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q Measuring the properties of hadrons in the non-perturbative 

QCD energy region is one of the powerful tools to understand the 

hadron structure and strong interaction.

q We experimentally measure unstable hadron spatial dimensions

via photo-production in the baryon resonance region (BGOegg:

1.3-2.4 GeV; FOREST: 0.5-1.2 GeV) through identical meson Bose-

Einstein correlations.

q Understanding the strong interaction mechanism 

in the non-perturbative QCD energy region is one 

of the main challenges in quark nuclear physics. 

Motivation
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Bose-Einstein
Correlations

(BEC)

N

2 or more than 2 
identical bosons

𝜋!

𝜋!

…

Bose-Einstein Correlations between
identical particles provides a tool to
measure the space-time properties
of the boson emission source.

𝜋!

excited decay to ground state

𝑔 " (𝑝#, 𝑝") =
𝐼#"(𝑝#, 𝑝")
𝐼# 𝑝# 𝐼"(𝑝")

𝑔 " 𝑄 = 𝑁(1 + 𝜆"𝑒$%!
"&")

Correlation function:

Assuming Gaussian density 
distribution of emitting source 

𝜋!

BGOegg exp. : 1.3-2.4 GeV

FOREST exp. : 0.5-1.2 GeV
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Robert Hanbury Brown
1916-2002

Richard Quentin Twiss
1920-2005

国片来源：G. Goldhaber, Proc. Int. Workshop on Correlations an
d Mul- tiparticle production (CAMP - LESIP IV), p. 409, ed. by  M 
L Plümer, S Raha and R M Weiner, World Scientific (1991).

1956，Robert Hanbury Brown and Richard Q. Twiss introdu
ced the intensity interferometer concept to radio astronomy f
or measuring the tiny angular size of f Sirius

Hanbury Brown-Twiss (HBT) EffectsMotivation

Hanbury Brown- Twiss (HBT) effects

Bose–Einstein correlations (bosons)

Fermi–Dirac correlations(fermions) 5



THE HANBURY BROWN-TWIS
S INTENSITY INTERFEROME
TER AT NARRABRI, NEW SO
UTH WALES, AUSTRALIA
Picture from： http://quantumta
ntra.com/quim.html
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Sirius

𝐼(𝑟!) 𝐼(𝑟")

𝐼(𝑟!)𝐼(𝑟")

Average over coincidence measurements

𝑔 ! 𝑟", 𝑟! =
𝐼 𝑟" 𝐼(r!)
𝐼 𝑟" 𝐼 𝑟!

Intensity interference：

Sirius angular size: 
0.0063”

图片来源：Hanbury Brown R 1956 A test of new type 
of new steller interferometer on SIRIUS Nature 178

Hanbury Brown-Twiss (HBT) EffectsMotivation
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1960s,HBT in particle physics

Ref：G. Goldhaber, S. Goldhaber, W. Lee, and A. P
ais, Phys. Rev. 120, 300 (1960).

Annihilation in a bubble chamber. False-colour image from a hydrogen bubble chamber showing th
e annihilation of an antiproton (horizontal line entering at left) and a proton. The annihilation even
t has occurred at the intersection point just right of centre. Only charged particles leave tracks in s
uch chambers; the passage of neutral particles has to be inferred from these data. Spiral tracks are 
due to low-energy electrons and positrons. In modern, extremely high- energy particle experiment
s, the bubble chamber has been supplanted by electronic detectors.
图片来源： https://www.sciencephoto.com/media/1355/view

Lawrence Radiation Laboratory and 
Department of Physics, University of 
California, Berkeley, California

Hanbury Brown-Twiss (HBT) Effects

Ψ s
0 = e

i(k1r1+k2r2 )
Non-symmetrized two-particle wave function

Symmetrized two-particle wave function
Ψ s

BE =
1
2
[ei(k1r1+k2r2 ) + ei(k1r2+k2r1 ) ]

Bose-Einstein correlations (BEC) of two pions

Motivation
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Hanbury Brown-Twiss (HBT) Effects

HBT in heavy ion collisions

Fig. 4. Distribution of 𝑔"(𝑄) for (a) π0π0 a
nd (b) π±π±, and results of the fits. The poi
nts indicate the data, the full line correspon
ds to the fit result and the dashed line is the 
normalization factor N(1 +αQ).

强
度
关
联
函
数

𝑔"
(𝑄
)

𝑔"
(𝑄
)

Ref: Achard P, et al 2002 Bose–Einstein correlations 
of neutral and charged pions in hadronic Z decays 
Phys. Lett. B 524 55–64

Motivation
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15 52. Plots of Cross Sections and Related Quantities

Figure 52.11: Total and elastic cross sections for »p, total cross section for À≠p, and total
hadronic cross sections for “d, “p, and ““ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

21st May, 2020 7:49pm

Photoproduction in the non-perturbative QCD energy region

FOREST Exp. BGOegg Exp.

1.3 GeV≤Eγ≤2.4 GeV0.5 GeV≤Eγ≤1.2 GeV

BEC measurements in the non-perturbative QCD energy region 
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low energies 
low multiplicities

high energies 
high multiplicities

strongly disturbed by non-BEC 
factors of exclusive reactions with a 
low multiplicity such as global 
conservation laws and decays of 
resonances

weakly disturbed by non-BEC 
factors such as global conservation 
laws

Complicated kinematical constraints Simple kinematical constraints 

(1) Event mixing method

(2) Resonance decay effects

15 52. Plots of Cross Sections and Related Quantities

Figure 52.11: Total and elastic cross sections for »p, total cross section for À≠p, and total
hadronic cross sections for “d, “p, and ““ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

21st May, 2020 7:49pm

BEC measurements in the non-perturbative QCD energy region 
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Appropriate mixing cuts should be applied in the mixing  

Ø Missing mass consistency (MMC) cut : 𝑚!
"#$ −𝑚!

%&# < 𝑀'()
Ø Pion energy (PE) cut: events with pion energy higher than a given level are rejected

Ø Energy sum order (ESO) cut: 𝐦𝐢𝐧 E𝒔𝒖𝒎
𝒐𝒓𝒊,𝟏, E𝒔𝒖𝒎

𝒐𝒓𝒊,𝟐 < E𝒔𝒖𝒎𝒎𝒊𝒙 < 𝐦𝐚𝐱 E𝒔𝒖𝒎
𝒐𝒓𝒊,𝟏, E𝒔𝒖𝒎

𝒐𝒓𝒊,𝟐

Ø no overlapping photon clusters (used to correct the detection efficiency)
Ø ……

Event mixing method
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Appropriate mixing cuts in event mixing:
MMC + PE cuts

[1] Q. He, et al., Acta Phys. Pol. B 51, 463 (2020); [2] Q. He, et al., Prog. Theor. Exp. Phys. 2017, (2017);
[3] Q.-H. He, et al., Chinese Phys. C 40, 114002 (2016).
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Fig.  Fitted values of r0 (a) and λ2 (b) obtained by event mixing in 
a single and a multi mixing (up to 10 times) mode at six incident 
photon energies 𝐸#=1.0, 1.03, 1.06, 1.09, 1.12, and 1.15 GeV for 
the γp → π$π$p events. For comparison, the values of r0 and λ2 

for the generated sample with BEC effects are also shown.

Fig. The ratio of the Q distribution of the generated BEC/noBEC sample, NBEC(Q), to that from 
the mixed events, NMix(Q) (filled circles). The ratio of NBEC(Q) to the Q distribution of pure phase 

space sample, NPS(Q), is also shown (open triangles) in each panel for comparison. 

Event mixing method
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N*
Q

q q

N
q

q q

Δ q

q q

𝜋!

N q

q q

Δ
q

q Q

𝜋!

𝑃"

−𝑃"

Ø S wave meson emission due to an energetic quark

Ø Δ→π0N decay originated by an energetic quark Q

H. Shimizu, ELPHAnnual Report, 2017

Correlation observation model
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Δ

1st
𝜋!

2nd
𝜋!

O

x

y

A

B

Space-time coordinates 
of Δ at rest

q: relative momentum of two pions in the
frame of Δ at rest

𝑞" = 𝑞%" + 𝑞1"�⃑� = 𝑞% , 0, 𝑞1 in cylindrical coordinates

𝜷 =
1
2𝑝>

𝒑𝟐: Δ decayed pion 3-d
momentum in the frame
of Δ at rest

𝑱𝟎(𝜷𝒒𝒓):
0th-order Bessel function

[1] H. Shimizu, ELPHAnnual Report, 2017; [2] Q. He, in J. Phys. Conf. Ser. 1643, 012010 (2020).

𝐶BCD 𝑞, 𝑝> = 1 + 𝜆 exp −
𝛼>𝑞>

2
exp −

𝛼>𝑞E>

2
𝐽F 𝛽𝑞G

= 1 + 𝜆 exp −𝛼>𝑞E> exp −
𝛼>𝑞G>

2
𝐽F 𝛽𝑞G

𝜶: Gaussian radius

𝝀: correlation strength

Correlation observation model

3-d correlation function
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Correlation functions at different 𝒑𝟐

𝐶234 𝑞, 𝑝" = 1 + 𝜆 exp −𝛼"𝑞1" exp −
𝛼"𝑞%"

2 𝐽!
𝑞%
2𝑝"

Correlation observation model
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FOREST Experiment

γp→π0π0p

Results of FOREST and BGOegg experiments
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Backward Gamma
252 Lead/Scintillating 
fiber modules; 
θ: 30o-100o, φ:full
Res. : 7% @ 1GeV

SCISSORS III
192 CsI; θ: 4o-24o, φ:full
Res. : 3% @ 1GeV

Rafflesia II
62 Lead Glass modules; 
Res. : 5% @ 1GeV

EM Calorimeter

Plastic Scintillator

SPIDER (2 layers × 24 modules

IVY (18 modules)

LOTUS (12 modules)γ

4π Electromagnetic detector complex FOREST

Results of FOREST and BGOegg experiments
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• Delayed charged cluster wrt. the 

average time of the selected 2 pairs 

of coincident photons (t4γ) 

• Miss mass MX of γp→π0π0X is 

equal to the proton mass

fig13031901π0

• Two neutral clusters with 

Δt=[-1.5,1.5] ns. 

• Invariant mass = Mπ0

Proton

γ

p/π

π0→2γ

m2
γγ =2Eγ1Eγ2(1−cosθγ1γ2)

Mp

Mπ

Identification of γp→π0π0p

Results of FOREST and BGOegg experiments
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The best combinations of the 
two paris of photons

Missing mass distribution of 
the hypothesis γp→π0π0X

Invariant mass and missing mass

Results of FOREST and BGOegg experiments
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p
∆+

p

π0
γp→π0Δ→π0π0p process is dominant in γp→π0π0p
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[1] Q. He, in J. Phys. Conf. Ser. 1643, 012010 (2020)

Results of FOREST and BGOegg experiments
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𝝅𝟎𝝅𝟎 correlations

𝑔 + (𝑝,, 𝑝+) =
𝐼,+(𝑝,, 𝑝+)
𝐼, 𝑝, 𝐼+(𝑝+)

𝑔 " 𝑄 = 𝑁(1 + 𝜆"𝑒$%!
"&")

Correlation function:

Assuming Gaussian density 
distribution of emitting source 

Q2 = −(p1 − p2 )
2 = (p1 + p2 )

2 − 4µ2

Signal sample: 𝝅𝟎𝝅𝟎 relative
momentum distribution

Reference sample : 𝝅𝟎𝝅𝟎
relative momentum distribution

Constructed by event mixing method,
in which a reference event is built by
taking two 𝝅𝟎s from different events.

Appropriate mixing cut is required!

A package named ‘EMBEC’ based on ROOT framework prepared to perform event mixing

𝑔!
(𝑄
)

Results of FOREST and BGOegg experiments
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radius lambda

Limits: [0, 1]

𝜆 "

𝑓𝑖𝑡 𝑄 = 𝑁" 1 + 𝜆!𝐸𝑋𝑃 −𝑟#!𝑄! +

𝑁!
$%&%%&

&&'()'
&*$%&

&'$%&%%&
&

+, &&'()'
&
+

𝑁-
$()*+
& %(

&

&&'()'
&*$()*+

& &
'$()*+

& %(
&

&

+, &&'()'
&

Fit results:

Fixed parameters:
𝑀,-.$ = 980𝑀𝑒𝑉

Limited parameters:
𝜆"=[0,1]

M/ = [300,700] 𝑀𝑒𝑉
Γ/ = [100,700] 𝑀𝑒𝑉

Fitting trial (4)

Preliminary results of πFπF correlations in γp → pπFπF

Results of FOREST and BGOegg experiments

preliminary
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LEPS2/BGOegg Experiment @ Spring-8

Results of FOREST and BGOegg experiments
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Results of FOREST and BGOegg experiments
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BackwardComptonScattering

Large acceptance
EM calorimeter
BGOegg

1. N. Muramatsu and M. Miyabe, Proposal for the BGOegg Phase-II Experiment – A study of the 𝜂! mass inside a nucleus (2022)
2. H. Shimizu, A trial to measure a spectral function of 𝜂! mesons, ELPH Annual Report 2017, 103 (2017)
3. Yuji Matsumura, Calibration and performance of the BGOegg calorimeter, ELPH Workshop, C010, (2015)

Photon beam: 1.3-2.4 GeV
High intensity：~107 photons/s

LEPS2/BGOegg Experiment @ Spring-8

Hyogo, 
Japan
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Results of FOREST and BGOegg experiments
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Ref.: N. Muramtsu, LEPS2/BGOegg experiment, Q-PAC, 2014,1.29

• Ar/C4H10 gas (but P10 gas in Dec. runs) 
• Drift times is recorded by LeCroy TDC 

3377 

§ 480 readout channels
§ Coverage: 0º-22º (polar angle)

w.r.t the vertical plane

§ No magnetic field

Results of FOREST and BGOegg experiments

Forward drift chamber
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Event selection of 𝛾𝑝 → 𝜋0𝜋0𝑝

𝑚(𝛾", 𝛾!)
(MeV)

𝑚(𝛾- , 𝛾( ) (MeV)

𝐶𝐿 = 𝑝(𝜒+)

𝐶𝐿
> 0.001

𝑃𝑈𝐿𝐿(𝐸!)

Gaus.(0,1)
Data

𝑃𝑈𝐿𝐿 𝜃! (𝐶𝐿 > 0.001) 𝑃𝑈𝐿𝐿 𝜙! (𝐶𝐿 > 0.001)

Kinematic fitting

Dataset: 2014B

Results of FOREST and BGOegg experiments
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𝝅𝟎𝝅𝟎 Correlation functions
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 = 1.30-1.32 GeVγE

𝑔 + (𝑝,, 𝑝+) =
𝐼,+(𝑝,, 𝑝+)
𝐼, 𝑝, 𝐼+(𝑝+)

very preliminary

Results of FOREST and BGOegg experiments

𝑔 " 𝑄 = 𝑁(1 + 𝜆"𝑒$%!
"&")

28



Summary
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v Still need to refine this analysis to get BEC results from pure
Δ(1232) events and to estimate the systematic errors…

v A very preliminary 𝜋F𝜋F correlation results with EMBEC
analysis method for BGOegg experimental data in the
photon beam energy region (1.3-2.4 GeV) are obtained.
More accurate results are on the way.

v Preliminary BEC results on
FOREST experiments get the
Gaussian radius of the
intermediate state (Δ(1232)
resonance is dominant) in 𝛾𝑝 →
𝜋F𝜋F𝑝 around 𝐸^~1 𝐺𝑒𝑉



Other physics studies at BGOegg
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q η′ mass inside a nucleus

q f1(1285) meson photoproduction

q Photoproduction of η′ mesons from 

nuclei near the production threshold

q Photon beam asymmetry of the η′ 

photoproduction on the proton 

BackwardComptonScattering

Phys. Rev. Lett. 124, 202501 (2020).
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