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In this talk

* Introduction to classical and quantum physics in jet broadening
* Double-logarithmic quantum corrections
* In the literature
* In a weakly-coupled QGP, and their connection with classical physics

* Work done in collaboration with Eamonn Weitz,
PhD@Nantes in late 2023

* No data (harmed) in (the making of) this talk

JG Weitz JHEP11 (2022), E. Weitz’s Ph.D. thesis 2311.04988
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Transverse momentum broadening

» Consider the broadening of a single parton: g is given by the second
moment of the broadening probability with y process-dependent cutoff

A <k2¢> o 1 /“ deL 2
=" T (zw)ZklP(kL)

o P(k,) from a light-cone Wilson loop

P(k1) = /be_““'b exp | — C(b)L]

tl t2
D’Eramo Liu Rajagopal PRD84 (2011) Benzke Brambilla Escobedo Vairo JHEP02 (2012)
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Transverse momentum broadening

* Broadening probability

P(k,) = /e_i’“'b exp | — C(b)L]
b _
e IR Gaussian from multiple soft scatterings 10-1{ % OXP (
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Barata et al PRD104 (2021)



Transverse momentum broadening

Broadening probability

P(kL) = /be_““'b exp | — C(b)L]

IR Gaussian from multiple soft scatterings

k,2
P(kJ_)HO X EXP ( Cji)

harmonic oscillator (HO) approximation

asymptotic freedom = it has to make way
for the rare large momentum scatterings
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Transverse momentum broadening

» g is also given by the second moment of the scattering kernel

N : dsz_ 2
i | G et

o ((k,) from the light-cone Wilson loop

C(b) = / é::)t 1 — e PC (k)

real term and probability-conserving
virtual term

tl t2
D’Eramo Liu Rajagopal PRD84 (2011) Benzke Brambilla Escobedo Vairo JHEP02 (2012)
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Classical gluons in the scattering kernel

* Classical (soft gluon) corrections to the scattering /broadening kernel ,, ) 7/, > 1/,

can be problematic for perturbation theory, Linde problem ﬁGfZ}E
* Breakthrough: soft classical modes at space-like separations become - T

Euclidean and time-independent

e Horrible HTL perturbative calculation or extremely challenging 4D lattice on the
light-cone become 3D Electrostatic QCD (EQCD).

N
§>NLO @::Ag;o O(g) LO 6(g) 3%0 @X

Caron-Huot PRD?79 (2008)
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Classical gluons in the scattering kernel

e (lassical (soft gluon) corrections to the scattering/broadening kernel 5(p) ~T/p>1/g
can be problematic for perturbation theory, Linde problem foD?

* Breakthrough: soft classical modes at space-like separations become
Euclidean and time-independent

3.0;

Q
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Caron-Huot PRD79 (2008)
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Classical gluons in the scattering kernel

Classical (soft gluon) corrections to the scattering /broadening kernel 5(p) ~T/p>1/g
can be problematic for perturbation theory, Linde problem fobE

* Breakthrough: soft classical modes at space-like separations become - 7

Euclidean and time-independent Caron-Huot PRD79 (2008) ) )

* Horrible HTL perturbative calculation or extremely challenging 4D lattice on the

light-cone become 3D Electrostatic QCD (EQCD).
New strategy: lattice for b=1/¢T, pOCD for b=1/¢T

* Recently: continuum-extrapolated EQCD lattice data

for the scattering kernel and merging with pQCD
Moore Schlusser PRD101 (2020) Moore Schlichting Schlusser
Soudi JHEP2110 (2021)




Non-perturbative classical contribution

10
* LO and NLO perturbative EQCD:
= 107 Aurenche Gelis Zaraket (2002) Caron-Huot
S (2008)
=5 100 ,
B LO UV (g, > gT) pQCD and matching;:
g 107 Arnold Xiao (2008) JG Kim (2018)
£ 10 * Significant deviations from pQCD
A g6 * Non-perturbative magnetic “screening”
means ¢ instead of Moliere ¢;*
1073 L i -
0.1 1 10 100

Transverse momentum ¢/ (gT)

Schlichting Soudi PRD105 (2022)
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Broadening kenel: OLRC (q)

Non-perturbative classical contribution

| 10 100

Transverse momentum ¢/ (gT)

* Only classical corrections here, what

happens with quantum corrections for
q, > g1?

* Similar lattice EQCD+pQCD programme

in progress for the in-medium jet mass
Schlusser Moore PRD102 (2020)

JG Moore Schicho Schlusser JHEP02 (2022)
JG Schicho Schlusser Weitz 2312.11731

Schlichting Soudi PRD105 (2022)
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Non-perturbative classical contribution

* Only classical corrections here, what
happens with quantum corrections for
q, > 817

4 il

e Similar lattice EQCD+pQCD programme
in progress for the in-medium jet mass
Schlusser Moore PRD102 (2020)

JG Moore Schicho Schlusser JHEP02 (2022)
JG Schicho Schlusser Weitz 2312.11731

Ask me about the See backup slides

asymptotic mass

di PRD105 (2022)
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The scattering kernel: quantum corrections

* Radiative corrections to momentum broadening are enhanced by soft and collinear

logarithms in the single scattering regime = double logarithm s
asN, dw dki asNe . o[ L = S
0q = qo 5 = goln™ | — %
T single W kJ_ T 70
Liou Mueller Wu (2013) Blaizot Dominguez lancu Mehtar-Tani (2013) 7
T0

Caucal Mehtar-Tani PRD106 (2022) JHEP09 (2022)
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The scattering kernel: quantum corrections

Radiative corrections to momentum broadening are enhanced by soft and collinear

logarithms in the single scattering regime = double logarithm s
P P (D)
= C_Io = goln™ | — %
single T 70
Liou Mueller Wu (2013) Blaizot Dommguez [ancu Mehtar-Tani (2013) 7
T0

* This log? renormalises the LO ghat. Resum these logs

T T L

d k‘,i dk/2
i 70
Q: (1) = 4(7,Q%(7) > .
o = < o L1

T 3
il i :

by solving the above numerically and semi-analytically

I~

Caucal Mehtar-Tani PRD106 (2022) JHEP09 (2022)
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Classical and quantum corrections

» (Classical: large g4(1 + ©(g)) corrections, * Quantum: large g (1 + O(g? In*(LT)))
non-perturbative all-order corrections, resummations and
determinations. Affect also NLO renormalisations. Atfect also double

transport coetficients splitting

12



Classical and quantum corrections

antum: large g,(1 + O(g? In*(LT)))
rrections, resummations and
enormalisations. Affect also double

» Classical: large gy(1 + O(g)) corre
non-perturbative all-order
determinations. Atffect also NLO

transport coetficients splitting

* Where do they meet in a weakly-coupled plasma? Is there a hierarchy or an
interplay?
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The double logarithm in a nutshell

P 00) ¢ B o

- - K
E P-K P_K—1L E P-K P

e Radiative correction to the scattering kernel for a medium of scattering centers

Akt dm 'Iﬂ ki+1, 17
5C(k V=1 = 40.C
( J- ra,d o R/ / ki (kJ_—l—lJ_)Q_

soft DGLAP (k™ < p™) x LO (elastic) scattermg kernel x dipole factor

LMW: Liou Mueller Wu NPA916 (2013) BDIM: Blaizot Dominguez Iancu Mehtar-Tani JHEP06 (2013)
13



The double logarithm in a nutshell

P — (p 9()9()) _ EP+LM i Mﬁ@g /—’%66§666§+L

e Radiative correction to the scattering kernel for a medium of scattering centers

dk™ dQZJ_ _kJ_ k|, +1, ) li
0C(k L= 40,C ~ T
(J_ ra,d 87 R/ / ki (kJ_—l—lJ_)Q_ kjl_

soft DGLAP (k™ < p™) x LO (elastic) scattermg kernel x dipole factor

 In principle just the first term in opacity series. If k; > [, single-scattering regime
do
*

Hdiky o, | dkt " d%k, d?l |
A _ k k Sll’lg e 4 l2 l
56] / (27'(') il 56( J— rad CR/ / 27_‘_ ng / ) CO( J—)

a triple logarithm. What are the boundaries?
LMW: Liou Mueller Wu NPA916 (2013) BDIM: Blaizot Dominguez Iancu Mehtar-Tani JHEP06 (2013)
13




The double logarithm in a nutshell

o
#
M M dkt [ 2k d21
é @E@@ bi=ta:Cn | - [ L/ o 11 Colls)

(27)2k2

<—>
Tmin

R Cr . d dk™
» Introduce formation time 7 = k™/ ki INTES . = do / 77 e
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The double logarithm in a nutshell

do
/_/%
«666666666 M dkt [P 32k 221
é KK@@E@@Z 0q = 4040}2/ / = / J_ZJ_COZJ_)

(27) 2k2

<—>
Tmin

R Cr . d dk™
» Introduce formation time 7 = k™/ ki INTES . = do / 77 e

Ink™

* At double-log accuracy

o Require u >k : 7> kt/u*

14



The double logarithm in a nutshell

do
/_/%
M M dk™ [*  d?k d?1
Q@E@ﬁ 5q—4OésCR/ / = / =12 Co(ly)

é ’ (27)2k4
7'(_) o
.ol . asCRr | d dk™
» Introduce formation time 7 = k™/ ki L 0= — = do / 77 e

* At double-log accuracy

o Require u >k : 7> kt/u*

» Require single scattering 7 < \/ k*/q,

InT

14



The double logarithm in a nutshell

do
e e
M 4666666666 K+l dk+ : d2/ﬁ dQZL

(—)

.
. ml.n X SC’ ) d dk_l_
o Introduce formation timez = k™/ ki . §g= 8 / -

* At double-log accuracy

2
1n'Lf—

qo

o Require yu > k,:7 > k*/u?

InT

» Require single scattering 7 < \/ k*1q,

* Enforce instantaneous approx 7 > Tmin

In7pin ------

with Trin ~ /7T

n 9 L
In 4o Tmin In M Tmin In 7

14



The double logarithm in a nutshell

o Introduce formation timez = k™/ kf : In k’+

* At double-log accuracy

2

o Require y > k;:t> k™ /u

» Require single scattering 7 < 4 /k™/g,

* Enforce instantaneous approx 7 > Tmin

In T

with 7yin ~ 1/T I I | T

o a,Crp . (M0 gr T Akt a.Cr . . o 4 w—ger @sCr . . o L
0q = do — | 3F = Go In = do In

T Jéor 2T JoTmin 2T Tmin

min

LMW: Liou Mueller Wu NPA916 (2013) BDIM: Blaizot Dominguez Iancu Mehtar-Tani JHEP06 (2013)

15



In a weakly coupled QGP

* In a weakly-coupled QGP at first order in the opacity one has

- dk+ 421, k. ki+1l,  ]°
0C(k1 )waap = 4asCr / k—+[1 2np (k™)) / (%)QCO(Z 1) -
A

obtained by explicit calculation in Eamonn’s thesis, can be derived from AMY

mgo (kJ_ lJ_)Z m2

16



In a weakly coupled QGP

* In a weakly-coupled QGP at first order in the opacity one has

- dk+ 421, k. ki+1l,  ]°
0C(k N=1 :480/—12 k+/ l
Clks)wqap = 4asCr [ S [1+2ne (k)] (%)260“)_@ m2. (kL 410)%4m?

obtained by explicit calculation in Eamonn’s thesis, can be derived from AMY

o Asymptotic mass m2, ~ ¢°T~ in the dipole factor for the jet partons
» k, 2 gT and the dipole factor suppresses [, < k, =, 2 gT

o Tmin ~ 1/l; S 1/gT and these soft scatterings happen at a rate ', ¢ ~ ng

. LPM regime when to 7, py; = 1/g°T. Indeed \/ kt1Gy ~ kYT x 1/g>T

o m~ irrelevant in the double-log region where k, > [, and k, > gT

o0

16



In a weakly coupled QGP

* In a weakly-coupled QGP at first order in the opacity one has

B dk+ 421, k. ki+1l,  ]°
6C(k N = 4a, /—12 k+/ l
bty = 0. [ 45 (o7 [ [ -

obtained by explicit calculation in Eamonn’s thesis, can be derived from AMY

e Bose-Einstein distribution ng(k™): not just scattering centers in the medium

X\ X\
* Stimulated emission I\ I\
\ g \ X \\QX\
é i i E s

%2, %
(4% &
* Absorption % %bagg%h
% : ‘ 2 N
17

: :



Double logs in a weakly coupled QGP



Double logs in a weakly coupled QGP

e Taking LMW /BDIM at face value

In T

18



Double logs in a weakly coupled QGP

» Taking LMW /BDIM at face value In k™

o 1/g°T minimum LPM time going
through the triangle

In T

18



Double logs in a weakly coupled QGP

e Taking LMW /BDIM at face value

o 1/g°T minimum LPM time going
through the triangle

o %Trznin ~ g4T = parts of the triangle In T

at kv < T

18



Double logs in a weakly coupled QGP

e Taking LMW /BDIM at face value

o 1/g°T minimum LPM time going
through the triangle

o %Trznin ~ g4T = parts of the triangle In T

at kv < T

e kTt =TforgT <u<T

In M Tmin In

qo

18



Double logs in a weakly coupled QGP

e Taking LMW /BDIM at face value

o 1/g°T minimum LPM time going
through the triangle

o %Trznin ~ g4T = parts of the triangle In T+

at kv < T

e kTt =TforgT <u<T

e kt=Tforu>T In Go72, In 12T In
qo

18



The few-scattering regime

» Consider for illustration g7 < pu < 1 In k*

e Blue: 7> l/ng and kT > T. nB(k+) e

irrelevant, few-scattering regime
single << few << many (deep LPM)

_______________________________________________

InT

o Ochre: 7y < 7 < 1/g*T with
1/gT < i < 1/ ng intermediate I e e
regulator to separate the few and single . .
scattering regimes i

19



The few-scattering regime

Consider for illustration g7"' < yu < T In k*

o Blue:t> 1/g*Tand k* > T. np(k™)

irrelevant, few-scattering regime
single << few << many (deep LPM)

InT

o Ochreting <7< 1/g2T with
1/gT < ;4 < 1/g*T intermediate
regulator to separate the few and single

scattering regimes i
* Hence regions 1+2 give at double-log accuracy

Cp  [H/lo gr (w7 qht a.Cp [ 2T 2 1 "
s = gy [F T[S [+ 20p()] = RQO{ Fln® - — I’ }

PaN 2 PaN
T nt T qo T2 k+ 2T QOTint doTint 2 qOTint

19



The few-scattering regime

2 /A 2
,C WG qr R dkt O 2T 2 B
5q/\feW — 84 RqAO/ _7- - [1 4 QnB(k—I_)} _ 8 Rq\(){ — | 1112 A:u 1112 AW’_Z; } W = V)me ’VET
T Tint T qoT? kT 2m qoT;nt d0Tint 2 qoT;nt

T )
= 1/2 I

o Whenkt < T inekt<T)=

* log gets replaced by power-law
in 7j+ from classical term I i

____________________________________________

In 7

e The contribution from the 2 triangle
gets subtracted off from the 1+2 triangle =~ ™

o At DLA all still a matter of areas of triangles, what happens I i T %
left of @, ~ T is not double-log enhanced but power-law (1/g) enhanced

* Need to sort out regulator dependence and classical terms

20



The few-scattering regime

2 /A 2
,C WG qr R dkt O 2T 2 B
5q/\feW — 84 Rq/\O/ _T - [1 4 QnB(k—I_)} _ 8 Rq\(){ — | 1112 A:u 1112 AW’_Z; } W = V)me ’VET
T Tint T qoT? kT 2m qoT;nt d0Tint 2 qoT;nt

T )
=" 1/2 I

o Whenkt < T inekt<T)=

* log gets replaced by power-law
in 7j+ from classical term I

__________________________________

In 7

e The contribution from the 2 triangle
gets subtracted off from the 1+2 triangle =~ ™

o At DLA all still a matter of areas of triangles, what happens I i T %
left of @, ~ T is not double-log enhanced but power-law (1/g) enhanced

* Need to sort out regulator dependence and classical terms

20



The single-scattering regime

In k™

o Consider for illustration g7' < u < T

o Magenta: 7 < Tjnt < 1/ g*T, genuine
single soft scattering regime

* Here the formation time overlaps InT

with the duration ( ~ 1/¢7) of the soft
scattering. Need to go beyond :
4

instantaneous approximation  lnwp
°r Inpg lnpry In a

A

* Regions 3+4 can be dealt with using semi-collinear processes 10
K+1L K+1L
i 5 S JG Hong Kurkela Lu Moore Teaney JHEP1305 (2013)
E P—K P-K JG Moore Teaney JHEP1603 (2015)
soft time-like plasmon

soft scattering 21



The single-scattering regime

Regions 3+4 can be dealt with using semi-collinear processes, reduce again to EQCD
for L integration JG Hong Kurkela Lu Moore Teaney JHEP1305 (2013)

e Regulator-dependent (k) classical
contribution

* Double-log is area of triangle 3,

corresponds to instantaneous approx In +

e Non harmonic, non-instantaneous

subleading terms. First appearance of

lIle :
Debye mass ln,u e In u

+ 2 2
5/\Slngle _ aSCR Q\O 4Tf(kIR) 1I12 K Tint O Oé?TS IHS H
2T mDT



Connection to classical regime

» We computed these diagrams for K 2 7, K > L

» Caron-Huot computed the same diagrams for K ~ L ~ gT

o 1/kj, regulator dependence cancels at the boundary. No double counting

o ng(k™ < T)~ T/k™ — 1/2 naturally switches off k15 1 modes K+
quantum corrections and turns them into the classical i B
ones within the same diagrams "

23



Putting everything together




Putting everything together

In w
0 112 wr }
1 2

qoTint 2 qQoT: s

4 2
o< T
27T A MIR wr

* To double-log accuracy

) | In IwT 2 1 iu4
A ~few ~single aSC A Il lIl : 1l
5q — 5qf —+ 5q gl — i q0 1n2 A,lL l"l' IJ' Tint qO
4 qowWT

A

 This corresponds to the area of 1+3, significant reduction from the original triangle

24

In 7



Putting everything together

4 2
L 1.2 M 1. 5 wr
. - In In 5 }

JoTint 2 qQoT: s

4 2
o< T
27T A MIR wr

* To double-log accuracy

) | In IwT 2 1 iu4
A ~few ~single aSC A 1l lIl : 1l
5q — 5qf —+ 5q gl — i q0 1n2 A,lL l"l' IJ' Tint qO
4 qowWT

A

 This corresponds to the area of 1+3, significant reduction from the original triangle

24

In 7






Higher (k%): u > T

In k™

* Qur approach can be extended
here

o Larger ([?) semi-collinear rate
unavailable

* Previous calculation still valid
to DLA if we subtract triangle
below 7.

25

Inwr In g i

2

' In ,uz Tint

4

JoWT

2
9 M Tmin
In
W

].l’lA—

u

do

InT



Higher (k%): u > T

In k™

* Qur approach can be extended
here

o Larger ([?) semi-collinear rate
unavailable

InT

* Previous calculation still valid
to DLA if we subtract triangle
below 7.

o Difference with LMW /BDIM
smaller. Vertical line cuts the

original triangle in two halves
of equal surtace

25



Outlook: beyond DLA

A CVsch N 2 ,u4
04 = go In” — S
4 qowWT

 Difficult to gauge impact of these double logs when single logs or smaller double
logs are unavailable and the scale of g is unclear

» Way forward: we present a resummation equation for 0C(k, ), including all needed
thermal effects, generalizing LMW and lancu JHEP10 (2014)

* Its solution would smoothly interpolate between single, few and many scatterings,
shedding light on these issues by going beyond the harmonic oscillator approx

e Methods such as improved opacity expansion (Barata Mehtar-Tani Soto-Ontoso
Tywoniuk JHEP09 (2021)) or numerics of Andres et al JHEP07 (2020), JHEP03
(2021) Isaksen Tywoniuk JHEP09 (2023) could be used

26



Conclusions

* The emergence of statistical functions in a weakly-coupled QCD seals off the
low-frequency slice of the original LMW triangle to double logs

e There, double-log-enhanced quantum physics makes way to power-law
enhanced classical physics

» These results can be used as low 7 seed to the long-7 resummations of Caucal
and Mehtar-Tani

* Evaluations beyond DLA could shed light on the hierarchy of classical and
quantum corrections

27
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Vacuum-thermal cancellation

vr K 1I'< yyy

YOV dkT 2 21
/ (L +20(k")) =2 1 20 2T 0 (U (v /1)

IR k—l_ H/—/ VIR VIR VIR€7E T
vacuuim thermal —_—— —— e ee—
vacuum thermal
2T Vyye ' ViR
VIR 27T ik

29



Semi-collinear processes

E soft time-like plasmon

soft scattering

2 + 2

g Cpr dk A k
0C (K )semi = 1 i =
(kL) kb / kT (14 ns(k7))q (,0, 2k+)

aan m%1%
(2m)2 (I3 +172)(12 +1724+ m%)’

i(p 1) = g20uT /

Al T— _ 2 :02 =2 | m% 9 | ]—2
4P 17 )subtr = asCAT mpln | —- TIn({1+-= ] -—mpln(1+ —
mi, [~ m7,

—_
HO [~ —dependent

30



The resummation equation

5C(£EJ_ — _2 C E 1 Lmed i B
) . RRe/ 1+3 \ 9 T nB(k+)> /0 dTVB,, VB, G(BQJ_yBlJ_;T) — vac T

2
11By, =0,B,, =0

V% —m '
10+ Bl g , ° ~
{ 2 (Co(BL) +Cy(|BL — @) - Cg(mL))}G(BL,Bu;T) =0

31



Hard partons through the medium

* Imagine a hard quark propagating through a medium with

0 Z
+_P TP . . e .
pT = > T. Dispersive and dissipative interactions

g Al/p"
o The mass shift is then m2 = g*T?/3 for a hard quark close to the mass shell
Klimov (1981-82) Weldon (1982)

32



The asymptotic mass

ofoy ————— — — — — _
| 2np(q 2nr(q |
| C%O:gZCF(/ ()I/ ()) |
0.08| g 94 g 4 -
| —— N— .
| T2 /6 T2 /12 |
"k 0-06 Klimov (1981-82) Weldon (1982) - ﬁ
= . —
g | . g i /pT
S 0.04} _
002 TN ég
3 g° Al /p"
0'006 — - — 5 - 3 ; o :
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oq1on —™m—™—0—™ ™ — ™ ™ — ™ ™ — — — — ™ — — —————————————
| 2 2
| C2)0 :gch (/ nB(q) I / nF(Q))
0.08| g 4 g 4
| T2/6 T2 /12 .
"k 0-06 Klimov (1981-82) Weldon (1982) -
c0.04f —
12
R

Classical gluons and the asymptotic mass

nRg (C] Y T)

» Half of the bosonic integral comes from the g < T region

34
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oq1on —™m—™—0—™ ™ — ™ ™ — ™ ™ — — — — ™ — — —————————————
| 2 2
| C2)0 :gch (/ nB(q) I / nF(Q))
0.08| g 4 g 4
| T2/6 T2 /12 .
"k 0-06 Klimov (1981-82) Weldon (1982) -
c0.04f —
12
R

Classical gluons and the asymptotic mass

nRg (C] Y T)

e We can then expect large contributions from soft classical gluons

35
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oq1on —™m—™—0—™ ™ — ™ ™ — ™ ™ — — — — ™ — — —————————————
| 2 2
_ 2 :gch(/ np(q) / nF(q))
0.08| g 4 g 4
| T2/6 T2 /12 .
"k 0-06 Klimov (1981-82) Weldon (1982) -
c0.04f —
12
ool T e

» For g < gT this contribution becomes non-perturbative, g-np(g) ~ 1

Classical gluons and the asymptotic mass

36

nRg (C] Y T)

X




The asymptotic mass, non-perturbatively

P ( /q Zn]z(q) an ; %

T2/6 T2/12

=g°Cr (Z + Zf) +O(1/p™)

» From Feynman diagrams to EFI operators, concentrate on Z,

L/
7 = < > th v = (1,0,0, 1
F
1 1 m* ~ F?L°

Ly = < Foz,u FV> - >
> dg Yo (U-D)QU” H

LT
Caron-Huot (2008)

g v /pt g° A7 /pT

Moore Schlusser (2020)
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The asymptotic mass, non-perturbatively

o From Feynman diagrams to EFI operators, concentrate on Z,

1 1
Ly = < Fr 1 >
2 OO
= dLL Tr <U(—oo; L)y, F*(L)U(L;0) v, F” u(0)U (0; —OO)>
A JO

* Breakthrough: soft classical modes at space-like separations become
Euclidean and time-independent. Light-like limit possible, see main talk
before for caveats in the case of g.

e Horrible HTL perturbative calculation or extremely challenging 4D lattice on

I'm
the light-cone become 3D Electrostatic QCD (EQCD). NLO 5Zg —__P

2T
Caron-Huot (2008)
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The asymptotic mass, non-perturbatively

o From Feynman diagrams to EFI operators, concentrate on Z,

1 1
Ly = < Fr 1 >
2 OO
= dLL Tr <U(—oo; L)y, F*(L)U(L;0) v, F” u(0)U (0; —OO)>
A JO

e Our strategy: lattice EQCD for L 2 1/m, pQCD for L < 1/mp, ~ 1/gT
What does it mean in practice?

* Recently: continuum-extrapolated EQCD lattice data for the scattering

kernel and merging with pQCD Moore Schlusser PRD101 (2020) Moore
Schlichting Schlusser Soudi JHEP2110 (2021) Schlichting Soudi PRD105 (2022)
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EQCD

2 O
Zy=— [ dLLTx <U(—oo; L)v. F(LYU(L: 0) v, F” u(0)U(0; —oo)>
A JO

* EQCD is the dimensionally-reduced (3D) EFT for the classical modes, which
correspond to the Euclidean zero modes. 3D SU(3) + adjoint Higgs (A, — @)

1
SEQCD — [ {iTI’ FijFij —+- 1T [Dz, (I)] [DZ, (I)] —+ m%Tr (I)2 —+ )\E(TI' (1)2)2}

Kajantie Laine Rummukainen Shaposhnikov (1995-97) Braaten Nieto (1994-95)

* By putting EQCD on the lattice we can get the classical contribution non-
perturbatively at all orders. But how?
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EQCD

2 O
Zy=— [ dLLTx <U(—oo; L)v. F(LYU(L: 0) v, F” u(0)U(0; —oo)>
A JO

* In practice, we get continuum-extrapolated results for
Tr <U (—oo; LYF(L) U(L; 0) F(O)U(O; — oo))EQCD at a few discrete values of L.
Moore Schlusser PRD102 (2020) JG Moore Schicho Schlusser JHEP02 (2021)

e We need to match to the 4D continuum, since EQCD has the wrong UV

* Start by computing the EQCD correlator to NLO

c/\%a) @w) [O\%) =L (4y) %«m Q@)
@m @@) @w) M) QQ@)
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EQCD results

» Good agreement in the UV, excellent at high 7= 100 GeV

7P = % /O CALL ((EE) — (BB) — (EB))

0.40 | | | 0.40
—+—i lattice data
0.30 F . LOPT - 0.39 F -
0.30 - - - NLOPL _0.30 —_'*“-\! -
ap ~] T o~m
'q i = ~
= 0.25 3 025 - -
~ m = ~
E 0.20 E‘i 0.20 + I ~ . {
015 015 & .
0.10 0.10 + s
0.05 | | | | 0.05 | | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
ggdL ggdL

JG Moore Schicho Schlusser (2021)



EQCD results

EQCD T [° 1.00
Zy " =<5 | dLL((EE) - (BB)—(EB)) 2
O VN
& 0.80 | ; P }
].OO T T T | 050 m | I
—— T =100 GeV ~ _ 4= ¥ .
—— =1 GeV | 060 - < N DN
0.80 T — 500 MoV " - 0.40 55 N
- —— T = 250 MeV e _ . 1
2 0.60 e Ho Zosopr»-tli D 040 - i
S/ a0 ) o 1 ;:; 090 | —— [ = 100 GeV
S S R T R SR ETJ\()2()__'_'_'T:1G’ev
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gl E TR IREEE R — —— [ = 250 MeV
.......... 0.00 | ' | |
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O 05 1 15 2 25 3 O 05 1 15 2 25 3 0 0.5 1 1.5 2

* IR tails modeled by non-perturbative exp. falloff (magnetic screening)

e UV tails handled by perturbative EQCD
JG Moore Schicho Schlusser (2021)



Matching to full QCD

Integration UV-divergent (L — 0) ZPQACD — g / CALL ((EE) — (BB) — (EB))
. I T
EQCD super-renormalizable, (FF(L — 0)) = 073 + 6274- ..

Only the first two terms give rise to power-law and log divergences. They
must cancel with the IR limits of a bare calculation in full thermal QCD. This
is easily verified for the power law, that can simply be subtracted

For the log in a first stage we introduce an intermediate cutoff regulator

2
I
—czg—ZH(LO—L) and integrate numerically the UV-subtracted EQCD data

L
JG Moore Schicho Schlusser (2021)



Matching to full QCD

* Proper handling of the log divergence requires the two-loop calculation in

thermal QCD On
fey, £, may, A i:}(@
Ao, £, £, L Loy

* Only diagram c matters in Feynman gauge Hard

* Translated the cutoff to dimensional regularisation.
UV pole of EQCD cancels IR pole of QCD, leaving
behind a g*T* In(T/my,) term. Regulator dependence
gone! Regulator-independent classical contribution

negative

K
P

JG Schicho Schlusser Weitz 2312.11731



Matching to full QCD

* Proper handling of the log divergence requires the two-loop calculation in

thermal QCD On
fey, £, may, A it}(e)
Ao, £, £, L Loy

* Only diagram ¢ matters in Feynman gauge Hard

e Remainder of the calculation suggests emergence >
of double-logarithmic enhancements Q‘é
in the jet’s energy

JG Schicho Schlusser Weitz 2312.11731



