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llustration of heavy-ion collisions
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QGP signatures In heavy lon coII|S|ons
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Hydrodynamics and Collectivity in A-A collision



Hybrid model
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Preequilibrium hadronisation
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Fluctuations and Correlations in heavy-ion collisions

d 3P B dyprdprdp
1 dN
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* In heavy-ion collisions, hydrodynamics transform the initial state fluctuations to final
state correlations.
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Other flow observables

* Event-plane correlations

* Non-linear response
coefficients

* Decorrelations at pr
direction.

* Hydrodynamic model does a

great job in describing the
hydrodynamic evolutions of
heavy-ion collisions.



The predictions from hydrodynamics
* Non-linear flow modes
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* Flow distributions
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* In heavy-ion collisions, hydrodynamics has the strong predictive power for the collective
flow observables at low pr range.

* It can constrain the initial models and extract the QGP transport coefficients from
various bulk observables.



Extract the QGP transport coefficients by Bayesian global fitting

Flow cumulants v, { 2 }
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J. Bernhard, etc.al. PRC 94, 024907 (2016).
Nature Phys.15(2019) 11, 1113.

Using Bayesian global fitting within the framework of TRENTo+iEBE-
VISHNU to extract the QGP specific shear viscosity and bulk viscosity.

LHC of Pb+Pb collisions flow data show good constraining power on the
temperature dependence of QGP shear and bulk viscosity.

The extracted 17/5 is close to the KSS bound of 1/41t.

0.4r

n/s

0.2t

Prior range

—— Posterior median

?0% CR

n/s(T) = (n/S)min + (n/8)siope x (T-Tc)x(T/Tc)?

0.0

KSS bound 1/4n

0.15

0.20 0.25 0.30

Temperature [GeV]

0.08+

{/s

0.04

¢/s(T)=(q/S)max / [1+(T-Tc)2/T2]

Prior range

0.00

0.

08 0.12 0.16 0.20

Temperature [GeV]




Collectivity & QGP signatures in small systems

p+Pb

p+p

y(fm)

Plot with TRENT o initial condition.
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Collective flow? experimental observables in p-Pb collisons
« Similar “ridge" structure p+Pb and Pb + Pb system ° Negatlve c,{4} at hlgh mult.
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* The indication of
collectivity in high-
multiplicity p-Pb collisions.
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Hydrodynamic simulations in p-Pb
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Initial states correlations in small system
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* Without QGP effects, initial state correlation also describe many “collective” features, such as
multi-particle correlations and mass ordering in small systems
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Initial state or Final state effects?
— Various Models interpolations
K. Dusling and R. Venugopalan, PRL 2012, PRD2013, NPA 2014.
A. Dumitru and A. V. Giannini, NPA 2015, A. Dumitru and V. Skokov PRD2015.
B. Schenke, S. Schlichting, P. Tribedy, and R. Venugopalan, PRL2016.

K. Dusling et al, Phys. Rev. Lett 120 042002 (2018)..

C. Zhang, et al Phys. Rev. Lett. 122, no. 17, 172302 (2019).

P. Bozek, W. Broniowski, G. Torrieri, PRL2013.
K. Werner, et. Al., PRL2014.
G.-Y. Qin, B. Muller. PRC2014.

A. Bzdak and G. L. Ma, PRL 113, 25,252301 (2014).
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W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018).



Hybrid model with initial and final states correlations

IP-Glasma + MUSIC+UrQMD
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* Initial state geometry vector
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* Initial state momentum
anisotropy
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* Below dN ., /dn~10, the initial momentum anisotropy contributes strongly to the final charged

hadron elliptic anisotropys;

* Above dN ., /dn~100, everything is geometry driven.
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System size scan of v, at RH
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* The observed v, (pPr) is similar between STAR and PHENIX for all systems.

* The observed v3(p1) from STAR is much larger than that from PHENIX, especially for p-Au and

d-Au collisions.
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* The hydro calculations with nucleonic substructure is consistent with the STAR data.

3.0
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Collectivity in p-p Collisions at 13 TeV



2-particle correlations in p-p collisons
“ridge" structures in p+p, p+Pb and Pb + Pb

* Uz{Z} and 'U3{2}
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Similar double ridge structure, but
with smaller magnitudes in p-p
collisions.

Observed the v,{2} and v3{3} in
p-p collisions.

Clear mass ordering of v, in high
multiplicity p-p collisions.
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4-particle correlations in p-p collisons
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ATLAS, PRC 97,024904.

N

* The three-subevent can effectively suppress the non-flow and
get the negative c3{4} in p-p collisions.

* The c3{4} obtained by three-subevent weakly depend on
N3¢t in high multiplicity in p-p collisions.
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lydrodynamic Collectivity in p+p collisions at 13 TeV
EBE-VISHNU hybrld model

.. "" .

Preequilibrium hadronisation
J \\ J \
Y Y Y

Initial conditions viscous hydro hadron cascade

s g X.N.Wang and M.Gyulassy, Phys. Rev. D44, 3501 (1991).
HIJING Inltlal COﬂdItIOn W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018).

-produced jets pairs & excited nucleus = independent strings
-strings break into partons = form hot spots for succeeding hydro.

1) T he center positions of strings (xc , yc ) are sampled by Saxon-Woods distribution
2) positions of partons within the strings are sampled by

3
2

L (x—xc)?+(y—yc)? 1 1
o ot ) : Y &o
3) Energy decompositions of individual partons with a - -1
Gaussian smearing: - -
E* (x — xi)2 + (y — y1)? —3-2-10 1 23 723510 1 2 3
e=K Z ' exp (— ' ),
—~ 21021 An)s 252
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2-particle correlation |n - p coII|S|ons

' | |
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* iEBE-VISHNU + HIJING, use three set-ups to fit CMS v,{2}, one to fit ATLAS v,{2}.

* In general, iEBE-VISHNU + HIJING can describe the 212} and v4{2} from ATLAS and CMS.
But iEBE-VISHNU + HIJING tend to overestimate the observed v3{2}.

* v,12} calculated by iEBE-VISHNU + HIJING increase slowly as a function of multiplicity.2
1



Differential elliptic flow
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* In general, iEBE-VISHNU + HIJING can describe the V3 (p7) from ATLAS and CMS well.

* Hydrodynamics can well reproduce the mass ordering of ¥, (p7) among K9 and A as observed
in experimental data in high multiplicity p-p collisions.
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4-particle correlation by hydrodynamic simulations in p-p
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W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)

* iEBE-VISHNU + HIJING cannot obtain the negative ¢, {4}.
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P(vy) and P(&y ) distributions: from c5{4}to c3{4}

0.15
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To get the real value of v,{4},
c,{4} should be negative.

0 0.5 1 1.5 2 25 3 3.5 4 4.5
82/<82>,v2/<v2>

Linear term + cubic term fit: [v,] = 0.110 X |&,| + 0.105 X | &3
* Small &5, linear response is good; at large &5, the cubic response is important.

* Certain deviations between P (v, /(v3)) and P(&5 /(&3 )).

* Leading to positive C5{4} in final states even with negative C5 {4} in initial state change .
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Other initial models: HIJING, super-MC and TRENTo

— "l
1 L} 1
W VA \
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* Different shapes of p(€2) of HIJING, super-MC and TRENTo initial models.

* Some initial models get the negative c5{4} < 0 in the initial state.
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v,{2} calculated by HIJING, super-MC and TRENTo
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B Para-il E]cws, v,2,8ub} | B Paral
0.3<p.<3.0 GeV

B rara-l QRJATLAS, v {2 TF}
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v,{2} = |(v2) = (w,)? +02,, (v,= (v,)+ 06,,) W.Zhao,Y.Zhou, K.Murase, and H. Song, arXiv:2001.06742.
ATLAS, Phys. Lett. B 789, 444 (2019).

* With properly turned parameters, iEBE-VISHNU + HIJING, super-MC and TRENTo can well
describe the v2{2} and v4{2} of high multiplicity events in p-p system.

* Again, hydro simulations tend to overestimate the v3{2}, which needs to be understood.
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c,{4} from hydro with various initial conditions on market

W. Zhao, Y. Zhou, K.Murase, and H. Song, arXiv:2001.06742. 5
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Short Summary for the collect|V|ty |n smaII systems at LHC

| — 0.25
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Is QGP formed In the small systems?
(p-Pb collisions)



Reminder: QGP signatures in heavy-ion collisions
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* It has been announced that
QGP has been found at RHIC
in heavy-ion collisions.
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Related signatures in p-Pb system

* Collective flow: Hydrodynamics or CGC initial states correlations ?

* Hard Probes: no longer leave obvious hints due to the limited size and lifetime.
]
5 2[
E C ~ a 2 _ 0.20 [ T T T
u 1.8 &€ RpA RAA <1! RpA 1 Q:D"* 1 gE ALICE.p-Pb Vsw=8.16TeV, 203 <y <353 ® CMS, J/v
'% 1.6 ‘ RAA . [ Inclusive Jiy [ | —— J/i, me =12 GeV 1
g Light flavour 161 015 |-|--- T, my =45 GeV ]
- R +Pb 145 Heavy flavour
5 120 P T b | B,=6Gev?
3 r .® Sae & . 9 § . 1 E _| 0 ]0 — =4
3 L ST LR | ] e S 1 oo - —— _.E.__E_______A__Hrl =< | A =05 GeV
- T ¢ 1 { M;E:H_ & M g Q? =5 GeV?
08__ .... .00‘ 08 :_ = : S
u_sf—o‘.. it 0.6 []EPS09NLO + CEM (R. Vogt) 0.05 s
L gheeies o mE o [ InCTEQ15 (J. Lansberg et al.) -
0.4 .-" . Pb+ Pt: L 0.4 L [ ]CGC + NRQCD (R. anutgopalan etal) i
E 02F CGC + CEM (B. Ducloue et al.) 0.00 |-
[ = = Transport (P. Zhuang et al ) |
0'2— 0 L1111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | I | | | | | | | |
0: I | III| 1 1 1 IIIIII | | | O 2 4 6 8 10 12 14 16 18 20 0 1 2 :% 4
1 10 10° | [GeV/ P (GeVl/e)
Py [GeV/e] k1 (GeV)

* R, oflight hadrons and heavy flavor are consistent with one and compatible with cold
nuclear effect in p-PDb collsions.

* Vo(Pr) of heavy quark is also compatible with the CGC model calculations.
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NCQ scaling in small system

[ T T T T | T T T T | T T T T L
| ALICE,p-Pb |s,,,=5.02 TeV CMS,p-Pby/s =8.16 TeV
0.15 0 7 (0-20%) Kgmaﬁﬁwr::{:zﬁm ]
L A K (0-20%) 0P A(185<N_ <250) N
- 0 P(0-20%) ATLAS, p-Pb |/s=5.02TeV 7
B h*(60<N_) N
a . _
— * '-_'- . | .|-|':||]_:-I.z et iD:I" ;\-:.- I::}:x--. _ —]
l o v
B 1 ] | 1 H | ] 1 1 |_
2 3

pTln(GeV)

* Observe the approximately NCQ scaling of v, atintermediate py in high multiplicity
events of p-Pb collision in data.



Simple coalescence and NCQ scaling

* If hadrons’ wave function has the form: Wy;,g~6(P — p; — p2) and

quark exhibits the same elliptic flow: £,(p7) = f2(p7) (1 + 2v2,4(pT) cOs 20))

* the meson'’s elliptic flow: V2M (pT) =

* the baryon's elliptic flow: vB(pr)

o vz(pT)/n

[ T T T | T T T
| ALICE,p-Pb |s,,,=5.02 TeV

0.15}

CMS,p-Pb|/s, =8.16 TeV |

N

o m(0-20%) K§(185{Nch<:250)
A K (0-20%) oo A(185<N_ <250)
O P (0-20%)  ATLAS, p-Pb |/s,= 5.02 Tev
O h(60<N ) N
A
(!
1 i 1 | |_
2 3
p_/n(GeV)

2v2 (P71 /2)
24P 20, (o 2

_ 3Bwaq4(p1/3)
= 22 3 (pr /)

— —
o O

* NCAQ scaling is important signal to probe partonic
degree of freedom in small systems.
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Sophisticated Coalescence model

* Coalescence model 9B(m) 1s statistic factor, f, /7 is the phase-space
dN Sy . . .
3 A/ o / d3x; d3p1d3x2 d3p2fq (X1. p1)fa(X2. p2) distribution of (anti)quarks, Wy, /g is wigner function
d>P of meson(baryon).
(3 : :
x Wi(y. k)o( )(PM —p1—p2). Here,. we use the harmonic osc1llator-for wave
dNg s s a2 a4 functions of hadrons, then do the Wigner transform
B
X fqz(xz Pz)qu(x& p3)Wg(y1,ki;y2, ko)
(3 —_— —_— —
XO( )(PB —P1— P2 — p3) y 0 151&LICE,p-Pb 5,.'5Tu=5.|02 TeV CMS,p-IF'bIU's—mI=8.16 TeV _L
'Y o m(0-20%) KS(185<N_ <250) ]
Thermal & hard Partons: D P020%)  ars e ]
- Thermal partons generated by hydro _ O (60N, _
- Hard partons generated by PYTHIAS, i ik 1
then suffered with energy loss by LBT - SN 0 R
L '_(] I EE:' ) |
Coalesence processes: ] r 1
- thermal - thermal parton coalescence C ; . 3',

- thermal - hard parton coalescence

- hard - hard parton coalescence
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Hydro-Coal-Frag Hybrid Model

Zhao, Ko, Liu, Qin and Song arxiv:1911,00826.

Thermal hadrons (VISH2+1): 0.15_4“”‘3;”;"(“5 B0%) °'“,§ ‘(’1;";3; ;35;‘;‘“" n
- I - L A K(0-20%) On  A(185<N_ <250) i
generatfad by hydrf).wnh C.ooper Frye. L0 P(020%)  AtiAs pPb (e 02Ty
Meson: pr< 2pyq; baryon: p< 3pr;. - O H(E0<N) B
Coalescence hadrons (Coal Model): Ploes ol o
-generated by coalescence model O %o ]
iIncluding thermal-thermal, } 3
thermal-hard & hard-hard parton i ]
coalescence. 2 3

Fragmentation hadrons :
-the remnant hard quarks feed to Hydro. Coalescence,fragmentation fragmentation

fragmentation .

0 3GeV 5GeV P
UrQMD afterburner: Main Parameters:
-All hadrons are feed into UrQMD for -Thermal partons from hydro -Hard partons fromLBT
hadronic evolution, scatterings and decays with pr > prq. with pr > pr

Fixed by the py spectra, with pr, = 1.6GeV and p;, =2.6GeV
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Spectra, and
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* Hydro-Coal-Fraghybrid model well describe the spectra and P/1T at 0-8 GeV.

p (GeV)

* Hydro. dominates at low pr, at inter-mediate P, coal. and frag. both have contributions.
Fragmentation dominates high py. Three processes smoothly merge at intermediate pr.

* Coalescence hadrons: Thermal-thermal coalescence dominates at intermediate pr.
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v, (pr) and NCQ scaling

p+Pb@ \sy,=5.02TeV,0-20% p+Pb@ |s,,=5.02TeV,0-20%
0.4F Tautepatab-20% ' cmslp+Pbs1bTev - - ' ALICEDATAb-20% ' CMSp+Pb8.16Tev H
B O = K'(185<N_<250) 0.15r O = K'(185<N_<250) |
A K ch L A K eh -
i O P 07 A(185<N_<250) i O 0P A(185<N_<250)
0.3 Hydro-Coal-Frag — - Hydrf"?["':mg ATLAS,p+Pb 502 TeV -
i — T ATLAS,p+Pb 5.02TeV N K O HE0N ) i
~ E O) h(60<N_) _ ; 0.1+ __ P = .
%O .2 __ __ Q— - Hydro  ==eeeemeuee - Coal--— :ﬁlhﬁ:. ........ -F rag -~
- - _
- 0.05 —
0.1 -
0 2 4 6 0 1 2 3
pT(GeV) pTln(GeV)

* Combine hydro and jet with coalescence and fragmentation, Hydro-Coal-Frag model can well describe the
V5 (pr) of I, K and P within p range of 0-6 GeV.

* Atintermediate pr, Hydro-Coal-Frag model can get the approximately NCQ scaling of 7r, Kand P of v,
as the data shown. 37
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Zhao, Ko, Liu, Qin and Song, arxiv:1911,00826.

The importance of quark coalescence
In p-Pb collisions

Without coalescence, Hydro-Frag greatly
underestimates the v, (pr ) at intermediate pr

Without coalescence, Hydro-Frag will also
greatly violate the NCQ scaling at intermediate
P, with the deviation of NCQ scaling at the
level of +50%.
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Summary

* Hydrodynamics has the strong predictive power for the various flow data in heavy-ion collisions.

* Then/s and ( /s have been extracted by the Bayesian global fitting.

p+Pb Collisions at the LHC

* Many flow observables have been quantitatively/qualitatively described by hydro, supporting
the collective expansion in p-Pb collisions.

* Coalescence model calculations nicely described NCQ scaling of v, at intermediate pr, strongly
hint the partonic degrees of freedom in high multiplicity p-Pb collision.

* The sign of €3{4} is still a puzzle for hydro with various initial conditions on market.

* More flow observables are still needed to be measured

It is important to investigate why hydro works & when and where it is works ?
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More comments: non-linear response’s effects on Symmetric-Cumulant

T T T | T T T j
nsc; ,{4} (0-0.1%)_ . B
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31'; I Bl Para-lll | ,-;:\' - | \\ \\
f @Qir'E _ \ \
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* PP VS = 13 TeV , TRENTOo 03{4} - \
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I St Dt ) Para-ll  -307e% 546"
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e gy — (VAR = (B) ()

(Vi) (Vi)
* If v, X &5 and V3 X &3, thennscy ;{4} = nsj ;{4}.

* In hydro simulations, nsc‘2”3{4} in the final states keep the same sign of the initial states correlations

ns§,3{4}. But the hierarchy changes, Para-I> Para-II =Para-III for initial states, but Para-III> Para-II>
Para-I for the final states. This is caused by different non-linear response effects with different shapes of

P(sy). 42



Check «ag effects in p-Pb collisions

'; T T T T T r | — % 04ﬁ|_ CE Pb 5 T V T ' ' CMS b"'PbB 151‘ V
% 0=0.15(paper) a—o 0 : F p+ 9 e - y
S8 K K S (0 20%) T K(o 20% ¢ A185<N <250) ]
> L. e P : 0.3 C0=0.15 Bpager) T — P (0-20%) ATLAS,p+Pb502 TeV
< 10" & k2 E —_ o ]_[ 20% T O h (60<NC}
= ALICEDATA = [ K (0- 20%) I
z om ' <02 __poo- 20%) T
“=10°3 -~ f '
$ Lot :
2 10° E i I
> B [
A T R 0 2 4 6 2 4 6
10 ....|....|...r|§ p_(GeV) p.(GeV)
0 ) 10 15
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* The effective coupling constant & in the LBT model controls the energy loss effect when hard parton traversing
the medium.

* Changing a;=0.15 to ®;=0.0 increase pr-spectra of 7, K and P by about 40% for p > 3 GeV and has negligible
effects for py > 8 GeV. It also decreases the v, (p1) of T, Kand P for pr > 3 GeV, where the fragmentation
contribution gradually becomes important.
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Smooth transition of py1 and pr,
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[Comparison of PHENIX and STAR v,, (p7) measurements for p/d/He+Au ]

Ratio to Fit

1.5

STAR | PHENIX .
| “He+Au #0-10%  {0-5% a)
d+Au @ 0-10% > 0-5%
T p+Au ¥ 0-2% i1 0-5%
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TPC Centrality:inl<0.9 c)
v, sub. by yield per. trig.

L)
-

0.08
0.06
0.04
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1.5

d) |

» The STAR and PHENIX measurements for v,{2}
are in reasonable agreement for all systems
v System-dependent trends consistent with
“shape-size” dependencies

» The STAR and PHENIX v;{2} measurements
for p/d+Audiffer by more than a factor of 3
v' System independent STAR v,
v" System dependent PHENIX v,

& = PHENIX: PRC95. 034910, Nature Phvsics 15. 214220
T g%mﬁ Eg 1 &' @ : ”ﬂ @ I PHENIX | 3He+Au d+A +Au
0.5 @ @ _ Ezu s £ i i EP P
STAR Prefiminany . . M & ,@ H @ i [ (pBBCS)  0.110+0.0050 0.1073 +0.0003 0.062+0.003
00 05 10 15 20 26 0.0 0.5 1.0 15 2.0 25
(GeV/ic)
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(pBECS)  0.034+0.0051  0.0565 + 0.0097 0.067+0.009
obs obs ; ; ¢
Uy vy 0 Is the observed harmonic.
Vo (EP) = P, is the Event-Plane resolution; Note:
Poskanzer nd Voloshin! PRC,8, 1671 (1999). v’ EP resolutionis proportional to v,, and v/N!
dN, : i ] .
p-Au, 0—5%,< dnh>=12'3i1'7 » The STAR measurements are consistent with the important role of “size”
AN, (N¢n) In addition to the fluctuations-driven eccentricity (€3 3)
d-Au, 0-5%, < >=18.6i1.5 v : : : . . " :
dn This observation is consistent with recent hydrodynamic calculations

SHe+Au, 0-5%, <

dN.p
dn

>=23.6i2.5

PHENIX, PRL 121,222301 (2018).

which incorporates nucleonic substructure

Roy A. Lacey, Quark Matter, Wuhan, China, Nov. 2019 45



2-particle correlation in p-p collisions
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M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 96, no. 2, 024908
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Beyond fluid dynamics?

Flow in AA and pA as an interplay of fluid-like and non-fluid like excitations

Aleksi Kurkela,l'2ﬂ Urs Achim Wiedemann,l’m and Bin W'u"El

"Theoretical Physics Department, CERN, CH-1211 Genéve 23, Switzerland
“Faculty of Science and Technology, University of Stavanger, 4036 Stavanger, Norway

To study the microscopic structure of quark-gluon plasma, data from hadronic collisions must
be confronted with models that go beyond fluid dynamics. Here, we study a simple kinetic theory
model that encompasses fluid dynamics but contains also particle-like excitations in a boost invariant
setting with no symmetries in the transverse plane and with large initial momentum asymmetries.
We determine the relative weight of fluid dynamical and particle like excitations as a function of
system size and energy density by comparing kinetic transport to results from the Oth, lst and
2nd order gradient expansion of viscous fluid dynamics. We then confront this kinetic theory with
data on azimuthal flow coefficients over a wide centrality range in PbPb collisions at the LHC,
in AuAu collisions at RHIC, and in pPb collisions at the LIIC. Evidence is presented that non-
hydrodynamic excitations make the dominant contribution to collective flow signals in pPb collisions
at the LIIC and contribute significantly to flow in peripheral nucleus-nucleus collisions, while fluid-
like excitations dominate collectivity in central nucleus-nucleus collisions at collider energies.

A. Kurkela,U. A. Wiedemann and B. Wu, EPJC 79, no. 11, 965 (2019).
Jamie Nagle QM 2019.

* Non-hydrodynamic excitations dominate in small systems ?
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Wigner functions of hadrons

To guarantee positive value of Wigner function for stable Monto Carlo
sampling, the Wigner function replaced by the overlap of hadron Wigner
function Wy, with parton’s Wigner function, W, 5:

Wiy k) — f o*x, d*K! d*x, dK,
X We(xq, ky) Wa(xs, ka) Win(y', k). (3)

Using harmonic oscillator for wave functions of excited stated of hadrons,

mw\1/4 1 2
_ —£%/2
On(x) = ( h ) \/WH”(Oe (4)

. mw '] " o '] "
§ = /75°x, Hn(&) are Hermite polynomials, w is the oscillator frequency.
K. C. Han, R. J. Fries and C. M. Ko, Phys. Rev. C 93, no. 4, 045207 (2016).
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Wigner functions of hadrons

The quark wave function to be Gaussian wave packet, the wigner function
of a meson in n-th excited state is

Witaly. k) = —e". (5)
with
1 y2 2 2
V2<Jﬁ4—|—kO’M). (6)

_ an V;2
WBﬂnl,ng(Yl=kl;y2=k2) — ﬁe_‘q n—2|e_v:2 (7)
with
1/ y? .
Vi =5 (Ué,‘ + k,?c:rB,_z) . 1=1.2. (8)

K. C. Han, R. J. Fries and C. M. Ko, Phys. Rev. C 93, no. 4, 045207 (2016).
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