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Approach

.. : : I :
Prerequisite: Classical lattice gauge theory ~>"'s Glasma fields
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Approach

.. : : I :
Prerequisite: Classical lattice gauge theory ~>"'s Glasma fields

: background : solver : :
Our work: Glasma fields < > ensemble of particles —— colored particle-in-cell
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Hard probes in the pre-equilibrium stage

The cathode tube effect: heavy quarks probing the Glasma in p-Pb collisions

Marco Ruggieri''* and Santosh K. Das!
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Hard probes in the pre-equilibrium stage

Jet quenching as a probe of the initial stages in heavy-ion collisions™

Carlota Andres®, Néstor Armesto®, Harri Niemi®®, Risto Paatelainen®?, Carlos A. Salgado®
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Hard probes in the pre-equilibrium stage

Exploring the initial stages in heavy-ion collisions with high-p,

R44 and vy theory and data

Dusan Zigic!, Bojana Ilic!, Marko Djordjevic? and Magdalena Djordjevic!
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Hard probes in the pre-equilibrium stage

Impact of Glasma on heavy quark observables in nucleus-nucleus collisions at LHC

Yifeng Sun,’* Gabriele Coci,»%% T Santosh Kumar Das,*#

Salvatore Plumari,® 1§ Marco Ruggieri,®>* 1 and Vincenzo Grecol 3:**
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Hard probes in the pre-equilibrium stage

Anisotropic momentum broadening in the 241D Glasma:
analytic weak field approximation and lattice simulations

A. Ipp,* D. I. Miiller,! and D. Schuh!
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Hard probes in the pre-equilibrium stage

Jet momentum broadening in the pre-equilibrium Glasma

A Tpp*, D. I. Miiller®*, D. Schuh®
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Hard probes in the pre-equilibrium stage

Heavy quark diffusion in an overoccupied gluon plasma

K. Boguslavski,! A. Kurkela,?? T. Lappi,*® and J. Peuron®
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Hard probes in the pre-equilibrium stage

Jet quenching in glasma

Margaret E. Carrington®?, Alina Czajka®, Stanislaw Mréwczyriski®d
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Hard probes in the pre-equilibrium stage

A 7,=17,=0

Medium-induced radiation with vacuum propagation
in the pre-hydrodynamics phase

Carlota Andres,” Liliana Apolinario,"< Fabio Domi ¢ Marcos Gonzalez Martinez? and

Carlos A. Salgado”
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Hard probes in the pre-equilibrium stage

Simulating jets and heavy quarks in the Glasma
using the colored particle-in-cell method

Dana Avramescu,b? " Virgil Baran,? ' Vincenzo Greco,»% !

Andreas Ipp,% " David Miiller,% ¥ and Marco Ruggieri® **
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Hard probes in the pre-equilibrium stage

Jet momentum broadening during initial stages in heavy-ion collisions

K. Boguslavski,! A. Kurkela,? T. Lappi,>* F. Lindenbauer,’>* and J. Peuron®%?°
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Hard probes in the pre-equilibrium stage

Heavy quark diffusion coefficient in heavy-ion collisions via kinetic theory

K. Boguslavski,! A. Kurkela,® T. Lappi,>* F. Lindenbauer,! and J. Peuron® % 5 *

1.2
1.0
w 087 L ¢
s
T~~~ 0.61
2
041
0.2 .
0.0 . . - . . 0.0
05 104 10®* 102 107! 10° 10 103 102 10-! 10°
T/TBMSS T/TBMSS
[ o o [ ) [

2018

Legend

2019

e heavy quarks

2020 2021 2022 2023

jets 41//i2£3



Hard probes in the pre-equilibrium stage

Limiting attractors in heavy-ion collisions

K. Boguslavski,! A. Kurkela,? T. Lappi,>* F. Lindenbauer,! and J. Peuron® %3
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Hard probes in the pre-equilibrium stage

Heavy quark drag and diffusion coeflicients in the pre-hydrodynamic QCD plasma

Xiaojian Du!’*
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Hard probes in the pre-equilibrium stage

Quark production and thermalization of the quark-gluon plasma

Sergio Barrera Cabodevila,!'* Carlos A. Salgado,"% T and Bin Wu!+*
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Figure credits to D. Miiller

Part 1
The Glasma
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High energy QCD

Gluons as main degrees of freedom

nucleus

Small-z limit of QCD « evolution)

Figure credits to T. Ullrich
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High energy QCD

Gluons as main degrees of freedom

High gluon occupation numbers

Figure credits to T. Ullrich 5 / 23



CGC as an EFT for small-x QCD
Classical Yang-Mills fields

» Separation of scales

gluons & valence quarks cutoff
s,_/ N - l | > p—|— — .CIZ‘P+
gauge fields A* color source J# small-z [ large-x

» Classical Yang-Mills equations

covariant derivative field strength tensor

v v
(D ) [ar] = [

gluon gauge field T nucleus color current

input . . .
» Color current JH ¢ light-cone kinematics + color charge model
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CGC as an EFT for small-x QCD

Color current model

Saturation momentum

v
g7 o< Qs

TI\/IV model parameter

» Light-cone current JT

thin sheet static source

v oo
JH® = §HT6(27 ) p® (2 1)

classical color charges]\

» Color charges for large nuclei
McLerran Venugopalan (MV) model

a\ __
Physical parameter <P > =0

<

(p?p") o (g°p)?

Stochastic charges
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CGC as an EFT for small-x QCD

Color current model

Qs ~ 2GeV

Central LHC collisions

» Light-cone current JT

thin sheet static source

v oo
JH® = §HT6(27 ) p® (2 1)

classical color charges]\

» Color charges for large nuclei
McLerran Venugopalan (MV) model

a\ __
Physical parameter <P > =0

(p?p") o (g°p)?

Stochastic charges

7/23



Gauge fields before the collision
rt

Gluon gauge field High energy nucleus

o ~ WOWT JH~ §HFp
Wilson IineT Tcolor charge
path—ordering¢ . Wilson line
Wi(z~,%,) =Pexp {ig / dzA:gv(Z,fJ_)}

where A AT = p —00
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Constructing the Glasma
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Collision of CGC nuclei

Light-cone diagram of collision

G0 ZU+ ..
colliding nuclei Before the collision

Known o (%) and o4 (7))
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Collision of CGC nuclei

Light-cone diagram of collision

x After the collision

Unknown A% (x)
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A

Collision of CGC nuclei

Light-cone diagram of collision

330

n=const.
T

T=const.

After the collision
Unknown A% (x)

» Boost invariance
At (x) = A”(T,fj_,ﬂ)

n=In(z"/z7)/2
i

1)

Milne coordlnates 'r

3

Voxrtar— T
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Collision of CGC nuclei

Light-cone diagram of collision

After the collision
Unknown o*" (1,7 )
» Boost invariance

» Glasma initial condition

= o} (Z1) +ab(Z))
7—0

19
= el (#1), a5(7.)]




Collision of CGC nuclei

Light-cone diagram of collision

—

o ++  Known o (1) and o4 (7))

Unknown o (7, %)

» Glasma initial condition

a'(1,2) =|aj(ZL) + a5(TL)
7—0

N1, Z)| =] b (#L), ab(#1)
7—0 2

Glasma fields CGC fields
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Collision of CGC nuclei

Light-cone diagram of collision

_ Glasma flux tubes a:+ Known Ogi (fJ_) and Oé% (SUJ_)

=

—

Unknown o (7, %)

» Glasma initial condition

rLongitudinaI BT, BT

No transverse E*, B’
\
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Collision of CGC nuclei

Light-cone diagram of collision
After the collision
Unknown o*" (1,7 )

» Boost invariance
» Glasma initial condition

» Evolving Glasma
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Collision of CGC nuclei

Light-cone diagram of collision

After the collision

Unknown o (7,7 )
1

;Di&ra@ v iger o = O » Boost invariance

1 - o -
~0,70,a" —igr*a"D;a" — D;jF;; =0 » Glasma initial condition
~

iQ 20,0 — Di(D;a) = 0 » Evolving Glasma

-
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Collision of CGC nuclei

Light-cone diagram of collision

Set of PDEs for o*"(7, %)

After the collision
Unknown o*" (7, % )

» Boost invariance

» Glasma initial condition
» Evolving Glasma

Lattice gauge theory
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Continuum

| attice

Real time lattice gauge theory

Gauge field Wilson line

Ai(z) Ulz,y) —Pexp{ —ig/

Gauge link

1

Ai x ? U%,m
®
X

J
>
b a y =1

No lattice discretization in rapidity
Set of PDEs for A, ., U; _ and Uss .

Wilson loop

dziAi(z)} U,(z) =U(z,z)

+

a

Plaquette
i Te Ui >¢ L + @
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TU Wien Glasma solver

GPU solver using CUDA, SU(3) gauge group
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https://gitlab.com/openpixi/curraun




The Glasma fields

Relevant scale (),

Boost-invariant, highly anisotropic field configurations
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The Glasma fields

Bjorken expansion

Dilute fields after 7 ~ Qs—l

Non-linear regime
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Free streaming

Linear regime
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The Glasma fields

400

100
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The Glasma fields

Anisotropy

Longitudinal # transverse = anisotropy

: \ Non-linear regime
1/2 e
1B e e e e
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& S
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Wed T Wed 09:30
' ed 10:00 . ' e :
Xoan's talk Sigtryggur's talk
The effect of medium flow and anisotropy on jet quenching Polarization of jet partons in an anisotropic plasma
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Figure credits to D. Miiller

Part 2
Probes in Glasma



Particles in CYM fields

Wong's equations

Wong's equations <> classical equations of motion for particles (z*, p*, ())
evolving in Yang-Mills fields A*

coordinate momentum gauge field color charge
d p* D Py d p*
L S (27 ) LI WS Pt
- — P gTr | QEF™ (A = gTQ 9lAu, Q) o
T ‘ I T Tcoupling constant Q(‘T): U(T,To)Q(To)uT(T,To)
proper time covariant derivative




Hamilton equations

coordinate

7

d . _r
dr m

‘ mass
proper time

Particles in CYM fields

Positions

:U(Tform) — y(Tform) =0
Y

OT

Ox



Particles in CYM fields

Momenta
-]
|
Curvilinear color Lorentz force :
&
momentum gauge field R;

l l

D Du
o priApy | £v
d’Tp QQTr{QF pA ]} m

T coupling constant

py (Tform)
p

covariant derivative

p$ (Tform)



Particles in CYM fields

Color charges

Q37 + Q% + Q3 = const

Particle color rotation

color charge

l

a4
dr

N

m
Q — _ig[Aﬂa Q] %

J

Q(T)= U(T,To;gg(To) Ut (T,70)




Particles in CYM fields

Wong's equations

Wong's equations <> classical equations of motion for particles (z*, p*, ())
evolving in Yang-Mills fields A*

coordinate momentum gauge field color charge
d p* D Py d p*
Lo P Do o} Lo a0
- — P gTr | QEF™ (A = gTQ 9lAu, Q) o
T ‘ I T Tcoupling constant Q(‘T): Z/{(‘T,‘T())Q(T())Z/IT(T,T())
proper time covariant derivative

Colored Particle-in-Cell (CPIC) numerical solver



Particles in CYM fields

Boltzmann-Vlasov

Boltzmann-Vlasov equations
P [0+ gQ  F, (a")0p + gf A} () Q 000 ] £ (2, pH, Q%) = 0

sample

f(x”jpu’an)
= Wong's equations

> test particles (z#, p*, Q%)



Part 3
Jet transport in Glasma



Jet momentum broadening
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Jet momentum broadening

particle trajectories
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background fields
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p,|GeV]

Jet momentum broadening
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g Jet quenching parameter
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Eikonal jets from field correlators

Highly energetic light-like jets
T

(6pi (7))

lightlike
Pr—70C

T

—¢* [ar [ ar (LR

0 0
Correlator of Glasma color fields



Eikonal jets from field correlators

Highly energetic light-like jets

T

(N =g [ar' [ ar" (TF(FE))
0

0

parallel transport | 7= def

F,=E, F,=E,—B., F. = E, + B, |\ F, £ ULTF, U,

Lattice gauge invariance



Eikonal jets from field correlators

Highly energetic light-like jets

T

(N =g [ar' [ ar" (TF(FE))
0 0

parallel transport 7= def

s F; = ULF; U,

Lattice gauge invariance

bV, =FE;, F,=FE,—B,, I.=FE,+ B,




Wilson loops and field correlators

Anisotropic momentum broadening in the 2-+1D Glasma:
analytic weak field approximation and lattice simulations

A. Ipp,” D. I. Miiller,! and D. Schuh?

= W 1 WL 1 Wi oW o 72
v, (Res{i ) o exp (~75-30))

momentum broadening T




Wilson loops and field correlators

Anisotropic momentum broadening in the 2+1D Glasma:
analytic weak field approximation and lattice simulations

A. Ipp,* D. I. Miiller,! and D. Schuh?

— ot

<é‘p?(x—l—)>lightlike x 92/ dﬂ?l_l_/ de{I,_
0 0

LQ

(ReTy{7.]) o xp (- 5-(602))

momentum broadeningT

» Dipole approximation L < LT

» Non-Abelian Stokes theorem

L
. ~ 1¢ / de™ F;y (z7,0)
i Jo

(T {F1 (¢} Fir (e])})

Field correlators



Eikonal jets

quark

lightlike
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20
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Eikonal jets

quark

lightlike

)

(6p

\2_

2)

2
Yy
w P
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1.5

» Longitudinal and transverse
momentum broadening

» Momentum anisotropy



Eikonal jets

» Longitudinal and transverse
jet quenching parameter

» Total § = 5-10GeV?/fm

» Negative ¢, — coherence effects
from longitudinal colors fields
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Non-eikonal jets

quark

lightlike

—— dynamic
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Mass dependence for non-eikonal jets

quark - - lightlike —— dynamic
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(0py)

Mass dependence for non-eikonal jets

quark - - lightlike —— dynamic

Largest effect for heavy jets



Momentum dependence for non-eikonal jets

quark - - lightlike —— dynamic
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Momentum dependence for non-eikonal jets

quark - - lightlike —— dynamic

(0p2)
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Ir (0p}) Largest effect for slower jets
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Large transport coefficients
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Florian's talk

Glasma

Large transport coefficients

Wed 11:00
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Hydrodynamics
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K>

Large transport coefficients
Plausible in an EKT framework

o Wed 11:00
Florian's talk ©

Jet quenching parameter during the initial stages

Glasma
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Kinetic
theory

Hydrodynamics
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Saturation momentum dependence
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Scaled quantities

Saturation momentum dependence
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Energy loss?

Possible improvements

» Classical radiation
Backreaction from particles in CYM background fields D, F'*" = j#

CPIC Cherenkov instability ﬂ single component j#
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Energy loss?
Possible improvements
» Classical radiation

PIC — electromagnetic radiation reaction force = adapt to CPIC

Lorentz-Abraham-Dirac particle equations ~———"s d2p,, /dr?
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Energy loss?

Possible improvements

» Classical radiation

» Glasma kinetic solver

Gluon field A* % gluon distribution function f,
cuto

Boltzmann-Vlasov with collision terms
P [0 + gQ L, (21) 0y + g f P AL (2#) Q000 | fg(at, p*, Q%) =(C[fg]

Collisional and radiative energy loss

22 /93



Energy loss?

Possible improvements

» Classical radiation

» Glasma kinetic solver

» Jets in Glasma background fields

lgg)

s

A
Fock
sector 4>
{l E
(g8l ;'G-b;

T

On the momentum broadening of in-medium jet evolution using a light-front Hamiltonian approach

Meijian Li,"»>* * Tuomas Lappi,"> T Xingbo Zhao,*># and Carlos A. Salgado®*

— > gquark

00000000 &uon

5 gluon from the
background field
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Conclusions

» Summary

Classical transport of jets in Glasma background fields
Colored particle-in-cell numerical solver

» Highlights

Transport of jets using field correlators or CPIC solver
Large transport coefficients

» Improvements

Jet energy loss in Glasma fields
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