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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)
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= 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)

= 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...

A /!
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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)

=) 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...

. . M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
A OtherWISG' D. Avramescu et al.; PRD, 2023

K. Boguslavski et al.; PLB, 2024 (-..)

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

® Can we make a theoretically robust estimation of the transport coefficients characterizing the pre-eq phase?

EMMI workshop: Probing the early stages with jets July 15th 2025 1/13



@ 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?

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

N\
N\

Moderate energy: High energy: CGC: Classical fields
Dilute hadrons Gluon-dense hadrons generated by a color current
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The Color Glass Condensate

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

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

N\
N\

Moderate energy: High energy: CGC: Classical fields
Dilute hadrons Gluon-dense hadrons generated by a color current

= Dynamics of the fields described by the classical Yang-Mills equations: |D,,, "] = J" o p®(x)t"

— JVe — (Sy+pa(l’_,$J_)
Wip(z1)]

FH = grAY — 8% AP — ig[AM, AY] —
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The Color Glass Condensate

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

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

N\
N\

Moderate energy: High energy: CGC: Classical fields
Dilute hadrons Gluon-dense hadrons generated by a color current

= Dynamics of the fields described by the classical Yang-Mills equations: |D,,, "] = J" o p®(x)t"

— JVe — (SV—'_,OQ(QT_,Q?J_)
Wip(z1)]

FH = grAY — 8% AP — ig[AM, AY] —

= Calculation of observables: medium averages over background fields —  (O|p]) = /[dp]@[p]W[p]
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The Color Glass Condensate

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

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

N\
N\

Moderate energy: High energy: CGC: Classical fields
Dilute hadrons Gluon-dense hadrons generated by a color current

= Dynamics of the fields described by the classical Yang-Mills equations: |D,,, "] = J" o p®(x)t"

— JVe — 51/—|—pa(x—7xj_)
Wip(z )]

FH = grAY — 8% AP — ig[AM, AY] —

= Calculation of observables: medium averages over background fields —  (O|p]) = /[dp]@[p]W[p]

= Color charge distributions for large nuclei: McLerran-Venugopalan (MV) model (Gaussian statistics)
b 2 2cabg(2
P (xL)) =0 , (p"(zr)p’(yL)) =g nd* 5 )(ZM — Y1)
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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 .
pvy gV i _ irrt
Dy, P = J e [a(en) Rl ICADLRRACD
gauge A~ =0)
. . _ N _
with the Wilson line defined as: Ui(z.) = P eXp{—zg/ dz ﬁm(z ,au)}
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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 |
pvy gV i _ irrt
Dy, P = J e [a(en) Rl ICADLRRACD
gauge A~ =0)
Hry — Jv oo (x| :—,—UQxJ_ﬁzUTCCJ_
[DM’F ] J2 (Solving in LC> 2( ) g ( ) 2( )
gauge At =0)
oC 1
with the Wilson line defined as: Ui 2(z1) = Pt exp {—ig/ dﬁﬁm,z(ﬁ,m)}
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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
pvy] — v _ 2 f
Dy, F* = Jj oo |len) = Z-gUl(CL‘L)aUNM)
gauge A~ =0)
1
Py — v =——U O'Ul
Dy, 1 = J) e ay(r) ” 2(21)0" Uy (1)
gauge At =0)

. > 1
with the Wilson line defined as: Ui 2(z1) = Pt exp {—zg/ dﬁﬁm,z(ﬁ, au)}

— o0

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

[D,LMFHV] — Ji/—i_‘]é/

(In Fock-Schwinger gauge gauge ATz~ +A~ 2" =0)

o' (t=0"2)=a'(x)+ab(zy)
a7 =0%,21) = 3 [ai(21), ab(a.)]
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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 |
pvy gV i _ irrt
Dy, P = J e [a(en) Rl ICADLRRACD
gauge A~ =0)
Hry — Jv as (x| :—,—UQxJ_f)ZUTa?J_
[DM’F ] J2 (Solving in LC> 2( ) g ( ) 2( )
gauge At =0)
oC 1
with the Wilson line defined as: Ui 2(z1) = Pt exp {—ig/ dﬁﬁm,z(ﬁ,m)}

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

[D,LMFHV] — Jf‘|—J2V

(In Fock-Schwinger gauge gauge ATz~ +A~ 2" =0)

a'(1=0%,21) =aj(zy) +as(zr)

o(r=0%21) = L af(w1), 0f (s

m)» | ongitudinal 4 L . )
chromo-electric and ENr=0%,2,)=—igé¥[c}(z1),0d(z1)]
chromo-magnetic M- _ n+ g j
fields (flux tubes): " B (1 =0",2.) = —ige"aj(z1), az(z1)] y
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The Glasma Fields (at 7 > 07)
Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
Dy, F*¥] = JY + J5 = p1(w1,27)6" " + pa(wr,27)d""

(Extremely Lorentz- S (%J_)5(Jj_)5y+ T 09 (iUL)5(33+)(5V_

contracted nuclei)

r=V2zxtex— >0 — [D,, F*'] =0

1

V=T — igT |, 0r] — - D;,0-a'] =0
v=mn—> %87%07(7'204) - [DZ-, [Di,ozﬂ =0
V=1 —> %(%(7‘(%0?) — igT? [oz, [Dj,ozﬂ — [Dj,Fji] =0

4/13
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The Glasma Fields (at 7 > 07)

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

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

Dy, F*¥] = JY + J5 = p1(w1,27)6" " + pa(wr,27)d""

(Extremely Lorentz-
contracted nuclei)

~ p1 (@1 )0(x7)0" T + po(w ) (z™)o"

r=V2zxtex— >0 — [D,, F*'] =0

V=T — igT |, 0r] — % D;,0-a'] =0
v=mn—> %87%07(7'204) - [DZ-, [Di,ozﬂ =0
v=1—> %(%(7‘(%0?) —igr* [, [D7,a]| = [D?,F7*] =0

= Typically solved through numerical methods. Analytical approximations include:

e Weak field limit (i.e. expanding in orders of one of the sources), e.g. PGR and S. Demirci; PRD, 2023

e Expanding the fields in powers of the proper time, e.g. M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022

EMMI workshop: Probing the early stages with jets
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The Glasma Fields (at 7 > 07)
Kovner, McLerran and Weigert, Phys. Rev. D 52 (1995)

® How do we use the CGC to describe the pre-equilibrium phase?
Dy, F*¥] = JY + J5 = p1(w1,27)6" " + pa(wr,27)d""

(Extremely Lorentz- S (%J_)5(Jj_)5y+ T 09 (iUL)5(33+)(5V_

contracted nuclei)

r=V2zxtex— >0 — [D,, F*'] =0

V=T — igT |, 0r] — % D;,0-a'] =0
v=mn—> %87%07(7'204) - [DZ-, [Di,ozﬂ =0
V=1 —> %(%(7‘(%0?) — igT? [oz, [Dj,ozﬂ — [Dj,Fji] =0

= Typically solved through numerical methods. Analytical approximations include:
e Weak field limit (i.e. expanding in orders of one of the sources), e.g. PGR and S. Demirci; PRD, 2023

e Expanding the fields in powers of the proper time, e.g. M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022
G. Chen, R. J. Fries, J. |. Kapusta, Y. Li

= \We employ the linearized Yang-Mills equations (as in PGR and T. Lappi; PRD, 2021):
1 2 i
67;87'(7- 5) = 70;0'B
0. (170, 8") = 70" 0 B’

Where we impose 0; ﬁi — (0 (Coulomb gauge condition) —» Amplitude of transverse component minimized
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J. P. Blaizot, T. Lappi, Y. Mehtar-Tani; Nucl. Phys. A (2010)

Non-Linear Initial Conditions, Linear Evolution PGR and T. Lappi: PRD (2021)

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

2J1 (]CT)
kT

0, ~0.(r"5) = 10,05
O, (10, B") = TO%0), 5

—>  B(1, kL) = fo(kL) B'(r kL) = By(k)Jo(kT)
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J. P. Blaizot, T. Lappi, Y. Mehtar-Tani; Nucl. Phys. A (2010)

Non-Linear Initial Conditions, Linear Evolution PGR and T. Lappi: PRD (2021)

= Free plane wave solution of linearized Yang-Mills equations in momentum space:
1 2 i
87-;67'(7- 6) = 70;0 5
O (10, 5") = 1050, 5"

2J1 (]CT)

m B (1, k1) = B (k1) Jo(kT)

—>  B(7, kL) = Bo(kL)

= Boundary conditions obtained by matching to 7 = 0" solution (E"(7 = 0",z ,), B"(r =07,z .)):
T .
Blr k) = TEQkL)A(hkT) | Bi(rky) = —ir

(Where E"(1 =07, 2, ) = —z'g&ij[ai(a:l), oz%(au)] BN r=0%,2,)= —igsij[ozi(xL),oz%(:CL)] )

= Chromo-electric and chromo-magnetic fields at 7 > 0 :

é )
E"1,k)) =EJ(ky)Jo(kT)
| K
E'(r, k) =i ?Bg(kL)Jl(kT)
B"(1,ky1) =Bg (k1)Jo(kT)
. Y
B'(t,k,) = — ie”?Eg(k:L)Jl(kT)
. J
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J. P. Blaizot, T. Lappi, Y. Mehtar-Tani; Nucl. Phys. A (2010)

Non-Linear Initial Conditions, Linear Evolution PGR and T. Lappi: PRD (2021)

= Free plane wave solution of linearized Yang-Mills equations in momentum space:
1 2 i
87-;67'(7- 6) = 70;0 5
O (10, 5") = 1050, 5"

2J1 (]CT)
kT

—>  B(1, kL) = fo(kL) B'(r kL) = By(k)Jo(kT)

= Boundary conditions obtained by matching to 7 = 0" solution (E"(7 = 0",z ,), B"(r =07,z .)):

Br k) = TEY(k)I(kT) | Bi(r kL) = _ii#Bg(m)Jo(m)

(Where E" (7 = 0+,xL) = —z'g&ij[ai(a:l), oz%(au)] BN r=0%,2,)=

= Chromo-electric and chromo-magnetic fields at 7 > 0 :

é )
E"1,k)) =EJ(ky)Jo(kT)
| K
E'(r, k) =i ?Bg(kL)Jl(kT)
B"(1,ky1) =Bg (k1)Jo(kT)
. Y
B'(t,k,) = — ie”?Eg(k:L)Jl(kT)
. J

= This solution effectively resums the UV divergencies present in the power series in 7 (see H. Fuijii, K. Fukushima,
Y. Hidaka; PRC (2008) )
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M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022

Fokker-Planck Equation

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
= Ve start from the following Vlasov-type equation: (81; +v- V)Q(t, r,p) — 5 {F(t,r),V,Q(t,r,p)} =0

| - -7
-~

= D “Material derivative”

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

@ Mean field ( ' dominated by ensemble-averaged field)
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M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022

Fokker-Planck Equation

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
= Ve start from the following Vlasov-type equation: (81; +v- V)Q(t, r,p) — 5 {F(t,r),V,Q(t,r,p)} =0

| - -7
-~

= D “Material derivative”

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

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

= Ve assume the following decomposition: Q(¢,r,p) = (Q(t,r,p)) + 0Q(t,r,p) = n(t,r,p) + 0Q(t,r,p)

| - -7 -’

“Regular” and “Turbulent” components
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M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022

Fokker-Planck Equation

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
= Ve start from the following Vlasov-type equation: ((‘% +v- V)Q(t, r,p) — 5 {F(t,r),V,Q(t,r,p)} =0

| - -7
-~

= D “Material derivative”

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

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

= Ve assume the following decomposition: Q(¢,r,p) = (Q(t,r,p)) + 0Q(t,r,p) = n(t,r,p) + 0Q(t,r,p)

| - -7 -7

—~ e
“Regular” and “Turbulent” components

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

(D — VaxB(v)VE - V“Y“(v))n(t, X,p) =

Where the collision terms are defined as:

1

Xo‘ﬁ(’v) = N

/tdt’Tr (Ft,x)F° (', y)] Y"‘(V)NXW?
0

With T" is defined as the temperature of an equilibrated plasma with the same energy density as the medium,

v = p/ L} is the velocity of the probe, and F(¢,x) = g (E(t,x) + v x B(t,x)) is the Lorentz force
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Fokker-Planck Equation

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
= Ve start from the following Vlasov-type equation: (81; +v- V)Q(t, r,p) — 5 {F(t,r),V,Q(t,r,p)} =0

| - -7
-~

= D “Material derivative”

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

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

= Ve assume the following decomposition: Q(¢,r,p) = (Q(t,r,p)) + 0Q(t,r,p) = n(t,r,p) + 0Q(t,r,p)

| - -7 -’

I 28 Y
“Regular” and “Turbulent” components

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

Where the collision terms are defined as:

1

Xo‘ﬁ(’v) = N

/tdt’Tr (Ft,x)F° (', y)] Y"‘(V)NXW?
0

With T" is defined as the temperature of an equilibrated plasma with the same energy density as the medium,

v = p/ L} is the velocity of the probe, and F(¢,x) = g (E(t,x) + v x B(t,x)) is the Lorentz force

= Transport coefficients:

a 1] )
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Fokker-Planck Equation

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
= Ve start from the following Vlasov-type equation: (81; +v- V)Q(t, r,p) — 5 {F(t,r),V,Q(t,r,p)} =0

| - -7
-~

= D “Material derivative”

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

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

= Ve assume the following decomposition: Q(¢,r,p) = (Q(t,r,p)) + 0Q(t,r,p) = n(t,r,p) + 0Q(t,r,p)

| - -7 -’

I 28 Y
“Regular” and “Turbulent” components

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

Where the collision terms are defined as:

1
2N,

Xo‘ﬁ(’v) =

/tdt’Tr (Ft,x)F° (', y)] Y"‘(V)NXW?
0

With T" is defined as the temperature of an equilibrated plasma with the same energy density as the medium,

v = p/ L} is the velocity of the probe, and F(¢,x) = g (E(t,x) + v x B(t,x)) is the Lorentz force

= Transport coefficients:

a 1] )
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Transport Coefficients in the Glasma

dE v ¥ 2 veuP
: af 5 — af af : _
= \We have: = T o2 X (v), q—;(é 3 )X (v) withv =p/FEp
and: X2 (v) = SN / dt'Tr [(F(t,x)F°(t',y))] with F(t,x) =g (E(t,x) +v x B(t,x))
¢ Jo

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

r )
X0 = e [ (R BL ) + B 0B ()
4 e W(Ba (t,x)ES(t',y)) + €77 'PoF fzﬂfU(S(Ba (t,X)Bg/ (¢, y))}

\ J
: . i d2k_L 2 j itk (x—u) /
Withe.g. E*(1,x)=—igd" om)? d*u [o}(uy),ad(uy)]Jo(koT)e™ L and y=x—v(t—1t")

T
Yy
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Transport Coefficients in the Glasma

dE v ¥ 2 veuP
: af 5 — af af : _
= \We have: = T o2 X (v), q—;(é 3 )X (v) withv =p/FEp
and: X2 (v) = SN / dt'Tr [(F(t,x)F°(t',y))] with F(t,x) =g (E(t,x) +v x B(t,x))
¢ Jo

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

( )
X0) =5 / at' (B2 (t, <) B (¢, y)) + &7 v (B (£, %) BY (¢, )
+ eV (BY (4,30 B (E,y)) + €7 P 008 (BY (4, %) BE (¢, )]
. y
. i [ PkL [ j ik (x—u) /
With e.g. EZ(T,XJ_):—ZQJLJ/<2 2 d*u [o}(uy),ad(uy)]Jo(koT)e™ L and y=x—v(t—1t")
T
= Building blocks of the calculation: Y
2-point correlators
e =
........................................... I (j : () ! 'i (\ IK\ &
. RS AV ) | | o,
a,2 _b,g L , Z c,k d,l
(a1 ar”) - S e (o ™)
y — p—
= Wy/s" T P || = W' 5e
L v KI / ' 7 — 2
a2 B2 AT
T / \
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Transport coefficients at midrapidity (7 = 0, v = 0)

= |n terms of the Weiszacker-Williams distributions:

4 N2 _1 t ) p . k . .
Y d_E _ U__Lg ( c ) / dt// / lek(UL,’UJ_)W'le(’LLJ_,’UJ_) Ezjekl (UJ_ X J_> <’U_]_ X q_l_) Jl(kJ_t)J1<qJ_t/)esz_(x—u)J_equ_(y—’U)J_
dv T 2 0 kiqy Juiv, viky viqL

4 t ) .
e =L (V- 1)/ dt,/ / Wik (ur, v )W3' (ur,vr)
(2N 0 kiqgi Juivy

X [eijekl (UJ_JO(kJ_t> +i (“ ' kl) J1<lﬂt)> (mJo(qu’) +i (“ ' ‘”) Jl(qm’))

viky v1q1
g k . o
4 54 5kl <J0(k1t) 4 (UJ-]@_ J—) Jq (k'_]_t)) <J()(q_]_t/) 4 (UJ_q:IJ_) Ji (QLt/)> ] etk (z—u) 1 igi (y—v) 1
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Transport coefficients at midrapidity (7 = 0, v = 0)

= |n terms of the Weiszacker-Williams distributions and the initial fields:

vik, I

UJ_X]CJ_ V1 X Qg1 ’
= dt’ B k B Ji(k t)J t
T2N/ /mL o(kL) OQL)>< ok )( o ) 1(k1t)Ji(q.t)

P P S SR STONE fat omih -~

N2_1) [t | | ) I | | ]
4E _ o1 g (We = 1) / dt// / Wik (ui, v )W (ur,vy) €7 er! (—UL - L) (UL . QL) Ji(k 1 t)Jy (g t)etkr @)L giar(y—v)L
T 2 0 kigqi Jujvy !

S—— S oA T et amic s o

SNSRI pios o o NSRSy

N2—1/dt/ / Wl u|,v| W2 (UJ_,'UJ_)
UJ_ kigi Juivy

x [e”ekl (ULJO(kLt)—i—i (“;lkk >J1</<:Lt)> (ULJO(QM)—F ( = QL) Jl(qu’)>

4 5 gk (Jo(klt) w (Mkjﬁ) Jl(lmt)) (JO(QM )4 (;j:;) J1(qﬂl)) ] ok (m—u) 1 gL (y—v)s
ié vi (N7 —1) / dt’ /mL [ (B (k1)Bg(qL)) (UJ_JO(]‘?J_t) (U;kaj> Jl(hﬂ) (UJ_JO(QJ_t ) +i (Uviqu) Ji(qut’ ) }
- HUBR DB (@) (o0t + i (2 ) it)) (Jolast) + 1 (2 ) nant))| } i

The momentum broadening
coefficient has two components:
one emerging from B (in the
plane transverse to the beam),

and another from E (in the beam
direction)

On the other hand, the drag coefficient
depends exclusively on the initial
chromo-magnetic fields

(Borrowed from
A. lpp, D. I. Miiller, D. Schuh; PLB, 2020 )
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Transport coefficients at midrapidity (7 = 0, v = 0)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= \Ne decompose the Weiszacker-Williams distributions into two  : - 1/ .. y 7 :
components: the unpolarized and linearly polarized gluon : W (rL)= 9 ((5”G(M) + (5” —2 2 )h(ﬂ))
distributions : :

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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Transport coefficients at midrapidity (7 = 0, v = 0)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= \We decompose the Weiszacker-Williams distributions into two : N 1/ N ) :
components: the unpolarized and linearly polarized gluon : W (rL)= 9 ((5”G(M) + (5” —2 2 )h(ﬂ))
distributions :

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= The transport coefficients then become:

o 1Z T gy, dbs, | .
¢ — = g N2—1/ / 2:: . sin (0;, ) sin (0s, ) (G1(r1)Ga(r1) — hi(ry)he(ry))

gt o [?™d6, do, 1
o« 1= (N —1)/ dt/ e (1) — cos0y) (01 — cosB) (G (r 1 )Ga(ry) — hy(r o )ha(rL))
0 0 w27 V|

+ (1 —wvpcosby) (1 —vy cosby) (Gi(rL)Ga(ry) + hi(ri)hae(ry))

where: 72 = (v At + ' cosf,, —tcosly, )’ + (¢'sin6,, —tsinb, ).
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Transport coefficients at midrapidity (7 = 0, v = 0)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= \\e decompose the Weiszadcker-Williams distributions into two N 1/ N j .

. . . = 1] _ 1) 1) rT .

components: the unpolarized and linearly polarized gluon t WY (rL)= 3 07 G(ry)+ |07 —2 3 hrl)) :
distributions :

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= The transport coefficients then become:

o 1Z T d6,, db,, . .
¢ — = 94 N2—1/ / 2:: . sin (6, ,)sin (0, ) (G1(r1)Ga(ry) — hi(ry)he(ry))

gt o [?™d6, do, 1
o« 1= (N —1)/ dt/ e (1) — cos0y) (01 — cosB) (G (r 1 )Ga(ry) — hy(r o )ha(rL))
0 0 w27 V|

+ (1 —wvpcosby) (1 —vy cosby) (Gi(rL)Ga(ry) + hi(ri)hae(ry))
where: 72 = (v At + ' cosf,, —tcosly, )’ + (¢'sin6,, —tsinb, ).

= \We employ a variant of the MV model regularized through a running coupling prescription:

et 1 —exp {g “ONC (mrKy(mr) — 1)}
G ry)= mrK(mr) — 2Kq(mr _ _ _
MV( J_) 47T92Nc ( 1( ) O( )) fﬂgzoz (merl(mfr‘) B 1) With g4lug N g2(,u2)92(7“2),u2 , where:
4 -2 )
4-2 1 —exp {% (mrKi(mr) — 1)} ) log ( &z
hary (1) = — =59 mr Iy (mr) . g°(r") = 9" (") — (%) -
Amg=IVe ez (mrKy(mr) — 1) log( w 6>

As previously done in T. Lappi and S. Schlichting; PRD, 2018 , PGR and T. Lappi; PRD, 2021
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Results (7 =0, v =0)

A 1 t P
= For the momentum broadening coefficient: | 7= — / dt’ <5a5 — %) Tr [(F(t,x)F° (¢, y))]
14Ve JO 1
MVTC, V]| = 1
30 I I I I I
. ¢*n=2GeV, m=0.15 GeV - - -
F N m = 0.2 GeV -
251 A m = 0.1 GeV —-—-
[ N ¢’ =1.5GeV, m = 0.1125 GeV - - -
0l 00 B m = 0.15 GeV |
=) [ . N _
~ i) SN m = 0.075 GeV —-—-
& i Pi=1GeV, m=0.075GeV - - -
L GRS N m=0.1 GeV - 2
@ 4 L e m = 0.05 GeV -
g jir P .\.\
©10 i f NN 20N 2
Fooo-T-~ 0 N0 S T
¥ o TR e
5 _.‘ /// "N - - ~\_\\~§~-~ TS ‘—t- .......
| e
./"(' -t M et S = ‘-—‘ == --: ; '-_—-:.:_'-:' ]
o =™ . . . . TR i
0 0.1 02 03 04 05 06 07 08
t [fm/c]

® \ery strong growth early in the evolution
® | ower IR regulator —» more momentum broadening (softer modes participate in the interaction)
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Results (7 =0, v =0)

A 1 t P
= For the momentum broadening coefficient: | 7= — / dt’ <5aﬂ - %) Tr [(F(t, %) F*(t',y))]
14Ve Jo 1
MV, v1 =1 MV,e, ¢°i =2 GeV, m = 0.1 GeV
30 I I | | I 40 I I I I I I
. g°n =2 GeV, m=0.15 GeV - - - v, =1
,', N m=0.2 GeV - 35 v, =0.9
25 i N m=0.1 GeV —-—-- 7 v, =0.75
[ N ¢’ =1.5GeV, m =0.1125 GeV - - - 30 v, = 0.6
0l 00 B m = 0.15 GeV - ]
S AN = 0.075 GeV - | <25
~— | :I . N m = U. e ~—
& i Pi=1GeV, m=0.075GeV - - - &
S 15t BN m = 0.1 GeV ] ?;.20
@ e N m = 0.05 GeV —-—- @
10 S TN TS e 1
., ey 10
£ L2 7 S. . Telml D T el e
5 _‘_ /,/ o ~~~~~~'-\-'-<._§,";;"~_____ ::::::
£ i R s S rmEee I LT 5
[ B e S e e e e
0 sl | | | | | | BN 0 x x x x x x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1 1.5 2 2.5 3 3.
t [fm/c] Gt

® \ery strong growth early in the evolution

® | ower IR regulator —» more momentum broadening (softer modes participate in the interaction)
® | ower probe velocity —> more momentum broadening (the probe spends more time within the correlation
length of the Glasma fields)

10/13
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Results (7 =0, v =0)

30

25

20

[GeV?/fm /(]

<10

t
/ dt’' | 69P —
0

o B
ViU

—2> Tr [(F°(t, x)FP(t, y))]

vy

R 1
= For the momentum broadening coefficient: 1= N
14Ve
MVTC, V]| = 1
| | | | | 40
. ¢*n=2GeV, m=0.15 GeV - - -
F N m=0.2 GeV - 35
- N m = 0.1 GeV -+
[ A g°i =15 GeV, m = 0.1125 GeV - - - 30
| e m=0.15GeV - |
p . m = 0.075 GeV —-—-- 225
2 ¢%fi = 1 GeV, m = 0.075 GeV - - - E
. \ ~~
-5 N m=0.1GeV 1220
¥ - m=0.05CGeV —— | o
F . 915
o B . N g 4
’.l': '/ - = = '\ T~ ~ \'\.
I 0 N, Sw 10
¥ (o S s T S
_‘_ /;/J~ ~ - ~\"'~".-<.,§, """" '“‘ s~ e T
£ e e 5
I M e
/™ . . . . ST 0
0.1 03 04 05 06 07 08

® \ery strong growth early in the evolution

MV,e, ¢°i =2 GeV, m = 0.1 GeV

I I I I I
'UJ_Zl

vy =0.9
V] = 0.75
vy = 0.6

T

(m=0.2 GeV) - - -

® | ower IR regulator —» more momentum broadening (softer modes participate in the interaction)

® | ower probe velocity —> more momentum broadening (the probe spends more time within the correlation

length of the Glasma fields)

® This effect can be partly compensated by increasing the value of m (the screening length of the field

decreases)
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Results (7 =0, v =0)

= Separate contributions to momentum broadening:

MVie, ¢°fi = 2 GeV

A A

CLZ"‘QL:QA

G [GeV?/fm/c]

g°nt
® | arger broadening in the beam direction

t
e Comparatively small effect in the probe direction gL ~ / dt'(...) (G1(rL)Ga(r1) — hi(ri)ha(ry))
e Difference between ¢, and ¢, due to linearly polarized gluons: 0

qzw/g 4t () (Ga(r 1 )Galr L) + ha(rL)ha(r L))
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Results (7 =0, v =0)

= Separate contributions to momentum broadening: = Anisotropy:

V] = 1 — -
- i
~
E
a0
L il
>
O,
Nw)
8 10
g°nt 9o it
® | arger broadening in the beam direction "
e Comparatively small effect in the probe direction gL ~ / dt'(...) (G1(rL)Ga(r1) — hi(ri)ha(ry))
e Difference between ¢, and ¢, due to linearly polarized gluons: Ot
e Anisotropy grows fast, becomes constant after t ~ 2/g*ji G, ~ / dt'(..) (G1(r1)Ga(r1) + ha(ri)ha(ry))
0
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Results (7 =0, v =0)

= Separate contributions to momentum broadening:

MV e, °fi = 2 GeV

14 + n G- (vL=1) — |
(vi =0.9) ---
12 | S -
‘ vl o g (vi=1) —
10 - _~ (vy =0.9) --- |
S SN :
~~ ! \ \\
E gl \\ |
o ‘ gl g (vL=1) —
Z (v, =0.9) - - -
< 6
S
4
2 =~
0 | | | |
0 2 4 6 8

® | arger broadening in the beam direction
e Comparatively small effect in the probe direction

= Anisotropy:

2.2

1.2

e Difference between ¢, and ¢, due to linearly polarized gluons:

e Anisotropy grows fast, becomes constant after ¢ ~ 2/ 92 0
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MViye, ¢°fi = 2 GeV

vy =1 —— -

v, =09 ---

- = - - e = - o e
- -

10

qAJ_ ~ /0 dt/() (Gl(TL)GQ(TJ_) — hl(’l“J_)hg(’l“J_))

qu/O 4t () (Ga(r 1 )Galr L) + ha(rL)ha(r L))
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Results (7 =0, v =0)

= Separate contributions to momentum broadening: = Anisotropy:

MVye, ¢°fi = 2 GeV MViye, ¢°fi = 2 GeV

G [GeV?/fm/c]

® | arger broadening in the beam direction

e Comparatively small effect in the probe direction gL ~ /t dt'(...) (G1(rL)Ga(r1) — hi(ri)ha(ry))
e Difference between ¢, and ¢, due to linearly polarized gluons: 0
e Anisotropy grows fast, becomes constant after t ~ 2/g*ji G, ~ /t dt'(..) (G (r )Go(r 1) + hy(r1)ha(rL))
® |nitial anisotropy depends on the velocity 0

of the probe as: lim ¢./¢,. = 1/v7
t—0
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J

= For the drag coefficient: e _ 1 / PRIt [(F(t,x)F°(t,y))]
. dﬂj ZTNC 0 V| , 7
MVTC, V| = 1
1.8 ] I I I I I g2ﬁ:I2GeVI___ |
m =0 GeVy g2ﬂ = 1.5 GeV - - -

1.6 - ¢*ii=1GeV - -- -
< 1.4
£
1.2
>
o 1
5 0.8
N
< 0.6 - m = 0.15 GeV

m = 0.05 GeV
0.4 -
02 L m=0.1 GeV
O | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t [fm/c]

e Slower growth, reaches approximate time independence at ¢ ~ 2/ g2ﬂ
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Results (7 =0, v =0)

= For the drag coefficient:

1 ‘ ,’Ui?}f o B (4!
dt o Tr [(F(t,x)F°(t,y))]

dg _ L
dz  2TN,. J,

MVye, v1 =1 MV, ¢°i =2 GeV, m = 0.1 GeV
I I I I I I I 1.8 I I I I I I I
18 L g2ﬂ:2GeV---_ v, =1
. =01 Gey 92/1 = 1.5 GeV - - - 1.6 - vy =09 ]
1.6 | g .y ¢’n=1GeV --- - v, =0.75 —
/' .\'\\ 14 ~ _ N
\\\\\ S) V] = 06
O 1.4 B '/ 772:015 cv =~ 7] ~~
B FEPCES e Sy o T E12} e T—
S 1.2+ [y " | oo
> F e Gy Tt~ > 1t — -
O 1 - A ey = . | o
2 sy _——— . _ .Q_D. 0.8
3 ./ I~ . - m = 0.075 GeV T S g U.o —
308 B .I g 4 pr B - 3
N 0.6 Ly y m:OH%GeV -] m06 4
e o £° : m—015GeV qu
i 4, m = 0.05 GeV 4 |
Y B e it 04
F 4 e e s T T T T
0.2 F f @ iR m = 0.1 GeV ] 0.2 F .
/ /'w LT
“.'f,-. 7 ‘.._1._-.‘»" "/'1 l | | l l 0 | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.5 1 1.5 2 2.5 3 3.5 4
t [fm/c] g°fit
® Slower growth, reaches approximate time independence at ¢ ~ 2/g2,&
e Opposite dependence on velocity as ¢ ( dE /dx proportional to v | )
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Summary, conclusions

e We have studied the impact of the Glasma phase over Jet Quenching transport coefficients

e The transport of hard probes is described by means of a Fokker-Planck equation (S. Mrowczynski; Eur. Phys.
Journal A, 2018, M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022)

e The evolution of the medium is described using linearized Yang-Mills equations in combination with non-
linear initial conditions (J.-P. Blaizot, T. Lappi, Y. Mehtar-Tani; Nucl. Phys. A, 2010, PGR and T. Lappi; PRD, 2021)

e These equations effectively resum the UV-divergences of a power series in  7(H. Fujii, K. Fukushima, Y. Hidaka;

PRC, 2008)

e We observe very strong transverse broadening early in the evolution: maximum before ¢t ~ 2/ 92 7!

- More broadening for less relativistic probes

e Anisotropy: different values of broadening along different transverse directions. The ratio ¢./¢. becomes
independent of ¢ after ¢ ~ 2/92/1 (except for very low values of v, ), tendsto 1/v3 at t — 0

- More anisotropy for less relativistic probes

e Drag coefficient: also reaches a maximum about t ~ 2/ 92 [, becomes approximately flat afterwords
- Unlike ¢, it decreases with the velocity of the probe

MVTC, vy =1 MV,., g2ﬂ =92 QeV MV,c, v =1
30 T T T T T T 2 I
. ¢’ =2 GeV, m=0.15 GeV - - - 2.2 - vy =1— 18 2gu:2GeV
FoN m=02GeV .. v =09 --- e g ,uZ— 1.5 GeV
B m =01 GeV —-—- 1 S Bl 1.6 Yo 9U=1GeV
! N ¢9’n=15GeV,m=01125GeV --- | | AL —1a4 A T —_
<20 N m=0.15CeV | o N A s L T e A
2 AN m = 0.075 GeV -~ L& T I 12 I
& (L . gPl=1GeV, m=0.075 GeV - - - . T——— z Sg— ]
SRERE N m=0.1GeV - . <i6l 0 | 2. & e .
3 4 RSN m = 0.05 GeV —-—- e T e B 08 P pre . g —
~ .,’1.:- P .. \~\\ NG oy -- - -
/{ I .y "
,{: /¢ > T ~ oo e 04 ~ oo esmamams T e
5H [ IR . e 12 ,'-4 4 P e e Sl bottal syl lite ettt
- ST s S o «“N‘~::l~:‘ 0.2 / £ SR
4 R R e N e o o o T T 7
0 l{,// = J.....,,........,—..?..—,-..,-..—,,.—‘,.—,,—.v,'—.f'-.-f:..‘,—TJ 1 ;’,_ s | |
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t [fm/c] gnt t [fm/c]
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BACK-UP: Comparison to previous results (l)

= Upon comparison with the results obtained in A. Ipp, D. I. Miiller, D. Schuh; PLB, 2020, we observe a significantly
slower growth, and, remarkably, the opposite IR regulator dependence:

MVTC, v = 1
30 T T T T T
_ ¢’ =2 GeV, m=0.15 GeV - - -
FooN m=0.2GeV
25 £ m=0.1 GeV --—- ]
[ y ¢’ =15 GeV, m = 0.1125 GeV - - - k)
a0t ’! N m=0.15 GeV - N{ Opposite mass
2 i N m = 0.075 GeV - = dependence
g fe 0 s ‘\\ gQﬂ =1 GeV, m=0.075 GeV - - - )
SRR AN m=0.1GeV . O,
% | 4 TN m = 0.05 GeV -~ =
>, i P W
(@10 *'.',.: '/' \~\.-,,'.’ \\ \.\ |
/£ > N S '\.\
i/ N, 02020 Ty
§ Lo S~ i el e
5t ! T S T s s
For P =2 St oy
I L et etani s
O .!.-/’:.,—.- | I I I --I ............. | S L e .-.I..—..r..-.. .... Faster grOWth
0 01 02 03 04 05 06 07 08 NI
¢ [fm/c] with time

= |n the results obtained in D. Avramescu, V. Baran, V. Greco, A. Ipp, D. I. Miller, M. Ruggieri; PRD (2023) for the
anisotropy, we observe a compatible behavior in the ¢ — 0 limit:

MV, g°fi = 2 GeV p/m 1 2 5 —10
2.4 I I I I I I I O
i vy =1— | I
221 v, =09 --- 3
2_ ...................................................... ’UJ_:O75 ........ | U%
<S|~<]-'8; .................... N <2-
~ — | —~
<$’..1.6— —__________-----—------____: NQ*'\’
1.4+ i <
1.21'/,, - 1k
1 | | | | | | | | |
o 1 2 3 4 5 6 7 8 9 10 0 0.5 1 1.5 2
2 _
g ht T [fm/ (]

= Non-linear corrections and the inclusion of gauge links could improve agreement
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BACK-UP: Comparison to previous results (ll)

= Our results and those obtained in M. E. Carrington, A. Czajka, S. Mrowczynski; PRC, 2022 show completely different

0.1

magnitudes: g% =2 GeV g°f =2 GeV
ST T 0-5 T T T T
j 7 GBW (Qs ~ 1 GeV) —— — GBW (Q, ~ 1 GeV), : ,
10 - i L MVTC — — MV, : !
/ 0 MV (Avv = ¢°R) - 04 - MVa (Auv =g M) ; §
8 I / ,//'/ Mvstepl T - - Mvstepl : ,
. / ’ ‘ ,/’ MvstepQ T { -t MvstepQ .'/ l
% / /,/./'/ Mvstepl T o g 0.3+ T Mvstepl 7-6 :/ . 4
= 6 o, /'/ """"""""""""""""""""" %
% e S
< L So02t ]
= 4 A ~
/0
21 S 0.1} |
7 :
0 - L L L I I L L L L - I - T
0 001 0.02 0.03 0.04 005 0.06 0.07 0.08 0.09 0 0.02 0.04 0.06 0.08
t [fm/c] t[fm/c]
gn=2GeV,m=0.1g"1
= \Ne suggest that the origin of the discrepancy might be 16 Fom . ' '

the different approaches to the time evolution of the
Glasma fields (linearized Yang-Mills vs. 7-expansion to

order 7° ).

= For instance, in the case of the energy density:

: Agreement only
around t < 0.01 fm/c
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BACK-UP: Dependence on running coupling prescription

= Some alternative prescriptions are based on making only the coupling in the pre-factor run:

PENTE 1 —exp{% (mr K (mr) — 1)}
Cu(r1)= gy, (mrfamn) = 20Komn) ——gm - T
g2 i 1 —exp {% (mr Ky (mr) — 1>}
hary ()= — 47N, mr Ky (mr) L (mrKy (mr) — 1)

= There is also some liberty in the exact form of the correspondence between ¢?(Q?) and ¢*(1/r?). For instance,

2(2
202\ g- (%)
one can take: ¢°(r°) = ——
In (46 —— + e)
m2r2
Fi=2GeV, v, =1 @’i=2GeV,v, =1
50 T T T 50 T T T
MV, - - - MV,% - - -
MV,.. (logs) MV = (logs)
40 40
E3O 30
&
o
>
D20 20
N
10 10 | s
0 0 :
0 2 4 6 8 10
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