POLITECNICO DI TORINO
Repository ISTITUZIONALE

Centrality dependence of (2S) suppression in p-Pb collisions at SNN= 5.02 TeV

Original

Centrality dependence of (2S) suppression in p-Pb collisions at sSNN= 5.02 TeV / Adam, J.; Adamova, D. Aggarwal,
Rinella, G.; Agnello, Michelangelo; Agrawal, N; Ahammed, Z.; Ahn, S. u.; Aiola, S.; Bufalino, Stefania. - In: JOURNAL
OF HIGH ENERGY PHYSICS. - ISSN 1029-8479. - STAMPA. - 2016:6(2016), pp. 1-23. [10.1007/JHEP06(2016)050]

Availability:
This version is available at: 11583/2673945 since: 2022-09-29T14:15:217

Publisher:
Springer Verlag

Published
DOI:10.1007/JHEP06(2016)050

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

25 April 2024



PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 11, 2016
REVISED: May 13, 2016
ACCEPTED: May 27, 2016
PUBLISHED: June 8, 2016

Centrality dependence of 1(2S) suppression in p-Pb
collisions at /syy = 5.02 TeV

ALICE
The ALICE collaboration

E-mail: ALICE-publications@cern.ch

ABSTRACT: The inclusive production of the ¥ (2S) charmonium state was studied as a
function of centrality in p-Pb collisions at the nucleon-nucleon center of mass energy /snn
= 5.02TeV at the CERN LHC. The measurement was performed with the ALICE detec-
tor in the center of mass rapidity ranges —4.46 < Yems < —2.96 and 2.03 < yems < 3.53,
down to zero transverse momentum, by reconstructing the 1(2S) decay to a muon pair.
The 1 (2S) production cross section oy(29) is presented as a function of the collision cen-
trality, which is estimated through the energy deposited in forward rapidity calorime-
ters. The relative strength of nuclear effects on the (2S) and on the corresponding
1S charmonium state J/v is then studied by means of the double ratio of cross sections
[05(28)/ 73 /pPb/ [0 4(28)/ 3/ lpp Detween p-Pb and pp collisions, and by the values of the
nuclear modification factors for the two charmonium states. The results show a large
suppression of ¢(2S) production relative to the J/1 at backward (negative) rapidity, corre-
sponding to the flight direction of the Pb-nucleus, while at forward (positive) rapidity the
suppressions of the two states are comparable. Finally, comparisons to results from lower
energy experiments and to available theoretical models are presented.
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1 Introduction

Charmonia are bound states of a charm and an anticharm quark (c¢), and represent an im-
portant testing ground for the properties of the strong interaction. In high-energy proton-
proton collisions, the charmonium production process is usually factorized in two steps:
the creation of a c¢ pair followed, on a longer time scale, by the binding and emission of
one or more gluons that brings the pair to a colour singlet state. This process is described
reasonably by theoretical models inspired by Quantum Chromodynamics (QCD) [1], al-
though a quantitative evaluation of the production cross sections and polarization of the
charmonium states still meets difficulties [1, 2].

If a charmonium state is produced within the nuclear medium, as can happen in proton-
nucleus collisions, several effects become important and might influence the charmonium
formation. In particular, the modification in the nucleus of the parton distribution func-
tions (shadowing/anti-shadowing) [3-5], can lead to a suppression or an enhancement of
the charmonium production. Furthermore, the incoming partons, as well as the outgoing
cc pair, may lose energy in the nuclear medium, altering the differential distributions of the
produced charmonium state [6]. Finally, once the bound state is formed, it may be disso-
ciated via collisions within nuclear matter [7-9]. However, the formation of the final-state
resonance occurs in a finite time 73 which, depending on the kinematics of the ¢¢ pair and
on the collision energy, may be longer than its crossing time, 7, in the nucleus.

Among the narrow charmonium states, i.e. those with a mass smaller than twice the
mass of the lightest D mesons, we address in this paper the vector states (J PC — 177)
J/1, characterized by a binding energy AFE ~ 650 MeV (corresponding to the mass gap
to the open charm threshold), and the weakly bound (2S), with AE ~ 50MeV [10]. A
comparison of the production cross section of the two states in proton-nucleus collisions
offers interesting insights into the size of the various cold nuclear matter (CNM) effects
outlined above. In particular, shadowing acts on the initial state partons and has a nearly
identical size for the two resonances [11, 12]. Therefore, its effect largely cancels out



when studying the ratio of their production cross sections. Also coherent energy loss
mechanisms [6], have a similar effect on the two resonances, due to the fact that they act
on a compact c¢¢ pair not yet evolved into a final color singlet state. On the contrary, the
break-up probability of the final resonance inside the nucleus should be much larger for the
weakly bound (2S) [13].

Early results on J/¢ and 1 (2S) production in proton-nucleus collisions were obtained
at fixed target experiments by E866 [14] at FNAL (/snny = 63 GeV), by HERA-B [15] at
HERA (/sny = 39GeV) and by NA38, NA50, NA60 [16-18] at the CERN SPS (,/snn =
1729 GeV). At mid-rapidity, i.e., close to yems = 0, the relative production cross section
Ty(28S) /oy /v was found to decrease rather strongly for increasing mass number of the nuclear
target. Since part of the kinematic domain accessed at fixed target energies is characterized
by 7¢ < 7¢ [9], such an observation can indeed be related to a stronger break-up effect on
the weakly bound (28S).

At collider energies, it becomes technically more difficult to have data samples cor-
responding to various nuclear colliding species. Therefore, in order to vary the thickness
of CNM crossed by the c¢ pair, one can rather select classes of events based on estima-
tors of the geometry (centrality) of the collision, corresponding to various ranges in the
number of nucleon-nucleon collisions N This procedure was followed by the PHENIX
experiment at RHIC, which studied the nuclear modification factors, defined as the ratio
between the measured yields in d-Au and proton-proton collisions, normalized to Ny, for
the J/1 and ¢ (2S) resonances at mid-rapidity [19]. At /sy = 200 GeV, the nuclear mod-
ification factors were smaller by a factor ~ 3 for 1(2S) relative to J/9 for central events,
indicating a stronger suppression for 1(2S). However, such an observation is surprising
since for mid-rapidity production at RHIC energies the time spent by the cc¢ pair in the
nucleus (7. < 0.05fm/c) is below the formation time of the final-state resonance (most
theory estimates [9, 20, 21] give 7t > 0.15fm/c). In such a situation, one would rather
expect a similar suppression for the J/¢ and 1(2S) states.

At the LHC, centrality-integrated results on the ¢ (2S) and J/v resonances for p-Pb
collisions at /syN = 5.02 TeV were obtained by ALICE [22, 23] and LHCb [24, 25]. At both
forward (positive) and backward (negative) rapidities, corresponding to the p-going and
Pb-going directions respectively, a significantly larger suppression of 1(2S) compared to
J /1 was observed, relative to proton-proton collisions. Again, this result was unexpected,
as the 7, values are either at most the same order of magnitude (at negative yems) Or more
than two orders of magnitude smaller (at positive yems) than 7¢ [22]. Therefore, additional
effects, as the interaction of the loosely bound (2S) with a hadronic or partonic medium
produced in the collision, might be necessary in order to explain the results [11, 26].

As outlined above, a differential measurement as a function of the collisions centrality is
equivalent to a study of the propagation of the ¢¢ pairs over various thicknesses of CNM. In
this Letter, we go in that direction by showing results obtained by the ALICE Collaboration
on 1(2S) studies in p-Pb collisions as a function of centrality, estimated through the energy
deposited at very forward rapidity by the remnants of the Pb-nucleus. The corresponding
J /1 studies were published in [27]. In section 2 we give a brief overview of the experimental
apparatus and run conditions. Section 3 presents details on the analysis procedure, while
section 4 is dedicated to the results. The conclusions are presented in section 5.



2 Experimental conditions

The analysis presented in this Letter is based on the detection of the 1(25) — pu*u~ decay
in the forward muon spectrometer of ALICE, described in detail elsewhere [28, 29]. This
detector covers the pseudorapidity range —4 < np,p < —2.5 and includes a 3 T- m dipole
magnet and five stations of tracking chambers, the central one being inside the magnet
gap. A main absorber (10 interaction lengths thick) is positioned between the ALICE
interaction point and the tracking system, in order to remove hadrons. A second absorber
is placed downstream of the tracking detectors. It removes the remaining hadrons and
low-momentum muons produced predominantly from 7 and K decays, and is followed by
two stations of trigger chambers that select muon candidates based on their transverse
momentum (pr). In addition to the muon spectrometer, the first two layers of the Inner
Tracking System (SPD, i.e., Silicon Pixel Detectors, the first covering |nap| < 2.0 and the
second |7M1ap| < 1.4) [30] are used for the determination of the position of the interaction
vertex. The two VO scintillator hodoscopes (covering —3.7 < miap < —1.7 and 2.8 < npap <
5.1, respectively) are used for triggering purposes [31]. Finally, two sets of Zero-Degree
Calorimeters (ZDC), positioned at 112.5 m on the two sides of the interaction point, each
one including a neutron calorimeter (ZN) and a proton calorimeter (ZP), are used to clean-
up the event sample from interactions occurring out of the nominal bunches and for the
centrality estimate [32, 33].

The data-taking conditions were described in [23, 34] and are briefly stated here.
Two data samples were taken, corresponding to the p-beam or the Pb-beam going in
the direction of the muon spectrometer, and labelled in the following as p-Pb and Pb-p,
respectively. The integrated luminosities were Lfnlzb =5.01£0.19 nb~! and Liil,zp =581+
0.20 nb~! [35]. The events used in this analysis were collected requiring a coincidence
between a minimum bias (MB) trigger condition, defined by the logical AND of signals on
the two VO hodoscopes (>99% efficiency for non-single diffractive events), and the detection
of two candidate opposite-sign tracks in the trigger system of the muon spectrometer. A
ph > 0.5GeV/c cut on such tracks was also imposed at the trigger level. The offline
event selection, the muon reconstruction and identification criteria and the kinematic and
quality cuts applied at the single-muon and dimuon levels have already been described in
refs. [22, 23, 27, 36]. In particular, the covered dimuon rapidity ranges were 2.03 < Yems <
3.53 and —4.46 < Yems < —2.96 for the p-Pb and Pb-p configurations, respectively.

3 Data analysis

In this section, the evaluation of the various elements that enter the cross section measure-
ments and the nuclear modification factor calculations are described.

The centrality selection and the determination of Ny are based on a hybrid method
described in detail in ref. [33]. Events are selected according to the energy deposited at
very large rapidity in the ZN positioned in the Pb-going direction, which mainly detects
slow neutrons emitted by the Pb-nucleus as the result of the interaction. Their emission,
according to results obtained in the analysis of lower energy proton-nucleus experiments,



ZN centrality class (Neo)
2-20% 11.3 £ 0.6 = 0.9
20-40% 9.6 £ 0.2 £0.8
40-60% 7.1 £0.3 £ 0.6
60-80% 4.3 +0.3+0.3

80-100% 21 4+0.1+£02

Table 1. Average numbers of binary nucleon-nucleon collisions, N¢op, evaluated in the ZN centrality
classes used in this analysis. The first quoted systematic uncertainty is uncorrelated, while the
second is global.

is expected to be monotonically related to N [37]. A centrality selection based on the
ZN energy is found to be less biased than other centrality estimators, based on the charged
particle multiplicity measurements at central (SPD) or forward (V0) pseudorapidity [33].
The average number of nucleon-nucleon collisions (N¢o) for each ZN-selected centrality
class is then obtained by assuming that the charged particle multiplicity measured at central
rapidity is proportional to the number of participants Npart = Neon + 1 [38]. The values of
(Ncon), used in this analysis, are reported in table 1, together with their uncertainties.

The centrality classes used in this analysis correspond to 2-20%, 20-40%, 40-60%,
60-80% and 80-100% of the measured cross section corresponding to the MB trigger. Very
central events (0-2%) are discarded from the event sample due to a large contamination
from pile-up interactions.

The estimate of the 1 (2S) signal is based on binned likelihood fits to the dimuon in-
variant mass spectra m,, corresponding to events in the centrality ranges defined above.
Details on the procedure, on the fitting functions and on the estimate of systematic uncer-
tainties are discussed in [22]. The function used in the fit is the sum of a continuum back-
ground, mainly related to uncorrelated decays from pions and kaons and to semi-leptonic
decays of pairs of hadrons with open heavy flavor, and of resonance shapes correspond-
ing to the J/1¢ and 1 (2S) mesons. The background is parameterized by various empirical
shapes, directly fitted to the data. The resonances are described by either a Crystal Ball
function or a pseudo-gaussian with a mass-dependent width [39]. The main parameters of
the J/4 line shapes, i.e. mass position and width, are left as free parameters, while the
non-gaussian tail parameters are fixed to Monte-Carlo (MC) estimates. The (2S) line
shape parameters, given the less favourable signal over background, are fixed relative to
those of the J/v, assuming that the mass difference and the widths scale according to the
MC result. The results of the fits are shown in figure 1.

The quality of the fits is good, with x?/ndf ranging from 0.7 to 1.3. The 1(2S) signal is
visible in all the centrality bins, and the signal over background ratio increases from central
(0.06 for p-Pb and 0.04 for Pb-p) to peripheral events (0.15 and 0.28, respectively). The
number of reconstructed (2S) for the various centrality bins, qu}@ §)spt > TANGES from
265+ 73+32 (i= 2-20%) to 10042949 (i= 80-100%) in p-Pb, where the first uncertainty
is statistical and the second one is systematic. The corresponding values for Pb-p are
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Figure 1. Opposite-sign dimuon invariant mass spectra in ZN centrality classes at forward (top)
and backward (bottom) rapidities. The fit curves shown in red in the figure correspond to the sum
of signal and background shapes, the former being also shown separately in blue.

141 £ 64 £ 13 (1= 2-20%) and 65+ 20 £ 7 (i= 80-100%). The systematic uncertainties on
the signal extraction are given by the root mean square of the number of 1 (2S) obtained
in 72 fits corresponding to various fitting functions for background and signal, to different
fitting ranges, to variations of the non-gaussian tails of the resonance shape, and of the
1 (2S) mass resolution values. In p-Pb, the systematic uncertainties range between 11 and
13% from peripheral to central events (11-21% for Pb-p).

The product of acceptance times efficiency A x € for the 1(2S) resonance was calculated
with the MC-based procedure described in refs. [22, 23]. The values are the same as quoted
there for the centrality integrated production (0.270+0.014 for p-Pb and 0.184 +0.013 for
Pb-p), since it was verified that the tracking efficiency does not depend on the centrality of
the collision [27]. The quoted errors are the quadratic sum of the systematic uncertainties
on tracking, trigger and matching efficiencies and on the choice of the 1(2S) pt and y input
shapes used in the MC simulations.

The normalization of the 1(2S) yield was calculated according to the procedure de-
scribed in ref. [27]. It is based on the evaluation, for each centrality class, of the number
of minimum bias events as Njp = ngu JMB Ngu, where Néy is the number of dimuon-
triggered events and FQZ# /MB is the inverse of the probability of having a dimuon triggered
in a MB event for that class. The Fgu /MB-Values increase from central to peripheral events
and are 287 + 3 and 694 + 8 for the 2-20% centrality class in p-Pb and Pb-p respectively.
The corresponding values for the 80-100% class are 3291 + 36 and 3338 4+ 35. The sys-
tematic uncertainties quoted above (statistical uncertainties are negligible) come from the
comparison obtained with two slightly different approaches in the calculation of F2i
as detailed in [27].

n/MB?



In the evaluation of the systematic uncertainties on FQZ'” /MB the presence of interaction
pile-up was considered. Pile-up can lead to a bias in the evaluation of the centrality of
the collision since, for example, the superposition of the signals from two peripheral events
in the ZN can fake a more central event. The contribution of pile-up was calculated by
detecting events with multiple interaction vertices in the SPD, and checking via a Monte-
Carlo that the ZN energy distribution can be reproduced assuming a pile-up probability
corresponding to the observed interaction rate. Events in the 0-2% centrality interval were
rejected, as the pile-up contribution becomes significant (~30%) in that region. The effect
is small but not negligible in the 2-20% range, where it amounts to 2.1% (2.6%) for p-Pb
(Pb-p), and becomes < 1% going towards more peripheral events.

From the quantities described above, the inclusive cross section for ¢ (2S) production

in the centrality bin ¢, times its branching ratio to dimuons B.R.yag) was calculated

L
with the following expression

. N? -

B.Ruy(as) oty 0o = m X OMB (3.1)

The ratio Nyp/omB, where Nyp is the total number of minimum bias events and
oMB is the cross section for events satisfying the minimum bias trigger condition, gives the
integrated luminosity Liy. The onmp values were evaluated through a van der Meer scan
which gives o¥y = 2.09 + 0.07 b and oy = 2.12+ 0.07 b [35]. A determination of the
luminosity which makes use of a different reference process, based on the signals released in
a Cerenkov counter [29], gives a result compatible within 1% [35]. Therefore, an additional
1% uncertainty is added to the oyp values used in the 1(2S) cross section determination.
The comparison of the ¥(2S) and J/v production cross sections can be performed by

calculating the ratio B.R.y(28)p+ - 0p(28)/B-Reg/p—spt -3/ In this way, the uncertain-

n
ties related to the cross sectionﬂngrmalization and to the reconstruction efficiency cancel
out. The J/4 cross section values that enter this ratio are those reported in [27], with the
value for the centrality interval 2-20% obtained by summing the 2-10% and 10-20% results.
This ratio can be further normalized to the corresponding measurement in pp collisions.
This quantity, called double ratio in the following, gives direct access to modifications in
the ¢ (2S) production relative to that of the J/1, going from pp to p-Pb collisions. Due
to the lack of precise pp data at /s = 5.02 TeV, the results obtained at /s = 7TeV [40]
were used instead. This choice is justified from the fact that the /s- and y-dependence
of the cross section ratio is known to be weak in the TeV beam energy range. An 8%
systematic uncertainty has been included, corresponding to the maximum estimated size
of the variation of the ratio between the two energies [221}&25)
2y

Pb

The estimate of the nuclear modification factors Qp as a function of centrality is

performed as the product of the corresponding Q;ill/ow for the J /1 [27] (except for the 2-20%

centrality interval where le‘l{)w was re-computed by merging the 2-10% and 10-20% bins)
and the double ratio between the 1 (2S) and J/v cross sections in p-Pb and pp collisions:

' 4 S ¥(28) I/
QMMQS) — Q%J/w . pPb . Opp (3 2)
pPb pPb i,J /4 »(2S) )
OpPb  9pp



Source of uncertainty JZP(’iS , Qgpis) Pb?)S)’ Qﬁf)zps
2.03< Yems <3.53 | -4.46< Yems <-2.96
Tracking efficiency (I) 4 6
Trigger efficiency (I) 3 34
Matching efficiency (I) 1 1
Signal extraction 10.8 — 13.4 10.8 — 20.9
MC input 1.8 2.5
omp (I) 3.3 3.0
omp (L) 1.6 1.6

Table 2. Systematic uncertainties, in percentage, on the ¥ (2S) cross sections and nuclear mod-
ification factors. For centrality-dependent quantities, the range of variation is given. Type I un-
certainties are correlated over centrality, while type II are correlated between the forward and the
backward rapidity regions. When no indication is given, the uncertainties are uncorrelated. The
uncertainty on oyp is related to the 1(2S) cross section only.

The uncertainties are obtained combining those on Q;’r{{;ﬁ [27] with those on the double

ratio, avoiding a double counting of the J/v related uncertainties. The notation Qgg{?s),

R ’MQS), is used in this Letter, to draw attention to possible

rather than the more usual
residual biases in the centrahty determination, related to the loose correlation between the
centrality estimators and the corresponding collision geometry [33].

Table 2 summarizes the values of the systematic uncertainties on the various ingredi-
ents that enter the cross section determination and the calculation of the nuclear modifi-

cation factor.

4 Results

The 9(2S) production cross sections as a function of the centrality of the collision, expressed
via (Neon), are plotted in figure 2 (left). As expected, their values increase with (Nop).
In figure 2 (right) the ratio B.R.y2s)—utu-0y2s)/B-Rj /ot -0/ 18 shown as a
function of (Vo) and compared with the corresponding value for pp collisions. Despite the
large uncertainties, the data suggest a decreasing trend from peripheral to central events, in
particular at backward rapidity, indicating a suppression of the ¢ (2S) production relative
to the J/¢. While for peripheral collisions the cross section ratios are consistent with the
pp value, they become a factor 2—3 smaller for central events, in both rapidity ranges. As
remarked in section 3, the pp cross section ratio measured at /s = 7TeV has been used,
including an 8% additional uncertainty to account for its possible y/s- and y-dependence.
The degree of suppression of ¥(2S) is directly quantified in figure 3 where the double
ratio between the (2S) and J/v cross sections in p-Pb and pp collisions is shown. The
result is compared with two theoretical calculations. The first is based on a scenario where
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Figure 2. Left: 1(2S) production cross sections shown as a function of (N¢o) for both p-Pb and
Pb-p collisions. Right: B.R.y(28)—u+ - p(28)/B-Re3/p—putu-03/¢ shown as a function of (Neon) and
compared to the pp value (line), with a band representing its uncertainty. In both figures, vertical
error bars correspond to statistical uncertainties, while the open boxes represent the systematic
uncertainties. The Pb-p points are slightly shifted in (Neon) to improve visibility.

the resonances may be dissociated via interactions with the partons or hadrons produced in
the collision in the same rapidity region (co-movers) [11]. The model includes contributions
from nuclear shadowing, based on the EPS09 LO parameterization [3], and a co-mover in-
teraction term, with dissociation cross sections ¢®~7/¥ = 0.65mb and o<°~¥(25) = gmb,
these values being fixed from fits to low-energy experimental data [41]. The effect of co-
movers is larger at backward rapidity since their density is larger in that region. The
calculated co-mover densities are compatible with the measured experimental charged par-
ticle multiplicities [42]. The calculation reproduces well the measured values of the double
ratio. Shadowing effects are very similar for the two mesons and in this model they are
assumed to cancel out in the double ratio, so that only co-mover absorption plays a role.
The second model (QGP+HRG) is based on a thermal-rate equation framework [43] which
also implements the dissociation of charmonia in a hadron resonance gas, including a to-
tal of 52 non-strange and single-strange meson species, up to a mass of 2GeV/c? [26].
The fireball evolution includes the transition from a short QGP phase into the hadron
resonance gas, through a mixed phase. The shadowing effects, implemented through the
EPS09 parametrization, cancel out in the double ratio, as in the previous model. The result
of the calculation, also shown in figure 3, is in fair agreement with the measured values, in
particular for central collisions. The model uncertainties are dominated by the evaluation
of the charmonium dissociation rates. The ALICE result is also compared to mid-rapidity
(Jy| < 0.35) PHENIX data [19] in figure 3. Remarkably, in spite of the very different ,/syn
and yems values, the observed patterns as a function of centrality are similar. It should also
be noted that the PHENIX result can be qualitatively described in a hadronic dissociation
scenario, as discussed in [11, 26].

In figure 4 the nuclear modification factor for ¢(2S) mesons is shown as a function of
centrality, separately for forward and backward rapidities. In both regions, a trend towards
an increasing suppression can be seen when moving from peripheral to central collisions.
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Figure 3. Double ratio [0y (25)/7/4]pPb/[0y(28)/05/w]pp for p-Pb and Pb-p collisions, shown as
a function of (Ncon) (Pb-p points are slightly shifted in (Ngon) to improve visibility). The data
are compared to PHENIX mid-rapidity results [19] and to the theoretical calculations of ref. [11]
and [26]. The boxes around unity correspond to the global systematic uncertainties at forward (red
box) and backward (blue box) rapidities. The grey box is a global systematic uncertainty common
to both p-Pb rapidity ranges, while the green box refers to the PHENIX results.

The corresponding Qf){pwb values [27] are also shown. At forward-y there is an indication

for a smaller Qf&s) with respect to Qi{;ﬁ- The difference between the 1(2S) and the J/¢
nuclear modification factors amounts, for central events, to 1.90, while, integrating over
centrality, the corresponding quantity is 2.30. At backward-y the suppression patterns
for the J/1 and the ¢(2S) are different, with Qggﬁ ~ 1 (or even slightly larger), and a
strong suppression for the ¢ (2S). In the most central collisions, the difference between the
measured Qppy, corresponds to 4.30, while, integrating over centrality, suppressions differ
by 4.10. The results are compared to calculations including either only shadowing (EPS09
LO [11], EPS09 NLO [44]) or only coherent energy loss [45] and to models implement-
ing final state interactions (co-movers [11], QGP+HRG [26]). While the J/¢ results are
reproduced by shadowing/energy loss calculations, additional final state effects, as those
discussed in the context of figure 3, are needed to describe the (2S) results, in particular
at backward rapidity.

Finally, the double ratios are shown in figure 5 as a function of the pair crossing time
7. in nuclear matter [9]. This quantity can be calculated as 7. = (L)/(5,7y) where (L) is

the average thickness of nuclear matter crossed by the pair, which was evaluated, for each

centrality class, using the Glauber model [46], 3, = tanh y'S*" is the velocity of the c¢ along
the beam direction in the nucleus rest frame, v = Ez/me and Eg = mp ¢ cosh y'&*. The
value me = 3.4 GeV /c? was chosen for the (average) mass of the evolving c¢ pair [9, 47),
while mr z was calculated in each centrality bin starting from the measured J/v¢ (pr)

values [27]. We use the J/¢ (pr) as a proxy for the average pr of the c¢ pair, as the
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Figure 4. J/¢ [27] and (2S) nuclear modification factors, Qpp1, shown as a function of (Ngen) for
the backward (left) and forward (right) rapidity regions and compared to theoretical models [11, 26,
44, 45]. The boxes around unity correspond to the global ) (2S) systematic uncertainties at forward
(red box) and backward (blue box) rapidities. The grey box is a global systematic uncertainty
common to both J/1 and ¢(2S).

¥ (2S) statistics is too low to extract a corresponding (pr) value. If we assume instead
that <p¥(25)> ~ 1.1<p%/w) as measured by LHCbD in pp collisions at /s = 7TeV [48, 49],
the 7. values would decrease by ~ 4%. Other sources of uncertainties on 7. include the
uncertainties on the measured J/v (pr), which contribute less than 1%, and those on (L),
which are dominant and of the order of 10%. In figure 5 we show the double ratio as a
function of 7. in the two rapidity regions. Different 7. intervals can also be selected by
slicing the events in bins of pr (see ref. [36]), varying, in this way, the ~ values of the
cc. The double ratio results, obtained in [36], are therefore also shown in figure 5 at their
corresponding average 7. values. In the double ratio one effectively removes, as discussed
above, initial state effects, so that figure 5 shows the 7. dependence of final state effects on
¥ (2S) compared to J/1. The two sets of results, corresponding to a slicing of the events in
centrality or in pr, are in good agreement. At backward-y, where the largest 7. values are
reached, a clearly decreasing trend can be observed. The average resonance formation time
7t is, according to most theory estimates [9, 20, 21], larger by at least a factor ~ 2 than
the accessible 7. range. On the other hand, the width of the 7¢ distribution is expected
to be non-negligible [21], and it cannot be excluded that at least a fraction of the c¢
pairs hadronizes inside the nucleus. Therefore, the observed behaviour is likely due to a
combination of final state effects which take place outside the nucleus, as e.g. interaction
with a hadronic resonance gas, and dissociation effects on the fully formed resonance, due
to nuclear matter, and taking place inside the nucleus. The relative importance of the two
mechanisms is difficult to quantify in such a simple analysis and quantitative theoretical
studies, also exploring alternative mechanisms, are needed. At forward rapidity, where 7,
becomes smaller than 7t by about 2-3 orders of magnitude, the interaction with nuclear
matter is not expected to play any significant role. The results of a similar analysis carried
out on PHENIX mid-rapidity data [19] are also shown in figure 5. Within uncertainties, a
scaling of the ALICE and PHENIX double ratio values with 7. is observed.
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Figure 5. Double ratio [0y (25)/05/4]pPb/ [0y (28)/ 03 /9] pp sShown as a function of 7. for the backward
and forward rapidity regions. For each y-range, the two sets of points were obtained from the
centrality analysis and from the pr-dependent analysis of ref. [22]. Statistical uncertainties are
shown as lines, while the total systematic uncertainties are shown as boxes around the points.
The results of a corresponding analysis carried out on the PHENIX mid-rapidity data [19] is also
shown. The box around unity represents the PHENIX global systematic uncertainty. For the
ALICE results, the global uncertainties are different for the various data sets, and are included in
the boxes around the points.

5 Conclusions

The centrality dependence of the 1(2S) production in p-Pb collisions at \/syn = 5.02 TeV
was measured in five intervals, using the ZN energy as an estimator. The ratio
B.R.y28)=putp— aw(QS)/B.R.JMHHHr 03/ 1s compatible with pp measurements in periph-
eral events, whereas a decrease is observed towards central events, showing that the 1(2S)
state is suppressed with respect to the J/1 state. The results on the nuclear modifica-
tion factors, together with the corresponding model comparisons, show that effects such as
shadowing or energy loss are enough to explain the J/¢ behaviour, while additional mech-
anisms are needed to describe the 1(2S) suppression. Theoretical models that include
final state interactions are able to reproduce such a suppression. A study of the double
ratio [0y(28)/ 05 /]lpPb/ [04(28)/ 03 /plpps as a function of the crossing time 7., shows that at
forward-y the 7, values are much shorter than the resonance formation time 7¢, excluding
any significant role of final state interactions with nuclear matter. Effects occurring at later
times, such as the break-up by co-movers in the hadronic gas, are suitable candidates for
an explanation of the observed 1 (2S) suppression. At backward-y the 7. values, although
significantly larger, are still smaller than 7r. However, the observed scaling of the double
ratios with 7. may be suggestive of an effect at least partly related to a dissociation of the
fully-formed resonance in nuclear matter.
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