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Introduction

= Shortly after a Heavy lon Collision (HIC) a de-confined, fluid-like state emerges: the Quark Gluon Plasma (QGP)

= Jets in HICs are modified with respect to the p-p reference — Jet Quenching (one of the main QGP signals, and a multi-scale probe of its properties)

QCD
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Introduction

= Shortly after a Heavy lon Collision (HIC) a de-confined, fluid-like state emerges: the Quark Gluon Plasma (QGP)

= Jets in HICs are modified with respect to the p-p reference — Jet Quenching (one of the main QGP signals, and a multi-scale probe of its properties)

= BUT: the pre-equilibrium phase of HICs could have a significant effect in Jet Quenching observables.

A long-ignored contribution!

The reasoning, in a nutshell: this phase is too short to bother...
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Introduction

= Shortly after a Heavy lon Collision (HIC) a de-confined, fluid-like state emerges: the Quark Gluon Plasma (QGP)

= Jets in HICs are modified with respect to the p-p reference — Jet Quenching (one of the main QGP signals, and a multi-scale probe of its properties)

= BUT: the pre-equilibrium phase of HICs could have a significant effect in Jet Quenching observables.

A long-ignored contribution!

The reasoning, in a nutshell: this phase is too short to bother...

= Recent results suggest A 'pp, DI Mller, D. Sehuh; PLB, 2020 Also see the talks by Adam Takacs (today,
otherwise: “D"E Ca"'"gt”:’ ’T' (;Z;'I’Dkaéosz'3""r°w°zy“5k” PRC, 2022 | session), Carlos Lamas (tomorrow, || session)
. AVFramescu et al., ; .
K. Boguslavski et al.; PLB, 2024 (...) and Dana Avramescu (Thu, plenary session)

Some even propose that impact of pre-eq phase ~ impact of QGP!!
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Introduction

= Shortly after a Heavy lon Collision (HIC) a de-confined, fluid-like state emerges: the Quark Gluon Plasma (QGP)

= Jets in HICs are modified with respect to the p-p reference — Jet Quenching (one of the main QGP signals, and a multi-scale probe of its properties)

= BUT: the pre-equilibrium phase of HICs could have a significant effect in Jet Quenching observables.

A long-ignored contribution!

The reasoning, in a nutshell: this phase is too short to bother...

= Recent results suggest A 'pp, DI Mller, D. Sehuh; PLB, 2020 Also see the talks by Adam Takacs (today,
otherwise: “D"E Ca"'“gtml’ ‘:' izslgkaz’osz';"mw‘:z"“s“” PRC, 2022 | session), Carlos Lamas (tomorrow, || session)
. AVFramescu et al., ; .
K. Boguslavski et al.; PLB, 2024 (...) and Dana Avramescu (Thu, plenary session)

Some even propose that impact of pre-eq phase ~ impact of QGP!!

® So, how do we quantify the impact of the pre-equilibrium phase of Heavy lon Collisions over Jet Quenching observables?

VIII Initial Stages of High-Energy Nuclear Collisions (Taipei, Taiwan) September — 9th 2025 1711



@ But first: how do we describe the pre-equilibrium phase?
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The Color Glass Condensate

® But first: how do we describe the pre-equilibrium phase?
= \Ve use the Color Glass Condensate effective theory, which approximates QCD at high collision energies

CGC.: Classical tields
generated by valence
partons

X

Moderate energy: High energy:
Dilute hadrons Gluon-dense hadrons
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The Color Glass Condensate

® But first: how do we describe the pre-equilibrium phase?

= \Ve use the Color Glass Condensate effective theory, which approximates QCD at high collision energies

CGC: Classical fields

% generated by valence
partons
Moderate energy: High energy:
Dilute hadrons Gluon-dense hadrons
= Dynamics of the fields described by the classical Yang-Mills equations: [D L FH ] =J ! | a(X)ta
J!,a:!!+na(X!,X")
WI! (X )]

Evolution with
A—l— separation scale

O described by B-JIMWLK
equations
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The Color Glass Condensate

® But first: how do we describe the pre-equilibrium phase?

= \Ve use the Color Glass Condensate effective theory, which approximates QCD at high collision energies

CGC: Classical fields

% generated by valence
partons
Moderate energy: High energy:
Dilute hadrons Gluon-dense hadrons
= Dynamics of the fields described by the classical Yang-Mills equations: [D L FH ] =J ! | a(X)ta
J!,a: |!+ua(X! X")
W T (X
Hxe) Evolution with
________________________________________________________________ A—l— separation scale
O described by B-JIMWLK
equations
= Calculation of observables: medium averages over background fields - 1O[]" = [d!'[O[! [W[!]
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The Color Glass Condensate

® But first: how do we describe the pre-equilibrium phase?

= \Ve use the Color Glass Condensate effective theory, which approximates QCD at high collision energies

CGC: Classical fields

% generated by valence
partons
Moderate energy: High energy:
Dilute hadrons Gluon-dense hadrons
: : : - . - _ D I: Ui 71 = J O I e ta
= Dynamics of the fields described by the classical Yang-Mills equations: [ L ] S (X)
J!,a: |!+ua(X! X")
W T (X
Hxe) Evolution with
________________________________________________________________ A—l— separation scale
O described by B-JIMWLK
equations
= Calculation of observables: medium averages over background fields - 1O[]" = [d!'[O[! [W[!]
= Color charge distributions for large nuclei: McLerran-Venugopalan (MV) model Gaussian statistics
| [ b n o 2 2|| bll 2
18(x )"=0 , 1130 ) Oy )" = PP (x, # v ) l

Analytical calculations are possible
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The Glasma Fields

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
= The CGC gives us the gauge fields before the collision:
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The Glasma Fields

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
= The CGC gives us the gauge fields before the collision:

| . - 1 .
[Dp’ F“- ] = Jl (Solving in LC ok Il(x! ) = ! EUl(X! )Hlul(xl )
gauge A' =0)

. #
with the Wilson line defined as:  Ui(x: )= P exp ! ig dz —'1(z ,x)
"t
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The Glasma Fields

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)
® How do we use the CGC to describe the pre-equilibrium phase?
= The CGC gives us the gauge fields before the collision:

H2 1 = ! » 1M ) =1 — )" !
[Dp’ F ] Jl (Solving in LC . 1(X' Ig U]_(X_ ) Ul(x' )
gauge A' =0)
1= J: . 1500 ) =1 =Ua(xi )" Uy (X
[D“’ = (Soving In LG (Xt ) 19 P ) Uz ()
gauge A" =

_ . .
with the Wilson line defined as: Ui2(Xi )= P exp ! ig dz ;='12(z ,x1)
$#
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The Glasma Fields

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
= The CGC gives us the gauge fields before the collision:

M! 7 — ! i — i i
PuFEIE 1 s [0 2 gt )
. 1 |
[DIJ’ FH ] = Jé (Solving in LC - | ol )= EUZ(X! )" U ()
gauge A" =0)

H

with the Wilson line defined as: Ui2(Xi )= P exp ! ig dz ;='12(z ,x1)
$#

And an infinitesimally short time after the collision (Glasma initial condition):
Dy, F¥1=3; + 35

(In Fock-Schwinger gauge gauge A" x' + A' x™ =0 )

(" =07, %)= P )+ 1 h(x)

(" =07 ,%x; )= %!! il(x! ), ! iz(x! )-
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The Glasma Fields

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)
® How do we use the CGC to describe the pre-equilibrium phase?
= The CGC gives us the gauge fields before the collision:

Dy, FR 1= 30— 1) = Ui )" Uy ()
gauge A' =0)
D, FH']= J! L) = 1= Up(x ) Uy (%1 )
[ o ] - Jz (Solving in LC g 2 | Ig S ° |
gauge A" =0)
with the Wilson line defined as: Ui 2(x1 )= P exp ! ig $: dz izl 12(Z %)

And an infinitesimally short time after the collision (Glasma initial condition):

[DPJFIJ!]: ‘Ji T ‘Jé

(In Fock-Schwinger gauge gauge A" x' + A' x™ =0 )

(" =07, %)= P )+ 1 h(x)

] I .
! (u — O"‘ ,X! ) — % . | il(X! )’ | iZ(X! ) Credit: Fukushima; Acta Phys.Polon. 2011

=) | ongitudinal chromo-electric
and chromo-magnetic fields
(flux tube picture):
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. +
The Glasma Fields (at ! > 0")
Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?

Dy, FH¥ =37+ 3, = 1o(x ,x )"+ 1o(x ,x7)"
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. +
The Glasma Fields (at ! > 0")
Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?

[DwF“!]: Ji+ 3, =10, x )T+ (g  xT)

(Extremely Lorentz- | | 1(X! )n (X" )n! + + | Z(X! ).. (X+ )"! "

contracted nuclei)
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The Glasma Fields (at ! > 0")

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
Dy, F¥1=3; + 35 = 1(x ,x )"+ 1o(x ,x )"

(Extremely Lorentz- | 1(X! )n (X" )n! o | 2(X! ).. (X+ )"! .

contracted nuclei)

I =""r ig" [#,$! #]! }!Di,$! #i":O

1 1 | r
=t IS TH (") D, DL# =0
| e "

= %$!("$!#')! ig"? #, D/',# | D ,F!' =0

= Typically solved through numerical methods. Analytical approximations include:
* Weak field limit (i.e. expanding in orders of one of the sources), e.g. PGR and S. Demirci; PRD, 2023, T. Lappi and S. Schlichting; PRD, 2018
* Expanding the fields in powers of the proper time, e.g. M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022, also works by G. Chen, R. J. Fries, J. |. Kapusta, Y. Li
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The Glasma Fields (at ! > 0")

Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
Dy, F¥1=3; + 35 = 1(x ,x )"+ 1o(x ,x )"

(Extremely Lorentz- | 1(X! )n (X" )u! + g | 2(X! )" (X+ )"! "

contracted nuclei)

I =""r ig" [#,$! #]! }!Di,$! #i":O

1 1 | o
=t IS TH (") D, DL# =0
| e "

= %$!("$!#')! ig"? #, D/',# | D ,F!' =0

= Typically solved through numerical methods. Analytical approximations include:
* Weak field limit (i.e. expanding in orders of one of the sources), e.g. PGR and S. Demirci; PRD, 2023, T. Lappi and S. Schlichting; PRD, 2018
* Expanding the fields in powers of the proper time, e.g. M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022, also works by G. Chen, R. J. Fries, J. |. Kapusta, Y. Li

= Assuming UV dominance, we employ the linearized Yang-Mills equations (as in PGR and T. Lappi; PRD, 2021 ):

!!3!!("2#): "1l

(" #) = LR

J. P. Blaizot, T. Lappi and Y. Mehtar-Tani;
Nucl. Phys. A 846 (2010) 63

Where we impose ! = 0 (Coulomb gauge condition). A good approximation for high momentum modes!
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Non-Linear Initial Conditions, Linear Evolution H. Fujii, K. Fukushima, Y. Hidaka; PRC, 2008
PGR and T. Lappi; PRD, 2021

= Free plane wave solution of linearized Yang-Mills equations in momentum space:

1 .

L2 (") = " T " | | - -
e ( -) ; | L (", k)= ! o(k )ZJT((-,k ) | T k) = (ke )do(K™) Appropriate for high-
L] iy — np kgl momentum modes
(" )= K

= Boundary conditions obtained by matchingto ! = 0" solution (E' (! =0*,x, ), B' (! =0%,x; ) ):

| . #H Kk
k) = Bolke )da(k®) (k) = L 2 Bolki )Jo(k")

Where E'(! =0%,x; )= 1ig"! [#1(x) ), #5(x, )] , B' (! =07 ,xi )= 1ig"" [#1(x1 ), #5(x1 )] )
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Non-Linear Initial Conditions, Linear Evolution H. Fujii, K. Fukushima, Y. Hidaka; PRC, 2008
PGR and T. Lappi; PRD, 2021

= Free plane wave solution of linearized Yang-Mills equations in momentum space:

1

Ly 2 (") = M T " | | - -
e ( _) | — ) (", ki )= !o(k )ZJT((-,I( ) | T k) = (ke )Jo(K") Appropriate for high-
L] iy — np kgl momentum modes
(" )= K

= Boundary conditions obtained by matchingto ! = 0" solution (E' (! =0*,x, ), B' (! =0%,x; ) ):

| . #H Kk
k) = Bolke )da(k®) (k) = L 2 Bolki )Jo(k")

Where E'(! =0%,x; )= 1ig"! [#1(x) ), #5(x, )] , B' (! =07 ,xi )= 1ig"" [#1(x1 ), #5(x1 )] )

= Chromo-electric and chromo-magnetic fields at ! > O:

Transverse com ponents emerge

E' (1 ki ) = Ej (ki )Jo(k!) 10 |

E'(, k)= 1t %Bé(k! )J1(k!)

“Flux tube” picture starts breaking
down, but it’s approximately valid
while the CGC is applicable

B' (!, ki ) = Bg(ki )Jo(k!)
k)
k

B'(1,ki )= i"l —E; (ki )J1(k!)
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Non-Linear Initial Conditions, Linear Evolution H. Fujii, K. Fukushima, Y. Hidaka; PRC, 2008
PGR and T. Lappi; PRD, 2021

= Free plane wave solution of linearized Yang-Mills equations in momentum space:

1

Ly 2 (") = M T " | | - -

R ) - ok ) A e ) = i ek ApPropriate for igh-
L] iy — np kgl momentum modes

(" #) = R #

= Boundary conditions obtained by matchingto ! = 0" solution (E' (! =0*,x, ), B' (! =0%,x; ) ):

| . #H Kk
k) = Bolke )da(k®) (k) = L 2 Bolki )Jo(k")

Where E'(! =0%,x; )= 1ig"! [#1(x) ), #5(x, )] , B' (! =07 ,xi )= 1ig"" [#1(x1 ), #5(x1 )] )

= Chromo-electric and chromo-magnetic fields at ! > O:

Transverse components emerge

1/Qs l

E' (1, ki )= Ey (ki )Jo(k!)

E'(, k)= 1t %Bé(k! )J1(k!)

“Flux tube” picture starts breaking
down, but it's approximately valid
while the CGC is applicable

B' (!, ki ) = Bg(ki )Jo(k!)
k)
k

B'(1,ki )= i"l —E; (ki )J1(k!)

= This solution effectively resums the UV divergencies present in the power series in ! (see H. Fuijii, K. Fukushima, Y. Hidaka; PRC, 2008 )
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Fokker—PIanck Equation M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
Stanislaw Mrowczynski; Eur. Phys. Journal A, 2018

® How do quarks move through the Glasma? Let Q(t, r, p) be the quark distribution function

| , 1
= \We start from the following Vlasov-type equation: !+ va Q(tr,p)" 5 {F(tr),! ,Q(r,p)} =0

W
| D “Material derivative”

Based on the following approximations: @ Collision-less (low concentration of hard probes in the Glasma)
@ Mean field ( F dominated by ensemble-averaged field)
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Fokker—PIanck Equation M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
Stanislaw Mrowczynski; Eur. Phys. Journal A, 2018

® How do quarks move through the Glasma? Let Q(t, r, p) be the quark distribution function

| , 1
= \We start from the following Vlasov-type equation: !+ va Q(tr,p)" 5 {F(tr),! ,Q(r,p)} =0

W
| D “Material derivative”

Based on the following approximations: @ Collision-less (low concentration of hard probes in the Glasma)
@ Mean field ( F dominated by ensemble-averaged field)

= \We assume the following decomposition: Q(t,r,p) = 'Q(t,r,p)"+ 'Q(t,r,p) # n(t,r,p)+ 'Q(t, r,p)
| — | —
“Regular” and “Turbulent” components
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Fokker_Planck Equation M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
Stanislaw Mrowczynski; Eur. Phys. Journal A, 2018

® How do quarks move through the Glasma? Let Q(t, r, p) be the quark distribution function

| , 1
= \We start from the following Vlasov-type equation: !+ va Q(tr,p)" 5 {F(tr),! ,Q(r,p)} =0

W
| D “Material derivative”

Based on the following approximations: @ Collision-less (low concentration of hard probes in the Glasma)
@ Mean field ( F dominated by ensemble-averaged field)

= We assume the following decomposition:  Q(t,r,p) = 1Q(t,r,p)"+ 'Q(t,r,p) # n(t,r,p)+ 'Q(L, r,p)
| — | —
“Regular” and “Turbulent” components

= By substituting, taking the ensemble average and tracing over color indices one arrives at a Fokker-Planck transport

equation:
D LX) ot Y (v) n(t,x,p) =0
Where the collision terms are defined as:
.. t .. . oV
X" (v) ! N, dtTr"F' (L x)F (t# tx# vt)d | Y (V)= X7 —

With T is defined as the temperature of an equilibrated plasma with the same energy density as the medium,
v = p/E p is the velocity of the probe, and F (t,x) ! g(E(t,x)+ v " B(t, X)) is the Lorentz force generated

by the mean color fields.
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Fokker—PIanck Equation M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
Stanislaw Mrowczynski; Eur. Phys. Journal A, 2018

® How do quarks move through the Glasma? Let Q(t, r, p) be the quark distribution function

| , 1
= \We start from the following Vlasov-type equation: !+ va Q(tr,p)" 5 {F(tr),! ,Q(r,p)} =0

W
| D “Material derivative”

Based on the following approximations: @ Collision-less (low concentration of hard probes in the Glasma)

@ Mean field ( F dominated by ensemble-averaged field)

= We assume the following decomposition:  Q(t,r,p) = 1Q(t,r,p)"+ 'Q(t,r,p) # n(t,r,p)+ 'Q(L, r,p)
| — | —
“Regular” and “Turbulent” components

= By substituting, taking the ensemble average and tracing over color indices one arrives at a Fokker-Planck transport

equation:
D LX) ot Y (v) n(t,x,p) =0
Where the collision terms are defined as:
.. t .. . oV
X" (v) ! N, dtTr"F' (L x)F (t# tx# vt)d | Y (V)= X7 —

With T is defined as the temperature of an equilibrated plasma with the same energy density as the medium,
v = p/E p is the velocity of the probe, and F (t,x) ! g(E(t,x)+ v " B(t, X)) is the Lorentz force generated

by the mean color fields.

1l plp
=#Y! =
1 » 2 |

= Transport coefficients: || p! "

VIII Initial Stages of High-Energy Nuclear Collisions (Taipei, Taiwan) September — 9th 2025 6/11



Transport Coefficients in the Glasma

"t 2 . VvV ,
= \We have: z_I)E( = | ¥\/V—2X! (v) , 0= v 1" 2 X" (v) with v the velocity of the probe
.. 1 ! ..
and: X' (v)! dt' Tr'F' (t, X)F (t# t',x # vt)d with F(t,x)! g(E(t,x)+ v" B(t, X))

2N¢ |

= Substituting the chromodynamic fields, one obtains ( M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 ):

. t n

dt' TEL (L X)EL(t" ty)#+ 1™ VAIEL (4, x)BF (1" t!,y)#

92
2N¢ |

! ! " I n ! ! ! :TI
+ 1% VEIBE (t, X)E, (1"t y)#+ 17 IS VB (t, x)BY (1t y)#

2 - . .
Withe.g. E'(1,x; )= ig"" ?2;)!2 d?u; [$5(ur ), $5(u ) Jo(k! e W ang y = x| vt
y
N\ g
' O ,U .
e /
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Transport Coefficients in the Glasma

"t 2 . VvV ,
= \We have: z_I)E( = | ¥\/V—2X! (v) , 0= v 1" 2 X" (v) with v the velocity of the probe
.. 1 ! ..
and: X' (v)! dt' Tr'F' (t, X)F (t# t',x # vt)d with F(t,x)! g(E(t,x)+ v" B(t, X))

2N¢ |

= Substituting the chromodynamic fields, one obtains ( M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 ):

. 1 n

dt' TEL (L X)EL(t" ty)#+ 1™ VAIEL (4, x)BF (1" t!,y)#

92
2N¢ |

! ! " I n ! ! ! :TI
+ 1% VEIBE (t, X)E, (1"t y)#+ 17 IS VB (t, x)BY (1t y)#

2V . . .
Withe.g. E'(1,x; )= ig"" ?2;)!2 d?u; [$5(ur ), $5(u ) Jo(k! e W ang y = x| vt
= Building blocks of the calculation: 2-point correlators y
(a.k.a. Weizsacker-Williams distributions)
- )
[ 1 a,| I b,] 1 O\\ // ( | 1 C,kl d,l 1
1 1 ....................................... > () () - l (> <> ottt en s 2 2
" ) '
] 1ab &m0 V4 kly cd
Wy ! , - Wo
N —
RE="=" == U ()
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Analytical Results

= |n terms of the Weizsacker-Williams distributions:

D ;
de _ , V g*(N&! 1) 4t! W (U e YWD (U v gk 0 glar (y#v)
dx ..T 2 0 Ki o U v N .
(vs)* vk v g "
) 1 Kl ! uij vkl ) ) ) ' !
= Jo(kt)Jo(g(t ) v VR GAIC CHRY)
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Analytical Results

= |n terms of the Weizsacker-Williams distributions:

C ot ;
d_E = | v g4(NCZ! 1) dt’ Wik (U, v )W (U, Vo )eik! (X#u)r Qlar (y# v),
dX "T (2 )2 0 K of u, Vi y ) k # y ) q # #
" |Ij |kI Vs | I nl) wkl i " : | Kk t! t!
> Jo(kt)Jo(q(t! 1)) — PRalRCORCS)
i L L r'r)
= \\e might adopt different models for W" (r, )= 5 1 G(r, )+ 1V 2— h(r, )

In the MV model:

P 11 exp %(mrK (mr) ! 1)
Gmy (11 )= mrK {(mr) ! 2Kq(mr ——
mv (1)= o Nc( 1(mr) o(mr)) S (mrk o (mr) ! 1)

22 11 exp LENe (mrK ,(mr)! 1)

huv (11 )= 1 —kmrK y(mr) =

41 N JE (mrK o(mr) ! 1)
In the GBW model:
: 1! exp- | Qs r
G r) = '
cew () = g2N 0212/ 4 Just substitute and
Integrate!

heew (r) =0
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' - evolution of Glasma transport coefficients

= \Ve focus on the MV model results (GBW model less reliable)

= The results are presented for different values of the transverse and longitudinal components of the velocity of
the probe with v = vf+ v& =

I dE/dX (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV 0 (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV
2.5 Y 1 ¥ | ¥ | ' | ' 10 N ' | ’ | N | ’ | ’ ]
—— MV model v =1/ 2 95_ 4
— MV model (vv =1.0) :
2 8 .
= L —— MV (v =1.0) f
= 7F —— MV (vi =0.9) .
> & " = 5
D 15k . £ 6f MV (vi =0.8) -
@) o R ]
~— > . ]
pad QO °F .
S O 5
~ 1} - . 4 - —
LLI o » :
o) E :
— 3 -
0.5 | . 2 F .
1F .
0 ———— I ] s 1 M ] ; 0 - 4 1 : | ! ] : 1 N T
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
t(fm) t(fm)
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' - evolution of Glasma transport coefficients

We focus on the MV model results (GBW model less reliable)

11

The results are presented for different values of the transverse and longitudinal components of the velocity of
the probe with v = vf+ v& =

The energy loss is significantly more sensitive to the value of longitudinal component

We compare to the results obtained in M. E. Carrington et al; PRC, 2022 ( * - expansion up to ! > )

13

We obtain significantly larger values of (

I dE/dX (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV 0 (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV
25 _ : _ . . . . - - 10 - Y ! Y T Y | Y | Y J
—— MV model v, =1/ 2 JF 1® (v =1.0,Qs =2 GeV) ;
. 5 - - «
—— MV model (v, = 1|O) ) - e ! 5 (V! =0.9, Qs =2 GeV) :
- : I _ - | = = .
— 21 aeeee I >-order expansion v; =1/ 2, Qs=2 GeV 51 (0 =0.8,Qs =2 GeV) ;
c : | - —— MV (v =1.0) ]
= | T I °-order expansion { =1.0, Qs =2 GeV) 7 F MV (v =0.9) , -
> E - = - s e // :
@ - = 6 MV (n =08 /1 e g -
N " S e '
9/ > ' ,/7/ :
< O °F _=" r
© @) - S e
~ — ] 4 ,” -
LLI {on ; :
© : .
—_— 3 N .
: 2 f -:
1F ,// -
v
0 1 1 1 1 1 ] 1 1
0.1 0 0.02 0.04 0.06 0.08 0.1

t(fm)
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Accumulated transverse momentum

® What is the accumulated effect of the Glasma in comparison to that of the QGP phase?

' dt ét)

=) As previously done in M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 , we calculate the accumulated transverse momentum broadening as: ! p%

o)

Ghax
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Accumulated transverse momentum

W

® What is the accumulated effect of the Glasma in comparison to that of the QGP phase?
t

' dt ét)

=) As previously done in M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 , we calculate the accumulated transverse momentum broadening as: | p%
ti

= The effect of the equilibrated QGP is estimated
by assuming that § = 3T and that the
temperature decreases with time as
T = To (tolt )1/ 3 (ideal one-dimensional
boost invariant hydrodynamics):

L
( | ps|QCP :?,Tg’tolnG j

= The effect of the Glasma is estimated through
linear interpolation between 0, Qmax and Ob:

1. 1.
E p12_|Glasma — é(}naxt0+ E(b(to! tmaxa

With the values:
Ghax | 9.5GeV?/fm

tmax ! 0.1fm

= Parametervalues: L = 10fm, & ! 1.4 GeV?/fm, ty! 0.6 fm, To = 0.45 GeV

Taken from JETSCAPE collaboration; Phys. Rev. C 104, 024905 (2021) and C. Shen, U. Heinz, P. Huovinen and H. Song; Phys. Rev. C 84, 044903 (2011).
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Accumulated transverse momentum

W

® What is the accumulated effect of the Glasma in comparison to that of the QGP phase?
t

' dt ét)

=) As previously done in M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 , we calculate the accumulated transverse momentum broadening as: | p%
ti

= The effect of the equilibrated QGP is estimated
by assuming that § = 3T and that the
temperature decreases with time as
T = To (tolt )1/ 3 (ideal one-dimensional
boost invariant hydrodynamics):

L
[ | ps|QCP :?,Tg’tolnG j

= The effect of the Glasma is estimated through
linear interpolation between 0, Qmax and Ob:

1. 1.
E p12_|Glasma — é(}naxt0+ E(b(to! tmaxa

With the values:
Ghax | 9.5GeV?/fm

tmax ! 0.1fm

= Parametervalues: L = 10fm, & ! 1.4 GeV?/fm, ty! 0.6 fm, To = 0.45 GeV

Taken from JETSCAPE collaboration; Phys. Rev. C 104, 024905 (2021) and C. Shen, U. Heinz, P. Huovinen and H. Song; Phys. Rev. C 84, 044903 (2011).

2 1Glasma
l p1l

| pr |Q6F

Finally, we obtain:
=1.37> 0.93 (From M. E. Carrington et al; PRC, 2022)

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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Conclusions

 We have studied the impact of the Glasma phase over Jet Quenching observables

* The transport of hard probes is described by means of a Fokker-Planck equation
Stanislaw Mrowczynski; Eur. Phys. Journal A, 2018

* The evolution of the medium is described using linearized Yang-Mills equations
PGR and T. Lappi; PRD, 2021

* These equations effectively resum the UV-divergences of a power series in !
H. Fujii, K. Fukushima, Y. Hidaka; PRC, 2008

e We observe a significantly stronger growth of @ in relation to previous results
M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022

* We estimate an even larger impact than that of the QGP expansion
* We interpret this as evidence that the treatment of the high-momentum modes of the
Glasma fields play an essential role in the estimation of jet quenching effects

Thank you for your attention
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BACK-UP: GBW results

m» The GBW model was originally introduced as a purely phenomenological parameterization to fit DIS data

= The resulting unintegrated gluon distribution decays exponentially at large momenta, thus the relative contribution of the fast, linearly evolving high

momentum modes is much smaller than in the MV model.
= This makes it less compatible with a description in terms of the linearized YM equations

= The results obtained with the GBW model are, for the most part, significantly larger than those obtained under the MV model

I dE/dX (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV 0 (Qs1 = Qg2 =3.635 GeV,m =0.3635 GeV
3 v T v T v T v T v 18 v T v T v T v T v -
. : ; ! 5 = —2GevV) e :
------- GBW model v, =1/ 2 [ e 7 (v =1.0,Qs =2 GeV) o *
e .. 15 (v =0.9,Qs=2Gev) 7 ]
25k eeeeees GBW model (vi =1.0) - - ' s o]
| 1 " 1> (vy =0.8, Qs =2 GeV) T e *
3 T Wvmedel w24 2 “E MV (v =1.0) T e ;
e | —— MVmodel (v =1.0) | ' S —— MV (v =09) T .
% ------ | 5_order expansion v, =1/ 2, Q=2 Ge\{,o"' é ’ MV (vi =0.8) o e *
.2 ~~ i il ',," :
(\D/ ------ | ®-order expansion ¢ =1.0, Qs =2 GeV) N> 10 "t GBW (v =1.0) o o -
< 15f - S ST GBW (v, =0.9) ’ ’ ]
- " - 1
e O sf GBW (v; =0.8) .- ]
LL| o | T P :
5 b s 6 A T T T T e ——— ———— E
— - \\\\\ _______ v"” ;
N Y T B ;
0.5 |- N . 2
———— - \‘ 2 —-:
ST eeeeemee ] ;
i o™ —— N eecesenseee=CT -
0 & | e A gememmn q==""°""" k\ L 0 4"’ ] L | 1 ]
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
t(fm) t(fm)
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BACK-UP: The UV divergence of the Glasma 2-point correlator
PGR and T. Lappi; PRD, 2021

= Divergenceat I ! (0 related to perturbative tail of MV model:

= How do we treat this divergence?

. . L D
We apply a running coupling prescription: 5, o I g (H) ) c\n>
g(r)_ " 4e! 2'e! 1 8

In > = =
~
Q)
(Q\
- ~< GBW +
1! 9B Ne (mrK 1
L exp 5z (mrK o(mr)! 1) MV

Guv (rr )= ger (mrK o (mr) ! 2Ko(mr))

41 N, 3!4::];22 (mrK ;(mr)! 1) MV (no running coupling) x
g2y 5 10 15 20
Na 1! exp L= (mrK ((mr)! 1) k [GeV
Ay ()= 1 ——=—mrk ;(mr) e
41 N¢ B (mrK o (mr) ! 1)
Yielding the following results:
2 (a2 2
- _ @) p im hyy (r+ ) = 0
lim Gy (1) = == - lim hyy (r-)
= |fwe define Q2 = ! s(@°)@“N¢ :
- A FAIRLY STANDARD PRACTICE: we define Qs

im Gyy (r-) = |rim Geew (I ) =
r !

> So that the 2-point functions of GBW and MV
0 0 0°N¢

models agree at short distances
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BACK-UP: Energy Density Calculations

Energy Density (GeV?)

16

14

Energy Density

12 |

10

1 ’ |

T
Q =2GeV, m=0.2 GeV
Q =3.635GeV, m=0.3635 GeV

6

1 1 1 N
0.02 0.04 0.06 0.08 0.1
0.9
0.8

-dE/dx (GeV/fm)

= \\Ne intend to perform a direct comparison with the results obtained in

M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 .

W

m» Clearly, by making Qs = 2 GeV we are not describing the same collision (huge difference in

energy densities). This discrepancy emerges from the application of different UV-regularization

schemes

= \\e re-define Qs in order to make our energy densities match at the upper bound of their range

of validity (! 0.06 fm)

-dE/dx (Log) (Q1 = Q2 = 2. GeV, g =1, m = 0.2 GeV)

- -

gHat(Log)(Q1=Q2=2.GeV,g=1, m=0.2 GeV)

I N |

MV vp = 1/v2

MVvp = 1.0 —— / \
VP = 1V2 ——— / \
°vp=1.0 ——— / \

8r ' T ' T
[ MVvp=0.8

[ MVvp=0.9 —

[ MVvp=1.0 —

[ T°vp=0.8

6 Tvw=09 ——— _
t5vp=1.0 —— — Pl

qHat (GeVZ/fm)

t (fm)
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BACK-UP: Analytical formula for Q

= |n terms of the Weizsacker-Williams distributions:

/rlr/ / e (L g v Wi (w0 )W (uy, v))
A 19 u,v,

‘I‘.z ((w O + vV eM) Jo(kt) Jo(q(t — t'))

Q)
||

vy *q, ... .. 35 e
i (016 — eUek) Jo(kt) Ty (q(t — )

q
| zllk (615K — ikt I (kt) Jo(q(t — ')
Y SR v -k c | -
— ((l“l)z ,I‘qj I ( = 25{ 1)) ((51‘,()“ -+ P_'ZSU Al) ]1(l\f) ]1((](f — f ))
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