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Bottomonium suppression and elliptic flow in heavy-ion collisions
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In this proceedings contribution | review recent progress concerning the suppression of bottomonium production in the quark-gluon plasma.
Making use of open quantum system methods applied to potential non-relativistic quantum chromodynamics one can show that the dynamic:
of heavy-quarkonium bound states satisfying the scale hierar¢ty > 7T ~ mp > E obey a Lindblad equation whose solution
provides the quantum evolution of the heavy-quarkonium reduced density matrix. To solve the resulting Lindblad equation we use a quantum
trajectories algorithm which allows one to include all possible angular momentum states of the quark-antiquark probe in a scalable manner.
We solve the Lindblad equation using a tuned 3+1D dissipative hydrodynamics code for the background temperature evolution. We then
consider a large number of Monte-Carlo sampled bottomonium trajectories embedded in this background. This allows us to extract the
centrality- andpr-dependence of the nuclear suppression fasten[Y] and elliptic flowv[Y]. We find good agreement between our
model predictions and availablgs vy = 5.02 TeV Pb-Pb collision experimental data from the ALICE, ATLAS, and CMS collaborations.
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1. Introduction tum transitions. This formulation relies on the application of
open quantum system (OQS) methods to obtea@ster equa-
The production of heavy-quark bound states in nucleustions which can describe the time evolution of the heavy-
nucleus collisions relative to nucleon-nucleon collisions carmuarkonium reduced density matrix [4-6,16-30]. Although
provide much needed information about the space-time evaiot guaranteed in general, in many cases these master equa-
lution of the quark-gluon plasma (QGP), including the effec-tions can be cast into Lindblad form [31,32] which makes
tive temperature of the plasma created and, in the case of hahem easier to solve numerically. In this proceedings contri-
monic flows, constraints on the collision geometry and flow.bution we will review recent work in which OQS methods are
Historically, it was first suggested by Matsui and Satz [1]applied within the pNRQCD effective field theory [33-35]. In
that heavy quarkonium production would be suppressed ithe case of a strongly-coupled QGP with the scale hierarchy
high-energy heavy-ion collisions based on the fact that Ded/ag > 7T ~ mp > E, the pPNRQCD master equation can
bye screening in the plasma would reduce the effective intebe cast in Lindblad form, where, is the Bohr radiusy is
action between quarks and anti-quarks, eventually leading tthe temperaturey., is the Debye screening mass, alids
the disassociation of all color singlet bound states. the binding energy of the state. Due to this, it is possible to
The screening model of disassociation was, howeveSolve the evolution equation using a method callechien-
missing a key ingredient, namely that, even below the disadUm trajectories algorithnf30,36] which can be deployed in
sociation temperature, it is possible for states to become urt massively parallel manner. This allows one to solve the
bound through in-medium gluon exchange. Such in-mediunkindblad equation without cutoffs in the angular momentum
breakup is encoded in the in-medium width of singlet stategnd to straightforwardly compute results for a large set of
which, in the heavy-quark limit, emerges due to the imag-Sampled physical paths through the QGP. Using this method
inary part of the heavy-quark potential. In a finite temper-We make predictions for the centrality apd dependence of
ature QGP there is a QED-like effect resulting from Lan-a4[Y] andvy[Y].
dau damping of the exchanged gluon [2,3] and also a gen-
uinely non-abelian effect resulting from transitions between
color singlet and octet states [4-9]. Applications of realis-2, Methods
tic complex-valued potential models to QGP phenomenol-
ogy have demonstrated good agreement with experimentgJsing OQS methods applied within the pNRQCD effective
measurements of bottomonium suppression [10-15], howfield theory framework Refs. [40,41] obtained a master equa-
ever, these studies have not included non-potential effects agon for heavy quarkonium evolution in a strongly coupled
sociated with quantum jumps. equilibrium QGP. When the temperature is much larger than
In recent years a new formulation of heavy-quarkoniumthe binding energy]” >> E, one can make an expansion in
suppression in the QGP has been developed which allows orfé/T', finding at leading order an evolution equation of Lind-
to include the effect of in-medium color and angular momen-blad form [31,32,40,41]
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For the background evolution, we use aHydro3pl 1.0,
which is a three-dimensional dissipative anisotropic hydro-
dynamics code. The aHydro3pl code implements quasipar-
ticle anisotropic hydrodynamics and, as a result, has a realis-
tic lattice-based equation of state [42-45]. The initial central
temperature and shear viscosity to entropy density have been

where, forNN,, colors, the reduced density matrix and hamil- tuned to soft observables such as the pion, kaon, and proton

tonian are given by

p(t) = (p Sét) pﬂn) :

h 0 7’2 1 0
H =< ° ) + =7 N2 |, 3
0 he) 2 <O D

)

with ps(t) andp,(t) being the singlet and octet reduced den-

sity matrices, respectively, ad , = p?/M +V;_, being the

singlet or octet hamiltonian. The jump (collapse) operators

appearing in Eq/) are
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by the following chromoelectric correlators
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which can be measured directly on the lattice.
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spectra and elliptic flow collected gfs y v = 5.02 TeV [46].

3. Results

We solve [) using a quantum trajectories implementa-
tion called QTraj 1.0 [30]. The QTraj code is avail-
able for free use under the GNU Public License version
3. Download and installation instructions can be found in
Ref. [30]. We use lattice quantum chromodynamics mea-
surements to constrain the transport coefficientand .

We vary k over three temperature-dependent parameteriza-
tions&(T) = w(T)/T3 € {k1(T), kc(T), ky(T)} with the
lower, central, and upper limits taken from Ref. [47]. For

in order to encompass all current indirect lattice extractions,
we takey = v/T° = {-3.5, —1.75, 0} [48-52]. At leading
order in E/T, the coefficients: and¥ set the magnitude of
the imaginary and real parts of the potential, respectively.

To calculate the nuclear suppressiomiiA collisions, we
compute the survival probability for a large number of phys-
ical trajectories. Each physical trajectory has a Monte-Carlo-
sampled initial production point and transverse momentum.
Along each physical trajectory we then average over a large
set of quantum trajectories in which the quantum evolution
is stochastically realized. This procedure allows one to com-
pute the QGP survival probability for all bound states. We
then perform late-time excited state feed down using a feed
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FIGURE 1. (Color online) The nuclear modification factor 8f{1.5), Y(2S), andY(35S) states as a function dfpan (left) andpr (right).
The bands indicate variation with respectt@’) (left) and4 (right). The central curves represent the central valuég®f and4. In both
panels we show experimental measurements from the ALICE [37], ATLAS [38], and CMS [39] collaborations.
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FIGURE 2. (Color online) The double ratio of the nuclear modification fadora [Y(25)] to R44[Y(1S)] as a function ofVpar compared

to experimental measurements of the ALICE [37], ATLAS [38], and CMS [39] collaborations. The bands indicate variafion ahdy as

in Fig. 1. The left panel shows thevariation and the right panel shows thevariation. The black and red experimental error bars represent
statistical and systematic uncertainties, respectively.

down matrixF' which is constructed from measured branch-&, however, is quite sensitive t. This pattern is repeated
ing ratios and cross sections for bottomonium states [28]. also in the 3S to 1S double ratio as shown in Ref. [29]. As
In practice, we obtain the nuclear suppression of state a result, it may be possible to constrairbased on fits to

using experimental data for these double ratios.
N Finally, in Fig. 4 we present predictions for the elliptic
» F-S(c,pr,¢) - . : :
Ry A(c,pr,¢) = ( ( pfi ¢) - Giect) ., (8) flow of the Y(15) in three different centrality classes. We
Texp additionally show the centrality-integrated result in the right

wheredgirect and dexp are the pre feed down and experimen- sub-panel of both figures. The left and right figures in Fig. 4
tally observedpp cross sections for bottomonium produc- correspond to varying and4, respectively. In the case of
tion, respectively. The labels pr, and¢ correspond to the  4,[T(15)], the variations withi and4 are similar and our
centrality, transverse momentum, and azimuthal angle bingredictions are, again, in reasonable agreement with avail-
considered. The survival probabili§(c, pr, ¢) is diagonal, able data. Focussing on the integrated results shown in the
with the entries being each state’s survival probability. right sub-panel of each figure, we find that in this case (a)
In practice we average over millions of sampled physicalour predictions have small systematic/statistical uncertainties
trajectories and use a large one-dimensional lattice to solvand (b) are consistent with CMS measurements within exper-
for the stochastic wave function evolution. For the precisamental uncertainties.
lattice spacing, time steps, initial conditions used, etc., we
refer the reader to Ref. [29]. In the left panel of Fig. 1 we
plot the nuclear suppression factor as a function of the num4. Qutlook
ber of participants. The band in the figure indicates the theo-
retical uncertainty iR 4 4 stemming from our uncertainty in In this proceedings contribution, | presented a col-
the transport coefficient. Similar results are obtained when lection of predictions for bottomonium suppression in
varying v, however, the band is somewhat larger [29]. As./syn =5.02 TeV Pb-Pb collisions. To make predictions for
can be seen from Fig. 1, our predictions for the dependence dt 4 4 [Y] andv2[Y] we made use of a publicly released code
R 44 0n Nparagree quite well with the reported experimental that solves the Lindblad equation using the quantum trajec-
data. In the right panel of Fig. 1 we present our predictiondories algorithm [30]. The physics predictions of this code
for the pr-dependence o 4 4 and compare to experimen- were summarized here and additional theory/data compar-
tal data. Once again we see good agreement given curreisions plus a more in-depth discussion of our results can be
theoretical and experimental uncertainties. found in Ref. [29]. The work reported here represents the first
In Figs. 2 and 3 we present our predictions for g, stochastic OQS approach to bottomonium suppression that
andpr dependence of the 2S to 1S double ratio compared tincludes full 3D quantum evolution, the non-abelian QCD
experimental data from the ATLAS and CMS collaborations.physics of singlet-octet transitions, and a realistic 3+1D hy-
In the left panels we show the result of varyiAgand in the  drodynamical background. This extends earlier work on bot-
right panels we show the result of varyidg As these fig- tomonium transport in the QGP [55-58] to include explicit
ures demonstrate, the 2S to 1S double ratio is insensitive tquantum dynamics and internal transitions.
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FIGURE 3. (Color online) The double ratio of the nuclear modification fadora [T (25)] to R44[Y(15)] as a function opr compared
to experimental measurements of the ATLAS [38], and CMS [53] collaborations. The left panel shaowsatation and the right panel
shows they variation. The bands and bars represent uncertainties as in Fig. 2.
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FIGURE 3. (Color online) The elliptic flowv, of the T(1S) as a function of centrality compared to experimental measurements of the
CMS [54] collaboration. The QTraj bands represent uncertainties as in Fig. 1. The left panel shewaitia¢ion and the right panel shows
the~ variation. QTraj error bars indicate the statistical uncertainty of our extraction.

We made use of pPNRQCD and OQS methods to obtain  One of the limitations of the treatment in Ref. [29] is that
the Lindblad equation that emerges when one truncates thtee master equation was truncated at ord@y7T)°. The
pPNRQCD master equation at leading order in the ratio of thdirst sub-leading correction occurs at ordét/7")!. Since,
binding energy to temperaturd;/T. The resulting Lind- in the relevant temperature rang€/T need not be small,
blad equation can be solved numerically if one discretizes th& seems necessary to include these sub-leading corrections.
wave function and decomposes the states into color and afork along these lines is in progress. This will allow us
gular momentum eigenstates, however, in practice, one find® extend the evolution to lower temperatures wheyd" is
that the size of the matrix equation is prohibitive. To work larger. Physics-wise this will also allow us to go beyond the
around this, we made use of an algorithm originally devel-recoilless limit.
oped for quantum optics applications, called the quantum
trajectories algorithm. In this way, solution of the 3D non-
abelian Lindblad equation could be reduced to the solution oACKknowledgments
a 1D Schédinger equation with a non-hermitian hamiltonian
subject to stochastic internal transitions (in angular momentthank my collaborators on Refs. [29,30]. M.S. has been sup-
tum and color) called quantum jumps. This algorithm allowsported by the U.S. Department of Energy, Office of Science,
one to solve the 3D non-abelian Lindblad equation in a mas©Office of Nuclear Physics Award No. DE-SC0013470. M.S.
sively parallel manner since each physical and sub-sampledso thanks the Ohio Supercomputer Center for support under
quantum trajectory are independent. the auspices of Project No. PGS0253.
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