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Quark Gluon Plasma (QGP)

* A fluid of quark and gluons

deconfined from hadrons

at high energy-density ¢ & 16.0 |

temperature T

* Predicted transition € & T
by Lattice-QCD
— ¢,.~ 1.0 [GeV/fm?3]
— T_~170 [MeV]
* Relativistic Heavy lon
Collisions at RHIC
— £ ~5.0-15.0 [GeV/fm?3]
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Relativistic Heavy lon Collider

PHENIX Run Summary

Year | Species[Vs [GeV]| JLdt [N,y e |Data Size
Run1 | 2000 | Au-Au 130  1up]  10M| 37B
Au - Au 200] o4 yp'| 170M] 107TB

Run2 | 2001/02 [ Au-Au 19 <AM
p-p 200] 015001 3.7B] 2071B
d-Au 200| 2.74 nb 5.5B 46 TB
Rund | 2002/03 (— " SO0 e RT3 TE
Au - Au 200] 241 ub'  1.5B| 27071B
7 Aerniting Rund [ 2003/04 =3 4, 624 ounl 58M| 107B
Booster BT gr‘ﬁg;‘?p&mn Cu-Cu 200 3 b’ 8.6B| 173TB
Accelerator | WaNCT y,— Runs | 2005 [ Cu-Cu 62.4] g19nb] 04 B 487TB
Nw P T Cu-Cu 224 27ub 9M 178
S p-p 200] 3.8 pb" 85B| 262 1B

andemrm
) p-p 200| 107 pb 233B| 310TB
Yan de Graaff Run-6 | 2006 — —/ 624] 01pb'|  28B| 257B
: ,, Run-7 | 2007 | Au-Au 200] 813ub'|  5.1B| 650 1B
L P\ / d-Au 200] 8Qpn'| 160B| 437 71B
Hondemea Run-8 |2007/08 | p-p 200] 5opp' 115B] 118 1B
Au - Au 9.2 few k

* Accelerators at Brookhaven National Laboratory

— Tandem van de Graaff
— Linear Accelerator * p+p:510 GeV

— Booster Synchrotron e d+Au, Cu+Cu, Cu+Au, Au+Au: 200GeV
— Alternating Gradient Synchrotron U+U : 193 GeV

— Relativistic Heavy lon Collider
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Space-Time Evolution

AR
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.................... kinetic freeze-out

Break of Kinetic
Equilibrium
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of Particles Fixed
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Hadron gas a - QCD phase
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Hydrodynamic Expansion QGP thermalization
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Collective Expansion

Smooth Parton Density

Fluctuating Parton Density
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* Pressure Gradient due to small A/R<<1
BN 2N
— 1 20, 0
dp?  2mwdprdn { * Z v cssn(qb P 2)}
v, =< cosn(¢p — V) >

E

* Expansion with respect to W,

BN d*N
Ed—p3 — m {1 + ZQvn cosn(¢p — \Ifn)}

vy =< cosn(¢p — V) >
¢ : azimuthal angle of emitted particles

U : azimuthal angle of event plane
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Higher-Order Flow Harmonics
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o V,{v} R °e 0.1 Beepe, S
2 U [ ﬁ"'”ﬂ g
0.15}" valvg} [ Ll
: [:|V4{l|’} 0_,'_::::I::::I::::}::::___I_::::}::::I::::I::::
) 0.1 (c) p, =0.75-1.0 GeV/c + (d)p,=1.75-2.0 GeV/c
I T @' » .
0.1 [ & UrQMD + 4my/s = 0 1 —~ AR
- £+ Glauber + 4nn/s =1 (2) T + ® - ~-.,_§ O".,
0: 22 0 r + 1= o ©
0.05 oA WP >0.05 + T
. ..AA ; o0 ﬁ.,@:’, ::::: . AT b LLLLLEL A'F]
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012 3 0 3 0123 041230412 3 100 200 300 0 100 200 300
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* None-zerov,(n>2)

e Disentanglement of a degeneracy among models
— Initial Condition, Sheer Viscosity in Hydrodynamics

* Backgrounds in correlation studies
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Jet-Quenching

rutAg PRL91.072304 (2003)
N I L N I N N B N O O | LI LI LI LI L T 1 — -
e a° arXiv:1208.2I254: o-ls% | ] 0.2 h™+h ¢ d+Au FTPC-Au 0-20% (a) _
1.6F o v, arXiv:1205.5759: 0-5% - 4 d+Au min. bias
14— Ydir (] =
12 ! 1 - g
i il : I E
< N
.~ il |I| % 2= ! ! !
0.8— — 5 - ] ] ]
o 1 3021 — p+p min. bias (b) _
0.6— - ZE i ; * Au+Au central 1
- |l 33
04— EEB ]
C i . v H [ ]
0.2 “sopmmensss® © B
O_I | | 11 1 | 111 | L1 | | 11 1 | 11 | | 11 | | 111 | L1 1 | 11 | | I_I
0 2 4 6 8 10 12 14 16 18 20 T S N I R SR R NN S S |
pT (GeV/c) 0 n/2 T Ao (radians)

e Suppression of particles compared to p+p collisions
— Nuclear modification Factor R,,<1 Raa — dQNAA/dPTdU
- - - A4 Noud?Nv? Jdprd
— Away-Side suppression of Correlations coll /dprdn
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Path Length Dependence of High p; Correlations

Au+Au 200GeV 20-60% ... PRC.84.024904 (2011)
0.03f < T TTTTTIITTT T OETTTTT 1.4F p_47GeV/c h—p_57GeV/c_
- [|  h'p?=5-7GeV/c (c); % 1.9E % + % =
0nt — A E 3 C ]
-g 0_02} . pT_47GeV/c ‘ ‘ ? °' 1;— ******************* +.+ ************ >+—;
S5 || e0=015 ' \0 8F s
5 ool LR Yo Ty —‘
Sl = 75-90° 3 ; - H 7
= | 5 06, = >0 —— g \“04“
£ oo® 0.2F O Near 3
A OmﬂOme*éﬂ-_ o OAway 2 E
—el - _ |ﬁ . e R R R A B B B
----- 0 0204 06 08 1 1.2 1.4
0 05 1Ad) (:asd) 2 25 3 Short path 9, (rad) Long path
length
t
* v, and v, {W,} subtracted o ¢
S
* Monotonic suppression of away-side /\.
: depending on path
length
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Double-Humps & Ridge of Interm. p; Correlations

Au+Au central

PRC.80.064912 (2009) PRC.78.014901 (2008)

3<p,19<4 GeV/c 0.03F — —I

0 < 2.0-3.0® %

gl e 3 0.02f v, subtracted -

° S17 ] - i
§3§-; \k“ = [
g i A ““\ < 0.01
467,'“ "‘ : L
3 15 —
Or

s e T
Ao (rad)

* Near-side long-range rapidity correlations (Ridge)

* Away-side double-humps of azimuthal correlations
— Vv, contribution subtracted

* Additional Effect to Parton Energy-Loss

— Lost Energy-Redistribution

— Boost of jet by medium expansion
2013/11/06 pre-Defense 11



Conical Emission of Away-Side

2-particle correlation 3-particle correlation Experimental Data
20] 2
4 ' / 1N, PN/(dA) Ao, )
g ’ o 0.14
3 = 0.12
* < 0.1
1@ D -G-N 0.08
I > i T T 7 3 7 3 "N 0.06
Ad = 0.04
< .
201 © ®© @ 5
lo ® @ Ad = -
.: ® ® O g o2 (a) d+Au
o 1T 2z 3 4A¢5 s 0.15
g |
E 0.1
T
2-?0.05:

2 45 105 0 05 1 15 245 105 0 05 1 15 2
2=(A¢1+A¢2)/2-n (squares) or A=(A<|>1-A¢2)/2 (circles and histograms)

PRL102.052302 (2009)
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Cherenkov Gluon Radiation

e Gluon Radiation from a

superluminal parton

* Momentum dependence of Eaov Gluon

gluon opening angle - @
uperiumina M 0,
€080 = ¢/n(p)Upare ~ 1/n(p) S Pemmeniel @) o.
Voart € at GeV/c scale %

n(p) — p/po : Index of Reflection

PRL96.172302 (2006)
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Mach Cone Shock Wave

e Shock Wave from a
supersonic parton

CO5 HMach — Cs/vpart

Cs :speed of sound

* p;independence of double-
hump position
— Vot~ CONstant at GeV scale

— ¢, ~ constant at Au+Au 200 GeV

PRC73.011901(R) (2006)
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Jet Deflection

e Deflection from initial direction

*
— Boost by medium expansion o 8 o >
— Energy-momentum loss « e >
* Hydro + Energy-Momentum Loss /4
v v Parton < . . = p Initial
aMT'u =5 : \\ Direction
v ()] y
SY(t,r) = exp — ¢ &
(v2mo)3 202
; w 3 ¥ Medium
y dE dM 0.0 T(t, %) Expansion
dt ' dt T

PRL105.222301 (2010)
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Hot-Spot Model

7=1.0fm

N [GeV/fm™]

* Hot-Spot : domain of high parton density
* Hot-Spot + Hydrodynamic Expansion
* Double-humps without hard-scattered partons

2013/11/06
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Contributions of v, (n>2) in correlations

C(Ag)= b 1+ 2vl " cosAg+ ZZVEPVEP cos nAg)
2Par. Correlation From 2Pb fethod From EP method

T T T I T T1T7 T l L] T 17T ] T T T T l T T

—
—

ATLAS Preliminary 2< p;p'; <3 GeV

PRC86.014907 (2012)

T T ] LI I

Track at [n|<2.5 0.991
with EP from i 2 < p p < 3 GeV
'l 'l l 1 1 1 1 l 'l 'l ' 1 l 1 'l 1 'l '} 'l l 1 1
full FCAL 3.3<|n)| 1 o - R a
<4.8
AP

* Double-hump & ridge of long-rapidity correlation explained

* Short-rapidity correlation with v, subtraction to discuss parton
behavior
2013/11/06 pre-Defense 17



Motivation of this Dissertation

* Focus on azimuthal two-particle correlations

* Provide robust experimental results after v, subtraction
— Centrality & p; dependence, double-humps etc.

— Revisit of previous models

* Diagnose correlation phenomena at intermediate-p; with
control of parton path length with respect to event-
planes (W,,W,)

— Parton-Energy Loss
— Re-distribution of lost energy from partons
— Possible boost of Jet by medium expansion

2013/11/06 pre-Defense 18



My Contributions
Activity Categories

*Oral (intern.) *Oral (Domestic) *Experimental *Analysis *Service work

: y D1 (RIKEN JRA)
M1,2 : AY 2008~2009 AV 2010

DNP-JPS Joint Meeting Heavy lon Pub

PHENIXRun9  PHENIX Run10 preliminary request

Detector Maintenance Au+Au ridge analysis

D2 (RIKEN JRA) D3 (RIKEN JRA)
: AY 2011 : AY 2012

JPS Fall JPS Spring HICeHIP
WPCF2011 Hard Probes2012
PHENIX Run12 Quark Matter2012 PHENIX Runl13
Detector Maintenance Nagoya-Mini Workhop2012
preliminary request preliminary request preliminary request
Au+Au vn-correlation Au+Au PID vn Au+Au correlations w.r.t. EP
vn EP calibration
D4 : AY 2013 Detector Maintenance
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Data Set & Particle Selection

* PHENIX year 2007 Experiment
* Au+Au collisions at Vs,,=200 GeV

— Minimum Bias Trigger
— 4.4 billion events
* Charged Hadron Selection

— 20 Matching Cut
— Electron Veto
— Energy/Momentum cut for High p; particles

* Background rejection
— Pair cut of miss-reconstructed hadron pairs

2013/11/06 pre-Defense
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PHENIX Detector - 2007 Experiment

* Trigger, collision vertex, centrality
— Beam-Beam-Counter (BBC)

— Zero-Degree-Calorimeter(ZDC)
Charged
Track ® Event Plane

— BBC
— Reaction-Plane-Detector(RXN)

* Central Arm, Ap=m |n|<0.35

— Momentum, Tracking, Electron Veto
. * Drift Chamber (DC)
 Pad Chamber(PC)

e View / * Electromagnetic Calorimeter(EMC)
Zbc * Ring Image Cherenkov Detector(RICH)

2013/11/06 pre-Defense 22



Centrality

 BBC charge sum divided in
percentile

— Same number of events in
each bins

Before collision

->
spectators
«O

2013/11/06

spectators

After collision

participants

| Centrality determination (Run?7) |

10°

30-40%
20 -30 % 0
10-20AJ 0'100/6

102

10

0 500 1000 1500 2000 2500

BBC charge sum
> BBC
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Event Plane Calibration

i Raw distribution
¢@‘ . Azimuthal angle Q, — 2 Wi COS(”@'),Qy _ 2. wisin(ng;)
Zi Wy Zz wj
W; - Weight (Chargeetc.) ¢ — 1o —1(%
n Qu
Re-centerin
a0 ;
85 Faurhu (8,=2b0GeV nee Qe —(Q2) pee  Qy—(Q,)
80 FReaction Plane Detetor : Q" = - SOES -

75 F 1.0<Inl<2.8 E 1
—p— IPObS 1 \IjRec _ tan_l Rec Rec
70 T A IPEe-cent n n <Qy /Q«%‘ )

- Fourier =
n p
60 ¢ S :
R R B e 4 AR R R i
5 5 SRR . e

Fourier correction

Fourier __ Rec
nW, =nV "+ nAU,

Number of events

A5 | : nAv, = Z { Ay, cos (knU[*®) + By sin (kn¥ %)}
40 ) 2
SR S ETS A A Ap = —= (cos (knU[**®)) By, = = (sin (kn¥ )
3210123 Tk Tk
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Event Plane Resolution & v, Measurements

EP Resolution

° 1 - 1
Resolution +/-1 .
oEP = (cos kn(VEP*" — 1)) >
32 06
El
= \/<COS lm(\IJgPHn) — \IJEP(_”))> &, 04f
, , 5 é 0.2
T 9 Xn Xn ;
= gXn [I(k—1)/2 (Z) + L(kt1)/2 (I)] 0
* Resolution +&-1
A 0.2
9 9 9 2 2 0.15f
7T X X’)’L o < [
afP — §2Xgl [I(kl)/2 <T) + I(k+1)/2 <T)] % 0.1
go.osi
* v, measurements R
po0s (cosn(¢p — TEP))
v p— =
" oEP (cosn(UEP —U))
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v, Results

* Consistent results with previous measurements

— Used for background subtraction
Au+Au |s,=200GeV, EP Method

V,

V(W

2013/11/06
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0.25F
02F
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0.155‘

005F

0.2f
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0.05F
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0.02F
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5 @ This Ana. 1
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Two Particle Correlations

 Pair distributions in real and mixed events
Ap=¢* — ', An=n*—n'

Real Pair 7~ e Two-Particle Correlations

Nta @2Nte JdAGdAn

C(A ,A _ mix real
( ¢ 77) Nﬁga,l mzx/dA¢dA77

d2 Nta

ey Y
‘

6 | VAT
0 N\,

# of Entries

Near-Side : Ap=0

& -2 g 0.4
4¢ 64% A\ e e

2 360

Mixed Pair of T &

7

# of Entries

VAN
’ "’:::::ff

Away-Side : Ap==m
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Flow Subtraction & Pair Yield per a Trigger (PTY)

Ql C
O - Au+Au |s,,=200 GeV, 20-30%

* Analytical Formula of Pure Flow ™ 108-jicpoaiioceve . ¢ e

1.06}- : Fit to Expr. C,

F(Agb — 1 —+ Z ZVAn COS (TLAQb) 1.04;— 7 e — : Pure Flow (ZYAM)
1.02F 7/ \ oq

=1+ ) 20’ v%cos (nA 1 r

Z gb) 0.98f

0.96f

Flow subtractions 0.9455

— Zero Yield At Minimum Assumption

J(Ag) = C(A¢p) — by |1+ Z 20f v cos (nA¢)

e Pairyield per a trigger

1 dNt@ 1 Nta A £ Tracking efficiency of
Nt dA¢ " 97e Nt J( ¢) " associate particles
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Event-Plane Dependence

(I)Asso.

* Selecting trigger particle w.r.t. W, & W,
e Control of parton path length inside medium
* Sensitivity to each harmonic plane

2013/11/06 pre-Defense
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Flow Contributions with respect to EP

* No analytical formula of pure flow w.r.t EP
e Run a Monte Carlo simulation
e Azimuthal distribution

— Using Measured v,

EdBN  d°N
dp3  2mdprdn

1+ Z 2v, cosn(¢p — \I!n)}

n=2,3,4
e Observed Event Plane Resolution
e Observed correlation between EP
— <4(W,=¥,)>=v, {¥,}/v,{¥,}
— <6(W,-¥,)>=0

2013/11/06 pre-Defense
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Flow Contributions with respect to EP

-

Au+Au \s,,=200GeV, Pure Flow : v (n=2,3,4) + <cos4(¥,-¥,)>
1.3F°

* p;':2-4, p;2:1-2 GeV/c

* Good reconstruction of
correlation shape by MC
simulation for both W, W;
dependence

_ ¥,:0ut-of-plane AT“<¢t-1P2<'%n __

* Except around A¢p=0, &t
where affected by jet

09__111 'Out-of-_lane An :IJ<'3—TE 1k
rooer P EF RN VR

0850 =gy~
A = ¢%-¢'[rad]

\
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Resolution Correction for Trigger Selection

e Fitting Method

— Azimuthal anisotropy of
correlations yield

— Resolution correction in

analogous to v, measurements

lteration Method

— Trigger smearing effect by

measured resolution S
— Correlation Yield A
— Smeared Correlations B

— Effective correction coefficient C
— |teration until convergence

2013/11/06
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L F(9,)™"=142v;" cos2(p +A¢)+2V " cOSA() +A9)

| Au+Au 20-30%, Ad=-1/24.
B ----Fit to raw data
= Corrected data
e Raw data

......

[ F(9,)*"=1+2v; "/0,c082( +A9H+2V "/0,,c084(p +A9) ]

----Corected curve
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Systematic Uncertainties

* Flow v, Measurements
— Fluctuation within RXN EP

— Rapidity dependence of EP : RXN-BBC difference
— Matching cut of CNT Particles

 Two-Particle Correlations
— Systematics from v,
— Matching cut of CNT Particles
* Event Plane Dependent Correlations

— Unfolding Method : Fit & Iteration
— Parameter in iteration method

2013/11/06 pre-Defense
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Two-Particle Correlations

* Suppression of Away-Side Au+Au |s,,=200 GeV, v_(n=2,3,4) subtracted
in most central collisions 02 woatoGeve @l ()
015 0-10% if ¢ 30-40%
. ] 0.01F :
* Away-side shape in soos. [
. . s S
peripheral collisions _ o doaaceie @If @)
, , g oos
— Single peak at high p; 3 Coal

> 0'02; o'. .‘O o o 77 ... .0 oo_o®°%%% ;
— Double hump at intm. p, T O et St
*‘E 3&83; 2-4x2-4 GeV/c (e) (f)é

* p;independence of double ¥ %% *
.y > 00 £ 4
hump position below p.<4 ke L S | W NP
01495 ax1-2Gevic. (9)if  (h)]
0.12¢ 1k ]
GeV/c A
0.06F I 3

0.04¢ 1t

0.02F & o o 1F o° o %%
O et testtang e et
-101234 101234

A = ¢*-¢' [rad]
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Hardness of Correlation Yields
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* p;spectra of correlation yield

1 dY

1 1

PG dApr P (p

a,mazx

T — Pr

a,min

Away Side:lA¢p-nl<l/4l
v, V3 v,{¥,} subtracted

eptT”g:4-1o GeV/c

o pl%2-4 GeVic

1
) /dA¢Ntrig dA¢

G \::@‘~ trig
E ~O- _ ~\$ epT :1-2 GeV/c
§\ \\\ ~~~~‘~
X -
oo © S
A\ ~IB--_
A*t\\ o TTe-al
*%\_\____A T~
g\:\:§:t,\ A T A
S
N T
R N R v
\% ~~~~~~§
T~
I 1 1 1 I 1 I 1 1 1 I 1
1 3 4 5

dN
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* Hardness increase with trigger and associate p-

— Different Physics depending on p;
2013/11/06
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Comp. w/ Model : Cherenkov Gluon Radiation

Cherenkov Gluon Radiation

! — m,=1T,m,=3T
80 ‘\ m, =0.5T,m,=3T
\ —-—-- m=0.5T,m=1T
60 \ -
(S \\
D \
40 \ .
\
\
N
20 - N -
\\
0 | T
0 0.5 1 1.5
Y

e Strong momentum dependence

* Disfavored by p; independence of
experimental data

2013/11/06 pre-Defense

Experimental Results

b)  10-20% |
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(CF(0))

Comp. w/ Model : Jet-Deflection & Mach-Cone

0.035 T T 0.035 : T
Mom. dep. ------ Mom. dep. ==----
0.03 } AEndep. (x8.5) - - - 4 0.03 } En dep. (x8.5) - - -
n+Mom dep. —— n+Mom dep. ——
0.025 . 0.025 - .
p,'=3.5 GeV/c p,'=3.5 GeV/c
0.02 | . { __ o002} , ' a— :
v p°=2GeV/c S / ' Pr 3GeV/c
0.015 \ o 0015 - S e e e~ T
S -
0.01 f 0.01 f
0.005 | /) N A - 0.005 f
o k- R i oF--- DUCE .
Mach-Cone Mach-Cone
-0.005 . . : -0.005 . . .
-t/2 0 /2 T 3n/2 -t/2 0 /2 T 3n/2
¢ [rad] o [rad]

PRL105.222301 (2010)

Energy-Momentum
Loss Rate

dE/dt = 1GeV /fm
dM/dt = (1/v)(dE/dt)
(v = 0.999)

* Momentum Loss to obtain p; independent Double-hump

— Energy + Momentum Loss is

most realistic

* Mach-Cone also shows p; independence

2013/11/06 pre-Defense
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Comp. w/ Model : Jet-Deflection & Hot-Spot

1/N dN/d(Ad)

0.03

0.025 |
0.02 r
0.015
0.01 r

0.005 |

Jet : PRL105.222301 (2010)

Hot Sbot ---
Jets

p'=3.5 GeV/c -
p7=2.0GeV/c |

-1 0 1 2 3 4
¢ [rad]

1/N dN/d(A9)

0.025

0.02 r

0.015 |

0.01

0.005 |

0

Hot-Spot : PLB712.226 (2012)

Hot Sbot ---
IR Jets

S ’

4 0 1 2 3 4
¢ [rad]

\\ ,'th=8.b GeV/¢
p;°=2.0GeV/¢

Experimental Results

4-10x4-10 GeV/c  (b)

10-20%

%o %9%00e** %000

E ..

* Intermediate p;: Both models consistent with data

* Hot-Spot disfavored by the double-hump at high-p;

* Consistent with the behavior of p; spectra

2013/11/06
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W, dependence of PTY

* Mach-Cone disfavored > >
— Double-hump must always AusAu |3,,=200GeY. Pure Flow: v {1=23,4) + oS4V V.)> by ZYAM |
appear in Mach-Cone 3 05
* In-plane trigger Y 04
— Enhance in peripheral : 0.3l
collisions: with thin medium S
> 0.2
— Parton Energy Loss o :
£ 0.1:
e Qut-of-plane trigger 2 o
| N
— Enhance in central collisions: ° 0.1
thick medium

— Energy re-distribution & boost Ap = ¢*-¢'[rad]
by collective expansion

2013/11/06 pre-Defense 40



W, dependence of PTY

) )

° S| m | I ar b ut wea ke r tren d S Au+Au VST,N=20(l)GeV, Pure Flow: v?(n=2,3,4) + <cos4(‘11l2-1114)> by ZYAM |

as W, dependence 3 05
* In-plane trigger -a% 0.4;
— Enhance in peripheral ; 0-3j
collisions with thin medium S 02
e Qut-of-plane trigger £ 01
— Possible enhance in central \% _ :
collisions with thick medium = -0.1 b ]
« Weaker W, dependence 101234 |1t(|)|1é§4|1
than W, A= 0-glrad]
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W, dependence of PTY (Polar Coordinate)

* Yield correlates with
geometry

* Enhance of In-plane yield
with increase of centrality
— Shortest average path length
* Enhance of Out-of-plane

vield with decrease of
centrality

— Longest average path length

2013/11/06

-

PTY w.r.t. ¥, in Polar Coordinate

-0.3

-0.2'—

0-10% ]
- --Offset: 0.16 ]

-03 -02 -0 0 0.1 02 03
Arbitrary unit

[0

% 0.3r 4n/8<p -W,<-3/8 E

5 C
5] C h
S 0.1 ]
o 5 .

£ -
s -0.1F 3
E ]
-0.2F .
= 7 0-10% €
-0.3F --Offset: 0.16 ]
..................................
-03 02 -01 0 01 02 03
Arbitrary unit

pre-Defense

PTY w.r.t. W, in Polar Coordinate

-0.3

PTY w.r.t. W, in Polar Coordinate

-0.2'_

40-50%

- --Offset: 0.16 ]

-03 -02 -01 0 0.1 02 03
Arbitrary unit

0.3

0.2F

0.1

C -4n/8<) ~V,<-3n/8 E

-0.1

-0.2F

t 40-50%

-0.3

- --Offset: 0.16 ' ]
..................................
-03 -02 -01 0 0.1 02 03
Arbitrary unit
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Y. dependence of PTY (Polar Coordinate)

Enhance of In-plane yield
with increase of centrality

— Shortest average path length

Possible enhance of Out-
of-plane yield with
decrease of centrality

2013/11/06

'

PTY w.r.t. ¥ in Polar Coordinate

I'd

PTY w.r.t. W5 in Polar Coordinate

-0.3F - Offset o 16 ]

-0.3F - Offset o 16 ]

'010/

03 02 01 0 01 02 03
Arbitrary unit

03 -4n/12<¢ -Wy<-37/12 .

- 0-10%

'3

L Lo Loy n by 1y
03 02 01 0 01 02 03
Arbitrary unit

pre-Defense

PTY w.r.t. ¥; in Polar Coordinate

PTY w.r.t. ¥; in Polar Coordinate

'0'2:' 4047

-0.3— Offset 0 16

_0.2'_

03 -mM 2<)-¥;<0

0.2f

emm
*

0.1

>
.....

03 02 01 0 01 02 03
Arbitrary unit

03-  -4n/12<¢ -Wy<-37/12
0.2

0.1

40-50%

-0.3— Offset 0 16

A I I B I
03 02 01 O 0.1 02 03

Arbitrary unit
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Azimuthal anisotropy of PTY : v PTY

1_' | L L L L L L I_- 0.6:_' | L L L L D L I_-
o aeso 20-30% | o 20-30% ;
P, g®p =2-401-2GeV/c 2 0-& 1 2%
>' 0.6 1 =04
~ ] 8 0'3;_ ._
—8— Near-Side, A¢<ln/4l £ 0. 4_—"~\ -] ToX i ﬁ' .- =T
_,_,02_:§~~ ~‘.~ ‘¢':::E'--—: 3012_ g‘ Q
—o— Away-Side, Ap-<ln/4l £ =Rt P ] £ o |_| i
: SRR, | ot .
-14-12 -1 -08-06-04-02 0 1412 108060405 0
q)assoma e_lp2 [I’ad] q)assomate IP [rad]

 Extraction of v PTY by fitting

W, dependence

F(¢% — Uy) = a{l + 2021 cos 2(¢% — Ua) + 205 1Y cosd(p® — Uy},

W, dependence
F(¢% — U3) = a{l 4+ 208" cos 3(¢® — U3)},
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= - Ep 1 = [ pl®p;=2-421-2 GeV/c 1 = I X ®p}=2-4®1-2 GeV/c ]

-Ie- 1 » # GVQ {qu} = _le_ 1 :_ _: _,e_ 1 o o vgp{lps} _:

g ¢ 12 F ¢ ¢ < ]

O A F 1 o .F ¢ + P ]

e 0.5 ® 1 5 0.5 ] S 0.5 -]
h 1o F b F
! - e S/ — ] r ] ] r
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E: - . 3 C ] 5: C . | ]

-0.5 = -0.5 J -0.5~ J

EE t S - - RVAM U 1 F C ]

> | AutAu |s,=200 GeV 15 F 1 ¥ f .

-1 NN — EP
C plop’=2-401-2 GeVic . T oV {W,} g e g
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0 50 100 150 200 250 300 350 400 050100 150 200 250 300 350 400 050 00 150 200 250 300 350 400
N N N
part pan pan

* v.PVis a part of v P
* v P amplitude is one order larger than v P
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v,PTY & High- pT v,

-
(6)]

—

=)

ViTY Away-Side:IA¢-ml<n/4
o o
9] 9)]

1
—

-1.5

- Au+Au |s,=200 GeV
ptT®p:=2-4®1 -2 GeV/c

N

_IIII|
0 50 100 150 200 250 300 350 400

part

2" (a)
oss- 9

et
‘ 0.1_—

0.05

——————
A MR: ASW
___,JW:I~J‘dlpGL

- JW:I~Idlp§2‘ ]

—gwir-fape 1L

‘o8

———
/\  MR: AdS/CFT .
____JW:I~J-dllpGL
T Rot —
—_Jw:I JdquL i
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02 (c)

e

0 100

200
Npart

100
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Npart

* Models with parton energy-loss provide positive i v,

* Additional effects required to explain negative v,
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Path length dependence of PTY

1.2 KL L I ]
< [ Au+Au vsiNN=200 GeV < 08— @ 0_1 OO/O -
5 t p_:2-4x1-2 GeV/c 15 | ﬁ ;8:%830 Z
Sog 1 204 230-40% -
= : i i =+ 40-50%

5 Vg 1 ©04 .
> i > .
0.4+ - ]
R ] o w ]
0 0.2+ {1 » '
Z : Z
AiFl P P P P P P A I T P T P
0.2 e Y 0.2 s Y
Path Length L(¢-¥) fm Path Length L(q)-‘PS) fm

* Angle from EP converted to Path-Length by Glauber Model
e Non-monotonic behavior
* Yields does not scale on a universal curve
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part

Path length dependence of PTY/N

x10 x107°

7 .
% 1 Au+Au ﬁ:ZOO GeV : % _
= p_:2-4x1-2 GeV/c 1 = ®0-10% :
ﬂ ] ﬂ 'e' 1 0'200/0 ':
e R L & 20-30% ]
28 - ZS F E30-4OZ/0 3
3 : 1 3 3_ 40-50% E
2 - 2D F
> 2'_ . > r J
(0] - () C
S [ o .
n - %) ‘I- -
5 1 1 8¢
Z AP PP P PP P PP Z T PP P PP P P

2 3 4 5 6 7 2 3 4 5 6 7
Path Length L(¢-‘P2) fm Path Length L(q)-‘PS) fm

* Approximately scaled on a curve
* Associate yields from QGP medium
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Path length dependence of PTY/N

coll

x10°

x10

% Au+Au |s,,=200 GeV ' %
= p_:2-4x1-2 GeV/c ] = @ 0-10%
< T 4 < ©10-20% -
= ] e & 20-30% 4
8 E 3 =30-40%
< 3 Z *40-50%
e C © -
® £ > .
> 2§ f‘f :
s F S ;
I n :
s £ - R R i .. :
o -F E o) .
< Eoveeiteieitieiitieiiteined 2
=2 3 4 5 6 7 2 3 4 5 6 7
Path Length L(q)-llfz) fm Path Length L(¢-‘I’3) fm

* Also approximately scaled on a curve
* Associate yields from hard-scattering at initial collisions
* Coupling of jet with medium
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Summary - |

e Two-Particle correlations were measured with
subtraction of backgrounds from v, (n=2,3,4)

* New experimental data disfavored theoretical models
— Cherenkov Gluon Radiation
— Mach-Cone Shock Wave
— Hot-Spot Models

* Jet-Deflection model is qualitatively consistent with data

2013/11/06 pre-Defense
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Summary - Il

* Event-Plane dependent correlations shows two
competing effects

— Increase / decrease of correlation yield with increase of path-
length

* Anisotropy of correlation yield v P"Y
— Additional Effect in addition to parton-energy loss

* Scale of Correlation Yield by N_. . & N

— Jet-Medium Coupling

part coll

* Energy-Loss, Energy Re-distribution, and boost of jet by
medium need to be considered in future theoretical
models

2013/11/06 pre-Defense
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Rapidity Selection in the Measurements

CNT : [n|<0.35

T dN/dn

RXN : 1.0<n<2.8

/

BBC : 3.0<[n|<3.9

N

-5

0

5

 Two-Particle Correlations at CNT
— Without rapidity gap, where Jet contribution survives

Flow Measurements

— CNT Particle & Forward Event Plane at RXN, BBC
— Jet contribution suppressed

2013/11/06
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Tracking Efficiency

SNOE  solid: PRC69.034910
S 10°F Black Open: Uncorrected:2.50
o , - Colord Open: Uncorrected :20
G 10°E ©0-10%
5 10°F 205090101
. s : : S q03E 30-40%x10°8
* Efficiency correction by ratio ¢ ToF +40-50%x10
of uncorrected invariant yield Z 1o'C
24030
over corrected ones 2 st
Q_ —_—
S 107F
UNCOoT = 10°F
o 10"
E = 107°F
COT '15_ | | | | | | | | | | | | | | | | | | | | | | | | |
o 107 1 2 3 4
P, GeV/c
Fit Function
b2
P1
F(pr) = po *
p1+pr
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EP Resolution in Monte Carlo

LI L L L L L B BB “"N— 12|‘ L LA L LA R L LN L L L L B

L oK for Res[W,] i S - obs , real —x=1.1 i
I o[ 1 X for Res[¥] % I z =y cos2(¥-9) =10 -
N c B ] + — x=0. —
5 - for Res[W - L _%=0.8 i
= X, [V,] ¥ Ol *§=8-§ ]
N - = -
<3 I O ] = 0.8/— %08 -
N O O ] g - 7§=o_4 i
£ ] R B —%=0.3 .
= O ML = %=0.2 -
N 0.6 ~0.1 ]
b 1= O — - %=0.0 ]
GJC i ] L |
gl [ i 0.4 ’ —
S i [ o B i
= , Fw P o o P 02 \__
7\\ 11 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 11 \\7 - =

0 5 10 15 20 25 30 35 40 45 50 0 Lo by b v b b by |
Centrality 15 i 05 0 e ! 1.5

* Convert resolution to ¢

2 2
obs real ﬁ 2 /4 Xn Xn
<COS [kn (W5 — U )]> = —2\/§X”6 Xn/ [I(k:—l)/Q (Z) + L1 /2 (Z)] :

* Distribution between real and observed EP using

dNe’Ue 1

L o—xa/2 z?
d[kn<\:[;%bs _ \Ijzeal)] 7T6 |:1 + Z\/E[l + erf(z)]e }
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AU

<cos4(¥,-W,)>

W, -W, correlation in Monte Carlo

L L I L L L L L L L I L L B A

1.2~ -
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W,-W, correlation :

Centrality %

]
X

o
®

&1 +zVn{1+Erf(2))e?

1
T

o
)

o
[N

-
T

o
»
T T T

T T I T T T N T T T N L N L N L N T T T I T T
z =y cosrd(¥_4-¥_2)

0.6
¥,-W, [rad]

(cos [4(Va — Wy)]) = va{ W2} fva {V4}

* Obtain & reconstruct distribution

(cos [4(Wy — Wy)]) =

dN@’U@

d[kn(Wobs
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Unfolding : Fitting Method

W, dependent case

A+Y (g5, A¢) =

W, dependent case

A+ Y (¢s,A¢) =

Offset A=1.0 to avoid possible divisi
by zero

Assuming correlation yield has

anisotropy w.r.t. EP

Correction by EP resolution

2013/11/06

PRC.84.024904 (2011)
A+ by |1+ 203 Jocos2(ps + AP) + 2v) [ous cosd(ps + Agb)ﬂ'(; —_F;/Z(,b_ _A;5)3
X+ Do |1+ 203 cos2(gs + Ag) + 20) cosd(Ps + AP)[| t=m= === ==
Fitting
A+ by |1+ 203 /o cos3(¢s + AM:ZAT}?(% _A_¢_))_'
A+ 0o [T+ 2v] cos3(ps + A9)] :.)7_ NS
Fitting
O L L L S B BN N
’%‘. L F(o)™"=1 +2v;awcos2(¢S+A¢)+2vfwcos4(¢s+A¢) i
I L F(9,)°"=1+2v;"/0,c082(p +A0)+2V  "/0,,cO84(p +A0)
g" 115~ | Au+Au 20-30%, Ap=-1/24. ----Corected curve |
°>_ B ----Fit to raw data
+ = Corrected data
0‘; 11—"}\ ® ¢ Rawdata —
’gl - “1‘.‘, é \’\::‘:;‘ ,,5':::/:
\_e/_"’ 1.05|— : ________ :¢ C—
§ S ”_t/« ‘\“\ --“*x',l
-1I.5‘ ‘-‘1 | ‘-0‘.5‘ (‘)t‘ — ‘O.‘S‘ 4 ‘1f5
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Unfolding : Iteration

Correlation + Offset

1+Y(0,k) s
(1—|-Y(1,k)\ (8(1)

1 +-}/<2,k) S9
1+Y(3,k) | s

AR = Ly | S=1
1'+-)/<5,k) S3

1 +-}/<6,k) S9

\ 1+Y(7,k) ) \ s

51
S0
S1
52
S3
S4
S3
52

52
S1
S0
S1
52
S3
S4
S3

53
52
S1
S0
S1
S2
S3
S4

S4
S3
52
S1
S0
S1
52
S3

53
S4
S3
52
S1
S0
S1
S2

 Smearing of measured correlations

B(k) = SA(k)

 Correction factor
cii = A(i,k)/B(i, k)

Cij(izg) = 0

2013/11/06

Smearing Effect

52
83
S4
S3
S2
S1
S0
51

S1
52
53
S4
53
52
S1
S0

* Corrected yield

de72[112Vm(14Ert(2))e?]

rz= X cosz(q,obs_lpreal)

0.6

[ | -
NNV
©000000000==
O=NWAUIONOROO =

|

A°°T (k) = C(k)A (k)

pre-Defense
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Unfolding : Iteration

A=Offset(1) + PTY,

Notation in iteration Smearing Matrix : S Smeared PTY
BM=SAM

A— A l
B R B(n) f 300 Loops

AM=0Offset(1) + PTY ﬂ Correction Matrix
, ((n)
C—-C

A=A -GN Cn=AM/Bn)
Acor _, A(n—l—l) l& f

Smoothing Correction Matrix
. AR00).Offset(1) CV=(1-r)CV+rC"(k-1)
Smoothing +rC(k+1)

(k) = (1 =) (k) + (r/2) & (k= 1) + (r/2) &7 (k + 1)

e |teration until conversion
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Zero Yield at Near-Side

0.01 th X pTa = 2-4 X 1-2 GEV/C

20-30%

——0—

PTY
o

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

_I|IIII|_+_III|IIII|IIII|IIII|IIII|IIII|I

..4I-.A.(.I)

-
o
—_
N
w

* Correlation and Pure Flow is fitted at A¢p=0
* Double-hump is not so sensitive to flow subtraction
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1/N' dN*/dA¢

High p; correlations

Au+Au 200GeV, V,V, & v,(¥,) subtracted
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Intermediate p; correlations

1/N' dN*/dA¢

0.03
0.02
0.01

0.1
0.05

0.15
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0.04
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0.05

Au+Au 200GeV, v, V, & v,(¥,) subtracted

10-20%

d) 30-40%

E-e) 40-50%
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R —— o- -

009 E
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.g °

-101234-101234-101234

Ad = ¢asso ¢ . [rad]

trig
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W, dependence of PTY

Au+Au |s,=200GeV, Pure Flow: vn(n=2,3,4) + <cos4(¥,-¥,)> by ZYAM
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Y, dependence of PTY (Polar)
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W, dependence of PTY

Au+Au |s,=200GeV, Pure Flow: v (n=2,3,4) + <cos4(¥,-¥,)> by ZYAM
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Y. dependence of PTY (Polar)
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Glauber Model

* Woods-Saxon Distribution (7“) o 1
— Nucleon density distribution 1 + exp '—Ta
a
* Collision range o
nn
 Number of nucleons d < - y Onn = 42mb
participated in a collision
: Npart
 Number of binary nucleons
collisions in a collision
Ncoll
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Before Collision After Collision
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Path-Length based on Glauber MC

* Path-Length : distance from center to surface as a
function of angle form the event-planes

[ W, rotation
10} . -
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Eccentricity by Glauber Model
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Near Side Yield/N_, : IA¢l<n/4

Path length dependence of PTY
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* Near & Away-Side of both W,, W, dependent correlations
do not form a universal curve
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Boost by v,

Central Collisions Peripheral Collisions
V,=V, v,>V,

* Boost by v, to out-of-plane direction in central collisions
* Boost by v, to in-plane direction in peripheral collisions
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