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Why photoproduction?

Hadron spectroscopy Meson photoproduction
YN — N*orA* — mesons N for light baryon spectroscopy

—Still many quark models predicted ) ]
-Short-lived resonances are overlapped with each other
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BGOegg experiment | setup

LEPS2/BGOegg Experiments

A large acceptance electromagnetic (EM) o
calorimeter BGOegg (Fig.1) was constructed at
ELPH, Tohoku University. This calorimeter
system has been transferred to the new laser
Compton scattering beamline LEPS2 at SPring-
8, where a 1.3-2.9 GeV photon beam with high
linear polarization is available. The phase-1
experiments have started from 2014 April with
the EM calorimeter BGOegg and the additional
detectors for charged particles. We are now
upgrading the experimental setup by covering
most of the solid angles with EM calorimeters to
start new data collection in the phase-2
experiments.

Photon
Beam

target

Physics
y Fig.1 A picture of BGOegg inside the thermostatic booth (Left) and the drawings of BGOegg (Right).

experiments, we are planning to upgrade the detector setup as shown in Fig.3. Instead of using DC and RPC, the forward acceptance hole of the
BGOegg calorimeter will be covered by additional EM calorimeters. We install the "Forward Gamma" detector, which consists of 252 PWO crystals, in
the polar angle range of 3 to 16 degrees. We are also considering to cover the gap region between the BGOegg calorimeter and the Forward Gamma
detector. This configuration will significantly reduce backgrounds in the direct measurement of 1'-mass spectral shape using a nuleus target.

Status

The LEPS2/BGOegg experiments are carried out under the collaboration of ELPH (Tohoku University), RCNP (Osaka University), Nanjing
University of Aeronautics and Astronautics, Kyoto University, KEK, RIKEN, JASRI (SPring-8), and many other institutes in the world. ELPH and
RCNP cooperate the LEPS2 facility.
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LEPS2 @ Spring-8

High intensity:

Multi (ex. 4) laser injection

w/ large aperture beam-line

& Laser beam shaping

~107 photons/s (LEPS ~10°)
Photon-beam energy resolution: 12.1 MeV
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M. Miyabe, N. Muramatsu, H. Shimizu, et al., NIM paper in preparation.
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\
O Search for n' mesic nuclei \ @ X

» mass reduction of 80-150 MeV at nuclear density (partial restoration of
chiral symmetry inside high-density condition) s
» bound n' mesic nuclei in the C(y,p)X reaction.
N. Tomida, N. Muramatsu,M. Nilyama, et al. (BGOegg), Phys. Rev. Lett. 124, 202501 (2020).
O Differential cross-section and beam asymmetry of the neutral mesons
The production of mesons from liquid hydrogen targets is suitable for

investigating the excitation states of nucleons.

N. Muramatsu, S. K. Wang, Q. H. He , et al. (BGOegg), Phys. Rev. C 107, L042201 (2023)
Q. H. He, N. Muramatsu, SPring-8/SACLA Research Frontiers 2023 (2024)

O In-medium effect of the spectral shape of n’
» The width of n° may change
» Aaccurately measuring the spectrum of n'
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Hadron mass origin

.Chiral” condensate

.Higgs” condensate

bare quark

MeV

m, =0
m 3 MeV

I n

Yukawa coupling and Higgs particles explain the fundamental
fermions masses, while the hadron mass is generated by the

strong interaction in QCD,

Chiral symmetry breaking plays a key role to explain light hadrons masses

n'(985) exceptionally large mass
Mass gap between ' and n

e

Search for the in-medium mass reduction of 1’ (partial restoration of

Uy (1) symmetry breaking #

spontaneous chiral symmetry breaking may weaken the anomaly effect)

Nambu-Jona-Lasinio and linear
sigma models containing an
U,(1) symmetry breaking term

predict

—

150 and 80 MeV
mass reduction
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» To search for n’ -nucleus bound states, we used
FIG. 1. (a) The 2y invariant mass distribution around the # mass

and (b) the excitation function of the ( + p,) coincidence data.
The region in +2.5¢ from the invariant mass peak is indicated by
the blue-dashed lines.

missing-mass spectroscopy of the 12C(]/, p) reaction

detecting decay products in coincidence.

e
[=2]

C -50<E, -E, <50 MeV, cos6,. <-0.9
.. . . . .. . 141 "
We measured missing mass spectrum of the '>C(y, p) reaction for the first time in coincidence with o PWIA W12 MeV, P, =12.1%
potential decay products from # bound nuclei. We tagged an (1 + p) pair associated with the n’ N — yN 2 1oF 25 WoooMev g:g;ggjg-_‘:z; ___________
process in a nucleus. After applying kinematical selections to reduce backgrounds, no signal events were £ gF
observed in the bound-state region. An upper limit of the signal cross section in the opening angle cos 8/ < %‘ 6 — ------------------ i
—0.9 was obtained to be 2.2 nb/sr at the 90% confidence level. It is compared with theoretical cross sections, S 4F S OT—
whose normalization ambiguity is suppressed by measuring a quasifree #' production rate. Our results o W
indicate a small branching fraction of the #' N — nN process and/or a shallow #'-nucleus potential. 009020 30 40 50 60 70 80 90 100
Br v [%] “al'
DOL: 10.1103/PhysRevLelt.124.202501 FIG. 4. The experimental upper limit of (do/dQ)y" at

the 90% confidence level, and (do/dQ)}.: as a function

N. Tomida, N. Muramatsu,M. Niiyama, et al. (BGOegg), Phys. Rev. Lett. 124, 202501 (2020). of Bryw-opy- 10
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 N. Muramatsu, S. K. Wang, Q. H. He , et al. (BGOegg), Phys. Rev. C 107, L042201 (2023)

* Q. H. He, N. Muramatsu, SPring-8/SACLA Research Frontiers 2023 (2024) .
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Fig. 2. Comparison between the values of the normalized cor-

relation coefficient 1"*(d) observed from Sirius and the theoretical

values for a star of angular diameter 0-:0063”. The errors shown
are the probable errors of the observations
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Phys Rev. 120 300 (1960).
705 05 b 46 ¥05 ) o5 -0
C 8
Year 1960 s
Fic. 6. The functions ®..(cos®) computed at p=0.75 are

compared with the experimental distribution of angles between
pion pairs. Figures 6(a) and 6(b) give the distributions for like
and unlike pions respectively. Also shown in each is the curve
for ®,,5M(cosf), the statistical distribution, without the effect of
correlation functions. Here ®., represents an average of ®;, ®s,
and ¥, weighted according to the individual charge channels,
The experimental data comes from reference 1 (see also Table I,
footnote a).
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Very few 97t correlations measurements so far

Table 1: The two-pion emitter dimension r, and the chaoticity parameter A, obtained from Bose-
Einstein Correlation (BEC) analysis for a variety of hadron reactions. The data marked with a

superscribe “

indicats the choice for the reference sample is the '@

data sample, while * means

the reference samples are either Monte Carlo generated events or a sample constructed by the event

mixing technique.

BE — Systern  Reaction Experiment E.. ra2(fm) Az
TEqd ete” —-h MARKII[2] 29 0.75 = 0.05% 0.28 =+ 0.04°
0.97 £ 0.11% 0.27 £ 0.04%
o ete” —-h TPC 3] 29 0.65 = 0.06” 0.50 £ 0.04%
L ete” — h  TASSO [4] 34 0.82 % 0.07¢ 0.35 4 0.03¢
nEn* ete” - h AMY [5) 58 0.73 = 0.21¢ 0.47 = 0.07¢
0.58 = 0.06” 0.39 £ 0.05”
L ete” —-h  ALEPH [6) 91 0.82 = 0.04¢ 0.48 4 0.03°
0.52 = 0.02° 0.30 £ 0.01*
atat ete” —h DELPHI [7] 91 0.83 = 0.03° 0.31 £ 0.02¢
0.47 £+ 0.03% 0.24 + 0.02¢
o ete” —h L3I8] 91 0.46 = 0.02° 0.29 + 0.03*
atat ete” —h  OPAL [1] 91 0.96 = 0.02¢ 0.67 £ 0.03¢
0.79 £ 0.02¢ 0.58 & 0.01%
wEad ¥y — h [2] 5 1.05 = 0.08 1.20 +0.13
S o Yy — 675 [11] 1.6-7.5 0.54 = 0.22 0.59 £ 0.20
adg v(?)N — h  [12] 8-64 0.64 %= 0.16 0.46 £+ 0.16
aEad up — h [13] 23 0.65 = 0.03 0.80 % 0.07
aEnaE mtp = h [14] 21.7 0.83 = 0.06 0.33 £ 0.02
atat pp— h [15] 26 1.02 £ 0.20 0.32 £+ 0.08
P pp— h [16] 27.4 1.20 = 0.03 0.44 4 0.01
nEpE pp— h [17] 63 0.82 = 0.05 0.40 % 0.03
wtat pp—h (18] 1.88 1.04 = 0.01 1.96 £ 0.03
aEqat p—h [19] 200-900 0.73 £ 0.03 0.25 4 0.02
nEpE ep — eh [20] 245 < Q., <10 0.68 = 0.06 0.52 % 0.20
atat ep — eh [21] 10.5 < Q- 0.67 = 0.04 0.43 £+ 0.09
ete —h L3[8, 9| 91 0.31 = 0.10° 0.16 = 0.09”
x0x0 ete” —h OPAL[10] 91 0.59 = 0.11% 0.55 + 0.15%
= ep — eh [22] E,:27.5E,:820 0.37=0.07"70 0.57 = 0.097 002
k%KY ep —» eh (22] E, :27.5:E,:820 0.70%£0.19' 8'%'8'23 0.63 = 0.09° 8'8{‘; } 8’83
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Fig. 4. Distribution of g2(Q) for (a) n0n0 and (b) m+n+, and results o
f the fits. The points indicate the data, the full line corresponds to the £
it result and the dashed line is the normalization factor N(1 +aQ).

source: Achard P, et al 2002 Bose—Einstein correlations of neutral an
d charged pions in hadronic Z decays Phys. Letf. B 524 55—64
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enhancement < space-time properties

Intensity interference of bosons:

Size ?

g Bose-Einstein correlations (BEC)

S

= 0 (p1) ‘etector 1

S — v

z -

§ " =

S S~ —

< = 2

S -

0
| 1t (p2) | etector 2
Symmetrized two-particle wave function
[ _J/ f[ i(py(dy - x))+py(dy - xy)) +e ~i(p1(di-xy)+py(d;y - xl))] ]

L (assume plane wave function of propagation)

This symmetrization results in an enhanced probability (P, (p.,p,) = (¥5*yP>))
of emission if the two bosons have similar momenta.

1=
19
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Q% = —(p; — p2)?

CO rre I ation fu n Ctio n p12: four momentum of the two identical particles.
measured in terms of a correlation function: |Assume the particle emitting source has a
p Gaussian profile of density distribution Soaf
a2 2
Ca(pry pa) = — 2 P1P2) p(x) = p(0)e =2/

P1(p1) P2(p2) "

[m == m s mm - — - p(Q): Normalized Fourier transform of
source density p(X):

p(Q) = [ dxpelerx  1p(@I= €8

completely coherent:

|
|
C,(p1,p2) = 1+ 15(Q)I2
|
|

C2(p1,p2) =1 o5[ N=1.00 r,= 0.30 fm
ittt - A, =1.00 r,=0.60 fm
C2(Q) = N(1 + 2,0 9%) 2~ ro=1.00 fm

C, @)

N: normalized factor
r, . emitter radius
), : chaoticity parameter (0= X2 =1)

—

(@) L B

0: completely c.ohére.nt case R R
1: totally chaotic limit Q (GeV)

o
)
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Pb shield
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e 1320 BGOcrystals

* Polar coverage: 24°-
144°

* EM cluster energy
threshold: 30 MeV

e 2hits At <2ns

Planner drift chamber

Polar coverage: 6 <21°

Tagged beam photons
reaches 3.320 x 1012
with the correction for
dead times.

4 neutral clusters
1 charged particle hit
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(1) 4ys detected by the BGOegg as neutral particles B
Energy threshold: 30 VeV "t A(12 32) ‘ﬂq\f‘; = f{&\"
Timing difference of any two gammas: <2 ns A N(1520)0f | y
(2) A proton was detected as a charged cluster in BGO ora ™% \ N(1650) \\
straight track in the planar drift chamber. L&. /
(3) A kinematic fit with the constraints of four-momentum = * J.;.. LN \\ Tt
m(n’, p) (GeV) m(n’, n°) (GeV)

conservation and 7° mass was also used to inspect the

selected events.

x? probabilities cut: >2%

(4) BGO layer cut
The most-forward or most-backward layer of the 0’03,“ "

calorimeter was not used in gamma detection to avoid a

problem of large energy leak.
18
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> 6 constraints KF A 59 -
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(1) Appropriate mixing constraints for m®n%p system

o Neco@N, @ N=0.76

r,=0.31+0.03 fm
A 1,=0.78 £0.17
A, C2/ndf=47.0/24 |

® Neco N, Q) N=1.01 F
£y =0.79 £0.02 fm r ® Generation
1,=0.58£0.01 2r O Mixed (single)
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A Mixed (multi)

1N083 T 11\100
;

n
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noBE noBE 0 02 04 06 08 0 02 04 06 08 g % i ¢ %
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r,=1.22£0.03 fm r,=1.57+ 004f C
2 ( )2 ( )2 4 . . 15F 1,=0.72£0.02 1 1 1,=0.77 £0.03 L
Q [ - — - ¢?/ndf=51.4/24 ¢? Indf=63.1/24 ol b e e L
= P P =(p +p /i eve m 1 1.05 14 115
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2

Challenges of event mixing at low energies g o

® Generation

° ° e eo. o oF e Ne@N, (@ N=0.66 oF e N @N, (@ N=L0t 1 o Mixed (single)
with low multiplicities. ; © - M (mut
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factors of exclusive reactions . | Rt I BE o
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with a low multiplicity such as by non-BEC factors 507 97T 65 05 & 67 04 05 08
2r e NN, (@ N=0.66

global conservation laws and

such as g|oba| 7 nrrenn Q. He, et al., Prog. Theor. Exp. Phys. 2017, (2017)
decays of resonances

conservation laws o "1Q.-H. He, et al., Chinese Phys. C 40, 114002 (2016)
i Q. He, etal, Int. J. Mod. Phys. E. 28, 1950024 (2019)
0 02 04 06 Iéls( Q He, et al., Acta PhyS Pol. B. 51, 463-471 (2020)

Q (GeV)

Complicated kinematical Simple kinematical (2) yp » n°N* - nonop influence on c.f.

constraints constraints
pSlg (Q) /(pSlg(Q)

CFpr(Q) = exp(Q) szx(Q) 20

-




. . . St p(Q) SlC
n'n’ correlations | Correlation function CFpr.(Q) = (pefp ) / (p (Q)) A(1232)

i (@) )]\ pmin(Q)
N(1535)
Case 1: Focus on A(1232) Case 2: Suppressing yp » m’N* > | N(1650)
Im(p, ml,,,) — 1232| < 50 MeV n'np process BGOegg 2014B dataset
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Case 2: Suppressing yp — t’N* - n®n'p process
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25f (k*)

% strong final state interaction through f,(500) and f,(980)

F5(2k*R) + AC

* ALICE, PLB. 833 (2022) 137335.

* R. Molina, Z.W. Liu, L.S. Geng, E.
Oset, EPJC. 84 (2024) 1-8.

* R. Molina, C.W. Xiao, W.H. Liang,
E. Oset, ArXiv: 2310.12593
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g2
Ceec(q,p2) =1 +/1exp< “q )exp( Z)]o(ﬁ r)

2

=1+ dlexp(—a?q?) exp( 7ﬂ)]o(ﬂ )
o g: relative momentum of two
] pions in the frame of A at rest

ﬁ = (Qr: 0, QZ) in _ i
.o , B =
cylindrical coordinates 2P,

(2) yp —» °N* - n®n®p influence on c.f.

> S wave meson emission
due to an energetic quark

Jo(Bq,): Oth-order Bessel function Space-time coordinates of

' A
p2: A decayed pion 3-d momentum at rest

in the frame of A at rest pr005GY pro15 G

» A—T°N decay originated
by an energetic quark Q

n
Jp=1 ln.[cos(xcose)de
0

—— ROOT built-in TMath::BesselJO(x)

H. Shimizu, ELPH Annual Report, 2017 ST : . T Y - 2%
Q. He, J. Phys. Conf. Ser. 1643, 012010 (2020). More statistics is required 25



O The preliminary results in case (1) (focusing on A) shows the correlation strength is

very weak (almost 0) in the beam energy region of 1.3-2.4 GeV.

O The preliminary results in case (2) (suppressing sequential decay) indicate the pi-pi
correlations strength decreases as beam energy increases. Since t N* or 7°A
sequential processes are suppressed in case2, the possible reason for this
phenomenon is that the contribution of the processes (f;(500) and f,(980))
directly decaying to two pions becomes smaller when the beam energy increases
from 1.3 to 2.4 GeV.

O Including strong final state interaction of m’n® through the f,(500) and f,(980)

resonance may provide more interesting information .,



Thank youl!
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