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e Quarkonium in media: the EFT approach

* Non-relativistic EFTs for quarkonium

e Spectrum and width below the dissociation
temperature

e (Conclusions and outlook
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e Experimental data show a
suppression pattern

* A good understanding of
suppression requires
understanding of

In-medium production and cold
nuclear matter etfects

In-medium bound-state dynamics

Recombination effects

- Quarkonium suppression
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Quarkonium suppression:

hot news
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e Significant suppression of

the Y(2S) and Y(3S)
CMS, 1105.4894 and CMS-
PAS-HIN-10-006 (2011)



- Quarkonium suppression

‘ roposed in 1986 as a probe and “thermometer”

of the medium produced by the collision
Matsui Satz PLB178 (1986)
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- Quarkonium suppression

‘ roposed in 1986 as a probe and “thermometer”

of the medium produced by the collision
Matsui Satz PLB178 (1986)

e Motivated by Colour screening of the interaction

‘ e—mD’l”‘
o V(r) ~ —a,
\J (1) s —
‘ ‘ 1 Bound state
r o~ >
mp dissolves

e Studied w1th potentlal models, lattice spectral
functions, ...



Potential models
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e There is qualitative agreement on this picture of
sequential melting

e However there are still issues with the definition of an in-
medium potential



The EFT approach

e Perturbative computation of the real-time potential between a

static quark and antiquark for T>>1/r:

VHTL(T) — —OéSCF (6—mDr 1 21 f(mD”I“)>
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e EFT approach for standard and muonic hydrogen at finite
temperature within pPNRQED (Abelian, non-static)
Escobedo Soto PRA78 (2008), PRAS2 (2010)
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The EFT approach

e Perturbative computation of the real-time potential between a

static quark and antiquark for T>>1/r:

VHTL(T) — —OéSCF (6—mDT 1 21 f(mD”I“)>

(A mpr
1

When 7~— ImV > ReV

D

Laine Philipsen Romatschke Tassler JHEP0703 (2007)

e EFT approach for heavy quark-antiquark pairs in finite T
pNRQCD (Non-Abelian, non-static)
Brambilla Escobedo JG Soto Vairo JHEP1009 (2010)
Brambilla Escobedo JG Vairo arXiv:1105.4587



The

e Extend the wel]

EFT approach

-established zero temperature EFT

framework for |

neavy quark-antiquark bound states

(NRQCD, pNRQCD) to finite temperature

e Systematic approach with modern, rigorous definition

of the potential

(real-time matching coefficient)

e Transparent connection with quantum mechanics and

the Schrédinger equation picture, which appears as the
zeroth-order approximation in the EFT framework






T=0 NR bound states

e Non-relativistic QQ bound states
are characterized by the hierarchy
of the mass, momentum and
energy scales



T=0 NR bound states

e Non-relativistic QQ bound states

are characterized by the hierarchy m
of the mass, momentum and
energy scales
1
e One can then expand observables MU ~ Mag ~ <;>

in terms of the ratio of the scales

and construct a hierarchy of EFTs

that are equivalent to QCD order-

by-order in the expansion mv® ~ mag ~ E
parameter



T=0 Scales

L

<1>
maog ~ ( —
r

mos ~ F



T=0 Scales

Integration of the
mass scale:

NRQCD
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soft (momentum
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Integration of the
soft (momentum

transfer) scale:
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Thermodynamical scales

¢ The thermal medium introduces new
scales in the physical problem

e The temperature
e The electric screening scale (Debye mass)

 The magnetic screening scale (magnetic
mass)

e In the weak coupling assumption these
scales develop a hierarchy



Thermodynamical scales

¢ The thermal medium introduces new T
scales in the physical problem I

e The temperature
e The electric screening scale (Debye mass) gl ~mp

 The magnetic screening scale (magnetic

mass) ,
gl ~ my,
e In the weak coupling assumption these

scales develop a hierarchy



Scales of the problem




In our initial work various possibilities have been
studied, from 7« £ tO m>T>1/r ~mp

In the regime T > % ~mp the result of Tassler et al
2007 is reobtained (also in the Abelian case)

Viarn(r) = —asCr (e_mm = f(mDT)>

— 1
T mpr



In our initial work various possibilities have been
studied, from 7« £ tO m>T>1/r ~mp

. 1
In the regime T -~ ~mp the result of Tassler et al m
2007 is reobtained (also in the Abelian case)
—mpr 2T
VHTL(T) — —OéSCF (6 . — imDTf(mDT)) mas
In the more recent works we adopt this hierarchy
m > mag > 1 > mozg > mp T
Thermal effects are thus a perturbation to the
Coulombic bound state, but they still modify the .
potential i
Relevance for bottomonium LHC phenomenology mn
my ~ 5 GeV > mpas ~ 1.5 GeV > 7T ~ 1 GeV > ma? ~ 0.5 GeV > mp
Aqep

The temperature is below the dissociation
2
temperature Ty ~ maog



Our godl

e QOur goal is then to compute the
ma. Spectrum (or thermal corrections to it)
and the thermal width in this hierarchy

T and power counting, up to order ma?

S

e This will be achieved by integrating out
s the heavier scales in succession and
creating a series of EFTs



Integrating outmand may .



Mass scale: NRQCD

1 ® Smaller scales are put to zero in the
matching. This means that the thermal
scales do not affect the result of the
integration, which yields standard

i 7  NRQCD
-

e NRQCD is organized as an expansion
moag  in 1/m
Caswell Lepage PLB167 (1986)
D Bodwin Braaten Lepage PRD51 (1995)



Mass scale: NRQCD

T - -
Lxraep = Ly + Liigne + U7 (’iDo—F %—F) W+ X1 (iDg — %‘F---)X—F---
I ma
1
I mao’
mp
l Caswell Lepage PLB167 (1986)

AQCD Bodwin Braaten Lepage PRD51 (1995)



Relative momentum scale: pPNRQCD

E—p?/m—VI(r)
Pineda Soto Nucl. Phys. Proc. Suppl. 64(1998)
Aqcep Brambilla Pineda Soto Vairo NPB566 (2000)



Weakly coupled pNRQCD

\

LonrqeD = Lym + Liight + 1 {ST 109 — Hs] S + O iDy — H,] O 3

/

VQB Tr {OTI‘ .gEO +O'Or- gE}

Va'lr {OTI' .gES + S'r - gE O}

e Degrees of freedom: QQ states with energy E ~ Ageop, mv?
and momentum p S muv
Singlet and octet color states

e S gluons with energy/ momentum < muv

e Expansionin &z, - and r

m™m

e Potentials are Wilson coefficients, receive contributions
from all scales higher than the energy



Contribution to the spectrum

e Power-counting in the singlet Hamiltonian

2

H, = P CF% + O(may)
T

m



Contribution to the spectrum

e Power-counting in the singlet Hamiltonian

2

H, —p——CF—+O(ma)

e Solve the singlet EOM (Schrédinger Eq.) with this
Hamiltonian and obtain the Coulomb levels

> mC%a? 1 2
—_— — o CI,O —
n
4n? main?’

mCrog



Contribution to the spectrum

e Power-counting in the singlet Hamiltonian
2

HS:p——CF—+O(ma)

e Solve the singlet EOM (Schrédinger Eq.) with this
Hamiltonian and obtain the Coulomb levels

Cral 1 2
B — MU pGy _ . ’ ag =
4n? magn? mCraog
e Treat further terms in the expansion in QM perturbation

theory, obtaining the ma? — ma? contributions to the

spectrum from this scale

Brambilla Pineda Soto Vairo PLB470 (1999) Kniehl Penin NPB563
(1999) Kniehl Penin Smirnov Steinhauser NPB635 (2002)




Contribution to the spectrum

Power-counting in the singlet Hamiltonian
2

HS:p——CF—+O(ma)

Solve the singlet EOM (Schrodinger Eq.) with this
Hamiltonian and obtain the Coulomb levels

o mCral 1 - 2
" 4n?2 main?’ " T mCras
Treat further terms in the expansion in QM perturbation

theory, obtaining the ma? — ma? contributions to the

spectrum from this scale
Brambilla Pineda Soto Vairo PLB470 (1999) Kniehl Penin NPB563
(1999) Kniehl Penin Smirnov Steinhauser NPB635 (2002)

IR divergences manifest themselves at may



Integrating out the temperature



pN RQCDHTL

e Integrating out the temperature brings us to a

e In this EFT modes with energy and momenta of

present. This amounts to:

gauge and lig

| Loop (HTL) resummation in the
nt quark sectors

Braaten Pisarski |

PRD45 (1992)

¢ Thermal modifications to the potentials in the

singlet and oc

e This EFT and its

m new EFT called pNRQCDH#TL
MO the order of the temperature are no longer
— A Hard Therma!

tet sector

matching coefficients are

Aqcp independent of the hierarchy of low-lying scales



The PNRQCDHr Lagrangian

( 3

EPNRQCDHTL — EHTL + Tr < S]L [280 — HS — 5‘/;] S -+ OJr [iDO — HO — 5VO] O >

\ /

—I—Tr{OTr-gES—I—STr-gEO} + %Tr{OTr-gEO—I—OTOr-gE} + ...

e The new matching coefficients in the singlet and octet sectors
have to be computed by matching pNRQCD to pNRQCD#TL

e We only do this for the singlet sector, which is the only one
relevant for the spectrum at our accuracy

e In the matching procedure we have to single out the
contribution from the scale T: this will be achieved by
appropriate expansions in E/T and mp/T



Matching pNRQCD to pNRQCDH1

e The leading contribution to 0V comes from the dipole

vertices m

It gives rise to a correction to the potential and to the
spectrum

e Subleading contributions come from the radiative correction

to that diagram f@})&

® X

[t gives rise to an imaginary part, corresponding to a
thermal width. The phenomenon is called Landau damping




Matching pNRQCD to pNRQCDH1

e The leading contribution to 0V comes from the dipole

vertices m

It gives rise to a correction to the potential and to the
spectrum

e Subleading contributions come from the radiative correction

to that diagram K{é

W=

[t gives rise to an imaginary part, corresponding to a
thermal width. The phenomenon is called Landau damping




Results: the potential

e The correction to the potential from the temperature scale

is, when T < ma.

2
oV, = ENCCFagTZT—F—ﬂ-CFCKSTZ—F
9 3m 3T

T Q 1
4Nc_2 > 3 NC > 2 -
HA(V. — 208) T2 8(0) + N { V2]
g 2

~2C(3) Cr 2 T md, + 2((3) NCp o 2 T

Crlr [ N3a 2
a FT[ _— (N2 4+ 2N, Cp)—=

C 2 T2 2 /(2
+1 [—Fozsfr TmD (———|—7E+ln7r—ln—+——4ln2—2<( )>
€

6 pr o3 ¢(2)
2T2 4_7T 2 2m3
sz:gg (N—I— 2f) 91n2NCarT]

e Both the real and the imaginary part are IR divergent; the
divergences cancel in the related physical observables, the

spectrum and the width, against UV divergences from
some lower scale



Results: spectrum and width

e The corresponding correction to the spectrum is

() _ 7 2240 g 2 27 2
5En,l = §NCCF OéST ?(377/ —l(l‘|—1))—|— S_mCFaST
+En1m§ {40%5;0 8 1 2510) 2N2Cr N_3}

N.C? - - ==
3 e (n(2l—|—1) n2 i n(20 + 1) T

n

< 2
4 (_gg(@ Cr == T'm + 5((3) NeCr o T3) 5n + 1= 3l(1+1)].
T

e The width is

Cr 2 [ 2 T 2 ¢'(2)
= |——a,T - Inm—In— +=—4In2—2
[ Q0 mD( €+7E+ n7 n’u2+3 n C(Q)
47

—5 m2 NCr a? T3] agn® [5n* +1—=31(1+1)] .



Calculating the contribution from the

energy scale



Calculating at the energy scale

Since we have reached the binding
energy scale we cannot proceed further
with EFTs in the heavy quark-antiquark
sector

We thus calculate the contributions to
the spectrum and the width within
pNRQCDHTL

We thus have to use the HTL-resummed
propagators

We employ the expansions T > ma? > mp



The calculation

¢ Only the leading order diagram contributes within our

accuracy m
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e This diagram introduces a second source of imaginary
parts = thermal width. It is the singlet-to-octet decay
width
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The calculation

Only the leading order diagram contributes within our

acCuracy f{

X

This diagram introduces a second source of imaginary
parts = thermal width. It is the singlet-to-octet decay

width

The calculation is quite involved, requiring expansions
in the propagators and in the Bose distribution

UV divergences appear and cancel the IR divergencies
from higher scales



Summary and conclusions




The spectrum

e The contribution of the thermal medium only to the spectrum is

2
n 2 2 40 2 T 2 272 5T
0k, = §NCCF al T Y [Bn — (I + 1)] + gCF ol T ag ~ ma ﬁ
E, a3 27T\ ? 4036, ] 1 25
n*-ts 1 -0 . 2 F NCC2 -
MO ~ " 3 og( Eq ) TE { n i o [n(2l+1) n? n ]
S — -
QNECF Ng’ 2EnC%a§
+ + + L,
n(2l+1) 4 3
T agn’ 3 I8
6 0 2 2

2
+ 26 NCra? T |



The spectrum

e The contribution of the thermal medium only to the spectrum is

2
n 2 2 40 2 T 2 272 5T
0k, = §NCCF al T Y [Bn — (I + 1)] + gCF ol T ag ~ ma ﬁ
E, a3 27T\ ? 4036, ] 1 25
n*-ts 1 -0 . 2 F NCC2 -
MO ~ " 3 og( Eq ) TE { n i o [n(2l+1) n? n ]
S — -
QNECF Ng’ 2En0%a§
+ + + L,
n(2l+1) 4 3
T agn’ 3 I8
6 0 2 2

2
+ §g‘(3) N.Cr a2 T3}

e The leading terms thus indicate that the mass of the bound state increases
quadratically with the temperature.

e Up to this order the thermal shift to the spectrum is independent of the
spin



The thermal width

e The contribution of the thermal medium to the width is

. 1 C’%a?’T

I, :gNQC 043T—|—§ (Cr + N,)
n?
2Ena 40%510 2 8 1 2510 2N2CF N3
S NCC Y C C
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—e T o
Cr EY ¢(2)\ , 4r 3
— | —aT In — 4+ 2vg — 3 — log4 — 2 — In2N.CpaZT
[604 mD(nT2—|— YE 0og a2) +9 n Qv
x agn® [5n® +1—=31(1 4 1)]
8
+—-Crag Tm% agn4 I,
9 J

e Two sources of decay: singlet-to-octet thermal breakup and Landau
damping



The thermal width

e The contribution of the thermal medium to the width is

1 4 C%alT T
T, = ngCFagT +3 Fn; (Cp 4+ N.) ~ moz?E
5 2Ena§ 40%510 2 8 1 2510 QNECF Ng
N.C - — — —
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E} (2 4
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e Two sources of decay: singlet-to-octet thermal breakup and Landau
damping



The thermal width

e The contribution of the thermal medium to the width is

1 4 C%alT T
T, = ngCFagT +3 Fn; (Cp 4+ N.) ~ moz?E
5 2Ena§ 40%510 2 8 1 2510 QNECF Ng
N.C - — — —
maog ~ 3 { n i ln@l+1) n2 n +fn,(2l—|—1)+ 4
E} (2 4
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: T3 6 T ((2) 9
mog 73" x agn® [5n® +1—31(1 +1)]
8
—|—§Cpozs Tm% a3n4 I,

e Two sources of decay: singlet-to-octet thermal breakup and Landau
damping

e In our hiearchy the former is larger than the latter

e Up to this order the width as well is independent of the spin



Conclusions

e We have shown how to construct a series of EFT to
integrate out in succession the many scales that
characterize a non-relativistic bound state at finite
temperature

e We have obtained the contribution to the singlet
potential from the scale T, when T < mas

e We have obtained the contribution of the thermal
bath to the spectrum and the width of heavy
quarkonia, in a scale setup that can be relevant for
the ground state of bottomonium at the LHC



Other EFT results

* Spin-orbit interaction
Brambilla Escobedo JG Vairo arXiv:1105.4587

e Velocity-dependence of the potential

and the width
Escobedo Mannarelli Soto arXiv:1105.1249






The real-time formalism

M ¢ e Time evolution

Real d.o.f. (1) along this

) / . Schwinger-
= S Keldysh path

t+i-iB / | ® {;, —» —oo limit

Virtual d.o.f. (2) e Doubling of the
degrees of
freedom

N NV




The realtime formalism

Closer to the T=0 EFT approach

e In the static quark sector the virtual DOF
decouple

e Simpler than the imaginary-time +
analytical continuation (potential as pole
of the propagator in the large real-time
limit)

* Propagators as 2X2 matrices, vertices of
type “2” have opposite sign



Free propagators

: D11 Do
* Propagators written as b = ( Doi Doy )

e Static quark

v
: 0
S (ko) = a (kocjl:" i )
2
(ko) ko — i

(static quark of type 2 decouple)
e Gluons (Coulomb gauge)

)

~~

( 1
ia , 0(—ko) 27 (ks — k?)
k'K 2 _ L2 0 1 1
DY (ko k) = (8= T )4 | F-RE b Z- +2m0(k3 ~ k) na(lka)) (7 })
Oko) 200k K)o

0

\ /



The stahc potential

Vilr,p) = —Cp= 1/T

— 1/T {l—l— (/1) a1—|— /r))2a2

1 1
_|_<a s(1/7) ) 637T 3 ln’r,u-l—ag),]

A

(1
—l—(a /T> 211"1 T
vy

+ (a + —7r2 CA B0 5+61n2)) lnru+a4]

|
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