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TODAY'S TALK
NON-EQ EFFECTS

PP REGENERATION
IS NON-NEGLIGIBLE ENHAN?-Eg'JvomN
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MOTIVATION

@® Heavy-lon Collisions create an Isolated Quantum System How does non-eq.

dynamics affect
which is Initially far away from any equilibrium

Self-interacting

Expanding against the vacuum

@® A system battling to thermalize against all odds.
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The Standard Model of Heavy Ion
Collisions: A hybrid model

i
Hydro
Afterburner VISH
i
UrQMD

Pre-equilibrium . , Initial Conditions
AMY EKT & "I TRENTO
KeMPaST o\ O IP-Glasma

T o MAGMA

1 From Kurkela and Zhu Phys.Rev.Lett. 115 (2015) no.18, 182301



The Standard Model of Heavy Ion
Collisions: A hybrid model

:  HADRONIC *
A Hydro
\)Afterburnei;/ |v\|/ LIJSsll-IC
MASH
2 - B

UrQMD

Pre-equilibrium . ..., Initial Conditions
AMY EKT & " TRENTO
KeMPgST  * ° IP-Glasma

: . MAGMA

1 From Kurkela and Zhu Phys.Rev.Lett. 115 (2015) no.18, 182301



& Hadronic transport approach

@® Includes hadrons with masses up to ~ 2 GeV
® Particles propagate and collide on the basis of physical cross sections

@ Effective solution to Boltzmann equation: p,9*f+mad, (F*f)¥ = C[f]

@® Successfully studied bulk properties, as well as dilepton and

| SMASH 1.8
strangeness production https://smash-transport.github.io

https://doi.org/10.5281/zenodo.3484711

Weil et al, Phys.Rev.C 94 (2016) 5, 054905 Rose et al, J.Phys.G 48 (2021) 015005

Steinberg et al, Phys.Rev.C 99 (2019) 6, 064908  Steinberg et al, arXiv: 1912.09895
Mohs et al, J.Phys.G 47 (2020) 6, 065101 Staudenmeier et al, Phys.Rev.C 98 (2018) 5, 054908
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PP REGENERATION
INTHE
HADRONIC STAGE




®

@® Annihilation alleviated the problem

® Dynamical regeneration was estimated to be
relevant (Pan and Pratt)

HOWEVER...

® Annihilation happens through many channels

PP DYNAMICS

Mismatch of the predicted (anti-)proton
yvields in thermal models

—
o
w

Multiplicity dN/dy
)

® No transport code has implemented the back-reaction

Andronic et al, Nucl.Phys.A 904-905 (2013) 535¢-538¢

Y. Pan and S. Pratt, (2014), arXiv:12101577
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- . Pb-PD |5,-2.76 TeV -

; l Data ALICE 020/ prellmlnary —*—-—F
——Thermal model fit, xz/Ndf_g 3/8 -

- T—164 MeV v—3550 fm? (u = 1MeV flxed)

n+nK+KppAE:QQ¢K°

pp <l [=1,2,...




10

PP ANNIHILATION 7o

o—
/ Na

® Annihilation happens through many channels pp < Ir [=1,2,...

@® Channels with high number of final state particles as expensive
P - I P T e
n—m -~ el (A3X)n_1 n - m n—m ’ 8.55'
H ] = — n=1 — n=6 — n=1+2+...+10 _ 8'0 :.
]=1 — N=2 — nN=7 — Ojye
et | 75
® Expensive part is the back-reaction! = — 05 o | ’
I§:30
o}
ol — Average 7T number
b . | sOb__ ..
ST sy 20 25 30 35 40 45 50
s'2(GeV)

Dover et al, Prog. Part. Nucl. Phys. 29, 87 (1992)



PP ANNIHILATION

@® Annihilation happens through many channels pp < Ir [ = 1,2,

® Channels with high number of final state particles as expensive

P = db, | T
n—m CS;,' (A3X)”_1 n m | n—m

1 At 1 -

® Expensive part is the back-reaction!

Vs [GeV]

L1

? 10_1_5 —pp o X 8.58

125 |
J=1 _

— Average T number

s'2(GeV)



PP ANNIHILATION

@® Annihilation happens through many channels pp < In [ =1,2,...

® Channels with high number of final state particles as expensive

L1

— Average T number

P - L (o 777 _
n—-m el (A3X)n_1 n u m | n—>m| ’ —pﬁ<—>X 8.5:'
H2Ej | 8.0}
J=1 — :
> . 7.5
® Expensive part is the back-reaction! © - D
: 20
S V. 6.9
: 5107 6.0
We choose to implement [ = 5 S
5.5§
as an effective approach s o
0 1 2 3 4 5 20

Vs [GeV]

s'2(GeV)
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STOCHASTIC

@ Probability given by

P5—>2 — gigé

TREATMENT
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S5 (A3x)*

Ars

® Computationally more expensive

® Faster equilibration

Infinite hadronic matter
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STOCHASTIC RESONANCE 12

TREATMENT § TREATMENT

@® Probability given by . @ Indirect, via resonances
P ol f[ - Ss At As,mf,my) 6, pp < hp hyopr R ¥
552 = 8182 - ngEf S} (A3x)* D AT

® Can be stochastic or geometric

® Computationally more expensive - :
P Y P ® Slower equilibration

® Faster equilibration : Infinite hadronic matter
. 0 100{ piﬁ) e *
o o . * PR a - r[o- Res. treatment
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0 . . . - . . N Demir, Ph.D. thesis, Duke University (2010).
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t (fm) - Rose, et al, Phys. Rev. C 97, 055204 (2018)
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SO, SUMMARIZING

Backreaction for pp annihilation was /'
implemented

Many channels, choose n=5 as an effective approach \/

Two different ways to perform it \/

Now we have to run it in collisions

13



THESMASH-VHLLE HYBRID

INITIAL | SMASH AS INITIAL
CONDITIONS | CONDITIONS

§ 4
g ¢
¥ e

QGP| VHLLE (3+1)
STAGE | VISCOUS HYDRO

HADRON [ SMASH AS AN
STAGE | AFTERBURNER

Hydro and transport illustrations by B.Schenke and J.Mohs

Moreland et al. Phys.Rev.C 92 (2015) 1, 011901
Schenke et al Phys.Rev.C 82 (2010) 014903
Weil et al Phys.Rev.C 94 (2016) 5, 054905
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THESMASH-VHLLE HYBRID

INITIAL | SMASH AS INITIAL
CONDITIONS | CONDITIONS

QGP| VHLLE (3+1)
STAGE | VISCOUS HYDRO

HADRON [ SMASH AS AN
STAGE | AFTERBURNER

Hydro and transport illustrations by B.Schenke and J.Mohs

:?&:
%*

-----------

SOME TECHNICAL DETAILS

Averaged initial conditions for 0-5%,
20-30% and 40-50%

Systems: Au-Au at 39, 200 GeV

Pb-Pb at17.3 GeV
and 2.76, 5.02 TeV

Viscous Hydro
n/s=0.1 and T/s=0.05

Transition Temperature T=150 MeV

EoS: HOTQCD+SMASH HRG
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0.4

Pb-Pb, 17.3 Gev —— BB anni.
0-5% — Ppp anni.
— pp prod.

—— Stochastic

O Resonances

0.6 1

o
N
1

Au-Au, 200 GeV —— BB anni.
0-5% = Ppp anni.
— pp prod.

—— Stochastic

O Resonances

Pb-Pb, 5.02 TeV¥ —— BBanni.
0-5% — pp anni.
— pp prod.

—— Stochastic
O Resonances

¢ COMPARISON

- Stochastic and resonance treatments present
excellent agreement

- Agreement holds through the centrality and
energy ranges
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dN/dy|y <05 dN/dy| |y <05

dN/dy||y| <05

D
o

W
o
1

OV
o
1

W
o
1

Pb-Pb,0-5% -, Stoch. O p,Res.

1 Vs =17.3 GeV — p, Stoch. O p,Res.

Au-Au, 0-5% e Only Decays

1 Vs =200 GeV — = No Backreaction

§ p, PHENIX 0-5%
§ p, PHENIX 0-5%

1 Pb-Pb,0-5%
VS =5.02 TeV $ p(p), ALICE,0-5%
0 20 40 60 80 100

t (fm)

¢ COMPARISON

- Stochastic and resonance treatments present
excellent agreement

- Agreement holds through the centrality and
energy ranges

¢ YIELDS - With regeneration

= =« No regeneration

-Three scenarios C e L.
«===x Decay after particlization

-Regeneration is non-negligible and becomes
more prominent for increasing collision energy.

-Net decrease of the (anti-)proton yield is observed.
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PP AS A PROXY

@® The ratio of backward/forward reactions is 15-20%, stable in all systems.

@® pp annihilations to the number of (hon-nucleon) baryon annihilations, stable in all systems

@ Use pp as a proxy to understand BB
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CONCLUSIONS

@ First afterburner calculation employing detailed balance for proton-antiproton annihilation

® We have shown the agreement between stochastic and resonance approaches

We have found the backward/forward reaction ratio to be of 15-20%, stable throughout a large

® collision energies and centralities

® Dynamical interplay of annihilation and regeneration does play a non-negligible role for the
proton yield, and has to be accounted for when modeling the system

&® Approach could be further improved by new channels

17



LATE-TIME
NON-EQUILIBRIUM
PHOTONS




GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

DIRECT PHOTONS

® Photons not produced in decays

The Standard Model of Heavy lon Collisions

t

HADRONIC
RESCATTERING AND

@® No strong interactions
HADRONHEHTCAYS

&® Mean free path in medium > medium size

A
I
I
I
I
I
I
I
I
I
I
I
I

Photons escape, virtually unscathed

MQN \\./—\
AS A CONSEQUENCE...
® Different sources through the evolution T touusd L e———J oMt >z
PHOTONS

PHOTONS
® Photons are particularly sensitive to the

evolution of the system

HOWEVER.
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GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

DIRECT PHOTONS

HOWEVER, direct photons are not well understood.
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HYDRO IS NOT ENOUGH

@ Photons created from thermal sources
consistently fail to reproduce the data

@ Non-equilibrium effects seem to play an important
role in the production of direct photons

@® In this talk: focus on photons from hadronic
transport.

® Hadrons fall out of equilibrium, produce
photons out-of-equilibrium

® Late-time production carries potentially
higher anisotropies

GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

The Standard Model of Heavy lon Collisions

PRE-TQUILIBRIV

PHOTONS

2t
|

| NON-E QUILIBRATED
| ADIATION TROM
: HADRONIC MATTER
|

|

|

|

|

|

ADRON
&= THERMAL
PHOTONS
PROMP T
PHOTONS
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THIS HYBRID APPROACH

INITIAL

T.ENTO
CONDITIONS

QGP| MUSIC (3+1)
STAGE | IDEAL HYDRO

HADRON [ SMASH AS AN
STAGE | AFTERBURNER

Hydro and transport illustrations by B.Schenke and J.Mohs

GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

Moreland et al. Phys.Rev.C 92 (2015) 1, 011901
Schenke et al Phys.Rev.C 82 (2010) 014903
Weil et al Phys.Rev.C 94 (2016) 5, 054905
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THIS HYBRID APPROACH

INITIAL T ENTO

CONDITIONS

QGP | MUSIC (3+1)
STAGE | IDEAL HYDRO

HADRON [ SMASH AS AN
STAGE | AFTERBURNER

GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

----------------\

PHOTON SOURCES

4

Hydrodynamical - Thermal Rates

QGP: AMY, JHEP 0112 (2001) 009

HRG:Turbide et al, Phys. Rev. C69,
014903 (2004)

Transport - SMASH photons
Meson scattering

Schifer et al, Phys.Rev.D 99 (2019) 11, 114021

BN BN BN BN BN BN BN BN BN Em
G NS E E EEEEEEE =

$

----------------‘

SOME TECHNICAL DETAILS

Average (smooth) initial conditions
forb=5fm

Ideal Hydro

Transition Temperature T=150 MeV

Il B I I I N N Il N oy

EoS: HOTQCD+SMASH HRG

4 s = Em E E E =B = B

‘---------------’
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PHOTONS FROM HADRONIC TRANSPORT

@ Non-equilibrium production of photons in hadronic matter

@ Perturbative production - no backreaction

- Pseudoscalar mesons

@® U(1) symmetric Chiral Effective Lagrangian for =—>
[Ogawa et al,Prog. Theor. Phys. Suppl, 1967.]

- Vector mesons

@® Photons are sampled when underlying meson scattering happens

@ Photon kinematic properties are sampled from
differential cross-section

@ Main contributions: meson-bremsstrahlung and 2-to-2
scattering processes

GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

- Axial vector mesons
- Tensor resonances

23



GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

PHOTONS FROM HADRONIC TRANSPORT
MESON BREMSSTRAHLUNG _ Total cross-section

Photon production from pion 2-to-3 process. Mediated by o,p
and f resonances

L1 11

£
o(s) (mb)

—_— ntn - sntny = p*nl-on*nly o0 mnPontnoy

Get differential and total cross section from the Chiral Lagrangian 07— oty n*n” onfny == Total
1 2 3 4 5
d Vs (GeV)
We use WZ@ to sample the direction and momentum of photons Comparison to thermal rate
SMASH-1.7-120-g2968abd7
— 100 MeV
COMPARISON TO THERMAL RATES 107 7 N
— NS —— 160MeV
SMASH setup: thermal matter with periodic box "g T oy
T
. >
Compute Thermal photon rates: 4-volume density of photons 3

Fair agreement to known parametrizations

Eggers et al, Phys. Rev., D (1996)
Liu and Rapp. Nucl. Phys., A (2007).
Linnyk et al. Phys.Rev. C (2015)




PHOTONS FROM HADRONIC TRANSPORT

GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

Total cross-section (some channels)

- - 1.4
2-TO-2 SCATTERINGS ——————
1.2 1 \.\ =+ p > (M,pa) >0 +Yy
'\,\ — T+ p - (m,pa) >+ Yy
1.0 - Y —
: : L T~
Photon production from pion 2-to-2 process. > o —-
2o
L1 Y (1 Y E 0.6
1T,p,a1§ > w { Sis .|
0.2 \\~~
,p m™mp P (s TS m———
0.0 . : T e ———
tmin  -0.3 -0.2 -0.1 Emax
Get differential and total cross section from the Chiral Lagrangian t [GeV?]
Comparison to thermal rate (some channels)
— 1074
d : : A . .
We use — to sample the direction and momentum of photons T \ | =150 MeV Theoretical Expectation
dt E 10-5 ’\' o= T4+ 1= p%+ y(6a)
Y 4 - m+ n%> p + y(6b)
R -~ ey
COMPARISON TO THERMAL RATES >t / —- mHponty(6d
O 107 — T+ p = 1%+ y(6e)
SMASH setup: 1r-p thermal matter with periodic box. o 108
m m
Olo
. L 10-9
Compute Thermal photon rates: 4-volume density of photons 62110 cer (60 r1 (@02 —: (60)+3 = (6044
Q 5 - =
Very good agreement to known parametrization 52 3 [ —
T 15 . , . —r=re
0.0 0.5 1.0 1.5 2.0 2.5 3.0
E [GeV]

[Schifer et al, Phys.Rev.D 99 (2019) 11, 114021]
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GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

LATE-TIME NON-EQUILIBRIUM PHOTONS

® This study: T o Au + Au @ V5 = 200 GeV
| |
® Au-Au 200 GeV y=0 5 _ ni B STAR
. e O _ — = K* A PHENIX
® b=5fmM =P ~10-20% et
o

® Particlization at T=150 MeV

@ Check hadronic observables

WZ0XO>TI
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GARCIA-MONTERO - PHOTONS FROM A HYBRID APPROACH

LATE-TIME NON-EQUILIBRIUM PHOTONS

@ This study: T Pb + Pb @ Vs = 2.76 TeV
| SMASH-2.0.1-fix
® Au-Au 200 GeV y=0 5 nt M STAR
0" — = K* A PHENIX
® b=5fM =P ~10-20% =
o

® Particlization at T=150 MeV

@ Check hadronic observables

WZ0XO>TI
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LATE-TIME NON-EQUILIBRIUM PHOTONS

@ This study: 1 102
Q == = Binary Scatterings
(@) 1] = Bremsstrahlung
® Au-Au 200 GeV, Pb-Pb 2.76 TeV = ~—— Total
Il 100 4
® b=5fM =P ~10-20% Z: =~
1071 4
® Particlization at T=150 MeV 3
'czs 1072 4
T— 10—3 4 .\
o o
@ Check hadronic observables J o \
E 0 0.00 025 050 075 1.00 1.25 1.50 1.75 2.00
pr [GeV]
@ Computed yield and anisotropy of photons. For o v ceatten
20 - & rings
Vo, WE used - ==+ Bremsstrahlung
m— TOtal
(P2 =Py 15 -
w(p) = > -
<PL> N
b 10 -
@ Photon anisotropies are measured relative to g
the hadronic event plane .
o4 ~~ Au + Au
Vs = 200 GeV
0 1 2 3
pr [GeV]

NWZ20-I0OIL7T

26



Au + Au @ Vs = 200 GeV Pb + Pb @ Vs = 2.76 TeV

20 .
SMASH 2 « 2 Scatterings pRgppas el
= ! HYDRO VS. TRANSPORT
10 A
5 ] [
Comparison
o 1= Photons from SMASH (transport)
20 Bremsstrahlung vs. MUSIC (Hydro, Hadronic)
— 15 -
X
= ‘ .
% 10 Hydro Photons produced using thermal rates:
>.>N .
9 . Eq. vs Non-Eq. Effects =
TOtaI -.IIIIIIIIIIIIIIIIIIII:
15 A
10 - . Note: Total is a weighted average!
> ' NON-EQUILIBRIUM EFFECTS
00 05 10 15 20 2500 05 10 15 20 25 ENHANCE PHOTON ANISOTROPIES

pt [GeV] pT [GeV]



QGP VS. HADRONIC MATTER

1 Au + Au .
| Vs = 200 Gev .

« MUSICy s 150 Mev
‘ MUSIC+ = 150 mev + SMASH
s Bl MUSICrs 150 Mmev + MUSICr < 150 Mev

(MUSICt s 150 mev + SMASH) / MUSICy < 150 Mev
mm (MUSICrs 150 mev + MUSICr < 150 Mev) / MUSICr 5 150 mev

[RHIC]

2.5

2.0 A

0.5 A

= MUSICt 150 Mev
MUSIC+ts 150 Mey + SMASH
B MUSICrs 150 Mmev + MUSICr <150 Mev

Au + Au
vs = 200 GeV

0.0
0.0

1.0 1.5 2.0 2.5

pr [GeV]

0.5




QGP VS. HADRONIC MATTER

SMASH-2.0.1-fix

= MUSICy s 150 Mev
MUSICt s 150 Mevy + SMASH
“», . MUSICy s 150 mev + MUSICt < 150 mev

| Pb + Pb .
| vs = 2.76 Tev

(MUSICt ~ 150 mev + SMASH) / MUSICr + 150 mev
mmm (MUSICrs 150 mevt MUSICr < 150 mev / MUSICy 5 150 Mev

[LHC]

VY P (%]

SMASH-2.0.1-fix

5
= MUSICt= 150 Mev
MUSICt s 150 mey + SMASH
Bl MUSICrs 150 mev + MUSICr <150 Mev
4 -
3 -
2 -
1 -
Pb + Pb
vs = 2.76 TeV
O 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

pr [GeV]
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QGP VS. HADRONIC MATTER

SMASH-2.0.1-fix

| Pb + Pb .
| vs = 2.76 Tev

MUSICt > 150 Mev
MUSICt s 150 mev + SMASH
“», . MUSICy > 150 mev + MUSICt < 150 mev

(MUSICt ~ 150 mev + SMASH) / MUSICr + 150 mev
mmm (MUSICrs 150 mevt MUSICr < 150 mev / MUSICy 5 150 Mev

[LHC]

SMASH-2.0.1-fix

== MUSICt= 150 Mev
MUSICt s 150 mey + SMASH
Bl MUSICy s 150 mev + MUSICr <150 mev

0.0

Pb + Pb

VE = 2.76 TeV

05 1.0 15 20 25
pr [GeV]

HADRONIC STAGE IS RELEVANT!

NON-EQ. EFFECTS SHOULD BE
ACCOUNTED FOR.
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CONCLUSIONS

® First full hybrid calculation for photon production at high beam energies

® [ate time non-equilibrium effects are significant for anisotropy generation

® Non-trivial to resolve the discrepancies in the photon observables

@® Run realistic event-by-event case to compare to data

® Approach could be further improved by new channels (Kaon, Baryonic...)
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® SMASH can perform interactions based on two collision
criteria

® Geometric criterion

¢ Decision of whether collisions happens is based on the d < d . —
geometric interpretation of the cross section 1 nt

¢ Criterion is only available for 2-to-2 collisions

@® Stochastic criterion

¢ Defines a probability for a reaction of a given particle set

L : P _ = dd_|T, _
¢ Criterion available for all n,m. 1M 9N (A3x)n] oL Jm -
[125
j=1

N 1 -

¢ 1-to-3, 2-to-3 and 2-to-5 reactions already implemented
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