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Motivation of our real-time quantum evolution calculation

| See Nicholas §
T | talk Wed 10:00 §

i about particle §

§ i productionin f
2 | theGlasma

¥ must be suppressed in the initial stage of heavy-ion collisions
2 [Andres, Armesto, Niemi, Paatelainen, Salgado (2020)]

§ Schuh (2020)]

First qguantum treatment of the jet interacting with the Glasma
fields using tBLFQ a light-front Hamiltonian formalism




The Color Glass Condensate

I High-energy nuclei before the collision §
f can be modeled using Color Glass
Condensate (CGC)

Large X, static color
Based on / charges
scale

separation

Small x, classical
color fields

N\

Must follow classical

We work on the MV model,

where the relevant scale in the
saturation scale Qq

Yang-Mills equations
[D,, F*] = J¥



The Glasma fields

We use real-time lattice gauge

. theory to numerically solve Yang- :

Mills equation [Kransnitz, Venugopalan
(2019)]

Initial condition for the fields after the
collision can be derived from the CGC

[Kovner, McLerran, Weigert (1995)]

Classical fields evolve with
sourceless Yang-Mills equation in
region (3)

(D, F*] =0

!

Boost-invariant classical
Glasma fields



Main features of the Glasma fields

The Glasma potential &/# generates chromo-
electric and chromo-magnetic fields

This fields are correlated inside flux tubes of
diameter ~ 1/Q; that expand along the

longitudinal direction

Initially the chromo-electric and chromo-
magnetic fields only have components along
the longitudinal direction

[Ipp, Muller, Schuh (2020)]



ot . 15:00 about Jet and HQ {

| early t|me propagatlon \;

We will study the propagatlon of a high-
energy quark at mid-rapidity

< = T(x)(iy“Dﬂ — m)W¥(x)

D,=0,—igd where o/ = o/“t"is the
classical Glasma background field

There are no quantum gluons because we
are truncating the quark Fock space to
the | g > sector, not considering radiation



The Light-Front Hamiltonian formalism

We will work in the light-front form, where x* = ¢ + x plays the role of the
temporal variable

We can obtain the light-front Hamiltonian through the Legendre transform of
the Lagrangian

Wt B, + )Y+ Pyl
Ke/4 2 ]

B (xT,X|)o"

2pt

+gd (xT, X)) —g




The time-dependent Basis Light Front Quantization (tBLFQ)

To numerically define the quark state we expand it in a basis

lpixt > =) (x| B>
p

/3 where | >=|p*,pr A, c>or |f>=|pt X, Ac>

Time-evolution contained in the
coefficients

| See Meijian’s talk |
| Wed 9:30 about |
| dressed quarks {

| in a colored field {

0 : Successfully applied to | g) :
i— |y, xt) = H|w; xH) . and |gq) + | gg) evolution :
oxt : in a MV model field :
l . [Li, Zhao, Maris, Chen, Li, Tuchin, Vary

(2020)] [Li, Lappi, Zhao (2021)] [Li,
. Lappi, Zhao, Salgado (2023, 2025)]
c(x™) =T, exp |:—l dtﬂ(t)} c(0)

0




The quantum definition of kinetic momentum

We can use the quark state to evaluate the quantum expectation value of any
operator

(O) = (y; x| O|y; xT)
To compute momentum broadening (p,fm) we have to define the kinetic

~ kin LA%1
momentum operatorp ", = p

* Gotothe Heisenberg picture,
where all the time evolution
information is contained in the
operators

" dxt




Lorentz force operator

We can in principle define momentum broadening directly as (pkzm ), but there is
some ambiguity in how to subtract the initial value of the momentum

l

More convenient to define (in the eikonal limit)

dp% ki dﬁf’” oyt + +
= i[Hy, p) ’”] + =gU'(x",0)7F, . (x")U(x™,0)
dxt ox~+
H

where & is the field strength tensor of the classical background color fields
which can be determined in terms of the chromo-electric and chromo-magnetic

fields, 7, = &, +/—9%,,and Ux*,0) = T exp —igJ d§A+(¢f)> is the
0
time evolution operator 10



Kinetic momentum broadening

t Similar to the classical]
{ calculation [ipp, Miiller, Schuh §
§ (2020)], but we are treating §
§the quark as a quantum }

Momentum broadening is then defined as

2 ext e
(Gphinc)) =gﬂ dﬂ[ 42 O | TN 1 O
0 0

where f(2) = ULOF,(HUGL0)  \S\ |

Kinetic momentum

X

Non negligible momentum broadening
| during the initial stage

Anisotropic broadening with a larger
contribution in the beam direction

Good agreement with the classical
calculation [ipp, Miiller, Schuh (2020)]

000 005  0.10
T (fm)
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Canonical momentum broadening and tBLFQ formalism

as the canonical momentum p

= kin _—’

LA

g&i L (x*,X) is not the same °
WhICh Is conjugated to the position

(p?) = (Wix*|p? | ¥ixt) = ) p2leya)

p

°
_m__ o Note that kinetic momentum p |
°
°
°
°
Canonical momentum
1.75 "
* (p7) quant S e
1507« (p2) quant T
Q 1.25{ ~7° {py)class o
> 2
---- (ps) class
c) 1.00
A 0.75
NN._
Q. .50+
0.25 1
0.00 - *-*dri:£:Wf THRERT A K ;;—;;;_*_;;;-;;;-*-:;;_*

- Good agreement with the classical simulation

Opposite behavior to kinetic momentum with
larger broadening in the transverse
direction

for the y-direction, not so good for the z-
direction

Not an observable, result is gauge dependent
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Kinetic and canonical momentum broadening

Momenta comparison

PZn,,) quant

pén ,) quant s

(
(
(p? =
(p2

. AAAAAAAAA
AAAAAAAAAAAﬁﬁﬁAAAAAAAAAA

““‘***************************

0.00 0.05 010 015 020  0.25
T (fm)

Large difference between kinetic
and canonical momentum in the
Fock-Schwinger gauge

Canonical momentum contains a
large gauge field contribution
which must be extracted to get the
gauge invariant kinetic momentum
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Conclusions...

ﬁ o We d|d the flrst quantum treatment of a jet |nS|de the Glasma |Ohas,e

o We found that momentum broadenlng Is large, anisotropic and greater
in the beam direction than in the transverse direction 1

{ e We also computed the canonical momentum, conjugated to the position
and found that there is a large, gauge dependent difference, between *

L kinetic and canonical momentum

and outlook...

t o Relax the exact mid- rapldlty and elkonal apprOX|mat|ons

' eInclude gluon radiation to compute medium induced energy loss|
inside the Glasma
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Real-time lattice gauge theory

The gauge transformation of the gauge fields &/ ,(x) is non-local as it
involves spatial derivatives

Gauge invariant is then only exact up to same order in a”

The solution to have exact gauge invariance is to use as degrees of freedom
the Wilson lines between neighbor points, the gauge links

Gauge fields —_— Wilson lines —_— Gauge links

A (x) Wic]l = Pexp (—igJ dx”dﬂ(x)> Uy, = exp <iga'“,QYM(x + a”/Z))

C

[Muller (2019)]



The Glasma fields initial condition
Imposing boost invariance
l .
APz =0) = AD 4 4D All(z = 0) = Eg[Ai(’),Ai(z)]

[Phys. Rev. D 52, 6231]

The real-time lattice gauge theory

Gauge fields Wilson lines Gauge links

A, k)

Exponentiation Discretization

>U[C]=Pexp(-;3fJxr‘ ”(",) >lel‘?(;qc\”l\”(’(*%"))

- ——

U[C] Ux,i




Improvements to the boost-invariant Glasma

(34+ 1)D Glasma using a semi-analytical
approach in the dilute limit

Including the nucleon structure of the nucleus

in the Glasma initial conditions, as done in IP- [Ipp, Leuthner, Mller, Schliting,
Glasma Schmidt, Singh (2019)]

For the scope of this work, the boost-invariant
Glasma is enough ©

[Schenke, Tribedy, Venugopalan (2012)]



The eikonal Light-Front Hamiltonian

Taking the limit p™ — o0 and neglecting terms suppressed by p*

In the eikonal limit only the &/ | . B -
components of the classical " NO NEED TO GAUGE |

. background field appear in the - , TRANSFORM THE |
. Hamiltonian, violations of the LC GLASMA FlELDS "

gauge condition &/_ = 0 are
suppressed as 1/p™




Expectation value of the momentum

Knowing the wavefunction, the expectation value of the momentum
operator can be determined at any time

<p?>=<yxt|pHlyixt > = Y eyt < BptsBgn e Ap) 1P| B(D} . s cpr Ag) >

pp’ l

| Matrix element
+ =1

| | .
ﬂﬁ < (P} Pyscps 2y | P2 | B(D . Pys s A > = )

_




Equation of motion for classical < pi2 >

Taking the eikonal limit for the quark and imposing the boost-invariance of the Glasma
fields

dp'  op' . dp’ dp*
L L H — T =g0d
dt ot T i dt 59 Hx dt

+

2 rXx
8
< piaxt) > = m L dt, | dt, < Tr{U0,1)0" oA (t,, y)U(t;,0)0U(0,1,)0° A (1,, y) U(t,,0)] >

0

+

where U(x*,0) = Pexp (—ig[ thx(dt)>
0




Equation of motion for classical < pkzm ;>

Given by the non-Abelian generalization of the Lorentz force, the Wong’s equations
[Nuovo Cim. A 65, 689 (1970)]

+

+

dtlj dt, < Tr[fi(t,)f'(t,)] >
0
where

10 = UOHE®) — B()U(1,0)

g X
< plgin, ) > = N_[

CJo

1) = UQO,0(EL() + B, () U(,0)

and the Wilson line is the same as in the previous slide

[Phys. Lett. B 810 (2020) 135810]



Parameters of the simulation shown in this slides

g’ =1.5Gev
L=1{fm

N =128

7 = 0.251fm

ot =al8;a=LIN
mp = 0.2GeV



