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Jet-Quenching
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W, Dependence of Suppression in High p; correlations

Au+Au 200GeV 20-60%
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<> Where deposited energy goes?

Ao <> Monotonic suppression with increase of path length,
which can be taken as “parton energy loss”



Conical Emission of Intermediate p; correlations

Two-Particle Correlations
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<> Away-side double hump in two-particle correlations

<> Conical Emission confirmed by three-particle correlations
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<> Seems parton-medium interactions o
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Models for Double-Hump : 1

< Cherenkov gluon radiation by
superluminal partons Cherenkov Gluon

COS (96 = 1/n(p) Superluminal @M

parton <~ el
n(p) : Index of refraction %

P :Gluon Momentum

PRL 96.172302 (2006)

<> Shock-wave by supersonic partons
Mach-Cone .

COS HMach — Cs/vpart Shock Wave \\;
Cs : Speed of sound Supersonic Abwen™s.
parton )
Upart :Speed of parton
Phys. Rev. C 73, 011901(R), (2006) L

PRL 105.222301 (2010)
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Models for Double-Hump : 2

< Energy-momentum loss + Iy * 2
expanding medium
/

Energy-Momentum
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X (E,E,O,()) [ 15 ,33)] | 4 ¥ "Medium
max ‘ Expansion

PRL 105.222301 (2010)
Phys. Let. B 712 (2012) 226-230

< Hot spot+ expanding medium
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Higher-Order Event-Planes & Flow-Harmonics

Smooth participant density | . Azimuthal distribution of emitted

PR VLR particles
/- - Reaction
-(:( Hﬁ‘ Plane dN
>k 1 L9 9 U
\_)/_// d¢ X _I_ UQCOS (¢_ 2)

Expansion to the short-axis
i + 2v3 cos 3(¢p — V3)

direction by pressure gradient
+ 2vg4 cosd(¢p — Wy)...

v, =< cosn(p — W,) >

Fluctuating participant density

v, :Higher-order flow harmonics

W : Higher-order event planes

Expansion to the short-axis directions of (I) : Azimuthal angle of emitted partldes

event-planes by pressure gradient
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Vn

Higher-Order Flow Harmonics

PRL107.252301 (2011)
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Central Collisions nucleons in a collision < None-zero Vn(n>2) is observed

Centrality~0% <- Degeneracy of models disentangled
~ Npart 7394 — Initial Condition, shear viscosity of
Peripheral Collisions QGP, different expansion mechanism
between v, & v,
> ﬁe"t?z“tv"lo‘)% <> Backgrounds in correlation functions
S part
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Motivation of analysis

<> Providing experimental results of two-particle
correlations after v, background subtractions

<> Examine the path length dependence of W,
dependent intermediate-p; correlations in order to
search for deposited energy from high p; partons

<> Search for differences between W, & W, dependent
correlations which may reflects possible different
evolution processes between the 2nd- and 3rd-
order geometry planes
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Analysis Flow-Chart

Single-particle analysis Two-particle analysis

Event-Plane
(Resolution)

!

Flow harmonics v,

!

Pure flow
backgrounds

Two-particle
correlations

d

Flow subtracted
correlations

> |

Pair yield per a
trigger

> |
r Unfolding of event-

plane resolution
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PHENIX 2007 Experiment: Au+Au 200 GeV Collisions

2007 PHENIX Detector

PC3

<- Minimum Bias trigger : 4.4 billion events

PC3 Central

Magnet TEC

< Trigger, collision vertex, centrality
— Zero-Degree-Calorimeter(ZDC)
— Beam-Beam-Counter (BBC)

<> Event-plane

— BBC

— Reaction-Plane-Detector(RXN)
< Central Arm, Ap=m, [n|<0.35

— Drift Chamber (DC) |||| 5 BBC o

— Pad Chambers(PC)
— Electromagnetic Calorimeter(EMC)

* Momentum, charged particle tracking South
— Ring Image Cherenkov Detector(RICH)
* Electron rejection

Side View
ZDC
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Event-Plane

<> Expansion to the initial short-axis direction ¢

by pressure gradient

— EP is a direction most particles are emitted

after freeze-out
— EP is determined by flow signal itself

< EP is determined by RXN and BBC detectors
— RXN (1<|n|<2.8) : 24 segments x 2 sectors
— BBC (3<|n|<3.9) : 64 segments x 2 sectors

n

1 an ! D wicos(ng;)/ d ., w;
v, b (ZZ w; sin(ng;)/ . w;

Qb@' . Azimuthal angle of i*" segments

W; . Weight (Charge etc.) of i" segments
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Rapidity Selections in Analysis

<> Rapidity ranges of CNT, RXN, & BBC

— 2PC at |An|<0.35
— Rapidity gap between particles & EP to avoid auto-correlations by jets

-39<1n<-30 28<n<-1.0 -0.35<n <0.35 1.0<n<28 3.0<m<39

<~ Raw flow harmonics

V"V =< cosn(p — WOPE) >

mn
True Event-Plane

<> Resolution correction
— Smearing due to limited resolution
< cosn(p — Wobs) >
< cosn(¥,, — Uobs) >

Observed Event-Plane

Uy —

Event-Plane Resolution
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v, Results

< Consistent results with previous PHENIX measurements

— Used for background subtractions _
@ This Ana.
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Two-Particle Correlations

Ratio of two-particle probability

over single-pa

C(A¢,An) =

Real Pair

# of Entries

%
(5K

Z'VAA“\\&!:.‘\ e
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X

rticle ones
P(¢%, ¢'n*,n")

P(¢%n*)P(¢t|n*)

R
SOARS

Ratio of real pair distribution

over mixed one
Nta J2|Nta JdAPdAn

max real

C(Ag, An) =
( 77) Nﬁgal d2N;r?zx/dA¢dAn

Ap=¢* — @', Anp=n* -1’
Correlations = Real/Mixed

Event mixing also corrects
acceptance effects by
choosing similar events:
centrality, collision points

Pair Yield Per a Trigger

Dimension : Number of Particles

1 dQNta 1 Nta
— Ao, A
NT dngdAy — ame N C A AN)
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Flow Subtraction & Pair Yield per a Trigger (PTY)

Al

<> Pure flow background O - Au+Au |'s, =200 GeV, 20-30%
108__ t a__
C pT®pT_2-4®1-2 GeV/c cE
1.06E o :GC, Expr.
- °° — - Pure Flow (ZYAM)
F(A¢p) =1+ E 20 v? cos (NAg) 104
1.02F
. 1
<> Flow subtractions by ZYAM 008"
— Zero Yield At Minimum Assumption  0.96
0.94f
092 . 1 vl

J(A¢) = C(Ad) — bo

1+ Z 20! v® cos (nA¢) -1 0 1 2 3 Ad 4 o
n=1

<> Pair yield per a trigger (PTY) rack o
¢ - Tracking efficiency of

—Dimension : number of particles " associate particles

1 dNt@ _ 1 ij(Agb) Nt : Number of triggers
Nt dA¢p  2me N?

N't@ . Number of pairs
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Trigger Selection with respect to Event-Plane

<> EXpansion to the short-axis direction by pressure gradient
— EP : direction most particles are emitted after freeze-out

<> Selecting trigger particles with respect to ¥, & W,
— 8bins: ¢ — U, : [—7/n,w/n]

<> Control of path length of trigger and associate particles
<- Three p; combinations: 2-4x1-2, 2-4x2-4, 4-10x2-4 GeV/c
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Flow Backgrounds with respect to EP

<> A Monte Carlo simulation employed
<- Azimuthal distribution using
— Measured v,
: dN
— Observed correlation between EP  —— < 1 + Z 2uy, cosn(¢p — V,)
o <A )>=v, {W, )}/ v, (P, } n=2,3,4
« <6(¥,-¥;)>=0
<> Determine trigger particle relative to EP taking into account EP resolutions
<~ Calculate two-particle correlations
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Flow Backgrounds with respect to EP

-

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

< Good reconstruction of ¥,
W. dependent correlations
by MC simulation

— Before PTY normalization

<> Except around A¢p=0, wt
where contribution of iet
exists —®— Correlations
—— Pure Flow

dependent Cf(Aq)), 2-41-2 GeV/c

=3 : EP Direction 0. a5k

- W;:Out-of- plane —<¢ ‘{’3< St oE

12 1f
Ap = ¢°-¢'[rad]

: Back-to-Back Direction
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Two-Particle Correlations with respect to EP

< Flow subtracted ¥, ¥,
dependent correlations

< Clear W, dependence

< No W, dependence?

<> Smearing by neighboring
trigger bins due to limited
EP resolution

— Needs unfolding !!
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Unfolding Methods of EP Resolution

Fitting Method

1 ,2 _l T T T T | T T T T | T T T T | T T T T | T T T T | T T T T ]
i F(q;s)'a‘”=1+2v;a‘”cos2(¢S+A¢)+2vf‘wcos4(¢s+A¢) ]
- F(¢s)°°’=1+2v;a‘”/02cosz(q;s+A¢)+2v;awlo42cos4(¢s+A¢) i
115 Au+Au 20-30%, Ap=-rt/24. Corected curve
B ----Fit to raw data 7
- » Corrected data
11 % # ¢ Rawdata —
e .--9 : A
1.05— Ve . .
- ¢ ‘ i
- . i
e |
_l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_
-15 -1 -0.5 0’[ 0.5 1 5

=¢ -V
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< Azimuthal anisotropy of
correlation yield corrected
by the event-plane
resolution

Method by PRC.84.024904 (2011)
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Iteration Method

0.4
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< Trigger smearing matrix “S”
< True & Observed Correlations “A” & “B”
— Vector elements : Trigger bin
< Solve simultaneous equations via iteration

B=SA == A —S 1B
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v, (n=2,3,4) subtracted correlations

Au+Au \/sNN=200 GeV, v_(n=2,3,4) subtracted
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p; spectra of Per Trigger Yields

Au+Au 200GeV
Near Side:lA¢l<l/4l
v, Vv, v,{¥,} subtracted
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< Hardness increases with trigger and associate p;

< Existence of high p; particles enhances lot p; particles
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Extraction of Double-Hump Position

g |4V
%‘f%‘ a5 10-20%, p xp2=1 2x1-2 GeVic

20 é_ o . Ap=n-D Ad=n A¢=n+D _§

< Extraction of double-hump position via two-Gaussian fitting
to away-side (|A¢-rt|<m) at centrality 10%>, where double-
humps seen

F(A¢) = Ae™ (M)_ogﬂ + Ae™ (M_ag@

2014/7/19 HIC 24



Two-Gaussian Height
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<> Double-hump height more than one sigma of

systematic uncertainties
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Comparison with Models

| | 1 .6 LI | | | | T | T 1T | 1T T T | T 1T 1T

U — —
(0] o l PRL96.172302 Au+Au \{STN=200GeV, 10-20% ]
= 1.4 I Chrenkov Gluon . _
A C | T=170 [MeV] ==l B ]
1 2 - — m=1.0T, m=3T o p‘T:1-2 GeV/c ]
. | m1=0.5T, m2=3T 1
B ‘ — m=0.5T, m2=1T i
1 | |
- m ]
2 T — B g
0.6 :_ PRL105.222301 _:
~ ® p'=3.5:Ene+Mom Loss —
0.4 - m pi:S.S:Mach-Cone ]
0.2 - arXiv:1012.4418v1 ]
L p‘T=3.5:Hot-Spot i
O B 11 | | 1 'l \ | I | | | I I | | | I I | | | I I | | | I | | 11 | ]

0O 0.5 1 15 2 25 3 35 4

Associate or Gluon P, [GeV/c]
<> Cherenkov gluon : <25 % of experimental data at p; =1 GeV/c
< Mach-cone & Energy-momentum loss :
— Independence of p; is similar to the experimental data
— 20 % larger/smaller than experimental data at p; =2 GeV/c
< Hot-spot : 50% larger than experimental data
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Realistic Model Calculation

L.Pang & X.N> Wang et al. arXiv:nucl-th/1309.6735v2 (2013)
Au+Au Vs =200 GeV/n ptTrig €[2,4]GeV/c, pT™° €[1,2]GeV/c

T TT
(a)0-10%
¢—o hydro
©—o hydro scaled
¢+— PHENIX/0.7
- HIJING pp

(b)10-20%

Vv DN @ can 2
”. o AN ),
2 = VOO - A way F
S L S
= St

(c)20-30%

(1<|An|<2.8) at PHENIX

.................................................
ERYPAE P NSO OO TP T OS5 OOY

_____________________________

<> Fluctuations of initial parton energy density
<> Parton cascade

<> Event-by-event (3+1)D hydrodynamics

<> Parton Energy Momentum Loss
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Y, & ¥, Dependent Correlations at p;:2-4x1-2 GeV/c

W, dependence W, dependence
(\_) :I T | LI I LI | LI | LI |:I LI | T I: Q [rryprrrT I LI | IIIIIIIIIIII | LI
%0.35:— Au+Au \[EsTm=200 GeV, 40-50%5 (@) 3 % 0.2 ' (b)
Q) 0 33_ Vn(n=2,3M) subtracted ' E Q) - '
o OoF —.—In-plane:§<¢t-1lfa<0 . 3\ —Q—In-plane:%<q)t-1}‘.3<0
<>'-.<025;_ i - Out-of-plane:%“:ﬁq)t-‘l’f% —; <>|_I<0.'|5— -+ Out-of-plane:f—zm%q)t-wff’—g —_
(q\] C [ [ ] (q\] 1
- 0.2F : , -] -
S ; : ] S 0.1 ]
20.15F - 2
Z - ® ] Z °
Hg 0.1 oo oo B H§0_05_ ® I i
<< o <<
50_05:_ ﬁ! ° ° b.—: E ® o ® olal_lo
o e Gon a 0 gE
b - I S StV S
II|IIIIIIIII|IIII|IIII|:IIII|III: -0.05—II|IIIIIIIII|IIII|IIII|:IIII|III—
1 2 3 4 -1 0 1 2 3 4
AY=979 [rad] A = ¢4’ [rad]
Near-side Away-side

< W, dependence is observed at intermediate-p; correlations
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Near-Side Integrated Yield vs Associate Angle from W,

Near Side : |A¢|<mn/4

O0.7F = /(=i T T LA BLELELEE BLELELE BLELELE =

Au+Au 200GeV O_ég_ (a) 0-10% E 86’35_ (e) 40-50% E
¥, dependence D05 ¢ = - ER-PY3 > E
Near Side : IAgl<t/4 £ o 4 =~ = 1804 - = e 3
—e— 2.4 ®1-2GeV/c 30 H ’H 1303 7 H E
—o— 2-4 ®2-4GeV/c 3 0_15- o o) o 19 0.15— o L o g 3
—e— 4-10@2-4GeV/c c & 1€ Y% E
-0'1_ _g '0.1.— _;
-0'2-_.|...|...|...|...|...|...|...|_; -0'21_.|...|...|...|...|...|...|...|_§

-1.4-1.2 -1 -0.8-0.6-0.4-02 0 -1.4-1.2 -1 -0.8-0.6-0.4-0.2 0

4 ¢ -, [rad] 4 4 ¢ -, [rad] 4

Out-of-plane In-plane  Out-of-plane In-plane

<~ Similar near and away-side trends
< pr2-4x2-4, 4-10x2-4 GeV/c : in-plane >= out-of-plane

— Consistent with the parton energy loss picture
< p;2-4x1-2 GeV/c

— 0-10% : Out-of-plane > In-plane

— 40-50% : In-plane > Out-of-plane

— More than 10 significance of total systematics gAsso.
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trig

(1/N_ ) dN/dAo

)
=

STAR Result of W, Dependent Correlations

Au+Au 200 GeV, 20-60%, 3<p <4 GeV/c, 1<p. <2 GeV/c, n|<1  v,(n=2,3,4) subtracted

o o <9
o D W

o
T

Ad=¢-¢, [rad] PRC.89.041901(R)

< Consistent with the results in mid-central collisions
by PHENIX
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Interpretation of W, Dependent Correlations

Energy

o
(o) o
\ T f Re-distribution

Energy
Deposit

Energy
Deposit \/
j l \ Energy
o
o

Re-distribution

Re-distribution
Dominance

2014/7/19

Fragmentation Fragmentation

0]
.io
\O

Penetration * Penetration

Penetration
Dominance
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Hydro + energy redistribution

Purposes and Methods

- Purpose of this study
Study the to jet propagation in QGP
transport of the jet’s lost energy QM’14 Y Tachibana

- Method

Hydrodynamical simulations of di-jet asymmetric events in heavy ion collisions
- Relativistic hydrodynamic equations with source terms

Hydrodynamic equations with incoming energy and momentum

0, 1" = J*

THY: energy-momentum tensor of the QGP fluid

JY : source term (energy-momentum deposit from jets) - Source terms
|Assume sudden thermalization of deposited momentum inside a fluid cell

dp"
0 - a 5(3) _
J (x) - Z dt 0 (a: aza(t)) a: index for each jet particle

a

- Collective flow induced by a jet
Test study result in the case of 1-jet traveling through a uniform fluid

.+ Mach cone
| Interference of sound waves induced by
a source moving at supersonic speed
Vortex
Vortex ring around the jet passage in 3-D space

Mach cone carries information about
jet energy loss and properties of QGP
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Integrated Yield vs Associate Angle from W,

Away Side : |A¢—m|<n/4

Near Side : |A¢|<n/4

Au+Au 200GeV 0.4 (@  3040% 4 04 (@  3040%

¥, dependence g 0.3 ] g 03 E
> F ] >

—e— 2-4 ®1-2GeV/c < 0.2 QH 'H 41 5 0.2 3

QT 12 ¢ ¢ ¢ ]

—6— 2-4 ®2-4GeV/c S ot 180t E

S B B B 8 18 Ff :

—6— 4-10®2-4GeV/c = X = X ﬂ o] o -

—_— B -_— N L -

'O.:_.I...I...I...I...I...I...I...l_- '0.:_.I...I...I...I...I...I...I...l_-

-1.4-12 -1 -0.8-0.6-0.4-0.2 0 -1.4-12 -1 -0.8-0.6-0.4-0.2 0

Tq) -W,, [rad] 4 ,T‘q) -W, [rad] 4

Out-of-plane In-plane Out-of-plane In-plane

< Weak centrality dependence
<> Event-plane dependence is not clearly seen

— Flat within systematic uncertainties
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Out Look : Event-Shape Engineering

< Q-vector M M
Qno = E cos(ngi); Qn.y = g sin(ng; );
) )
E IIIIIIIIIIlllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE ﬂ '"']""]""]llllllllllllllg
CIC) Centrality 20-25% 3 GCJ Centrality 20-25% ]
S —— no cuts ] S 4 —— no cuts
o —— q,_upper 5% E o 10 —— d, upper 5% E|
© e qZ:a lower 5% . re) . —— q,_lower 5% .
o) g o 10 I
= E 9 E
S i g 10 i
c 5 3 §
E| 10 iE|
H ; | L]
Lo ool L L |
o 1 2 3 4 5 6 7 8 9 10 0 005 01 015 02 025 0.3
%o Vo

<> Selection of flow rich events
<~ Differential analysis of medium response
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Summary

<> v, subtracted correlations are presented

<> Non-monotonic path-length dependence is seen in
W, dependent correlations at low p;
— Can be taken as re-distribution of deposited energy?

< Non-W, dependence is observed due to large
systematics
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Significance of Double-Hump

<- Examined the significance of
Double-Hump in terms of v,
systematics

v, and v, are fixed in flow
subtractions but v, is varied
t1lo

Lower boundary of yellow

band covers that of green
band

Significance is 10 level of v,
systematics

2014/7/19

Au+Au \|s,,=200GeV

0.15
0.1
0.05

0.02
0.01

0.1

PTY=1/N' dN*¥/dAo

0.05

HIC

4-10x1-2 GeV/ic (a)if (b)]
30-40% if .. 40-50%
[ J _E_ s oo ¢¢ _E
B A oTest O
. LT A ot L fe® oyt A
-¢I‘ ‘ l+ l ‘ : :E¢I l¢+ l : ]
- 2-4x2-4 GeV/c  (c){} mioo (d)]
:_ [ 1r oo 0200 7]
e e
- 2-4x1-2GeV/c (e} (f)

101234 101234

A¢ = ¢*-¢'rad]
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Zero Yield at Near-Side

0.015— p.i X p;2=2-4 x1-2 GeV/c

20-30%

PTY

001 .
0.02 .
0.03- . .
0.04+ v+ - +
0.05F
0.06F

<> Correlation and Pure Flow is fitted at A¢=0
<> Double-hump is not so sensitive to flow subtraction

2014/7/19 HIC 38



Consistency check : high-p- trigger

A
e

 20-40%

O w

< Three-Centralities
— 0-20, 20-40,40-60%

t ot

& ol/NYNYdAR
O _00=2QnLw
OT i TN &
A

<> Particle Selections o FLIa W

%).06 %).06 O PRC78.014901 E
. il 204

— Trigger p;:5-10 GeV/c A" o N

— Associate p;: 1-10 GeV/c B
< Subtracted Backgrounds i g*& | i
— Only v, B oot S
< Consistent with previous s £
PHENIX results £

(PRC78.014901)

O
O

2014/7/19

This Analysis
PRC78.014901

1/N'dN®/dA¢p

¢ 5-10x5-10GeV/c
4/. v, subt.

1/N'dN®/d A
= =N WWH




Consistency check : mid-p; trigger

< Three-Centralities 2l e
— 0-20, 20-40,40-60% f‘
< Particle Selections e e o
— Trigger p;: 4-5 GeV/c o |
— Associate p; : 1-5 GeV/c e
<> Subtracted Backgrounds s s .
< Consistent with previous
PHENIX results s g i o
(PRC78.014901) P

O : This Analysis
(O :PRC78.014901
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Consistency check : low-p- trigger

ﬁﬁjﬁ A g-zo;yoze v 2‘811 20°40% 20'(1)‘1 40-60% E
<- Three-Centraliti Sy P 12 |
- . Y ., E
e-Centralities S 3 N -
25 1/ \ Z0. # Qo) zY QO TR
tRg N ‘ R S Sooaky 4 Slpnaass
-0.0 ; oot Dt s
0 20 20 40 40 GO‘y R ) R B S B S B B B B B P
— - - - o
’ 4

QO This ana. E
! O PRC78.014901

<~ Particle Selections
— Trigger p;: 2-4 GeV/c

1/NAN“/dA ¢
1/NdAN®/dA¢

— Associate p;: 1-4 GeV/c
2

<> Subtracted Backgrounds
- o

< Consistent with previous
PHENIX results
(PRC78.014901)

RN

1/NAN“/dA¢p
NQN B YOO N
1/N'dN®/dA ¢
1/N'dN®/dA ¢

: This Analysis
: PRC78.014901
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High p; Trigger Two-Particle Correlations

1/N' dN®/dA¢
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Intermediate p; Two-Particle Correlations

1/N' dN®/dA¢

2014/7/19

Au+Au 200GeV, V, V, & v {¥,} subtracted
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Y, Dependent Correlations : p; 2-4x1-2 GeV/c

2014/7/19

E:\l

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM

— — —
25F -4n/8<h -W,<-3/8 | (a)df -3w/B<h -W,<2w/8 ! (b) -2w/8<h -W,<-/B !
E 0-10% : I : e

w O

w o _00=290mOw
01 OO0 OINOIWOT OO

LSOO
N 010

15
0.1

Ad = ¢*-¢'[rad]
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Y, Dependent Correlations : p; 2-4x1-2 GeV/c

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM

——
0.2¢ 4ﬂ1§<¢ W< 37r/12 (a) 31(/1:2<q)t-‘l‘3<-2n/1?. O -212<) Wen12 () -w12<p-We<0 | (d)]
15 0-109 ! Eoo A A L

i 3 4

Ap = (i) '(I) [rad]
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Y, Dependent Correlations : p; 2-4x2-4 GeV/c

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM

U0

T g T
E -4 y W,<3u8 | (a)if 3B -W,<-2u8 | (b} -2n/8<h-W,</B |

04F 0-10% ! !
LXP

g e e R e e
B B O B~ < R SRS A (A R~ A T SRS N S E - B

Ap = ¢*-¢'[rad]
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Y, Dependent Correlations : p; 2-4x2-4 GeV/c

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM

04 4r/12<p -W,<-3112  (a)
VA am2< - <- a
10% ¢ ° :

T e R T
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o 2
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o
2
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Y, Dependent Correlations : p; 4-10x2-4 GeV/c

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM
”25 4rr/8<¢ lyz< 3rr/8 ( -I3rr/8:<q> -\'y2<-2'n/8 I(b ' ( ' <0
0of 0-10 V . o .

b o

1234 1234

Ap = (i) ¢ [rad]
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Y, Dependent Correlations : p; 4-10x2-4 GeV/c

Au+Au |s,=200GeV, Pure Flow: v _(n=2,3,4) + <cos4(V,-V,)> by ZYAM

S — L
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W, Dependent Correlations : p; 2-4x1
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W, Dependent
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Gravity Position of Two-Particle Correlations

Definition

A, — f dAPAPY (Ag) 0 if near — side
HET T dAGY (Ag)

m if away — side

Integral Ranges

Near — Side : A¢| < 7'(/3
Away -Side: |AQ — 7'(" < 7-‘-/3
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Gravity posmon vs trigger angle from W,
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Gravity position vs trigger angle from W,

0.2
o1
S0

< 0.1

02

03

0.3
0.2
0.1

< 0.1

-0.2
-0.3

2014/7/19

3E Near:lAgl<n/3 0-10%
T @
§_ @ 2-4 ®1-2GeV/c
E -©- 2-4 ®2-4GeVic
E -©- 4-1002-4GeV/c
T4 -T2 -7 08 08 -04 02 0
¢ -, [rad]
: 10-20%
B
3 °
B v - -os 08074070
W, [rad]
3 20-30%
3 = & =
E T ===
s =
S S - -08 06 04 020
¢'-W, [rad]
3 30-40%
T I m. B
3 A B == ®
R b/ -08 08 04 =02 0
¢'-W, [rad]
40-50%

B - |

-08 o]e 04 020

W, [rad

0.6]
0.4
0.2
< 0
-0.2
-0.4

0.6
0.4
x 0.2

-0.2
-0.4

0.6
0.4
0.2

-0.2
-0.4

0.6
0.4
x 0.2

-0.2
-0.4

0.6
0.4
0.2

-0.2
-0.4

HIC

Away:lAp-rl<n/3

+ T I L4
------------ oy
I J 4

0-10%

412 7T 08 086 -04 02 0
¢-W, [rad]
2 10-20%
R
3 £ el ¥
ST 08 08 04020
¢-¥, [rad]
2 20-3@
T @ w
S I -'1 08 206 04 020
W, [rad]
2 30-40%
e &
3 1 ;s
74 72 7 08 08 04 02 0
¢-‘I’3 [rad]
2 40-50%
o [
T4 72 7 08 -08 04 02 0
¢ ¥, [rad]

o4



|AZ| [em]E

Pair Selection on Tracking Detectors

Relative pair position on PC1
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®0 Excluded
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— A W e e el Tl
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|A¢| [rad]
<~ Ghost track

— A single particle is counted as two tracks

< Merged tracks

— Two particles are counted as one track
<> Real/Mix pair ratio should be 1 if an ideal detector
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Systematic Uncertainties

<> Flow v, measurements
— Systematic difference within RXN segments
— Rapidity dependence of EP : RXN-BBC difference
— Matching cut of CNT particles

<> Two-particle correlations

— Systematics from v,
— Matching cut of CNT particles

< Unfolding of event plane dependent correlations
— Difference of two methods : Fit & Iteration Methods
— Parameter in the iteration method

2014/7/19 HIC
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Azimuthal Anisotropy of PTY

<~ Integrated yield vs associate angle from EP is translated into
azimuthal anisotropy v ™Y

<> v PTY can be compared with single particle v, because the
dimension of PTY is “# of particles”

< v PTY is extracted via Fourier fitting

¥, dependence F(¢p* —Wy) =a{l + 2?J§TY cos 2(¢® — Uy) + QUfTY cos4(¢p® — Usy)}
W, dependence  F(4" — W3) = a{l +2v3""" cos3(¢* — W)},

<> Anisotropy of associate particles per a trigger =»Anisotropy of
associate particles per a event

vﬁTY,cor _ U,,];TY 4+ U;tlrig COSR(¢t . ¢a)
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PTY
v,

Near Side

0.8"'|"'|"'|"'|"'_ 8.8"'I"'I"'I"°'I"'

<> Positive hadron v, (Hydrodynamics) " a1 7o 40-50%
oy ’ ®2-4 ®1-2GeV/c ] : 1

<{- Positive i’ v, (Parton energy-loss) 04l Al A ] oal * ® Charged :
— Superposition of those assembles ook 1 o2} gAbeee, ® A

oy e ] A
only positive v, 0 A“' A% A Al 4

. | Glauber+4nn/s=0.08 |

< Near & away-side VZPTY 02} ¢ 1 02} A v, PRL105.142301
— Positive value at 40-50% 5. or Associate %T (devid pOT or AssoCiate %T (Fevicl

— Near-side negative value at 0-10% | Awayside = 15—+
s Ha) 0-10% 1 sV Ke) 40-50% ]

T e |

0sp | Sedgesceve {05 i

<- New effects need to be considered 0 RSyl GOE 200 e A% 4 A
< Possible re-distribution of deposited 0 e
. . . -1 1 CF E

energy in longer path direction .5 1 15}

-2k ..|...|...|..: -2-..|..|...|...|...

poT or Kssoéiate %T [(igeV/c1]c p(i or issoéiate %T [C:‘?eV/c1]c
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PTY
Vs

<> Positive hadron v, (Hydrodynamics)
<- Near & away-side v;"™Y at 30-40%

— Positive near-side

— Negative away-side
<> Weak centrality dependence

<~ Different near & away-side, as well
as centrality dependences from
those of v,PTY

< Possible different evolution
processes between the 2nd- and

3rd-order geometry planes

2014/7/19 HIC

Hydrodynamics calculation

Near Side PRL106.042301 (2011)
L L L L
0.4 Hi) 30-40%
5 ®2-4 ®1-2GeV/c
0.3F ©2-4 ®2-4GeV/c 1
i ©4-1002-4GeV/c |
0.2F + ]
0.1 - o %0 '
 gF o o
0 :' !
-0.1F ]
L | I BEPE N U E R R
Away Side

Py o &ssoéiate %T [GSeV/cﬁC

[T T T I
1.2 Hi) 30-40%
1 ' | Glauber+4mn/s=0.08 7

0.8 ' ® Charged
0.6F

0.4f
0.2
-0.2¢F
0.4}
-0.6 bt L

pi or &ssogiate %T [Ca‘ngeV/cﬁc
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Interpretation of W, Dependent Correlations

Away-Side Near-Side
Energy Fragmentation
o Deposit = o
\ & & 1 i /
0«— (&2 .4—{1}-—) @ —0°
O/ <\ \\.~ ™~ o

Energy Penetration

Re-distribution

Re-distribution Penetration
Dominance Dominance

2014/7/19 HIC
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co I I is i on Ce n t ra I ity Peripheral Collisions Central Collisions

Spectator
10°
3 %

- 0
20 -30 %

10-20%  o.109

BBC

# of Events

Spectator

0 500 1000 1500 2000 2500
BBC charge sum

< A degree of overlap of two colliding nuclei
— Distance between center of the nuclei = multiplicity = charge

deposited in BBC
<> Require each percentile contains same # of events
— Most-central Collision : 0%
— Most-peripheral Collision : 100% (PHENIX determines it up to 92%)
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Nuclear Modification Factor R, ,

e darXivi208.2254:05% e
16F o v, arXiv:1205.5759: 0-5% | -
14— Ydir |0}~ =
12— —
Raa = BN Jdprdy ﬂ_ll_l ¢+++ :
— ; Il {6

Neond?NrP /dprdn ¢ "H|UU %
0.8 iB —
0.6 [ | -
0.4— EEH [ N
B E B o H N
0.2 “egssesees®" @ E
0:| | 1 | 1 1 1 | 11 1 | I 1 1 | 1 1 | 1 1 1 [ 11 1 | I 1 1 | 1 1 | 1 1 1 | I:I

0 2 4 6 8 10 12 14 16 18 20

P (GeV/c)

< Ratio of invariant yield scaled by that in p+p collision with scale
— Rpa<1(suppression), R,,=1(no change), R,,>1(enhance)

< Suppression of hadron production

<> No suppression of direct photon
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Contributions of v_ (n>2) in correlations

6
C(Ag)=b""(1+2v] cosAg+2), v,;j‘”vff’ cos nAg)
l 7 =2

\ _— n=
From 2PC method From EP method
IITIT1IIIIT]TTTIIIITIIIIIIITI

2Par. Correlation

ATLAS Preliminary 2<p},p} <3 GeV

1.02—' —
: o PRC86.014907 (2012) |

Track at n| 0.99[ %5 .
<2.5 with EP i 2<pLp;<3 GeV
o b o b o b oy b by by

from full FCAL 1 o 1 > 3 a
3.3<|n|<4.8

Ad
<> Double-hump & ridge of long-rapidity correlation explained

<> Short-rapidity correlation with v subtraction to discuss
parton behavior
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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 cut of track-hit matching

— Electron veto

— Energy/momentum cut of high p; particles for background
rejection
* EEM<0.30+0.20*p; rejected for p;>5.0 GeV/c

— Pair cut of miss-reconstructed hadron pairs
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Tracking Efficiency

< Efficiency correction by ratio 5 10"
of uncorrected invariant yield 3 1°

over fully corrected ones

uncor
o

CT(H?T’

<~ Ratio calculated by fitting
functions to the invariant
yields

E =

Fit Function

P2
P1

p1 + DT

F(?T) = Do *

2014/7/19

— 12 -
1 — Solid: PRC69.034910
of Black Open: Uncorrected:2.50
-& Colord Open: Uncorrected :20
S %k = 3020%x10°
5 10F +20-309x10"
-10°E 30-40%x10’5
g "r + 40-50%x10
& 10F
S 107F
%1032
“ 0
g 10
= 10°F
10""E
10"
'15__I | | | | | | | | | | | | | | | | | | | | | | | |
107 : > 3 4 5
P, GeV/c
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Event Plane Calibration

i Raw distribution
¢@‘ . Azimuthal angle Z w; cos(ng;), Z w; sin(ng;)
Wj - Weight (Charge ¢, — l tan~ 1 (@)
etc.) n @
1 06 Re-centering
0 S0 Fhurhu [S,=2b0Gev ] QRee — Q: — (Qx) Qftec — Qy — (Qy)
*= 8() EReaction Plane Detetor 3 z T o, Y o
dC) 25 E10<il<28 ; 1 y
a>, 70 + lpgbs \Ijgec _ Etan_l (Q?IJ%eC/Qi%ec)
3 Re-cent E
.= 65 ': ‘Pgourier —
o s o Fourier correction
« 60
g 55 :‘3. n\pi‘oum’er — nwgec 1 TLA\IJTL
g ig nAv, = Z { Ay, cos (kn¥ ) + By, sin (kn® )}
= 3 E
- : 9
40 (TN DR S B P P Akz—g<cos(kn\11§€c)>,3k _<Sln(kn\PR€C)>
3-2-10123 g b
*
2014/7/19 lPZ 2 [rad] HIC 66



Event Plane Resolution

EP Resolution PRC58.1671 (1998)
<> Resolution +/-1

1_' T T T T T T T T T ‘ T T T ‘ T T T | T \_

B _ \/ (cos kn( P — g EPC)) f o rcs Bt Noseun

o ® n=3, RXN North+South

: . i

_ <COS kn(\IfEP+/_n _ )> 0.8 0 n=2: BBC North+South—|

9 9\ 12 AL . ]

T 9 X X 0.6 _

8Xn[(k 1)/2<4)+ (k+1)/2(4)] £ . |

2 | i

<> Resolution +&-1 84, 0 % o . f

- . O -

— Xn -> \/2Xn 0.2 ; . ° . _

2 2 2 B [} P ® (@) ° N

EP __ m 2 2Xn 2Xn - o o 2 e ° L] 7

o, = §2X” [[(kl)/Q (T) + L(kt1)/2 <T>] oo © 5 8 8 . ) g S o ]
(l) | | \2‘()\ | \4‘0\ | \6‘()\ | \8‘()\ | \1(|)O\ |

Centrality %
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v, systematics : RXN segments

2014/7/19
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i mr.
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i mir. - A
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E ¥ RXN._i_n
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v, systematics : Matching Cut

V%)

2014/7/19

Au+Au |s,=200GeV, EP Method

40-50, ()3

0-10, (a)if
= all RXN segments it
: ;oo. e e o ::
f o200 (M
I ® 250 IF

1f © 250-2.00 ]

0123 456 7

12 3 45 6 7

12 3 45 6 7



v, systematics : RXN-BBC Difference

Au+Au |s,=200GeV, EP Method

0.15 — e BBC
> 0.1F © BBC-RXN

V,

V%)

56 780 123 456 7 801234516 7 8

0123456 7 8 123456 7 80 1
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Table of total v, systematic uncertainties

Table 3.8: Summary of percentile ratio of v, systematic uncertainties

Centrality % pr GeV/c w9 sys. % w3 sys. % wvgsys. % vg{¥s} sys. %

0-10 0.5-1.0 5.449 6.387 24.87 48
1.0-2.0 4.32 4.911 10.1 14.66
2.0-4.0 4.536 4.131 4.412 11.39
4.0-10.0 10.43 6.184 21.67 191.3
10-20 0.5-1.0 3.658 7.992 28.53 12.17
1.0-2.0 2.891 6.431 20.16 12.27
2.0-4.0 2.69 6.163 27.64 13.72
4.0-10.0 3.124 13.62 19.09 32.09
20-30 0.5-1.0 2.811 9.469 35.48 9.633
1.0-2.0 2.485 7.818 28.85 8.422
2.0-4.0 2.391 6.822 28.03 6.577
4.0-10.0 2.98 9.503 32.24 12.21
30-40 0.5-1.0 2.506 12.42 35.81 7.385
1.0-2.0 2.462 9.695 29.88 6.509
2.0-4.0 2.556 9.673 36.75 5.913
4.0-10.0 2.934 14.18 44.32 31.73
40-50 0.5-1.0 2.575 13.8 32.96 6.338
1.0-2.0 2.688 12.06 34.44 6.479
2.0-4.0 3.224 11.7 45.4 10.71
4.0-10.0 7.877 33.53 77.07 29.33
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Systematics of Correlations

<- Systematics propagated from v,

measurements go.ossg Centrality:20-30%
. 0.03F
— Varying v, value * 10 (# of ~%0.025F V2 Va Va SUb_'
harmonics3x+ 10 2=6 Z 0% e \C/erfr%d
combinations) " ook fof v, = 10
0.005E
— Systematics : RMS of above 6 ofy —Vyxlo
combinations -0.005F _ —— Systematics
< Systematics from matching cut
— Systematics : Difference between :
2.50-2.00 (main) PyXp,:1-2x1-2 Centrality:20-30%
V, V; V, sub.
—— 0=2.0
< Total Systematics o g=25
— Quadrature-sum of above two —o- 2 55-2.05

systematics
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EP Resolution in Monte Carlo

<> Analytical formula of EP Resolution (RXN:S+N) as a function of

— Convert Resolution to 7, s , PRC 58-1271 (1998)
_ X X
cos [kn(Wobs — \I!’"eal Xo /4 I ALy Py 2.
(cos [kn(Wy, =3 N k-1/2 {7 k12 |
< Relative distribution between real and observed EP calculated
using x,,
d N €ve 1 2 2 1 obs rea
d[kn(\:[;obs _ \I;T@@l)] - %e_xn/2 {1 + Z\/7_T[1 + erf(z)]ez } Z = EXH COSR(\Ifnb o \I]n l)
:Héxx”%br‘ﬁéé[\i}ziwMWWW* g 1 PRD48.1132 (1993)
§ 2i [} x, for Res[Wy] b % [ 2=y cos2(¥°-y'e?) 1@38 ]
T %Fxél for Res[W,] : T ,§§§;§ 7
,_";Y_ O LE os: :§;8:g
¥ 15+ . & 0 oy 7]
et R S
¥ 1o . - :
CDC : : B
N f 04~
ETLOSQ O O B h %
S C [ o 02
Lorv % s g ] 7
OT\H‘HH‘HH‘\H\‘HH‘HH‘\\H‘HH‘H\:::‘::]\HT Oil““““‘““““““““““F
0 570 15 20 25 30 3504;% t;fl it\E;O S R P S
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AP

<cos4(¥,-W,)>

W -W, correlation in Monte Carlo

< W,=W, correlation at p; 1-2&2-4GeV : (cos [4(¥2 — W4)]) = va {Us} fva { ¥4}
— To avoid jet contribution to the W,~W, correlation

<~ Obtain y,, & reconstruct relative distribution between ¥, & ¥,

(cos [4(Fy — Uy)]) = %X@“M [I <Xf> +h (X:llz)]

dN €ve | 9 2 . N 3
d[kjn(\p%bs _ \Iﬂ;&eal)} = ;6 Xn/ [1 + Zﬁ[l + erf(z)]e } z = EX” Cosn(\f[lnb e l)

7\ TTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTT \7 1 _2 7\ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T \,4\’111 TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT E 1 2 L N L N L N L N L N L N L N L
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W,-W, correlation

: RXN North
: BBC South

: MPC North
: MPC South
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EP Resolution Correction : Iteration-1

<> Trigger bin is also smeared due to limited EP resolution as v,
— Add an offset A=1.0 to correlation Y to avoid possible divisions by zero

Raw Correlation Smearing Effect Calculated by relative distribution between
Offset Trigger Bin Trigger Bin real and observed EP,

AT} Y P \ (Lso_51_s2 s3 s1_s3 s2_s1]) % 1;Z=X°°sz(wbs'lpreal) Zéé ,
14+ vy u)x) S1 Sp S1 Siw S3 S4 S3  S9 . :ggg
14+ YRk S S1 Sop S1 M2 S3 S4 S3 ? o fggg B
1+ YBIk) g_ | %3 52 S1 S0 SINS2 53 84 ™ oe- 2
A 1+YWUlk) |’ S4 83 S2 S1 So S1 ™sg_ S3 |’ i e
A¢ Bin (| 1+ v ik S3 S4 S3 S2 S1 S0 S1 82 "
1+Y(6 k;) S2 83 S4 S3 S22 S1 So S1 02
\ 1+ Y({7ik) ) \ S1 S2 83 S4 83 S22 S1 S0 / E
k=20.---.23 Z S, = 1 , Sn :Ratio from nt" away-bin
) 9
n
Smeared Correlation Correction Matrix Corrected Correlation
C(k) = (cij)
B(k) = SA(k) AGR) (i _ gy AT (k) = C(k)A(k)
0 (i # J)
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EP Resolution Correction : Iteration-2

<> Start of iteration : experimental results (already smeared once)

< Obtained correction is not true -

. . . Smearing Matrix : S S d PTY
< Iteration until conversions of e AR
each coefficients
— 300 LOOpS 300 Loops
Notation in Iteration ﬁ
A— A prrei
B — B®
C— C(n) x
Acer A(n+1) Smoothing Correction Matrix
AG).Offset(1) C(=(1-r)C"+rCM(k-1)
+rC)(k+1)

Smoothing

<> Preventing a divergence of statistical fluctuations among A¢ bins
< 2r=0.20 & 0.30

(k) = (1 — 7)) (k) + (r/2) e (k — 1) + (r/2) & (k + 1)
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EP Resolution Correction : Fitting Method

L L B L B B BN BN
<> Assuming correlation yield has T [ Rt oosz s Toosdp 0
anisotropy with respect to EP SRk N
< Correction by EP resolution as done % | " Gonmered ca
in v, measurements i ”___:‘:x\ : *Rawdata 7
< R X ’ ’N,
— Method by PRC.84.024904(2011)  Zo.f . 0 -
: : = | LTS e ]
< Offset A=1.0 to avoid possible e :
division by zero - T
-1.5 -1 -0.5 0t 0.5 1 1.5
EP Resolution Correction o =W,
W, dependent case
A+ Do [1420Y Vo dos2(ds + Ad) + 20} foglcosd(dps + Ag)F T~ "7 7 |
A+ Y (g5, Ap) = | — v .T(AJrY(qbs,A@)'
A+bo |1+ 20y cos2(ds + A0) + 2v; cosd(ps + AP)|| === == ===
Fitting
W, dependent case y
cor A+bo |14 203 fozcos3(ps + Ag)|m === ===~ l
A+ Y (05, M) = | = — }'(A +Y(¢s,A9)) |
A+bo [1+2v3 cos3(ds + Ag)[| Vo mpr = = ===
Fitting
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Away-Side Integrated

Au+Au 200GeV
¥, dependence
Away Side : IA¢p-rl</4
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Anisotropy of particles per a jet =
Anisotropy of particles per a event

{1+ 2081 cosn(d® — ¥,)} x {1 + 20! cosn(¢t — U,,)}
={1 4+ 207" cosn(¢® — U,,)} x {1+ 20! cosn(¢p® — ¢*) cosn(¢p® — U,,)}
~1 + 207 cosn(¢® — U,) + 208 cosn(¢p® — ¢') cosn(¢p® — W)

UTIZ’TY,COT _ U?I;TY 4+ Ufbfrig COSn(¢t o ¢a)
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