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Recent results from SPring-8 LEPS?2

Today | concentrate on light baryon spectroscopy in BGOegg experiment.

Plenary session (20 June, 2024)
Norihito Muramatsu
RARIS, Tohoku University

1/26



~

@ BL23SU JAEA Actinide Science 11 {apan Ator
@ BL24XU Hyogo ID (H Prefacture)

% BL25SU Soft X-ray S roscopy of Solid
4 BL26B1 RIKEN Structural Genomics |

# BL26B2 RIKEN Structural Genomics Il -

% BL27SU Soft X-ray Photochemistry
® BL28XU Advanced Batteries

# BL32B2 R&D-BM
® BL33XU TDYOTA

4 BL36XU RIKEN Materials Science |

% BL37XU Trace Element Analysis

# BL38B1 RIKEN Structural Biology I .
4 BL38B2 Diagnosis Beamline |

% BL40XU High Flux

“ BL40B2 SAXS BM

% BL41XU Macromolecular C thHr;glaphvl
% BL43IR Infrared Mater|

# BLA3LXU RIKEN Quantum NanoDynamics

® BL44XU Mat‘romol ular Assembhes
{Institute for Prote

+ BL44B2 RIKEN Materials Science I

+ BL45XU Macromolecular Cn llography 11 .

% BL46XU HAXPES Il
* BL47XU Micro-CT

LEPS Beamline
(1999~2021, 2023~)

SPring-8

8GeV e 100mA

ency) BL22XU @

al and Imaging | BL20B2 %

| and Imaging 11 BL20XU %

X-ray Diffraction and Scattering Il BL19B2

RIKEN SR Physics B ue

RIKEN Coherent Soft X-ray Spectroscopy BL17SU 4

SUNBEAM BM BL16B2 @
UNBEAM Consortium

SUNBEAM ID BL16XU ®
(SUNBEAM €

RIKEN Materials Science 11l BL15XU <
XAFS 11 BL14B2 %

on and Scattering | BL13XU %
NSRRC BM BL12B2 @

(National hrotron Radiation Research Center)

62 beamlines 1} semomemrimc sz o
3/ (Nationa 4
in total g ) H\gh Pressure Re earch BL10X‘U >

HAXPES I BLO9XU *

Hyogo BM ( ) Prefecture) BLOBB2 @
_High Energy Inelastic Scattering BLOSW %
R&D-ID I BLO7LSU <

R&D-ID1 BLOSXU 4

Main Bldg. T Advanced Softmaterial BLO3XU @

(Advanced Sofimaterial Beamline Consortium)
Powder Difir: n BLO2B2
ystal Structure Analysis BLO2B1
XAFS 1 BLO1B1 %




-8 LCS Beamlines

LEPS Beamline

4. LEPS2 Beamline (2013~) (1999~2021, 2023~)

>

Low-middle
energy A beam ~—————¢ Clean A tag
——— by forward
K* detection

HYPS Project @ LEPS
Ap scattering experiment
Miwa et al.




LEPSZ Beam | | ne NIM A 1033 (2022) 166677
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Tagged beam intensity : ~2M cps
by injecting multiple lasers.
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LEPSZ Beam | | ne NIM A 1033 (2022) 166677

Laser Compton Synchronized injection of pulsed laser

\ Scattering at
/ef'bb laser focus
72

Recoil electron
(Tagger)

Storage ring

building

= Recently increased nearly up to

5M cps by introducing pulsed lasers. * dump 3/ 26



LEPSZ Beam | | ne NIM A 1033 (2022) 166677
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Light Baryon Spectroscopy @ BGOeqqg

Now meson photoproduction data are the main input for PWA.

YN >N ord” - MN The type of a meson
A nucleon target \ works as “filters” for
IS excited In the isospin & quark-
Intermediate state. flavor coupling.

Polarization observables are useful to decompose
overlapping resonances.

yp - n'p PRC100 (2019) 055202
YpP — Wp PRC102 (2020) 025201]
YpP > nNp PRC106 (2022) 035201
Yp - n'p In preparation for publication

<New results> 4796



Importance of Polarization Data at W=2 GeV

# of existing data for PWA [D. G. Ireland, et al., Prog. Part. Nucl. Phys. 111 (2020) 103752]
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: LEPS2/BGOegg energy region

& There are missing resonances at W = 2 GeV in comparison
with the spectra calculated by quark models & lattice QCD.
But data amount is not enough yet especially for polarization
observables and heavier meson photoproduction.
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Photon Beam Asymmetry X

Laser Compton Scattering Coherent Brems. [EPJA33 (2009) 147.]
100 - 100 i i i
§ so | 1he LEPS2 § so [ polarizationi~ 10%!
g | beamlinels S at E, = 1.5 GeV.
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& High linear polarization at W =~ 2 GeV Is important to
measure “X” and solve spin amplitudes for the study of
missing resonances. High statistics data are expected
for a single polarization observable.
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BGOeqgqg Experiment

Target : LH, (54 mm) or Carbon (20 mm)

Inner Plastic
Scintillators
for charge ID

proton

1.3 - 2.4 GeV
hoton beam

@ LEPS2 /
: Resistive Plate Chamber
Drift Chamber _
. - o (ToF meas. for protons)
BGOegg calorimeter z=1.6m =125 m

Covering 24°<6,<144° by 1320 BGO crystals.
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BGOegg Experiment

Target : LH, (54 mm) or Carbon (20 mm)

Inner Plastic
Scintillators
for charge ID

1.3 - 2.4 GeV
photon beam
@ LEPS2

BGOegg calorimeter
Covering 24°<6,<144° by 1320 BGO crystals.

1% (6=6.7 MeV/c?)

105:—

1M (0=14.4 MeV/c?)
@ (1y missing)

10%L

counts / 4 MeV

Carbon (20 mimi)

N R [ T O ) B e ) R S o SIS e e M vy
Q 200 400 600 800 1000

vy invariant mass (MeV/c?)

» World’s highest performance for the energies of 1 GeV or less.

Experiment

LEPS2/BGOegg MAMI-A2 CBELSA/TAPS BGO-OD
Calorimeter BGOegg Crystal Ball TAPS Crystal Barrel BGO Rugby Ball
Scintillation crystal BGO Nal(T1) BaF, CsI(TI) BGO
Number of channels 1320 672 384 528 1290 480
Energy resolution (o) at 1 GeV 1.38% 2.0% 2.6% 2.5% 1.3%
7° mass resolution (MeV /c?) 6.7 9 10 12
17 mass resolution (MeV/c?) 14.4 21 22 15
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n° photoproduction

Physics aspects
High precision data can be obtained thanks to its larger o.
I(m°)=1 = Both N*(I=7) and A*(I=3) contribute in the s-channel.

60000 ©
: - %2 prob. 0
BGOegg experiment N T

o ; 650K events
yp - n’p; n’ > yy (Br=98.8%) =**
BGOegg calorimeter § 20000 |
LH, target ﬁ

0:..1‘1.“.| \\\\ [P AT
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. Kinematic fit with the constraints
o AN of 4-momentum cons. & n® mass.
| . d
Plastic it — =7 and X data at —1<cos@5™<0.6
Scintillators Chamber dn
& 1.82<W<2.32 GeV
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1000

500

Differential Cross Section of yp—rp

22 energy bins for 1300<E,<2400 MeV & 17 polar angle bins for —1.0<cos 63"<0.7

E,=1525 MeV $

@: BGOegg [PRC100(2019)055202]
[J: CLAS [PRC76 (2007) 025211]
O: CBELSA [PRL94 (2005) 012003]
/\: CBELSA [PRC84 (2011) 055203]
< :GRAAL [EPJA26 (2005) 399]

% : LEPS [PLB657 (2007) 32]

Note: BGOegg results are plotted in
every other energy bin. Overlaid
histograms indicate the systematic
uncertainties of BGOegg results.

Discrepancies at cos 655 < —0.5

BGOegg result is closer to the
CLAS, GRAAL, & LEPS data.
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Photon Beam Asymmetry of yp—>n°p

16 energy bins for 1300<E,<2400 MeV & 16 polar angle bins for —1.0<cos 65"<0.6

ﬂ&m :iﬁ’@ M Em@ & @: BGOegg [PRC100(2019)055202]
¢ = ® .
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Photon Beam Asymmetry of yp—>n°p

16 energy bins for 1300<E,<2400 MeV & 16 polar angle bins for —1.0<cos 65"<0.6

: BGOegg [PRC100(2019)055202]
: CLAS [PRC88 (2013) 065203]

®
[

. : /\: CBELSA [PRC81 (2010) 065210]
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Photon Beam Asymmetry of yp—>n°p

16 energy bins for 1300<E,<2400 MeV & 16 polar angle bins for —1.0<cos 65"<0.6

| Pl @: BGOegg [PRC100(2019)055202]
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— A\: CBELSA [PRC81 (2010) 065210]
= <> :GRAAL [EPJA26 (2005) 399]
E E~1475Mev % :LEPS [PLB657 (2007) 32]
— " % : Daresbury [NPB104(1976)253]
' @ : %‘ﬂ ¥ : Daresbury [NPB154(1979)492]
bR obeel® ey & * :CEA [PRL28(1972)1403]
: of A :Yerevan [PLB48(1974)463]
: - jﬂ Syst. error (hist) : 0.006 — 0.050
= E,=1525MeV [ E,=1675 MeV
-1 E ] ] ] ] ] ]
1 =13 L
0.5 3 Eﬁi@% ,LD T Bt £ | | > Angular behavior similar
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Comparison with PWA: da /dQ of yp—>rp

2000 F E,=1325 Mev E,=1425 MeV E~1525 MeV '

iy

~ [

o 1000 F E=1725Mev E,=1825Me¥ )b E,=1925 MeV ]
5""-. ]
sl
c

E=1625Me | @ : BGOegg data (2019)

1 Bonn-Gatchina
| - ---:BG2014
- BG2019
n & n°n® photoproduction
- data from CBELSA.
E,=2025 MeV i‘l- [PLB 803 (2020) 135323,

1 EPJAS51 (2015) 95]

GW SAID
— —— - : CM12 (2012)

: SM22 (2022)

.

0 |
400 E,=2125 MeV E,=2225 MeV E,=2325 MeV

World-wide n° photopro-
duction data in 2011-2021.
[PRC 108 (2023) 065205]

0 I - — ——
-1 =050 05 =05 0 0.5 =050 05 1

cos¥,” ™

All solutions more or less reproduce
the BGOegg da/dQ result.
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Comparison with PWA: X of yp—r°p

@ : BGOegg data (2019)
Bonn-Gatchina

- - — - :BG2014
: BG2019

E,=1475 MeV
L1 |

New BG2019 curves do not match with
1| the backward “dip” structure, which likely

| comes from interference due to a high
multipole amplitude (Mg_) based on an
s, /| amplitude analysis with the SAID solution.

- E,=2050 MeV E E,=2150 MeV E,=2250 MeV E E,=2350 MeV
T E_ L L L

-1-05 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -05 0 05 1
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Comparison with PWA: X of yp—z'p

@ : BGOegg data (2019)
Bonn-Gatchina
- - - - :BG2014
—— : BG2019
GW SAID
-~ - - -:CM12 (2012)
: SM22 (2022)

Only a limited number
of resonances have

significant contribution.
(PRC 108 (2023) 065205)

Es,  :N(1535), N(1650)
My_  :N(1440)

Ey./ My,: N(1720), A(1232),
A(1620)

: ‘ VE b /% b s E,_I M,_: N(1520), A(1700)

""""""""" 3 = | S 2 E, ./ M,,: N(1675), A(1905),
A(1910)

€,=2050 Mev €,~2150 Nev £,=2250 MeV £,=2350 MeV Es_/ Ms_: N(1680), A(1950)
—1 L1 A L1 I S ’

-1-05 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -05 0 05 1
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Comparison with PWA: X of yp—z'p

@ : BGOegg data (2019)
Bonn-Gatchina
- - — - :BG2014
—— : BG2019
GW SAID
-~ - - -:CM12 (2012)
—— : SM22 (2022)

I. Strakovsky, Private Communication

30
L SAID SMO2 (2002)
L SAIDCMI12 (2012)
250 D sM22 (2023)
- - - P AL - - - R N [
- - 5 0T
Not well matched yet at higher energies. | | -
" I I I = I | I = | | I = [ I I %< 15_—
C_ il il O I
C Lo - E O
C ‘ ! -, 5 L
£ AN = L et ©or
'r ~ : i
: il /\\*
‘ E E,=2050 MeVE E,=2150 MeV E,=2250 MeV E,=2350 MeV [
-1 L1 L1 L1 L1 N anAhadi an e
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' ’ ' ) ] ' ' ' £, MeV
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n & n' photoproduction
Physics aspects
I(m/m")=0 = Only contributions from N*(1=3) should exist.
Possible to investigate N*s coupling with ss.
n' . Useful to explore higher mass resonances, but experimental
data are scarce, particularly for polarization observables.
BGOegg experiment

Yyp-omnp ;n-vyy (Br=39.4%)

4000 =

L bt
- L NYY
30005

> : H SoK events
§ 2000 | Kinematic fit w/
2 3 4-momentum conservation
S 10000 | & 7 mass constraint
) C
O

ey v Ly 0y

Covv v b by by
400 500 600 700
M(yy) [MeV/c?]
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n & n' photoproduction
Physics aspects
I(m/m")=0 = Only contributions from N*(1=3) should exist.
Possible to investigate N*s coupling with ss.
n' . Useful to explore higher mass resonances, but experimental
data are scarce, particularly for polarization observables.
BGOegg experiment

Yp-np ;n-vy
Yyr->np;n —>vyy

(Br=39.4%)
(Br=2.3%)

orn’ - n’n’n (Br=22.4%) - 6y

Kin. fit w/ 4-mom. cons.

220
200
180
160
140
120
100

80

60

40

20
I |

n'—yy

2500 events
c=10.5 MeV

foo”

[
850 900

Il | I | 1111 111 L—wh.IJIInI. ol
950 1000 1050 1100 1150 1200
M(yy) [MeV/c?]

Kin. fit w/ 4-mom. cons. & z°% 7 mass

250
200}
150

100[

50

n'—>7nonn

1900 events
0=6.3 MeV

_\ L=l 101 |
gOO 850 900 950

1 | I | 1111 ‘ 1111 ‘ 1111
1000 1050 1100 1150 1200
M(°1tn) [MeV/e?]
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Differential Cross Section of yp—np

20 energy bins for 1820</s<2320 MeV & 16 polar angle bins for 10<cose M<0.6
0.3F W = 18336eV " E W = 1.858 GeV uf W =1.883GeV - W =1.907 GeV
: ﬁ.* Se¥ an t**‘ Dl ’5
0.2F " - ou¥e¥ oo L geaengl .y
Ll : jhn ey : LT
orpgh® MK L L e ke
L pe7C 498 L jued
W = 1.933 GeV W = 1.958 GeV W — 1.983 GeV W = 2.008 GeV
0-2:_ ‘._ r _
F LA SEITYTL T o '
WYL gvas ;n-l NTLLL
% 02F W =2033GeV W =2.058 GeV - W =2.083 GeV - W =2.107 GeV
= 0.15F : :‘ 3 A
S 01F f“. 7 LA 4 2 |
o E W . ) ¥y | A N ]
S oospuadagad® s ovuigaadinagi *l"lﬂn“*"' I"lnnl--hf
© g F E .
0.oF W =2.133 GeV W =2.158 GeV - W =2.183 GeV 5_W=2.208GeV
0.15f ® LEPS2BCOegg ¢ & GLNENE), < p000) iF -
o1E ¥ LEPS(2009) A ( 009):5_ i_ :
T HYY, 84 e E i o
_ 1 YY1 A “ . 40 Rlz. vy
005;' L A a "ayda ..M. I'"".l-a".‘“ z‘a"l,-!!i'.""
o4l W =2232GeV ; W = 2.258 GeV I W =2.283 GeV j} W =2308Gev
-: i | +
b Ag Ty ‘ . ‘+ * 4|
0.05le @ LS AAM YTy LA
C mfl ﬁl‘l gase [0V -
= .....‘i 4 'Y-LL ..-'. l..-"' +
05 0 05 05 0 05 05 0 0.5 05 0 0.5

There are inconsistencies at cos 0,‘;’"- <

among experiments.

—0.2& W > 2 GeV
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Comparison with PWA: da /dQ of yp—np

03

W =1.907 GeV

FW-1833GeV_—. F W-1858GeV __F W=1883GeV

7

F W =2.158 GeV
JEIE SAID2009
: BnGa2019

W=2133GeV

0.15F o LEPS2/BGOegg /;
-ANL-Osaka

0.1 —EtaMAID2018

0.05[22¢
0.1
0.05se -
- il
05 0 05 , 0.
COSQ

There are ambiguities at backward angles & higher energies

reflecting the experimental situation.
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Alternative method to measure da /dS of yp—np

LH, target BGOegg

BGOegg standard method
All the final-state particles are
detected, but only direction is
measured for a proton.
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Alternative method to measure da /dS of yp—np

LH, target BGOegg

BGOegg standard method

All the final-state particles are
preeree detected, but only direction is
measured for a proton.

RPC-TOF
Alternative analysis
% |Pyroton| 1S also measured at
5009 -1.0<cos6ly <-0.95 RPC-TOF in an extremely
=0.085 DC analvsi :
S 007 + S RPCanalysis forwar(_j acceptange region.
S 0.06E (Full kinematical information
Soos. : 4 at the kinematic fit.)
0.04F ; n B U
0.035 _ _
0.02F LI : Two results are consistent with
0.0 : each other.
HH19HH2H”2.1HH22HH2.3HH
W (GeV)
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Bump structure in da /dQ of yp—onp

- 1.5¢ 0
_ F 80 Yp o Tmp
- 0'15- Yyp — np i D%g o cos 0, =-0.95
n :6( - _ _ 1_—AAA 5 1 cos 0, ,, =-0.85
S [ A N(1895) ; contribution & [V %o A cosf,,=-075
= 0.1_—@7 the opening of n’p decays g 51_ VVVA%:; v cos 0, =-0.65
B 6 O =
Soos it e, |
© B oé Op O \Y 8 \b
19 2 21 22 23
W (GeV)
The shape & peak position of the bump 19 2 21 22 23

W (GeV
structure strongly depend on cos Hgm_. (GeV)

= Additional contributions from high-spin resonances ?
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Photon Beam Asymmetry of yp—np

10 energy bins for 1820<y/s<2320 MeV & 8 polar angle bins for —1.0<cos 63"'<0.6

1' 57 Y 0 T8 —
\J e g ‘,-:‘ *" A ‘-‘t
o 't & ! . % l'l " b
e B
l/ s .'A

W =2.145 GeV W =2.195 GeV
05 0 05 05 0 05 1
e LEPS2/BGOegg ---- BnGa2019
-\ /0 B\ Lo | » GRAAL SAID2009
0 i T A = = CLAS -.-- ANL-Osaka
Y S v CBELSA/TAPS  ---- Ju-Bn
B —— EtaMAID2018
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New precise data for W>2.0 GeV & No PWA models reproduce
our result.
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Photon Beam Asymmetry of yp—np

10 energy bins for 1820<y/s<2320 MeV & 8 polar angle bins for —1.0<cos 63"'<0.6
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J
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New precise data for W>2.0 GeV & No PWA models reproduce
our result. = Improved PWA solutions are required possibly

with high-mass N* contributions. 18/ 26



A new analysis for yp - n'p

Opening angles in i’ decays are large enough to cover forward acceptance.

do/dQ [nb/srl

Differential cross section do/df2 Photon beam asymmetry X
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Results in the two decay modes agree with each other.

= Weighted averages were taken as combined results. 1996
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Differential cross section of yp —» n'p

60-MeV bins for W & 0.2 bins for —1.0<cos Hg,M<1.O
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» The BGOegg result is
statistically consistent
with the CLAS and
CBELSA/TAPS data.

» High precision measure-
ment Is achieved at the
most backward angles.
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60-MeV bins for W & 0.2 bins for —1.0<cos HS,M<1.O

Differential cross section of yp -» n'p
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» The BGOegg result is
statistically consistent
with the CLAS and
CBELSA/TAPS data.

» High precision measure-
ment is achieved at the
most backward angles.

» High energy enhance-
ment IS seen at the
most backward angles.
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Photon beam asymmetry of yp > n'p

60-MeV bins for W & 0.4 bins for —1.0<cos 95,’"’<1.0
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» Statistically consistent
with the CLAS & Graal
results at lower energies.
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Photon beam asymmetry of yp > n'p

60-MeV bins for W & 0.4 bins for —1.0<cos 95,’"’<1.0
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» Statistically consistent
with the CLAS & Graal
results at lower energies.

» New data at W>2.1 GeV.
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Photon beam asymmetry of yp > n'p
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Comparison with PWA: da/dQ & X of yp—on'p
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There is room to improve the solution for reproducing
atWw > 2140 MeV.
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® photoproduction

Physics aspects

|(w)=0 = Only N*(I=3) contribution exists at s-channel.
Useful to investigate higher mass resonances.

12 spin amplitudes = Many observables (do/df2, X, Piyals -

BGOegg experiment
Yp 2 wp
w — 'y (Br=8.35%)
- 3y

Events / 2 MeV

Kinematic fit w/ 4-momentum
conservation & z° mass constraint

9500 —
2000 [
1500 —
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500 —

| Entries 73655

010y
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c=11 MeV
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700 800 900

ny invariant mass [MeV]

1000
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Differential Cross Section of yp—®p

17 energy bins for 1810<4/s<2320 MeV & 18 polar angle bins for —-1.0<cos 8§"<0.8
(Only 8 energy bins are shown below.)

1400 LT : Q
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do/dQ [nb/srl
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@® BGOegg [PRC102 (2020) 025201] [0 CLAS [PRC80 (2009) 065208] — BG2019 [K. Nikonov & A Sarantsev
O CBELSA [EPJA 51(2015) 6] % CBELSA [PLB749 (2015) 407] Private communication: PLB 755 (2016) 97]

¥ LEPS[PRCB80 (2009) 052201R] A LEPS-TPC [PTEP2015 013D01]

Inconsistencies at backward angles among experiments,

affecting the existing PWA solution.
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> and SDME of yp —» wp

6 energy bins for 1810<+/5<2320 MeV & 6 polar angle bins for —1.0<cos 84<0.8
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[K. Nikonov & A. Sarantsev,
Private communication;
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For SDME

@ BGOegg [PRC102 (2020) 025201]
0 CLAS [PRC 80 (2009) 065208]

O CBELSA [PLB749 (2015) 407]

New measurements for = (W>2.1 GeV) & pi _4 (W>2.0 GeV).
Small values of |p} _ | indicate stronger contributions of s-channel.
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> and SDME of yp —» wp

6 energy bins for 1810<+/5<2320 MeV & 6 polar angle bins for —1.0<cos 84<0.8
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For SDME

@ BGOegg [PRC102 (2020) 025201]
0 CLAS [PRC 80 (2009) 065208]

O CBELSA [PLB749 (2015) 407]

New measurements for = (W>2.1 GeV) & pi _4 (W>2.0 GeV).
Small values of |p} _ | indicate stronger contributions of s-channel.

A current PWA solution more or less reproduces data points.
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summary & Prospects

» Spring-8 LEPS2/BGOegg experiment is unique for the spectroscopy
of light baryon resonances because of the high linear polarization of
a photon beam at 1.3 < E,, < 2.4 (1.82 < W < 2.32) GeV. In addition,
precise data are newly given for extremely backward angles.

> The do/dQ, =, and SDME for the reactions yp — n’p, np, n'p, wp
have been measured as shown today. The statistics is being twice by
using unanalyzed data.

» Phase-11 experiment has just started. (In-medium n" mass study)

BGOegg Forward PWO
calorimeter calorimeter (1) | jquid deuterium (neutron) target :
M Isospin structure of baryon resonances.
(2) Double-meson photoproduction :
High-mass resonance search. Require
polarization observables in 3-body
Kinematics. [cf. EPJAS0 (2014) 74.]

Forward Plastic
target Scintillators
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