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Bottomonia suppression in an anisotropic quark-gluon plasma
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Abstract. A brief review of recent studies on suppression of bottomonia in an anisotropic
quark-gluon plasma created in heavy-ion collisions at the LHC is presented. A reasonable
agreement between the model predictions for the inclusive Raa suppression factor and
the preliminary CMS experimental data is found. The values of the shear viscosity to the
entropy density ratio extracted from the comparison with the data lie between one and
two times the gauge/gravity duality lower bound. These values agree very well with the
fluid dynamical fits to the light hadron correlation data and confirm that the quark-gluon
plasma is a nearly-perfect fluid.

1 Introduction

One of the main objectives of the ongoing ultra-relativistic heavy-ion collisions (URHIC) studies at
the Large Hadron Collider (LHC) in CERN is to produce and extract the properties of a new state of
hot nuclear matter called quark-gluon plasma (QGP) [1-3]. An enormous amount of fluctuation and
correlation data collected in URHIC suggests that the bulk of the created matter is a strongly-coupled
system, which, to a great extent, behaves as a nearly-perfect relativistic fluid with the temperature-
averaged shear viscosity to entropy density ratio, 7/, in the range 1/(4x) — 3/(4n) [2, 3]. The space-
time evolution of the latter may be quite precisely described within the recent formulations of second-
order relativistic viscous hydrodynamics [4, 5]. Lately, it was also shown that the description of the
very early evolution times requires careful treatment of potentially large local momentum anisotropies
in the system. For that purpose one should rather use an alternative fluid dynamics approach called
anisotropic hydrodynamics in its leading [6—19] or next-to-leading [20, 21] order formulation.

The first-principles calculations of the quantum chromodynamics (QCD) equation of state within
Hard Thermal Loop (HTL) approach [22, 23] suggest that the high-temperature QGP may be well
described as a decoupled system of partonic quasiparticles with the pseudocritical transition tempera-
ture 7, ~ 165 MeV. One of the signatures of QGP creation is the “melting” of heavy hadronic states
due to the Debye screening phenomenon, commonly measured with respect to the production in p-p
collisions with the Ry suppression factor. The fits of the relativistic viscous fluid models to the light
hadron production data suggest that at the top LHC energies the system created in central collisions
reaches a peak temperature on the order of 7y ~ 600 MeV [2]. As a result, the light hadronic states,
which mostly disassociate already around T, provide a limited source of information on the proper-
ties of the hottest part of the medium. At the same time it was shown that heavy quarkonium states,
such as bottomonia, may survive up to temperatures on the order of ~ 47, [24, 25], which makes
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them a potential probe of the early stages/very center of the created fireball. Moreover, due to their
sequential disassociation pattern, they provide a possibility to distinguish between different stages of
the QGP evolution [26].

In this proceedings contribution we briefly review our main results on the thermal suppression of
T(1s) and T(2s) bottomonium states in an anisotropic QGP created in 2.76 TeV Pb-Pb collisions at
the LHC [27]. For this purpose, we use an updated potential-based non-relativistic QCD (pNRQCD)
model developed in Refs. [28, 29] coupled to the anisotropic hydrodynamics model for the background
evolution constructed in Ref. [30]. The updates to the model include: (a) realistic (3+1)-dimensional
QGP evolution within anisotropic hydrodynamics, (b) update of the mixing fractions of different
bottomonia states based on the recent ATLAS, CMS, and LHCb measurements, and (c) improved
centrality averaging procedure. Herein we show selected results on the inclusive Ras suppression
factor of the Y states as a function of the number of participants, Ny, and transverse momentum,
pr, and compare them to the preliminary CMS results [31]. We observe that the employed model
provides a satisfactory description of the experimental data. Moreover, the restriction on the values
of the shear viscosity to the range 1/(4m) < n/s < 2/(4n) extracted from the comparison to the data
agree quite well with the results of the fluid dynamical fits to the light hadron correlation data. The
latter confirms creation of an almost perfect QGP at LHC energies.

2 Spheroidally momentum-anisotropic QGP

Most of the microscopic models of the QGP early-time dynamics suggest that, although QGP is ini-
tially highly-anisotropic in the momentum space [32, 33], its evolution closely follows the dissipative
fluid dynamics equations [34, 35]. One can show that, due to the specific topology of the URHIC,
in particular rapid expansion along the beam (z) direction and relatively slow expansion in the direc-
tion transverse to it, the dominant dissipative corrections to the isotropic single-particle phase-space
distribution function,

fiso(p#’ xy) = fiso (|P|, T(xﬂ)) P (1

follow from the anisotropy between the transverse, p3. = p3 + p;, and longitudinal, p; = pZ, direction
in momentum space and result in a significant difference between the transverse and longitudinal
pressure, Pr > P;. Here we take x* = (t,x) and p* = (E, p) where E = /m? + p? is the particle
on-shell energy. The most straightforward way to include these corrections is to use the following
spheroidal Romatschke-Strickland (RS) form of particle distribution function [36]

Faso (P 3) = fariso (BLEGE), NG = fio (1 + (1 + €6 2, AGE) @)

where —1 < &(x*) < oo is the momentum-space anisotropy parameter, A(x*) is the transverse temper-
ature and fis, is an arbitrary isotropic distribution function. Hereafter it is assumed that the underlying
parton distribution function, fyiso(p*, ¥*), is the same for the QGP background evolution as well as
for the quarkonium binding calculations.

3 Fluid dynamics of the anisotropic background
3.1 Evolution equations

With the knowledge of the single-particle distribution function one can derive equations of motion for
the soft modes of the system using the standard relativistic kinetic theory formalism. In particular,
the RS form (2) of the distribution function leads to the fluid dynamical equations of the so called
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leading-order anisotropic hydrodynamics [6-9]. In the formulation employed in the present study
they are obtained by taking the lowest-n momentum moments [7, 8, 12],

THU iy — 1 H2 n = Naot d3p
0 ﬂ:fdppupp...py, fdp:(zﬁff, 3)

of the Boltzmann equation,

P'ouf = —CLf], “

with the collisional kernel treated in the relaxation-time approximation,

CLf1 = putd(f = feq(Pl, T(X"))/Teq- &)

In the above definitions Ngor denotes the number of degrees of freedom, 7.4 is the relaxation time,
and fq is the equilibrium distribution which we take in the Boltzmann form feq(|pl, T) = exp(=|p|/T).
Within the spheroidal ansatz (2), f = faniso, it is sufficient to restrict to the zeroth and the first moments
which leads to the following set of dynamical equations,

al“zvgniso = uﬂ(Izq - Igniso)/TCQ’ (6)
6HIZ:1/iso = uﬂ(jg(; - I/z:rllliso)/TBQ’ (7)
where we defined [l;rlmé‘eq = JHIHA JSaniso,eq-  In Eq. (7) one may also make use of the energy-

momentum conservation, which leads to the Landau matching condition, u, Tty = u,I%’. . where
w' = vy(1,v) is the fluid four-velocity defined in the Landau frame with u“u, = 1. The forms of
particle four-current, N* . =% and the energy-momentum tensor, T = 7" may

. S0, eq aniso, eq” . . aniso, eq . aniso, eq
be found through their tensor decomposition in a suitable orthonormal four-vector basis {/}; rr, Where

I €{u,X,Y,Z} [12]. In this way one obtains [6—19]
Nt = Haniso, equﬂ, (8)

o cq = €0 tu” + PR UXHXY + V1Y) + P24 27, )

see also [37, 38]. Projecting (8) and (9) on the basis four-vectors and performing momentum integrals
one obtains the explicit form of the thermodynamic variables entering Egs. (8) and (9)

AL €) = A/ NTHE, (10)
£(A€) = REE(A), an
PIS°(A,£) = Rr(€)PY(N), (12)
PSO(A, €) = RL(EP(A), (13)

where P° = PS° = P and R are known analytic functions [7]. Transforming to the labora-
tory frame and expanding equations (6) and (7) one obtains the explicit equations of motion for
A1, x7,6), £(t,x7,5) and v(t, x7,5) [30], where T = V2 — 722 is the longitudinal proper-time and
¢ = tanh~'(z/1) is the space-time rapidity. Following the usual methodology we take fiio = Jeq and
restrict ourselves to the massless case, which gives the well known relations for the conformal system,
£%°(T) = 3PS(T) = 3Tn*(T) ~ T*.
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3.2 Setup

For the numerical simulations of the hydrodynamic background evolution we choose the initial
proper time 79 = 0.3 fm. The values of the initial central temperature in central collisions
Ty € {552,546,544} MeV are determined for each value of 47np/s € {1,2, 3}, respectively, in or-
der to reproduce the final charged-particle multiplicity measured in the experiment. The initial profile
for the transverse temperature A(t = 7o, X7, <) in the transverse plane follows from the initial energy
density profile which is set by the mixed optical Glauber model with mixing factor Kyinary = 0.145.
The inelastic cross-section is taken to be oy = 62 mb. In the spatial rapidity direction, we use the
following phenomenological distribution consistent with the limited fragmentation picture at large
rapidity [39]

— Ac)?
6L 05l - a0)|. (14)
O—§

f(¢) = exp|—
In Eq. (14) the parameters A¢ = 2.5 and o = 1.4 are fitted to reproduce the pseudorapidity distribu-
tion of light charged hadrons measured in the experiment and O is the Heaviside step function.

4 Quarkonium potential in anisotropic QGP

Following findings of the HTL resummed perturbation theory calculations [40] it is assumed that
the static heavy quarkonium potential is complex valued, V = R[V] + iJ[V]. For the real part of
the potential one uses the results obtained for a finite-temperature spheroidally anisotropic QGP [41]
described by the distribution function (2). It is based on the internal energy of the states calculated
from the Karsch-Mehr-Satz form [42] of the free energy [29],

0.80

2 b
mbr

R[V] = —L—;(l + e ™ + 2ﬂ_0-(1 —e ™y —ore™ — (15)

where a = a;Cr = 0.385 is treated as a parameter which is fitted to the lattice QCD data to reproduce
screened Coulomb part of quarkonium potential [43], o = 0.223GeV? is the string tension also
obtained from lattice QCD calculations [43], and m;, = 4.7 GeV is the constituent mass of the bottom
quark. The anisotropic screening mass y = G(&, 8)mp is expressed through the isotropic Debye mass
mp = 1.44/1+ N;/6g;A and the function G which depends on the anisotropy ¢ and the 6 angle
between the beam line direction and the line connecting QQ pair [29]. The factor 1.4 is included to
account for higher-order corrections determined from lattice simulations [44], Ny = 2 is the number of
quark flavors contributing to the medium, and g, = v4ma,, where we take three-loop-running strong
coupling giving a,(5 GeV) = 0.2034.

The imaginary part of the potential is obtained using leading-order perturbative calculation per-
formed in the small anisotropy limit [45],

3V1 = —aCrA{e (ur) = £ [Yn (ur, 0) + o (ur, O]}, (16)
where Cr = 4/3 is the QCD color factor, and ¢ and ¢ are special functions expressible in terms of the
Meijer G-function.

5 Quarkonium local decay rate

Using the form of the quarkonium potential defined in Egs. (15)-(16) we solve the three-dimensional
Schrodinger equation for the complex-valued binding energies of the states, Ey;ng, as functions of
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Figure 1: (Color online) Real and imaginary parts of the Y(1s) binding energy as a function of A/T,
ratio for various values of &, see [29] for details.

bulk variables & and A [46]. The exemplar results for binding energy of Y(1s) state are shown in the
Fig. 1. One may observe that in the anisotropic system the disassociation point, defined as A at which
I[Evpind] = R[Epinal, is shifted towards higher T, which means that the anisotropy & > 0 causes the
states to melt at higher transverse temperatures.

While the real part of the binding energy defines if the state is bound (Eping < 0) or not (Epipng > 0),
the imaginary part gives the information about the local decay rate (width) I of the state. Computing
the quantum mechanical occupation number one obtains the relation

_ | 29[Epinal R[Epina] > 0
ra.6 = { Yas = 10GeV  R[Eyjnal <0
where ygis = 10 GeV is phenomenological parameter which sets the decay rate of the unbound states.
Knowing Eying(€, A) from the solution of the Schrodinger equation and the space-time depen-
dence A(t,x7,¢) and &(1, X7, ¢) from the hydrodynamic evolution of the QGP (see Sec. 3), one may
construct Eping(T, X7, §).

6 Raa suppresion factor

The Raa suppression factor is obtained by the integration of the local decay rate,

T

{(pr,x7,8) = O(Tf — Torm) drI(7,x7,¢), (17)

max(Tform,70)

and subsequent exponentiation of the result, Raa(pr, X7, ) = exp (—={(pr, X1, )). The formation time

of the state iS Trom(Pr) = Toy¥ = ToomEr /M With M being the mass of the state and Er = /p% + M?

its transverse energy. The rest-frame formation times T(f)orm are assumed to be inversely proportional to

the vacuum binding energy [47], which gives T?orm =0.2,0.4,0.6,0.4,0.6 fm for T(1s), Y(2s), T(3s),
Xb1» Xbo2 states, respectively. The final time 7 is defined through the condition T'(t¢, x7,¢) < T,
where T = AR'/4(¢). For the space-time dynamics of the quarkonia themselves we use a simplistic
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Figure 2: (Color online) Inclusive R44 for the T(1s) and Y(2s) states for different values of /s as a
function of number of participants N, (left) and transverse momentum p (right) compared to the
CMS experimental data (symbols) [31].

assumption that, once generated, they follow the Bjorken flow solution, which means that hereafter
we may put ¢ = y. Integration over the spatial coordinates

| @xrn(er, pRaa(pr. x7.y)
[ dxrn(er,y)

takes into account the fact that the generation of the quarkonia is assumed to be proportional to the
local number density of plasma partons n(xr, s = y) = n*"°(A(to, X7, ), &(T0, X7, §)).

Before performing comparison with the data one has to perform certain averages of the Rpa tak-
ing into account proper momentum cuts according to the experimental ones. For the transverse-
momentum average we use the E;“ measured by CDF [48] at high pr

Ran(pr.y) = , (18)

'PT.max

PT,min dp% RAA(pT’ y)E;4

Raa(y) = e dp%E;“ . (19)

PT.min
For the rapidity average we take flat distribution. In the above definitions the impact parameter, b,
dependence is implicit. In order to average over the centrality we first convert impact parameter to
centrality classes, C, using Glauber formalism. Then we integrate over centrality using probability
function e~¢/2° which reproduces the experimental measurement [49]. The procedure described above
results in the so called “raw” Raa for each state. In order to calculate the inclusive Raa we have to
take into account the feed-down from decays of the excited states. For that purpose construct the
linear combinations RI(A”) =3 fl.T(”) and szs) =Y, fiT(ZS)RZiW where we use recent pr-averaged
feed-down fractions from ATLAS, CMS and LHCb data measured in p-p collisions. In particular we
use iT(IS) = {0.618,0.105,0.02,0.207, 0.05} for i € {Y(1ls), T(2s), Y(3s), ¥»1, X2}, respectively. For

£ =140.5,0.5) we take i € {Y(25), Y(3s)} [50].

1

7 Results

In the left panel of Fig. 2 we present the comparison of the model predictions for the inclusive Raa
factor of Y(1s) and Y(2s) states as a function of number of participants, Ny, With the preliminary
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experimental data from 2.76 TeV Pb-Pb collisions measured by CMS at the LHC [31]. The results are
obtained for various values of 17/s. Our model seems to provide a reasonable description of the data
except for T(2s) in the most peripheral collisions.

In the right panel of Fig. 2 we present the analogue comparison as in the left panel except as a
function of transverse momentum. We again observe an overall good agreement with the data, with
the slow rise at large pr resulting from the time dilation of the formation times. Our result suggests
that the underlying assumption that the states are decoupled from the QGP is in a good agreement
with reality. Both, N4 and pr, dependence prefer small values of 1 < 4np/s < 2, which stays in
agreement with the recent hydrodynamic fits to light hadron correlation data.

8 Conclusions

In this proceedings contribution we briefly presented our recent results on the thermal suppression
of bottomonia in the anisotropic quark-gluon plasma produced in 2.76 TeV Pb-Pb collisions at the
LHC [27]. For the study we used a pNRQCD model developed in Refs. [28, 29] and upgraded in
Refs. [27, 51] to include: (a) realistic (3+1)-dimensional QGP evolution within anisotropic hydro-
dynamics approach [30], (b) updated mixing fractions of the bottomonia states recently measured by
ATLAS, CMS, and LHCb, and (c) improved centrality averaging procedure. The presented results
on the Raa suppression factor show reasonable agreement with the data. Based on the comparison of
number of participants N, and transverse-momentum pr dependence of the model inclusive Raa
suppression factor with the recent CMS experimental data [31] we find that the values of 17/ lie in the
range between 1/(4x) and 2/(4rx). These values are in agreement with the most recent fluid dynamical
fits to the light hadron correlation data, which confirms that the QGP produced at the LHC energies is
an almost-perfect fluid.
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