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Quark Gluon Plasma(QGP)

Temperature

%\/. Hadrons *

ﬁ«:r

o
'\ Atomic nuclei Neutron stars

Baryon density

QGP is a state of nuclear matter
extremely high temperature, density
consist of asymptotic free quarks and gluons

- Almost perfect liquid
Predicted phase transition €c and T by Lattice QCD calculation

T¢c~ 170 MeV
e ~ 1 [GeV/fmJ]
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Relat|V|st|c Heavy lon Colllder(RHIC)

Au+Au 200, 130, 62.4GeV

39, 27,22.4GeV

19.6 14.6, 7.7GeV

Cu+Cu 200, 62.4, 22.4GeV
U+U 193GeV
Cu+Au 200GeV
3He+Au | 200GeV
d+Au 200GeV
p+Au 200GeV

p+Al 200GeV
p+p 510, 500, 200GeV
62.4GeV

v Wide range of species and energies

Relativistic heavy ion collision is
unique tool to form QGP

, A AutAu 200GeV@RHIC
PSR R W _ o - 5 [GeV/fm3] > &
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Azimuthal anisotropy:Elliptic flow

Initial spatial anisotropy:e; Momentum anisotropy:v2

y Py

. -
converted though
hydrodynamic expansion

v Initial spatial anisotropy €, -> Final momentum anisotropy v»

- Non-isotropic pressure gradient
- Larger initial energy density makes larger v

v'Azimuthal anisotropy is strong probe!
- Clear origin -> initial spatial geometry
- Influenced by hydrodynamic expansion
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Azimuthal anisotropy:Directed, Triangular flow

Directed flow v Elliptic flow v- Triangular flow v3

v'Initial geometry is not smooth picture!
- Event by event, initial participant is fluctuated
v Coefficients in Fourier expansion of particle distribution

v =< cosn(¢p —W,)| >




Vn constrain initial condition & viscosity

0.3
0.2

0.1

0.1

(]
= 0.05

v2, v3 theory comparlson

I

N (a)p —07510GeV/c

- ® PHENIX
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~ (c) p, =0.75-1.0 GeVIc
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Introduction

v'V2, v3 are sensitive to initial condition and viscosity of QGP

- Theoretically, initial condition and viscosity have uncertainty

=V, are good constraint of the initial geometry and viscosity

8
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n dependence of v»

Final momentum anisotropy

Initial geometry after the collisions ot QGP-+hadron fluid
- — 0 qqr (@) 315% b=4.0fm t;ydro;ocg,a%eye
0.068 Au+Au 200GeV T,..=169MeV QGP only

KLN + Hydro « PHOBOS

0.04¢

(c) 25-50% b=8.5fm
Glauber + Hydro

-5 4 3 -2 10 1
N Phys.Lett.B636:299-304

v At mid-n, v2is largest and f/b-n, v2 becomes small

- Larger dN/dn at mid-n and smaller dN/dn at f/b-n

- Understand n dependence of initial geometry is important
v'v2(n) depends on initial condition

-Not strong n dependence of initial geometry
-Mid-central:Glauber, Central:KLN
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Rapidity dependence of initial condition

<

Initial geometry e,5 < go0r @00 ————— PhysRevC.90.034915

" (@) [2(d,*FD,*®)|<0.06, - €850.125

01 L AMPT b=8fm

[ Pb+Pb 2.76Te|\‘/ﬁiﬁﬁ“ﬁﬁﬁi :

0.08 |- o2® fgg
o - (@) -
> - 0 -
006 ® _
:ﬁﬁﬁ —— @ *" -plane il

0.04 - -©- & *® -plane N

] - d* -plane .

-5 0 5

M
v'Initial geometry has been considered to be rapidity independent

v’ Event by event, forward/backward v, might be asymmetric
- initial participant geometries of the two nuclei would be different

-&€hB < E&EnF »Vn,B < VhF

= |nitial geometry has strong rapidity dependence



Introduction 11

Motivation: Why Cu+Au is analyzed ?

Transverse direction — 0.8 Initial spatial anisotropy:e;

vvvvvvv

MC-Glauber
Au+Au

® Cu+AuAu
Cu+Au

® Cu+Au Cu
Cu+C

e &2,cu
b 100 200 300 400

QDO
v First asymmetric Cu+Au collisions were operated in 2012
v Asymmetric initial condition provides

-Different left/right pressure gradient -> v
-Different Forward/Backward density and geometry
-> Rapidity asymmetric vn,
-> Measurements of v, in asymmetric system could be good
study of initial condition
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Experiment
Analysis



PHENIX detectors

RPC

I

ZDC South

MulD

|-

601

2012

TOF-

185m= 60 ft

PHENIX Detector

C

Yot =weL

Beam View
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Trigger, centrality, collision vertex

Event plane

-Beam Beam counter(BBC)
(3<[n[<4)

Event plane

-Zero degree calorimeter

-Shower max detector

Charged particle Tracking

-Drift Chamber(DC) (|n|<0.35)
- Momentum

-Pad Chamber(PC) (|n|<0.35)
- Hit position

-Electro magnetic

calorimeter(EMC) (|n|<0.35)
- Hit position
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Npart & Centrality

Cu

Spectator Noart

/;v v"Number of participants
— -e.g.Cu4,Aub

~a

e

v Estimated by Glauber model

Participant

oo JBS
~—
o

4

Spectator - nucleon base
P Au
Centrality
GD O v Fraction of gvents in terms of total
10°¢ geometrical cross section
102 1020% g 400, -Overlap zone of two nucleix Multiplicity

v Experimentally, overlap zone is
classified by multiplicity in Bbc
- Multiplicity in Bbc « Overlap zone

10

b " 200 400 600 800 1000 1200

Bbc Charge Sum /(0% (central) 100% (peripheral)
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Anisotropy measurement via Event Plane method

Event plane(EP) method

- one of the flow measurement methods

- produced particles are measured with respect to EP

- EP is the azimuthal direction most particles are emitted to
- observed v, Is corrected by EP resolution

o S cos(n[¢p — Wos]) >
" Res{Wobs}

Directed moment Elliptic moment Triangular moment

= -- a4 - -
. 2 w o S
. . N
4 by L4 u
{ : q)l
. , ” ’ )
. 1 . 1
B N ' K [} )
[} 1 Y3 1 1
' 1 1 4 '
1 1
1

~~~~~~~~~~~~
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Event plane detectors and resolutions

PHENIX n acceptance

Event Plane detectors
- 2nd, 3rd Event plane

o)
- Bbc, Cnt = v
\Y/ —
- 1st Event plane = Y
- Bbc, Smd = O
O é.?

Event Plane resolution
Res{W°Ps1 =< cos(n[WOPs — Wirue]) >

1l
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- a <+ ABBCS b 4 c E
- RGS{‘PJ (@) + RGS{‘PZ} BBC N (b) 4 RGS{WS} (€) .
0.3 @ SMDS:BBCS-SMDS-SMDN | *BBCS+N 1 ]
- M SMD S:BBC N-SMD S-SMD N | o 0 OOCNT
o} o 0 *
= © ] u — % x * 9
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I . x
1
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Centrality(%) Centrality(%) Centrality(%)
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van measurement at Bbc(3<|n|<4 )

V'V is measured using 64 Bbc pmts pmt ——» g8SESsSe,
- Bbc can not reconstruct tracks &
- Measured v, include back ground Q X
\\_, Q_/_,
v Full Geant simulation with PHENIX configuration
- Measured v, -> True vj Sim
pmnes Sim Un,input
true __ "n vn,output Input v, from particle simulation
v, = R, = . .
R, oim Sim
n,input Un,output . .
Output vih from Geant simulation
v Correction factor Ry ‘/3?\’i‘;emat'c study
-Rz: 0.74 )
- pT Spectra
- R3 . 0-66 - Vn (pt)

- Vn (eta)



v' My results are consistent with
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u b
Comparison of v2 to PHOBOS's results
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N
PHOBOS’s results
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dNcn/dn measurements at Bbc

Like vn measurements, correction factors is estimated from
Geant simulation

dN,p,
_ obs
d77 =R+ ADC 2/3:+-11/(+-11,110)
2 1 |
: S1111
3 AD ghngput AD output
* R ~0.5
Comparison to PHOBOS
; ,,,,,,,,,,,,,,, 3200- ,,,,,,,,,,,,,,, ‘
gJ"L 400% Au+Au 200GeV i 5% Cu+Cu 200GeV |
% - PHOBOS PRLY1 052303 - % 1501 PHOBOS PRL102 142301
! A BbeN | 100'_ A BbeN
200}- & : - @
50r
= _ ] = .
a3 L - ==
centrality(%) centrality(%)

My results are consistent with PHOBOS's results
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Systematic sources

v'Vn at mid-n
- East and West arm difference
- CNT track cut
- Event Plane difference
- Event Plane resolution difference

v'vn at F/B-n v dN/dn at F/B-n
- Event Plane difference - Geant simulation
- Geant simulation - dN/dn distribution
- dN/dn distribution - pr distribution
- pr distribution

- prdependence of v,
- n dependence of vy
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- V1,V2,v3 at mid-n
- Multiplicity at F/B-n
- Vo,v3 at F/B-n

Results/Discussions 22
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Charged hadron v4(pT) in Cu+Au collisions

© (D

0.02F - - -
- Cu+Au 200GeV i b
®h -
L )
Ol—.i.... ... ‘00... "0...
- .. .. .. ...
: _ _ ® _ o
0.02 5 o ) s & + @ +
o
0 04-. os ¢ | ' ¢ i . i +
VTR 10~20% | 20~30% | 30~40% L 40~50%
J PR R TP o B S SR J N R B J B N S
0 2 4 0 2 4 0 2 4 0 2 4
pT(GeV/C) p (GeVrc) p (GeVrc) p,(GeVic)

v'v1 at mid-rapidity is observed with respect to Au spectator for 10-50%
- sigh of v4 is flipped toward Cu nucleus side ® TransversePlane
v'Negative v1 indicates high pt particle ‘
are emitted to Au side
-Magnitude decreases from central to
more peripheral events

-In peripheral events, Left/Right path
length becomes similar
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Interpretation of negative v1(pr) at higher pr

3
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v'Density gradient is larger in Au nucleus side

v'Larger pressure gradient pushes particles to high pr
-Density gradient induce pressure gradient
- Many high pr particles are emitted toward Au side
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Charged hadron va(pT) In Cu+Au collisions

0.25
sPAu+Au 200 GeV
PRC92, 034913
®Cu+Au 200 GeV ACu+Cu 200 GeV
0.2 PRC92, 034913
1
0 . z
¢\® <
0 : & ®e
| g'c- &
o &
o
005 U 1
0~10% 10~20% 20~30% 1
lllllllllllllllllllllllllll lllllllllllllllllllllllll;-llll Liaiaiain
0 1 2 3 4 50 1 2 3 4 50 1 2 3 4 50 1 2 3 4 50 1 2 3 4 50 1 2 3 4 5
pT(GeVIc)

v'Similar pt and centrality dependence of v, as seen
In symmetric collisions
- V2 IS measured with respect to Bbc
-Strong centrality dependence, magnitude increase from

central to peripheral
-Cu+Au vais between symmetric Au+Au and Cu+Cu collisions
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Charged hadron v3(pT) iIn Cu+Au collisions

©

-] LI L l LI L ] LI L l L I L L l '-_I T 11 1 ] I L L ] T 11 1] ' T 1V i I T 1 11 '_.
0.14 T
- ®Cu+Au 200GeV 1

0.12FdsAu+Au 200GeV PRL 107. 252301}

- 0.08F
0.06F
0.04F

0.02F

" ..|....1....|....|....|.::
I

(GeV/c)
JSlmllar pt and centrality dependence of v3 as seen

iIn symmetric collisions

- v3 1S measured with respect to Bbc

- Weak centrality dependence, magnitude slightly increase from
central to peripheral

- Cu+Au v3 shows larger values than Au+Au results
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System size dependence of vn(Npart)

0‘ 1 — Au+Au 200GeV ] 006_ — Au+Au 200GeV
® Cu+Au 200GeV

1 o A v
Cu+Cu 200GeV Cu+Au 200Ge
@ Charged Hadron v, Inl<0.35

Charged Hadron v, Inl<0.357

0.04

o " eo%e O<p <3(GeVic) 1 ™ 0P, <3CeVic)
> 0.05 _\° | >
1¢)) . O - 0.02- _°.e .
(O3NS T T— ]
% 100 200 300 400 % 100 200 300 400
1/ 1/e
/€2 Ny N /€3
UH_ Au.AQ 2obeev | 0.3 B AUAL 20IOGeV
0.3 ) z:::;: z(c))(c)::\:: | ® Cu+Au 200GeV
wN ! ] wm 02
o2 g | % .
. O 1“ ..//
0.1Y -
MC-Glauber r MC-Glauber
% 100 200 300 400 % 100 200 300 400
Npaft Npart

v Cu+Au vo/es is consistent with Au+Au and Cu+Cu results
v'Unlike v2, Cu+Au vs is consistent with Au+Au v3
v Cu+A vs/eszis not consistent with Au+Au results

- MC-Glauber might not reproduce €3 correctly

27
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- V1,V2,v3 at mid-n
- Multiplicity at F/B-n
- Vo,v3 at F/B-n

Results/Discussions

28
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n dependence of charged particle multiplicity

Au-going side < » Cu-going side
l'l'lll"'l"'l"'l" llllllll'llllllll]lll
0~10% 30~40%1
600k "ﬂ' &b Au+Au 200GeV .
/ \\
;! \ ® Cu+Au 200GeV
\
g / \
/ \ \ ~
S 400b 1 ‘2 A Cu+Cu 200GeV
o

v'Au-going side dN/dn > Cu-going side dN/dn
- Number of participants in Au > Number of participants in Cu

v'Larger collision system dN/dn > smaller collision system dN/dn
- Au+Au > Cu+Au > Cu+Cu
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Study of relative contribution from Npart au @and Npart,cu

2Npart Cu Npart,Au(Cu)—going
R e e e e e s e RAEEE BEARE R
—=AusAu Au-going
- 400+ e Cu+Au Au-going
O w=Cu+Cu
z .
© > s
L I o !
200 - [
/NDF=11.0 2INDF=4.6 / BMNDF=13 |
00N, +20N_, o, 05N, +15N_. o, 1ON_ . +1O0N_... |
ALY, e e e e Tl A B A P || TS e AT B
A RS RN AR JLELELE A BN B [
. Cu-going
g 400+ e Cu+Au Cu-going
>
°
a® “a® - @
- ¥2NDF=16.7 %  ANDF=340 ' ZNDF=58.0
AT wrifte ol [T AT T aribthe sl [P AP T ettt e s
0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300
Noart Noan Noart Npar

Ny
v'"Weighted Npart scaling for CuAu dN/dn

- Npart,au @and Npart cy are participants in Au and Cu, respectively
- Npart,Au(Cu)—going - WNpart,Au+(2'W)Npart,Cu (2Npart,Cu <Npart,Au(Cu)-going < 2Npart,Au)

v'Au-going side -> Npart au @nd Npart.cu , Cu-going side -> Npart.cu



x*/NDF for the difference of dN¢n/dn between Cu+Au and Au+Au

+w2INDF

20

I T T T

T l T

' Au-going

40-_Npan=wNpan’Au+(2-w)N

part,Cu

+w2INDF

20

Results/Discussions

40

-l""l""l I "-
| Cu-going
@

_ . i
ﬁ .
’....l. | PR SRTT |
0 0.5 1 1.5 2

W

v'Au-going side is determined from Npart,au @nd Npart,cu
- ¥2/NDF become small around w = 1~1.5
v'Cu-going side is determined from mainly Npart,cu
- X*/NDF become small around w = 0
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- V1,V2,v3 at mid-n
- Multiplicity at F/B-n
- Vo,v3 at F/B-n

Results/Discussions
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Rapidity dependence of v, in Cu+Au collisions

0.0s_lllnl

O 03 | L I 1 | L I | L 1 I T 11 I 1 | L | I | L
| dAu+AU 200GeV B i
" @ Cu+Au 200GeV 20~30%
006k 20~30% _
| ACu+Cu 200GeV | sia _
D 0.02 @
7 4 e . - ] -
7 0N /
7 /’ A \\ - - ) \\
>N 0.04r ,' /s 7 \\\\ ~ > . // |
[ #7,—'/'———_\—" i / /, \\\
7 7 “\\ L /// \\\
o - / Ny
- B --ooo - 0.01 \ i
0.02f - #/,’ N
L Secmzz——=———- S
' e -
O O.l 1 I | - | I P L 1l I 1 L | I | - | I 1 l-I
4 -2 o 2 a4 4 2 0 2 4
N N

v'In Cu+Au collisions, F/B asymmetry of v, is observed.
-V IS measured with respect Cnt
-v2(Au-going) > v2(Cu-going)
-v3(Au-going) > v3(Cu-going)
->caused by different initial geometries in Au and Cu ?
v'Unlike vz, Au-going v3 in Cu+Au show similar values of Au+Au vs



Results/Discussions

Multiplicity dependence of v, in Cu+Au collisions

O 06 LI | LI | I L | LI | l 1 L B | l I 1

1 1 I 1 1 1 1
— Au+Au 200 GeV ]
® Cu+Au 200 GeV Au-going

® Cu+Au 200 GeV Cu-going -
gnl<3 9

— HadRoR 3

=" :
0.005"

% 100 200 300 400 500

NlOCa|/dn

0.01

1 1 1 ] 1 1

I
— Au+Au 200 GeV
® Cu+Au 200 GeV Au- gomg

® Cu+Au 200 GeV Cu- gomg
Hadron v, 3<inl<4

..o"/—\ —

% 100 200 300 400 500

Nlocal/dn

v'In Cu+Au collisions, F/B asymmetry of v, is observed.
- plotted as a measured dN/dn at F/B-rapidity

-v2(Au-going) > v2(Cu-going)
-v3(Au-going) > v3(Cu-going)

->caused by different initial geometries in Au and Cu ?
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Study of €2 in Cu+Au collisions at F/B-rapidity

E2 Au €2,Au-going >E2,Cu
€2,Cu « €2,Cu-going s £2 Au
| ' ' ' I v ' ' I il ! ! ' | ! ! ' | | ! ' ! | ' ' ! |
:92.Au<_;oing=‘| ’092,Au+0'092,Cu I 82,Au-going=0'592,Au+0'5£2,0u ¥ 9’2,Au-going=0'()'?‘2.Au+1 '09'2,Cu
0'2:-82.Cu-going=0'08'2.Au""1 '082.Cu ;- 82.Cu-going=0'582,Au+0'592,Cu -:- £‘2.Cu-going=‘I ‘082,Au+0'0£2,0u
i * % 1
01:_ ./.. o o ® 1
X w— AU+AU
0.05F e Cu+AuAu-going H
i o Cu+Au Cu-going |+
O:n.._CU+CU...::|...|...1.“:...:...1.'
0 200 400 O 200 400 0 200 400
Iocal /dn IocaI /dn Iocal /dﬂ

v'"Weighted €, scaling of v2 (dN/dn) at (3<|n|<3.9)
-€2 avand €2 ¢y are give by Au and Cu, respectively
-€2 Au(Cu)-going = WAu(Cu)-going€2,Au(1-WAu(Cu)-going)€2,cu
(E2,cu< €2,Au(Cu)-going < €2 Au)

=COMMON €2, Au-going = €2,Cu-going IS favored
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Study of €3 in Cu+Au collisions at F/B-rapidity

E3 AU < €3,Au-going » E3.Cu
E3.Cu « £3,Cu-goin » E3 AU
going
i T T | L —— T
€3 Au-going= r-0€g o t0.0€5 o, €3 Au-going=0-2€g at0-2€5 o, €3 Au-going=0-0€g o, +1.0€4 o,
- 3,Cu30ing=0'0€3./\u+1 05 ¢, : 3,0u-goi:g=o-593,Au+0-5£3,0u + 3.Cu3:ng=1 05 2, +0.0e5 ¢,
_ - o ° -
o
° o ..
b = Au+AU % %
E e Cu+AuAu-going |1 o o
. o Cu+Au Cu-gloing | | 1 | | |
0 200 400 =6 200 400—0 200 400
local local local
dAN>/chn dIN/cin dIN/chn

Weighted e3 scaling of va (dN/dn) at (3<|n|<3.9)

-€3 A0 and €3 cy are give by Au and Cu, respectively
->&E3,Au(Cu)-going = WAu(Cu)-goinQSS,Au+(1'WAu(Cu)—going)SS,Cu (83,Cu < €3,Au(Cu)-going < 83,Au)

v Like mid-rapidity v3, MC-Glauber can not describe

system size dependence”?
v COMmMON €3 Au-going = €3.Cu-going 1S Tavored
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x*/NDF for the difference of vn/e, between Au-going and Cu-going

2nd order harmonics 3rd order harmonics

o - | L @) L= 25
> - ,. — > — —
| P / / / 14 40 // /
0.5F =30 0.5~ -
1.520 “‘ —10
R 10 . 4
O O —5
o | 1 1 ] o ] | 1 ] ] 1 | .
0 1 \ 0.5 1
WC - H WC - H
7 lowest X2/NDF o

v XZ/NDI: for WAu-going VS WCu-going
-En,Au(Cu)-going = WAu(Cu)—goinggn,Au+(‘ 'WAu(Cu)—going)Sn,Cu

v Common €n au-going ~ €n,Cu-going IS favored by vz and v
-WAu-going ~ W ,Cu-going
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x?/NDF for the difference of vn/e, between Cu+Au and Au+Au

Y’ €2 Au-going ~ €2,Cu-going
-€2 au ANd €2 ¢y are

similar contribution

-Both x2/NDF become small
around w=0.2 ~ 0.5

v Glauber does not
describe €3
-Compared to vo/eo, x?/

NDF is large
-Both x2/NDF become small
around w = 1
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Summary 1 : Mid-rapidity

v First order flow harmonic

- High pr particles are emitted to Au side
- Magnitude decrease from central to peripheral
- Larger density gradient in Au nucleus side push particle to high pr

v ' Second order flow harmonics

- Similar centrality and ptr dependence as seen in symmetric collisions
- Glauber model well described initial geometry

v Third order flow harmonics

- Similar centrality and ptr dependence as seen in symmetric collisions
- Glauber model is not favored by the third oder initial geometry



Summary 2 : Forward/Backward rapidity

v Charged particle multiplicity
- Au-going side is higher than Cu-going side
- Au-going side is determined by both of Npart au and Npart.cu
- Cu-going side is determined by mainly Npart cu
v Second order flow harmonics
- Au-going side is higher than Cu-going side for mid central
- Au-going side is close to Cu-going side for central and peripheral
- Au-going and Cu-going side are scaled well by common

eccentricity
v Third order flow harmonics

- Au-going side is higher than Cu-going side for central and

mid central
- Like v2 Au-going and Cu-going side are scaled well by common

eccentricity
- Like mid-rapidity vz , Glauber model does not describe initial

geometry in Au+Au and Cu+Au.
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Conclusion

By studying azimuthal anisotropy and particle
multiplicity in Cu+Au collisions,

v'Initial geometry
- Left / Right asymmetry in transverse direction
- Initial geometry at Forward/Backward is common

v Initial energy density
- Au-going side is determined by both of Npart au @nd Npart,cu
- Cu-going side is determined by mainly Npart cu
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Interpretation of negative v4(pr) at higher pr

3
A - L L 10_"‘l"'l"'I"'I,&'{,I"‘I'."I"'I"'I'" x10
& | . ok sk Gh+AU ZOOG%
= 0 s & ; : 300
- [ . ‘ °F N
> : o &, | 5o
(D . . : .- :
S 01" § % T
L ° . Of= - —
: . ) 2 1E —150
- e y - .
i o N -4:— 1. 100
-0.2_— e o - 6 :
. i B TP B B, 8- .
O 20 40 60 80 100 _101-111 lllllll l F11111111111111111|111 o
centrality(%) 0 -8 -6 -4 20 2 4 6 8 10

v Density gradient is larger in Au nucleus
side
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Rapidity dependence of initial condition

PhysRevC.90.034915

......................
[ (@) |2(®,*"-®,*®)|<0.06]e5- €8>0.125 | L (b) |3((D3*F-<D3'B)|<0.15Ie§- €8>0.125 | -
0.1 B AMPT b=8fm N 0.05 :_ -
| Pb+Pb 2.76TeV QU i . -
- et Eg N A d
. -ﬁﬁ ﬁ ~ " GQ 8] A
0.08 |- o2 %8¢  oo0sf QQ” 8
QN - (@] 1om - 55 @) i
0 1~ i A @
. Q - I @ -
0.06 - _® - 003} 8 d
R —— @ * -plane i - ® i
o 2 : - ° €n,B<E :
0.04 -©- d *" -plane N 002 ® n,B n,F -
- * _pl N = -
- ® " -plane - ® i
— %
-5 0 5 -5 0 5

Yinitial gem;\etry has been considered to be

rapidity independent
Y Initial conditions on target and projectile nuclei
are not same event

én (+1) > £n (1) * Vo (#1) > Vo (1)
v Initial geometry has strong rapidity dependence
‘ €n (N) = &en (+N) + Pen(-n)
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Results
Discussions

- V1,V2,v3 at mid-n

- va,vz at F/B-n

- Initial condition study

- v1,v2,v3 theory comparison



Results/Discussions 46

Parton cascade and hydro vn(pr)

Y L3 Y Y l’ Y L3 Y 1 v+ 1

0.02° 54 309

—

| Cu+Au 200GeV
- ® PHENIX
- — Bozek 1/s=0.08

-0. O4~ — Hirano n/s=0.0

- == AMPT 3mb

A A A A - A A A A - A A A A

0 1 2 3

pT(GeV/c)

- Hydro(Bozek):Glauber + hydro
- Hydro(Hirano):Glauber + hydro + hadron cascade
- AMPT :Glauber + parton cascade + hadron cascade

v Hydrodynamic reproduce vn
v AMPT model well reproduce vz and v3, but shows
opposite sign of v



Parton cascade and hydro vn(n)

O'OSF.'II"l"'l..'l'.'l"

[ 20~30%
0.04 f 7

0.01}

v AMPT and Hydro predict the magnitude of vz at F/B rapidity well
v AMPT reproduce the magnitude of vs at F/B rapidity well
v Hydro overestimate the magnitude of vz at F/B rapidity
-Hydro:Smooth longitudinal density+hydro
-AMPT:Fluctuated longitudinal density+parton cascade
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Results
Discussions

- V1,V2,v3 at mid-n

- Va2,v3 at large-n

- Initial condition study

- v1,v2,v3 theory comparison
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System size dependence of vn(Npart) at F/B rapidity

0.06, | — AusAu 200 GeV 0.8
® Cu+Au 200 GeV Au-going 4
® Cu+Au 200 GeV Cu-going - - k/l&ﬁljauber |
| ~ Cu+Cu 200 GeV - -
0.04 Hadron v,, 3<in<3.9 0.6 S hA l

® Cu+AuCu
Cu+C

® 100 200 300 400 % 100 200 300
Npart Npaft
e U.o
— Au+Au 200 GeV
® Cu+Au 200 GeV Au-going | L -Glauber
0.01 @ Cu-+Au 200 GeV Cu.zomz" 0.6 o gg:% A:e
Hadron v., 3<il<4 | Cus+Au
- ‘ ° %o . - | ® Cu+AuCu
> | o ] w 0.4
0.005 * T~ -0
¢ J 0.2- %1\,
| 1 — T
% 100 200 300 40 % 100 200 300 200
Npart Npart

v F/IB asymmetry of vz is consistent that of &>
-En av @nd &, ¢, are estimated from

Au and Cu participants separately

€n,Au > €n,Cu » Vn,Au > Vn,Cu ?
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v2le2 scaling with Glauber and IPGlasma

. nucleon base gluon base
M|d- 0.4 ] 04, -~ ——
r] [ Au+Au 200GeV ] [
. ® Cus+Au 200GeV 1 [ —ém,:u zgggztll
0.3 gga%%%??ﬁggss 03 ¢ Hadron v, Ini<0.35
_MC-Glauber nucleon J _IPGlasma
K 1§
;“ 0.2 ’,%/'/ ;“ 0.2 .’}}.:_-——-“'
0.1 J ] 0.1-*
® 200 400 600 % 200 400 600
dN/dn dN/dn
F/B_n V.go T T ) U.<O| -
@ CireAl 200 GeV Au-goin AR08 Gl ¥
0.2] @ Gurhu200 oV Gurgong 0.2 3 8L 500 v v gang
20 1 5_ MC-Glauber nucleon 30 1 5_ IPGlasma 4
wN wN 1
0.05- 0.05-¢ {

00' 100 200 300 400 '5'00 00‘ 100 '20'0' 300 400 500
dN,, /dn N, /dn
v At-mid n, the v2 scaled with nucleon base model are
consistent among three collision systems

v At-F/B n, the v2/e2 with gluon base model in Cu+Au is
closer to that in Au+Au



vi/es scaling with Glauber and IPGlasma

nucleon base

Mid-r] 0.3: ' Au+Au 200GeV
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m015
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dN,, /dn

v At-mid n, the vs scaled with gluon base model in Cu+Au

is closer to that in Au+Au

v At-F/B n, the vi/e3 with gluon base model in Cu+Au is

closer to that in Au+Au
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Ns dependence of &,

ns-x plane

arXiv:12004.5814v2

- =1
- - Glauber o n=4
0.6 -~ n=5
~ Pb+Pb “ Nn=6
x(?m) S itﬂ 04-_ W
W i
0.2+
I S
i A T | T T | | 4 0 13101-|4|o|°/|°
00786 2 2 0 2 4 6 8 10

X (?m)

v Longitudinal structure is less understood
-Transverse direction can be described by Glauber, CGC...

Y Initial spatial geometry en(n) are n symmetric
- Smooth longitudinal density profile, streak-like structure
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vih measurement at Bbc(3<|n|<4 )

vY'Vn is measured using 64 Bbc pmts pmt%.O. %

/a8e8" "9g8q
- Bbc can’t reconstruct tracks l3 U /3.3)
- pmt based vi include back ground \O:g:.:ggy'/

v Full Giant simulation with PHENIX configuration

- pmt based vin -> track based v, .
(Y

I USim n,input
track pmt n,2nput Input vi from particle simulation
/Un o an * U Rn — Sim S1m
U % tput
n,output O?J,t(;fjtpvu from Giant simulation
v Correction factor Rn "
-R2: 0.73 0.08f oinput >0.08] oinput
- R3 0 65 0_06% @ Output 0.06. @ Output
v Systematic study 0.04} 0.04f
-dN/deta [ © o
0.02 e ° 0.02f
- pT spectra | 9 o
-5-4-3-2-10 1234 5 -5-4-3-2-10 1234 5

- vn(eta) n ;
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Initial spatial anisotropy

Glauber Monte Carlo simulation
-Wood Saxon density profile I B B E
- collision is occurred, ifd < \/(c.n/7)

d:distance between nucleons 5 |-
Onn:total cross section(pp collision)

E ol
* cos[n(¢ — 1) s .
o <r cosin(¢ — V¥, pp ~ |
n -5+ -
(%)
5 [ Au+Au T
L.y (r’sin(ng)) i
- T | 1 1 1 ]
U, pp = —[tan 5 - 7] 10 -5 0 5 10
n (r? cos(no))
x (fm)
0.9: — LI B e e : 0.8:_ T T e e BN I e e e e e 3
Centrality dependence of ¢, Z: o o7f o
: ;— 0 A::A: —; o.sf_ ® CusAu
£2:CuCu>CuAu~AuAu o b Cuscu & 3 0 o Auds
I . "3 > 04 ¢
£3:CUAu>AuAu " o4f A : I - .
0.3l 2 f - : © 4
025 | A E 02 . . : -
0.15 3 f 015 . N

T RS R ) % 020 0 a0 s o

centrality[%s] centrality[®s]
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System size dependence of v2(Npart) and €2(Npart)

L O,8""l""l“"l""
0.1_ — Au+Au 200GeV _ r
i ® Cu+Au 200GeV ] i MC-Glauber ]
i Cu+Cu 200GeV | 0.6 — Au+Au —
@ Charged Hadron v, Inl<0.35_ - ® Cu+Au -
@D i — Cu+Cu

>NO.05 .ON 0.4 7
0.2 :
% 100 200 300 400 % 100 200 300 400
Npart Npart

v v2(Npart) and €2(Npart) are similar system size dependence
- Npart:Number of participants from MC-Glauber

- v2(AuAu)>v2(CuAu)>v2(CuCu) ~ e2(AuAu)>e2(CuAu)><2(CuCu)
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System size dependence of v3(Npart) and €3(Npart)

T T 1] T 7 " T T 7T 7T 7T 1T T T T L] T T T 1] T 1] T 1] T 7 " T 7T 1T 7T 7T 1T T
- - —
- - __

— Au+Au 200GeV

® Cu+Au 200GeV . 0 6— MC-Glauber
Charged Hadron v, Inl<0.35' gt — Au+Au ]

0.04- 0<p,<3(GeV/c) . i ¢ Cu+Au

> | Q) oW 047 ‘
0020 _+4 O : - i
T T~ 0.2 }
1 O | ‘

% 100 200 300 400 % 100 200 300 400
N N

part

v Unlike v2(Npart), no significant system size dependence of
V3(Npart) and E3(Npart)
-The ordering of the magnitude of vs is reversed with that of &3
- vz in Cu+Au are almost same or slightly larger than those in
Au+Au
-> intrinsic triangularity of asymmetric overlap zone?
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System size dependence of vz at F/B
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vIn Cu+Au collisions, F/B asymmetry of vz is observed.

4 2 0 2 4

4 2 0 2 4

n

4 2 0 2 4

4 2 0 2 4

-central & peripheral collisions: v2(Au-going) ~ v2(Cu-going)
v2(Au-going) > v2(Cu-going)

-mid-central collisions :
->caused by different initial geometries in Au and Cu ?
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System size dependence of vz at F/B
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v'Weak centrality dependence of vs is seen for all collision systems

- AuAu:same centrality dependence as seen mid n

- CuAu: vz decrease as centrality decrease
vIn CuAu collisions, v3(Au-going) > v3(Cu-going) for all centrality bins
-> Like vz, the different initial geometry cause the different vz ?



dN/dn

F/B asymmetry of dN/dn
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Y Like the vi, the dN/dn in Au-going side is higher

v'In 560-60%, the dN/dn in Au-going side and

Cu-going side are almost same due to similar Npart.
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Initial geometry model

Glauber nucleon IPGlasma
o . ,;' .
Ay | oy 1l
8 “~__ 4 6 T 2
2 > 40 0 2 yiim)
0 y[fm] b, e Y 4
2 /4 x[fm] 4 ~_ 6
x{fm] 4> % 8
-6 8 -8
-8
Smooth structure Fine structure

v Glauber Monte Carlo model:nucleon base

v Glauber Monte Carlo model:Constituent quark base
PRC 93 024901

YIPGlasma Model : gluon base(CGC), PRC 89, 064908

->fineness: gluon base>quark base > nucleon base
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Model dependence of 2nd and 3rd Eccentricity
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v2/e2 at f/b rapiditv vs dN/dy
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v3/e3 at mid rapidity vs dN/dy
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v3/e3 at f/b rapidity vs dN/dy
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v2le2 scaling at mid-rapidity

Glauber nucleon

N I N I
Au+Au 200GeV

® Cu+Au 200GeV
- —— Cu+Cu 200GeV
0.3 Hadron v, Inl<0.35

'MC-Glauber nucleon

200 400 600
dN/dn

Glauber quark

04— |
Au+Au 200GeV
® Cu+Au 200GeV
- —— Cu+Cu 200GeV
0.3F Hadron v, Inl<0.35
. MC-Glauber quark
o
02 4o
"o/
0.1- ]

200 400 600
dN/dn

06 1
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IPGlasma

T | ' T

- — Au+Au 200GeV
. ® Cu+Au 200GeV

Hadron v, Inl<0.35

 IPGlasma

-
-
% |

200 400 600
dN/dn

v v2 scaled with Glauber model(nucleon,quark) are
consistent among three collision systems
v The deviation is seen in central for IPGlasma model



vi/esz scaling at mid-rapidity

Glauber nucleon

03 |

[ Au+Au 200GeV
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i Hadron v, nl<0.35 :
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&) -
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0.05° 7~ f
% 200 4200 600
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Glauber quark

0.3; —T— r r

r Au+Au 200GeV

0.25 ® cu+Au200GeV
. Hadron v, nl<0.35 :
| o 0.2536lauber quark E

1

$0.15 o :.
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005 7~ f
® 200 400 600
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IPGlasma
0.3 —— ——
0.25" @ cushu 20000y
Hadron v, nl<0.35 :
| o O-zﬁpelasma E
' %,0.15
> [ ]
01 4 e° :
0.05 -~
% 200 400 600

dN/dn

Y In Glauber model(nucleon,quark), the deviation is
seen at central bin
YiIn IPGlasma model, AuAu vs/ez and CuAu vs/e3 are close

to each other
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v2l/e2 scaling at f/b-rapidity

Glauber nucleon Glauber quark IPGlasma

o.25%——-————m—m——m——r 025—++—/77— 025
By e N BN et O B o |
o EHS B u:go!ng 3 o i e u:goqng 3 _ ® Cu+Au 200 GeV Au-going 3
0.2 sgutzmayorsens 02 sgupumgegioens 1 02 Solhaocworson
L “ ] o : ] ) |
2;0_15 MC-Glauber nucleon : <T:0.15, MC-Glauber quark | 0.15 IPGlasma :
S | 1 SV | ‘: ’ ]
i - ® o0 1T o o 3 o 3
0.1 & ' 0.1 2 o i 0.1 f(;/.".'/\ ]
0.05- - 0.05- - 0.05;* .

% 10020030040050 b 100200300400500 b 100 200 300 400 500
dN, /i dN, /i dN, /i

Y In Glauber model(nucleon,quark), the deviations
between CuAu and AuAu are seen at central bin

YiIn IPGlasma model, AuAu v2/e2 and CuAu v2/e2 are close
to each other



vsl/esz scaling at f/b-rapidity

Glauber nucleon

I T

| — Au+Au 200 GeV
® Cu+Au 200 GeV Au-going
- @ Cu+Au 200 GeV Cu-going

0.1

| MC-Glauber nucleon
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S
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% 100 200 300 400 50
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Glauber quark
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| — Au+Au 200 GeV
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| MC-Glauber quark
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IPGlasma

] T

- — Au+Au 200 GeV
® Cu+Au 200 GeV Au-going
- @ Cu+Au 200 GeV Cu-going

0.1

' IPGlasma

®
o

% 100 200 300 400 500
dN., /chn

v'In Glauber model(nucleon,quark), the deviation
is seen from central to mid-central
YIn IPGlasma model, AuAu vs/ezand CuAu vs/e3 are close

to each other



Parton cascade and hydro vz(n)
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v AMPT and Hydro predict magnitude of
v2 at F/B rapidity well
-Hydro:Smooth longitudinal density+hydro
-AMPT:Fluctuated longitudinal density+parton
cascade

v Hydro reproduces the ratio of F/B v2
- In peripheral collisions, the F/B ratio
becomes constant

v AMPT model over-estimate the ratio

40~50%} 50~60%
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Parton cascade and hydro vs(n)
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- 0~5% 5~10% 10~20°% 20~30%
0.04r Cu+Au 200 GeV ;

. ®@PHENIX

i = Hydro n/s=0
0.03r =AMPT 3mb

n
v AMPT show the F/B asymmetry of v3 o | ettt
- v3 (Au-going) > v3(Cu-going) 52.5- —Hydons=0

->Fluctuated longitudinal density show — AMPT 3mb

(=)
-
S
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-

S)

larger F/B asymmetry of vp 2
2
S
(@)
-
<
>(')

v Hydrodynamics show weak F/B
asymmetry of v3
-v3(Au-going) ~ v3(Cu-going)
->Smooth longitudinal density show
weaker F/B asymmetry of vy centrality(%)
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Directed flow in comparison to STAR and ALICE
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MC-Glauber E-by-E hydro v2, vi at mid-n

For both centrality, both value of n/s agree with data
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vn:AMPT and Hydrodynamics
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pi, K, p flow

Introduction 76

arXiv:1412.1038

0.25F Centrality 0-50%  (a)if _ (b)-
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- m’ 1E
0.05F _an® I
N A Eld

0 055_ P, correlated sys. of EP n* _.E_ -

0 1 2 3 40 1 3 4
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v2,v3 have similar particle dependence

vz scaled with ng®/?
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Scaling property : guark number scaling

arXiv:1412.1038

0.12 [ Centrality0-50% (@ 14 (b) -
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v2,v3 have similar particle dependence
vz scaled with ng®/?
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Track identification at CNT(|n|<0.35)

2012 PHENIX Detector

‘I
-

TOF.E and TOF.W are used

-TOF.E : Scintillation counter 130ps
-TOF.W : MRPC 95ps

Time of flight method

£\ ° V ' =1 4
m2 — p2 <%) —1 West Beam View East N

TOF.E positive particles

Yor =weL

m:particle mass, p:momentum, L:flight pass 45_

c:light velocity, t:time of flight =

O af

©~ F

Charged pi,K,p ot |

-pi/K up to 3GeV = F
-K/p up to 4GeV o

1:llllllllllllllllllllllllllllllllllllllllllllll




Results/Discussions
79

Results
&

Discussions

- System size dependence
- PID vn

- Rapidity dependence

- Theory comparison
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Identified particle v2 in Cu+Au

arxiv:1509.07784
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Mass ordering at low pr for vz for all centralities
Baryon and meson splitting at mid-pris seen
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Identified particle v4,vs3 in Cu+Au

arxiv:1509.07784

e B S L B
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B SIP e— oopLl——r— L
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Same particle dependence of v3 is seen as seen in vz

Mass ordering is also seen for v+

- At 1<pT<2.5GeV, Mass ordering is seen

- At low and high pt region, baryon vi ~ meson v
-Not same trend as seen in vz, v3



Quark Number Scaling of v2
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Quark Number Scaling work v3 in CuAu
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Comparison to AMPT v2

arxiv:1509.07784

AMPT with 3mb reproduce v2
-In 0-30%, up to 2GeV
-In 30-60%, up to 1GeV

March 2nd 201

6 WWND H.Nakagomi



Comparison to AMPT v3

arxiv:1509.07784
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Flow In symmetric collisions system
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3sub method

Event Plane detectors PHENIX n acceptance

- 2nd, 3rd Event plane
- Bbc, Cnt

- 1st Event plane
- Bbc, Smd

Event Plane resolution

-Estimated from EP
correlations(3sub method)

Res{wobsy — | = cos(n[WoPs — Wo]) >< cos(n[Wols — Wobs]) >
n, A < COS(TL[\IJ%Z?SB _ \Ilgb%]) ~

Bbc 3<n<4

[
™
o
h
=
)
C
O
50

< cos(n [\I/()bs \I/Ob%]) >=< ¢os(n [\IIObS Jirue 4 girue \IJObS 21) >
=< COS( [\IjObS \Ilzrue]) > COS('ﬂl\Ijgue \IJObS ])

= Res{V, a}Res{V, B}



Average v, at Mid-rapidity

How to integrate vn(pT)

Weighted average using pT spectra as weights
-oT spectra: PHENIX AuAu (ppg023)
-vn . PHENIX AuAu,CuAu,CuCu(ppg124,132,183)

Z@' dﬁﬁz Un (PT,z)
< vy >= —

Z’i dpT,i

-vn(pT,1) and dN/dpT,i values are obtained from fitting functions

0.
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[ =Polynomial Fit S I T 1
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+  =Polynomial Fit -‘-':-~g 1 3 Er ﬁ
o 0.15¢ = s I ]
o 10 'F E3 E
[ 3 . 00~10% ¥ 3
[ - =Power Fit T+ =—Power Fit y
0.% 2102  ©20-30% DO 030-40% 1
{ IS F ==Power Fit TF ==Power Fit 3
: N af 40~50% T 50~60% ~. 1
0.05 10°F Power Fit =  —Power Fit =
» F 60~70% 70~80% =
O~1 OOO 1 0’4 1 A p?w‘ef lrnx PO TR T [ TR N TR S N T 1 -’-J i lpolwell FI& i ] l A 1
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Determination of pT spectra in Cu+Cu

and Cu+Au

Cu+Cu and Cu+Au spectra are assumed using Au+Au spectra

-There no published Cu+Cu and Cu+Au spectra .\ o

N : Au+Au 200GeV ]

-dNcrn/dn and <pT> depends on Npart % 1o :

Procedure J a

. . Po 2107 s

1. Fit Au+Au spectra with  f(pr) = A( N |

a b 20~30% .

poand n are free parameter bo T PT ST S 3

. , 10'3‘r Power Fit G

2. Obtain po and n as a function of Npart L PowerFi -

3. Make pT spectra for Cu+Cu and Cu+Au RO B S I
using Po(Npart) and N(Npart) for Correspondin% Npart DINS

IOO(Npar N(Npart)

llllllll l LI I B l LI N B I L)
n . . .
.

o AuAu zooeev 3

= :
N L pO(Npa/rt) n(NpaTt) E
f(pT7 pa'rt) — ( )
p0<Npart) + PT : P , :
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Comparison to PHOBOS

I ! I I I ! I I I | I I | ! I I I I |

i — Au+Au 200GeV i
0.1 « Au+Au PHOBOS Inl<1 -
[ ® Cu+Au 200GeV *
w Au+Au 200GeV spectra |

O 08’_ — Cu+Cu 200GeV N
. I w Au+Au 200GeV spectra

| . Cu+Cu PHOBOSInI<1
B § : \ 7

o U, B L4 R 7]
v 0.06" 1% T |

0.04- Sy o N\ :
I y . N
0.02- .
% 100 200 300 400
Npart

My results are consistent with PHOBOS within the error
-n range is different, PHOBOS's results are obtained wider range

pT integration is successfully done



