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Abstract

The photo-production of J/i) mesons at low transverse momentum is studied
in peripheral lead-lead collisions collected by the LHCb experiment at a centre-of-
mass energy per nucleon pair of 5 TeV, corresponding to an integrated luminosity
of 210 pub~t. The J/ip candidates are reconstructed through the prompt decay
into two muons of opposite charge in the rapidity region of 2.0 < y < 4.5. The
results significantly improve previous measurements and are compared to the latest
theoretical prediction.

Submitted to Phys. Rev. Lett.

(© 2021 CERN for the benefit of the LHCb collaboration. |[CC BY 4.0 licence.

T Authors are listed at the end of this Letter.


https://creativecommons.org/licenses/by/4.0/

i



One of the main open subjects in ultra-relativistic heavy-ion physics is the study of
the quark-gluon plasma (QGP), an exotic state of hadronic matter predicted by quantum
chromodynamics (QCD). Quantitative predictions of QGP properties are obtained from
lattice computations [1]. Experimentally, one of the signatures of the QGP formation
inside heavy-nuclei collisions is the suppression of heavy quarkonia production, such as
the J/i particle [2]. The suppression is expected to depend on both the temperature of
the medium and the binding energy of the state [3]. Cold nuclear matter effects [4] seem
to influence the measurements in nuclei collisions. These effects must be understood prior
to providing a sound interpretation in the QGP framework of the hadronically produced
(through the interaction of two partons) quarkonia suppression observed at RHIC and the
LHC [5H10].

The ALICE [11] and STAR [12] collaborations measured an excess with respect to
expectations from purely hadronic production of J/i) mesons at very low pr (below
300 MeV/c), where pr is the component of the J/i) momentum transverse to the beam, in
hadronic lead-lead (PbPb) collisions at the center-of-mass energy per nucleon pair /syy =
2.76 TeV and gold-gold (uranium-uranium) collisions at \/sxy = 200 GeV (193 GeV). It
was posited that this excess is due to photo-produced J/ib mesons, caused by the coherent
interaction of the large electromagnetic fields generated by the projectile with the target
nucleus [13]. These types of interactions were primarily expected to only occur in ultra-
peripheral collisions (UPCs) |14], in which the impact parameter, b, is larger than the
sum of the radii R, and R, of the two colliding nuclei, hence without nuclear break-up of
the target or the projectile.

A precise measurement confirming coherent .J/b production in hadronic collisions
would shed light on the coherence of the interaction supposedly destroyed by the hadronic
collisions and on the profile of the photon flux in peripheral PbPb collisions [15,/16].

In this Letter, a measurement of prompt J/b production at very-low pr in PbPb
collisions at a centre-of-mass energy per nucleon pair /syy = 5TeV is reported. For
the first time at the LHC, the production yield is measured versus pr and rapidity, y.
The data were recorded by the LHCb detector in 2018 and correspond to an integrated
luminosity of about 210 ub~!. The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 1 < 5, described in detail in Refs. |[17,/18]. The
trigger consists of a hardware stage, using information from the calorimeter and muon
systems, followed by a software stage, which applies selections on the fully reconstructed
event.

At the hardware trigger stage, events are required to have a muon with high pr or a
hadron, photon or electron with high transverse energy in the calorimeters. Two samples
are selected for this analysis, a signal sample and a sample of minimum bias event used
to normalise through the total number of inelastic events. They have different trigger
strategies. Signal events are selected if the number of clusters in the vertex locator
surrounding the interaction region, N, is 6000 < N. < 10000 or if N, < 6000 and two
muons with pp > 400 MeV/c are reconstructed.

The trigger for the minimum bias (MB) events requires N. < 10000 and a signal from
the hardware trigger. To improve the signal purity, events passing the software trigger
are selected if the muon candidates have a pr > 700 MeV/c¢, the particles are consistent
with originating from a primary PbPb collision vertex (PV) and are identified as muons.
The prompt J/i) candidates, which include feed-down from excited charmonium states
originating from b-hadron decays, are separated from the non-prompt candidates using the



Table 1: Average number of participant nucleons, (Npa), along with the corresponding standard
deviation of the Npqar¢ distribution, opart, for each of the selected IV, intervals.

Nc <Npart > Upart
1000 — 4000 10.6 2.9
4000 — 6000 15.7 4.1
6000 — 10000 27.8 7.2
1000 — 10000 19.7 9.2

requirement ¢, < 0.3 ps, where ¢, is the pseudo decay-time defined as (2, — 2pv) M. /P--
Here, (2 — 2pv) and p, are the distance between the J/i) candidate decay vertex and
the PV, and the candidate momentum along the beam axis, respectively, and m j, is the
known J/i) mass [19].

During data taking, neon (Ne) gas was injected into the beam pipe near the interaction
point using LHCb’s SMOG system [20] to record fixed-target collisions simultaneously
with the PbPb collisions. These fixed-target PbNe collisions are rejected by placing
requirements on the position of the PV. In order to remove potential contamination from
UPCs, which may bias the measurement especially for very low event activity, a minimal
energy deposit in the electromagnetic calorimeter (ECAL) is also required.

The PbPb sample is divided into intervals of N, which correspond to different numbers
of participating nucleons, Npay. This quantity is related to the centrality, defined as the
percentile of the total inelastic hadronic PbPb cross-section as a function of the released
collision energy, which can be approximated by the total energy deposit in ECAL (Eyoy).
The more central is the collision, the larger iy is and the larger Ny, is. The percentiles
are determined using the Glauber Monte Carlo (GMC) model [21}22]. The model is used
to perform a binned fit to the E. distribution of the MB data sample, collected with
the same detector conditions as the signal sample. The quantity Np,, is estimated for
each collision and the mean value, (Npa¢), is derived from events within a given IV, range.
Results for each N, interval are summarized in Table [I More details on the centrality
determination in LHCb can be found in Ref. [23].

In this Letter, the J/i photo-production differential yield is measured, defined as

dy? N
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dpedy ~ dy Apr )
where ¢ indicates the N, range, NfW is the number of photo-produced J/i) meson
candidates reconstructed through the J/ip — p*p~ decay channel in the (pr,y) interval
of width (Apt,Ay), B = (5.961 + 0.033)% [19] is the branching fraction of the decay
JRp — pTu, Nig is the total number of MB events, and &, is the efficiency to reconstruct
and select the J/ip candidates. The dimuon invariant mass, m(u* ™), of the selected
candidates is shown in Fig. [I| for a representative centrality interval for J/i) candidates
with pr <15.0 GeV/c and 2.0 < y < 4.5. An unbinned fit of these candidates is performed
using a Crystal-Ball (CB) function for the signal and a first order polynomial for the
background.
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Figure 1: (Left) Invariant mass distribution of J/i) candidates with (Npa¢) = 10.6 £ 2.9, for
pr < 15.0GeV/c and 2.0 < y < 4.5. (Right) Distribution of In(p4) of the J/i candidates for
(Npart) = 10.6 £ 2.9 after background subtraction. The projections of the fit to disentangle the
coherently photo-produced and hadronically produced J/i) mesons are overlaid.

Photo-produced J/i) mesons and the hadronically produced J/i) mesons are then
disentangled through an unbinned maximum likelihood fit to the dimuon pr spectrum
after subtracting non-resonant (yy — p*p~) and combinatorial (uncorrelated muon
pair) background events using the sPlot method [24] with m(u*p™) as discriminating
variable. The empirical fit model comprises a double-sided Crystal-Ball function [25]
expressed in In(p3) for the photo-production contribution and a function for the hadronic
component that typically has a larger pr

pr

f (pT) = p’l; n3 (3)
1+ (2]

where ny, ny, ng and py are parameters free to vary in the fit. The projections of the
fits in the centrality interval (Npu¢)=10.6 &= 2.9 are shown in Fig. , overlaid to the data
distributions. A good description of the data is observed in all centrality intervals. The
photo-produced J/i) candidates are visible in the range 0 < pr < 250 MeV/c. The pr
distribution of the photo-produced J/i) candidates does not rise towards vanishing pr due
to the interference caused by the negative parity of the photon as explained in Ref. [16].

Simulation is required to model the effects of the detector acceptance and of the
selection requirements on the signal. The PbPb collisions are generated using EPOS [26]
and the hard process is generated with PYTHIA [27] with a specific LHCb configuration |28].

An additional signal sample where the J/i) is transversely polarised was produced
using the STARlight [29] generator to study the acceptance assuming the coherent photo-
production scenario. The interactions of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit [30] as described in Ref. [31].
The total efficiency is determined independently in each interval of centrality, and it
includes the effects of the geometrical acceptance (e,c.), the trigger efficiency (eqigger),
the reconstruction and selection efficiency (erecgsel), and the efficiency of the particle
identification (PID) criteria (epip). The acceptance is determined using the STARlight
sample in the kinematic range of the analysis. The efficiency € ecesel 1S estimated using
simulation and data calibration techniques. The main component of the reconstruction



inefficiency is due to the tracking algorithms, as the performance is affected by the
high occupancy in PbPb collisions. The relative reconstruction efficiency between data
and simulation is evaluated using two D° meson decay channels (D° — K~ and
D® — K—mtr—nt). The yields are evaluated in PbPb data and simulation and the
difference of their ratio to unity is encoded in a factor k(N.). This factor depends on
the event multiplicity, assuming k(N,) is the same for the 7 and p tracks. The latter
factor is used to weight the reconstructed J/i)’s simulation. An additional weighting is
also applied on the simulated J/3) candidates to match the kinematic distribution in data
through the variables N, pr, and y of the J/i). The PID efficiency epip is evaluated
using a tag-and-probe approach with J/i) — pp decays reconstructed in proton-proton
collisions that provides PID efficiency tables for single muons. Those efficiencies are
used to perform a two-dimensional (pr, N.) extrapolation, using first- and second-order
polynomial functions, to estimate the decrease of the efficiencies for higher multiplicities
seen in PbPb collisions. No extrapolation is performed based on the rapidity as no
correlation is seen between N, and y.

Several sources of systematic uncertainties are considered. The uncertainty associated
with the fit model used to evaluate the signal yields is determined by testing alternative
fit functions. The pr of the hadronically produced J/i) candidates is modelled by a
Tsallis function [32]. The background shape is also modified to account for incoherent
photo-produced J/i), defined as the interaction between one photon and a single nucleon
implying the destruction of the nucleus. This contribution typically produces J/i) mesons
at higher pr than the coherent photo-production source. Therefore, another double CB
function is added to model this potential contribution. The incoherent contribution shares
the shape parameters of the coherent contribution with the mean pr and width shifted
according to the differences obtained in the STARIlight simulations. By computing the
difference to the reference fit, a total uncertainty of about 1.3% averaged over all centrality
intervals is obtained.

The systematic uncertainty associated with the evaluation of the efficiencies is divided
into uncertainties due to the €ecesel, €pID, and Eqigger efficiencies. Three systematic effects
are considered for the measurement of €,c.gse1: the uncertainty on the weighting procedure,
the uncertainty associated with the evaluation of the factor k, and the correlation between
the variables pt and y. The first component is estimated by comparing pr, y, and N,
of the weighted distributions of the J/i) mesons in simulation with those in data after
background subtraction. The difference between the two leads to a global uncertainty of
2%. The uncertainty on the factor k is evaluated by varying its value within its uncertainty
and propagating it to the tracking efficiency. An uncertainty from 2.9% to 7.4% is found
depending on the considered multiplicity interval. The uncertainty on the correlation
between the variables pr and y is estimated to be 1% using calibration samples from
proton-proton collisions.

The uncertainty coming from the muon PID efficiency tables is evaluated with a
smearing technique. The J/ib PID efficiency is computed using efficiency PID tables with
the values in each interval varied within their uncertainty. This procedure is repeated
several times and the largest difference is taken as systematic uncertainty; the effect is
smaller than 1% and considered negligible compared to the uncertainty given by the
difference of the two functions used for the extrapolation.

The uncertainty on €qyigger is estimated by comparing the trigger efficiency measurement
with another method based on data. The method consists of evaluating the efficiency
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Figure 2: (Top left) Differential yields of photo-produced J/i) candidates as a function of rapidity
and (top right) (Npart). (Bottom) Double differential yields as a function of py. The vertical
inner blue bars represent the statistical uncertainty and the outer red bars the total uncertainty.
The horizontal bars in the (Np,) results correspond to the standard deviation of the Npu
distribution of the MB events. The yields are compared to the prediction from Ref. [16,33] that
take (black) or not take (green) into account the effect from the overlap region of the collision.

using a sample selected by the same trigger algorithms but independent from those used
in the selection of the signal. The difference of 3% between the two methods is taken as
systematic uncertainty on the trigger efficiency. The total systematic uncertainties are
obtained by summing in quadrature the different sources of uncertainties.

The differential J/i) photo-production yields, Eq. , as a function of the rapidity for
(Npart)=19.7 9.2 and as a function of (Np,) are shown in Fig. [2| (top). The double-
differential J/1) photo-production yields, Eq. , as a function of the transverse momentum
are as well shown in Fig. [2 (bottom). The mean pr of the coherent J/i is found to be
(pr) = 64.9 + 2.4 MeV/c. The results are compared to the theoretical prediction [16,33].
The model assumes two scenarios in which the coherence of the J/i) production is (overlap
effect) or is not (no overlap effect) affected by interactions with the overlap region of the
two colliding nuclei.

The measured yield of the coherent J/i) production is higher at low rapidity than at
high rapidity and it is consistent with being constant with respect to (Npa¢) for the region
considered in the analysis.

In summary, the yield of coherently photo-produced prompt J/i) mesons at very low
pr in peripheral PbPb collisions collected at /syy =5 TeV is measured with the LHCb



experiment. The yields are studied as a function of rapidity and transverse momentum of
the J/i) meson in intervals of the number of participant nucleons (Np,¢). These results
are the most precise to date, and confirm coherent J/i) photo-production in peripheral
hadronic collisions suggested by the other experiments |11},/12]. The shape of the results
are qualitatively described by the theoretical prediction [16,33], although a normalisation
discrepancy is observed.
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