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HBT Interferometry

B HBT effect is quantum interference between two identical particles.
® R. Hanbury Brown and R. Twiss

<In 1956, they measured the angular diameter of Sirius.
B Goldhaber et al.

<-In 1960, they observed the correlations among identical pions in
p+anti-p collision independent of HBT.

G. Goldhaber, Proc. Int. Workshop on Correlations
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HBT with respect to Reaction Plane

B Azimuthal HBT can give us the source shape at freeze-out.

B Final eccentricity is determined by initial eccentricity, velocity
profile and expansion time.

B Very useful tool to investigate space-time evolution in Hl !
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Azimuthal HBT w.r.t 3"9-order event plane

® Higher-order flow v, and Event plane ¥

Ccll_]g\b[ x 14+2v9c082(¢p — Usy)
+2v3c083(¢p — V3)
+2v4co8d(p — Uy)

vn, = (cosn(¢p — V,))

B Is the deformation due to initial fluctuations is preserved until
freeze-out?
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What is final shape ?
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Measurement by PHENIX Detectors

PHENIX Detector

West Beam View East

RXN in: 1.5<|n|<2.8
& out: 1.0<|n|<1.5

MPC: 3.1<[n|<3.7

CNT: |\<0.35

dN/dn

BBC: 3.0<|n|<3.9 ||/

Event plane resolution
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_ R(q)
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centrality (%)

RXN

R(q),M(q): relative momentum dist.

for real and mixed pairs
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3-dimensional HBT analysis

B “Out-Side-Long” system

beam

< Bertsch-Pratt parameterization R, de'.‘ R
v Longitudinally Co-Moving System (LCMS) p gn
X S o
B Core-halo model N \ S
: Q
<~ To deal with Coulomb interaction l ) 5
xS
= sn )| '
T = 75 (P11 + D12
02 — 2607’6 + Cgalo % .
:N[)\(l + G)F] + [1 _ )\] Jout || kTa (side L kT
G :exp(_Riidquide T Rzutqgut T Rlzongql20ng T ZRgquideQOut)
A : chaoticity
R.. ide
R Rout j>
Ros : cross term between “out” and “side”
observer

Riong  :longtudinal size



Comparison of 2"9 and 3'9 order component

H In0-10%, R

< Does the emission duration depend on azimuthal angle ?
< Different sensitivity for possible sources to make the oscillation ?

= forw.rtW,and w.rtW¥,

oyt Nave stronger oscillation for ¥, and ¥, than R,
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Oscillation of R,

B Relative amplitude of R, for 2"9-order is used to represent
“Eccentricity” at freeze-out

< Strong expansion to in-plane direction, but still elliptical shape !
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7¢ Relative amplitudes for 39-order show zero~negative.
What does it indicate? Zero triangularity?




Simulation for Triangular shape

B Main possible sources to make W, dependence of HBT radii

< Spatial triangular shape in expanding source
< Triangular flow v;

B Setup of Monte-Carlo Simulation

<> Assuming Woods-Saxon distribution
< Triangular shape controlled by “e;”
< Triangular flow controlled by “B35"
v’ B, for radial flow is fixed as 0.8.
R,y = R(1 — ez cos(3A¢))
Br = tanh(p)

p = tanh™[By + B3 COS(BA@b)](;xy )
Ty
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< HBT correlation: 1+cos(ArxAp)
< pr spectra with T.= 160 MeV
<> No Coulomb interaction, no opacity




Simulation Results

B Static source

<~ No oscillation
for triangular shape

B Expanding source

® static
m flow [30=0.8, ﬁ3=0

a flow [30=0.8, B3=0.1

S L1
0 0.5 1 1'5A¢frad]

<-Triangular shape 10
v" Oscillation appears !
<Spherical shape
v B3 makes oscillation !
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Simulation Results
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B Oscillation is determined by triangular shape and 3,

B Zero oscillation does not necessarily indicate the spherical
source

<~ Data is close to the situation with ;<0 and finite 3,

< Negative e; may indicate that initial triangular deformation is
modified by triangular flow




Summary

B Azimuthal HBT radii w.r.t v, plane

<-First measurement of W, dependent HBT radii have been presented.

<-Oscillation of R is very weak, almost zero or slightly negative sign.
<R, clearly has finite oscillation in most central collisions.
= Different emission duration for azimuthal angle ?

B Monte-Carlo simulation of HBT for triangular source

<W, dependence of HBT radii will be determined by the balance of
triangular flow and spatial triangularity.

<-Data in 0-10% is close to the source with negative e; and finite 3.
Initial triangular deformation may be modified by triangular flow.
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Model Calculations

Blast-wave model AMPT
~ ARLEARE RS RARE RARE RARE RS RARE LR RS B ~ 26T
'g SO0 hams3, a_ =002, a__ =003 E e [ S
- - * “space” U “boost - x L _a__.,—.——-_.__"==‘= E
o | — (2 — p=[0.2,0.4] GeV | ] g Y | S Out ]
40— ( . 2 ' - 3 : ™
| — xm)-(xm) --- PS [0.4,0.6] GeV | i -
30 - (X e Xout) oo P,=[0.6,0.8] GeV | J 22 [ | AMPT (melt, ART), AuAu200, 6<b<8 fm a &
C . - % g N2, p =[0.4,0.6], plons n =2 - o
’ ! : . N
.\—/—’_‘Sﬂé L —_— i » n=3, p =[0.4,0.6) 5
20 20+ 2400 1=2, p =(0.4,0.6) Q] =
T ' x}m, n=3, p =(0.4,0.6) n ] !
10 e h £
- —‘E———,_____—————_ -
0 [T - Jeo 3 4 b . 3O [72)
: Out-Slde 16 Side - %
C pdaad e s g s d s s sl s g sa o g aa o s gl
10002040608 1 12141618 2 0 05 1 15 2 25 3 s
S.Voloshin at QMII ¢ - ly3 S.Voloshin at QM]I n (¢ - qln) E
T=100[MeV], p=r’p,,..(11+cos(np)) =
Both models predict weak oscillation will be seen in R, and R,
BW  >» Opposite sign of R;;. and R,
AMPT > Same sign of R;,. and R, ’




Centrality dependence of v; and g,

PRL.107.252301
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Azimuthal HBT w.r.t v, plane

Initial spatial eccentricity

D

:_‘;'\\Q':;\,/ Momentum anisotropy v, What is the
) final eccentricity ?
g .
\\\\ '//
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® Final eccentricity can be measured by azimuthal HBT

<-It depends on initial eccentricity, pressure gradient, expansion time,
and velocity profile, etc.

<-Good probe to investigate system evolution
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Azimuthal HBT w.r.t v; plane

Initial spatial fluctuation Momentum anisotropy
(triangularity) triangular flow v,
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¥ Final triangularity could be observed by azimuthal
HBT w.r.t v; plane(¥,) if it exists at freeze-out

<Related to initial triangularity, v,;, and expansion time, etc.
<-Detailed information on space-time evolution can be obtained




3D HBT radii

. “Out-Side-LOng” SyStem —¥ fetector

< Bertsch-Pratt parameterization
B Core-halo model

detector

< Particles in core are affected by
coulomb interaction

C2 _ Czcore + C;alo
= N[A(1+G)F]+[1-A]
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Analysis method for HBT

B Correlation function
R
C, = (9)
M(q)

< Ratio of real and mixed g-distribution of pairs
g: relative momentum

B Correction of event plane resolution

< U.Heinz et al, PRC66, 044903 (2002)
B Coulomb correction and Fitting

< By Sinyukov's fit function

< Including the effect of long lived resonance decay
C2 _ Czcore + Cézalo

= N[AQ+G)F]+[1-A]
G = eXp(_Rszideqszide - R(?utqozut - Rlingql%)ng - 2R02quid€q0ul)
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Eccentricity at freeze-out

R_2  PRC70,044907 (2004) _ 05 @WPCF2011
g 7L
2 2 H— — + + .
R — <R A COS nA > W | —e— Au+Au 200GeV '+
5. S’”( ¢) ( ¢) 0.4 |~ Au+Au200GeV K'K'+K'K’
) " | —s— STAR (PRL,93,12301)
R -
2 — Einitial = Efinal
gfinal = 2_2, B =
R, 0.3~ PHENIX Preliminary . S
9 | <A\
o r - - ~— Z if'\(\\\\ &,
—  PH:ENIX ¢ S
- ' g
-
L [72)
o
: ]
_I 111 | 111 1 I 11 1 1 I 111 1 | | I I | I I 1111 I 1111 g
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 =
Einitial g

B Efjpal = Einitiall2 fOr pion
<~ Indicates that source expands to in-plane direction, and still elliptical shape
< PHENIX and STAR results are consistent
B Efna = Einiial fOr kaon
< Kaon may freeze-out sooner than pion because of less cross section
<> Need to check the difference of m; between T/K?




Azimuthal HBT radii w.r.t ¥,
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Relative amplitude of HBT radii

B Similar definition with “final eccentricity”

B Relative amplitude of R, increases with increasing N

R 2 . 2R, /R, | 2R2,/R?,

Geometric info. : i’emporaI+Geom.
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Freeze-out parameters
extracted by Blast wave model

S. Mizuno, QM12

. Blast Wave fit for Spectra & vn '0: spectra+v, spectra+v, spectra+v (1)
<-Parameters used in the model « ™ 2N ,
T; :temperature at freeze-out  “forr ] ]

P, : average velocity X E—
P, : anisotropic velocity
s, : spatial anisotropy
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v's, and s, correspond to final '
eccentricity and triangularity 0
Initial vs Final spatial anisotropy K
©
0.3F 1F It 1 e
<-s, increase with going s, I s, I s, -

. . 0.21 1k 1 .

to peripheral collisions ; I I = radius intgrated

1t —e— surface
<85 is almost zero 0T == I ]
[ == 1 =
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| P z--ﬁ'—'ﬁ-------------—_—--s..—--: ------------------
1 1 1 I | | i | .'_Q._.. | |
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= Similar results with HBT




Contour plot p_ vs s_

+2 contour plots 20-30% S. Mizuno, QM12

spectra+v, spectra+v, spectra+v, spectra+v,(¥,)
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Parameter Search of B; vs e,

Difference between data and simulation are shown as contour plot

0-10%

The contours for R, 015
represents the systematic :
error of the data. 01

0.05

Overlap of v; and R _
indicates 0~negative e3, 0
where B; shows similar values
in all centralities.

20-30%

@m 0.15

R

g \
1
7
’ 1 -

(l . 0.05

N\ I

\\, I’
y) 0

10-20%

&00 0.15

0.05

ol

&m 0.15

0.05

30-60%

0.1l

7¢ v, flow may overcome the initial triangular deformation !
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Summary

B Azimuthal HBT radii w.r.t v, plane

<-First measurement of W, dependent HBT radii have been presented.
<-Oscillation of R is very weak, almost zero or slightly negative sign.
<R, clearly has finite oscillation in most central collisions.

w Different emission duration for azimuthal angle ?
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B Monte-Carlo simulation of HBT for triangular source

<W, dependence of HBT radii will be determined by the balance of
triangular flow and spatial triangularity.

<-Rsand v; indicates that the parameter e; has a zero to negative value.
Initial triangular deformation may be modified by triangular flow.

<R, oscillation doesn’t seem to be explained only by e; and ..
v" Related to different sensitivity to B; between R, and R, ?
v Different emission duration for azimuthal angle ?




