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Color Glass Condensate

Color charges confined in the colliding nuclei generate glasma - the system
of strong mostly classical chromodynamic fields which evolves towards equilibrium.

time

What are characteristics of the earliest (t < 0.1 fm/c) stage of relativistic heavy-ion collisions?



Saturation

Deep Inelastic Scattering
o\ saturation
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P> Saturated gluon system can be described in terms of classical chromodynamic fields.

P> Saturation scale for A-Aat LHC: Q, ®2GeV << Ay, =#0.2GeV = o (Q,) << 1
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Wee partons & valence quarks

1

valence quark X ~ —

nucleon sea of wee partons X <<1

P> Saturated wee partons - classical chromodynamic fields

B> Valence quarks - classical sources of chromodynamic fields



Heavy-ion collisions
in light-cone variables




Color Glass Condensate

Classical Yang-Mills equation

D, F“(x)=j"(x)

i“ () = i () + i (%) b p,

. - . pre-collision potentials post-collision potentials
Jio (X)==%0 5()(_)/01,2 (X))

Ansatz of gauge potentials
CAT(X) = O(X)O(X )X a(r,X,)
< A =-00Ae0x alr x,) o (0.%,) =~ 915 (x,), B (x.)]
A'(x) =0(xX")O(X )a, (7,X,) 2
~ +O(=X)O(X) A (X, ) +O(X)O(=X") By (%, ) Gauge condition

\ @w/ XA +Xx A"=0

E. lancy, R. Venugopalan, in Quark-Gluon Plasma 3,
ed. by R.C. Hwa, X.-N. Wang (World Scientific, Singapore, 2004

Boundary condition

05(0’ XJ_) - :Bll (XJ_) +ﬁzl (XJ_)




Proper time expansion

a(z, XJ_) = ana(n) (XJ_)’ CZL (7, XJ_) = Zrnai(n) (XJ_)
n=0 n=0

Proper time 1 is treated as a small parameter 7 << QS_1
Yang-Mills equations for the expanded potentials are solved recursively
N _
Ay =y, =0 for n=135,...

Oth order - oboundary conditions

Ol(o) =—— [ﬂll ) ﬁzl] Post-collision potentials are expressed
_ 2 _ through pre-collision potentials
[ i [

&) = B+ 5

2nd order _
@y == DI04, A1)

[ I zZij .z j
oy =& [DV [ A

R.J. Fries, J. I. Kapusta, and Y. Li, arXiv:nucl-th/0604054
G.Chen, R.J. Fries, ].I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015)

D'=0'-ig(5 + )

Fully analytic approach!



Proper time expansion cont.

Chromoelectric and chromomagnetic fields

Ei:FiO, BI_; Iijkj

oth order
=(0,0, E), B(o) =(0,0, B)

Ep (x,)= —ig[B (x,), By (x,)]
(0) (XJ_) — _Iggzu [:81 (XJ_) ﬂz (XJ_)]

At higher orders transverse fields show up

R.J. Fries, J. I. Kapusta, and Y. Li, arXiv:nucl-th/0604054

E & B fields along the axis z

G.Chen, R/]. Fries, J.I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015) 10



Energy-momentum tensor

> T‘”:2Tr[F“prV+%g”VF”“FpG]
B> R =9“A" —8"A“ —ig[A*, A']

The energy-momentum tensor is symmetric, gauge invariant and obeys

> 5T =0

T - energy density

TO - energy flux, Poynting vector

T W, T# - pressures

T - momentum flux
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Averaging over collisions

T~ 00 8B .. " = (T)~> 00 (BB ...0")
The pre-collision potentials in covariant gauge 0 ,8“ =0 obey

+ + 1 1 1 1
VB ) =p) = A0 = [dUKgmlx =X )a(x)
IR regulator m= A,

The potentials are transformed from the covariant to light-cone gauge "=, =0

Wick theorem

(P )PPl (z)) =D TT(pl(x,) Pl (y.))

Glasma graph approximation

(BEX DBy B 2)) =D T B(x)A(y,)) =D TIBY (x,.y,)



Basic correlator in transversaly
uniform system

BY (%Y ) =(B(X)AY,)) = [d*x' d?y' - ph (X" )Pl (Y'))

color charge surface density

(PL(X)PI(Y.)) = 9°us®5P (x, —y,) u=-g-Q:

~i

B, (x,,y ) =6 (87C,(n) - F'P'C, (n)) rex,my. el f

r.i
r

('

_ m*K, (mr) g*Nu(mrK (mr)-1) |

47Z'm -1
r<<m

UV regularization required

C,(r) = m°rK, (mr) {exp{g4N°'u(mrKl(mr)_1)}—1} . >Q§1

L 9°N, (mrK, (mr)-1) 47m?

J. Jalilian-Marian, A. Kovner, L. D. McLerran and H. Weigert, Physical Review D 55, 5414 (1997)
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Basic correlator in transversaly
non-uniform system

BL (XY ) =(B(x)A(y,))=[d*x', d®y', - (ph(X" )R (Y'))
i j 2 ab <(2) color charge surface density
(PL(X)PI(Y.)) =971 (x,)5%5P (x, —y,) e g
Projected Woods-Saxon distribution
7] T dz
pux) =t
In(1+ gRa ) _'[ol+exp [( /XLZ 472 _ RA)/ai|
System uniform in the transverse plane
B, (x.,Y.) =6 F1(x, —y,) =5 11(r) {R L)
r=X,-Yy,

System weakly nonuniform in the transverse plane

ng (XJ_ ’ yL) — 5P f (R,r) = “gradient expansion in R”

G.Chen, R/J. Fries, J.I. Kapusta and Y. Li, Physical Review D 92, 064912 (2015)



Numerical results

Pb-Pb collsions at LHC
N.=3

g=1

Q, =2GeV

m=0.2 GeV

R, =7.4fm R
a=05fm /
X 210

Ry

M. Carrington, A. Czajka & St. Mréwczynski, European Physical Journal A 58, 5 (2022)
M. Carrington, A. Czajka & St. Mrowczynski, Physical Review C 106, 034904 (2022)
M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032

RX
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Anisotropy

Central Pb-Pb collsions

3( pT pL) _ XX _ 7z
A, = p, =(T™), p =(T

=0 = p=—p =¢ = A =6

order in T expansion

4
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032



Radial flow

Pb-Pb collsions at b = 6 fm
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 17



Radial flow cont.

Pb-Pb collsions at b = 6 fm
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 18



Elliptic flow
Pb-Pb collisions at b = 2 fm
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032
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Eccentricity

Pb-Pb collisions at b = 2 fm
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032
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Hydrodynamic-like behavior

Pb-Pb collisions

v,(7=0.06 fm) ="~

L 4

v,(r =0.06 fin)

g(r=0)

Z

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 21



Angular momentum

R y Au Au, Vs = 200 GeV
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F. Becattini, F.Piccini, J. Rizzo, Physical Review C 77, 024906 (2008)
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Angular momentum cont.

n
Pb-Pb collsions at b = 2 fm di — 7?2 I d°RR*T™  Milne coordinates

dn
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Glasma does not rotate!

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032
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Jet quenching in glasma

How hard probes propagate through the glasma?

St. Mrowczyniski, European Physical Journal A 54, 43 (2018)

M. Carrington, A. Czajka & St. Mréwczynski, Nuclear Physics A 1001, 121914 (2020)
M. Carrington, A. Czajka & St. Mréwczynski, Physics Letters B 834, 137464 (2022)
M. Carrington, A. Czajka & St. Mréwczynski, Physical Review C 105, 064910 (2022)

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 9



Fokker-

P> Transport of hard probes can

drift
A

( \

Planck equation

be described using the Fokker-Planck equation.

collisions

A

( \

[§+V-V)n<t,r,p)=(vip><“ (V5 +VLY (W)n(t.r,p)

n(t,r,p) - distribution function of hard probes

XT(v), Yi(v) = <

nt,r.p)=n,(P)~e T

solves FK equation

V= L , Vip = ﬂ
E, op;
(dE V',
—=——Y (V) collisional energy loss
dx Y%
2( & Vv
fl =_| oY — . X (V) momentum broadening
\ \%
.
E i
j Vi
= Y(Wz?X(w
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Fokker-Planck equation cont.

< Boltzmann equation >

Diffusive approximation

p - momentum of a hard probe

p >> Ap Ap - momentum transfer in a single collision
v

<Fokker-Planck equation>

P> A Fokker-Planck equation for glasma can be derived
using the quasilinear method known in plasma physics.
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Fokker-Planck equation
of a hard probe in glasma

> Lorentz force = Qg (E + V X B)

b [y e =0 X WV Yy ()t

> X(v)= j:dt'<F‘(t,r)F"(t',r—v(t—t'))>, Y"(v):¥ix”(v)

1
N

c

P> The collision term is given by field correlators <Ei E’ >, <B‘ =X >, <|3i B j>

l> Gauge covariance requires: <E; (t,NE (t",r ')> —> <E;1 t,nNQ, (tr|t, ryE)(t, r')>

(t,r)
Q(t,r|t',r')=Pexp{ig j dsﬂA”(s)}
(tr)

St. Mréwczynski, European Physical Journal A 54, 43 (2018)



Transport of hard probes in glasma

XY (v) = Nijdt'{@zi (tNE!(E,r)))+& Ve (E'(t,r)B'(t'r)))

c

+e"vE (B!, NE (') +Me™v v (B'(t,r)B (' r)))]

r'sr—v(t-t’

C 2 VWV

=2 o
Vv Y

dE V'V’

= X'(V)
\dx vT

St. Mrowczynski, European Physical Journal A 54, 43 (2018) ,8



Rough estimate

Density of energy accumulated in the fields E & B fields along the axis z

1

> Erield =§(<EQEQ>+<B;B;>)

Density of energy released in a central collision

Cinel A\/g
AR

l:> gcoll —

—— ~ (0+10)

dE [Gev}
dx

Ecoll = Efield —P 1

6 ~10 {Gevz}

f

¢, =05 A=200, Js=5TeV, |=1fm

St. Mrowczynski, European Physical Journal A 54, 43 (2018) -



Hard probes in glasma - @

order in
T expansion
AL Q7' <AL <Ay 20 — g [GeV’/fm] 0
15 F 1
o~
N, =3, g=1 h — 67
Q, =2GeV ; 5
m=0.2 GeV ; T o0z o004 o006 o008 z.-[fm]
v=v, =1 -5t
-10 — 2

M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 30



dE

Hard probes in glasma - -

T [GeV]
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8th order in
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M. Carrington, W. Cowie, B. Friesen, St. Mréwczynski & D. Pickering, arXiv:2304.032 31



Glasma impact on jet quenching

Glasma A 4(0)
Qmax = 6 GeV2 /fm ] ax
tmax =0.06 fm

Equilibrium QGP
q'\ — 3T 3 4y
t,=0.6 fm
T, = 450 MeV i
4, =14 GeV?/fm

0 AR hydrodvnamic stage I, = L

t
non-eq

1/3 -
T=T, (%) Apr| = dtd() Ap;
0

Apy

non-eq

=0.93

L=10fm =

€q

= [dt4()

ty

Ap;

S. Cao et al. [JETSCAPE], Physical Review C 104, 024905 (2021),
C. Shen, U. Heinz, P. Huovinen and H. Song, Physical Review C 84, 044903 (2011).
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Glasma impact on jet quenching cont.
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A. Ipp, D.I. Mtller and D. Schuh, Phys. Lett. B 810, 135810 (2020)
D. Avramescu, V. Baran, V. Greco, A. Ipp, D.I. Mtller & M.Ruggieri, Phys. Rev. D 107, 114021 (2023)

q 4

A
Glasma

Kinetic theory interpolates between
glasma and equilibrium QGP

Hydrodynamics

-
K. Boguslavski, A. Kurkela, T.Lappi, F. Lindenbauer & J.Peuron, arXiv:2303.12595



Conclusions

The glasma evolves in a hydrodynamic-like way.

The glasma’s orbital momentum is small,
the system does not rotate.

Momentum broadening and energy loss in the glasma
are significantly bigger than in equilibrated QGP.

In spite of its short lifetime the glasma provides
a significant contribution to the jet quenching,.
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