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Double b decay, single b & n and CERs

• DBD responses (nuclear matrix 
elements) and neutrino/anti 
neutrino responses  indicate by 
M1 and M2 in the fig. are 
studied by CERs of (3He,t) and 
OMC.

• These responses give similar 
observation to neutrino and 
antineutrino CC interaction on 
a nucleus AZX.
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Fig. 2. Schematic diagrams for the neutrino and antineutrino CC interactions and the DBD process. Here Bi(↵) is the neutrino response for the state i in the
nucleus A

Z+1X.

A
Z+2X + ⌫̄e ! A

Z+1X + e+ (NME M ⌫̄) , (12)

where M⌫ and M ⌫̄ are the corresponding NMEs. For the decay Q values, Q⌫ and Q⌫̄ , the corresponding threshold energies
are given by �Q⌫ and �Q⌫̄ . The ⌫ and ⌫̄ CC processes are inverse �� and �+ decays. The associated CC transitions are
schematically illustrated in Fig. 2.

The pp, CNO and 7Be solar neutrinos are low-energy neutrinos. The CC response ismainly the GT (Gamow–Teller J⇡ = 1+)
response B(GT). So, one needs a CC-interacting nucleus with a rather low threshold energy of sub-MeV and a large GT
response. The 8B solar-neutrino energy extends to 15MeV and the supernova neutrinos to a couple of 10MeV, depending on
the temperature at the neutrino clear-out. Accordingly, the neutrino responses are B(J⇡ ) with J⇡ = 0+, 1±, 2±, 3±, depending
on the ⌫ and ⌫̄ energies.

The response for the ground-state transition may be obtained from the SBD/EC rate, while neutrino responses for excited
states have to be measured by using various kinds of charge-exchange reactions (CERs). Since nuclear states (levels) in
medium-heavy nuclei are located close to each other in energy, high energy-resolution experiments with �E/E =a few
10 keV are useful to study neutrino responses for individual states. The supernova-neutrino responses for excited states are
also studied by measuring � decays if the states are bound, or neutron emissions if the states are neutron-unbound. The NC
interactions are also used to study astro-neutrinos by measuring � rays and particles following inelastic nuclear scatterings.

1.4. Neutrino–nuclear responses for double beta decays

Interest on double beta decay has revived with the discovery of the neutrino oscillations [50] at the end of the 20th
century, about 2 decades ago. The neutrino oscillations provide evidence for the mass difference between the neutrino mass
eigenstates. The non-zeromass enables neutrinoless DBD if the neutrino is aMajorana particle in nature, i.e. a particle which
is identical with its antiparticle. DBDs are well described in recent review papers [2,3,15–18,23,24] and references therein.

Two-neutrino DBDs (2⌫��) are followed by two neutrinos to conserve the lepton number L in the standard electro-weak
model (SM). On the other hand, neutrinoless DBDs (0⌫��) with the lepton-number violation of �L = ±2 are beyond SM,
and open new astro- and particle-physics fields.

The 0⌫�� process is expressed as
A
ZX ! A

Z±2X + 2e⌥ (NME M0⌫) , (13)

whereM0⌫ is the neutrinoless DBDNME. The 0⌫�� process has several unique features from particle-physics and cosmology
points of view.

(i) The neutrinolessDBD, if detected, provides evidence for theMajorana nature of the neutrino and the non-zeromass. It is
a very sensitive probe to search for theMajoranamass, the lepton-sector CP phases , R-parity violating SUSY processes,
heavy neutrinos, right-handed weak interactions, the leptogenesis and other processes, which are all beyond the SM.

(ii) In the light-neutrino exchange mechanism the effective neutrino mass meff, to be studied via 0⌫�� decays, depends
on the neutrino-mass hierarchy: the normal-hierarchy (NH), the inverted-hierarchy (IH) or the quasi-degenerate (QD)
mass pattern. The corresponding effective masses are around 1�5meV, 15�45meV, and 50�200meV respectively,
depending on the neutrino-mixing phases. The QD mass may be constrained to be of the order of 100meV or less by
the cosmological mass density, depending strongly on the model for the mass density. The IH mass may be studied by
current high-sensitivity 0⌫�� experiments with ton-scale DBD sources, depending largely on the values of the DBD
NMEs.
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strength G, which for the NC and CC processes has the value

G = GF = 1.1664 ⇥ 10�5 GeV (NC) ; G = cos ✓CGF ⇡ 1.03 ⇥ 10�5 GeV , (CC) (5)

where GF is the Fermi constant and ✓C denotes the Cabibbo angle.
The parity non-conserving nature of the weak interaction forces the hadronic NC and CC current JµH to be written at the

quark level as a mixture of vector and axial–vector parts:

JµH = q̄f (x)� µ(1 � �5)qi(x) , (6)

where qi (qf ) is the initial-state (final-state) quark and the quark flavor changes in the CC processes and remains the same
in the NC processes.

Renormalization effects of strong interactions and energy scale of the processesmust be taken into accountwhenmoving
from the quark level to the hadron level. Then the hadronic current between nucleons Ni and Nf takes the rather complex
form

JµH = N̄f (x)[Vµ � Aµ]Ni(x) , (7)

where the nucleon type changes (does not change) for the CC (NC) processes. The vector-current part can be written as

Vµ = gV(q2)� µ + igM(q2)
�µ⌫

2mN
q⌫ (8)

and the axial–vector-current part as

Aµ = gA(q2)� µ�5 + gP(q2)qµ�5 . (9)

Here qµ is the 4-momentum transfer, q2 itsmagnitude,mN the nucleonmass (roughly 1 GeV) and theweak couplings depend
on the magnitude of the exchanged momentum. For the vector and axial–vector couplings one usually adopts the dipole
approximation

gV(q2) = gV
�
1 + q2/M2

V
�2 ; gA(q2) = gA

�
1 + q2/M2

A
�2 , (10)

where gV and gA are the weak vector and axial–vector coupling strengths at zero momentum transfer (q2 = 0), respectively.
For the vector and axial masses one usually takesMV = 840MeV [41] andMA ⇠ 1GeV [41–43] coming from the accelerator-
neutrino phenomenology. For the weak magnetism term one can take gM(q2) = (µp � µn)gV(q2) and for the induced
pseudoscalar term it is customary to adopt the Goldberger–Treiman relation [44] gP(q2) = 2mNgA(q2)/(q2 +m2

⇡ ), wherem⇡

is the pion mass and µp � µn = 3.70 is the anomalous magnetic moment of the nucleon in units of the nuclear magneton
µN. It should be noted that the � decays are low-energy processes (fewMeV) involving only the vector [first term in Eq. (8)]
and axial–vector [first term in Eq. (9)] parts at the limit q2 = 0 so that the q dependence of Eq. (10) does not play any role in
the treatment of these processes in this chapter. Contrary to this, the 0⌫�� decays (see Section 5) and nuclear muon-capture
transitions (see Section 2.4) involve momentum transfers of the order of 100MeV and the full expression (7) is active with
slow decreasing trend of the coupling strengths according to Eq. (10).

At this point it may be noted that the hadron currents (8)–(10), valid up to momentum transfers of about 400MeV, can
be derived in the context of chiral effective field theory. In addition, meson-exchange currents (two-body currents) are also
predicted. For axial currents the first derivations were given by e.g. [45] and later in [46], extending to other currents. More
complete derivations are performed in [47] and [48].

1.3. Nuclear responses for astro-neutrinos and neutrino nucleosynthesis

Astro-neutrinos, such as solar neutrinos and supernova neutrinos, are interesting in view of both neutrino physics and
astrophysics. The observations of solar neutrinos provide evidences for the neutrino matter oscillations as well as nuclear
fusion reactions in the sun, and those of the supernova neutrinos probe the explosion process, as described extensively in the
review articles [6–10]. So, these observations have opened the new field of neutrino astronomy. Neutrino nucleosyntheses
are found to be crucial for some isotopes, which are not produced otherwise, as described in the review articles [11–14].

High-precision studies of astro-neutrinos are important for investigating the matter oscillations in the sun and super-
nova explosions, the neutrino-production mechanisms for individual neutrino sources, the temperatures at the neutrino-
production (clear-out) sites, and also for evaluating the possible neutrino-nucleosynthesis rates. Experimental studies of the
astro-neutrinos are made by measuring neutrino interactions with atomic electrons and nuclei in astro-neutrino detectors.

The CC interactions with nuclei are used to study low- and medium-energy astro-neutrinos, depending on the CC
threshold energy. Actually, the first observation of the solar neutrinos was made by measuring the CC interaction with
37Cl [49]. We discuss in this review mainly neutrino–nuclear responses for the CC interactions with nuclei.

Neutrino and antineutrino CC interactions on a nucleus A
ZX leading to a residual nucleus A

Z+1X are expressed as
A
ZX + ⌫e ! A

Z+1X + e� (NME M⌫) (11)
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1.  The renormalization (quenching of axial coupling)
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OMC are not well studied.

Current Interest from OMC on nuclei
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n to p

OMC p to n

2. DBDs are studied in wide A or N-Z

Ranges of DBD, R=(N-Z)/A for:
100Mo R=0.16 
116Cd R=0.172
106Cd R=0.094.  

OMC rates depends very much on N-Z or N excess because 
OMC reaction with transforming p to n is blocked by the excess 
N-Z. 

Current Interest from OMC on nuclei
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Semi empirical expressions for the OMC rates 

• Semi empirical OMC rates are different from each other, and 
change by factors of 2-3 for the mass A=92 and 100.

• OMC, where proton is transformed into neutron, OMC rate is 
blocked by neutron excess as A=92 (N=50) goes to A=100 
(N=58).  

• It is very interesting to see experimentally how the rate 
decreases as A=100 to 92. 

Light blue :  Goulard and Primakoff

Dark blue : Primakoff

Red : Experiment





OMC muon CER

IAS GT        SD                               µ GR

3.  Experimental OMC strength 
distribution, which are studied by 
RI distributions, are used to check 

the model and the quenching. 

Nuclear CER

Hashim Ejiri et al. PR C 97 2018

Current Interest from OMC on nuclei



Mass number dependence for OMC rates 
of 100Mo and 96Mo.

Bern 2019



• NatMo have shorter lifetime 
compared to 100Mo.

• The average A for natural Mo is 96, 
thus the present observation fit 
with earlier investigations where 
lower A have lower lifetime (higher 
capture rate).

calculated tµ (GP) for (96,42) = 100.3 ns
calculated tµ (GP) for (100,42) = 130.4 ns

100Mo

NatMo

Result from RCNP2018 Beamtime

I.H.Hashim et al. 
PRC2022 in review
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• Present work gives about similar with the one calculated using GP prediction and 
comparison with 96Mo data reported in [1] gives uncertainty less than 10% errors.

• For other nuclei reported in previous work, also shows increasing pattern when 
the A increases.

• However, for isotope within the same series with DA=4 showing decreasing 
pattern for all nuclei.

• Neutron excess in medium-heavy nuclei blocked the 0+ Fermi and the 1+ Gamow-
Teller (GT) excitations and thus reduced the β+ and the antineutrino responses[2].

[1] T. Suzuki, et al. Rev. C 35 6 (1987) 2212 
[2] H.O.U. Fynbo, Nuclear Physics A 724 (2003) 493–501 
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• Ratio Λ!"#$/Λ!" (GP) gives that nuclei with lower N have higher capture rates by 
average of 1.4x.

• Λ!"#$/Λ!" (EXP) much lower ratio (1.27x) - low N nuclei have higher capture rate.
• Experimental observation is within 20% error with the GP prediction.

• same amount of neutron excess reduces about the same b+ response.
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Neutron excess nuclei
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• The fluctuation error of present work is within< 10 % from GP prediction, 
whereas some old experimental value are within 25% error.

• The nuclei with high N tends to have larger deviation compared to natural 
and low N nuclei.

• We prefer to be in conservative position that nuclear structure effects are at 
the bottom of all these variations of the total muon capture rates. 
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Conclusion
• The OMC on nuclei is a weak semileptonic process that is useful for 

studying the antineutrino nuclear responses relevant to double beta 
decay.

• The absolute lifetime from negative muon on 100Mo and NatMo
shows a systematic ratio between A=100 and A=96, where A=100 
have a much lower capture rate due to neutron excess. 
• The total muon capture rate describes the overall final states 

distribution after the muon capture process. 
• Deviation of present experimental value and others using enriched 

nuclei shows consistency with the GP calculated value proving that 
the slight gA quenching in nuclear structure effects is observed.

• Double beta decay nuclei experiment uses stable multi-ton (1028-29) 
isotopes to get signals for rare decays 
• Largest N-Z excess to get large phase space (Q-value) 

• Muon capture involve transformation from p to n, OMC rates is 
blocked if many neutrons around.
• OMC and DBD rate are reduced 
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