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Introduction (hadron physics with GeV photon beams)

Upgrade of laser-electron photon beam

- Synchronizing the timing of pulse laser with electron
beam bunches

New results of LEPS2/BGOegg experiments
- 1" mesons in nuclei

Experiments with the LEPS2 Solenoid Spectrometer
- Study of exotic hadrons and the present status

Summary
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hat are hadrons ?

- Hadrons are subject to the strong interaction and consist of
guarks with color charges (RGB). (Anti-quarks have anti-colors)

- Quarks have flavors (u,d, s, c, b, t).
- Each hadron should be color singlet (i.e., quarks are confined!)

/ Baryons (qqq) Mesons (qq) \
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- QCD (Quantum Chromo-Dynamics) is the basic equation of
strong interaction, but it can not be directory solved at low
energy due to its non-perturbative behavior.
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roblems in hadron physics

- Quark model has explained existing mesons and
baryons well, but many predicted nucleon resonances
are still missing.

‘missing resonances”

- QCD does not prohibit a hadron consisting of more
than 3 quarks.

“Does exotic hadrons (qqqq, qqqqq, ...... ) exist?”
New forms of hadrons may give a breakthrough
of understanding “confinement”

- Bare quark masses are very light, but hadron masses "
are heavy.

(my, myg <5 MeV 2 myoron(uud)=938 MeV )

“‘what is the origin of hadron mass ?”
Nambu suggested it is due to the spontaneous chiral
symmetry breaking. (quark condensate (0|gq|0) + 0)
But experimentally it has not been confirmed.

(from PDG)



Why using GeV photons B

- Typical hadron size: ~1fm 2 E, = 1 GeV
- Photon can act as a virtual gg probe in high energy

q
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- Photon has spin 1. Spin observables can help to
understand the reaction mechanism. (Parity filter, etc.)

K+ —
Decay Plane // 7y
Yp — ¢p ,/\ /\\// / / natural parity exchange (-1)
b - S KYK- /V \/ / 7/ / (Pomeron, 0* glueball,

Scalar mesons)

Photon Polarization

,/\ /\ V/T“ Decay Plane | ¥
unnatural parity exchange -(-1)

// V / (Pseudoscalar mesons m,n)
K-

Comlementary to charged hadron beams like 7%, K*



Photon beam by Laser Compton Scattering B

at SPring-8 (Laser-Electron Photon)

Recoil electrons

High energy electrons
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- small amount of low E,, photons
( « 1/E, for Bremsstrahlung photons)

- high linear (circular) polarization in a wide energy region
- each photon energy (>1.3 GeV) is tagged by detecting the recoil electron
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Compton Scattering | EPS2 Beamline

8 GeV electron

Recoil electron
(tagging)

LEPS2 Solenoid
Spectrometer

Injection
of 4 lasers

Mirror _
Intensify beam,

Cover large solid angle




Two large acceptance detectors at LEPS2 B

1320 BGO C stals
Tl R
2y invariant mass spectrum
3500 World’s highest
wof || T resolution!
o=70MeV
%:500—
2
] o =143 MeV
1000 [~ n'
“F J L =193 MeV

0 200 400, 600 800 l[]()[} 1200
2y invariant mass (MeV)



Y& LEP beam by Synchronizing the timing of B

pulse laser with electron beam bunches

[By reducing blank hits )

- Increase the LEP Intensity with
lower power output

—> Suppress fast deterioration of

. A-mode . C-mode ° \_ optical components )
203 bunches 11 bunche train x 29
CW laser
e —
electron orbit electron orbit o pulse laser
-2 -1 , 1 > -2 -1 1 ’_é—m
/"—-\
scattering scattering
region region

Compton scattering with a conventional ~ Compton scattering with a synchronized
CW laser pulse laser
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Pulse Laser

[ |
[ ]

Repetition freq. [MHz]
- Product: LDH-V1611-PoD(Spectronix Inc.)
- Wavelength: 355 nm
- Pulse width: <15 ps
- Power: >20W (depends on the repetition frequency)
An external synchronization unit controls laser irradiation



R&D results

Example

i

‘ 684.3 nsec

D-mode
/7-filling+5 bunches

Lay

[ Pulse Laser ]

RF signal Function Synchronization
(Once per cycle) Generator Unit

Waveform pattern time

Total number of pulse(=input freq.)

single bunch

Obtain 2~4 times higher LEP beam intensity compared
with the asynchronous operation, by optimizing the power,
frequency, and irradiation pattern for each filling mode.

A 258 nm deep-UV pulse laser will be tested in this year.



Y n’ mesons in nuclei Ley
- Change of hadron properties in the finite density
- hint of the origin of mass, because the chiral symmetry
breaking is partially restored

A large mass reduction of 7’ (958) in nuclei was predicted by
theoretical models.

(reduce the U, (1) quantum anormaly effect)

1000 , ,
Phys. Rev. C88, 064906 (2013) , (a)| Phys. Rev. C74,
Am, ~ —80 MeV 500 | n | 045203 (2006)
S —— | Am, ~ —150 MeV
90 m. — | 2 -~ n
— n = -
>~ 800 ] 600 n -
& —
= 700 g T .
- ec0l £ Such a large shift
S 5O T § 400 _~~| brings an attractive
c 400 | ' | potential, and
2300 | ! 200p T - | may allow the
= 200 m, - 8 - .
100 Fm————————=——————~ formation of bound
0 0.04 0.08 0.12 0.16 0 1 - ' -nuclei |
Nuclear Density [fm=] 0 1 2 '




BGOeqg experiment for 12C (y,p) n'QB reactlog

(search for n” bound nuclei)
BGOegg

TOF measurement

Large acceptance
EM calorimeter

GeV ybeam

Drift Chamber (DC)
z=1.6m, 6<21°

Resistive Plate Chamber (RPC)
=12.5 m, 6<6.8°

Forward charged
particle detectors

Target: C (20 mm)
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Results N. Tomida et al., Phys. Rev. Lett. 124 (2020) 202501 B
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Comparison with DWIA calculation B

— 161 ,
2 La 750 E,,-E, <50 MeV, cos.'<-0.9
= DWIA, W =12 MeV, P"=12.1%
=" DWIA V,=-100 MeV
S 10f
(o} ~
B o
6|
4
T !
% 1020 30 40 50 60 70 80 90 100
Br, o [%]
-small branching ratio of & | Expectation : Broy.,y > 40%
n'N - nN

or/and NJL model : V, = -150 MeV
-shallow attractive potential | < | Linear sigma model = -80 MeV
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Study of exotic hadrons

5-quark baryons

(True) Pentaquark Meson-baryon molecular state
K Compact, di-quark correlation? e.g.) A(1405) & KN molecule?

Anti-decaplet baryons with u, d, s quarks

ududs
0*(1530)

Pentaquark O%
Theoretical model prediction
Z. Phys. A359, 305(1997)

(. Strangeness=+1, charge=+1 )
minimal quark contents: ududs
- Light mass: M(0@*) = 1.53 GeV

- Small width: T < 1 MeV [theor.+exp.
N | P,

N(1710)

2(1890)

=(2070)
dsdsu ususd




Ot search at LEPS B

(with Fermi motion)

& N
LEPS forward spectrometer H‘L"\q n

Time-of-Flight Y A

@ (Forward
h angles)
k YPOKODKKn J

We carried out 3 series of LD, runs

PRC 79, 025210(2009) Few Body Syst., 54,1245(2013)
z f
5 Increase &% Increase (The final result?
= . . =2 r
3 statistics 2%} statistics :
g > bl > Ir:g:ludlng the
s i reduce BG 3 runs will be
§ o from spectator OP€N soon.
4 18 18 17 18 19 "f'.:«l' T R A L prOtonS

M(NK") [GeV/c?]

M(nK*) (GeV/c?)



®* search at LEPS?2 B

y+’n’—®+®+

LEPS2 solenoid spectrometer '—>@+@

+ KO

- No Fermi motion correction
- No ¢ and non-resonant K*K- background

Mass resolution of ®+: ~6 MeV
(~11 MeV at LEPS)

Multi-purpose large acceptance
detector for fixed target exp.
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ommissioning of Solenoid Spectrometer

TPC event display

h
Entries 372956
Mean x 02278
Mean y 1777
Std Devx 0.3379
Sid Dev y 1130 p

600
0_ w/ 7 - /“ p
B o«
B \} \ 3 v : 1/ 400
20+ % S 4
N /-
4 | Vemppmemm— w’ 200
sof- \ ?’
™ Oll-llllllllAllllL- | T olll BN W MY WA T Y o
60— -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
NN PN FENE TR E R
A0 0 o 20 a0 80 momentum/charge (GeV/c)

X (cm)

Physics run will start from this autumn.



A(1405) with K*(892)  (need rli}h E, with DUV lasers)
photoproduction v+p 2> K*+A(1405)
|—> KO+nt 2 nt+n+n*

[ Meson-baryon molecule with two poles ? ]

N’ k( 200
Sy k(*+ 150
TC 100

-
50 -

1340 1360 1380 1400 1420 1440 1460
A(1405) Ec.m. [MeV]
P T Nucl. Phys. A 725, 181

Parity filter with linearly polarized photon _ _
g, L Kt = unnatural parity exchange (K) [Measure difference of line Shape]

- - determine both pole positions.
e, I Kn > natural parity exchange (K*, «) pole p




YSummary

_CS photon beams with a few GeV energies have
neen used for the study of hadron physics in two
peamline (LEPS and LEPS2) at SPring-8.

(LEPS closed once due to contract expiration in 2020.)

LEPS2/BGOegg experiment

= n' bound nuclei were searched in the *2C(y, p) reaction
with simultaneous detection of decay products

—> Large attractive potential (|V,| = 100 MeV) is not favored

LEPS2/Solenoid spectrometer
m Commissioning run is on going.
= Physics data taking for ©*, A(1405), etc. will start soon.

Thank you very much !
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Features of LEPS and LEPS2
| LEPS(2000~2020) |  LEPS2(2013-)

Tagged photon 1.5 GeV< E <2.4 GeV (UVlaser) 1.3 GeV<E<<2.4GeV (UV laser)

energy <2.9 GeV (DUV laser) <2.9 GeV (DUV laser)
Photon beam 2-Laser Injection Max. 4-Laser Injection
intensity ~2x108 cps (UV laser) <107 cps (UV laser)
(~2x10° cps (DUV laser)) (<108 cps (DUV laser))
Equipment LEPS Forward Spectrometer BGOegg EM  Solenoid
Calorimeter Spectrometer
~40 papers w/o including Some results of  Performing a
proceedings were published 15t Physics run ~ commissioning run

has been opened.

LEPS spectrometer BGOegg calorimeter Solenoid spectrometer
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Alternative analysis on n’ mass

- Direct measurement of n" mass spectrum with M(yy) distribution
- Contribution of decays inside a nucleus may appear in the lower tall

Y. Matsumura, phD thesis (2021)

1600 F
2950 P, <1000 MeV/c - £, > 1000 MeV/c
k,=125
2000 k,=0.07 A)(2=12.6 1400 [ A)(z =0.8
; ->3.70 [ ->0.90
C\,531750:— NUHOO B
> = 0
L1500 21000 -
S0 21000
gl [ s
F1250 - i
g 2 800
= C =
S1o00 S I
C 600
750 | [
F 400 -
500 |- !
2505_ @n/’(in-medium) 500 _
T s s SRR R e S E 0-.|....|.., 1, I |
800 850 900 950 1000 1050 1100 800 850 900 950 1000 1050 1100
YY invariant mass (MeV/c™) 2

vy invariant mass (MeV/c")

Some enhancements over the MC-based signal+BG function is seen

in the line-shape analysis for low momentum n’

To make it more clear, larger size of nuclei are suitable

- We are planning to take data with copper target in the next BGOegg exp.



