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Azimuthal anisotropic flow
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Higher order flow harmonics

PRL 107. 252301
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Event-by-event initial participant fluctuation can lead to triangular
particle production anisotropy vs:.

v3 is expected to further constrains initial condition

and viscosity
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Cu+Au collisions

a) Reaction Plane X b) Transverse Plane
Cu Spectator ~)
8 -»

target(n<0) . projectile(n>0)

é z
| participant zone

Au Spectator

Asymmetric initial condition provides

- Different left/right pressure gradient, particle
production....

- Longitudinally, above characteristics could be
different in Au-going/Cu-going

vahnmeasurements in CuAu collisions provide
additional insight into the mechanism
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PHENIX detectors
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2nd 3rd Participant Event Plane
-Beam Beam counter(BBC)

el ]/B/;f\[\ |/ WIW - Spectator Plane
HGEY IS —wo —  -Shower Max Detector(SMD)

Charged particle Tracking

- -Drift Chamber(DC) (|n|<0.35)
-Pad Chamber(PC) (|n|<0.35)
-Electro magnetic

™
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2012 PHENIX Detector
PC3

calorimeter(EMC) (|n|<0.35)
-Forward Vertex Detector(FVTX)
gjc [ (1<Ini<3)
rt BVTX | > Hadron identification
- -Time of flight(TOF) (|n|<0.35)
West Beam View East -
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Charged hadron v, in CuAu

-pTdependence of vz, v3
System size dependence
-pTand eta dependence of v4
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System size dependence of v:
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v2 for different systems has similar centrality and pT dependence
v2 in CuAu is always between those in AuAu and CuCu
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Scale v2 with EZ*Npart(1/3)

- ® Cu+Au 200 GeV (a) 1 (b) tarxiv:1509.07784 (c) -
- 9¢ Au+Au 200 GeV arXiv:1412.1043 T -
__ 0.2k A Cu+Cu 200 GeV arXiv:1412.1043] 1 -
ot n 4
2 [ PHENX 1
% - / é.‘:. o0 L] 1 ’.5’ o .A’ ® i 9':‘-.1‘ ® l‘."" P
R N o T ¢ Yo ] ¢ %o -
- prt 4 41
i f 0-10% 1 10-20% I f, 20-30%
0_1.,..1....1 | PR e P | i | PRI B IR SNT SO TN AN SN WO N T N T TN TN AN NN T T T AU Y A N BN
LABERLEE | T l Y Y l e I L L L L
- (d) ] e) ] (f) -
’-E 0'2-_ —“'_ 4 —
2F I 1
- I | "
w o . |
= i 0®® % o | 00 ® ® o oo o 7
> 0.1- o - @ '%-. T ® P ® !ih. T .,.0 o o {‘ .
I f’ 30-40% 1 40-50% | .”.. 50-60%
0_1....1....1 PP | Lol oy oo by oo by b o v by e LTy e by by b o by oy 1T
o 1 2 3 4 50 1 =2 3 4 50 1 2 3 4 5
F (GeV/c) F\z P, (GeV/c)
PHENIX found emplrlcal V2 scallﬂg (P C.92.034913)
-v2 is scaled with €2Np,(173)
-Npart!’’®) is proportional to length scale
€2Npart1’® scaling works well in CuAu!
March 2nd J20016 WWND H.Nakagomi



System size dependence of vs

arxiv:1509.07784
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v; for different systems has weak centrality dependence
vs in CuAu is always bigger than those in AuAu
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Scale vs with ES*Npart(1l3)

arxiv:1509.07784
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Empirical e3Npart!!’® scaling is performed
-v3 is scaled with g3Np,13)

-Npart!’®) is proportional to length scale
£3Npart!’’3) scaling works well in vs!
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V1 measurement

b) Transverse Plane
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The direction of V14 is defined in Cu side spectator

->v1>0 : more particle are emitted to Cu

->v1<0 : more particle are emitted to Au

-Measurement of vq1 w.r.t Y1 using Au spectator and flipping
its sign
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Charged hadron v1

arxiv:1509.07784
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Sizable v1 at mid-rapidity is observed for 10-50%

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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ity dependence of v

WPr, : Spectator Plane(projectile)

Ry : : Spectator Plane(ta
0.04- charged p;rggez:hrkuintegrated,\[siNN=ZOOGeV
= [ A 1 BBC CuAu (SMD-Au-going)
i BBC CuAu (SMD-Cu-going)
== ] FVTX CuAu (SMD-Au-going)
- FVTX 9uAu (SMD-Cu-going)
0.02—
B . vi>07? (I‘]~0)
- Cu going
[0 ] A R
- Au going
-0.02—
- ’
“0.04" 30-40% Centrality =~ PHTENIX E-by-E fluctuation lead to

WM 43 20 1 2 3 4 “YS.P = VS.P” -> “v4(¥S.P) = v41(¥S.P)”
n -> v1 = vq(Traditional=n symmetric)
+ V4i(fluctuation)
The difference of v1is seen between two spectator planes.
- Same difference as seen in ALICE
- Fluctuation ?

Traditional v1 in CuAu is positive at mid-rapidty ?
- more low pT particle emitted to Cu side ?
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ldentified hadron vn
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Identified particle v2 in CuAu

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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ldentified particle vs, v41 in CuAu
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arxiv: 1509 07784
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-Same particle dependence of v3 is seen as seen in vz

PID v4

-At low pt, mass ordering is not observed.
-Mass ordering is seen for vi at 1<pT1<2.5GeV
-At high pt, baryon and meson splitting is not observed
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Comparison to theory

-Event-by-Event Hydro
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arxiv:1509.07784

For both centrality, both values of n/s agree with data
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MC-Glauber E-by-E hydro v1(pt)

arxiv:1509.07784 P. Bozek, Phys. Lett. B717 (2012) 287
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In hydro calculation,

-More low pT, particles are emitted to Cu side
-More high pT, particles are emitted to Au side
Theory calculation shows qualitative agreement.
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MC-Glauber E-by-E hydro vi(eta)
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Comparison to theory for different centrality class
Hydro calculation doesn’t show a sign change of v1
-In |eta|<4, sign of v1 is not changed

Magnitude of theory calculation is much smaller than
those of experimental data
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summary

Charged Hadron v,
-v2, vashow same prand centrality dependence as seen symmetric

collisions
-Sizable v1 is measured at mid-rapidity
-Fluctuation v4is observed at RHIC

System size dependence of vz, v3
- CuAu vz, vz are scaled with EnNpart!’3

Identified Hadron v,
-Mass ordering and Baryon and Meson splitting are seen in vz, vs

- In mid-pT, Mass ordering is seen in v4,
Not observe Baryon and Meson splitting in v+

E-by-E hydro comparison

-reproduces pt dependence of vz, v3

-qualitatively reproduces pt dependence of v,
but fails to explain n dependence of v+
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Back Up
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Charged pion v2, v3 in AuUAU
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Flow In symmetric collisions system
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Relative Heavy lon Collider(RHIC)

ecies Energies
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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
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Comparison to AMPT v3

arxiv:1509.07784
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AMPT with 3mb reproduce v3
-In 0-30%, up to 2GeV
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Rapidity dependence of V;
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Charged hadron v
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F PHENIX Cu+Au 200 GeV @ T v 1 arxiv:1509.07784 © ]
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Similar pr and centrality dependence of vz as seen

in symmetric collisions

- Strong centrality dependence, magnitude increase
from central to peripheral
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Charged hadron v3

arxiv:1509.07784
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Similar pT and centrality dependence of v3 as seen

in symmetric collisions

- Weak centrality dependence, magnitude slightly increase
from central to peripheral
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v, Even, Odd Components in PbPb

- 1 «10°
> L Pb-Pb at \[s,, = 2.76 TeV
g“ j QM2011 ALICE  __,... 150
- - ZDC C: <0
B 05¢ . - + B ZDCA+C
g \\‘\ + —=Fit(n) = Cxn
| - . \\
0 | i~ +
\\!\
i + \\\ +
05 + s

) I

. centrality 0-80% 1

- stat. and sys. errors

| I L I | I — L I | I L1 1 I | L
bs 06 -04 -ol.z 0 0.12 0.4 0.16 0.8
pseudorapidity, n
v'v, (even + odd) = v, (even) + v, (odd) is observed in PbPb 2.75[TeV]

- v(even): vi(n) =vi(-n)
- vi(odd) : vi(n) = -vi(-n)
- The source of even component is expected from spectator fluctuation

Vi {sp} = [vi{¥Ep} +Vvi{¥sp}]/2
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P. Bozek, Phys. Lett. B717 (2012) 287

:_' llllllll | LI | IR B | LRI '—:
Vi O;—. =
k) 1
2F .. V{EP} 1/s=0.16 -
-3 — — v{RP} (even) =
-4F « -« V{RP} (odd) =
-5F Cu-Au 200GeV  c=20-30% =
-6:1A1.1.1.1.1‘1.1.1.1.1.1l1.1.l.1.1.1.1
0 05 1 15 2
p, [GeV]
vl even
v1(pL){RP} = (cos(¢; — YRrp))
vl odd

v1(pL)ARP}(odd) = (sgn(nps) cos(¢; — Vrp))
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b) Transverse Plane

Weakly spectator fluctuation and
Awaparticipant fluctuation are correlated

vl = <cos((p+Ad)-(W+AW) )>
= <cos(Pp-W)>+<cos(APp-AW)>
= vi(traditional)+v1(SP fluctuation)

Ap~AW'~ AW’ :v1(SP fluctuation) >0 or <0

ApzAWzAW’:no correlation v1(SP fluctuation)=0
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