it is less sensitive to potential event-
selection biases than NGL

coll. Theoretical calculations suggest
that there are changes in the probability of hard scattering
owing to the presence of CNM effects, including
differences in isospin, i.e., different u and d quark content
in pþ p and dþ Au collisions, shadowing, the European
Muon Collaboration (EMC) effect, etc. [25,47,48]. These
are predicted to result in a reduction in the production of
high pT γdir in dþ Au collisions of up to 10% over the pT
range investigated here [47]. The same calculations show a
similar decrease in pion production. Accounting for the
different Bjorken-x regions spanned by γdir and π0, the pT
dependence of their relative yields between dþ Au and
pþ p collisions cancels within 5%. While these calcu-
lations are for MB collisions, they are expected to hold true
for all event selections. Compared to the current exper-
imental uncertainties these differences are small, further
justifying the use of Eq. (2) to test the scaling of high-pT
particle production from pþ p to a given dþ Au event
sample.
The π0 and direct-photon data were recorded with the

PHENIX experiment [49] in 2016 using a triggered event
sample of 12.6 × 106 dþ Au collisions, corresponding to

an integrated luminosity of ≈50 nb−1. In addition, a MB
data sample of 65 × 106 events is used to define event
activity classes, based on the charged particle multiplicity
in the Au-going direction, and to determine the absolute
normalization of the π0 and direct photon spectra. The MB
trigger requires a coincidence of at least one hit in the
upstream and downstream beam-beam counters [50]
(covering the pseudorapidity range 3.0 < jηj < 3.9), which
records 88� 4% of the inelastic cross section. The event
trigger required a local energy deposit (> 2.4 GeV) in the
electromagnetic calorimeter [51] (EMCal, jηj < 0.35).
The π0 mesons are reconstructed using the π0 → γγ

decay as described in [5,52]. Photon candidates are
identified by comparing the shape and timing of the
reconstructed energy clusters to the expected response of
the EMCal. All photon candidates in an event are combined
into pairs, their invariant mass is calculated, and the mass
distribution is aggregated in bins of reconstructed p0

T . Any
combinatorial background is subtracted. The result is the
raw π0 yield, dNπ0

raw=dp0
T , which is corrected to represent

the true π0 yield, dNπ0=dpT , in the rapidity range jyj < 0.5.
The correction is determined by an iterative unfolding
procedure similar to the standard Bayesian approach, using
a response matrix, MðpT; p0

TÞ, with elements that are the
probability that a π0 of a given true pT , uniformly
distributed in azimuth and in jyj < 0.5, will be recon-
structed in PHENIX as a π0 with p0

T . The simulated
response is determined with a GEANT3 [53] implementation
of the PHENIX experiment. The yield of photon candidates
constitutes the raw inclusive photon yield, γinclraw, and
contains energy clusters from direct photons, clusters from
single decay photons, and clusters reconstructed from
overlapping EM showers from two decay photons. The
direct-photon yield is extracted from the γinclraw yield follow-
ing [5,29] without isolation requirements. To determine the
contribution of decay photons to the raw inclusive yield,
two additional response matrices are generated,
MðpTðπ0Þ; p0

TðγÞÞ and MðpTðηÞ; p0
TðγÞÞ. Here the ele-

ments are the number of photon candidates reconstructed
with p0

T for a π0 (η) of a given pT . The reconstructed
decay photon candidates from π0 are given by
MðpTðπ0Þ; p0

TðγÞÞ × dNπ0=dpT , using the corrected π0

pT spectrum.
The contribution from other meson decays is calculated

as MðpTðηÞ; p0
TðγÞÞ × dNη=dpT × ð1þ γω;η

0
=γηÞ. The

η meson pT spectrum is taken as dNη=dpT ¼
η=π0 × dNπ0=dpT , using the pT dependent η=π0 ratio
determined in [54]. The photon candidates from η decays
are then scaled by the ratio γω;η

0
=γη ¼ 0.19 to account for

the contribution from ω and η0 meson decays, which is
independent of pT above 7 GeV=c [55]. This raw decay-
photon contribution to the photon candidates is subtracted
from the raw inclusive-photon yield. The remaining photon
candidates constitute the raw direct-photon yield, which is
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corrected using the same iterative method deployed for π0

[56]. Finally, for each event class, the absolute normaliza-
tion of π0 and γdir yields is corrected for the average pT

independent bias induced by a hard process on NGL
coll [36].

The systematic uncertainties on the π0 and γdir yields
are evaluated following established procedures [21]. For
dþ Au they vary between 11% to 15% over the pT range
from 7.5 to 18 GeV=c. Sources of uncertainties include the
energy scale calibration, the amount of material in the
detector where photons convert, the photon shower identi-
fication, shower merging, the absolute normalization, plus
other smaller contributions. These sources are common to π0

and γdir. For γdir additional uncertainties due to the hadron
contamination and the contribution of decay photons from η,
ω, and η0 are considered. In the γdir=π0 ratio many uncer-
tainties cancel, including uncertainties from normalization,
reducing the systematic uncertainties to about 6% to 9%
independent of event activity. To assure that there are no
event-activity-dependent uncertainties, the corrections for
the π0 and γdir yields were determined separately for each
event class. With exception of the absolute normalization
correction, they are found to be equal within an accuracy of
1% (see Supplemental Material [57]).
Invariant yields of π0 and γdir covering the pT range from

7.5 to 18 GeV=c are shown in Figs. 1(a) and 1(b),
respectively. Both panels include the yield for dþ Au
(0%–100%) and for six dþ Au event classes selected by
event activity, with 0%–5% being the events with the
largest activity. Invariant yields measured in pþ p [21,61]
are also shown. The dþ Au results for π0 and for MB γdir

are consistent with previous measurements [21,62].
Figure 1(c) presents the γdir=π0 ratios. The γdir=π0 ratio
for dþ Au (0%–100%) is consistent with that from pþ p
collisions. This is also true for all dþ Au event classes with
low to moderate event activity. The similarity of γdir=π0 for
pþ p and most dþ Au collisions suggests that initial state
CNM effects must be similar for the production of high-pT

π0 and γdir. This supports the conjecture that the earlier
observed enhancement of Rπ0

xA in xþ A collisions with low
event activity [21] was caused by a bias in the mapping of
event activity to NGL

coll. In contrast, the γdir=π0 ratio for the
dþ Au events with high activity (0%–5%) is visibly larger
than the one for pþ p.
To further quantify the bias in mapping event activity to

NGL
coll,N

EXP
coll , andN

GL
coll are compared directly for the different

event classes. Figures 2(a)–2(c) show NEXP
coll versus pT for

MB dþ Au events (0%–100%), and those with high
(0%–5%) and low (60%–88%) event activity. The figure
includes the average values of NEXP

coll determined from fits to
the data (solid lines) compared to NGL

coll (dashed lines) [55].
The systematic uncertainties on NEXP

coll , ≈16%, are domi-
nated by uncertainties on the pþ p data set and thus are a
common scale uncertainty for all dþ Au event classes. The
NEXP

coll and NGL
coll agree well for 0%–100% and are consistent

for all event selections within uncertainties. However, the
ratio of NEXP

coll =N
GL
coll shown in Fig. 3(a) has a clear trend

with event activity. The ratio is larger than one for events
with low activity. The NEXP

coll =N
GL
coll ratio decreases

with increasing activity and becomes consistent with unity.
The significance of this trend is evaluated by calcula-
ting the double ratio, NEXP

coll ðiÞ=NEXP
coll ð0%–100%Þ to

NGL
collðiÞ=NGL

collð0%–100%Þ for the event selection i. For
0%–5% and 60%–88% the double ratio is 0.96� 0.05�
0.01 and 1.16� 0.07� 0.06, respectively. The systematic
uncertainties mostly cancel so that only the uncertainties on
the bias factor remain. 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 activity.
This may have led to the previously observed enhancement
of RxA for π0 in pþ Au, dþ Au and 3Heþ Au colli-
sions [21].
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FIG. 1. The pT distribution at high pT of (a) neutral pions and
(b) direct photons for different dþ Au event activity classes
compared to those from pþ p collisions. Panel (c) shows the
ratio γdir=π0. For better visibility the points are slightly shifted
in pT .
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Next, possible nuclear modifications of π0 production in
dþ Au collisions with high event activity are investigated.
For this the nuclear modification factor is calculated using
NEXP

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

Rπ0
dAu;EXP ¼

Yπ0
dAu

NEXP
coll Y

π0
pp

¼ Yγdir
pp=Yπ0

pp

Yγdir

dAu=Y
π0
dAu

; ð3Þ

which is equivalent to the double ratio of γdir=π0 ratios.
Figures 2(d)–2(f) show Rπ0

dAu;EXP for the same event classes
as Figs. 2(a)–2(c). Over the observed pT range there
is no appreciable pT dependence; the results of fits to the
data are also indicated. Within uncertainties, Rπ0

dAu;EXP for
0%–100% is consistent with unity. The same is the case
forRπ0

dAu;EXP from lowest event-activity sample (60%–88%).
In contrast, for the highest event activity-sample (0%–5%),
a small but significant suppression of ≈20% can
be seen.
The evolution of the average Rπ0

dAu;EXP as a function of
NEXP

coll is shown in Fig. 3(b). The points below 14 in NEXP
coll

are 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 effects [47]. However, for the collisions with
the largest event activity Rπ0

dAu;EXP is significantly reduced.
The reduction is quantified by a double ratio in which the
systematic uncertainties cancel:

Rπ0
dAu;EXPð0%–5%Þ

Rπ0
dAu;EXPð0%–100%Þ ¼ 0.806� 0.042; ð4Þ

with a 4.5σ deviation from unity. The same ratio for the
events with the smallest event activity is 1.017� 0.056,
consistent with unity. The observed 0.806� 0.042
suppression of the π0 yield corresponds to a pT shift of
δpT ¼ 0.213� 0.055 GeV=c at 9 GeV=c. This shift is
smaller than upper limits currently set by LHC experiments
[17,26]. energy loss was limited to 0.4 GeV=c outside
of a cone of R ¼ 0.4 for 15 GeV=c jets from pþ Pb
collisions [17]. These limits suggest that the LHC meas-
urement would not be sensitive to the suppression observed
here. Multiple factors increase the sensitivity of PHENIX,
including (i) experimental techniques, such as eliminating
any model dependence, minimizing systematic uncertain-
ties through double ratios, and choosing a larger system;
(ii) the softer momentum spectrum at RHIC compared to at
the LHC; and (iii) measuring leading particles rather than
partial jet energies.
In summary, with the simultaneous measurement

of π0 and γdir at high pT in dþ Au collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV, PHENIX has established that the pre-
viously observed enhancement of π0 RdAu in events with
low activity is likely caused by an event-selection bias in
estimating NGL

coll within the GLM framework. The NEXP
coll

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

coll eliminates the enhancement,
while maintaining a 20% suppression of high pT π0 in
events with high activity. The observed suppression is

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. Values of NEXP
coll versus pT as defined in Eq. (2) for three

dþ Au event classes, (a) 0%–100%, (b) 0%–5%, and (c) 60%–
88%. Also shown are fits to the data (solid lines) and the
corresponding value NGL

coll (dashed lines). Panels (d) to (f) show
the nuclear modification factors Rπ0

dAu;EXP, calculated with Eq. (3),
for the same event selections as in panels (a) to (c) together with
fits to the data.
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FIG. 3. The ratio (a) NEXP
coll =N

GL
coll and (b) the average R

π0
dAu;EXP as

a function of NEXP
coll . Horizontal and vertical bars are the statistical

uncertainties. The values for 0%–100% centrality dþ Au colli-
sions are represented by a solid [blue] line, with the statistical
uncertainty given as a band. The scale uncertainties that are
common to all data points are shown for the 0%–100% value.
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qualitatively consistent with the predictions of energy loss
in small systems [24,25]. If the suppression is indeed due to
hot-matter effects, the yield of fragmentation photons
within γdir may also be suppressed, which in turn would
lead to a slight underestimate of the suppression. To the
contrary, any remaining bias in the event selection, for
example due to the different Bjorken-x range sampled by
events with γdir or π0 with the same pT , could add to the
suppression. Further studies of the system-size dependence
with pþ Au, dþ Au, and 3Heþ Au collisions may shed
more light on the origin of the observed suppression.
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Institut National de Physique Nucléaire et de Physique
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