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RAA ⊕ v2 “puzzle”

• First RHIC data on the nuclear modification factor and
azimuthal anisotropy in early/mid 2000s

• Jet quenching models of the time under-predicted azimuthal
anisotropy by approximately a factor of 2

• Improvements on jet quenching models to try to fix this
discrepancy

• Coupling of jets to flow Betz, Gyulassy (2014)

• Event-by-event fluctuations Noronha-Hostler, Betz, Noronha, Gyulassy (2016)

• Non-perturbative effects Liao, Shuryak (2008), Xu, Liao, Gyulassy (2015, 2016)

• ...
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RAA ⊕ v2 “puzzle”

Shuryak (2007), Liao and Shuryak (2008)

Near Tc enhancement of jet quenching could explain large v2
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Magnetic Scenario of QCD

Dual Superconductivity Model of the QCD Vacuum
Nambu (1974), Mandelstam (1976), ‘t Hooft (1981)

• Electric quasiparticles (quarks and gluons) and magnetic
quasiparticles (monopoles, etc.)

• Confinement is due to the Bose-Einstein condensation (BEC)
of magnetic quasiparticles

• Lattice studies have identified electric flux-tubes, monopole
currents, and gauge-invariant magnetic field correlated with
monopoles
Koma, et al. (2003), Bornyakov, et al. (2003)
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Magnetic Scenario of QCD

• Condition for making Dirac strings invisible: eg
4π = integer

Dirac (1931)

• αs = e2/4π in QCD runs with T and µ

• αm = g2/4π runs oppositely

Liao and Shuryak (2007)
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Monopoles on the Lattice: SU(2)

D’Alessandro and D’Elia (2007)
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Matching Radial Distribution Functions
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Monopoles on the Lattice

Density: ρm/T
3 ∼ log(T )−3 → Monopoles important near Tc

SU(2)

D’Alessandro and D’Elia (2007)

2 4 6 8 10 12
T / T

c

0

0.1

0.2

0.3

0.4

0.5

ρ
 /

 T
3

monopole 1

monopole 2

SU(3)

Bonati and D’Elia (2013)

Adith Ramamurti (Stony Brook) JETSCAPE Winter School and Workshop 2018



Motivation and Background Jet Quenching Formalism Set-Up Results Summary

Lattice Equation of State
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Goals

Introduce monopoles into the BDMPS jet quenching framework
→ jet observables

• Study the effects of different monopole density
parameterizations

• Study the effects of different background evolutions

• Study the energy dependence of jet quenching
parameters/observables
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BDMPS

Baier, Dokshitzer, Mueller, Peigne, Schiff (1997, 1998)

• Energy loss:

−dE
dz
∝ q̂z

q̂(z) ≈ ρ(z)
∫ 1/b2

0
d2~q⊥~q

2
⊥

dσ

d~q2⊥
(~q2⊥, z) ,

where ρ(z) is the density of scatterers.

• Screened Coulomb scattering centers:

V (q2⊥) =
1

σ

dσ

d2~q⊥
(~q⊥) =

µ2

π(q2⊥ + µ2(z))2
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Cross Sections

Generic form of dσ/dq2⊥ is

dσ

dq2⊥
=

C

(q2⊥ + µ2)2
.

dσqq
dq2⊥

=
(4/3)2πα2

s(q
2
⊥)

(q2⊥ + µ2E)
2

dσqg
dq2⊥

=
4πα2

s(q
2
⊥)

(q2⊥ + µ2E)
2

dσgg
dq2⊥

=
9πα2

s(q
2)

(q2 + µ2E)
2

dσqm
dq2⊥

=
(4/3)π

(q2⊥ + µ2M )2

dσgm
dq2⊥

=
3π

(q2⊥ + µ2M )2
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Screening Masses
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Monopole Density

• Two forms of monopole density

• Direct lattice measurement: Bonati, D’Elia (2013)

ρm
T 3

=
3.66

log((1/0.163)T/Tc)3

• Polyakov line with EoS: Xu, Liao, Gyulassy (2015)

ρE(T ) ∝ cqL(T ) + cgL
2(T )

ρM (T ) ∝ 1− ρE(T )
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Monopole Density

• Two forms of monopole density
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Background Medium

• Focus on 20-30% centrality AA collisions

• Different expanding-medium backgrounds:

• Glauber-like smooth initial conditions with Bjorken (1+1)D
expansion

• Glauber-like smooth initial conditions with (2+1)D expansion
with and without bulk viscosity

• IP-Glasma initial conditions with (2+1)D expansion with and
without bulk viscosity
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Background Medium

Example of the hydrodynamic evolution
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Numerical Simulation

1 Jets created at τ = 0 in the medium with probability
proportional to energy density

2 Randomly oriented in azimuthal angle φ

3 Initial energy is sampled from power law spectra for quarks
and gluons

4 Jet parton then traverses the (evolving) medium and loses
energy

5 Fragmentation into pions / charged hadrons
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Numerical Simulation

Energy loss given by

−dE = zdz
αsNc

12
q̂(z, E)

= zdz
αsNcπCp

12

(
ρq(z)

∫ q2max

0
dq2

(4/3)α2
s(q

2)

(q2 + µ2E(z))
2

+ρg(z)

∫ q2max

0
dq2

3α2
s(q

2)

(q2 + µ2E(z))
2

+ρm(z)Ccorr

∫ q2max

0
dq2

1

(q2 + µ2M (z))2

)
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Nuclear Modification Factor RAA

15 35 55 75 95

0.2

0.4

0.6

0.8
(a)

ALICE 20-30% h±

CMS 10-30% h±

8 18 28 38 48

(c)

PHENIX 20-30% π0

PHENIX 20-30% π0

15 35 55 75 95

0.2

0.4

0.6

0.8
(b)

IP-Glasma+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ 6= 0

Glauber+(2+1)D hydro., ζ = 0

Glauber+(1+1)D hydro.

8 18 28 38 48

(d)

p⊥ [GeV]

R
A

A
(p
⊥

)

Direct

EoS

LHC 2.76 TeV Pb-Pb RHIC 200 GeV Au-Au

Adith Ramamurti (Stony Brook) JETSCAPE Winter School and Workshop 2018



Motivation and Background Jet Quenching Formalism Set-Up Results Summary

Azimuthal Anisotropy v2
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Predictions for the Beam Energy Scan

62.4 GeV Au-Au collisions, optical Glauber initial conditions
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Summary

• BDMPS framework with monopoles can reproduce correct
trends for experimental observables

• Needs realistic hydrodynamic background, but event-by-event
fluctuations not necessary except for dijet asymmetry

• Lower energy collisions should see similar v2 and RAA to
higher energy collisions → monopole dominated

• Can be probed in Beam Energy Scan

Adith Ramamurti (Stony Brook) JETSCAPE Winter School and Workshop 2018



Backup Slides

Adith Ramamurti (Stony Brook) JETSCAPE Winter School and Workshop 2018



Monopoles on the Lattice: SU(3)
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Monopole Correlations

Reduction in momentum transfer due to correlated + and - charges
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Dijet Asymmetry Aj
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Dijet Asymmetry Aj
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