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In 2νββ, the NME M2v is taken as sum the product of single beta matrix M(β+) and M (β−).
● However, definition for the NME M0v is not the same as M2v .

Understanding both single beta matrix is important to evaluate the factor of 2 or 3 in 
theoretical NME uncertainties. 

Transition rate of DBD

Definition of DBD NME from several theoretical papers 

Double Beta Decay(DBD) and Neutrino Nuclear 
Response(NNR)

3

0.023A [1]
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γ-capture, e 
scattering

Facility: Spring-8

CER (3He,t) (t,3He) 
(d,2He)

Facilities: RCNP, 
MSU, KVI

Weak probe

Nuclear probe

EM probe

e- and μ− capture, ν probe 
Facilities: RCNP, J-

PARC, SμS

Double Beta Decay(DBD) and Neutrino Nuclear 
Response(NNR)

4

A → B → C

n1

n2

p1

p2
M1 M2

n
e e

w w

n

e e+

w w
n1

n2

p1

p2
M1 M2

n

A → B ← C

3H
e

p w
n1

n2

p1

p2
M1 M2

µ

nt

A → B ← C
Double beta decay (DBD) nuclear 
matrix elements (NME) and 
neutrino/antineutrino responses 
indicate by M1 and M2 are studied by 
single beta decay (SBD) and CERs 
((3He,t) and OMC).[2] H. Ejiri

Phys. Rev. C 108, L011302



Unique features of OMC for studying DBDs and anti-
neutrino nuclear responses.

[3]Measday, D. F. (2001). Phys. Rep. 354, 243409.
[4]Singer, P. (1973). Muon Physics Conference. 6-10 September 1971. Colorado State University Fort Collins, Colorado, 
39-87.
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Unique features of OMC for studying DBDs and anti-
neutrino nuclear responses.

[3]Measday, D. F. (2001). Phys. Rep. 354, 243409.
[4]Singer, P. (1973). Muon Physics Conference. 6-10 September 1971. 
Colorado State University Fort Collins, Colorado, 39-87.
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if (ii), then more cascade
- Auger electron emission
- Muonic X-ray emission

Electron unbound process in 
this  can result in short-lived 
gamma rays

Particle (neutron/proton/alpha/etc) unbound process in this can result in short-
lived and long-lived gamma rays also refer as delayed gamma rays.

iv)The formed nucleus tend to stay in some excited energy states before emission of radioisotope 
gamma rays, where x indicates the number of neutron/proton/charged particle emission 
(x=0,1,2,...5).
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W

(µ,xnn) is a reliable method in 
producing radioisotopes (RIs) 
with 𝑋!"#$"% where x = 0,1,2…5 
especially for environmental and 
biomedical applications.
Other method using (n,g) and 
(g,n) reactions are 
complimentary methods

[5] H. Ejiri, I. H. Hashim, 
et al. J. Phys. Soc. Japan, 
82 (2013) 044202. 

Unique features of OMC for studying DBDs and anti-
neutrino nuclear responses.
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Unique features of OMC for studying DBDs and anti-
neutrino nuclear responses.

Isobaric 
Analogue 

States (IAS)

76Se

Overall 𝛃⁺ virtual transition gives equivalent information  of 
excitation energy involve after muon capture process (muon 
capture strength).
● Total OMC rate for nuclei
● Involvement of overall individual spin states for intermediate 

nuclei
● Giant Resonance (GR) region in nuclear excitation after OMC

○ Position of GR
○ Majority spin states contribution
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[6] L. Jokiniemi and 
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Phys. Rev. C 100, 
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Total OMC rate for 100Mo 
and NatMo PRC 2023
(accepted July 2023)



Isotope Facility/ 
Momentum Muon intensity Method References

100Mo JPARC 
(30 MeV/c) 1.8 ×10⁶/s

Off beam 
measurement

[7]

NatMo, 100Mo MuSIC
(45-55 MeV/c) 2.5 ×10⁶/s [8]

127I, 197Au, 209Bi TRIUMF 
(90 MeV/c) 2.0 ×10⁵/s

On beam 
measurement

[9]

27Al, 28Si, NatCa, 56Fe, 
61Ni, 127I, 197Au, 209Bi

TRIUMF 
(90 MeV/c) - [10]

48Ti, 76Se, 82Kr, 116Cd 
and 150Sm

PSI 
(28 MeV/c)

3.0 ×10³/s
and 2.5 ×10⁴/s

[11, 12]

[7]Hashim, I. H. Osaka University. 2014
[8]Othman, F. APPC 2020:163749
[9]Measday, D. F., Stocki, T. J. and Tam, H. Physical Review C, 2007. 75(4): 045501.
[10]Measday, D. F. and Stocki, T. J. AIP Conference Proceedings. American
Institute of Physics. 2007, vol. 884. 169–175
[11]Zinatulina, D., Brudanin, V., Briançon et al. AIP Conference Proceedings. American Institute of Physics. 2013, vol. 1572. 122–125.
[12]Zinatulina, D., Brudanin, V., Egorov, V., Physical Review C, 2019. 99(2): 024327.

The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.



The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.
Method 1: Off beam Measurement

after beam 
off

Gamma 
yield 

evaluated 
by peak 

fitting

Activity 
calculation

Number of 
isotope

Production 
rate

Branching 
ratio

Method 2: On beam Measurement

*use low background + shielding could help optimize the RIs statistics.
** measured in low background setup [7], measured in irradiation setup and low 
background setup [8].

during 
beam on

separated 
by time 
window

fitting of 
decay curve 
for lifetime

analysis of 
muonic X-

ray

Branching 
ratio

Ejiri et al, JPSJ2013

***measured in irradiation setup only [9-12].

Zinatulina, D., et al, I PR C, 2019. 99(2): 024327



The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.

• Muonic X-rays

tμg = 0-200 ns

• g-radiation from bound states

tμg = 200-2000 ns

• Radioactive g-radiation associated with particle emission 
• irradiation and off beam setup (depends on RIs half-life)

T >> tμg

Year Target Facility
2010 27Al RCNP
2012 NatMo RCNP
2013 100Mo PSI
2014 100Mo, 93Nb, 181Ta J-PARC
2018 100Mo, NatMo, 76Se, 

NatRu
RCNP

2019 24Mg, 82Kr, 130Xe PSI

2021 76Se, 136Ba, NatBa PSI

2022 96Mo, 100Mo PSI

0n2β-
decay

0n2β-
Experiments OMC targets

82Se NEMO3, SuperNEMO, 
CUPID-0 (R&D)

82Kr (99.9%)

130Te Cuore, SNO+ 130Xe (99.9%)

--- Testing shell model 
for NME

24Mg (99.85%)

Daniya Zinatulina, 27.11.2020                                                                                                                   16    

Preliminary measurements in 2019 in frame of the muX collaboration
Addendum to proposal R-16-01.1 ("Muon capture on double beta decay nuclei of 130Xe, 82Kr 
and 24Mg to study neutrino nuclear responses")

pE1-2

PSI 2019/2021/2022

Beam exit

S1S2

S3(cup counter)

HPGe2
HPGe1

TargetHPGe3

RCNP 2012/2018



The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.
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[13] Measday, D. F. and Stocki, T. J. AIP Conference Proceedings. American Institute of Physics. 2007, vol. 947. 253–257. 
[14] Hashim, I., Ejiri, H., Othman, et al NIMA, 2020:163749.
[15] Zinatulina, D., et al, I Physical Review C, 2019. 99(2): 024327
[16] Measday, D. F., Stocki, T. J. et al Physical Review C, 2007. 75(4): 045501.

A
40Ca 
[13]

100Mo 
[14]

(μ,0n) 27% 8%
(μ,1n) 43% 51%
(μ,2n) 3% 16%
(μ,3n) ~0 13%
(μ,4n) ~0 3%

(μ, xn) x>4 ~0 ~0
(μ,p) 10% ~0

(μ,pxn) x>0 14% ~0
(μ,αn) ~0 ~0

(μ,αxn) x>0 ~3% ~0

DBD nuclei non-DBD nuclei

A 14≤A≤58 
[13,15,16]

76≤A≤136 
[13,15]

208≤A≤209 
[13]

(μ,0n) 9 - 31% 6-27% 5 -8%
(μ,1n) 46 - 61% NA 44 - 47%
(μ,2n) 6 - 27% 12 - 49% 29 - 37%
(μ,3n) 1 - 6% 5 - 14% 9 - 11%
(μ,4n) ~0 2 - 5% 0 - 5%

(μ, xn) x>4 ~0 ~1% <2%
(μ,p) 0 - 3% ~1% <1%

(μ,pxn) x>0 1 - 9% <1% <1%
(μ,αn) ~0 <1% <1%

(μ,αxn) x>0 ~3% ~1% ~1%



The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.
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● Light nuclei can emit up to 3 neutrons with total probability of 85%.
● Medium-heavy nuclei can emit more than 4 neutrons with total 

probability of 96%.
● Light nuclei have higher proton and alpha emission (~10-15%) than 

medium-heavy nuclei (<5%).
Why non-DBD?
• Technically, the isotopes are not chosen randomly but the final 

product of DBD.
• From this observation, the intermediate nuclei nuclear structure 

can be evaluated and the factor effecting the uncertainty in NME 
can be understand.

How to relate this experimental output with the excitation region of OMC?



The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.

S(En1) ! k[En1exp( − En1

TEQ(E)
) + pEn1exp( − En1

TPEQ(E)
)] (3)

where TEQ(E) and TPEQ(E) are the EQ and PEQ nuclear
temperatures, respectively. TEQ(E) is given as a function of
excitation energy E (Ejiri and de Voight, 1989). The ratio of
TPEQ(E)/TEQ(E) ! 3 for the medium excitation 10< E < 40 MeV.
After one neutron emission, the emission takes place only via the
EQ stage. The OMC strength distribution for 100Nb is derived
from the observed mass-number (A−x) distribution for the OMC
on 100Mo.

The NEM analysis on the observed mass-number distribution
of 100−xNb shows preferential excitation (muon giant resonance,
μ-GR) at 10–14 MeV region and a broad bump at the higher
excitation region of 25–40 MeV. The NEM analyses on other
medium-heavy nuclei by (Ibrahim, 2018) using experimental data
from (Measday et al., 2007b; Measday et al., 2007a) show similar

features of the preferential excitation of the 10–15 MeV. This
preferential excitation reflects the large branch of the one neutron
(x ! 1) emission. The NME analyses on the mass-number
distributions for OMCs on light nuclei show a preferential
excitation around 4–8 MeV region by (Muslim, 2018) using
experimental data from (Evans, 1973; Measday et al., 2007c).
This observation is consistent with the calculation in (Kortelainen
and Suhonen, 2004).

The strength distribution is fitted by the sum of the μ-GR
strengths of B1(μ,E1) and B2(μ,E2) given by

B(μ, E) ! ∑
i!1,2

Bi(μ, Ei),Bi(μ, Ei) ! Bi(μ)
(E − EGi)2 + (Γi/2)2 (4)

where EGi and Γi with i ! 1,2 are the resonance energy and the
width for the ith GR, and the constant Bi(μ) is given by σiΓi/(2π)
with σi being the total strength integrated over the excitation

FIGURE 1 | Proton neutron emission model (PNEM) (Hashim et al., 2020). (A)WhenOMC on 100Mo occurs, 100Nb is excited to some energy up to around 50 MeV,
with Bn(Bp) ! 5.68 MeV (9.46 MeV), 6.87 MeV (8.34 MeV), 5.99 MeV (7.87 MeV) and 8.07 MeV (7.46 MeV) for NbA with A ! 100, 99, 98, and 97, respectively. (B) The
excitation energy region of 8–16 MeV, which is strongly excited, decays by emittingmainly 1 neutron, and partly by 2 neutrons, depending on the neutron energy. (C) The
excitation region of 26–34 MeV day by emitting 3–4 neutrons and also partly by emitting 3 neutrons and 1 proton. (D) The muon strength distribution, B(μ,E) for
OMC on 100Mo from the excitation energy distribution in the daughter nucleus of Nb and Zr isotopes following the muon capture process. To reproduce the 100Mo
experimental RI mass distribution, the EG1 and EG2 are observed at 12 MeV, and 30 MeV with an intensity ratio of EG1/EG2 ! 1/6 (Hashim et al., 2018).
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Hashim and Ejiri OMC for DBDs and Anti-NNRs

• In different cases, neutron are measured on time of flight (TOF) measurement.
• The main problem is how to relate delayed g-ray to the neutrino nuclear responses 

• Using proton neutron emission model (PNEM) to obtain the b+ virtual transition distribution

(A) PNEM layout

(B) b+ strength 
distribution

15

(C/D) Br(X’) for neutron and proton emission

[17] I.H.Hashim, H.Ejiri. Front. Astron. Space Sci., 28 May 2021,
Sec. High-Energy and Astroparticle Physics Volume 8 - 2021
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The measurement of delayed gamma for study DBDs 
and anti-neutrinos nuclear responses.

Isotope Method EG1 (MeV) EG2 (MeV) Reference
100Mo Exp + NEM 12 30 [18]

23Na, 24Mg, 27Al, 28Si, 40Ca, 
and 56Ni Exp + NEM 12-18 30-46 [19]

76Se,106Cd, 127I, 150Sm, 197Au 
and 209Bi Exp + NEM 9.9-12.2 25.7-31.5 [20]

100Mo Exp + NEM + 
pn-QRPA 10.5 29.5 [21]

100Mo, 107Pd, 108Pd, 127I and 
209Bi. Exp + PNEM 10-18 25-45 [22]

[18] Hashim, I.et al,. Physical Review C, 2018
[19] Muslim, N.F.H. BSc Thesis, UTM. 2018
[20] Ibrahim. F. BSc Thesis, UTM. 2018
[21] Jokiniemi, L. et al. Phys Lett B, 2019
[22] Hashim, I.,et al. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors 
and Associated Equipment, 2020
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Fig. 1. Muon-capture-rate distribution (OMC strength function) including transitions 
to Jπf = 0+, 1±, 2± states. The horizontal axis shows the excitation energy in the 
100Nb nucleus. Here a 2.5 MeV binning in energy is used in order to match the 
energy binning used in the experimental data analysis. Parameter values gA(0) = 0.8
and gP(0) = 7.0 were adopted in the calculations.

light, medium-heavy and heavy nuclei (see e.g. [19,20,31] and the 
review [32]) where renormalized values of gA and gP, breaking the 
Goldberger-Treiman PCAC relation, were recorded.

In the numerical computations we used no-core single-particle 
bases for both protons and neutrons. The bases contained all or-
bitals up to the 0i − 1g oscillator shell, i.e. 7 full oscillator shells 
(see [38]). This single-particle basis is thus able to catch nh̄ω
excitations for n ≤ 6. The corresponding single-particle energies 
were obtained using the Woods-Saxon (WS) potential with the 
parametrization of [51], suitable for nuclei which lie close to the 
β-decay stability line, like 100Mo. Some adjustments of the WS 
single-particle energies were made near the corresponding Fermi 
surfaces in order to improve the quality of the one-quasiparticle 
spectra. These details were addressed in our paper [52] and the 
reader is referred to it for further information.

The nuclear Hamiltonian was obtained from the Bonn-A one-
boson-exchange potential introduced in [53]. The BCS pairing gaps 
are adjusted to the phenomenological pairing gaps by adjustable 
pairing strengths for protons and neutrons in a way described in 
[38] where isovector spin-multipole giant resonances were treated 
in the same formalism.

The wave functions and energies of the complete set of Jπf
multipole states are obtained by performing a pnQRPA diagonal-
ization in the unperturbed basis of quasiproton-quasineutron pairs 
coupled to Jπf (see, e.g., [1,54–56]. All the particle-hole G-matrix 
elements are multiplied by a factor gph the value of which is ad-
justed to the centroid of the Gamow-Teller giant resonance in the 
nucleus 100Tc. The isoscalar (T = 0) and isovector (T = 1) parts of 
the particle-particle G-matrix elements are multiplied by factors 
gT =0

pp and gT =1
pp that are adjusted according to isospin-symmetry 

restoration scheme introduced in [57] as explained in detail in the 
double-β-decay paper [52].

The capture rates for the transitions µ− + 100Mo(0+
gs) → νµ +

100Nb( Jπf ) were computed for all multipole states Jπf and the data 
applies to multipole states Jπf = 0+, 1±, 2± . In the present calcula-
tions we have varied independently the values of the axial-vector 
coupling gA(0) and the induced pseudoscalar coupling gP(0) and 
keep the CVC value gV(0) = 1.00 of the vector coupling. Further-
more, we have varied these parameters in the ranges of gA(0) =
0.6 − 1.27 (this is a reasonable range as discussed in the review 
[41]) and gP(0) = 0 − 10 in order to see how they affect the total 
capture rate and the structure of the OMC strength function.

In Fig. 1 we present the OMC rate distribution (OMC strength 
function) of transitions to the lowest multipole states Jπf =

Fig. 2. The same as in Fig. 1 but with the transitions to the rest of the possible 
multipole final states Jπf added.

Fig. 3. The same as in Fig. 1 but for multipole states Jπf = 3±,4± .

0+, 1+, 2+, 1− and 2− . We notice that transitions to Jπf = 1−, 2− , 
which are 1h̄ω excitations, have the highest capture rates and that 
these multipoles are the ones that are primarily responsible of the 
OMC giant resonance at around 12 MeV of excitation. The OMC to 
multipole states 1+ and 2+ forms a satellite resonance at around 
7 MeV. These are 0h̄ω excitations, together with the low-lying 0+

strength. The higher-lying 0+ , 1+ and 2+ strength, beyond some 
20 MeV, stems from 2h̄ω excitations and the 1− and 2− strength 
in this high-excitation region stems from 3h̄ω excitations. It should 
be noted that the (p,n)-type charge-exchange 1+ Gamow-Teller gi-
ant resonance is quite strong and peaked but here this resonance is 
diluted since OMC is an (n,p) type of charge-exchange mechanism 
where for medium-heavy and heavy nuclei the relative locations 
of the proton and neutron Fermi surfaces hinder 0h̄ω excitations.

In Fig. 2 we present the total OMC rate to all multipoles. We 
separate the total capture rates to two parts: strength contain-
ing either the lowest-multipole ( Jπf = 0+, 1±, 2±) states or the 
higher-multipole states. We notice that approximately 80 − 90% of 
the total capture rate consists of transitions to the lowest multi-
poles, and the rest 10 − 20% comes from the transitions to higher 
multipoles. The contributions of some of the leading higher mul-
tipoles ( Jπf = 3±, 4±) are presented in Fig. 3. It can be seen that 
the overwhelming contribution comes from the 0h̄ω and 2h̄ω 3+

multipole, the 1h̄ω 3− and 4− contributions being the sub-leading 
ones. The 4+ contribution is negligible.

In Table 1 we show the ratio WA( Jπf )/W ( Jπf ), where WA( Jπf )

contains only the axial part of the total capture rate W ( Jπf ) to the 
multipole states Jπf . The OMC rate to 0+ states is purely vector 
and is not displayed in the table. From the table one sees that 
the axial contribution increases with increasing value of gA(0) and 
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Table 1
Axial-vector contribution to the total capture rate (WA( Jπf )/W ( Jπf )) to final states 
Jπf = 1±, 2± for different values of gA(0). The values are calculated using pseu-
doscalar strength gP(0) = 7.0.

gA(0) Final-state multipole Jπf
1+ 2+ 1− 2−

0.6 0.65 0.22 0.26 0.66
0.8 0.72 0.32 0.36 0.74
1.0 0.77 0.40 0.45 0.79
1.27 0.82 0.49 0.54 0.83

Fig. 4. Comparison of different relative (in per cents) muon-capture-rate distribu-
tions: theoretical capture rates to Jπf = 0+, 1±, 2± states, and to all possible states, 
compared with the experimental strength distribution. The theoretical rates were 
computed with parameter values gA(0) = 0.8 and gP(0) = 7.0. The original energy-
binned distributions are smeared by a Lorentzian folding function for clearer pre-
sentation.

that the OMC to 1+ and 2− states is mostly axial and very similar 
for both multipoles. The capture rate for the 1− and 2+ states is 
mostly vector with a similar ratio for both multipoles.

In Fig. 4 we plot the theoretical and experimental relative 
capture-rate distributions against each other. The distributions are 
smeared by a Lorentzian folding function for easier comparison 
of the different distributions. Here the experimental giant reso-
nances GR1 at around 12 MeV and GR2 at around 30 MeV were 
derived from the OMC residual-isotope distributions using the neu-
tron equilibrium-emission and pre-equilibrium-emission models as 
given in [33,40]. There are two different theoretical capture-rate 
distributions, one including the transitions to the lowest multipole 
( Jπf = 0+, 1±, 2±) states and the other containing transitions to 
all multipole states. We notice that the overall features of all the 
relative rate distributions are similar: there is a strong peak, GR1, 
around 10 − 12.5 MeV and tails on both sides. However, the ex-
perimental distribution is a bit more spread to higher energies as 
compared to the theoretical distributions, containing also the GR2 
bump. Here it should be noted that the strength at around 30 MeV, 
which is analyzed in terms of the second giant resonance GR2, 
includes some experimental and analysis uncertainties, and thus 
requires further studies to confirm the amount of the high-energy 
strength. It is interesting to note that the experimental rates are 
spread beyond 30 MeV, suggesting some spread of GR strengths 
with higher multipoles of J± with J ≥ 3 and n (radial node) ≥ 2. 
Similar effect was observed beyond the SD GR region (30 MeV) 
in case of (3He,t) charge exchange reactions [3]. Also, in the theo-
retical distributions, there is a satellite (consisting mainly of tran-
sitions to Jπf = 1+, 2+ states) that is absent in the experimental 
distribution or shifted to higher energy. There are no notable dif-
ferences between the two theoretical distributions.

In Table 2 we present the total OMC rates obtained by using 
different values for gA(0) and gP(0). If we compare the computed 
values with the total capture rate W = 7.7 × 106 1/s evaluated 

Table 2
Total rates of muon capture by 100Mo for different values of the pseudoscalar and 
axial-vector strengths gP(0) and gA(0). The rates are expressed in units of 106/s.

gA(0) gP(0) = 0 gP(0) = 7 gP(0) = 10

W (0+,1±,2±) W tot W (0+,1±,2±) W tot W (0+,1±,2±) W tot

0.6 11.8 13.8 10.8 12.4 10.7 12.2
0.8 17.0 20.2 15.7 18.3 15.3 17.7
1.0 23.9 28.4 28.0 31.9 21.2 24.8
1.27 34.8 41.7 32.2 38.2 31.3 37.0

Fig. 5. The relative OMC-rate distributions using two different parameter sets: 
gA(0) = 0.6 and gP(0) = 10, and gA(0) = 1.27 and gP(0) = 0. The distributions are 
smeared by a Lorentzian folding function.

by using the Primakoff approximation (see Eq. (4.53) of the re-
view article [12]), we notice that the Primakoff value is smaller 
than the theoretical rates. Increasing the value of gP(0) or de-
creasing the value of gA(0) decreases the theoretical total capture 
rate, and the closest value to the Primakoff value is achieved by 
using gA(0) = 0.6 and gP(0) = 10, leading to gP(0)/gA(0) = 16.7, 
much larger than the PCAC value of 7.0. It is evident from the ta-
ble that the total rate is quite insensitive to the value of gP(0) and 
not too much can be said about the value of gP(0) based on the 
total OMC rates. The differences between the computed and Pri-
makoff total OMC rates are partly related to the higher average 
energy (smaller phase space) of the experimental OMC strength 
function and partly to the possible quenching of the effective weak 
couplings gA(0) and gP(0). Comparison of the computed and Pri-
makoff total capture rates suggests a strongly quenched effective 
value of gA(0) ≈ 0.5, which is in accord with the results of many 
earlier β-decay studies (see e.g. [58–62]). From Table 2 one can 
also see that a decrease of gA(0) by a factor of 2 results in re-
duction of the rate by a factor of 3, not by a factor of 4, due to 
the vector components, as in the case of 0νββ NMEs [3,23,63]. It 
should also be noted that the considered variation in the values of 
gA(0) and gP(0) does not affect noticeably the shape of the com-
puted capture-rate distribution as visible in Fig. 5 where we plot 
the Lorentzian folding of the total rate distributions computed for 
parameter-value pairs of gA = 0.6 and gP = 10, and gA = 1.27 and 
gP = 0.

In this Letter we show for the first time a direct comparison 
between the experimental and computed distributions of muon-
capture rates to low-multipole Jπf states in a daughter nucleus. 
The presently discussed case is the ordinary muon capture (OMC) 
on the 0+ ground state of 100Mo leading to Jπf = 0+, 1±, 2± states 
in 100Nb. The experimental distribution and the OMC giant reso-
nance are based on the recent measurement of the γ rays in the 
residual ions produced by the OMC. The computations were per-
formed using the Morita-Fujii formalism of the OMC and treating 
the involved nuclear matrix elements by using the proton-neutron 
quasiparticle random-phase approximation with two-nucleon in-

• Proton neutron emission model (PNEM) deduce the 
experimental relative capture strength.

• Theoretical pn-QRPA simulate the same distribution 
by gA and gp combination => Absolute capture 
strength.

• The first comparison of experimental data of 100Mo 
with pn-QRPA:
• More than 90% of the contribution is from 0±, 1±

and 2±.

• Remaining coming from higher multipole states.
• The present calculation was using Neutron Emission 

Model (NEM) with lower energy resolution.
• The new PNEM is expected to provide much 

accurate capture strength with inclusion of 
proton and Coulomb barrier effect with higher 
energy resolution.

[23] L. Jokiniemi J. Suhonen. H. Ejiri and I. Hashim PL 
B 794 143 (2019)
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[25] H. Ejiri N. Soucouti, J. Suhonen PL B 729 2014 .
[26] L. Jokiniemi J. Suhonen H. Ejiri AHEP2016 ID8417598

The calculated Gamow–Teller strengths appear to 
reproduce most of the experimental data if the 
fundamental constant gA≈1.27 characterizing the 
coupling of the weak interaction to a nucleon is 
quenched by a factor of 0.75. 
• Missing nuclear correlations (that is, a lack of 

complexity in nuclear wavefunctions due to the 
limitations of nuclear models) 

• neglected contributions from meson-exchange 
currents (that is, coupling of the weak force to 
two nucleons) have been proposed as possible 
causes of the quenching phenomenon. 
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Current status OMC on 136Ba and 76Se 
(PSI 2021 Campaign)

136Ba 76Se
Sample form metallic powder 136BaCO3 powder
Mass 2 g 2 g
Diameter 20 mm 20 mm 
Thickness ~ 1.8 mm ~ 4 mm
Muon 
momentum 38 MeV/c 38 MeV/c

Irradiation time ~ 135.4 hours ~ 138 hours
Time between 
beam stop and 
offline 
measurement

13.5 hours 22 hours

Offline 
measurement 
time

199 hours 168.5 hours
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Current status OMC on 136Ba and 76Se 
(PSI 2021 Campaign)

Isotope Energy 
(Intensity) 

keV 

Half-life Br(X’) 
(%)

136Cs (0n) 818.5 (99.7%) 13.01(5) d 5.7(4)
134Cs (2n) 604.7 (97.6%) 2.0652(4) y 11.9(8)
132Cs (4n) 667.7 (97.59%) 6.480(6) d 2.18(15)
129Cs (7n) 371.9 (30.6%) 32.06(6) h 0.105(13)
135Xe (1p) 249.8 (90%) 9.14(2) h 0.044(6)

133Xe (1p2n) 81.0 (36.9%) 5.2475(5) d 0.22(2)
133mXe 
(1p2n) 233.2 (10.1%) 2.198(13) d 0.083(12)

131I (1α1n) 364.5 (81.5%) 8.0252(6) d 0.016(2)
Sum 20.2(9)

136Ba

20
[27] Ng NPA 2023 (to be published)



Current status OMC on 136Ba and 76Se 
(PSI 2021 Campaign)

0 500 1000 1500 2000
Energy (keV)

310

410

510

Co
un

t

Offline(Se_combine)

53.5 keV 
(73As)

174.90 
keV(71As) 

509 keV
558.9 keV (76As)
562.9 keV (76As)
594.3 keV (74As)
606.8 keV (74As)
633.1 keV (74As)
655.3 keV (76As)
665.2 keV (76As)

1212 keV 
(76As)

833.1 keV (72As)

2104 keV 
(72As)

Isotope Energy (keV) Half-life Br(X’) 
(%)

76As (0n) 558.9 (45.0%) 1.09(5) d 24.34(1)
74As (2n) 595.8 (59.4%) 17.77(4) d 27.42(1)
72As (4n) 834.1 (81.0%) 26.0(6) d 3.6 (01)
71Cs (5n) 174.7 (82.4%) 65.3(6) h 0.386(17)

Sum 55.7(21)

76Se
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PNEM new interface 2023

1) select version of 
emission model

2) select target 
element 
(enriched/natural)
3) Define 
statistics/iteration

4) Initialize 
parameters

5) Set range for c2
analysis for 
optimization of 
muon capture 
strength based on 
experimental data

EG1,maxEG1,min

0

GR1 strength

Starting
point

Recent update:
Randomly assigned GR peak 
for OMC based on delayed 
gamma rays experimental 
data.

• Get the highest P-value in the 
“area” of

(EG1,max-EG1,min) ✕ (EG2,max-EG2,min)
• Repeat for 3 parameters22[29] Uziel BSc Thesis 2023 UTM 



Additional alpha emission for light nuclei
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Remarks and perspectives on OMC experiments for 
DBDs and anti-neutrinos nuclear responses. 
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• OMC can efficiently produce nuclear isotopes with the atomic number Z−1, less by one than the atomic 
number Z of the target isotope. 
• By using A

ZX target isotopes, isotopes of A−1
Z−1X are preferentially produced, and several isotopes 

with A,A−2,A−3,A−4 are also produced.
• Production of delayed gamma rays by OMC is complementary to photon capture reactions where 

isotopes of A−1
ZX are well produced.

• Note that ppb-level nuclei (impurities) are identified by measuring gamma rays from OMC, which 
are characteristic of the nuclei, as explained in [1].

• The relative strength distribution of OMC on Mo isotopes show the μ-GR around EG1≈12 MeV consistent 
with the pn-QRPA calculation.
• The absolute strength derived from the PNEM is much smaller or about the same with the pn-QRPA 

[2,3] 
• Thus, suggest a similar quenching of the Mi

+ NMEs as the Mi
− NMEs derived from light-ion CERs. 

• The extensive experimental programs on OMC for other nuclei of DBD and supernova anti-neutrino 
interests are under progress at RCNP and Paul Scherrer Institute (PSI), Switzerland, by the join group of 
Joint Institute for Nuclear Research (JINR), Dubna, RCNP, Osaka and Universiti Teknologi Malaysia (UTM).
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OMC4DBD/MONUMENT COLLABORATION

It was proposed at Open Users Meeting BV51, 29.01.2020

Ø Paul Sherrer Insitute (PSI), Switzerland: A.Knecht, S.M. Vogiatzi –
mounting, data taking, administrative work at PSI, data analysis;

Ø Research Center on Nuclear Physics (RCNP), Osaka University, Japan: 
Prof. H. Ejiri – offline analysis, interpretation experimental data to the 
proton-neutron model, publication preparation;
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data taking, offline analysis, calculations with proton-neutron model;

Ø Technische Universität München (TUM), Germany: T. Comellato, M. 
Schwarz, S.Schönert, C. Wiesinger – HPGE detectors, logistics, holders for 
the detectors, data taking and analysis, software for DAQ;

Ø University of Jyväskylä, Finland: I.Suhonen, L. Jokiniemi – NME 
calculations, interpretation experimental data with NME models, publications;

Ø University of Alabama (ALABAMA), USA: I.Ostrovskiy – 136Ba, data taking, 
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Ø Physik-Institut, University of Zurich (ETH),Switzerland: L.Baudis –
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Ø KU Leuven, Belgium: T. Cocolios – shifts during data taking, mounting;
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