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Abstract

Abstract

Quantum-Chromo-Dynamics (QCD) is the fundamental theory that describes hadron-
hadron collision on the fm scale. According to QCD, quarks and gluons (partons) are
the basic building blocks of the hadrons, and gluons are the carriers of strong interaction.
Lattice QCD calculation predicts that matter at extremely high temperature, low baryon
density where partons are “deconfined”, i.e. not confined together by the QCD force,
will create hot and dense matter which is called Quark-Gluon-Plasma (QGP). Such a
state of matter was realized in the early universe, a few us after the “Big Bang”. The
Relativistic Heavy Ion Collider at the Brookhaven National Laboratory and the Large
Hadron Collider at the European Organization for Nuclear Research produce such a

dense, high-temperature matter by accelerating heavy-ions.

Anisotropic flow has been widely studied as an important probe for the investiga-
tions of QGP signal in relativistic heavy-ion collisions. Event-by-event measurement of
anisotropic flow is crucial to understand the initial state conditions and particle produc-
tion in heavy-ion collisions. Uranium nuclei provide a unique opportunity to study this,
owing to the intrinsic prolate shape and the presence of different overlap configurations
in the central collisions like body-body and tip-tip. The measured flow vector distribu-
tions are unfolded by a data-driven Bayesian Unfolding process to suppress non-flow
and statistic fluctuation to obtain the true flow distributions. To investigate the flow fluc-
tuation, multi-particle cumulants are analytically calculated. The ratio of vo{6}/vo{4}

is less than unit, which indicates the flow fluctuation is a non-Gaussian fluctuation.

Measurement of the flow decorrelation in the longitudinal direction explores the
non-boost-invariant nature of the initial collision geometry and final state collective dy-
namics. The decorrelations were first observed at the LHC, but are predicted by several
(3+1)D hydrodynamic models to be stronger for lower /sy 5 at RHIC due to the smaller
number of initial partons and shorter string length at lower /sy . We first measure the
flow decorrelation at the RHIC energies. The results show a larger decorrelation effect
at RHIC than LHC. Hydrodynamic models tuned to the Pb+Pb data at 2.76 TeV fail to
describe the strength of the decorrelation at 54 and 200 GeV. These results will help to

constrain the initial condition along longitudinal direction and help to understand the
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longitudinal evolution of the fireball.

The observation of ’ridge” in the small systems opens up opportunities to study the
collective behaviour. Is the effect a response to initial geometry or initial momentum
correlation from gluon saturation effect? The controversy still remains. A new subevent
cumulant method was recently developed, which can significantly reduce the non-flow
contributions in long-range correlations for small systems. In this work, we use both
standard and subevent cumulant methods to study multi-particle correlations in p+Pb
collisions at y/sxy = 5.02 TeV with a multiphase transport (AMPT) model, including
two- and four-particle cumulants (c2{2} and c3{4}) and symmetric cumulants (SC(2,
3) and SC(2, 4)). Our numerical results show that the measurements from the standard
cumulant method could be contaminated by some non-flow effects, especially when the
number of produced particles is small, hence one better to use the subevent cumulant

method to explore the real collectivity in small systems.

The elliptic anisotropy and triangular anisotropy of reconstructed jets are investi-
gated in Pb+Pb collisions at /sy = 2.76 TeV within a multiphase transport model. We
do observe that the jet energy loss fraction is dependent of the azimuthal angle with re-
spect to the different orders of event plane. Azimuthal anisotropies of the reconstructed
jet can be utilized as a good probe to study the initial spatial geometry, and imposes

constraints on the path-length dependence of jet quenching models.

Keywords: anisotropic flow, decorrelation, fluctuation, small system, jet quenching,
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so== " Beam -
/ [ . »,
—> ¢ L_ 4
Coordinate space: Collective interaction Momentum space:
initial asymmetry pressure final asymmetry

1.3 Apbras B 45 1) S B R e i AL T e R 20 2l 1 28
Figure 1.3 Sketch of the formation of anisotropic flow from coordinate space to momentum

space.

AT (flow) AYME SRR A AL Fr R B U ERARA T, AL I AR AR
Tt (collective flow). /£ 5. Wi RERZMIERAIF 5T, WAL A ST i SRAARi . 7T LASHS Bl
I ARAE 1 RE B R IR Y R A P B IRAS U7 # (Equation of State, EoS)(Nix,
1979), HEREK R (Gyulassy et al., 1982; Cugnon et al., 1983) FI| H AR ASHK T H) 5l
ERE T A 3 x 3 MR KR, R R T TTAEZ e TR R R GIE ]
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FMRT RGP, ASCA P 274, 1992 4 1. Y. Ollitrault 2 i i T
e 2L AN, AR PR XY BRI 2 BB TR A AT T i ke, T2
R LA 2R A 5 5K s U = 4 B 5K 5, 3205 IR 10 7 B S - I
HIRIAR AR, FRIEEAT LMD QGP {557y #RET (Ollitrault, 1992), [l
J&i S. Voloshin #1 Y. Zhang 3R FI Al AR T8 B JR TSR Fiid fed~F- T 9 i A 1 B
PRI (Voloshin et al., 1996) X Fh A FI AR AL B9 5 A SRR £ B I J T
A MIE A K J = RER T h T SR AT AR HE T 5 AT Ees
TR EIT I (Poskanzer et al., 1998), BRI S AL 25 R ITo

dN -
2! +;2vn cos(n(¢ - 0,,)) (1.1)
v, = (cos(n(d; — V,))) (1.2)

PR, ¢, RAASKLTHITLA, ¢ = arctan(py/p.) , W, W TR
(reaction plane), v, S EIFEIT AL, WHIFR IR 220 (flow coefficient or flow
harmonics). FpillH, vi BEFRAN BB (directed flow), vo #YFR AR (elliptic
flow), vs BFRON = (triangular flow), PAILZEHE. 5 v, $ERN MRS EIRTTR
JE R BREOV L, va(pr,n) I, SRR NS (differential flow). 553t AH xS
), 275 SR Bl S AN R DX TR R AT R 8 AR 73R (integrated
flow).

N TG RN QGP (SRR, FRATME /N : D) QGP AR [
J A S Bl e DX I 2 R % ) S R A 2 Sl 2SR T 8l et s T A~ 1 A 2
FSUTA A ERERHL, I A o0 A TR U SR 1R 2 BT LAY QGP (5511
FEAEE R IR A 1 S AR A L DRt A P ik 25 ] SR (anisotropic
flow).  [] i A A X Ffrie R 5 52 £ At vl AR BRI RO, IRt e R o i
It (harmonic flow). FEASCHT, FRATAIE I SR ERAR . A H R RATE R 5
[Fl, R =

B RrashErh i e H A ERE AR, QGP PSS i i
BN R T 590 EAE RS Sa e~ UA, IXFEAE R AT B ve IV ZARVDN,
B2 RHIC A1 LHC A9 SE50 UL A1 7A 2 1 HHXT BRI 7 ve {55 (Ackermann
etal.,, 2001; Adler et al., 2003), JX— & B KHIBREL T FA T T =45 e i+
LR AR E14E78 T RHIC-STAR HRN[RIRPSE A O - S A 1 3

VEPREE, AT FRARTIE, AEASCH I TCR R . B RER TR




FERS 0 B B -l o 5% T SR R B B 5

ELHYSE R (Adams et al., 2005), i) 22 B8 B TR 25 SR REAR IF iR 1 X 2851
g LSRR T LHC BEIX, ANFEIF A SRR R A0S 1 m sl R fmir: (Gale
etal,2013). AILLEZF], FIAB/NNANKT RE n/s = 0.2 Ja BT 2R
AR e MRS [ 3 Ht DI SRARIRA T o IXEEEEIRERH] . QGP ity —
TERGIE « IUAE QGP # il I\ A2 5 M ELAE %5 e JIE-55 29 -/4K (strong interact
Quark Gluon Plasma, sQGP), it BRARIA (perfect fluid) f—FpiiA.

[ | ! | ! 1 ' | ' | ' ' L’ S
0121 2) 200 GeV Au + Au

01l (minimum bias)

I STAR data
+

0.08
0.06

0.04 Hydrodynamics |

- results
0.02

L | L | L I L | . | L | L | L L
0O 02 04 06 08 10 12 14 16
Transverse momentum p; (GeV/c)
1.4 STAR & #-&1% 200GeV HA RIFRBORLF 1Y v2 S8 TR 3 & Aok, Hrp i
SLIBAR, SRR S AR AR
Figure 1.4 STAR experimental results of the transverse momentum dependence of the elliptic

flow parameter in 200 GeV Au + Au collisions for different charged particles, where

points are STAR data, lines are hydrodynamics results.



15 gl

0.2

V2. — | ATLAS 10%—20%, EP

0.15|

011

2\1/2
v,

0.05 1

1.5 LHC-ATLAS Fy%-S s ay v, 4550, HrpSul RS f, SR _mf %
BTS2 R
Figure 1.5 The v, values from Pb+Pb collisions at LHC by ATLAS (solid points) compared to

values from hydrodynamic calculations(solid curves).

1.2 HLE

AR E B R, DR MREZE YRR . RS2 L
FERZINE S I R/N e HDE— B 0-100% [ 4 ks, b 0 6 T
P R EEIIE, WFR AR . A P IMZ IR 7 28 S X0
Wi 100% XTI IE o B o HD R 100% AT FEIRR A i i il i o
HOD R R R R R B A N RN R GERY LR RN D A
At R AEMXeE B aliEh , IR YR AR AR E RO E T
W

FESLR AT, DR RE — R 2 R (AR UL T, New 210
dN /dn) B A sE R R RE R R A R TR o AERLE TR, bR
PiRR T H 2 REE S AL, e R E R A O R . RS
SR T (Npard) o EIL6JEIR T HULEER 72 7R & (Miller et al., 2007).
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1.6 SEHrLL NI B 5 Glauber BRI LE o
Figure 1.6 The schematic of the mapping of the experimental observables to centrality variable

and to Glauber quantities.

1.3 FRBRMRATFRIIR

2 SRR R A R R U, R — BRI AT . A SRR
T LA T SO SR BB AE T S -~ T s Bl il e = i e AR L, BRI AE
TR SRR, B2 R RS G SRS R . XEE 2 SR
A RIS IR/ NI, #4E TEEAREFEE. ELTRRT 3 A
IR T B o A o B ] FR A B R B FTRAE R, X = AR
BEAFEENERRGEE. ATLAS LB B R ERIR AR TR0
Tk, 1.8 JRR T H A% - A A B BRI B2 4041 (Aad et al., 2013c¢).

Bl KA A S HIERTE AR, B SR R ERAR R S 919 JoR TAEANH 2
BRIz N S-SR I vo{2} A va{4} 7341 (Adamezyk et al., 2015).
R, RS2 BRI PO -0 v {4}y R, A=A i
vo{d} AIE. X GHEMIMTKIE EHAE K« AR B4R BT AlZ- % &
G Y BRI K 7%

BRI SRk I AN ORI AERE T8 b, SIS AEZ I BB B 75 1) bt o
BIRKIBKIE » FEASRRIRIRE R, SRR M2 LIRS, E1L11E
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Event 1 ATLAS Pb+Pb ] 100r-Event 2 ATLAS Pb+Pb 7 Event 3 ATLAS Pb+Pb

80 centrality: 0-5% Vs =2.76 TeV | centrality: 0-5% V5=2.76 TeV centrality: 0-5%  {s,=2.76 TeV
pT>0.5 GeV,nl<2.5 | pT>0.5 GeV,nl<2.5 pT>O.5 GeV,nl<2.5_|

dN/dp [/25]

Bl 1.7 0-5% HuLJE T =ZAA R B R B 5 SLf a0 A B, P st A 28 Fr i
i) 7 @
Figure 1.7 Single particle ¢ distributions for three eventsin the (0-5)% centrality interval,

where black curve is a simple Fourier parameterization including first six harmonics.
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Figure 1.8 The event-by-evnt v, distributions in several centrality intervals.
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Figure 1.9 v, as a function of multiplicity in U+U and Au+Au collisions.

N T HAIERAE AR T 1R B BB R B, (Khachatryan et al., 2015). A SCAESISE
2 BT RHIC EDXN Y SR G IR A Y o

T T T T T T T T T
CMS PbPb s, = 2.76 TeV
1.00 =g gl B =y
[ E - - u
g - L] -
. D‘li\\ ﬂ\jl‘l‘, &Ej"‘l» .
2 0951 m] | i & I o 0 ]
n;__" * O
=< og0F ™ 44<n°<50 O 1 o 1 1
O 3.0<n°<4.0 0.3 <p}<3.0 GeV/c
- — b
o0.8sF Exponential fits o ¥ p;>0GeVic 1 [
0-0.2% centrality 0-5% 5-10% 10-20%
t t t t t t t 1 T t } 1 1 t t t f f T t
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~ LY.} e Eea, "
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Figure 1.10 The decorrelation of elliptic flow along the pseudorapidity direction in different

centrality ranges.
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1% 5]

hl[3

TR AR -JT LA 90 A o AENT Y (near side) (Ag =~ 0) Y XA, nTLAFERR
JETT 1A BRSO LA (ridge) HIS5H o IXPILIA S5 A AT LA i ER I 93
R NI REGWTIE R, BRI IA 250 — Rt g ) N 2 SRR AT AR T B R
IR, XOCAEEM-EZRAEHREEL . /NRE—ROEIEIRT-FF (ptp) 5
FRT-E (pHA) RS, ORI/ NRGEWAI TiXMIlEg e, E11159 50 R
TR, BT, SR = ARG R RO 7R B 43 A (Chatrchyan
et al., 2012, 2013a; Khachatryan et al., 2016). T /N ARG PIVERRI T HEZ
A /NG ERARE A N B 2 MR AN BT 2 A0l A A8 AE X e R
MAEFHE RIS 2 — MR . A AEL 6B 2 liX — R 7118

CMS pPb \[s,,, = 5.02 TeV, NJ"™* 2 110
w2 TR

- 1<p, <3GeVic ] AN

g 187
g 1.7

CMS pp \s =13 TeV Preliminary
105 sNjy ™ <150
1<p)" p"* <3 Gevic

CMS Pb+Pb 709
Vs = 2.76 TeV \ 80-70%

SO
SoCk t\‘
Orss

P

LIl Jif-Jaf, BRy-8t, Bvi-Ba i i 00N G IR ok S0 A -

Figure 1.11 Two-particle correlation function in p+p, p+Pb and Pb+Pb.

0.25F pppp \sNN=2 76 TeV' 1
02f « CMS A /<08 9 1
B 015k O ATLAS A nj<t = [ 3
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Ml =g ’D LN Xl +¢
0.05’ - ¢ g

AT N

0.25F —— H
0.2f ]
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7509 ATLAS B0 B SL g i -
Figure 1.12 Comparison of results for v, (pr) obtained with the event-plane method from CMS

(solid symbols) and ATLAS (open symbols) for the centrality classes marked.
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1ol FELA2J0R T AR/ A AR W I i o T8 R 3l B9 4R (Chatrchyan
etal,, 2013b; Aad et al., 2012a), =] LA 2 BEE 1 0 Sl A8 A [ S gk e
BN R, X EAE A S AR, MR RS R N T, (HIRA A
T Rt S AR B>, SR DR AR LR ARE It Aok
A ERRINOZ R S ] Sl SR R A R S AT o o A B RIR I, SR sl
EORE A 2% 1) AT O S AR 1) s A 5 1] S i 2 P AN TR RO AR 2 i
HRETREFE, ZHEPERBES R T R, FFBROA il
T F 25 T SR P U AT DAL B SR SR AR . AR ZE T3, FRATIWESE 158
EMBEEI T AT, R B PIER R R IR vy v SRR R
SCHUE I, FATARZ M B BT RO B = i X LR G S i) /2 1o
TERREBES AR, M-S A EE&TE K

14 ML EBEFAHERRRE

FEMATVE B B Rl AR Y MEG e oD, A DRI AU F I A . Ik
IIfARE T SRR A o JX LA B3 - JtdR 574 (HydroDynamics) , 2 fH#irio
A (Lin et al., 2005)(A Multi-Phase Transport, AMPT), ¥4 185 15 78 1%
I (Cassing et al., 1999)(Ultrarelativistic Quantum Molecular Dynamics, UrMQMD)
8 XUEMEGASRI ST S SE g B o A R AR A Y, — 7 T SE R AR A
PR R BEVSARRE . 55— 7 T LR AR 1 SR A AR SE g 0 M 4 Rk 25
TR BRI o AR 2 A B IT, (L A48 AMPT #58

AMPT #5284 RN REAR I b il RHIC 1 LHC REDX Y1 22 Se g Wl i, [R] I
BT AMPT {9 W0 AL 5285 F A5 BESE (B anEET AMPT #5081 =Mt 58
(Alver et al., 2010)) o AT AMPT JZ&AHXS 18 B & fll fa 4idek) 72 (56 B ME AR A%
BlZ—. AMPT @ 1 EaHiall, M MERHAGkK. HAT AMPT f&8
BLEWARRA, BT & 52 8L (string melting) HLATAY A, 181135351
JEIR T WA RRAHY DX . AMPT AR BLEI4E DY A>T B R : AHZS A0 aa 10 #B50
FHEAEN: s B BT, MUk L E Rt
N R B B SR AL RRUAS A, SO 52 U 4 AR R a0 - =S R 4
T EALHE minijet (15501 FEAY UK 52 0 AR 25 RI RS 23 H) 0 A1, X2
HIJING(Heavy Ion Jet Interaction Generator) f5i% (Wang et al., 1991) 542 | €,
HIRAE £ 1 mindjet #5152 BE A2 A T80 2 IR A ELAE PO AR
ZPC(Zhang’s Parton Cascade)(Zhang, 1998) S, H #4109 S v Ak H
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B1EFE

G B 4L (strong coupling constant) FIfZF: 5k i & (Debye screening mass) Y {E
RWTT o HHT AMPT AR 58 43—~ ZR I A A0 B (R SR A 7 40~ Gk
FE LS WAV ERT f o XT3 B, BB ISR BT ER N S e &
BB, R G R AR =it e, B H S5 sw MBI AL T, H
Wire SR MR SR, MG BB AR 3 UERE . PIrA s
TR AR EAE R . ZRB BOR FIAHR B %Iz (A Relativistic transport, ART)
BIRI(Li et al., 1995) ALl

 fragment into partons

ZPC (Zhang's Parton Cascade)

till parton freezeout

recom re;
Lund string fragmenlationl Quark Cﬂak‘ﬂell(‘el
A v A 4
I ART (A Relativistic Transport model for hadrons) I I ART (A Relativistic Transport model for hadrons) I
(a) (b)

113 AMPT ififm E & - (a) BIMRA AMPT (b) sZRALHLEI A H) AMPT
Figure 1.13 Illustration of the structure of the AMPT model.(a) The default AMPT version (b)
The AMPT with string melting.

1.5 X E

AW SCRG VIR T AR VB E Bl 1 H Y 45 1) SRt o 85 1) S e A S A X
WHBE PR R I E R, PRSI 7E58 1R AR SO SR T 4%
[ SRR ST IR o SR 2 B R0 ) S ) & D F S TR 1 R 4. 838
RIS BIAERTIR T R S, FE RN T N E AR 156
AR TR T BEEA LG, A DUy Unfolding 777, 1 X fE RHIC
REXHIFST 1 -l PR A BE AR R A« SRR S B g ik 1 2 B AT I R S R
kv, ASCERSEN ] RHIC-STAR <GAZ-g Al A, Bl 7 RHIC RE[X
HIER AR R R o /N R HY 2% ) S 2 I T LA SR S AL /N&R
G IR FEME RO TOTE SR B B ) &5 TR S S B AU 6B BT Bl Y
sub-event cumulant J5i%, M AMPT #5858 /N ARG &[0 S rEim. =
FEJBE R 9 25 17) Sk BB S ISR VR K R B AN, AR SCERTRE BT AMPT #6570, R
FSERE BT TF B, WF5E T WEER 25 1) 7
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$28 BEFMRENT

eSS, RATERSG T 7S R rEma k=, JHEBR 7 & SR
HIBF TSR o

FEARTITIAET, FATE AN A& R IR EER S, 35 (non-flow).
BB AR A i gl & L EA AR AT LA S 2R m . RATE L ME S
PR AR [ SR PSR T N . 2 R Aa A &5 ) S M iy . B S a)
IR 2 A . FRRAT M AR B R D, I MRS, JETRARTE )
AR T, KERBNERE R MR T 20k 5 THIRS =,
Pet- 2 RUTE ORI, M7 WHERYRERER 055, REESCHRIY STk £ 2ok B T4
SRR A 81 SR AE (global Transverse Momentum Conservation), XUBE: (dijet) 25
B s S EEER A2 BRGR () IS, 3T REZEGS R AR e,
WF A BRI RN S BB, R AR N AT RS [E] T e 4k B3 T
FIRERERA DOk o AETH A 0 SRR, FRIRASS A At T AR FRL 4L
FUBEIEL (M) 25 T S E Rk 2 — DB, AETFEI 20 SRR 70 i
SRR K

AREE ARG B S MRS 5 G A R & BARS i S 1) SR Y
ST . RSB TTRLA RIS A0 BREL f(¢) W] LA B SR IT

xo %i [xncos(ng) + ynsin(ng)] 2.1
Hr,
= J)" £(@)cos(ng)ds (2.2)
j f(¢) sin(ng)de
XA X B REL x, Ay, FTLAE LM v,
vn =2+ 32 (2:3)

v, W] LVER ST G AT BR AL f (¢) BRARESK, I K ffoss
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f f(¢)cos(ng)de
/()27rf d¢
LV, f02” cos?(ng)de (2.4)

(cos(ng)) =

Vo
Vn

Vo

T BAIA—LI A HTREL f(9), 1 vo = [ f(¢)de = 1, 6BE, ATLIELH
ce]
= (cos(n¢)) (2.5)

EIRTE S, WETE SRR W, AESEBRITR, RSP A E
1, e BEE R R A, X BB A ¢ = dobs — Vo, Bobs
B R ST LA o 9 T S EMRE, ATHERBOPANE LR
X ARSIV, ZREH /NG v m i

1 . .

cos(ng) = 5(6’”’ +e7™?) (2.6)
1 . .

sin(n¢g) = 5(6”‘"5 — e ™M) (2.7)
i
iy, , n>0

Vi=93x.+iy, , n<0 (2.8)
X0 , h=

HNTT LA AT EREL f () ., A,

. X0 1 - 1 . ing 1 - 1 . —ing

f(¢) = o + o nEZI §(Xn —iyn)e"’ + = ;:1 §(xn +iyn)e (2.9)
o -1

_ X 12:1 N\ ing 12:1 - ing

= % —+ ;n:1§<xn _lyn)e =+ ;n__oo§(x—n +ly—n)e (210)
T2
1 < :
_ ing

F(#) =5 > Vae (2.11)
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B2 T KRR

HEREI AT REL f(¢) Al WG, DIRZSEL, A f(8) = f(4)" T2Al LA

F@)=2+—=>V et o EEVdW (2.12)
n=1

=—+—Z2mvw¢ (2.13)

F &RV, 2 NEEG ATV, B REAFIEA PR, BV, = v,em
T2,

_n 1y (o)
f(¢) = o + - ;vnRe [e(97Vm)] (2.14)
S RS iz, B i 50y
w1y _
f(¢) = o + - ;vn cos [n(¢p — ¥,)] (2.15)

= (cos(n(¢p — V,))) (2.16)

2.1 EHFEE
HOTRE2.160] LUA Y, BSTRMRIRT, 7 SR E L SE A SO, T B M-
THJCTE EHEAT R, R PR TH B R THT o 2 I 5 2 e R
APy EWRG . BRI ARKE Q,. ARSI 4K, EXATT:
= Zn: w; cos(ng;) = Q, cos(nV,) (2.17)

= 3 wisin(ngs) = 0, sin(n,) 2.18)

Qn = ’\,le,x + le,y (219)

ﬁ$w%ﬁAﬁ¥%ﬂE FESLRE AT, B2 n, ¢ Al pr HIPREL
o e N iibunag S EIPIE

17



PR Ve B B R fa & 1) S E T T 52

1
U, = —arctan(Q, r, Ony) (2.20)
n

—H IR PE I ER . AR R RN

v, = {cos(n(¢; — U,))) (2.21)

FHEFHXEA v, FARRENGER, RSN FEERR R H R,
IXHEIE I R R S B B S PR A S 255 B T B AL S MV . FRAT]
T BN A TE IR, 5] NFAR T H 4 ¥ (event plane resolution), &4
ResY,, .

Res{¥,} = (cos(n(¥, — Urp))) (2.22)

Horh Ugp RESLNAFAHIA o IXFERA A ARG R B v N

Yy = Resv{" o (2.23)
H-FH o PR A ARSI 2 T AR E L R M- Wrp, FESLIE S
PrACERIT, FRATE K RIS 1 0 Fe R Al A P o BRI ERR 2ok H
Fir 18 two-subevent 5§ # three-subevent {4 75 kAl i1, X EANFEYLE BT K2.1)#

KT ATLAS SCB AT AAY  TI  Me
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Figure 2.1 Event plane resolution with different order in different centrality intervals in AT-

LAS.

22 WHRIFRBEE

R —ERATT RS T AR TR I (two-particle correlation), 4 A £ {4k
TR A, XKL -SRI EUZ IR LA S5k R AE— . 12 BT, A
T B AT S T, XORLFRIKTT YR NN TREAh T SO TH o UK - SR I e
P& IR AL, ARS8 b, SRR R A BAaIE 5 T ok EEAN T (L A B R A, FRATTH

PRRE PR BT 57 1 2 22 SR A3 SRR AL, 10 C(An, Ag), Hoit Anp = na—ns
Ap = ¢a—dpo —FRLT a, bULFS BN A& (trigger) ¥z T-FIfEHE (associated)
KT E%Qﬁﬁﬂ‘ﬁﬁﬁ T FLERH R 1Y S e BORL X S(An, Ag) VEART 5t
(foreground), £/ [A] 5 ¢RI B R 1% B(An, Ag) 1E 47 & (background), F*
FERIRBREAT LAFR R A

S(An, Ag)
B(An, Ag¢)

E2.2f#/R T ATLAS XUk R BRH) —4E =&l (Aad et al., 2012b), AJ LA
X A —HETT A R ER R ¢ ~ 0 A7 A — MR, iXTE 22 RO AR
TR R A, ANATATIA, AR FEOR ARG, IR T E— 2% K
FR Bk B T B PT LA R8T B AR R0 Y 52 ) o

C(An, Ag) = (2.24)
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. r ——
Pb-Pb |5,,=2.76 TeV ]
L=8ub"' 0-5% ]
2<p;, p)<3 GeV

2<|An|<5

1.023— (b)

Residual
[x10°%]
g O O
.
= -5l
*
= |l
¥
%
=
£
&

Pl 2.2 Z2 R UOREF- SR B e B0 — 4k R 1, A TR — 4 5 A A SR JK o B0 B JR T LA
Hrp B RSB, Bado S il BN R IT R4
Figure 2.2 (left) The 2D two particle correlation function. (Right) The 1D correlation function

overlaid with the contributions from the individual v,, ,,

H/NRG TS0 e B, BT ZYAM (zero-yield-at-minimum)(Adare
etal., 2008; Ajitanand et al., 2005), ATLAS 1 CMS SZ562H 53 HIAERR TR 8K J7 1
HEAE & T PERFR A “template fit”F1“peripheral subtraction” 1 /7%, H{yj
KPR IR Z REAFEE S Lo
2.3 ZRTREAITA

EMAFURZARRIK, MIARFRR MR DRI, AR ) 24RO 3% 1]
DA RN BRARR S o B ok 22401 2RBK AT LA B 5 2 K1~ cumulant AR
B,

(2))y = ((em@r=92)y) (2.25)
((4)) = <<ein(¢1+¢2—¢3—¢4)>> (2.26)

1 B A -SRI LS 2115 2 02 cumulant Y58 2R

a2} = ((2)) (2.27)
c{d} = () = 2((2))* (2.28)
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B2 T KRR

cumulant 7] DU i — 28— 7 2R BR AR A B Tk, B, 2
VU cumulant H, BRI AT SRRSO S AR A Mo F % 1, AR AT _EHE . AN
i) cumulant A %0 W Y SEMAR 2%, Hrh AT B Ui (Borghini et al., 2001a,b)
ok

va{2}® = ca{2} (2.29)

va{4}' = —c, {4} (2.30)

WL LA Bk, A TR BT 2 W 1Y BRI R (B2 Bk EACR
BT EIFEARISE, B85 cumulant BrEAYEGn, AT EAY for TREALIAH S
in, PRI AR AR AR RSN o R T cumulant (9 RC3ETTIERE T2
T, XRONERN R RER AR @, NIKHFR N Q-cumulant(Bilandzic et al,
2011), [AJH A 9320736 2% cumulant J7 %R B AL, WM SCE 2 cumulant
(direct cumulant), fEAR N E6E, & HARYEIEET 1% 7 AR subevent cumulant,
N TR ERYGE—, AR, FATHE B SRR 9hRiE cumulant (standard cumulant)
Jiihe brifE cumulant J7vE, I TR SR A T cumulant T, AR THELRS A
ER T AR Bhidkaty >k B R B s, R BANE ER R T, (H2 TR TR
SRR UG A for 3R, R THERT 1R8I BrifE cumulant HELEEff:
[ 2 M- 4 bR BR AT U R Freon 4 -

o -M

2y = M(M = 1) (2.31)
10,1 +103,1 =2 Re[02,0,0;]  _2(M —2)-|0,]* - M(M - 3)

= M(M -1)(M - 2)(M - 3) -2 M(M -1)(M - 2)(M - 3) (2.32)

Hrp, MM R ARr 4. 2 B0 4 B 25 P24 J5 Y cumulant
Tji A

cn{2} = ((2)) (2.33)
ca{d} = ((4)) = 2((2))°. (2.34)

AT
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2.4  IIFR cumulant

XTFR cumulant (Symmetric Cumulant, SC) ‘ZfEFR#E cumulant 7% FHEE—#
KRR o AR cumulant 5 & AN [E] T SRR IR 95K 7% 19 S K (Adam et al.,
2016).

SClnm) = ({00 (inrm62)) (e @03)) = (22)~(12) (12)
(2.35)
E2.3f27~ 1 SC(4, 2) #1 SC(3, 2) B OEEARHIE, AT EAEE] vo A1 va HIK
/NEIESRERIT, 10 v Al vs HYR/NE TOCERIT o XFFR cumulant (5% — 45 iz Bl
R IESE kT . MEHIATT LAE ], XIFR cumulant {925 SR AT DAV
ARSI I, X B SO o DU MG 2 T B S I R
ASEEOEE A T /NRGE A FR cumulant, HICEE R 5102 ARk f5 YR
EARGEH

ALICE Pb-Pb {5, = 2.76 TeV

E SC(4,2)

L
ymam! .'.I.,
n

[

Hydrodynamics

e SC(4,2), 1/s=0.20

= m s SC(4,2), n/s(T) parami
m1m1 SC(4,2), n/s(T) param4
— SC(3,2), 1/s=0.20

= = = SC(3,2), n/s(T) param1
m 1 w1 SC(3,2), n/s(T) param4

0O 10 20 30 40 50 60 70
centrality percentile

2.3 X cumulant SC(4,2) Fi1 SC(3,2) MyHLLJERME, Jo0RRLIEIE, Lk )
SRR R
Figure 2.3 Centrality dependence of the observables SC(4,2) and SC(3,2), the hydrodynamics

results are also presented(lines).

2.5 AENEE

RS RRERI T EARS, AR E GRS T E R ER R APk
(T SR P TR T o DURL P RIGR A 28 B 32k RV, 1507
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R — KA T LB LA B SR SR BUIEAR , KA 1454, Al iZ 7
ANTRELE A RV T, 327 R R 2 A AR AU B DTk . BRAANORL T
SRR — AR B P TR B o] LU L PO PR IRV [ TRk, 7E A+A R
G, BINERRITAR, MR, RGN R STt XT3N
ERAE/NARGEH, FE 2 B I, B 5 2 bR Lesimk, A4 X IR
Mo BARFR SR FREE, Ik cumulant J7 V7T DL IERRAS Sz ik 2 6 1
KERHE R BT cumulant J7 i AFRE cumulant KGR R HBEAE TR, (0
1% cumulant 75 LA 328 o XTFR cumulant 18 i SCIRAE B R A0 K/, AT
DAMER S R B RS o A SORAE/ N R G H BAARDHEIX— W
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9 3 WIS E B Rk E S 2

F£35 MEAMCESTFHELEEXE

ZE E K B AT & v g [E 22 2156 = (Brookhaven National Laboratory, BNL) Y AH
X8 B 4 f#AJl (Harrison et al. (2003); Burns et al. (2003))(Relativistic Heavy Ion
Collider, RHIC) 1 #5325 [ A - B W A% - Hu D KRB 5 - XL (Large
Hadron Collider, LHC) 52 H §if [ b5 _L S REAZ YT EEOF 52 1Y s KB DR
EE . JIFEIB T T 2000 4F, JEEIB T T 2010 4.

LHC J2& H At _EisfT et s R X dl. B0 T2 H iR 21K
27km [HE L, LEAR B SISTT, FERITEEDEEE 99.999999% J5, X4
R M HALE S SR R A M B, RS mER],
RN A E G AE LHC By NisER_EA VAN AL 2003 P 6 o
Hr ATLAS (A Toroidal LHC ApparatuS) f1 CMS (Compact Muon Solenoid) & il
R R %5, LHCb (Large Hadron Collider beauty), ALICE (A Large lon
Collider Experiment) NI 245/ N A5 25

RHIC (353t HAYRE oy T2 QGP A1 QGP fH4%. RHIC [ HEAZ- FAZ Al 1
B U R BB AT LAk BIEF K% 5 200 GeVo  Jit -t~ 1 A1 T~ B2 A% lf 2 1)
LU SROEFEAIIR R il -0 A, AR N R ER BT R it =275 . A,
RHIC 2 H it A A PAE U0 RAE RN ERZ 1% 510 GeV ', #EA7HlLE
T~ IRl AR ) SRS

A RHIC 17—y 3.8 km [YHLE . RHIC [ RS B 47 Hi 471
L #8 (Tandem van de Graaff), B2k /I1# #+ (a Linear Accelerator, Linac), 3455

E OF

il

7% (Booster Synchrotron), =2 2%#f & [5] 4 # 25 (Alternating Gradient Synchrotron,
AGS) 1 RHIC F-AFEHE— RN 1 RGEH K. SR, HH Q=-le Hd
a7 F9 22 J5 - A SEAE Bk i -5 (Pulsed Sputter Ton source) H ™A= FFil i V5
TSR R B T s IR, A AR R PR B 1 15MeV. A5
PRI — R VIR B9E (stripping foils) J7, <& &1 HYEHLEN Q =+ 32e. Fl/E &
S B SR AR B AL 7 95 MeV, il — RAF S, SEIHET
MR, WA Q=+ TTe. BEEFIHIEANE] AGS H, S By 1AM INiE
P HF1% 1 8.86 GeV, [R5 B HYBLIE FE Rl e B, AT Q=+ 7%, fix
JEAE5E A3 1 L Y 4 B 1 A AGS-To-RHIC (ATR) #6472 %] RHIC 2, jt
— I 2 R AL RE
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£ RHIC _E—E3G 70 AR AL B il B S de &
145 6:00 i EHJ STAR (Solenoid Tracker at RHIC)(Ackermann et al. (2003)), 8:00
{7 1) PHENIX (Pioneering High Energy Nuclear Interaction experiment)(Morrison
etal. (1998)), 10:00 {v; & HJ PHOBOS (Physics Background for non-Scientists)(Back
etal. (2003)), LA Az 2:00 {37 & ) BRAHMS (Broad Range Hadron Magnetic Spectrom-
eters)(Adamczyk et al. (2003)), PHOBOS 7+ 2005 4 6 H {5 1F T $#5-% & , BRAHMS
JUIAE 2006 4 6 451k 7 &k S HET, U STAR A PHENIX {595 1£154T .
3.1 784 RHIC 42 & AL A o

\

PHEN

3.1 A AHEAL AL -
Figure 3.1 Top view of RHIC.

3.1 STAR 22

STAR (Solenoid Tracker at RHIC) #£M¢5{7F RHIC X HEMLAT /S s B 07 B o
STAR 22— RBE GG, WA ARKE, RANRNZEEERY
RE /o [E3.27% STAR M &+ Y =4E/R 1A STAR R~ #R M &% = B AL B IR 12
M 4% (Heavy Flavor Tracker, HFT). Hf[a]#% 5 % (Time Projection Chamber,
TPC)(Anderson et al. (2003)). “KF7H [E]HEM &% (Time of Flight, TOF). u T-££iM
7% (Muon Telescope Detector, MTD). H £ 4¢ (eam Beam Counter, BBC). &
JE i HERY (Zero Degree Calorimeter, ZDC)(Adler et al. (2001)). Tl sk Mgy (Ver-

tex Position Detector, VPD), Uil i i fE%S (Endcap ElectroMagnetic Calorimeter,
EEMC), Fimf 193¢/ (Forward Meson Spectrometer, FMS) £,

3.3 fre7n 1 STAR FYM e ], M A e] LUR 2R LN a KA e
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FEINERIRESR=d, TPC R BRI Gr . AW A AT F B ET RS, R LA 21
FMS FEllas . IX R B 2016 455 2154 STAR R GeHr, FEMAY L5
Hmis AR5 215> STAR UEHEE

AT R A SR e A SRR TPC A FMS.

[ 3.2 STAR $Rll#r R IE, B siE T STAR H LA B0+ F45 o
Figure 3.2 A schematics of the STAR detector.

3.1.1 HEEZEZE TPC

TPC j& STAR i EEZER R ARG , BATRFHRIEE, 2 7 1Y
T, TRE n JEEIN-1.8 2 1.8, [E3.4)g/r | TPC 1 =4t/rEE. TPC 2
— B m PR R RN g o B 3 BRI R R F SRR I (AR
B T BT FIARZZ P TN A AR (Z A8HR) (R I A 5 22 A NN AR5 1Y 7
RHE R PR 22 XY A EARYS, i B AE S, AR
i I e =242 [A] ABAR A ARPRM 8 o STAR-TPC K 4.2m, HRHN 4m, TAES
KM 10%CH,+90%Ar , SEBSR T RS E. W5 135 Viem. F53EH R
FRETHWAEE pad NEZZIELE, 720 12 DX, S5 AN X
FANEIX, AN X pad K753 514 2.85mm X 11.5mm f{] 6.02mm x 19.5mm, 3t
A 136608 Mt 5% pado ESLPRE SRR, Wi S E 2RI H B R AT HY
25 [ AR BRI F 283 TPC (9425 RN ER MR FHATER X, Y A4FR
AT LA = pad B HLAT BB E 10 Z ARAR D2 a0 1o 0 R 2% F 7755 AT DA AT
(L BTS2 S 56 FHAR 22 F IS TR A A Y, DRT b e e A2l B s vl A B HE S T L
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Solenoid Magnet

Electromagnetic [ 11| [ (11 =

alorimeter
(EMC) [ T 1
Time
Forward ©° H Péﬁ{] CEZ? ooem
— Detector (TRC) L
(= |- i Beam g
= VST = Beom, 2 L
= = A= Il — | Counfers = —
Photon | y\ FMS
Multiplicit
Detch)tor Y . [ - Endcap EMC
—
BN R
STAR Run—8 d+Au Configuration
3.3 STAR £ #% W5 R E
Figure 3.3 A schematics of the STAR detector.
= Sectors
Outer Field Cage
& Support Tube
Pioia
Cage

Sector
Support—Wheel

] 3.4 STAR I ISR S = 4R A -
Figure 3.4 3D schematic of the STAR-TPC



%3 B A EE R

LGP, BRI S RER IS R S T, B Rl = AR A1
Zar ] DAAHIX R T IES R B T iRl @S Rk 1A, T LLE G5
gy R T HE B RE R dE /dx S, STAR-TPC w45 Al ek 18 YE [Fl 2 100
MeV/c -1 GeV/c,

3.1.2 BIEATFR N FMS

RT3 642 (FMS) 22—~ B RE S . (T STAR AHTL/E s Pt i 7.30
Kehbo B H—A 2m x 2m RSB RELL R, R FR g X A B R
GEBIA ) i, Y758 R AR 3 3 A e o A s P B 2 A T
W, BIIMEREt. FMS BZUCEEX IS RO AR 25 . FMS H B4
YUK, PRI SR o ECrF P SRR I 25 i 476 B 3.8cm x 3.8cm /)N
BATTALRE TSN 788 B 5.8cm x 5.8cm fY/NTTALA, W3 SHTR .
T FMS s 20y oy, IE PR BATERN 2.5 < n < 4.00 HrsNEENa
PRI RO BATEIELA 2.5 < < 3.4, PIRSHRINE PR B BAICHE R 3.0 < < 4.00
FMS 4" 1 STAR FERT [ KIS 4 STAR BRI R -1 < < 2
ItEl -1 <n <4,

476X 3.8—cm cells, 788X 5.8—cm cells

@oo_—
» r E I
75 |

50 | Wz
25 |

of O
-25 |
-50 |-
-75 |
-100 F

.1 Lol . A PR EPRTRPETS PR B 1

" " Il " L " - L L
00 -75 =50 =25 0 25 50 75 100
x (cm)

-1

Il 3.5 FMS $R45 R -
Figure 3.5 Schematic of the STAR-FMS.
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3.2 STAR HMESHIFH R ITXI

H 1999 4F RHIC gl LISk, HXME2EAWHE S, STAR #EMEIREL T K
LIS EERE, B8 TR EENYHEL R, eI ERIEE S, Xt
STAR MBI AT Iz e - H AR .
3.2.1 iTPC A%t

3.1 A%, iTPC P X i RSP RIgR . Hod Y2011 W2 HEj i) TPC.
Table 3.1 the size and numbers of the iTPC internal sector readout, where Y2011 is the current

TPC.

ES devTA  devIB  devIC devID devTE devTF Y2011

HEEL 32 40 40 32 50 32 13
J5F (em) 0.67x2.0 0.67x1.6 0.5x1.6 0.5%2.0 0.335x1.28 0.4x2.0 0.335x1.15

g 2162 2572 3496 2762 6494 3456 1750

YE} STAR f EEAIEME . TPC BLMINE T T HILE, A/ XA H IR
TAFEREER A, [H S H RGN REW S BIER  EERk . BITER) TPC 4
A XS 7 U 13 4, I BRHEZ A R BRI 2B, AN s X EIR 2
TESEbRxt R, BB AS (Al AY 804 K T AR, A1k STAR [ TPC JH4 1IN
P B DX 2 AR, THZ SR R 2 iTPC(inner TPC)o 1 it 8 i A 1 fd X
HI e B, AT LM 20 SE I BT b LB 2 FER dE /dx 53 3F, TR AT AR &
R RSB RE T o XS R TRDRL - H A RCR L S MV 1R = o

HAr, iTPC HRIGLZEE, BB RN PSS RoF BUREUR
M3 1R

322 EHFEEHENEZS EPD

I8 A 3T R ) 0 ) SROBCR BIE B, STAR L 207 THLHT [ PRI 2 >k
T2 HT P EEA FE B A5 K o STAR IRAT B R TR FR M 5 FMS AR PR X, —
KBRS R €5 P LADR NS5 3 A H Y R G R 22 SR A o S T AR N
(Event Plane Detector, EPD) [:4:4% L4442 - H#E. EPD Hy P> 1.2em JE 2K}
KRR R, A+ (wheels). HARNAED 4.5 em, Ahf4275 90 em.
AEEEH 24 SRR, 2R 48 P IX . E3.6/%78 T EPD RNl EPD I
A BBC #2481 STAR R4, 4L EPD 2 )5, STAR bR BE 3 5 Y
AR =51 <n < 5.1, REEECYELE BBC, EPD BT 2, [R5 A £ o
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TR G 4o EPD B 2R A I i [ A BE A AH O N B $2 A4t T R RE, [
it ] DU R A E DRI KI 7 ARl 258, 2017 4, EPD A7 18 E4
LR E) STAR BT, 3.7/2 2048 4E STAR _EUi{H) EPD A7 Kl

3.6 Sfff- i A R R
Figure 3.6 Schematic of the STAR-EPD.

Clear fiber bundles ' ' = 7

power/control/signal
! cables to TUFF & Rx

3.7 HAEFHR N 1/8 #8523 (E STAR Ja iR -
Figure 3.7 Schematic of the one eighth STAR-EPD.

31



PR Ve B B R fa & 1) S E T T 52

33 AR/

ATEEZNA TAHRHEE R X HEL RHIC 1 STAR #8548, FEEEAN T
HA WA TSR, IR E TPC Bl 74 Y6 FMS. B IS T4ERR
3N, STAR [N LG22 2 TH, BATRES 28 1 iTPC [T I
HIlHE 222y EPD F & o
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B 4 TR RS T I I - S e B SRR ST

F£45 ZFRHERRDHTENE - HEROERRAR

RSB G [APRL T HY 45 18] S it T DA Bl AT TR A Y 5 S 1S5 B 1
o K2 BN A I 5 HR Sl - YR SR AR A I E. X FEG2)
(K EEAART S M (B B TR 72 AT DU Rl 0 4 S LT R, AR 0T 3k S gk
RGBS S N TIRBIEARTRHN2EEE, NERRIEE M ET
A LAE ORI A 8 T S EAl-Riz nymifE s, oA Al AR S i iEkoy
s BIMEEFER O 2 A TUMIEARZE 57, St F) 4917 sl A2 o il
(tip-tip) FIfAfRAlf# (body-body). tip-tip filf i - Ko —(RRIHHIRACE 2, Flbss
FEAETREZ N 22 B, T body-body filf4# B TR IAHIMEERIZAR , 256 B8 RAHEIEI -
L IEAE OIS, -Gl 12 s A A 2 TR 78 SR AR R B REZ

ARFE B ST R0 55 (Jia et al., 2013) & 1 4l1-90 R E-8 R
SRR, BHAR R AT DU Unfolding (Bayesian Unfolding) 77
ok bR E AR AR, MR8 B E R Ao s SRR R 5
A, FATHE T A7 KA, B cumulant, SRAG TSGR AT -

4.1 Bayesian Unfloding

AR M, RO B & A AR A ANGE TR E YR, A B 5L R
TR LA S 1o N T HRIBUH ESCRY BRI AT, 7 B ER _ER R
RSN AERRALEE B, BATIE ] —FigeFrh Bayesian Unfloding {7345k
BEATIAACALFE

FER2ERAGER] THAR A @, XEEIAT I —LEfa] FRALHE

Zln wiein¢i in
qn = qune Yn (4.1)

Hrb o BRI, X3 TPC FhEgRL Y, SRATET X AR E HAH 25 TR
Fra LR AL, wp 250 1R R, AR & T PRI e AR
HREREIECE, wi = wi(n. ¢)/e(pr)o q, RERLTHIA A (per-particle flow
vector), ‘B Q, IWAKKZED LA B, XA AT LA RIRZ J7 6, 3
THE g, WRFRAHR

g, = (9 ) (4.2)
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TR AR R R R R R p(gn) o
dn = N (@2)* + (q2)? (4.3)

RN 2 EBUR A IRAY, WA GE Tk, AR R Rk
I HIFEM , BRSO B R e e s 1o BAHE ST AR
RZEA s, MINEIRIGRAE g, FTEAS ESEHIHURE va A s, BOR AN

q, =Vn+5S, (4.4)

[E I, IR IR R g, BIRER AT LAS A B SLHI R & v, IIREEE A A
Sn BT
p(q,) =p(va) ® p(sn) 4.5)

SEAERER PREL (g, V) BAFR LY R EL (Response Function). A 1 45 Wi [ b
B, PATEE TRILTT PR G 0 By AR 1] HR A AE 3L, ARk
FAFEPRE R > 0 Ml n < 0N 5. FIERIRMGFE — 2R, Fit
FEHI JEr bR EE DA SZ R R FRAY o PRLIM 2 AT I A0 % Bl 25 SR T Ok 2 )
P R ok, RIS A AR LA, 10 U AR R S Tk %

RF = (q, - 4,)/2 (4.6)

T 24 M [ PR SR R AT A5 21 2 ) — 2 M B2 R B BRI AT (gl va)- IXAS
T BRI L WL IEIR = A o

1 _(qn)?+V,% GnVn
p(qnlva) = ane 200 IO( 52 ) (4.7)

N7 BRI MG Tk . A 2 B SE A ERAR A . R LR i 7
PRELHIMER A, BT BT RooUnfold HEZE T AY#R#E Bayesian Unfolding
Ik X —ERIBEAE L HR I E . CHaEH— B 2 AT R R T
ThZ—o ARZTTIE, FTEWNN, AR () BRI A1 s A
P(qn) FAVE TR AW S PR p(qnl Vi) BIIHGR SCHEVE A R Y FLSE SRR R
I EREL p(vyy ™€)

Ac=e , Aj;=plelc) (4.8)

éiter+1 _ Miteré (49)

34



B 4 TR RS T I I - S e B SRR ST

VEAFIEH N FSAERE MO AR B ¢© R, €0 R R A ERIRHIR 5t 4041 B
U p(gn) 1FR5E5% (prior) i N o BEHE S IAA, X5 T S0de Hn A AU A A
[F] I B 245 21 B9 0 Aiy bR AR B U B SE R R Ao AHR AU RETCRZEAT
T, FNBEEGRRERIEIN, B IR RER AR R, RIE AR
R A T AR MIX AR 185 21 B LSS R SR A, SRy
=R LLR G TR R -

2vnp(va)
= 4.10
H 2 p(vn) (4.10)
— AR R . BN E Y T %, bR IR 2

2 Vap(Vn)
L) = 4.11
us 2 p(va) @10

Z(Vn - <Vn>)2p(vn)
_ 4.12
\/ 2. p(vn) 12

Z Wi+ cumulants g7 FH KAk 11 vRF and 6, , M TTRBFFEIE AN D ZE/R -2 3 494
1#1T unfolding J7iEAS R p(ve) P PABE R ITTEIXEEHZNY cumulants,

{2} = (v3) (4.13)
ca{d} = (v — 2(v2)? (4.14)
cn{6} = (Vi) = V) (Vi) + 12(v})° (4.15)

AR A AR Rt m] AR -

va{2} = (e 21" (4.16)

va{d} = (~c{dp)* (4.17)
1/6

v, {6} = (C"f}) (4.18)

42 EHFSRITERE

AR KR R SE, PO REERN 193 GeV A GliZ- Al /il f A
Pl RBERN 200 GeV (S Z-G %Al LY £, H/Mm B (mini-
bias events) J2 1528 IR AT e R b A e A, IXRERG SR AF RO A A Bk
VelA ML T A g B, — el A S/ MR PR R SRR
A AR, S-S AL R A2 2012 SRR R/ Min B S Bl . - A
fi R HIHSZ 2011 SRR/ M B S B 25007 o
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421 HHEEF

TG RS0 R TS AT 1 (2 7 ) OV, R 5-30
em 1 30 cm. AN TS AEHEERTRI AN Ve /N T 2 eme B T #7415 pile-up
RO, EORTAERNEAEANT 10 VPDV, 5 V, %A/ 3 em. 1)
T o4 RG . P EIER tR R . s 41577

# 4.1 Runll £A4%-84%H Runl2 A% -5z i F ok ke .
Table 4.1 Event selection for Runll Au+Au and Run12 U+U.

|Vertexz| V., |[VpdVz—Vz|

Runl2 U+U <30cm <2cm <3cm

Runll AutAu <30cm <2cm <3cm

422 RIFERF

K12 R ETEE Y -1 < < 1, FINRIER FRBEEIE 0.2 < pr < 2
GeV/co [R] I AF 5512500 i 25 =5 40 Tl 1 Be/MEE 2 (Distance of Closest Approach,
DCA) /NT 3 em, £ TPC EAIERAA 15 i, TPC lYSEbrifith i Sk
HIFRET HHRIZ R T 0.520 Ak 4.207R .

# 4.2 Runll $4%-E4%A1 Runl2 gli%-gi2 2 ik £ .
Table 4.2 Track selection for Run11l Au+Au and Run12 U+U.

TPC tracks Selection

Inl <1

0.2 < pr <2GeV/c
DCA < 3cm
nHitsFit > 15

nHitsFit/nHitsPoss > 0.52
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BT LRGBS TRTCRE, R TR Unfolding BEFFI(Ti4 %
AT il Unfolding FEFFRAERIEST T8, RATHHHT Unfolding (5214
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Figure 4.1 2D plot for flow vector.

0.2 T T T T I T T T T ] T T T T l T T T T
- centrality: 0-2% STAR Preliminary -
[U+U ys=193GeV ]
0.1+ ' -
e | ]
EN" L _
Lo :
Sl ]
2 - 6000 -
r 5000 -
0.1+ 4000
r 3000 -
i 2000
L 0.2GeV<pT<2GeV 1000 -
- -1<n <t 0 E

_0' 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1

—%.2 0. 0.1 0.2

1 0
0.5"((a, )", )f]

Vel 4.2 i 7 e i) — A 53 A 1]

Figure 4.2 2D plot for response function.
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Figure 4.3 flow and response function distribution in 1D.
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1 Refolding £ i AN[E] AR BN 1 0 A e XFT Unfolding 33 #% irer = 0 %
J7 () R A e N\ 504t BRE TTXS T Refolding i 4% iter = 0 WIIESFRHSL, KR
ARSH R TR BAYAES], X7 Unfolding i3 #2, FEEAIRECH 16 (1)
IS A S TS BEE AR RGN, FEFE RN FI Gt i1k v mT DAL 21 B8 4
HoFORE, [ERA T HELIE S NFRZEARE K, B AR GRS 128
AN EER
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Figure 4.4 Bayesian Unfolding.(a) Unfolding process (b) Refolding process.

44 RFIREMHIT

ARG RE DT E RGN Unfolding J7dixt TN E SRR . RIS i
SETTEREMTE. BATEI TUIT S JURMH T RETRE

L X4 Prior HYIHE , 0 TS 2IAE Y Prior, FAT DRG0 A0 bR AT T
TN HBAE L (scale)

2. M7 BRAT IR ZE PR M 7 BR A B

3. RIBTRENBCR R, A BB FMEIER LT, RE R,

4. PREE[RI PR A A I E R BREE[R] PR R S SR AR e 1

5. AT RREUX AN BE BER AL . AR DXCTR) 3 BESRAR X 45 SR 52

K 4.3 Bh-aE RS IR EAG

Table 4.3 Systematic uncertainty for U+U.

Check Shape (%) Mean (%) Cumulant (%)
Prior <2 <1 <1
Tracking Efficiency <2 <3 <3
Response Function <3 <4 <4
Eta Gap <3 <3 <3
Bin Width <3 <3 <3

* A3MAAD R frR T B REGERZER P AL - R - AR
FUSERA I Al 1T i LU, AT HABR RStk priors E ARSI RS
RE. IR RGEREM TS SRR SR T
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* 4.4 EW- M ARG REMTT

Table 4.4 Systematic uncertainty for Au+Au.

Check Shape (%) Mean (%) Cumulant (%)
Prior <2 <1 <1
Tracking Efficiency <2 <3 <3
Response Function <3 <4 <4
Eta Gap <3 <3 <3
Bin Width <3 <3 <3
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Figure 4.5 Event-by-Event distribution of elliptic flow in different centralities .(a) U+U (b)
AutAu.

STAR 1 FR1E cumulant 75732 EL A THEIE L3R T AZ- L HY vo{2) T va{4}
255 (Adamezyk et al., 2015) N [ RGIUSE SR AT S0, FROTE R Tia i %
AT REAT RN vo{2} T vo{4} 5 STAR ©AKMLER, WME4.6/7R. it
LR RN, BT ELE RS STAR O & F N4 RS 15 80T , 16 JEhRE
I, OB AT E R T AR g ks, I Bk
B FRIE cumulant B 71545 5B HER o
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Figure 4.6 Event-by-Event cumulant results compared with STAR published results .(a) For

U+U (b) For Au+Au.
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DIEZIFEPD R G5, DU vo{4) FIZSB v {6} BIZERLP—E. fEmRHUDETE,
X AZ-AZ R, PUBY vol{d) EEHRKRT 0, 7B vold} BZEIR/NT 05 Tt
TEZ-MEZ RS, EHNIEHEE, PUB vo{d) FEEHR/INT 0, 7SB vo{d} 1Y
ZERRT 0o fERPDMHEXE, W2 SNz L eeEs, NLEE
DB B DR R 1, A9 SRR B8 22 b @ ok H SRR & I ek A2 %4
IR vo {4} /NT 0 TEZ RO SRMARTKE S 2 o X Tl -siiz R 48,
R IAZ A S I ERIAR . R R e Oali e, =& X LRt
HEBRGEAE, M FEERARTEUY A8 X RE R B REAZ- Az iy
{4} KT 0,

cumulant A DL #E SRR AT . AR SRRk 2 2 ( Gaus-
sian ), AR A AL IAE E B cumulant B2 (Voloshin et al., 2008), 5t = KE ,
vo{d} = vo{6} ~ vo{8} = vi¥¥ o N T B 5T SR AR, AT HIE T ™
PMRGEHSH S UEY cumulant [ HE. E4.8/8R T, RATHE 1 aliz-it%, &
B- e BZ-Z =10 R %, AARAFUOET . 7SBr5UBT cumulant 1 HAE.
AUES], EZ-ime-aZ 25, EaNTDET, XA HEE)
T 1, X5 ATLAS HH -S4 R — 8 IXR UMK & A 52 402 m i
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Figure 4.7 Different orders of cumulant results (a) For U+U (b) For Au+Au.
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vy {4} — vy {6}
(o {2)% — v {4}%)3

Yy = —6V2v, {4} (4.19)
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Figure 4.9 skewness on centrality dependence.

f & (skewness) {8 5 Y& AT AN R o REalHe, X THER, FoATAT LA
S cumulant {5 11 E 3520 (Giacalone et al., 2017), 175 #2419 7R
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SRR FE - ARG RO AR S LRAL RO A Al fE DX
AT E] T HE5R. O T BRI SRR AR . BT T vo{6} T va{4}
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E5E E-SRlEPRERTIEXIKAR

FEAFAZATIINGE T ERMAFIRIBRSAE . BRI A SRS, e
PRELENIR, RS EEAT TR o SB2B AN TR 4 TR RO i%, 3K
AT AT LIAE AR AR B 7 18] _EAERER . TS Lo 1 BORE bR B 5 TR Y 5%
Beo WILLEZIE Ap=nm —n2 ~ 0, BEEDRERIHINN, SCRRRRECT I 238/ )N

Pb_|/s,=5.02TeV

Bl 5.1 BOREF-FE R BT Tl _E R KA SCHK -

Figure 5.1 two-particle long-range correlaiton along eta range.

SARTR AW FE— BABUE R GERI M0 6 5 PF AN 25 A AR DR T TR 2 B 244
AR o FEFRPREE DI, PR TN SE 50 A I A SE AT PR A — S T I LSk
WY, S AN A PR DX TR B BRI v v FEABER AL, B v, FEASET
XA v B TR XREBREE T 11 L ) SR AT A - A e SURe R g B
MiEJHK (Bozek et al., 2011; Xiao et al., 2013; Jia et al., 2014),

FEMAEE R FRAEN A + A ffE RS, REX T RGN, Hi2
R T BRI IAAAE, B FEA R E L ERRTR RS ROy
HIAXI BRI, 2Rl ) S XS SRE N T s AN STk, T
A NBEFAZ TR, Al ) E S XA TR 2 K 1A [R] L AT AE bR B2
JrTE B BTAR S [l S A B DR AF . ROYBLORIARE . anE
520, FEGE AR A o XA USRI SRR R Y
K/ b, RPN R X2 EN R 7 H R A B AR Y
ASXHFR (Forward-backward asymmetry), [5]H Z544- 1 2 H EATL | (event-plane

twist) o
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5.2 Hi G DR R R

Figure 5.2 A schematic of the forward and backward eccentricity.

CMS SEECZHER T — R BN Bl 14k RECLL (factorization ratio) [
(Khachatryan et al., 2015), A DAFREASEAGRIBCERAY SR . ATLAS S25024H
B — S BEIE TAEAE BE I N S IR R A RE RLf L E , SRIG 45 RFEWILE
IRREE T, AR RERRLLY B 55 (Aaboud et al., 2018), X5 RER BARHY REEIKIE LA
A AT A B S T — 2 AR AT LHC RYZE SR AT TR I
FE, RIS KBTS T RHIC REIX Y SARITIR SR, (Pang et al., 2016),
4 RHIC REIX [ RE &L LL LHC BHIE— M, FIUIR BRI W iZ H e E. A
YT, 1E RHIC REX T SRR IR SCHE AR 1A 7R A I o
51 BHHSRITERE

AR HTEE ST OOy AR BE R 200 GeV (145 -4 il 18 B/ )M U S 36 %504
511 HEffikEF

FEFA AR T, WA T RAE AR T 17 (Z J7 1) FALE V, BRI -6 em £
6 cm, RAETUSAERS T HIY KNV /NT 2 emo [RII 4T BEAF AT R pile-up

s, ESRTS RN AR T [ VPDV, 5 V, ZEE/NT 3 eme W
510178

# 5.1 Run16 H%- e A% Rk

Table 5.1 Event selection for Run16 Au+Au.

|Vertexz| V., |VpdVz-Vz|

Runl6 AutAu <6cm <2cm <3cm

AT 2] FMS #15gs . FMS B 4 2 EAE S8 38 1 BAR 4
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Figure 5.3 FMS XY distribution.(a) FMS XY distribution for good run (b) FMS XY distribu-

tion for bad run, a quarter of FMS lost in this run.

5.1.2 RIFEREFE

XFF TPC f2, RABIEAYIEBGERE N 0.4 < pr <4 GeV, PREAE-1 212
Ao [F) B A S5 A2 300 B B =R T el 19 e /MR 2 (Distance of Closest Approach, DCA)
JNT 3em, 5 TPC FARIEE A 15 A-fiehyst . TPC [S2B e 555 10 TR
TR Z KT 0.520 3T FMS, O 1 s/ DN 6 5 se i Al 28 i, 1
RETR AR VERE M 0.1 < Er < 100 GeV., see Table.5.2.

7% 5.2 Run16 Al Runl7 &4%- SR EER %
Table 5.2 Track selection for Run16 and Run17 Au+Au.

TPC tracks Selection FMS hits selection
lnl <1 25<n<4

0.5 < pr <4GeV/c 0.1 < Er <100 GeV/c
DCA < 3cm

nHitsFit > 15

nHitsFit/nHitsPoss > 0.52
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52 SKIRYUNE

NT I EGX AR AT B ARE SR, FRATTIR [ R A bl B X TR] 9 B AR
VENZZE XA Nyer, [RIRSLE BRI S PREEIX AR BRARFECIGES SR , X HEFAT]
AT LA IS SRR AL C ), Hot C(n) = (va(m)va(1rer)) 19 T SOBAE IE SUPREEIX
[RIRZE0], AR C(n) M1 C(—n) ZRIFILLIE, 320 r(n),

rin) = CC((:;;) (5.1)

_ Vn (U)Vn (T’ref)> (52)

<Vn(_’7)vn(77ref)>

r(m) WA AL R, XFERIER] r(n) /£ = 0 If H AT 1o
BERATUE I LA LA RHEE SRR, X r(n) =1, WAIBTAEMRIE
Ko 11— HEEMARAED A 7 0] _EA P A RIS 4 AR, W r(n) = 1 AH
L, AR R A T RAGIEICH . r(n) 20 T EAEIRICHR AR, W2
TE AR DX TR] A A S ATk

AL 2 2R AR 1 25 ) SR T A SRR R BRI Vo = v
Forpr v AW 3N K/ INIIAGE (BT o RO REA Foph b= 2R AR 7
HORARAY, WA TAREEE B E R T RS TS 2] v, and U, BY(H. FATE
AR AR R e g, RATITELHIRAR Voo g, BESATT

Zizc;f: " gne™

Horp w; BRCPHIRE, X TPC FRERL T, SRRIET S R 2E 4 E A 25 ]
FIrA S AL T, w; 258 1R RORCE , A R T BRI AR AR 0%
TR EARCR, w; = w;(n, ¢)/e(pr)o TXFT FMS F56+, sRAIE A2 BT
AR, 0 25 1 MEIORERE R (B )o BESLHRA RV, 1 LU SRR T
Hikt g, Feftiite g, FONAMUEES V, . [BIEA JER N 140 K% 19 5T
ak, Rt LA

qn = (5.3)

q, = Vn + 0o+ 5n0n—flow (54)

ST RERBINIRE . AR BEAARRRR RIS, SR E H R
ZJR. GIHRESRBAMGEIHER. RKEE C(n) AT LURATIR RN
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<Qn(77)QZ(77re.f)> = <Vn(77)v;kl(77ref>>+C0r”non—ﬂow (5.5)

2R 2B AR AL A U RRE R, R, 18 ZR 0 fl ,ep Z RIA L
REPEE ARG, o LUA R ARR A I BTk T2 3NTR LIS r

<qn(77)q;(77ref>> = <Vn (U)V:(nref)> = <Vn<77)vn(77ref) COSI’Z(\I/n(i]) - \I[n(nref))X5~6)

F T RBLL r(n) AT R

(q,(-1)q, (rer) )

okt = (4, (), (Meer) ) G7
_ (Va(m)Va (irer) c0s n(Wo (=) = W (rey)) )
<Vn( U)Vn(nref) COS n<\Ijn( 77) - an(ﬂref)))

53 SKIREIESHT

SRR AT ORI AR RS2 LA 2 SE Y, (RIS ER IR A 2
100%. X8 R R as SR AT RE 2 i sk — SRR 55, TR Wi oA, (AL
TATRF EA R BRIX LE RIS 5 o AR LUT =B Bk % &t
BT I

5.3.1 flattening i3 52

1 N0 5 P 8 M 285 2506 T 7 5 8048 0 9 S MU A A2 S R Ik . A3 SR
KRR, WA R, B o, = wi(ne)/elpr). HNE
F AU — A 08 3ok — 2k QB B 7 F M SR BEA B IE . R a2 3 (5 T
R = 425 {0 R B B2 B 3% — B IS4 43 R R IE F70RE 715 8 1 ot B
(500<grefMult<505) "N 7E A [F] (1 31y bk X (8] (R R -7 (o A8 — 4640 o B TT LA
FHE W BRARGEH, XEERFE R FEE T TPC (5 X RSB, Xk
TETT L FAERE . BT IIATREAE TAT . BRATREEA I T 1E . X T LR35
PR -7 B ffy e A . B — A Z4EX A (6 = 0.08, 8¢ = 27/60). FLE
FH wi(n, @) = (N(6n)) /Ni(61,6¢) o TEILIXRERIALER RT LASR I 7 7 £ H9 43
His TESF-, AR IR AR R BE B A0 A o 420 AR T8, A B O B S 1F, —
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negative 05 .<0.6 Gev

negaﬂve 0.8 <p_<1.0 GeV

5.4 18 500<grefMult<505 HL.OJE T, 74 R AR & X B RI4G n — ¢ —HE0AaE. 55—
FIMIFIERLT, 58 AT ORI
Figure 5.4 n—¢ map for raw tracks for different p; ranges in a certain centrality bin 500<gref-

Mult<505. The upper row is for positive tracks and the bottom raw is for negative tracks.

BRI RIS 2 TR AR A AT h 3T Runll AutAu
(RGN, e(pr) = C/(1+ exp(—(pr +0.1)/0.15)) o {RIBHEMZEE L1 5)
B OC RN 5.5 o
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Bl 5.5 Fd R KT B i Y R K

Figure 5.5 Track efficiency as a function of pr.
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M ARTTAZ P T, XS Z BN — 2, IERIRCE S ER SR E] TR .
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PRI Ol (B e L) RT LA Hithid RHIC BE X & -

44523 g/ PR EE U —1b 5 RHIC EIXH LHC REIXHY = fAfniB SR s B U
AR, PRIt J5 . RHIC REIX AR RIS AR IA It 5 T LHC REIX o i
AR 45 RANA . LHC BEIX5 RHIC REIX A9 ZE (B30 W1 2 AU AR (3+1)D
HUBARU AR A THE (€0 S228) REMRUF RIS LHC REIX RUIRRION.,  Ad
KA T T RHIC REIX (L0 5EEK) MR IR . £ )8 T Kl R B ISR Y
(G+1)D AR Ot e Ze) Sk = Mt AR RN K

X SR AR SRR X AR S R G AU

5.6 AEE/NEE

AREFATE AL RHIC REX R ZEMT 5T 1 SRR RN, SRMARIE R IRAL
Iz PRA BR AT A AR ik 7 2 2Ry o TS IR A RELEE 1, BRATTERBESE
T RHIC GEXGER RIS A58 55 . HFFERN ro B DREE n HOBEAINTT R, (RIS
ro AT WARAHT D BEARARE . X5 vo BUHUD AR A DA LAl
IRSRHRE 55, TR HUOREEE , AR SRERN S5, TXST rs WIS F 2] 2 A9
HUD AR o o T s #EREAE 1 BOMEINZENE T FE, O 1 BAAZI R ORI 58
HATHZMEAG T TS, R TR R BOR e AR R B B 355 -

AR AR RPN R — 2R, 2485 AR 7R RE [ 2 55
Ko AT LT AR 10 Bl e X R AR SRR, A BRER T e Ol X
fok, SEAHTAR R IPO TR A SR AR R AR TS . XA A TR TR RPN 2
2 JRS A FUY o AHRAE RO, ARSI AT L 1 W 2 A Bl Ak, X
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A REIR S O FE SR ARG TR R S RO BB A OC, IR A BBt P RIS
RHIC-STAR HYFIA#R %2 FMS, IX M G0 B30 Pl O BB
JEEIA 2, U FATTR LA BT e — w70, IR SRIRS T2 R X ]
AU E . FRATTHISEEREEWT L JROCISUNLXS T 278 bR B X R A AR AR 55

XFTRERDIMIRHY REE, RERVIRIE L ALV EES . IR SR t 5
finsi. RHIC GEIX HE LHC REXAYREAR E— 1 5ig, AT H#z K LHC fE
DA RHIC REIX ARSI A HL . RHIC REIX AR SRR Bt . 2% JE 2 E R
B BREE AT R AR DRI AT TR0 B R B T BE AR A 2 i
FANTPRAREIH— 5, IR RERRYRE AR IR AL, IXEEM, AR RIRAUN Y
RELE AR AN I RN BR EE A 33089, MM o AR m] DA b A B
LHC SEXAYIERICIR . (AN KMl 1 17 RHIC REIXAYIRSREAN. fIIA
R REUEIE T, AR A TH A SR LG 1R e A AR S B/ NADLE = A iR
RIKFE K o IXELIR AW T U AR SO AR ZS B 232 3L 1 BRI -
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Fo6E HEINRFZHET AMPT HEWZERERHAR

TESSSTEAHAT T, FATEARBIG T EZ-EZ ARG TS SR AT
INRGE - BB RGOSR X/ N T ER- RS, —
BN N RGP EARR N iz el TF, RIEARIE, WV iZie/ T BEE-E
ARG HIME . SRR A S5 AR, /N R G B SRAR TR AU AR N 23
(Khachatryan et al., 2010; Chatrchyan et al., 2013a; Abelev et al., 2013; Aad et al.,
2013a; Adare et al., 2013; Aad et al., 2016, 2014), X&I5[E THRARZH =2
SG R ARR Bk T IRATTR TN R G AR A AR

TR R LR RIAEAT N, ZhF-ICHAY cumulant J735IER N T REE LT
AT BRAEFRAY , SEHER MR BT RS T o AEARIE cumulant J7iHT, (K245
MRETERIRLF SRR RR AR, RO ) Q-cumulant J5i% .
EANTTEAEE-ER ARG, ) =M. fE/NRGEH, ROy RgsdraE
TR T, HA U E LA ER I R A AU, B X AR Y
FERAI R ARk . CMS L 2H Bl & 3R 1K T symmetric cumulant 2%
SC(2, 3), SC(2, 4)(Sirunyan et al., 2018), J&E #F FFRHE cumulant J7 k#1711
B AT REs R AR BRI, SC(2, 3) A RNIE, X5 ve, v 22
FORBRI HU AR o 12 REE R AT REZ 2] T IR A2, ROSFEAR 2 X
B ARG AR AR BRI AN BRI SRR, RS SR s IR
P2 o

SHBTTS , X T/NRGMM B ARG, AWEHTEHRE, — R S
5 LA T ARFOSK I BT ST SAHE SR, — T2 S 7~ f A A8 B ) ) A8 sh e SR
F LB F BEER R (CGC, Color Glass Condensate).  H Fif A E IR AT REIR U i
BN ARG LB MM o KT IX M EIR AR, W— DA B, ARE
22 B S g MR A T 2B AG

B, KET —FhHET cumulant J7E R #EFR N “subevent cumulant” [1Y) 75 25
/NARGEP AR, B9 TE EE OO WA SR WA T 7 A B LASR AT A
KR, (AT M EHES B X DIER, BRIl E
J7 1Al EAPIA 03 F T e XA BRI A [R] 7 X ] AR SR R4 T S B AT LA
RIS A R B 50 o L], ATLAS F ] subevent cumulant JlJHt 1/
RGBT P BRI, ATISHESE T iZ T 029/ N R AR
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HsA ) THE. BT PYTHIA #RIF) 4553 W] (Huo et al., 2018), A1 R HIbRIE
cumulant SR THEXFR cumulant, FUFIEFAY Y PYTHIA 2345 Hi 5 S5 504
—H S, TR T subevent ik, RIS RBETE, SERAEKR
PRI A R ERHY U — 2. PYTHIA F8 REAR U 1B 154 1] subevent cumulant 472X
P, BT R FR SO SRR, , ARG SR A R, IR A ER
Pl

ARHFFEET AMPT #5881, [G]HS % ] subevent cumulant J7 3% 3E 8/ R4 i
F-EZ AR, XA SRS S AR R A IR T

6.1 AMPT %8

AMPT BT EAR R E LA R BRI N T AT, FATTHHI B
R o = 3mb KA A% U0 R EEE Vsnw = 5.02 TeV(Ma et al,
2014; Bzdak et al., 2014) ZAASE AR REAR S M e S g I 21 A BORE5-5G 3K v
EAHAEW] REAR I DL B -5 % U D R BE T Vsaw = 5.02 Te Vo

6.2 ZRTKEL

Cumulant 7575 [F 4 §8 BL 2 [ e 2o M7 OB , [R] I Al DA—2— b Fi BRis 1 R
S ARR ALY, R A AR TR ((2k)) 2 ERATEE M 177
DL AR . BT AR ((2)) = ((eM1792))), ((4)) = ((e(0rtoros=oal)),
X458 E AR 20, 2 B, 4 KL+~ cumulants

cn{2} = ((2)), 6.1)
cufd} = ((4)) = 2¢(2))°. (6.2)

FCRESEACHE v FTLARIREH 2 B0 7, 4 KT cumulants 251 .
vn{2} = Vea{2}, (6.3)
va{d} = V=ca{4}. (6.4)

WIFT A, AT RS K, B cumulant J73kA, BT AR R E LIS
B MTRAR Q. Wit ERERIT ERANFTR AN 1. f£/NRGEH,
RIS AR IR ol @ AR E EAX I, i WA 2k A UL
2% 25 F2 0 cumulant FTHEREER, ML SEERARA TR R T a R
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T BENIRRTTHR . 7E subevent cumulant 75, AR F AL BAL IR EREE TS
[~ 80  ET s BEERH, E two-subevent J7VEHY, b #Eg IR E 4
HPERIT . ~Nmax < 7a < O F1 0 <1 < Nmax 73 HVICH @, bo FE three-subevent J5i%
W R R IR 230 =B —Nmax < e < ~Tmax/ 35 —Tmax/3 < M < Nmax/3
F Mhmax /3 < Me < Mmax> 7P BICHN a, b Tl co HAT mmay GBI 1Y KPR
o K61 ER T i 4 K1 OCHR R, subevent 1B AEIRRLN 1 7~ = K o

Event with jet Event with dijet
b c
“ o > °
@ @
( X} (X}
P ... YY) ()
(cos(gr+g;-gr-gr)) 8 T (cos(o; +0; -0 —;)) T
2 sub-event 3 sub-event
removes intra-jet correlations removes inter-jet correlations

[l 6.1 subevent H1BRAEA BN KR o

Figure 6.1 A schematic of how the non-flow is substract via sub-event.

AR AT AL 7 (7 A SRR R ] AT 30 o -

(Do = ({e"D)). (6.5)
(Ao = ({50400 )), (6.6)
(A sy = ({7105 080D)) 6.7)

Symmetric Cumulant 23T 287 7 cumulants % I, 18 WA E 9y
A R B TR, AT R BB k7%« SC(n, m) #E SR :

SC(I’l, m) — <<ein(¢1—¢2)+im(¢3—¢4)>>_<<ein(¢1—¢2)>> <<eim(¢>1—¢2)>> — <vr2nvr21>_<vr2n> <Vr2l> .
(6.8)

IR, FATRTLAT RS BN S O subevent AYTEA:

SC(1, 1)y = <<ehﬂ¢?—¢§)+ind¢§—¢2)>> __<<€gn<¢?—¢g>>> <<eim(¢?—¢3)>>’ (6.9)
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SC (1, M) three—sub = <<ein(¢f—¢§)+im(¢§‘—¢i)>> _ <<ein(¢i‘—¢é’)>> ({e™@1=9))  (6.10)
B2 LAz (Jia et al., 2017).

AT AETHE SR LI E 5 S50 T A, FRATA TR IX AL N fmax = 2.5,
55 ATLAS HYSEEG 25 SRARFE—8. SE2iem—20, FRATERR 51z pr >
0.4 GeV/e B AL T HIECH (New) SRETRASEHUE . 1AL cumulant T8,
Y2 EI R 0.3 < pr < 3 GeV/e iz b+, IXFEn] LIS 2 —4
el

s, BEHGHOR . NS R Now BV RO AR . R A 2R, X
TFLARE NS HRT LU R R R IO (N . cumulant 5%

L EE TP A
bt 25

6.3 ZER51ie

RTO‘I L L ) R A O L B B B B
T [ p+Pb5.02TeV 0.3<p <3GeV
i —M— subevent v,{2, IAnl > 1.7} (AMPT)
—— V{2, Ianl > 2} (AMPT)
0.08 —@— V{2, lAn| > 2} (CMS data) _
L | | i
@ m m W '+ [I]?
0.06|u ; ; % . 4
0.04L TN T SRR EVENT RN S
20 40 60 80 100
<Nch>

6.2 vo{2} RTLEEWAE, HASZOHHER AMPT three-subevent 845 R, 230
FHER C R M AMPT 0BT RIRAZ R, SLOmUE CMS SCR2H BB -

Figure 6.2 v2{2} as a function of the number of charge particles in p+Pb collisions at \/sxy =
5.02 TeV. The solid square represents the AMPT results using the three-subevent method.

The open square and solid circle represent the two-particle correlation results (with
|An| > 2) from the published AMPT results and CMS data, respectively.

62 J T va(2)AMPT H 255 5565 A HERE, 3. SUD AR CMS
SR L2

, ZID T HUE B R IR A AOK, 7O BRI Y AMPT 255, 52
ILJTHUERH subevent JiE S RIILE R . = PMEEREEAE
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10°°
? 1 5 i< T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
S [ p+Pb5.02TeV 0.3<p <3GeV
10 [ —£— Standard (AMPT) N
[ —&— Two-subevent (AMPT)
—l— Three-subevent (AMPT)
5 :[j —@— Three-subevent (ATLAS data) _
]
O
O
O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
] ]
s ® ¢ o 0 ¢ o o
_10L \ L \ \
20 40 60 80 100
<N >

&l 6.3 co{4} X T L EHMEKE, F74E cumulant, two-subevent f{] three-subevent f{j1 & 45
5 ATLAS XA three-subevent Jj 25 5ilki7 7 24 K.

Figure 6.3 c;{4} as a function of the number of charge particles in p+Pb collisions at \/s\y =
5.02 TeV using the standard cumulant(open square), two-subevent (open circle) and
three-subevent (solid square) methods. The solid circle represents the ATLAS data with

three-subevent cumulant method.

K 6.3 IR T co{d} XTROAR Z2 A N AL . Hft AMPT JgoR | =FiAH)
TEE R E LR, FRi#E cumulant, two-subevent f/] three-subevent cumulant., %
MR IR co{4} SRHIBRHE cumulant J7 AR THEZERAE L EHUNT 70 HIRHE, #52
T, TAEZ EEURT 70 B XA IE . B2 B4R I, (Ek2 &
O, ATRER (T R R B 22 . S hRiE cumulant Z5 504 - two-subevent
1 three-subevent cumulant 7£ %% /> 22 B A XA N 1. [RI I FRATHY 25 B R I 7R
AMPT 1, two-subevent F/] three-subevent J1:3% 45 B 2. 7 1], Three-subevent fH
T two-subevent 2 B UF M ERAEFERUY. (Y5200, 1X 445 RFEWIAE AMPT Hr, two-
subevent il F] AR HIFNER AR 7R A2 M. AMPT [ THREE SRR g
7 ATLAS SCBGHRHY co{4} TGS, 1HE cofd} FER /N AR b S
(EE/ N FHREE] co{d} XIT vo BYMERE LA EEACHURR . co{4} BYEEMA /N W]
AMPT I, BRARFRIK I AT RS DI i sk

N7 AR DX AR, FRATTEER T co{2} H co{4} WU DANIH]
BB BE: IIRH B, T TR, SO RENR TR AU I . {2} Fl {4}
FEIX PSSR B TR 25 R 2R A three-subevent cumulant J53%, W& 6.4 A1
6.5 Fl7R o AERIIGIT B co{2} H1 co{d} AEMRZ BE IO IE . A5 22 B DI
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f&\OOZ r— T
% p+Pb 5.02 TeV 0.3<p <3 GeV
© L —fF— initial stage
0.015- —E&— after parton cascade 7]
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6.4 c2{2} BERGEHAHI YA R B B o

Figure 6.4 co{2} from three-subevent method as a function of the number of charge particles

for four different evolutio

circle), after coalescence (solid square), and after hadronic recatterings (solid circle)] in

n stages [initial stage (open square), after parton cascade (open

the AMPT model in p+Pb collisions at 1/syy = 5.02 TeV.

x107°
¢0.02 L
% | p+Pb5.02TeV 0.3<p <3GeV
© —F— initial stage
—&— after parton cascade
0.011 —l— after coalescence ]
r —@— after hadronic rescatterings
I ) o
(0] iRty (EREESREE R Ld-eeeeeme e e -
, ; v
@)
-0.01+ + + .
-0. 27 T T - T
0.0 20 40 60 80 100
<N,>
[l 6.5 co{4} BE R GEEAL I UAAS W R BE o

Figure 6.5 Same as Figure 6.4 but for co{4} from three-subevent method.
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PRFFAEZI U FERZ EAUIX O IE £ 22 RN B B AP Y AE D T
PIROTBL, BT A THRATUIY., o2} A 7 W, 1 cofd} W IE2EN 6
PRSPPI B, co{2} MEHT—BrBEE R, [FRS o4} fER A T U0
5, XA O T WA T, ROAAEIX BB, RL IR A 1 W
e AEFR-F U Br B, BEE RGBS A, cof2} T co{4} BT I
e [, FATEREE TFH BB, cofd A PBIEAL, XA RRR

BRI

10°°

‘ T T T ‘ T T T ‘ T T T ‘ T T T
6 P+Pb5.02TeV 0.3<p <3 GeV

—f+— Standard (AMPT)

SC(2, 3)

L —&— Two-subevent (AMPT) i
4= —— Three-subevent (AMPT) _|
—@— Standard (CMS data)

20 45‘ “66‘ “éo“ Héo“
<N,>
6.6 SC(2,3) X TZEE WKL, Fi#fE cumulant, two-subevent ] three-subevent [
ZiR5 CMS XMl cumulant FI45 55T T R 58
Figure 6.6 The SC(2, 3) as a function of the number of charge particles from p+Pb collisions at
v/snn = 5.02 TeV using standard cumulant(open square), two-subevent(open circle) and
three-subevent(solid square) methods. The solid circle represents the experimental data

with standard cumulant method.

K 6.6 1 6.7 53 BJE/~ T symmetric cumulants SC(2, 3) f1 SC(2, 4) lZ55H .
ESZATEAEEL, FATHH =Rt B R AR T SC(2, 3) 1 SC(2, 4). AT
THEEERIEH, FHARME cumulant 7530 HE 1 SC(2, 3) 1E M 2 BHAUX N 11, 1
TEARZ BRI IE, X5 CMS YLK 45 5R—2. M%) T subevent cumulant 7y
%, WAEREDZEEUXH], SC(2, 3) B i AT ELIRMEAEE, AR
#fE cumulant J5 3225 R FEFRRUN A2 W10 H B EC R I 2. 55— J5 1A, FH
subevent cumulant J7 AT EAY SC(2, 4) 5 LI 45 A EFAFAMML, (HZ AL
B 5 FAARE cumulant J7 5T RAYSE RE N X —kIEET, fE/h ARG 2R
2 DX TR S, DA IR ER Tt
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x10°°

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
8~ p+Pb5.02Tev 0.3<p <3 GeV -

—5— Standard (AMPT)

6 L —o&— Two-subevent (AMPT)

- —— Three-subevent (AMPT)
L ++ Standard (CMS data)

4 L —
I ®

2+ d a

— L L L L ‘ L L L ‘ L L L ‘ L L L ‘ L
220 40 60 80 100

[l 6.7 5% Figure 6.6338 41, SC(2,4) HI45R
Figure 6.7 Same as Figure 6.6 but for SC(2, 4).

6.4 ANE/NGE

H M/ N R G R BB LR AR RIS 5 LASK . /RGP SRR 58 2
AW /NRGERON 2 BRSO YR M 22, RS AR,
AT AN/ N R e P AR sk EUZ R R FATTRI ] 5l & i sub-event
cumulant J5% , M ARG O TR, ISR I8 T AR 21
RIRLrPkde nl REH BRR AR otk . AT AMPT A A X Sl 7
%, R T/NRSGE p+Pb IV 1WIL B 5 ATLAS 5 cof4) AR I,
AMPT RYZ5 R4 RT A/ INEL L ATLAS JYZE IR, 1X K] AMPT Hfy Stk v
FIREE Z A2 MR, AR B SR seke 3T X4FK cumulant [ 31545
REW, ArifE cumulant J7¥EH, ARG A, RO BAT A AT BR AR .
AT 2 25 AT 22 B R AR RIS T FATHIZE AR T sub-event J7 %A/ N RS
HHRPR A EE
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£75 ET AMPT EEZBEMHENEEIEFRR

20 R R AT A R A X [ S AL, I R X ek R LR AR
AT T ARZESHI AR o S LR 5 B I J % T e i ) sl b bz 1
RIRARL, JURFAEHI A PR B, T2 R A8 AT R A BEARAILA o T 5
TERA$ 1A S AT 0 IR BAT 0 FE BT S, 10 B T IR A Tx T RE 451
1l ) B o

FEREAE I IR R = AR e, TSI R A B EAE, SE00E
FURE ARG, IXFIRAR AT K B W FE QGP A4 I 24T« £ RHIC
A LHC BT R A i 0 sl S 7 RO il 536 W1, X F KT 10 GeVie |
R, ARIR AT LAWY A8 B BRAE S, X T 5 7R 1 MR P8 A it A g o
ATLAS 255 2 B 1 - ez ali f e sl 502 45-60 GeVie [X
[ A R AN R DB R R 45 RS B AR T — 2L (Aad et al.,
2013b). RIMMHERIHEER 2R/, =FMim e/, £ B SR =
FUfh T AT o R IAT O SR 5t . A AR e T Bt — 2P O fre
TGS — MT AR T %

AREE, AT 2L R AMPT AR, B IER T 50, RGeht
G 1 SEBE B AMETE A R = Fi o

7.1 AMPT #RHE EHFEM

ABFHER LB AL B AMPT BERUSCA, 5053 7 BT #H o = 1.5mb Sefs
PV -HHZ T R RENE Ve = 2.76 TeV .o ITHI— RFIET AMPT [RTFE E4
R AR AT T AT DMAR G B UIAR R SC 0 45 R o O 1 Se BEEAIEE L 3RA1]
(K5l 12781 5 ATLAS S8 AR — 8. AR 192 56 F 45 FASTIET %
{19 anti-k, 3% (Cacciari etal., 2012) . EAYWEIEHENK/NR = +/(6n)% + (6¢)? = 0.2,
SRR B S TIRRBIECR . T ERIIART BEAE T HIVING B8, A%
BN T —4 pr > 40 GeV/e [T

72 HREITR

] 7.1 R T AR IR AR Bl B X TR BRI TR O B3 vy S T2 SRl A%
TR EEL. WS ATLAS fS2ie 25 R AT LUE S|, AMPT HiH 45 R pERE
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AR IR 2L FE A A I A AR EE 2, AMPT Asabl 45 SRR REMRRE S50 0

lz

Sor@ T 1

o b0 b 1
zt* ﬁ‘éw“*’;f

o T OAMPT ]
45<pT<60 GeV/c T 60<pT<80 GeV/c eExp. data
DT s s e R ARaa araa o e e e
> 0.1+ (C) —+ (d) .
0.05F ig #’ # (% -+ Jf } .
SR ' |
o T ]
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1 1 1 1 ! 1 1 P | P EPETETETE AT AT | PRFEN PR I
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1AV LTS EHTFH Ny BIREL, SCO R ATLAS 525 5.

jet

Figure 7.1 v;~ as functions of N,,,, for four different jet p; bins in Pb + Pb collisions at /sy
=2.76 TeV, where open circles represent the AMPT results and solid circles represent the

ATLAS experimental data.

FEEEMRH TS, ROV RIEE R e . R E R P2 TN
HER o FHAFPIH A E L
U= ! arctan—<rnsm(n¢)>
" n (r"cos(ng))
I BRI AT AT R E A R A = A, 1Eh 2
%, FATIT R T B —Hr p PRI O, B WG =00 [ 7.29 BR8]
RIXE, JER T EEBEREIRAN = A . AT LR, BT =M
B/NTHARAG. BEERSI RN, = ARSI
EDS R NS R T4 SUR P g TP PO N = Gl RE R S IR Z R eI N ESI D
FACRAONIE YT, B 7.3 o TAEME N 45 < pr < 60 GeV/e X[RIRYMETE
G I e A0 = A AR DY AN R B BB R G i i . FRATRT AR R, 000
BB, R RN = i AL 0 . £ B, BEE ol
R, WOERMERA =ATa 7R BT BEJE YU R s P X T
MEE A [ AN = A BRI R, (B2 AR . X HIMHE A9 & 17 S AT
BRI N S ) s AH ELAE - 208 o

(7.1)
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Figure 7.2 v{ft as functions of N, ;.. (a)45 < pr < 60 GeV/c (b) 60 < pr < 80 GeV/c.
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