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Hot QCD White Paper, M. Arslandok, S.A. Bass, A.A. Baty, 1. Bautista ,C. Beattie et al.

* First, two nuclei collide at ultra-relativistic energies.
* This creates a very hot and dense system.
* Quark-Gluon Plasma is formed, where quarks and gluons are deconfined

*The system expands and cools down, finally it hadronizes

* Finally, it reaches the detector!
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Whatisajet?

Relativistic Heavy-lon
Collisions

Hard parton traveling
through the medium

——y

Two colliding Initial State This parton will travel as the system evolves
nuclei and cools down! But why is this interesting
for us?
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What ISa ]Et‘ Signatures of the QGP: energy loss

\ [ Early hard scatterings produce hard partons that
a A q travel with really high momentum through the medium!
. Y 5 ‘h\-.‘; 5 : . | f ey s

p+p A+A

ATLAS collaboration, PRI 105, 252303 (2010)
Cao—Wang review, Rep. Prog. Phys. 84, 024301 (2021)

The yield of high-momentum jets is suppressed
relative to the binary-collision-scaled pp
expectation — R, , falls well below one

High p, jets lose energy getting bumped around by

the strongly-interacting QGP
Path length of the jet Lp, > L), not enough time

to lose energy!
N
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Whatisajet?

Brownian Motion

Diffusion in position space

In Brownian motion, a particle receives many

o O O a small, random kicks from surrounding molecules.
O O
O o ® . | |

e ) The particle performs a random walk

& & » |

@®-- -z 4* P N | rms 5
start - i i spread < | x(7) — x(0) | > = 2Dt
. & ' | ~v2Dt
O P O /
O - v
o O O | D: encodes the microscopic medium
O

A. Einstein, Ann. Phys. (Leipzig) 17, 549 (1905).

O  molecules / scatterers (T)
Al generated

M\, - —-p particle trajectory (random walk)

\ﬁ'l
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Whatisajet?

Jet Momentum Broadening

Diffusion in momentum space

Al generated
S Transverse momentum K, performs a random walk
medium, len
.. w s 2

| > [ = d. | ,,/2////" \\ <k > ~ qL

44, Aq, rr ' broadened
m— ' < : ?—; . _!. angular
energetic fqi *} ‘ <A ,’ distribution

jet t ‘ Y P (?;‘:::d g: transport coefficient of the jet
N iection) (describes the momentum broadening)

BDMPS: Nucl. Phys. B484, 265 (1997)

O  scattering centers / medium constituents (T)
-—- transverse momentum kick q

- et trajectory (mean direction + small deflections)

o
A
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Whatisajet?

Jet Momentum Broadening

Diffusion in momentum space

Al generated
Transverse momentum K, performs a random walk
medium, length L
.. w - 2
E>T (ijf ZL q {L \ (ki) ~qL
e Aq, | ! broadened
- N 4'/¢ ?—;_!- angular
energetic f | N T I' distribution
. 4. | Ny P/ n L .
jet t - Y D s iy g: transport coefficient of the jet
d, | N mean

difection) (describes the momentum broadening)

BDMPS: Nucl. Phys. B484, 265 (1997)

O  scattering centers / medium constituents (T) Brownian motlon ' ' Jet momentum broadening

-—- transverse momentum kick q ;
- jet trajectory (mean direction + small deflections) Same random walk idea:

N Many soft, uncorrelated kicks lead to diffusion

\ﬁ"
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Whatisajet?

Brownian motion <= Jet momentum broadening

Same random walk idea:
Many soft, uncorrelated kicks lead to diffusion

(ki) =qL & (|x(t)=x(0)|*) = 2Ds

But Einstein’s diffusion coefficient D assumes an isotropic bath in equilibrium

The OGP is neither: it flows, it is viscous, and the jet defines a direction....

See for example: PRD 110, 034019 (2024), arXiv:2312.00447

A
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Effective Kinetic Theory in QCD



Introduction

Kinetic Theory Picture

The dynamics of the system are determined from a Boltzmann equation:

Chapman, Sydney et al. ““T’he mathematical theory of
non-uniform gases.” (1939).
S. Jeon, Phys. Rev. D52 (1995) 3591-3642.

° ofe ° ° ° ° a — a a
3 This system has a non-equilibrium distribution: f = Jo -+ 5f Arnold, Yaffe Phys Rev.D 57 (1998) 1178-1192
"mv Arnold, Moore & Yaffe, JHEP 0305 (2003) 051,
P
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Introduction

Kinetic Theory Picture

Jet momentum broadening is generated by the cumulative effect of microscopic
scatterings with medium constituents

® O
N Y dr
3 A = a.el
® % §=|d*q,G1— -
@ o’ Y ag, o
‘ YT
@ e o 3 ﬁ\. with the elastic scattering rate related directly to: AT generated
O O
o® ®
® e 00 1 L
o © o 2% [, alk] = > dPdK' dP' W', fio fofy
O Ty

where ' | = prk_}kk, denotes the relevant scattering kernel (rate) for the process.

These two define the scalar:

A 1 / 1= 2 T
01K = 3o | dPAK APTG Wiy

IPH% Isabella Danhoni (UIUC)



Introduction

Kinetic Theory Picture

The jet quenching parameter g is determined by the elastic scattering rate:

2 .. ~ ~
qlqj fb(Xa K)fc(X9 P,)fd(Xa K,)

bcd * arXiv:2303.12520 [hep-ph]
arXiv:2603.00844 [hep-ph]

N (271')4 Z ndF 5(4)(P+ K — P — K/)‘%ab
q- = 4]7 v, kp'k’ cd

g is intrinsically tied to and to a specific choice of
a specific frame, transverse plane:
I- ------------------------------------------------------------ I
I Q Q Q I
i i
i i
i i
i p ~ i
: ’ | d=an+an :
' Azimuthal symmetry H Spherical symmetry of '
: around the beam axis: qll O O the phqse_quce: :
i i
X 4 — 22
. G2 =463 =0 =10 ¢ 0 Gl = 22 .
: 0 0 q33 :
i i
i i
i i
i i
i i
i i

FVI"IL, ...................................... SN
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How does jet momentum hroadening couple to the
dissipative currents of viscous relativistic
hydrodynamics as the QGP evolves?




Viscous relativistic hydrodynamics

Equilibrium

Conservation laws:

™ — VMT”” = ()

o= V=0

_I_
small deviations
Kpp Kps Kpo

Diffusion matrix and gradients of u/T K= | Ksp Kgs Kgp
“oB Kos %00

Large separation of scales:

* Fluid cells are much larger
than mean free path

4 mfp

L

Bulk Pressure Il = T¥r [T”” — Té’”’]
<1

Israel=Stewart (1979) -
DNMR (2012, arXw:1202.4551)

WU THV _ THY _
Many degrees of freedom (dof): Shear stress tensor 7 I Iy =1

e Conserved qucm’rl’rles
described by: T, u, g

*Large particle numbers The jet quenching parameter g is

the transport coefficient of a jet
in a viscous fluid.

o
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Jet momentum broadening out of equilibrium

. The broadening process is intrinsically direction dependent.

i
o o i
: No symmetry reason for momentum broadening to be a single scalar. ,

12 13

T 1a%#a%#a”#0,
22 q23

A1l )
3 33|49 Fq-
q q

[.et us consider a fluid with a shear tlow!

———
—
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General tensorial structure of 6"

What are the symmetry constraints that this tensor has?

® 54 is constrained by rotational symmetry in the LRF
® Symmetry under i < j

® Linearity in the shear-stress tensor

v arXiv:1401.3751 [hep-ph]
F/{,ﬂﬁﬁv arXiv:2312.00447 [hep-ph]
Jul Jul
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General tensorial structure of 537

What are the symmetry constraints that this tensor has? 2l Ll e e

o’

® 54 is constrained by rotational symmetry in the LRF
® Symmetry under i < j

® Linearity in the shear-stress tensor

Let us begin with the simplest possible tensor structure, and write something
linear in 7Y

%
Q>
<
LN
&
ﬁN
~

Pure shear (traceless):

. . : : Stretches in one direction and
This is not enough, our system has a preferred direction S

ﬁ, the jet direction! no overall size change

o
o

1 @)
IHI

arXiv:1401.3751 [hep-ph]
arXiv:2312.00447 [hep-ph]
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General tensorial structure of 537

What are the symmetry constraints that this tensor has? Isotropic contribution from
projection along 7
® g is constrained by rotational symmetry in the LRF ﬂ 511 ﬁaﬁbﬂab

® Symmetry under i < j

® Linearity in the shear-stress tensor

Let us now use the available tensors 67and the jet direction 7' :

5¢" =i ¥ +iB 6Y ﬁ“ﬁbﬂabi

Project 7/ along the direction 7
. . . . N . __ »raxrb
We have the direct shear + the isotropic contribution from to obtain the scalars = n"n"x,,
: : : : : .. then distribute it isotropically via
the projection! Still one contribution missing! 5i

o
o

1 @)
IHI

arXiv:1401.3751 [hep-ph]
arXiv:2312.00447 [hep-ph]
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General tensorial structure of 537

What are the symmetry constraints that this tensor has? Jet direction-selective

A

Y (ﬁ’nf“ﬁa + n/n*n

® 54 is constrained by rotational symmetry in the LRF =
® Symmetry under i & j +ﬁlﬁjﬁaﬁbﬂab)

® Linearity in the shear-stress tensor

Let us now use the available tensors 67and the jet direction 7' :

" AT 1 A AT I A Al AT A Ab :

-+ (n’ﬂ]“n + /nn, + n'n'n“n’n )

o _}f _________ a ~ a "~ " a [_7 /1 Couples shear to direction 7:
arXiv:2605.12791 [hep-ph] enhances broadening along the

jet direction

Together, these structures exhaust the independent tensor
" contributions that can appear in the LRF!
Jul

J arXiv:1401.3751 [hep-ph]
o | arXiv:2312.00447 [hep-ph]
ni @ g

IN=
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Jet momentum broadening out of equilibrium

i
The broadening process is intrinsically direction dependent. :
No symmetry reason for momentum broadening to be a single scalar. !

arXiv:2511.07519 [hep-ph]. arXiv:2502.13205 [nucl-th].
arXiv:2312.00447 [hep-ph]. arXiv:2512.11951 [hep-ph].

This scenario has been extensively studied before, see arXiv:2308.01294 [hep-ph].  arXiv:2110.03590 [hep-ph].
arXiv:2008.04928 [hep-ph]. arXiv:2202.08847 [hep-ph].

arXiv:2309.00683 [hep-ph].  arXiv:1203.0561 [hep-th].

I\j‘l:‘ﬂv arXiv:2605.12791 [hep-ph]

FH i
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Jet momentum broadening out of equilibrium

The broadening process is intrinsically direction dependent.

No symmetry reason for momentum broadening to be a single scalar.

We begin with the general definition of jet momentum broadening tensor:

2 ~ ~
qlq] fb(Xa K)fc(Xa Pl)fd(Xa K,)

N (271')4 2 r.dl—w 5(4)(1_) K—p — K/) %ab
q- = 4]7 v, o~ kp'k’ cd

Let us go back to the general expression and introduce non-equilibrium corrections

N
o arXiv:2605.12791 [hep-ph]

.0
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Jet momentum broadening out of equilibrium

i
The broadening process is intrinsically direction dependent. :

i
No symmetry reason for momentum broadening to be a single scalar. !

We begin with the general definition of jet momentum broadening tensor:

2 ~ ~
qlq] fb(Xa K)fc(Xa Pl)fd(Xa K,)

N7 (2m)* n 4) / / ab
P = Y AP + K = P K) |
4 bed *

We incorporate the corrections from equilibrium to jet momentum broadening in a systematic fashion

For a generic Of:  f, =f,, +&f, =f;, [1 +f0,b¢k] , Jo» = local equilibrium distribution

which induces the decomposition, (for a linearized collision operator)

A,J(P U) = @ (P U) + 5@1](}) U) U" is the medium's 4-

velocity

l 1
'F'l‘ 'I\;I‘ Isabella Danhoni (UIUC) 23

arXiv:2605.12791 [hep-ph]


https://arxiv.org/abs/2605.12791

Jet momentum broadening out of equilibrium

§I(P,U) =4" (P, U): +-

arXiv:2605.12791 [hep-ph]

arXiv:0811.1603 [hep-ph], arXiv:1502.03730 [hep-ph], arXiv:2312.00447 [hep-ph],

"L/The equilibrium contribution has been extensively studied before, see  ,x;1.2303.12595 [hep-ph], arXiv:1509.07773 [hep-phl.
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Jet momentum broadening out of equilibrium

§I(P,U) =4" (P, U): +-

arXiv:2605.12791 [hep-ph]

arXiv:0811.1603 [hep-ph], arXiv:1502.03730 [hep-ph], arXiv:2312.00447 [hep-ph],
1vThe equilibrium contribution has been extensively studied before, see  ,x;1.2303.12595 [hep-ph], arXiv:1509.07773 [hep-phl.
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The Method of Moments: A General Strategy for the
Boltzmann Equation

Semiconductor & phonon
transport

- , . Max-entropy closure —  energy-
Radiation hydrodynamics used in transport / hydrodynamic device

supernova and merger simulations. models.
Levermore, JOSRT 31, 149 (1984) Anile & Muscato, Phys. Rev. B 51, 16728 (1995)

Rarefied gas dynamics Radiative & neutrino
Grad expands f in tensorial transport

Hermite polynomials — the classic

1 3-moment equations.

Grad, Comm. Pure Appl. Math. 2, 331 (1949) -
Struchtrup & Torrilhon, Phys. Fluids 15, 2668—
2680 (2003)

— 2026: this talk

>

1049 1084 1905

1005 1087 2012

Relativistic fluids / heavy-ion

Second-order moment closure — causal,
stable dissipative hydrodynamics; the 14-
moment truncation is the workhorse for

the QGP.

Israel-Stewart (1979) - DNMR (2012, arXiv:1202.4551)

Plasma physics

Moment and Chapman—Enskog closures
give Braginskii’'s transport equations

Maximum entropy /
extended thermodynamics

Fix the closure by maximizing

entropy at fixed moments.
Dreyer, J. Phys. A 20, 6505-6517 (1987) -
Levermore, J. Stat. Phys. 83, 1021-1065 (1996)

and modern gyrofluid models.
Braginskii, Reviews of Plasma Physics Vol. 1 (1965) -
arXiv:2201.11561

% our setting

% Isabella Danhoni (UIUC)
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The Meth()d Of M()ments This provides a systematic and
W. Isracl and J. M. Stewart, Phys. Lett. 58A, 213 (1976) improvable way to solve kinetic theory

We expand ¢, in a complete and orthogonal basis formed by the irreducible tensors X)
Po coe

00
total amount

1, K%, KWK, KKK, ... M '/ :

center of mass

: !
Py (X) N\

spread / width

Angle brackets denote symmetric, traceless projections orthogonal to the fluid four-
velocity,

A ) — A* AV, Am/ =gt U/,tUw pg,,;\(;)/l&
skewness
The expansion then reads p,‘;l“'}e X)
00 N p e Al generated
£ (©) .
b=, 2 TN K, K, i 7 Polynomials of &y Solving this infinite hierarchy of
P — 2 = rank olving this infinite hierarchy o
coupled PDEs
where the moments are defined as ‘
3Kk : > solving the Boltzmann equation
P He(X) — EM K. Khe) §F(X, K),
plH(X) J prLet f(X. K) |

used to reconstruct the full distribution

Nl function.

E_Jﬁ.l

: I'LI 'l‘ll w
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® o # )
14-Moment Approximation WHAT WE NEGLECT
We adopt the lowest-order truncation compatible with causal and stable hydrodynamic
evolution, namely the 14-moment approximation, in which the series is truncated at rank two
so that moments with £ > 3 are neglected, arXiv:2311.15063 [nucl-th) 0 =0 -
= We cut
pr/fl.-',uf — O, f Z 3 ﬁ:; I "I %/here.
- o] | -J
This retains only the scalar (£ = 0), vector (£ = 1), and tensor (£ = 2) moments, | =------ y FeE - - - - - -
e |
2 9 0 059 { ~——— } Kept andd
O = [Ey+ Byn~— DyE, —4B,E I +4,n,K = [ via disipative
. S i currents
This yields 14 independent
Sl L Vector (diffusion current) Tensor (shear stress) [ degrees of freedom. j
n* & - _

Al generated

I1
l X ==
B e ® o
\ / o, .y
N . f— . arXiv:1202.4551 [nucl-th]
* e e |

The expression can be systematically improved by including higher-rank moments!

IPH% Isabella Danhoni (UIUC)



Connection with Hydrodynamics

¢k — [E() + B()m2 T D()Ek — 4B0Ek2 ]H +/1nna'K ’ arXiv:2311.15063 [nucl-th]

Scalar (bulk pressure)

Vector (diffusion current) Tensor (shear stress)
nk T
® = '
@ ® o

N
PaiN S 4

«—

We consider massless particles at zero baryon chemical potential.

3%\/ arXiv:2605.12791 [hep-ph]

FH i
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Connection with Hydrodynamics

¢k — [E() + B()m2 o D()Ek T 4B()E]{2 ]H +/1nn0(K ’ +B2ﬂaﬁK aKﬂ arXiv:2311.15063 [nucl-th]

Vector (diffusion current) Tensor (shear stress)
T

—

We consider massless particles at zero baryon chemical potential.

For our massless system the bulk
viscous scalar II = 0.

(we neglect running-coupling corrections that

generate a nonzero bulk viscosity coefficient)
arXiv:hep-ph/0608012.

'ﬂﬁL, arXiv:2605.12791 [hep-ph]

N

lﬂﬁlmlﬁ.n
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Connection with Hydrodynamics

2 _ D()E kT 4B()E ]{2 ] 11 + /lnnaK a +B 7T, ﬁK ‘K p arXiv:2311.15063 [nucl-th]

Tensor (shear stress)
T

—

We consider massless particles at zero baryon chemical potential.

Landau frame — energy-diffusion current vanishes.
At zero g the charge-diffusion current ## vanishes

E,}q\.ﬁ\, arX1v:2605.12791 [hep-ph]

v
'H'

| Isabella Danhoni (UIUC) 31
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Connection with Hydrodynamics
¢ = [Ey+ Byn* — DyE, — 4BEI1  +4,n,K* +B,n, KK/ W Ki21115063 el

y
Tensor (shear s'rress)\
T

—

E = 3

E,-lﬁq\.ﬁ\, arX1v:2605.12791 [hep-ph]

h*.ﬁlmlﬁ.l

| Isabella Danhoni (UIUC) 392
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Connection with Hydrodynamics

— DyE, — 4BE; I +4,n,K* +B,m, KK/ e i 291115068 [nc-

y
Tensor (shear s'rress)\
T

—

_ 4

E = 3

arXiv:2605.12791 [hep-ph]
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General tensorial structure of 6gY Computed wih srsene <homne

A e . arXiv:1401.3751 [hep-ph]
0qg is then given by, arXiv:2312.00447 [hep-ph]

Coefficients aT, fT, and yT defined as functions of the
transverse momentum cutoff A /T for a purely gluonic medium

] -
| MOP.K: P, K)|* foFr | 22X 7 KHK s ol
| A ( )" JorSox 20 5 0.08 ET@
T/ g
| — mD:T
0.06F = p Z 57

Performing all angular integrations one arrives
to the exact same tensorial structure as before,

-« I D

0.04|

0.02F

E |
-
-
-
-
-
-
-
-
’ —
-
-
-
-
, =
-
-

/’
//
-—
—’

arn™ + fr 07 3 (a + y)n'*
o™ arn” + P (a0 + 7) 7" 0.00} -_.ﬁ_..=.==;__.e.=:.=.-.-..—.::.::.::.'.‘:.'.'.T..'.'..—.._..'.'.:-----------._

(a+p = (a+ ™ (a+ [+ 3y)n 1 2 3 i 5

m arXiv:2605.12791 [hep-ph]

..
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Summary Part1

v/ Out-of-equilibrium jet momentum broadening in QCD effective kinetic theory through a
moment expansion of the medium distribution function.

v Within the 14-moment approximation, we demonstrate that viscous corrections to jet
momentum broadening are governed by the hydrodynamic shear-stress tensor.

v/ Our work provides a systematic route to incorporate realistic medium evolution into jet
transport calculations, offering an alternative to simplified homogeneous (“brick”)
backgrounds commonly employed in studies of jet-medium interactions.

- ~
Thisis a plug and play formula that canbe used to
understand out of equilibrium viscous hydro corrections to g!

| arXiv:2605.12791 [hep-ph]
ol !sabella Danhoni (UIUC) 35
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What about a fully covariant version of ;3



Jet momentum broadening out of equilibrium

Danhoni, Mullins and Noronha,

[arXiv:2603.00844 [hep-ph]]

We begin with our §¥ and upgrade it to a covariant tensor:

. | . .~
q’(p) = 2(p) JdeK’dP,qlq]Wafk’fkfp’

|

P (PH) = dK dK' dP' ¢"q*W ,fr i S
g (P*) 2uﬂPﬂJ 9"9"W fehlp
Jet Momentum Broadening as a Diffusion Tensor To understand the physical meaning of B¥, we parametrize the
jet trajectory x*(4) by an affine parameter, 4,
O 1 O
fk+q =ht4qg K | 24 qﬁaK“aKﬁ Foee dx* _ d 0 K) = dx* 5 F = K4
- 7 A Ve
o 1 ., Ph
C ~ |d*q W (K, a F—g%g”
al k] J q Wi (K, g) [q xa 759 9 Sranis

d 1% 1 1% ANUL
——(AK*AK?) = — B*(K) = §"(K.u).

Y BI(K) fy S
ML oke UK T g ggagks LT K

R [N Isabella Danhoni (UIUC)



Jet momentum broadening out of equilibrium

Let us begin with an isotropic non-equilibrium in a toy model:

We consider a system of massless scalar particles governed by the
Lagrangian density:

We assume a classical Boltzmann distribution. At leading order in the coupling constant, this interaction is simply given by
M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory

" . A g
‘= or(s) =— | dDdO sin O o(s, ) = =

e” 4 2 32ns S

FH% Isabella Danhoni (UIUC)



Jet momentum broadening out of equilibrium

Let us begin with an isotropic non-equilibrium in a toy model:

We consider a system of massless scalar particles governed by the
Lagrangian density:

The covariant definition of jet momentum broadening is written as, Effective screening—like scale

modified by non-equilibrium effects

1 i -~
7"(K) = dP dK' dP’ g "q* W _ f,.. :
q ( ) 2uaK0‘d qq afkfpfp

We then arrive at a simple tensorial structure that can be written as, L o o e e e e e e e e e e memeeaa

,\ g ) o KaJa 1 2' /
g (KH) = . (K*J* + K*J*) + ETW g" +—K'K* m;

Kﬂuﬁ I

3 6 | Danhoni, Mullins and Noronha,
[arXiv:2603.00844 [hep-ph]]
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Jet momentum broadening out of equilibrium

Let us begin with an isotropic non-equilibrium in a toy model:

We consider a system of massless scalar particles governed by the
Lagrangian density:

/1(p4
L =—0,¢ 0ty
2 H 4
0.20
\0
0.15- N
~.
\' .........
0.10 - B LTI
o SNL.. 0 e,
‘w \,\.\ .............
«~ 0.05- R S LT
A lg1 =14l < 0.00 == ==& m e e ——-
Tl _0.05L- —— Analytic initial condition
—:= |R enhanced initial condition
010 L Bithermal initial condition
—0.15 0 100 200 300 400 500 , ,
et Danhoni, Mullins and Noronha,
! "L, T [arXiv:2603.00844 [hep-ph]]

g 40
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Covariant QCD jet momentum broadening

The momentum-broadening coefficient is promoted to a rank-two tensor 6g"*depending on the jet momentum, the local fluid
4-velocity, and the dissipative currents. The tensor has additional information and can be described as,

| 1
: 12 13\
: 9 9 q°| |
: - sij — | 12 220 23|
: Momentum broadening: q qg - g q .

13 23 33 i
| q q q i
i i
: + :
i i
i ~00 .
I Energy broadening: q I
i i
i i
i i
i i
. T .
i i
i ~0j i
1 Energy-momentum correlations: ¢ i
i |

4 E E E E BB E E E E B BE BE B B B B B BB BB BB BB B8 B8BB =R

ID, Mullins, Noronha, TO APPEAR!
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Covariant QCD jet momentum broadening

The momentum-broadening coefficient is promoted to a rank-two tensor 6g"*depending on the jet momentum, the local fluid
4-velocity, and the dissipative currents. The tensor has additional information and can be described as,

5 q//t ID, Mullins, Noronha, TO APPEAR!

Isotropic spatial shift Direct shear imprin'r Mixed ’rime—space channel Jet-direction—selective channel

~ utn"*P, + u"n"’P,

direct transfer of the
modifies the overall magnitude of medium shear direct transfer of the medium enhances broadening along
spatial broadening anisotropy into g~ shear anisotropy into G** the jet direction

isotropic / magnitude — jet-aligned / directional

IﬂM Isabella Danhoni (UIUC)



Summary Part 2

v’ Fully covariant definition of jet momentum broadening: ¢** — momentum diffusion along the jet
trajectory, valid for non-equilibrium viscous medium, can be used in hydrodynamics evolution.

V' In a lp* toy model, non-equilibrium effects enter through an effective screening scale; the approach

of Ag to equilibrium depends strongly on the initial condition.

v/ In QCD, the scalar g is promoted to a full tensor: momentum broadening §Y+ energy broadening qArOOJr

energy—-momentum correlations §".

v’ Dissipative currents imprint distinct channels: isotropic shift, direct shear imprint, mixed time—
space, and a jet-direction-selective enhancement

Danhoni, Mullins and Noronha,

[arX1v:2603.00844 [hep-ph]]

arXiv:2605.12791 [hep-ph]
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https://arxiv.org/abs/2605.12791

Non-equilibrium QGP + pQCD

Example non-equilibrium contribution:

A UL 1 U / / T
Gneq = —J g"q"Ru)S(p +k—p' — k) | M| for for
4p k' Kk

Example equilibrium contribution: 54! ~ J q'q'| W‘Zﬂaﬂkakﬁx (-+)
kK’

AUV 1 / / r
deq = _J g"q"m)3(p + k —p' — k) | M |? fir fox
4p k' Kk

5g'! ~ aﬂqu do dk g'q'

00 - m2
~ J d*q, q° J dk k*f, f =
Lon, : J M S T o
0,0

g2
=2 C,Tm}1n

Reproduce results from Boguslavski, Kurkela, Lappi, correction as a function of mlz) and A.
Lindenbauer and Peuron.

Isabella Danhoni (UIUC)

For a given 7Y we compute numerically the




2 <« 2 Processes

Arnold, Moore and Yaffe, JHEP 05 (2003) O51.

M., (P.K,P.K)|* 2n)
€2 f1(P) = ZJ Lol , ,)‘ S 5'(P+K—-P' - K
o~ T 2pV2k02p02k0 2

f“(p)fb(k)[l + F(pOIL = UK = PO DI B +fb(k)]}

XLLLL

(D) (E)

?é%%é%%}mé

(F) (G)

Isabella Danhoni (UIUC)



Soft gluon exchange - diagrams (A)-(C)

Arnold, Moore and Yaffe, JHEP O5 (2003) O51.

o Self-energies only matter when the exchange
o At high 1 the most significant contribution momentum is soft.

comes from diagram (C):
. The matrix element is (s + u?)/t*:

1
< DiaDi Tr(py Ky Y Te(py Ky

b5 — 44

Dret 60, —
i (@D q* — 0* + IIfY(w, p)

retarded gauge
boson propagator DI, q) = —1
q° — II§§(w, q)

D (w,q) = Di{(@, q) =

 where IT(w, q)and ITF (@, p) are directly

2

« we have assumed |w | < g, which is
dependent on my,.

the only case of relevance.
Isabella Danhoni (UIUC)



Diagrams (D) and (E)

(D)

e For a soft fermion exchange the divergent term

=
\9999999) (u—s)/t ~1/g2 is replaced by IR regulated

term:

- == sum-rule
—— with E=e1/3/2

t t + Egmg

Kurkela and Mazeliauskas, Phys. Rev. D 99 (2019) 054018

20

e where ¢ is the exchanged momentum,

1.5 fq = e/2 ~ 1.359, and m,, is

10 - 2 :
»_ S [ K

=3\ TR

O-O I | | | | | | I I
. / "0 5 410 15 o0 e« the cumulative effect of these diagrams is
1/Mp
Boguslavski, Kurkela, Lappi, Lindenbauer and Peuron, Phys. Rev. D 110, no.3, Sy ppressed X e_:“/T N the |(]rge //t/T reg|on

034019 (2024)

Danhoni and Moore, JHEP 02, 124
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HTL

(O 0 L

The form of the HTLs are identical for high density as for high temperature:

N N, 3
2 22 g, 2 2
m 1 fl V)
g 39 69( w2 )

- 1 (or u) sets a “hard” energy scale, while the external energy and momentum are “soft”.

 This separation of scales forms the basis of the HTL- (or HDL-) resummation scheme.

Rischke, Prog. Part. Nucl. Phys. 52, 197-296 (2004)
Isabella Danhoni (UIUC)



