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(1 Phenomenology based study of transport coefficient
g in heavy-ion collisions

 Formulating g for hot QGP using Lattice gauge theory

1) Express g as a series of local operators using
dispersion relation

2) Computing operators on a quenched SU(3) lattice

[ Estimates of g on a quenched QGP plasma
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First systematic extraction of g based on phenomenology

q(r, t) = I JET Collaboration ( Burke et al. 2014)
7
~ »ee MARTI —— McGill-AMY
(1) %,vg —5 6 == HT-BW == GLV-CUJET
w+s HT-M
5
(2) Based on fit to - ——
experimental data 4 " b e
< B L
( Oﬂ I S | B A, G, -
(3) Based on single 3
energy-loss scheme 5
1 ka2 s Au+Au at RHIC,
In/ e __Pb+Pb at LHC,
0 <A < !
0 0.1 0.2 0.3 0.4 0.5
T (GeV)

1/11/2019 Amit Kumar, JETSCAPE SCHOOL AND WORKSHOP 2019 3



First Bayesian and multi-stage extraction of g

Using JETSCAPE Instrument (Taken from Ron Soltz’s slides (HP 2018)
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Multi-stage approach within JETSCAPE
Jet energy loss model: MATTER+LBT with switching virtuality Q0 ~ 1-2 GeV

Based on fit to experimental data
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First principles calculation of g

QGP is locally thermalized and
non-perturbative

Thermal Lattice QCD to compute g
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Lattice formulation of g

A. Majumder, PRC 87, 034905 (2013)

= Simplest process: A leading quark Section of a QGP medi
ectionora medium

propagating through hot plasma

2
q=" /zq-,q‘, 0) = (42,1,0)Q; Hardscale = @;1 < 1

k= (k*,k™,k,0) = (2%,4%,1)Q; Transverse gluon

M (k): Transition probability B

~l -

QGP Medium
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Lattice formulation of g

A. Majumder, PRC 87, 034905 (2013)

= Simplest process: A leading quark _ _
Section of a QGP medium

propagating through hot plasma
q= (”Z/Zq_,q‘, 0) = (42,1,0)Q; Hardscale = @;1 < 1

k= (k*,k™,k 0) = (2%2,2%,1)Q; Transverse gluon L~

M (k): Transition probability

QG 1) = Z ki Disc[i\/[(k)]
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QGP Medium

Non-perturbative (Lattice QCD)
part :

|
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Constructing a more general expression as Q

% General form of g : with q~ fixed; q* is variable

_ 16V2ma, [ d*yd*k _(M|F}*(0) F1,(»)|M)

—~~

Q(g™)

e

N, (2m)* (q + k)%+ie
q atk q
Q(q+) k, k,
QGP Medium
When q*~T DiSC[Q(q+)]atq+~T =q
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Extract § using analytic continuation of Q(g*)

Im(q+) klE : g
I
|

QGP , Medium
+. o _ 16VZma, (diyd*k , (M|F1*(0) F1,(»)|M)
q*~ —#T } wf 0D =—x, @t ¢ 1 T (qr kPt
< /\VAVAVA VAVAVAVAVAV > Re( q+)

1) When q*€ [—#T, #T]

q* ~ 0 (in-medium scattering)
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Extract § using analytic continuation of Q(g*)

¢ >~ %
Im(q™) klg | g q+k
-
|

QGP . Medium QGP :Medium
+. o _ 16VZma, (diyd*k , (M|F1*(0) F1,(»)|M)
q*~ —#T gl 0D =—x, @t ¢ 1 T (qr kPt

~

< 4 VAVAVAWWVWAVAVPVAVAVAVAV’ Re(q™)
1) When q*€ [—#T, #T]
q* ~ 0 (in-medium scattering)
2) When q* € [#T, +0)
q* » 0 (Bremsstrahlung radiation)
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Extract § using analytic continuation of Q(g*)
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Extract § using analytic continuation of Q(g*)

Contour C1:

Im(q™)
=Q(q* =—q7)

_ [dq* Q(q")
1= j£ 2mi (q+ +q7)
HT

C1 -#T
\ /
AAAARAAAAAAAAAAAAAAAA> Re(q ™)
q"=-q
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Extract § using analytic continuation of Q(g*)

Contour C1:

=Q(q*=—-q")

_ [dq* Q(q")
f1= j£ 2mi (gt +q7)

Re(q™)

Contour C2: On extending it to infinity
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Extract § using analytic continuation of Q(q*)

Contour C1:

dq* Qq*) .
Il—f T _%4) __5(q* = -q)

- J2mi(qt +q0)

Re(q™)

y

Contour C2: On extending it to infinity

#T ~r_ + x Disc Nt
I, :f dq* ‘JIr(q )__l_j dq* +[Q(CI_ )]
—#T q +q 1 q +q

Pure thermal part Pure Vacuum part

Sﬁnas
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MIF© ) (=
n=0

(i\/fDZ "

> FLu(O) |M) (T hermal—vacuum)’ Width of thermal dis?ontinuity
2T or 4T (HTL analysis)
= Source of systematic error




g as a series of local operators

¢ Physical form of g at LO:

_ 8\2na = (iV2ZD,\"
q = = <M|FIH(O) 2 ( q- Z) FIM(O) |M>(Thermal—Vacuum)
n=0

N.(T, +Ty)
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g as a series of local operators

Xiangdong Ji, PRL 110, 262002 (2013)
Parton PDF operator product expansion
with D, derivatives

_ 8\2na = (iV2ZD,\"
q = = <M|FI“(O) Z ( q- Z) FI[I(O) |M>(Thermal—Vacuum)
n=0

¢ Physical form of g at LO:

N.(T, +Ty)
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g as a series of local operators

Xiangdong Ji, PRL 110, 262002 (2013)
Parton PDF operator product expansion
with D, derivatives

_ 8\2ma, o O (V2D
q = N,(T,+T,) <M|F_1_ (0) Z) q- FJ_u(O) |M>(Thermal—Vacuum)
n=

¢ Physical form of g at LO:

x0 > —ixt; A° - At

Rotating to Euclidean space: : ,
= FO% > F*%

2 2
LO operators: Z Trace|F3'F3t — FHF4] + 2i Z Trace|F3'F*]
i=1 i=1
ELZ + Bl-z (EXE)Z
Uncrossed operator Crossed operator

2
LO operators with D,derivative:

2
Trace|F3'D,F3 — F4D, F¥| + iz Trace|F3'D,F* + F4D, F3]
i=1 i=1

where, Dz is covariant derivative along leading parton direction (z-dir)
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Computing operators on lattice and Scale setting
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Real part of FF correlator in quenched SU(3)
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» Uncrossed correlator is dominant at high temperature
» Crossed correlator goes to zero at high temperature
= Correlator with Dz derivative are suppressed
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Real part of FF correlator in quenched SU(3)
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= Uncrossed correlator is dominant at high temperature
= Crossed correlator goes to zero at high temperature
= Correlators with Dz derivative are suppressed
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g in quenched SU(3) plasma

8\2ra
q-= N (T + TS' (M| F+I‘(0) Z < Z) F Lu(o) | M) (Thermai—vacuum); Width of thermal discontinuity
(T +T2) 2T or 4T (HTL analysis)
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At high temperature: At high temperature:
%~0.5— 1 Im[T%] goes to zero
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Pure gluon plasma vs QGP plasma

» Lect.Notes Phys. 583 (2002) 209-249;
« JHEP 1011 (2010) 07
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Going from pure gluon to quark-gluon system

1) Critical temperature shifts to lower
temperature

2) Magnitude amplifies by factor of 3-4
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Pure gluon plasma vs QGP plasma

» Lect.Notes Phys. 583 (2002) 209-249;

« JHEP 1011 (2010) 07 g « S (Entropy density of the medium)
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1) Critical temperature shifts to lower
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2) Magnitude amplifies by factor of 3-4
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Pure gluon plasma vs QGP plasma

Lect.Notes Phys. 583 (2002) 209-249;

JHEP 1011 (2010) 07
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Going from pure gluon to quark-gluon system

1)

2)

Critical temperature shifts to lower
temperature
Magnitude amplifies by factor of 3-4
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Summary and Future work

Q First calculation of g on SU(3) quenched plasma

= Lattice extraction of @ is consistent with JET collaboration plot

= Analytic continuation to deep Euclidean space and expressed as local operators
= g shows scaling behavior ( Nt=4, 6, 8 and 10)

= Scale setting using perturbative loop beta function with non-perturbative correction
using Polyakov loop.

L Future work

= Extend calculation to unquenched plasma (QGP)
= Extend calculation using Improved Action and bigger lattice sizes

® |nclude medium induced radiation diagram contributions

1/11/2019 Amit Kumar, JETSCAPE SCHOOL AND WORKSHOP 2019 25



Operators in guenched SU(2) plasma

A. Majumder, PRC 87, 034905 (2013)
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