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Quark Gluon Plasma (QGP)

✓ Extremely high temperature and density
✓ quarks and gluons are deconfined from hadron

✓ Latice QCD calculation predicts phase transition
✓ Tc ~ 170 MeV
✓ εc ~ 1 GeV/fm3

✓ QGP exists in early universe and neutron star

QGP in early universe !
 ~ a few μ-sec after Big Bang

Quark Gluon Plasma

Important to understand History of the universe !
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Heavy ion collision at LHC 

13

In addition to accelerating protons, the accelerator complex also 
accelerates lead ions.

Lead ions are produced from a highly purified lead sample heated 
to a temperature of about 550°C. The lead vapour is ionized 
by an electron current. Many different charge states are pro-
duced with a maximum around Pb29+. These ions are selected 
and accelerated to 4.2 MeV/u (energy per nucleon) before pass-
ing through a carbon foil, which strips most of them to Pb54+. 
The Pb54+ beam is accumulated, then accelerated to 72 MeV/u 
in the Low Energy Ion Ring (LEIR), which transfers them to the 
PS. The PS accelerates the beam to 5.9 GeV/u and sends it to the 
SPS after first passing it through a second foil where it is fully 
stripped to Pb82+. The SPS accelerates it to 177 GeV/u then sends 
it to the LHC, which accelerates it to 2.76 TeV/u.
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The CERN accelerator complex

The accelerator complex at CERN is a succession of machines with 
increasingly higher energies. Each machine injects the beam into 
the next one, which takes over to bring the beam to an even higher 
energy, and so on. In the LHC—the last element of this chain—
each particle beam is accelerated up to the record energy of 7 TeV. 
In addition, most of the other accelerators in the chain have their 
own experimental halls, where the beams are used for experiments 
at lower energies.

The brief story of a proton accelerated through the accelerator 
complex at CERN is as follows:

} Hydrogen atoms are taken from a bottle containing hydrogen. 
We get protons by stripping orbiting electrons from hydrogen 
atoms.

} Protons are injected into the PS Booster (PSB) at an energy of 
50 MeV from Linac2.

The booster accelerates them to 1.4 GeV. The beam is then fed 
to the Proton Synchrotron (PS) where it is accelerated to 25 GeV. 
Protons are then sent to the Super Proton Synchrotron (SPS) 
where they are accelerated to 450 GeV. They are finally trans-
ferred to the LHC (both in a clockwise and an anticlockwise di-
rection, the filling time is 4’20’’ per LHC ring) where they are ac-
celerated for 20 minutes to their nominal energy of 7 TeV. Beams 
will circulate for many hours inside the LHC beam pipes under 
normal operating conditions. 

Protons arrive at the LHC in bunches, which are prepared in the 
smaller machines. For a complete scheme of filling, magnetic 
fields and particle currents in the accelerator chain, have a look 
at Appendix 1 and 2.

LHC the guide

6794_07_LHC_booklet_07_K2_wd.indd   13 14.01.2008   10:33:26 Uhr

Species Collision energy
Pb-Pb 2.76, 5.02 TeV
p-Pb 5.02, 8.16 TeV
Xe-Xe 5.44 TeV

p-p 0.9, 2.76, 5.02, 7, 13 TeV

✓ Highest energy collision (energy dep.)
✓ E-loss in QGP with hard probes
✓ Detailed study of bulk property

ECR ion source

ALICE

Xe-Xe 2017.Oct.12

cern web site

5

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


Space time evolution

Collision

Pre-equiliblium

π Κ
p

QGP phase

Chemical freeze out

Kinetic freeze out
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✓ To quantify the properties of QGP, a precise understanding of spatial 
and temporal evolution is required

✓ Freeze out time, emission duration, system size
➡ HBT is a unique tool to measure the size and lifetime of the source



HBT interferometry
✓ Hanbury Brown & Twiss (Femtoscopy, Bose Einstein correlations)
✓ Measure the source size with correlation between two identical particles
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3D HBT analysis

Transverse Plane

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
 λ    ：chaoticity＝ (in coherence) – (resonance)

■ For more detailed spatial information, correlation function is expanded to 3-dimension
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✓ pz1 + pz2 = 0
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HBT radii = geometrical source size ??

✦ For static source, HBT radii = Geometrical source size
✦ For dynamical source, HBT radii = “Length of homogeneity region”
✓ HBT radii depends on Pair transverse momentum : kT

kT dependence of HBT radii  is important to understand system evolution

Chaotic source

HBT radii = whole size

HBT半径の平均横運動量依存性
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• すべてのHBT半径はkT増加に伴い減少している
→ハドロン凍結時に衝突系が集団膨張している証拠の１つ。

 – 中心衝突度[%] : 0–5, 5–10, 10–20, 20–30, 30–40, 40–50 Yasuo MIAKE, Asian Winter School, 2012.1.11 27
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PHENIX, PRC69,034909(2004)

Phobos, J.Phys.G34,S1103-7(2007)

Collective
radial flow

Radial flow effect
β = βmax ( r/R )

Rlong：ビーム軸方向におけるHBT半径
Rside：検出器に垂直な方位角方向におけるHBT半径
Rout：検出器に平行な方位角方向におけるHBT半径 ＋ 粒子放出時間(Δτ)
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Dynamical source

HBT radii ≠ whole size

kT =
�!pT1 +

�!pT2

2

High kT : surface
Low kT ~ whole size
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Beam axis

reaction plane

Azimuthal anisotropy

✦ Initial geometry ε2 makes anisotropic pressure gradient
✦ Hydrodynamic expansion convert ε2 to v2
✓ Sensitive to viscosity and initial geometry

Hydrodynamic expansion

✦ Initial state
‣ Geometrical coordinate

✦ Freeze-out
‣ Momentum coordinate

v2 = hcos (2 (�� RP))i
"2 =

hr2 cos (2 (�� RP))

hr2i
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3rd-order azimuthal anisotropy

✦ Initial participant shape ≠ smooth elliptic shape
✦ Finite number of nucleons makes 3rd-order anisotropy
✦ Initial triangular shape is converted to v3

✦ Initial geometry and viscosity are more sensitive to v3 than v2
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FIG. 1: Typical events for Cu+Cu (top panel), Au+Au (mid-
dle panel), and Pb+Pb (lower panel) collisions, the first two
performed at RHIC energies and the latter at the LHC.
Wounded nucleons (participants) are indicated as solid cir-
cles, while spectators are dotted circles.

�NN = 70 mb for
p
sNN = 5.02 TeV are used [18].

When estimating the systematic uncertainties on calcu-
lated quantities like N

part

one varies the �NN (along with
the other parameters) by typically ±3 mb and ±5 mb at
RHIC and LHC, respectively.

The “ball diameter” defined as

D =
p

�NN/⇡ (5)

parameterizes the interaction strength of two nucleons:
Two nucleons from di↵erent nuclei are assumed to col-
lide if their relative transverse distance is less than the
ball diameter. If no such nucleon–nucleon collision is reg-
istered for any pair of nucleons, then no nucleus–nucleus
collision occurred. Counters for determination of the to-
tal (geometric) cross section are updated accordingly.

III. USERS’ GUIDE

The MC Glauber code works within the ROOT
framework (ROOT 4.00/08 or higher [19]). The code
is contained in the macro runglauber vX.Y.C [20].
The version described here is 2.4. Three classes,
TGlauNucleon, TGlauNucleus and TGlauberMC

and three functions (macros) runAndSaveNtuple(),
runAndSaveNucleons(), and runAndSmearNtuple() are
defined in the provided macro. Note that for generating
events with 3H or 3He you will need the text files called
“h3 plaintext.dat” or “he3 plaintext.dat” in the current
path. While the functionality is essentially complete for
known applications of the Glauber approach, users are
encouraged to write their own functions to access results
of the Glauber simulation or to modify the code.
The main classes are the following:

• TGlauNucleon is used to store information about a
single nucleon. The stored quantities are the posi-
tion of the nucleon, the number of binary collisions
that the nucleon has had and which nucleus the nu-
cleon is in, “A” or “B”. For every simulated event,
the user can obtain an array containing all nucle-
ons (via TGlauberMC::GetNucleons()).

• TGlauNucleus is used to generate and store infor-
mation about a single nucleus. The user is not ex-
pected to interact with this class.

• TGlauberMC is the main steering class used to gen-
erate events and calculate event-by-event quantities
such as the number of participating nucleons.

The steering class TGlauberMC has one constructor

TGlauberMC::TGlauberMC(Text_t* NA,

Text_t* NB,

Double_t xsect,

Double_t xsectsigma)

where NA and NB are the names of the colliding nuclei
and xsect and xsectsigma are the nucleon-nucleon cross
section mean and width given in mb. The defined nuclei
names are given in Tables I and I. For Deuteron, the
names “d”, “dhh” and “dh” correspond to the three op-
tions described in section IIA respectively. Units are
generally given in fm for distances, while in mb for cross

✦ Initial geometry
‣ MC Glauber simulation (arXiv:1408.2549)
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d�
/ 1 + 2v2 cos 2 (�� 2)

+2v3 cos 3 (�� 3)

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


Azimuthal angle dependence of HBT radii w.r.t. Ψ2
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 Azimuthal angle dependence of 3D HBT radii gives us the source shape 
at  freeze-out
 Event plane Ψ2 ~ 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

Event plane (in-plane)

Rside : Width

Rout  :  Depth (+ time)

geometry @freeze-out
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	�

x 

z 

	
����


�����

�

peripheral
collision

Initial geometry
Reaction plane

expansion

‣ Spherical source
- Rside (in-plane) = Rside (out-plane)

‣ Out-plane elongated elliptic source 
- Rside (in-plane) > Rside (out-plane) & Rout (in-plane) < Rout (out-plane)

‣ In-plane elongated elliptic source 
- Rside (in-plane) < Rside (out-plane) & Rout (in-plane) > Rout (out-plane)12

out-plane



‣ Hydro model predicts Rside and Rout oscillate in phase at lower kT
✓ At RHIC energy, out-plane elongated elliptic shape still remains at freeze-out
✓ Initial elliptic shape will be vanished or even reversed in LHC

Final source eccentricity @ LHC energy

Ideal hydro-simulation (b=7)

Pion HBT radii from RHIC to LHC 3
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Figure 2. (Color online) Pion HBT radii for non-central (b =7 fm) Au+Au
collisions as a function of azimuthal angle Φ for different pair momenta KT ,
for “RHIC” initial conditions (see text).

charged multiplicity. There are no dramatic changes, neither in magnitude nor in
KT -dependence, of the HBT radii as we increase the charged multiplicity by up to a
factor 3. The largest increase is seen for Rs (by ∼ 30% at low KT ) while Ro (which
follows Rs at KT =0 by symmetry) even slightly decreases at large KT . Rl changes
hardly at all. For comparison we also performed calculations with a transitionless ideal
massless gas EoS [9] (not shown graphically). In this case we see the smallest (< 10%)
increase in Rs, about 10-15% increase in Ro (at all KT ), and about 25-30% increase
in Rl. None of these changes will be easy to measure, but one sees that differences
in the small predicted changes depend on the EoS, in particular on whether or not
it embodies a phase transition. The main deficiency of hydrodynamic predictions for
the HBT radii at RHIC (too weak KT -dependence of Rs and Ro and a ratio Ro/Rs

much larger than 1) is not likely to be resolved at the LHC unless future LHC data
completely break with the systematic tendencies observed so far [3].

4. Non-central collisions

One of the strengths of AZHYDRO is simulating anisotropic, non-central collisions.
For RHIC initial conditions, although the magnitudes of the HBT radii in central
collisions were not predicted accurately, their normalized oscillation amplitudes at
small KT (which measure the source eccentricity at freeze-out [5]) were correctly
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Figure 4. (Color online) Same as Figure 2, but for “LHC” initial conditions.

direction by about as large a factor as it was still out-of-plane elongated in the RHIC
case. This is different in runs with an ideal massless gas EoS where even with “LHC
initial conditions” the final freeze-out source is found to be still out-of-plane elongated
(although just barely so).

5. Conclusions

By varying the initial entropy density to control the final charged multiplicity, we used
the hydrodynamic model to predict trends for the pion HBT radii from Au+Au or
Pb+Pb collisions as one moves from RHIC to LHC energies. In spite of a documented
failure of the hydrodynamic model to reproduce the HBT radii measured at RHIC, the
model has had great success for most other soft-hadron observables, so the predicted
trends may still be trustworthy. We find very little variation in the HBT radii for
central collisions, and whatever small differences we see depends sensitively on details
of the equation of state, in particular whether or not it embodies a quark-hadron
phase transition. Clear and characteristic changes are predicted for the normalized
azimuthal oscillation amplitudes of the HBT radii from non-central collisions, indica-
tive of a qualitative change of the shape of the source at freeze-out which evolves from
an out-of-plane elongated freeze-out configuration at RHIC to an in-plane elongated
shape at the LHC.

RHIC Au+Au

LHC Pb+Pb

φ − Ψ2
0 π/2 π 0 π/2 π

π/2 π0 π/2

‣ J. Phys G: Nucl Part. Phys. 34 (2007) 2249-2254

•participant

•freeze-out source

•flow
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Figure 2. (Color online) Pion HBT radii for non-central (b =7 fm) Au+Au
collisions as a function of azimuthal angle Φ for different pair momenta KT ,
for “RHIC” initial conditions (see text).

charged multiplicity. There are no dramatic changes, neither in magnitude nor in
KT -dependence, of the HBT radii as we increase the charged multiplicity by up to a
factor 3. The largest increase is seen for Rs (by ∼ 30% at low KT ) while Ro (which
follows Rs at KT =0 by symmetry) even slightly decreases at large KT . Rl changes
hardly at all. For comparison we also performed calculations with a transitionless ideal
massless gas EoS [9] (not shown graphically). In this case we see the smallest (< 10%)
increase in Rs, about 10-15% increase in Ro (at all KT ), and about 25-30% increase
in Rl. None of these changes will be easy to measure, but one sees that differences
in the small predicted changes depend on the EoS, in particular on whether or not
it embodies a phase transition. The main deficiency of hydrodynamic predictions for
the HBT radii at RHIC (too weak KT -dependence of Rs and Ro and a ratio Ro/Rs

much larger than 1) is not likely to be resolved at the LHC unless future LHC data
completely break with the systematic tendencies observed so far [3].

4. Non-central collisions

One of the strengths of AZHYDRO is simulating anisotropic, non-central collisions.
For RHIC initial conditions, although the magnitudes of the HBT radii in central
collisions were not predicted accurately, their normalized oscillation amplitudes at
small KT (which measure the source eccentricity at freeze-out [5]) were correctly

✓ This effect can be observed in LHC ??
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✦  Model suggests HBT w.r.t. Ψ3 shows finite oscillation in expanding source
✓ S.Voloshin, J. Phys. G38, 124097

✦First measurement of HBT w.r.t. Ψ3 was measured @ PHENIX Au+Au 200GeV
✓ Negative or zero oscillation was observed in RsideInitial +  vs oscillation amplitudes�

!  2nd-order 
" 2Rs,2

2/Rs,0
2 ~ final source eccentricity under the BW model, and consistent with 

STAR result 
" εfinal ≈ εinital/2, source eccentricity is reduced, but still retain initial shape extended 

out-of-plane 
!  3rd-order 

" Weaker oscillation and no significant centrality(εn) dependence 
" Rs,3

2 ≤ 0 and Ro,3
2 ≥ 0 are seen in all centralities.  

!  Does this result indicate non spatial triangularity at final state? ���

0

0.2

(a)

n=2
n=3
STAR

=si=s, µ

(b)

Au+Au 200GeV
-/-/++/+/

=si=o, µ

n¡
0 0.2 0.4

0

0.2

(c)

|2
,0i/R2

,nµ
|2R = n¡ =oi=o, µ

n¡
0 0.2 0.4

(d)

=si=os, µ

2 ,0
i

/R
2 ,n
µ

2R
2 ,0
i

/R
2 ,n
µ

-2
R

0

0.2

(a)

n=2
n=3
STAR

=si=s, µ

(b)

Au+Au 200GeV
-/-/++/+/

=si=o, µ

n¡
0 0.2 0.4

0

0.2

(c)

|2
,0i/R2

,nµ
|2R = n¡ =oi=o, µ

n¡
0 0.2 0.4

(d)

=si=os, µ

2 ,0
i

/R
2 ,n
µ

2R
2 ,0
i

/R
2 ,n
µ

-2
R

0

0.2

(a)

n=2
n=3
STAR

=si=s, µ

(b)

Au+Au 200GeV
-/-/++/+/

=si=o, µ

n¡
0 0.2 0.4

0

0.2

(c)

|2
,0i/R2

,nµ
|2R = n¡ =oi=o, µ

n¡
0 0.2 0.4

(d)

=si=os, µ

2 ,0
i

/R
2 ,n
µ

2R
2 ,0
i

/R
2 ,n
µ

-2
R

0.2 < kT< 2.0 GeV/c�

central�
peripheral�

The oscillation amplitudes were extracted by fitting the
angular dependence of R2

μ to the functional form,

R2
μ ¼ R2

μ;0 þ 2
X

n¼m;2m

R2
μ;n cos½nðϕ −ΨmÞ& ðμ ¼ s; o; lÞ;

R2
μ ¼ 2

X

n¼m;2m

R2
μ;n sin½nðϕ −ΨmÞ& ðμ ¼ osÞ; (3)

where R2
μ;n are the Fourier coefficients [32].

Figure 2 shows the amplitudes relative to the average of
R2
s , R2

o, and R2
os, 2R2

μ;n=R2
ν;0, as functions of initial eccen-

tricity (ε2) and triangularity (ε3). Each εn is calculated by
Monte Carlo Glauber simulation as given in Refs. [15,33]

and decreases with increasing centrality; however, the
centrality dependence of ε3 is weaker than that of ε2.
The 2R2

s;2=R
2
s;0 [Fig. 2(a)] is sensitive to the final source

eccentricity (εfinal) at freeze-out [29], and approaches the
whole source eccentricity in the limit of kT ¼ 0. Our results
for the Ψ2 dependence are consistent with the STAR
experiment [10]. We note that the ε final defined from Rs
has a systematic uncertainty of 30% due to the assumption
of space-momentum correlation in the blast-wave model
[29]. The positive value of εfinal indicates that the source
shape still retains the initial shape extended out of plane,
though reduced in magnitude. Other combinations of
j2R2

μ;2=R
2
ν;0j also have similar εn dependence, but are larger

than 2R2
s;2=R

2
s;0. They include contributions from the

emission duration and will have different sensitivity to
the dynamics [34]. The 2R2

s;3=R
2
s;0 are less than or equal to

zero, which seems to be an opposite trend to other
combinations, as noted already in Fig. 1. For all amplitudes,
the values for third order are small compared to those for
second order.
It is well known that the HBT radii are influenced by the

presence of dynamical correlations between momentum
and spatial distributions at the time of freeze-out [35,36], as
evident in the transverse pair momentum kT dependence of
the radii. Figure 3 shows these results for the third-order
oscillation amplitudes. The R2

o;3=R
2
o;0 decreases with kT ,

whereas R2
s;3=R

2
s;0 does not show a significant dependence.

Although the reduced third-order anisotropy in Fig. 3
may indicate small triangular deformation at freeze-out,
its interpretation is complicated by the influence of
dynamical correlations from the triangular flow [40]. To
illustrate the different contributions of these effects, we
show separately the kT dependence for a source with radial
symmetry and triangular flow (ϵ̄3 ¼ 0, v̄3 ¼ 0.25) and a
source with triangular deformation and radial flow
(ϵ̄3 ¼ 0.25, v̄3 ¼ 0) [37]. The model curves are taken from
Ref. [40], but the radii are scaled by 0.3 to fit within the
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FIG. 1 (color online). The azimuthal dependence of R2
s , R2

o, R2
l , and R2

os for charged pions in 0.2 < kT < 2.0 GeV=c with respect to
second-(a)–(d) and third-order (e)–(h) event plane in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The R2
os is plotted relative to dotted lines

representing R2
os ¼ 0. The filled symbols show the extracted HBT radii and the open symbols are reflected by symmetry around

ϕ −Ψn ¼ 0. Bands of two thin lines show the systematic uncertainties and dashed lines show the fit lines by Eq. (3).
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FIG. 2 (color online). The solid points are the oscillation
amplitudes relative to the average of HBT radii for four different
combinations (a) 2R2

s;n=R2
s;0, (b) 2R

2
os;n=R2

s;0, (c) 2R
2
o;n=R2

o;0, and
(d) 2R2

o;n=R2
s;0, as a function of initial spatial anisotropy (εn),

which are calculated using the Glauber model. Boxes show the
systematic uncertainties. Open star symbols are the εfinal from
STAR [10]. Dashed lines indicate the line of εn ¼ j2R2

μ;n=R2
ν;0j.

PRL 112, 222301 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
6 JUNE 2014

222301-5

Rout

φ - Ψ3

Au+Au 200GeV @ PHENIX

Final source triangular shape and HBT w.r.t. Ψ3

Phys.Rev.Lett. 112 222301

 In order to constrain the freeze-out parameters, to determine the 
oscillation sign and centrality dependence is indispensable !!
✓ Precise measurement @LHC is expected

Rside

φ - Ψ3
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Event shape engineering (ESE)

15

Event by event flow amplitude selection J. Schukraft et al., Phys. Lett. B719, 394-398 (2013)

‣v2 and v3 largely fluctuate within a fixed centrality
‣Event by event v2(v3) fluctuation is selected with flow vector q2 (q3)

✓ Possibly control the initial eccentricity

Explicit correlation between q2 and ε2initial

‣ AMPT simulation 

ε 2
in

iti
al

 

‣ J.Jia et al., arXiv:1430.6077
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FIG. 4: Correlation of ϵB2 vs. ϵF2 (a), 2∆Φ∗FB
2 vs. ϵ2 (b), ϵF2

vs. qF2 (c), ϵF2 vs. qB2 (d), 2∆Φ∗FB
2 vs. 2∆ΨFB

2 (e), and ϵF2 − ϵF2
vs. 2∆Φ∗FB

2 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 2∆Φ∗FB

2 at given ϵ2 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

ϵF2 and qF2 than that between ϵF2 and qB2 , suggesting that
the elliptic flow in the forward-rapidity is driven more
by the ellipticity of the forward-going Pb nucleus (and
vice versa). This is expected since the forward particle
production arises preferably from forward-going partici-
pating nucleons. Figure 4(e) shows that the angles be-
tween the participant planes are strongly correlated with
the raw event planes, suggesting that the twist in the
initial state geometry is converted into twist in the final
collective flow between the forward and the backward
pseudorapidity.
Identical studies are also performed for the triangular-

ity and triangular flow in Fig. 5. The features are qualita-
tively similar to those shown in Fig. 4, except that most
forward-backward correlations are significantly weaker,
as ϵ⃗F3 and ϵ⃗F3 are both dominated by random fluctuations.
In particular, the distribution of twist angle 3(Φ∗F3 −Φ∗B3 )
is much broader than that of 2(Φ∗F2 −Φ∗B2 ) in Fig. 4(b).
In fact, Φ∗F3 and Φ∗B3 are nearly out-of-phase for events
selected with small ϵ3 (the lower 30% of events). This
large twist is the dominating source of the decorrelation
of triangular flow observed in previous studies [31, 50].
Given the rich patterns of the FB eccentricity and PP-

angle fluctuations shown in Figs. 4 and 5, the plan of
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FIG. 5: Correlation of ϵB3 vs. ϵF3 (a), 3∆Φ∗FB
3 vs. ϵ3 (b), ϵF3

vs. qF3 (c), ϵF3 vs. qB3 (d), 3∆Φ∗FB
3 vs. 3∆ΨFB

3 (e), and ϵF3 − ϵF3
vs. 3∆Φ∗FB

3 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 3∆Φ∗FB

3 at given ϵ3 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

this paper is not to perform an exhaustive study of the
collective response of all possible configurations of the
initial geometry. Instead, we focus on several representa-
tive classes of events and study how their specific initial
state configurations influence the v⃗n(η) values in the final
state. Four event classes are defined separately for ellip-
ticity and triangularity in Table I by cutting on ∆ϵ∗FBn

and n∆Φ∗FBn , they are also indicated visually in Fig. 4
(f) for n = 2 and Fig. 5(f) for n = 3. The “type1” events
have nearly identical initial shape between the two nu-
clei, i.e. (ϵFn,Φ∗Fn ) ≈ (ϵBn ,Φ∗Bn ). The “type2” events have
similar PP angles but very asymmetric eccentricity val-
ues, i.e Φ∗Fn ≈ Φ∗Bn and ϵFn > ϵBn . The “type3” events
have similar eccentricity values but large twist between
the two nuclei, i.e. ϵFn ≈ ϵ

B
n and Φ∗Fn > Φ

∗B
n . The “type4”

events have large twist angle as well as very asymmetric
eccentricity values. Each class contains at least 1.5% of
the total event statistics, so they represent some typical
events with very different initial condition.

In order to study the rapidity fluctuation of harmonic
flow, we need to calculate the Fourier coefficients for fi-
nal state particles relative to a nth-order reference plane

q2 vector
J.Phys.Conf.Ser. 446 (2013) 012024

q
n

=
q

Q2
n,x

+Q2
n,y

Q
n,x

=

X
w

i

cos (n�) /
X

w
i

Qn,y =
X

wi sin (n�) /
X

wi
★ q-verctor is defined by (                )

‣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
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Motivation

16

Study the space time evolution of QGP with Azimuthally sensitive HBT 

and Event Shape Engineering in 2.76TeV Pb-Pb collisions
✦ Elliptic shape 

‣ Measurements of azimuthally sensitive HBT w.r.t. Ψ2 in LHC energy

‣ Relation between Initial and final source eccentricity with ESE

‣ Extract freeze out parameters with Blast-wave fit

 
✦ Triangular shape

‣ Measurements of azimuthally sensitive HBT w.r.t. Ψ3

‣ Relation between v3 ( initial triangular shape ) and HBT oscillation 

with ESE (q3) selection

16



My activity

Master

Doctor
‣ Poster
QM2016

‣ Talk
WPCF2017

‣ Talk
JPS fall 2016

‣ Shift taking @ PHENIX

‣ Azimuthal angle dependence of HBT radii w.r.t. Ψ2 and Ψ3

‣ HBT w.r.t. Jet axis
‣ HBT relative to Ψ2 and Ψ3 with ESE

‣ Shift taking @ ALICE

‣ Development of radon detector ->D4

‣ DCAL construction
‣ EMCAL SRU work @cern
‣ DCAL commissioning ‣ KEK summer challenge M1->D4

‣ Development of read out module 
with FPGA and Flash ADC 

17



Experiment & Analysis
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ALICE Detector

19

VZERO

TPC

VZERO

TOF

ITS

FMD

TPC
-0.8 to 0.8

η Acceptance

Event plane
ESE selection

HBT

VZERO
✓ Trigger & centrality
✓V0A : 2.8 < η < 5.1
✓V0C : -3.7 < η < -1.7

TPC & ITS
✓ Tracking & PID
✓Vertex
✓  |ηtrack| < 0.8

TOF
✓ PID
✓ |ηtrack| < 0.8

FMD
✓ Event plane
✓ FMDA : 1.7 < η < 5.0
✓ FMDC : -3.4 < η < -1.7

In this analysis

19
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Event Plane determination

20

The FMD Detector 
• Silicon strip detector 
• 2 type rings : inner and outer 

• inner : 20 sectors 
• outer : 40 sectors

Res { n} =

s
< cos(n( A

n � B
n )) >< cos(n( A

n � C
n )) >

< cos(n( B
n � C

n )) >

• E.P. resolution with 3 sub method

  

What is the FMD?What is the FMD?

1818Christian Holm ChristensenChristian Holm Christensen

3 sub-detector: FMD1, 2, & 33 sub-detector: FMD1, 2, & 3

2 types of rings: inner and outer2 types of rings: inner and outer

Made ofMade of

silicon sensorssilicon sensors

Inners: 20 azimuthal sectors, 512 radial stripsInners: 20 azimuthal sectors, 512 radial strips
Outers: 40 azimuthal sectors, 256 radial stripsOuters: 40 azimuthal sectors, 256 radial strips

Total of 51,200 channelsTotal of 51,200 channels

FMD1

FMD2

FMD3

This excellent resolution allows us precise measurement of higher order E.P.
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Higher Harmonic Flow and Event Plane�

!  Initial density fluctuations cause higher harmonic flow vn 

!  Azimuthal distribution of emitted particles:�

Ψ2�

Ψ3�

Ψ4�

vn   : strength of higher harmonic flow 
Ψn   : higher harmonic event plane 
φ    : azimuthal angle of emitted particles�

vn = hcosn(�� n)i

!
 
�

Introduction�

smooth picture�

fluctuating picture�

Reaction Plane�

 n =

1

n
tan

�1

✓P
wi sin(n�i)P
wi cos(n�i)

◆
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PID

21

 Charged hadron identification
• charged pions are identified with TPC+TOF
• TPC

• Energy loss (dE/dx)
• dE/dx resolution ~ 6.8% in dNdy = 8000

• TOF
• Time of flight, mass
• Performance evaluated σTOF = 60 (ps)

m2 = p2
 ✓

t

L

◆2

� 1

!

21



Two track resolution

22

reconstruct as particle 1 

Shared TPC pad

True track

reconstruct as particle 2

＊PbPb collision is very very high multiplicity event !
   – it’s so important to reconstruct correct track
   – But we sometimes fail to define the track ... when the reconstruction

● Track splitting
  –  One track is falsely reconstructed as two tracks that are spatially close 

●Track merging
  – Two tracks that are spatially very close are falsely reconstructed as one

• Pair cut
   – Fraction of shared TPC clusters
   – Angular distance in Δφ*, Δη plane 12

Reconstructed track 
True track 1

True track 2

PbP
b E

ven
t D

ispl
ay

suppress
by merging

enhance
by splitting

Qinv [GeV/c]

Two track resolution

 Due to the high 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

✓Applied pair cut
• Fraction of shared TPC cluster < 5%
• Angular distance in Δφ*, Δη

22



HBT for experimental approach

23

                                                                                 QReal : pair in same event (HBT effect)
                                                                                 QMix  : pair in different event (no HBT effect)

                                                                                    C2  : Correlation function

• Event Mixing
  – Real eventとMix eventを同じ特徴を持ったeventから選ぶ
　ことにより、アクセプタンスの効果、検出効率の効果をキャンセルできる
  →測定したい物理的相関のみを観測することができる

How to calculate correlation function C2 in experiment

C2 =
P (p1, p2)

P (p1)P (p2)
=

Q
Real

Q
Mix

実験におけるHBT測定

    そのためにはeventのcharacterizeが重要！
        – CentralityやZ-vertexが同じものを選ぶ
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• 補正とカット
  – Pair cut
  – Coulomb interaction

9
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Final state interaction and resonance

24

と記述される。ここで、N は Normalization factor、F ∗ は Coulomb補正係数であり運動量分解能
により

F ∗ = ω(kT )(Fcoul(q)− 1) + 1 (65)
ω(kT ) = λ/λ′ (66)

で定義される。ω(kT ) は運動量分解能によって決まる量であり、Fcoul は Coulomb 波動関数より計算
した補正係数である。λは運動量分解能を考慮しない時の chaoticity、λ′は考慮した時の chaoticityで
ある。理想的な検出器では ω(kT ) = 1となり、本研究では 1として考えた。
また、式 (64)における Gは Bose-Einstein相関による Gauss分布の成分であり、1次元の相関関数
については

G = exp(−R2
qinvq

2
inv) (67)

となり、3次元の相関関数では

G = exp(−R2
outq

2
out −R2

sideq
2
side −R2

longq
2
long) (68)

G = exp(−R2
outq

2
out −R2

sideq
2
side −R2

longq
2
long − 2R2

osqoutqside) (69)

式 (69)は方位角方向でイベント平面に対して見る時のもので、式 (69)は方位角方向を平均したもので
ある。この方法を用いることにより、図??のように Coulomb相互作用も含めてフィットできる。また、
重イオン衝突では Centralityにより反応関与部の大きさが変化するため、図 68 右のように Coulomb
波動関数に用いる粒子源の大きさを設定した。これにより、小さな粒子源ほど大きな Coulomb相互作
用が強くなるようになる (図 68)。

図 66 core-halo modelのイメージ

図 67 1 次元の相関関数 Cqinv を Sinyukov fit-
tingでフィット

53

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

h
�~2r2

2µ + Z1Z2e
2

r

i
= E c(r)

Resonance decay
• λ in C2 is sensitive to purity
• Core-halo model

C2 = Ccore

2 + Chalo

2

= N [� (1 +G)F
coul

] + [1 + �]

✓ G : HBT  interferometry
✓ Fcoul : Coulomb interadtion
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Coulomb Interaction�

!  Coulomb repulsion for like-sign pairs reduces pairs at low-q. 
"  Estimated by Coulomb wave function 

!  The correction was applied in fit function for C2 

"  Core-Halo model�

Analysis�

C2 =Ccore

2 + Chalo

2

=N [�(1 +G)F
coul

] + [1� �]

Fcoul : Coulomb term 
G     : Gaussian term�


�~2r2

2µ
+

Z1Z2e2

r

�
 (r) = E (r) � =

me2

~2q Z1Z2

"
"
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Coulomb strength�

C2�

Fit function�
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Systematic uncertainties
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side,2RHBT analysis
✓ charge (π+π+ pair and π - π - pair)
✓ B field (positive and negative)
✓ Event plane (VZERO detector)
✓ Pair cut (tight cut 3.5σ)
✓ Fit range (140, 130 MeV/c)

Flow analysis
✓ TPC # of clusters (50, 90)
✓ Centrality estimator (ITS 2nd layer)
✓ Z-vertex (5, 10cm)
✓ Event Plane

✓ FMDA, FMDC, V0A, V0C, V0AC, 
TPC(-1<η<-0.5) and  TPC(0.5<η<1.0)

✓ PID probability (75, 90%)
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Result & Discussion
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Second harmonics

Event plane

Rside : Width

Rout  :  Depth (+ time)

geometry @freeze-out
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Azimuthal angle dependence of HBT w.r.t. Ψ2

28

‣Explicit oscillation can be seen in Rout, Rside

‣Oscillation of Rout and Rside is out-phase
‣Rout has larger oscillation than Rside. sensitivity to duration time !
✓ Rout is sensitive to βT (R2out = R2out* + βTΔτ2)
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Rside :  width
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=2.76 TeVNNsPb-Pb 

 combined-π-π and +π+π

c : 0.2-1.5 GeV/Tk
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=2.76 TeVNNsPb-Pb 

 combined-π-π and +π+π

c : 0.2-1.5 GeV/Tk
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• Fit function : R2μ,0 + 2 R2μ,2 cos (2(φpair - Ψ2))
• R2μ,0 : Average HBT radii
• R2μ,2 : Oscillation amplitude
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Initial ε2 v.s. final ε2
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=2.76 TeVNNsPb-Pb 

 combined-π-π and +π+π

c : 0.2-1.5 GeV/Tk

‣ Initial elliptic shape has strongly diluted with radial flow and elliptic flow
‣Final source eccentricity linearly increases with increasing ε2initial

➡ Dilution effect linearly increases to ε2initial ?
‣Even in most central collision , 2R 2side,2 / R 2side,0 > 0

➡ Initial out-plane elongated elliptic shape still remains at freeze-out time

- εfinal is extracted via HBT oscillation (kT→0)

Final source Eccentricity

"
final

= 2
R

side,2

R
side,0

= �2
R

out,2

R
side,0

= 2
R

os,2

R
side,0

F. Retiere and M.A.Lisa, PRC70.044907 

•participant

•freeze-out source

•flow
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Event Shape Engineering 
vn cut (initial εn selection)

Large q2

Small q2

30



vn for each 20% Event shape q2, q3 selection

31

 0-20% (80-100%) qn selection denotes top (bottom) 20% cut
Event by event v2 and v3 fluctuations can be selected with ESE cut
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Ratio of v2 and v3 (ESE selected / No ESE cut)
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 Both q2 and q3, enhancement (suppression) with ESE cut can be found
 Ratio of v2 slightly depends on centrality
 Enhancement(suppression) effect becomes smaller from central to 
peripheral collisions in ratio of v3

 “Selectivity “ of q2 cut is larger than that of q3

✓ Centrality dependence and difference of selectivity can be interpreted 
with Event plane resolution 32



q2 selection + azimuthal angle dependence of HBT w.r.t. Ψ2

33
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‣20% q2 selection enhanced(suppressed) oscillation of Rout and Rside

- Correlation between v2 and ε2 final can be found
‣For smallest q2 selection(0-20%)

- Rside could have positive sign oscillation

Top 20% q2

Bottom 20% q2

q2 cut
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Relative amplitude of HBT radii (2nd harmonics)

34

✦ -2R2out,2 / R2side,0 increase from small q2 to large q2 in all centrality
✦ 2R2side,2 / R2side,0 (~ε2final) increases with increasing q2 in 0-20% and 40-50% 

collisions
✦ In most centrality 0-5% and  smallest q2, 2R2side,2 / R2side,0 (~ε2final) shows 

negative (or zero)
➡ Elliptic shape at freeze out might be vanished or even reversed
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v2 scaling to Relative amplitude of HBT radii

35

✓ Difference of event by event initial geometry fluctuation can not be 
reflected to “centrality”

✓ More sensitive probe is necessary !
✦ Empirical correlation between v2, ε2initial and energy density
✦  
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✓  Both relative amplitudes of Rout and Rside are scaled with v2

✓  In a same dN/dη(centrality), correlation between v2 and relative amplitudes 
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✓  In centrality 20-40%, 2R2side,2 / R2side,0 (~ε2final) does not depends on ε2initial

v2 / "initial2 · f (dN/d⌘)
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Blast-wave fit for spectra, v2 and HBT radii 

36

‣What makes the difference of relative amplitude of HBT radii with q2 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)

r̃ (r,�
s

) ⌘

s
(r cos (�

s

))

2

R2
x

+

(r sin (�
s

))

2

R2
y

⌦ (r,�s) =
1

1 + e(r̃�1)/as

rameters, it is clearly a toy model with little predictive
power. However, the goal is to see whether a consistent de-
scription of the data from the soft sector at RHIC is possible
within a simple boost-invariant model with transverse collec-
tive flow. If this turns out to be the case, then it is worthwhile
considering that the parameter values indeed characterize the
size, shape, time scales, temperature, and flow strengths of
the freeze-out configuration. A consistent parametrization in
terms of such physical quantities represents a true step for-
ward and provides valuable feedback to theorists construct-
ing physical models of the collision.

B. Parameters and quantities in the blast wave

The eight parameters of the blast-wave parametrization
described in this paper are T , !0 , !2 , Ry , Rx , as , "0, and
#"; their physical meaning is given below.
The freeze-out distribution is infinite in the beam !z" di-

rection and elliptical in the transverse !x-y" plane. (The x-z
plane is the reaction plane.) The transverse shape is con-
trolled by the radii Ry and Rx, and the spatial weighting of
source elements is given by

$!r,%s" =$!r̃" =
1

1 + e!r̃−1"/as
, !1"

where a fixed value of the “normalized elliptical radius,”

r̃!r,%s" #$%r cos!%s"&2

Rx
2 +

%r sin!%s"&2

Ry
2 , !2"

corresponds to a given elliptical subshell within the solid
volume of the freeze-out distribution.
The parameter as corresponds to a surface diffuseness of

the emission source. As shown in Fig. 1, a hard edge (“box
profile”) may be assumed by setting as=0, while the density

profile approximates a Gaussian shape for as'0.3.
It should be noted that the weighting function $!r ,%s" is

not, in general, the source density distribution. In particular,
as we discuss especially in Secs. III C and III D, nonzero
collective flow induces space-momentum correlations which
dominate the spatial source density distributions. Only for a
system without flow (!0=!2=0; see below) is the source dis-
tribution given by $, so that, e.g., for as=0, there is a uni-
form density of sources !d2N /dxdy=const" inside the ellipse
defined by Ry and Rx, and no sources outside.
The momentum spectrum of particles emitted from a

source element at !x ,y ,z" is given by a fixed temperature T
describing the thermal kinetic motion, boosted by a trans-
verse rapidity !!x ,y". This is common in models of this type.
However, unlike transversely isotropic parametrizations, the
azimuthal direction of the boost (denoted %b) is not neces-
sarily identical to the spatial azimuthal angle %s=tan−1!y /x".
Instead, in our model, the boost is perpendicular to the ellip-
tical subshell on which the source element is found; see Fig.
2. We believe this to be a more natural extension of an “out-
ward” boost for nonisotropic source distributions than that
used by Heinz and Wong [41], who used an anisotropic
shape but always assumed radial boost direction !%b=%s". It
may be shown that, for our model,

tan!%s" = (RyRx)
2
tan!%b" . !3"

Hydrodynamical calculations for central collisions (i.e.,
azimuthally isotropic freezeout distribution) suggest that the
flow rapidity boost depends linearly on the freeze-out radius
[24]. We assume a similar scenario, but in our more gener-
alized parametrization, the boost strength depends linearly
on the normalized elliptical radius r̃ defined in Eq. (2). Thus,
in the absence of an azimuthal dependence of the flow (to be
introduced shortly), all source elements on the outer edge of
the source boost with the same (maximum) transverse rapid-
ity !0 in an “outward” direction.
In noncentral collisions, the strength of the flow boost

itself may depend on azimuthal angle, as suggested by

FIG. 1. (Color online) The source weighting function $ as a
function of the normalized elliptical radius r̃ for several values of
the surface diffuseness parameter as.

FIG. 2. Schematic illustration of an elliptical subshell of the
source. Here, the source is extended out of the reaction plane
!Ry&Rx". Arrows represent the direction and magnitude of the flow
boost. In this example, !2&0 [see Eq. (4)].

OBSERVABLE IMPLICATIONS OF 1GEOMETRICAL AND… PHYSICAL REVIEW C 70, 044907 (2004)

044907-3

Ry

Ry

★ Blast-wave parameters
‣Freeze out temperature : Tf

‣Flow velocity : ρ (r,φs) = r ( ρ0 + ρ2 cos(2φb) )
‣Transverse extents Rx, Ry

‣System lifetime : τ0

‣Emission duration : Δτ
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Blast wave fit for Spectra, v2 and HBT radii 

37

‣Tf, ρ0 is determined with π, K, p spectra (independent of v2 and HBT)
✓ assuming that Tf and ρ0 don’t change within systematic uncertainties

‣ρ2, Rx, Ry/Rx, τ0, Δτ are determined with simultaneous fitting of v2 and HBT fit
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Extracted Blast Wave parameters

38

✦ Source size(Rx) and freeze out time (τ0) increases as a function of <Npart>
✦ Emission duration slightly increase with increasing <Npart>
✦ Ry/Rx, Tf and ρ2 decrease from peripheral to central
✓Out-plane elongated elliptic shape can be found even in most central events

✓ Fully consistent with published result
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Extracted Blast Wave parameters with ESE q2 cut

39

✦ ρ2 significantly changes with q2 selection
✦ Ry/Rx, τ slightly changes with q2 cut, but consistent within systematic uncertainties
✦ No significant difference can be found in Rx, Δτ

✦ v2 and HBT fit
✦Spectra fit
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Comparison with Blast-wave model (relative amplitude)

40

✦ -2R2out,2 / R2side,0 is consistent within a systematic uncertainty
✦ 2R2side,2 / R2side,0 of Blast-wave is much larger than that of Data
✦ 2R2os,2 / R2side,0 of Blast-wave is slightly larger than that of Data
★ More realistic model is necessary
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✦ Azimuthal angle dependence of HBT relative to 2nd 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 v3)
‣ Both v2 and v3 are enhanced (suppressed) with large(small) q2 and q3 cut
‣ “Selectivity” of q2 to v2 is larger than that of q3 to v3

✦ ESE applies to HBT measurements w.r.t. 2nd order event plane
‣ First measurement of q2 selection + HBT
‣ Relative amplitudes of Rout, Rside and Ros vary with q2 selection
‣ In most central collisions 0-5% and smallest q2, relative amplitude of Rside is 

negative or zero
‣ Modification with q2 was scaled with v2, but q2 dependence of Rside could 

change in centrality 20-40%

Summary-1
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✦ Interpretation with Blast-wave model
‣ ρ2 explicitly changes with q2 selection
‣ Ry/Rx, system life time slightly changes with q2 selection, but consistent 

within systematic uncertainties
‣ Oscillation of Rside can not be reproduced with Blast-wave model

Summary-2



Triangular shape @ freeze-out

initial source

final source ?

triangular flow

Ψ3
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Oscillation of HBT w.r.t. Ψ3 is flow dominant

44

‣kT dependence of 3rd-order oscillation at PHENIX is described by flow 
dominant case of Gaussian toy model
➡ q3 + Azimuthal angle dependence of HBT radii is direct measurement of 

relation between v3 and oscillation of HBT radii
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Azimuthal angle dependence of HBT radii w.r.t. Ψ3

Oscillations w.r.t. Ψ3 are observed in Rout and Rside

Rout and Rside oscillations have same sign
➡ Consistent to PHENIX result in Au+Au 200GeV collisions (PRL112.222301)

➡ Similar behaviour to HBT w.r.t. Ψ2 in most central smallest q2

➡ When the initial eccentricity is small, oscillation of Rout and Rside could 
have same sign.

• Fit function
• R2μ,0 + 2 R2μ,3 cos(3(φpair - Ψ3))

‣ R2μ,0 : Average HBT radii, R2μ,3 : Oscillation amplitude
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✓ -2R2out,3 / R2side,0 has positive value in all centrality 
✓ 2R2side,3 / R2side,0 has negative value in all centrality 
✓ R2out,3 / R2side,0 slightly increase with increasing centrality
✓ R2side,3 / R2side,0 slightly becomes smaller from central to peripheral

3rd harmonic oscillation of HBT radii
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Azimuthal HBT w.r.t. Ψ3 with ESE
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‣Top(Bottom) 20% q3 vector selection is applied to HBT w.r.t. Ψ3

‣No significant effect on the Rout oscillation can be observed by large q3 
selection, though v3 changes with q3 selection
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Relative amplitude of HBT radii (3rd harmonics)
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‣ No significant change has been observed in relative amplitudes                        
(R 2out,3 / R 2side,0 and R 2side,3 / R 2side,0), though v3 is enhanced ~ 15%
➡ Different behaviour to HBT w.r.t. Ψ2 + q2 selection
‣Triangular shape at freeze-out seems to be saturated by radial flow 

and triangular flow
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✦ Azimuthal angle dependence of HBT relative to 3rd order event plane
‣ Small but finite oscillation can be found in Rout, Rside

‣ Relative amplitude of Rout has positive and that of Rside has negative value
‣ Both R2out,3 / R2side,0 R2side,3 / R2side,0 has small centrality dependence

✦ ESE applies to HBT measurements w.r.t. 3rd order event plane
‣ First measurement of q3 selection + HBT
‣ No significant change can be found in relative amplitudes of Rout and Rside 

with q3 selection

Summary-3
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✦ 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 (ε2inital) selection
✦ q2 dependence could be different in centrality 20-40%

✦ Azimuthal angle dependence of HBT relative to 3rd order event plane
✦ -2R2out,3 / R2side,0 > 0 and 2R2side,3 / R2side,0 < 0 in all centrality. This will 

constrain the freeze-out parameters
✦ Relative amplitudes of HBT radii w.r.t. Ψ3 did not change with q3 

selection. it might indicate freeze-out triangular shape saturates

Conclusion



Back up
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Event plane resolution
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4.14 イベント平面分解能をによる方位角方向の HBT半径の補正

方位角異方性の節でも述べたように実験的には真のイベント平面を求めることはできない。求め
たイベント平面は真のイベント平面とは必ずずれがある。これは図??を見るとよくわかる。独立な
検出器 (VZERO A side と VZERO C side) で求めた 2 次のイベント平面の 2 次元プロットであ
る。もし、検出器で真のイベント平面が求められるならば 2 つの検出器で求めたイベント平面は等し
く、Ψ2(V ZEROA) = Ψ2(V ZEROC) のラインまたはイベント平面の対称性から Ψ2(V ZEROA) =

Ψ2(V ZEROC)± n · π に分布するはずである。しかし、測定したイベント平面のずれにより図のよう
な分布となる。

図 79 VZERO A side、C side で求めた 2 次の
イベント平面 (2×Ψ2)の 2次元プロット

図 80 イベント平面分解能が HBT半径に与える
影響のイメージ図

このずれは HBT半径の測定にも影響する。方位角方向でイベント平面に対して HBT測定をした時
に、例えば図??のように楕円の短軸方向を測定しているとすると、分解能の影響により本来の短軸方向
から ∆φだけずれた方向から見た HBT半径を測定していることとなる。よって、分解能の影響を次式
で補正することにする [18]。

N(q,Φj) = Nexp(q,Φj) + 2

nbin/2∑

n=m,2m,···
ζn,m(∆)

[
Nexp

c,n (q) cos(nΦj) +Nexp
s,n (q) sin(nΦj)

]
(97)

ここで、Nexp(q,Φj) は Real pair か Mix pair の相対運動量分布、nbin は方位角方向の分割 bin
数、m はイベント平面の次数、Φj はイベント平面に対する HBT 測定をしている角度 (j 番目)、また
Nexp

c,n (q,Φj)、Nexp
s,n (q,Φj)は次式で定義される。

Nexp
c,n (q,Φj) = < Nexp(q,Φ) cos(nΦ) >=

1

nbin

nbin∑

j=1

Nexp(q,Φj) cos(nΦj) (98)

Nexp
s,n (q,Φj) = < Nexp(q,Φ) sin(nΦ) >=

1

nbin

nbin∑

j=1

Nexp(q,Φj) sin(nΦj) (99)
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➡ event plane resolution

• correction for q-distribution with EP resolution 
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✦ 1D projection of 3D correlation functions
‣  Projections of the other component within 50 MeV/c
‣  Different HBT radii can be found in peripheral collisions (oscillation of radii)

Correlation function (HBT w.r.t. Ψ2)
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✦ 1D projection of 3D correlation functions
‣  Projections of the other component within 50 MeV/c
‣  Different HBT radii can be found in peripheral collisions (oscillation of radii)

Correlation function (HBT w.r.t. Ψ3)
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Comparison with result in Au-Au 200GeV

56

‣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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kT dependence of ε2final in Pb-Pb 2.76 TeV

5757

/ Nuclear Physics A 00 (2018) 1–5 3

R2
long,2/R

2
long,0, and R2

os,2/R
2
side,0. We observe similar results to that of STAR, however the STAR results [8,

9] show on average larger oscillations for R2
side. Our relative amplitudes for R2

out,2/R
2
side,0, R2

side,2/R
2
side,0,

and R2
os,2/R

2
side,0 show a clear centrality dependence, whereas the R2

long,2/R
2
long,0 is very close to zero for all

centralities, similarly to the results from RHIC [8].
The final source eccentricity at freeze-out εfinal can be estimated with an accuracy within 20–30% as

εfinal ≈ 2R2
side,2/R

2
side,0 [10]. Figure 2 [7] presents 2R2

side,2/R
2
side,0 for different kT ranges as a function of the

initial-state eccentricity for six different centralities. We find a smaller final-state anisotropy in the LHC
regime compared to RHIC energies [11, 8]. In Fig. 2, we also compare our results to the 3+1D hydrody-
namic calculations [12], this model slightly underestimates the final source eccentricity.

Figure 3 shows the relative amplitudes of the radius oscillations R2
out,3/R

2
side,0, R2

side,3/R
2
side,0, and R2

os,3/R
2
side,0.
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PHENIX Au-Au 200 GeV
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Fig. 2. An estimate of freeze-out eccentricity 2R2
side,2/R

2
side,0 for different kT ranges vs. initial state eccentricity from Monte Carlo

Glauber model [13] for six centrality ranges, 0–5%, 5–10%, 10–20%, 20–30 %, 30–40 %, and 40–50% from ALICE compared to
RHIC results [11, 8] and 3+1D hydrodynamical calculations [12]. Square brackets indicate systematic errors.
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Fig. 3. Amplitudes of the relative radii oscillations R2
out,3/R

2
side,0, R2

side,3/R
2
side,0, and R2

os,2/R
2
side,0 versus centrality for four kT ranges.

The shaded bands are the 3+1D hydrodynamical calculations. Square brackets indicate systematic errors.

The relative amplitudes for R2
out,3/R

2
side,0 and R2

side,3/R
2
side,0 have negative values for all centralities and kT

cuts. We compare our results with the 3+1D hydrodynamic calculations [12], where the relative amplitudes
R2

side,3/R
2
side,0 and R2

os,2/R
2
side,0 agree quantitatively, and the relative amplitudes R2

out,3/R
2
side,0 agree qualita-

tively with the 3+1D hydrodynamical calculations [12]. The relative amplitudes of the third harmonic
results exhibit weak centrality and kT dependence. According to the 3+1D hydrodynamical calculations, the



Comparison with hydrodynamical calculation

58
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‣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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v3 scaling to Relative amplitude of HBT radii

59

✓ Difference of event by event initial geometry fluctuation can not be 
reflected to “centrality”

✓ More sensitive probe is necessary !
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⚫ 5-10%
⚫ 10-20%
⚫ 20-30%
⚫ 30-40%
⚫ 40-50%
⚪ no q2 cut

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

✓  Non linear correlation between -2R2out,3 / R2side,0 and v3

✓  No significant correlation can be found between -2R2side,2 / R2side,0 and v3
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Correlation between v2 and ε2initial (Glauber)

60
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Correlation between v3 and ε3initial (Glauber)
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Blast-wave parameters (comparison with PHENIX)

62

✦ Freeze out temperature(Tf),  eccentricity(Ry/Rx), duration(Δτ) : ALICE ~ PHENIX
✦ Flow velocity (ρ0 and ρ2) and system life time : ALICE > PHENIX 
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Blast Wave parameters (comparison with PHENIX)

33

✦ Freeze out temperature(Tf) and eccentricity(Ry/Rx) : ALICE ~ PHENIX
✦ Flow velocity (ρ0 and ρ2) and evolution time : ALICE > PHENIX 
✦ Emission duration : PHENIX > ALICE
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Comparison with Blast-wave model (average HBT radii)

63

✦ Rout and Rlong of Blast-wave fit is consistent to that of Data
✦ Rside of Blast-wave fit is slightly smaller than that of Data
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Final source triangular shape and HBT w.r.t. Ψ3
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kT dependence of 3rd-order oscillation amplitude�
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!  MC simulation qualitatively 
agrees with Gaussian toy model 
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2 seems to be explained by “deformed flow” in both centralities. 

" Note that model curves are scaled by 0.3 for the comparison with the data 
!  Rs,3

2 seems to show a slight opposite trend to “deformed flow”. 

" Zero~negative value at low mT, and goes up to positive value at higher mT 
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‣HBT w.r.t. Ψ3 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

‣Triangularity cannot be directly obtained from HBT w.r.t. Ψ3
➡Both triangular flow and geometrical triangularity make 3rd order oscillation of HBT radii
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!  Note that anisotropy is not observed in a static source. 
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Initial spatial fluctuation� What is final shape ?�
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Results & Discussion�

measured size ≈ extent of base of triangle�• Static source • Dynamic source

➡ Any hint of sign change of ε3 under larger collective flow at LHC ??

 Detailed analysis is necessary for understanding final source triangularity 
✦kT dependence of Azimuthally differential femtoscopy w.r.t. Ψ3

➡High multiplicity and good E.P. resolution in ALICE Pb-Pb collisions !
✦Direct measurement of correlation between geometrical and flow information
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v2 ( pT dependence ) for each 20% q2 selection (pion)
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v2 ( pT dependence ) for each 20% q2 selection (kaon)
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v2 ( pT dependence ) for each 20% q2 selection (proton)
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v2 ( pT dependence ) for each 20% q2 selection (pion)
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v2 ( pT dependence ) for each 20% q2 selection (kaon)
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v2 ( pT dependence ) for each 20% q2 selection (proton)
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Blast wave fit for π, K, p Spectra

71

★ Fit function for spectra
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★Positive

★Negative

★Fitting for pT spectra
‣ positive and negative particle
‣ π, K, p
‣ 6 particles pT spectra (simultaneous) 

•pion

•Kaon

•proton
★ 2 Parameters

‣ Tf : Kinetic freeze out temperature
‣ ρ0 : Transverse rapidity
‣ ρ2 : 2nd order modulation 
‣ τ0 : Freeze out time
‣ Δτ : Emission duration

176 APPENDIX E. BLAST WAVE MODEL

The integral over τ can be calculated as
∫ ∞

∞
dτ τe−(τ−τ0)2/2∆τ2 =

√
2π τ0∆τ. (E.8)

If we assume Boltzmann distribution for all particles, only the first term in the summation in
Eq. (E.1) is used. As a result, Eq. (E.7) is rewritten as the following:

dN

pTdpT
=

√
2π τ0∆τ

∫ 2π

0
dφp

∫ 2π

0
dφs

∫ ∞

0
rdr

∫ ∞

−∞
dη,

× mT cosh(η)Ω(r,φs)× eα cos(φb−φp)e−β cosh(η),

= 2
√
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∫ 2π

0
dφp

∫ 2π

0
dφs

∫ ∞

0
rdrmTΩ(r,φs) e

α cos(φb−φp)K1(β), (E.9)

where Kn(β) is the modified Bessel function of the second kind, which is defined as

Kn(z) =
1

2

∫ ∞

−∞
dt cosh(nt)e−z cosh(t). (E.10)

Here we replace φb−φp as φ′, and the range of the integral over φ′ is from φb to φb− 2π. Then the
range can be replaced from 0 to 2π because the integrand is the periodic function with 2π. Finally,
Eq. (E.9) is rewritten as

dN

pTdpT
= 2(2π)3/2 τ0∆τmT

∫ 2π

0
dφs

∫ ∞

0
rdrΩ(r,φs) I0(α)K1(β), (E.11)

where In is the modified Bessel function of the first kind given by

In(z) =
1

2π

∫ 2π

0
dt cos(nt)e−z cos(t). (E.12)

Elliptic flow v2is calculated as

v2(pT ,m) =

∫
dφp

∫
d4x cos(2φp)S(x,K)∫

dφp
∫
d4xS(x,K)

. (E.13)

The denominator is the same expression with Eq. (E.11). The numerator can be calculated by a
similar way to derive the pT spectra.
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Finally, the elliptic flow is expressed as

v2(pT ,m) =

∫ 2π
0 dφp

∫∞
0 rdrΩ(r,φs)K1(β) cos(2φb)I2(α)∫ 2π

0 dφs
∫∞
0 rdrΩ(r,φs) I0(α)K1(β)

. (E.15)
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Blast wave fit for PID v2
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★ Fitting for pT dependence of π, K, p v2

•pion

•Kaon

•proton
★4 Parameters

‣ Tf : Kinetic freeze out temperature
‣ ρ0 : Transverse rapidity
‣ ρ2 : 2nd order modulation
‣ Rx, Ry : Transverse size

★Fit function for v2
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Blast wave fit for HBT radii 

73

★ 7 Parameters
‣ Tf : Kinetic freeze out temperature
‣ ρ0 : Transverse rapidity
‣ ρ2 : 2nd order modulation in transverse flow
‣ Rx, Ry : Transverse size of the source
‣ τ0 : Freeze out time
‣ Δτ : Emission duration

HBT radii relative to Ψ2

E.2. HBT RADII 177

E.2 HBT Radii

In the Bertsch-Pratt parameterization described in Sec. 2.2.2, four HBT radii are related to space-
time variance as [67]

R2
s =

1

2
(⟨x̃2⟩+ ⟨ỹ2⟩)− 1

2
(⟨x̃2⟩ − ⟨ỹ2⟩) cos(2φp)− ⟨x̃ỹ⟩ sin(2φp), (E.16)

R2
o =

1

2
(⟨x̃2⟩+ ⟨ỹ2⟩) + 1

2
(⟨x̃2⟩ − ⟨ỹ2⟩) cos(2φp) + ⟨x̃ỹ⟩ sin(2φp),

−2βT (⟨t̃x̃⟩ cosφp + ⟨t̃ỹ⟩ sinφp) + β2
T ⟨t̃2⟩, (E.17)

R2
os = ⟨x̃ỹ⟩ cos(2φp)−

1

2
(⟨x̃2⟩ − ⟨ỹ2⟩) sin(2φp) + βT (⟨t̃x̃⟩ sinφp − ⟨t̃ỹ⟩ cosφp), (E.18)

R2
l = ⟨z̃2⟩ − 2βl⟨t̃z̃⟩+ β2

l ⟨t̃2⟩,
= ⟨z̃2⟩, (E.19)

where

⟨f(x)⟩ =

∫
d4xf(x)S(x,K)∫
d4xS(x,K)

, (E.20)

x̃µ = xµ − ⟨xµ⟩, (E.21)

and βl vanishes in the LCMS frame and the terms including t and z depend on the proper time τ
and emission duration of particles ∆τ . As shown in above equations, Rs depends only on the spatial
extent of the source and azimuthal angle φp, while Ro, Ros is sensitive to the temporal parameters,
such as τ and ∆τ as well as the spatial extent.

E.3 Fit Results
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Figure E.1: Blast-wave fit of HBT radii in the fit B.
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Figure E.1: Blast-wave fit of HBT radii in the fit B.

★ Fit function for HBT
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Blast Wave parameters (comparison with ALICE published)

74

>partN<
0 100 200 300 400

 (G
eV

)
fT

0

0.1

0.2

>partN<
0 100 200 300 400

> Tβ<

0.5

1
My calc

ALICE published

PHYSICAL REVIEW C 88, 044910 

✦ Fully consistent within the systematic uncertainties

s2 =
1

2

(R
y

/R
x

)2 � 1

(R
y

/R
x

)2 + 1

h�T i =
Z 2⇡

0
d�

Z 1

0
dr tanh ((⇢0 + ⇢2 cos (2�)) r

n
) r (1 + 2s2 cos (2�))

74



HBT relative to Ψn with ESE(qn cut)
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Spectra + Event shape engineering
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✦ Ratio of pT distribution of π, K, p
✦ q2TPC top 10% cut (|η| < 0.4)
✦ Blast wave model comparison

✓ Δ<βT> = +0.41%

Event shape engineering in Pb–Pb collisions at √sNN = 2.76 TeV ALICE Collaboration
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Fig. 12: (Color online) Ratio of the pT distribution of identified charged hadrons in the large−q2 (top) and
small−q2 (bottom) sample to the unbiased sample (qTPC2 selection), in 30-40% centrality class. Lines: ratio of
the blast-wave parametrizations (see text for details).

same relaxed cuts or fraction of rejected tracks) is found for all centralities up to ∼ 50%, after which
non-flow effects seem to become relevant.

As discussed in Sect. 4.1, we conclude that the effect of non-flow is small and that the main factor driving
these observations is the average v2 at mid-rapidity.

The modification on the spectra of identified π , K, and p is reported in Fig. 10 and Fig. 11 for differ-
ent centrality classes. The same pattern measured in the case of non-identified hadrons is observed.
Moreover, a clear mass ordering is seen: the modification is more pronounced for heavier particles. Con-
versely, the spectra in the small−q2 sample are softer. In the case of the V0C selection the analysis was

18

Event shape engineering in Pb–Pb collisions at √sNN = 2.76 TeV ALICE Collaboration
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Fig. 6: (Color online) Centrality dependence of the average v2{SP} variation in the large−q2 and small−q2 sam-
ples.

either relaxing the selection itself or rejecting a random fraction of tracks for the computation of qTPC2 ,
while still selecting 10% of the events. It is found that selecting the class 65-100% for the large−q2
sample (0-55% for the small−q2 sample) with qTPC2 , or alternatively rejecting 70% of the TPC tracks,
leads to an average variation of the v2{SP} in the range 0.2 < pT < 4 GeV/c comparable to the one
obtained with the standard 10% qV0C2 selection. The results are shown in Fig. 5 for the centrality class
30–40%. Not only is it possible to find a cut which leads to the same average variation in v2{SP},
but the pT dependence is very similar in both cases. Rejecting randomly 70% of the tracks changes
the selectivity of qTPC2 without affecting non-flow correlations between the qTPC2 selection and v2{SP}
measurement (as the η gap is not varied). Also in this case, it is found that the effect of the q2 selection
does not depend on pT. A similar result, with the same value of the relaxed cut or fraction of rejected
tracks, is found for the centrality interval 10–50%. Moreover, as it will be discussed in the next section,
the same relaxed selections lead to the same effect on the pT distributions.

These checks demonstrate that the selectivity of the cut is the main reason for the difference between the
TPC and V0C selections. Due to the large η gap, the non-flow contribution is expected to be negligible
in the case of the qV0C2 selection. The agreement observed in Fig. 5 indicates that, in the centrality classes
10–50%, this is also the case for the qTPC2 selection in the range pT < 5 GeV/c, a transverse momentum
region dominated by hydrodynamic effects [38]. It is worth noticing that the ATLAS Collaboration
measured a modification of the elliptic flow of ∼ 35%, nearly independent of pT up to ∼ 12 GeV/c in
the 20–30% centrality class, while measuring v2 and q2 with a pseudorapidity gap of 0.7 units [23]. The
increasing trend in the centrality class 0–5% is also observed in [23] 1.

To study the centrality and the q2 dependence of v2{SP} in ESE-selected event classes, we quantified
1See auxiliary figures available on the ATLAS Collaboration web page

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2014-03/

13

✦ v2 ratio with q2 large(small) cut
✓ large q2TPC top10% (bottom10%)
✓ large q2VZERO top10%(bottom10%)

✦Positive correlation between <v2> and <pT>

76



E.P. resolution with qn cut
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2nd harmonic oscillation amplitude of HBT radii
(P. Bozek, J. Phys. G38, 124097)
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✦ Hydro calculation cannot reproduce R2out,2 / R2side,0 small kT dependence
✦Npart dependence of R2out,2 / R2side,0 is very similar though

✦ R2out,2 / R2side,0 in lowest kT is consistent but not in high kT (under estimate)
✦ R2os,2 / R2side,0 is well reproduced
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✓ Relative amplitude of Rout becomes larger with increasing kT

✓ Rside oscillation decreases from low kT to high kT 
✓ Ros shows explicit kT dependence and Ros oscillation is 0 at kT=0

64 ALICE Analysis Note 2016
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Figure 70: Relative amplitude of squared HBT radii with respect to Ψ3 as a function of kT in 6 centrality bins

64 ALICE Analysis Note 2016
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Figure 70: Relative amplitude of squared HBT radii with respect to Ψ3 as a function of kT in 6 centrality bins
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Figure 70: Relative amplitude of squared HBT radii with respect to Ψ3 as a function of kT in 6 centrality bins

-R2out,3 / R2side,0

 (GeV/c)Tk
0.2 0.4 0.6

ou
t,0

2
/R

ou
t,3

2
-2

R

0.1−

0.05−

0

0.05

0.1

 (GeV/c)Tk
0.2 0.4 0.6

si
de

,0
2

/R
si

de
,3

2
 2

R
0.1−

0.05−

0

0.05

0.1

 (GeV/c)Tk
0.2 0.4 0.6

lo
ng

,0
2

/R
lo

ng
,3

2
-2

R

0.1−

0.05−

0

0.05

0.1

 (GeV/c)Tk
0.2 0.4 0.6

si
de

,0
2

/R
ou

t,3
2

-2
R

0.1−

0.05−

0

0.05

0.1

 (GeV/c)Tk
0.2 0.4 0.6

si
de

,0
2

/R
os

,3
2

 2
R

0.1−

0.05−

0

0.05

0.1

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

R2side,3 / R2side,0 R2os,3 / R2side,0

Relative amplitude of HBT radii w.r.t. Ψ3 kT dependence



80

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

✦ Npart dependence in Hydro calc. and Data are qualitatively consistent
✦ R 2out oscillation is consistent in hight kT (Hydro calc. at low pT is opposite sign)
✦ R 2side oscillation is consistent in low kT

Azimuthally-differential pion femtoscopy in Pb–Pb collisions ALICE Collaboration

Fig. 2: The amplitudes of radii oscillations R

2
out,3, R

2
side,3, R

2
long,3, and R

2
os,3 versus centrality percentiles for four kT

ranges. Square brackets indicate systematic uncertainties.

Fig. 3: Amplitudes of the relative radii oscillations R

2
out,3/R

2
side,0, R

2
side,3/R

2
side,0, and R

2
os,2/R

2
side,0 versus centrality

for four kT ranges. Square brackets indicate systematic uncertainties. The shaded bands are the 3+1D hydrody-
namical calculations [14] and the width of the bands represent the uncertainties in the model calculations.

To investigate further on the final source shape, we compare our results to the Blast-Wave model calcu-166

lations [16]. In this model, the spatial anisotropy of the pion source at freeze-out is parameterized by167

R(f)168

R(f) = R0
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