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Kinetic freeze-out 
       ↑ 
Hadron phase 

Chemical freeze-out 
       ↑ 
Mixed Phase (?) 

(?) order phase transition 
       ↑ 
Partonic phase 

pre-equilibrium 

Pre-collision 

Space - Time Evolution

■ To quantify the properties of QGP, a precise understanding of spatial and 
   temporal evolution is required

■ HBT correlation is a unique tool to measure the source size at the kinetic 
   freeze-out

第 1章 序論 3

1.2.1 衝突の描像及び粒子生成の描像
相対論的なエネルギーでの原子核衝突実験における衝突からのQGP生成とその後の時空発展の描像について説

明を行なう (図 1.3)。
　

図 1.3 原子核衝突における系の時空発展

衝突～QGP生成
　加速された原子核は光速に近いスピードで動いているため、特殊相対論によるローレンツ収縮により進行方向
に対して長さが縮み薄いパンケーキ状になっている。Bjorkenの描像によると相対論的なエネルギーにおける原
子核同士の衝突では、大部分は衝突の瞬間に静止せずお互いの原子核をすり抜け、速いスピードで前後方向に走
りさるとされている。このような場合に遠ざかる原子核の間には衝突により放出されるエネルギーが尾を引くよ
うに蓄えられ、高温・高密度の状態が形成される。そして、衝突から約 1fm/c後、系の温度が相転移温度を超え、
クォークグルオンプラズマの局所的な熱平衡状態が実現されると QGPが生成される。
　
化学的凍結
　その後、QGPの流体的な膨張を経て、系の密度は下がり QGPはハドロンガスへと相転移する。この相転移が
一次相転移だとするとQGP相との混合相となる。その後、クォークとグルオンが束縛されたハドロンガスのみの
状態へと再び相転移する。ハドロン同士の非弾性衝突が繰り返され、系の膨張とともに温度が下がるとある時点
でハドロンの種類と生成比が固定される。この時の温度を化学的粒子凍結温度 (chemical freeze-out)と言う。
　
熱的凍結
　系はハドロン間の弾性衝突を繰り返しながら更に膨張を続ける。最終的には粒子間の運動量のやり取りが無く
なり、粒子の運動量も固定される。この時点の温度を運動学的粒子凍結温度 (thermal freeze-out)と言う。実際に
実験において検出器で検出される粒子というのは熱的凍結後の粒子である。

Freeze out time
emitting time

source size
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■ Measure the source size with correlation of two identical particles
  Robert Hanbury Brown & Richard Q.Twiss
   - A test of new stellar interferometer on Sirius(1950s) 

  G. Goldhaber, S. Goldhaber, Lee, Paris
  -  Influence of Bose-Einstein Statistics on the Anti-proton proton annihilation process
     (1960s)
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3D HBT analysis

Transverse Plane

detector

Beam axis

Rlong：source size along the longitudinal direction (beam direction)
Rout  ：source along the pair transverse momentum + emission duration 
Rside：source size along the perpendicular to Rout
       ：chaoticity＝ (in coherence) – (resonance) – (Background)�

LCMS ( Longitudinally Co-Moving System ) 

■ For more detailed spatial information, correlation function is expanded to 3-dimension

Beam axis

Rside

Rout

Rlong

Rout

Rside

pz1 + pz2 = 0 kT =
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peripheral
collision

Azimuthal anisotropy 

■ Local thermal equilibrium is established 
→ mean free path of particles is much shorter than
     the system size
  ★ Pressure gradient is steeper at shot axis than long one

■ In non-central collision, 
　initial overlap region is almond shape

★Spatial eccentricity

Event plane
–  Measuring emitting particle anisotropy,
    we can measure the 2nd event plane

Beam axis

reaction plane
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Event 
Pla

ne

 Azimuthally sensitive HBT
–  Dividing pair angle w.r.t. Ψ2 in azimuthal plane
   -> measure the freeze-out source size in 
       detailed at azimuthal plane
    

reaction plane
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final eccentricity ?�

Results & Discussion�
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view
 point

in-plane

2nd order
Event plane

Rside : width

Rout  :  depth
              +
         emission duration

out-of-plane

HBT with respect to 2nd oder event plane

Azimuthal plane
◆ in-plane  ：small Rout , large Rside

◆ out-plane：large Rout,  small Rside

→ Initial ellipticity still remains at freeze 
out despite there is strong elliptic flow !
   

 ●  φpair - ΨEP, 2 is the angle between pair and ΨEP, 2

 ●  Rout, Rside oscillate

( µ = side, out, long )
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7.5 Radii vs. Azimuthal Angle 52

Fig. 48: k

T

dependence of radii vs. pair emission angle at centrality 20-30%
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Final eccentricity at LHC

 ★ ALICE data has lowest εf

     - longer Freeze out time?
     - effect of elliptic flowTue
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8.2 Model Comparisons 73

8.2 Model Comparisons

8.2.1 Comparison of final eccentricity to MC-Glauber & MC-KLN2

We compare our results of the relative oscillations to systematic hydrodynamic studies of pion azimuthal
anisotropy to study the final shape of the source at freeze-out. We compare the following models: hydro4

models with Monte Carlo Glauber (MC-Glauber) initial conditions and with Monte Carlo Kharzeev-
Levin-Nardi (MC-KLN) initial conditions by Ulrich Heinz and Chun Shen [23] , and Ultra Relativistic6

Quantum Molecular Dynamics (urQMD) by Mike Lisa et al. [28]. The data is compared to results from
the following collaborations E895, CERES, and STAR. The data ranges in energies from 2.7 GeV to 2.768

TeV, whereas the models extend to 5.5 TeV. STAR data ranging from 7.7 GeV to 200 GeV are STAR
preliminary by Christopher Anson. The models show predictions for the final spatial eccentricity, ✏

f

,10

which is related to the relative oscillations in all data in the following manner, ✏
f

= 2R

2
side,0/R

2
out,0 .

The hydro with MC-Glauber and MC-KLN initial conditions shows a monotonic decrease in ✏

f

as the12

collision energy increases. At higher collision energies the fireball has a longer lifetime to transform
from its original deformed shape to become more isotropic [23]. When comparing these models with14

the ALICE data, they both underestimate the data. The UrQMD model seems to follow the data points
from the STAR energies to ALICE. We cannot make a definite reason at this stage without a more direct16

comparison of radii oscillations and average radii from the models. We observe that the ALICE data
point is lower than most of the pervious experiments.18
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Fig. 67:
p
s-dependence of the final spatial eccentricity ✏

f

of the isothermal kinetic freeze-out surface at T
dec

=

120 MeV, for 10-30% centrality. [23] Experimental points from ALICE at 0.3 < k

T

< 0.4 GeV and STAR at
0.25 < k

T

< 0.35 GeV [25]
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7.5 Radii vs. Azimuthal Angle 52

Fig. 48: k

T

dependence of radii vs. pair emission angle at centrality 20-30%
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◆ Final eccentricity is determined by initial eccentricity, 
    pressure gradient and expand time etc.

Ta
ka

fu
m

i N
iid

a,
   

 T
A

C
 s

em
in

ar
,  

 D
ec

.2
0,

  2
01

2�

Eccentricity at freeze-out�

!  εfinal ≈ εinitial/2 for pion 

"  This Indicates that source expands to in-plane direction, and still elliptical shape. 
"  PHENIX and STAR results are consistent. 

!  εfinal ≈ εinitial for kaon 

"  Kaon may freeze-out sooner than pion because of less cross section. 
"  Due to the difference of mT between π/K ? �
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3.3 Overall momentum balance of dijet events 21

for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, h6pkTi, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The h6pkTi values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (DR < 0.8) one of the leading or subleading jet cones
(left) and outside (DR > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to h6pkTi for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to h6pkTi (i.e., in the direction of the leading jet)
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The figure also shows the contributions to h6pkTi for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to h6pkTi (i.e., in the direction of the leading jet)

=4-6 GeV/c,           > 2 GeV/c

Yasuo MIAKE, Asian Winter School, 2012.1.11
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What is already known about Jet

■ Jet quenching

  ★ Missing energy of Jet is redistributed
       as low pT hadrons toward large angle

PRL91.072304 (2003)

pp         : clean di-jet
dAu      : similar to pp
Au+Au : similar on the same side
               back-to-back disappeared

■ Quenched Jet energy goes where?

- Azimuthal correlation w.r.t.
  high pT leading particle (trigger)

ptrig
T

passoc

T

< p||T >=

X

i

�piT cos(�i � �leading�jet)

Aj =
pleadT � psub�lead

T

pleadT + psub�lead
T

Direct evidence of Jet quenching
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view point

view
 point

Azimuthal sensitive HBT w.r.t. Jet axis

Jet reconstruction Parameters
  - input track : ITS + TPC

  - algorithm   : anti kT

  - R size ( =                    )   :  0.3

  - pT cut of single particle   : 0.15 (GeV/c)
  - Leading Jet pT threshold : 20 (GeV/c)

p
�⌘2 +��2

Jet

Kinetic freeze-out 
       ↑ 
Hadron phase 

Chemical freeze-out 
       ↑ 
Mixed Phase (?) 

(?) order phase transition 
       ↑ 
Partonic phase 

pre-equilibrium 

Pre-collision 
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peripheral
collision

Beam axis

reaction plane

1
2
345

QGP

Collision

Freeze out

view
 p
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★Jet energy is re-distributed
into low pT particles

★ If Jet modification affect the
    geometry of source,
    HBT radii oscillate  w.r.t. Jet axis

Reconstructed
Leading Jet

How is the effect to source size?? 

space time evolution
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Jet v2

Redmer A. Bertens - Event plane dependence of charged jet yields 61
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Fig. 49: R = 0.2 charged jets, 0-5 %. The shape uncertainty (uncorrelated uncertainty) is represented by open
boxes, the correlated uncertainty by shaded boxes. Top panel: in-plane jet yield divided by out-of-plane jet yield.
Bottom panel: v

jet

2 .

 ★ Cannot perfectly separate Jet and flow  

v

ch,jet
2 =< cos(2('ch,jet � 2,V 0)) >

⇢(') = ⇢0 ⇥
�
1 + {vobs2 cos (2 ['� 2,EP

]) + vobs3 cos (3 ['� 3,EP

])}
�

■ Background flow of underlying event
・Event plane : VZERO
                           (2.8 < η < 5.1, -3.7 < η < -1.7)
・Background : E by E fourier fitting

        dependence of 
 ＊Even if v2 background is estimated,
     There is non-zero v2 signal
 ★ path-length dependence

pT vch,jet2
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Outlook to understand Jet-flow correlation

 ★ Estimate v2 background to measure the correct Jet pT 

 ★ cannot perfectly separate Jet and flow  
 -> It seems Jet modification effect is buried in flow effect
     in geometrical space...

 ★ Subtract Ψ2 effect
  - if there is Jet modification (re-distribution of Jet) to geometrical size
    jet and flow effects are superposition

11



Summary

Azimuthally sensitive HBT with respect to Ψ2

•  Rout, Rside have azimuthal dependence
•  Rout, Rside oscillate out-of-phase
•  Initial ellipticity still remains at freeze out despite there is strong elliptic flow
•  Final eccentricity at LHC is lowest because of expansion time and v2

Azimuthally sensitive HBT with respect to Jet axis
• Azimuthally sensitive HBT w.r.t. Jet axis has similar oscillation to Ψ2 HBT
• It’s necessary to estimate v2 background
• To see clearly jet modification in geometrical space, we should understand
   jet - flow correlation and subtract v2 effect to HBT radii
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Back up
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                                                                                 QReal : pair in same event (HBT effect)
                                                                                 QMix  : pair in different event (no HBT effect)
                                                                                    C2  : Correlation function

• Event Mixing
  - Selecting Real event and Mix event in similar event (centrality, z-vertex), 
　 we can exclude correlation from acceptance and efficiency
  → C2 includes HBT effect and any other physics correlations

How to calculate correlation function C2 in experiment

C2 =
P (p1, p2)

P (p1)P (p2)
=

Q
Real

Q
Mix

HBT measurement in experiment

  - Pair cut
  - Coulomb interaction

14
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 = 2.76 TeVNNsALICE Performance Pb-Pb 
 2014/04/29        
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ALICE Detectors & performance
• ITS+TPC ( |η| < 0.9 )
  ◊ charged particle tracking
   ◊ PID dE/dx ( p = 0.15 - 0.5 (GeV/c))

• TOF ( |η| < 0.9 )
      - ハドロンの質量の違いから飛行時間を測定
　  することで粒子識別
   - PID momentum range (p = 0.5 - 3.0 (GeV/c))

m2 = p2
 ✓

ct

L

◆2

� 1

!

• VZERO (2.8 < η < 5.1, -3.7 < η < -1.7)
  - centrality determination, Event trigger
  - measure the event plane
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Jet reconstruction & background subtraction

■ Jet reconstruction
● Information from charged track by TPC+ITS

€ 

dij =min(kti
2p,ktj

2p )ΔR
2

R2

p =1
p = 0
p = −1

$ 

% 
& 

' 
& 

kT algorithm
Cambridge/Aachen algorithm

anti-kT algorithm

1
2
345

Parameters
  - R size ( =                    )   :  0.3

  - pT cut of single particle   : 0.15 (GeV/c)
  - Jet pT threshold               : 20 (GeV/c)

p
�⌘2 +��2

 Azimuthally sensitive HBT
–  Dividing pair angle w.r.t. Leading Jet
    in azimuthal plane (8 division)
   -> measure the freeze-out source size in 
       detailed at azimuthal plane

Leading jet

       

Yaxian MAO 
 Vanderbilt University Hard Probes 2013, Cape Town, South Africa

Jet reconstruction and corrections

!3

Raw jet 
energy

Background 
subtraction

Jet energy 
Correction

Correct jet 
energy

Correction

remove underlying  
events contribution

PYTHIA MC simulation"
Data driven

anti-kT clustering 
algorithm

CMS-PAS-PFT-09-001 EPJC 50 (2007) 117

• Information from all sub-detectors combined into particle candidates  
“Particle flow” event reconstruction method[1-2] 

[1] arXiv:1107.0179  
[2] CMS-PAS-PFT-09-001

• Jet energy corrected for background influence
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Yaxian MAO 
 Vanderbilt University Hard Probes 2013, Cape Town, South Africa

Jet reconstruction and corrections
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Correction
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remove underlying  
events contribution

PYTHIA MC simulation"
Data driven

anti-kT clustering 
algorithm

CMS-PAS-PFT-09-001 EPJC 50 (2007) 117

• Information from all sub-detectors combined into particle candidates  
“Particle flow” event reconstruction method[1-2] 

[1] arXiv:1107.0179  
[2] CMS-PAS-PFT-09-001

• Jet energy corrected for background influence
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η η η

anti-kT clustering
algorithm

Calculate background
density ρ

Remove underlying
event contribution

φ or η φ or η

pT pT

kti = pTi

diB = 1/pTi

pjetT = precT � ⇢ch ·Areajet
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