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Abstract. We summarize the results from the study of charmonium and bottomonium via the
dimuon decay channel in PbPb collisions with the CMS experiment. We discuss the observation
of sequential suppression of the T states. We present preliminary results of prompt J/¢ and
1’ production, as well as of non-prompt J/v’s coming from the weak decay of b-quarks. This
latter measurement is sensitive to b-quark energy loss. We discuss the results and compare to
model predictions.

1. Introduction

Quarkonium suppression in a hot colored medium is a longstanding signature of quark-gluon
plasma (QGP) formation. It is expected that suppression will arise due to two main effects. The
first mechanism proposed was color Debye screening [1]. In the vacuum, a heavy quark-antiquark
bound state, such as charmonium or bottomonium, are kept together by the QCD color field.
Simulations of QCD on the lattice show that the color fields take the form of a color-flux tube,
which gives rise to an approximately linear potential. Since the quarks are massive and move at
low velocities, one can use the framework of non-relativistic QCD. The spectroscopy of charmonia
and bottomonia can be obtained this way. In a hot QCD medium, the expectation is that the
additional color charges around the heavy quark-antiquark pair will produce color fields which
screen the potential between them. The Debye screening radius depends on the temperature, and
this then leads to a suppression of excited quarkonium states according to their average radius.
This picture has been augmented with recent studies which find that there is also a broadening of
the quarkonium spectral functions due to the interaction of soft gluons in the QGP medium with
the quarkonium state. The effects of gluo-dissociation and Landau damping can be encapsulated
in the quark-antiquark potential as an imaginary part, with the real part governing the screening
behavior. For a review of this subject, see Ref. [2]. More recently, attempts to calculate the
potential directly in the lattice have been done, including the real and imaginary parts, i.e.
screening and Landau damping/gluo-dissociation. These studies motivate the continued study
of quarkonia in relativistic heavy ion collisions, since an observation of suppression could then be
connected to the properties studied in the lattice. In this way, we could estimate the temperature
reached in the medium. Furthermore, a suppression due to hot nuclear matter effects in the
bottomonium case would be a clean signature of deconfinement. (The picture is complicated in
the case of charmonium due to the competing effect of recombination, which is negligible for the
case of bottomonium due to the small bottom cross section even at LHC energies.) In this paper,
we present a summary of some key results from the CMS in the field of quarkonium studies in
relativistic heavy ion collisions. The manuscript is organized as follows: We briefly describe the
detector and analysis preliminaries, then we discuss the results from prompt charmonium. Next,
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we present the results from non-prompt J/v¢ which originate mainly from B meson decays. We
then discuss bottomonium measurements, followed by a summary of our findings.

2. CMS Detector and Data
A detailed description of the CMS detector can be found in Ref. [3]. The main detectors used
in this analysis are the Muon detectors and the silicon tracker. The solenoidal superconducting
magnet of 6m internal diameter provides a B = 3.8 T field. It houses the silicon pixel and silicon
strip tracker, as well as electromagnetic and hadronic calorimeters. The tracker can measure
charged tracks in the kinematic range |n| < 2.5. Muons are detected via drift tubes, cathode
strip chambers and resistive plate chambers in the range || < 2.4. The granularity of the
tracker working in tandem with the strong bending B field allow for measuring muon transverse
momenta (pr) with resolution in the range 1 — 2% for the analyses presented here. The muons
need a minimum total momentum in the range 3 — 5 GeV/c to reach the muon stations. This
places limits on the acceptance of J/v) mesons. For mid-rapidity, we can measure J/1 in the
range pr > 6.5 GeV /¢, while at forward rapidity, we can measure it down to pp > 3 GeV/ec.
For the T mesons, the higher mass is transformed to a higher muon momentum in the decay
process, allowing us to measure T mesons down to pr > 0 for all rapidity.

To estimate the collision centrality, we measure the transverse energy (E7) in a hadron
calorimeter placed in the forward region (HF, 2.9 < |n| < 5.2). We use a Glauber model to
simulate the Npar¢ distributions based on fits to the HF E7 measurements, as described in

Ref. [4].

3. J/v Production

In the invariant mass spectrum of dimuons, CMS can measure J/¢ mesons and estimate the
prompt and non-prompt contributions [5]. We distinguish these two categories as follows. The
prompt component originates from directly produced J/i plus those which arise from the
secondary decays of charmonium excited states, such as the 9’ and y.. These excited state
transitions are sufficiently fast that the muons we observe are indistinguishable from primary
muons. The non-prompt component arises mainly from the decay of beauty hadrons, chiefly B
mesons. These weak decays are longer lived, with lifetimes of order ¢7 ~ 490um (for BT). By
reconstructing the invariant mass, the position of the secondary vertex in the transverse plane
Ly, and the pair pr, we can do a simultaneous fit of the invariant mass spectrum together with
the pseudo-decay length €7/, = Lyym /pr. This allows us to estimate the contributions of
prompt and non-prompt J/v separately.

3.1. Prompt J /v

We have measured the production of prompt J/¢ in both PbPb and pp collisions at 1/s=2.76
TeV. To quantify the modifications observed in going from pp to PbPb, we scale the yields
measured in pp using the Glauber model from Ref. [4] and use this to normalize the PbPb
measurements, constructing the nuclear modification factor R4 4. Figure 1 shows R 44 of prompt
J/vas a function of Npare, pr, and y.

For the top 5% most central collisions in the kinematic range pr > 6.5 GeV /c we observe a
suppression of a factor of ~ 5. For the centrality-integrated data, we do not observe a significant
pr or rapidity dependence of the suppression in our measured kinematics. Comparing the data
to the model calculations from Zhao and Rapp [6], given by the various lines in the left panel
of Fig. 1, shows a qualitative agreement with the observed trend of increasing suppression,
i.e. decreasing R4, with increasing Npar¢. In this model, for our kinematics, the mechanism
responsible for the suppression are the hot nuclear matter effects, screening and gluo-dissociation,
discussed previously.
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Figure 1. The nuclear modification factor, R44, for prompt J/9 as a function of Npar (left),
pr(center) and |y| (right). The kinematic range for the measurement is 6.5 < pr < 30 GeV /e,
and |y| < 2.4. The data show a clear suppression with increasing Npart, but no pr or y
dependence. For discussion of the model comparisons, see text.

We see no evidence for a contribution from statistical recombination, which is expected to
contribute to the J/v¢ yield at lower pr. In contrast, a model from Sharma and Vitev [7]
based on cold-nuclear-matter energy loss plus collisional dissociation of J/1) mesons expects
less suppression with increasing pr, in disagreement with the observed level of suppression that
remains constant in our measurement region.

We have also measured the nuclear modification factor for the 1/’ meson. We find that in
the kinematic region pr > 6.5 GeV/c and |y| < 1.6 the ¢’ is suppressed much more than
the J/¢. Our preliminary result in this kinematic region integrated over all centralities is
Raa(¥(2S)) = 0.11 £ 0.03 (stat.) &+ 0.02(syst.) £ 0.02(pp). In the forward rapidity region,
1.6 < |y| < 2.4 and lower py (down to 3 GeV/c) we find an enhancement of the ¢’. However,
the current statistics from the pp measurement hinder the statistical significance of the forward
y measurement. With pp data from 2013 this situation will be ameliorated.

3.2. Non-prompt J/v production

The non-prompt contribution to the inclusive J/1 yield was also extracted from the PbPb and
pp data. The nuclear modification factor R4 is shown in Figure 2. The dependence of R4 on
centrality, pr and y is shown in the left, middle and right panel, respectively.

We find an increasing suppression for non-prompt .J/1 with increasing Npart. The suppression
reaches a factor 2.5 (Raa ~ 0.4) for the top 5% most central events. When integrated over
centrality, there is a hint of increasing suppression with increasing pr or y. As mentioned
earlier, the non-prompt J/v¢ production is dominated by the decays of B mesons. Therefore,
suppression of the non-prompt J/1) yield is expected to be a sensitive probe to energy loss of
b-quarks. Due to the large mass of the b (m, ~ 4.2 GeV/c?), the radiative energy loss of b
quarks is expected to be suppressed, when compared to light parton gluon Bremsstrahlung,
at forward angles of order # < m/E, where 6 is the angle between the radiated gluon and
the direction of the propagating quark, m is the quark mass of the heavy quark, and FE its
Energy. Measurements of non-photonic electron R44 at RHIC indicated that, in addition to
radiative energy loss, b quark production also had a significant modification due to collisional
energy loss. In the comparison of the R44 vs. pr data to model calculations, we find that
the model from Vitev, based on Ref. [8], with only radiative energy loss does not give enough
suppression to be consistent with our measurement (light blue band). The addition of collisional
energy loss (dark blue) is in much better quantitative agreement with our data. A calculation
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Figure 2. The nuclear modification factor, R44, for non-prompt .J/v, which mainly come from
B meson decays, as a function of Npayt (left), pr(center) and |y| (right). The kinematic range
for the measurement is 6.5 < pr < 30 GeV /¢, and |y| < 2.4. For discussion of the experiment
and model comparisons, see text.

in the energy-loss framework developed by Wicks, Horowitz, Djordjevic and Gyulassy, including
both the radiative and collisional energy-loss mechanisms, is also shown. The framework was
developed for comparing to RHIC data, and is based on pQCD weak-coupling and AdS/CFT
strong-coupling drag energy loss models [9]. The model parameters were set at RHIC and then
kept constant to predict the Rg4 at LHC (green band). We see that this model is in good
quantitative agreement with our data. Note that our data are given in terms of the pp of the
measured .J/1 while the calculations are given in terms of the pr of the B meson, which is always
higher than the daughter J/1 pr. Therefore, one would expect a slight shift of the model curves
to lower pr to account for this. We also compared our data to calculations from the CUJET
model [10] and He et al. [11], which also are in good agreement with our data at low pr. The
energy-loss model from He et al., which is based on a heavy-quark diffusion and hadronization
picture, expects less suppression with increasing pr which is in disagreement with our highest
measured pr Ra4.

4. Bottomonium

We have measured the T family in both the pp and PbPb collision systems. Figure 3 shows the
invariant mass of dimuon pairs measured in pp (left) and PbPb (center and right). The excellent
resolution of the CMS detector for muons allows a clear separation of all 3 states [12]. The data
are fit in order to extract various parameters of interest, in particular the raw (not acceptance
corrected) single ratios Y (nS)/YT(1S) in both collision systems and the double ratio of these raw
single ratios between the PbPb and pp system (Y (nS)/Y(1S5))pbpn/(Y(nS)/Y(1S5))pp. The raw
single ratios cancel uncertainties arising from mechanisms which affect the excited states and
the ground state in the same way. An example of such a mechanism is the uncertainty arising
from the parton distribution functions. For T production, the dominant production channel is
gluon-gluon fusion, hence the gluon PDF is the one that plays the most important role. Since
this PDF enters in the same way in the production of the bottomonium final state, namely in
the initial state entrance channel, any modifications will affect the ground state and the excited
states in the same way, thus they will cancel in the single ratio. An important experimental
effect which does not cancel in the raw single ratio is a difference in the acceptance for excited
states compared to the ground state. This difference in acceptance arises from the fact that the
muons chosen for the analysis must satisfy pr#* > 4 GeV /c. Since we look for two muons in order
to reconstruct the T mesons, and the pp threshold is close to half of the T mass, it is appreciably
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Figure 3. The invariant mass distribution of dimuons. The pp data are shown in the left
panel. The center and right panel both show the PbPb data. The pp and PbPb data are
fit, with the result shown on the plot. The pp fit is shown in the center and right panels to
graphically illustrate the double ratio (Y(nS)/Y(1S))pppn/ (T (nS)/YT(1S))pp (center) and the
nuclear modification factor scaling Raa (right). See text for details.

easier for a state at higher mass to have its muon daughters satisfy the pr threshold compared
to a lower-mass T meson. This acceptance effect will cancel in the double ratio between PbPb
and pp. This makes the double ratio a very robust observable for quantifying modifications of
the excited states with a very small systematic uncertainty. This is illustrated graphically in
the center panel of Fig. 3. The shape of the invariant mass fit to the T states in the pp collision
system is overlaid on the PbPb data. In the single ratio, the Y(1S) yield is the reference, and
in the double ratio the PbPb and pp ratios are then compared. By construction, the double
ratio for the 1S is 1, so the 1S peaks in PbPb and pp have the same height in the figure. The
interesting observation then is to see what happens to the excited states. If the excited-to-
ground state ratio in PbPb was the same as in pp, the blue dotted line (pp shape) would also
match the PbPb data for the excited states. Clearly it does not. Therefore, we conclude that
the excited states are modified in PbPb. Furthermore, we surmise that this modification is not
arising from nuclear PDF's, because they would affect the excited states in the same way as the
ground state. It remains to be seen whether this is strictly a hot nuclear matter effect by doing
this measurement in the pPb collision system.

In the right panel, we illustrate graphically a different scaling. To compare absolute yields
for each state between pp and PbPb, we again use a Glauber model to estimate the nuclear
overlap and the number of collisions, N.. Using this information, we scale the measured yields
in pp and compare them directly to the data. The blue dotted line in the right panel shows
this expected pp yield, which is the denominator in the construction of the nuclear modification
factor Ra4. One can see in this way that the inclusive yield for all T states in PbPb collisions
shows suppression compared to the binary-scaled pp yield.

The results for the nuclear modification factor, R44 of T mesons are shown in Fig. 4. With
the 150 ub~! of integrated luminosity sampled in 2011, we are able to split the YT(1S) and T(2S)
data into 7 centrality bins. The T(1S) data are shown as the red filled squares in the left panel
of Fig. 4, and as the green diamonds in the center and right panels. The YT (2S) data are shown
as the green filled circles in the left panel, and as the blue filled circles in the center and right
panels. The small panel to the right of the left panel shows the centrality integrated R4 4 values:

o Rua(Y(1S)) = 0.56 = 0.08(stat.) & 0.07(syst.)
e Ru4(Y(2S)) = 0.12 + 0.04(stat.) + 0.02(syst.)
e Ra4(Y(39)) < 0.1 at 95% C.L.



29th Winter Workshop on Nuclear Dynamics (WWND2013) IOP Publishing

Journal of Physics: Conference Series 458 (2013) 012011 doi:10.1088/1742-6596/458/1/012011
g [T I I ] g [ e e e e < e R T R R a a !
€14l CMS PbPb\[s, = 2.76 TeV . @14 CMSPbPb |5y, = 2.76 TeV 4 ol4- CMSPbPb\5,,=276TeV

) 2:— = Y(15) L =150t N 2i +Y(1S) Ly = 150 pb™ E 1ol Yq(lg\ns data YO(ZSC)MS data
e ez T eves veza MR, memoud o mmpmos
T l J Y(3S), 95% upper limit 10| L i 17 l . Total B Total
r ‘ 1 n M. Strickland 3 r
L 30-40% ] L Y(1S), 4mis=3 = 7 L Nuc. Abs.
0.8 ] o8\ e e Y(1S), 4mis=2 ]
L 40-50% 20-30% L — Y(1S), 4m/s = 1
[ 50-100% 1 r + yg% inn;s = g
r 7 r o T & § s = b
o6 + P o osd] + 061 + Ve amis-1
r 1 ENL T ¢
0.4f- ' 1] 0.4F : ) ¢ (s
0.2 EF $ Hﬂ E+]— " o02f +:
0\\\\\[@\@\1 RO DO Wuirwu s swws e, 2u =t ol L e Lo L L ¥ 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350
N N, N

part part part

Figure 4. The nuclear modification factor, Raa, for T mesons as a function of Npart. (Left)
The red filled squares show our results for Y(1S) and the green filled circles are for Y(2S). The
small panel to the right of this figure shows the centrality integrated values. The upper limit
for the Y(3S) is shown as the arrow in this panel. (Center) The same data for the T(1S) and
T (2S) are shown in as green diamonds and blue circles, respectively. The data are compared
to a model calculation from Ref. [15]. (Right) The T data are the same as in the center panel.
The data are compared to a model calculation from Ref. [16]. See text for details.

This is the first measurement of T (2S) R44. In addition, the R44 values we observe are ordered
in the expected way: smaller Rq4 for the states with the smaller binding energy and larger
radius.

In studying the data as a function of centrality, we find that the Y (1S) and Y (2S) suppression
increases with Npare. For all the centrality bins, we observe the suppression of the Y(2S) state
to be larger than the suppression of the Y(1S). In the most peripheral bin, the Y(1S) nuclear
modification factor is consistent with unity, while that for the Y(2S) remains low. However, it
should be noted that this bin includes a wide impact parameter range (50-100% of the total
cross section), and it is expected that most of the events where an Y will be produced will be
biased towards larger N o and hence smaller impact parameter.

Our measurements are of inclusive production of T mesons, which include both the directly
produced T mesons and those which are the daughters of excited states. For example, the x;
meson can decay via x, — T(1S)+~. The xy is less tightly bound and has a larger average radius
than the T (1S). If the x; states are suppressed in the QGP, this will reduce the contribution from
one of the sources of YT (1S) and will lead to a suppression even if the directly produced Y(1S)
mesons do not melt in the QGP or are otherwise modified. This contribution from feed-down of
higher excited states has been measured by CDF at lower /s and by LHCb at higher /s [13, 14].
Both experiments find that the feed-down contribution to the Y(1S) yield is ~ 50%. However,
this contribution has only been measured at high pp. If the contribution is the same at lower pp,
a suppression of all the excited states down to R44 = 0 but with no suppression of Y(1S) would
result in Ra4 ~ 0.5 for the Y(1S). Under this hypothesis, our data for the most central events
for the T(1S) is consistent with the suppression affecting only the excited states. This scenario
illustrates the importance of including the effects of feed-down when making comparisons to our
inclusive measurements.

Two such comparisons are shown in the center and right panels of Fig. 4. In the center panel,
we compare our results to a model calculation by Strickland and Bazow [15]. In this model, the
heavy-quark potential is taken to be the heavy-quark internal energy as calculated in the lattice.
(The calculation was also done with the free energy and found to be inconsistent with our data.
The free-energy calculation is not shown.) In addition, the model also includes the imaginary
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part of the potential (the Landau damping and gluo-dissociation effects discussed previously).
These ingredients naturally lead to sequential melting. In addition to including the effects of
feed-down, under the assumption that the contribution from excited states is as measured by
CDF in the entire pr range, the model includes a dynamical expansion using the framework of
anisotropic hydrodynamics. The model was run under three different choices for the value of
the shear viscosity to entropy ratio, 47n/S =1, 2, and 3. For each of these choices, the initial
temperature was also adjusted in order to match the existing measurements of multiplicity. The
temperatures used were in the range 552 < T < 580 MeV. The highest temperature corresponds
to the lowest shear viscosity to entropy ratio, and these are shown as the solid lines in Fig. 4,
center. The red line is for the Y(1S) and the blue line is for the Y(2S). The Y(1S) data seems to
be best described by the calculation with the lowest temperature and highest shear viscosity to
entropy ratio in this model. There is some tension to describe the Y (2S) data with this same set
of parameters, although with the statistical uncertainty for the Y(2S) data none of the choices
can be ruled out to more than 2o.

The right panel of Fig. 4 shows a comparison to a model calculation from Emerick et al. [16].
The authors of this calculation considered two scenarios. In one scenario, the binding energy
of the states was varied with temperature, such that at large temperature the binding was
small. This was dubbed the “Weak-Binding Scenario”. The second scenario assumed that there
is no variation of the binding energy with temperature. The bound states remain with the
same masses and binding energies as in the vacuum throughout their dynamical evolution in
the QGP. This was called the “Strong-Binding Scenario”. As an example of the differences,
the bottomonium spectral function is much wider in the Weak-Binding compared to the Strong-
Binding scenario. In comparing this to lattice data using the so-called euclidean correlator, which
is the integral of the spectral function over some kernel, it was found that the Strong-Binding
scenario results in a better agreement with the finding that the correlators do not change very
much with temperature. This has been taken as a strong motivation for preferring the Strong-
Binding scenario. In this model, both Landau damping and gluo-dissociation become the leading
break-up mechanisms, with the former being more important for weakly bound states and the
latter for states with large binding energy. The dynamical evolution is done in the framework
of kinetic theory. The primordial suppression, including feed-down contributions, is shown as
the red band in Fig. 4, right, for the Y(1S). For the T(2S) it is shown as the magenta band. In
this model, the primordial T (2S) yield is completely suppressed in the most central collisions.
This model also includes a parameterization of cold-nuclear matter effects, based on preliminary
results from d+Au collisions from STAR [17]. In addition, the model incorporates a contribution
from regeneration of T mesons via the coalescence of uncorrelated b-b pairs produced in the same
event. The solid black line shows this contribution for the Y (1S), and the dotted black line shows
the corresponding contribution for the Y(2S). The total nuclear modification factor, including
all contributions, is shown as the blue band for the YT(1S) and as a brown band for the T(2S).
Given the small b-b cross section, the total suppression is not too different from the primordial
result in this model. There is still a large uncertainty in the nuclear absorption, underlining the
need for results from d+Au and p+Pb collisions. In this model the initial temperature reached
in the QGP is Ty = 610 MeV.

5. Summary

We presented the results from Quarkonia production measured by CMS in the heavy ion collision
environment. We have measured charmonia at high-py in the mid-rapidity region. We found
that the J/v¢ mesons are suppressed, and the ¢’ mesons at mid-rapidity are suppressed more
than the J/t¢. This pattern is as expected from the sequential melting picture. The non-
prompt J/1) measurement allows us to study b-quark energy loss. Calculations incorporating
radiative and collisional energy loss are consistent with our preliminary measurements. In the
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bottomonium sector, we also observe a clear ordering of the suppression of the three T states
with binding energy. A plot summarizing the observed nuclear modification factors for all the
quarkonia states discussed in this manuscript is shown in Fig. 5. The horizontal axis indicates

< AT T T
T [ CMS Preliminary 0-100% |
120 PbPb\[syy = 2.76 TeV ]
1: e Inclusive y(2S) (6.5<pT<30 GeVlc, lyl < 1.6) ]
08;v Y(3S) (lyl < 2.4), 95% upper limit B
UL Y(2S) (lyl <2.4) ]
[ m promptJhy (6.5<p_<30GeV/c, lyl <2.4) ]
064 y(15) iyl <2.) 7
o4i Y(18) 1 Figure 5. Nuclear modification
r L ] factor, Raa, for the quarkonia
0.2/ y(28) Y@s) ] megspred by CMS in heav.y ion
e ¥Y(33) + ] collisions shown as a function of
L L L L L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L i 1 1
% R Ry S—y : o the binding energy of the state.

A sequential suppression pattern is

Binding energy [GeV
9 0y [GeV] observed. See text for details.

the binding energy of the given quarkonium state. The 1)’ is the state with the smallest binding
energy, and the Y(1S) is the most tightly-bound state. The binding energy is simply taken
to be the vacuum binding energy, i.e. the mass difference between the quarkonium state and
the open heavy-flavor continuum, given by twice the mass of the D meson for the charmonium
states and twice the mass of the B meson for the bottomonium family. We observe a pattern
of sequential suppression of quarkonium states. This pattern is consistent with the expectation
that quarkonia will melt in a hot quark-gluon plasma, with the least tightly bound states melting
first. The temperatures reached in the plasma in the two model calculations used for comparison
to our data are in the range 550 — 610 MeV. We look forward to measurements of quarkonia in
p+Pb collisions, which will be important to distinguish cold and hot nuclear matter effects.
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