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<> Monte-Carlo simulation

B Summary/Conclusions

™
-
(=]
N
<
N
-
[§]
o
[«}]
[72]
=
2
[«}]
©
(a]
=
o
©
2
Z
1S
=)
=
©
c
=




€L0Z ¥Z 190 '9Sudjdp QUd ‘"eplIN lwnjeye]

Introduction

Introduction




Quark Gluon Plasma (QGP)

State at a few p-seconds after Big Bang

3 billion yrs.

Quarks and gluons are reconfimed from hadrons

300 million yrs

300,000 yrs

WIMPs formed?

Neutrons and — Nuclei
protons foorm out  form

of “quark soup”™ Recombination:

atoms form

First stars form:
their light liberates
some electrons from atoms

QGP will be created

at extreme temperature and
energy density

http://www.scientificamerican.com/
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13.7 billtion yrs

Temperature
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. Atomic nuclei

from BNL web site

Neutron stars
»
»

Baryon density

Clusters of
galaxies form
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Relativistic Heavy lon Collisions

Introduction

elativistic Heavy lon Collider is an unique tool to create QGP.

Year Species/Energy

2001 Au+Au 130GeV

2002 - Au+Au, p+p 200GeV

2003 d+Au 200GeV, p+p 20GeV
2004 Au+Au 200, 62. 4GeV L0 o

2005 Cu+Cu 200, 62.4, 2 4Ge\ 7' .._ _'._,‘ EEL =
2006 p+p 200 62 4Ge\£ 4:.;6 so ke  . -5

B i\/;/\_/\_/;-'

2008  d+Au, p+p 200GV
2009  p+p 200, 5
2010 Au+Au 200

2011 Au+Au 200, : Enerqgy density
2012 U+U 193GeV, Cu+A o Lattice QCD calculation
T,~170 MeV

e. ~1GeV/fm3

o Aut+Au 200GeV @RHIC
eg; ~ 5 GeV/fm3> ¢,

PhD defense, Oct. 24, 2013
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Introduction

Space-Time Evolution

w, P, P mK,p ‘
Freeze-Out At jet To Teh To
'

5. Thermal freeze-out
ﬁ 7 A T

I
4. Chemical freeze-out
Hadronic rescattering

_ Hadron Gas

|
= g 4 3. Phase transition
g Hadronization
|
2. Partonic thermalization
<1 fmic QGP state
- |
S S z 1. Collision
W G .

How fast the system evolves?
How much the system size and shape?

Study a detailed space-time picture of evolution of the QGP
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Introduction

HBT Interferometry

B R. Hanbury Brown and R. Twiss

<In 1956, the angular diameter of Sirius was measured.
<-HBT effect is quantum interference between two identical particles.

N
P4 g
- o
P2 =
G. Glber, Prc.‘ I"‘r‘{t.Worsp on :
| Correlations and Multiparticle production(1991)§
wave function of 2 bosons(fermions) : Wi, = ﬁ (W1 (p1)W2(p2) £ Wa(p1)¥i(p2)]
Correlation function C,: Ratio of probabilities to detect 2 particles and 1 particle
P 12

C, = —=
T PP,




Introduction

HBT Interferometry

(assuming plane wave)
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x 1=+ cos|[(xa — 1) - (p2 — p1)]

——) HBT correlation g
2
Cy — Py [dazidzap(a)p(ws) [T S, spatial distribution p E
PPy [daip(zr) 9] [ daop(as) Wl r £
=1+ /da:p(a:)e”(pz_pl) "o
=1+ |p(q)]?
L
~1 + exp(—R?*¢?) [ . -

X R
0 (q) : Fourier transform of p(r), q=p, - p; q[GeVFe



Introduction

What do HBT radii depend on ?

central peripheral
B Centrality dependence collision collision

B Transverse momentum (k;) dependence @ @
<> static source: whole source is measured.
< expanding source: Size of “emission region” is measured.
Collective expansion makes “x-p correlation”.
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Br = Br(7)
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Introduction

Azimuthal angle dependence

B Angle dependence of HBT radii w.r.t Reaction Plane reflects
the source shape at freeze-out.

<> R.P is defined by beam axis and a vector between centers of colliding nuclei
¥ Initial spatial anisotropy causes momentum anisotropy (flow anisotropy)

® Final source eccentricity will be determined by initial eccentricity,
flow profile, expansion time, and viscosity etc.

out-of-plane

out-of-plane

Reaction after expansion
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—
beam elliptical (out-of-plane extended) : Rin_p|ane > Rout_of_p|ane
spherical : Rin-plane = Rout-of-plane —
elliptical (in-of-plane extended) : R, jjane < Rout-of-plane




Introduction

Higher Harmonic Flow and Event Plane

® Initial density fluctuations cause higher harmonic flow v

B Azimuthal distribution of emitted particles:

smooth picture

dN
Ay @ X 1‘|—C082(¢ — \IJQ

,\ Realtion Plane __083 .
- - os4(gb

vn = (cosn(¢p — V,))
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v, :strength of higher harmonic flow
Y_ : higher harmonic event plane
¢ :azimuthal angle of emitted particles




Introduction

Motivation

B Study the properties of space-time evolution in the heavy ion
collisions via azimuthal HBT measurement.

<>Measurement of charged pion HBT radii with respect to 2"d and 3-
order event planes to reveal the detail of final state and space-time
evolution of the system.

<-Study particle species dependence by comparison of charged pion
and kaon HBT radii
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Initial spatial fluctuation What is final shape *
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o Introduction
My Activities

3-years vacuum (It's mystery!)

2006(M1) 2007(M2) 2010(D1) 2011(D2)
MRPC RXNP Di-jet Calorimeter Talk
construction construction construction for ALICE WPCF2011
Summer Challenge (SC) @KEK
— e Shift taking @CERN
Installed MRPC&RXNP
Azimuthal HBT analysis using Run4 data Start azimuthal HBT analysis using Run7 data
201203 2013(D4)
Talk Talk Talk Talk Poster Talk Talk
JPS fall JPS spring HIC in LHC QM2012 Radon Workshop JPS spring  APPC12
SC @KEK SC @KEK SC @KEK
Shift taking & Detector Expert Shift taking & Detector Expert Work for Run13 @BNL
for Run11 @BNL for Run12 @BNL

% preliminary result for /K HBT w.r.t ¥,
% preliminary result for /K HBT w.r.t ¥,
¢ Working for publication now
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Analysis

Experiment/
Analysis
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Analysis

PHENIX Experiment

MULTIPLICITYVERTEX
MUON ID STEEL [SfEss e DETECTOR

= / By

" 'I/

TIME OF FLIGHT
DETECTOR _

Oct. 24, 2013

Takafumi Niida, PhD defense,




Analysis

Roles of Detectors

Beam-Beam Counter (|n|=3~4) = Minimum Bias Trigger

Quartz radiator+64PMTs = Start time

= Collision z-position
Zero Degree Calorimeter = Centrality
Spectator neutron energy = Event Planes

Reaction Plane Detector (|n|=1~2.8)
2 rings of 24 scintillators

= Tracking, Momentum
= Particle Identification

Central arms (|n|<0.35)
DC, PCs, TOF, EMCAL

PhD defense, Oct. 24, 2013

Takafumi Niida

beam Iine@

collision point




Analysis

Collision Centrality

B Centrality is used to classify events instead of impact parameter.

< impact parameter oc multiplicity oc charge sum at BBC
< 0% : head-head collision

92% : most peripheral collisions
& Perp quartz radiator

. =M 64PMTs
peripheral central \
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<cos(n[¥,-¥, ])>

Analysis

Event Plane

24 scintillator segments

\ P
> u
3
X ;
Resolution of Event planes beam axis g
©
1 o
* e v - L 1 Zwicos(ng;) :
; e n=3, North+South n - Z . . . §
0.8 P .'..o n=3, North or South n w’l, Sln(nQSZ) E
- .... ....... . lé
o B Event plane was determined by 2
R T, Reaction Plane Detector (RXNP) s

<-Resolution: <cos(n(¥,-¥...))>
n=2: ~0.75
n=3: ~0.34

0 10 20 30 40 50 60 70 B Determined by anisotropic flow itself <

Centrality [%]




Analysis

Particle IDentification

2007

EMC here!

PHENIX Detector

B EMC-PbSc is used.

< timing resolution ~ 600 ps
B Time-Of-Flight method

ct 2 ary
2 2 B
— - - 1 1.5 *

p: momentum L: flight path length
t: time of flight

West Beam View East

—_
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Mass square

S
[6)]
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® Charged 1/K within 20

11/K separation up to ~1 GeVi/c -
<-K/p separation up to ~1.6 GeV/c Momentum x charge




Analysis

Correlation Function

B Experimental Correlation Function C, is defined as:

< R(q): Real pairs at the same event.

< M(q): Mixed pairs selected from different events.

Event mixing was performed using events
with similar z-vertex, centrality, E.P.

relative momentum dist.
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q=PpP1—P2

< Real pairs include HBT effects, Coulomb el
interaction and detector inefficient effect. [
«. ~¢— HBT effect

Mixed pairs doesn’t include HBT and .
Coulomb effects. R\

o
1= .0
09
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C,=R/M

Coulomb repulsion

o o b by b o
0.05 0.1




3D-Analysis

B “Out-Side-Long” frame

< Bertsch-Pratt parameterization

Analysis

beam

< Longitudinal Center of Mass System (p,4=p,») l“\\ RO
Cy =1+ MG A : chaoticity R, : HBT radii \:\\

G =exp(—R?q?) : B g
—exp(—R.q; — Rjq; — R2q; — AT°¢5) OG@O‘
=exp(—R{q; — g, — Rigi — A qp) -

“Rexp(—R2q? - (R2§2 + BrAT?)qZ — Riq}) kr = o (Fr1 + Pr2)

=R2

including cross term

Go | kr, G L kr

G :eXp(_qu ROQO RZQQZQ o 2R(QJSQSQO)

B R, =“width” of source

R, = “thickness” of source

R:? R,? L
opposite sign!
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Pair Selection

B Ghost Tracks

<A single particle is reconstructed as two tracks

B Merged Tracks

B Real/Mixed distribution of relative hit position should be unity

do[rad]

<-Two particles is reconstructed as a single track

in case of no mis-reconstruction and ideal detector efficiency.

Distance of pion pairs at DC

dz[cm]

Analysis

Distance of pion pairs at EMC

PhD defense, Oct. 24, 2013

Takafumi Niida



Analysis

Coulomb Interaction

B Coulomb repulsion for like-sign pairs reduces pairs at low-q.

< Estimated by Coulomb wave function
[ h2V2 Z122€2
— +
214 T

m€2

] \IJ(’I”) = E\If(’l“) Y = thZlZg

B The correction was applied in fit function for C,

<> Core-Halo model
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halo 1 o0
29 Foou - Coulomb term -7
~ i G - Gaussian term | o O Coulomb strength
e 0.8
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Analysis

Correction of Event Plane Resolution

B Smearing effect by finite resolution of the event plane

Reaction Plane /

Event Plane

Reaction Plane '

true size

measured size

B Resolution correction

<-correction for g-distribution

PRC.66, 044903(2002)
<-Check by simulation

&30

Smeared

Corrected!

0 05 1 15 2 2'id)ﬁ'ad]

Acw(q, (I)J) :Auncrr (Q7 (I)j>
+2% (. m[Accos(n®;) + Agsin(n®; )]

nA/2

S = sin(nA/Q)IZcosini U, — U, al ))>I

event plane resolution

¥V w.rtRP

V¥ Uncorrected w.r.t EP

V¥V Corrected w.r.t EP
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Systematic uncertainties

B Track and Pair selection

< Track matching cut at Pad Chamber and EMCal (~5%)

< PID cut (~2%)

< Pair selection cut at Drift Chamber and EMCal (~6%)
B Input source size for the Coulomb interaction (~2%)

B Event plane determination (~4%)
< Measured with north, south, and both combined RXNP

2% The values within (') are for R ; of pions
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Analysis

Consistency check with the previous resuits

B Extracted HBT radii are compared to the PHENIX and STAR

results.

PRL93.152302(2004), PRL103.142301(2009)

Centrality dependence k, dependence
PHENIX ef ]
Hm SR R R IQ|
o S ¥ S T 0 -
O 4r 'Il" 1 2.l o mwht 154 fosTaR 0% | A 1
B K'K+KK f $¢',i .ot Mﬁf : ﬁgzsmas-w% [ %%'k
azimuthal analysis | | ; ] e o 1 I ° . 1 .. ]
o T TH T 1T | L i 2:_ o { =f @ ]
) K+K++K-K- (b 2 4 6 N”38 . ] A: ] )
= = " E g7 £}
..% R T\E(_averaged . %6 R i - EN b IOG:— N Y STAR10-20% L 7‘:\ -
o |10 kx IR I : [ : ] 1 e
ok 4 =) L I S I T U I N |
L ‘ ] ] L . J hd [ [ J .Q
3 48 o 1 L +!i om e : ° ® 1 [ ® e ]
I x e ] I & e C 1 T 1 °r ]
- IR |
: : : 0.I5 ; 0.I5 1 OI.5 1
L m; [GeV/c] m; [GeV/c] m; [GeV/c]
T e s Y e s PRC71.044906 (2005)

Consistent with PHENIX and STAR results within systematic errors.
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Initial spatial anisotropy

B Estimated by Monte-Carlo Glauber simulation N
< assuming a Woods-Saxon density s |
<~ collision takes place if d < \/onn/7 E ol | o
> o
v d: distance between nucleons mi | )
. - ‘o N
v' 0, total cross section ol B 1 3
Do 5 0 5 10 S
(r? cos[n(¢ — Wn)]) «(m
En = c 1 5
(r?) S :
] ( 5 . (no)) . MC Glauber simulation f
_ T S n 0.8
U, == [tan™! | 5 + 7 - e &y g
n (r? cos(ng)) : {
B A 83 —
0.6? + g
5
. B =
B Centrality dependence of A o ¢ &
initial €, and &, are seen. | o A A 4
I . L
< €5 ~ &,/2 at mid-central collision 0o e . 4
g 4
07 Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il
0 20 40 60 80 100

Centrality [%]



Results & Discussio

Results/
Discussion

o Azimuthal angle dependence w.r.t 2"9-order event plane
0 Comparison of T/K HBT radii
0 Blast-wave model fit
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0 Azimuthal angle dependence w.r.t 39-order event plane
0 Monte-Carlo simulation




Results & Discussio

Azimuthal HBT w.r.t 2" order event plane

Initial spatial eccentricity
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Results & Discussio

Centrality dependence of pion HBT radii w.r.t ¥,

B Oscillations of R, R, and R, are seen for r/K

<-Centrality dependence of R, oscillation is seen.
<R, has stronger oscillation than R, in all centrality.
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Note: R, inherently depends on B; & At

Cy =1+ dexp(—RZq; — R3q3 — Riq; — 2R5,404s)
~10 RZ=R}+pBrAr
30 0O effect of flow anisotropy?
o0 At depend on azimuthal angle?

o difference of “width” and “thickness”?
—Study with Blast-wave model -

Takafumi Niida




Results & Discussio

Eccentricity at freeze-out

B EGnal = Einitia/2 fOr pion

<> Consistent with STAR result.
< This Indicates that source expands to in-plane direction, and still elliptical shape.
B €6nal = Ejnitial fOr kaon

© L -
< 0.4 Au+Au 200GeV ) &&
= & KKHKK L
UJ - // e
—o— e N
- —— Sys. error from BW (v,;&’b' )
-%- STAR (PRL93 12301) I S
- - - Einitial = Efinal ’ 3
0.2 5
~ [«}]
(72}
[
2
B [«}]
©
. o)
- . =
, ® o
(o] Sa— - S £f-ma,.;.ﬂ-(spherical)---f_ r
| | | | | | | | | :-g
0 0.2 0.4 E
€. .
initial =
K4
I

< Kaon may freeze-out sooner than pion due to less cross section ?
< Is the emission region different due to the different m; ?




Results & Discussio

m, dependence of g _,
mT=\/k§+m2

out-of-plane = 5 -
c  2R%,/R 1| Au+Au 200GeV

A S 04 s,2 s,0 J
[ 1| —@— a*a*+n ' 0-20% g
i . N
0.2 —Ah— L . <
- A & —A———‘: || —&— a'n*+xw 20-60% R
& & -o- ] S

' 7 - -
e ] —® - K'K'+K'K 0-20% g
(= o _ :
— [}]
[ {| —&— K'K*+K'K™ 20-60% o
in-plane S T B 2
0 0.5 1

<m;> [GeV/c]

©
2
Zz
S
=}
[t
©
%
l—

W g, ., of wincreases with m;

<~ It would reflect the variation of the emission region.
Still difference between /K in 20-60% even at the same m;

<-Indicates sooner freeze-out time of K than 1 ?
<-How about the average radii ?




Comparison of /KK HBT radii (1)

® Difference canbes ¢ Rs T o, Ro T °, R,
[ o 1 'Q I OQ ]
B Charged kaons hay een,, e I '9.'.. 1 . . ;
oL 1 e 1 * e ]
0-10%
6:_ (;;C[TJJ'F- T T e n
- " K*K*+K'K ® e
6 R 4r ...’00 ° T .’.'Q n T ..90 n ]
L e “en ® o= e -
- %eg, = L 1 & I * &
ar ®on E °I 10-20%
om —_
: 1 s e I I S S TR
2F A + + y
i 0'10% i o
Y 1 e T ) 1
0.5 1 4: ...00.... . 1 Q.... o" . 1 C‘Q’ o" ]
L 1 e 1 o ]
my [Ge I 20-40% 1 * 1 ' ]
Difference seems to increase with multiplicity. 1
Effect of the different cross sections? I
] T [}
° L1} [ J
e, "oy " 3 1 oo o o
40-70% ] .
O s 1 s 1
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Comparison of /KK HBT radii (2)

B Comparison of positive and negative kaons

<-K* have less g, on nucleons than K-
o(K)/o(K*) = 5 at p=0.3[GeV/c] (o(K)/o(1) = 2)

(2]
6F Rs + R, +° I:‘| : §
® No significant difference L %o, I "-9' ; i '-.. . 1"
4r ® o T T .
between both kaons : “Ter o et To t 4 R
2F 0100 T © + 1
<-1/K difference may not be  0-10% } S
explained by the effect of o entx | I, 1 B
. . L (@] 1 L 9
hadronic rescattering. e "KKY T e, I e 3
AL 0.“‘ o KK T C.Q s + OQ. 5 1
.BCE Q 1 ) .! ) .i =
of . ¢ 1 ¢ 1
. . . [ 10-20% <
B R//R, for the emission duration . ; e ; i ; 2
. m; [GeV/c] m; [GeV/c] m; [GeV/c] =
<-No centrality and m; dependence ! ! ! E
<-K>11 : relatively longer emission duration of K ? <
150 0-10% I 10-20% I 20-40% I 40-70% "~
mu:
= 1____9_.!%46‘-:..—._ *.--------.”_.“._..'.._- B S .&..‘_..l....__. .......... Q.“.C&a*_e.:.._..\.____
8 ® ] é
osf emat
omw
= K'’K*+K'K
05 05 1 ¥ L - R R R R

m; [GeVic] m; [GeV/c] m; [GeV/c] m [GeVi/c] N

Further dlscussmn will be done later.




Results & Discussio

Interpretation by Blast wave model

PRC 70, 044907 (2004)

B Hydrodynamic model parameterized with freeze-out
conditions

<-Thermal equilibrium + collective expansion

<Freeze-out takes place for all hadrons at the same time g
<Well reproduced p; spectra & elliptic flow at low p; 3
S

Free parameters which chracterize freeze-out g
T; : temperature at freeze-out B "§

Po P,  :transverse rapidity Br = tanh(p) <
R, R, :transverse sizes (shape) p(r,®) =T[po + pacos(2¢)] I

T, At : freeze-out time, emission duration =

* box profile is assumed as spatial density = \/(TC(])%S(@ )+ (TS}?(@ )? ..%

€ Yy X

-

B Motivation of BW study

<-Are /K HBT results reproduced by the same freeze-out parameters?
<-Extract the temporal information




Results & Discussio

Fit by Blast-wave model

B Transverse momentum distribution (p; spectra) and elliptic flow v,
are used to effectively reduce the BW parameters.

1. Fit p; spectra to obtain T; and p,
- spectra data from PHENIX (PRC69,034909(2004))

20-60%
pr spectra

2. Fit v, and HBT radii for all k; simultaneously
- P2, Ry, Ry, Ty, At are obtained.
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Results & Discussio

Extracted freeze-out parameters

Spectra fit—Pp—— | o P,
- ~elliptic flow

. 1-' e
B [ ]
0.1 I l

Same trend with the past study
0 (DRC79D 014095 2 (92ONNOE))
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v, and HBT fit

™
-
(=]
N
<
N
-

(%}
o
Q
(72}
c
o
Q
T
(m]
<
o

T, Py spectra fit
other: v, + HBT fit
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® p, and ellipticity(R,/R,) increase with decreasing N,

<~Reasonable in terms of v, and &
¥ tand At increases with increasing N,

<-Freeze-out time: 6~8 fm/c, Emission duration: 1.5~2fm/c
v" Similar value (t=8.6, <At>=2) in Source imaging+Therminator model(PRC100.232301)




Comparison of mean radii between n/K

B Mean HBT radii of mr are reproduced well by BW, but not for K

<Using fit parameters obtained by fitting pion HBT radii
<-BW also expects larger radii of Kin R, and R,
B Indicate different freeze-out mechanism?

<re.g Freeze-out time or/and emission duration are different?
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Results & Discussio

Comparison of oscillation amplitude between /K

0.4
[ O 7 0-20% O K 0-20%
0.3r
5 ™
I O n 20-60% O K 20-60% §
0.2 <
| N
i A BW-10-20% + BW-K 0-20% ©
o)
0.1+
5 Q
2
A BW-120-60% + BW-K 20-60% 9
0_ 1 1 1 1 l 1 1 1 1 l 1 0_ 1 1 1 1 l 1 1 1 1 l 1 '8
0 0.5 1 0 0.5 1 2
<m > [GeV/c] <m > [GeV/c] o

B BW doesn’t also reproduce the oscillation amplitudes of R.?2 quantitatively,
and R_? qualitatively.
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B Underestimate of R, oscillation in BW.

< ¢-dependent At?
<-Spatial density/flow profile is not appropriate?

B /K difference in the oscillation cannot be explained by BW.




Recent theoretical result

PRC81.054903 (2010) M HydroKinetic Model
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Summary-1

B Azimuthal HBT radii w.r.t 2"d-order event plane
< PION Egng) IS ~Ejpigiar/ 2
v Strong expansion to in-plane direction and still elliptical shape.
<-kaon g, > pion &, even at the same m;

<»Stronger oscillation of R,
B Comparison of /K HBT radii

<-Difference of R, and R, in most central collisions
<-No significant difference between K*K* and K'K-
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B Study with Blast-wave model

<-Freeze-out time ~8 fm/c, At ~2fm/c
v" Consistent with source imaging analysis
< 11/K difference of mean radii is not explained well
<Oscillation amplitudes is not reproduced well
v" Stronger R, oscillation is not explained only by flow anisortopy within BW
B Comparison with HKM model

Takafumi Niida

<-Qualitatively consistent with larger R &R, of K
<»Supporting longer emission duration of K from R /R,




Results & Discussio

Azimuthal HBT w.r.t 3'9 order event plane

Initial spatial fluctuation What is final shape ?
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B Note that anisotropy is not observed in a static source.
measured size = extent of base of triangle
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Results & Discussio

Pion HBT radii w.r.t W,

“aa

= +side 1 _
cowt 1 loppositesign
010% (@) | 1020% () | 2030% (9)
RANLNA] same sign |
'strong oscillg

"o 0 2

® In 0-10%, strong oscillation of R is seen as well as 2"d-order

B R slightly shows the same sign as R, in 20-30% unlike 2"9-order
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Possible explanation

arXiv:1306.1485 [nucl-th]
T ‘ T T ]

25 T T ‘ T T ‘ T
[ 2
RO

-———- R?

Thick blue: deformed flow field

Thin red: deformed geometry

R}, (fm?)

\
\ / 1
-—-A” ~~/¥ —————— k -~ ~~)‘ —————— V" N’h——-
\ 1
\ ’ AN S \ ’
s r Se” N’ ~-7
K;=0.5GeV ‘ ‘ ‘
| | | | |
- -2n/3 -n/3 0 /3 2n/3

B Qualitatively agreement with R,
oscillation and R, flatness

B Comparison of m; dependence

(Model calculations are scaled by 0.3)

<-Similar trend of m; dependence of R, 52 0.05}

<R 3% seems to be opposite trend.

v" negative value at low m+, and

goes up to positive value at higher m;

B Gaussian model w/ and w/o
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deformed flow/geometry

deformed flow
B

deformed geometry
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Results & Discussio

Interpretation by Monte-Carlo simulation

What does the negative sign of R (and the same sign as R,) mean?
Need to disentangle both effects of the 3rd-order spatial and flow anisotropy!

B Setup of simulation
<-Similar to BW: thermal motion + transverse boost

<-Spatial distribution
v Assuming Woods-Saxon distribution R = Ro(l — €3 COS(3A¢))
v’ Spatial shape controlled by “e;”
<-Transverse flow
v Radial flow with velocity B, Br = tanh(p)
v Flow anisotropy controlled by “B5” 0= tanh ! [Bo + B3 cos(3A¢)](
v" Boost to radial direction
<> HBT correlation: 1+cos(Ar * Ap) 10- €,=0.06 R,=5 (fm)
<> No Coulomb interaction, no opacity i ;
B Other parameters 5t

<-thermal temperature Tf E o-
<{-source size R, >
<-strength of radial flow 3,
<-emission duration At 10
— Tuned by pT spectra, average HBT radii 10 5 0 5 10
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Oscillation of HBT radii in simulation

| e5=0

_— 20

=

B Triangular flow makes o,

oscillation even for spherical T
source.

B Amplitude and sign of the
oscillation will be determined
by the balance of the spatial

and flow anisotropy. e,= |

PhD defense, Oct. 24, 2013
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Xx* minimization for e; and B,

B x?is calculated by difference of relative amplitudes of R.2 and R_?

<-10-contour lines are shown

0.05[

3

0-10% A

R,

\. = 1F
1 1 1 l 1 1 1 1 1

; ’ 20-30%\

%Rs 1l

W e, is well constrained by R; (R; is less affected by [3;)

<-e,is close to zero in 0-10%, and slightly negative in 20-30%
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<That indicates that initial €5 is much reduced, and potentially reversed by
triangular flow under this simulation

Initial €,
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Theoretical expectation for final triangularity

B Initial Glauber for event-by-event cumulants + ideal hydrodynamics
( PRC83.064904 (2011) )

™
<For T >7at fm/c, only €; shows negative value. R
<-This model also indicate the possibility of reversed triangularity at freeze-out §
S
@
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Summary-2

m 3rd-order oscillations of HBT radii were observed.

<First measurement!
<-Finite R, oscillation in all centralities
<-Very small R, oscillation in mid central
B Comparison with Gaussian model with deformed flow/geometry

<m; dependence of R, oscillation can be qualitatively explained.
<R, oscillation will be mainly driven by triangular flow.
B Monte-Carlo simulation

<R, oscillation is affected by geometry, not so much by flow.
<>X? minimization was perfomed
v" geometrical anisotropy e; shows zero ~ slightly negative
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Conclusions

Azimuthal angle dependence of HBT radii was measured w.r.t 2"d
and 3'd-order event plane in Au+Au collisions at Vs, = 200 GeV

® Final spatial distribution

<~ Initial eccentricity is diluted, but still out-of-plane extended shape.
<-Initial triangularity is significantly diluted, and potentially reversed.

B Particle species

<Freeze-out mechanism may be different between pions and kaons.

<-Result indicates longer emission duration of kaons, which is
opposite to an intuitive expectation in terms of the cross section.
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Correlation function C, is defined as:

_ Py [ dxydzop(z1)p(22) | W12
PPy [deip(ar) [0 [ deop(as) |Us

where P, is a possibility to measure two particles, and P,(P,) is a possibility
to measure one particle. p(r) is the spatial distribution of particle emitting source.
Assuming the plane wave for the wave function, C, is rewritten as:

C

P12 X [e—zp1-(wA—x1)e—zp2.(xB—902) i e—sz.(gcA—x2)e_@p1.(xB_wl)]Q

[2 + e—im(m—Pl)eixz(m—pl) + eixl(pQ—pl)e—ia:g(pg—pl)]

x 1+ cos[(xo — x1) - (P2 — p1)]
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' » correlation term
| 2
Co=1= /dmp(m)em(m_pl) p(q) : Fourier transform of p(r)
5 5 q =P - Py
=1+ |p(q)]

C, can be expressed as a function of relative momentum!




Analysis

What do R5 and R represent ?

. - 1
m R, is “width” of source kr = 5 (Pr1 + Pr2)
m R, is “thickness” of source Gout || K1, Toice L K
R
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K, (GeV)
0.00 4 45

Opposite sign should be seen! ;i
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Analysis

Track Reconstruction

® Drift Chamber
<>Momentum determination

Dy~ 5 K: field integral

@ q:incident angle

Central Arms

B Pad Chamber (PC1)

<-Associate DC tracks with hit
positions on PC1

v p, is determined
B Outer detectors (PC3,TOF,EMCal)

<Extend the tracks to outer detectors
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Initial spatial anisotropy by Glauber model

® Initial eccentricity and triangularity increase with

centrality going from central to peripheral.
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Simulation check

e,=0
B Static source 25
<> No oscillation
for triangular shape
B Expanding source
. static
< Triangular shape flow p =0.8, =0

flow § =0.8, §,=0.1

v" Oscillation appears !
<Spherical shape
v B3 makes oscillation !
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static
flow B,=0.8, p,=0

flow $,=0.8, p,=0.1
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Initial vs Final source eccentricity

geometric information geometric+temporal information

om2,/R2, .~ @ | omz Rz, 7 (B)]
- Min=2 " J¢STAR T Au+Au 200GeV.~" 1
0.2 *n=3 .~ T wrtdrw T o & o
€ = Sr),ﬁ;,m X mm | . ’ B . f
* i T ¢" N N
1 "A _A_ i ©
PYA¢ i A o
S A A - ;
A & + - 8
1 1 1 (]
0 0.2 0.4 0.2 0.4 é’
€n €n £

B 2nd.order oscillation is sensitive to final eccentricity
<-final &, = initial €,
<-Strong expansion to in-plane direction, and instant emission

B 3rd-order oscillation affected by spatial and flow
anisotropy

<>Smaller than 2"-order
<~Initial triangular shape may be reduced by triangular flow
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Results & Discussio

Centrality dependence of kaon HBT radii w.r.t W,

B Result of charged kaons show similar trends!
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Results & Discussio

m, dependence of relative amplitude

)i 2R§,2/R§’0 | o -2R§,2/R§’0

4
Jeometric info. bmporal+Geom.
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0

Au+Au 200GeV
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—&— K'K'+K'K 20-60%

<m,> [GeV/c]  <m>[GeV/d]

B Relative amplitude of R;,, and R, show m; dependence

<R, in 0-20%doesn’t depend on my ?
B Difference between /K is similar for other parameters




Boost angle

B Boost angle is set to be :

<rradial direction of the particle position (radial boost)

<-perpendicular to the surface which is similar condition with BW
( PRC70, 044907 (2004) ) (surface boost)
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Introduction

HBT vs Higher Harmonic Event Plane

® The idea is to expand azimuthal HBT to higher
harmonic event planes.

<rmay show the fluctuation of the shape at freeze-out.

<-provide more constraints on theoretical models about

the system evolution.
Hydrodynamic model calculation
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Image of initial/final source shape
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Centrality dependence of v; and g,

PRL.107.252301

0-10% (a)|f 10-20% (b)|| 20-30% (c) 50-60% (f)
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v; breaks degeneracy

PRL.107.252301
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B v, provides new constraint on hydro-model parameters

< Glauber & 41n/s=1 : works better
< KLN & 411n/s=2 : fails




Results & Discussio

Interpretation by Blast wave model

: : : PRC 70, 044907 (2004
B Hydrodynamic model assuming radial flow (2004)

<~Well described p; spectra & elliptic flow at low p+

<-Assuming freeze-out takes place for all hadrons
at the same time

<-Freeze-out condition is treated as free parameters.

/ free parameters ., profile is assumed as spatial density

Takafumi Niida, PhD defense, Oct. 24, 2013

T, : temperature at freeze-out Br =tanh(p)

Po P, :transverse rapidity p(r, @) =7|po + p2cos(2¢)]
R, R, :transverse sizes (shape) P @

T, AT freeze-out time, emission duration 7= \/( R )2+ ( R, )?

<> Assuming a Gaussian distribution peaked at t, and with a width Ar,
and source size doesn’t change witht. ;a7 (1 — 70)2
oo (-55)

dr 2AT?
< Spatial(R,/R,) and flow(p,) anisotropy make HBT oscillation.



pion BW fit vs kaon BW fit
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Introduction

Comparison of models and the past HBT resulits

PRL.102, 232301(2009)
I

* STAR, Au+Au 200 GeV

O First-order phase transition with
no prethermal flow, no viscosity

® Including initial flow
A Using stiffer equation of state

® Adding viscosity
O Including all features
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Hydrodynamic model can reproduce
the past HBT result!

HBT can provide constraints on the model!




Imaging analysis from STAR
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Model predictions

Blast-wave model AMPT
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Both models predict weak oscillation will be seen in R;,. and R,

side




Extracted parameters
by different Blast wave model

m Blast wave fit was performed for spectra and v
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Time evolution of higher harmonic flow

|ldeal hydrodynamic calculation
(Nonaka, correlation 2013)
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Interaction cross section

B Try looking at HBT radii for K*K* and K'K- separately
because they have different interaction cross section on nucleons.

B If /K difference is due to the hadron rescattering with different
cross sections, the difference may be also seen in positive and
negative kaon pairs.
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Effect of Opacity

K. Morita, S. Muroya, Prog. Theor. Phys. 111, 93 (2004)
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Opacity leads to a small decrease of R, at low k;
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Emission function from HKM model

negative pion negative kaon
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Hydro+RQMD
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