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Abstract

The CMS collaboration has recorded 150 inverse microbarns and 35 inverse nanobarns of PbPb and
pPb collisions, at 2.76 TeV and 5.02 TeV, respectively. This presentation reports the results of the
heavy quark measurements including quarkonia and B mesons. A particular emphasis is given to
the most recent results regarding the suppression of J/Psi, Psi(2S) and the upsilon states in Pb+Pb
collisions, and the study of cold nuclear matter effects based on p+Pb collisions.
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Abstract. The CMS collaboration has recorded 150 pb~! and 35 nb™' of PbPb and pPb
collisions at 2.76 TeV and 5.02 TeV respectively. This presentation reports the results of the
heavy quark measurements including quarkonia and B mesons. A particular emphasis is given
to the most recent results regarding the suppression of J/v, ¥(2S) and T ’s in PbPb collisions,
and the study of cold nuclear matter effects based on pPb collisions.

1. Introduction
Understanding the production mechanisms of quarkonium bound states, from first principle
calculations based on quantum chromodynamics (QCD), remains an open question in proton-
proton (pp) and heavy ion collisions. In pp collisions, despite the extensive progress, none of
the existing models can reproduce simultaneously the cross sections and polarization results
measured experimentally. In heavy ion collisions, it was predicted that the Debye screening of
the heavy quark potential would result in a sequential suppression of the quarkonium states
reflecting their binding energies [1]. The quarkonium production can be affected also by several
other processes apart from the existence of QGP, such as the nuclear parton distribution
functions (nPDFs), parton energy loss, and nuclear absorption [2]. For this reason, the study of
quarkonium production in pA collisions, besides PbPb and pp, is critical in order to understand
and disentangle such Cold Nuclear Matter (CNM) effects.

This conference proceeding reports the measurement of J/, 1¥(2S), T in pp, pPb and PbPb
data collected during Run I period of CMS experiment. In addition, B meson results in pPb
collisions are also discussed to study the CNM effects on open heavy flavor hadrons.

2. Experimental setup and analysis

2.1. CMS detector

A detailed description of the CMS detector can be found in Ref. [3]. Its central feature is a
superconducting solenoid with an internal diameter of 6 meter, providing a magnetic field of 3.8
T. Within the field volume are the silicon pixel and strip tracker, the crystal electromagnetic
calorimeter, and the brass/scintillator hadronic calorimeter. The silicon pixel and strip tracker
measure charged-particle trajectories in the range || < 2.5. It consists of 66 million pixel and
10 million strip sensor elements. Muons are detected in the range |n| < 2.4, with detection
planes based on three technologies: drift tubes, cathode strip chambers, and resistive plate
chambers. Because of the strong magnetic field and the fine granularity of the tracker, the muon



pr measurement based on information from the tracker alone has a resolution between 1 and
2% for typical muons in this analysis.

The CMS apparatus also has extensive forward calorimetry, including two steel/quartz-fiber
Cerenkov hadron forward calorimeters (HF), which cover 2.9 < |n| < 5.2. These detectors are
used for online event selection and the impact parameter-like characterization of the events such
as centrality in PbPb.

2.2. Reconstruction of quarkonia and B mesons

Analyses in this report commonly use muons as the basic object and quarkonia are identified via
their di-muon decay channels. To extract the quarkonia yields, unbinned maximum likelihood
fits to the p*u~ invariant mass spectra are performed. In general, the ¥ and J/i resonances are
modelled by the sum of two Crystal Ball (CB) functions, that is, Gaussian resolution functions
with the low side tail replaced with a power law describing final state radiation. Given the
relatively large statistical uncertainties of the 2.76 TeV samples , most of the parameters are fixed
to values provided by simulations, then allowed to vary to compute the associated systematic
uncertainties. The background is modelled by an exponential function multiplied by an error
function describing the low-mass turn-on.

Jp and ¥ (2S) peaks are fitted simultaneously using the same invariant mass distribution.
At mid-rapidity, a CB function describes well the J/i) signal. At forward rapidity, due to rapid
changes in muon resolution with |n#|, the addition of a Gaussian function, with same mean my
but different width than the CB function, is needed to obtain a good fit. Various other fits are
also performed to compute the systematic uncertainty.

The Bt meson is reconstructed by combining a J/) with an extra track, while B?,
BY candidates are reconstructed by combining a J/) with two tracks. For four-prong channels
(B — Jhp K*(892) and BY — JA) ¢), two selected tracks are required to originate from a
common vertex to form a K*(892) or a ¢ candidate. Finally, the two muons together with the
tracks are required to form a B-meson candidate with the constraint that the di-muon invariant
mass is equal to the nominal mass value of J/iy. B-meson candidates with rapidity in the
center-of-mass frame |ycas| < 1.93 and pr > 10GeV /c are stored for further analysis.

Measured yields are corrected for acceptance and efficiency obtained from Monte Carlo (MC)
simulation and further corrected by a data-driven technique called tag-and-probe [4].

3. Analysis methods and Results
3.1. Y (nS) in PbPb
The yields of T(15), Y(2S5) and Y(3S) mesons are reported, from PbPb and pp data sets at
the same center-of-mass energy of /snn = 2.76 TeV, corresponding to 166 pb~! and 5.4 pb~1,
respectively [5]. With respect to the previous result [6], the PbPb data reconstruction was
improved yielding an increase of ~ 30% in the T(1.5) yields. The pp dataset, recorded in 2013,
is new and allows for further differential studies as functions of the T rapidity (y) and transverse
momentum. Raa are derived from the PbPb and pp yields

Figure 1 shows Raa as a function of centrality, displayed as the number of participating
nucleons, Np,,+. The global, fully-correlated uncertainties come from the uncertainty in the pp
cross sections (which is different for the two Y states) and the PbPb tracking efficiency. The
strong centrality dependence, already observed in Ref. [6], is mapped out with more precision.
The dependence of Raa on kinematic variables is found to be weak as shown in figure 2.

3.2. Jhp and (2S) in PbPb

The cross-section results of J/ip and ¢ (2S) are reported in the form of double ratio (Fig. 3),
instead of Raa so that efficiency and acceptance corrections cancel to a large extent, reducing
the systematic uncertainties.
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Figure 1. Nuclear modification factor of T(1S) and Y(2S) in PbPb as a function of centrality,
displayed as the number of participating nucleons. Statistical (systematic) uncertainties are
displayed as error bars (boxes), while the global fully-correlated uncertainty is displayed as a
box at unity.
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Figure 2. Nuclear modification factor of T(1S) and Y(2S) in PbPb collisions as a function
of transverse momentum (left) and rapidity (right). Statistical (systematic) uncertainties are
displayed as error bars (boxes), while the global fully-correlated uncertainty is displayed as a
box at unity.



TTT T[T T T[T T T T[T T T[T T T[T T T [TTTT[TTTT]

~CMS PbPb & pp |[s, = 2.76 TeV
[ ®3<p <30GeVic,16<|y<24

[ m65<p <30GeVic, |y <16
[ —os%mcL

w

N
ol
e e b b A

LA AL L L N N B B

[ Nw(zs)/NJ/LIJ ]Pbe/ [ Nm(zs)/NJ’NJ ]pp
N

o
a1
LI L

I AR

LA I B B
tut

I B

0 N EEEEE AEEEE NS SRS SR SN A |

0 50 100 150 200 250 300 350 400
N

part

Figure 3. Measured yield double ratio as a function of centrality. The pt and rapidity bins
are 6.5 < pr < 30 GeV/c and |y| < 1.6 (left), and 3.0 < pr < 30GeV/c and 1.6 < |y| < 2.4
(right). The error bars and boxes stand for the PbPb statistical and systematic uncertainties,
respectively. The shaded band is the uncertainty on the pp measurement, common to all double-
ratio points.

For mid-rapidity, |y| < 1.6 the double ratio is always less than unity, meaning that ¢ (25) are
more suppressed than J/i. Within uncertainties, no centrality dependence is observed. However,
going to the forward rapidity range, the data show an increase of the double ratio with centrality,
though with large uncertainties. In the most central collisions the double ratio is about 1.7 which
means that more ¢(2S5) are produced compared to J/i» than in pp collisions, again with large
uncertainties.

These results exhibit a clear ¥ (2S) suppression in the midrapidity and higher py region,
while the pp uncertainty is too large to draw a firm conclusion in the forward rapidity lower
pT region.

3.3. Polarization of Y (nS) in pp collisions

Polarization is a significant input to the non-relativistic QCD phenomenology of quarkonia
production. In this model, the nonperturbative phenomenon of bound state formation involves
the interaction with surrounding hadrons in the event. Therefore, the pre-resonant QQ must
neutralize its colour by absorbing or emitting soft gluons. It is natural to wonder whether the
QQ bound-state formation process could be different between pp and nucleus-nucleus collisions,
or between “peripheral” and “central” pp collisions. So, polarization measurements can provide
the cleanest indications on how the QCD medium surrounding the production of the QQ pair
affects its binding into the final-state quarkonium. The polarizations of the Y(1.5), T(25), and
Y (3S) mesons produced in pp collisions at 7 TeV have been determined as a function of the
charged particle multiplicity of the event, in two ppranges. [7]

To maximize the physical information and avoid interpretation ambiguities in comparisons
with calculations or other experimental measurements [8], the three frame-dependent angular
anisotropy parameters, X = (A9s Aps Agy), as well as the frame-invariant parameter [9] A=
(Ao +3XAy)/(1—Ap), are measured in three frames, with different directions of the quantization
axis: the center-of-mass helicity (HX) frame, where the polar axis coincides with the direction



of the T momentum; the Collins—Soper (CS) frame, whose axis is the average of the two beam
directions in the T rest frame; and the perpendicular helicity (PX) frame, orthogonal to the CS
frame. ~

Figure 4 displays the corresponding results for the frame-invariant parameter A . The results
obtained in the CS, HX, and PX frames also showed good agreement. No significant changes of
the polarizations are seen as a function of Ng,, for any of the three states.

3.4. Jhp in pPb

The rapidity dependence of the J/i) production can provide key information on the nPDFs
and other CNM effects. The effect was quantified by investigating the forward-to-backward
production ratio Rpg defined by

d*o(pr,y > 0)/dprdy
_ 1
Rep(pr,9) d20(pr,y < 0)/dprdy’ v

where the d?c /dprdy is the J /v production cross section decayed into muon pairs in a given pr
and y bin, and forward regions (y > 0) are defined by the proton-going direction.

Fig. 5 shows the pr dependence of Rpp in three different rapidity ranges for prompt J/1).
The data points are plotted at the bin-averaged values. The Rrp is closer to unity at high pr,
and decreases at low pp. No strong rapidity dependence has been observed.

The Rpp of prompt J/9 is further analyzed in terms of an event activity variable
the transverse energy deposited in the forward hadronic calorimeter in 4 < |n| < 5.2. The
centers of the bin abscissae are given by their bin-averaged values, but slightly shifted for higher

pr points (left) or higher rapidity points (right), so that they do not overlap with each other.

The clear decreasing tendency of the Rpg with increasing Eﬁ FIn>4 125 heen observed over the

whole kinematic ranges, and it is more pronounced at low pr in the forward rapidity region.

HF|n|>4
Er ,

3.5. BY, BY, BY in pPb

The study of CNM effects is extended to heavy-quark production by performing the first
measurement of exclusive B meson decays in pPb collisions. The Raa and Rpg of B mesons
are measured above transverse momentum of 10GeV/c.

The pr-differential production cross sections of all three B mesons in the interval |yiap| < 2.4
are measured [10], with data points placed at the center of each bin. They are compared
to the pp cross sections obtained from fixed-order plus next-to-leading-logarithm (FONLL)
calculations [11] The FONLL predictions are scaled by A(=208), the atomic mass of the
Pb nucleus, to account for the number of binary NN collisions. The FONLL uncertainties,
larger than the ones from data, represent the quadratic sum of several variations made to the
calculation: of the factorization and renormalisation scales, of the ¢ quark mass, and of the
uncertainty associated with PDFs (providing the largest contribution) [11, 12, 13].

The theoretical uncertainties represented by the open blue boxes in Fig. 6 are computed by
recalculating R FONLL (pr) with the upper and lower values of the FONLL predictions. The
nuclear modification factors of the three B mesons do not show evidence for modification of
pPb data compared to the FONLL reference, in the considered pr range within the quoted
uncertainties. No significant differences are observed between the three B meson species.

The production cross section of B is also studied as a function of its rapidity in the center-of-
mass frame (ycn). The yon-differential cross section of BY in the interval 10 < pr < 60GeV /¢
is shown in Fig. 7 (left). In Fig. 7 (right), the rapidity dependence of the nuclear modification
factor of BT is shown. No strong evidence of rapidity dependence of Rpa FONLL 5 observed
within the uncertainties.
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Figure 4. Values of A for the Y(15), T(25), and T(35)states (left to right), in the HX, CS,
and PX frames. The vertical bars represent the 68.3% CL intervals of the total uncertainties,
while the global uncertainties are represented by boxes at the zero horizontal line. The points
have been slightly offset for easier viewing.
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Figure 5. pr dependence of Rpp for prompt J/4 in three rapidity ranges. The error bars show
the statistical uncertainties, and the shaded boxes represent the quadratic sum of systematic

uncertainties.
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Figure 6. The nuclear modification factors R,a FONME(pr) of BT (left), B® (center), BY (right)
measured in pPb collisions at 5.02 TeV. The statistical and systematic uncertainties on the pPb
data are shown as bars and yellow boxes around the data points, respectively.
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Figure 7. (left) The yom-differential production cross section of BT measured in pPb collisions
at 5.02 TeV. Vertical bars (boxes) correspond to statistical (systematic) uncertainties. The listed
global systematic uncertainty is not included in the data points. The result is compared to a
FONLL calculation [12, 13, 11] represented by a continuous histogram. The dashed histograms
represent the theoretical uncertainties for the FONLL reference. (right) The nuclear modification
factor Rpa FONLL — of Bt as a function of ycn. The statistical and systematic uncertainties
on the pPb data are shown as bars and yellow boxes around the data points, respectively. The
systematic uncertainty from the FONLL reference is plotted separately as open blue boxes. The
global systematic uncertainty is shown as a full grey box at unity, and is not included in the
data points.

4. Summary

Recent results of quarkonia and B mesons from CMS heavy ion experiment were reviewed.
T(1S), T(2S) and Y(3S) meson yields have been measured in PbPb and pp collisions at the
same energy per nucleon pair, \/syy = 2.76 TeV. The YT(15) and T(2S) are suppressed by a
factor of ~ 2 and 10, respectively, while the unobserved Y(3S) corresponds to a suppression by



a factor larger than 7, at 95% confidence level. Though a strong centrality dependence of the
suppression is observed for the Y(1S5) and Y(2S5), no noticeable dependence is observed as a
function of transverse momentum or rapidity.

The modification of the ¢ (25) meson production and its ratio to J/A) in PbPb was also
discussed. At lower pr, the data suggest an enhancement of the (2S) to J/) ratio, with
respect to the corresponding pp measurement, that increases with PbPb collision centrality.
Both the centrality dependence and the double ratio being larger than unity are opposite to the
expected behavior in the sequential melting scenario.

The polarization of Y(15), Y(25) and Y(3S) in pp collisions and their dependence on the
particle multiplicity was investigated to observe the surrounding materials’s effect to the angular
states of quarkonia. There was not evidence of interference in high multiplicity pp collisions,
however this study opens the way for analogous measurements in pPb and PbPb, which can
provide the cleanest indications on how quark-antiquark bound-state formation is influenced
by the surrounding medium, an essential input for the interpretation of quarkonium nuclear
suppression patterns.

In the end, the measurement of prompt and non-prompt J/i) and B mesons in pPb collisions
at \/sxn = 5.02 TeV has been reported to discuss the cold nuclear matter effects. For J/), the
forward-to-backward production ratio Rpp is observed to be smaller than unity at low pr and
become consistent with unity for pr above 10GeV/c. The Rpg and Raa of B mesons were
found to be consistent to unity in the overall measurement ranges, pr above 10GeV /c, which is
consistent to J/ip result.
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