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Production of heavy flavoured hadrons can serve as a probe of QCD processes and, in the case
of production in heavy ion collisions, also as a probe of the properties of deconfined quark-gluon
plasma. This paper describes the latest results in the production of charmonium in the ATLAS
experiment at the Large Hadron Collider. The presented analyses include productions of J/y
and y(2S) in pp collisions and /s =7, 8 and 13 TeV, and production of J/y, y(2S) and Y(nS)
in pp and p+Pb collisions at /s = 5.02 TeV. In both the analyses prompt and non-prompt produc-
tions are disentangled. In the latter analysis production suppression in p+Pb with respect to pp

collisions is measured and emphasis is put on the collision centrality dependence.
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1. B-physics in the ATLAS experiment

The B-physics program in the ATLAS experiment [1] covers a wide range of tests of the Stan-
dard Model predictions and of New Physics searches. It consists of precision measurements of b-
hadron decays, heavy flavour spectroscopy and heavy flavour production. The later in particular
tests predictions of the quantum chromodynamics (QCD).

While ATLAS is one of general purpose experiments at the Large Hadron Collider (LHC) [2],
the relatively low transverse momentum pt of the produced b-hadrons requires attention to achieve
a sufficient suppression of backgrounds. For this reason, the ATLAS B-physics analyses focus
on muonic final states, allowing for low-pr trigger thresholds, and on decays fully reconstructable
by the tracking system, providing better purity in the offline analysis.

This paper summarizes the latest results in the production of charmonium.

2. The ATLAS experiment

The ATLAS experiment uses a general purpose detector system of almost 47T coverage in solid
angle. The detector has cylindrical geometry and is forward-backward symmetric. Nearest to the in-
teraction point (IP) is the tracking system, followed by electromagnetic and hadronic calorimeters,
while the most distant from the IP is the muon detector system. The tracking system (ID), immersed
in 2 T solenoidal magnetic field and covering pseudorapidity' [17| < 2.5, consists of a silicon pixel
detector, silicon strip detector and a transition radiation tracker. The electromagnetic calorimeter
is a liquid-argon sampling calorimeter. The same technology is used for the end-cap (large rapid-
ity) hadronic calorimeters, while the central region is covered by a steel-scinillator tile calorimeter.
The muon detectors, placed in 0.5 T toroidal magnetic field and covering |n| < 2.7, are realized
by monitored drift tubes and catode strip chambers for precise mesurements, while the fast trigger-
ing is served by resistive plate chambers and thin gap chambers detectors.

The ATLAS trigger system reduces data rate from 20/40 MHz to recording rate of up to ~
1 kHz. The system is based on the following stages: fast level-1 (L1) hardware trigger relying
on simple signatures, and more sophisticated software trigger (HLT) using partially reconstructed
data around the L1 signal. The trigger for the analyses presented in this paper searches for J/y —
1t i~ decay signature: in pp collisions requiring two muon with pr thresholds of 4 GeV at the L1.
At the HLT level, the dimuon signature is confirmed by precision detectors and a dimuon vertex fit
is performed, applying selection on the vertex quality and keeping only dimuons with the invariant
mass close to the J/y world average value. In the p+Pb collisions two muons with pr > 2 GeV
are required, with at least one detected at L1.

3. J/y and y(2S) production in pp collisions at 7, 8 and 13 TeV

The production of charmonium offers an unique opportunity in trying to understand strong in-
teractions. There are two distinct charmonium production mechanisms at the LHC: prompt, where

T ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the de-
tector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as 7 = —Intan(6/2).
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charmonium is produced directly in the pp interactions or through feed-down decays of heavier
states, and non-prompt, when charmonium comes from decays of b-hadrons. Studying y/(2S) pro-
duction alongside the J/y one allows for disentangling effects from feed-down processes. While
around 35% of prompt J/y come from the feed-down decays, the prompt y(2S) are almost all
produced directly.

The analysis [3] is based on data recorded at the LHC during pp collisions at /s =7 TeV and
8 TeV. The data samples correspond to integrated luminosities (Lj,) of 2.1 fb~! and 11.4 fb~ 1.
Dimuon events passing trigger conditions mentioned above, are required to contain two opposite-
charged muon tracks within 1| < 2.3, that are compatible with the triggered objects by means
of \/An2+A¢2 < 0.01. The two muons have to originate in a common vertex of fit quality y> <
20. Only dimuons with pr(uu) > 8 GeV and rapidity y(up) < 2 are kept.

The differential cross-sections are extracted from signal event yields corrected for the de-
tector geometrical acceptance, trigger efficiency, muon identification and the reconstruction effi-
ciency. In order to disentangle the prompt and non-prompt J/y and y(2S) signal and the prompt
and non-prompt backgrounds, an unbinned maximum likelihood fit to the dimuon invariant mass
and the pseudo-proper decay time distributions is performed. The pseudo-proper decay time is con-
structed as T = Ly,m(up)/pr(pp), where Ly, is the signed projection of the distance of the dimuon
decay vertex from the primary vertex onto its transverse momentum. An example of such a fit is
demonstrated in two projections in figure 1. Since the spin alignment of the charmonium produc-
tion in the ATLAS experiment has not been measured yet, the results in the plots of the paper are
defined for the unpolarized case. However, correction factors for six other spin alignment scenarios
are provided.
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Figure 1: Projections of the fit result over the mass (left) and pseudo-proper decay time (right) distributions
for data collected at 7 TeV for one typical interval. The projections of the individual components of the fit
result are shown alongside the data. Figures taken from [3].

The analysis presents differential cross-section of the prompt and non-prompt J/y and y(2S)
production, as a function of the dimuon pr and rapidity. Similar kinematic dependencies of the non-
prompt production fraction are studied. The prompt J/y cross-section is in good agreement
with non-relativistic QCD (NRQCD) predictions across the whole pr range, without rapidity de-
pendence. The prompt y(2S) production also well agrees with the NRQCD predictions, but with
slight theory overestimation at high prt (see figure 2 top). In the case of non-prompt produc-
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Figure 2: The differential prompt cross-section times dimuon branching fraction of prompt (top) and non-
prompt (bottom) W(2S) as a function of pr(uu) for each slice of rapidity, taken from [3]. The 8 TeV results
are shown. The centre of each bin on the horizontal axis represents the mean of the weighted p distribution.
The horizontal error bars represent the range of pr for the bin, and the vertical error bar covers the statistical
and systematic uncertainty. Theory predictions are also shown. The figures on the left present the ratio

of the theory predictions to data.
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tion, fixed order next-to-leading logarithm (FONLL) calculations predict slightly harder pt spectra
for both J/y and y(2S) (see figure 2 bottom). The ratio of the prompt y(2S) to the prompt J/y
is found flat across the whole pt range. The results are consistent with the CMS [4] and LHCb [5]
measurements in the overlapping kinematic regions.

The prompt J / y fraction dominates at low-pr, but non-promptly produced J/ y exceed prompt
at around pr of 20 GeV, as is shown at figure 3 (left). The non-prompt fraction has also been
extracted from the newer /s = 13 TeV data [6], as demonstrated in figure 3 (top right). The com-
parison of this fraction measured at different /s collision energies shows increasing tendency (see
figure 3 bottom right).
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Figure 3: The non-prompt fraction of J/y as a function of py(up) for each slice of rapidity are shown
for the 7 TeV (left) [3] and 13 TeV [6] results (top right). The right bottom figure presents the comparison
of the non-prompt fraction of J/y with the previous measurements from ATLAS [7] and from CDF [8].

4. J/y, y(2S) and Y(nS) production in pp and p+Pb collisions at 5.02 TeV

The measurement of quarkonuim production in heavy ion collisions is a valuable probe of
the deconfined quark-gluon plasma. A possible suppression of the production (melting) can pro-
vide information about the temperature and degree of the deconfinement. However, enhance-
ment could also appear, e.g. when quarkonium is formed due to recombination of ¢ quarks
from the medium. Studies of both prompt and non-prompt quarkonium are important as the non-
prompt allows to study b quark propagation through the medium. The b quarks rather suffer from
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different suppression mechanism (energy loss by collisional or radiative processes), while c¢¢ can be
inhibited by color screening from the medium. Study of production within p+Pb collisions, where
a formation of a large region of hot and deconfined matter is not expected, allows to probe Cold
Nuclear Matter (CNM) effects. The CNM quarkonium suppression effects can either be at the ini-
tial state (modifications of the nuclear parton distribution functions (nPDF), parton saturation in
the incident nucleus, or parton energy loss through interactions with the nuclear medium), or final
state (the absorption of the heavy gg pairs).

The presented analysis [9] uses data recorded at the LHC during pp and p+Pb collisions at
/5 =5.02 TeV. The data samples correspond to Liy of 25 pb~! and 28 nb~!. Triggered dimuon
events (see above) are required contain two opposite-charged muon tracks within || < 2.4 and sat-
isfying tight muon identification criteria.

A similar method of mass and pseudo-proper decay time fit is used to extract the prompt
and non-prompt charmonium. Bottomonium yields are taken from dimuon mass fits only. The
quarkonium are assumed to be unpolarized. An important aspect of the analysis is the dependence
of the production on event centrality?, that characterizes the p+Pb collision geometry (more or
fewer participating nucleons) and is based on the total transverse momentum measured in the for-
ward calorimeter (FCal) on the side of the outgoing Pb ion beam.

The results include J/y, y(2S) and Y(nS) production cross-section, relative production of the
quarkonium in the p+Pb to pp collisions (nuclear modification R-factor), as well as double-ratio
p of production of higher quarkonium states to the base (1S) state. The R-factor is defined as
Ropy = 1/208 - 60\5) /opy™) and the p O™ 'S = Rypy(0(nS)) /Rppo(O(1S)). All these are
studied as a function of the dimuon pr, proton-nucleon centre-of-mass rapidity >, y*, and the event
centrality. The prompt charmonium production is compatible with the NLO NRQCD prediction,
while Y(1S) production is overestimated in p below 15 GeV. Non-prompt charmonium produc-
tion agrees with FONLL calculations. The R-factors of both the prompt and non-prompt (from
b-decays) charmonium are consistent with unity, suggesting weak modifications due to CNM ef-
fects. However, the R-factors of Y(1S) are below unity for pr < 15 GeV, as illustrated on figure 4
(left). No y* dependence is observed in this case (figure 4 right). The observed suppression can be
possibly used to study modification of the nPDF relative to of nucleon.

The double-production ratios show a clear suppression of the higher states relative to the
promptly produced charmonia and bottomonia. The prompt y/(2S) relative suppression is observed
with the significance of 1 ¢ and increasing with rapidity (see figure 5 top left). The Y(2S) and Y(3S)
relative suppression is at the level of 20, in pr < 40 GeV and rapidity range of —2 < y* < 1.5.
For all cases the effect is stronger in more central collisions at 1 o level, as is shown on bottom fig-
ures 5. For the ground state, the production as a function of centrality follows Z-boson production.
The results thus suggest stronger CNM effects in the excited quarkonium then in the ground states.

The paper also studied trend in self-normalized yields of the ground states as a fucntion of self-
normalized event activity in the FCal, finding a linear correlation with a deviation of 2 ¢ at the high-
est event activity. This result is compatible with CMS observation [10].

2The smaller centrality values [%] correspond to more central collisions.

3In the p+Pb collisions the proton-nucleon centre-of-mass rapidity y* was shifted by Ay = 0.465 w.r.t. rapidity
in the laboratory frame. The proton and Pb beam directions were reversed after 60% of the data taking, keeping conven-
tion that proton beam travels in direction of positive y*. Data from both data taking periods are used.
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5. Summary

The recent results of the ATLAS experiment at the LHC in charmonium production are pre-
sented. The analysis of J/y and y(2S) in pp collisions and /s = 7 and 8 TeV includes pr and ra-
pidity dependence of the differential production cross-section, both for promptly and non-promptly
produced charmonia. A good agreement with the QCD predictions is found, except for slight de-
terioration at high pr. ATLAS recently measured the non-prompt fraction of a charmonium pro-
duction at 13 TeV in pp collisions. Quarkonium production is also studied in the p+Pb collisions
at /s = 5.02 TeV, focusing on the production relative to pp collisions in order to study cold nu-
clear matter effects. The analysis reveals a suppression of both the prompt excited charmonium
and the bottomonium productions, relative to their ground states, which is getting stronger in cen-
tral collisions. A suppression of Y(1S) production is observed at low-py values. On the other
side, prompt J/y and non-prompt charmonium states are produced at similar rates as in the pp
collisions. The signal yields are also studied relative to that of Z-boson.
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