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Hard probes in Glasma

Classical transport in the very-early stage
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Prerequisite: Classical lattice gauge theory ——— Glasma fields
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Hard probes in Glasma 3
Classical transport in the very-early stage

. . : | :
Prerequisite: Classical lattice gauge theory ——— Glasma fields

i . background . solve . .
This work: Glasma fields +—2 "% test particles <—— colored particle-in-cell
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High energy QCD

Glons as main degrees of freedom
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CGC as an EFT for high energy QCD 5%

Classical Yang-Mills fields

cutoff

. > pt — p Pt Separation of scales between
small-z | large-z po=
small-- and large-U degrees of freedom
covariant derivative field strength tensor

CYM equations: <D¢u Fi’“’ ) [A“] = Jv

gluons gauge field T Tcolor current of nucleus

MV model and LC kinematics = J*%(z) oc 51 p® (27, )

large nuclei Tstochastic variable

Two-point function (p%p®) o Q2 saturation momentum




CGC as an EFT for high energy QCD 5%

Gauge fields before the collision

rt

Gluon gauge field High energy nucleus

at ~ WOt JH~ 60 p
Wilson line color charge
hgth:ordering - Wilson line

WT(z=,Z,) =Pexp {ig / dz’A:;v(:’,fL)}
where A AL, =p —oo




Collision of CGC nuclei

Light-cone diagram of the collision

JZ‘+
o Known CGC fields before the
collision
T—0 « Unknown Glasma fields in the

forward light-cone

Milne coordinates (7, )

=2tz n= 111(;1;4“/.1;7)/2

Boost-invariant approximation
fields = indep(n)

Numerical solution of Yang-Mills
equations = Glasma
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The Glasma fields 7%

General features
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The Glasma fields

Flux tubes

The fields arrange themselves in correlation domains of dxp =~ Q;l
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The Glasma fields

Anisotropy

Longitudinal # transverse = anisotropy
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Particles in Yang-Mills fields

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

coordinate momentum gauge field color charge
# = 2¢Trq QFH*[A* d( iglA,, G P
fp gr{? [ ]}m 3.9 = ~iglAu, Q] —

mass °°“p"”g constant color rotation — U e SU(3)
proper time covariant derivative (2( ) (T . )(2( )Z/{T (7_77_/)

assures - - o .
Symplectic numerical solver —— () € SU(3), conservation of Casimir invariants




Particles in Yang-Mills fields

Wong's equations of motion

Boltzmann-Vlasov collisionless non-Abelian plasma

PO+ gQ F ()0, + g f 1 AL () Q Oge f (2, pH, Q)

fat pt, Q%) PP test particles (z#, p*, )")

= Wong's equations
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Particles in Yang-Mills fields

Vizualizing the trajectories

Change of coordinates Color Lorentz force
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Quantifying the effect of Glasma 9

Momentum broadening

/1)

I NS ' Momentum broadening

5]712(7') = pIQ(T) o p?(ﬂ'orm)
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g
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3
0 E d (1), heavy quarks
S L AGE |
dr (1), Jets

Anisotropy = <(5P%>/<5P2T>




Heavy quarks in Glasma

Momentum broadening and s

quark = static — dynamic

beauty quarks
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Jets in Glasma

Momentum broadening and ¢
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Large transport coefficients S1%

Plausible in an EKT framework

Schematic evolution of ¢
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Two particle correlations S13%
Sketch of QQ pairs in the Glasma o
Glasma fields heavy quarks
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Two particle correlations S13%
(/1\
Quantifying the decorrelation

1 d®N
Rapidity and azimuthal correlations C(An, A¢) = N AAdAG
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Azimuthal decorrelation width St
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Effect of heavy quark pr and Glasma Q)

Significant decorrelaton for QQ pairs with
sufficiently small initial pp and large Q)
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Phenomenology implications

Azimuthal angle correlations

First measurement of azimuthal correlations in PbPb from [ATLAS 2308.16652]
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Phenomenology implications

Azimuthal angle correlations

No theoretical model predictions consider the inital stage

The azimiuthal decorrelation oa, from Glasma
needs to be accounted for
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Energy loss
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Nuclear modification factor

Sketch of pr spectra in the Glasma

Heavy quarks FONLLT G nitial pr distribution oc dam’/AA/de(\/g, PDF /nPDF)
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Nuclear modification factor
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Extraction of R4 4 in Glasma
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Unit weights
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R 44 in the Glasma

Temporal evolution and ()5 dependence

Q,=2GeV -e- charm
7[fm/c]
0.1
PDF CTEQ6.6 —0.3
FONLL /s, = 5.5 TeV —10
0 25 5 75

pr[GeV]

10

RAA

1.4

1.2

0.8

0.6

Qr=3 charm quarks

y—

—

0

Q,[GeV]
1
— 1.5
—_2
FONLL \/% =5.5TeV —25
2?5 é 7{5 10

pr[GeV]

\



R 44 in the Glasma

Temporal evolution and )5 dependence

\

pr broadening

Glasma fields ——— shifted heavy quark py spectra

pr migration

Small-pr large-pr = R4 in Glasma exhibits

suppresion at small pr + enhancement at large pr
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R 44 in the Glasma with nPDFs

Cold nuclear matter effects
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R 44 in the Glasma with nPDFs

Cold nuclear matter effects

Combined effect on R44 from 2 initial stage frameworks

Gluon saturation from Glasma

+
Gluon shadowing from nPDFs
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D mesons Raa

Phenomenology implications

R4 and vy puzzle

ALICE

Pb-Pb, Sy = 5.02 TeV
Centrality 0-10%

Prompt D°, D*, D** average
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Phenomenology implications

R4 and vy puzzle

Currently, no models consider the effect of the initial stage

The R4 4 from Glasma and nPDFs needs to be accounted for
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