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Figure 1. The time evolution of a high energy heavy ion collision.

interferometry, correlations and fluctuations, resonance production, particle ratios,
etc. provide crucial information about the thermodynamics of the system.

• Electromagnetic probes: The electromagnetic probes, i.e. photons and dileptons
are produced at different phases of evolution. They are not distorted by final state
interactions and once produced can escape the interaction region, unaffected, carry-
ing to the detectors information about the conditions and properties of the medium
at the time of their production. The measurement of direct thermal radiation can be
used as a direct fingerprint of the hot and dense medium.

• Quarkonia and heavy flavour: Quarkonia (J/ ,  0, �c and ⌥ family) production
is considered to provide an unique signature of QGP [1]. It is a sensitive probe of
the hot and dense matter and of the gluon distributions and their modifications in
nuclei. The suppression of J/ production has long been predicted as an important
probe of a QGP formation [1], which occurs because a cc̄ pair formed by fusion
of two gluons from the colliding nuclei cannot effectively bind inside the QGP be-
cause of Debye screening. Excited states of the cc̄ system, such as  0 are more
easily dissociated and should be largely suppressed. For the heavier ⌥(bb̄) shorter
screening lengths are required than for the charmonium states. Heavy flavor pro-
duction, open and hidden, is considered among the most important probes for study
of QCD properties of the QGP.

• Electroweak probes: With the increase of center-of-mass energy at the LHC, elec-
troweak boson measurements are possible for the first time in heavy ion collisions.
The lifetimes of W and Z bosons are quite short and they decay within the medium,
and go unaffected through the hot and dense matter. Since leptons lose negligible
energy in the medium, be it partonic or hadronic, the leptonic decay channels of W
and Z may provide information about the initial state in heavy ion collisions.

• Hard probes: The availability of large amount of energy in the very early part of
the collision gives rise to a subset of high transverse momentum processes which
take place independent of the bulk, with the outgoing partons subsequently propa-
gating through the bulk medium. Jet quenching and energy loss of high p

t

hadrons
constitute the most important hard probes, which play important role in determining
the properties of hot and dense QCD matter.

3. LHC and its experiments

The accelerator complex at CERN is a succession of particle accelerators that can reach
increasingly higher energies, starting with the duoplasmatron source for the protons and
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■ Method to measure the source size with two identical particles
 Quantum interference between two identical particles
 Unique tool to measure source size at kinetic freeze out
 Geometrical source size ≠ HBT radii = “Length of homogeneity”
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■ 3D HBT analysis
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HBT: A (mostly) experimental overview 3

Figure 1. (a) Contours representing densities of emissions points in the
transverse plane for kT = 0.0 GeV/c (top) and kT = 0.5 GeV/c (bottom). The
emission direction is to the right, illustrating that higher pT particles emerge
nearer to the surface. (b) Contours of constant energy density at two different
times in the evolution of a noncentral collision. Both figures are hydrodynamic
calculations taken from Ref. [19].

source are due mostly to collective expansion [2]. As the source expands, radial
flow pushes higher pT particles more at the surface (Figure 1(a)). Within this
picture, analytical expressions have been derived to extract the expansion velocity
and emission duration from the mT (mT =

√

p2
T + m2) dependence of the HBT

radii. This is discussed further in section 3. (b) HBT studies relative to the reaction
plane in non-central collisions allow the possibility to compare the expanded system’s
transverse eccentricity at freeze-out to its initial eccentricity from a nuclear overlap
model calculation (Figure 1(b)). This is discussed further in section 4.

3. The HBT Puzzle

The hydrodynamical approach to understanding HBT is motivated at RHIC by the
model’s demonstrated ability to describe soft pT spectra and elliptic flow consistently
for several particle species [19]. “Hydro” calculations for these observables point to
fast thermalization in a partonic phase, followed by hydrodynamic expansion for ∼ 15
fm/c with an intermediate phase transition. However, these calculations yield strong
disagreement with HBT radii [20]: Rout and Rlong are overpredicted by as much as
a factor 2, and Rside is somewhat underpredicted. In particular, the measured kT

dependence of Rside is in contrast to hydro and other models that predict little (if
any) kT dependence. This disagreement, and the lack of energy dependence of the
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Figure 1. The time evolution of a high energy heavy ion collision.

interferometry, correlations and fluctuations, resonance production, particle ratios,
etc. provide crucial information about the thermodynamics of the system.

• Electromagnetic probes: The electromagnetic probes, i.e. photons and dileptons
are produced at different phases of evolution. They are not distorted by final state
interactions and once produced can escape the interaction region, unaffected, carry-
ing to the detectors information about the conditions and properties of the medium
at the time of their production. The measurement of direct thermal radiation can be
used as a direct fingerprint of the hot and dense medium.

• Quarkonia and heavy flavour: Quarkonia (J/ ,  0, �c and ⌥ family) production
is considered to provide an unique signature of QGP [1]. It is a sensitive probe of
the hot and dense matter and of the gluon distributions and their modifications in
nuclei. The suppression of J/ production has long been predicted as an important
probe of a QGP formation [1], which occurs because a cc̄ pair formed by fusion
of two gluons from the colliding nuclei cannot effectively bind inside the QGP be-
cause of Debye screening. Excited states of the cc̄ system, such as  0 are more
easily dissociated and should be largely suppressed. For the heavier ⌥(bb̄) shorter
screening lengths are required than for the charmonium states. Heavy flavor pro-
duction, open and hidden, is considered among the most important probes for study
of QCD properties of the QGP.

• Electroweak probes: With the increase of center-of-mass energy at the LHC, elec-
troweak boson measurements are possible for the first time in heavy ion collisions.
The lifetimes of W and Z bosons are quite short and they decay within the medium,
and go unaffected through the hot and dense matter. Since leptons lose negligible
energy in the medium, be it partonic or hadronic, the leptonic decay channels of W
and Z may provide information about the initial state in heavy ion collisions.

• Hard probes: The availability of large amount of energy in the very early part of
the collision gives rise to a subset of high transverse momentum processes which
take place independent of the bulk, with the outgoing partons subsequently propa-
gating through the bulk medium. Jet quenching and energy loss of high p

t

hadrons
constitute the most important hard probes, which play important role in determining
the properties of hot and dense QCD matter.

3. LHC and its experiments

The accelerator complex at CERN is a succession of particle accelerators that can reach
increasingly higher energies, starting with the duoplasmatron source for the protons and
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Azimuthally sensitive HBT with respect to Ψ2

4

Azimuthally sensitive HBT gives us more detailed information of space-time 
evolution
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The indicated explicit Φ-dependence arises from the rotation between the
outward direction xo∥KT and the x-axis. In addition, the components Sµν

of the spatial correlation tensor, being defined as expectation values with a
Φ-dependent emission function S(x, K)=S(x, Y, KT, Φ), contribute an im-

plicit Φ-dependence which is not shown here. Both types of Φ-dependences
can be analyzed together, exploiting the symmetries of the emission func-
tion with respect to the reaction plane and to projectile-target interchange.
One finds190 that in general R2

s, R2
o and R2

l are superpositions of cosines of
even multiples of Φ while R2

os is a superposition of sines of even multiples
of Φ. In lowest order R2

s, R2
o, and R2

l thus oscillate with cos(2Φ) around
some constant average while R2

os oscillates with sin(2Φ) around zero.
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Fig. 30. Contours of constant emission density for the source created in 130 AGeV
Au+Au collisions at b =7 fm as predicted by hydrodynamics.74 The top left panel shows
the contours for KT = 0, the three other panels show contours for KT =0.5 GeV pointing
in 3 different directions. The thick solid oval lines indicate the maximum extension of
the source.

In Sec 3.2 we saw for non-central collisions that, as time evolves, the ini-
tial out-of-plane deformation of the nuclear reaction zone decreases, crosses

ΨRP

nucl-th/0305084

 Dividing the pair angle relative to the Ψ2 in azimuthal plane

 Differential azimuthal angle HBT measurements explores spatial deformation of the source
 Hydrodynamical model shows oscillation in  azimuthal angle dependence of HBT radii

       (out-of-plane extended source shape)
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Hydrodynamic description of ultrarelativistic heavy-ion collisions 71

collisions at b =7 fm, assuming an initial central temperature of 2GeV at
τequ = 0.1 fm/c and decoupling at Tdec =100MeV.74 With such initial con-
ditions it takes the fireball much longer to reach freeze-out and, as seen in
the Figure, it has enough time to develop a strong in-plane elongation before
decoupling. (IPES stands for “in-plane elongated source”.) The emission
function for low-KT pions is again seen to reflect the overall in-plane elon-
gation of the source at freeze-out (left panel), whereas the emission func-
tions for pions with transverse momentum KT = 500MeV/c (right panel)
do not probe the overall source deformation, but rather the curvature of its
outer edge as a function of the azimuthal emission direction.

These pictures suggest that, if one wants to measure the overall spatial
deformation of the source at freeze-out, one should concentrate on pions
with small transverse pair momenta KT. This is confirmed by the plots
in Fig. 32 which show the azimuthal oscillations of the four non-vanishing
HBT radius parameters for several values of KT. At KT = 0 the trans-
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Fig. 32. Oscillations of the HBT radii for different transverse pair-momenta in RHIC
collisions (left) and the source elongated into the reaction plane (right).74 The thin
circled lines in the right panel show the geometric contributions to the HBT radius
parameters.

verse radius parameters R2
s, R2

o and R2
os show opposite oscillations for the

out-of-plane (left) and in-plane (right) elongated sources, and the signs of
these oscillations reflect the signs of the geometric source deformation as
expected. For example, at RHIC energies R2

s oscillates downward, implying
a larger sideward radius when viewed from the x direction (i.e. within the
reaction plane) than from the y-direction (i.e. perpendicular to the reaction
plane). For the in-plane elongated source (IPES) some of the oscillation am-
plitudes change sign at larger transverse momentum. This change of sign
originates from an intricate interplay between geometric, dynamical and

in-plane

out-plane

Rside :  width
Rout  :  depth + time

Hydrodynamic model 
Au+Au 130GeV

Azimuthal angle dependence of HBT radii
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‣ Rout has explicit oscillation and Rside has weak oscillation
‣ Rout and Rside oscillate out-of-phase

➡ Initial elliptic shape still remains at freeze out
      (out-of-plane extended source)
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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 ? �

@WPCF2011�Rs
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φpair- Ψ2�

0� π/2� π�
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2 (Δφ)cos(nΔφ)

ε final = 2
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2

Rs,0
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PRC70, 044907 (2004)�

in-plane�

pion�

in-plane�
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Results & Discussion�

Source@ freeze out

participant

flow

✓ Fit function
✓ R 2μ, 0 + 2R 2μ, n cos( n( φpair − Ψn) )

✓ R 2μ, 0 : Average HBT radii
✓ R 2μ, n : nth order Oscillation 

‣ Final source eccentricity is obtained by relative amplitude from Blast Wave model
                                                                                                                         (Phys. Rev. C 70, 044907)

‣ The magnitude of Rout Rside relative amplitude decreases from central to peripheral collisions

★ Contributing factors  to εfinal

‣ initial geometry
‣ collective flow
‣ freeze out time

✓ Final source eccentricity
• εfinal = 2 R 2side,2 / R 2side,0

Azimuthal angle dependence of HBT w.r.t. Ψ2

✦ Rside : width
✦ Rout   : depth + time

R 2out,2 / R 2side,0 R 2side,2 / R 2side,0



Initial +  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? ���
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Triangular deformation via HBT

✦ HBT w.r.t. Ψ3 in LHC energy
✓ Difference between RHIC and LHC

• Larger radial flow & evolution duration
• viscosity

✓ Hydrodynamic model (P. Bozek, J. Phys. G38, 124097)
• Relative amplitude of Rside is negative
• Triangular deformation is washed-out or even reversed 6

✦ AMPT and Blast wave model (S.Voloshin, J. Phys. G38, 124097)
✓ HBT w.r.t. Ψ3 shows finite oscillation in expanding source, but almost no oscillation in static source

✦ HBT w.r.t. Ψ3 measured @ PHENIX Au+Au 200GeV (Phys.Rev.Lett. 112 222301)
✓ Same oscillation sign of Rout and Rside → Relative amplitude negative value

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
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s;0, (b) 2R

2
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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.
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VZERO

TPC

VZERO

TOF

ITS

FMD

ALICE detector

7

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

TPC
-0.8 to 0.8

η Acceptance

Event plane

HBT



Event plane via FMD

8

• 3rd order harmonics, FMD resolution is approximately 15% better than V0
This excellent resolution allows us precise measurement of higher order event plane

• Rapidity gap between HBT measurement and E.P. is |Δη| > 0.9
• HBT             → Mid-rapidity (-0.8 < η < 0.8)
• Event Plane → Forward rapidity (-3.4 < η < -1.7, 1.7 < η < 5.0)

FMD event plane and HBT measurememt

The FMD Detector 
• Silicon strip detector 
• 3 sub detector : FMD1, FMD2, FMD3 
• 2 types of rings : inner and outer 

• inner : 20 sectors (0 < φ < 2π) 
• outer : 40 sectors (0 < φ < 2π)
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E.P. Resolution
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C

(V0ACV0

 < 5.1η < -1.7, 2.8 < η-3.7 < 

 

ALICE 
work in progress

Res { n} =

s
< cos(n( A

n � B
n )) >< cos(n( A

n � C
n )) >

< cos(n( B
n � C

n )) >

Event plane resolution 
• Event plane resolution are extracted with 3 sub event 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



✦  2.76 TeV Pb-Pb collisions
✦  Particle Identification

‣ Charged pions are identified with TPC and TOF combined PID
✦  Correlation function

‣  R(q) : real pairs
‣  M(q) : mixed pairs (made by event mixing)
‣  q : relative momentum

✦  Event mixing class
‣ Event with similar centrality, Z-vertex and Ψ3 angle are used

✦  Fit function

✦  Event plane
‣Ψ3 is determined via FMD (1.7 < η < 5.0, -3.4 < η < -1.7)

✦Event plane resolution correction (U.Heinz, Phys.Rev.C66, 044903(2002))

✦Momentum resolution correction
‣ Estimated with HIJING and GEANT

Analysis method for HBT

9

G = �R2

out

q2
out

�R2

side

q2
side

�R2

long

q2
long

�R2

os

q
out

q
side

�R2

ol

q
out

q
long

�R2

sl

q
side

q
long

C2 = N [(1� �) + �Kc (1 + exp (G))]

✓ KC is Coulomb correction factor

C2 =
R(q)

M(q)



10

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

‣ R2μ,0 : Average HBT radii
‣ R2μ,3 : Oscillation amplitude

✦ Average HBT radii
✓ centrality dependence

✦ Azimuthal angle dependence
✓ Rout has explicit oscillation
✓ Rside has small oscillation
✦ Rout and Rside oscillate in-phase

➡ unlike HBT w.r.t. Ψ2

✓ Rlong and λ have no oscillation
✓ Small centrality dependence

➡ similar to v3
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Event plane is determined with FMD

ALICE 
work in progress

Azimuthal angle dependence of HBT w.r.t. Ψ3
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11

✦ R 2out,3 / R 2out,0

✓ Relative amplitude of R 2out is positive
✓ -2R 2out,3 / R 2out,0 increase with increasing initial ε3

✦ R 2side,3 / R 2side,0

✓ Relative amplitude of R 2side is negative (εinitial < 0.25)
✓ No centrality dependence can be seen 

✦ R 2long,3 / R 2long,0

✓ Relative amplitude of R 2long has almost no amplitude 

ALICE 
work in progress

0.2 < kT < 2.0
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FIG. 11. (Color online) The third-order Fourier coefficients
of the oscillations of the HBT radii with respect to third-
order event plane for Pb-Pb collisions at 2.76 TeV for differ-
ent centralities, R2

o,3/R
2
s,0 (panel a), R2

s,3/R
2
s,0 (panel b), and

R2
os,3/R

2
s,0 (panel c). Results of hydrodynamic calculations

are denoted with the same symbols as in Fig. 9.

the calculations are in semiquantitative agreement with
the preliminary ALICE collaboration data [20]. The sign
of the measured and calculated second harmonics of the
HBT radii are similar as for Au-Au collisions at 200 GeV
(Fig. 4). The centrality dependence of the second har-
monic component of the HBT radii is strong, as expected
from the strong centrality dependence of the elliptic flow.
The predictions of the azimuthally sensitive HBT inter-

ferometry analysis with respect to the third-order event
plane for Pb-Pb collisions are presented in Fig. 11. The
results are similar as for Au-Au collisions at RHIC en-
ergies. The radii R2

o,3 and R2
s,3 are negative. The radii

R2
o,3/R

2
s,0 have a larger magnitude, increasing with the

transverse momentum and centrality, while R2
s,3/R

2
s,0 has

no noticeable k⊥ dependence. R2
os,3/R

2
s,0 is positive, in-

creasing with the transverse momentum.
IV. SUMMARY

The azimuthally sensitive interferometry analysis is
performed in the event-by-event 3 + 1-D viscous hydro-
dynamic model. We construct the two-pion correlation
function and calculate the azimuthal dependence of the
HBT radii. Two cases are studied, the radii defined with
respect to the second and third-order event planes. For
the first case the azimuthal dependence of the radii is
decomposed into a zeroth and second harmonic, while in
the second case we use the zeroth and third harmonic.

The HBT radii calculated with respect to the second-
order event plane are compared to the experimental re-
sults of the STAR and ALICE collaborations for Au-
Au collisions at 200 GeV [17] and Pb-Pb collisions at
2.76 TeV [20]. The sign and the magnitude of the cal-
culated second-order harmonics of the HBT radii is in
semiquantitative agreement with the experimental re-
sults. We find a strong centrality dependence of the
scaled ratios R2

o,2/R
2
s,0, R

2
s,2/R

2
s,0, and R2

os,2/R
2
s,0.

The third harmonic of the azimuthal dependence of the
HBT radii with respect to the third-order event plane is
calculated for RHIC and LHC energies. AT RHIC ener-
gies, we find a negative value of R2

o,3/R
2
o,0, with a magni-

tude increasing with the transverse momentum, and with
weak centrality dependence. These effects are in agree-
ment with preliminary PHENIX collaboration data [23].
The calculated R2

s,3/R
2
s,0 is small and negative, with no

significant dependence on transverse momentum. The
predicted value of R2

os,3/R
2
s,0 is positive and increases

with the transverse momentum. The predictions for the
third-order HBT radii in Pb-Pb collisions at 2.76 TeV
are qualitatively similar.

During the dynamic expansion of the fireball the initial
triangular deformation is washed-out, or even reversed.
The model gives large magnitude, negative values of R2

o,3

and small magnitude, negative values of R2
s,3. Detailed

experimental and model studies may serve as a way to
establish the size and the sign of the triangular deforma-
tion at freeze-out.
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Hydrodynamic model comparison
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3+1D Hydrodynamic model ALICE Pb-Pb 2.76TeV

✦ R 2side,3 / R 2side,0

✓ Npart dependence of R 2side,3 / R 2side,0 can be reproduced by 3+1D hydrodynamic 
model within the systematic uncertainty

✓ R 2out,3 / R 2side,0 and R 2os,3 / R 2side,0 will be compared with hydrodynamic model 
✓ Need kT dependence !!

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

ALICE 
work in progress

0.2 < kT < 2.0



Summary
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✦ Azimuthal angle dependence of HBT radii w.r.t. Ψ3 
• Rout and Rside oscillate in-phase
• Explicit oscillation of Rout and small oscillation of Rside can be seen
• Rlong and λ have almost no oscillation

✦ Relative amplitude of squared HBT radii 
• -2R 2out,3/R 2out,0 is positive in centrality 10-50% and small centrality dependence
• 2R 2side,3/R 2side,0 is negative in centrality 10-40%

✦ Hydro dynamical model comparison
• Bozek R 2side,3/R 2side,0 calculation shows good agreement within Syst. error

✦ Azimuthal angle dependence of HBT w.r.t. Ψ3 in centrality 0-10% is ongoing
✦ kT dependence of HBT w.r.t. Ψ3 for more precise understanding
✦ Azimuthally sensitive HBT with Event shape engineering (J. Schukraft et al., arXiv:1208.4563 )

✓Selecting of event by event vn by the magnitude of flow vector
➡ Impact on final source shape by larger triangular flow (initial ε3)

Outlook
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Event plane resolution correction
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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)

64

➡ event plane resolution

• correction for q-distribution with EP resolution 
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