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e Quarkonium suppression and R AA as a probe of QGP:
original idea of Matsui and Satz based on screening

e Quarkonium works as a good probe because is a multiscale
system well understood at T=0 on the basis of EFT and lattice

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

 Physical interpretation of the imaginary parts: Landau
damping/inelastic parton dissociation, singlet octet
transition/gluodissociation

e How to describe quarkonium evolving in the fireball: open

quantum description based on the EFT. It is fully quantum,

non abelian and conserve total number of heavy quarks. It
contains dissociation and recombination, gives R_AA



Quarkonium as Probe of the QGP

* In 1986, Matsui and Satz suggested quarkonium as an ideal quark-gluon
plasma probe

» Heavy quarks are formed early in heavy-ion collisions: 1/M ~ 0.1 fm < 0.6 fm
» Heavy quarkonium formation will be sensitive to the medium

» Originally: Debye screening leads to binding energy dependent dissociation

fp(g)

fp(2)

Debye charge screening mp ~ gT

et 1 Bound state
V(r) ~ —ag r o~ >
r mp dissolves
/T, 1/4r)
From this: 2 || Y(1s)
--quarkonia should dissociate at different x(1P)
temperature in dependence of their radius: they 12 [@ T/p(15)
are a Quark Gluon Plasma thermometer -1 | P

-R_AA should be smaller than 1



But, what is the quarkonium interaction potential in a hot
medium??
Potential models

Digal, Petreczky, Satz O1

Wong 0507 o Either phenomenological potentials have been used so far or the free energy
Mannarelli, Rapp 05

Mocsy, Petreczky 0508 Calculated on the lattice.
Alberico, Beraudo et

al 05.08 Singlet, octet and average free energy
Cabrera, Rapp 2007

Wong, Crater 07 The free energy is not the static potential: the average free energy
D”m'st::;lj;;:é g";csy (~ (Tr LT (r)Tr L(0))) is an overlap of singlet and octet quark-antiquark states,
Rapp, Riek 10 what is called the singlet (~ (Tr LT (r) L(0))) and the octet (~ (Tr LT (r)Tr L(0))

—1/3 (Tr LT (r) L(0))) free energy are gauge dependent;
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But, what is the quarkonium interaction potential in a hot

Potential models

medium?

" Which of these is the
QCD potential?
Are all effects
incorporated?
can we devise a
method to define and

calculate the potential
¢ from QCD?
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Heavy Quarkonium is a special probe of QGP

* Experimentally:

» Heavy quarkonia decay in vacuum: dilepton signal makes quarkonia a clean
experimental probe
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* Theoretically

» The heavy-quark mass introduces one or more large scales, whose contributions
may be factorised and computed in perturbation theory

» Low-energy contributions may be accessible via lattice calculations

Low-energy scales are sensitive to the temperature.



Heavy quarks offer a privileged access
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Lo = AQCD
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Heavy quarkonia are nonrelativistic bound
systems: multiscale systems

many scales: a challenge and an opportunity

ELECTROMAGNETIC BOUND STATES: ATOMS, MOLECULES,
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QCD theory of Quarkonium: a very hard problem
Close to the bound stafe Qg ~ U

Q@ p

P~ mao ; .o . 1
¢ 2
g_ (1 | e ) . 2
pQ D o From (& + V)¢ =FE¢ —p~mvand IV = — F Ve
E~ my?  multiscale diagrams have a complicate power
/ counting and contribute to all orders in the coupling
TR L R
\\ ~~ In
e s Dithcult also
y 2 £ . A
09998 or the lattice!
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Quarkonium with NR EFT Color degrees of freedom
3X3=1+8
singlet and octet QQbar
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mv —} momentum
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2 | nonperturbative matching perturbative matching
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)

E ~ mv>

P W S T O T
QCD D
/_ ~o M
mn —+ _ | _ . y =
perturbative matching perturbative matching 2 9982
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Quarkonium with NR EFT: potential NonRelativistic QCD
(PNRQCD)

N
mn —+ _ | _ .
perturbative matching perturbative matching
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Quarkonium with NR EFT: pNRQCD

weakly strongly
coupled coupled
A pPNRQCD pPNRQCD
Vi 4 A
Q C D (GeV) _— LACD
m 1 4
perturbative matching perturbative matching 2 |
= _
--------------------------------------------- w Low lying [QC)~|\"High lying QQ)
Lo e
mv —}- it
NRQCD hr-'tr;j.:::: g fa
_____________________________________________ . o | Al .
A 1 2
2 | nonperturbative matching perturbative matching |
S long—range quarkonium) | (short—range guarkonium) 1L |
P NRQCD A potential picture arises at the level of pNRQCD:

1 « the potential is perturbative if mv = Agep
« the potential is non-perturbative if mv ~ Agep

In QCD another scale is relevant AQCD



e AééD

Degrees of freedom that scale like mv are integrated out:

. >< x V(ur)

NRQCD PNRQCD

e If mv > Aqcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

Q-Q states, with energy ~ Aqcp, mv? and momentum < mu
= (i) singlet S (i) octet O

Gluons with energy and momentum ~ Agcp, mo?

5o : 1 1 1
e Definite power counting: r ~ — and t, R ~ :
mu mv?  Agcp

The gauge fields are multipole expanded:
A(R,r,t) = A(R,t) +r- VA(R,t) + ...

Non-analytic behaviour in » — matching coefficients V/



weak pPNRQCD 7 < Agep

1 . p>2
:__Fa, F,uz/a T T _ = v
R @ .
2
‘|‘OJr (iDo—p——@O}
m

+VaTe {Ofr - gES +5Tr - gE O}

‘|‘%TI'{OTI"QEO—|—OTOI‘-QE} NLO in »
S singlet field singlet propagator
O octet field octet propagator

Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-



oNRQCD is nowadays the EFT used at T=0 to describe
guarkonium properties

but what about finite T7



with the EFT one can define what is the quarkonium
potential at finite T

The potential V(r,T) dictates throught the Schroedinger equation the
real time evolution of the QQbar pair in the medium-> use the EFT
to define and calculate it

more scales 1m, > mau > mvz

?

7TT>>ng>>92T...

m D/ ~ gl
Debye mass

Screening Scale

and AQCD

Without heavy quarks an EFT already exists that
comes from integrating out hard gluon of p \simT:  -> obtain pNRQCD at
Hard Thermal Loop EFT fAnite T



Quarkonium at finite T with pNRQCD N. B., Ghiglieri,Petreczky, Vairo

A
QCD
m ——
NRQCD
(1/7) ~muv T
pNRQCD
V ~mv? 4

In {

08

PNRQCD at finite T allows us to
define the static QQbar potential

ne medium In real time

NRQCD g

We work under the conditions:

We assume that bound states exist for
o 'K m

e (1/r) ~mv>mp

We neglect smaller thermodynamical scales.

In the weak coupling regime:
e v~ ag K 1; valid for tightly bound states: Y(15), J/v, ...
o T'"> gl ~mp.

Effects due to the scale Aqcp will not be considered.



* The thermal part of the potential has a real and an imaginary part

ReVs (r,T)

New effect, specific of QCD thermal width of QQ
dominates for E/m_D>>1|
/ \ Known from QED
m A=)\ dominates for m_D/E>>

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

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



 Jemperature effects can be other than screening

T>1/r and l/r~mp~gTl
exponential screening but ImV > Rel/

T>1/r and l/r>mp~gTl

no exponential screening but
power-like T corrections

T < Ebin

no corrections to the potential,
corrections to the energy

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



Screening vs Landau damping

For temperatures such that Mv? < mp and Mv > «T

Re Vs(r) ~ as/r, quarkonium is a Coulombic bound state. | rocopedo soto arxiv:0804.069
» Quarkonium dissociates at a temperature such that Im Vi (r) ~ Re Vi (r) ~ ag/7r:

, , . Laine arXiv:0810.1112
The interaction is screened when (1/r) ~ mp, hence

offer 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 >maZ~0.5GeV > mp,Aqcp

T_dissocia’[ion in the T(1.5) case is about 450 MeV.
M = m= mass heavy quark



bottomonium 1S below the melting temperature T_d

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

S
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1S o7 X4 A0t o By L=

128 F1 a3 6 4 8
+ 1% Ll,o—Sa%{{—C(S)—I——W} as T m% — —C(S)agTB}
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where 1 = —

and L1 o (similar I7 o) is the Bethe logarithm.

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

Consistent with lattice calculations of spectral functions

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



The imaginary parts In the potentials give origin to
a quarkonium thermal dissociation width and they

Correspond {0 twO process

Two distinct dissociation mechanisms may be identified at leading order:

e (gluodissociation,
which is the dominant mechanism for Mv? > mp:

e dissociation by inelastic parton scattering,
which is the dominant mechanism for Mv? < mp.

Beyond leading order the two mechanisms are intertiwined and distinguishing between
them becomes unphysical, whereas the physical quantity is the total decay width.

O Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116

O Brambilla Escobedo Ghiglieri Vairo JHEP 05 (2013) 130



Gluodissociation
Gluodissociation is the dissociation of quarkonium by absorption of a gluon from the medium.

o Kharzeev Satz PLB 334 (1994) 155
Xu Kharzeev Satz Wang PRC 53 (1996) 3051
> > :

» The exchanged gluon is lightlike or timelike.

» The process happens when the gluon has an energy of order Mv?.

<+

From the optical theorem, the gluodissociation width follows from cutting the gluon
propagator in the following pNRQCD diagram

For a quarkonium at rest with respect to the medium, the width has the form

M= 2L ()o@
k= v (27[')3 B\9 gluo q) -

o oglﬁl , is the in-vacuum cross section (QQ)n: +9 — Q + Q.

» Gluodissociation is also known as singlel-to-octet break up.



LS gluodissociation at LO

— / |

The LO gluodissociation cross section for 1.5 Coulombic states is

4p
0sCr E4 exp (7;)- arctan (t(q))
gluo LO (q) - 2107F2P(P iz 2)2M 5 (t(q)2 a5 p2) 27p )
etlag) — 1

where p = 1/(N2 — 1), t(q) = \/q/|E1| — 1and E; = —MC%a2 /4.

o Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116
Brezinski Wolschin PLB 707 (2012) 534

The Bhanol-Peskin approximation corresponds to the large N, limit, i.e. to neglecting

final state interactions (the rescattering of a QQ pair in a color octet configuration).

o Peskin NPB 156 (1979) 365, Bhanot Peskin NPB 156 (1979) 391
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Dissociation by 1nelastic parton scattering

Dissociation by inelastic parton scattering is the dissociation of quarkonium by scattering
with gluons and light-quarks in the medium.

. %’b b ’3% ‘566‘
E D £ s AZl

(00T
0

o Grandchamp Rapp PLB 523 (2001) 60, NPA 709 (2002) 415

» The exchanged gluon is spacelike.
» External thermal gluons are transverse.

» In the NRQCD power counting, each external transverse gluon is suppressed by T'/M .



Dissociation by inelastic parton scattering

Dissociation by inelastic parton scafttering is the dissociation of quarkonium by scattering
with gluons and light-quarks in the medium.

o Grandchamp Rapp PLB 523 (2001) 60, NPA 709 (2002) 415

» The exchanged gluon is spacelike.
» External thermal gluons are transverse.

» In the NRQCD power counting, each external transverse gluon is suppressed by 7'/M..



Dissociation by inelastic parton scattering

From the optical theorem, the thermal width follows from cutting the gluon self-energy in
the following NRQCD diagrams (momentum of the gluon > Mwv)

_

'

and/or pNRQCD diagram (momentum of the gluon < Mv)
|

» Dissociation by inelastic parton scattering is also known as Landau damping.



Dissociation by 1nelastic parton scattering

For a quarkonium at rest with respect to the medium, the thermal width has the form

d3 .
ot =3 | G @ 1+ 5(@) 5@

where the sum runs over the different incoming light partons and f; = ng or f; = ng.

» o' is the in-medium cross section (QQ)n; +p — Q + Q + p.

» The convolution formula correctly accounts for Pauli blocking in the fermionic case
(minus sign).

» The formula differs from the gluodissociation formula.

» The formula differs from the one used for long in the literature,
which has been inspired by the gluodissociation formula.

o Grandchamp Rapp PLB 523 (2001)
Park Kim Song Lee Wong PRC 76 (2007) 044907,



Dissociation by quark inelastic scattering
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~ Dissociation by glon inelastic scattering
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ao = 2/(Cr Mas) is the Bohr radius. I




Dissociation width
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[ 1S due to inelastic parton scattering



All these are in equilibrium results

ow can we describe the evolution of quarkonium in the
fireball and obtain R_AA?



N.B., M. Escobedo, J. Soto. A. Vairo
1612.07248 and in preparation 017

Quarkonium in a fireball
o After the heavy-ion collisions, quarkonium propagates freely up to 0.6 fm.
o From 0.6 fm to the freeze-out time t it propagates in the medium.
o We assume the medium infinite, homogeneous, isotropic and in thermal equilibrium.

e The temperature T' of the medium changes with time:

2
t Vg .
T =T, ( 7()) , to=0.6fm, 2= = (sound velocity)

1
3

o Bjorken PRD 27 (1983) 140
The initial temperature T;; may account for different centralities

centrality (%) | (b) (fm) | To (MeV) @ LHC
0—10 3.4 471
10 — 20 6.0 461
20 — 30 7.8 449
30 — 50 9.9 425
50 — 100 13.6 304

o We assume the heavy quarks comoving with the medium.



Quarkonium as a Coulombic bound state

The lowest quarkonium states (1S bottomonium and charmonium, 2S bottomonium) are
the most tightly bound. For these we can assume the hierarchy of energy scales

1
m > — ~ mag > w1 ~ mp > any other scale.
ag

This qualifies the bound state as Coulombic:

M . . . - p2 4 as
» quark-antiquark color singlet Hamiltonian = . = — — ——
M 3r
) . . : p2 Qs
» quark-antiquark color octet Hamiltonian = /., = v + o
l,‘

The attractive factor —4 /3 and repulsive factor 1/6 come from the color quantum numbers.
The octet potential describes an unbound quark-antiquark pair.

M =m



Quarkonium evolution equations

Quarkonium is not in equilibrium, as it can be created (in a color singlet state) or
dissociated (in a color octet state) through emission of gluons. The singlet and oclel

density malrices can be defined in the close-time path formalism:

we want to compute Tr{p(tr)S"15%}. where rho is the QCD density

the experimental fact that the number of b quark is much smaller than
the number of light quarks imply

/ d*r / d*r’ / d°R / R Tr{pS'(t,r,R)S(t,r',R")} < Tr{p)
/d3r/d%’/d3R/di‘R'Tr{po“(t,r,R)O‘*(t,r',R’)}<<Tr{p}

We look at the heavy quarks as an open
gquantum system that interacts with the (slowly) evolving
medium of the fireball made of quarks and gluons

Tr{p S'(t,r, R)S(¢',r',R")} = (S (t'.,r',R")Si(t,r,R)) = (r',R'|p.(t'; t)|r,R), ,
cab
Tr{pO®'(t,r, R)O"(¢',r',R")} = (Olf(t'?rf?Rf)OgT(‘t,r, R)) = (¢, R'|p,(t':t)|r, R) \'.g —

<+ Ve

1.‘



Quarkonium evolution equations

Quarkonium is not in equilibrium, as it can be created (in a color singlet state) or
dissociated (in a color octet state) through emission of gluons. The singlet and oclet
density matrices can be defined in the close-time path formalism:

Te(p S (t,r, R)S(t', ', R)} = (S1(¢', ', R)S}(t,r, R)) = (', R'|pu (¢'; )|, R),.
o‘ab

Te{pO™ (t,r, R)O(¢', ', R')} = (O} (¢, ', R)O5 (1,5, R)) = (', R |po (¢ )|, R) —

By resumming self-energy contributions,

SO0 4300 (00
% £ £
2 14+ 2 1 1 142 2 2 142 2 1 1
they satisfy the evolution equations
dps(t;t) . _
7 = —ilhs, ps(t; )] — Ba(t)ps(t;) — ps(t;)ZL(E) + Ea(pos 1)
dpo(t;1)

o = —ilho, po(t;t)] — Zo(t)po(t; ) — po(t: t)E(t) + Zo1(ps, t) + Eo2(po, t)



dps(t;t .
£ ét ) _ —ilhs, ps(t; t)] — Zs(t)ps(t; ) — ps(t; t)BL(2) + Es(pos t)
dp,(t;t , _ _
p ‘gt ) _ Cilho, po(t:t)] = o (t)po(tt) — polt; )SL(E) + Zot(pss t) + Zoz(po, t)

£a(t) = 2 [x() i'rt) , =
N 2 |
Xo(t) = 2(NZ — 1) 2 [n(t) +iy(t)]

— 1
='30(p07 t) — N2 o 1 r por K(t) ?
C

Eos(ps,t) = rt Ps rt K(t),
N2 -4

Zalot) = gy Por 0

The equations show the coupled evolutlon of the sin-
glet and octet densities. Their interpretation is straight-

forward: the function =g, accounts for the production
(or regeneration) of singlets through the decay of octets,

while the functions =, and =,, account for the produc-
tion of octets through the decays of singlets and octets re-




Quarkonium as an open quantum system

Quarkonium is not in equilibrium, as it can be created (in a color singlet state) or

dissociated (in a color octet state) through emission of gluons. The singlet and ocletl
density matrices are p. and p,,. If (1/T) dT"/dt < E and for a strongly-coupled plasma

the evolution equations can be written in the Lindblad form

dp : 1
P — —ilH,p1+ Y (CipC} — 2{C}Cip})
i

| S .

0 Po

] 0 2 | B )
H — + — (1) 3

0 ] 0 +&
g Ea L8 1Y i 5D

H i1s an efiective Hermitian Hamiltonian and C's are called collapse operators.

o Akamatsu PRD 91 (2015) 056002

STRONG-COUPLING CASE: 1/ag > T ~mp > FE



Results:
The Out of Equilibrium Evolution

Numerical solutions: QuTiP

There exist numerical toolboxes for open quantum systems. An example is QuTiIP.

QuTiP

Quantum Toolbox in Python

o Johansson, Nation, Nori, CPC 183 (2012) 1760, 184 (2013) 1234

Huge matrix. We can simplify it by making an expansion in spherical
armonics and cutting at some point.

e If the initial condition is diagonal in the spherical harmonics space it
will remain always so.

@ Including up to p-wave gives a good result if you are interested in
s-wave. It does not change the results a lot to include also the d-wave.

o Similar arguments apply to f, in color space. 2% ox §3°.



Initial conditions

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

Qurchoiceatt =0is

d
ps = A[0)(0], Po = Ps
as(Mb)

Alsfixed by Tr(ps) + Tr(po) =1
d fixes the octet fraction with respect to the singlet: 6 = 1-

Sw Ll L} L) Ll L) 1 Ll L) 310
\ 300+
450 +
290+
400 + - 280+
% % 270+
= 350 : K
= F 260}
300} - L e,y S e e
\‘--
T 240+
250k — - e —_— Se——— —— = -
\“
—— 230 .
zm 1 1 1 1 1 1 1 1 22 1 1 1 1 1 1 1
1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0 %.6 0.7 0.8 0.9 1.0 11 12 13 1.4
time(fm) time(fm)

~ . Time evolution of the temperature according to (18) for the most central (left) and the most peripheral (right) collisions



Lattice QCD and low-energy coefficients

Low energy parameters may be determined by numerical calculations in lattice QCD.

k is the heavy-quark momentum diffusion coefficient:

" 6Nc
K
1.8 < 3

Re/+°° ds (T E%i(s,0)E%(0,0)) = «- -—~—~—‘_’

fal.

o Francis Kaczmarek Laine Neuhaus Ohno,

BGM

3a —{}=

280 =5

2Ba el 'A o

20b

- 20a HA —

16b #_

lﬂl_“‘g—c

lob Tt o stategy )

0 1 2 5

/T

PRD 92 (2015) 116003




Lattice QCD and low-energy coefficients

Low energy parameters may be determined by numerical calculations in lattice QCD.

g2 +00 ) )
¥ = Im ds (T E**(s,0)E**(0,0))
6 Nc .

~ is known only in perturbation theory.




Dilepton suppression rate

We compute the dilepton suppression rate H 4 4:

AA
1S1S

Bottomonium nuclear modification factor

30-50% centrality 50-100% centrality
Raa(25 Raa(2S
Raa(18)| gA4g | Raa(18) | pA44g

0.23705710.24 £ 0.09{0.80 £ 0.05[0.59 & 0.10

Results for Raa(1S) and Raa(25) for x/T* in

v =0 and 0 = 1 1n the bottomonium case.




30 — 50% centrality (left) and 50 — 100% centrality (right)
y=0andj=1
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o: theory results; A CMS data; red: T(1S5); green: T(2S).

oCMS coll. PRL 109 (2012) 222301
Brambilla Escobedo Soto Vairo, arXiv:1612.07248




Conclusions

We have shown a realistic particle physics example where a complex full system made
out of a multiscale 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

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

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

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

e open 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
QCD, without any classical approximation.

» 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.



Outlook

—assumed that medium is infinite homogeneous
and isotropic In space but changes in time:
appropriate for large nuclei in central collisions,
used Bjorken evolution—> can improve on this using
hydrodynamics

—we have used a particular initial condition—> Initial
conditions can be tuned to account for pre-equilibrium
states like Plasma

—we work at linear order in the density expansion—> go to
next order (not relevant for bottomonium but can be for
charmonium)

—more info  on kappa and gamma needed

—Wwe are now exploring other hierarchies and
weakly coupled plasma
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Quarkonium with EFT

N
1 —+
perturbative matching perturbative matching
............................................. u
Caswell, Lepage 86,
Lepage, Thacker 88
mv — :
NRQCD Bodwin, Braaten, Lepage 95......
--------------------------------------------- ul
2 | nomperturbative matching perturbative matching
S (long—range quarkonium) | (short—range quarkonium)
pNRQCD

L established in a series of papers:
Pineda, Soto , N.B., Pineda, Soto, Vairo 97,99
N.B. Vairo, Pineda, Soto 00--014
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005)
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