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Introduction




Quark Gluon Plasma (QGP)

v  Extremely high temperature and density |

v  quarks and gluons are deconfined from hadron *
v QGP exists in early universe and neutron star o
v Latice QCD calculation predicts phase transition '; 2
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Heavy ion collision at LHC
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Species Collision energy
2.76,5.02 TeV
5.02, 8.16 TeV

5.44 TeV
0.9, 2.76,5.02, 7, 13 TeV

v Highest energy collision (energy dep.) |
ﬁ‘ v E-loss in QGP with hard probes
| v Detailed study of bulk property :
QGPinsmallsystem |



http://home.cern/about/updates/2017/10/one-day-only-lhc-collides-xenon-beams

Space time evolution
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v Jet, Heavy quark
> Energy loss in QGP
v" Photon and leptons
> Direct information of QGP
v low pt hadrons (m, K, p)
> Spatial and temporal
information of bulk
> Spectra and Azimuthal
anisotropy -> Tkin, p and n/s

tv To quantify the properties of QGP, namely dynamically expanding source, a ‘
‘. precise understanding of spatial and temporal evolution is required '
| v Freeze out time, emission duration, system size

| = HBTisa unique tool to measure the size and lifetime of the source




HBT interferometry

v Hanbury Brown & Twiss (Femtoscopy, Bose Einstein correlations)
v Measure the source size with correlation between two identical particles
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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
Co =1+ MG

LCMS ( Longitudinal Co-Moving System )
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Rlong source size along the longitudinal direction (beam direction)

Rout : source along the pair transverse momentum + emission duration
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What HBT radii represents?

v HBT radii are extracted with two particle correlation
v  For static source, HBT raii = Geometrical source size

v HBT radii = Length of homogeity region in dynamical source

chaotic source
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Recent results of HBT anaIyS|s

/ Search of crltlcal end pomt
> (Rout)? - (Rside)? is sensitive to emission duration
> Non monotonic behaviour can be found in 10 GeV
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v Freeze out source shape in p-Pb collisions
> Finite oscillation in Rsidge and same sign but much smaller than Hydro calculation
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Azimuthal anisotropy
+ Hydrodynamical expansion

Beam axis f 3
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4+ Initial elliptic shape converted to momentum anisotropy

4+ Finite number of nucleons makes higher order anisotropy
4+ Sensitive to viscosity and initial condition
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Azimuthally sensitive HBT w.r.t. ¥

 Initial geometry

[ Powerful probe for freeze out source shape oo /A j
m axi Z \
> J. Adams et al., Phys. Rev. Lett. 93, 012301 /
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[ Relation between initial and final source eccentricity allows us to study how the
system evolves until the freeze-out, which likely depends on the flow velocity

profile, the system lifetime and n/s
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Final source eccentricity @ LHC energy

> Hydro model predicts Rside and Rout Oscillate in phase at low kt
v’ Larger collective flow deforms final source shape

v' Extract parameters of bulk property(shape, evolution time and velocity)
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Final source triangular shape and HBT w.r.t. W2

4+ AMPT and Blast wave model (S.Voloshin, J. Phys. G38, 124097)
v HBT w.r.t. W3 shows finite oscillation in expanding source, but almost no oscillation in static source

HBT w.r.t. V3 measured @ PHENIX Au+Au 200GeV (Phys.Rev.Lett. 112 222301)
v Same oscillation sign of Rout and Hsice = Relative amplitude negative value

— —

v Negative or Zero oscillation in sideward
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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]
—5=0,7,=025 ---&=0.25V,=0

deformed flow deformed geometry

»HBT w.r.t. W3 in Au+Au 200GeV collisions
- A. Adare et al., PRL112.222301
- MC simulation of two extreme case

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

flow N

7
geometry

= 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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O Event by event flow amplitude selection
> J. Schukraft, A.Timmins and S. A. Voloshin, Phys. Lett. B719, 394-398 (2013)
> Event by event vx(vs) fluctuation is selected with flow vector g2(qgs)
v Possibly control the initial eccentricity

= Z w; cos (2¢)

: O Correlation between ¢z and g;initial
Q2,y = g w; SIn 2¢

> J.Jia et al., arXiv:1430.6077
@ = mz L+ @B,/ wi Largea:

» AMPT simulation
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Motivation

O Extract space time extend of Quark Gluon Plasma 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. W, in LHC energy
> centrality and kr dependence
> Correlation 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
> centrality and kt dependence

» Measurement of correlation between v; and HBT oscillation w.r.t. W3

17



My activity

» DCAL construction
» EMCAL SRU work @cern
> DCAL commissioning

> Shift taking @ PHENIX

> KEK summer challenge M1->D4
> Development of radon detector ->D4

> HBT w.r.t. W2 and W3

s

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

> Poster
QM2016

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



Experiment & Analysis




In this analysis

VZERO
Trigger & centrality
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VOc:-3.7<n<-1.7

VZERO

BTPC & ITS
v Tracking & PID
v Vertex

v INtrackl < 0.8

{

T — ||ll"m|

Lo
A & /
Il
v 1

mTOF
v PID
‘/ Intrackl < 08

®FMD

v Event plane
—n Acceptance

) :
VZERO-C TPC VZERO-A v FMDa:1.7<n<5.0
‘ -3.7to-1.7 | — 081008 2.8to 5.1 v FMDC . _3 4 < n < _1 7
: T
; HBT ' FMD-C SPD outer layer FMD-A
‘ -3.4to-1.7 -1.5to 1.5 1.7t0 5.0
 Event plane < — 3P0 e ayer
'ESE selection | ; | >
— — 4 3 -2 -1 0 1 2 3 4 5 6 n )

20



"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
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This excellent resolution allows us precise measurement of higher order E.P. 2]



= Charged hadron identification 3

- charged pions are identified with TPC+TOF
- TPC
- Energy loss (dE/dx)
dE/dx resolution ~ 6.8% in dNdy = 8000
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Two track resoluton

" Due to the hlgh multiplicity event
- Track splitting

- A track is falsely reconstructted 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

/e .
74
Yag -,
" reconstruct as particle 1 3 Reconstructed track
/"/ \ - === True track 1
reconstruct as particle 2
I: ’ P = === True track 2
1
\ -“  Shared TPC pad enhance
\s\ by splittin
1} = === True track ysP J
N .
by merging

v'Applied pair cut
- Fraction of shared TPC cluster < 5%

- Angular distance in A¢*, An

* No Pair Cut

* Pair Cut

0 0.02 0.04 0.06 0.08

Qinv [GeV/(]

0.1
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¥ 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
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Result & Discussion




Second harmonics

out-of-plane
A

in-plane




Azimuthal angle dependence of HBT w.rt. W>
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- Fit function R220 + 2 R252 cos(2(Ppair - ¥2))
- R220 : Average HBT radii, R222 : Oscillation amplitude 4P Rsiqe : Width
. . . . = : + tim
~ Explicit oscillation can be seen in Rout, Rside Ros Rout : depth +lime

> Rout has larger oscillation than Rside. sensitivity to duration time !
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Relative amplitude of HBT radii (2nd harmonics)
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- &iinal IS extracted via HBT oscillation (kt—0) , \
- F.Retiere and M.A.Lisa, PRC70.044907

» ocillation of Rout and Rsize, Ros becomes larger from central to peripheral © Participant

> R2%ut,2 / R%side,0, R20s,2 / R%side,0 is more sensitive to flow . ::rs:vze@”t source
» Geometrical information can be extracted with 2R 2sige,2 / R2side,0

> even in most central collision , 2R 2sige,2 / R2side,0 >0

=|nitial out-plane elongated elliptic shape still remains at freeze-out time
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dependence of final source eccentricity
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> 6 centrality class
®0-5%
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> R2,ut,2 / R2side,0 does not have significant kr dependence
> R25ide,2 / R2%side,0 increase with increasing kr
> R25i4e,2 / R2side,0 in smallest k1 has positive value

> Inconsistent to hydro prediction

> R2552 / R2sige,0 becomes larger from low kr to high kr (significant in peripheral)
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Blast wave fit for Spectra, v, and HBT radii

> Analytical parametrisation for “Bulk property” based on the hydrodynamical model
> Extended to Azimuthally sensitive HBT interferometry (Phys. Rev. C 70 044907)
> Fitting spectra, v2 and HBT simultaneously

s . 0

v Longitudinal direction ’
> boost invariant longitudinal flow Ry | < o event
% Transverse momentum space P s plane

> Kinetic freeze out temperature| Tt

> Transverse rapidity p (r,¢s) =T ((po)+(p2)cos(2¢p) )

% Coordinate space Ry
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Blast wave fit for Spectra, v and HBT radii

|

g 10° = < F
S tE L E sof
3 10 " = 30— . ‘;030 —
= 10 =S /\ a3 [ . . r
© - | — [ ]
%l_ 1 ] —
%I— ] 20 :/—\ 20—
~_107 . =
gm | : 5 ._\_/_
: - :_/_\ L
“10° . 10[F 10—
10 = B B
10_4 . . . . u [ . . [ .
0 7 . 0 1 2 3 0 1 2 3
P, (GeV/c) u ¢ - W, (rad) ¢- ¥, (rad)
] I 80 &
> 0.3 § —e— 0.2-0.3 (GeV/c) ...g 4
R EE] I 0.3-0.4 (GeV/c) e

0.4-0.5 (GeV/c) 2
0.5-0.7 (GeV/c)

0.1

N
o
T
|

T
|
N

#
02>

0 1 2 3 4
P, (GeV/c) ¢-¥, (rad) ¢-¥, (rad)

o
—_
Nt
w

> T+, po IS determined with 11, K, p spectra (independent of vo and HBT)
> P2, Rx, Ry/Rx, T0, AT are determined with v2 and HBT fit

> Low pr spectra and v fitting is well done, but more work is necessary for HBT

“ m K, p Spectra (Phys.Rev.C 88, 044910 [2013])
 PID v2 (JHEP 1609 (2016) 164) 31


http://link.springer.com/article/10.1007/JHEP09(2016)164

Extracted Blast Wave parameters

v" Fully consistent with published result
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4+ Spectra fit

* Ti, po fixed

4+ Source size(Rx) and freeze out time (19) increases as a function of <Npart>

4+ Emission duration slightly increase with increasing <Npart>

4+ Final source eccentricity decrease from peripheral to central
v Out-plane elongated elliptic shape can be found even in most central events
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Blast Wave Fit parameters

—e— Pb-Pb 2.76 TeV
ALICE

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

4+ Freeze out temperature(Tr) and eccentricity(Ry/Rx) : ALICE ~ PHENIX
4+ Flow velocity (po and p2) and evolution time : ALICE > PHENIX
4+ Emission duration : PHENIX > ALICE
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Blast Wave parameters (collision energy dependence)

4+ ALICE data point is fitted with Polynomial
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4+ po and 1o in ALICE are 10-20% larger than that in PHENIX
4+ 2nd order anisotropy in velocity field p2 in ALICE is over 30% larger than PHENIX

4+ Emission duration in ALICE is at least 20% smaller than PHENIX
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Blast Wave Fit parameters

—eo— Pb-Pb 2.76 TeV
ALICE

—e— Au+Au 200 GeV
PHENIX
Phys.Rev.C 92,034924
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HBT w.r.t. W2 + ESE
v2 cut (initial €2 selection)

Large q2

Small g2




v2 for each 20% Event shape gz selection

> B
0.1 0 °
u ° o s
SO T S
0.05— o ¢ .
8
OO_I | | 2IO | | | 4IO | |
centrality(%)
~ 0.3
> Y 30-40%
0.2 '_:Q.... *
: .0.“.' o’o
| e ',’?e '
o[  e%ged
. ¢
+*¥ § t
OO 1 I5|I 1 I1|OI 1
pT(GeV/c)

Seiculcu unbiased
!V,

i

Vo

[J Event by event v2 amplitude can be selected

3 F | p.:0.15-1.5(GeVic) integrated
2. T Event Plane FMD A+C
8\ 1.2 :_.. ........... o @ e T . R q2 : 0-200/0
g N —— g, :20-40%
iN(\I 1_‘ ....... O S L I .. — q2 : 40-60%
T gttt | —— G, :60-80%
OBL® o ogongennnt | —— 0, 80-100%
- T N R R N R BN q2 : 0-100%
065 50 40
centrality(%)
B 30-40%
1.4~ ] Small pr dependence
:\
¢, 4
1.2_:""“““-++|M } I
1= ety o | 1
M I 8
PN +¥ I 11
08— . 0
[lommmecteegy ++ ¢
|r| L 1 1 | L 111 1 | | | ¢ |
064 5 10
centrality(%)
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Azimuthal angle dependence of HBT radii w.r.t. W2

* q,:80-100 %

q,:60-80 %
* q,:40-60 %
* q,:20-40 %

. q2:0-20%
| | : k+:0.2-1.5(GeV/c)
" == 10 -
1O||||‘||||‘||II‘I ||||‘||||‘||||‘|
0 1 2 3 0 1 2 3
P air T ¥, (rad) P i ¥, (rad) Ly
> 20% q2 selection enhanced(suppressed) oscillation of Rout and Rsidze ' g
- Strong correlation between vz and ¢ final
> For smallest g2 selection(0-20%) .
participant

- Rside has positive sign oscillation (similar to HBT w.r.t. W;) freeze-out Source
- Initial elliptic shape was reversed or vanished with flow o flow

v In-plane extended elliptic shape (or eccentricity was vanished)
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Relative amplitude of HBT radii (2" harmonics)

q,:80-100 %

2
side,0 |}

/R

q,:60-80 %
q,:40-60 %

2
side,?2

2R

q,:20-40 %

q2:0-20 %

O

I I | I I | I I
60 |

centrality (%)

60
centrality (%)

> €2(final) increases with increasing q:

= Correlation between Initial and final €2

v Different elliptic shape in a fixed system size
4+ Rout and Ros is more sensitive to flow(vz)

= Rside IS @ good probe for final eccentricity

= gofinal might be reversed in most central and

top a2

60

centrality (%) 38



What can be extracted with this ESE(q2) analysis ?

+In order to extract “Initial €2 v.s. final €2”, Initial €2 is necessary !
= Basically initial €2 is calculated with Glauber “in a certain centrality”
= Difference of initial €2 with ESE can not be reflected with this method ...

+ v2 o £2*f(dN/dn)

4+ Correlation between “v2” and final eccentricity is better than centrality

3 0.3
Al O —
g -
= N
W 0.2
C}I |
0.1
oA Difference with ga cut
0 S ST A—. A within a centrality bin
: | | ‘ | | ‘ | |
0 20 40 60

centrality (%)

centrality
® 0-5%
® 5-10%

10-20%
® 20-30%
® 30-40%
® 40-50%
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Flnal source eccentrlmty asa functlon of Va2

2

-2R? ../R
o
o

2

out,0

out,2

side,0

2R, /R

v All g2 with different g2 selection are scaled W|th V2
v Final source eccentricity is determined with v-

o
™~

o
w

o
w—h

o = = =
T N w A O
OII‘IIII‘IIII‘IIII‘IIII‘ II‘IIII‘IIII‘IIII‘IIII‘

-

Rout

o
™~

OII‘IIII‘IIII‘IIII‘IIII‘
3

2
/ I:{side,o

2
2|:{side,z
O o
N w

O
—h

o

Rside

centrality
® 0-5%
® 5-10%

10-20%
® 20-30%

30-40%
® 40-50%
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Third harmonics

::\\\'( e initial source
final source ?

¥
”//j\‘ — triangular flow



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

< - < 40 < 60

£ oL E [ E | ALICE Preliminary | eopoys,-27sey

N § —o-—‘/\ 3 — ./0——‘\. g’ — n*n* and T’ combined
B o 30 B ‘o B k. :0.2-1.5 (GeV/c)
_M _._—./-0\_. '
| B - —e— centrality0-5%

30— o Wemmm—————, || centrality5-10%

- — centrality10-20%
[ e, (e e B —e— centrality20-30%

20 — 20 - .__././'__n\. T e = —*— centrality30-40%
:.__o/‘—_'\. L 20 o T ——a —e— centrality40-50%
 e—— T —— Ce—r— " _m [ ] systematic uncertainties

10 b b b by 10 b b b Sl Lo b b
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2

P air ~ Wep 5 (rad) P oair Wep, 5 (rad) Poair ” Wep 5 (rad)
Fit function
RZM,O + 2 Rzu,S COS(3(¢pair - l1’3)) out-plane f
R2.0 : Average HBT radii, R?,3 : Oscillation amplitude (Ppair-Wa=TV3) > B

O No significant oscillation can be seen in Riong
O Oscillations w.r.t. W3 are observed in Rout and Aside

iIn-plane
0 Rout and Rsige Oscillations have same sign ($pair-W3=0)
= Consistent to PHENIX result in Au+Au 200GeV collisions
(PRL112.222301)

O Oscillation amplitude of Rout and Rside is almost same
= Different from PHENIX result due to larger collective flow? 42



3rd harmonic oscillation of HBT radii

o
—
]
|

o.f < o0.1F
A s |

ALICE Preliminary o

2 Rgutdn/ Rgut 0
o
]
[=]
i
+
gideég/ R
2
Iongo
8
[ = |
=

O T e e Ob "0 40 60 DT T 6o
centrality (%) centrality (%) centrality (%)
s 0.1 | S ofF
TE0.08F 0 H + N\g.o.os:— T+
QO [ -
ST B O OE:E_I_E_I__E'E__E_______ 0.2<kr<1.5
‘ : E.P. with FMD A+C
-0.05} -0.05f
B B
centrality (%) centrality (%)

v 3rd harmonic oscillation can be found in all centrality except for Riong
v Rout and Rside Oscillation grows from central to peripheral
v Ros is always positive (triangular flow) 43



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 45



HBT w.r.t. U; + ESE
V3 cut

R — R e ——— — e - R

No qgs cut
::\\\'( v initial source
—— W
> ° final source ?
7,
/ﬂ — triangular flow

Large g3 cut

initial source
+ = final source ??

=P triangular flow
(large)

e —— e R e A




vs ( centrality dependence ) with 20% step gs selection

o 0.03 o -
E ° ° o é 1.4 B g, vector selection
0.025 — . §>oo - p:0.15-1.5(GeVic) integrated
[ o 3 2 ~ {12t o o . Event Plane FMD A+C
- { [ © — reaaa.,
I 'y ki B . —e— (. :0-20%
0.02 = c:> g L, T—n ° e q::20_40%
— ? ° %m e e % . g —— q,:40-60%
0.015 5 ° oL A " — — q,:60-80%
e 0.8 e e g1 80-100%
0.01— - —e— @, :0-100%
— 0.6
0.005 A R R AN S T SR S SR c oo oo 1y
' 0 20 40 0) 20 40
centrality(%) centrality(%)
™ 0.2 B 8 B + ]
- § 14 j
0.15 e [ R
B ¢ ~ 1.2 , )
B o, ¢ § f' v Py
0.1 :_ % ¢ D 1t Ot ® l
E | 1 e . # !
0.05} L4 ' sl |4
¥ $ * t 0.6 ! 1N
0 IR BNER N fhd 1 0 — 5 - I10 |
0 S 10 centrality(%)

> v3 explicitly changes with g3 selection (enhancement depends on gs selectivity)

> vz modification is largest in central and becomes smaller from central to peripheral47



Azimuthal HBT w.r.t. W; ESE

& — Qo —
E 40 E 40 B ALI C E P rel M nary Pb-Pb s, = 2.76TeV k1:0.2-1.5(GeV/c)
= : ‘ m © : No q, cut 20% large ngDAJrC cut
Nonll - B M B . m Tt 0e% —e— 0-5%
- - | —®—510% —%— 510 %
301 M 30—m .=l=.=l=.=l='=l=l —+— 1020% —+— 10-20%
B | B IIM —4+— 20-30% —+— 20-30 %
. . | —>X— 30-40 % —%— 30-40 %
o U T e s050%
20 [ M_X 20 — = [ systematic uncertainties [ ] systematic uncertainties
- . B e A A Y
[ u M - m
10— 10—
0_||||||||||||| 0_|||||||||||||
0 1 2 0 1 2
i Yep 5 (rad) i Yep 5 (rad) .
in-plane
(Ppair-W3=0)

Rzu,o + 2 Rzu,s COS(S(CDpair - l113))
R2,0 : Average HBT radii, R2,3 : Oscillation amplitude

> 20% largest q3 vector selection is applied at (-3.4<n<-1.7,1.7<n <5.0)
> No significant effect on the Rout 0scillation can be observed by large g3 selection
> Rside OScillation is slightly changed by large g3 cut
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Relative amplitude of HBT radii (3rd harmonics) _

[ Rout and Rside
@ 0.3 rrerreerr e @ 0.3 rrrrrrrre
O i 2 i .
(\& A » ALICE Prellmlnary Pb-Pb |s,,=2.76 TeV
\5‘3 0.2 I \g 0.2 I m*n* and ' pair combined
(\& o ~NS k;:0.2-1.5(GeV/c)
C}l O 1 __ ------------------------------------------ % O 1 __ ---------------------------------------------- q vector cut via FMD A+C side
l-m I T m . * E —=a— 20% large g, cut, n=3
O__ """""""""""" — TR 0] RN I R A — = Nog_cut,n=3
- = i [ )
l
S0 SRRIIRRIIREIIEE RRRRRIRERREE S0 AF s s R
0 20 40 60 0 20 40 60
centrality (%) centrality (%)

» No significant change has been observed in relative amplitude
(R20ut,;3/ R2side,0 and R2side,3/ R2side,0), though v3 is enhanced ~ 15%
> Triangular flow is not dominant source of 3rd-order HBT oscillation ?
> Large v3(gs) event selection # large triangular flow event selection ?
> (3 selectivity is too small ?

=Model comparison Is necessary
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Summary for HBT w.r.t. W>

+ Centrality & kr dependence of HBT relative to W:
>~ Out-plane extended elliptic shape can be seen in all centrality

Blast wave fit says T+ and €2(v.s. Npart) Is consistent to Au+Au 200GeV and
p0, p2, T0 is much larger than 200GeV. At is ALICE < PHENIX

+ HBT w.r.t. W> with g2 selection

>~ Final source eccentricity is strongly modified with v2 cut(initial €2 cut)
4In-plane extended elliptic shape could be seen in smallest g2 event
4 Difference of final source eccentricity with q2 cut is scaled with v2

v’ Blast wave fit will tell some more qualitative difference (€2 or time)

A
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Summary for HBT w.r.t. Ws

+ Centrality & kr dependence of HBT relative to W:

4 Non zero oscillation can be found in Rout, Rside and Ros
Small but finite kT dependence was found in Rout, Rside, Ros
Hydrodynamical model is qualitatively consistent to data

+ HBT w.r.t. Y3 with g3 selection

4 Final source eccentricity is not modified with v3 cut

out-plane f
(Ppair-Ws=11/3) D e Rout

X <> Fside

in-plane
(Ppair-Ws=0)
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Outlook

+ kT dependence of Azimuthally sensitive HBT relative to W2 and W3
with ESE g2 and g3 respectively

+ Blast wave fit for HBT relative to W3 and W2 with q2
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= 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'



Angular distance in A@p*An
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1.01

- Optimized Pair cut
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kT dependence of HBT radii w.r.t. W2

50 > 0-5°/o___ > 5-10% > 10-20%
*Fitting for pT spectra (3~ - e - -
» 6 centrality class | - T S |
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How to calculate correlation function C: in experiment

P(p17p2) o @ Real ‘Qnean:pairin same event (HBT effect)

Cz = P(pl)P(pg) o Qi Qwmix : pair in different event (no HBT effect)
C2 : Correlation function —_
O e fHIEEHY b
e Event Mixing - Pair cut

- Real event&Mix eventZz [@ Ui Z 5 > lceventh 53 5% - Coulomb interaction
CElekD, PIOELTIVADMR. BEMNBONRZF vy EILTES
—HAIELEWIERIEREDH ZERAT I ENTES

& ZDlziclFeventdDcharacterizehhEE |

- Centrality¥Z-vertexh\@E U H D& E 3R .
Qinv Qout Qside 3 Qlong

x10° x10° x10

140 160

140

; 140

10

120 120

10° 100 100 120
100

10° 80 80 0
104 60 60 60
40 40 40

10° 20 20 20
0 0 0

0 01 0.2 0.3 -03 02 -01 0 01 02 0.3 -03 02 01 O 01 02 03 -03 -02 -01 0 01 02 0.3
a,,, [GeVie] q,,, [GeVic] q_ [GeVic] q  [GeVic]
out side long



KT

dependence of Rout, Rside, Ros

B OUC s FE
E E £ L
muéz5m n 8 1_— I
:'—I/I’.—H\I\H QOM i
W 15;L0 I ——t ¢ o
— 10
oo b benne b by 5:|||||||||||||||||||||| oo b b b 0y
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
- } -y
oar - Ps (rad) o~ Wa (rad) P oir V3 (rad)

centrality 20-30 %

—4&— 0.2-0.3 GeV/c

—#— 0.3-0.4 GeV/c

0.4-0.5 GeV/c

—+— 0.5-0.7 GeV/c
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— 1.8 — 1.8
Sl | ALICE Preliminary Sl | ALICE Preliminary
Olo | Olo |
<2 s Pb-Pb \'s,,, = 2.76 TeV =19 o Pb-Pb \'s,,, = 2.76 TeV
" _g Sl —e— 20%large q," " n 1;: L —e— 20% large g "
(LH =) B statistical uncertainties I(J,J) = B statistical uncertainties
W (o> 1 4__ [ | systematic uncertainties W |5y 1 4__ [ | systematic uncertainties
& [ e L
o|A i oA i
é_ <]: - (@] B ] ® ®m = ® I3[ — Q_ <]: -
<h D_" 12__ <n D-"‘ 12 __|I| |I| |I| [e] |I| -
ol | | ol %L | T owm
(QV] ™
L=t ot S 2]
> T | | | | | | | | >’ T | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
I o " o
o o
centrality (% centrality (%

> Vnh IS measured with Event plane method

> Top 20% largest g2, g3 vector selection is applied
> V2 is enhanced by 25% with large g2 selection

> v3 grows by 15% with large qs selection
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va ( centrality dependence ) with 20% step gs selection

» 0.03

0.025

0.015

0.005

0.02

0.01

= e 3

— o ¢

—* 9 ¢

E? H

- 1 ]

0) 20 40
centrality(%)

- g3 20-40% -> -10%
- g3 0-20% -> -15 ~ -5%

120% step g3 (v3) event selection

> v3 explicitly changes with qs selection (enhancement depends on q3 selectivity)
- g3 80-100% -> +10 ~ +20%
- g3 60-80% -> +3%
- 93 40-60% -> -5%

selected
/
—h
N

—

3

g
Vi3

O
ol

O
o))

unbiased
—h
N

11 | [

3

centrality (%)

g, vector selection

pT:O.1 5-1.5(GeV/c) integrated

Event Plane FMD A+C
—_— q3 .
: 20-40%
: 40-60%
: 60-80%
: 80-100%
: 0-100%

q3
q3
q3

9

> v3 modification is largest in central and becomes smaller from central to peripheral
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4
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> v3 slightly changes with qs3 selection in pr 0.15-14 (GeV/c)
> Modification is largest in central collisions

q, vector selection(FMD A+C)

Event Plane FMD A+C
—®— q,:0-20%
—®— q,:20-40%
—®— q,:40-60%
— — q,:60-80%
—®— q,:80-100%

—e— q,:0-100%
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Ratio of vs with gs selection / vs unbiased

centrality 0-5 % centrality 5-10 % centrality 10-20 %
3 3 3 [ 3 -
g 1.4 0 g 1 4__ + | g 1 4.___ —— q3:0_200/°
=0 =0 [ ¢ :s>oo — ®
~1.2 1.2 pwemces -o¢+++ | 1.2 ewmseeget J f 1 | —*®— qg,:20-40%
E - ! E N _ { 3 i- AR )i —®— q,:40-60%
b 1 AT ¢ D 10— | P 112 K 7 0l ,
5 . > LI I Pl ¢ — — q.:60-80%
3‘>C0 ® 3‘>C0 : | > A + @ 3
0.8 ‘ 08 X 0.8 —e— g, :80-100%
S ) 0.6 117
0.6 ||||||||‘|| L 0.6 |||||III|I|IIT ||||||9||||| |T
0 5 10 0 5 10 0 5 10
centrality 20-30 % Pt (GeV/c) centrality 30-40 % Pt (GeV/c) centrality 40-50 % PT (GeV/c)
3 - ! g 1 3 n
g 14 s 14 + g 1.4 I
3\ 1.2 - %P |. ¢ 3\ 1.2 [ ® ~ 1.2 —
f'"'“ ¢ +‘[ | ! 3 ?*:;*1' ~‘I 3
g 1§ *an E 1 ° B 1 17 s P08
gl 1] [t o L}
> ® ® > ! > + ® ?
0.8 + | 0.8 | 0.8 m |
0.6 + | 0.6 I ! ? 0.6 { I
i Annine Lo Iehe [y L] Lo bl by
0 5 10 0 ) 10 0 ) 10
pT (GeV/c) pT (GeV/c) pT (GeV/c)

> No explicit pr dependence can be found for the ratio of vz (pr dependence)
> The slope which can be found in v2 was not found in v3
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<90 < vs small
£ £ B Svans S S E——y—
5 %BO . 3"

SN S I b
o i —e— g, : 40-60%

—— q,:60-80%
—e— g, :80-100%

J ‘I
+ .
-

I ' v .
20 E—— — vs large

T
4

200 L4t =
43!7+ + "ﬁ 10\/:
10 b b b b b
0 0.5 1 1.5 2 0 0.5 1 1.5 2
_ - P, (rad
cppair IIJ’3 (rad) (ppair 3 ( )

> Enhancement(suppression) w/ g3 cut is much smaller than that w/ g2
- Weak correlation between v3 and e3 final??

> Fit is not good in centrality 20-50% ?

> For smallest q2 selection(0-20%)

- Rside has negative sign oscillation (similar to HBT w.r.t. W2)
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Relative amplitude of HBT radil (3rd harmonics)

2

side,0

2R§S,3/R

-0.2

o

|
O
)\

60
centrality (%)

: 0-20%

: 20-40%

: 40-60%

: 60-80%

: 80-100%

°||‘|||

20

centrality (%)

4+In centrality 0-5, 20-40% collisions, No explicit modification on Rou: can be found
v  Though the ratio of vs (gs selected / unbiased) is largest in centrality 0-5%

4+ Rsiqe slightly changed with q3 selection, g3 0-20% could have positive value
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V.s. Relative amplitude of HBT radiiw.rt. Ws =

> Rout and ARsiqe ratio
- Modification of q3 in 5-20% seems to be scaled with v3
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120% step q2 (v2) event selection

> In pT 0.15-14 GeV/c, vz explicitly changes with q2 selection

q, vector selection

Event Plane FMD A+C

—e— q,:0-20%

—e— (. :20-40%
2

—e— (. :40-60%
2

— — g_:60-80%
2

—«— g _:80-100%
2

—e— q,: 0-100%
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Ratio of v> with g- selection / vz unblased

8 14 g 1-4_—\‘ | g 141 |
:’\N p ||H ! i _N...“‘¢6| + + l T | : iN b’..... ‘“ T * q,, vector selection
3 1.2~ | + ¢ (] B 1.2~ | | 3 1.2 ¢ T { Event Plane FMD A+C
3 B D - 3 B —— q,:0-20%
3 2 p _ ! R | —e— g, :20-40%
LS| =y T 14| < —i L] 1%"““""# SR | e
Pasmnee®®®, ¢ ¢ | e e, %
0.8 .Jﬂnx | 0.8 . 0.8 + I | I g, : 80-100%
ettt L] °¢+++ + 3]
O6OI L1 |5|| L1 |1|O ! 0'6(’)_| L1 |5|| L1 |1|0| | | 06 L 111 | L1 |1|OI !
pT (GeV/c) pT (GeV/c) pT (GeV/c)
8 14F bl& 14 X § 14 |
3>C\I ~ | ® 3>C\l \ | | :’\N \“+ l+ | °
S g ety g ! T\ S TS “ R R it t !
: B ¢ : - | : - % oo
n | ..5 n — ¢ ? ® DN [ — ®
3'N>c\1 1W ! l 8 3~N>c\| 1M. ‘ + # 9 3‘>C\l 1':~0000.‘+ ‘ l
(Smmeagoeng?y! § | lmmoooeeg®s 19 1 | | ? 1'1'+| SRR
. ! 08— .. 0.8 " $
F bk : ‘ F Ak + I +++ ' AT
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> No explicit pr dependence can be found for the ratio of vz (pr dependence)
- But small pr dependence in q- 80-100% cut could be found ??
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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 a 0a0% N 40-50%
Kaon ; 3
® proton
% 2 Parameters

> Tf : Kinetic freeze out temperature

> p0 : Transverse rapidity | Negative

% Fit function for spectra

dN B 3/2 2T 00
ordpr 2(27) ToATmT/O dcbs/o rdr Q(r, ¢s) In(a) K1 (B)
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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) To(a) 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)

F@) = s
% 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),
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Results & Discussio

Fit by Blast wave model

B Transverse momentum distribution (p; spectra) and v, are used to
reduce parameter.

1. Fit p; spectra to obtain T; and p,

. 20-60% 2
- spectra data from PHENIX (PRC69,034909(2004)) &
2. Fit v, and HBT radii for all k; simultaneously F
. - P2, Ry Ry, Tp, AT are obtained. 8
C \ II!_IL i

2of 20-60% 20 . ‘2‘ g

15 115§ 1ot =
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5 S 15k 1-2 =
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06— 2z 3 O e K
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10f 110f 10
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+ T1, p0, Rx, Ry/Rx, 10, AT are fitted with Polynomial2
4+ p2is fitted with Polynomial3
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I R,

" o

B _ -

" _ y o

n _ y

_— /‘ ‘

| %
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<N part>

Blast Wave Fit parameters
—eo— Pb-Pb 2.76 TeV

ALICE

—eo— Au+Au 200 GeV

PHENIX
Phys.Rev.C 92,034924

- - - - Polynomial fit
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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)Q —1
2(Ry/R,)* +1

SS9 =
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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%)



Initial v.s. final source eccentricity ,

0.4

Sfinal

0.3

0.2

0.1

.
.
.

,,,,,,,,,, Slnltlal - 8flnal
—O— —0—
—@— —@—
Q- -
—@—

" Initial state model
—e— MC Glauber
—o— CGC

-0.1

-

» kt:0.2-1.5 GeV/c

0.2

0.4 0.6
cinitial

> Final source eccentricity is strongly diluted with collective flow
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E.P. resolution with gn cut

Res{W,}
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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

79



