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Quarkonium suppression is
believed to be a probe of
QGP formation

1.4
§ - ;%f ALICE Preliminary, Pb-Pb |/, =2.76 TeV, L = 70 ub"!

Inclusive J/ vy, 2.5<y<4, O<p _|_<8 GeV/c  global sys.= +14%

1.2 H ALIcE PHENIX (PRC 84(2011) 054912), Au-Au  {/5,y = 0.2 TeV

[PRELIMINARY

Inclusive J/ y, 1.2<|y|<2.2, p T}O GeV/c global sys.= £ 9.2%
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effects
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Quarkonium suppression in the hot medium due to color
screening

Volume 178, number 4 PHYSICS LETTERS B @hﬁr 1986

Jiw SUPPRESSION BY QUARK-GLUON PLASMA FORMATION 7

T. MATSUI
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Cambridge, MA 02139 154

and
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Fakaddr e Physik, Universivar Bigleicld, D-4800 Bielefeid, Fed. Rep, Germany
and Phyvsics Deparimens, Brookhaven National Latworatory, Upton, NY 11973, US4

Recerved 17 July 1986

If high energy heavy won collisions lead to the formation of a hot quark—gluon plasma, then colour SCTIEenIng prevents of hmdmg
deconfined interior of the interaction region. To study this effect, the temperature dependence of the screenine radios as

obtained from lattice QUDTistompared-with-the Hpradivscalenlated-in-charmoniommodels. The Teasibility (o detect this effect

clearly in the dilepion mass spectrum is examined. It 15 concluded that J/w suppression in nuclear collisions should provide an
unambiguous signature of quark-gleon plasma formation.
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Quarkonia are sensitive to the formation of a QGP via
color screening

@x thermal medium, like the quark-gluon plasma, induces color screening: T p ~ gT)

‘ ‘ ' Debye charge screening
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D™

1 Bound state

T~ P
mp dissolves

T.‘"r T{: 1}" {r'}

quarkonia dissociate at different 2 Y(15)
temperature in dependence of their radius: they

1P
are a Quark Gluon Plasma thermometer ()

J/(15)

%(1P)

-
Physical Picture: color screening of the potential

originates quarkonium dissociation when the radius
is of the order of the inverse of the Debye screening




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




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

Digal, Petreczky, Satz O1

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

Mocsy, Petreczky 05.08  Calculated on the lattice.
Alberico, Beraudo et

al 0508 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'sttr:;ﬁ::é g‘;esy‘ (~ (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
medium??
Potential models

Singlet 1000 ¢
free
energy 500

Fi(nT) = U1 1) - T S1(T) e
1.5

U, MeV]

1 Internal
energy

lattening is due to
screening

Kaczmarek Zantow'05
2 flaver-QCH




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

Potential models

" Which of these is the
QCD potential?
Are all effects
incorporated?

Singlet
free
energy

F1(5T) = Uy (,T) - T S1(5T)

U, [MeV]

TT”"% 09T, —v—

113T —_—
1. 19T —_—
129T —a—
143T —_—
157T —a—
189T ——

1.5

2

1 Internal

1000 ¢

500 |

lattening is due to

ke Ol screening

Kaczmarek Zantow'05
2 flavor QCD




The quarkonium potential at finite T

In order to study quarkonium properties in a thermal bath at temperature 7', the quantity
to be determined is the quarkonium potential, which describes the real-time evolution of
a QQ pair through the Schrodinger equation

p2
Ed = (— +V(r,T)> )
m
In the full theory, V' (r, T") must come from a systematic expansion
in 1/m (non-relativistic expansion), the leading term being the static potential;
in the energy E (ultrasoft expansion).

One may exploit these expansions by constructing a suitable hierarchy of EFTs.

The potential V' (r, T') encodes all contributions from scales larger than E and
smaller than m. It will depend on the temperature it m > 1" > FE; it will not depend
on the temperature if T' < E.

Effects due to scales 5 E, which are sub-dominant, are not included in the

potential, but they affect physical observables. They may be systematically
included in the EFT by introducing other low-energy degrees of freedom besides o.




Quarkonium at T=0 with
effective field theories

QCD

perturbative matching perturbative matching

nonperturbative matching perturbative matching
| (long—range quarkonium) | (short—range quarkonium)

PNRQCD

Color degrees of freedom
3X3=1+8
singlet and octet QQbar

Hara

Soft
(relative
momentum)

Ultrasoft
(binding energy

In QCD another scale is relevant

AD
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Quarkonium at T=0: Non Relativistic QCD (NRQCD)
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Quarkonium at T=0: Non Relativistic QCD (NRQCD)

E ~ mv?>

SO0 0 HOT

QCD A
A

[ v chi turbative matchi
verturbative matchin, erturbative matchin,
29 88 8

nonperturbative matching perturbative matching
[ (long—range quarkonium) | (short—range guarkonium)

pNRQCD

LNRQCD = Z clas(m/p)) X

n




Quarkonium at T=0: potentialNonRelativistic QCD (pNRQCD
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E ~ mv
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QCD =y
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perturbative matching perturbative matching 2.9 9.9.8
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Quarkonium at finite temperature

Quarkonium in a medium is characterized by different energy and momentum scales:

e the scales of a non-relativistic bound state (v is the relative heavy-quark velocity):
- m (mass),
- mv (momentum transfer, inverse distance),
- mwv? (Kinetic energy, binding energy, potential V), ...

e the thermodynamical scales:
- 'l (temperature),
- mp (Debye mass, i.e. screening of the chromoelectric interactions), ...

and lower energy scales: magnetic screening, AQCD

Non-relativistic scales are hierarchically ordered: m > mv > mov?,
we may assume that also the thermodynamical scales are: # 1" > mp.




Quarkonium at finite temperature

Quarkonium in a medium is characterized by different energy and momentum scales:

e the scales of a non-relativistic bound state (v is the relative heavy-quark velocity):
- m (mass),
- mv (momentum transfer, inverse distance),
- mwv? (Kinetic energy, binding energy, potential V), ...

e the thermodynamical scales:
- 'l (temperature),
- mp (Debye mass, i.e. screening of the chromoelectric interactions), ...

and lower energy scales: magnetic screening, AQCD

Non-relativistic scales are hierarchically ordered: m > mv > mov?,
we may assume that also the thermodynamical scales are: # 1" > mp.

Without heavy quarks an EFT already exists that
comes from integrating out hard gluon of p \sim T:
Hard Thermal Loop EFT




Quarkonium at finite T: EFT treatment

QCD

NRQCD
NRQCD gy,

PNRQCD gy,

N.B., Ghiglieri, Petreczky,Vairo 08, (in QED Escobedo, Soto 08)



Quarkonium at finite T: EFT treatment

QCD

NRQCD
NRQCD gy,

PNRQCD gy,

’)’)"L’U2

We work under the conditions:

We assume that bound states exist for _ _
In the weak coupling regime:

o I'K'm e v~ as < 1;valid for tightly bound states: Y(15), J/, ..
o (1/r) ~mv>mp o T > gT ~mp.

We neglect smaller thermodynamical scales. Effects due to the scale Aqcp will not be considered.

N.B., Ghiglieri, Petreczky,Vairo 08, (in QED Escobedo, Soto 08)



The singlet static potential and the static energy (pNRQCD)

"We have calculated the potential for all the situations from T bigger

than the inverse radius |/r to smaller than the energy E in small N.B., Ghiglieri,

. Petreczky,Vairo
coupling )

\_

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

Singlet-to-octet Landau damping
New effect, specific of QCD Known from QED

dominates for E/m_D>>| dominates for m_D/E>>1|
(gluo dissociation) (quasi free dissociation)

N. B., Ghiglieri, Petreczky, Vairo 2008 Laine ef:al-2007



The singlet static potential and the static energy (PNRQCD)

Example of the type of result
in a given scale hierarchy

Static quark antiquark at 1/7 > T > mp > V:

energy and width

. 3
_ %ﬁ-’cf:FmErTE—Eq.a.r:F—a T'mp + 2 quaumcf:FnﬂaETE
i

NICE s
3 F

CF T2 ¢'(2) 8

2 2 3
— e T 1 M vp—In—m —1—-4In2 — 2 — —In2 N n 2T
3 b ( E mED CLE,') 9 ek

“ The non-thermal part of the static energy is the Coulomb potential —Cpag/r.

® The thermal width has two origins. The first term comes from the thermal break up
of a quark-antiguark color singlet state into a color octet state. The other terms
come from imaginary contributions to the gluon self energy that may be traced
back to the Landau damping phenomenon. The first one is specific of QCD, the
second one would also show up in QED. Having assumed mp == V', the term due
to the singlet to octet break up is parametrically suppressed by (V' /m )2 with
respect to the imaginary gluon self-energy contributions.




The singlet static potential and the static energy (PNRQCD)

Example of the type of result
in a given scale hierarchy

Static quark antiquark at 1/7 > T > mp > V:

energy and width

kg 3

3 2
- %NE{S‘F o rT? — =0(3) Cp = r*T'mp + =((3) NeCp of 1 T°
K

N2CFp
3

C 1> ‘(2 8
O e Tmd (295 L —1—am2— 253 BT o N 0227
3 oy c2)) o

3
ooy T

® The non-thermal part of the static energy is the Coulomb potential —C'pag/r.

® The thermal width has two origins. The first term comes from the thermal break up
of a quark-antiguark color singlet state into a color octet state. The other terms
come from imaginary contributions to the gluon self energy that may be traced
back to the Landau damping phenomenon. The first one is specific of QCD, the
second one would also show up in QED. Having assumed mp = V7, the term due
to the singlet to octet break up is parametrically suppressed by (V' /m p )2 with
respect to the imaginary gluon self-energy contributions.

the logs come from cancellation of divergences
between different scales




The singlet static potential and the dissociation temperature

* The potential is neither the color singlet free energy nor the internal energy

* The quarkonium dissociation is a consequence of the apparence of a
thermal decay width rather than being due to the color screening of
the real part of the potential

(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 melts in the medium
Ebinding ~ I

WTmelting ~ mg4/3 ‘ o Escobedo Soto arXiv:0804.0691
Laine arXiv:0810.1112 =

\_

e When (1/r) ~ mp, the interaction is screened; note that

7Tiz—wscreening > TeriSSOCiatiOH



The dissociation temperature

The Y (1.5) dissociation temperature:

mc (MeV) | Tuyissociation (MeV)
o0 480
5000 480
2500 460
1200 440
0 420

A temperature ©'T" about 1 GeV is below the dissociation temperature.

(The imagina ing exp{-m_D r?

o Escobedo Soto PRA 82 (2010) 042506

->the imaginary part is responsible for QQbar dissociation !

T > 1/r > mp > V :Quarkonium melts in the medium

Ebinding ~ I

. 4/3 1V 4. 1
WTmeltlng ~ mg / | oEscok‘)edo SOtO.aerV 0804.069
Laine arXiv:0810.1112




The singlet static potential and the static energy (PNRQCD)

 Temperature effects can be other than screening

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

T>1/rand l/r>mp~gT  or 1_p_y

no exponential screening but r
power-like T corrections

JE <V

no thermal corrections to the potential,
thermal corrections to the energy




Application of the EFT: bottomonium 1S below the
melting temperature T_d at LHC

The relative size of non-relativistic and thermal scales depends on the medium and on
the quarkonium state.

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

at the LHC may possibly realize the hierarchy

m~5GeV >mas~1.5GeV > 7T ~1GeV > ma? ~0.5GeV imD,AQCD

vairo ATP cP 1317 (2011) 241 IN-B., Escobedo,
Ghiglieri, Soto ,Vairo 010

The effective field theory allows us to calculate
systematically the contribution from each scale to the
energy level and width

thermal contributions 1o the levels calculated at order
malpha/b




case of interest for LHC: bottomonium 1S below the
melting temperature T_d

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

S

347 7225 E1a3 27T\ 2
5E(thermal) _ o= 2 T2 S In (_> _9
1S o7 X M0t o By VB

128 F1 a2 6 4r 8
+ ! SLl,o—Sa%{{;C(S)—I——} aSTmQD—gg“(B)agT?’}

81w 3

s 1156 7225 32
F%tshe al) _ ?Q{ST < T60 104:3 I Eas Tm% a(2) I1 0

4 E? ¢'(2) 327
— {gasTm% <lnT—§ +2vyg —3 —1In4 — 2 (2 ) + Tln2a§T3] a(z)

4ma? 3

where F1 = — ,ap = and L1 ¢ (similar I o) is the Bethe logarithm.
9 2maog

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




case of interest for LHC: bottomonium 1S below the
melting temperature T_d

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

gquarkonium mass
84m oo, 1225 Erad lln (ﬂ)z . QVE] increases
q}uadratlcally with T

128 F1 a2 6 4r 8
+ ! SLl,o—Sag{{;C(S)—I— } aSTmQD—gg“(B)agT?’

(thermal)
o0F; ¢ =

27 07" 394 1 Eq

817 3

1156 7225 32 : . .
——olT + ——Eraj + “~os Tmj, af [0 decay width linear in

4 E? (2 32
— {gasTm% <1n T—; +2vg —3 —1n4 — 22((2))> + Tﬂ In2a? T3} E?mperature

thermal)
r —
1S

e Electromagnetic decays occur at short distances ~ 1/m < 1/T', hence the
standard NRQCD factorization formulas hold. At leading order, all the temperature
dependence is encoded in the wave function at the origin. The leading
temperature correction to it can be read from the potential and is of order
~ n*T? /(m?as). Hence, a quadratic dependence on the temperature should be
observed in the frequency of produced leptons or photons.




[attice width

T | T T | T
3S 1(Vector) 1So(pseudoscalar)

. . rm 1156
Consistent with thshe al) _ 8—1a§T = as ~ 0.4.

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




Lattice energy

T | T . T | T |
3S 1(Vector) 1So(pseudoscalar)
Upsilon Ny

rm T2 .
Consistent with 5E§ghe al) _ _— using as = 0.4 and m = 5 GeV.

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




Conclusions |

e |n a framework that makes close contact with modern effective field theories for
non-relativistic bound states at zero temperature, we have studied the real-time
evolution of a static quark-antiquark pair in a medium of gluons and light quarks at

finite temperature.
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e In a framework that makes close contact with modern effective field theories for
non-relativistic bound states at zero temperature, we have studied the real-time
evolution of a static quark-antiquark pair in a medium of gluons and light quarks at
finite temperature.

e Fortemperatures 7" ranging from values larger to smaller than the inverse distance
of the quark and antiquark, 1/r, and at short distances, we have derived the
potential between the two static sources, their energy and thermal decay width.

e ForT < V the potential is the Coulomb potential. For T" > V' the potential gets
thermal contributions.

e The derived potential/energy is neither the quark-antiquark free energy nor the
internal energy. It is the real-time potential that describes the real-time evolution of
a quarkonium state in a thermal medium. It encodes all contributions coming from
modes with energy and momentum larger than the binding energy. It develops a
real and an imaginary part, it undergoes renormalization and eventually depends
on the adopted renormalization scheme.




Conclusions |

e In a framework that makes close contact with modern effective field theories for
non-relativistic bound states at zero temperature, we have studied the real-time
evolution of a static quark-antiquark pair in a medium of gluons and light quarks at
finite temperature.

e Fortemperatures 7" ranging from values larger to smaller than the inverse distance
of the quark and antiquark, 1/r, and at short distances, we have derived the
potential between the two static sources, their energy and thermal decay width.

e ForT < V the potential is the Coulomb potential. For T" > V' the potential gets
thermal contributions.

e The derived potential/energy is neither the quark-antiquark free energy nor the
internal energy. It is the real-time potential that describes the real-time evolution of
a quarkonium state in a thermal medium. It encodes all contributions coming from
modes with energy and momentum larger than the binding energy. It develops a
real and an imaginary part, it undergoes renormalization and eventually depends
on the adopted renormalization scheme.

e Two mechanisms contribute to the thermal decay width: the imaginary part of the
gluon self energy induced by the Landau damping phenomenon, and the
guark-antiquark color singlet to color octet thermal break up. Parametrically, the
first mechanism dominates for temperatures such that the Debye mass mp is
larger than the binding energy, while the latter dominates for temperatures such
that m p is smaller than the binding energy.
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Conclusions ||

e We have studied in detail the situation: mas > T > mag > mp
that may be relevant for the bottomonium 1.5 states at the LHC.
mpas ~ 1.5 GeV > 7T ~ 1 GeV > ma? ~ 0.5 GeV > mp

e At leading order, the quarkonium masses increase quadratically with 7", which
implies the same functional increase in the energy of the leptons and photons
produced in the electromagnetic decays.

e Electromagnetic decays occur at short distances ~ 1/m < 1/T, hence the
standard NRQCD factorization formulas hold. At leading order, all the temperature
dependence is encoded in the wave function at the origin. The leading
temperature correction to it can be read from the potential and is of order
~ n4T? /(m?as). Hence, a quadratic dependence on the temperature should be
observed in the frequency of produced leptons or photons.

e At leading order, a decay width linear with temperature is developed, which implies
a tendency to decay to the continuum of colour-octet states. Hence, a consistently
smaller number of vector and pseudoscalar ground states is expected to be in the
sample with respect to the zero temperature case.







Quasi-free dissociation

For general T, the thermal width due to Landau damping reads

3
ris =3 | 5t fellab(1 £ fy(laD) aus(lal).

P dmin

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

o1s IS Known as the quarkonium quasi-free dissociation cross section.
The thermal NR EFTs provide analytic expressions of o1 g for different temperatures.

o Brambilla Escobedo Ghiglieri Vairo TUM-EFT 27/11




Quasi-free dissociation: previous literature

In the previous literature, it was assumed

3
re=3" / (;jg fo(lal) onq(lal)

min

with cpq = 20, where o, is the cross section for the process pc — pc at T' = 0.

o Grandchamp Rapp, PLB 523 (2001) 60,

The EFT analysis proves this assumption to be incorrect, because

the dependence on the thermal distributions of the incoming and outgoing partons
is different;

015 cannot be identified with o g, moreover it is temperature dependent.




Quasi-free dissociation: light-quark contribution

mpaog = 0.001

blueline:mv >T > mp > F
(dipole approximation)

pink line: T' ~ mv > mp

yellow line: T" > mv ~ mp

ocq = 8mCrnys a? a?

o Brambilla Escobedo Ghiglieri Vairo TUM-EFT 27/11




Quasi-free dissociation: gluon contribution

mpag = 0.001

blue line: mv >T > mp > F
(dipole approximation)

pink line: T' ~ mv > mp

yellow line: T' > mv ~ mp

ocg = 8mCpNe ozg ag

o Brambilla Escobedo Ghiglieri Vairo TUM-EFT 27/11




Singlet to octet break up

The thermal width at the scale E, which is of order @gT , IS generated by the break up of
a quark-antiquark color-singlet state into an unbound quark-antiquark color-octet state: a
process that is kinematically allowed only in a medium.

e The singlet to octet break up is a different phenomenon with respect to the Landau
damping, the relative size of which is (E/mp)?. In the situation ma? > mp, the
first dominates over the second by a factor (ma?2/mp)?.

o Brambilla Ghiglieri Petreczky Vairo PRD 78 (2008) 014017




Gluodissociation

For general T', the thermal width due to S — O + g break up in a medium reads

d3q : :
Mig = / ne(lal) o1s(lql) —— previous slide
al>| B g| (27)2 T>E

el ok exp (t(éll—gl) arctan (t(|q|)))

o1s(lal) = 21972 p(p 4 2)*

(t(la)* + p?) 277

etllal) — 1]

3 m|q|°

where p = 1/(N2 — 1) and t(la]) = v/[al/|E1] — L.

o015, Which is the cross section of the process S — O + g in the vacuum, is known as the
quarkonium gluodissociation cross section.

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




Gluodissociation: the Bhanot—Peskin approximation

In the large N, limit:

16297T04s |E1[%/2 (Ja| + E1)3/?
Ne—oo 9 m q|?

d3q
Iyg - _np(la) 16015, pp(al) = Trspp
al>|B,| (27)

o1s(lal) = 16015,8r(lal)

N,—00
o Bhanot Peskin NPB 156 (1979) 391

The Bhanot—Peskin (BP) approximation corresponds to neglecting final state
interactions, i.e. the rescattering of a QQ pair in a color octet configuration.




Gluodissociation: full cross section vs BP cross section

o Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116




Gluodissociation: full width vs BP width

T

|
10 |E|

Lines on the left correspond to the T" > | E1| analytic results of the previous slides.

o Brambilla Escobedo Ghiglieri Vairo JHEP 1112 (2011) 116




The quarkonium static potential has been calculated for 7" > 1/ > m by performing

an analytical continuation to real time of the Euclidean Wilson loop computed in

iImaginary time. The calculation is done in weak-coupling resummed perturbation theory.

o Laine Philipsen Romatschke Tassler JHEP 0703(2007)054
o Laine Philipsen Tassler JHEP 0709(2007)066

o Laine JHEP 0705(2007)028

o Burnier Laine Vepsalainen JHEP 0801(2008)043

Static particles in a hot QED plasma, in real-time formalism, have been considered
in the situation 1/ ~ mp, confirming previous results.
o Beraudo Blaizot Ratti NPA 806(2008)312

A comprehensive study of non-relativistic bound states in a hot QED plasma in a
non-relativistic EFT framework has been performed for a wide range of
temperatures: from 7" < mto T ~ m.

> Escobedo Soto PRA 78(2008)032520, Escobedo at this workshopArXjv:|1008.025

Here | will report about a comprehensive EFT study of QQbar
interaction, spectrum, decays at finite T in real time

N. Brambilla, J. Ghiglieri, P. Petreczky and A. Vairo Phys. Rev. D 78 (2008) 014017
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