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Systematic study of nuclear effects in p+Al, p+Au, d+Au, and *He+Au collisions at

VSvw = 200 GeV using 7° production at PHENIX

PHENIX Collaboration Author List (Brant will insert later)

PHENIX presents a systematic study of 7° production from p+p, p+Al, p+Au, d+Au, and
3He+Au collisions at v/s =200 GeV. For inelastic collisions, the nuclear modification factors, Rxa,
are consistent with unity for pr above 8 GeV /¢, but exhibit an enhancement in peripheral collisions
and a suppression in central collisions. The enhancement and suppression characteristics are the
same for all systems for the same centrality class. It is shown that for high pr 7° production the
nucleons in the d and ®He interact mostly independently with the Au nucleus and that the counter
intuitive centrality dependence is likely due to a bias in the event selection. These observations
disfavor models where parton energy loss has a significant contribution to nuclear modifications in
small systems. Nuclear modifications at lower pr resemble the Cronin effect — an increase of Rxa
followed by a peak in central or inelastic collisions and a plateau in peripheral collisions. The peak
has a characteristic ordering by system size as p+Au > d+Au > 3He+Au > p+Al. This is the
exact reverse order compared to what is predicted by current calculations based on initial state cold
nuclear matter effects, suggesting the presence of other contributions to nuclear modifications, in

particular at lower pr.

PACS numbers: 25.75.Dw
I. INTRODUCTION

Measurements of transverse momentum (pr) distri-
butions of particles produced in hadronic collisions are
commonly used to obtain information from these colli-
sions. At the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory (BNL), studies of
neutral pions have led to significant insights. The dis-
covery of the suppression of high pr neutral pions and
charged hadrons [1] in Au+Au collisions was one of the
first hints of parton energy loss in the strongly coupled
Quark Gluon Plasma (QGP). The absence of any sup-
pression in reference spectra from d+Au collisions [2],
where the formation of a QGP was not expected, was
critical to establish parton energy loss as the origin of
the observed suppression in Au+Au collisions. The sub-
sequent systematic studies of the suppression pattern of
7 in Aut-Au collisions at /5, = 200 GeV relative to
scaled p+p collisions at the same energy allowed for quan-
titative constraints to the medium transport coefficients
[3].

In the study of heavy-ion collisions, data from p+p
collisions are often thought to be a baseline for par-
ticle production in the absence of the QGP and data
from collisions like p+A and d+Au have been used to
benchmark so-called “cold nuclear matter” (CNM) ef-
fects. CNM effects capture a number of fundamentally
different phenomena in the initial state prior to the colli-
sion, during the collision, and immediately following the
collision. Generally speaking, initial state CNM effects
are discussed as modifications to the parton distribution
functions. These modifications include shadowing, anti-
shadowing, the EMC effect, momentum smearing due to
Fermi motion, and gluon saturation. In contrast, nuclear
absorption would be considered a final state effect. Mul-
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tiple scattering in the nucleus prior to or immediately
following a hard scattering process falls in between.

Experimentally, evidence for CNM effects was first ob-
served in the late 1970s when the ratio of the production
cross sections of hadrons from p+A to p+p was found
to vary with pr [4, 5]. This variation has since been re-
ferred to as the “Cronin effect”: a suppression at low
pr followed by an enhancement around 2-5GeV/c that
vanishes towards larger pr. Historically the Cronin ef-
fect was attributed to initial state hard scattering [6, 7],
but this explanation remained unsatisfactory because it
could not explain the much larger effect for protons com-
pared to pions. Measurements of momentum spectra at
RHIC in the early 2000s renewed interest in the Cronin
effect. Various theoretical models were developed to ex-
plain the Cronin effect. Most models were based on hard
and soft multiple scattering [8-12], but there were also
some more unconventional approaches involving gluon
saturation [13] or recombination effects [14]. To date,
there is no full quantitative explanation of the Cronin
effect.

It came as a surprise to find striking similarities of long
range particle correlations observed in high multiplicity
p+p and p+Pb collisions at the LHC [15-18] with those
found in A+A collisions, since their presence in A+A col-
lisions was typically associated with the collective expan-
sion of a QGP. Similar correlations were found in d+Au
collisions at RHIC [19]. These findings have profound
consequences for the interpretation of p+A collisions as
a benchmark for CNM effects and suggest that a QGP
could be produced in these systems.

The PHENIX experiment has used the versatility of
RHIC, which allows for collisions of light nuclei like p,
d, and He with larger nuclei, for systematic studies of
particle correlations in small systems. In all systems
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studied, high multiplicity events show large azimuthal
anisotropies, measured as ve and vs, that can be related
to the initial geometry of the collision system and the
build-up of collective behavior of the produced particles
[20-24], which would be indicative of QGP formation.

Results from long range correlations have prompted
great interest in finding other evidence of the possible
formation of a QGP in small systems, such as parton
energy loss or thermal photon emission. In such studies,
data sets are typically divided into “centrality classes” ac-
cording to the particle multiplicity measured at forward
rapidity on the side of the outgoing larger nucleus [25].
Indeed, in p+PDb collisions at the LHC [26] and d+Au
collisions at RHIC [27], a suppression of the jet yield
at high pp was found for central collisions. However,
the same analyses show a significant enhancement of the
jet yield in peripheral collisions, putting in question if
the observed suppression is due to energy loss [28] or
whether there are other mechanisms at play, for example,
z-dependent color fluctuation effects in protons [29, 30]
or biases in the centrality selection due to energy conser-
vation [31].

In this paper new data on the system size and central-
ity dependence of 7% production is presented over a wide
pr range from 1 to 20 GeV/c from p+Al, p+Au, d+Au,
and He+Au collisions at /5, = 200 GeV compared
to p+p collisions at the same energy. The data sam-
ples were recorded by the PHENIX experiment during
the 2008 (p+p 5.2 pb~!, d+Au 80 nb~1), 2014 (*He+Au
24 nb~1), and 2015 (p+p 60 pb—!, p+Al 0.5 pb~, p+Au
0.2 pb~!) RHIC runs. The new p+p data are combined
with the published results from p+p data taking in 2005
[32].

II. EXPERIMENTAL SETUP

To reconstruct 7%, the Electromagnetic Calorimeter
(EMCal) in the central arms of the PHENIX detector
is used. The EMCal is segmented into eight sectors, four
in the west and four in the east arm of the PHENIX ex-
periment. The sectors in each arm cover 90 degrees in
azimuth and +0.35 in pseudo-rapidity. All sectors in the
west and the two top sectors in the east arm are made
of 2,592 lead-scintillator (PbSc) towers each. The other
two sectors are composed of lead-glass (PbGl) crystals.
For the analyses presented here only the PbSc sectors
were used. At a distance of 5 meters from the interac-
tion point the angular segmentation of the PbSc sectors
is Ap x An ~ 0.01 x 0.01. The energy resolution achieved
is 0E/E ~ 2.1% @ 8.3/v/E% and arrival times of clusters
are recorded with a resolution of about 0.5ns. Further
details can be found in Ref. [33].

For event selection and for centrality characterization
the beam-beam counters (BBCs) are used, one on the
north and one on the south side of the central arms. For
asymmetric collision systems, the smaller (projectile) nu-
cleus travels towards the north side and the larger (tar-
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get) nucleus travels towards the south side. Each BBC is
comprised of 64 Cerenkov counter modules. The BBCs
are located at £1.44m from the interaction point and
cover a pseudo-rapidity range of 3.0 < |n| < 3.9. The
BBC modules have a timing resolution of about 0.1 ns.
While the EMCal and the BBC were identical for the
2008, 2014, and 2015 RHIC runs, there were new or mod-
ified detector components in the PHENIX setup each
year. The most notable change was a silicon vertex
tracker (VITX) installed in the central arm acceptance
in 2011. Though the VITX and other new components
are not used in this analysis, the effect on the material
budget of the detector needs to be taken into account
in the Monte Carlo simulation setup used to calculate
efficiency and acceptance corrections for each data set.

III. DATA SAMPLES

Several data samples were taken with different trig-
ger conditions for each of the collision systems. The
Minimum-bias (MB) data samples require coincidental
hits in each of the two BBCs. For the data recorded
in 2014 and 2015 the event vertex was required to be
within +10 cm of the nominal z=0 position. For the data
recorded in 2008 the requirement was £30 cm.

The collected MB data samples correspond to about
88% of the inelastic cross section for d+Au and 3He+Au,
84% for p+Au, 72% for p+Al, and 54% for p+p. The
events that are not recorded by the MB trigger involve
mostly single diffractive (SD) nucleon-nucleon collisions,
which predominantly produce particles at forward or
backward rapidity and thus do not lead to coincident
hits in both BBCs. As the number of binary nucleon-
nucleon collisions (Ncop) increases from p+p to SHe+Au
collisions, the effect of an individual SD nucleon-nucleon
collision is averaged out and a larger fraction of the in-
elastic cross section is captured by the MB trigger.

All MB data samples in the analysis, except for the
p+p samples, are subdivided into four centrality classes
using the charge measured in the south BBC, which is
the direction the heavier (target) nucleus travels. The
selections are 0-20%, 20-40%, 40-60%, and the remainder
of the MB sample (>60%). Here the percentage refers to
the fraction of events relative to all inelastic collisions.

The high luminosity provided by RHIC enables the in-
crease of the statistics at high pr, beyond what the data
acquisition bandwidth would allow using an MB trigger
only, by taking data samples with a high energy thresh-
old photon trigger (ERT). This trigger requires a min-
imum energy recorded in the EMCal trigger segments
(4x4 towers grouped to trigger tiles). Three different en-
ergy thresholds were used for each collision system. The
ERT trigger thresholds are summarized in Table I. No
coincidence in the BBC was required. These samples are
again divided into the same centrality classes as the MB
sample.

During the *He+Au, p+Au, and p+Al data collection
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FIG. 1: Invariant mass example from d+Au collisions at 12 < pr < 14 GeV/c (left). The mass peak is shown as the function
of the asymmetry cut («) on the two photons (right).
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FIG. 2: Invariant mass example from d+Au collisions at 18 < pr < 20GeV/c (left). The mass peak is shown as the function
of the asymmetry cut («) on the two photons (right).

TABLE I: ERT trigger thresholds for each collision system.

‘ | pt+p |p+Al | p+Au |d+Au |*He+Au

o |[ERTA| 2.1 | 28
& |[ERTB| 28 | 35
“IERTC| 14 | 2.1

samples were also taken with a high multiplicity trig-
ger. This trigger required, in addition to the BBC co-
incidence, a larger minimum charge in the south BBC.

2.8
3.5
2.1

2.8 3.5
3.5 4.0
2.1 2.8

194

195

196

In practice, the requirement was that a large number of 1o

modules should fire. The threshold was set to 25, 35,
and 48 Cerenkov counter modules, for p+Al, p+Au, and
3He+Au respectively. The thresholds were chosen such
that the data samples approximately correspond to the
top 5% most central collisions for each system.

IV. DATA ANALYSIS

Due to the high beam luminosity RHIC achieved since
2010, PHENIX has recorded an increased number of dou-
ble interactions. The number of double interactions is
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largest for the p+p data taken in 2015 and is noticeable
for p+Au and p+Al data taken the same year. The ef-
fect is negligible for the p+p, d+Au, and *He+Au data
taken in 2008 and 2014, respectively. For the 2015 data,
double interactions were reduced by making cuts on the
time of flight measured for towers in the EMCal and the
BBC Cerenkov modules. The cut on the EMCal requires
the tower time to be within +5ns of the expected arrival
time. This eliminates towers that are from different beam
crossings. The BBC timing cut is used to reduce pile-up
collisions that happen during the same bunch crossing.
Such events are identified by large deviations of the time
measured for individual BBC Cerenkov modules from the
event average. For data from 2014 and 2008 no cuts were
applied. Any residual pileup events are accounted for in
the systematic uncertainties.

The reconstruction of neutral pions is performed via
the 7 — 7y decay channel. The methods used by
PHENIX have been described extensively in Ref. [34] and
will only be summarized in this paper. As a first step,
neighbouring PbSc towers with energy deposits above
0.015 GeV are grouped into clusters. All clusters within
one sector that have an energy of at least 0.3 GeV are
combined into pairs. A minimum distance of 8 cm be-
tween the two cluster centers is required, corresponding
to about 1.5 tower separation between clusters. For each
remaining pair, the invariant mass (M) and transverse
momentum (pr) is calculated. Invariant mass distribu-
tions are generated in bins of pt and collision centrality.
All mass distributions show a clear peak at the 7° mass
and a combinatorial background that is largest at events
with low pr and in central collisions.

To extract the 7¥ yield, the background in the 70 peak
region needs to be subtracted. For pr below 12 GeV/c an
asymmetry cut of a < 0.8 is applied to reduce the com-
binatorial background. Here the asymmetry is defined as
(E1—E3)
(E1+E>3)
two photon clusters. For pr above 12GeV/c the cut is
relaxed to a < 0.95 as discussed below.

The bulk of the background is estimated and sub-
tracted by an event mixing technique that combines clus-
ters from different events with similar vertex position
(2yt2) and centrality. The shape of the mass distributions
obtained from mixed events does not perfectly describe
the combinatorial background in data. The mismatch
results from correlated clusters in the event that are not
accounted for in the mixed event technique.

For the MB samples, the mismatch is small and a two-
step procedure is used for the subtraction. First, the
mass distribution from mixed events is normalized in the
mass region below and above the 7% peak, 0.05 < M, <
0.1 GeV/cand 0.2 < M, < 0.4 GeV/c, respectively. Af-
ter subtracting the normalized distributions from all bins,
a residual background remains. This is approximated by
a first-order polynomial that is fitted to the same mass
regions around the 7° peak and then also subtracted.

For the ERT data samples, the shape difference is more
significant and thus a different approach is used. In-

, where F; and FE» are the energy of the

o=

stead of normalizing the mixed event distribution with
a constant, the ratio of data/mixed events is fit with a
second-order polynomial in the window around the 7°
peak. This function is then used to normalize the mixed
event distributions bin-by-bin. No residual background
subtraction is needed in this case.

At very high-pr, typically > 15GeV/c, the combina-
torial background is so small that neither normalization
strategy for the mixed events gives stable results. In-
stead, the average count per mass bin, determined in
the region below and above the 7° peak, is subtracted.
Yields of 70 are calculated from the mass spectra after
completed background subtraction by counting the en-
tries within 20 of the peak, where the o is set by fitting
the counts in the 7° region to a Gaussian.

Above 12 GeV/e, the two photon clusters from the 7°
begin to overlap more and more and frequently merge
into a single cluster. The asymmetry cut at o < 0.8,
which was used to reduce the combinatorial background,
starts to limit the 7% reconstruction efficiency and with it
the effective pr reach of the measurement. Because the
combinatorial background is rather small at high pr, the
asymmetry cut can be relaxed in order to increase the re-
construction efficiency. Figure 1 and Figure 2 shows mass
distributions from d+Au collisions in the 12 to 14 GeV/c
and 18 to 20GeV/c pr bins with different asymmetry
cuts. The additional statistics recovered by extending
the asymmetry cut is clearly visible. In particular, in
the higher pr bin, increasing the cut from o < 0.8 to
< 0.95 effectively doubles the statistics. Since it is also
evident that the background increases, the looser cut is
only used above pr > 12 GeV/c. The background sub-
traction and 7° yield calculation follow the same steps
as outlined above for lower pp. The background esti-
mate from event mixing is also shown on Figure 1. For
the case of Figure 2, the background is estimated from
the average bin content around the 7° peak.

At this stage of the analysis, raw 7° yields are avail-
able for all data samples in different bins of pr and cen-
trality. In the next step the raw yields from the MB
and ERT trigger samples are combined for a given colli-
sion system and centrality. First, the ERT trigger sam-
ples are corrected for the trigger efficiency, which has
a smooth turn around the trigger energy threshold and
plateaus near 100% at higher pr. A data driven method
is used that compares the ERTC to the MB sample and
the ERTA/ERTB to the ERTC sample to establish the
turn on curve of the different trigger thresholds. The
corrected spectra agree very well in the range where the
trigger efficiency is larger than 30%.

In order to assure the largest statistical accuracy in
each pr bin, the MB triggered events are used in the low-
pr region, the ERTC trigger in the mid-pr region, and
the ERTB trigger at high-pt. These transitions happen
at different pr thresholds for different collision systems.
The pr thresholds are set near the point where the trig-
ger efficiency reaches its plateau value, typically close to
twice the trigger threshold shown in Table I. The ERTA
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TABLE II: Summary of the Nooit, Npart, Nproj, foias calculated using a Glauber Monte Carlo simulation. The ratio Neon/Nproj
is also quoted for d and 3He projectiles, since some systematic uncertainties cancel in this ratio. The last column is the measured
charged particle multiplicity (dN¢x/dn) in the mid-rapidity region.

system centrality Neon Npart Nproj Svias Neo/ Nproj dNcp/dn
pp 1 2 1 0.73+0.07 - 2.3840.09

p+Al 0-5% 4.1£0.3 4.5+0.3 1 0.814+0.01 - 5.54+0.8
0-20% 3.44+0.3 4.440.3 1 0.814+0.01 - 5.13+0.73

20-40% 2.3+0.1 3.3+0.1 1 0.9040.02 - 4.0+0.6

40-60% 1.840.1 2.840.2 1 0.9940.03 - 3.324+0.3

60-72% 1.3+0.1 2.3+0.2 1 1.154+0.06 - 2.710.1

0-100% 2.1+0.1 3.1+0.1 1 0.84+0.02 - 3.964+0.54

p+Au 0-5% 9.7+0.6 10.7+0.6 1 0.8640.01 - 12.3+1.7
0-20% 8.24+0.5 9.240.5 1 0.9040.01 - 10.3841.45

20-40% 6.1+0.4 7.1+£0.4 1 0.98+0.01 - 7.7£1.1

40-60% 4.4+0.3 5.440.3 1 1.02+0.01 - 5.740.8

60-84% 2.6+0.2 3.61+0.2 1 1.00+0.06 - 3.51+0.5
0-100% 4.7+£0.3 5.7+0.3 1 0.858+0.014 - 6.6640.94

d+Au 0-5% 18.1+£1.2 17.841.2 1.97+0.02 0.914+0.01 8.98+0.59 18.9+1.4
0-20% 15.141. 15.240.6 1.954+0.01 0.9440.01 7.46+0.50 16.38+1.2

20-40% 10.2+0.7 11.1+0.6 1.8440.01 1.00+0.01 5.71£0.39 12.240.9

40-60% 6.6+0.4 7.840.4 1.65+0.02 1.03+0.02 4.16+0.28 8.71+0.6

60-88% 3.240.2 4.3+0.2 1.36+0.02 1.0340.06 2.274+0.15 4.14+0.3

0-100% 7.6+0.4 8.6+0.4 1.62+0.01 0.889+0.003 4.354+0.24 9.5+1.0

3He+Au 0-5% 26.842.0 25.0+£1.6 2.99+0.01 0.9240.01 8.7240.64 23.6+2.6
0-20% 22.3+1.7 21.8+1.3 2.9540.01 0.9540.01 7.30£0.52 21.284+ 2.3

20-40% 14.8+1.1 15.4+0.9 2.7540.03 1.014+0.01 5.41+0.37 16.1£1.8

40-60% 8.44+0.6 9.54+0.6 2.29+0.04 1.02+0.01 3.85+0.25 10.3+1.1

60-88% 3.44+0.3 4.6+0.3 1.56+0.05 1.03+1.05 2.05+0.12 4.440.5
0-100% 10.440.7 11.4+0.5 2.2240.02 0.89+0.01 4.131+0.24 12.2441.35

triggered samples are used to crosscheck the results.
Next, the raw pr spectra need to be corrected for dis-
tortions due to the finite detector acceptance, inefficien-
cies in the 7° reconstruction, limited energy resolution,
etc.. These are determined simultaneously as one sin-
gle correction as a function of pp using a full Monte
Carlo simulation of the PHENIX detector setup. They
are commonly referred to as acceptance-efficiency cor-
rections. For each running period, a separate simula-
tion setup is used that describes the PHENIX detector
configuration specific to that period. Samples of single

70 are simulated with a flat pp distribution from 0 to
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30 GeV/e, full azimuthal coverage, and in one unit of s

rapidity at mid-rapidity. These 7° are tracked through
the full simulation of the PHENIX detector setup for the
different running periods. The resulting simulated de-
tector responses are embedded into real data from the
same running period and reconstructed using the same
analysis methods applied to the data. Great care was
taken to tune the simulation so that 7° peak positions
and widths reconstructed from the simulation match the
experimental data. Each reconstructed 7° is weighted
with a realistic ”trial” production probability for the pr
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of the input 7°. Since the true production probability is
unknown, the weighting needs to be iterated. For this
the "trial” probability is multiplied by the ratio of the
measured raw 7° distribution over the reconstructed 7°
distribution from the simulation. The modified ”trial”
probability is then used as the new weight. The process is
iterated until convergence, which typically requires only
a few steps. The final acceptance-efficiency corrections
are calculated as the ratio of the probability to recon-
struct a 70 at a given pr over the production probability
at that pr in one unit of pseudo-rapidity at midrapidity
and 27 in azimuth. The acceptance-efficiency corrections
are determined separately for each centrality selection in
order to account for any multiplicity dependent effects.
Additionally, each collision system and each centrality
selection for a given collision system must be corrected
for the bias towards higher event multiplicity and hence
higher centrality for non-diffractive nucleon-nucleon col-
lisions compared to diffractive collision events with the
same impact parameter (see [25] for full details). The
bias factor fp;qs, which is used to scale the pr spec-
tra, is calculated using a Glauber Model Monte Carlo
calculation [35] in conjunction with the assumption of
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a negative-binomial multiplicity distribution of particles
produced in individual nucleon-nucleon collisions. The
same Glauber calculation is used to characterize each
centrality class by the number of binary nucleon-nucleon
collisions Ngoj, number of nucleon participants Npare,
and other relevant properties related to the collision ge-
ometry like Np.o;, the number of participants in the pro-
jectile nucleus. For MB collisions, the fy;4s also includes
the extrapolation from the recorded cross section to the
full inelastic cross section (0-100% centrality). The Neoy,
Nparts Nproj, and fyiqs values are given in Table II.

V. SYSTEMATIC UNCERTAINTY

There are many sources of systematic uncertainty that
need to be evaluated. They are separated into two
groups: (i) uncertainty on the event characterization, and
(i) on the ¥ yield extraction.

The event characterization is done using Glauber
model simulations and the uncertainties were determined
by varying the input to the Glauber model and various
assumptions used in [25]. The results are included in Ta-~
ble II. All quantities extracted from the Glauber model
simulation are correlated, which leads to a partial cancel-
lation of the uncertainties. This was taken into account.

The uncertainties on the 7° invariant yield are summa-
rized in Table III for the different running periods. The
total uncertainty on the 7% invariant yield varies between
8-10% for pr below 8 GeV/c and increases to nearly 15%
at 20 GeV/c. They have little dependence on collision
systems or centrality selection. The uncertainties on the
70 invariant yield were obtained with similar methods
for all data sets. They are highly correlated within a
running period and somewhat correlated between run-
ning periods. These correlations have been taken into
account when combining data sets or calculating ratios
of data sets. The remainder of this section provides more
details on the evaluation of the systematic uncertainties
on the ¥ yield determination, which is split into the ex-
traction of the raw 70 yield and the corrections that need
to be applied to it.

A. Raw 7° Yield Extraction

The raw 7° yield is extracted from an invariant mass
M., distribution, which involves the subtraction of a
background distribution below a 70 peak. Except for
very high pr this is done using the mixed event technique.
This subtraction is typically accurate to better than 4%.
In general, the uncertainties on the background subtrac-
tion are determined by changing the assumption on the
shape of the background and how it is normalized. Many
different strategies can be used, as they all give similar
results. Here, one example is given, the strategy that was
used for the 2015 MB data sets, which were used to ex-
tract the 70 yield at lower pr values for p+Au, p+Al, and
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p+p. The normalization of the mixed event background
is determined in different ranges below and above the
70 peak. For any normalization, after the mixed event
subtraction there is a residual background, which is then
fitted. For each normalization the fit range is varied to
extract the residual background via a first-order poly-
nomial. Then in each case the window for the 7% yield
extraction is varied from 1 to 3 sigma around the 7°
peak. The variation of the resulting ¥ yields, after cor-
recting for the different o ranges, is used to estimate the
systematic uncertainty.

The accuracy with which the 7° yield can be extracted
depends on the amount of background. In general, the
smaller the particle multiplicity in the event and/or the
larger the 7° pr, the smaller the background. However,
the accuracy with which the background can be deter-
mined for a particular pr and centrality bin is driven by
the available statistics. Since the 70 p spectra is a result
of combining MB and various ERT triggered data sets,
the pr dependence of the 7% extraction uncertainty may
sometimes show counter-intuitive decreasing uncertainty
with increasing pr.

B. Corrections of the Raw Yield

The acceptance-efficiency correction accounts for all
distortions to the 7¥ spectra that can be evaluated
with the detailed simulation of 7° measurements in the
PHENIX experiment. The accuracy of the simulation de-
termines the size of systematic uncertainties. Thus, great
care is taken to assure that the output of the simulation
agrees with the data.

These distortions include, besides the actual correc-
tions for detector acceptance and 7¥ reconstruction, the
one for the energy scale and resolution, merging of clus-
ters, and losses due to photon conversions. While the
corrections were determined simultaneously, possible un-
certainties are studied separately. In Table III these are
identified as ” Acceptance/Efficiency”, ”Energy Scale”,
”Cluster Merging”, and ” Conversion Loss”, respectively.

The energy scale and resolution was tuned by match-
ing the 7Y peak position and width in simulation and
data, as function of pr, to a better than 0.5-1% agree-
ment, depending on the data set. The uncertainty is
then determined by varying the energy scale and reso-
lution within the achieved accuracy. The 70 yields are
consistent within 4-5% at 2 GeV/c and up to 7-9% at 20
GeV/ec.

To study the accuracy of the reconstruction efficiency
correction, cuts applied in the 70 reconstruction were var-
ied and the analysis was repeated. The changes in the 7°
yield were used to set the systematic uncertainties. They
are typically smaller than 4%, but may be limited by sta-
tistical uncertainties. The uncertainty on the acceptance
was determined from the precision of the survey of the
EMCal. It is negligible compared to the uncertainties on
the reconstruction efficiency.
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TABLE III: Summary of systematic uncertainties on the 7° invariant yields from different running periods.

Systematic uncer. 2015 p+Au, p+Al, p+p 2014 *He+Au 2008 d+Au, p+p

pr [GeV/e] 2 8 20 2 8 20 2 8 20
Peak Extraction 4.4% 3.4% 1% 2.7% 4.1% 2% 4.8% 2.9% 1.5%
Energy Scale 3.8% 6.5% 7.1% 3.0% 5.2% 5.7% 4.6% 7.9% 8.7%

Acceptance-Efficiency 3% 2.5% 1% 4 4% 4% 3% 2.5% 1%
Cluster Merging 0% 0% 9.0% 0% 0% 12% 0% 0% 10%
Conversion Loss 5% 5% 5% 5% 5% 5% 2.5% 2.5% 2.5%

Double Interactions 4% 3% 4% <1% <1% <1% 1% 2.5% 4%

Off Vertex Decays 3% 3% 3% 3% 3% 3% 3% 3% 3%
Total 9.6% 10.1% 13.0% 8.3% 9.8% 14.1% 8.3% 10.0% 14.5%

The two decay photons from the decay of a high p 7°
are strongly boosted along the 7° direction, the average
opening angle becomes small, resulting in only a small
separation between the impact points on the surface of s
the EMCal. At about 10 GeV/c, the two clusters start
to merge. Initially, this happens only for very symmet-
ric decays characterized by a small energy asymmetry
(a). With increasing pr, more and more clusters merge,
leading to an increasing drop in reconstruction efficiency
towards higher pp. The accuracy with which the Monte
Carlo simulation reproduces the cluster merging is veri-
fied by reconstructing 70 from three exclusive asymmetry sz
bins: 0-0.4, 0.4-0.8, and 0.8-0.95. After fully correcting
the 7Y yields, the results are compared and the differ-
ences are used to estimate the systematic uncertainty.
It reaches about 10% towards the end of the kinematic
reach of the measurement.

Some photons convert into eTe™ pairs before they
reach the EMCal. If the radial location of the conver-
sion point is close to the EMCal, outside the magnetic
field, the e and e~ will hit the EMCal in close prox-
imity, resulting in one cluster with the full energy of the
converted photon. In that case, it is likely that the 7° is
reconstructed. However, if the conversion point is closer
to the vertex, and in the magnetic field, the 7% will not
be reconstructed, since the electron tracks bend in op-
posite direction, depositing their energy in two separate
clusters. Prior to 2010, before the VIX was installed,
about 81% of the ¥ were reconstructed. Due to the ad-
ditional material of the VI X detector close to the vertex,
this number drops to 61% after 2010. The accuracy with s
which the loss can be determined depends solely on the
accuracy with which the material budget is known and sz
implemented in the Monte Carlo simulation. The result-
ing uncertainties on the 7° yield are 2.5% and 5%, before
and after installation of the VTX. There is no significant
momentum dependence.

All data sets from 2015 (p+p, p+Al, and p+Au) were
taken at high beam luminosity, resulting in a significant
number of recorded double interactions. These were ac-
tively identified and removed by timing cuts on the EM-
Cal and BBC. The effect of any remnant double inter-

action was estimated by splitting the data samples into
subsets taken at higher, medium, and lower luminosity.
The analysis was repeated for each sample, and the 7°
yields were found to be consistent within 3-4%. This dif-
ference was assigned as systematic uncertainty. For the
2008 data sets (p+p and d+Au), only the EMCal tim-
ing cuts were applied to remove pileup events. Here, the
possible contamination was estimated by the number of
79 for which at least one cluster had a time off by >5ns.
The contribution was 1% at high pt and about 4% at
lower pp. For the 2014 3He+Au data no sizable effect
was found.

Some reconstructed 7% originate from weak decays that
occur at a significant distance from the interaction point,
so called ”off vertex 7% ”. The main source of such 7°
are decays of K, — 7’7", This source was extensively
studied and found to drop from approximately 5% at
1 GeV/e to 3% at 2 GeV/c from where on it remains
approximately constant. The small pr dependence of
this contribution is due to the two arm acceptance of the
PHENIX detector, where the high-pt decay products are
more likely to be inside the acceptance. This contribu-
tion was not subtracted from the 70 spectra and a 3%
systematic uncertainty is assigned to it.

Finally, the uncertainty of the the normalization of the
data taken with the ERT trigger to the MB data is exam-
ined. This uncertainty is smaller than 1% and not listed
in Table III.

VI. RESULTS AND DISCUSSION

A. The p+p reference

PHENIX has previously published the 7° p spectrum
from p+p collisions at /s = 200 GeV [32] based on data
taken in 2005 corresponding to 3.4 pb~'. In 2008 and
2015 RHIC provided further p+p collisions, increasing
the integrated luminosity by 5.2 pb~! and 60 pb~! re-
spectively.

With the increased statistics, the precision of the mea-
surement was improved and extended to higher pr. Since
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the detector configurations and the ERT trigger settings
were different for the 2008 and 2015 data sets, the 7°
spectra were measured separately. The results were com-
bined with those from 2005.

The new and published measurements were made with
the PHENIX EMCal using the same analysis strategy,
thus the 70 yield determinations have largely, but not
completely, correlated systematic uncertainties. To com-
bine the three data sets, the correlations between individ-
ual systematic uncertainties were carefully studied and
accounted for using the BLUE method [36]. In addition
to the uncertainties due to the 7° reconstruction, there
is an overall normalization uncertainty of 9.7% [32] that
accounts for the limited accuracy with which the p+p
MB trigger efficiency (see Table II) is known. This un-
certainty is common to all p+p measurements.

In Figure 3, the combined 7% pr spectrum from p+p
collisions (2005, 2008, 2015) is compared to the ear-
lier published result. The combined result is in excel-
lent agreement with data taken in 2005, but has signif-
icantly improved statistics and extends the pt range up
to 25 GeV/c. The systematic uncertainties are slightly
reduced with respect to those of the 2005 data alone.

Also shown in Figure 3 are next-to-leading order pQCD
calculations [37] with two different fragmentation func-
tions (BKK and KKP FF) and for three different scales
uw = pr/2, pr, and 2ppr. Within the assumed range of
scales both fragmentation functions are consistent with
the data. BBK would require a scale of u = pr, while
KKP describes the data best at a slightly larger scale.

B. Small system pr spectra and nuclear

modification factor
1. pr spectra

Figure 4 presents 7’ pr spectra from p+Al, p+Au,
d+Au, and 3He+Au from left to right, respectively. The
data are presented as the invariant 7% yield per colli-
sion as a function of pr. The 0-100% range corresponds
to the full inelastic cross section. The other centrality
ranges correspond to 0-5, 0-20, 20-40, 40-60, and above
60% measured percentile of the events selected according
to the multiplicity measured in the BBC on the south
side (heavy nucleus going side). Different centrality se-
lections are scaled by factors 1/10 for visibility. The 0-
5% centrality selection, which is available for 3He+Au,
p+Au, and p+Al collisions, was taken with a high multi-
plicity BBC trigger and has a pr range limited to below
10 GeV/c.

2. Nuclear Modification Factor

For a quantitative comparison across systems and cen-
trality selections the nuclear modification factor is used.
It is defined as:
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FIG. 3: Differential cross section of 7° in p+p collisions at
/s = 200 GeV. The data are compared with a pQCD calcu-
lation. The lower panel shows the ratio of the data points to
the NLO calculation with BBK and a scale of u = pr.

ANy a/dpr % 04y
<Ncoll> X dapp/de,

Ryoa = (1)

where dN,.p/dpr is the invariant yield per z+A colli-
sions, dopp/dpr is the invariant cross section in p+p col-
lisions, o, = 42mb is the inelastic p+p cross section, and
Neon is the average number of binary nucleon-nucleon
collisions given in Table II. A nuclear modification fac-
tor of Ry4 = 1 at high pr indicates that 7° production
through hard scattering processes in x + A collisions is
well described by a superposition of p+p collisions.

8. Rxa for inelastic collisions

The nuclear modification factors for inclusive 7° pro-
duction from inelastic p+Al, p+Au, d+Au, and 3He+Au
collisions are shown in Figure 5. They are calculated us-
ing the p+p reference from the combined 2005, 2008, and
2015 data. The correlations of the systematic uncertain-
ties on the 7° reconstruction for different data sets are
taken into account using the BLUE method [36]. The
overall normalisation uncertainties on p+p and on Ncop
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FIG. 4: Invariant yield of 7° from (a) p+Al, (b) p+Au, (c) d+Au, and (d) *He+Au at /555 = 200GeV. For each collision
system the yield is shown for the inelastic cross section and for different centrality selections 0-20%, 20-40%, 40-60%, and
larger than 60%. For p+Al, p+Au, and 3He+Au an additional 0-5% centrality selection is shown, which was recorded using a

dedicated high multiplicity trigger.
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FIG. 5: Nuclear modification factors from inelastic p+Al, p+Au, d+Au, and *He+Au collisions at /5,y = 200GeV. The
error bars represent the statistical uncertainties, while the boxes represent the systematical uncertainties. The right boxes are
the Neon uncertainties from the Glauber model, while the left box represents the overall normalization uncertainty from p+p

collisions.

are shown separately on the left and right on each panel,
respectively.

Each data set exhibits the characteristic pr depen-
dence of the Cronin effect, an initial rise from below unity
to a peak around pr of 4 GeV/¢, followed by a drop and
a leveling off at high pp. The constant value at high pr is
independent of the collision system at a value of Rya ~
0.9, which is consistent with unity within the systematic
uncertainties on the scale and Ngo. The fact that Rya
at high pr is consistent with unity and that there is no
system size dependence suggest that there is little to no
modification of the hard scattering component in small
systems.

To investigate any possible system size dependence of
the modification at lower pr, the peak value in Ry is de-
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termined as the ratio of integrated Ry from 4 to 6 GeV/c
divided by the integral taken above 10 GeV/c. In these
ratios the systematic uncertainties largely cancel. The
peak values are 1.03 4+ 0.018, 1.23 4+ 0.012, 1.16 4+ 0.009,
and 1.16 £ 0.02 for p+Al, p+Au, d+Au, and 3He+Au,
respectively. The peak value is smallest in the smallest
system and most pronounced in p+Au collisions.

The peak values are approximately the same as those
calculated in fixed target p+A experiments [38] and as
originally predicted for RHIC energies [8, 11, 12]. How-
ever, the systematic trend with system size does not fol-
low the dependence observed at fixed target energies [5],
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with a common exponent n(pr) for a given /s. Eq. 2
is re-written in terms of per event yield by using 0,4 =
x Aoy, which is expected for particle production from
hard scattering:

dNacA

dNp,,
dpr '

= (@A) x 3

Comparing Eq. 3 and 1 gives a relation between Rya
and the exponent n(pr):

log(R,
1+ log(Hza)

log(zA) )

n(pr) =
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The exponent n(pr) is calculated from the ratio of

Rpau/Rpai and Rpeau/Rpaw. All uncertainties on
Neon and the p+p data cancel for the nuclear modi-
fication factor ratios. The results are shown in Fig-
ure 6. The data show that there is no universal n(pr)
at /sy = 200GeV below 8-10GeV/c. At higher pr,
the common n(pr) underlines the similarity of Ryxa for
all collision systems.

L T nl<0.35, {Syy = 200 GeV
1.2~ 0-100% ® p+Au/p+Al
| * *He+Au/p+Au
o L
! ..§+++...
S
3 L §..§§ +
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FIG. 6: Exponent according to the Eq. 4 as a func-
tion of transverse momenta extracted from p+Au/p+Al and
3He+Au/p+Au collision systems. The uncertainties from the
Neon calculations and from the overall normalization of p+p
cancel in these ratios.

4. Rxa Centrality Dependence

In Fig. 7, Rxa is shown for the different centrality se-
lections from different collision systems. The scale uncer-
tainty from the p+p reference and, to a large extent, the

10

scale uncertainty due to Nco only influences the scale
of Rya, but not the relative differences between systems.
The comparison reveals clear systematic trends of Rya
with centrality and system size.

For pr > 8GeV/c, the Rya values remain constant
at similar values for the same centrality selection from
different collision systems. However, the plateau value
varies with centrality. Rya is below unity in the more
central collisions, consistent with unity in the 20-60%
bin, and above or consistent with unity in the peripheral
collisions. In the lower pr range, the 0-5% and 0-20%
selections exhibit a clear Cronin peak structure, similar
to the inelastic collision case, but more pronounced. The
peak is largest for p+Au. The height of the peak is sys-
tem size dependent and decreases from p+Au, to d+Au,
to 3He+Au, i.e. with increasing size of the projectile
nucleus. Similarly, the peak is smaller for p+Al than for
p+Au, so it also seems to decrease with decreasing size of
the target nucleus. In contrast, in peripheral collisions all
systems follow a common trend. From central, to semi-
central, to semi-peripheral collisions a gradual change is
seen for each system, without apparent systematic trend
across systems.

In order to better understand the trends, the average
nuclear modification factor (Rya) is calculated for two
distinct pr regions, above 8 GeV/c to represent the high
pr region and from 4 < pr < 6 GeV/c to capture the
peak of Rys. These (Ryxa) are studied as function of
variables characterizing centrality classes shown in Tab.
II. Note that Neon and Npap are highly correlated and
follow a universal trend. Npart = Noont + 1 up to an Ngoit
value of ~14. For Neo > 14, Npart increases slightly
slower with N.o. Consequently, common trends with
one variable will also present themselves with respect to
the other. The (Rya) is calculated as follows:

dNap
dpr de

dN,
Ncoll f dp;p de

<RxA> = (5)

Figure 8 shows (Rya) for the two pr regions for all
measured centrality selections from all collision systems.
In the top panel (Ry4) is plotted as function of N and
in the lower panels as function of Ny per number of
participating nucleons in the projectile Npo;.

The (Rxa) above 8 GeV/c exhibits no common trend
as function of Ny (panel b). (Rya) is below Ngon scal-
ing for peripheral classes and above for central classes for
all collision systems. The situation changes when looking
at the (Ryxa) versus Noon/Nproj (panel d). The collision
systems involving Au as a target nucleus (p+Au, d+Au,
and 3He+Au) follow a universal trend that is distinctly
different from the one observed for p+Al. Modifications
to binary scaling are approximately the same for p+Au
and p+Al for the same centrality class, despite the dif-
ference in Ncoi or Npart. The same trends are observed
for any choice of pr threshold above 7 GeV/c up to 15
GeV/c, above which statistics become limiting. There
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FIG. 7: Nuclear modification factors in p+Al, p+Au, d+Au, and *He+Au in five centrality bins and for inelastic collisions at
3y~ = 200 GeV. The error bars represent the statistical uncertainties, while the boxes represent the systematical uncertainties.
The right boxes are the uncertainties of the Ncon collisions from the Glauber model, while the left box represents the overall
normalization uncertainty from p+p collisions.
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are two model independent conclusions that can be de-
rived from the observations: (i) the underlying mecha-
nism for the nuclear modification affects each projectile
nucleus mostly independently, and (ii) the nuclear modifi-
cation is not driven by the thickness of the nuclear matter
traversed by the projectile.

Panel (a) in Fig. 8 shows (Rya) as function of N for
the lower pr range from 4 to 6 GeV/¢, covering the peak
in Rya for all systems. The (Ry4) is remarkably close to
binary scaling, with deviations that are visibly smaller
than those observed at high pr (see panel (b)). An-
other notable difference compared to the high pt range
is that all systems show similar deviations from binary
scaling at the same N.o. In contrast, the systems in-
volving a Au target nucleus do not show a common trend
with Neoit/Nproj (panel ¢). These observations are qual-
itatively the same for any pr window between 1 and 6
GeV/c. This suggests that the mechanism underlying
the nuclear modification is different at high and low pr
with a transition in the 5 to 7 GeV/c range.
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FIG. 8: Integrated Rxa in two different pr regions versus the
number of collisions per projectile participants. The left panel
shows the region around the Rxa peak (4 < pr < 6GeV/c)
and the right panel shows the high pr region (pr > 8 GeV/c).
The statistical and systematic uncertainties are represented
by error bars and boxes respectively around the data points.
The tilted error bars represent the anti-correlated uncertainty
on the y and x-axis due the Ncon calculations. The right bar
around unity represents the overall normalization uncertainty
from p+p collisions.
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5. Model Comparison and Discussion

It is well known that the parton distribution func-
tion (PDF) of a nucleon is modified if the nucleon is
within a nucleus [39]. The modifications increase with
increasing number of nucleons in the nucleus. Like the
PDFs themselves the nuclear parton distribution func-
tions (nPDFs) are determined empirically by fitting a
large variety of experimental data. Here three different
nPDF's are considered: nNNPDFv1.0 [40], EPPS16 [41],
and nCTEQ15 [42].

Inl < 0.5, 0-100%, S, = 200 GeV

*He + Au - 10+ X

= NNPDF

1.4
[ d+Au 10+ X — EPPS16

[ —CTEQ15
1.2

RxA

0.8

06k @ L

1.4+

PHENIX

0.6

P S U N S S SR EU
20

10 10
P, [GeVic] P, [GeVic]

FIG. 9: Rxa for inelastic collisions compared to three different
nuclear PDF calculations and their uncertainties. The data
points include the statistical and systematical uncertainties.
The left box around unity represents the overall normalization
uncertainty on the p+p collisions and the right box represents
the uncertainty from the calculated Ncon.

In Figure 9, the measured nuclear modification factors
for inclusive p+Al, p+Au, d+Au, and 3He+Au collisions
are compared to the predictions using the three different
nPDFs mentioned above. The central value of the predic-
tions is represented by a line and the uncertainties from
fitting the nPDF to data are given as shaded area. Due to
their large uncertainties, all three nPDFs give Rya pre-
dictions consistent with the data. However, looking at
the central values, the predictions are in tension with the
trends of the data. For example, for the nNNPDF case
an enhancement is observed from 4 to above 20 GeV /¢ for
all systems, with a maximum near 8 GeV /¢, clearly not
consistent with data. Looking at individual collision sys-
tems, EPPS16 and nCTEQ16 based calculations qualita-
tively, but not quantitatively, capture the general trends.
The tension is most clearly visible when comparing the
system size dependence. Each nPDF calculation predicts
an ordering of the enhancement of Ry in the peak re-
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gion: *He+Au > d+Au > p+Au > p+Al, which is sig-
nificant as the systematic uncertainties on the nPDFs
within one approach are highly correlated between sys-
tems. The ordering results from both the modification
increasing with the target size and with the projectile
size. In contrast, the data show the reverse ordering.

At high-pr, the models predict an opposite, reverse or-
dering of the suppression of Rya: *He+Au < d+Au <
p+Au < p+Al for the same reasons. In contrast, the
data show a larger suppression, which is fairly indepen-
dent of the collision system. However, given the system-
atic uncertainties on the R, 5 scale, the nPDF predictions
are consistent with the data at high pp. The different
trends, in particular at low pr, of the nPDF calculations
compared to the data suggest that there must be addi-
tional physics driving the nuclear modification beyond
the nPDFs.

[ T I <0.35, |, =200 GeV
! PRC94 (2016)
© - 024915:

i - pAU
3 12 \ S A
O i * - *He+Au
o i
AN * N I
o | PHENIX\ \k\
~ 0.8

< °L @ \\
X
o r Data: \
0.6 [ e pt+Al e p+Au
L e d+Au e He+Au
1 L L L L L L 1
0 5 . 10
N, /N

coll part

5
76, 1] < 0.35, {5 = 200 GeV
0-20% D

e

60-88(84)%

PRC94 (2016) 024915:
=e prAU

= dtAU
l =e 3He+AU

‘\\\\l\‘\l\\\\‘\\\\l\\

PHENIX

0

10 10
P, [GeVic] P, [GeVic]

FIG. 10: The upper panel (a) shows the (Rxa) above pr = 8
GeV/c as a function Neoii/Nproj. The data are compared to
predictions from [43] for the consequences of high-z nucleon
size fluctuations. The lower panels show the (Rxa) as a func-
tion of pr for most central on left (b) and most peripheral on
right panel (c) collisions.

The data show that at high pp 70 yields from small sys-
tems are suppressed relative to p+p in central event selec-
tions, while they are enhanced for peripheral selections.
Furthermore, for p+Au, d+Au, and 3He+Au, the (R,4)
values for pr > 8 GeV/c are consistent with a super-
position of independent collisions of the projectile nucle-
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ons. At the same time, p+Au and p+Al show nearly the
same (Rya) in the same centrality bin selection. These
observations contradict any scenarios where parton en-
ergy loss would be responsible for the modification, which
would necessarily result in an ordering of Rys values as
3He+Au < d+Au < p+Au < p+Al < 1 for the system
dependence, with the suppression for each system being
largest for central and Rya ~ 1 for peripheral collisions.

Models that invoke nucleon size variations have been
proposed to explain the suppression/enhancement pat-
tern seen in the data [29, 30]. These models assume
that nucleons with high-x partons have a more compact
color configuration and thus will produce on average less
binary collisions and target participants at the same im-
pact parameter as nucleons without high-z partons. Asa
consequence, events with a high pr 7° would typically be
biased towards smaller multiplicity of the overall event,
leading to an apparent enhancement in peripheral event
selections and a suppression in central events. The cal-
culations from [43], which predicted jet Ry for p+Au
and *He+Au based on a comparison to d+Au data, are
compared to ™ (R.a) above 8 GeV/c!, see Figure 10
(a) panel. The observed centrality dependence is quite
consistent with the data. It can be expected that in this
model the same event selection bias would occur in p+Al
collisions. It is important to note, however, that these
models predict an ordering of Rxp with system size and
centrality at higher pr. For central collisions Ry val-
ues follow *He+Au < d+Au < p+Au and for peripheral
collisions the ordering is reversed. This is clearly seen in
Figure 10 (b) and (c). In contrast, such an ordering is
not supported by the data.

In [31], the bias of the event selection by centrality oc-
curs because soft particle production away from the hard
scattering process is suppressed, caused by the depletion
of energy available in the projectile after the hard scat-
tering process. Rya calculated for d+Au with this model
was consistent with preliminary d+Au data [31] and is
also consistent with the final data within systematic un-
certainties. It would be interesting to see these calcula-
tions expanded to the full variety of available data from
small systems.

1 Note that jet Rya presented in [43] was converted to 7 Ry
assuming pr(7°) = 0.7pp7¢ = 0.7 X 100GeV X z;, and (Rxa) ~
Rxa(pr). This procedure was discussed with the authors.
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FIG. 11: Integrated yields for 1-2 GeV/c in panel (a) and 2-3
GeV/c in panel (b) as a function of charged particle multi-
plicity density at mid rapidity.

In recent years particle spectra from p+p collisions at
the LHC have been interpreted in the context of hydro-
dynamic models and the presence of strong radial flow
[44-47], but no predictions exist for small systems at
RHIC energies that could be compared to the data. If the
large anisotropies of particle production seen at RHIC in
p+Au, d+Au, and 3He+Au are indeed related to hydro-
dynamic expansion of the collision volume, as suggested
[24], then the same systems must also exhibit radial
flow since the anisotropy would be a geometry driven
modulation of radial flow. The effects of radial flow are
typically most prominent at pr below a few GeV/c¢, where
soft particle production mechanisms dominate. In the
presence of radial flow the 7° yield would be shifted to-
wards higher momentum by the velocity field. Accord-
ingly, when comparing the shape of the 7° momentum
spectra from z+A to that from p+p, a depletion of the
yield at the lowest pr is expected, while at higher pr
the yield would be enhanced with a transition below 0.5
GeV/c. Since the pr range of the 70 data starts at 1
GeV/c, only the region where an enhancement would be
expected can be studied here.

In order to look for possible indications of radial flow
the integrated yields are calculated for two pr ranges,
1-2 and 2-3 GeV/c, for all systems and event selections.
The results are plotted in Figure 11 as function of the
charged particle multiplicity density dN.,/dn at mid ra-
pidity for the corresponding system and event selection.
Also shown on each panel are two lines indicating inte-
grated yields proportional to dN./dn. The lower line
is anchored to the p+p point following a trend of un-
changed shape of the spectra, and the other one matches
the yield for the 0-20% 3He+4Au selection. While the
peripheral p+Al events follow the p+p trend, all other
selections show higher integrated yields compared to the
p+p trend. Above dN.,/dn ~ 10 the data tends to be
proportional to dN.;, /dn again but at a much higher level.

The observed trend is qualitatively consistent with the
presence of radial flow in small systems. Interestingly, the
surprisingly rapid transition over the range from about
3 to 10 is similar to recent observations of low pr direct
photon emission [48], which also indicates a transition
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direct photons at similar event multiplicities. Further-
more, the presence of radial flow could naturally explain
the much larger observed Cronin effect for protons from
small systems [5], which so far has eluded a quantita-
tive understanding. However, before drawing firm con-
clusions, more investigations are necessary. These should
include the study of heavier hadrons, like Kaons and pro-
tons.

VII. SUMMARY

In summary, this paper presents new measurements
of the invariant cross section of neutral pion produc-
tion from p+p collisions and invariant yields from p+Al,
p+Au, d+Au, and 3He+Au at Vsnvn = 200GeV. For
p+p the new results extend the measured range to pr ~
25 GeV/c and improve statistical and systematic uncer-
tainties compared to the previous measurement. NLO
pQCD calculations are found to be consistent with the
data as previously reported.

For p+Al, p+Au, d+Au, and 3He+Au collisions at
VS~ = 200GeV, 70 pr spectra from inelastic collisions
and from centrality selected event samples were mea-
sured, including a sample of the 0-5% most central events
for p+Al, p+Au, and 3He+Au, which was recorded with
a dedicated high multiplicity trigger.

At high transverse momentum (pr > 8 GeV/¢), where
hard scattering processes are the dominant production
mechanism, the nuclear modification factors for all col-
lision systems are found to be nearly constant. For the
same event selection in percent centrality, different col-
lision systems exhibit the same constant value of Rya.
For the full inelastic cross section, Rya is consistent with
unity, pointing towards little or no nuclear modification
of hard scatting processes in small systems. For the most
central events, it is observed that Ry, is significantly be-
low unity. However, Rya increases monotonically with
decreasing centrality and exceeds unity for peripheral col-
lisions. For Au target nuclei, the (R.a) above p of 8
GeV/c shows a common trend with Ngon/Nproj. This in-
dicates that, for hard scattering processes, the nucleons
in the small projectile nucleus interact mostly indepen-
dently with the Au target. For p+Al collisions, (Rxa)
does not follow the same trend. At the same event cen-
trality, the p+Al (Ryxa) is the same as for p+Au, which
suggests that whatever causes the change of Rya with
centrality does not depend on the target nucleus.

These observations disfavor scenarios where energy loss
is a significant contributor to the nuclear modification
of high pr particle production in small systems. The
counter-intuitive centrality dependence is likely linked
to a mismatch of the centrality selection of events us-
ing charged particle multiplicity and mapping them to a
number of binary collisions using the standard Glauber
model. It seems that events with a high pr 7° are bi-
ased towards smaller underlying event multiplicity. This
might be due to physical fluctuations of the proton size
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or simply due to energy conservation if high pr jets are
present.

For lower pr, Rxa for all systems initially increases
with pr and reaches a peak near 46 GeV/c for central
and semi-central collisions. For peripheral collisions, Rxa
levels off to a constant at approximately the same high
pr value for all systems. For inelastic collisions and more
central collisions, Ry resembles what has been referred
to as the Cronin effect in fixed target experiments - a
rise, followed by a peak, followed by a plateau. However,
unlike at lower energies, p+p and x+A 7° cross sections
are not related by a power (AB)™PT) with a common
n(pr). Furthermore, the peak value around 4-6 GeV/c
shows a clear system size dependence p+Au > d+Au >
3He+Au > p+Al, where the Ry peak value is well above
unity for p+Au and drops to close to unity for p+Al
collisions.

While the shape of Rya roughly resembles what is ex-
pected from the nuclear modification of PDF's, the ob-
served system size dependence has exactly the reverse
ordering of what was predicted by nPDF calculations.

958

959

960

961

15

Therefore it is likely that nPDF’s are insufficient to ex-
plain the nuclear modifications in small systems.

In the same pr region, (Rya) was used to study the
dependence on centrality. For all systems, (Rya) in the
range 4-6 GeV/c follows a common trend with Neo.
At high pr, (Rxa) scales with Neoii/Nproj for Au target
nuclei. While at lower pr, d+Au and *He+Au are not
a superposition of p+Au like collisions. Consequently,
very different mechanisms must contribute to the nuclear
modification at high and low pr. Radial flow is one pos-
sible mechanism to explain this trend, though further
investigation is needed that is outside the scope of this

paper.
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