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マスター タイトルの書式設定Scattering length
one of the fundamental parameters for 
describing hadron interactions
low-energy scattering is characterized with 
the S-wave phase shift

: scattering length
: effective range

negative (positive)    provides attraction 
(repulsion)

is positive if a bound state exists
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opposite sign is used
for meson-nucleon scattering



マスター タイトルの書式設定Structure of a hadron
compositeness X:
overlap with the two-body scattering state

X is directly given by the scattering length a
and effective range r

X can be also used for the near threshold 
resonances
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S. Weinberg, PR137, B672 (1965).

T. Hyodo, PRL111, 132002 (2013).

composite: 
molecule-like state

elementary: 
single particle



マスター タイトルの書式設定Final state interaction
• the final-state interaction (FSI) is often 

utilized when a direct scattering experiment 
is difficult to be realized

1) low relative momentum between the two 
hadrons of interest
2) small or well-known FSI effects for the others
3) well-known production mechanism effects
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マスター タイトルの書式設定Our activities
• scattering length from
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complex wN scattering parameters are determined for the first time
1) low relative momentum between wN
2) no FSI effects for others (wN alone in the final states)
3) insensitive production mechanism effects

T. Ishikawa et al., PRC101, 052201 (R) (2020).

repulsion



マスター タイトルの書式設定Our activity ~ ηN (1)
determination using 

for understanding N(1535)S11
the candidate for the chiral partner of the nucleon

1) low relative momentum between hn
2) little FSI effects for others (pn & hp)
3) little production mechanism uncertainties

the corresponding experiment is ongoing.
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S.X. Nakamura, H. Kamano, T. Ishikawa, PRC95, 042201 (R) (2017).

T. Ishikawa et al., Acta Phys. Polon. B51, 27 (2020).



マスター タイトルの書式設定Our activity ~ ηN (2)
determination using 
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calculation: M. Egorov, PRC101, 065205 (2020).

0.72 0.05Re fmNa
    

0.2 ~ 0.4for Im fmNa
   

Migdal-Watson approximation
gives

1) low relative momentum between hN
2) little FSI effects for others (pN)
3) little production mechanism uncertainties [not clear]

absence of D-Kroll-Ruderman term and pion-pole term

T. Ishikawa et al. in preparation



マスター タイトルの書式設定nn scattering length

nn scattering 
length
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マスター タイトルの書式設定Charge symmetry breaking
Charge Symmetry Breaking (CSB)

CS: invariance under interchange of u and d quarks
due to the difference of u-d masses and EM effects 

n-p mass difference of 1.3 MeV
charge dependence of nuclear force: a few percent
(r0-w mixing and n-p mass difference)

0.7-MeV difference in B between 3H and 3He
An(qn)≠ Ap(qp) at qn=qp for np scattering
ds/dWp(q) ≠ ds/dWp(p-q) for np→dp0

hypernuclear systems
0.3-MeV difference in Ex between L

4H and L
4He
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G.A. Miller and W.T.H. van Oers arXiv: nucl-th/9409013.

T.O. Yamamoto et al., PRL115, 222501 (2015);
A. Esser et al., PRL114, 232501 (2015).

G.A. Miller and W.T.H. van Oers arXiv: nucl-th/9409013.

R. Abegg et al., PRL56, 2571 (1986); PRD39, 2464 (1989).

A.K. Opper et al., PRL91, 212302 (2003).



マスター タイトルの書式設定Charge symmetry breaking
low-energy NN scattering
characterized by the scattering length a and effective range r

scattering parameters for the spin-singlet states

Nov. 25, 2020 12

the sign is different in meson-nucleon scattering

5.6-fm CIB: np and nn (pp)
1.6-fm CSB:nn and pp

systematic uncertainty of removing the EM effects 

statistical uncertainty

R. Machleidt and I. Slaus, JPG: NPP27, R69 (2001).



マスター タイトルの書式設定nn scattering length
ann determination: -19~-16 fm
direct measurement

nn scattering: almost impossible
indirect measurement

extraction from nd→nnp (Faddeev eq.)

p-d→nng
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the elementary (KR) amplitude is well determined for gp→p+n
FSI neutrons: ~2.4 MeV (efficiencies are measured for 5~13 MeV)
cross sections for pp→ppg (analogous) is overestimated by 40% ?

E.S. Konobeevski et al., arXiv: 1703.00519 (2017).

C.R. Howell et al., PLB444, 252 (1998).

D.E. Gonzalez Trotter et al., PRC73, 034001 (2006).

V. Huhn et al., PRL85, 1190 (2000).

W. Witsch et al., PRC74, 014001 (2006).

no KR in pp→ppg

W.I. Furman et al., JPG28, 2627 (2002);
A.Yu. Muzichka et al., NPA789, 30 (2007).



マスター タイトルの書式設定New measurement of ann
ann determination using gd→p+nn

pointed out by Lensky et al. for the first time
based on chiral perturbation theory
too low Eg (20 MeV above the threshold, pp < 80 MeV/c)

our consideration
rather higher Eg (200~300 MeV)
between the threshold (~150 MeV) and
D production (~340 MeV)

well-known p production amplitude
high nn FSI probability
weak pn FSI
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S.X. Nakamura, T. Ishikawa, T. Sato, arXiv: 2003.02497 (2020).

experimental advantage
no need to detect neutrons
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differential cross section

for

initial spins g, d
identity of n

Satoshi X Nakamura

impluse NN rescattering

πN rescattering
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gN → pN production amplitude
DCC, CM12

NN scattering amplitude
CD-Bonn, Reid93, Nijmegen I, Nijmegen II

pN scattering amplitude
DCC

meson-exchange current
considered

higher order effects
not considered
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gN → pN production amplitude
DCC, CM12
elementary amplitudes: of primary importance
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gd → p+nn cross sections at 250 MeV

pN rescattering effect is very small, and
hence higher order effects may be negligible

δMnn= δMnn=
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gd → p+nn cross sections at 250 MeV

nucleon momentum distribution 
inside the deuteron

δMnn= δMnn=
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gd → p+nn cross sections at 250 MeV

pN → pN rescattering effect is discernible at Eg=300 MeV
gN → pN production amplitude below the pN threshold
contributes ~2% to the cross section at Eg=200 MeV
the incident energy of 250 MeV (and qp=0o) is the best

δMnn= δMnn=
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gd → p+nn cross sections for different ann

sensitive to d2σ/dMnn/dΩπ below δMnn=0.3 MeV
ann=−20 fm, −19 fm, −18 fm, −17 fm, −16 fm
rnn=2.75 fm

−16 fm

−20 fm
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gd → p+nn cross sections for different rnn

sensitive to d2σ/dMnn/dΩπ from δMnn=2 to 10 MeV
ann=−18.9 fm
rnn=1 fm, 2 fm, 3 fm, 4 fm

4 fm

1 fm
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Rth with 2% error, resolved into DMnn=0.04 MeV 
can determine ann and rnn with the uncertainties 
sa and sr of ±0.21 fm and ±0.06 fm, 
respectively
sa=0.13~0.27 fm, sr=0.23~0.06 fm for DMnn=0.01~0.08 
MeV
sa and sr are independent of ann and rnn, respectively
sa gradually increases with increase of ann

sr rapidly increases with increase of rnn

theoretical uncertainty does not affect sa so much
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Strategy 
to extract
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Requirements
1. High momentum resolution for the incident 

photon & emitted positive pion:
~0.1 MeV/c (5x10–4) or better

2. Precision for the cross section:
~2% or higher

difficult to achieve such a high resolution at 
the real photon facilities in the world

electroproduction is considered instead at the 
Mainz MAMI A1 facility
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Nov. 25, 2020 27

Mainz MAMI A1 facility

momentum resolution
electron beam: ~10–6

spectrometer: ~10–4

high statistics enables us to use a 
convolution technique even if such 
a high resolution is not achieved 
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triple-differential cross section for 

to give the same W

for a unpolarized electron beam

gded gd gdgd
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triple-differential cross section for 

p+ should be detected in the same direction 
as the virtual photon

for available placements of
spectrometers

gded gd gd gd

gd

gd gd

gded

gd gd
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Three spectrometers

I. Ewald, Phd thesis, Mainz Univ.  (2000).



マスター タイトルの書式設定Electron scattering

Nov. 25, 2020 31

scattered 
electron

incident 
electron

e’ and p+ detected with SpekA and SpekB, 
respectively

electron energy 

scattering angle
of the electron

longitudinal 
polarization

as a function of 
emission angle of 
the virtual photon
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taking advantage of the linear     dependence

can be obtained from several                s

for different    and same Q2

like Rosenbluth separation

SpekB covers 2.3o

SpekA covers 11.5o

gd gd

gd

ed

ed
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A candidate for spectrometer setting
Electron beam: 385 MeV/c
SpekA: 18o, 132 MeV/c
SpekB: 9o, 185 MeV/c

Possible background contributions
Møller scattering

out of range
Coulomb scattering of post-bremsstrahlung 
electrons

out of range
π+, e– accidental coincidence for 
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kinematic coverage for
e– beam: 385 MeV/c, SpekA: 18o, 132 MeV/c, SpekB: 9o, 185 MeV/c
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Eγ dependence: linear

( ) / (250 ) 1 MeVE E    
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Q2 dependence: linear

2 2( ) / (0 / ^ 2) 1 GeVQ c Q   
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θπ dependence: 
quadratic in T and L (almost linear for θπ <0.5o)
linear in LT and TT

2( ) / (0 ) 1

(

/ 2

) / (0 )T

 for T, and L

 for LT, and TT
 

 

   

   





 





マスター タイトルの書式設定LT separation

Nov. 25, 2020 38

a wide kinematic coverage enables us to get
the data at Eγ=250 MeV, Q2=0 GeV2/c2, θπ=0o

the following conditions
~ μb/sr/MeV at δMnn=2 MeV
σL~4σT and εL:0.03~0.07 requires x10
0.04 MeV δMnn bin
2.0 deg = 1.2 msr tolerance for π+

50 mm thick liquid D2 = 2.6 b–1

40 μA for a beam current
Γγ~15 x 10–6 MeV–1sr–1 x 28 msr for γ* flux

shows a 20-day measurement to achieve 2% 
precision at δMnn=2 MeV giving δann=0.2 fm

(5-day: δann=0.4 fm)

to get the limit at 0
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Summary
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マスター タイトルの書式設定Summary
Meson photoproduction
hadron-hadron scattering parameters can be determined 
using FSI 
it is useful when a direct scattering experiment is 
difficult to be realized
Our activities
wN from gp→wp

T. Ishikawa et al., PRC101, 052201 (R) (2020).
hN from gd→hpn

S.X. Nakamura, H. Kamano, T. Ishikawa, PRC95, 042201 (R) (2017); 
T. Ishikawa et al., Acta Phys. Polon. B51, 27 (2020).

hN from gd→p0hd
T. Ishikawa et al., in preparation

nn from g*d→p+nn
S.X. Nakamura, T. Ishikawa, T. Sato, arXiv: 2003.02497 (2020).
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マスター タイトルの書式設定Summary ~ nn

possibility of extracting ann and rnn is discussed
gd→p+nn at qp=0o and Eg=250 MeV is suitable 
Rth, d2s/dMnn/dWp normalized by gp→p+n cross sections 
and the deuteron wave function, with 2% error, resolved 
into DMnn=0.04 MeV can determine ann and rnn with the 
uncertainties of ±0.21 fm and ±0.06 fm, respectively

Such high Mnn resolution can be achieved with an 
electron scattering experiment at Mainz A1 facility
d(e,e’ p+) cross sections at different     values but the 
same    gives d2sT/dMnn/dWp s corresponding to the 
photoproduction cross sections

S.X. Nakamura, T. Ishikawa, T. Sato, arXiv:2003.02497
Nov. 25, 2020 41

electroproduction

photoproduction
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Backup 
Slides~nn
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gd → p+nn cross sections at 200 MeV

gN → pN production amplitude below the pN threshold
contributes ~2% to the cross section 
negligibly small for Eg≧250 MeV
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gd → p+nn cross sections at 300 MeV

pN → pN rescattering effects: discernible at this energy
the incident energy of 250 MeV is the best
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gd → p+nn cross sections for different 
pion-emission angles

small Mnn region, the most sensitive to the nn scattering length, the 
cross section is significantly larger for smaller emission angle

the pion emission angle of 0 deg is the best
250 MeV & 0 deg is the optimal setting
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different NN potentials

different off-shell behaviors
not negligible for p-d→nng analysis
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different NN potentials
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different gp→p+n amplitudes

DCC and Chew-Mandelstam (CM12) parametrization
(on-shell amplitude is used for the off-shell one here)
uncertainty from different on-shell gp→p+n amplitude
can be removed by using Rth
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off-shell effects from gp→p+n

meson exchange current
higher order effects
relative deviation:

off-shell gp→p+n amplitude is replaced by on-shell one

on-shell

original
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Monte Carlo simulation for estimating 
ann and rnn uncertainties

1)

2)                        for i-th Mnn bin 
average of                            over the bin width

3) is generated from                       with a  
statistical fluctuation corresponding to the given
precision

4) ann and rnn are simultaneously searched for so that
reproduces 

quadratic sum of theoretical 
uncertainties

g: random number
according to the N(0,1)

the obtained ann(rnn) distribution
provides the ann(rnn) uncertainty
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obtained ann and rnn distribution
centroid: da and dr

width: sa and sr
DMnn=0.04 MeV

with theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV
without theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV

controllable
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s(Rth)/Rth=0.02

obtained ann and rnn distribution
centroid: da and dr

width: sa and sr

with theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV
without theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV

controllable
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DMnn=0.04 MeV,
s(Rth)/Rth=0.02

obtained ann and rnn distribution
centroid: da and dr

width: sa and sr

with theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV
without theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV

uncontrollable
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DMnn=0.04 MeV,
s(Rth)/Rth=0.02

obtained ann and rnn distribution
centroid: da and dr

width: sa and sr

with theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV
without theoretical uncertainty
ann -rnn fit in [0.0,6.0) MeV
ann fit in [0.0,0.5) MeV / rnn fit in [1.0,6.0) MeV

uncontrollable
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all the uncertainties

standard deviation is given as an error curve 
from each source
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gd → p+nn cross sections for different rnn

less sensitive to d2σ/dMnn/dΩπ below δMnn=0.3 MeV
ann=−18.9 fm
rnn=1 fm, 2 fm, 3 fm, 4 fm

4 fm

1 fm
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Backup 
slides ~ ωN
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マスター タイトルの書式設定w meson
w meson plays an important role in describing

short-range repulsive central force, and
strong spin-orbit (LS) force

of the NN interaction:

one of the best established hadrons
nevertheless, scattering between the w meson 
and nucleon is not well-known

Nov. 25, 2020 58
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マスター タイトルの書式設定wN scattering length
Only one experiment deduce the wN scattering 
length assuming the vector dominance model:

Nov. 25, 2020 59
p p  I.I. Strakovsky et al. PRC91, 045207 (2015).



マスター タイトルの書式設定wN scattering length
Only one experiment deduce the wN scattering 
length assuming the vector dominance model:

Only the absolute value is provided, the finite w
width in the final state is not taken into account
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I.I. Strakovsky et al. PRC91, 045207 (2015).

2 2
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マスター タイトルの書式設定wA potential
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V. Metag et al., Prog. Part. 
Nucl. Phys. 97, 199 (2017).

M. Kotulla et al., PRL100, 192302 (2008); 
ibid 114, 199903 (2015).
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マスター タイトルの書式設定wN scattering length
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10 data points!
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relative difference
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マスター タイトルの書式設定
systematic uncertainty is estimated from that of the 
mean incident energy (±3%)

the parameters do not change among the realistic L
cut-off values
Im[rwN] is consistent with 0
P-wave contribution is small
the parameters do not change with an extreme 
energy-dep of V (single N* resonance near the 
threshold, M=1.7 GeV, G=0.2 GeV)

Excitation function & awN
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マスター タイトルの書式設定Backup slides ~ ηn (1)

Backup 
slides ~ ηN

(1)
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マスター タイトルの書式設定N(1535)S11
N(1535) with Jπ=1/2−

chiral partner of the nucleon N(940) ?
N(940) and N(1535) degenerate 
at high density and/or high temperature

strongly couples to the eta meson (h) 
and nucleon (N)

Nov. 25, 2020 78

C. DeTar and T. Kunihiro, PRD 39, 2805 (1989);
T. Hatsuda and M. Prakash, PLB 224, 11 (1989);
D. Jido, M. Oka, and A. Hosaka, PTP106, 873 (2001).
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N(1535) with Jπ=1/2−

chiral partner of the nucleon N(940) ?
N(940) and N(1535) degenerate 
at high density and/or high temperature

strongly couples to the eta meson (h) 
and nucleon (N)

Nov. 25, 2020 79
T. Sekihara et al., PRC 93, 035204 (2016).

composite: 
molecule-like state

elementary: 
single particle



マスター タイトルの書式設定ηN scattering length
eta-nucleon scattering
Im: ~ 0.25 fm
Re: scattered
combined analysis of 
cross sections for
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Q. Haider and L.C. Liu,
J. Mod. Phys. E 24, 1530009 (2015).



マスター タイトルの書式設定hN scattering length
proposed kinematics for       determination 
using 
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マスター タイトルの書式設定hN scattering length
differential cross section for for
as a function of      invariant mass
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S.X. Nakamura, H. Kamano, T. Ishikawa, 
Phys. Rev. C 96, 042201 (R) (2017).
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1) energy-tagged photon beam
2) eta-meson identification (EM calorimeter)
3) forward proton detection (spectrometer)
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マスター タイトルの書式設定experiments
1) energy-tagged photon beam
2) eta-meson identification (EM calorimeter)
3) forward proton detection (spectrometer)
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the energy of each produced photon:
determined by detecting the  
corresponding post-bremsstrahlung 
electron

T. Ishikawa et al., NIMA  622, 1 (2010); T. Ishikawa et al., NIMA  811, 124 (2016);
Y. Matsumura et al., NIMA  902, 103 (2018); Y. Obara et al., NIMA 922, 108 (2019).



マスター タイトルの書式設定experiments
1) energy-tagged photon beam
2) eta-meson identification (EM calorimeter)
3) forward proton detection (spectrometer)
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T. Ishikawa et al.,
NIMA 832, 108 (2016).



マスター タイトルの書式設定experiments
1) energy-tagged photon beam
2) eta-meson identification (EM calorimeter)
3) forward proton detection (spectrometer)
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Blc magnet from the low-energy ring at KEK-B



マスター タイトルの書式設定current status
data acquired

two particles in FOREST

current statistics: ~½ of the original plan
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hydrogen deuterium empty

2017.10.30~11.20 0.40 G 0.31 G 0.02 G

2017.11.23~11.30 0.20 G ー 0.05 G

2018.06.07~06.25 0.47 G 0.49 G 0.09 G

2018.10.12~11.04 0.75 G 0.88 G 0.07 G

2019.04.08~05.06 0.75 G 1.39 G 0.12 G

2020.04.09~ > 0.77 G > 2.58 G > 0.08 G



マスター タイトルの書式設定current status
hn invariant mass distribution
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shape provides hn rescattering

exotic state (penta-quark baryon) ?



マスター タイトルの書式設定Backup slides ~ ηn (2)

Backup 
slides ~ ηN

(2)
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マスター タイトルの書式設定Alternative method
coherent π0η photoproduction on the deuteron
(γd→π0ηd)
1. no Δ-Kroll-Ruderman or meson-pole Born term
2. final-state interaction is significantly enhanced

Nov. 25, 2020 90

IA: impulse
MS: meson-nucleon scattering
MMA: absorption of an additionally produced meson
MBF: meson-deuteron scattering

M. Egorov, PRC101, 065205 (2020).

A. Käser et al. (Mainz A2), 
PLB748, 244 (2015).
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the energy of each produced photon:
determined by detecting the  
corresponding post-bremsstrahlung 
electron

T. Ishikawa et al., NIMA  622, 1 (2010); T. Ishikawa et al., NIMA  811, 124 (2016);
Y. Matsumura et al., NIMA  902, 103 (2018); Y. Obara et al., NIMA 922, 108 (2019).

tagging intensity ~ 20 MHz 
(photon intensity ~ 10 MHz)



マスター タイトルの書式設定Experiment ~ detector
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T. Ishikawa et al., NIMA 832, 108 (2016).



マスター タイトルの書式設定Analysis
event selection for γd→π0ηd
1. 4 neutral particles and 1 charged particle
2. π0: γγ decay
3. η: γγ decay
4. time difference is less than 3σt between every two 

neutral clusters out of 4
5. d is detected with SPIDER

time delay is longer than 1 ns wrt γγγγ
energy deposit is higher than 2Emip

6. sideband background subtraction
to remove accidental coincidence 
between STB-Tagger II and FOREST
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マスター タイトルの書式設定Analysis
6C kinematic fit (KF):

four momentum conservation, Mγγ
(1)=Mπ, Mγγ

(2)=Mη

1. π2 probability > 0.2 in the kinematic fit for γd→π0ηd
2. π2 probability < 0.01 in the kinematic fit for γp’→π0ηp

Px, Py, Pz measurement: 0±40 MeV/c for p’
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as a function of missing momentum d(γ, π0η)
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マスター タイトルの書式設定Total cross section
excitation function below 1 GeV is well-reproduced 
by the theoretical calculation with the final-state 
interaction
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calculation: M. Egorov, PRC101, 065205 (2020).



マスター タイトルの書式設定Extraction of aηN
the ηN scattering effect is assumed to be factorized 
in distortion from the impulse approximation

original calculation:
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マスター タイトルの書式設定Differential cross section
angular distribution of deuteron emission is not 
reproduced, suggesting a sequential process:

γd→DIV → π0DIS→ π0ηd
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phase space
calculation: M. Egorov, PRC101, 065205 (2020).

Eγ=1.01-1.15 GeV

Eγ=0.95-1.01 GeV

Eγ=0.86-0.94 GeV

ηd threshold enhancement



マスター タイトルの書式設定
prominent enhancement near the ηd threshold:

γd→DIV →π0DIS→ π0ηd for Mηd<2.47 GeV

only L=0 can produce
a threshold enhancement

angular correlation requires
(symmetry & convex)
L=2 component (~1/16)

dominant process

.4

Intermediate state
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π0 emission in γd-CM (z: γ beam) 

η emission in ηd rest frame (z: -π0) 

:1IS


( 1) ( 1) ( 0)(0 ) (1 )IV IS
L L Ld d        

consistent with S-wave NN*,
and with L=2 component in d



マスター タイトルの書式設定Extraction of aηd
ηd scattering is investigated to fit the distorted 
phase space to the data
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Fix and Kolesnikov, PRC97, 044001 (2018).

 0.201.20 1.25 fmda i  
present work
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