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Introduction




Quark Gluon Plasma (QGP)

v  Extremely high temperature and density |

v  quarks and gluons are deconfined from hadron
v Latice QCD calculation predicts phase transition o

v Tc~170 MeV L

v g~ 1 GeV/m? o NS
v QGP exists in early universe and neutron star O S e

@ Hadron-Gas\g@ @

Important to understand History of the universe! |/ Yl .

0 Density

History of the Universe
QGP in early universe !

. +Modern Univer

ey
e

<) e
= =
[ e L
o} 7
@ o =
= ) <
(7] <
e~ <C

— = O
) - L)
= o %
N

o 077)
» 5
= 4
= [
(3+]

(2’

0.01 s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age of the Universe

BICEP2 Collaboration/CERN/NASA



Heavy ion collision at LHC
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http://home.cern/about/updates/2017/10/one-day-only-lhc-collides-xenon-beams

Space time evolution
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HBT interferometry

v Hanbury Brown & Twiss (Femtoscopy, Bose Einstein correlations)
v Measure the source size with correlation between two identical particles

1
Uis (p1,p2) = ﬁ

(673191(371—"“1)673192(372—r2) i e’ipl(ivl—m)eipz(ivz—ﬁ)) v Boson +
o v Fermion -

P
CQ _ (plva)

~1+1p(q)]* =1+exp (—RQCIQ) v q=p1-p:

P (p1) P (p2)
v Source distribution p is assumed to be gaussian
2
r) = ex Correlation Function
— 7fm
Source — 5fm
p1 x1
o E 3fm
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3D HBT anaIyS|s

I For more detalled spatlal mformatlon correlatlon functlon is expanded to 3 dlmenS|on

Bartsch-Pratt parametrization LCMS ( Longitudinal Co-Moving System )
Cy = 14 A\G

Gzexp( R:¢? — R?

Y Pz1 +pPz2=0

2 2 2 2 2
~ €Xp ( R zdeqszde ( out T BTAT ) Qout — RZOanl0n9>

G = exXp ( RdeeQSzde RQutqout Rlzongql20ng o QRgSQOthSide o 2R§leidteong QRQZQO’UthlonQ)

Rlong source size along the longitudinal direction (beam direction)

Rout : source along the pair transverse momentum + emission duration

5 —~ _ . oy mas 3
s ~ SESE e

Rside - source size along the perpendicular to Rout

A chaoticity= (in coherence) — (resonance)

. Transverse Plane

‘
% Rside o/

Beam axis




HBT radii = geometrical source size ??

Chaotic source Dynamical source

Emn G
...................

/ ’0
L 2
L 2

HBT radii = whole size

Low Xr~wnola sjza

HBT radii # whole size

4+ For static source, HBT radii = Geometrical source size
4+ For dynamical source, HBT radii = “Length of homogeneity region”
v" HBT radii depends on Pair transverse momentum : kt

 pri+prs
N 2

kr dependence of HBT radii is important to understand system evolution

kT
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Azimuthal anisotropy

4+ Initial state 4 Freeze-out
» Geometrical coordinate » Momentum coordinate

Beam axis /' 3
:\\@1/' // Hydrodynamic expansion
- > 7 B Py

; / P,
Y \_/ reaction plane
T & — Pz Px
X
o (r?cos (2 (¢ — Urp)) ve = (cos (2 (¢ — Urp)))
5 =
(r?)

4+ Initial geometry €2 makes anisotropic pressure gradient
4+ Hydrodynamic expansion convert €2 to v2

v Sensitive to viscosity and initial geometry
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3rd-order azimuthal anisotropy

4+ Initial geometry
» MC Glauber simulation xiv:4sz2sas)

| dN
) o %0(1+2U2C082(¢—\112)
E o
E +2v3cos3 (¢p — V3)

x(fm)

4+ Initial participant shape # smooth elliptic shape
4+ Finite number of nucleons makes 3'd-order anisotropy
4+ Initial triangular shape is converted to v3
4+ Initial geometry and viscosiw are more sensitive to v3 than vz


http://arxiv.org/abs/arXiv:1408.2549

Azimuthal angle dependence of HBT radii w.r.t. W,

M Azimuthal angle dependence of 3D HBT radii gives us the source shape
at freeze-out
4 Event plane W2 ~ reaction plane (determined with azimuthal anisotropy)
[ Relation between initial and final source shape will constrain the
freeze-out parameter
= flow velocity profile, system life time and viscosity

geometry @freeze-out

Initial geometry out-plane

I ’\ )
) i Event plane (in-plane)
4—‘ ”" .
WE
\T( O \v{ __________ “ Rside 1 Width
) . VAV ARl TN
W L, “ Rout : Depth (+ time)

> Spherical source

- Rside (in-plane) = Rsige (Out-plane)
> Out-plane elongated elliptic source

- Riside (in-plane) > Rsige (Out-plane) & Rout (in-plane) < Rout (Out-plane)
> In-plane elongated elliptic source

- Riside (in-plane) < Rsige (out-plane) & Rout (in-plane) LZRout (out-plane)
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Final source eccentricity @ LHC energy

> Hydro model predicts Rsidze and Rout OScillate in phase at lower kt
v At RHIC energy, out-plane elongated elliptic shape still remains at freeze-out
v Initial elliptic shape will be vanished or even reversed in LHC

J. Phys G: Nucl Part. Phys. 34 (2007) 2249-2254
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v This effect can be observed in LHC ??
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Final source triangular shape and HBT w.rt. Ws

+ Model suggests HBT w.r.t. W3 shows finite oscillation in expanding source

v S.Voloshin, J. Phys. G38, 124097

First measurement of HBT w.r.t. W3 was measured @ PHENIX Au+Au 200GeV
v Negative or zero oscillation was observed In Rside

25
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Au+Au 200GeV @ PHENIX
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M In order to constrain the freeze-out parameters, to determine the
oscillation sign and centrality dependence is indispensable !!

v Precise measurement @LHC is expected

14
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0O Event by event flow amplitude selection . e, ens. e 15, s029 v
> vz and vz largely fluctuate within a fixed centrality

» Event by event v2(vs) fluctuation is selected with flow vector q2(gs)
v Possibly control the initial eccentricity

Qno = Z w; cos (ng) / Z w;
- ] L — 2
% g-verctor is defined by ¢x \/ Q2. +Q2%, ( Qg = wysin (n6) /S w, )
> Centrality is not best probe for initial geometry!! (system size also changes)

> By applying ESE technique to other observables, separation of volume effect
and geometrical effect can be allowed

O Explicit correlation between g2 and g;'nitial

w  p.>0.5GeV ATLAS 'Preliminary ] . >0.5 GeV ATLAS Prelimina
:”\ P A f‘“‘:s‘_’ e > AMPT S|mU|at|°n - J.Jia et al., arXiv:1430.6077
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Motivation

O Study the space time evolution of QGP with Azimuthally sensitive HBT
and Event Shape Engineering in 2.76TeV Pb-Pb collisions
4+ Elliptic shape
> Measurements of azimuthally sensitive HBT w.r.t. W2 in LHC energy
> Relation between Initial and final source eccentricity with ESE

> Extract freeze out parameters with Blast-wave fit

4+ Triangular shape
> Measurements of azimuthally sensitive HBT w.r.t. W3
> Relation between vs ( initial triangular shape ) and HBT oscillation

with ESE (gs) selection

16 16



My activity

> DCAL construction > Development of read out module
> EMCAL SRU work @cern with FPGA and Flash ADC

> DCAL commissioning » KEK summer challenge M1->D4
> Shift taking @ PHENIX > Development of radon detector ->D4

> Azimuthal angle dependence of HBT radii w.r.t. W2 and W3

s

- Talk | > Talk |
|JPS fall 2016 | WPCF2017]

> Poster
QM2016

> Shift taking @ ALICE
> HBT w.r.t. Jet axis
» HBT relative to W>; and W3 with ESE

17



Experiment & Analysis




In this analysis

VZERO
Trigger & centrality
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"The FMD Detector

« Silicon strip detector
- 2 type rings : inner and outer
« inner : 20 sectors :
" (Z w; sin

- outer: 40 sectors U, = —tan~

 E.P. resolution with 3 sub method

< cos(n(TA — UBY)) >< cos(n(¥4a — U)) >
Res {Wn} = \/ < cos(n(¥B — ¢y >

3 1
2 E.P.R i
) .P. Resolution
¢ o8l
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-l
oo
agid . 6-“ ”ﬂﬂﬂ Il <1.0
I -or it
A - O
-o-H o o R
- -@-
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e . A it C A
il -I-_._ @
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i i Ty |
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bl “ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -3-7<n<-1.7,2.8<n<5.1
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This excellent resolution allows us precise measurement of higher order E.P. 2



" Charged hadron identification .
- charged pions are identified with TPC+TOF - *°:

ALICE 3

. TPC o (  poseive pars,
W T \\ o e
* Energy loss (dE/dx) 600 5 (e 2T S

500
400
300

- TOF 200F
- Time of flight, mass A o
- Performance evaluated oTOF = 60 (ps) 10203 , 1 2 345

i 2
2 2 S
m* = — 1 =1 1
p ( L ) 0.9 | :

- dE/dx resolution ~ 6.8% in dNdy = 8000

TPC ionization signal (a

- IIIIIJ/IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIII

ole

0.5 Gy
0.4 F : : ALICE Performance
_ S 15/05/2011
0.3114)! O TOF PID - Pb-Pb,\Sy=2.76 TeV, min. bias
7| | \ '\. | | . | ‘ L1 | | . L1 ‘ | | | I | ‘ | | | | | ‘ | | | | |
0'20 1 2 3 4 5 6 7 8 9 10
p (GeV/c)

21 21



Two track resolutlon

" Due to the hlgh multiplicity event

- Track splitting

- A track is falsely reconstructed as two tracks that are spatially close
- Track merging

- Two tracks that are spatially close are falsely reconstructed as one

- These effect modify measured correlation function

4 reconstruct as particle 1 Reconstructed track

’
/,'/ . Gicle 2 = True track 1
reconstruct as particle
| : . P =  True track 2
1
\ -“ . Shared TPC pad
\a\
) = === True track
2

v'Applied pair cut
- Fraction of shared TPC cluster < 5%
- Angular distance in A¢*, An
22 29



How to calculate correlation function C: in experiment

P(p17p2) o @ Real .QReaI:pairiI‘l same event (HBT effect)

Co = P(p1)P(p2) T QMz‘:c Qwmix : pair in different event (no HBT effect)

e Event Mixing
- Real event&EMix eventz [@ U5z 5> lceventh 5:E R

CElRED, POETIVADMR, REMBOMRZXF v EILTES
—HELIEWERHBE DS Z8AT 5 ENTES

Qinv | Qout Qside  Qlong
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10*
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10° 20 20

0 0
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0 0.1 0.2 03
GeV/
q,,, [GeVic] q [GeVic] q_ [GeV/c] q,,, [GeVic]



¥ Like-sign pairs that is spatially close are repulsive with Coulomb

- Correlation function is suppressed for low q pairs
- Coulomb weight is calculated with Coulomb wave function

[ hQZ | Zl%e } = EV.(r)

¥ Resonance decay
- A in Cz is sensitive to purity

GRS
> |
- Core-halo model o 14| C>
a ' --- Fitting function
Cy = 2core -+ ngalo O | O Coulomb weight
12"
= N1 +G) Feou +[1+A] 7717 5,
v G : HBT interferometry 1
| O
v Fcour : Coulomb interadtion | 0O
halo |
08 t
0 0.05 0.1 0.15 0.2
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Systematic uncertainties

R, /R

O HBT analysis < 100 e2 " side,0
v charge (77t pair and wt- - pair) = —L
v B field (positive and negative) s v S parout
v Event plane (VZERO detector) 2;,’ 60 | o Guacratic sum
v Pair cut (tight cut 3.50) o
v Fit range (140, 130 MeV/c) g
-'gi 20
0))

O 5 10 15 20 25 30 35 40 45 50
centralitv (%)

O Flow analysis pion v,
v TPC # of clusters (50, 90) <
v Centrality estimator (ITS 2"d layer) 2 g0 |
v Z-vertex (5, 10cm) g | S contraity o5t
¢ Event Plane B v
v FMDA, FMDC, VOA, VOC, VOAC, O o | oot
TPC(-1<n<-0.5) and TPC(0.5<n<1.0) £ |
v PID probability (75, 90%) g = i
0

0 5 10 15 20 25 30 35 40 45 50
25 centrality (%) og



Result & Discussion




Second harmonics

geometry @freeze-out

‘ Event plane

&) Riice : Width
€=) Rou: : Depth (+ time)

27



Azimuthal angle dependence of HBT w.rt. W2

N
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j
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25 |

20

15

10 |

- Fit function : R2,0 + 2 R2,,2 cos (2(Ppair - W>2))
- R2,0 : Average HBT radii
- R2,2 : Oscillation amplitude

> Explicit oscillation can be seen in Rout, Rside
> Oscillation of Rout and Rside is out-phase

(] B

Pb-Pb |5, =2.76 TeV

a*xt and m'w combined

k; :0.2-1.5 GeV/c

centrality

—— 0-5%

—— 5-10%

10-20%
—e— 20-30%
—*— 30-40%
—e— 40-50%

> Rout has larger oscillation than Rside. Sensitivity to duration time !

Y Rout is sensitive to Bt (R%ut = R2%out” + $TAT?)

out-of-plane

: width
: depth + time
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Initial €2 v.s. final € _

Pb-Pb \Syn=2:76 TeV

0.4 -

n'n* and n’r” combined

k::0.2-1.5 GeV/c

0.4

ginitial

Final source Eccentricity
ROS,2
Rside,O

Rside,Q Rout,2

— _9 — 9

€final = 2

Rside,O Rside,O

- &iinal iS extracted via HBT oscillation (kt—0)
F. Retiere and M.A.Lisa, PRC70.044907

4
Y, > 4
- -
, \ participant

’ freeze-out source
o flow

> Initial elliptic shape has strongly diluted with radial flow and elliptic flow
> Final source eccentricity linearly increases with increasing €2initial
= Dilution effect linearly increases to €2initial ?
> Even in most central collision , 2R 2%sige,2 / R 2side,0 > 0
= |nitial out-plane elongated elliptic shape still remains at freeze-out time

29
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Event Shape Engineering
vn cut (initial €, selection)

Large q2

Small g2

30




va for each 20% Event shape gz, gs selection

4] , 2 m—
S10*t AT 10-20% c10* F AT 10-20%
> >
“2103 / q, via FMD A+C ‘g 10° q, via FMD A+C
g [ 0-20 % 3 [ 0-20 %
E | [ 120-40% .l []20-40%
z'0 7] 40-60 % Z "] 40-60 %
il | |60-80% il | |60-80%
80-100 % 80-100 %
NS (|
0 12 3 456 7 8 910 0 12 3 456 7 8 9 10
q, q,
o 02 o 0.05
> > Pb-Pb \'s,,=2.76 TeV
0.04 | Y, determined via FMD A+C
"Bl gn determined via FMD A+C
0.038
0.1 ——q,: 0-20% —q,: 0-20%
' o ——q,: 20-40% ——q,:20-40%
' —+—q,: 40-60% —q,: 40-60%
0.05 | ——q,: 60-80% —q,: 60-80%
00T T q, : 80-100% q, : 80-100%
—— No q, selection —— No q, selection
0 2 2 2 2 2 0 M M 2 2 2
0 10 20 30 40 50 0 10 20 30 40 50
centrality(%) centrality(%)

] 0-20% (80-100%) gn selection denotes top (bottom) 20% cut
[JEvent by event vz and v3 fluctuations can be selected with ESE cut

3] 31



— E 1.6 — ’E 1.8
kg ke B |9
3| @ 14} [ ERE Pb-Pb \'s,,=2.76 TeV
o113 o113 P, determined via FMD A+C
i o | L o q, determined via FMD A+C
~t PZd |2 _
o ~ PS ) o o P o™ - 1.2
>1o L 1° >'| ——q_:0-20% ——q,:0-20%
= ° o o ° > 2 3
o i1 ——q,: 20-40% ——q,: 20-40%
Ong—® ® ® ® e q: 40-60% —q,: 40-60%
08 \_‘_‘__./. 08 ——q_ : 60-80% ——q,: 60-80%
q,: 80-100% q,: 80-100%
0.6 | 0.6
0 10 20 30 40 50 0 10 20 30 40 50
centrality(%) centrality(%)

] Both g2 and g3, enhancement (suppression) with ESE cut can be found
[] Ratio of vz slightly depends on centrality
[ Enhancement(suppression) effect becomes smaller from central to
peripheral collisions in ratio of vs
] “Selectivity “ of g2 cut is larger than that of g5
v Centrality dependence and difference of selectivity can be interpreted
with Event plane resolution 32



g- selection + azimuthal angle dependence of HBT w.r.t.

<:’§‘ 40 (\E 40
L3 35 A :§ =S S =y qz cut
Top 20% g2 FEEN e centrality

, 2 S ~a = e 0_50/0
T e N ey
- A Tl =" — 510%
A e t020%
STNS |

L . . . o, . . . —— 30-40%
" : X " : * | — 40-50%
P i Y, (rad) P Y, (rad)
< 40 < 40
Bottom 20% q2 < A £
% o5 35 ==y
25 = N 25
15 A 15 v
10 10
0 % B 0 % -
¢ -W,(rad) ¢ -W,(rad)

> 20% g2 selection enhanced(suppressed) oscillation of Rout and Rside
- Correlation between v2 and g2 final can be found
> For smallest g- selection(0-20%)

- Rsigde could have positive sign oscillatigg

W,

No q, selection
centrality

—— 0-5%

—=— 5-10%

—— 10-20%

—— 20-30%

—e— 30-40%

—— 40-50%
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Relative amplitude of HBT radii (2"° harmonics)

o
(&)

8 - q, class
< O 80-100%
L3 02 N 3 o2} e 60-80%
& 5 | e 40-B0%
o ; ﬁ i 40-60%
0.1- 0_1-_ —— 20-40%
I & : ¢ [ ¢ ? g —— 0-20%
W 4 &
0] IR R O-_-# ---------------------
0 102030 20 50 0TI 20 T30 2050

centrality (%)
* All points are shifted along x-axis for visibility

centrality (%)

4+ -2R?%u,2 / R%side,0 increase from small g- to large - in all centrality
4+ 2R%i4e,2 / R%ide,0 (~£2fin2l) increases with increasing gz in 0-20% and 40-50%
collisions
4+ In most centrality 0-5% and smallest g2, 2R%side,2 / R%side,0 (~£2final) shows
negativ r zer
= Elliptic shape at freeze out might be vanished or even reversed

34
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vz scaling to Relative amplitude of HBT radii

v Difference of event by event initial geometry fluctuation can not be
reflected to “centrality”
v More sensitive probe is necessary !

4+ Empirical correlation between vz, g.initial gnd energy density
4+ vy o el f (AN /dn)

o o centrality
g 0.3 g 0.3F o
e ) 5 4o : ® 0-5%
~ ~ i _ o
S o2k §£ %’“0.2_— ® 5-10%
:%lo - %. C\ﬁ:a : i 10'200/0
- o’ R ¢ ® 20-30%
0.1p < ° 0.1p Qp
' 4a? | ¢ 38T 30-40%
L [ ﬁ <
N | of .;P.‘! .................. | ® 40-50%
T T T T I T TR T I T T P On0q2CUt
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0O.16
Vs Vo

v Both relative amplitudes of Rout and Rside are scaled with v-
v In a same dN/dn(centrality), correlation between vz and relative amplitudes
of HBT radii ~ correlation between gxnitial gnd gyfinal

v In centrality 20-40%, 2 R%side,2 / R?side,0;{~€2M"3) does not depends on €?jpjtial 35



Blast-wave fit for spectra, v2 and HBT radii
> What makes the difference of relative amplitude of HBT radii with g. selection ?
+Blast-wave model allows us to extract spatio-temporal parameters, analytically
> Blast-wave model is based on the hydrodynamical model
> Extended to Azimuthally sensitive HBT interferometry (Phys. Rev. C 70 044907)

% Blast-wave parameters
> Freeze out temperature : T

> Flow velocity : p (r,¢s) =r ( po + p2cos(2¢n) )
> Transverse extents Ry, Ry

> System lifetime : 1 5,
>~ Emission duration : At /\’r
Ry <7 o, [ event
N ¢ plane
< —>
1
2(r, ¢s) = 1 + e(F—1)/as
i 6.) = \/ (r co;(;bs))? NG sir}gm)z Ry
x Y 36
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Blast wave fit for Spectra, v and HBT radii

> Tt, po IS determined with 11, K, p spectra (independent of vo and HBT)

v’ assuming that Tt and po don’t change within systematic uncertainties

> P2, Rx, Ry/Rx, T0, AT are determined with simultaneous fitting of vo and HBT fit

¢ spectra (Phys.Rev.C 88, 044910 [2013])
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Extracted Blast Wave parameters o

v" Fully consistent with published result
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nfntand nw
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4+ Source size(Rx) and freeze out time (1) increases as a function of <Npar>

4+ Emission duration slightly increase with increasing <Npart>
4+ Ry/Rx, Tt and p2 decrease from peripheral to central

v'Out-plane elongated elliptic shape canbe found even in most central events
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Extracted Blast Wave parameters with ESE g2 cut

4+ Spectra fit
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+ Ry/Rx, 1 slightly changes with g- cut, but consistent within systematic uncertainties
4+ No significant difference can be found in Rx, AT
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Comparison with Blast-wave model (relative amplitude)
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+ -2R?%,ut,2 / R3ide,0 is consistent within a systematic uncertainty

4+ 2RZ%54e,2 / R%side,0 Of Blast-wave is much larger than that of Data
4+ 2R2,s,2 / R%side,0 Of Blast-wave is slightly larger than that of Data
% More realistic model is necessary 4o
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Summary-1

+ Azimuthal angle dependence of HBT relative to 2"d order event plane
- Explicit oscillation can be found in Rout, Rside
> Initial elliptic shape is strongly diluted by collective flow, but out-plane
elongated elliptic shape still remains at freeze-out

+ ESE applies to measurements of azimuthal anisotropy (v2 and vs)

- Both v2 and v3 are enhanced (suppressed) with large(small) g- and g3 cut
- “Selectivity” of g- to v2 is larger than that of g3 to v3

+ ESE applies to HBT measurements w.r.t. 2nd order event plane
> First measurement of g. selection + HBT
> Relative amplitudes of Rout, Asidze and Ros vary with g2 selection
> In most central collisions 0-5% and smallest g, relative amplitude of Rsiqe iS
negative or zero
>~ Modification with g2 was scaled with vz, but g2 dependence of Rsiqe could
change in centrality 20-40% 41



Summary-2

+ Interpretation with Blast-wave model
> p2 explicitly changes with g2 selection
>~ Ry/Rx, system life time slightly changes with g- selection, but consistent
within systematic uncertainties
> Oscillation of Rsiqze can not be reproduced with Blast-wave model
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Triangular shape @ freeze-out

., initial source
—— :
. W be final source ?
”//ﬂ — triangular flow
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Oscillation of HBT w.r.t. W; is flow dominant
> kt dependence of 3d-order oscillation at PHENIX is described by flow

dominant case of Gaussian toy model

= g3 + Azimuthal angle dependence of HBT radii is direct measurement of
relation between v3; and oscillation of HBT radii

0.05:— ____________ — — &,=0,v,=0.25 - - - £=0.25,V,=0
o I - Il
C\Imd -7 {1 deformed flow deformed geometry
7 T
O ______ e o e —
) \JL i flow
S ——
-0.05F -
— — MC geometry
e,=0, 3=0.1 2 (c)
) o |
0-1 0.5 1

k: [GeV/c]
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Azimuthal angle dependence of HBT radli w.rnt. Ws

(fm?)

2

O Oscillations w.r.t. W3 are observed in Rout and Aside
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R2.0 : Average HBT radii, R2,3 : Oscillation amplitude

O Rout and Rsige Oscillations have same sign
= Consistent to PHENIX result in Au+Au 200GeV collisions ¢rL112.222301)

= Similar behaviour to HBT w.r.t. W2 in most central smallest 2

= When the initial eccentricity is small, oscillation of Rout and Rsige could

have same sign.
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Pb-Pb \/S_NN=2.76 TeV
n*n* and 7w combined
k; :0.2-1.5 GeV/c
centrality

—— 0-5%

—— 5-10%
10-20%

—eo— 20-30%

—*— 30-40%

—e— 40-50%
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37 harmonic oscillation of HBT radii

(=] o
g . 2 [
L3 O01F « 2 0F  Pb-Pbysy,=2.76 TeV
oc - o -
~ i ~ i n*n* and T’ combined
20.05 & * 3 0.05
o~ O i O o kt:0.2-1.5 GeV/c
m B ® ® o m
o\ - o
Op == =======s s = e=-==- O === sssscscmeocscsscsascsasam
- o
; - ¢ ¢ & ¢
-0.05[ ~0.05} *
| i B T TP B O, e e
0 10 20 30 40 50 0 10 20 30 40 50
centrality (%) centrality (%)

v -2R%,u,3/ R2%side,0 has positive value in all centrality

v 2R%side,3/ R2%side,0 has negative value in all centrality

v RZ%u,3 / R%ide,0 Slightly increase with increasing centrality

v RZide,3 / R%side0 Slightly becomes smaller from central to peripheral
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Top 20% gs

Bottom 20% gs

> Top(Bottom) 20% g3 vector selection is applied to HBT w.r.t. W;

(fm®)

gs cut
centrality

—— 0-5%
—— 5-10%
10-20%
—— 20-30%
—— 30-40%
—— 40-50%

R (z)ut (fmz)

No q, selection
centrality

—o— 0-5%

—=— 5-10%

—— 10-20%

—— 20-30%

—e— 30-40%

—— 40-50%

> No significant effect on the Rout oscillation can be observed by large gs

selection, though vz changes with q34s7,election
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S 0.3F S 03
w s class
~ 0-2:‘ | E 0.2 q3
80-100%
oo 0.1

£ 0 t b . 60-80%
°§'§'{""*'"""£"'#"" TERETE YR - 40-60%

: 0.1 —— 20-40%
02f 02 —— 0-20%
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» No significant change has been observed in relative amplitudes
(R20ut,;3/ R2side,0 and R Zside,3/ R3side,0), though vs3 is enhanced ~ 15%
= Different behaviour to HBT w.r.t. W2 + g- selection
> Triangular shape at freeze-out seems to be saturated by radial flow
and triangular flow
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Summary-3

+ Azimuthal angle dependence of HBT relative to 34 order event plane

- Small but finite oscillation can be found in Rout, Rside
> Relative amplitude of Rout has positive and that of Rsiqe has negative value
> Both RZut,3 / R%ide,0 R%side,3 / R%side,0 has small centrality dependence

+ ESE applies to HBT measurements w.r.t. 3'd order event plane
> First measurement of qs selection + HBT
>~ No significant change can be found in relative amplitudes of Rout and Rside
with gs selection
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Conclusion

+ Azimuthal angle dependence of HBT relative to 2nd-order event plane
+ Initial elliptic shape strongly diluted, but out-plane elongated elliptic
shape still remains at freeze-out
+ Final eccentricity enhanced(suppressed) with q2 (e2inital) selection
+ g2 dependence could be different in centrality 20-40%

+ Azimuthal angle dependence of HBT relative to 39 order event plane
+ -2R%,ut,3 / R%ide,0 > 0 and 2R%ige,3 / R%side,0 < 0 in all centrality. This will
constrain the freeze-out parameters
+ Relative amplitudes of HBT radii w.r.t. W3 did not change with g3
selection. it might indicate freeze-out triangular shape saturates
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Back up
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2l

= Event Plane Resolution Correction (phys. Rev. €66, 044903 (2002) )

N (q,6;) = Neap (@, 65) +2 Y Enm(D) [N (q) cos(ng;) + N2 (g) sin(ng,)]
n=1

1 Npins

> Neap(d, ;) cos(ng;)

Neow (q) cos(ng;) = (Newp(q, ¢5) cos(ng)) =

Npins

n=1
1 Nbins
Nf,gqczp(Q) sin(ng;) = (Neap(q; ¢5) sin(ng)) = -~ Z Neap(q, ¢5) sin(ng;)
ms n—=1
fnm(8) = e
- sin(nA/2)(cos (n (U — iree)))| m @vent plane resolution
e R LA True size

----- - correction for g-distribution with EP resolution

Event Plane

Reaction Plane

Measured

"-..__.-F'
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Angular distance in A@p*An
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Correlatlon functlon (HBT W. rt lllz)

1.2

1.1

+ 1 D prolectlon of 3D correlatlon functlons

> Projections of the other component within 50 MeV/c

> Different HBT radii can be found in peripheral collisions (oscillation of radii)

—e— in-plane : P W,=0

[ —e— out- -plane: P, l112_75/2

AN
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1.1

1.1

AN

O

1.2
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Correlatlon functlon (HBT W. rt lI13)

+ 1 D prolectlon of 3D correlatlon functlons

> Projections of the other component within 50 MeV/c
> Different HBT radii can be found in peripheral collisions (oscillation of radii)

0-5%




Comparison with result in Au-Au 200GeV

Pb-Pb \s,,=2.76 TeV
a*n* and ' combined
—e— <k;>~0.4 GeV/c

®©
c
Tw
U
e
@ i
NS 0.4 Au-Au |s,, =200 GeV
oc : n*n* and ' combined
~ <k;>~0.35 GeV/c
P [ —e— <k;>~0.45GeV/c
i)
N D
oc
AN

0.2
. & o ¢ ’
0 I e
0 0.2 0.4

8ini’[ial

> Dilution effect at LHC is stronger than that at RHIC
> Due to larger collective flow in LHC energy
> Difference between RHIC and LHC is remarkable at peripheral collisions
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kr dependence of €27 in Pb-Pb 2.76 TeV
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Comparison with hydrodynamical calculation

E Pb-Pb \'s,,=2.76 TeV
e n*n* and 'w combined
Rc —@— <k;>~0.4GeV/c
o
© O . 4 i Hydrohynamical calculation
- Pb-Pb \'s,,=2.76 TeV
oc [ n'n* and m'w combined
™~ <k.>~0.35 GeV/c
‘} <k.>~0.45 GeV/c
2
T
o 0.27
o
[
I [
[ g—
O e - ... ...................................................
cinitial

> Hydrodynamical calculation is qualitatively consistent to data
> Final eccentricity at freeze-out of hydrodynamical prediction is slightly smaller than

experimental result
> Difference between model and data is larger in peripheral than central collisions
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v scaling to Relative amplitude of HBT radii

v Difference of event by event initial geometry fluctuation can not be

reflected to “centrality”
v More sensitive probe is necessary !

o o centrality
g 0.2 g (0.2
e 4 33 ® 0-5%
\5‘_’. \oo_ 0 ® 5-10%
B w 10-20%
o o °
L ® 20-30%
30-40%
0.1} 01} ® 40-50%
_ _ _ _ O no g2 cut
0 0.02 0.04 0 0.02 0.04
Vg Vs

v Both relative amplitudes of Rout and Rside are scaled with v3

v Non linear correlation between -2R?%ut,3 / R%ide,0 and V3
v No significant correlation can be found between -2RZi4e,2 / R%side,0 and vs
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Correlation between vz and &2 (Glauber) =~
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Correlation between vs and eg™"@ (Glauber) =
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Blast-wave parameters (comparison with PHENIX)
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Blast Wave Fit parameters

—e— Pb-Pb 2.76 TeV
ALICE

—o— Au+Au 200 GeV
PHENIX
Phys.Rev.C 92,034924

4+ Freeze out temperature(Ts), eccentricity(Ry/Rx), duration(AT) : ALICE ~ PHENIX

4+ Flow velocity (po and p2) and system life time : ALICE > PHENIX
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Comparison with Blast-wave model (average HBT radii)

& — & —
£ g L
o [ o —

N g 40 — o -u‘_:; 40 —

20 — 20 —

0 - - 0 - -
0 20 40 60 0 20 40 60
centrality (%) centrality (%)

% ) - Pb-Pb |s=2.76 TeV
L3 - n*r* and w combined
20— k; :0.2-1.5 GeV/c

E Data
%0 20 40 60 Blast-wave fit

centrality (%)

*+ FRout and Riong Of Blast-wave fit Is consistent to that of Data
4+ Rsiqe Of Blast-wave fit is slightly smaller than that of Data
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Final source triangular shape and HBT w.r.t. W3

> Triangularity cannot be directly obtained from HBT w.r.t. W3
= Both triangular flow and geometrical triangularity make 3rd order oscillation of HBT radii

- Static source - Dynamic source "Au+Au 200GeV it

-0-20%

- e;=0,p,=0.12 ()1 -00sf

k; [GeV/c] | k; [GeVic]

. g ——&=0,v,=0.25 ---¢&=0.25v =0
» HBT w.r.t. W3 in Au+Au 200GeV collisions S

- A. Adare et al., PRL112.222301 =
- MC simulation of two extreme case

- HBT oscillation could be explained by “deformed flow” at RHIC

flow N

= geometry 7

= Any hint of sign change of €; under larger collective flow at LHC ?? PRC88,044914

[ Detailed analysis is necessary for understanding final source triangularity
4+ k1 dependence of Azimuthally differential femtoscopy w.r.t. W;
= High multiplicity and good E.P. resolution in ALICE Pb-Pb collisions !
4+ Direct measurement of correlation between geometrical and flow information
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centrality:0-5%
Al
>
sl T d,10-20%
l —e— q,:20-40%
—e—q,: 40-60%
—e— q, : 60-80%
02t q2 : 80-100%
—o— No q, selection
01}
.
0 G,_ I N N N N L N
0 05 1 15 2 25 3 35 4
P, (GeV/c)
centrality:20-30 %
ad
>
03}
02}
01}
0
0

centrality:5-10%
0.3 |
0.2 |
0.1} = :—°
0

0.3}

0

0;5 1 1.l5 2 2.I5 3 3..5 4
P, (GeV/c)

centrality:30-40 %

03}

0.2}

c1}

03}

centrality:10-20%

centrality:40-50 %

66



centrality:0-5% centrality:5-10% centrality:10-20 %

—e—q,: 0-20%

—e—dq,: 20-40%
—e—q,: 40-60%
—e—4q,: 60-80%
o2} q2 : 80-100% o2} 02}
—o— No q, selection

03t 03¢} 03}

0.1t 01} o1}
0 05 1 15 2 25 3 35 4 c 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
centrality:20-30 % centrality:30-40 % centrality:40-50 %
A A Al
> > >
03}
02}
0.1}
0




centrality:0-5%

n0.25
>
—e—q,: 0-20%
—*—q,: 40-60%
—e—(q,: 60-80%
0.15 | q, : 80-100%
—o— No q, selection
0.1}
0.05 |
0 M M M M M M M
0 05 1 15 2 25 3 35 4
p. (GeV/c)
centrality:20-30 %
n0.25
>
0.2}
0.15 }
0.1}
0.05 |
0

centrality:5-10%

n0.25

>

0.2¢}

0.15

0.1}

0.05

0O o5 1 15 2 25 3 35 4

P, (GeV/c)

centrality:30-40 %

0 0.25

0.2t

0.15

0.1¢

0.05

centrality:10-20 %

n0.25

>

02t

0.15 ¢

01}t

0.05

0 05 1 15 2 25 3 35 4

P, (GeV/c)

centrality:40-50 %

025

0.2}

0.15 ¢

0.1¢

0.05




vz { pr dependence ) q: selection (kaon)
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v2 ( pr dependence ) gz selection (proton)

centrality:0-5%
on0.25
>
——q,: 0-20%
—*—q,: 40-60%
—e—q,: 60-80%
0.15 ¢ q,: 80-100%
—o— No q, selection
0.1}
0.05
O " " " " "
0 05 1 156 2 25 3 35 4
[ (GeV/c)
centrality:20-30%
n0.25
>
02}
0.15 }
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Blast wave fit for i, K, p Spectra

Y Positive

% Fitting for pT spectra

> positive and negative particle

»m, K, p
» 6 particles pT spectra (simultaneous)
@ pion 3 0a0% N 40-50%
Kaon ; :
® proton
% 2 Parameters

> Tf : Kinetic freeze out temperature

> p0 : Transverse rapidity | Negative

% Fit function for spectra

N 27 o0
dd — 2(27'(')3/2 ToATmT/ des/ rdr Q(r, ¢5) (o) K1 (5)
prapr 0 70
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Blast wave fit for e

% Fitting for pT dependence of i, K, p v2

® pion
Kaon
@ proton

%4 Parameters
» Tf : Kinetic freeze out temperature

> p0 : Transverse rapidity
> p2 : 2nd order modulation
> Rx, Ry : Transverse size

% Fit function for v2

03 f

0.25

02 f

0.15

0.1F

0.05

03

0.25

0.2t

0.15

01Ff

0.05 f

0-5%

5-10%

0.5 1 1.5 2 2.5 3 3.5 9

pt[GeV/c]

0.5

U2 (pTa m) —

fo% dop [y rdr Q(r, ¢s) K1(8) cos(2¢p) I2() |
Jo " dos 57 rdr Q(r, ¢s) Tof) K1 (8)

2.5 3 3.5 4 0.5 1 1.5 2 2.5
pt[GeV/c]

3 35 4
pt[GeV/c]
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Blastwavefitfor HBT radii

M HBT radii relative to W>

% 7 Parameters
> Tf : Kinetic freeze out temperature

> p0 : Transverse rapidity

> p2 : 2nd order modulation in transverse flow
> Rx, Ry : Transverse size of the source

> 70 : Freeze out time

» AT : Emission duration

[d*zf(x)S(z, K)

G [d*xS(z, K)
% Fit function for HBT o= ol (o),
R = () + () — 5 (82 — (7)) cos(26,) — (20) sin(26,),
RS = () + () + 5 (82 — (7)) cos(26,) + () sin(26,),
—2B7((£2) cos ¢p + (tg) sin dp) + BH(E),
R, = (i) cos(20y) — 5 (@) — (7)) sin(20y) + Br({F) sind, — (75) cos &),
R = () 285 + BUP),

— <Z >7 73



Blast Wave parameters (comparison with ALICE published)

< 0.2 i
() —e— My calc
S |
- | Tr o Auce published
| i PHYSICAL REVIEW C 88, 044910
0.1 % % % % % % ]
i , b b '
— .
| 0.5—
%0 100 200 300 400 0 100 200 300 400
<N o> <N o>

4+ Fully consistent within the systematic uncertainties

(Br) = /0 ' dqb/o dr tanh ((pg + p2 cos (2¢)) r™) r (1 4 2s5 cos (2¢))

_ 1(Ry/Rx)2 — 1
52 = 2 74
2(R,/R;)” +1
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HBT relative to W,, with ESE(q, cut)
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Pb-Pb \s,,=2.76 TeV

n*n*t and 7' pair combined
k;:0.2-1.5(GeV/c)
q vector cut via FMD A+C side

20% large q, cut, n=2

—a— No qa, cut, n=2

— m—— 20% large q, cut, n=3

—a— No q3 cut, n=3
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Spectra + Event shape engineering

+ Positive correlation between <v2> and <prt>

2 ALICE Pb-Pb \/SNN =276 TeV E . - ALICE 30-40% Pb-Pb \s, =2.76 TeV
- R AB.) = 0.41% :
o) ® Large-q"'° ® Small-q'*¢ 3| Py = 0417
Q S 2 2 8 g 1.1 === Blast Wave model () Yy .
Q1o e VOC b2 | . Blast Wave model (K*+K))
) O - @) - w | c - S
g _8 15 Large q2 Small q2 CL/u) = - - -- Blast Wave model (p+p)
1 Q0 g ,/
215 ‘\*\‘.\‘_ - : = g $
D 2 | - * = | O_1.05 ‘
W~ g oo NN P - O o
| A e Q2
| = S|
A (2
< | © —
) N S-S < N n®
o &DH e, U DER N <= © /'q% 1= - """"""""""""""""""""""""""""""""""
D= M/‘ ICJ,J:-\ > —— Statistical uncertainties
>C\I *\E._\_F - Ll q>3 ; . -
0.5 [ ] Systematic uncertainty D . . ! . ! . ! . !
AR N R AN R T R TN A SN S T N SO SR TR S N SO SO SN TR NN SO SO T 0 1 2 3 4
0 10 20 30 40 50 60
Centrality (%) P, (GeV/c)

4+ Ratio of pr distribution of m, K, p

4+ q2"PC top 10% cut (Inl < 0.4)

+ Blast wave model comparison
v A<Br>=+0.41%

v2 ratio with gz large(small) cut
large q27P€ top10% (bottom10%)
large ¢2V2ERO top10%(bottom10%)
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E.P. resolution with g, cut
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2nd harmonlc oscnlatlon amplltude of HBT radii

0.4

- -2Rout,2/Rside,0

200
NDart
0.4
B 2Ros,2/Rside,0
0 __\
|

N

400

part

2

2

" (P. Bozek, J. Phys. G38, 124097) |

0.4

side,0
|

2Rside,2/Rside,0

/R

side,2

2R

400
N

part

ALICE data
—— 0.2-0.3 (GeV/c)
—— 0.3-0.4 (GeV/c)

0.4-0.5 (GeV/c)
—— 0.5-0.7 (GeV/c)

3+1D Hydro
— 0.2-0.3 (GeV/c)
— 0.3-0.4 (GeV/c)

0.4-0.5 (GeV/c)
— 0.5-0.7 (GeV/c)

4+ Hydro calculation cannot reproduce R?,u:2 / R2side,0 Small k1 dependence
+Npart dependence of R2,ut,2 / RZ%side,0 is very similar though
4+ R2,ut2/ R%siqe,0 in lowest kT is consistent but not in high kr (under estimate)

4+ R255,2/ R?side,0 is well reproduced
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Relative amplitude of HB radii w.r.t. lIJ kT dependence

-R20ut,3 / R2side,0 R2side,3 / R2side,0 R20s,3 / R2side,0

centrality r (GeVic)
—— 0-5 %
—=— 5-10 %
10-20 %
—— 20-30 %
—x— 30-40 %
——— 40-50 %

v Relative amplitude of Rout becomes larger with increasing kr
v Rside oscillation decreases from low kr to high kr

v Ros shows explicit KT dependence and Ros oscillation is 0 at kr=0
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3rd harmonlc oscnlatlon amplltude of HBT radii
" (P. Bozek. J. Phys. G38, 124097)

S 0.05 S 0.05
o5 i Rout,3/Rside,0 5 i R2side,3 / R2?side,0
© o, . R —— o A Y A e o
-] ° ' ’ e : .
S 3 : o 4 C ——
R i
~0.05 ' 500 ' | | 200 -0.05 ™ | 500 | | | 400
Noart Noart
o 0.05 :
c&g = R20s,3 / R2side,0 ALICE data 3+1D Hydro
B[ — : * .| ——0.20.3 (GeV/c) 0.2-0.3 (GeV/c)
A | S— ® B .~ ... ..
g —— 0.3-0.4 (GeV/c) 0.3-0.4 (GeV/c)
B 0.4-0.5 (GeV/c) 0.4-0.5 (GeV/c)
ST A W0 e 0,5-0.7 (GeV/c) 0.5-0.7 (GeV/c)

part

4+ Npart dependence in Hydro calc. and Data are qualitative consistent
4+ R2,,: oscillation is consistent in hight kT (Hydro calc. at low pt is opposite sign)
4+ R254e Oscillation is consistent in low kt (Hydro calc. can't reproduce kr dependence)

4+ Low kr of Ros oscillation with Hydro calc is underestimate 30



3rd harmonic oscillation amplitude of HBT radii
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(P. Bozek, J. Phys. G38, 124097)

0.02
0_

B }-} NN -

- %\ \\\\\\\¥H ,.."
—0.02\— = " +.~+
_0.06— :
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0 10 20 30 40 50

Centrality (%)

3+1D Hydro ALICE

ZIN[E

® 02<k;:<0.3GeV/c
m 0.3<k;<0.4GeVic
+ 0.4< k;<0.5GeV/c
¢ 0.5<k;<0.7GeV/ic

4+ Npart dependence in Hydro calc. and Data are qualitatively consistent
4+ R2,,t oscillation is consistent in hight kt (Hydro calc. at low pr is opposite sign)
4+ RZ2qe Oscillation is consistent in low kr
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