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Introduction

00
Jets are complicated

m Originate in earliest stages of HIC
m Distinct stages of evolution as virtuality or respective hard scale is lowered

Jet evolution passing through multiple stages
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Hardest scales (E, g > T): Hard scales (E > T, q ~ VET): Soft scales: (E, g ~ T)
radiative energy loss collisional energy loss absorbed into the medium

m Real-time dynamics encoded in QP72 depends on

m the hard scale Q ~ E, q, M
m the flavor F ~ R, M
m the medium T ~ T, mp, N¢, {u}

1/12



From Jet Transport Models to Model Independence

m Jet modification accumulated across (partially) independent processes and
different stages = Gaussian process = moments of the

Model-independent measure of momentum broadening
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Modeling transverse momentum broadening

kT G Ay Many models are consistent, but
1= 5 e JUMPS between RHIC and LHC

Log-like rise of G/ T3 towards Tp,c
from above, sudden drop to zero.

)

R Strongly-coupled, inviscid
1 D e |
M AT e droplet at RHIC & LHC modeled
" e ) as weakly-coupled HTL medium?
m JET collaborationcomparing and averaging many different models
m Model-independent study of strongly-coupled medium = LATTICE

!Burke:2013yra
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https://inspirehep.net/literature/1272698

Formalism

@000

A Hard Quark Scattering on QGP

m Tree-level scattering amplitude M

m Transport coefficient
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following standard steps (A~ = 0 gauge, promote d; — D;, leading virtuality, ...) 2
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m o(p?) at soft scale (#T)2, m3

m near light-cone separated gauge field-strength tensors F*j(-) = gauge covariant
m Transverse | § = G1 + G2 | and

2Majumder:2012sh
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https://inspirehep.net/literature/1090178

Formalism

\ur luction
( O@00

Generallzed Transport Coefficient

m LATTICE cannot handle a scale g~ > 1/a (cf. HQET [Caswell:1985ui])
or near light-cone separation as in PDFs (cf. LAMET [Ji:2013dva])

To compute §; non-perturbatively use one of the following tools

m Make §; gauge invariant via appropriate Wilson lines® or

m Define a generalized coeff.? @j(q+) with thermal discontinuity §;,

O(a") = was [ S S (H[FYO)F ],

(2m)* (g+k)?+ie

W Expand den. for space-like (¢* ~ —g—), promote 93 — D3, scale v < 1/a < q—

@(q* —q)N°°°‘5§:[%—]n<Tf[FHA"FH>T7 A=

n=0

iv/2D3
v

m Odd powers of A < parity violation = only even powers
m For medium at rest no spatial-temporal mixed terms & la F¥F9

2Majumder:2012sh
3GarciaEchevarria:2011md
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https://inspirehep.net/literature/213093
https://inspirehep.net/literature/1232221
https://inspirehep.net/literature/1090178
https://inspirehep.net/literature/895006

Formalism
[e]e] o)

Thermal vs Vacuum Discontinuities

m Contour integration along C; =

Re(q")

— ¢ d9F %) L Fgt~—gm
I= 7{1 271 (qi+q+) ~Qi(qg" ~—q7)

c2

m Integrate after deformation to G, =

I:?{ dgt Qi(qh) 2/7’2 dg*t Disc[aj(qﬂ] _|_/oo dg*t Disc[aj(qﬂ]
. 0

2mi (g~ +qT) 2mi (g~ +qT) 2mi (g~ +qT)
G Ty

m thermal Disc[Qj(q")] |4 or = &, width Ts = Ty 4 To 22T

m time-like hard quark undergoing vacuum-like ( T-independent) splitting

m Vacuum subtraction isolates thermal momentum broadening

5 2n .
% ~ Coozs.,% Zzio [q%} % <Tr[F+JA2nF4;]>(T7V) i

m Can be evaluated on the LATTICE and the continuum limit be taken )
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Formalism
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Connection to the Equation of State

m For an infinitely hard quark g= — co the sum terminates at n =0

m The transverse operator sum reduces to the triplet comp. of the EMT
(i.e. entropy density of pure gauge plasma at rest in temperature units)

2
1
% - Z T4 <Tr[F+JF+]>(T—V)

Jj=1

A 2ras(p?)

m Transport coefficient related as| § >~ N S for a pure gauge plasma*

m Since s is a physical observable, § inherits scheme dependence of as(uz)!

m Estimate approximation error for a hard quark E > T ~ mp in LO HTL®

§ _Ne-1 21 2mas(mp) ssB 64 o 1,
73~ e ol ”C() ] o "N T3 T g 2o A5
4Kumar:2020wvb i 3

% Arnold:2008vd
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https://inspirehep.net/literature/1826503
https://inspirehep.net/literature/798590

[ Jelelele]
Lattice calculation

m Factorize off hard scale g~ > 1/a, evaluate THE REST on LATTICE
m Rephrase intermediate scale v = T = 1/alN; after vacuum subtraction
m Wick rotation: x0 — —ixs, A® — +iAs, FY — +iFy;

q - 2n A A 1 n n
4 o0t S 00] " 0 ki (nirar - s
n=0

m O, on LATTICE,

10:4 ‘Z)‘ 5 ‘10‘ 0,x10" 6‘ iL u‘r‘ [i} ‘10'“‘ |
m Lattice setup: aspect ratio 4 ", s a4 e  fues m & s B
for T>00 N, =4,6,8,10 o6y ¢ x n=6 YV ¢ ¥ i
0 . . =8O [ % [n=8 o o v ]
m Wilson actl'on in quenchedé ol muresu T [2e1) tavar QCD] i
LW/HISQ in (2+1) QCD | grmvow® Wy - LHOWON O
~ (S
m Clover lattice operator F,, 1075
projected to su(2) algebra , LN L] ‘@@ ? ¢ ¢ Q
. 10°
m Bare results for 1072"0p 1., W"‘V’V 4?.&_{4- 1 IFYE
weights mimic suppression 107 °
for a hard, 100 GeV quark B L b
200 400 T6((f\9IeV¥00 1000 200 400(M ‘?00 800

SHotQCD:2014kol
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https://inspirehep.net/literature/1307761

(o] le]e]e]
g in pure gauge theory

[ 5n>0: additive mixing with T-dependent lower-dim. operators,
coefficients not known yet

[ ]

m Transverse sum: § = §; + § %! ‘e pkia ‘ﬂ Lwrrr | ! : q
- g=qLo 92 e 00 X =

L] 4 Zs§) OC()R) 45 n=6 e O * Contmuum[Z'FF/"‘T]

m Tadpole improvement (1/ud)
overestimates O ) by ~ 10%
m Take continuum limit of O0

m cf. QCD in a moving frame’ L
)

[ Multiply continuum 6<R

2 [ B [ R B
by 04 (H ) in MS scheme O"300% 300 400 500 600 700 800 900 1000
T (MeV)
= Full QCD: T ) does not renormalize multiplicatively!

3),(R 3 3 3),(B
EArEEItH
Q" 206 2q0 Q"

m Mixing matrix for LW /HISQ action and quark contrib. T((;)’(B) not known

&
"Giusti:2015daa, Giusti:2016iqr ‘
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https://inspirehep.net/literature/1355383
https://inspirehep.net/literature/1501254

Lattice
[e]e] lele}

Estimating the effects of Unquenching

m Renormalization/mixing not under control: no continuum limit!
[
i (B) /, 474 s ‘ I ‘ \ T T
m Tadpole improved Oy’ /ug T*, F — — Ry x s/2T° [HISQ] 4
a— Ryoen X $/2T° [HISQ] o
L cg e o
= 8 A3_ ' .. - —
S —
m Cutoff effects in pure gauge iy
(B) ) 44 FFAT*ul)
Oy ' /usT* <10% @ N~ > 6 n=t ®
n.=6 [ ] —
m NLO renormalization factors of | | "F‘s * L
Wilson/Wilson action < Nc x 10% ® 200 400 _ 600 800
T (MeV)

m Full QCD: Tadpole improved O(()B)/ug T4 @ N, = 6, assigned 30%
uncertainty band, sufficient to estimate the effects of Unquenching

8Laine:2006¢cp
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https://inspirehep.net/literature/711776
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Transverse momentum broadening
"
(continuum limit in pure gauge)
m For QCD: N, = 6, tadpole improved,
30% uncertainty band (hashed)

= Multiply with MS as(u?) @ NLO for
Nf=0or 3, scale py=(2...4)xT

m HTLOLO? for g~ = 100 GeV for — .
Ne=0o0r 3 (mh = A3ts’T) o

1IN =0]

n

9 Cre(3
4 = 0 ac, 2" In [ﬂ] 4 .
3 |
m HTLONNLO soft contr.,, T ~ 2 " ]
GeV for Nf = 2 [Panero:2013pla] & 3 ]
. 1 =
m Stochastic vacuum model for 1
N¢ = 0 [Antonov:2007sh] T 3 Lattice Estimate[n,=6, (2+1)-flavor]
1 I Lattice [Pure SUG)] -
m Jetscape (Pheno) [Soltz:2019aea] . A .
0.1
m JET collaboration® (Models) T GV
9He:2015pra £ )

1Burke:2013yra
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https://inspirehep.net/literature/1244141
https://inspirehep.net/literature/763425
https://inspirehep.net/literature/1731419
https://inspirehep.net/literature/1351781
https://inspirehep.net/literature/1272698

Longitudinal momentum broadening

m Similar issues with O,~o:

m Similar issues with Unquenching:
postpone, consider pure gauge
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Conclusions

Summary

Jet transport coefficients § and ¢, computed on the LATTICE
Tree-level hard quark scattering on non-perturbative medium

OPE in T/q~ yields a series of gauge-invariant local operators

B 1
g o 2 T 14 on T¢)
T3 — N¢ T4 473 3N¢ by T4

Higher-twist operators mixing w. lower-d ops: need more work!

Unquenching to Full QCD w. further mixing: needs more work!
m Evaluate NLO scattering through OPE on the LATTICE

Experimental sensitivity to < larger for

m Extension of framework to straightforward. .. ?
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Thank you for your attention!
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