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»  Quarkonium suppression and R AA has been identified as a probe of QGP
by Matsui and Satz in 1986 in relation to screening

» Quarkonium is indeed a golden probe of the QGP and the reason for this is that it
IS a multiscale system well understood at T=0 on the basis of
effective field theories (EFTs), i.e. in QCD, and lattice

 Using EFTs to determine quarkonium interaction at finite T we get a change of
paradigm: suppression not driven by screening but by the imaginary parts in the
potentials which have a physical interpretation

e Use quarkonla of smaII radlus as a dlagnostlc tool of a strongly Coupled QGP
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paradigm: suppression not driven by screening but by the imaginary parts in the
potentials which have a physical interpretation

* We can describe the nonequilibrium evolution of bottomonium in the fireball using

EFT (pPNRQCD) and open quantum systems-> fully quantum and nonabelian descriptic
with dissociations and recombinations.

‘The QGP is characterized by two transport coefficients defined in terms of nonperturbative
correlators calculated on the lattice->no free parameter
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 Using EFTs to determine quarkonium interaction at finite T we get a change of
paradigm: suppression not driven by screening but by the imaginary parts in the
potentials which have a physical interpretation

* We can describe the nonequilibrium evolution of bottomonium in the fireball using

EFT (pPNRQCD) and open quantum systems-> fully quantum and nonabelian descriptic
with dissociations and recombinations.

‘The QGP is characterized by two transport coefficients defined in terms of nonperturbative
correlators calculated on the lattice->no free parameter

* To do involves extending the description to charmonium, B ¢
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NOTICE:

. What | discuss is not depending on the medium :
It can be a hot medium or a dense medium, weakly or strongly coupled

in what | will present T may be substituted as the inverse of a correlation
length characterising the system

o What | discuss can be generalised to XY Z using BOEFT
(Bom-Oppenheimer EFT that we developed) and open quantum systems
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Heavy quarks are QGP probes

* heavy quark are produced at the beginning and remain up to the end

The heavy-quark mass introduces one or more large scales, whose contributions
may be factorized and computed in perturbation theory (as(M) < 1).

Low-energy scales are sensitive to the temperature.
Low-energy contributions may be accessible via lattice calculations.



Heavy quarks are QGP probes

* heavy quark are produced at the beginning and remain up to the end

e The heavy-quark mass introduces one or more large scales, whose contributions
may be factorized and computed in perturbation theory (as(M) < 1).

o Low-energy scales are sensitive to the temperature.
Low-energy contributions may be accessible via lattice calculations.

Quarkonia are better hard probes
because they are multi scale systems
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Quarkonium as a confinement probe

El'he rich structure of separated energy scales makes QQbar an ideal probe ]

At zero temperature

* The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.
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quarkonia probe the perturbative (high energy) and non
perturbative region (low energy) as well as the transition
region in dependence of their radius r
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At zero temperature
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but what is the QCD potential?
and what are the other nonpotential effects to the spectrum and decay
coming from QCD, i.e defined in QFT?



but what is the QCD potential?
and what are the other nonpotential effects to the spectrum and decay
coming from QCD, i.e defined in QFT?

Nonrelativistic Effective Field Theories (NREFTs) can give an answer to this
in particular potential Nonrelativistic QCD (pNRQCD)
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QCD theory of Quarkonium: a very hard problem even at T=0
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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pN RQCD (potential NonRelativistic QCD) EFT for quarkonium for r<< Lambda_QCD”-1
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Degrees of freedomm:-colour singlet S and colour octet O and low energy gluons (multipole expanded)

The potentials are the matching coefficients of pPNRQCD : they are calculated via
a well defined matching procedure



the finite T potential in equilibrium

the change of paradigm from the screening to the imaginary part of the potential



PNRQCD at finite T: the static potential

quarkonium hot medium
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m scales
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PNRQCD at finite T: the static potential

in pPNRQCD the potential has a clear definition: it a matching coefficient and comes from the integration of all scales from mv up to
(and not included) the energy mv/2

quarkonium hot medium
scales scales
Finite T t therrggglyégamical
M —1_
to define the potential we have to integrate out all
the scales bigger than E including T and m_d
1
mU ~ o 1 . . .
r if T is of order E or less will
r give contribution to the energy and
not to the potential
E ~ muv? —1—
m > AQC’D Notice:

The potential V(r,T) dictates through the
Schroedinger equation the real time
evolution of the QQbar in the medium



The finite T potential: how to obtain it

iINn pPNRQCD the potential has a clear definition: it a matching coefficient and comes from the integration of all scales from mv up to
(and not included) the energy mv"2

Finite T " We assume that bound states exist for

thermodynamical
scales

T —— C T<Em

® 1/r~mv>mp

We neglect smaller thermodynamical scales.

1
muv ~ — —T1— Inside these constraints
r . we consider all the possible
scales hierarchies
E ~ muv® ——
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coupling regime

¢ v~ ag < 1; valid for tightly bound states
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The finite T potential: how to obtain it

iINn pPNRQCD the potential has a clear definition: it a matching coefficient and comes from the integration of all scales from mv up to
(and not included) the energy mv"2

Finite T 4 We assume that bound states exist for

thermodynamical
scales

T —— C T<Em

¢ 1/r ~mv>mp

We neglect smaller thermodynamical scales.

1
muv ~ — — 1 Inside these constraints
r . we consider all the possible
scales hierarchies
E ~ muv? —T—
we work in the weak
coupling regime
¢ v~ ag < 1; valid for tightly bound states
m > AQCD © T>gT ~mp.

for the nonperturbative
regime -> lattice calculation of the Wilson loop



The thermal part of the potential has a real and an
Imaginary part

ReVs (r, T)

New effect, specific of QCD
dominates for E/m_D>>|

/ \ Known from QED

A—) dominates for m_D/E>>|

N £

Singlet-to-octet Landau damping
N.B Ghiglieri, Petreczky, Vairo 2008 Laine et al 07, Escobedo Soto 07



The thermal part of the potential has a real and an
Imaginary part

ReVs (r,T)

New effect, specific of QCD
dominates for E/m_D>>|

/ \ Known from QED

A—) dominates for m_D/E>>|

N £

Singlet-to-octet Landif.l damping
N.B Ghiglieri, Petreczky, Vairo 2008 Laine ef al 07, Escobedo Sofo 07

N. B. Escobedo, Ghiglieri, Vairo 2011 N. B. Escobedo, Ghiglieri, Vairo 2013



you always have a real and an imaginary part

* Temperature effects can be other than screening

T>1l/r and l/r~mp~gl
exponential screening but ImV > ReV

T>1/rand l/r>mp~gTl . 1>>T>>E

no exponential screening but power-
like T corrections

T < Ebin
no corrections to the potential,
corrections to the energy

for the detailed form N.B Ghiglieri, Petreczky,
of the potentials in each regime see: Vairo Phys.Rev. D78 (2008) 014017



you always have a real and an imaginary part

* Temperature effects can be other than screening

T>1l/r and l/r~mp~gl
exponential screening but ImV > ReV

T>1/rand l/r>mp~gTl . 1>>T>>E

no exponential screening but power-
like T corrections

T < Ebin
no corrections to the potential,
corrections to the energy

for the detailed form N.B Ghiglieri, Petreczky,
of the potentials in each regime see: Vairo Phys.Rev. D78 (2008) 014017

imaginary parts in the potential have subsequently
been found also for a strongly coupled plasma on the lattice
(A. Rothkopf et al, Petreczky, Weber..) and in strings calculations



Change in the paradigm of dissociation

* The imaginary part is bigger than the real part before the screening exp{-m_D r}
sets in

->the imaginary part is responsible for QQbar dissociation

T>1/r>mp>V

» Quarkonium dissociates at a temperature such that Im V;(r) ~ Re V(r) ~ ag/7: B mimal? ng

- J .. : ' - 4’,’,’/’] 3
T{ diszociation ™~ T{ Escobedo Soto arXiv:0804.0691

. o Laj Xiv:0810.1112
» The interaction is screened when (1/r) ~ mp, hence GLNE araLy

i . - r) ) > “‘/ '
.‘/-'1~~:1::._' < ey L dissociatiol
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Change in the paradigm of dissociation

* The imaginary part is bigger than the real part before the screening exp{-m_D r}
sets in

->the imaginary part is responsible for QQbar dissociation

T>1/r>mp>V

» Quarkonium dissociates at a temperature such that Im V(r) ~ Re Vi (r) ~ ag/7: B mimal? ng

iation "~ TG Escobedo Soto arXiv:0804.0691

. o Laj Xiv:0810.1112
» The interaction is screened when (1/r) ~ mp, hence GLNE araLy

.....

the EFT offers a systematic framework to do the
calculations of the energy and width in a hot medium

The bottomonium ground state , which is a weakly coupled non-relativistic bound state:
mv ~ mas, Mv* ~ mao? > Aqcp, produced in the QCD medium of heavy-ion collisions

at the LHC may possibly realize the hierarchy

m~>5GeV >mas~1.5GeV > T ~1GeV >moz§ ~ 0.5 GeV sz,AQCD

T_d iSSOCiatiOﬂ in the T(1.S) case is about 450 MeV.



bottomonium 1S below the melting temperature T d

The complete mass and width up to O(ma?)

S

first systematic

3 [ 2 1 :
R - e § [ (%;T_T) oy calculation
T 1
1&g 2 n 2 2 3
| ; Ll,o—SaO{[—C(S)—I—?} aSTmD—gg(S)aST } . :
81 " contributions to
quarkonium
(thermal) _ 1156 5 7225 5 32 5 5 -
His = gy T g P15 T g astmpagfi mass and width
4 E? ¢'(2) 327
— {gaSTm% (lnT—é +2vg — 3 —1n4 QC(Q) ) | : In 2 o2 TS} a’
4ma? 3 . . .
where E1 = L ag = and L1 o (similar I1 o) is the Bethe logarithm.
9 2MOs

o Brambilla Escobedo Ghiglieri Soto Vairo JHEP 1009 (2010) 038

Consistent with lattice calculations of spectral functions

Aarts Allton Kim Lombardo Oktay Ryan Sinclair Skullerud
JHEP 1111 (2011) 103



To describe quarkonium in QGP we should account for: screening,
dissociation effects (singlet to octet, inelastic parton scattering),
recombination effects



To describe quarkonium in QGP we should account for: screening,
dissociation effects (singlet to octet, inelastic parton scattering),
recombination effects

—->The non equilibrium evolution
of quarkonium in QGP

Using pNRQCD and Open Quantum Systems (OQS)
we could use bottomonium as a probe of
a strongly coupled QGP and obtain
master equations for the singlet and octet matrix
density evolution

The equations are
guantum, nonabelian and conserve
the number of heavy quarks



Quarkonium in the fireball

After the heavy-ion collisions, heavy quark-antiquarks propagate freely up to 0.6 fm.
From 0.6 fm to the freeze-out time ¢ they propagate in the medium.

We assume the medium infinite, homogeneous and isotropic.

We assume the heavy quarks comoving with the medium.

We assume the medium to be locally in thermal equilibrium,

l.e., the temperature T of the medium changes (slowly) with time:
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After the heavy-ion collisions, heavy quark-antiquarks propagate freely up to 0.6 fm.
From 0.6 fm to the freeze-out time ¢ they propagate in the medium.

We assume the medium infinite, homogeneous and isotropic.

We assume the heavy quarks comoving with the medium.

We assume the medium to be locally in thermal equilibrium,

l.e., the temperature T of the medium changes (slowly) with time:

Quarkonium as a small radius probe:
bottomonium

Hierarchy of scales:
m>1/r~mas >T ~ gl > F

Coulombic bound state:

2 4
h L p Cl{S
quark-antiquark color singlet Hamiltonian ST m 3
. o 2
quark-antiquark color octet Hamiltonian P~ | 1 o
o ~— |
m 0 r

The octet potential describes an unbound quark-antiquark pair.



Quarkonium in the fireball Quarkonium as a small radius probe:
bottomonium

o After the heavy-ion collisions, heavy quark-antiquarks propagate freely up to 0.6 fm. Hierarchy of scales:

e From 0.6 fm to the freeze-out time ¢ they propagate in the medium. m >> ]_/7" ~ mas >> T Y gT >> E

e We assume the medium infinite, homogeneous and isotropic.
Coulombic bound state:

e We assume the heavy quarks comoving with the medium. L p2 4 Qg
quark-antiquark color singlet Hamiltonian ST m 3 7
e We assume the medium to be locally in thermal equilibrium,
uark-antiquark color octet Hamiltonian p°  lag
.e., the temperature T' of the medium changes (slowly) with time: Q g ho — |
m 6 r
Open Quantum system The octet potential describes an unbound quark-antiquark pair.

We may define a density matrix in pNRQCD for the heavy quark-antiquark pair in a
 Subsystem: heavy quarks/quarkonium singlet and octet configuration:

 Environment: quark gluon plasma

(', R |ps (5 1)|r, R)

ab
N.B., J. Soto, M. Escobedo, A. Vairo 2016, (' R |po(t': 1) |r, R) O
8

2018 (1612.07248, 1711.04515)

Tr{pean (t0) ST(¢,r, R)S(¢',r',R’)}

Tr{ psan (to) O°T (¢, r, R)O? (¢, r', R')}



Quarkonium in the fireball Quarkonium as a small radius probe:
bottomonium

o After the heavy-ion collisions, heavy quark-antiquarks propagate freely up to 0.6 fm. Hierarchy of scales:

e From 0.6 fm to the freeze-out time ¢ they propagate in the medium. m >> 1/7" ~ mas >> T Y gT >> E

e We assume the medium infinite, homogeneous and isotropic.
Coulombic bound state:

e We assume the heavy quarks comoving with the medium. L p2 4 Qg
quark-antiquark color singlet Hamiltonian ST m 3 7
e We assume the medium to be locally in thermal equilibrium,
uark-antiquark color octet Hamiltonian p°  lag
.e., the temperature T' of the medium changes (slowly) with time: Q g ho — |
m 6 r
Open Quantum System The octet potential describes an unbound quark-antiquark pair.

We may define a density matrix in pNRQCD for the heavy quark-antiquark pair in a
 Subsystem: heavy quarks/quarkonium singlet and octet configuration:

 Environment: quark gluon plasma
(r', R'|ps(t'; t)|r, R)

ab
N.B., J. Soto, M. Escobedo, A. Vairo 2016, (', R |po(t'; t)|r, R>5—
3

2018 (1612.07248, 1711.04515)

Tr{pfull (tO) ST (ta r, R)S(tla rla Rl)}

Tr{ psan (to) O°T (¢, r, R)O? (¢, r', R')}

The system is in non-equilibrium because through interaction with the environment
(quark gluon plasma) singlet and octet quark-antiquark states continuously transform in
each other although the number of heavy quarks is conserved: Tr{ps} + Tr{po,} = 1.




Closed time path formalism In the closed-time path formalism we can represent the density matrices as 12
propagators on a closed time path:

4 Imt
(', R/|ps(t;t)[r,R) = (S1(t',r',R’)S](t,r,R))
5ab .
', R po(t';t)[r,R)— = (O1(f,r',R")O5"(t,r,R)) 2k o
o) Ly L
££2!!

Differently from the thermal equilibrium case 12 propagators are relevant
(in thermal equilibrium they are exponentially suppressed).

12 propagators are not time ordered, while 11 and 22 operators select the forward time
direction oc 0(t — t'), O(t" — 1).



In the closed-time path formalism we can represent the density matrices as 12

Closed time path formalism |
propagators on a closed time path:

4 Imt
(', R/|ps(t;t)[r,R) = (S1(t',r',R’)S](t,r,R))
5ab .
', R po(t';t)[r,R)— = (O1(f,r',R")O5"(t,r,R)) 2k o
o) Ly L
££2!!

Differently from the thermal equilibrium case 12 propagators are relevant
(in thermal equilibrium they are exponentially suppressed).

12 propagators are not time ordered, while 11 and 22 operators select the forward time
direction oc 0(t — t'), O(t" — 1).

EXxpansions

o The density of heavy quarks is much smaller than the one of light quarks:
we expand at first order in the heavy guark-antiquark density.

o We consider 7" much smaller than the Bohr radius of the quarkonium:
we expand up to order »2 in the multipole expansion.




[.LO and NLO evolution

Fort > tg, the LO singlet density matrix is

> — e~ ths(t—t0) 5 (to; to)eihs(t—to)

2 1

(hs,o = singlet/octet pPNRQCD Hamiltonian = V; , in the static limit)

and the NLO (in the multipole expansion) corrections are at first order in the density

Y
X
¥
X
Y
|

t . . .
) _ / dty e~ ha(t=t) 53 (1) e ihs(t1=t0) (40 40) eihs(t—t0)
1 1 to

Y
X
v%
Y

|

t
_ / dtl e_ihs (t—to) Os (t07 t()) eihs(tl_tO) Zl(tl) eihs(t_tl)

2 2 2 1 to
gmb% t " .
—2" = X—> - / dt1 e’ s(t—t1) Eso(pO(tO; t0)7 tl) e’ s(t—11)
2 2 1 1 to

and similar for the octet



2 t

Se(t) = 2 dto rt e~ tho(t=t2) p.j gihs(t=ta) (pasi(y ) E®I (ty,0))
2]\]C to
and similar for the octet
2 t
= : _ 9 . —iho(t—to) , iho(ta—t0)
= to;to),t) = dt [’r"’ ¢ 0 to;to) e 0
so(po(O O) ) QNC(Ng—l) /to 2 :00(0 0)

wrd ¢ths(t=t2) (Bad (1, 0YEi(t, 0)) + H.c.]

A Wilson line in the adjoint representation is understood in the chromoelectric correlators.



2 t

So(t) = S [ digriemiho(t=t2) p gihs(t=t2) (pasi( 0) B (12, 0))
2Nc J¢,
and similar for the octet
2 t
= . _ g —iho(t—t0) , iho(ta—t0)
= to;to),t) = dt [7“7’67’ 0 to;to) e 2—%0
SO(pO( 0 O) ) QNC(N(? — 1) , 2 :00( 0 0)

xrd eihs(1=12) (%3 (15, 0) B (£, 0)) + H.c.

A Wilson line in the adjoint representation is understood in the chromoelectric correlators.

Diagrams and reSUFﬂmathn Resummlng t —tg)x self- energy contributions a la Schwinger—Dyson ..

& = > +:‘:§O;Oba%=r:+:ﬁ%=‘:+1§o;oa%r
2 1 2 1 1 17 2 2 2 17 2 2 1 1

. (X » [%I > ~|— > 19,9) ) = |é1 . -» p = iggioa%—ﬁ
1 1 1 2 2 2 1 2 2 1 1



Singlet and octet density matrix evolution equations

... and differentiating over time we obtain the coupled evolution equations:

dpscgf; 2 = —ilhs, ps(t;1)] — Bs(t)ps(t;t) — ps (1) SL() + Eso(po(t; t), 1)
dpocgf; 2 = —tlho, po(t;t)] — Lo (t)po(t;t) — po(t; t)Zi(t) + Zos(ps(tit), )

= oo (po(t: 1), t . . |
+Z00(po(t;), 1) The evolution equations are Markovian.



Singlet and octet density matrix evolution equations

... and differentiating over time we obtain the coupled evolution equations:

dpscgtty t) _ —Z[hs, Ds (t, t)] _ Es(t)ps (t7 t) — Ps (t, t)Zl(t) -+ ESO(IOO (ta t)7 t)
dpocgf; t) _ —i[ho, Do (t; t)] — Zo(t)po (t; t) — Po (t; t)zj;(t) + Zos (/03 (t; t)7 t)
+EZo00(po(t; 1), t) The evolution equations are Markovian.
Interpretation

o The self energies >.; and >, provide the in-medium induced mass shifts, oms o,
and widths, I'; ,, for the color-singlet and color-octet heavy quark-antiquark

systems respectively:

—i%s,0(t) + 121 (1) = 2Re(—i¥s,0(t)) = 26ms,o(t)
Ys,0(t) + 31 (1) = —2Im (=iXs,0(t)) = T's,0(t)

e =., accounts for the production of singlets through the decay of octets, and =,
and =,, account for the production of octets through the decays of singlets and
octets respectively. There are two octet production mechanisms/octet
chromoelectric dipole vertices in the pNRQCD Lagrangian.



Singlet and octet density matrix evolution equations

... and differentiating over time we obtain the coupled evolution equations:
The conservation of the trace of the sum of the densities, i.e., the conservation of
the number of heavy quarks, follows from

Tr {Z0s(ps(t;t), 1)

1 {Eso(po (tQ t)a t) + Zoo (:00 (tQ t)a t)}

Tr {ps (1) (26 (1) + 31(1)) }
Ty { Do (t: ) (Eo(t) n zg(t)) }

Interpretation

5 are Markovian.

o The self energies >; and >, provide the in-medium induced mass shifts, 6ms o,
and widths, I'; ,, for the color-singlet and color-octet heavy quark-antiquark
systems respectively:

—i%s,0(t) + 121 (1) = 2Re(—i¥s,0(t)) = 26ms,o(t)
Ys,0(t) + 31 (1) = —2Im (=iXs,0(t)) = T's,0(t)

e =., accounts for the production of singlets through the decay of octets, and =,
and =,, account for the production of octets through the decays of singlets and
octets respectively. There are two octet production mechanisms/octet
chromoelectric dipole vertices in the pNRQCD Lagrangian.



| o 1
Time scales Environment correlation time: 75 ~ -
e 1
System intrinsic time scale: 74 ~ =
a 0=r
1 1

System relaxation time: 7 ~ ~ 5 ag = Bohrradius, A =T, FE
self-energy  asagAs

o Because we have assumed 1/ag > A, itfollows 7r > 79,75
which, after resummation, qualifies the system as Markovian.

o It T > Ethenrts > 75
which qualifies the motion of the system as quantum Brownian.

o Akamatsu PRD 91 (2015) 0560002
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Time scales Environment correlation time: 75 ~ -
e 1
System intrinsic time scale: 75 ~ =
a 0=r
1 1

System relaxation time: 7 ~ ~ 5 ag = Bohrradius, A =T, FE
self-energy  asagAs

o Because we have assumed 1/ag > A, itfollows 7r > 79,75
which, after resummation, qualifies the system as Markovian.

o It T > Ethenrts > 75
which qualifies the motion of the system as quantum Brownian.

o Akamatsu PRD 91 (2015) 0560002

From the evolution equations to the Linblad equations

Under the Markovian

1
TR > 79, T OF — > E.T
aQ

and gquantum Brownian motion condition

T > TR Or I > K

at least at LO in £ /T the evolution equations can be written in the Lindblad form.



nonequilibrium evolution of quarkonium: Linblad equations

If £ < T ~ mp the Lindblad equation for a strongly coupled plasma reads

C collapse
operators

dt

[ hs O 2 1 0 k(1) 0 1 5:(t) . [ 0 O
— — 0 _ 1 _ 1
H (o ho>+2v(t)(0176),ci\/Sr(\/g()), Ci\/mr(Ol)

d |
(5 ) °F = HP+Z pC — ~{clci, ph




nonequilibrium evolution of quarkonium: Linblad equations

If £ < T ~ mp the Lindblad equation for a strongly coupled plasma reads

C collapse
operators

) g =l ] - elon )

2 —+ o0
T - J g a,t ab b,?
~ is the heavy-quark momentum diffusion coefficient: K= — Re/ ds (T E“"(s,0) ¢""(s,0) E*(0,0))

18 oo
92 -+ 00 . :
v=Lam [ ds (TE(5,0)¢°%(5,0) E*(0,0)



nonequilibrium evolution of quarkonium: Linblad equations

If £ < T ~ mp the Lindblad equation for a strongly coupled plasma reads

C collapse
operators

) g =l ] - elon )

he 0 r? 1 0 . 0 1 - O O
H = + ) N RGNy SR ol = \/ 56(t)
0 ho 2 0 = 8 V8 0 16 0 1

2 —+ o0
-~ = - - g , . b b, .
« is the heavy-quark momentum diffusion coefficient: F=g Re / ds (T E“*(s,0) ¢*"(s,0) E”*(0,0))
2 +00 | | 7
y=oIm [ ds(TE(5,0)6%(s,0) E(0,0))




Our evolution equations depend
on two transport coefficients kappa and gamma that inside
PNRQCD acquire a field theoretical definition
as gauge invariant correlators of chromoelectric fields



Our evolution equations depend
on two transport coefficients kappa and gamma that inside
PNRQCD acquire a field theoretical definition
as gauge invariant correlators of chromoelectric fields

How to calculate these nonperturbative
transport coefficients?

use lattice QCD



The heavy quark diffusion coefficient D in real space, related to x in momentum space

Langevin dynamics of the heavy quark in the mec EU’ [ Latice Q0D 600»06\«\@0[)0 )
o Ding et al. o pQCD LD el
dpl ﬁ 30“‘_ lBangerjeeetal._____________.......-....&.\\.“.‘.‘ ............
dt — —’]’]Dpl —|— gl(t) - = 4 Kaczmarek et al.
"D =
2MT
(&(1)&(t)) = ré(t — t') > 20
2T
< z°(t) >= 6Dt -
10
AdS/CFT
0

T
Figure from: X. Dong CIPANP (2018) T
C

31



The heavy quark diffusion coefficient D in real space, related to x in momentum space

Langevin dynamics of the heavy quark in the mec EU’ [ Latice Q0D ng”?\?“g‘; —
o Ding et al. o pQCD LO Gl lues
dp; R ki
dtl — _nDpl _I_ gl(t) p %AKaczmareketa/.
"D =
2MT
(&(1)(t)) = ro(t — t) 272 20
< z°(t) >= 6Dt D = P

10

in the limit in which the mass M of the heavy
quark is the biggest scale one can integrate

it out non relativistic effective field theory 0
and from the current current correlator obtain

X. Dong CIPANP (2018)

T
1

2 + 00 | |
K = i_8 Re/ ds (T E*'(s,0) ¢*°(s,0) E>*(0,0))

which is the same transport coefficient kappa that we found

studying the non equilibrium evolution of quarkonjum in the QGP! 1903.08063



this object was already studied on quenched lattice

T~1.5TC
BGM | | l
Meyer NJP13 (2011), . X
260 =8
] 2Pa el = <
Ding et.al.JPG38 (2011), s ==
204 o . —>5
Banarjee et.al. PRD85 (2012), b aow
1pa| —25—
CQ—O#
Francis et.al. PRD92 (2015) e . O ¢ strategy ()
laa 'f9 o O strategy (ii)
O U T R



this object was already studied on quenched lattice

Meyer NJP13 (2011),

Ding et.al.JPG38 (2011),
Banarjee et.al. PRD85 (2012),

Francis et.al. PRD92 (2015)

BGM
3a
2p3b
2PBa
20b
204
1Bb
1Pa
lab

laa

K

191 < 5 < 5.4 for T= 11T,

1.31 <

0.63 <

0.43 <

0 <

0 <

<364forT"=1.51,
< 220forT'=31T.,
< 1.05forT'=6"1,
<0.72forT'"=101¢,

<0.10for T = 10*T.,



this object was already studied on quenched lattice in TUMQCD we studied kappa on

L gquenched latticed with the multilevel algorithm
Meyer NJPL3 (2011) = . in a window of T never attempted before
Ding et.alJPG38 (2011), Lo g -> we get the T dependence of kappa
Banarjee et.al. PRD85 (2012), ?ZZ _o__A%:_g_ —
Francis et.al. PRD92 (2015) tab _ifoﬂ?& ¢ strategy (1)
R M K
i 1.91 < ﬁ < H4torl = 1.1TC,
s (777" fit K
————— NLO 131 < ﬁ < 364 forT: 1.5TC,
4- | Our result TUMQCD P
- N. B. V. Leino, P. Petreczky, A. Vairo 2020 (.63 < — < 2.20forT' = 3 1 ’
3 T3
s K
<. 043 < 5 < 1.05for T = 6T,
K
1- v _
0 < 5 <0.72for T =107,
O' Y 4
100 10t {02 {p¥  1{ps O<ﬁ<0.10f0rT:10 1,

T/T.

within the errors the lattice results are compatible with the next-to-leading order perturbative results



this object was already studied on quenched lattice in TUMQCD we studied kappa on

B s gquenched latticed with the multilevel algorithm
Meyer NJPL3 (2011) = _ in a window of T never attempted before
Ding et.alJPG38 (2011), Lo g -> we get the T dependence of kappa
Banarjee et.al. PRD85 (2012), ?ZZ _o__A%:_g_ -
Francis et.al. PRD92 (2015) tab _ifoﬂ?y ¢ strategy (1)
T R s K
i 1.91 < ﬁ < H4torl = 1.1TC,
s (777" fit K
----- NLO 1.31 < 73 < 364torT' =151,
4- | Our result TUMQCD P
- N. B. V. Leino, P. Petreczky, A. Vairo 2020 (.63 < — < 2.20forT' = 3 1 ’
3 T3
> K
fg- O.43<ﬁ<1.05f0rT:6TC,
K
1- _ _
0 < 73 < 0.72tfor T =107T,,
O' aY 4
00 1ot 102 103 1o O<ﬁ<0.10f0rT:10 1,

T/T.
We use this T dependence of kappa in our Linblad equation

within the errors the lattice results are compatible with the next-to-leading order perturbative results



Use the EFT to relate kappa (and gamma) to observables:

quarkonium thermal mass shift and thermal widths
N.B., M. Escobedo, A. Vairo, P. vander Griend Phys.Rev. D100 (2019) no.5, 054025

kappa is related to the thermal decay width of quarkonium

1
in the hierarchy — > 17 > E pNRQCD predicts for 1S states
T

['(1S) = —2(Im (—iXs)) =3 <1’ > K
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Use the EFT to relate kappa (and gamma) to observables:

quarkonium thermal mass shift and thermal widths
N.B., M. Escobedo, A. Vairo, P. vander Griend Phys.Rev. D100 (2019) no.5, 054025

kappa is related to the thermal decay width of quarkonium

1
in the hierarchy — > 7T"> E pNRQCD predicts for 1S states
T

['(1S) = —2(Im (—iX)) =3<r*> K
gamma is related to the thermal mass shift of quarkonium pNRQCD predicts for 1S states

SM(1S) = (Re (=i%s)) = 5 <>/

Therefore we can use unguenched lattice data on quarkonium thermal mass shift
and widths to get unquenched determination of these transport coefficients
Use lattice data from Aarts,

Allton, Kim, Lombardo, Oktay, and the new data from R. Larsen,

Rzyglnl, Sinja:(r_ a”GPStkU”eLUd d S. Meinel, S. Mukherjee, P. Petreczy
( ) and Kim, Petreczky an 2019, 2020

Rothkopf (2018). Unquenched.
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Unquenched determinations of kappa and gamma  N.B., M. Escobedo, A. Vairo, P. vander Griend
Phys.Rev. D100 (2019) no.5, 054025

Extraction of kappa from unquenched Y(15), T = 407,440 MeV | r—————
lattice data for the thermal width of the ’ 7
Y(1S) (black lines) in comparison to a T(15), T =334 MeV + —
quenched lattice determination (brown) , :
determinations from the D meson v2 Francis, et al. (2015) | ' '
from Alice and Star data (green), ALICE (2017) + —
model compilation from 1903.07709) (red)
and the perturbative calculation (truncated STAR (2017) —_
A5) (bl
go) (blue) phenom. models + e
ng =3,T =407 MeV
i T —
(perturbation theory)
0 3 0

k/T?
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Ungquenched determinations of kappa and gamma

Extraction of kappa from unquenched
lattice data for the thermal width of the
Y(1S) (black lines) in comparison to a
quenched lattice determination (brown) ,

T(15),

determinations from the D meson v2
from Alice and Star data (green),
model compilation from 1903.07709) (red)
and the perturbative calculation (truncated
g”5) (blue)

f—o—i

J/, T =251 MeV |
T(1S5),T = 407 MeV +
Y(18),T = 334 MéV -

Y(1S),T = 251 MeV |

ny=3,T =407 MeV |

(perturbation theory)
ng=3,T = 251 MeV |

(perturbation theory)

Y(18), T =

Francis, et al. (2015)

phenom. models
nf — 3,
(perturbation theory)

N.B., M. Escobedo, A. Vairo, P. vander Griend
Phys.Rev. D100  (2019) no.5, 054025

L ———————————

407,440 MeV
1= 334 MeV —
—
ALICE (2017) S
STAR (2017) R —
—
—

"= 407 MeV

3 6
k)T

Extraction of gamma from unquenched lattice data for the thermal

width of the Y(1S) and J/psi (black lines)n comparison to NLO
order perturbation theory at two different T




Solving the Linblad equation

Initial conditions

e The production of singlets is as suppressed compared to that of octets.
0 Cho Leibovich PRD 53 (1996) 6203

|
ps = N|0){0];  Po = ~Ps

N is fixed by Tr{ps } + Tr{po} = 1

evolve in QGP fromt 0 =0.6 fm up T= 250 MeV
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Solving the Linblad equation a pretty challenging tasks

. . initially we used
Initial conditions

e The production of singlets is s suppressed compared to that of octets. to\ s 5 1 |
o Cho Leibovich PRD 53 (1996) 6203 T =To (7> , to=061im, wv;= 2 (sound velocity)
1
Ps — N|O> <O‘: Po = a—Ps expand the density matrix in spherical
S

harmonics, keep only =0 and 1 use QuTiP
N is fixed by Tr{ps} + Tr{po} =1

' Brambilla Escobedo Soto Vairo PRD 96 (2017) 034021

evolve in QGP fromt 0 =0.6 fm up T= 250 MeV
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Solving the Linblad equation a pretty challenging tasks

. . initially we used
Initial conditions

e The production of singlets is s suppressed compared to that of octets. to\ s 5 1 |
o Cho Leibovich PRD 53 (1996) 6203 T =To (7> , to=061im, wv;= 2 (sound velocity)
1
Ps — N|O> <O‘: Po = &—PS expand the density matrix in spherical
S

harmonics, keep only =0 and 1 use QuTiP
N is fixed by Tr{ps} + Tr{po} =1

' Brambilla Escobedo Soto Vairo PRD 96 (2017) 034021

evolve in QGP fromt 0 =0.6 fm up T= 250 MeV

Recently thanks to the collaboration with Mike Strickland we developed
a much more efficient (embarassingly parallel) program based on the
quantum trajectory algorithm (Qtraj) and we coupled this to the hydrodynamical
evolution of the QGP using a 3+1D dissipative hydrodynamics code
(aHydro3p1)

N.B. Escobedo , Strickland, Vairo, Vander Griend, Weber, 2012.01240
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nonequilibrium evolution of quarkonium in medium: nuclear modification factor R_AA

calculation with no
free parameters, results depends

We compute the nuclear modification factor R4 4: Raa(nS) — (n,qlps(tr;tr)n, q) on kappa function
(n,q|ps(0;0)|n, q) of T (calculated on the lattice)
and gamma (extracted from the lattice)
_ Ke{k(T).ke(Mk(M} =176 =~ = @ k=Ke(T), ye{=3.5-1750}

~ 5.02TeVPb-Pb ® ALICE-Y(1S) - ~_ 5.02TeVPb-Pb ® ALICE - Y(1S)
: .0- | ALICE: pr <15GeVand2.5<y<4 B ATLAS-Y(1S) 1 .O- | ALICE: pr <15GeVand25<y <4 B ATLAS - Y(1S)

T ATLAS: pr <15 GeV and |y| < 1.5 A CMS-Y(18) . 1) ATLAS: pr <15 GeV and |y] < 1.5 A CMS-Y(1S)
gk *  CcMS:pr <30GeVandly| <24 O ALICE-Y(2S) - W\ oMS:pr <30 Gevand |y < 2.4 O ALICE - Y(28)
08 '_A QTraj: pr< 30 GeV and y=0 0 ATLAS-Y(2S) | 08 '_A QTraj: pr< 30 GeV and y=0 O ATLAS - Y(2S)

. A CMS - Y(2S) . A CMS - Y(2S)

— QTraj-Y(1S) .

L ——— QTraj - Y(15)
QTraj - Y(2S) - p 0.6F

QTraj - Y(2S)

< 0.6:-" "

o (] — _QTaj-Y@s) ] X [T —— QTraj - Y(3S)
0.4} i : 0.4}
| i %s. |
0.21 - 0.2
' \ ' ' 5 A
OO N . . . . 1 . . . . 1 . . . . 1 . . . . ] OO N . . . . 1 . . _._ . 1 . . . . 1 . . . . 1
0 100 200 300 400 0 100 200 300 400

Nos Nopa
R_AA of singlet Bottomcgr;tium in comparison to ALICE, ATLAS and CMS data, left pi)or}[ bands from variation in kappa,
right plot variation in gamma —> we can use R_AA to learn about the QGP!

N.B. Escobedo , Strickland, Vairo, Vander Griend, Weber, 2012.01240
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B This calculation with no free parameter can reproduce inside errors all the experimental data
on bottomonia 1S 2S 3S:

B The band in our prediction depends on the indetermination on the transport coefficients

ll Recombination is there but it is small for Y(1S) bottomonium

B The evolution equations we obtained do not make any special assumption on the medium
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B The band in our prediction depends on the indetermination on the transport coefficients

* Increasing kappa decreases survival for all states, while the impact of gamma varies
from one state to the other

* More precise data could select the values of these coefficients and act as a
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B This calculation with no free parameter can reproduce inside errors all the experimental data
on bottomonia 1S 2S 3S:
* R_AA as a function of N_part and as a function of p_T

Ratios of R_ AA, v 2
B The band in our prediction depends on the indetermination on the transport coefficients

* Increasing kappa decreases survival for all states, while the impact of gamma varies
from one state to the other

* More precise data could select the values of these coefficients and act as a
direct diagnostic of the QGP

ll Recombination is there but it is small for Y(1S) bottomonium
* For Y(2S) and Y(3S) recombination is more relevant and it is interfering with dissociation
*We expect recombination to be much more important for charmonium

B The evolution equations we obtained do not make any special assumption on the medium

They could be used far from equilibrium or for a medium with a scale different from T-> use
different methods to evaluate kappa and gamitha (kinetic theory, classical simulations)



Conclusions

We have shown a realistic particle physics example where a complex full system made
out of a multiscale subsysiem (quarkonium) interacting with a rich and inherently

non-perturbative environment (the quark-gluon plasma) could be studied in its
out-of-equilibrium evolution with the methods of

» effective field theories, to factorize contributions coming from different energy

scales. Contributions coming from high-energy scales (mass, ...) can be computed
in perturbation theory.

o lallice QCD, to compute numerically on a space-time lattice low-energy
non-perturbative contributions.

e Open quantum sysiems, to compute the out-of-equilibrium evolution of the
subsystem and its non-trivial interaction with the environment (production,
dissociation and recombination of quarkonium).

As a result the study describes for the first time quarkonium dissociation taking into
account the conservation of the total number of heavy quarks, the non-Abelian nature of which is fundamental to
)CD, without any classical approximation. . obtain recombination!



Conclusions

We have shown a realistic particle physics example where a complex full system made
out of a mulliscale subsystem (quarkonium) interacting with a rich and inherently

non-perturbative environment (the quark-gluon plasma) could be studied in its
out-of-equilibrium evolution with the methods of

o efleclive field theories, to factorize contributions coming from different energy

scales. Contributions coming from high-energy scales (mass, ...) can be computed
in perturbation theory.

o lallice QCD, to compute numerically on a space-time lattice low-energy
non-perturbative contributions.

» oOpen quantum systems, to compute the out-of-equilibrium evolution of the
subsystem and its non-trivial interaction with the environment (production,
dissociation and recombination of quarkonium).

As a result the study describes for the first time quarkonium dissociation taking into _ _
account the conservation of the total number of heavy quarks, the non-Abelian nature of Wthh IS fundan_‘emsal to
QCD, without any classical approximation. obtain recombination!

» Quarkonium suppression may be systematically studied with the use of effective
field theories and lattice QCD

» In equilibrium properties like dissociation width, cross section, mass shift...
have been computed as expansions in the small parameters of the system.

» Out of equilibrium properties, like octet recombination, can be studied by treating
quarkonium as an open quantum system. Lattice input is crucial.



The evolution equations follow from assuming the inverse size of the quark-antiquark
system to be larger than any other scale of the medium and from being accurate at first
non-trivial order in the multipole expansion and at first order in the heavy-quark density.

Under some conditions (large time, quasistatic evolution, temperature much larger than
the inverse evolution time of the quarkonium) the evolution equations are of the Lindblac
form. Their numerical solution provides R 4 4 (n.S) close to experimental data.
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the inverse evolution time of the quarkonium) the evolution equations are of the Lindblac
form. Their numerical solution provides R 4 4 (n.S) close to experimental data.

Outlook

* We need precise and unquenched determinations of the kappa and gamma transport coefficients

« Recombination effects are small for bottomonium for not for charmonium:
we should go beyond the linear density approximation in that case

* We should investigate the effect of quarkonium moving with respect to the QGP and the anisotropy

* We should investigate the full master equations farther out of equilibrium: all the calculations holds
if T is substituted by a generic scale

* We should investigate the full master equations farther Initial conditions may be tuned to account for pre
equilibrium states like plasma
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non-trivial order in the multipole expansion and at first order in the heavy-quark density.

Under some conditions (large time, quasistatic evolution, temperature much larger than
the inverse evolution time of the quarkonium) the evolution equations are of the Lindblac
form. Their numerical solution provides R 4 4 (n.S) close to experimental data.

Outlook

* We need precise and unquenched determinations of the kappa and gamma transport coefficients

« Recombination effects are small for bottomonium for not for charmonium:
we should go beyond the linear density approximation in that case

* We should investigate the effect of quarkonium moving with respect to the QGP and the anisotropy

* We should investigate the full master equations farther out of equilibrium: all the calculations holds
if T is substituted by a generic scale

* We should investigate the full master equations farther Initial conditions may be tuned to account for pre
equilibrium states like plasma

Inside EFT and OQS and with the help of the lattice
quarkonium holds the promise to be a golden probe of QGP!




