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Heavy quarkonium in heavy-ion collisions

@ Heavy quarkonium is a bound state of heavy quarks, whose mass is
larger than Agcp.
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Heavy quarkonium in heavy-ion collisions

@ Heavy quarkonium is a bound state of heavy quarks, whose mass is
larger than Agcp.

@ Heavy quarks can only be created at the beginning of the collision. It
is a hard process.

@ However, the existence of a medium changes the probability that a
bound state is formed and its lifetime.

@ Measuring Raa, the ratio of quarkonium states measured in heavy-ion
collisions divided by the naive extrapolation of pp data, we can
extract information about the medium.

Miguel A. Escobedo (IGFAE) Phenomenological study of quarkonium suppr 27 September, 2022 4/48



Quarkonium as an Open quantum system

o We consider a universe
consisting in heavy quarks
(system) in a medium of light
quarks and gluons
(environment). The density
matrix p(S, E) describes the
state of the universe. Its
evolution is unitary.
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The master equation

We call master equation the equation that describes the evolution of the
reduced density matrix.
dp

— = ~ilH.p(8)] + F(t, (1))
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The master equation

We call master equation the equation that describes the evolution of the
reduced density matrix.
dp

— = ~ilH.p(8)] + F(t, (1))

@ We can recover the Schrodinger equation and the Boltzmann
equation as limits of the master equation in specific regimes.
@ We need to derive the master equation from QCD. This has been
done in:
Perturbation theory. Akamatsu (2015,2020), Blaizot and Escobedo
(2017,2018).
Potential non-relativistic QCD (pNRQCD) in the % > T regime.
Brambilla et al. (2016,2017).
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History and motivation

@ The QED approximation was studied by Blaizot et al. They found
that the late time behaviour was well described by a Langevin
equation.
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History and motivation

@ The QED approximation was studied by Blaizot et al. They found
that the late time behaviour was well described by a Langevin
equation.

@ Prof.Blaizot and me studied the QCD generalization. We found
Langevin-like equations, but they applicability region is very narrow.

@ We understood why. In QED, the Langevin equation minimizes the
classical free energy if it exists. This happens even if in the derivation
approximations only valid when T > E are used.

@ These nice properties are lost in QCD. Crucial role of the energy gap
between singlets and octets.

@ We wish to understand what is the phenomenological impact of
taking into account this energy gap.
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The evolution of the density matrix

Diagrams that connect whatever state at time t with a singlet at time t + dt.

U, Us Us U,
S S O S S S O S
S S O S S S O S
Ul ug ug Ul

Us,o is the LO time evolution operator. The quantum master equation can be
written schematically as

dD .
4 T ilHo. Do(1)] =

_ /Xx/ /Ot—to dr [nf), Ug(T)n2Do(t — T)UZ,(T)] A (r;x — X))
- /xx' /o e [Uo(7)Dq(t — 7)n Ub(7), i1 A(7; x — X),

/
where we have set t — t' = 7.
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Us., and energy conservation

The role of Us, is to inform the master equation of the size and the sign
of the energy different between the state at t’ and the state at t.
o If we make the approximation Us, = 1 all transitions are equally
likely.
@ If Us, is not approximated there are some transitions which are more
likely because they liberate energy while others are less likely because

they need to absorb energy.
r(A—B)
F(B—A)
@ This is very important to understand QCD. An octet to singlet
transition is always energetically favourable while the opposite

happens for singlet to octet.

is fixed by fluctuation-dissipation theorem.
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The classical limit

The relation between the density matrix in the Schrodinger picture and in
interaction picture is the following

D(t) = e ™Dy (t)e™"

In the large time limit non-diagonal elements are suppressed by the fast
oscillations

D(t) = > & EEn|n) n[ D, (£)| m) (m| ~ pa(t)|) (]
nm
Evolution equation for the density matrix — rate equation
Miguel A. Escobedo (IGFAE)
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Rate equations

In a finite volume (octet levels are discrete)

dpj, 2 Em—Ex 2
» —4g2¢ > (pg — pre 7 / M (ES — ES, q)/{n°|Sq.r|m)|
m q

dt

and

dp 2g _ER-E
m_ (pm pe 7 ) [ (65— 5. @)l
q

N2 — _ES-Ef
g8 ) Z (o= ppe 7% ) [ (62 - 2. @ltmelSaslie)
c P q

o o _En—E o o o o
O GRS WA [T
k q
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Free energy minimization

dF pe _Ep-E;
— = —4g2C,:TZ log | —F—F= | (Pm—phe T
dt pze_ mT n

nm

x / D7 (ES — E3.q)|(n|S|m?)
q

2 2 o_po
T N *4 o Em—E
_g(z,\,C)Z'Og % <p,‘2—p‘k’e T k)
¢ mk pke T :

x [ A7(E5 — B2 a)[(m°|S,[k°)[?

gTN pe _Em—E
Sog | Lo | (o rte )

x | A7(Es — ER,q)|{m°|Cq.r|k%)|* < 0.
q
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Summary

e We can justify a rate equation if AE (binding energy difference) is
much bigger than the decay width.

@ This can be justified (in some cases) for the singlet to octet transition.
Not for octet to octet at a large volume (continuous spectrum).

@ However, octet to octet transitions is similar to the QED case, which
is reasonably described with a Langevin equation.

Conclusion: We can combine a rate equation for singlet to octet
transitions with a Langevin equation for octet to octet.
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Our model

@ In the large N limit the octet potential is zero.

@ As an illustration we consider only one singlet eigenvalue (the 1S).
This is not too bad since the 2S5 melts at a much smaller temperature.

dps 2 (6] S —ﬁ >( 0 S 2
qp &8 CF (PP T A7 (wp — E®, q)[(s|Sq.2|0, p)|
p q

and

1 EO_ES > S 2
5 5 — pe /A — E%,q)|(sISql0. p)
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Our model. Results

Q=1fm’ Q = 100 fm®
5fm/c | 100fm/c | eq. | 5fm/c | 100fm/c eq.
T =200MeV | 0.86 0.136 0.0814 | 0.85 0.0438 | 0.00089
T =400MeV | 0.39 0.0515 | 0.0175 | 0.36 0.0002 | 0.00018

Table: p® as obtained by solving egs. in previous slide

Remarks

e The gap Ej — E* suppresses the singlet decay width, helping to make

the results compatible with experimental observations.

@ E° depends on the real part of the potential. Screening reduces the

binding energy and this increases the decay width.

@ The volume of the medium €2 suppresses the decay of octets into

bound singlets. Also suppressed in the large-N. limit.

Miguel A. Escobedo (IGFAE)

Phenomenological study of quarkonium suppr

27 September, 2022

v

16/48



Plan

© Phenomenological application

Miguel A. Escobedo (IGFAE)

Phenomenological study of quarkonium suppr:

m]

=



Outline

In this section we are going to study the impact of considering the finite
gap between singlets and octets in phenomenological applications. We are
going to consider two different scenarios:

@ HTL inspired case.

o Lattice inspired case, based on the static potential data of Lafferty

and Rothkopf (2020).

We will compute Raa for these two cases assuming Bjorken evolution of
the medium.
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Procedure

We solve the equation
dpn
dt

and we compare the results that we get including (or not) the finite gap in
the computation of I',. For several temperatures:

= —[hpn

@ We solve the Schrodinger equation to obtain the binding energy and
the wave function.

@ We use the binding energy and the wave function to compute the
decay width.

Once we have done this for several temperatures, we fit the decay width as
a function of the temperature.
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The decay width

ES—ES

Ms = 87rasCF/e T /A>(E§ — E®,q)|(s|sin <q2r> o, p)|?
P q

where A~ is the HTL Ag propagator in the Coulomb gauge. If we neglect
the energy gap between singlets and octets we obtain

r— 87rasCF/A>(O,q)<s]sin2 <qzr> |s)

q

Note that this is equal to the expectation value of the imaginary part of
Laine potential.
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Perturbative scenario

Potential

Cras(p,)e=mo(Tu)r

r

Vs(r) =

where p, and pt are (independent) subtraction points. i, is either 2—;) alo
or a% with ag the Bohr radius. pt is either 7T, 27T and 47 T.

1 N I\/IC,:as(l/ao)

, ag = 0.149 fm
a0 2
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Perturbative scenario
The Debye mass

14004 — Hr=2m g
—=- pr=n el
—-- ur=4n -7
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Perturbative scenario

Dimensionless quantities for T(15)

ur=1/ag and ur=2nT

2.54

2.01

1.5 1

1.0 1

0.5 1

0.0

200 250 300 350 400 450
T(MeV)

For T(2S) the condition E > T is not fulfilled for this scenario.

Miguel A. Escobedo (IGFAE) Phenomenological study of quarkonium suppr 27 September, 2022 23/48



Perturbative scenario
[, fit function

[ ~aT +bT?

This function fits well the values of I for different temperatures. We

computed the values of I from T = 200 MeV to 550 MeV in intervals of
50 MeV
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Perturbative scenario
I of T(15)

ur influence on
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Perturbative scenario
I of T(15)

Uy influence on T
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Perturbative scenario
I of T(1S), without gap

ur influence on g,
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Perturbative scenario
I of T(1S), without gap

Uy influence on g,
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Perturbative scenario
Survival probability

5(15)(b, s) = e—1.5aTo(b,s)to ((%’;s)) ) —3bTy(b, s)2tO(T0(b ) 1)

Survival probability of a T(1S) state with ' = aT + bT?2 in a medium
that follows Bjorken evolution up to a temperature Tr = 200 MeV.

Miguel A. Escobedo (IGFAE) Phenomenological study of quarkonium suppr 27 September, 2022 29/48



Lattice scenario
The potential

oe” mor 2

U= e (14 2 )

mpr

e Potential used in Lafferty and Rothkopf (2020) to fit lattice data. mp
is a fit parameter.
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Lattice scenario
The potential

oe” mor 2

U= e (14 2 )

mpr

e Potential used in Lafferty and Rothkopf (2020) to fit lattice data. mp
is a fit parameter.

@ We observe that the biggest source of uncertainty from this fit comes
from the parameter mp.
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Lattice scenario
The potential

ae—mDr

2
Vs(r) = - — O'I’eimDr <1 + n’]Dr>

@ Potential used in Lafferty and Rothkopf (2020) to fit lattice data. mp
is a fit parameter.

@ We observe that the biggest source of uncertainty from this fit comes
from the parameter mp.

@ We use this potential for temperatures such that the energy gap is
smaller 2Mg — My (15). If this is not the case we assume that there
are no thermal modifications.
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Lattice scenario
T(1S) binding energy
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Lattice scenario
T(2S) binding energy
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Lattice scenario
Fit function

For T(15)
Mg ~
For T(2S)

F~aT 4 bT?
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Lattice scenario
T(1S) decay width
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Lattice scenario
T(2S) decay width
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Lattice scenario
T(1S) decay width, without gap
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Lattice scenario
T(2S) decay width, without gap
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Lattice scenario
Survival probability

For T(1S)

Sas)(b,s) =e

For T(25)

5(25)(b, 5) — e_l-SaTo(b,s)to (( TO(Tl;’s))2_1) —3bTo(b,s)2tO (%1;,5)_1)

In both case Tr = 180 fm
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The temperature of the medium and its evolution

A 1/4
Ta(s,0) [1 — (1 - Al ]

T4(0.0)[1- (1- 7740y

To(b,s) = To(0,0)

We take To(0,0) = 475 x 1.05 for /s = 5.02 TeV collisions at LHC.

We assume Bjorken flow with to = 0.6 fm

W=

T(t,b,s) = To(b,s) (%0)
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Computation of Rap

_ [ d*STa(s) Ta(s — b)S(b.s)
Raa(b) = T dzAs TA(;‘) Ta(s —b)

where S(b, s) is the survival probability.
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Raa in the perturbative scenario

1.0 1

Perturbative case. With gap
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Raa in the perturbative scenario

Perturbative case. Without gap
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Raa in the lattice scenario

Y(1S). With gap
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Raa in the lattice scenario

Raa
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Raa in the lattice scenario

Y(2S). With gap
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Raa in the lattice scenario
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Comments

@ We expect our model to be more reliable at intermediate/large
centralities since the condition E > [ is more likely to be fulfilled.
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@ The effect of the gap is around a factor of 2 in Rapn in all cases.
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Comments

@ We expect our model to be more reliable at intermediate/large
centralities since the condition E > I is more likely to be fulfilled.

@ The effect of the gap is around a factor of 2 in Rapn in all cases.

@ The effect is larger in the lattice scenario. The reason is that the gap
computed from the formula 2Mp — M (1) is larger than the gap
computed from a Coulombic potential.
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Conclusions

@ The energy gap between singlets and octets makes the medium
evolution of bound states very different in QCD compared to QED.

Miguel A. Escobedo (IGFAE) Phenomenological study of quarkonium suppr 27 September, 2022 48 /48



Conclusions

@ The energy gap between singlets and octets makes the medium
evolution of bound states very different in QCD compared to QED.

@ In the limit £ > I the evolution of the density matrix can be
simplified to a rate equation.

Miguel A. Escobedo (IGFAE) Phenomenological study of quarkonium suppr 27 September, 2022 48 /48



Conclusions

@ The energy gap between singlets and octets makes the medium

evolution of bound states very different in QCD compared to QED.
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Conclusions

@ The energy gap between singlets and octets makes the medium
evolution of bound states very different in QCD compared to QED.

@ In the limit E > I the evolution of the density matrix can be
simplified to a rate equation.

o Using the E > I approximation and the large-N. limit, we have
checked the impact of considering the gap in phenomenological
applications.

@ We see a substantial effect. Both in a HTL inspired scenario and in a
Lattice QCD inspired scenario.
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