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Outline

1 Quark and gluon plasma (QGP) produced in heavy-ion collision
1) Importance of transport coefficient g
2) Need for an ab-initio calculation of g

 Formulating @ on the lattice using Lattice gauge theory
1) Previous study done on a quenched SU(2) lattice
2) Extending calculations to a quenched SU(3) lattice

] Estimates of g on a quenched QGP plasma



Nuclear matter under extreme condition

The Lattice QCD predlctlon of EOS
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“ Sudden increase in € near the transition region.
% Due to increase in the number of DOF
¢ Corresponds to a deconfined state of quarks and gluons



Creation of the Quark-Gluon Plasma (QGP)

Relativistic Heavy lon Collider
(RHIC) at BNL: Collide two
Au/Cu nuclel @ 20-200GeV per
nucleon pair
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s 4 & » - n -

Large Hadron Collider (LHC)
at CERN: Collide two Pb
nuclel @ 2.76TeV/5.5TeV per
nucleon pair




Creation of the Quark-Gluon Plasma (QGP)

W = . e final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen Kinetic
freeze-out _

Hadronization
Initial energy
density

.' " “ — \.r i
eguuhbm
namics. viscous hydrodynamucs |  free streaming
collision evolution =) 2
t~0fm/c tT~1fm/c © ~ 10 fm/c € ~ 101% fm/c

® Initial state: two Lorentz-contracted nuclei approach each other

® Pre-equilibrium state: undergo hard collisions produce hard probes and drive the system to
thermalization in the form of QGP matter

® QGP phase: the QGP expands hydrodynamically
® Hadronization: the QGP cools down and new hadrons are formed
® Freeze-out: hadron gas is so dilute that the interactions cease




. 3 = & final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen Kinetic
freeze-out _

Hadronization
Initial energy

guullbr‘lum hviisod :
namics_ cous nydrodynamics | free streaming

——

collision evolution
t~0fm/c T ~1Ffm/c T ~ 10 fm/c T ~ 101° fm/c

Thermalized, non-perturbative, and strongly interacting plasma



Flow measurement: Evidence for strongly interacting QGP

Reaction 2/77 / / \
p| e/// / /
’ “ P
A , To momentum space . - o
X1/ pl=pl\ dN
A . . ) _ X y ; el
WXa A/ 77/ Elliptic flow: v, _<p§+p§> : d(DOCN(H;anCOS(n(P))

Schenke et al., PRL 108 252301 (2012)
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O Data indicate that v, is finite

O Hydrodynamical calculations describes the data
O Lattice QCD EOS is used as input

0 QGP is thermalized and strongly interacting
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Evidence for strongly interacting QGP

Proton Proton collision

leading Nuclear Modification Factor (R44):
particle
2nTAA
hadrons ﬁ R . d“N / dydp 1
AA —
2 AA
d2NPP [dydp, X (Ng.i)
o LA WL B
C F"I:IF"DJ =276 TeV 7]
I 8 - —&— Chargsd Particle 0 - 5% (CMS5) ]
hadrons ) - —e— Charged Particls 0 - 5% (ALICE]
I '6 :_ —=— lalatad Photon 0 - 10% (CMS) _:
IEﬂdlng 14E —fr— 7 0-10% [CMS) ]
particle s T
12F = =
.. <L - ! ]
Nucleus-Nucleus collision N A —
" cadng C o | — ]
r particle II:"B: /“// r
suppressed 06F - —
g U o e
) < 0.2F —ammE,
ﬂ:. R B B ' € hadron (GLV)
0 20 40 60 80 100
hadrons P, (GeV/c)
leading
! particle Mueller et al., Ann. Rev. Nucl. Part. Sci. 62, 361 (2012)
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Transport parameter g and leading hadron suppression

Leading parton going through medium
q+k,
—> I —
! ﬂ"/j k.,
— —

Transverse kick from medium

Transport parameter g: Average transverse
momentum change per unit length

. <ki>

QT ) =—

q is Input parameter to full model calculation




Transport parameter g and leading hadron suppression

Leading parton going through medium
q+k,
—> I N
+ -—

Transverse kick from medium

Transport parameter g: Average transverse
momentum change per unit length

. < k% >

QT ) =—

q is Input parameter to full model calculation

e
<
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JET Collaboration( Burke et al. 2014)
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Transport parameter g

JET Collaboration( Burke et al. 2014)
.

»e-e MARTI —— McGill-AMY
6 |E== HT-BW =we GLV-CUJET
. wes HT-M
Based on fit to the 5 —
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o 4 0000 W SN
ol | [
(U-‘ ..........
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QGP is locally thermalized and
highly non-perturbative

Transverse kick from
medium

Transport parameter G (7', t) =

First principles calculation: Lattice QCD to compute g

<k%>
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Light-cone coordinates

+* Minkowski coordinate
Four vector p = (p°, p,p?% p3)

Off-shellness p? = (po)z_(p1)2 — (pz)z — (p*)?

¢ Light-cone coordinate
Four vectorp = (p*,p~,p))

+ _ @%+p®
p - O\/ES

— _ (@"-r?)
P ="

p. = (pL.p?)
Off-shellness p2 =2ptp” — Pi

\Examples: Particle traveling in +P, direction: P* > P~; P, =0
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Lattice formulation of @

A. Majumder, PRC 87, 034905 (2013)
Section of a QGP medium

/i

= Simplest process: A leading quark propagating /! /

through hot plasma (gluons only) at temperature T / /
[ /-

2 T

q= (” /Zq_,q‘,O) = (/12,1, O)Q; Hard scale = Q; A K 1 J_= ____________________
1 /!

k= (k*,k™,k.0) = (4%, 2%, 1)Q; Glauber gluon p=g=mna E /

e e 4
" Life time of quark, 7 = 4n,a = - S e e >

QGP_ Medium

|
|
l 14
[ |



Lattice formulation of g

A. Majumder, PRC 87, 034905 (2013)
Section of a QGP medium

= Simplest process: A leading quark propagating
through hot plasma (gluons only) at temperature T

15

2 -~
_— — — (22 : —0N-
q=( /zq_,q ,0) =(42,1,0)Q; Hardscale=Q;1 <K 1 = //
k= (k" k ,k 0)= (AZ,AZ,A)Q; Glauber gluon 1 E
IB = —=n;a
= Life time of quark, T = 4n,a = % L =n.a=4n.a
= ——— >
g Disc[W (k)] |
q(r,t) = z ki q ! q
L q+k,
- \ :F /
= 2 - :
q = L J WAV g2y e 2 HT klE | klg
= - N
Ne (2m) Nonfperturbative part QGP Medium
X (M|FI”(y‘,yl)FLl(O)|M) (Lattice QCD) |
|



Constructing a more general expression as

A. Majumder, PRC 87, 034905 (2013)

¢ Physical form of q | q
_ Anta (dy d*y; —'k—i_ ~+ik, y _ \ qHk /
§ = s ke 20 T (MIFTR Gy, y OF T (0)|M) 1 >

N 2m)3 :
c (2m) k. | k.
% General formof §g: with q  is Fixed;q, = 0; q* is variable |
N .,l
+ R
0(a™) = 4T’ o jd‘*yd‘*k Sk o _(M|F*(0) F1,(»)| M) q QGP IMedium
N, 27t (q + k)*+ie

q
q\‘\ qtkl /

klE k,

=~ k :
|Q£g 2 QGP Medium
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Constructing a more general expression as

_ . A. Majumder, PRC 87, 034905 (2013)
s Physical form of q : e
_ Anttag (dy d*y, " +ik T~ 1tk S5
G = = s (2 4 deJ_ y ik, y, <M|F+M(y }’J_)FJ_M(O)|M> q >

c T[) k | k

1 | L
% General formof §g: with q  is Fixed;q, = 0; q* is variable E |
~ -
0(a™) = 4n2asjd4yd4k Sk o _(M|F*(0) F1,(»)|M) q QGP IMedium
1 N, 27t (q + k)*+ie

q
q\#\ q‘:kl /
1) When q*~T
= =~ P kJ_ kJ_
atq™~T =4

Disc|Q(q*)]
| QA£Q+ 2 QGPL Medium
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Constructing a more general expression as

. . . A. Majumder, PRC 87, 034905 (2013)
> Physical form of g : 0
Am*ag (dy d? kz k _ q+k,
q\ _ S y :;’J. deJ_ y +ik . }’J_ <M|F+Il(y yJ_)FJ_M(O)|M> q\‘\ FI /
N, (2m) :
k, : k,
% General formof §g: with q  is Fixed;q, = 0; q* is variable |
~ -
+ R
0(a™) = 41tzasjd4yd4k . (M|FT"(0) F1,(»)|M) q QGP IMedium
N, 2mt (q + k)*+ie q
q\#\ q ‘l;kJ. /
1) When q*~T
. TA, 4+ N k, k,
Disc|Q(q )], +_r =@
— X
2) When q*= —q~ |§L‘I_l QGP Medium
1 1 1 [1_(k+—k->r__ 1 [ (\/_k ~ \/_k
(q+k)? -2q97q+2q (k*—k)  2(q7)* q - 2(q7)? q‘ - 2(q )% 4
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Constructing a more general expression as

. . . A. Majumder, PRC 87, 034905 (2013)
> Physical form of g : 0
Am*ag (dy d? kz k _ q+k,
q\ _ S y :;’J. deJ_ y +i J_}’J_ <M|F+Il(y yJ_)FJ_M(O)|M> q\‘\ FI /
N, (2m) :
k, : k,
% General formof §g: with q  is Fixed;q, = 0; q* is variable |
~ -
+ R
0(a™) = 41tzasjd4yd4k . (M|FT"(0) F1,(»)|M) q QGP IMedium
N, 27t (q + k)*+ie q
q\#\ q ‘l;kJ. /
1) When q*~T
A+ N ky ky
Disc|Q(q )], +_r =@
= X
2) When q*= —q~ |§L‘I_l QGP Medium

1 1 [ ( )] 1 - (\/_k B
(@+k? —2qq +2q (k" —k) Z(q )2 - 2(q)? q‘ - 2(q )% 4

) F_LM(O) |M>

X)

Qgt =—q7) = LILVC > (M|F*(0) Z (
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Extracting § through analytic structure of Q(g*)

q ~—T

\

I q
q_\L\ CI";:kL /

Im(q*) . E . é '

QGP IMedium
T~T 2 4,94 A +
q Ba" = Aty (dtydk .o _(M|F*(0) F1,(»)|M)
/ 1 N, 2 (q + k)2 +ie

——————————AAAAVVWAAAAAWAAAAAAAA Re(q 1)

1) When q*€ #[-T,T]

q* ~ 0 (in-medium scattering)
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Extracting § through analytic structure of Q(g*)

4 -

I q
q_\L\ CI";:kL /

Im(q”
“a klg B LA
l
-1
QGP 1Medium
qt~—T q"~T . 4mta, d4yd4ke. _(1v;|Fj”(0)F1”(y)|M)

\ / Q@) = —- TR (q + k)2+ie
— AW Re(g )

1) When q*€ [—#T, #T]
q* ~ 0 (in-medium scattering)
2) When q*€ [#T,+)
g > 0 (Bremsstrahlung radiation)




Extracting § through analytic structure of Q(g*)

| q
q_\;\ q;::kl -

A

QGP IMedium
_ _4amtag (dtyd*k

|
- (M|F{*(0) Ft,(»)|M)
+ ik - u
Q(q™) = N, 2 e 2q @+ I2tic

Re(q™)

1) When q*€ [—#T, #T]

g?* ~ 0 (in-medium scattering)
2) When q*€ [#T, +)

g > 0 (Bremsstrahlung radiation)
3) When gq*€ (—oo, —#T]

q* < 0 (Space-like); lim_ Disc[Q(q")]=0
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Extracting § through analytic structure of Q(g*)

Contour C1
Im(q™) ) :
_(dq" Q") . . _
Il_%Zni(q++q—)_Q(q =—q7)
C1 '#\T #T
VAAVWAAAWWAAWWAAAA— Re(gh)
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Extracting § through analytic structure of Q(g*)

Contour C1

Contour C2: On stretching it to infinity
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Extracting § through analytic structure of Q(g*)

Contour C1

| |

Pure thermal part Pure Vacuum part
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g as a series of local operators

s Physical form of g at LO:

 4V2nla = (iVZD,\
q = N.T - (MlFIM(O) Z < q- Z) FIy(O) |M>(Thermal—Vacuum)
¢ n=0
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g as a series of local operators

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

_ 42nta = (iV2ZD,\" with D, derivatives
q = : (MlFIM(O) Z < q- Z) FIy(O) |M>(Thermal—VaZcuum)
n=0

¢ Physical form of g at LO:
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g as a series of local operators

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

_ 42nta = (iV2ZD,\" with D, derivatives
q = : (MlFIM(O) Z < q- Z> FI#(O) |M>(Thermal—VaZcuum)
n=0

¢ Physical form of g at LO:

N_T
x0 - —ixt; A% - it

Rotating to Euclidean space: _ _
= FO% - iF%

2 2
LO operators: z Trace[F3iF3i — F4ip4i] +2 iz Trace[F3i F4i]
i=1 i=1 l
Uncrossed operator Crossed operator

2 2
LO operators with D, derivative: z Trace|F3'D,F3' — F4D, F*| + iz Trace|F3'D,F* + F* D, F3i|

i=1 i=1 =




Operators in guenched SU(2) plasma

A. Majumder, PRC 87, 034905 (2013)

= Average over 5000 0.8 ———— T n,=3, n;=12
configuration ~ + N L L L
.y ~— B 1 E
= Transition temperature A ~ 04} ? —
= 0.6 : S A
T, € [170,350] MeV A 7 E . ! 7 _
= C(Crossed correlator is 3 i =
e 2 —
small for T ~ 400 MeV 0.4 -1 " 02 g
= _ o—on,=3,n=12 | = _ % -
s an e | by
_ o -an=4n-=16
F 02 L R R ol ' _
Ly 6---on.=5,n,=20 L E
VN . A-an.=6,n.=24 7] ;LI-. - { -
NT“ 0 = 11y V _ | | | |
- - j . _0‘2 1 1 1 1
0 200 400 600 800 0 200 400 600 800
T (MeV) T (MeV)
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Operators in guenched SU(3) plasma

1.5 - . — T 1 15— - | T 1 )
_l_ g2a4<F F3 -F4 F4 > —— g234<F31F31-F41F4'> M
_(NFZ’Ns:s) _|_ gza" <F3'F4' +F4‘F31> - _(Nt=8’Ns=8) _|_ g2a4 <F3iF4i +F4iF3i> - g
e —— 10g%°<F ' DzF*-F*DzF*> L —— 10g%a<F ' DzFY-F*DzF*>, =
—+— 10g%a’<FDzF*+F*DzF* —— 10g%a5<F*DzF*+F*DzF* k=
A | Ve e - A _ . 8 * i :.E
? .'.’...' a @ ? ...Q". &)
o " ‘.o' Y .a :
& 0.5 ..-" — & 0.5 & — b~
- -.'. 3
i . '... . @ i i . ".... i g
. s ® o ‘.‘....n""'“ ¢ o 0 . s ® . .-l:
O — ¢ o 8 & ssspeteocgotantotegeges ¢ o o & ¢ — OF— ¢ ¢ 8 8 oossemppeenpecometeonse & ¢ & o o — > E
| | | | ; -g

| ] | ] | ] | ! 1 1
4 5 6 7 4 5 6 7 S 8
—6 /o2 °
B,=6/g* B,=6/g E S
8 IE
n.‘ \——/
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Operators in guenched SU(3) plasma

L5 - I ' I ' I 1.5
3ip3i pdipdi y | ! | ! I
—— 100g2a:<F‘ F34 F‘ > —— 100g%a*<F FY-FiF*>
IN=4N=16) —— glai<F Tm:-F IF} ; 4._ IN=6,N=24) —|— pg2a'<FF+F'F"> }
5 i i pdi . . . .
= —— 100g% <F3.DzF4--F":)zF_;:- . 10085 <F DR F DY =
5 i i i — " . . Y
1007 <F"DzF"+F "DzF > 100g%a5<F*DzF+FDzF > 5
6 B Lt . e ® & - A « v 0" m
v . e | o ) =
D . - Vv o
& 0.5 P = é . =
.-. * 0.5 .c‘ — Z
i '..' . i ...o. o
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« o * - « e * =
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] 1 ] 1 ] 1 ] | . il ., '." » | L] | U
4 5 6 7 1 1 1
B =6/ 4 5 6 7 é
0 _ 2 .
B,=6/g 3
15 : : : - =
| 1 o s | L5 - | T | - T (o)
—— 100g%a*<F F - FiFt> —— 100g%a‘<F FLFFS "
INSI6NS16) —— gral<FIF4HFIF> N=24N=24) —— gal<FFHEFS> ] ®
e —— 100g’a°<F DzFY-FDzF 3 ; —— 100g%a5<F*DzF*-F DzF} 2
100g’a’<F DzF+F“DzF°}> 100ga’<F* DzF*+F"DzF}p> E _8
&t PR 4t v S 'S
Y 3 Y P o =
» 2 3
% 0.5 — 0.5 V' — £
.‘.-. 1" : u
s L. RN Y . -
O & ¥ o o gopetmeligtepes ¢ 1 ¢ F 1 o OI-{{'--H:- ﬂﬂm.-i' ! A
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Operators in guenched SU(3) plasma

1.5 T T
| —— 1008 <F L F S ST —— 100g% <P
(N=ANZ16) —— glad<F FU4FIF> i (N=6,N=24) —— gZa'<F F'+F'F"> T
1 —— 100g%a°<F DzF"-F'DzF 3 B 100g%a5<F DzFY-FDzF o
—— 100g%a<F ' DzF+F*DzF}> 1= L 100g%a’<F*DzF" LFDZF E
?; | i e . e e e A | ‘..'.. ..... i g
& 0.5 B 2
i .. o
= Operators looks similar to SU(2) ' ] <
o i - . & % a E
L pocr- eI o
4 u . 1 | 1 | :
= Need to set the lattice spacing (a;) e ¢ 7 =
i i =6/g
. lLe.relation between g and a; " E
A — 2
a - g2i<FIFL PR 1 "c'é
1 - 100g%a <F*DzF-FDzF*} Ex S
- . . - 100g’a°<F*DzF*+F*DzF c 9
Io\: I o o i & w’"‘.‘ ..... i S 8
] 3 Y u =
2 0.5 - 2 0.5 ."* — £
. Ky _— <
i . ,.!'. N B { ) ; i.l' . ‘ -1 E é
o— s« 8 3 .mﬁ;g-:;sm t e | S M*f»umm —
| | | | I_ { b it ; I} * |
4 5 6 7 4 5 6 7
B =6/g* B,=6/g’
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Scale setting on the lattice using Polyakov loop

< |Pl>

T (MeV)

= Expectation value of Polyakov loop:

= Two loop beta function
_51

1 11 121 8m?

=0 \1en2g? P\ T 1142

1
n:a;  (Pure SU(3))

= Nonperturbative correction

Temperature, T =

Tune A—C is independent of g
L
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Real<O>

b |
—_— [Tlm&rmal-Vau:mlmj~v::]§‘3!]ﬂ"3 LRS!
— (Thermal-VacuumjtzFJiF“+FﬁFﬁ>fI"
—|— [Ther]]lal-VacuﬂmJ{FSiDZFJi-FﬁDZF“}fIJ

2 x 83

(Thermal-VacuumJ<F‘3iDzF'4i+F“DzF‘3 ST

1000

Real<O>

Real part of FF correlator in guenched SU(3)

! |
. E— [Thermal-Vacuum)ﬂFledi-F“F"}fI"
—|— (Thermal-Vacuumde"iF““+F‘“F" o
—f— [Thermal-Vacuum)-::FdiDdei-F"DzF“}f‘I‘s

(Thermal-Vacuumj{FMDzFﬁ+F‘"DzF3 s

= 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 guenched SU(3)

Real<O>

1 I 1 1 I | |
I{Thaa»rmal-"«'Elu;':uum)-:-:FJIFM-15"”1?‘”:':-.4"1'4

[Thermal-‘r’acuum]-c:F‘SiF‘”+F“F3 P
[Thermal-vacuum]c:l?ﬂl}zl?s LFDzFYs/TS
[Thna»rmal-"«'Emuum]-e:l“"iIIIzF‘“+15““I)zF3 o

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

ok
L]

Real<g/T>>
Imaginary<gq/T>>
Ln
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g in quenched SU(3) plasma

JET Collaboration( Burke et al. 2014)

[Fee MARTINI T T MGl \MY

6 | HT-BW = --- GLV-CUJETL

Quenched
SU(3)
Lattice

4 2x813
—— 4x1673
—4 6x2473
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Summary and Future work

U First calculation of g on SU(3) quenched plasma
= Analytic continuation to deep Euclidean space and expressed as local operators

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

dTemperature dependence of g

= Real part of § goes as T3 for T> 400 MeV

» Real part of g shows scaling behavior ( Nt=2,4 and 6)
" |maginary part goes to O for T > 400 MeV

dFuture work
= Extend calculation using Improved Action and bigger lattice size
" |nclude radiation diagram contributions

= Extend to unquenched plasma (QGP)
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Imaginary<O>

L L I
—}— (Thermal- Vamuum)ﬁl?“"l]?3 g 1) e
—+—— (Thermal- Vacuum)<l‘di]§"'i+]§"ﬁl<"’ S
—|— (Thermal- Vacuum)«:l?‘“DzF" FiDzFs T

2 x 83 ]

(Thermal- Vaf.:umn)ﬁl:‘”Dz.l*"‘“+1*"‘“Dz.]5J /T

Imaginary<O>

= |maginary part of FF correlator does not

contribute

L L I
—— (Thermal-Vacuum)':FJF’ LR RS T
—_— (Thermal-Vacuum)<EJiF“+F‘ﬁFdi>fI"’
—|— (Tlmrl:nal-\a’En':uum)-<]§‘”Dzr.]?‘“-F‘“Dir.]?‘“:-I’I‘s

(Thermal-Vacuum)<FJiDzF“+F“DzF" st

4 %163

Imaginary<O>

Imaginary part of FF correlator in quenched SU(3)

! |
. — (Thermal-Vacuumjc:F‘!Fs g ) e
—— (Thermal-Vacuum)::F”F“+F“F3 s
—|— (Tln=.~rn1al-V::u:uunl)«:l“”DzFJj -FUDzFY /T

(Thermal-Vacuum)<FdezF“i+F'“DzF3 s

6 X 243
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