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Simulating a heavy ion

Early stage model

collision: hybrid model
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Simulating a heavy ion
collision: hybrid model

Early stage model

<_ TRENTo
Initial condition L .
< TRENTo [1]: initial condition generator
8 . Music < MUSIC [2]: 3+1 hydrodynamics for the
Particlization evolution of the QGP phase
hypersurface _
. : thermal production of
_ hadrons from freezeout hypersurface
eaieitarices - hadronic cascade simulator:
0 scattering and resonance decays
O : . _ :
=T Final particles X: a convenient general-purpose
& analysis framework
Observables [1] http://gcd.phy.duke.edu/trento/
[2] http://www.physics.mcqill.ca/music/
- [3] https://github.com/chunshen1987/iSS ‘L
&‘"’A [4] https://urgmd.org/ *L J
a¥ ﬁ‘/
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Configuring the chain

Pb-Pb 5.02 TeV

. < TRENTo + Free Streaming +
— Ny VISH2+1 + FRZOUT + UrQMD
(by the Duke group [1]):
obtained optimal a posteriori
parameters

///

: « We utilize these parameters but
with a different overall
g normalization

: : , .  Minor differences in the two

0 20 40 6O 80 approaches under study
Centrality %

[1] Nuc.Phys.A, 967 (67-73)
NG
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Centrality determination

ID 1 T T T T T T T T L} Ll T 1 T T 1 T T T T T L] 1 T
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Entropy S

« Strongly correlated: Initial entropy S and final charged-particle multiplicity
« Centrality calibration based on a sample of 106 TRENTo initial conditions
and entropy classification
Az,
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Charged-particle multiplicity density

C: T T T T T )
T L= i
% ———
Zo [:ﬁ::.:
-03 10" [— e —
l-/ b :ﬁ: ]
- [S—_i—) |
L > > — w— ]
|1’ ,2 ——
- N rcg N
o« _ ——
ol ™ *TENTo +MUSIC +iSS + UrQMD N
- = - ALICE .
o F ' : -
S E = Description acceptable
S _ - 0 = within uncertainties
< o [of— - E (~10%) within 0-60%
o.asf— _E .
08F- o E Centrality dependence
° 0 ® * Centrality Percentile similar for both energies
S,
aY¥
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Particle distribution in azimuth

Single particle distribution in a single event:

AN i | 1 Me)
— ln(p — . .
dﬁ nZE_OO Vn (p) € VTL (p) — QWAPTAT] ;:1: eXp (Il’ngpj)

Pair distribution:

d? Npairs dN dN
Carein )= Cpon) 72
dpadpy dpa dpy /|

' Non-flow
Leading term
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Studying how particle pairs are correlated:

The palr correlation matrix

Fourier expansion of the pair distribution:

d2N airs 3 ' —
(G = 37 Vo (pusp) 0

dpadpb n—— 00
With:
Vo (p1) Vi (p1))  (Va(p1) Vi (p2)) (..)
Vaa (Paspy) = <Vn(p?)vsf(p1)> <Vn(p?)vsf(p2)> E;

and 1, 2, 3... refers to the various momentum intervals used for analysis
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Principal Component Analysis

We approximate the correlation matrix

Vo (Pas o) ZV(O‘) ) V" (py)

And diagonalize it:
VoA paapb Z )\(a)%b(a) ¢(a)* (pb)

And ordering A from largest to smallest:

(a) V \(@) ¢(0é)

Az,
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How is this related to the usual flow coefficients?

For compatibility with the usual flow picture:

()
o4 ) = T

« This way, the a = 1 term will be equivalent to v,, measured via the
usual two-particle correlation techniques...

« ...and the subleading (a = 2) term quantifies factorization
breaking in different momentum bins

« More information by exploiting the correlation matrix

S,
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Pb-Pb 2.76 TeV: PCA as a function of py, 0-5%

5>N T 1T T°T | T T 17T | T T 17T | T 1T | T 17T T 17T T T T T] 5>C0 T T T°T | T 17T | T T 17T | T T 17T | T 1T T 17T T T T T]

| 0-5% Pb-Pb |s,, =2.76 TeV 1 | 0-5% Pb-Pb |s,, =2.76 TeV ]

0.4 | —e— TRENTO + MUSIC + iSS + UrQMD ] 0.4 | —e— TRENTO+MUSIC +iSS + UrQMD ]

B —6— CMS, PRC 96, 064902 (2017) 7 B —o6— CMS, PRC 96, 064902 (2017) 7

0.3 - 0.3 -

0.2l - 0.2l -

0.1 - 0.1 -

. i . a=1 ]

ol o e —a—a———— a=2]

L 11 1 | 11 1 | 11 1 | | N I | | | | | | | | 11 r L | | | 11 1 | 11 1 | 11 1 | | N I | | | | | 11 r

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
P, (GeV/c) P, (GeV/c)
 Model describes data within uncertainties fora = 1, 2

A
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Pb-Pb 2.76 TeV: PCA as a function of py, 10-20%

5>N T 1T T°T | T T T°1 | T T T°1 | 1T 17T | 1T TT 1T TT T T T T] 5>C0 T T T°T | T T TT | T T T°1 | T T T°1 | 1T 17T 1T TT T T T T]

| 10-20% Pb-Pb \|/s, = 2.76 TeV i | 10-20% Pb-Pb \|s, =2.76 TeV ]

0-4j —e— TRENTO + MUSIC +iSS + UrQMD ] 0'4j —e— TRENTO + MUSIC +iSS + UrQMD ]

I~ —6— CMS, PRC 96, 064902 (2017) . I~ —o6— CMS, PRC 96, 064902 (2017) .

0.3 _ 0.3 _

ol _ ol _

0.2 a1 0.2 -

01H | 0.1 o 1;

i =2 ] i a=2 |

o p—a—a—w— T " — o- F£Fa——a——rT—— —

7I 11 | | | | | | | | | | | | | | | | 11 r 7I 11 | | | | | | | | | | | | | | | | 11 r

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
P, (GeV/c) P, (GeV/c)
 Model describes data within uncertainties fora = 1, 2

N
aY¥
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Pb-Pb 2.76 TeV: PCA as a function of pr, 20-30%

5>N T 1T T°T | T T 17T | T T 17T | T 1T | T 17T T 17T T T T T] d o T T T°T | T 17T | T T 17T | T T 17T | T 1T T 17T T T T T]

| 20-30% Pb-Pb \/s,, =2.76 TeV 1 | 20-30% Pb-Pb \/s,, =2.76 TeV ]

0-4j —e— TRENTO + MUSIC +iSS + UrQMD ] 0'4j —e— TRENTO + MUSIC +iSS + UrQMD ]

I~ —6— CMS, PRC 96, 064902 (2017) . I~ —o6— CMS, PRC 96, 064902 (2017) .

0.3 _ 0.3 _

0.2 _ 0.2 _

0.1 - 0.1 a=1_

i i - o=2]

o — o —a—a——otf——— —

B | | | | | | | | | | | | | | | | | | 11 r B | | | | | | | | | | | | | | | | | | 11 r

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
P, (GeV/c) P, (GeV/c)
 Model describes data within uncertainties fora = 1, 2

A
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Pb-Pb 2.76 TeV: PCA as a function of pr, 30-40%

§>N T 1T T°T | T T 17T | T T 17T | T T T | T T T T T T T T T T] Ej>cr) T T T°T | T T T | T T 17T | T T 17T | T T T T T T T T T T]
| 30-40% Pb-Pb \s,, =2.76 TeV 1 | 30-40% Pb-Pb \s,, =2.76 TeV ]
0-4j —e— TRENTO + MUSIC +iSS + UrQMD ] 0'4j —e— TRENTO + MUSIC +iSS + UrQMD ]
- —o6— CMS, PRC 96, 064902 (2017) 1 - —o— CMS, PRC 96, 064902 (2017) b
0.3 . 0.3 .
0.2; - 0.2; -
0.1 . 0.1 a=1_]
ol ] ol ]
7I 111 | | | | | | I | | 111 1 | 111 1 | L1 1 r 7I L 11 | | | | | | | | | I | | 111 1 | L1 1 r
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
P, (GeV/c) P, (GeV/c)
* Model describes data within uncertainties for a = 1, 2
« ...but deviations appear for semi-central collisions at high oy
A,
aY¥
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Pb-Pb 2.76 TeV: PCA as a function of pr, 40-50%

§>N [T 1T 17T | L | L | T 1T | T 1T T 1T 1T 17T §>m [T T 1T | 1T 1T | L | L | T 1T T 1T 1T 17T
| 40-50% Pb-Pb \'s,, =2.76 TeV 1 | 40-50% Pb-Pb \'s,, =2.76 TeV ]
0-4j —e— TRENTo + MUSIC +iSS + UrQMD ] 0'4j —e— TRENTo + MUSIC +iSS + UrQMD ]
- —eo— CMS, PRC 96, 064902 (2017) N - —o— CMS, PRC 96, 064902 (2017) b
03| . 03| .
I a=1] I i
0.2 . 0.2 .
0.1 - 0.1 a=1_
I a=2] I |
I i I a=2
o+ e — o— - f———a— U T —
7I | | 111 | 111 | | | | | | | L1 1 r 7I L1 1 | 1111 | 111 | 111 | | | | | L1 1 r
0 0.5 1 1.5 2 2.5 3 0 05 1 15 2 2.5 3
P, (GeV/c) P, (GeV/c)
» Model describes data within uncertainties for a = 1, 2
« ...but deviations appear for semi-central collisions at high oy
A
aY¥
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Comparison to Bhalerao et al: 0-10%

5 (V] T T T°1 ‘ T T ‘ T T ‘ T T ‘ T T T T 1T 1T T d o T T T°71 ‘ T T ‘ T T ‘ T T ‘ T T T T 1T 1T T
> L i > B i
| 0-10% Pb-Pb \/SNN =2.76 TeV i | 0-10% Pb-Pb \/sNN =2.76 TeV i
04 ? —@®—— TRENTo + MUSIC +iSS + UrQMD t 04 j —@®—— TRENTo + MUSIC +iSS + UrQMD t
B —o—— CMS, PRC 96, 064902 (2017) N B —o—— CMS, PRC 96, 064902 (2017) N
- —@——  R. Bhalerao, et al. PRL 114, 152301 (2015) - HIJING + AMPT — - —@———  R. Bhalerao, et al. PRL 114, 152301 (2015) - HIJING + AMPT —
0.3— — 0.3— —
0.2 — 0.2 _
0.1 —] 0.1 —]
I =11 I =1
’.M o= 2 7 B o= 2 N
B I I | ‘ I | ‘ I | ‘ I ‘ I | ‘ I | | L 1| \7 B I | ‘ I I | ‘ I | ‘ I | ‘ I ‘ I | | L 1| \7

0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
P, (GeV/c) P, (GeV/c)

 HIJING+AMPT (Bhalerao et al, no hydrodynamics) fails to
accurately predict the data

NG
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The energy dependence of PCA results

§>(\| [T T 1T | L | L | T 1T | L L T T1TT] 5>C0 [T T 17T | T 1T | L | L | T 1T L T T1TT]

| 30-40% Pb-Pb \s,, =2.76 TeV 1 | 30-40% Pb-Pb \s,, =2.76 TeV 1

0.4 — 0.4 —

03 - 03 -

- a=1] - ]

0.2 . 0.2 .

0'1; . 0.1; a=1_

- ] - a=2-

o - o F—a—a——>" -

C [ [ | T Leuuy | P Lovvy | i

0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
p_ (GeV/c) p_ (GeV/c)
* Do results change significantly with energy?

a,
aY¥
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The energy dependence of PCA results

§>N T 1T T°T | T T 17T | T T 17T | T T 1T | T 1T T 1T T T T T] zjcr) T T T°T | T T 1T | T T 17T | T T 17T | T T 1T T 1T T T T T]
| 30-40% Pb-Pb \s,, =2.76 TeV 1 | 30-40% Pb-Pb \s,, =2.76 TeV 1
0.4~ 30-40% Pb-Pb |5, =5.02 TeV . 04~ 30-40% Pb-Pb |5, =5.02 TeV B
0.3 . 0.3 .
- a=1] - i
0.2; | 0.2; |
0'1; . 0.1; a=1_
i a=2] i 1
b e —— ] ol
7I | | 111 | 111 | | | | | | | L1 1 r 7I L1 1 | 1111 | 111 | 111 | | | | | L1 1 r
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
P, (GeV/c) P, (GeV/c)
* Do results change significantly with energy?
« Weak energy dependence: v, at most 10% larger :
N Y
2 it
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Work in progress:
Studying hydrodynamic response

Early stage model &, Initial eccentricities (calculated from IC)

~<_> TRENTo
[ Initial condition

~_> MusIC

Particlization
hypersurface

Discrete particles

Final particles

W, :
% §!
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Work in progress:
Studying hydrodynamic response

Early stage model &, Initial eccentricities (calculated from 1C)
<> TRENTo .
[ Initial condition | | I(a)
L musis § U2 T PbePb 45-50% )
Particlization ;‘8: = 2 :r”
hypersurface g
< iSS sampler g
Discrete particles &
<= UrQMD
[ Final particles
Un (D)
S,
oY
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Work in progress:
Studying hydrodynamic response: a first look

1 term for vy

Pearson Coef.

1.00 T T T T T
0.99 |- EE i:
O
0.98 |
0.97 |-
—4— 0-10%
0.96 L —4— 10-20%
—— 20-30%
—8— 30-40%
0.95 | —4— 40-50%
o 50-60 %
0.94 . ' : : :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
pr (GeV/c)
« Very successful description: initial and final flow well correlated
across large momentum range
a,
aY¥
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Work in progress:
Studying hydrodynamic response: a first look

Pearson Coef.

1 term for v vg (pr = 1.0 — 1.5 GeV/c)
1.00 T 1 1 I 1 020 I I I I
0.99 | E i: -
0.15 | .
o
0.98 | o~
a
— 010} 4
g
0.97 | w
—4-0-10% S ool i
0.96 | —&— 10-20% =
—8— 20-30%
—8— 30-40%
0.95 |- —— 40-50% - 0.00 |- 7
8- 50-60%
0‘94 1 1 1 1 1 _0 05 I I . |
0.0 0.5 1.0 15 2.0 2.5 3.0 R0 20 20 30 30 100
pr (GeV/c) cent. (%)

« Very successful description: initial and final flow well correlated
across large momentum range
« Where do higher order corrections matter? Peripheral events
A . pr-differential study pending

¥
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A more realistic IC:
TRENTo + KoOMPost

81 Energy Density

Early stage model

~<_ TRENTo “
Initial condition %o- ’
~_~ music

Particlization 5 | | o
hypersurface T X

Discrete particles « Standard initial conditions: only energy

terms of energy-momentum tensor

populated — unrealistic
Final particles

NG

¥
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A more realistic IC:
Early stage model TRENTO + KOM POSt

T R E NTO 8! Pre-KoMPoST Post-KoMPost

+ Energy Density Shear viscous pressure

V 4- 4

i, i, £ E
Initial condition o ’ So

<_%> Mmusic +

e(GeV/fm™)
CE
200

©

Particlization o 5
hypersurface ST xm Y ?
Discrete particles « Standard initial conditions: only energy

terms of energy-momentum tensor
populated — unrealistic

Final particles * Pre-equilibrium dynamics can be simulated
with kinetic theory: KoMPost [1]

. A
g, [1] https:/arxiv.org/abs/1805.00961 [
" |
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Work in progress:
The KoMPost pre-equilibrium model

Ctl> L s T ]
= | ]
2 —B=
5 —=
O, 10°|— s —
g . :
T — i
i |
Pb-Pb 2.76 TeV
-e- T.ENTo + MUSIC +iSS + UrQMD %
102 — -m T.ENTo + KoMPoST + MUSIC +iSS + UrQMD —]
- - ALICE =
c. - oy oy oy Ly ]
9 T T T T T T T T T T T T T T T T T T T T T T T T T _§
n E .
2 ° = <« Nodramatic effect on
0 - o C = multiplicities in central
2 — = collisions
Z -+ Slight worsening in

40 50 60 : o
Centrality Percentile perlpheral events:

NG

¥

-~ e — .
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Work in progress:
KoMPost: first results

,-Q/T 0.12 T T T TTTTT I T TrTTTTT rTTrTrTrTTTT I rTTTrTrTTrTT I rTTrTrTrTrTTT
inag | —e— TRENTO Pb-Pb |s, =276 TeV i
A - -
= 01— —=— TRENTo + KoMPoST —
| ALICE, JHEP 1807 (2018) 103, 2018 i
— ' —
0.08— —
0.06 — |
0.04— —
0.02— —
0

_l | Y | I ) Y T I N Y Y | I | Y T | | I T | 1_

0 10 20 30 40 50

Centrality %

« Slight increase in integrated flow with pre-equilibrium dynamics?
« Possibly due to energy-momentum tensor being populated by

AW, additional terms
¥

&=
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Summary and outlook

« QOur hybrid model describes CMS data for the PCA of flow well in
central Pb-Pb events at 2.76 TeV

« We predict a small (~10%) increase in the PCA results for 5.02 TeV
« Aot of work being done:

« Hydrodynamic response, effect of pre-equilibrium dynamics and

rescattering (UrQMD), ...

« Extension to RHIC BES-II energies and to small systems

AW, Thank you!
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Backup

NG

a¥
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Average momentum

6\ 2 | T T 1 | T T 1 | T T 1 | T 1 T T 1 | T 1 | T T 1 | T 1 | I 1T 1 | T T 1 ]
= N ]
% 1.8—  —®— NoKoMPost Pb-Pb VSNN =2.76 TeV —
0] - - ©-  With KoMPost MUSIC ]
— 16— ALICE P+pP —
al— L e ——mmm— - ----- - + _
= 14 :— - _:
12— —
—* ]
1% —
F ]
0.8% —
™+
0.6 e_,o—;:’g;—;i —————— - == ¢ ——-——-—-—---¢§ ]
o~ |
04
O b 2 WORK IN PROGRESS
0 1 1 1 | 1 1 1 | 1 1 1 | 11 1 | 1 1 1 | 11 1 | 1 1 1 | | | | 1 1 1 | | |

0 200 400 600 800 1000 1200 1400 1600 1800 2000

(1IN, dN_ /d)
® L< JW
a¥ ﬁ‘ /
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A very first ook at...

Effects of rescattering

1’:\ 04 [ [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ |
— QN
> - =
035— —e— Scatter Pb-Pb \s,, = 2-76_ TeV-
- 40%-50% Centrality =
- —— No Scatter 7]
0.3 f =
0.25 f— — —f
02l =
0.15 f— —f
01E- =
0.05 f— —f
O __I | | | | | | | | | | | | | i | | | | i | | | | i | | | | | | | | I__
0 0.5 1 15 2 25 3 3.5
. p_ (GeV/e) "
AV, ! * |
¥ fit
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1.2
- 14,473

Bl Parameters from Bayesian analysis
o - 208 (from https://arxiv.org/abs/1704.07671)
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Pl 3008
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https://arxiv.org/abs/1704.07671

1.0

0.51

-1.01

s(fm™
(eoo )
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A parametric initial condition generator
based on eikonal entropy deposition via a
“reduced thickness” function

part

Typ(x,y) = deP (x,y,2)

ds TP + P\"P
|T =T X = &
dy 0 2

UNICAMP
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Hydrodynamics with MUSIC

» Eulerian 3D+1 relativistic second- 15
order viscous hydrodynamics
code for event by event (EBE) HIC 10 i
simulations;

« Evolution is solved through the
Kurganov-Tadmor method;
(J.Comp.Phys 160, 214 - 2000)

« Code is written in C++ and
supports parallelization;

« (Code is publicly available (
physics.mcgill.ca/music/ )

0 5 10 15 20
T (fm)

NS Figure: J-F. Paquet
a¥Y
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http://physics.mcgill.ca/music/

The equation of state

« External input necessary to close 5 |
the evolution system of equations;

« (Calculated from first principles 41

(e.g. Lattice QCD); 2 N6
« Details of EOS can influence the ﬁ:}g
extraction of transport 2 [ ﬁ, ﬁr:G —

coefficients.

T [MeV]
200 400 600 800 1000 1200 1400

A. Bazavov et al.,
Phys. Rev. D 95, 054504 (2017)
a,
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Simulation parameters

TRENTO

p = 0.007,0 g, = 0.918,w = 0.956,d ., = 1.27
Ny 76 = 28623, Ng o2 = 343.48

X276 = 628, X502 = 7.0

p: Reduced Thickness Ofluc : Standard deviation of nucleon
w: Nucleon Width mutiplicity fluctuations
d: Nucleon minimum distance n: normalization
X: Inelastic nucleon-nucleon
Cross-section
g §lt
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Simulation parameters

Hydro

T g, = 151MeV,ty = 0.2fm

Xmax = Ymax = 14‘fm, NX — Ny = 280

Lattice EOS s95p-v1.2 w/ UrQMD species
(Huovinen and Petrescky, Nucl.Phys.A837:26-53,2010)

NG

¥ At
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Simulation parameters
Hydro: viscosity

Shear viscosity

m/s)(T) = /) min+ M/S) sjope " (T —Tc) - (T/T,)/S)crv
(n/S) min = 0.081, (n/S)SIOpe = 1.11GeV 1

(n/s)cry= —0.48,Tc = 154MeV

Bulk viscosity

@/5)(1) = — 2

1+

(C/S) width

(¢/s)max = 0.052,({/s) yjderp = 0.022GeV. Ty = 183MeV
NG

: | ¢
a¥Y ¢
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Additional technicalities

|deal hydro

Flow velocity

Energy density
Pressure

1dea]_ (e + PutuV

— Pgt

0,TH =0 = 0,j; =0

Energy and momentum
conservation

Other conserved
quantities
(B, S, Q)
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Additional technicalities
Hydro with viscosity: Israel-Stewart

g 5

3 3 2 8

THY = T;tc;’/ea]_l_ v — (g*’ —utuV)Il
0,T*" =0 0,j; =0

4+ complicated equations of motion for 1"V, Il

Total of 14 non-linear coupled PDEs, with 13 transport coefficients:

(T, u), S(T, 1), T (T, ), Orr (T, 1), ...

RUN
aY¥
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T

Additional technicalities
Hydro with viscosity: Israel-Stewart

= T;tc;’/ea]_l_ v — (g*’ — utu)Il

0,T*" =0 aujiﬂ =0

T,Tﬁ“”’) + THV =

21

Shear PDE

oIl + 1 = |6

Bulk PDE

NG

otV + Zrnn<“a)">“ — OVl + 77T<”7TV>“
a [5]3 P71y

—T,mn((x” oV + 1 _pqllo®Y + @ InHY

Snll0 + @ 11° 4+ Ap,m*a,, + @3n*Vmy,

¥
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out

Chemical freeze-

Hadronization

Quark-Gluon Plasma

Hard scattering
and thermalization
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