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Electromagnetic Probes
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QGP momentum anisotropy cartoon
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The attractor concept
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Some pretty pictures from 3d viscous hydro
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Left panels show output from
a Ohio State/Kent State GPU-

based viscous hydro code
Bazow, Heinz, and MS, 1608.06577

Solves the non-conformal
DNMR (Denicol, Niemi, Molnar,
Rischke) equations with a
realistic EoS
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Quantifying the departure from equilibrium
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Charged particle multiplicity

Algahtani, Nopoush, Ryblewski, MS, 1703.05808; 1705.10191
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Identified particle spectra
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Elliptic flow

* Quite good description of identified particle elliptic flow as well

* Central collisions = need to include fluctuating init. Conditions!
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HBT Radii
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HBT Radii Ratios
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Using E&M emissions to probe the initial state

* Dilepton pairs with p; and invariant masses in the range 2 - 6 GeV and
photons with p;> 2 GeV can, in principle, provide much needed information
about QGP initial conditions.

* In the past, high-energy dileptons coming from the QGP were difficult to
extract due to large open heavy-flavor decay backgrounds, but with ALICE’s
new tracking capabilities, it may be possible to isolate this contribution to
dilepton production and subtract it.

* Dilepton production in this energy range is dominated by early-time
production when the QGP is hottest (t < 1 fm/c)

* All dynamical models (e.g. hydro, kinetic theory, and AdS/CFT) predict the
existence of large early-time momentum-space anisotropies in the LRF
energy-momentum tensor; would be nice to have experimental
verification/constraints concerning this feature.

* |In addition, it is expected that at early times the QGP is gluon dominated,
and quark production is delayed. This can be described as a time-
dependent fugacity.



LO dilepton production from the QGP
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production, aka
“flow”

Leading-order process is Drell-Yan with the incoming quark/anti-quark distribution

functions taken to have a particular (non-)equilibrium form.

One can include effects of finite fugacity and momentum-anisotropy by modeling the
form of f,. However, in that case we also need to specify the dynamics of f, 2 need
dynamical model.

In traditional viscous hydro approaches f; is linearized around equilibrium; this is
important for self-consistency, but care needs to be taken.




LO photon production from the QGP
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e At leading order, we have Compton and annihilation processes. Both are infrared
divergent and removing this IR divergence requires hard thermal loop (HTL) resummation.

* Inanon-equilibrium setting this requires generalizing the HTL resummation to “hard-loop

resummation”

. This has been done in a series of papers:

P. Romatschke and M. Strickland, Phys. Rev. D 68, 036004 (2003) [spheroidal]

B. Schenke and M.Strickland, Phys. Rev. D76, 025023 (2007) [spheroidal, quarks]

B. Kasmaei, M. Nopoush, and M. Strickland, Phys. Rev. D 94, 125001 (2016) [ellipsoidal, quarks]
B. Kasmaei and M. Strickland, Phys. Rev. D 97, 054022 (2018) [general, quarks and gluons]

M. Strickland
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LO photon production from the QGP
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This has been done in a series of papers:

P. Romatschke and M. Strickland, Phys. Rev. D 68, 036004 (2003) [spheroidal]

B. Schenke and M.Strickland, Phys. Rev. D76, 025023 (2007) [spheroidal, quarks]

B. Kasmaei, M. Nopoush, and M. Strickland, Phys. Rev. D 94, 125001 (2016) [ellipsoidal, quarks]
B. Kasmaei and M. Strickland, Phys. Rev. D 97, 054022 (2018) [general, quarks and gluons]
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Modeling the non-equilibrium distribution function
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Modeling the non-equilibrium distribution function
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How can we use this information?
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In classical approximation, the rate is
proportional to the quark fugacity squared 2>
can have an important role to play; CGC
implies low quark occupancy (see end of talk)?

The anisotropic form used underlies
anisotropic hydrodynamics = can read the
anisotropy tensor Z*V etc. directly from 3+1D
aHydro simulations than have been tuned to
data.

Unlike linearized approaches, the non-
equilibrium quark distribution function is
positive (= 0) at all points in phase space.

I will focus on momentum-anisotropy effects
today, but one can envisage evolving the
fugacity along with the standard hydro
variables.
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dN/MdMdy [GeV 2]

Dilepton results — Invariant mass

R. Ryblewski and M. Strickland, Phys. Rev. D 92, 025026 (2015)
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Dilepton results — p; spectrum

R. Ryblewski and M. Strickland, Phys. Rev. D 92, 025026 (2015)
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Left and right panels show different values of the specific shear viscosity

Different lines correspond to different assumed initial anisotropies, ranging from
extremely prolate (-0.9) to extremely oblate (100)
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Dilepton results — Using 3+1D aHydro

B. Kasmaei and M. Strickland, Phys. Rev. D 99, 034015 (2019)

0.05
1074 —a,(to) =1, Tp=0.6GeV - —a,1) =1, Ty=0.6 GeV
— 10-l —— (1) =05, To=0.6CGeV | 0.04 ——a,(1)) =0.5, Ty = 0.6 GeV
% ----- 1) =05,T,=058GevV | | 77 T =0.5, To = 0.58 GeV
-6
g 10 __0.03
E )
S107  a= &
'g 0.02
= 10-8
> 10
-9 = e
10 4rtn/s = 2 e WY
1 2 3 4 5 6 7 0'001 2 3 4 5 6 7
pr [GeV] pr [GeV]

dR"V d°p1 d’po +
P :/(27r) 2y 1P fa(P2) vag 00" 0 (P —pil —p5).

M. Strickland



Photon results — Using 3+1D aHydro

B. Kasmaei and M. Strickland, Phys. Rev. D 102, 014037 (2020)
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Conclusions

Electromagnetic probes may yet be able to help us
understand the early-time dynamics of the QGP thanks to
experimental advances, but still not easy.

Attractor makes it much harder, since precise momentum-
anisotropy of the initial conditions is wiped out rather
quickly = system follows universal anisotropic attractor.

The best information comes from M and/or p; > 1 GeV;
putting cuts on both emphasizes initial state photons or
dileptons.

More realistic modeling of anisotropy and chemical non-
equilibrium effects are needed. Interesting work along
these lines by Coquet et al, 2104.07622.
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Quark production in heavy ion collisions: formalism
and boost invariant fermionic light-cone mode
functions

Francois Gelis,” and Naoto Tanji’
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Philosophenweg 16, D-69120, Heidelberg, Germany
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ABSTRACT: We revisit the problem of quark production in high energy heavy ion collisions,
at leading order in «ay in the color glass condensate framework. In this first paper, we setup
the formalism and express the quark spectrum in terms of a basis of solutions of the Dirac
equation (the mode functions). We determine analytically their initial value in the Fock-
Schwinger gauge on a proper time surface Q479 < 1, in a basis that makes manifest the
boost invariance properties of this problem. We also describe a statistical algorithm to

perform the sampling of the mode functions.
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¢ M ore reg In this paper, we show how classical statistical field theory techniques can be used to efficiently perform

eq 8] | | br tunneling. In some approximation, we also

these li|
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the numerical evaluation of the nonperturbative Schwinger mechanism of particle production by quantum

consider the backreaction of the produced particles on the

external field, as well as the self-interactions of the produced particles.
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