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MOTIVATION AND INTRC

WHEN DO WE FIND A HOT QCD MEDIUM?

@ Transition of nuclear matter into a deconfined phase at high temperature
@ Hot medium made of interacting quark and gluons — Quark-Gluon Plasma J
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@ Cosmology: early Universe likely was an hot and dense medium J
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How CAN WE HOPE TO REPRODUCE THE QGP?

@ the high energy heavy-ion colliders, such as the LHC, are the right place J

collisions thermalization hydro hadronization freezeout

S
>

TIME SCALES FOR QUARK GLUON PLASMA
@ Formation time 79 ~ 1 fm (in physical units 3.3 x 1072*s)
@ Life time of equilibrated deconfined phase 7 ~ 10 fm
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MOTIVATION AND INTRODUCTION

WHAT COMES OUT FROM QGP?

Pb+Pb @ sqrt(s) = 2.76 AT,

2010-11-08 11:30:46

Fill : 1482

Run: 137124

Event : 0x00000000D3BBH

VERY COMPLICATED FINAL STATE TO STUDY
@ demanding and challenging experimental analysis
@ clean probes are needed...is it possible to have any?
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MOTIVATION AND INTRODUCTION

HARD PROBES FOR QGP

How CAN WE GET INFORMATION ABOUT A SO SHORT-LIVED STATE?

@ A possible way is by exploiting hard probes,
@ jet quenching X. N. Wang and M. Gyulassy (1994)

@ quarkonia suppression T. Matsui and H Satz (1986)

QQ IN MEDIUM
@ Medium effect can dissociate the Q@

—mp(T)r
V(r) = —CF% — —CFOcse

@ At some T, the bound state ceases to
exist: mp > 1/r
= Suppressed yield of dilepton decay channel
Raa(QQ)
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EFTS FOR HEAVY QUARKONIUM AT FINITE T

(QUARKONIUM DISSOCIATION AT LHC

@ Suppression pattern for the T(nS) family at CMS
@ The more bounded states are less suppressed
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@ How can we better understand this evidence? )
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IUM AT FINITE T

ENERGY SCALES FOR HEAVY QUARKONIUM

MANY ENERGY SCALES ARE THERE: (perturbative regime and weak coupling)

1) Non-relativistic scales (bound state):
m>> mv (1/r) > mv® (E) > Aqcp

2) Thermodynamic scales:
©T > mp

@ A weakly coupled quarkonium could be the T(15)

mp ~5GeV > mpas ~1.5GeV > 7T ~1GeV > mba§ ~05GeV > mp =~ AQCD

i 1(r)
womey || vas) @ T(1S) may still survive in QGP and be
(1) perturbative
2oy [ T @ Study the thermal effects on the T(15)
200 mev [l %(1P) spectrum
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EFTS FOR HEAVY QUARKONIUM AT FINITE T

EFTs ror QCD AT T =0 AND

non-relativistic thermodynamical EFTs
scales scales
A A
- M
- My T == NRQCD
mp
e M2 —+— pNRQCD

@ Towers of EFTs suitable to describe the quarkonium system at a given energyJ
scale
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EFT ror QCD

HOW TO DISENTANGLE THE DIFFERENT SCALES FROM
1 = .
Lop =—3F"2F2, + Q(iD — M) Q + Liight

@ A useful way: Effective Field Theory

@ Select the right degrees of freedom
@ Build the effective Lagrangian

@ Perform calculations with a simplified version of Locp

@ We are interested in the spectrum of QQ = binding energy (Mv?) J

@ The EFT is pNRQCD: E ~ Mv?2, N. Brambilla, A. Pineda, J. Soto and A. Vairo (1999)

@ The Lagrangian acquires a Schrodinger equation-like form

‘ V/(r) obtained rigourosly form QCD‘
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PNRQCD IN VACUU

PNRQCD LAGRANGIAN

@ Assuming the hierarchy m > % > E

LHNRQCD = —%FSUFS‘“’ + 32, Giilpg; + [ PrTr {ST(i6y — hs) S + OF (iDy — ho) O
+ Vi (OTr~gES +h.c.) +%OT{r~gE,O}+~~}
@ where we have defined
@ Singlet field S, Octet field O

2 (1)
Q hoo="5 + VD + 5

+ .
M
Q V¥ = G2 and V¥ = jLas

2N: r

X
&

All the scales bigger than Mv? contribute to the potential v(©
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EFTS FOR HEAVY QUARKONIUM AT FINITE T

AND IF THE TEMPERATURE ENTERS...

1/r >aT > mp > mv? , N. Brambilla, J. Ghiglieri, P. Petreczky and A. Vairo (2008)

k~mp
& & X X

@ We take the scales 7 T and mp bigger than the binding energy J

WE DO A MATCHING FROM
@ pNRQCD — pNRQCDyrr,, where

Vs(r7 Tv mD) = _CF% + (5VR(I’, T7 mD) + I(SV/(I’, T7 mD)

@ 0Vg: mass of QQ state, V): related to the width

i = (Re(V))
K —E+iT i{r__zam(v»
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T

WHAT IS A THERMAL WIDTH?

o The interactions with the medium can break the Q@ bound state
SVi(r, T, mp) = — Q2T
+ %asr Tm? (275 — log ,:—2 —1—4log2— 2&) + %’r log 2N, Cra2r? T3
D

<2

SINGLET TO OCTET THERMAL BREAK-UP: dominant if E > mp

@ Singlet absorbs a gluon from the
medium

(QQ)s (QQ)o

LANDAU DAMPING PHENOMENON: dominant if mp > E
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HEAVY QUARKONIUM AND ANISOTROPIC QGP

ANISOTROPY IN QGP

1) Different temperatures

2) Anisotropic parton momenta

‘ Local momentum anisotropy : f‘

@ The anisotropy effects on the QQ spectrum studied for 7T > 1/r ~mp

Y. Burnier, M.Laine and M. Vepsalainen (2009), A. Dimitru, Y. Gou, and M. Strickland (2009)

@ We can address within EFTs the case 1/r>> 7T > E > mp

MODELLING THE ANISOTROPY

2 rg(k-n)? -1
f(k) = fiso < k? +f(k-n)2> _ (e@ 3 1)
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HEAVY QUARKONIUM AND ANISOTROPIC QGP

WE START WITH PNRQCD: 1/r>aT > E > mp

LpNRQCD = — 2 F2, F# + 37, G;iBq; + [ ¢ Tr {ST (idg — hs) S + OF (iDo — ho) O

+ V4 (Ofr- gES +h.c.)+%of{r.ge,0}+m}

@ Match pNRQCD onto pNRQCDyTy,

@ T encoded in a redefined potential

SE(E) = —ig” Cr g 1*° [ St ez 46 Di(ko, k)1’

© Momentum region ko ~ 7T and k ~ 7 T. Since 7T > (E — ho)

i = ! —[' E ko + N
E—h,—ko+in —ko+in (—ko+in)?

@ At leading order in as we obtain

5\/5(',’ T,f) — WasngTZ (g + Neasr + Ncas(rn)z) arctan &

m 4 4r £

T Cl2 2
+ chZ;:ErST (1 _ arctj\g\/g) (r2 _ 3(I’ . n)Z)
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HEAVY QUARKONIUM AND ANISOTROPIC QGP

STRATEGY OF THE CALCULATION: 1/r> 7T > E > mp

o Effect of the scale E within pPNRQCDyr,
@ Octet unexpanded,
& ) o f(k) ~ L

k+/1+& cos? 0 +

@ Thermal width from the scale E: [ = —2 (n, /[ImdX(E)|n, /)

r(T,€) = ( N2Cra3T + % EolT(Cr + Nc)) o (f)

n2

1
+( NZCpadT + F‘*s T(Cr — )) (1+3¢) sinh~1(VE)— €are)

= 2£00]£0)(2£0 m|¢ m)

@ Check with £ — 0, we recover the known result
N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto and A. Vairo (2010)
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HEAVY QUA M AND AN QGP

CHECK WITH KNOWN LIMITS

REAL PART OF THE POTENTIAL (FOR T(1S))
Vs(r, T,6) = —cr= + %NCCFO@ T2r + 3” CrasT? + O(¢)

F(T,8) = IN2CralT + 5CRaST(Cr + Ne) + O(€)
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LATTICE AND QGP

LarTIiCcE AND HOT QCD

NSITION TEMPE

non-int. limit

o ¢(T, g = 0) against the
temperature
o 150 MeV < T < 350 MeV energy

3pT density increases
T+ N
35T @ Change of the degrees of freedom

(hadrons — QGP)
A. Bazavov et al (2014)
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LATTICE AND QGP

WORK IN PROGRESS...

@ Interplay between pNRQCD and Lattice at finite temperature

T
W - A f ]
[MeV] i i
60 | 4 i il
T =409 MeV /! i A. Bazavov, M. Berwein, N. Brambilla, P. Petreczky,

50 - . 1 A. Vairo and J. Weber
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@ At short distances thermal effects should vanish: /1 — WV

@ At short distances perturbative calculation should describe the lattice data
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AND OUTLOOK

CONCLUSIONS AND OUTLOOK

@ Study the QCD phase diagram at finite temperature and density

@ Hot QCD medium is established in heavy-ion collisions

@ Heavy quarkonia is a useful probe to address the QGP properties

@ QQ in QGP is a multi-scale system: effective field theories

@ Clear identification of relevant degrees of freedom and physics at different
scales

@ Temperature and anisotropy of the system taken into account

@ No weak coupling regime — Non-perturbative techniques: Lattice
o Lattice helps in shaping the QCD phase diagram
@ Interplay between EFT and Lattice Gauge Theory
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