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The nuclear modification af /¢ production has been studied at forward and backward rapidity in the collision systekhsp+Au, and
3He+Au. A comparison of results fgrtAu and®He+Au is presented, with a focus on possible differences caused by the different particle
multiplicity in the final state. The modification af(2S) production inp+Au collisions has also been studied at forward and backward
rapidity as a function of centrality. The(25) results complement earlier results at mid-rapidity at RHIC energies and results obtained at
LHC energies, revealing a strong rapidity dependence of/if2) nuclear modification at RHIC energies that is indicative of final state
effects.
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1. Introduction The PHENIX results described here extended the avail-
able data sample to include measurements at RHIC energy
Recent quarkonium analyses in PHENIX have focused o®f &) +(25) modification inp+Au collisions at forward and
data from small collision systems, obtained during the RHICbackward rapidity for the first time, and b) comparison of
2014 and 2015 runs. The goal of these analyses has be#ie nuclear modification off/+) production inp+Au and
to shed light on two questions: do we see evidence of finafHe+Au collisions to look for evidence of final state effects.
state effects in light systems, and how well do we understand
charmonium nuclear modification in light systems? 2
There was a long-standing expectation in the field that )
measurements of the nuclear modificatiorp#A collisions  The J/v — p*u~ andy(2S)— pTp~ data discussed here
could establish an independent baseline for the modificawere measured in the PHENIX muon arms @yy =
tion of charmonium production irt+A collisions. This as- 200 GeV for the collisionsp + p, p+Al, p+Au, and*He+Au,
sumed that production ip+A collisions was dominated by during the RHIC runs in 2014 and 2015. The integrated lumi-
what were referred to as “cold nuclear matter” (CNM) ef- nosity was 47 pb! for p + p, 590 nb! for p+Al, 138 nlg!
fects, for example modifications of the gluon distributionsfor p+Au, and 18 nb! for 3He+Au collisions. The measure-
in nuclei [1,2], nuclear “absorption” (breakup of the form- ment and analysis details for th&/yresults are described
ing charmonium [6]. But this idea was cast into doubt byin [30], those for the)(2S) in [17].
two observations. Strong modification of ti¢2.5) relative
to the J /¢ was observed by PHENIX in midrapidity data at
RHIC e{1ergy [7], something that did not seem to be consis;;' I/ results
_tent with CN_NI_ effects alone. Simi_lar results were later foundFirst, we consider the question of whether the additional en-
in p+Pb collisions at LHC energies [8,9]. The second wa;
the observation of flow-like behavior ip+Pb collisions at

Experiment

Sergy production iHe+Aucollisions produces a measurable
. 3 o effect on the nuclear modification. Figure 1 presents a com-
the LHC and, later, ip+Au, d+Au, and®He+Au collisions 1 4rison of the nuclear modification versus transverse momen-
at RHIC [10-14]. tum for inclusive.J /4 in p+Au and®He+Au in the0 — 20%
AtRHIC energies, PHENIX has reportedy andy)(25)  most central collisions. The lower panels show the ratio of
modifications at the rapidities.2 < |y| < 2.2 in p+Au,  modifications for the two systems. At forward rapidity the ra-
*He+Au andp+Al collisions [15-17]. PHENIX has also re- tjg is consistent with unity within 5%. At backward rapidity,
ported J/iymodifications ind+Aucollisions at those rapidi- where final state effects would be expected to be most impor-

ties [18,19], as well ag(25)modifications ind+Au colli-  tant, the ratio is consistent with some additional suppression
sions atjy| < 0.35 [7]. Star has reported+Au .J/¢ modifi-  in 3He+Au(probability 90%), but is not far outside the sys-
cations afy| < 1[20]. tematic uncertainty. The results indicate that final state sup-

In p+Pb collisions at LHC energies, the nuclear modi- pression due to the larger final state multiplicity3¢fe+Au
fication for theJ/vy and«(2S) has been reported by AL- is small, at most.
ICE [8,21-24] and LHCb [9,25]. There are alshv and Next, we consider how well the modification $f+ pro-
1(25) modifications from ATLAS [26,27] and CMS [28,29], duction can be described by CNM effects alone. Figure 2
however those measurements do not extend to low transversbows transverse momentum and centrality integrated data
momentum where final state effects should be most imporfor p+Al, p+Au, and®>He+Au collisions. The data are com-
tant. pared with calculations by Shaet. al of the modification
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FIGURE 1. Comparison of the nuclear modification of 1 / 2 A\ \ £0 §~

J/vproduction inp+Auand *He+Aucollisions for the 20% most 2 4 5

.. Wy mass (GeV/c?)
central collisions.

FIGURE 3. Example of the invariant mass spectrum frpmAu

AL ptAu SHe+Au (?oII|S|ons a_t forward rapidity. The fitted curves are Crystal Ball
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] i ] J/v¢. Indeed this seems to be born out in the available
MO eI | o, TN e data from RHIC and LHC experiments. A recent analysis
STy r ey sy e of PHENIX data from the 2015 RHIG+Au run provided
FIGURE 2. The centrality and transverse momentum integratedadequate statistical precision to extract a meaningfalS)
modification of.J/¢ production inp+Al, p+Au and*He+Au colli- modification versus centrality at forward and backward ra-
sions. The calculations are discussed in the text. pidity [17], for the first time at RHIC. This complements the

. earlierd+Audata from PHENIX at midrapidity [7].

due to the_ EP,P816 [1] "f‘r_]d nCETQlS [2] 9"40” shad_0W|_ng The invariant mass spectrum at forward rapidity is shown
parameterizations, modified using a Bayesian reweighting, Fig. 3. The details of the fit procedure and uncertainty
method to add constraints from LH&-Pb.J /1) data [31-35]. analysis can be found in [17].
The reweighting procedure uses data that is expected to be The rapidity dependence of th&/s and«(25) modifi-

;jqn:!nate(;ll byt?rl]uogsi/hado?_/:jng alolne. 'Il'he ;heor(te)tmal dunc?éation inp+Au collisions, integrated over centrality is shown
ainties refiect the o confidence level, and are based on the Fig. 4. The modifications at forward rapidity are very sim-

scale uncertainty. These calculations describe the forward &= 1 for the two states. while at backward rapidity thes)
pidity data for all systems, and the backward rapidity data foris much more strongl),/ suppressed. Predictions of the modifi-

thep ?‘I cc:jllls;ogs. kThe;Iata fg: thbe At\;: tarrg]]e('; cases artle nIOtcation due to gluon shadowing by Sheio alfor both states
reproduced at backward rapidity by the shadowing caiculag, .o g\ for comparison. The shadowing calculations are

tion. Itis expected that at backward rapidity, due to the mucqlery similar for the two states, predicting slightly more sup-

lower relative rapidity of the target nucleons and the form- - - :
ing charmonium, the expanding charmonium will approachpresSlon of they(25) atforward rapidity, and slightly less

its final size while still in the target, and may be broken up

by collisions with nucleons. An estimate of this so called 2 . 12 %yl <22, Inclusive | PHENDX
“absorption” cross section, derived from fits to shadowing ~ B y©29), prAu [50=200 GeV @ J/ap, prAu |5,0=200 GeV
corrected data across a broad range of energies in [3], ha 15| L] wes)EPPSI6 Shaoetaly []w(28) nCTEQIS (Shao etal,) |
been folded with the shadowing calculations and included in [LJ 3y EPPS16 (Shaoetal) ]/ nCTEQLS (Shao et al)
Fig. 2. The combination of shadowing and nuclear absorption

at backward rapidity reproduces the data reasonably well. 1 I

In summary, comparison of thetAu and*He+Au mod-
ifications shows little difference, and they are well described
by CNM effects - namely predictions from gluon shadowing 0.5
at forward rapidity, and gluon shadowing folded with nuclear
absorption at backward rapidity.

4. (29) results d

FIGURE 4. Nuclear modification of theJ/wand (25)in
Because of the much lower binding energy of th@.5), itis p+Aucollisions as a function of rapidity, integrated over centrality.
expected to be more susceptible to final state effects than thehe theory calculations are discussed in the text.
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FIGURE 5. Nuclear modification of the//+ and«(2S) in p+Au FIGURE 6. Comparison of the nuclear modification of th&) and

collisions as a function of centrality. The model calculations are ¥'(25) in p+Au collisions from PHENIX ang-+Pb collisions from
discussed in the text. ALICE. The model calculations are discussed in the text.

suppression of the'(2.5) at backward rapidity. The calcula-

tions are in good agreement with the data at forward rapidity, .

but sit well above the measured modifications at backward
rapidity. As shown earlier, addition of a nuclear absorption
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estimate to the shadowing for th&+ reproduces the data
reasonably well. We do not have a nuclear absorption esti-
mate for they(2S), but the absorption model used for the =y R I
Jiip necessarily produces very similar suppression estimates @
for thet(25). CNM effects do not seem to be able to explain 5 @ +
the stronger suppression of ti¢2.5).

The centrality dependence of the measured nuclear mod-
ification of the(2S)is compared with that of thg/«in
Fig. 5. They(2S)suppression is only slightly greater than
that of theJ/«vat forward rapidity, but it is markedly lower
at backward rapidity. Also included in Fig. 5 are shadowingFIGURE 7. Comparison of the nuclear modification of théy and
predictions by Shaet al. for the J /¢ and«(25). The shad- P(25) versus rgpidity irp+Au andd+Au collisions from PHENIX
owing predictions are in reasonable agreement with the dat@"dp+Pb collisions from ALICE and LHCb.

at forward rapidity, but at backward rapidity the predicted . .
modification is much larger than the measured one. In the Itis interesting to compare the(25)data from PHENIX

case of theJ /4 this is likely due to the absence of nuclear with that from ALICE [24]. Figure 6 shows the centrality de-
absorption in the calculations pendence comparison at forward and backward rapidity, with
P ) transport model comparisons from Du and Rapp [36]. The

Also shown in Fig. 5 are transport model calculations bygﬁta from the two experiments are not directly comparable

Du and Rapp [36]. The transport model has been extende e to the much higher energy at the LHC. At the LHC, the

to small systems, having been developed for A+A collision ucleon-nucleon cross section is higher, leading to a larger

to describe the evolution of charmonium as it passes throug nge of(N.,u)values. Also the Bjorker values probed in
expandin_g hot nuclear matter [37]. _Thg model includes esti_;[he ALICEC(;lallta are émaller, and tl@g? values are higher
mates using the EPSO09 parameterization of the CNM rmd'aue to the larger average transverse momentum. Despite
fication due to gluon shadowing, as well as a nuclear absor

. . SO"Rhe differences in conditions, the measured modifications are
tion estlmate_z ba_sed on the PHENWAu.J/ wd_ata_ The estl- imilar between the two experiments. At backward rapidity,
mated contributions from CNM effects - which are assume

. here final state effects dominate in the calculations, the sup-

o be_thg same fqi/z/;andzﬁ(%_’)- are shown in each case as§ressions predicted by the transport model are also similar.
a solid I!ne. A(_jdlng th_e re_welghted EPPS16 and nCT_EQl Figure 7 compares the nuclear modification of the two
E:Lﬁgvglr;gneesggigstén;&fnf?gmi;hgggi:::gﬁxng\?sﬁ'fates, integrated over rapidity and transverse momentum, for

- . ) y Gilght collision systems as a function of rapidity. It includes
at forward rapidity, perhaps slightly underprecting th@5) data from PHENIX, ALICE [8,22] and LHCb [9,25]. The
guppression. At backwa_rd rapid?ty, where both antish"’IdOW'ErenoI of increasing,differential,suppression of tlb,lézs.) as
N9 and n_uclear absorption are |mportlant, the CNM eﬁECtsthe rapidity decreases is striking, particularly so given that
included in the transport model describe thg) data rea- the data are at a mix of collision energies
sonably well. For the)(2S) case, at backward rapidity the '
model predicts significant final state effects, although they are
not as strong as in the data. The calculated ratio oftfxs) 5,
and.J/+ modifications is close to that in the data, so it may
be that the CNM estimates in the Du and Rapp calculatioPHENIX .J/1) data fromp+Au collisions are reasonably well
are responsible for at least part of the difference. described by the Bayesian reweighted shadowing predictions
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Summary
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of Shao et al, with the addition of a nuclear absorption correc- The)(2S) p+A data from PHENIX, ALICE and LHCb
tion at backward rapidity. Comparison &f+ modifications  show only small additional suppression relative to the
from p+Au and3He+Au for the 0-20% most central colli- at forward rapidity, and the data seem to be reasonably well
sions showed no difference at forward rapidity, within errorsdescribed by CNM predictions. At backward rapidity - the
of 5%. At backward rapidity, the data are consistent withheavy ion going direction - the)(2S) is suppressed by
an additional suppression of about 10% in thie+Au case, roughly a factor of two relative to thé/+). The strong dif-
but the difference is barely outside the systematic uncertaintyerential suppression at backward rapidity is not explained by
and is not compelling. CNM effects, but models including final state effects, such as
the one by Du and Rapp shown here, can produce the effect.
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