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Fluctuations and Correlations In Pb 4+ Pb
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@ In heavy-ion collisions, hydrodynamics transform the initial state
fluctuations to final state correlations.
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o integrated v»{2} and v {4}

e v,{pr} for m, K and p
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@ Event-by-event v, @ Event-plane correlations
distributions.
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o Symmetry Cumulant |!on—|inear response cofficients
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Hydrodynamic model does a great job in describing the
hydrodynamic behaviors of heavy-ion collisions, including :
e integrated 2- and 4- particle cumulants, differential v,,
mass ordering, the event-by-event v, distributions, the
event-plane correlations and Symmetric Cumulant, the
nonlinear response coefficients.
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p+Pb system
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The double “ridge” structure in p-Pb

a) CMS PbPb |5, = 2.76 TeV, 220 < N2 < 260
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S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 724, 213 (2013).
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Collective flow? p-Pb experimental Observables
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Wenbin Zhao

10
Ner(m, | < 1)

V,{2PC, sub}

—
CMS PbPb |5, = 2.76 TeV

0.10- 0.3<pt<3,0Ge\l/C‘M;2.é o000 0

o

CMS pPb m =5.02TeV
[ 03< p,< 3.0GeVic; <24 4

000 o 0 600055
o® ¢
r E}JDDW%QE?

P
200

Ll
300 o

| IR B
0 100 100 200 300
0.25 T T T T T T T ]
r ALICE ]
[ p-Pb [Syy=5.02TeV i
02 (0-20%) - (60-100%) | -
L m=h AT ]
015 3
[ *K ep p
ol i% == E
: ﬁi_ — & ]
005f _ == Lo 4
F e+ ]
L (ALICE , Phys. Lett, B 726, 164 (2013) ]
° 05 1 15 2 25 3 35 4
P, (GeV/c)

Hydrodynamic Collectivity in p+p

June 14" 2018 9 /46



Collective flow? Hydrodynamcis simulations in p-Pb

0.08| ¢ ¢ U2{2} p+Pb @ 5.02 TeV Bozek et al Phys Rev Lett 111 172303 (2013)
1 SRCTC) S— s v, 018 p-Pb502TeV ALICEData0-20% -
0.06 " ot 0.16F E
| = with hadronic [— A T 1
a0 °® T rescatterings 0.14 Eo E
£0.04 ° __. without hadronic 0.12F E
3 rescatterings ' ]
g Ty 01F B
0.02 —— T E ]
v ~— Shen,et al. 0.08F _
0.0 L* Phys. Rev_C. 95 014906 (9m7\(b) 0.06F E
0 50 100 15 200 250° 300 ' ]
N:’fﬂme 004'_ _:
=) T T T T T ] ]
0.12F p-Pb 5.02TeV ATLAS 002F - E
F ov,{2} ] L o 1 1 1
" op e g9, o *uld ] N T T s T
0.08F 3

b | ‘ ] GeV/
0_06;— +\r\‘+//’% _ - p'r[ eVic]

@ Hydrodynamics can well

0.04:— ATLAS Coll. PLB725 (2013) 60-78 e
0022 O v,{2} hydro Glauber+NB ] reproduce the 2- and 4—par|t|c|e
TUF ¢t w4 hydro Glauber:NB correlations and mass ordering

050~"20 60 80 100 120

in p-Pb system.

(SE)) GeV

Wenbin Zhao Hydrodynamic Collectivity in p+p June 141 2018 10 / 46




p+p system
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|
The double “ridge” structure in p-p

The “ridge” structure in p+p, p+Pb and Pb + Pb collisions:
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M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 96, no. 2, 024908
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2-particle correlations in p-p experiment

@ Peripheral subtraction (CMS): vi7' ~ 0
o Template fit (ATLAS): v ~ vhy'
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@ Peripheral subtraction get smaller v»{2} than Template fit.
e {2} from peripheral subtraction drops in low multiplicity, template

fit doesn't.
B. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 726, 164 (2013).

V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 765, 193 (2017).
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Multi-particle correlation from CMS by standard method
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V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 765, 193 (2017)
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3-subevent

@ 3 subevent cumulant can
further suppress the non-flow

% ‘% @ N for 0.3<p, <3 GeV.
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M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 97, no. 2, 024904 (2018).
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The issue of Nse’ dependence in p-p experiment

o Standard method get {4} @ 3-subevent method get cx{4}
F Xlora T T T T F £0 ’ T T T
3 sel 5 F sl ]
T [ 8 Standard method Ny definition s 0.02 Three-subevent method Noy definition
L . [slo. 3<p <3Gev | 02 L [B10.3<p <3Gev ]
0021 pp 13 TeV, 0.9pb @p'>0_2 Gev | H pp 13 TeV, 0.9pb [Elp,>0.2 Gev 1
L 9 0.3<p,<3 GeV [Elp,>0.4 Gev i 0.3<p <3 GeV [p,>0.4 GeV ]
L g pT>0.6 GeV i 0.01- p >0.6 GeV -
L o, o ATLAS | r éﬁ ATLAS b
0 o B g ﬁ T 1
L © ¢ 1 [ & & ]
o s s o * LR & r % + %4} ; E 4}‘@ °o%¢°%°°mo§ v et ]
L N 1 F SN ]
r 1 001 + B
0.02— = r % b
S R RS | Coe vy e |
50 100 150 200 50 100 150

)
N
}'Eg;
o

g

@ Due to non-flow effects, c,{4} obtained by standard method strongly

depend on Ncsﬁ’, even reversing the sign.

o {4} obtained by 3-subevent weekly depend on N3¢ at (Ng) > 100.
M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 97, no. 2, 024904 (2018).
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Comparision between ATLAS and CMS results
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o Clear splitting between v2{2} and v»{4} can be seen from ATLAS< o
results.
The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2017-002.
V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 765, 193 (2017).
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Symmetric cumulant by standard method (CMS)
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A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. Lett. 120, no. 9, 092301 (2018).
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Symmetric cumulant by 3-subevent (ATALS)
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@ Symmetric cumulants are consistent among all three systems.

The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2018-012.
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Hydrodynamic simulations in p+p
Collisions at 13 TeV
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|
Hydrodynamics simulations in p+p, p+Pb and Pb +Pb
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R. D. Weller and P. Romatschke, Phys. Lett. B 774, 351 (2017).
@ No multi-particle correlations simulations, no PID simulations.
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iEBE-VISHNU hybird model

@ Hydrodynamics simualtions:

Initial Candn‘.ton

of
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‘ Hydrodynamics ]
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‘1 Hydrodynamic
simulations

Flow of time

~
Particle emission
Hadron re-scattering

Collect particle
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observables

C. Shen, Z. Qiu, H. Song, J. Bernhard, S. Bass and U. Heinz. Comput. Phys.

Commun. 199, 61 (2016)
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|
VISHNU hybrid model

@ In hydrodynamics part, VISHNU solves T#¥, 7 and I:
T (x)=0, TH =eu'u” —(p+ MA* 4+ 7H,

1 mu
M=—-—1N n¢eT 1
2 n+conera, (). )
1 Tru®
poa VB T | v {wyv) 4 prv
AFCAY T - [77 2nV WP + 70T O, (2 T)
@ Switch from hydrodynamics to hadron cascade (Cooper-Frye formula):
d3N; gi
() = ap-dio(x)f; 2
@ Hadron cascade simulated by UrQMD by:
dfi(x, p
IR _ . p) )

H. Song, S. A. Bass and U. Heinz, ERC 83, 024912 (2011).
C. Shen, Z. Qiu, H. Song, J. Bernhard, S. Bass and U. Heinz, Comput. Phys.
Commun. 199, 61 (2016)
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HIJING initial condition

@ In HIJING initial model, the produced jets pairs and excited nucleus
are treated as independent strings, and these strings break into
partons and quickly form hot spots for succeeding hydrodynamics.

@ The center positions of strings (xc, yc) are sampled by Saxon-Woods

distribution, and positions of partons within the strings are sampled
—xc)*H(y—ye)?
by, exp (— = Hr=rk)

@ HIJING constructs energy density by energy
decompositions of individual partons via a Gaussian
smearing: 5

-3

=3-2-10 1 2 3
3 x

E; (x =x)*+ (v — yi)?
kN __ S5 _
¢ 2’: 2mo21o AN exp ( 202 )

33-2-10 1 2 3
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Set-up

o iEBE-VISHNU + HIJING

@ No initial flow, No bulk viscosity.

Table 1: Four sets parameters in iEBE-VISHNU + HIJING simulation of the pp 13

TeV.
OR (o1 T0 T]/S TSW(I\/IeV)
Para-1 020706 |0.01 147
Para-1l | 0.8 | 0.4 | 0.4 | 0.08 148
Para-111 | 0.4 | 0.2 | 0.2 | 0.24 148
Para-IV | 0.6 | 0.4 | 0.4 | 0.05 148

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

@ In general, iEBE-VISHNU + HIJING can describe the v»{2}, v3{2}

relation
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and v4{2},from ATLAS and CMS.

e iEBE-VISHNU + HIJING fail to fit the v»{2} data with “peripheral
subtraction”

in low multiplicity.

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)
Hydrodynamic Collectivity in p+p

June 141 2018

26 / 46



Differential elliptic flow
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e iEBE-VISHNU + HIJING can describe the v»(p7) from ATLAS and
CMS well.

@ Hydrodynamics can reproduce mass ordering of experimental data.

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)
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4-particle correlation by hydrodynamic simulations in p-p

x10°
? T T T | T T T | T T T | T T T | T T T | T T T | T T |_
:51‘ pp Vs =13 TeV iIEBE-VISHNU 7
15 (HIJING) J
# [FlATLAS, c 4, [ Para-| ]
r Para-Il 1
r ows, o4 mPara-lll ]
10~ { 0.3<p, <3.0GeVic Para-IV I
5 -;
P RAsT— E
L ) ]
B + + + + -
C L y! b ]
) N T B S
40 60 80 100 120 140 160
Nch

e iEBE-VISHNU + HIJING cann't get the negative c2{4}.
W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)
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Further check cy{4} calculation in
hydrodynamic simulations
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Minimize multiplicity fluctuation

@ To minimize multiplicity fluctuation, same method as ATLAS is used
to calculate cx{4}.

e Step L:
Cut the multiplicity class with the number of all charged hadrons N3¢/
within 0.3 < pr < 3.0 GeV, |n| < 2.4, and calculate the (2) and (4)
with the standard method .

e Step 2:
Calculate c2{2} as well as {4} for events with the same N3¢ to
minimize multiplicity fluctuation.

e Step 3:
Combined the c;{2} as well as c2{4} to several N3¢ of the event
ensemble.

e Step 4:
Map the the’ to the common event activity measure N, with
pr > 0.4 GeV, |n| < 2.4 to compare with experiment.

The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2017-002.
W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018).
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Check standard method, 2-, 3-subevent in simulations

e gg® F1 .
S ATLAS [B] Standard method ' 1 312 (HNING) Para-l
© r pp 13 TeV [[5] 2-subevent method ~ 1 I standard
10; o 0.9 pb™* IIlB—subsvem method | D 2-subevent
[ ] 3-subevent
L 0.3<pT<3GeV ] 8 subeven
sC Jf o N for 0.3<p <3GeV 6
[ ¥ o 4 ] 4
o l | éﬁ # 6 ° i ] 2
Firy S ® o g 1 of
A T , :
o 0 ot R 2
S 0 50 20 90 100 110 120 130 140 150 160

. 0,0 ch
@ In p -p experiments, three-subevent method can largely suppress the

non-flow effects.

@ In iEBE-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)

M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 97, no. 2, 024904 (2018)
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From initial c25{4} to final c{{4

&

x10
= T T T T T ]
T T pp Vs =13 Tev iEBE-VISHNU ]
15 (HIING) J
¥ EATias, SR . ] Sara-:l E
- ara-| ]
r Eovs. o mParall h
0= | 0.3<p, <3.0Gevic Para-IV -
sE ’
L 4 i
r - P ]
of A A ]
C 4 ]
C + + + A
sk 7 1 I B

h 1 Il Il 1 Il 1

40 60 80 100 120 140 160
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|
from c5{4} to cj{4} in Pb + Pb system

025
100 . (a) .
= 20-25% [e, IP-Glasma ~ -eeas 02t ; 1
£ 4ol V5 IP-Glasma+MUSIC  — | ] Pb+Pb 45-50% g
S v, ATLAS —
e 1L ] 0.15 | i
A =
>
§. 0.1 ¢ pr>0.5 GeV ] 0.1 - 1
a H Inl<25 .
0.01 i ‘ | ]
0o 05 1 15 2 25 3 0.05
Vol{Vyp), €2/{e5) 0 & ; . .
0 02 04 06 08
le,l
100 ‘ .
= 65-70% &, IP-Glasma Vo ~ K2Er + K 2|€2]€2
= 10 V, IP-Glasma + MUSIC = || . .
2 v, ATLAS - @ Cubic term becomes important
o
= 1 ] in €2 > 0.57, which increase
>
T 01 I‘DT(Z’-ZGGV the v, fluctuations, leading
a ml < . .o ..
0.01 ‘ ‘ : ‘ : significant deviations between
0 0.5 1 15 2 25 3 .
Vv, e p(v2/ (v2)) and p(e2/ (€2)) in
Gale, Jeon, Schenke, Tribedy,Venugopalan, Phys. Rev. Lett. 110, perilpheral C0||iSi0nS
no. 1, 012302 (2013). J. Noronha-Hostler, L. Yan, F. G. Gardim and J. Y. Ollitrault,

Schenke,Venugopalan, Phys. Rev. Lett. 113, 102301 (2014). Phys. Rev. C 93, no. 1, 014909 (2016).
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-
from c5{4} to c;{4} inp + p system

. 02E T """"""""'b';i'v“_iaTev—
0.8+ pp Vs =13 TeV — r 0-0.1
r HIJING-Paralll,0-0.1% 1 — |V, [=0.115xk,|+0.080xE, | (HIJING-Paralll):
P ] . ]
SN — g,J<e,>, ci{4)=-2.2¢°+ 6.1e™ | 045} = v.=0.125xE.|
S 06 L 2 2 4
/C\" L — V,/<v,>, 4=l 6e°+ 4367 | - i
N r -
S i 1 —= o 4
Voot 1 >oaf =
04 — r E
wor E C 1
= ! . _
~ 1 0.05- _
\“/90.2- § : ]
0-....|....|....|....|....|. i (o] iGN T T PO P P T =
0O 05 1 1. 5 3 35 4 0 01 02 03 04 05 06 07 0.8
Ee, S 0,

(A
Cubic response:|vo| = 0.115|e5| + 0.080]e>|3

@ Cubic response is important in proton + proton system.

@ Cubic response increases the elliptic flow fluctuations in proton +
proton systems, leading some deviations between p(va2/ (v»)) and
p(e2/ (2)) that reverse the sign of c;{4}.
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g, distributions

—

T

T T

St pp Vs =13 TeV
S5 0-0.1%
r (HUING) {4}
. \ — Paral  23e%+5.1e°
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@ The initial condition with large (¢2) combined with the large

fluctuation, o.
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M i
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e For positive initial c5{4} always get positive final cy{4}.

e For Para-IIl with small negative initial c5{4}, non-linear response
leading to the positive final cy{4}.
W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018)
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|
{4} in Pb + Pb 2.76 TeV 70-75%

%102
——— ——————
vs = 13 TeV ] T T Iy y
PP W enpemareted] L 03<p <30GeV EBE-VISHNU
. (HIJING) @ e, 4 9 B e Vs = 13 TeV, HUING-Paralll
\ = paral g-ge:ff;ef cfd=-1.28e" ] 0.01f I Pb-Pb Vs = 5.02 TeV, TRENTo
\ ara-| .2e"x1.3e b -

| — Para-lll  -22¢°+6.1¢*
— Para-lV 3.4e*+12¢*

P(g,)

e ™~ o1 Bt (IS TS NS R P
0.4 0.6 0.8 1 90 100 110 120 130 140 150 160
2 N

ch

e dN/dn ~ 35.8 in Pb + Pb 70-75%, dN/dn ~ 31.8 in p-p 0-0.1%.

@ We can get negative {4} in Pb + Pb 2.76 TeV 70-75%, since the
cs{a} = —0.128.

W. Zhao, H. j. Xu and H. Song, Eur. Phys. J. C 77, no. 9, 645 (2017).
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|
iEBE-VISHNU 4+HIJING simulation of p-p

g [T o3t <EoCl e vising '] o EBE-VISHNU I|!|AT|_/-\IS,\/(2,T|I= K2 /\I(K) ' '
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: ] coefficients, we could well describe the
ka 1 2-particle correlaions, v»(p7) and mass
FRe s — L
HIP IR ] ordering in p-p system.
F + Y 3 |+ 1 +] , .
SE 4 @ However we can't describe the

Ll P R R R
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HUJING: Zhao, Zhou, Xu, Deng, Song, Phys. Lglt“f'. 4_part|C|e CUmUIantS Wlthln the

B 780, 495 (2018) framework of HIJING initial condition.
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Calculate cp{4} in other initial
models
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N
Other initial models

T T T T T T T T T T T T
pp Vs =13 TeV pp Vs =13 TeV pp Vs =13 TeV
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A T V) @ HIJING, super-MC and TRENTo
20F 5

EcMs, ¢4 super-MC/10(0,=0.3} initial model neither can get
- 0.3<p_<3.0GeV e . H
15[ T WTRENTO/10(Para-1) negative c2{4} (only one typical

paramater set in each initial

model shown here. ).

=
o
vl

0:"”"; ”””” - ++ ””””” +“ HUING: Zhao, Zhou, Xu, Deng, Song, Phys. Lett. B 780, 495
E® 4 1
St ‘9'0‘ - I(I)o 1i0 150 1:;,0 :‘10 1%0 .:.L_GO ﬁgﬁ)mc; Welsh, Singer, Heinz, Phys. Rev. C 94, no. 2, 024919
N (2016)
ch TRENTo: J. S. M ORELAND, Quark Matter 2018(unpublished).
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Summary

e For Pb + Pb system, hydrodynamics does a great job in
describing hydrodynamic behaviors of Exp. data.

e For p + Pb system, hydrodynamics semi-quantitatively reproduce
these Exp. data of 2- and 4- particle correlations, v» mass
ordering .

e iEBE-VISHNU + HIJING can well describe the w{2}, w»(p7) for
all charge hadron and mass ordering. However fail to reproduce
the negative c;{4} in p+p collisions. The description of negative
c2{4} requires the further investigations on initial model as well
as QGP evolutions in p-p system.
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Thanks
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...

Back up
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7-r plane

@ The 7-r plane at freeze-out surface of smooth initial condition of p-p,
0-0.1%, Pb + Pb 70-80% and Pb + Pb 5-10% centralities.

7—r plane (smooth initial condition)

Pb + Pb 2.76 TeV 5-10%(AMPT),dN/dn=1187.6
161 — Pb + Pb 2.76 TeV 70-80%(AMPT),dN/dn=31.2
— p+p 13 TeV 0-0.1%(HIJING),dN/dn=30.0

18

14}

12+

—
o

(fm/c)

6
r(fm)
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@ The g4 and ¢, in QGP evolution in p-p system, 0-0.1%, calculated by
VISHNU with HIJING (Para-Ill) initial condition.

o7_Proton-proton, 13 TeV 0-0.1% (HIJING)

N @ spatial eccentricity:
K\ B <X2_y2>
@ momentum anisotropy:
(o )
(Te+TY)
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Ex

02—
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Summary

@ The e, and €, in QGP evolution in Pb 4 Pb system,70-75%,
calculated by VISHNU with TRENTo initial condition.

0.9,

Pb-Pb, 2.76 TeV 70-75% (TRENTo0)

<e,>=0.497

IS
w

3
7—1o(fm/c)

0.00|

<gp> =0.0749

—0.05|

—0.10,

Wenbin Zhao

T 3 3
7—1o(fm/c)

Hydrodynamic Collectivity in p+p

@ spatial eccentricity:
(2=y?)
(+y?)
@ momentum anisotropy:
(o= )
(Te+TY)
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non-equilibrium distribition function

The non-equilibrium distribition function has taken the form:

P! P T

0f = Ofshear = fb(lq:fb)m

No bulk viscous corrections fpx.
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