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Space-time evolution of heavy-ion collisions

Pre-reaction Collision QGP phase Hadronization Detection httr:/wi33.web.rice

‘ .edu/research.html

-
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Space-time evolution of heavy-ion collisions

Pre-reaction Collision QGP phase Hadronization Detection httr:/wi33.web.rice

‘ .edu/research.html
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/" Observables: )
* Spectra

e Collective flow

* Anisotropic flow v,
\.* Flow correlations  /
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Space-time evolution of heavy-ion collisions

Pre-reaction Collision QGP phase Hadronization Detection "'Pi/wis3webrice
4-‘ I
F
>
Time
4 ) /" Observables: )
Properties of quark-gluon plasma (QGP) e Spectra
* Shear and bulk viscosities n/s(T, ug), ¢(/s(T, ug) * Collective flow
e Equation of state * Anisotropic flow v,
\_ - \.* Flow correlations  /
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Space-time evolution of heavy-ion collisions

Hadronization Detection http://wl33.web.rice

.edu/research.html

Pre-reaction Collision QGP phase

« ——
o — )

?ime
4 N Dvnamical model /" Observables: )
Properties of quark-gluon plasma (QGP) I\rlmitai.al Ic:nditci)o: e Spectra
* Shear and bulk viscosities n/s(T, ug), ¢(/s(T, ug) * Collective flow

Hydrodynamics

e Equation of state * Anisotropic flow v
g Hadron cascade P n

\_ - \.* Flow correlations  /
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Collective flow

v, : Anisotropic flow
¢ : Azimuthal angle of particle
Y. : Event plane angle

Single particle distribution

oN_N 1+zz (¢ — W)
dqb =0 v, cosn(p — ¥,

Collision Axis @

https://www.zmescience.com/scienc
e/physics/quark-gluon-plasma-lhc-
26052011/
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Collective flow

v, : Anisotropic flow
¢ : Azimuthal angle of particle
Y. : Event plane angle

Single particle distribution

dN N
142 Z v, cosn(¢p —¥,)

Collision Axis @

dgb T2
ant (W coS 2(4) ¥,)
o [
{
U
0
https://www.zmescience.com/scienc i . _
e/physics/quark-gluon-plasma-lhc- HydrOdynamlc picture:
26052011/ Pressure gradient - Large elliptic flow v,
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Collective flow

v, : Anisotropic flow
¢ : Azimuthal angle of particle
Y. : Event plane angle

Single particle distribution

oN_N 1+zz (¢ — W)
dqb =0 v, cosn(p — ¥,

Collision Axis @

Particle pair distribution

AN N
palr palr
— = 142 E V., A cOS(nA
qub 21T nA ( ¢)
https://www.zmescience.com/scienc — Correlation of anisotropic flow

e/physics/quark-gluon-plasma-lhc-
26052011/
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Decorrelation of anisotropic flow

2013: Decorrelation — transverse plane: rn(p%, p?) proposed
2015: Decorrelation measured in Pb + Pb collisions 2.76 TeV

rn(p%, p?) <1, rn(ng,ng) <1 Decorrelation observed!
2020: Decorrelation measured in Xe+Xe collisions

Nuclear deformation

Decorrelation measured in Isobar collisions

G. Yan @Parallel A
Mon. 15:00
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Decorrelation of anisotropic flow

2013: Decorrelation — transverse plane: rn(p%, p?) proposed
2015: Decorrelation measured in Pb + Pb collisions 2.76 TeV
rn(p%, p?) <1, rn(ng,ng) <1 Decorrelation observed!

2020: Decorrelation measured in Xe+Xe collisions

4 )

: : . Decorrelation have
Decorrelation measured in Isobar collisions been a hot topic!

G. Yan @Parallel A \_ Y.
Mon. 15:00

Nuclear deformation
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Decorrelation - transverse

Particle pair distribution  dN,.; Ny i
dAp;blr = ;;r 142 Z Van Cos(nAqb)]
- High pr
m ¥, (p7)
Low pr
b
¥, (pr)
Y, (p3) = W, (p2) W, (p3) #= W, (p2) Event plane decorrelation
Vaa(p$,07) = va(@H)vn (p7) Vaa (P, p?) # va(@F)vn(pr)  Factorization breaking
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Decorrelation - transverse

Factorization ratio

VnA (p%' p'?")

\/VnA (P%, p%)VnA (péj"' p?)

r(p$, p?) =

Low pr
b

¥, (pr)
¥, (pf) =¥, (p?) ¥, (pf) # ¥, (p?)
VnA(p%r pT) = vn(p%)vn(p?) VnA(p%: p?) * Un(p%)vn(p’?)

a ,.b\__ a ,.b

™ (pT’ pT) 1 ™ (pT’ pT) <1 F.G. Gardim et al., Phys. Rev . C 87, 031901 (2013)
Unique event plane Fvent p|ane decorrelation CMS Collaboration, Phys. Rev. C 92, 034911 (2015)
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Decorrelation - transverse

CMS PbPb \s,, =2.76 TeV
2.5 < pj < 3.0 GeV/c

)

b
T

Factorization ratio MData

a b VISH2+1 Hydro
VnA (pT' pT)

r(p$, p?) =

‘rz (p%, p?) sensitive to initial state fluctuations ‘

J. Zhu @Poster FO4

Hydrodynamic studies on flow, flow fluctuations,
and transverse momentum decorrelation (Theory)

=== MC-Glauber,1/s = 0.12
e MIC-KLN, 17/ = 0.12

\/ Via (0%, 29 Voua (02, p2) [

ro(P2,P

T 5-10%

0 05 1 15 2 25
p2 - p2 (GeV/c)

CMS Collaboration, Phys. Rev. C 92, 034911 (2015)
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Decorrelation - longitudinal

Anisotropic flow v,
Event plane angle ¥,
N, dependence?

Event-by-event fluctuations:

vn(M1) # vr(12)
W, (1) # ¥Yn(12)

Yo (ng) = ¥2(np) W, (n5) ibqu (p) i Event plane decorrelation
VnA(ng,ng) = vn(ng)vn(ng) VnA(TIg: 77p) i vn(nfg‘)vn(np) Factorization breaking
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Decorrelation - longitudinal

—h

[ CMS PbPbys, =276TeVE & 1
'001H-. T I 1
- ToRae e B .

- 0.95| o W F o " o 7

- =
« : 1 1 Oz
U U k/ T’p % 0.90;—; :::2:222 N +_- 0.3 < p2<3.0 GeV/c " T :
0.85 :_— — Exponential fits __ p_*l’_>0£‘.ewc L] __ ]
85] oy 1 I !
—na b . - 0-0.2% centrality T 0-5% 1 5-10% T
Mp T]g Np : Reference 0005 IO 15 20 00 05 10 15 20 00 o5 10 TE 3o
| J n n n
CO rrelation‘p CMS Collaboration, Phys. Rev. C 92, 034911 (2015)
|74
a .,b na(- 77p'77p) _ a .,b
Tn(np) rlp) 74 (T]a b) V (COS(nA¢)> r’n(an np) < 1
nallp Decorrelation observed!
a .,b a .,b
T ~1 T, <1 . — —
U .n(npr np?[ | 1;)(7719» npl) - ‘Constramts on 3D initial condition ‘
nique event plane ecorreliation
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Longitudinal fluctuations (Theory)

Initial
longitudinal -

fluctuations X
PbPb 20-30% 3.0 < nbp <4.0
1.01 T T T T
Ns ltIi B
— T I
S _ 099 - T
+ < L I
- 098 | II -
<
Q

XT_)
Ns

. . 0.97 |- -

Hydrodynamic fluctuations o esan = T
_ WY qax v | fluctuating hydro A = 213 fm ey

T[HV o ZnAa,Ba u'B T €M 0'950 0.5 1 L5 2 2.5

AS et al., PLB 829 (2022) 137053
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Centrality dependence of r;,

_ - N Lo attas o oS | amas o
?T(WST ! 2P oefe Emimwan | [ Bemsen
1= 2l0pe o1 1, - e )
i 210RE O1 T 3 A g
001 B 1 ool ® g
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N

part part

ATLAS Collaboration, ATLAS-CONF-2017-003.

F,: Centrality dependence F;: No centrality dependence
— Fluctuations



Centrality dependence of r;,

«~— | rrrrypnrirnriTjporioToria I L L L] L I - L L L L I L] L L L I T L] L T I L L L] L I

T T
N L ATLAS i ATLAS

r E 1 - ZFT - - [©]Pb+Pb 2.76 TeV, 7ub™ 1 H i [@]Pb+Pb 2.76 TeV
n n;k =}
. ! 0.02F o [EPo+Po5.02Tev 22007 ] - [E]Pb+Pb 5.02 Tev
F,...: Slope of 3, [ 0.041 '
’ - © | [ 400000 4 4 o ]
L 8 Bagog g ©
. — - 2 .
v, dominated by initial geometry \ 0ok oA
Initial elliptic geometry ! ] - ]
—> Stabilized event plane ol | N P T T
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- F, decrease N \
part part

ATLAS Collaboration, ATLAS-CONF-2017-003.

F,: Centrality dependence F;: No centrality dependence
— Fluctuations



Centrality dependence of r;,

I L] L I - L L L L I L] L L L I T L] L T I L L L] L I

e T rrrr [ 1
L O ATLAS ] - ATLAS

r«n (TI) — 1 - ZF,’?lﬂkn - i [©]Pb+Pb 2.76 TeV, 7ub™ - H i [@]Pb+Pb 2.76 TeV
. ! 0.02 ‘E:) [EPb+Pb 5.02 Tev,22ub" - [E]Pb+Pb 5.02 Tev
F,.;.: Slope of 13, . SO '
’ - © | [ 100000 4 4 o
v, dominated by initial geometry &4l oA
Initial elliptic geometry ! ] - ]
—> Stabilized event plane o) I T [ I ST I
0 100~ 200 300 400 0 100 200 300 400
- F, decrease N \
part part

ATLAS Collaboration, ATLAS-CONF-2017-003.

v, dominated by fluctuations

F,: Centrality dependence F;: No centrality dependence
@ — Fluctuations
Event plane less stabilized
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Decorrelation in deformed nucleus: XeXe vs PbPb

0.01F

(d)

ATLAS -

(@) ATLAS _

" 05<p <30GeV I o 0.5<p_<3.0GeV 1

®Xe+Xe, 4.0 <|n f| <49 I _ ® Xe+Xe, 4.0 < mref| <49 |

OPb+Pb. 4.0 < mrel <49 I OPb+Pb, 4.0 <n f| <49 |

= . ref :: i re Iﬁ[

B T ® ]

RN 2 SN &

.I? Hogosg i . - -._ o 0-5-E7 = T

60 40 20 0 0 100 200 300 400
Centrality [%] Noart

ATLAS Collaboration, Phys.Rev.Lett. 126 (2021) 12, 122301

The 9th Asian Trian

-lon Conference

Pb+Pb Spherical

Central Peripheral
Xe+Xe Deformed
Central Peripheral
Smaller F, Larger F

- More elliptic? Less elliptic?



Decorrelation in deformed nucleus: ZrZr vs RUuRu

Longitudinal De-correlation of Anisotropic
Flow at RHIC-STAR (Experiment)

G.Yan @ParallelA | & . smreeimmay | No obvious difference
i L8 0-10%
Llib AN B | between Zr+Zr and
0.981- . - . .
: " Ru+Ru collisions
0.96/- i
: L o
osdl m ez -aocev ] Ultra central collision
- mremuEn-200cev | yet to explore
0 - IOIZI ] .0.l4l I IO.IGI . ]0!81 - 1
n
Chunjian Zhang and Jiangyong Jia
Longitudinal flow decorrelation M. Nie Phys. Rev. Lett. 128 (2022) 2, 022301
in isobar collisions (Theory) @Poster EO1
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Mean transverse momentum <pT>

Mean transverse momentum in Pb-Pb and
Xe-Xe collisions with ALICE

T. Tripathy @Parallel A

r: Large = pr: Small Mon. 16:40

= Pb-Pb, 5, = 5.02 TeV
o Pb-Pb, 5= 276 TeV

ALICE Preliminary
nl < 0.8

015<p <20GeVic |

. Il <0.8
WS <p, < 2.0GeVie ]

ALICE Preliminary

‘**
=u=

==
m Pb-—Pb, lfSNN =5.02 TeV L

wp b e O o sy
r:Small > py: Large e .
Initial size (r) < —(pr)
Bozek, Broniowski, PRC 85, 044910, (2012) S0 S A B ! S

@N_jdn

T. Tripathy (ALICE collaboration) arXiv:2211.14796v1 [nucl-ex]
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v, — |pr| Correlation (p,,)

Pearson Correlation

2
B cov(v3,8pr)
r: Large - pp: Small Pn =
\/var(v,%)var(SpT)

o) 'I == Standard ATLAS 7 a” - == Standard ATLAS
0.3% == Two-subevent IE;-based | 43l == Two-subevent TE,-based |
i = Three-subevent B Eman ] r == Three-subevent ]
=8 8 8 BT " i ]
02;'59 @ﬁ 02 @ ]
] | S50
ot e B i et 1
7$ i, -=Two-subevent "] i e *:
B = Three-subevent - - .
r:Small - pr: Large T 1 b ? § ______________________________ ]
cF;%+Pb 5.0% gea;/ 32“3'125 ] I * Xe+Xe 544 TeV, 3ub"  ~
iti 1 — - D <p <3.0GeV,n <25 ] o 0.5<p_<50GeV, n <25 ]
Initial size (r) < —(pr) ol OSsme0GMRI<2S | o4 T 05<p<S0GeVn<25 ]
80 60 40 20 0 80 60 40 20 0
Bozek, Broniowski, PRC 85, 044910, (2012) Centrality [%] Centrality [%)]

ATLAS Collaboration, CERN-EP-2022-052
arXiv: 2205.00039
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Symmetric Cumulants SC(n, m)

S 3 %107

£ E nceroroim, -zt 1 | Symmetric Cumulants:
W 2 [m]sce2 | SRR
SC(3,2 Py : " " — 2,,2 2 2
B Ledseeo - 4 SC(Tl, m) — (vnvm> — (vnxvm)
et o,
° - . . — Evaluates correlation between v,, and v,,
1 Tnasng(cjm, n/s=0.20 . '.’ ' 3
m m m SC(42) n/s(T)param1
-2 mrmm SC(4,2), n/s(T) param4 ~e .
— SC(3,2), 1/5=0.20 AMPT: String Melting
] O R e SC(4,2) >0

0 10 20 30 40 50 60 70

Centrality percentle 3 Correlation between v, and v,
J. Adam et al., (ALICE collaboration)

PRL 117, 182301 (2016) SC(3 2) <0

— Anti-correlation between v, and v,
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Mixed harmonic cumulants nMHC

Hydrodynamic Fluctuations

nMHC(v4,v3)

Examples of mixed harmonic cumulants e

MHC (Uél', U%) 291 rdh : w/o fluctuations
_ 2202\ {102 4\ /0,2 2 2

= (v V%) — AVIVENv3) — (VN v3) + 4(v3)*(v3)

Normalized mixed harmonic cumulants Nl A
nMHC K. Oshima
@Poster FO1
Constraint on shear and bulk viscosities nMHC (v, v2) is sensitive to

hydrodynamic fluctuations
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Search for the phase transition

S 1s o |5 QuarkGluon Net-proton fluctuations: Baryon number susceptibility:
313 =
g g8 Critical QPIasma ((5N)2> = ¢g* C 1 okpP

St %2- - @Point? 3} = Sg3 ~ T
gﬁ + oint? 4((51\/) ) = 5;02 . “ T d(ug/T)"
e , © ((SN)*) — 3((6N)?)? = ko

@ Hadron® @ o: standard deviation % = So & = Ko'z

: — K: Kurtosis C ’ C2
Baryon Chemical Potential up S- Skewness

Schematic phase diagram of QCD o _ o _
Baryon number susceptibility diverge near QCD critical point

— Study of net-proton fluctuations - Search for critical point!

L. Jiang @Parallel A
Mon. 17:05

Dynamical effects on the phase transition signal
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AS et al., paper in progress

Space-time evolution of critical fluctuations
d(én)

= —V.v Critical fluctuations
dt Chiral condensate do =qq —{(qq)
dv N o OF aw OF N Baryon number density én = qy,q — (qVoq)
_ vV =
‘Rt 500 T sy TS .
Potential of free energy functional F[6ag, dn]
d(do) oF ~ oF A C
= —T + AV? + V(80,6n) = =802 +|BSodn i+ = 6n?
dt 5(80) seon) o (00, 0n) =5 007 +[BOgbn 5 on

Coupling term
-

2N

Fluctuation-dissipation relation
(E-(x)f-(x’)) = 2Ty;:6%(x — x") " Diffusion eg. of on violates causality

l ) J Finite propagation speed
by introducing relaxation time 7, )

T A Transport coefficient

T :Temperature (N

D.T. Son, M.A. Stephanov, Phys.Rev. D70 (2004) 056001
H. Fujii, M. Ohtani, Phys.Rev.D70:014016,2004
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AS et al., paper in progress

Space-time evolution of critical fluctuations

Correlation function:

(671(ns)o7i(ns + Ang))

C(Ang) =
S ~ =
(671(s) 6 (Ms + Ans) =220 MeV,Ang=0
{x ' ' T=20MeV “ ' ' T=220MeV . . —
N F T=170MeV . | 30 L T=170MeV | . | A =220 MeV —
_/\ T = 0fm T=160 MeV 1—x Tp = 1.0 fm T=160 MeV % : — T=170 MeV |
R T 150 MeV o ! R T= 150 MeV o tp =2.0fm T= 160 McV
20 T . . T=140MeV u | T=150 MeV o
. ks T=140 MeV —u |
& »
~10L e 4~ 10 [ w=# 1 ~
2 %] %]
S [T, S TH xa <
<l " x < e S U
t,/ OB ++3®tt444t st hbn o 0 o 0 D 6 M e t)/ OF ++¥®siisssdtsidn S 0l o t)/ R
e-«-»-;,,,igg“gtu o RXXL Iﬁoagggg!ﬂﬁi 0+ T LTI E T TULL LU Ly
* Soe¥eee® * e;;g& Qe*‘_ aya® et
| 1 1 | Il | 1 L |
0 0.5 ! 1.5 2 0 0.5 ! 1.5 2 0 0.5 ! 15 5
Ans Ans Ans
Peak at T, = 160 MeV Peak between 150 MeV and 160 MeV Peak around T~150 MeV

Finite relaxation time 7 causes a time lag of response
-lon Conference




Summary

\_

Collective flow v,
Decorrelation of flow 7,
v, — |pr] Correlation (p;,)
Harmonic cumulants

Critical fluctuations

N

»

/.

Hydrodynamic models
Constraints on 3D initial condition
Collision geometry

~

Constraint on shear and bulk viscosities

Search for QCD critical point

/

r

Fluctuations and correlations
Key for understanding heavy ion collision dynamics!
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