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Quark Gluon Plasma(QGP)

| | Heat Quark-Gluon
A state of matter where Pressure o0 | HeAl e ™to

Quarks & Gluons are de- v "
confined from hadrons at — 2@« =t 993 3

high energy-density(¢)/ :19 g?
temperature(T) .

e Predicted transition e & T :i:g :efl;Karsch, Lect. Notes Phys. 583, 209 (202:?
by Lattice-QCD ol e —
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Collective & Penetrating Probes

Collective bulk
expansion by soft
scattering

Jets by back-to-back
hard scattering and
parton fragmentation

Parton energy loss
and possible jet-
medium coupling

* Collective probes
o Flow Harmonics, HBT ...

* Penetrating probes

o Nuclear Modification Factor(R, ). two particle

correlations at high p; ...

2012 Dec. 21st TAC seminar




Higher-Order Flow Harmonics

Smooth Geometry

2012 Dec. 21st

* Pressure Gradient due to smaller
mean free path than system size

P, /Pz

* Expansion w.r.t. each ¥
BN BN 1 + >= 205 €059t — Wa )
dp3  2ndprdn

14> 2v,cosn(¢p—V,)
vy =< cosn(¢p — V,,) >
¢ : azimuthal angle of emitted particles

U : azimuthal angle of event plane
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Sensitivity to Bulk Property
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* v, break the degeneracy among models
& give more constraints than v,

PID v, shows mass ordering at low p; and
coalescence like behavior at intermediate py
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Suppression of Invariant Yield

central Au+Au

peripheral Au+Au

arXiv: 1208.2254
arXiv: 1205.5759

e W arkivi1208.2264: 05% | T ' Savizoszzsa:soeas | ]
1.6 o v, arXiv:1205.5759: 0-5% — 1.6 o v, arXiv:1205.5759: 60-92% —
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* Hadron suppression in Aut+Au PN dprd
, . . pTan
» Stronger in central than peripheral |f44 = 7 2 pd2aPP [dprdn
colhsmns. | | Tup =< Nug > /o™,
o Jet Quenching by Medium at high p;
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Two Particle Correlations

PRL91.072304 4 (Tirig) _ g

§ 0.2+ — p+p min. bias 9 - p(GSSO-) < p(Ttrig)
] *  Au+Au central
q P
io)
— 01
()] L
(@)
D -
< op
~— ] | 1 I | ] | |/ 1 1 | | | | | I
0 /2 T )
Ao (radians
PP A+A Pedestal subtracted ¢ ( )

e (Can deal with azimuthal differential information
* Suppression of high p correlation yield compared to p+p
o Dominated by away side suppression
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Path Length Dependence

Au+Au 200GeV 20 60% v, & v, {¥,} subt. PRC.84. 024904
003 T T T T f = '_' P ! ' i
- - h' p? = 57 GeVic (c) 1_45_ p 4- 7GeV/c h p: _57GeV/c _E
opt =4-7GeVic | | 1.2 + + =
-3 0.02§ P | ¢ NI 1 E +‘+ ,,,,,,,,,,,,, +_
[ ) . ®0 = 0-15° $ ¢ f §08:_ + E
c [ : .
T 001 00_=7590° >" 0.6 + + - + "J|] E
- [ a 0.4F E
£ § 0.2F O Near '#' E
Z - O Away :
N -

. 0O 02 04 06 08 1 1.2 14
Ao (rad) Short path % (rad) 5 Long path

length length

* Controlling path length of partons

* Monotonic suppression of away Ps /\ Ao
side yield in high p correlations :

¢a
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Characteristic Structures

Au+Au central Phys. Rev. C 80, 064912
3<p,M9<4 GeV

e - Phys. Rev. C 78, 014901
2< pfrasso < pm ?1- - - . O:p+p
e S 00a[(€) my 34®2:3GeVic|e:AurAy
gei- o i CH v, subtracted -
< 5177 @
3 50 2 e SR , HR , SR
For S 0021 b g [ e[ e
47.:-" “A [~ - D(‘“ C‘O : —
1. ' Oy L] 'C
o < 0 EMJU lﬂ.,;a '@d‘%
15 : 0 4
Shoulder

* Ridge & Shoulder at low ~ intermediate p; correlations

* Different physics in QGP from high p; correlations?

o Contributions of v, and v,(W¥,) are subtracted

o Contributions from v,, ~ bg20 " 99%%5° cos nA¢

* Need to consider v, effects to obtain real correlation shape
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Motivations

Discuss the behavior of low-intermediate p;

partons in QGP medium by measuring two particle

correlations with the subtraction of contributions
from v_ in \sqrt{s_{NN}} Au+Au 200GeV collisions

* Definitive correlation shape after v subtractions

» Trigger angle (Path length) dependence of
correlations w.r.t. 2, 3

 Testing sensitivity to each harmonic event plane

2012 Dec. 21st TAC seminar
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My Activity
* Categories of Activity

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

. D1 (RIKEN JRA)
M1,2 : 2008~2009 . 2010

DNP-JPS Joint Meeting Heavy Ion Pub

PHENIX Run9 PHENIX Run10 preliminary request
Au+Au ridge analysis

D2 (RIKEN JRA) D3 (RIKEN JRA) :
: 2011 2012 ~ Present

JPS Fall JPS Spring HIC  HIP
WPCF2011 Hard Probes2012
PHENIX Run12 Quark Matter2012
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
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Year | Species[Vs [GeV ]| JLdt [Ny empies |[Data Size)

Run1 2000 | Au-Au 130 1 ub- 10 M 3TB
Au - Au 200] o4 yp'| 170M] 10TB
Run2 | 2001/02 | Au -Au 19 g <1M
L i
-Au 2.74 nby :
=X
S u-Au 241 ub™ .
| AernSging Rund | 2003/04 =3 43, 624 - ou] 58M|_ 10TB
Booster XA g;‘gggfpgtmn Cu-Cu 200 3 ppt 8.6B] 173TB
Accelerstor ‘ - - RUN5 2005 gu - Cu 624 g19np] 04 B| 48TB
T u-Cu 224 27ub 9M 1TB
- x| Do sawl RE T
p-p 10.7 b
i) ’fVan de Graaff Run-6 2006 b-p 62.4] 0.1 ob 8Bl 257TB
£ / Run-7 | 2007 | Au-Au 200] g13yn?'| 5.1B[ 650TB
L / d - Au 2000 gonb' 160B| 4377TB
Sooston me S Run-8 | 2007/08 [ p-p 200] 5200  115B| 1181B
1 Au - Au 9.2 few k
* Accelerators * Experiments
o Tandem van de Graaoff o PHENIX
o Linear Accelerator o STAR
o Booster Synchrotfron o PHOBOS
o Alternating Gradient Synchrotron o BRAHMS
o Relativistic Heavy lon Collider
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PHENIX Experiment

] Global Detectors(Trigger!,
[~ centrality?, vertex position?,
goo 8 JZ %\UD o w event plane?)
MH ] = [ | | o Beam Beam Counter(BBC)"?>#* [h|=3~4
=~ o Zero Degree Counter(ZDC)! |h|>5

o Reaction Plane Detector(RXN)* [h|=1-2.8

 Tracking® & Momentum® at

central arm [h1<0.35

o Drift Chamber (DC)>%
o Pad Chamber (PC)°
o ElectroMagnetic Calorimeter(EMC)>

West Beam View East
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Centrality Calibration

| Centrality determination (Run?7) |

* The centrality is
determined using the
BBC charge sum.

10°
30 -40 %

20 - 30 %

10-20°AJ 0'100/6

* Defined in percentile G
scale to have each bin
contains same number of
events.

10

0 500 1000 1500 2000 2500
BBC charge sum
Before collision After collision
-> ->
O > || e
<= <-U
spectators
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Number of events

Event Plane (EP) Calibration

40

35%

30 |

20

25 ¥

x10°
" AutAu |5,,=200GeV ]

—Reactlon Plane Detetor

L 1.0<Inl<2.8

-3 -2 1 0O 1 2 3
W,*2 [rad]
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1 Raw distribution
U, = — tan (%>

n Qq

> . wicos(ng;) > w;sin(ne;)
Qaf; — 7Qy —

Re-centering
] Rec
| [wiee — 1 tan ™! “y
n Qﬁec
O » Y oy

QRec _
T

Fourier correction

Fourier __ Rec
nv,, =nV,““ +nAv,

nAWV, = Z {Ak cos (knW¥X®) + By sin (kn@fec)}
k

Ak = —% <COS (kn\lffec)> ,Bk

(sin (knW[*%))

?vlw
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EP Resolution & Flow
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Two Particle Correlations

* Correlation function
o Ratio of two-particle probability distribution over single one
o Ratio of real pair(w/ physics corre.) over mixed pair(wo/ physics corre.)

P, ¢*,n'n")
P(¢t,n")P(¢*, 1) Ad = ¢ — ¢t
Niized d°Nyeal/dAGdAR — Ap =n® -t
Nreat  d*Npizea/dAgdn

C(A¢p, An)

Soo AN M
i G0 RS 0 eol SOCERATTAWAR, |
= 10| (8 ) ‘/"M"‘ «M"‘,ﬁ/t‘ Z

TAC seminar
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Flow Contributions

A1 121

* Pure flow correlations EL v.=0.1
108i —\V2
F(A¢) =1+ Z 2VAn cos (nAg) ook _§2§g¥ iy,
- RN
=1+ Z 20! v® cos (nA¢) :Z: ~VaVaVaVVe
: J%m\m
Van = (cosnAg) : X
= <COS n(¢" — \I/n)> (cosn(¢p® — W,)) 0.6/ gza W
:/UZ'U% Z._ZZ?
- 0 1 2 3 4 Ag

"‘55““““““““‘ Ty e Flow subtractions
] o Zero Yield at Minimum Assumption

J(Ag) = C(Ad) — bo

1+ Z 20! v? cos (nAgb)}
n=1
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Pair Yield per a Trigger

 Pair Yield per a trigger

Solid: PRC69.034910 - 0-10%

. = 10-20%
10° Open: Uncorrected [,/ 5.0,

1 dN'* 1 Nte (A6) S A
Nt dA¢ ~ 2me NtV 4k

o Scaled to single particle cross
section at associate p;

uncor
o

O—CO’I"
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EP Dependent Correlations

* Selecting trigger particle w.r.t. ¥, & W,
* Controlling path length parton propagates

 Testing sensitivity to each harmonic plane
o correlation shape, yields in near/away eic.

2012 Dec. 21st TAC seminar
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Parton - Medlum Couplmg

arX|v 0903. 3263

Near Side

Sum of flow and jet

.- E ~
. P /N
Shorter path length4 “ N\ i
Away Side 1 \'/ N 1
‘ 0 2 4
Longer path
length A¢ (rad)

« Left/Right trigger selection relative to event plane results
in non-uniform path length at away-side

* Modification expected in away-side as Left/Right
asymmetry
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EP De endent Correlations

Au+Au 200GeV, 20-30%, 2-4®1-2 GeV, v v3v4(‘II4) subtracted with <cos4(¥,- 1II4)>_V (IPZ)/v (v,) by ZYAM

0.12FOut-of- -plane trig. 1k E
0.1Fopp uncorrected El3 + 0-¥<0
0.08F £l dwso
o8 el
0.02} ik s WEE el is. Hewdf.
oF B, i e Eﬁ e ‘o
'0.027 i E oo 3 3
-0.04E - - - 1 - - -
-0.06¢ F31/8<l¢ -W,1<27/8 F2/8<l¢ -, l</8 E
-n Nnat T T T T T = : : 1 : : : I : : 1 : : : : 7
0.12FOut-of-plane trig. 3
0.1FcR, uncorrected E
0.08 E
0.06 ;
0.02 '5
-0.02 E
-0.04 - .
-0.06}4 275/1 2<|¢ -tpsl<ﬂ/1 2 7 3
-0.08E~ 3 PR
A¢ = ¢ [ d]

asso tr|g

* Left/Right Asymmetry observed in ¥, & W,

o Consistent within systematics in W,

« Have sensitivity to event plane, but smeared by limited
event plane resolution
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Unfolding of EP Resolution

Y, dependent case Based on PRC84.024904

A+ by [1 + 203 /o cos2(¢s + Ap) + 2v] /040 cos (P, + Aqb)ﬂ' ________ |
A+ bo |1+ 205 cos2(ds + Ap) + 2v; cosd(ps + Ag)| | by =

A+ Y (¢s, A¢) =

W, dependent case Fitting
, A+by [14+20Y /o5c083(ps + AP)|F========
A+ Y (s, Ap) = o| 3/Y 3 cos 3( >]=(A+Y(¢S,Agb)):
A+bo |1+ 203 cos3(os + Ag)| [t -
Fitting

~ —Unorrected

* Unfolding using Fourier Series ¢ Unorrecte

o Assuming effect by jet depends on trigger . 2030%, ~w/12<Adl<0
angle relative to EP and parameterized by
Fourier series

o Correction by EP resolution
o Add offset A=1.0 to avoid possible division by zero

}\‘+Ycor(¢_s,A¢)
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v, as function of p;

0-10% (a)|[ 10-20% (b)|][ 20-30% (c)|[ 30-40% (d)|[ 40-50% (e)

_ 0.25 AUu+AU ;1Sg£d2:5P;;/§.1Rev.Lett. I i -
> :\(SNN=200G6V [ Open:New Ana.

0.2|
0.15}
0.1

L v & S
/) L}
O 05 B ‘K
- ”'
L £ S
Dy 1A

v, & v, extended up to p=5GeV/c
* v, has larger systematics due to RXN-BBC difference
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v, subtracted to correlations

Au+Au 200GeV, p! ®p =2-481-2 GeV

(@)  0-10% '-ij) ' H(c) 20-30% JHd)  30-40% JHe)  40-50%
: V,V, (1)) It : 1t 1t :
-(f) T T T T T _ T
[ VoVs 1t
i subtracted
k - - - - _
:-() AAACSY I
: subtracted &
T R
[ 2V3V4( 4) 1

subtracted us

- :v, ""AAQ.A:'JA‘»\"«:A\QV o ol <3
101234 701234 101234 101234 1071234
Ap=¢__-¢ [rad]
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asso ' trig
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Impact of v, to correlations

Au+Au 200GeV, p ®p =2-4®1-2 GeV

0.1

@) 0-10%  4He)  40-50% -
@ VoVa(P)) 1t :
a subtracted 1t _' o
(f) R
[ VoVs 1t ]
i subtracted 1L h

T A ] °
ERE O .
[ V2V3V4(qj2) 1 ]
i subtracted L ]

101234

2012 Dec. 21st

101234
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v, subtraction largely
reduce the away side
double hump structure

0-10% a little remaining
40-50 almost vanished
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Impact of v, to correlations

Au+Au 200GeV, p!®p’=2-4®1-2 GeV

o1 o v0v10% ";(1)  4050% 1
0.05 1 subtracted a3 ]

. | T A .1 * Buttreatment of v, on
I T R 77 M away side shape

VoV (W)

005 | isubtra"ted : 1 * vy (¥,) doesn’t change

o1 f®) "’v'v(l'P)'-;;-(t') ————= * Again v,(¥,) disturbs
005 | , subtracted - E away side in 40-50%

-101234 -101234
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Comparison with AMPT

Au+Au 200GeV, p

®p =2-4®1-2 GeV

0.1 K vov10% K 40-50%
0.05 F subtracted :_ ]
S0 B Nl el Wt
O 0.1 l(k) - —"-(6) ] <
= 5 RARCARE .-
ZQ 0.05 [ subtracted & . \.§
O, & ,_4 5_5, A LA emrm] B
i e e e e P g
= 01 Hp) U] ] <
[ V2V3V4(‘P4) 11 =
005 [ subtracted jf ]
-101234 1012 3 4
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AMPT Au+Au 200 GeV, b=8fm

2.5<p1i<6, 0.15<p47<2.5 GeV/c
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—_
w
o
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IJ. |

v_(n=2~ 5) .

[ : [ ' I (
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| 2
|ﬂ’||||v "'h..hl [

| |
v (n=2~5) background subtracted( )

“0

L o ““’“ ” “.0’ ““.. _—
< 4
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[, qb=gfmylsl | T
0.0 0.5 1.0 1.5
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Fourier Decomposition

Au+Au |s,,=200GeV
ptT”9=2-4, py>*°=1-2 GeV/c
Harmonic Decomposition

7
J(A¢)=2Jncos(nA¢)

.05 20-30%
0.04F
0.03f
0.02£0

0.01;—; n A

* Fourier decomposition of v,

LA
OF----rmmrmsrmnanas zr--W- ... .
: T S U subtracted correlations

ggi: 0-10%  ovov, :, - 30-40% ) .
ol o 39 harmonics survives
0.02F-© © = o
it ea, e Iwm.aa.,. | oBalance between 39 & 4"
' R determines the away side
0:04 _ 10-20% _ 40-50%
o.osé—o 3
o.ozé— © E—O .
At w8 o

0 1 2 3 4 5 6 7 0 1 2 3 4

Harmonics number
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EP Dependent Correlations

Au+Au 200GeV, 20-30%, 2-4®1-2 GeV, v,v,v,(¥,) subtracted with <cos4(1I’2-1P4)>=v4(‘Pz)/v4(‘ll4) by ZYAM

IE —+— (Right(Ag)+Left(-Ag))/2.
1f —e— (Right(A¢)+Left(A¢))/2.

47/8<l), W, |<3/8

Olut-c|>f-pllaneltrigl.
ogp COrrected

OO0O0 0000 ©>00¢
0O0O00O O0O00O0O0a 0O
OABENONEDOLN DS
1 1

3402
Ap=¢, - 0, [rad]

asso trig

* None-trivial shape at intermediate plane of W,
o Comparable yield in in-plane & out-of-plane of W,

* None clear W, dependence
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Path Length Dependence

Au+Au 200GeV 0.4t 20-30%
tri < 0.3
p; ©pI*°=2-401-2GeV/ic £ 7} O
8ot B e
&~ Near-Side, Ag<t/dl 5 OF 5
2 Intm-Side, Ap-/2<l/4l ot = S ~
C : y
& Away-Side, Ag-n<in/4l =.0.2F .
—4— Intm-Side, A¢p-3n/2<In/4| 038,
1412 1 -08-06-04-02 0
q)assocnate_lpz [rad]
0.5F 0.5F
5 0.4F 0-10% - 0.4f 30-40%
© 0.3 o 5 0.3
> 0.2F - >02% 0 S|
O TE
3 0.1 . a @) 2 0.1 O h é
5 o Y ® 5 S o @ o
2 F = 0 % 2 F © =
I8 .15— £ -0.15— g
0.2 0.2F
-0'3;_.|...|...|...|...|...|...|...| 0'3;_.|...|...|...|...|...|...|...|
141271 080604020 141271 080604020
[0} -W, [rad] [0} -W, [rad]
5F 0.5F
0.4 10-20% 0.4t 40-50%
0 0.3 o © 0.3
> 02 > 0.2t e
o b ©)
® o0 & 5 S0k h %
© E — a © F & e ~
o 0_& U 0 o 0; L -
201 o 201 © ®
~-0.2- —-0.2-
-0'3;_.I...I...I...I...I...I...I...I 3;_.I...I...I...I...I...I...I...I
1412 1 -08-06-04-02 0 14121 08-06-04-02 0
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\
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* Near/Away: 0-30%
oVv,<0,v,>0

* Near/Away:40-50%
o Vv,>0,v,>0

* Intm : 0-50%

o Vv',<0,v',<0

Near Intm Away Intm

Jet pair yield

underlying eveht L
0 2 4
A¢(rad)
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Path Length Dependence

Au+Au 200GeV %) - 20-30%
trig asso_n_ - [, -15;' o) O
Py oop}=2-401-2GeVie £ |
o F =
“&— Near-Side, Ag<l/4 .05 s E
—4— Intm-Side, A¢-n/2<lw/4l g F E
[
5 Away-Side, Ap-n<ln/4l -
—4— Intm-Side, Ap-3m/2<l/4| 005
4492 -1 08-06-0402 0
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?).155— o o o o ?_)15— | | o
o 0.1 5 0.1 o =
@ F & e f 3 N
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Gravity Position
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Gravity Position
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Conclusion & Outlook

* Treatment of v, is crucial for away side structure of
intermediate py

o Double hump (3@ harmonics) survives in correlations at centrality
40-50%

» Simple path length dependence of parton energy loss
is not validated in intermediate p; correlations

o Yields/Gravity position of correlations with trigger selection w.r.t. EP
don’t necessarily move to shorter path length side

o Need to consider other model such as re-distribution of deposited
energy to bulk efc.

* Different dependence on ¥, & W,

o Effects from almond shape vs fluctuation?

* Running Simulation Package
o AMPT, g-PYTHIA, HYJING etc.
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Spectra of Correlation Yield
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Spectra of Correlation Yield

Au+Au 200GeV, Away Side:lA¢-ntl<ln/4l, Only Stat. Error
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Path Length Dependence
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Path Length Dependence
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