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Collectivity & QGP properties

in Large systems
- Pb+Pb, Au+Au collisions at RHIC & LHC



Preequilibrium hadronisation
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Initial conditions viscous hydro hadron cascade

Conservation laws:
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The Success of Hydrodynamics in Pb+Pb collisions (1)
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-hydrodynamics nice describe of integrated and differential V»of all
charged and identified hadrons



The Success of Hydrodynamics in Pb+Pb collisions (II)
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Extract QGP properties from bulk observ.

-massive data evaluation

Exp Observables Hydro model & its Inputs:
- particle yields -Initial conditions
- spectra -E0S
- elliptic flow - shear viscosity
- triangular flow & higher order - bulk viscosity
flow harmonics - Heat conductivity
- event by event Vn distributions - relaxation times
- higher-order event plane - freeze-out/switching cond.

correlatons o L.



Yields dN/dy
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VISCOSITY/ENTROPY DENSITY
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Extractlng n/s(v/s) from RHIC BES
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Recent model development for RHIC BES

Dynamical initial conditions  *°°
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Net baryon diffusion transports more
baryon numbers to the mid-rapidity
region / extracting heat conductivity
In the future



Collectively & QGP signatures

iIn small systems




Correlations & Flow 1n p-Pb collisions
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-Many flow-like signals have been observed in high multiplicity p-Pb collisions



Flow 1n p-Pb -- Hydrodynamics Simulations
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Flow-like signals: 1nitial state effects
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Flow-like signals: Heavy quarkonia & open heavy flavor
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-The observed v2 of J/¥Y cannot
be explained by final-state
effects alone,

-Heavy quarkonia & open heavy
flavor can have a significant v2 in
pPb due to azimuthal angular
correlations from the initial state
effects (CGC).



Initial state or Final state effects?

Initial 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).

Final state interactions:

-P. Bozek, W. Broniowski, G. Torrieri, PRL2013
-K. Werner, et. Al., PRL2014

-G.-Y. Qin, B. Muller. PRC2014

-Y. Zhou, X. Zhu, P. L1, and H. Song, PRC2015
- P. Bozek, A. Bzdak, and G.-L. Ma, PLB2015

- P. Romatschke, Eur.Phys.J. C77 21(2017)

-W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song,
Phys. Lett. B 780, 495 (2018)




Hybrid Model that combines both initial and final state

Fluid . . B. Schenke, C. Shen,
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-Qualitative description of Vn data seems to require dominance of final
state interactions



p-p collisions at 13 TeV



ATLAS
¥5=13 TeV

Phys. Rev. C 96, no. 2, 024908
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2 particle correlations in p+p collisions
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-Similar double ridge structure,
but with smaller magnitudes
in p-p collisions

-measured V2{2}, V3{2} from
2 particle correlations
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[CMS Collaboration], Phys.
Lett. B 765, 193 (2017).

-clear v2 mass ordering
observed in experiments
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Due to non flow effects, c2{4} obtained
by standard method strongly depend
on N3¢, even reversing the sign.

3 subevent cumulant can largely
suppress the non-flow effects.

C2{4} obtained by 3-subevent weakly
depend on N3¢ at larger <Nch>.




Hydrodynamic Collectivity in p+p collisions at 13 TeV
iEBE-VISHNU hybrid model

Preequilibrium
(N J U
Y Y Y

Initial conditions viscous hydro hadron cascade

HIJING initial condition

-produced jets pairs & excited nucleus = independent strings
strings break into partons = form hot spots for succeeding hydro.
1)The center positions of strings (xc ; yc ) are sampled by Saxon-Woods distribution

2) positions of partons within the strings are sampled by

X—Xc 2 — Ve 2
exp (_( )zjéy ye) ) >

1

3) Energy decompositions of individual . % 1

partons with a Gaussian smearing: 2 -

* 2 2 33%2-101 2 3 23-2-10 1 2 3
e — K Z i exp (— (x=x)"+ (= v) ) W. Zhao, Y. Zhou, H. Xu, W. Deng and
‘, 20219 An)s 202

H. Song, Phys. Lett. B 780, 495 (2018)




Spectra & 2-particle correlation

W. Zhao Y. Zhou, H. Xu, W. Deng andH Song, Phys. Lett. B 780, 495 (2018)
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-In general, iEBE-VISHNU + HIJING can

describe the v2{2}, V3{2} and V4{2},from
ATLAS and CMS.

- Measured V3{2} requires large initial

state fluctuations of p-p collisions
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Differential elliptic flow
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-IEBE-VISHNU + HIJING intial conditions can describe the V2(pPT ) from
ATLAS and CMS well.

-Clear V2 mass ordering, as measured in experiment.

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)



4-particle correlations C2{4}
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IEBE-VISHNU + HIJING can not obtain the negative C2{4}.

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)



C:2{4} from hydro with various 1nitial conditions

) HIJING R super-MC ) TRENTo
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The sign problem of C2{4}

-IEBE-VISHNU with various initial
conditions can not describe
negative c2{4}.

T S R — Au } PHENIX pAu -MUSIC with IP-glasma also give
-k e dA 4 PHENIX dAu " : L L
oF o % oo "4 posm_ve c2{4} in pp collisions
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More details on C2{4} calculations

Minimize multiplicity fluctuations: (same method as used by ATLAS
- - ATLAS-CONF-2017-002

1) Cut the multiplicity class with N3¢! within 0.3 < pT < 3.0 GeV, |n| < 2.4, calculate
C2{2} & C2{4} for events with the same N3¢'to minimize multiplicity fluctuation.

2) Combined c2{2} & c2{4} of several N3¢ for the event ensemble.

3) Map the N3¢ to the common event activity measure Nch with pT > 0.4 GeV,
In| < 2.4 to compare with experiment data

Check standard, 2-, 3-subevent C2{4}

x10°°

45107 N : : S e I LNLELILAY L LI BN BRI B BLRLRL A R 1
T W ATLAS Bl Santrametncs | | S 14 JHES.EJQ')SSJE. ;
© = pp 13 TeV [8] 2-subevent method 012 Bl Stendard e
10— [c 09pb™’ [ 3-subevent method | 10 - .
L i Bifff8 2-subevent :
C 0.3<p_<3 GeV i 8 3-subevent -
5:_ ? %I @ NGy for 0.3<p <3 GeV .
C ’ o o
. o o ¢
0 + + o =}
RAEFELIC I
sl 1 +- L . A TR B _2.|....|....|....|....|....|....|....|..:
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. . . . . . ‘ch
In iIEBE-VISHNU, no jets, non-flow mainly from resonance decays, standard method
gives same results as 2- and 3- subevent methods.
W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)



P(v,) and P(&,) distributions: from C5{4} to C;{4}
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-Cubic response: |v,| = 0.115|=5| + 0.080|=5 >
-Certain deviations between P(v,/(v,)) and P(&,/(&5))

Leading small negative C5{4} change to small positive CJ{4}
W. Zhao and H. Song private notes



C. Loizides NPA956 (2016) 200

CERN Yellow Report: CERN-LPCC-2018-07

Observable or effect Pb-Pb p-Pb (high mult.) pp (high mult.)
Low pp spectra (“radial low™) yes yes yes

Intermediate py (“recombination™) yes yes yes

Particle ratios GC level GC level except €2 GC level except (2
Statistical model 72 = 1,10-30% 19€ 1, 20-40% MB: 1< < 1, 20-40%
HBT radii (R(k7), R(¥/Nes)) Rout/ Rede = 1 Rt/ Retae <1 Rout/ Rage £1
Azimuthal anisotropy (v,) V-1 vy =Us U1y

(from two particle correlations)

Characteristic mass dependence Vg—Us vy, Uy Uy

Directed flow (from spectators) yes no no
Charge-dependent correlations yes yes yes

Higher-order cumulants “4 =6~ 8= LYZ" “4 26~ 8=LYZL" “4d 2 6

(mainly vo{n},n > 4) +higher harmonics +higher harmonics

Symmctri;: cumulants up to SC(5, 3) only SC(4,2),SC(3,2) | only SC(4,2),SC(3,2)
Non-linear flow modes up to vg not measured not measured
Weak 7 dependence yes yes not measured
Factorization breaking yes(n=2,3) yes (n = 2,3) not measured
Event-by-event v,, distributions n=24 not measured not measured
Direct photons at low py yes not measured not observed

Jet quenching through dijet asymmetry | yes not observed not observed

Jet quenching through Ry 5 yes not observed not observed

Jet quenching through correlations yes (Z—jet, y—jet, h—jet) | not observed (h—jet) not measured
Heavy flavor anisotropy yes yes not measured
Quarkonia production suppmssed* suppressed not measured




C. Loizides NPA956 (2016) 200

CERN Yellow Report: CERN-LPCC-2018-07

Observable or effect Ph-Phb p-Pb (high mult.) pp (high mult.)
Low py spectra (“radial flow™) yes yes yes
Intermediate pp (“recombination”) yes yes yes

Particle ratios GC level GC level except {2

Statistical model

Ao =1, 10-30%

Ll P
v 2 1, 20-40%

GC level except 2
pe

MB: v, < 1, 20-40%

HBT radii (R(kt), R(Y/Na))

Hm:t,l'll‘i?n'itlr ~ 1

nnui .J" R:e.ide* < 1

P

I?uuiﬂlr‘r:":iicir < 1

i

Azimuthal amsotropy (vy,)

(from two particle correlations)
Charactenstic mass dependence

U=t

U=y

V2, Us

Uo—114

Directed flow (from spectators)
Charge-dependent correlations

Y5

[

YES

p-p collisions: C2{4} puzzles:

I

L

EXp: what is the limit applying the 3-sub-event method for C2 {4} without

large enough Nch

Theory: Longitudinal fluctuations Dynamical initial condition in Hydro

or it 1s do not belong to hydro, etc
More flow observables:

- event plane correlations, non-linear response coefficients ....
- better assessment for the applicability of hydrodynamics and the evaluation
of non-linear response of the small systems



A short summary for collective behavior
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Is QGP formed 1n the small systems?
(p-Pb collisions)



Reminder: QGP s1gnals in large systems
i S e D e e —————— 1 AutAu / Pb+Pb
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QGP signals 1n smaller systems (p-Pb) ?

Collective Flow: Hydrodynamics / final states correlations?

Hard Probes: no longer leave obvious hints due to the limited size.

Light flavour , Heavy
F R <1 R ~] | ygF AUCEpPO{S,=816TeV. 202y <353
E 1.8 - Rp.ﬂ. AA ! p"q F Inclusive iy
5 ¢ R 1.6F
1.6— Al
E : 1.4 F
3 1.4— .
% 12! p+Pb T lapr
E : ..... =ik + - '1._.._............................................ ......--E——.. sssmsamssssessaeapasss
I iR RIIERE NS H
i - ; 0.8 ;‘ﬁgﬁ’ﬁ;ﬂ: ﬂﬂ‘
i it . .
0L.BE— TEi u
I ,...".. -1 08 " [ EPS090LD + CEM (R Vogl)
og—="® e 0.4 I nCTEDIS () Larsberg et al )
E P b I - - L u [ OG0« NROCD (R Venugopalan el al )
DLg— N g Pb+li I_‘ -" 0.2 F GG + CEM (B, Dudlous etal |
E . . = — Transpan (. Zhuang &t al )
0.2 o O las Lo e wloswliy Ll lowwlo sl iay
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o il i sl ; aaall i F'IIGE"'-'""C]-
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J.1.Nagle, ota,al. Ann.Rev. Nucl. Part. Sci 68,211 2018) ALICE, JHEP 1807, 160 (2018)

-R..0f light hadrons and heavy flavor are consistent with one and
compatible with cold nuclear effect.

NCQ scaling of v2: recent experimental measurements in p-Pb




NCQ scaling of v2 in p-Pb collisions (EXP)

| | T I T | T [ T T T L
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0 P(0-20%)  ATLAs, p-Pb 1_-5Tm= 5.02 TeV
) h*(60<N }
= 01— ( en) —| ALICE data: PLB,726,
ay > - A 4 164 (2013).
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- An observation of the approximately NCQ scaling at intermediate pT in high
multiplicity events of p-Pb collision in data.

- Is it an indication of the partonic degree of freedom?



coalescence model & NCQ scaling of v2

Coalescence model

Ny
RELY
dNg
d3Pg

Thermal & hard Partons:

- Thermal partons generated by hydro
- Hard partons generated by PYTHIAS,
then suffered with energy loss by LBT

Coalesence processes:

- thermal - thermal parton coalescence
- thermal - hard parton coalescence
- hard - hard parton coalescence

0.154

Zhao, Ko, Liu, Qin & Song, arxiv:1911,00826.
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Hydro-Coal-Frag Hybrid Model

Thermal hadrons (VISH2+1):
- generated by hydro.
with Cooper-Frye.
Meson: P:< 2P.; baryon: P:< 3P..

Coalescence hadrons (Coal Model):
-generated by coalescences model
including thermal-thermal,
thermal-hard & hard-hard parton
coalescence.

Fragmentation hadrons (LBT):
-the remnant hard quarks feed to
fragmentation .

UrQOMD afterburner:

-All hadrons are feed into UrQMD for
hadronic evolution, scatterings and
decays

o vg(pT)’ln

Zhao, Ko, Liu, Qin & Song,
arxiv:1911, 00826

ALICE Ph s -502'rev CMS Pb -B1BTeV
015 P \Sn P '; _

o m(0- 20%) K2(185< N <250)
A K (0-20%) G0 A(185<N, <25m
0 P(0-20%)  ATLAS, p-Pb \:sT,F 5.02 TeV
01 B ‘ h+{BD{NCh) —]
: . Lf 4 I:I} : T‘\F i :
N l I =
:%é (a) | i
0 1 2 3
pTIn(GeV)
H‘dro. Coalescence,fragmentation fraﬁmentation
0 3GeV hGeV P,

Main Parameters:

-Thermal partons from hydro
with P:> P..

-Hard partons from LBT
with P:> P..

Fixed by the pT spectra
pr1=1.6GeV and pm2= 2.6GeV



Spectra of pions, kaons and protons

p+Pb @ |'s,,=5.02 TeV, 0-20%
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Our combined model, Hydro-Coal-Frag, gives a nice description of
spectra of pion, kaon and proton as well as the P/m over pr from 0
to 6 GeV.

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



v2(pT) and NCQ scaling

p+Pb@ \s,,=5.02TeV,0-20% p+Pb@ \s,,=5.02TeV,0-20%
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-Hydro-Coal-Frag model gives a nice description of v2(pt) of pion, kaon and
proton over prfrom 0 to 6 GeV.

-At intermediate pt, Hydro-Coal-Frag model can obtain an approximate NCQ
scaling as shown by the data.

Zhao, Ko, Liu, Qin & Song, arxiv:1911,00826.
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The importance of
quark coalescence
in p-Pb collisions

Without coalescence,
Hydro-Frag largely
underestimates the
v2(pT )at intermediate
pT, violating the NCQ
Scaling of v2

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



V2(P7) from hydro or fragmentation alone

p+Ph@\}5” EDZTEU 020%
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Hydro or Fragmentation alone can not describe v2(PT)
in high multiplicy p-Pb colissions



Summary

Pb+Pb, Au+Au Collisions at RHIC & the LHC

-Hydrodynamics & hybrid model can quantitatively/qualitatively describe
various flow data at LHC, n/s(T) and {/s(T) have been quantitatively extracted

-For RHIC BES, more sophisticated dynamical model are needed to be
developed with ebe simulations, it is important to extract shear, bulk viscosity &
heat conductivity

p+P Collisions at the LHC

-Many flow observables have been quantitatively/qualitatively described by
hydro, supporting the collective expansion in small systems.

-Coalescence model calculations nicely described NCQ scaling of v2 at mediate
pT, strongly hint the partonic degrees of freedom in high multiplicity p-Pb coll

p+p Collisions at the LHC

-The sign of c2{4} is still a puzzle for hydro with various initial conditions.
-more flow observables are still needed to be measured

It is also important to investigate
why hydro works & when and where it is works ?



