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Outline

 Jet quenching and importance of transport coefficient g in heavy-ion
collisions

Defining g for cold nuclear matter (EIC) and hot QGP (RHIC & LHC)

 Formulating g for hot QGP using Lattice gauge theory
1) Previous study done on a quenched SU(2) lattice
2) Extending calculations to a quenched SU(3) lattice

1 Estimates of g on a quenched QGP plasma



Leading hadron suppression in Quark-Gluon Plasma

Proton Proton collision
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Mueller et al., Ann. Rev. Nucl. Part. Sci. 62, 361 (2012)



Transport coefficient g and leading hadron suppression

Leading parton going through medium
! ﬁ—)—’/ kJ_
— et KD —

Transverse kick from medium

Transport coefficient g: Average transverse
momentum change per unit length

. < k% >

Q@) =—

g is Input parameter to full model calculation




Transport coefficient g and leading hadron suppression

Leading parton going through medium

Transverse kick from medium

Transport coefficient g: Average transverse
momentum change per unit length

< k? >
@ t) = Ll

g is Input parameter to full model calculation
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JET Collaboration( Burke et al. 2014)
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Transport coefficient g for hot QGP

JET Collaboration( Burke et al. 2014)
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Jet propagation through QGP medium

Hard scattering vertex Hard scattering vertex

\ 7
— E )_ ~ -
QGP medium NL‘ QGP medium

Collinear gluon emission
Glauber-gluon exchange
from the medium

Glauber-gluon exchange

One can use Feynman diagram techniques to compute g from these diagrams.



Jet modification in DIS or EIC experiments

Hard scattering vertex Hard scattering vertex

RS
— E >
-
Glauber-gluon exchange Collinear gluon emission

Glauber-gluon exchange
from Nucleon

One can use Feynman diagram techniques to compute g from these diagrams.



g for cold nuclear matter and hot QGP

In light-cone coordinate: (Breit frame)

1

Photon: ¢%>=(q°)" - @?<0;q=0 (_T; — 0) —ve z dir

Glauber gluon: k ~Q(2% 2% 4); Q=Hard Scale; 1<<1
Parton p, . p1~Q(1,2%2)

Jet Quenching Parameter
2

< lq >
L

qT@,t) =

2

kY
d2k e—lﬁy +ik, ¥,
1

,\ 4n2asty‘d2yl
q =

N, (2m)3

x(M|F{*(y™, ¥ )F1,(0)|M)

Nucleon A Nuclelpn B Nucleon A
I

On-shell

% g is the one transport coefficient which can be
identically defined in cold nuclear matter and hot QGP

s |M>is thermal state, weighted by boltzman factor

s |M>is nuclear state at zero temperature



Radiated-gluon Scattering from nucleus

(In light-cone coordinate)
7 = (q°)° - @2 <0 Glauber Gluons

q= (% %, 0) k ~Q( 22 2%, 1)
pr ~Q(1 2%, 1) p,~Q(1, 2%, 2)
l, ~Q(2% 1, 2) L, ~Q(1, 2% 2)

Jet Quenching Parameter
2 =
<lg, > In regime

-

L qu_,iJ_ >>EJ_

q@,t) =
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Radiated-gluon Scattering from the QGP

(In light-cone coordinate)
7 = (q°)° - @2 <0 Glauber Gluons

9= (2 % 0) k ~Q(42, 22, 2)
P1 ~ Q( 1, )‘2' )‘) pz"’Q( 1, ’12' ’1)
lq ~ Q()‘Zr 1, )‘) lp ~ Q(l» /12' A)

Jet Quenching Parameter
2 i
< lql > In regime

-

L qu_,iJ_ >>T()J_

q@,t) =

Computing g for cold nuclear matter or hot QGP from first principle is quite challenging

11



QGP is locally thermalized and
highly non-perturbative

Transverse kick from
medium

Transport parameter (7", t) =

First principles calculation: Lattice QCD to compute q

2
<ki>
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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_' 0) = (/12, 1, O)Q; Hard scale = Q; A K 1 J_* ____________________
1 ;J
k = (k*, k™, k,0) = (4%, 4%,1)Q; Glauber gluon p=s=mna % /
/

o 4
" Life time of quark, 7 =2 4n,a = - ¢ ——————— >

|
|
|
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Lattice formulation of @

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

2 _~
— M/ — — (22 : — 0-
q=("/2q--947,0) (42,1,0)Q; Hard scale = Q;A K 1 = //
k= (k*, k™, k,0) = (42,42, 1)Q; Glauber gluon 1
:8 — ? =n;a
= Life time of quark, T = 4n;a = % L =n.a=4n.a
S Disc[W (k)] !
q(r,t) = Z ki q ! q
L q+ k.
- \ . /
_ 2 - !
/q\ . 4‘”2 aS dy dzyJ_ dzk e_iqu_l_y_-l_iklj;l klE : klg
N 2m)3 + ' \
¢ (2m) Nontperturbative part QGP Medium
|
x(M|F*(y~,y,)F1,(0)|M) (Lattice QCD) |
I
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Constructing a more general expression as

A. Majumder, PRC 8'|7, 034905 (2013)
2 I q

< Physical form of g
47T2asjdy_d2)’¢

kT e
—l5==y +ik .y + B
Nc (271')3 de'Le “ o (MlF_LM(y ;YL)FIM(O)|M> qa

q-=

% General formof §: with q~ is Fixed;q, = 0; q* is variable

_ . 4antag (d*yd*k . _(M|F{*(0) F{,(»)|M) q QGP !Medium
0(g™) = N, j 2t © 72 (q + k)*+ie Tk q
q\‘\ q ;o /
k. k.

. k
Q QGP Medium
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Constructing a more general expression as

A. Majumder, PRC 8'|7, 034905 (2013)
2 I q

< Physical form of g
47T2asjdy_d2)’¢

kT e
—l5==y +ik .y + B
Nc (271')3 de'Le “ o (MlF_LM(y ;YL)FIM(O)|M> qa

q-=

% General formof §: with q~ is Fixed;q, = 0; q* is variable

+ a 1 E
3 = 4n2asjd4yd44k Jiky o _(M|F*(0) szu€y)|M) q QGP !Medium
N, 21 (q + k)=+ie q\‘\ q-l;kl /,qr’/
1) When q*~T
BT _ k, ky
Disc[Q(q )], ,+.p = T

. L
Q QGP Medium
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Constructing a more general expression as

A. Majumder, PRC 8'|7, 034905 (2013)
2 I q

< Physical form of g
47T2asjdy_d2)’¢
N, (2m)3

L
G = d2k e 2a” "L (M|FE (Y, y YFT0)|M) @

% General formof §: with q~ is Fixed;q, = 0; q* is variable
Ky o (MIFT*(0) F1, )| M) q
5 - elky q ( k)Z :
T q + +ie q
q\‘\ q‘:ki /
1) When q*~T

Disc[@(q+)]atq+~T =g
— i :
2) When q*= —q~ |ﬂ_‘l_l QGP Medium

1 1 N [1_<k+—k—>]‘1__ 1 1_<\/§kz> 1 i(\/sz>n
(a+k)?* -2q7q~+2q~(k*— k™)  2(q7)? q- - 2(q)? q- - 20?4\ q

QGP :Medium

_ 4mta, (dryd*k
0(q") = —— j
c

k, k,
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Constructing a more general expression as

A. Majumder, PRC 87, 034905 (2013
< Physical form of g : ' E )

l q
_ 4Amta, (dy d*y; . kz_y +ik, 5, v, = q+k,
1= T T e (MIF* &,y OFL,0)|M) 1
% General formof §: with q~ is Fixed;q, = 0; q* is variable
_ . Arla jd“yd“k iy _(M|F}*(0) F1,(»)|M) q QGP !Medium
Q(q™) = N, 2t © 1 (q + k)*+ie q+'k q
q\s\ ; 1 /
1) When q*~T
ey R k. k,
Disc[Q(q )], ,+.p = T
2) When q*= —q~ Iﬂgil QGP Medium
1 1 [ ( >] 1 1_<\/ikz>_1__ 1 i(ﬁ@)"
(@+0? -2q-q +2q (kF —k°) Z(q )% - 2(q)? q- - 20?4\ q
_ 41
Q(q" =—q7) = = (MIF+”(0)Z< ) F7,(0)|M)
C
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Extracting § through analytic structure of Q(g*)

Im(q™)

QGPk :Medium
qt~—T q ~T 0(a") = 4n2ast4yd4keiky _(M|F}*(0) F{,(»|M)
\ / 9)= 7N 2t (q + k)% +ie

ﬁVAVAVn VthVhVAVh\ » Re ( q+)

1) When q*€ #[-T,T]

q* ~ 0 (in-medium scattering)




Extracting § through analytic structure of Q(g*)

{k

Im(q™)
QGPk :Medium
q-~—T q"~T P 4n2asjd4yd4keiky _(M|F{*(0) F1,»)|M)
27t (q + k)?*+ie

/ Q(q™) = N,
‘—\AWW%WAWWVV' Re(q™)

1) When q*€ [—#T, #T]
g* ~ 0 (in-medium scattering)
2) When q* € [#T, +o0)

q* > 0 (Bremsstrahlung radiation)




Extracting § through analytic structure of Q(g*)

{k

Im(q™)
QGPk :Medium
q-~—T q"~T P 4n2asjd4yd4keiky _(M|F{*(0) F1,»)|M)
27t (q + k)?*+ie

/ Q(q™) = N
‘—\%“WL‘O’WW%WW%VVW’RB(qﬂ

| ! } 1) When q*€ [—#T, #T]
\ q° ~ 0 (in-medium scattering)
2) When q* € [#T, +o0)
q* > 0 (Bremsstrahlung radiation)

3) When gq*€ (—co0, —#T]
q* « 0 (Space-like) ; _lim Disc[Q(¢*)]=0

VL 21




Extracting § through analytic structure of Q(g*)

Contour C1

c1 -#T




Extracting § through analytic structure of Q(g*)

Contour C1

Re(q™)

Contour C2: On stretching it to infinity




Extracting § through analytic structure of Q(g*)

Contour C1

Re(q™)

Contour C2: On stretching it to infinity

o DisclQ(@h)

qT +q-

Pure Vacuum part

|

Pure thermal part
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g as a series of local operators

“ Physical form of g at LO:

n

__ 42nta
q = <M|F+”(O) 2 ( Z> FIM(O) |M>(Thermal—Vacuum)

N .T
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g as a series of local operators

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

12mla ivVZD,\ " with D, derivatives
: +”(0) 2 < q- Z> FIM(O) |M>(Thermal—VaZcuum)

“ 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

A2« = (ivV2D.\" with D, derivatives
“(MIF}"(0) Z( — :
n=0

“ Physical form of g at LO:

q= N.T ) FIM(O) |M>(Thermal—Vacuum)

x0 - —ixt; A% - iat

Rotating to Euclidean space: _ :
= FO% - jF*%

2 2
LO operators: z Trace [F3iF3i _ F4-iF4-i] 4+ 2i z Trace [F3iF4-i]
i=1 i=1 l
Uncrossed operator Crossed operator
2 2

LO operators with D,derivative: z Trace|F3'D,F3! — F4 D, F*| + iz Trace|F3'D,F* + F* D, F3!|

i=1 i=1 27




Operators in quenched SU(2) plasma

A. Majumder, PRC 87, 034905 (2013)

= Average over 5000 = 0.8 T n=3, n;=12
f' - T 1 || 1 ||
configuration ~ - | | | I
.. — B 1 =
= Transition temperature A o —~ 0.4 ? -
T. € [170,350] MeV i | i ' i
= (Crossed correlator is 2 =
L p = —
small for T ~ 400 MeV , 0.4 AN 1
— 2P
= N _ ; i
L o 123
F 0.2 _F U—EE . —
LI, =t
AV ;LL‘ B E { i
o =2
N o LT v | | | |
o - ) . _0.2 1 1 ] 1
0 200 400 600 800 0 500 400 600 800

T (MeV) T (MeV)
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Operators in quenched SU(3) plasma
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Operators in quenched SU(3) plasma
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Operators in quenched SU(3) plasma

Re<O>
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Scale setting on the lattice using Polyakov loop

<|Pl>

+ 2x8"3

200

T (MeV)

800

= Expectation value of Polyakov loop:

1 nt—l
tr z 1_[ Us(na,7)
n,nyn, —~ 11

P =

= Two loop beta function

51

1 11\ 82
=7, \1en2g? P\ T 1142

1
nsa;  (Pure SU(3))

= Nonperturbative correction

Temperature, T =

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

Real part of FF correlator in guenched SU(3)

b |
. E— (Thermal-VacuumJﬁF’!Fdi-F“F"}fI"
—— [Thermal-\facuumj-r:]?”l?'ﬁ+l?ﬁl?s /T
—|— (Thi!l‘]]lal-VacuﬂmJ{FJiDZFJi-F‘ﬁDZFm}fIJ

[Thermal-‘w’&n::uum)-::]F‘”I)z.l““+15"“l)z]5‘3 ST

2 x 83

1000

! |
—_— [Thermal-Vacuum)ﬂFledi-F“F“}f‘I“'
—|— (Tlmﬂ:rnml-‘Wa;mc:uum)-n:I?‘HF‘“+15"“15“”:':-1""1"1
— [Thermal-Vacuum)ﬂFdiDdei-F“DzF“}fI‘s

(Thiﬂ'mal-Vacuumjuc:l“MIhr.l?‘“+15"“Ihr.]?“"i:w"lJs

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<QO>

| | I | | | | I
(ThEl‘]]lEll-Va{':llll]]lJ{Fd!Fd LRS!

I{Thm'mal-‘ir’:mr:uu]njlur.:15‘“1?‘"+15""F3 Y
I{Thm'mal-‘ir’m:*uumjlur.:li‘ﬁl}zlﬁ‘3 LFDzFY>/T®
(Thermal-vacuumJ{F‘;iDZF‘%F“Dst ST

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

e
(—

Real<q/T>>
Imaginary<g/T>>
W
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g in quenched SU(3) plasma

JET Collaboration( Burke et al. 2014)
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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.

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

Qg is the one transport coefficient which can be identically defined in cold nuclear matter
and hot QGP

" |t gives a window into studying the change of the gluon distribution in cold nuclear matter vs QGP.

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

= Extend to unquenched plasma (QGP)
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Imaginary part of FF correlator in quenched SU(3)
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* Imaginary part of FF correlator does not
contribute
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