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1 Introduction

Two-photon and photo-nuclear interactions at unprecedesergies can be studied in heavy-ion Ultra-
Peripheral Collisions (UPC) at the LHC. In such collisiohe tuclei are separated by impact parameters
larger than the sum of their radii and therefore hadronierattions are strongly suppressed. The cross
sections for photon induced reactions remain large bedhesgrong electromagnetic field of the nucleus
enhances the intensity of the photon flux, which grows asdbare of the charge of the nucleus. The
physics of ultra-peripheral collisions is reviewed|in/[], Exclusive photo-production of vector mesons
at high energy, where a vector meson is produced in an evéntnoeiother final state particles, is of
particular interest, since it provides a measure of theaauajluon distribution at low Bjorker-

Exclusive production of charmonium in photon-proton iatgions at HERAI3-5]y+ p —

J/W (Y(29)) + p, has been successfully modelled in terms of the exchangeoogiuons with no net-
colour transfer|[6]. Experimental data on this process fHIERA have been used to constrain the proton
gluon distribution at low Bjorkemn-[7]. Exclusive vector meson production in heavy-ion inti@ns is
expected to probe the nuclear gluon distribution [8], foiakithere is considerable uncertainty in the
low-x region [9]. Exclusivep® [10] and Jy [11] production has been studied in Au-Au collisions at
RHIC. The exclusive photo-production can be either cohterghere the photon couples coherently to
almost all the nucleons, or incoherent, where the photoplesuo a single nucleon. Coherent produc-
tion is characterized by low transverse momenta of vectome ot ~ 60 MeV/c) where the target
nucleus normally does not break up. However, the exchangaldifional photons, radiated indepen-
dently from the original one, may lead to the target nuclegsking up or de-excite through neutron
emission. Simulation models estimate this occurs in ab0&b 8f the events [12]. Incoherent pro-
duction is characterized by a somewhat higher transverseemmm of the vector mesong(~ 500
MeV/c). In this case the nucleus interacting with the photon tsegkbut, apart from single nucleons or
nuclear fragments in the very forward region, no other plasiare produced besides the vector meson.

We published the first results on the coherent photo-prastuatf J/¢y in UPC Pb—Pb collisions at
the LHC [13] in the rapidity region —3.6 y <—2.6, which constrain the nuclear gluon distribution at
Bjorkenx ~ 102. Shortly afterwards, ALICE published a second paper méagumoth the coherent
and the incoherent/@ vector meson cross section at mid-rapidity| [14], allowihg tuclear gluon
distribution at Bjorkerx ~ 10~3 to be explored. The present analysis is performed in the sapigity
region with respect to the measurement reported.in [14];tdadensitive to Bjorkenc~ 103 too.

There are very few studies of photo-production/dRS) off nuclei. Incoherent photo-production, using
a 21 GeV photon beam off a deuterium target, has been stud|&é]; non-exclusive photo-production,
using bremstrahlung photons with an average energy of 90 &&¥ SLi target, have been reported
in [16]. However, no previous measurementsydRS) coherent photo-production off nuclear targets,
have been reported in the literature.

In this letter, results from ALICE on exclusive coherent fahproduction ofy/(2S) mesons at mid-
rapidity in ultra-peripheral Pb—Pb collisions @By = 2.76 TeV are presented. The measured coherent
Y (29S) cross section and thg(2S)/J/y cross section ratio are compared to model predictions [A]7—2

2 Detector description

The main components of the ALICE detector are a central bplaeed in a large solenoid magnet (B
= 0.5 T), covering the pseudo-rapidity regiom < 0.9, and a muon spectrometer at forward rapidity,
covering the range —4.8 n < —2.5 [23]. Three central barrel detectors are used in thidyais. The
ALICE Internal Tracking System(ITS) is made of six silicamyérs, all of them used in this analysis
for particle tracking. The Silicon Pixel Detector (SPD) raalup the two innermost layers of the ITS,
covering pseudo-rapidity rangés| < 2 and|n| < 1.4, for the inner (radius 3.9 cm) and outer (average
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radius 7.6 cm) layers, respectively. The SPD is a fine graityldetector, having about 1(ixels, and
is used for triggering purposes. The Time Projection CharfileC) is used for tracking and for particle
identification [24] and has an acceptance covering the mseauldity region|n| < 0.9. The Time-of-
Flight detector (TOF) surrounds the TPC and is a large cyiliatl barrel of Multigap Resistive Plate
Chambers (MRPC) with about 150,000 readout channels, gyivémy high precision timing. The TOF
pseudo-rapidity coverage matches that of the TPC. Usedmbir@tion with the tracking system, the
TOF detector is used for charged patrticle identificationaug transverse momentum of about 2.5 GeV/
(pions and kaons) and 4 GeMprotons). In addition, the TOF detector is also used fggering [25].

The analysis presented below also makes use of two forwaedtdes. The VO counters consist of two
arrays of 32 scintillator tiles each, covering the range 2.§ < 5.1 (VO-A, on the opposite side of
the muon spectrometer) and —-37n < —1.7 (VO-C, on the same side as the muon spectrometer) and
positioned respectively at= 340 cm andz = —90 cm from the interaction point.

Finally, two sets of hadronic Zero Degree Calorimeters (ZB¥x@ located at 114 m on either side of the
interaction point. The ZDCs detect neutrons emitted in gy Yorward and backward regiong)( >
8.7), such as neutrons produced by electromagnetic disentiatthe nucleus [26] (see Section 3).

3 Data Analysis

The event sample considered for the present analysis wigsteal during the 2011 Pb—Pb run, using a
dedicated Barrel Ultra-Peripheral Collision trigger (BC)Pselecting events with the following charac-
teristics:

(i) at least two hits in the SPD detector;

(i) a number of fired pad-ORN®") in the TOF detector [25] in the range<2N°"< 6, with at least two
of them with a difference in azimutl, in the range 150< Ap <180;

(i) no hits in the VO-A and no hits in the VO-C detectors.

The integrated luminosity used in this analysis was Z‘Q;Zlub*l. Luminosity determination and sys-
tematics are discussed in Sec. 3.1 In the present analgsisrenty (2S) photo-production was studied
in four different channelsy(2S)— 171~ andy(2S)— J/y ", followed by the Jy— 111~ decay,
wherel T~ can be either @ e~ or u*u~ pair.

3.1 They(2S) — "1~ channel

For the di-muon and di-electron decay channels the follgvgelection criteria were applied:

() a reconstructed primary vertex. The primary vertex fiosiis determined from the tracks recon-
structed in the ITS and TPC as described in ref| [27]. Theexeréconstruction algorithm is fully
efficient for events with at least one reconstructed princéigrged particle in the common TPC and ITS
acceptance;

(i) only two good tracks with at least 70 TPC clusters anckast 1 SPD cluster each. Moreover, parti-
cles originated in secondary hadronic interactions or emsigns in the detector material, were removed
using a distance of closest approach (DCA) cut. The tracksalated to the reconstructed vertex
should have @CA in the beam directioCA_ < 2 cm, and in the plane orthogonal to the beam direc-
tion DCAT < 0.0182 + 0.035@4%%, wherepr is the transverse momentum in (GeY}2€];

(i) at least one of the two good tracks selected in criter{®) should havepr > 1 GeVk; this cut
reduces the background, while it marginally affects theugemleptons from Jy decays;

(iv) The VO trigger required no signal within a time window 26 ns around the collision time in any
of the scintillator tiles of both V0O-A and VO-C. Signals inthdv0 detectors were searched offline in a
larger window according to the prescription described #1;[1

(v) the specific energy loss=ddx for the two tracks is compatible with that of electrons or msi¢see
below); it is worth noting that the TPC resolution does ntivalmuon and charged pion discrimination;
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(vi) the two tracks have opposite charges.

Y2s) — 111~ Y2S) »putumtm Yi2S) —ete mrm
Signal counts 18.4 9.3 17+ 4.1 11.0+ 3.3
Bkg. countgNPac) 0 1 0
fi (5.6+1.8)% (34+1.1)% (132+4.3)%

(Acc x €)y (29 (3.65+0.16)% (2.35+£0.14)% (1.33+£0.08)%

BR (1.56+0.11)% (2.02+0.03)% (2.02+0.03)%

Lot (22.4793) pb~? (22.4793) ub~? (22.4793) pb~?

Ay 1.8 8 1.8

do—CO

h
—&> (mb) 0.76+ 0.40(stat}+ 0.13(syst)

0.81 0.22(stat)"39%(syst)  0.90+ 0.31(stat)"J13(syst)

0.12

Table 1: Summary of the main experimental results and ctioreparameters used in the cross section
evaluation. The bottom line shows the cross section fortteet)(2S) decay channels.

—1*1 —utuTmtm —ete T
2S) — 171 2S tumt 2S terrt
Signal extraction + 12% < 1% < 1%
Incoherent contaminatiort() +1.8% +1.3% +4.8%

Generator2 + 1% + 2% + 2%
(Accx g) : y

Tracking efficiency +4.2% + 6.0% + 6.0%
Trigger efficiency s s T
e/u separation + 2% + 2% + 2%

- i 6% 6% 9%

VO offline decision oo oo 0%
Luminosity oo oo oo
Branching ratio +7.1% + 1.5% + 1.5%
Uncorrelated sources + 13% + 2% + 5%
Correlated sources i v v
Total + 17% 1% e

—12%

—13%

Table 2: Systematic uncertainties per decay channel.

Data Fraction STARLIGHT RSZ
On On (719)% 66% 70%
Xn (2973H% 34% 30%
On Xn (25754 % 25% 23%
Xn Xn 4"8)% 9% 7%

Table 3: Number of events for different neutron emissiorthé(2S) — 11~ " process.

The optimization of the selection criteria to tag efficigritie ¢(2S) was tailored by using the
STARLIGHT [17] event generator combined with the ALICE deter full simulation. About 950,000
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Fig. 1: Invariant mass (left) anpgr distributions (right) for ultra-peripheral Pb—Pb coliiss at,/Syn =
2.76 TeV and—0.9 < y < 0.9 for events satisfying the event selections in Sec.3. Themslsy (2S)—
I*1~ are shown on the top panél"{(~ =e"e” andu™u~), the(2S)— m"m "y~ channel is shown

in the central and the channgl(2S)— t me*e™ in the bottom one. The number of event is obtained
by the fit (top panel) or by event counting in a selected imrarimass region (central and bottom panel),
see text.
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coherent and incoherent events were simulated for eacly dbemnel. The event total transverse mo-
mentum reconstruction is obtained adding gheof the two leptons. The selection of coherent events
requires a threshold on the reconstruction of the evenit traiasverse momentum, obtained by adding
the pr of the two decay leptons. Transverse momentum carried aywéyebbremhstralung photons re-
flects in a broadening of the event tofal. Bremhstralung effects are more important for the di-etect
decay and the correspondimpg threshold has to be larger in this case. Consequerphly @t pr<0.15
GeV[c for di-muons andoy <0.3 GeVE for di-electrons: 98 (77)% of the coherent signal is retdifo
di-muons and di-electrons respectively. Figure 1 (top Pasteows the invariant mass(left) and the
distribution(right) for these decay channels. Tfedistributions clearly show a coherent peak at low
pr. No events are found with a transverse momentum exceedn@dVL, as expected for a negligible
hadronic contamination, characterized by a much largentgwe The number off(2S) candidates are
obtained by fitting the invariant mass distribution of boktanels to an exponential function describing
the underlying continuum and to a Crystal Ball function térast they(2S) signal. The Crystal Ball
Y(2S) resonance mass and width were left free, while the tail patars @ andn) were fixed to the
values obtained by Monte Carlo simulation. The mass (widllbutated from the standard deviation)
value from the fit is 364+ 0.013 GeV£? (22+9 MeV/c?) in good agreement with the known value of
the (2S) mass and compatible with the absolute calibration accuvétlye barrel. The obtained yield
(see Tabl€ll) wallY'€'d=(18.4+9.3).

The product of the acceptance and efficiency correction (Aegy»s) was calculated as the ratio of
the number of simulated events that satisfy the conditipns Vi), to the number of generated events
with the ¢(2S) in the rapidity interva-0.9 < y < 0.9. Transverse polarization of thig2S) is expected
from helicity conservation for a quasi-real photon. In diddi, for the coherent sample, a reconstructed
Y(2S) transverse momentum conditipp < 0.15 GeVE (pr < 0.3 GeVE) was required for di-muons (di-
electrons) in the final state. The values for the combined@tanice and efficiency are reported in Table 1.

According to STARLIGHT the fractionf() of incoherent over coherent events in the lpwregion is
4.4% for di-muons and 16.6% for di-electrons. Another tb&oal model, described in_[22], predicts
a much higher coherent over incoherent cross section na&suilting in af; prediction 50% smaller.
Taking the average of these two predictions, £3L31)% for di-muons and (11+13.4)% for di-electrons
is obtained. The uncertainty was obtained by requiring feelwalue to agree with the two models within
1lo. The finalf; (see Tabl€ll) is the average of thefor di-electrons and di-muons, weighted with the
corresponding acceptance and efficiency (Ac@)x The remaining backgroundNg«) was estimated
studying the wrong-sign event sample, obtained by applgirg (i) to (v). For di-muon and di-electron
channels no wrong-sign events were found in the invariarssmange considered and therefbgg=0.

The coherentp(2S) yield is obtained using the formula

Nyield _ Nback

coh __
Nys = =375 (1)

giving Ni?23)=17-5i9-0- The coherenp(2S) differential cross section can be written as:

dogs NG5
Y( ): Y(29 (2)

dy (AcC X &)y 29 - Lint - By - BR(Y(2S) — I117)

where (Acc x €) 2 corresponds to the acceptance and efficiency as discuseed. #R(y(2S) —
I*17) is the branching ratio fof(2S) decay into leptons| [291Ay = 1.8 the rapidity bin size, and4

the total integrated luminosity. These values are liste@able[1. The systematic uncertainty on the
yield for the di-lepton channel is obtained by varying the &ize and by replacing the exponential with
a polynomial to fit theyy process. In addition, the Crystal Ball function parametans be also obtained
by fitting a simulated sample made @f2S) and yy event cocktail and then used to fit the coherent-
enriched data sample too. By applying the different metlegsrted above, the maximum difference in

6
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the obtained yield is 12%: this value is used as systematientainty on the yield. The STARLIGHT
model predicts a dependence of the2S) cross section on the rapidity, givingsel0% variation over the
rapidity range—0.9 < y < 0.9. In order to evaluate the systematic uncertainty on thegaace coming
from the generator choice, a flat dependenceayf gk /dy in the interval—0.9 <y < 0.9, as predicted
by other models, was used. The relative differences in (Aer between the input shapes was 1.0 %,
and are taken into account in the systematic uncertainguledion. The systematic uncertainty on the
tracking efficiency was estimated by comparing, in data aridante Carlo, the ITS (TPC) hit matching
efficiency to tracks reconstructed with TPC (ITS) hits only.

The trigger efficiency was measured relying on a data sangblected in a dedicated run triggered by
the ZDCs only. Events with a topology having the BUPC condai given at the beginning of Section
3, were selected. The resulting trigger efficiency was coetpéo that obtained by the Monte Carlo
simulation, showing an agreement withigJc..

Thee/u separation was obtained by using two methods:

a) a sharp cut in the scatter plot of the first leptéfidk as a function of the second leptok/dx, where

all the particles beyond a given threshold are considerateasons;

b) using the average of the electron (muo&ydk and considering as electrons (muons) the particles
within three sigmas from the Bethe-Block expectation. Tliieietnce between the two methods was
used as an estimate of the systematic uncertainty, gi2ip.

The systematic uncertainty related to the application @B offline decision (cut iv) on Sec. 3.1, was
evaluated repeating the analysis with this cut excludeds fidsults in a more relaxed event selection,
increasing the cross section by 6%.

The integrated luminosity was measured using a triggerf@mntost central hadronic Pb—Pb collisions.
The cross section for this process was obtained with a vaMder scan([30], giving a cross section

= 4.10"9%%(syst) b [31]. The integrated luminosity for the BUPC triggample, corrected for trigger
live time, was.% = 22.4 tg;g ub~t, where the uncertainty is the quadratic sum of the crossosect
uncertainty quoted above and the trigger dead time unogytain alternative method based on using
neutrons detected in the two ZDCs was also used. The ZDCetriggndition required a signal in at
least one of the two calorimeters, thus selecting singlet@imagnetic dissociation as well as hadronic
interactions. The cross section for this trigger was alsasueed with a van der Meer scan![26]. The
integrated luminosity obtained for the BUPC by this metheadnsistent with the one quoted above
within 2.5%. The sources and the values of the systematiertainties are listed in Tablé 2. As a result
in the rapidity interval- 0.9 <y < 0.9 a cross sectiona@c(’gs) /ay =

0.76+ 0.40(stad "515(sysh mb is obtained.

3.2 They(2S)— mm /Y, I/Y— 1T1- (171~ =ete",u"u~) channels

The analysis criteria used to select these channels artasitmithose described in Sec. 3.1, with the
requirements on the track quality slightly relaxed to kdepdfficiency at an acceptable level. Such a cut
softening was allowed by the smaller QED background in foark events, compared to the channels
described in Sec. 3.1. Selection (ii) is modified so that fpawd tracks with at least 50 TPC clusters
each are required. In addition to cuts i) to vi), the invariarass of di-muons(di-electrons) was required
to match that expected by leptons fropiyddecay, i.e. 3.0< My vy < 3.2 GeV£? for di-muons
(2.6 < My rete < 3.2 GeVE? for di-electrons).

The acceptance and the efficiency were estimated with siteganiques. Due to the coupling to the pho-
ton, they (2S)is transversely polarized. According to previous expenita¢32], J ¢ and two pions from
Y(2S) decay are in s-wave state and thus ¢h@S) polarization fully transfers to the/y. When com-
puting the efficiency and acceptance the2S) is therefore assumed transversely polarized. A coherent-
enriched sample can be obtained by selecting approprigienson invariant mass arg, tuned by
using a Monte Carlo simulation, as described in Sec. 3.1.s@h&eprcuts used in Sec. 3 were applied.
By selecting invariant mass in the interval 36M: -+~ < 3.8 GeVE? 3.1 < Mypiprete < 3.8
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GeVI/c?) for the ¢(29)— mrm utu~ (Y(29)— mmete”) channel, 95% (87%) of the signal was
retained. The striped area in the invariant mass(left)spbot Fig.[1(central and bottom panels) shows
the (2S) candidates satisfying ther cut for the two channels. To extract the cohergrn2S) yield,

the contribution from incoherenp(2S) was subtracted as shown in Eq.(1). The background was es-
timated by looking at events with all the possible combatof wrong-sign tracks. One event was
found in the di-muon sample and no events in the di-electeonpde. The fraction of the incoherent
sample contaminating the coherent sample was estimated &eci 3.1, and was found to be 3.4%
in the Y(2S)— " m p*u~ channel and 13.2% in thg(2S)— m" me" e channel. The systematic
uncertainty on the yield was obtained by using an alteraagit of cuts. According to the kinemat-
ics of they(2S)— mtmJ/y decay channel, pions are characterized by a small trarsweosnentum

(pr <0.4 GeVE), while the lepton transverse momentum exceeds 1.1 &Gévgtead of selecting events
where the di-lepton invariant mass is close to that of thig, &vents were selected according to the kine-
matics of the decay products of tigg2S). All the other cuts were kept as described in Sec. 3.1. Two
alternative selections were considered: (i) a sample whetie leptons have a transverse momentum
larger than 1.1 GeV and (ii) a sample without any decay product with transvensgnentum in the
range 0.4 pr <1.2 GeVEt. The g(2S) yield was unchanged for both these selections while a small
change applies to the acceptance and efficiency imthe J/ decay, giving a negligible systematic
uncertainty. The relative difference in (Asce) between the STARLIGHT rapidity shape and a flat
rapidity one was 2.0 % fo(2S)— - J/¢ channel, and is taken into account in the systematic un-
certainty calculation. As a result the obtained cross eestin the rapidity interval-0.9 <y < 0.9 are
daghg, /dy = 0.81+0.22(stay 3 35(sysy mb for the y(28)— m* I/, I/ — p*u~ channel and
doghg,/dy = 0.89+0.31(stat *g:13(sysh mb for they(25)— m* - J/y, I/ — e*e” channel.

3.3 Combining the cross sections

The (2S) coherent production cross sections reported in the Sec8dnand 3.2 (Fid.]2) were com-
bined, using the statistical and the uncorrelated sysiematertainty as a weight. Finally the correlated
systematic uncertainty was added. Asymmetric uncertaingre combined according to the prescrip-
tions given in[33]. The average cross section in the rapiditerval —0.9 <y < 0.9 is dagfzgs)/dy =

0.83+ 0.19(stat+ syst) mb.

3.4 Coherent production with nuclear break up or nucleus deexcitation followed by neutron
emission

In UPC one or both nuclei may get excited due to the exchangddifional photons. This excitation may
lead to break up of the nucleus via emission of one or more-oresit The neutron emission was measured
by using the ZDC detector, for the events studied in the debaynel,y(2S) — It~ " . We found

20 events (7173,)% with no neutrons on either side (On,0n), 8 events'®9% with at least one neutron
on either side (Xn), 7 events (2_%0)% with no neutron on one side and at least one neutron on tiee oth
one (On Xn) and 1 event @g)% with at least one neutron on both sides (Xn Xn). Uncertagntin the
fraction are obtained assuming a binomial distributioneSehfractions are in agreement with predictions
by STARLIGHT [12] and RSZ [8], as shown in Taljle 3.

3.5 They(2S) to J/Y cross section ratio

In order to compare the coherapf2S) cross section to the previously measurgg &ross sectior [14],
we report on the(2S)/ J/ cross section ratio. Many of the systematic uncertaintfebhese mea-
surements are correlated and cancel out in the ratio. Sicartalysis relies on the same data sample
and on the same trigger, the systematic uncertainties &ofuiminosity evaluation, trigger efficiency,
and dead time were considered as fully correlated. Sevei@rtainties, corresponding to the same
guantity, measured at slightly different energies (cqoesling to the different masses), are partially
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161 ALICE  Pb+Pb+()(2S) |s,, = 2.76 TeV
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Fig. 2: Measured differential cross sectionpf2S) photo-production in Pb—Pb ultra-peripheral col-
lisions at,/sy\v=2.76 TeV at—-0.9 <y < 0.9 in three different channels. The square represents the
systematic uncertainties while the bar represents thist&tatncertainty. The combined cross section
uncertainty (shaded area) was obtained using the prasarifpbm reference [33].

correlated, while the uncorrelated part is small. Namélg,dystematic uncertainties foegeparation

and the measurement of the neutron number are stronglylaeadeand hence can be neglected in the
ratio. The systematic uncertainties connected to the kixteaction and the branching ratio are con-
sidered uncorrelated between the two measurements. Theaticasum of these sources together with
the statistic uncertainty was used to combine differentobbs in both measurements. For the combina-
tion of asymmetric uncertainties the prescription fronerefce|[33] was used. The value of the ratio is

(doge /dy)/(dos) /dy) = 0.34"5g5(stat+sysd.

4 Discussion

We have previously measured the coherent photo-productioss section for the g/ vector meson at
mid and forward rapidities [13, 14]. The results showed thatmeasured cross section was in good
agreement with models that include a nuclear gluon shadpednsistent with the EPS09 parametriza-
tion [9]. Models based on the colour dipole model or hadramtieractions of the @ with nuclear matter
were disfavoured. They(2S) is similar to the dy in its composition ¢C) and mass, but it has a more
complicated wave function as a consequence of it being a tB8rréhan a 1S state, and has a larger
radius. There is a consensus view about the presence of amtaey (2S) wavefunction: few authors
pointed out that this node gives a natural explanation of/tf#S) smaller cross section compared to the
J/ @ one; in addition it was argued that the node may give strongeliations in the scattering amplitude
in y-nucleus interactions [34, 35].

In Pb—Pb collisions the poor knowledge of #1é2S) wave function as a function of the transverse quark
pair separatiom makes it difficult to estimate the nuclear matter effects.



Coherent(2S) photo-production af/Syn= 2.76 TeV ALICE Collaboration

o 22F
£ o Pb+Pb - Pb+Pb+y(2S) \s,\=2.76 TeV
N -
u = Data Models with:
% 1.8 uncert? = stat? + syst? o
= C . Impulse Approximation
o) 1.6 - === AN MSTW08 T .No Shadowing
© [ ——  STARLIGHT No Nucl. Eff. -~ “, Moderate Shadou
1.4F — STARLIGHT s N [l Voderate Sha owing
I = GDGM No Shadowing ’ ., .Strong Shadowing
r A
1.2 ..... GZ LTA Moderate Shad. 7 \
[ liiis GZEPS09 g — k
1 C e GZ LTA Strong Shad. ;o 7 N %\
F o = LM ‘ 3
0.8 C—mm AN EPS09 A / %
0.6 - —— GDGM Moderate Shad. ‘7 . . \‘
Lo AN EPS08 R o5
 ———— GDGM Strong Shad.zg * ,* /52 iiaasisis s,
0.4 - //"‘l .
o w2
0.2} S
0 T g [ ) i
-6 -4 -2 0 2 4

Fig. 3: Measured differential cross sectionyaf2S) photo-production in ultra-peripheral Pb—Pb colli-
sions at,/Syn=2.76 TeV at—0.9 < y < 0.9. The uncertainty was obtained using the prescription from
referencel[33]. The theoretical calculations describetiértext are also shown.

There are predictions by five different groups for coherg(®S) production in ultra-peripheral Pb—Pb
collisions; some of them published several different daktons (see Figl3). The model by Adeluyi and
Nguyen (AN) is based on a calculation where h@$S) cross section is directly proportional to the gluon
distribution squared [18]. Itis essentially the same modeld by Adeluyi and Bertulani [36] to calculate
the coherent 3/ cross section, which was found to be in good agreement wittAtHCE data, when
coupled to the EPS09 shadowing parametrization. The edlonk are done for four different parame-
terizations of the nuclear gluon distribution: EPSQ& [&PS09([9], HKNO071[38], and MSTWO08 [39].
The last one (MSTWO08) corresponds to a scaling ofitheross section neglecting any nuclear effects
(impulse approximation). It is worth noting they used foe ti(2S) the same wave function used for the
J/@. The model by Gay Ducati, Griep, and Machado (GDGM) [19] isdzhon the colour dipole model
and is similar to the model by Goncalves and Machado for estiel) production [[20]. The latter cal-
culation could not reproduce the ALICE coherefnfldmeasurement. The new calculation has, however,
been tuned to correctly reproduce the ALICH Jesult. The model by Lappi and Mantysaari (LM) is
based on the colour dipole model [21]. Their prediction far § ¢ was about a factor of two above the
cross section measured by ALICE. The curr@(2S) cross section has been scaled down to compensate
for this discrepancy. The model by Guzey and Zhalov (GZ) isebaon the leading approximation of
perturbative QCD\[22]. They used different gluon shadowpnedictions, using the dynamical leading
twist theory or the EPSQ9 fit. Finally, STARLIGHT uses the dedvieson Dominance model and a
parametrization of the existing HERA data to calculate ¢h@S) cross section from a Glauber model
assuming only hadronic interactions of tipg2S) [17]. This model does not implement nuclear gluon
shadowing.

It is worth noting that removing all nuclear effects in STARIHT gives a cross section foy' ¢y pro-
duction almost identical to the Adeluyi-Bertulani modélihe MSTWO08 parametrization is used. The
last one corresponds to a scaling of thp cross section neglecting any nuclear effects, i.e. densi
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Fig. 4 Ratio of they(2S) to J/y cross section for pp angp interactions compared to theoretical
predictions. The ALICE ratio measured in Pb—Pb collisionshiown as well. The uncertainty was
obtained using the prescription from refererice [33].

ing all nucleons contributing to the scattering (impulspragimation). Conversely, when applying the
same procedure to th@(2S) vector meson production, the comparison shows that STAR@ross
section is~50% smaller with respect to the Adeluyi-Nguyen one. Thisiltesay indicate that the
y+p—(2S)+p cross section is parametrized in a different way in the wamlels, due to the limited
experimental data, making it difficult to tune the modelsr Fap, a wealth ofy+ p — J/¢ + p cross
section data has been obtained by ZEUS and H1, while the gspeep — ¢/(2S) + p was measured by
H1 at four different energies only. This makes it much hatderonstrain the theoretical cross section to
the experimental data. Since the effect of gluon shadowsngedises the vector meson production cross
section, this may explain why thg(2S) STARLIGHT cross section is close to the AN-EPS09 model,
while it is a factor of two larger for ap.

The coherenty(2S) photo-production cross section is compared to calculatioom twelve different
models in Fig[B. Since a comprehensive model uncertaintpigprovided by the model authors, the
comparison with the experimental results is quantified ddig the difference between the value of
each model ag = 0 and the experimental result, by the uncertainty of the omeasent itself. The present
measurement disfavours the EPS08 parametrization whdarmepted in the AN model and the GDGM
models with a strong shadowing. Similarly the models thalew any nuclear effect are disfavoured
at a level between 1.5 and 3 sigmas. The systematic undétaon the cross section parametrization
and the experimental statistical uncertainties do notadigreference to be given between the models
implementing moderate nuclear gluon shadowing (as AN-EP&ad those taking into account Glauber
nuclear effects only (as STARLIGHT).

Figure[4 shows thg/(2S) to J/y cross section ratio measured in Pb—Pb collisions by ALICEthnse
obtained in p p collisions by CDE [40], and in pp collisionysLiHCb|41]. Both STARLIGHT and the
GDGM model predict correctly the experimental pp resulthe Tigure also shows the ratio measured
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Fig. 5: Ratio of they(2S) to J/y cross section measured by ALICE in Pb—Pb collisions. Themnc
tainty was obtained using the prescription from refere®&g.[The predictions from different theoretical
models are also shown.

by H1 in yp collisions. The H1 result is compatible with the pp measumets, while the ALICE point
is 20 larger than the average of the pp measurements, althoublvigi sizable uncertainties. This
difference may indicate that the nuclear effects and/orglhen shadowing modify the/d and the
Y(2S) production in a different way, since other effects, as thfe@int photon flux, due to the larger
Y (2S) mass, could not explain such a difference.

Figure[® shows the comparison of tg2S) to J/y cross section ratio between measurements and pre-
dictions in Pb—Pb UPC. Most models predictyé2S) to J/¢ cross section ratio in Pb—Pb collisions
smaller by 2-2.50 than the one measured by ALICE. It is worth noting the sameeaisogrhich re-
produced correctly the pp ratio, fail in describing the Pb+&io. It is surprising that the AN model,
although it assumes(2S) wave function identical to the/d one, describes in a satisfactory way this
ratio.

5 Conclusions

We performed the first measurement of the coherg(®S) photo-production cross section in Pb—Pb
collisions, obtaining d@‘(’gs /dy=0.83+ 0.19(stat+ sysb mb in the interval-0.9 < 'y < 0.9. This result
disfavours models considering all nucleons contributmthe scattering and those implementing strong
shadowing, as EPS08 parametrization. The ratio offt{@S) to J/¢ cross section ratio in the rapidity
interval —0.9 <y < 0.9 is 03470 55(stat+ syst. Most of the models underpredict this ratio by 2-25
The current models of thgy(2S) production in ultra-peripheral collisions require funttedforts; the data
shown in the present analysis may help to improve the uratadistg of this process and to refine the
theory behind the exclusive vector meson photo-production
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