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MoTrv

QGP IN THE (BIG) LAB
@ QGP is established in heavy-ion collisions (see talk by W. Florkowski)

collisions thermalization hydro hadronization freezeout

e Formation time 79 ~ [0.1,1] fm and Tmax ~ 500 MeV W. M. Alberico et al (2013)

o Kinematics and viscous medium: parton momentum anisotropies
— system gets colder in the longitudinal direction (beam axis)

o Life time of deconfined (anisotropic) medium 7 ~ [7,10] fm

W. Florkowski and R. Ryblewski (2010 and 2013); M. Martinez and M. Strickland (2010); D. Bazow,
U. W. Heinz and M. Strickland (2013)
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MOTIVATION AND INTRODUCTION

WHAT COMES OUT FROM QGP?

@ very high particle multiplicity in the final state
e demanding and challenging experimental analysis

@ clean probes are needed...
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MOTIVATION AND INTRODUCTION

HARD PROBES FOR QGP

How CAN WE GET INFORMATION ABOUT A SO SHORT-LIVED STATE 7

@ A possible way is by exploiting hard probes, T. Matsui and H. Satz (1986)

Q jet quenching Typical time scale 7™ < 79

@ quarkonia suppression
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NIUM WITH NREFTs

HEAVY QUARKONIUM IN VACUUM AND IN MEDIUM

BOUND STATE OF HEAVY QUARK AND ANTI-QUARK

Q o Coulomb potential
(short distance part)

Us
V(r) = —C- 22
(r)=-C~

S. BionDINI (AEC) XQCD 28TH JUNE [§



HEAVY QUARKONIUM IN VACUUM AND IN MEDIUM

BOUND STATE OF HEAVY QUARK AND ANTI-QUARK

Q e Coulomb potential
(short distance part)

Us
V(r) = —C- 22
(r)=-C~

@ Yukawa screened potential
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HEAVY QUARKONIUM WITH NREFTS

ENERGY SCALES FOR HEAVY QUARKONIUM

MANY ENERG

1) Non-relativistic scales for QQ state:
M > Mv > Mvz,/\QCD

G. T. Bodwin, E. Braaten, and G. P. Lepage (1995); M. Beneke (1997);
S. Fleming, A. K. Leibovich, |. Z. Rothstein (2001)

2) Thermodynamic scales (only true in the weak coupling regime):

T > mp
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RKONIUM WITH NREFTS

ENERGY SCALES FOR HEAVY QUARKONIUM

MANY ENERGY SC!/

1) Non-relativistic scales for QQ state:
M > Mv > Mvz,/\QCD

G. T. Bodwin, E. Braaten, and G. P. Lepage (1995); M. Beneke (1997);
S. Fleming, A. K. Leibovich, |. Z. Rothstein (2001)

2) Thermodynamic scales (only true in the weak coupling regime):

T > mp

@ The hierarchy may hold for T(1S), where
v2 ~ 0.1 A Vairo (2010)

5GeV > 1.5GeV > 0.5GeV

o Bottomonium is not melted for T < 4T,
A. Mocsy, P. Petreczky, M. Strickland (2013);
A. Andronic et al (2016)
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HEAVY QUARKONIUM WITH NREFTSs

EFT ror QCD

How TO DISENTANGLE THE DIFFERENT SCALES FROM QCD?
1 s .
Loco = —16M2G2, + Q (i) — M) Q + Liight

o A useful way: Effective Field Theory

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

@ Perform calculations with a simplified version of Locp

o We are interested in the spectrum of @Q = binding energy (~ Mv?) J
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HeAv oNtuM WITH NREFTS

EFT ror QCD

How TO DISENTANGLE THE DIFFERENT SCALES FROM QCD?
1 s .
Loco = —16M2G2, + Q (i) — M) Q + Liight

o A useful way: Effective Field Theory

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

@ Perform calculations with a simplified version of Locp

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

@ pNRQCD: the EFT at the ultra-soft scale Mv?2,
N. Brambilla, A. Pineda, J. Soto and A. Vairo (1999); A. Pineda and J. Soto (1998)

@ The Lagrangian acquires a Schrodinger equation-like form

| V(r) obtained from QCD
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HEAVY QUARKONIUM WITH NREFTS

PNRQCD IN vACUUM

PNRQCD LAGRANGIAN
o Assuming the hierarchy M > Mv (~ 1) > Mv?, v~ o

Lonrqep = [ & Tr {ST(ido — hs) S + OF (iDo — hs) O}
+gTr {017 ES + SI7- EO} — 1612G2, + - -

@ where we have defined

@ Singlet field S, Octet field O
(1)
9 hs,o = % “F Vs(,oo) aF V,sw'o AP oo
X X

Q VO = —Cre and V) = 2N 2=

G
€

All the scales larger than Mv? contribute to the potential Vs(oo)
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HEAVY QUARKONIUM WITH NREFTSs

AND IF THE TEMPERATURE ENTERS...

o Different arrangements of the non-relativistic and thermal scales J
non i thermody EFTs
scales scales
A A |
- M E z
— Mv T —— NRQCD ‘
|
. _
— wmv? — pNRQCD '
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HEAVY QUARKONIUM WITH NREFTSs

AND IF THE TEMPERATURE ENTERS...

o Different arrangements of the non-relativistic and thermal scales J
non-relativistic thermodynamical EFTs
scales scales
A A
- M
— Mv T —— NRQCD ‘
|
. _
— wmv? — pNRQCD '

V(r, T,mp) = Vg(r, T,mp)+ iVi(r, T, mp)

M. Laine, O. Phillipsen, P. Romatschke, M. Tassler (2007); N. Brambilla, J. Ghiglieri, P. Petreczky and A. Vairo (2008);
N. Brambilla, J. Ghiglieri, M. A. Escobedo, J. Soto and A. Vairo (2010);
N. Brambilla, J. Ghiglieri, M. A. Escobedo, and A. Vairo (2013);
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HEAVY QUARKONIUM WITH NREFTS

WHAT IS A THERMAL WIDTH?

THE MEDIUM CAN BREAK THE QO BOUND ST

@ Landau Damping: imaginary part of the HTL resummed gluon propagator

- -
. g e

@ Gluo-dissociation (singlet-to-octet break up in EFTs): traced back to the imaginary
part of the one-loop diagram in pNRQCD

ey -
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HEAVY QUARKONIUM WITH NREFTS

WHAT IS A THERMAL WIDTH?

INTERACTIONS WITH THE MEDIUM CAN BREAK THE QO BOUND STATE VIA:

@ Landau Damping: imaginary part of the HTL resummed gluon propagator

- -
. g e

@ Gluo-dissociation (singlet-to-octet break up in EFTs): traced back to the imaginary
part of the one-loop diagram in pNRQCD

ey -

THE THERMAL WIDTH ENTERS THE Raa (SUPPRESSION FACTOR)

® Raa=e ", where (= 6(tF—To) [ dTT(7,&, ...) M. Strickland and D. Bazow (2012)

= knowledge of the thermal width for a broad temperature range
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCD 1, : ISOTROPIC CASE

AN EXAMPLE: T(1S) SsTATE IN QGP

o Hierarchy: m > may > nT > mozg > mp,\qcp  N. Brambilla et al (2010-2013)
@ In an expanding and cooling QGP the regime is met, for T < 2T, ~ 0.3 GeV
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCD 1, : ISOTROPIC CASE

AN EXAMPLE: T(1S) SsTATE IN QGP

o Hierarchy: m > may > nT > mag > mp,\qcp  N. Brambilla et al (2010-2013)
@ In an expanding and cooling QGP the regime is met, for T < 2T, ~ 0.3 GeV

INTEGRATE OUT THE T Y 'H PNRQCD oNTO PNRQCDyTy,

q~7T

&

&

i i
r-I--r-
Py — hs +ie ' "7 Py — hs + ic

(QTS(t,r,R) ST(0,0,0)|Q) = —471'04st/ e~ POL+PR 0)
P

@ The thermal part of the loop reads

i(q0)* 27 5(4%) ( qqu> < la| )*1
Ii'=/7, S — fr , =leT —1
i o Po—do— ho + ic i a2 z(lal) s(|al)
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HEAVY QUARKONIUM WiTH NREFTs — BorToMoNium IN PNRQCD gy,

RESULT FOR THE SCALE T

@ The color-singlet potential of pPNRQCDyr. turns out to be the same as in pPNRQCD
plus a thermal correction Vs that reads

5\/5 = —l47raSCF r,'l,'jlf,'|qN7TT
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCD 1, : ISOTROPIC CASE

RESULT FOR THE SCALE T

@ The color-singlet potential of pPNRQCDyr. turns out to be the same as in pPNRQCD
plus a thermal correction Vs that reads

5\/5 = —l47raSC,: r/I,'J'If/'|qN7TT

AND THE OCTET PROPAGATOR IN THE LOOP INTEGRAL

_ 27masCrT? N 7a2CeN:T?r

o Vs
3m 9

OBSERVATIONS

@ no Debye screened potential, only powers of T

@ no imaginary part: (QQ)s — (QQ), + g is kinematically forbidden

S. BionpINI (AEC) XQCD 28TH JUNE



ARKONIUM WITH NREFTs — BorToMONIUM IN PNRQCD gy ¢

THERMAL CORRECTIONS TO THE SPECTRUM I

@ The process we are looking at is again a singlet-to-octet transition

q ~ma?

&) &)

o contribution from the momentum region g ~ ma? to the self-energy

1 T
0%s = —idmasCrri lihl e > f(A) = (e? - 1) ~ Tal’
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BOTTOMONIUM IN PNRQC

THERMAL CORRECTIONS TO THE SPECTRUM I

@ The process we are looking at is again a singlet-to-octet transition J

ACTUAL CALCULATION IN PNRCD

q~ma?

&) &)

o contribution from the momentum region g ~ ma? to the self-energy
-1 T

ol 1

@ The self-energy has a vanishing real part
= no contribution to the real part of the spectrum (only from g ~ 7 T)

Q

0¥, = —idrwasCrri /,'jr:,'|q~ma2 ) f(CI) = (e T — 1)

@ The self-energy has a finite imaginary — thermal width!
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ARKONIUM WITH NREFTs — BorToMONIUM IN PNRQCD gy ¢

THERMAL CORRECTIONS TO THE SPECTRUM II

REAL PART OF THE SPECTRUM: SHIFT ON BINDING ENERGY

e Expectation value: §Eping = (n¢ m|dVs|ntém)

@ By assumption our state is Coulombic, then one obtains

2 2
Eomg = 2o CE T n moasN: T [3n

2
3m 9m e 1)]
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Borromonium IN PNR

THERMAL CORRECTIONS TO THE SPECTRUM II

REAL PART OF THE SPECTRUM: SHIFT ON BINDING ENERGY

e Expectation value: §Eping = (n¢ m|dVs|ntém)
@ By assumption our state is Coulombic, then one obtains

2 2
2o CE T +7TOéchT [3n

M = 9m

2 g0+ 1)]

IMAGINARY PART OF THE SPECTRUM: THERMAL WIDTH

o The thermal width is defined as follows
= —2(nfm|Im (0Xs)|nfm)
@ the result is (singlet-to-octet break up)

4 5 (CeN? CEN. C§
Fr=-a’T
3% ( s e T
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HEeAVY QUARKONIUM WiTH NREFTs — Borromonium IN PNRQC

ANIsOoTROPIC QGP

QGP 1S A RATHER COMPLICATED ¢

e Longitudinal (beam axis) expansion larger than the radial expansion

1) Pt > P;: different partons momenta

2) different temperatures of the medium

‘ Local momentum anisotropy : f‘

@ Spectrum and width of the QQ depend on in medium parton distributions

0Epina(T) = 6Epina(T,&), T(T)—T(T,$)
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HEAVY QUARKONIUM WITH NREFTS BorTomontum IN PNRQC

ANIsOoTROPIC QGP

QGP IS A RATHER COMPLICATED ¢

e Longitudinal (beam axis) expansion larger than the radial expansion

1) Pt > P;: different partons momenta

2) different temperatures of the medium

‘ Local momentum anisotropy : f‘

@ Spectrum and width of the QQ depend on in medium parton distributions

0Epina(T) = 6Epina(T,&), T(T)—T(T,$)

BIODELLING THE ANISOTROPY P. RomaTscHKE, M. STRICKLAND (2003)

fa(a, ) = N(€)fiso.8(v/a2 + £( - n)Z) = N(€) (e@ _ 1)_
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HEAVY QUARKONIUM WITH NREFTS Borromontum IN PNRQCDypy, PIC

NORMALIZATION OF THE DISTRIBUTION FUNCTION

DIFFERENT NORMALIZ ONS
e N(&) =1 widely used in the literature

Paul Romatschke, Michael Strickland (2003); Adrian Dumitru, Yun Guo, Michael Strickland (2009); Matthew Margotta, Kyle McCarty, Christina

McGahan, Michael Strickland, David Yager-Elorriaga (2013)

o N(&) — 1 + § O. Philipsen, M. Tassler (2009)

e guarantees the same number of particles for the anisotropic and isotropic

distribution functions
n:/ﬁso(p):/f(p7§)
P P
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCDpyp1,: ANISOTROPIC CASE

NORMALIZATION OF THE DISTRIBUTION FUNCTION

DIFFERENT NORMALIZ (O

e N(&) =1 widely used in the literature
Paul Romatschke, Michael Strickland (2003); Adrian Dumitru, Yun Guo, Michael Strickland (2009); Matthew Margotta, Kyle McCarty, Christina

McGahan, Michael Strickland, David Yager-Elorriaga (2013)

o N(é) — 1 + g O. Philipsen, M. Tassler (2009)

e guarantees the same number of particles for the anisotropic and isotropic

distribution functions
nz/fiso(P):/f(P’f)
p P

@ well-known result of the potential for the case 7T > 1/r:

HTL resummation with anisotropic parton distribution
A. Dumitru, Y. Guo and M. Strickland (2008); A. Dumitru, Y. Guoa and M. Strickland (2008); Y. Burnier, M. Laine and M. Vepsalainen (2009);

M. Nopoush, Y. Guo and M. Strickland (2017)

@ NEW: we calculate the anisotropic potential in a complementary temperature range
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCDpyp1,: ANISOTROPIC CASE

SMALL ANISOTROPY IN PNRQCD: 0 < ¢ <1

CHY: 1/r>> T > Mv?>> mp

@ Matching of pPNRQCD onto pNRQCDwur,

g~ 7T .
© Spectrum in pPNRQCDyury,

&
X

MATCHING: DIFFERENT DISTRIBUTION FUNCTION FOR GLUONS

,__:/ i(q0)* 27 5(q°) (5__717,-(7/) fo(a, )
" JePo—q—hotie \'" q? e

27 Cr T2 w2 CENT?r w2 CENT2(r - n)?
oV, = I yo TGN T £ g,
3m 12 12r
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCDpyp1,: ANISOTROPIC CASE

SPECTRUM WITH ANISOTROPY

3m
g Ne T2
12m

, F3(& 2 \
[3n2 —£(€+1)} (f—z(i) + ; ) + gfz(l)czzgooczzérbm) )
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCDpyp1,: ANISOTROPIC CASE

SPECTRUM WITH ANISOTROPY

27 Cr T2
SBias = smostr
3m
masNT? [ , 2 0 0
i b e ] (70 5+ TR0 bl
w
4 5 CEN?  CEN. G} 2 CEN?  CEN.  C? 00
rzgasr(—4°+ n2°+? +olT (== - 2n2c+? e Casd
S. B., N. Brambilla, M. A. Escobedo and A. Vairo (2017)

@ the anisotropic functions entering the thermal width are

91(£)=N(5)w, Gr(e) = n(e) L2/ 3)““"':/(513@’ fa+)

28TH JUNE
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HEAVY QUARKONIUM WITH NREFTs — BOTTOMONIUM IN PNRQCDpyp1,: ANISOTROPIC CASE

BINDING-ENERGY SHIFT AND THERMAL WIDTH

@ solid black line: isotropic case (£ = 0)

@ solid orange: anisotropic £ = 0.5, solid red: anisotropic & = 1; with

N(E) =vVI+¢

@ dashed orange: anisotropic £ = 0.5, dashed red: anisotropic £ = 1; with N(§) =1

OEpina(MeV)
T (MeV)

. . . . . . . 150 . . . . . . N
160 180 200 220 240 260 280 300 160 180 200 220 240 260 280 300

T(MeV) T(MeV)




HEAVY QUARKONIUM WITH NREFTS Borromontum IN PNRQCDpypy,: ANIS

Prot 11

o solid black line:

dashed lines: N(¢) =1
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CONCLUSIONS

SUMMARY

@ Quarkonia suppression is widely used to address heavy-ion phenomenology
@ Obtain Raa from models and compare with data J
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USIONS

SUMMARY

@ Quarkonia suppression is widely used to address heavy-ion phenomenology

@ Obtain Raa from models and compare with data

@ Parton momentum anisotropies can play a role
— quarkonium potential in an anisotropic medium

M(T) —T(T.¢)
@ carried out a first computation in pNRQCD
— we studied the regime 1/r > «T and (T, &) from gluodissociation
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SUMMARY

@ Quarkonia suppression is widely used to address heavy-ion phenomenology

@ Obtain Raa from models and compare with data

@ Parton momentum anisotropies can play a role
— quarkonium potential in an anisotropic medium

M(T) —T(T.¢)
@ carried out a first computation in pNRQCD
— we studied the regime 1/r > «T and (T, &) from gluodissociation

v

OUTLOOK

@ cover more general temperature regimes with pNRQCD, 7T ~ 1/r

@ couple to hydrodynamical models in order to calculate Raa: 7(T,£)

@ open quantum systems and Linblad equations
isotropic pPNRQCD see N. Brambilla, M. Escobedo, J. Soto and A. Vairo (2016),
see also poster by D. De Boni at XQCD 2017

@ study the case of strongly-coupled QGP
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BACKUP SLIDES

DEFINITION OF THE ANISOTROPIC PARAMETER

- 1(p%)

2 (pf)

@ for £ > 0 the transverse component is larger and then it corresponds to a spatial
expansion in the beam axis direction

@ in the case the anisotropic function is obtained from fio, it is related to the shear
viscosity

STRONGLY-COUPLED QGP N. BRAMBILLA, M. ESCOBEDO, J. SOTO AND A. VAIRO (2016)

2
@ give up with the assumption 7T > mp = T ~mp (T = To (2)"*

)
& o : :
- & / dty(E*(t, 0)E* (1, 0))

o then the thermal width is: [ = —2(Im(—i¥s)) = 333k

@ Lattice determination of x brings to [ = 100 MeV for T = 1.5T,
A. Francis, O. Kaczmarek, M. Laine, T. Neuhaus and H. Ohno
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