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Abstract

Neutrino-nuclear responses associated with astro-net ..uus, single beta decays and double beta
decays are crucial in studies of neutrino properties of 1.‘erest for astro-particle physics. The
present report reviews briefly recent studies of the ~eu 1.0-nuclear responses from both experi-
mental and theoretical points of view in order t- obta n a consistent understanding of the many
facets of the neutrino-nuclear responses. Subjec's scussed in this review include (i) experi-
mental studies of neutrino-nuclear response. :,, =+ ans of single beta decays, charge-exchange
nuclear reactions, muon- photon- and neutrino-nu.'ear reactions, and nucleon-transfer reactions,
(i) implications of and discussions on nev*. . ~-nuclear responses for single beta decays, for astro-
neutrinos, and for astro-neutrino nucls osynth sis, (iii) theoretical aspects of neutrino-nuclear
responses for beta and double beta d :cays, fr ¢ nuclear muon capture and for neutrino-nucleus
scattering, and (iv) critical discussicas ¢ a nticleonic and non-nucleonic spin-isospin correlations
and renormalization (quenching or »nuic~ce nent) effects on the axial weak coupling. Remarks are
given on perspectives of experim .. *al and theoretical studies of the neutrino-nuclear responses
and on future experiments of double L.ta decays.

Keywords: Neutrino-nucleur int ractions, Astro-neutrinos, Double beta decays, Single beta
decays, Nuclear matrix eler ients, Muon capture, Photo-nuclear reactions, Charge-exchange
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1. Introduction

1.1. Neutrino-nuclear responses and neutrino studies in nuclei

The neutrino is a key particle for astro-nuclear physics, particle ~u,sics «nd cosmology. It
is the elementary particle that has only a weak charge and has no 'ect.ic charge and no color
charge. Thus, neutrino interactions with nuclei are extremely we~k ai.! experimental studies
related to the neutrino are hard.

The neutrino has been extensively studied experimentally a. 1 th oretically in the recent
4 — 5 decades, but some fundamental properties of the neutr'no »# 1 the astro-neutrino-nuclear
interaction are still not well understood. Several basic questic s ab jut the neutrino remain yet
unsolved. Some of them are as follows:

1. The nature of the neutrino, whether it is a Majo: ~na paiicle (neutrino = antineutrino)
or a Dirac particle (neutrino # antineutrino).

2. The absolute mass scale and the mass hierarchv (ene- ‘rum), whether it is the normal or
the inverted mass hierarchy.

3. The lepton-sector CP phases, the Majoran. .. ~~e< and the leptogenesis for the baryon
asymmetry.

4. The solar-neutrino sources and the fluxes, .. vacticular the CNO-neutrino flux and pro-
duction.

5. The supernova-neutrino intensities, specv.~. Havors and oscillations. Supernova-neutrino-
nuclear interactions and nucleosynthesis.

These questions can be studied well Iy inve. tigating neutrino-related weak processes in nuclei
such as single beta decays (SBDs) and ew ~tror captures (ECs), inverse beta decays (IBDs) and
neutrinoless double beta decays (DF Os). Tue neutrino-nuclear responses are crucial for these
SBD/EC, IBD and DBD neutrino s *.es i 1 nuclei.

Historical reviews and extensiy  previc is works on the neutrino-nuclear responses are given in
[1, 2, 3, 4, 5] and references thercin, . nse on astro-neutrinos in, e.g. [6, 7, 8,9, 10, 11, 12, 13, 14]
and references therein, and rev’cw * on DBDs are given in, e.g. [15, 16, 17, 18, 19, 20, 21, 22, 23, 24|
and references therein. The . 2la neutrinos, supernova neutrinos and DBDs are also discussed
in [25, 26], and nuclear wee < intei. ~tions and 5/ decays are treated in monographs [27, 28, 29].
The various aspects of th re’ orr alization of the weak axial-vector coupling in beta and double
beta decays have been trea. 1 mn the review [30]. Actually, we reviewed in Physics Report
effective couplings for 8 — ~ transitions in 1978 [1], nuclear-structure aspects in DBDs [2] and
neutrino physics [15] ir. 1998 and low-energy neutrino nuclear responses [4] in 2000.

Nuclei are used as femto (107'° m) laboratories to study neutrinos, as described in the DBD
review articles [4, -6, 18]. In the nuclear femto laboratory, the nucleons are in the good quantum
states of energv spin, parity and isospin. Thus, the energy and the multipolarity of the weak
transitions invo. ec 1 SBDs/ECs, IBDs and DBDs are well defined. In practice, the nuclear
femto laboratories vith a large enhancement for neutrino signals and severe reduction for back-
ground (BG) signals are selected for neutrino studies since the neutrino signals are extremely
rare. The neutrino charged current (CC) processes of SBD/EC, IBD and neutrinoless DBD in
a nuclear femto laboratory are schematically illustrated in Fig. 1.
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IBDA—B and SBDB— C Neutrinoless DBDA—- 8 — C

Figure 1: Schematic CC-interaction processes in nuclear femto laborate .cs for 1bD induced by astro-neutrinos
followed by SBD (left figure) and neutrinoless DBD (right figure). TL: m anu g of the symbols is: p=proton,
n=neutron, e=electron, W=weak boson and v = electron neutrino. ™?* and M s are the IBD and SBD nuclear
matrix elements (NMEs), respectively, and M°” is the neutrinoless DBL NME.

Astro-neutrinos are studied by measuring astro-neuti.. o charged current (CC) interactions
in nuclei. The neutrino-induced IBD is given by A = v. — B + 8, with v, and S~ being the
astro-neutrino and the 5~ ray. The interaction rate R(v, ‘s expressed as

R(v) = gwG"BW)I(v) with Lt v)=(2J; + 1) |M"]?, (1)

where gw is the weak coupling constant, G” i« the phase-space (kinematic) factor, I(v) is the
astro-neutrino flux, B(v) is the nuclear responsc M is the nuclear matrix element (NME) and
2J; + 1 is the spin factor with J; being the spin of the initial state. The 5~ (electron) energy E.
is given by using the incident astro-nev rino caergy F, as E, = E, — Qgc with QQgc being the
EC @Q-value as shown in Fig. 1. The neu inc flux is derived from the measured IBD rate and
the nuclear response by using Eq. (1.

The nucleus (femto laboratory) .~ pe "sed for the astro-neutrino study is the one with a
large response B(v), a large phas >-space .actor G* and a low @ value, Qgc, to get a sufficient
interaction rate and a large sigr.al en oy, well above the background. If the residual nucleus B
is radioactive, the neutrino C”_ 1 teraction (IBD) is followed by a successive SBD of B—C, as
shown in Fig. 1. Then one .. ay study the IBD f ray in delayed coincidence with the SBD g
ray in order to select the -are Ib signal. So, the nuclear femto laboratory is effective in the
selection of the astro-neu rin, sig.aal and in the rejection of other background signals.

The neutrinoless DR™ pic~ ss is given by A — C + 23~. The DBD transition rate for the
light-neutrino mass m :chani: m is expressed as

R(0v) = galn(2)GY B(0v)(m®™)?  with B(0v) = (2J; + 1) M™?, (2)

where G% is the phe~ ~pace (kinematic) factor, m®f is the effective v mass and gy = 1.27 is the
axial-vector wec K & ., ling in units of the vector coupling gy for a free nucleon. The rate is given
by In(2)/T} o with 1} /2 being the half-life, and the effective mass is expressed as m®® = | 3~ UZm;|
with m; and U,; bemng the ith neutrino mass eigen state and the mixing amplitude [4, 16, 18].
The nuclear response B(0v) is given by the square of the DBD NME M in case of the 07 — 0"
transition with 2J; +1 = 1 and the sum energy E of the DBD electrons is given by the DBD @

value ()gg.
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The DBD transition rate is extremely small because it is mediated by a < :cond-order weak
process and a small neutrino mass, and the signal energy is only a counle ~* MeV. Then DBD
nuclei (femto laboratories) to be used for the v mass search are, like in e case of the astro-
neutrino study, nuclei with a large response B(0v), i.e. a large NMF M ” a large phase-space
factor G and a large signal energy Qs to get an adequate DBD i.*e and a summed electron
energy above the backgrounds.

In case of the light-Majorana-mass mode, the Majorana neut “ino is »xchanged between two
nucleons in a DBD nucleus. The nucleons are located so close. v.ithi a few fermi (107'° m),
that the exchange is enhanced by a factor 10*7°. On the the Tand, the single 8 decay is
energetically forbidden to avoid the huge SBD background Sc, the DBD femto laboratory acts
as a microscope with a filter to enhance the DBD signal and .~ reject backgrounds.

Actual signal (event) rates for astro-neutrino interac.’~us ar 1 DBDs are very small. In the
case of astro-neutrino experiments with a large respor.~ o1 |M”|*> = 0.6% and a large phase
space of g& G = 107", the signal rate is around R(’" = *, .on-year for the pp solar neutrinos
including oscillations. In the case of the DBD experimewn. with a typical response of |[M%|? = 22,
including the renormalization (quenching) effect, .  large phase-space factor of giG® =
3 x 1071 /y, the signal rate is around R(0v) = 3/tc -year for the effective v mass of 25 meV.
Therefore, multi-ton-scale detectors (femto labcra.nries) are required for both astro-neutrino
and DBD experiments to get adequate signa' -~tes. Here the neutrino-nuclear responses are key
elements for high-sensitivity astro-neutrino ana 2*BD experiments.

1.2. Neutral-current and charged-currer . neu. ino-nucleus interactions

Nuclear responses for solar, supernov. ans. generally astro-neutrinos are mediated by scat-
tering processes based on weak inte act'ons. At the nuclear level, neutrino-nuclear responses
can be considered as mutual interac ‘i ns of the hadronic and leptonic currents mediated by
the massive vector bosons Z° (nr atral-cucrent, NC, processes) and W= (charged-current, CC,
processes) [31]. The leptonic and hadl-onic currents can be expressed as mixtures of vector and
axial-vector contributions [32 o. 34]. For a NC neutrino-nuclear process one has the leptonic
current

Juu = (@)Y (1 —vs)v(z), (NC) (3)

and for the CC process on.~ '.as
Ji =1 (L= s)m(e) + 2(e)y" (1 = s)l(z), - (CC) (4)
where | = e, u, 7 is 7..aer vue electron, muon or tau lepton and v; are the corresponding neutrinos

and * are the us 1al Diiac matrices with 75 = i7°y'9?93. The weak vector and axial-vector

coupling strengths ¢, »~d ga enter the theory when the hadronic current is renormalized at the
nucleon level [5 1. ... conserved vector-current hypothesis (CVC) [32] and partially conserved
axial-vector-curre. « hypothesis (PCAC) [36, 37] yield the free-nucleon values gy = 1.00 and
ga = 1.27 [31] but ror finite nuclei the value of g is usually modified in order to account for
nuclear-model dependent modifications of transition operators when approximate many-body
calculations are performed. Then a quenched or enhanced value might be needed to reproduce
experimental observations [38, 39, 40].
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Since the vector bosons Z° and W# have large mass and thus propagate onl a short distance,
the hadronic current and the leptonic currents (3) and (4) can be consia.~ «d to interact at a
point-like weak-interaction vertex with an effective coupling strength G, . hich for the NC and
CC processes has the value

G =Gr=11664 x 107°GeV (NC); G =coslcGr~1.02x .7 ?GeV, (CC) (5)

where GF is the Fermi constant and f¢ denotes the Cabibbo ang ~.
The parity non-conserving nature of the weak interactior iorces the hadronic NC and CC
current Jj to be written at the quark level as a mixture of v et r a- d axial-vector parts:

Jir = @ (@) (1 = v5)q(z) (6)

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

Renormalization effects of strong interactions and enc. oy scale of the processes must be taken
into account when moving from the quark level to tuc .. dron level. Then the hadronic current
between nucleons NNV; and NNy takes the rather comple - form

Jh = Ny V" = A“INi() (7)
where the nucleon type changes (does not change) 1or the CC (NC) processes. The vector-current

part can be written as
ot

VH = AR 4 2 5 8
gV +igu(g )Qqu (8)

and the axial-vector-current part as
v = ga(@®)7" s + gp(4*)q" s - (9)

Here ¢* is the 4-momentum f an fer, ¢* its magnitude, my the nucleon mass (roughly 1 GeV)
and the weak couplings depen.' m the magnitude of the exchanged momentum. For the vector
and axial-vector couplings one usually adopts the dipole approximation

gv gAa
3 5 gA(QQ) =

P T, (10)
(1+ ¢*/M}) (1+ ¢*/M3)

o) -
where gy and ga 2 ¢ the weak vector and axial-vector coupling strengths at zero momentum
transfer (¢2 = 0), : 2spect, sely. For the vector and axial masses one usually takes My = 840 MeV
[41] and My ~ 1 Ge 7 17, 42, 43] coming from the accelerator-neutrino phenomenology. For the
weak magnetisi. ve ... one can take gn(q®) = (pp — pn)gv(¢?) and for the induced pseudoscalar
term it is custom. -y to adopt the Goldberger-Treiman relation [44] gp(¢?) = 2mnga(¢?)/(¢* +

m?), where m, is the pion mass and p, — p, = 3.70 is the anomalous magnetic moment of the

nucleon in units of the nuclear magneton py. It should be noted that the 5 decays are low-energy
processes (few MeV) involving only the vector [first term in Eq. (8)] and axial-vector [first term

in Eq. (9)] parts at the limit ¢> = 0 so that the ¢ dependence of Eq. (10) does not play any

7
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role in the treatment of these processes in this chapter. Contrary to this, che Jv33 decays (see
Sec. 5) and nuclear muon-capture transitions (see Sec. 2.4) involve mome.." m transfers of the
order of 100 MeV and the full expression (7) is active with slow decreasing ‘renu of the coupling
strengths according to Eq. (10).

At this point it may be noted that the hadron currents (8)-(1.) valid up to momentum
transfers of about 400 MeV, can be derived in the context of ch’.ul eu.-tive field theory. In
addition, meson-exchange currents (two-body currents) are alsc prediced. For axial currents
the first derivations were given by e.g. [45] and later in [46], exter 'in~ to other currents. More
complete derivations are performed in [47] and [48].

1.3. Nuclear responses for astro-neutrinos and neutrino nuc.. ~synthesis

Astro-neutrinos such as solar neutrinos and superno.~ neut inos are interesting in view of
both neutrino physics and astrophysics. The observatio. = o1 solar neutrinos provide evidences
for the neutrino matter oscillations as well as nuclear “-~*-__ . _actions in the sun, and those of the
supernova neutrinos probe the explosion process, as des.vibed extensively in the review articles
[6,7,8,9, 10]. So, these observations have opened (e ¢ - field of neutrino astronomy. Neutrino
nucleosyntheses are found to be crucial for some isot. oes, which are not produced otherwise, as
described in the review articles [11, 12, 13, 14].

High-precision studies of astro-neutrinos .=~ imhortant for investigating the matter oscilla-
tions in the sun and supernova explosions, the . ~utrino-production mechanisms for individual
neutrino sources, the temperatures at the »~trino-production (clear-out) sites, and also for eval-
uating the possible neutrino-nucleosynt’esis r. tes. Experimental studies of the astro-neutrinos
are made by measuring neutrino interactic s v,ith atomic electrons and nuclei in astro-neutrino
detectors.

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

Neutrino and antineutrin. €' interactions on a nucleus 4X leading to a residual nucleus

7 le are expressed as
X tve— 240X +e (NME M) (11)

X+ T = 04X +et (NME M), (12)

where MY and M" arc the corresponding NMEs. For the decay Q values, ), and @y, the
corresponding threshold energies are given by —Q), and —@);. The v and v CC processes are
inverse 5~ and ST decays. The associated CC transitions are schematically illustrated in Fig. 2.

The pp, CND ana Be solar neutrinos are low-energy neutrinos. The CC response is mainly
the GT (Gamov. -Teller J™ = 1) response B(GT). So, one needs a CC-interacting nucleus
with a rather low 1. reshold 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 10 MeV, depending on
the temperature at the neutrino clear-out. Accordingly, the neutrino responses are B(J™) with
J™ =07, 1%, 2%, 3%, depending on the v and ¥ energies.
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Figure 2: Schematic diagrams for the neutrino and antineutrino C' inte actions and the DBD process. Here
B;(«) is the neutrino response for the state i in the nucleus ,4',X.

The response for the ground-state transition v~ he ovtained from the SBD/EC rate, while
neutrino responses for excited states have to be 1. e-sured by using various kinds of charge-
exchange reactions (CERs). Since nuclear stav - (le.~ls) in medium-heavy nuclei are located
close to each other in energy, high energy-resolutic » eaperiments with AE/E =a few 10keV are
useful to study neutrino responses for indivia.al svates. The supernova-neutrino responses for
excited states are also studied by measuring v decays if the states are bound, or neutron emissions
if the states are neutron-unbound. The NU . -teractions are also used to study astro-neutrinos
by measuring v rays and particles follov.*ng in/ lastic nuclear scatterings.

1.4. Neutrino-nuclear responses for dotile "eta decays

Interest on double beta decay '.as re i~ ed with the discovery of the neutrino oscillations [50]
at the end of the 20" century, abo.* 2 decades ago. The neutrino oscillations provide evidence
for the mass difference betwer~ the neutrino mass eigenstates. The non-zero mass enables
neutrinoless DBD if the neutr'no i, a Majorana particle in nature, i.e. a particle which is identical
with its anti-particle. DBDs are ell described in recent review papers [2, 3, 15, 16, 17, 18, 23, 24]
and references therein.

Two-neutrino DBDs (20, 3) - re followed by two neutrinos to conserve the lepton number L in
the standard electro-w -ak model (SM). On the other hand, neutrinoless DBDs (0v35) with the
lepton-number violaticn of A L = 4+2 are beyond SM, and open new astro- and particle-physics
fields.

The Ovf35 proc=ss is ¢ xpressed as

X = 40X +2eF  (NME MY), (13)

where M is the . ~utrinoless DBD NME. The 0v33 process has several unique features from
particle-physics and cosmology points of view.

(i) The neutrinoless DBD, if detected, provides evidence for the Majorana nature of the neu-
trino and the non-zero mass. It is a very sensitive probe to search for the Majorana mass,

9
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(i)

the lepton-sector CP phases , R-parity violating SUSY processes, b avy neutrinos, right-
handed weak interactions, the leptogenesis and other processes, whic> are all beyond the
SM.

In the light-neutrino exchange mechanism the effective neutri-.o r.ass m®®, to be studied
via v decays, depends on the neutrino-mass hierarchy: the no..~al-hierarchy (NH), the
inverted-hierarchy (IH) or the quasi-degenerate (QD) mass Hatter. . The corresponding ef-
fective masses are around 1—5meV, 15—45meV, and 50—20"me\V respectively, depending
on the neutrino-mixing phases. The QD mass may be con<*rained to be of the order of
100 meV or less by the cosmological mass density, deper. ' .g st congly on the model for the
mass density. The TH mass may be studied by curreny “igi.-sensitivity Ovf5 experiments
with ton-scale DBD sources, depending largely on *he vali 2s of the DBD NMEs.

The OvBp effective mass depends on the mass hiera. “hy, the mixing phases and the min-
imum neutrino mass mgy. In other words, the - are constrained to some extent by the
Ovp[(-decay rate if the DBD NMEs are evaluated ac ‘urately enough.

The DBD process includes several mechenism. through which it can proceed. The me-
diators of the decay can be, e.g., the ligh .."ajorana mass, the heavy neutrino, SUSY
mechanisms and right-handed weak ci .-»ts. In the recent approach of the chiral effec-
tive field theory (YEFT) [51, 52] new me hanisms, induced by lepton-number-violating
operators up to dimension nine, ar~ discussed. Related to this, the model-independent
leading-order matrix elements of = ree o} =rators have been evaluated in [54] using lattice-
QCD methods. This was done ir ora.~ t- determine the related low-energy constants to be
used, e.g. in the YEFT calculs ¢ior s on the nucleon and nucleus level in order to advance
towards the NMEs of Ov3B3 dec vs. T'he different mechanisms are identified experimen-
tally by investigating eners - and angular correlations of the two 3 rays and the nucleus
dependence of the DBD rates 1 “he DBD NMEs are evaluated precisely enough.

In case of the light -1 -ass mechanism, the mass sensitivity (minimum m®® that can be
measured) is proport onal .~ (M%)~! while the DBD-detector mass (mass of the DBD
source isotope) requ red for 1 given m®® is proportional to (M%)~* in realistic experiments
[16, 18]. Thus, one nec's .o know precisely the DBD NMEs in order to design the DBD
detector for a gi- en me 3s sensitivity and to extract the effective mass from the rate of the
neutrinoless DBL oncr the process is observed.

The DBD N /Es a1 very sensitive to nuclear physics involved in DBDs such as the nucle-
onic and non-..*~le nic spin-isospin correlations, nuclear structure, nuclear models, nuclear
medium ¢ ec o, “he renormalization (quenching) of the effective weak coupling in nuclei,
and so on. .' ccurate theoretical calculations of DBD NMEs, including the effective weak
coupling, however, are hard, and there are no experimental methods to directly measure
them. Thus various experimental inputs relevant to the DBD responses are useful to help
evaluate the DBD NMEs and to verify the correctness of the calculations.
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The Ovp 8 NME for the Majorana-neutrino mediated mode is conventina 'y expressed as

eff \ 2 2
M — (iﬁ ) (0% + (gv/ga) 22 + 23] (14)

where M&., MY and MY are the GT, Fermi and tensor NMEs and ,, -/¢§ is the ratio of the
vector to axial-vector weak couplings. The effective axial-vectc.: coupling ¢ in units of the
coupling g for a free nucleon stands for the renormalization (¢ench ng) due to all kinds of
nucleonic (many-body effects), non-nucleonic correlations an-. uuclear-medium effects that are
not explicitly included in the model NMEs M%%. and MY .

In case of the light-v-mass-mediated process, the NMEs ~re v _icten as

Mgr = Z<t:|:0'hGT<T127 By, o), 15)
k
M = S (tahi(ren 50Es) 16)
k
MY = Z(tihvl (9,0 )S1aty) 4"
k

where hg (712, Fy), K = GT,F,T, are the ne.‘riuo potentials with Ej being the intermediate-
state energy and rio being the distance between the two nucleons involved in the Ov 33 decay, and
S1o is the spin-tensor operator. The ope ato. 7 is the Pauli spin operator and ¢ is the isospin
raising/lowering operator. The neutri. » poteatial is approximately expressed in a Coulomb
form of 1/ry5. The magnitude of me nentui. p involved in the OvFS transition is of the order
of 1/r12 = 10 — 200 MeV/c, and th - in,olv .d angular momentum is in the range (h = 0 — 6h.
Reliable evaluations of the NMEs /%, " and MY, and ¢S are crucial for the DBD response
of B(0v) = |[M"|?. The major "«\.™ in the neutrinoless NME M% (Eq. (14)) is the first term
of the axial-vector one (g% /g ‘2M2%., which is renormalized (quenched) much by the factor
(g5 /ga)? due to the strong soin lependent correlations and nuclear medium effects. Then the
second term (gv/ga)*M2” sets _~latively important, and the reduction (quenching) factor for
the M is somewhat moc ifie., depending on the ratio M2 /M.

DBDs to be studied in | rac ice are the ground-state-to-ground-state 0t — 0T transitions
in even-even nuclei. Tae tronsition process is schematically shown in Fig. 2. Here the paired
neutrons (ni,ns) becc me pa ced protons (pi,p2) and a light Majorana neutrino is exchanged
(neutrino emission ...d auvsorption) between the two neutrons in case of the Majorana v-mass
process. The light v-mass DBD process is schematically expressed as a virtual-neutrino emission
from ny: X — , 477+ .+e", and the re-absorption into ny: ,,#X+v. = 5. 5X+e", as shown
in Fig. 2. This s p ...'ble in the case of a Majorana neutrino with non-zero mass, thus having
both the right-hai. led and left-handed helicities. In this sense, the NME M% is associated with
v and 7 (single 5%) NMEs for the neutrino emission and absorption processes. Accordingly, the
SBD NMEs of M(v) and M(7) are used to help evaluate/verify the DBD NME M. In other
words, nuclear models with the nuclear interactions and the effective weak coupling used for the
M® calculation should be able to reproduce the relevant v and ¥ (single 3*) NMEs.

11
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It is to be noted that the M with the virtual-neutrino exchange is giv m by the sum of
DBD NMEs M for all relevant intermediate states |i), and M is assoc.~"ed with the v and
v MNEs in the multipole and momentum ranges of [h with [ = 0 — 6, anu » = .0 — 200 MeV /c.

The 2v33 process is expressed as

X = 40X +2e +20,, 55X — gX+2eT+ 20, (ME M%) (18)

where M? is the corresponding NME. It is expressed as

o (9N ’ [Mz(ﬁ_)Mz( anl
M (QA ) Z A 1 (19)
where M;(5~) and M;(87) are GT NMEs for the ith intei. edia‘e state and A; = E; + Q(55)/2
is the energy denominator. In this case, the NMEs for *he relevant single § decays may be
used to help evaluate the DBD NME M?. In fa '. vuc needs to take care of the relative
phases of the single 5 NMEs, depending on the models ~s discussed in section 5. The NMEs
M? are derived experimentally if the two-neutrin» Ly L rates are measured, and are used to
help evaluate the Ov33 NMEs M. in particu’~r th Ov353 GT NMEs in the 17 intermediate
channel and the information on the effective counu-o g5 is obtained for the GT NME. Note
the different momentum-exchange scales of “.c ©».’3 and 2vB3 NMEs since for the 2v53 the
momentum-exchange scale is of the order of only ‘ew MeV.

1.5. Nucleonic and non-nucleonic corre ations and nuclear medium effects

The neutrino CC and NC nuclear inte. ~ct’ons involve nuclear spin (o/2) and isospin (7/2)
interaction operators, 7* and 73, for che JC and NC interactions. The isospin weak interactions
are of vector type and the isospin-soin "ate actions are of axial-vector type. Nuclear interactions
via 7, p and other mesons include ~npreciable ¢ and 7 interactions and thus the neutrino-nuclear
responses are necessarily sensitive to _he nuclear 7 and 7o correlations in a given nucleus, as
described in the reviews [1, /. \ccordingly, the vector and axial-vector nuclear responses in
nuclei are modified from the + le-quasiparticle (QP) responses due to the nucleonic and non-
nucleonic 7 and 7o correle iors and nuclear medium effects.

The 7 and 70 nuclea. ‘n’erar cions are associated with the 7 and 70 symmetries, and thus
are repulsive in nature They , 1sh up the 7 and 7o strengths to the 7 and 70 giant resonances
(GRs) in the high-exc tation region. The GRs are collective (coherent) 7 and 7o vibrations of
relevant nucleons [1. 4, 27 .3, 29]. Therefore, the 7 and the 70 responses for low-lying states
are reduced with 1 :spect to the QP responses. They are discussed rather adequately by using a
schematic particle-~ole 1 odel with separable 7 and 7o interactions [1, 4, 55].

The isospin .= soin transition (interaction) operators are expressed as

Tsps = haT* fL(r) [O'SYLL7 (20)

where o = S, L, J stands for the transition mode with S, L, J being the spin, the multipolarity,
and the total angular momentum, respectively, and the square brackets stand for the angular-
momentum coupling [56]. Then the isospin-spin nuclear interaction of H = x,T, - T, gives rise
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to the a-mode GR, as given by
[Hau Toz] ~ EaTou |GRa> = Ta|0> ) (21)

where GR,, is the a-mode GR and E, is the GR energy.

The simplest isospin GR is the Fermi GR with Tyog = T, wheic T~ is the total isospin
operator, and the commutation relation of Eq. (21) holds well be :ause ~f the isospin symmetry.
The Fermi GR is known as the sharp isobaric analogue state (L. S). T ie axial-vector GRs are
Gamow-Teller GR (GTR) with Tjg1, isovector spin-dipole G"v (IVSUR) with Ti15, and so on.
They are broad GRs, reflecting the incomplete super-multipl . /o) symmetry.

The reduction of the NMEs due to the 7 and 7o correi.“ionc . a kind of nuclear 7 and 7o
core-polarization effect [1, 4, 55] due to the destructive couplin,- with the relevant GRs. Then
the NME is schematically expressed as M (T,,) = kST M¢»(1.,) v nere kST stands for the effective
weak coupling and Mqp(T,,) is the QP NME without the -7 polarization. The coefficient kST
can be written by using the a-mode effective suscept..lity.

It should be remarked that nucleons (proton, r~mtron) are dressed in meson clouds and thus
their interactions are modified more or less in the nu. -l ar medium due to correlations with other
nucleons and mesons. Accordingly, the CC p <- = NMEs in the nuclear medium are different
from the NMEs for free nucleons since both the valence nucleons involved in the transition
and the others in the core are modified throu-h vi.c CC transition. Actually, these effects are
effectively included in the experimental NMEs.

The reduction of NMEs due to the .pi ‘sospin correlations and the spin-isospin GRs are
incorporated by the pnQRPA (proton-. ~utror quasiparticle random-phase approximation, see
Sec. 3.1.1) through the spin-isospin i'.teracu. a, while the non-nucleonic (A isobar, meson) and
the nuclear-medium effects by the ffe :tiv = axial-vector coupling g5 are not. Experimental
studies of the NMEs for low-lying states ~id the strength distributions for the relevant GRs are
then important in order to und rs. nd the neutrino-nuclear responses in actual nuclei and to
help realistic theoretical evalus*:ons for the relevant NMEs by pinning down the nucleonic and
non-nucleonic correlations ar ( m1 clear-medium effects.

Actually, neutrino res,on es for DBD and astro-neutrinos involve NMEs M in very wide
excitation F, momentum . argular-momentum J and nuclear-mass A ranges. The values
for M, in particular t.aose “or the axial vector NMEs, are sensitive to all kinds of nucleonic
and non-nucleonic cor elatio s and nuclear-medium effects. They are conventionally given as
M = (g5 /ga)M,,, - .:th i, being the model matrix element and g$ /g, is the renormalization
(quenching). The latter s the factor to incorporate such correlations and nuclear medium ef-
fects that are not e. »li-.tly included in the applied model, and it depends to some extent on
the model and “ne .. .ges of E,q,J, A in the studied problem. Accordingly extensive studies
have recently bee. made and are currently under progress to measure the values for NMEs M
by using various kinds of modern experimental probes and to evaluate them by more and more
realistic and elaborate theoretical models and experimental and theoretical considerations on
the ratio g4 /ga. The present article aims to review the present status of these studies from a
wide perspective.
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The review is organized as follows: In Sec. 2 various experimental we /s t» study neutrino-
nuclear responses are described. They include single §/EC decays, nu.!:ar CERs, muon-,
photon- and neutrino-induced reactions and nucleon transfer reactions. Neu.rino-nuclear re-
sponses for allowed and forbidden 5/EC decays and the spin-isospin Gt s are discussed in Sec.
3, in particular in the view of the quenching or enhancement of t. » ‘.xial coupling. Nuclear
responses for astro-neutrinos and neutrino nucleosynthesis are dr . ribed in section 4. Section
5 reports on neutrino-nuclear responses for DBD, including tabl s on t e recent NME calcula-
tions, and brief overviews of two-neutrino and neutrinoless DBL ~vr _riments. Summary and
remarks are presented in Sec. 6 on perspectives of experime atal .. d theoretical studies of the
neutrino-nuclear responses and on future DBD experiments.

2. Experimental methods for neutrino-nuclear re. ~ons :s

Neutrino-nuclear responses are NC and CC weak reeno: es for nuclei (see Sec. 1.2). They
are discussed in terms of the responses for nucleons (p:.*ons and neutrons) embedded in nuclei
which are described in terms of nucleon-based nuc -.. ~=ny-body models. In fact, nucleons are
dressed in meson clouds and interact with neighborin - nucleons in a nucleus, and accordingly the
related neutrino responses are different from thor~ I~ 1.ee nucleons. Therefore, neutrino-nuclear
responses with weak couplings are sensitive o nuclear many-body correlations, non-nucleonic
degrees of freedom (isobar and others), nuclear- medium effects (meson exchanges) and adopted
nuclear models. Then experimental studies of the responses are valuable in order to obtain the
true responses in the nucleus and to he'p/cor9rm the theoretical evaluations for the neutrino-
nuclear responses, as discussed in the re few urticles [1, 4, 5, 16, 18, 23]. It is remarked here
that neutrino-nuclear responses and "vM”ls to be measured experimentally by SBDs, IBDs, two-
neutrino DBDs, nuclear CERs, muouw. 10tc and neutron reactions and others are real responses
(NMEs) including effective weak oupling (renormalized /quenched g4 ).

2.1. Experimental probes for r_.*rino-nuclear responses

The weak processes via «*17-v and astro- can be expressed as 4X + v — 42X’ + v/ and
7X + 0 — 4X' + 7 for NO proce.ses, and X 4+ v, = , 14X +e” and , /X 4+ — 5X +e"
for CC processes. The N 7 p _ocess is a nucleon excitation process of N — N’ with N and N’
being nucleons in the ni*~leus, v nile the CC process is a charge-exchange process of p <+ n with
p and n being a protc 1 and neutron in the nucleus. The CC process for neutrinoless DBD is
24X — 55X +2eT wih a tvo-nucleon charge exchange of (ny,ny) <> (p1, p2) in the nucleus.

The nuclear res ponses are given by the product of the initial spin factor 1/(2J; + 1) and the
square of the NML for N — N’ and p <> n processes in cases of the astro-neutrino NC and CC
interactions, an for (1.1, m2) <> (p1, p2) in case of the DBD. Here the DBD NMEs are associated
indirectly with «he NMEs for p; <+ n; and py <> ns via the neutrino potential in case of the
neutrinoless DBD (W 33) and directly with them in case of the two-neutrino DBD.

The weak responses for astro-neutrinos and DBDs have been studied experimentally by
using various kinds of weak, electromagnetic (EM) and nuclear-interaction probes. They are
schematically shown in Fig. 3.
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A: Weak B: EM C: Nuclear
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Figure 3: Experimental probes for neutrino-nuclear responses. A: leptons with weak nateraction, B: photons with
EM interaction, C: nucleons and nuclei with strong/nuclear interaction. ™he .’ ..on is p: proton, n: neutron,
e: electron, W: weak boson, 7y: gamma ray, and mw, p : mesons.

Weak-interaction probes of v and v beams are used as a direct way to study the weak
(neutrino) responses. The neutrino cross section, howeve. is xtremely small because of the
weak interaction. It is of the order of 107%° — 10~* cm?, J~nending on the energy. Then high-
flux neutrino beams of the order of 10 — 10" /sec a1.. muliti-ton-scale detectors are required for
the v/v-beam experiments in order to achieve adecmate s.;nal rates.

The single beta decay (SBD) and electron cap ur: (£C) provide the CC neutrino n < p
responses. They are limited mostly to allowed ~d t. st-forbidden transitions from the ground
and isomeric states to low-lying final states.

Negative muons are trapped in atomic ¢ v, nd are captured into nuclei via the weak
interaction mostly in case of medium-heavy ana heavy nuclei with atomic numbers Z > 20.
Ordinary (non-radiative) muon-capture .ca.*ion of 4X + u~ — , X + v, is used to study
the antineutrino p — n response in " ‘ide enrgy (F = 1 — 70MeV) and momentum (p =
30 — 100 MeV/c) ranges.

Photons with EM interactions ar : al .0 v ed to study the neutrino responses because the EM
interactions have similar spin-isosp .n awn..' v ultipole transition operators as the weak interactions.
Electric and magnetic vy transiti s~ are used to study vector and axial-vector weak responses,
respectively.

Nuclear reactions with v icle or/strong interactions are useful for studying the neutrino-
nuclear responses because of ti. large reaction/interaction cross section. The nuclear (strong)
interaction itself is differer ¢ fr ,m the weak interaction in strength, but the interaction operators
include the spin, the isospi.. .nd he multipole terms in the similar fashion as the weak operators
at the level of one-nuc’-on processes. This is not so in the case of processes involving two-body
operators such as in tl = case >f meson-exchange currents. The spin-flip and non-spin-flip inelas-
tic scatterings of p.~ d, «..a light ions are used to study vector and axial-vector NC responses,
respectively. Cha ge-exchange reactions (CERs) used for the CC-response studies are (p,n),
(®He,t) and others "~ (-, — p) responses and (n,p), (d,?He), (¢,*He), ("Li,"Be) and others for
(p — n) respoL es.

High energy-1. olution (®He,t) reactions with the 0.42 — 0.45 GeV *He beam at RCNP (Re-
search Center for Naclear Physics at Osaka University, Japan [57]) have been extensively used
to study the n — p axial-vector responses since the spin-isospin interaction gets dominant at
this medium energy. The projectile *He and the emitted ¢ nucleus are charged particles, and
thus high-precision energy analyses of them are possible by using a magnetic spectrometer. This
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means that one can carry out high energy-resolution measurements rea .ire ' to separate the
individual final states. Nucleon-transfer reactions provide experimental, single-particle and
single-quasiparticle properties of nucleons in a nucleus, which are, in turn, nseu to evaluate the
neutrino-nuclear responses.

2.2. Single beta-decay and electron-capture experiments

2.2.1. Allowed and forbidden /EC experiments

Single 8 and EC decays are used to study neutrino-nuclear resno.."~~ The current systematics
of log ft values [58] for allowed and forbidden decays are sl owr 1 Fig. 4. In this section we
briefly discuss three kinds of single-8 and EC experiments relevant *o neutrino response studies,
forbidden transitions in DBD nuclei, 3 spectrum shapes, and . “pecra of radio-active impurities
in neutrino detectors.

Neutrinoless DBDs involve NMEs with angular-mome. tum transfers of AJ = 1—6. Some of
them are studied by measuring forbidden # and EC < _.,. iom intermediate nuclei. The decay
scheme for %Zr is shown in Fig. 5. The ground-state-to-g.~und-state transition is 0% — 6. The
phase-space and spin differences predict that the d.~ay . the 5T state of Nb is most likely and
the estimated half-life is around 10?° years (see Sec. .5). Single 3 decay has been searched for
and a lower limit of tf o > 2.4 x 10" years has be~n iven [59]. Additional constraints might be
set by taking into account geochemical half-I *. 2~t *minations with all their uncertainties [60].
A similar case can be made for #*Ca (see Sec. ..5), see [61, 62| for the first and recent 2v33
half-life data. A half-life limit of the 5 der ., *o the corresponding 5 excited state of **Ti results
in a lower limit of ¢/ 15 > 2.5 x 10% yea s [63]. In both cases it seems that the S-decay half-life
is longer than the one for 2v38 decey [62, 5.|, see Sec. 3.5. In the case of DBD nuclei *°Te
and 3Xe, the fourth-forbidden uni-.ue .rarsition 5+ — 0% is involved, see Sec. 3.3. Decays for
0V with AJ = 4 may give inform .tior. "0 NMEs of highly-forbidden 3 transitions [65, 66]. EC
decays to the DBD nuclei ®Ge, ™Mo and others are of experimental and theoretical interest,
as also the charge-exchange reactions populating states in the DBD intermediate nuclei, see
Sec. 2.3.2.

Spectrum shapes for forbiu "»n non-unique transitions provide information on axial-vector
NMEs relative to vector "\MT'ls, as discussed in Sec. 3.6. The very low energy region has an
impact on the spectrum-si. 7.e d termination as not all experiments will be able to measure the
spectrum over the full .ange. .he 4-fold non-unique forbidden decays of 1'3Cd (1/2% — 9/27)
and "°In (9/27 — 1,2%) arc sensitive to the quenching of ga because the spectral shape will
change with the val2 o ,, [67]. A measurement of 44 individual detectors in the COBRA
experiment indeec indic. te a value for g, in the ISM and MQPM models of 0.915 + 0.021

and 0.911 £+ 0.009 ~esp- ctively [68], which is lower than the free value. Half-lives of tf o =

8+ 0.11(stat.) =~ u.. = (_yst.) x 10'5 years (1*3Cd) [69] and tfﬂ = 4.41 £ 0.25 x 10 years (1!°In)
[70] have been der. 7ed experimentally. The decay of '°In to the first excited state of '5Sn with
the extremely small @) value is discussed in Sec. 3.4.1.

Various technologies are used for new measurements of the spectra. The KATRIN experiment
measures the tritium spectrum in order to explore the neutrino mass [71]. Other technologies
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Figure 4: Distribution of log ft values for allowed and super-. towed decays (left) and forbidden decays (right).
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used are metallic magnetic calorimeters (MMC), working at low temperat aes and the Si-PIPS
detectors.
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Figure 6: Cryogenic MMC measurement of the 7 1ecay spectrum of 36Cl, taken from [72].

The nuclei “°K, 2'°Bi, 3°Ar among others a.~ ~el. known as potential background compo-
nents for neutrino and dark-matter searches The~ one needs the spectrum shape to evaluate
contributions from them as discussed in Sec. 3.c 1. A 3 spectrum of the 36Cl 2+ — 07 transition,
obtained by the MMC method, is shown in Fig. 6. More spectra, like for 24'Pu [73], have been
obtained. Recently, calculated spectra .t firs-forbidden unique decays of 3*Ar and *?Ar have
been released [74], which allows to study * ackg ounds in large-scale argon-based experiments like
DEAP searching for dark matter. O’. th= oti.er hand, there is now the opportunity to measure
this shape with high precision.

2.2.2. Single B/EC and v trans’ao, = in deformed nuclei

Weak and electromagnetic <. ~ays in deformed nuclei are relevant for nucleosyntheses induced
by supernova neutrinos. Ope- -shr il nuclei with proton and neutron numbers far from magic num-
bers are likely deformed ir shap > due to the strong quadrupole interaction. In well-deformed
nuclei, the Jx quantum ram’ er /projection of the angular momentum J on the intrinsic sym-
metry axis, note that Jx 15 ~or ventionally denoted as K.) is a good quantum number. Then
the Jx selection rule i, effective for weak and EM transitions, as also for neutrino CC and NC
responses in deformed nuclei  We first discuss briefly the Jx selection rules in /EC and EM
transitions in defor.ued nuclei around the mass number A = 160 — 190, and then discuss the
Jr-hindered weak and E. 1 responses for the 89" Ta isotope of current astro-physics interest.

Experimental 5.7 .nd EM transitions in the deformed nuclei are discussed in [75]. Recently
the Jx selection ruv s Jor the §/EC and EM transitions in well-deformed nuclei have been derived
[76]. The experim.ntal NMEs M (V1) for vector transitions (VL) of AJ = L =1, with J and L
being the spin and tne multipolarity, are obtained from the observed /EC-decay rates, as shown
in Fig. 7. The initial and final states involved in the transitions are simple two-quasiparticle (1
quasi-proton and 1 quasi-neutron) transitions in odd-odd nuclei. The Jk selection rule requires
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AJgy — L = 0 with L = 1. The observed NMEs decrease as the deviatica fiym AJxg —1 =0
increases. The NMEs can be expressed as

M(V1) = My(V1)F&«=1 [~ 0.15, (22)

where My(V1) & 7x 1073 is the intrinsic V1 NME in natural units ana _ ' is the reduction factor.
The V1 weak NMEs are reduced by a factor F' = 0.15 and the ‘ransit‘on rate (response) by a
factor 0.023 with every one unit of deviation from the Jx selecticn rule
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Figure 7: Left side: NMEs for Jg-allowed and Jg-forbi. 'en VL weak vector decays with L =1in A = 170 — 182
nuclei. Right side: NMEs in units of Mgp(EL) for Ji-allowed and Jk-forbidden E3 (L = 3) and E5 (L = 5)
transitions in A = 164 — 186 nuclei.

The Jg-allowed and Jg-forbidder. EM NWEs for E3 (L = 3) and E5 (L = 5) low-lying
transitions are obtained. The valvss i1 urits of single-particle NMEs [75, 76] are shown in
Fig. 7. The EL NMEs are express d a.

M(EL) = My(EL)FA'x~L | F ~0.16, (23)

where My(EL) ~ 0.35Mgsp(E. ) ic the intrinsic EL NME and F is the reduction factor. The EL
NMEs are reduced by a fetor .~ = 0.16 and the transition rate (response) by a factor 0.026
with every one unit of de /iat on “rom the Jg selection rule. The EL reduction factor is nearly
the same as the factor for tn. weak V1 decays.

The '8°Ta isotope s of c. rrent interest from the astro-nuclear and neutrino-nucleosynthesis
points of view. This i. the »arest isotope with the probability of 2.4 x 1072 per one Si atom
and the very smal’ 1sotcoic abundance ratio of 1.2 x 107 [77]. This nucleus is not produced
by ordinary s and r proc sses, but may possibly be produced by neutrino interactions. So the
neutrino-nuclear respo.ses associated with the 'Ta production are interesting [78, 79, 80, 81].
The ®9Ta grour.1 s.ave is unstable, but the 77keV isomeric state is a long-lived state since the
isomeric transition * are Jg-forbidden. The transition scheme is shown in Fig. 8.

The Jx-hindered 8/EC and EL « decays from the isomeric state in 8Ta are evaluated by
using the Jx selection rules. The evaluated f~ and EC NMEs are [76]

M(V3)=38x10"" (B7) ; M(V3)=12x10""? (EC). (24)
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Figure 8: Left side: Angular momentum J and its projection Jg on th : syr -etry axis. Right side: Beta- and
gamma-transition scheme for the ground and isomeric states in '®9Ta. T.e sy n-parity J™, the projection Jx
and the energy in units of keV are shown. The transitions (blue lines) ~om ’*_ ground state are Jx-allowed and
the transitions (red lines) from the isomeric state are Jx-forbidden.

The log ft values and the half-lives are log ft = 29.9 ana * o(87) = 5.4 x 10®y for the g~
branch, and log ft = 28.9 and t;5(EC) = 1.4 x 10, for the EC branch. The EM transition
from the isomeric state with J™ = 97, Jg = 9 tc “»~ 40 keV state with J™ = 27, Jx =1 is a
J-forbidden E7 transition with AJxg — L = 1. The F7 NME is evaluated as [76]

M(ET) =13 . 1, fm". (25)

The y-decay half-life is ¢1,5(y) = 1.4 x 10*'y, a.d the EM half-life, including the conversion
electron emission, is t1/2(E7) = 8 x 10'® ;. The single §/EC and EM decay rates are, indeed,
of the same order of the magnitude as typica two-neutrino DBD rates. They have not been
observed experimentally yet. Several group. '.ave searched for the v rays following the 5~ /EC
decays as given in [82] and reference s th rein. Lower limits of 2 x 101"y and 5.8 x 10y for the
EC and g~ decays, respectively, w.re . ~e.tly reported [83].

2.3. Charge-exchange nuclear reactior..

The nuclear (strong) inter acti ms mediated by 7, p and other mesons are different from the
weak interactions carried bv ti. weak bosons in strength and interaction range. On the other
hand, they have common -, o and multipole-interaction operators, and accordingly have similar
7, o and multipole-interac.’ - a N vIEs and nuclear responses. Therefore, direct nuclear reactions
induced by nuclear int- ractinns are useful to study neutrino-nuclear responses induced by weak
interactions.

2.3.1. Neutrino re sponsc~ by charge-exchange nuclear reactions (CERS)

Various types o. char je-exchange reactions (CERs) for CC-response studies are described in
the review artic . [1 16, 18] and references therein. In this subsection we briefly discuss general
features of CERs for neutrino-response studies and recent CER experiments for astro-neutrino
and DBD response.. The nuclear reactions to be used for the neutrino-response studies are
medium-energy light-ion reactions, with the projectile energy per nucleon of E/A ~ sub-GeV
and a mass range of A < 20, in order to avoid multi-step reactions and nuclear distortions.
Merits of CERs for CC-response studies are as given below.
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(i) A large cross section of the order of 10725 — 10728 cm?/str for the racle ar reaction. This
is 101> — 10% orders of magnitude larger than that for the neutrino -~ action induced by
the weak interaction. Then one can measure CER cross sections ana ~uciear responses for
individual nuclear states with good energy resolution and good sta“istics.

(ii) Medium-energy projectiles are used to cover wide regions of ex itation energy of F ~
0—40 MeV, the momentum of p &~ 0—200 MeV /c and the an ,ular 1. omentum of [ ~ 0—6h.
The excitation energy and the spin of the final state are idern ified »y measuring the energy
and angular distributions of the emitted particles.

(iii) The CC 7~ responses are studied by using 7~ type CCRs of /,.n), (*He,t), (°Li,°He), (*2C,
12B), etc., while CC 7 responses are studied by using + © type CERs of (n,p), (d,°He),
(t,*He), ("Li,"Be), (*2C,'2N), and so on.

(iv) Vector 7% responses are studied by using CER~ 1. L.ospin (7) nuclear interactions, and
axial-vector 750 responses by CERs with isospin-s, in (7¢) nuclear interactions. They are
also identified by measuring spin observables o .. ‘n-flip excitations in nuclear reactions.

The nuclear interactions associated with the vi~to. (isospin) and axial-vector (isospin-spin)
excitations are the isospin V, and isospin-spin V., interactions. The interaction is expressed in
terms of the central (C), spin-orbit (LS) and tc~sor (ST) interactions as [84, 85, 86]

e A A (26)

Vc = VC<7"ij) + VOC(Tj )0+ (O3 + VTC(T’ij)TiTj + V(S_(T'ij)O'i . O'jTZ"Tj N (27)
VLS — [T/T 3(’1“ j) + V;LS(TU)TZ,T].}L . S7 (28)

‘/rr [VLS(TZ']') + ‘/TLS (’l”ij)TiTj} SZ; . (29)

The central, LS, and tensc. . teractions show characteristic dependencies on the energy F
and the momentum transfer , as shown in Fig. 9. They are discussed in [84, 86, 87]. The isospin
interaction V, becomes sms .l as t..~ incident energy F increases, and the isospin-spin interaction
V., stays rather constant as . fuiction of the projectile energy. Then interaction V,, is of the
same order of magnitude as ™. at E/A ~ 30 MeV, while the V,, interaction is a factor 3 — 4
larger than V, at the mediv.n energy F/A ~ 140 — 180 MeV [88]. This feature is explained
in terms of the 7 and , mes n-exchange potentials and the second-order effects of tensor force
[87]. In other worrs, the 7o and 7 excitations are identified by observing the cross sections as
functions of the p. ojectil : energy. Noting that the cross section is proportional to the square
of the interactinn stre.agth, the medium-energy CERs with /A = 100 — 300 MeV are used for
preferentially ex. iti 1g the 7o mode as shown in Fig. 9. The distortion interaction (t3) gets small
at the medium enc "gy.

The reaction proceeds mainly by the central interactions at forward angles with ¢ &~ 0, while
the tensor interaction gets important at backward angles with ¢ ~ 0.5fm™" = 100 MeV /c, as
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Figure 9: Panel (a): Central interactions as function of the projectile —erg; >-anel (b): Central, tensor and LS
interactions as function of the momentum transfer ¢ [86].

seen in Fig. 9. Let us consider first the CER with the ¢ ~tral spin-isospin interaction. The
nuclear interaction for the CER of A(a,b)B; to excite *n ith final state in B is expressed as

Ha - XQQLQQ7 V=1 SLJ? <3O>

where Y, is the interaction strength, QI and (. « > the projectile-nucleus and target-nucleus
transition operators, and « stands for the t ~»<itiun mode of T'SL.J with T, S, L,.J being the
isospin, the spin, the orbital angular momentun: ~nd the total angular momentum, respectively.
The transition operator is expressed as

Qo= i"fL(r)[YLo®] (31)

where S (= 0,1) is the spin and f7( ) is the radial function, given as f7(r) = r* in the case of a
low-energy (long-wave-length) EV trawn.*t on. The square brackets denote angular-momentum
coupling [56]. The Fermi (F, 00 ), Gamow-Teller (GT, 17), isovector spin-dipole (IVSD, 27)
and isovector spin quadrupole ‘TVSQ, 3T) transition operators are Qp = 75, Qgr = 750!,
Qsp = TEi fi(r) [Yio!],, anc. Q¢ y = 7Fi2 fy(r) [YQOJ}?), respectively.

The cross section for th~ a-.. nde transition to the ith final state is expressed as

O = Ki(0)F(0,0)J(0)Bi(a), (32)
where K;(a) is a kincmatic factor, Fj(«,q), with ¢ being the momentum transfer, is the ¢-
dependent factor ar & J, 15 vne a-mode interaction integral. The nuclear response for the a-mode
CER excitation of A — I ; is expressed by B;(a) = (2J; + 1)~ M;(a)|* with J; and M;(a) being
the initial (target) s.~*t~ spin and the corresponding NME. The response for the projectile side
a — b is inclua. 1 1, ! e interaction integral. The momentum transfer ¢ is a simple function of
the angle 6 of the 'mitted particle b, and the g-dependent factor F;(«, q) stands for the angular
distribution of the emitted particle b. Actually, the g-dependent factor is modified more or less
by distortion potentials acting on the projectile a and the emitted particle b.

If the nuclear interaction, the initial and final wave functions involved in the CER and the
optical potential for the projectile and the emitted particle are well known, one can calculate the
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cross section by means of a DWBA (distorted wave born approximation) coa . The transfered
angular momentum L is derived from the ¢-dependent factor F;(a, q) (the > ular distribution),
and the a-mode response B;(«) is obtained by comparing the DWBA and o. ~erved cross sections.

Experimental studies of the CERs for simple F and GT states h-.ve Yeen performed exten-
sively by using simple projectiles with A < 3 and so on, as shown in i. = » eview papers [4, 16, 18].
Among them, (p,n) and (n,p) CERs have been used widely as ¢'...ple .. cleon CERs [89, 90].
Experimentally, the (p,n) and (n,p) reactions, however, involve t 1e neu "ons (neutral particles),
which are measured by means of the TOF (time of flight) method. The, the energy resolution is
limited to be of the order of a couple of sub-MeV. Thus they : re 1».c ! to study isolated low-lying
states and gross features of CER strength distributions.

Medium-energy (E = 100 — 200 MeV) (p,n) reactions hav. been used extensively at [UCF
(Indiana University Cyclotron Facility, 1976-2010) and ~ther ] iboratories to study IASs and
GTRs and also some low-lying GT states. Here the g- meunuent factor F;(GT,q) is given ap-
proximately by the square of a spherical Bessel functi~~ —. L = (0. Then the cross sections at
forward angles of 6 ~ 0 degrees, corrected for the kinei. atic factor K;(«) and the g-dependent
factor F;(GT,q), derived from the DWBA calcula. 0w, I ziven as

dO’i

) Ki(GT)"'F(GT,q) ' = L(GT)*B;(GT). (33)

The coefficient J;(GT)? is found to be nearly con.‘ant, being independent of the individual ith
states in various nuclei in case of the ¢'.up'» GT states with large B(GT) > 0.1. They are
illustrated for various kinds of CERs in the revew article [4] and references therein. This is the
so-called proportionality relation and “s usec * s estimate the approximate response of B;(GT) for
simple GT states from the measurer cress sxction at # = 0. Here the proportionality coefficient
Ji(GT)? is obtained from the meas wrea ~c s section for a reference state with the B(GT) known
from the -decay ft value in the 1. ichboring nucleus.

The CERs of (3He,t) and (¢.3He), wi.h a charged projectile and a charged emitted particle, are
much used for F' and GT neuv’ rinc -response studies by means of magnetic analyzers for incident
beams and emitted particles |4, 91]. The cross sections, being corrected for the kinematic and
the DWBA ¢-dependent f'.cte s, are approximately proportional to the nuclear response B;(«),
with the proportionality co ficie it J;(«)?. Then one can obtain the response from the measured
cross section by using tlie proportionality coefficient derived from a reference state as in the case
of the (p,n) and (n,p) reactic ns. The (p,n) and (*He,t) reactions have been compared against
each other in detail ~na ...y are consistent with each other after a momentum-dependent, yet
trivial, adjustmen [92].

The proportionz'itv »:lation may be used if the ith state of interest is excited mainly by the
central 7o inte. w.. =~ and the interaction integral J;(«) for the ith state of interest is the same
as that for the re’” rence state. This is the case for the simple spin-flip excitations with a large
response of M;(a) - 0.1.

Actually, nuclear states are not simple single-particle configurations, but include mixtures of
them. They are excited by the central 7o interaction and the tensor-type interaction, and the
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NME is effectively expressed as
M(d') = M(1o) + kM’ (oY), (34)

where k; is the tensor-interaction strength relative to the central one and M~ is the NME for the
transition operator 7f(r)[oYs];. The strength of the tensor interactio. itself is of the order of
ki =~ 0.1. Then the second term of M'(T7oY3) gets important in ase tl.at the Al = 2 excitation
is appreciable and the first term is small. The contribution of 1he second term is seen in the
L = 2 component of the angular distribution as discussed in “ec. 4 2.1.

2.3.2. High energy-resolution CERSs for neutrino-nuclear rcomons -

Nuclear responses for astro-neutrinos and DBDs are studiea by CERs on individual nuclear
states in the wide excitation and momentum regions of ¥ = 2 — «0 MeV and p = 0 — 200 MeV /c,
which are just the regions appropriate for astro-neutrinos «~d DBDs.
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Figure 10: "he hig . energy-resolution beam line and the spectrometer at RCNP.

High energy-re solutio ! studies of the charged-particle (*He,t) CERs have been extensively
carried out at RCN.® ©.aka University [57] by using medium-energy 3He projectiles with E =
420 — 450 MeV o1 = _l_:tive To excitations. The charged projectile *He and the charged emitted
particle ¢ are mo. entum-analyzed by means of the high energy-resolution beam line and the
Grand Raiden spectrometer. The achieved energy resolution of AE/E a5 x 107" is an order of
magnitude better than that for standard magnetic analyzers, and is just the resolution around
30keV required for studying individual states. The beam line and the spectrometer at RCNP
are shown in Fig. 10.
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Neutrino-response studies for the DBD nucleus Mo and the solar-r cut ino nucleus "*Ga
were carried out by using the (*He,t) CERs in the 1990’s at RCNP [93, Yo, The (*He,t) CERs
have been shown to be useful for studying GT strengths [95]. Chargea .~acu.on particles are
measured also in coincidence with v rays to identify the final state.

The (*He,t) CERs were measured on DBD nuclei of current interc *+ for high-sensitivity DBD
experiments. They are %Ge [96], 82Se [97], %6Zr [98], 1Mo [93, 2], 1104 [93], 128:130Te [100],
136Xe [101] and 'Nd [102], which are all 373~ -decaying nuclei vith a arge phase-space factor
and a large () value Q).
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Figure 11: Energy spec. um of the 128130Te(3He,t)128:139Xe CER [100].

The energy spectra for th 2¢130Te(3He,t)128:130X e at the emitted triton angles of 6 ~ 0 — 4
degrees are shown in Fig. 17. He, - the F (07) and GT (1) CERs with AL = 0 are characterized
by a large yield at the fo wa'd angles of # = 0 — 0.5 degrees, while SD(27) with AL = 1 and
SQ(3") with AL = 2 have 1. 7e yields at larger angles of § = 1 — 3 degrees. Note that the Fermi
giant state of IAS (iso’aric ¢ nalogue state) appears as IAR (isobaric analogue resonance) in the
continuum region.

The observed s_ecctra snow discrete lines for GT, SD and SQ states at the low excitation
region of E =0 — 4 MeV The corresponding states are well excited by the o7 interaction. At
the high-excitation 1.5 un one sees the strong F (Fermi TAR), GT and IVSD giant resonances
of £ > 10MeV, as ‘uscussed in Sec. 1. Most F, GT and IVSD strengths are pushed up into the
GR regions. No k. rmi states are seen at the low-excitation region since all of the F strength is
concentrated in the [AS because of the good isospin symmetry. On the other hand some GT and
SD strengths remain in the low-lying states since the spin-isospin symmetry is not fully realized
in nuclei. These are common features of 77-CERs on medium-heavy and heavy nuclei [1, 4].
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Figure 12: Angular distributions of the GT, SD, SQ, ana TA." states from the 128:130Te(3He,t)!28:130Xe [100].

The observed angular distributions are analyzed to identify the angular-momentum transfer
and the spin-parity to obtain the F, GT ana .'D strengths as shown in Fig. 12.

The GT strengths B(GT) are derived from the DWBA analyses of the angular distributions
for individual states [96, 97, 98, 99, 100 1u., 102]. The strength distributions are plotted as
function of the excitation energy in "ie 13 The GT and SD states at the low-excitation region
depend on valence nucleons in ind vidua. .uclei. The GRs (IAS, GTR, IVSDR) are nuclear-core
vibrations, and thus are rather v.aito. mly excited in all nuclei. The GT strengths are spread over
the low-excitation region in c-..~ of "°Ge, 82Se, 128130T¢, 136Xe and "Nd. Since the valence
neutrons and the valence pre ons in these nuclei are in the same major shell of N =3 or N = 4,
there are many 17 states ex .itea .7 the 7~ n — p CER. On the other hand, there is only one GT
state with the transition 0g- 5)n — (0gy), in *°Zr and '"’Mo since the neutrons and protons
reside in the different maijor “he'is of N = 3 and N = 4, respectively.

The SD states play »n im ortant role for neutrino responses associated with the neutrinoless
DBDs and mediumr cnersy astro-neutrinos. They are well excited by the (3He,t) CER, as shown
in Fig. 11. The co. figura ion of the lowest SD 2~ state is (0gg/5)n(0f5/2), for “*Ge and ®2Se, and
(1ds/2)n(1py/2), for "7 and Mo, and (0g;/9)n(0hy1/2), for *#1%Te and *Xe.

The SD dift ver .ia. cross section with the angular-momentum transfer of L = 1 shows the
typical pattern of |71 (¢R)|?, where j;(qR) is the spherical Bessel function with ¢ and R being the
momentum transfer and the interaction nuclear radius. The cross section reaches its maximum
at the angle ; ~ 2 degrees, corresponding to the momentum transfer ¢; ~ 60 MeV/c, as shown
in Fig. 12.
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Figure 13: GT strength (B(GT)) distributions plotted against ."e excitation energy for low-lying states in "°Ge,
82Ge, 967r, 199Mo, 139Te and '36Xe.

If the experimental SD response Bg(SD) is *..~po. tional to the SD cross section o(SD) at
0 ~ 2 deg., as the GT response B(GT) is provortinal to the GT cross section o(GT) at 0 ~ 0
deg., one gets Bg(SD) = R[o(SD)/o(GT)]x .2(G 1), where R is the proportionality constant
for the SD cross section with respect to the G'1 one. Using the observed cross sections of
0(SD),o(GT) and the known B(GT), tb: vai.-s for B;(SD)/R were derived for the DBD nuclei
[103]. The SD NMEs M¢(SD), derivea ~s [B;(SD)]*/2, are indeed proportional to the model
NMEs M(SD) as shown in Fig. 14, 2 .1d thus CERs are used to get the SD NMEs.
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Figure 14: Experii. ent 1 D NMEs Mg(SD) with R'/2 =0.86 x 10~ are ploted against the model (FSQP, Fermi-
surface quasiparticle aodel, see Sec. 5.5.1) NMEs M (SD) for DBD nuclei of A: "Ge, 82Se, B: %6Zr, %Mo and
C: 128Te, 130Te, 136Xe 103].

Neutrino nuclear responses associated with medium-energy supernova neutrinos and neu-
trinoless DBDs involve medium-momentum and angular-momentum transfers of ¢ = 20 —
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200 MeV /c and Alh = 1—6h. Nuclear and muon CERs provide opportunif.es o study neutrino-
nuclear responses in a wider momentum-transfer region. So, it is of intere.* ¢o investigate how
axial-vector responses with the axial-vector coupling are modified at the la. *e miomentum trans-
fer of ¢ = 50 — 100 MeV /c.
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Figure 15: Top: The "®Ge(*He,t) CER crsss sec. is as functions of the momentum transfer ¢ [96]. F 07:
8.31MeV IAS, GT 17: the 0.12MeV GT stat:, ST 27: the ground SD state. The solid lines are the DWBA
calculations. Bottom: The ratio k% (g)/" %, = 0 for a = F (IAS), GT (Ist GT state), and SD (ground) states.
The red point is the normalization poi- - at ¢ = u. See [104].

The (®He,t) CERs on DB nu -lei were measured for F(IAS, 07), GT(17) and SD(27) states
in the angular range of § = " — 4 degrees, corresponding to the momentum-transfer range of
g =5—100MeV /c, to study the 1..>mentum dependence of the neutrino-nuclear responses [104].
The g-dependent cross se tio'« for the ith final state is expressed by using Eq. (32) as

-2 = Ki() Fi(e, ) Ji(0)* 5 (g)* Bi(a) , (35)

where K;(a) and /;(«) vith o =F,GT,SD are the kinematic factor and the volume integral of
the interaction, res, ectis cly. The kinematic ¢ dependence is given by Fji(a, q) ~ |J(¢R)[* and
the g-depender. . ~~anse is effectively expressed as x°(q)?B;(«), with B;(a) being the nuclear
response at ¢ = L [he coefficient k°%(g) stands for the effective g-dependent coupling.

The kinematic ¢ dependence F;(«, q) is given by the DWBA calculation, and the g-dependent
coupling x°%(g) manifests as deviation of the observed ¢ (angular) distribution from the DWBA
calculation. Actually, the observed ¢ dependencies (angular distributions) of the CER cross
sections for a« =F GT,SD responses are well reproduced by the DWBA calculations with constant
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x°%(q)?, as shown in Fig. 15. The GT and SD responses at the medium mo 1entum region of
g = 30 — 100 MeV /c are found to be the same as the responses at ¢ ~ 0 |10 . The GT and SD
NMEs at ¢ =~ 0 for the DBD of other medium-heavy nuclei are experinuw ~taliy available from
B/EC data. They are quenched with respect to the pnQRPA NMEs by = factor knyv(0) ~ 0.6
at the 8/EC point of ¢ &~ 0 [105, 106]. Thus the axial-vector weak < iing is considered to be
uniformly renormalized (quenched) by the coefficient kxy(g) = 0.6 “.. the \.:*de momentum region
of ¢ = 0 — 100 MeV /¢, which is the region of the neutrinoless )BDs . nd the medium-energy
supernova neutrinos.

2.3.83. Double charge-exchange nuclear reactions for DBD res, nses

Double charge-exchange reactions (DCERs) provide into. »ation on DBD responses, much
like the single CERs on SBD (single beta decay) respc. ses. Tie DCER to be used to study
nuclear response for neutrinoless DBD is expressed as

X 4a— 55X b, (36)

where 4X and ,,4X are the DBD initial and final . i ei, and a and b are the DCER projectile
and emitted nucleus. In case of 4X—,.4X tw . neu.ons in the initial nucleus 4X change to
two protons in the final nucleus , Q‘X, while two 1. rovuns in the projectile nucleus a turn to two
neutrons in the emitted nucleus b.

The DCER and DBD involve common initial and final states, but their reaction and decay
mechanisms are different. The interactic.i 1. 2lved in DCER is the nuclear interaction via 7, p
and other mesons, while the one invo. od in DBD is the weak interaction via the exchange
of a charged weak boson. Actually the n. lear-interaction operators are different from the
weak-interaction ones, depending r ick on the projectile energy and the momentum transfer.
The projectile and emitted nuclei mvor. ~. in DCER are distorted much by nuclear potentials.
Therefore, it is not straightforwe a .~ relate the DCER cross section to the DBD transition rate.
In case of a medium-energy pr~:~ctile with £'/A =sub-GeV /nucleon, the 7o central interaction
dominates the nuclear interar cior, and thus the double 7o flip process gets dominant in DCER.
Then one may get the douk'e <" and double SD responses from the DCER cross section in the
low-momentum-transfer r gio « (forward angle), which may be used to help evaluate the DBD
GT and SD responses.

The lightest-projec.ile DCER is the (*He,3n) reaction. This reaction involves 3 neutrons,
which are hard to meas wre ex' erimentally with good energy resolution. Light heavy-ion reactions
to be used for DCFTus are, e.g., (1B, Li) and (*¥0,®Ne). DCER and DBD transition schemes
for 19Mo(M"B,"'Li 1%Ru wnd 'Mo— °Ru + 2¢~ are shown in Fig. 16.

DCERs may exc*~ ~crongly DIAS (double IAS), DGTR (double GTR), DIVSDR (double
IVSDR) and ov~er .o :ble GRs, like the single CERs excite strongly single IAS, GTR, IVSDR
and other GRs. . aus DCERs may leave little strength to the ground and low-lying states, as
single CERs do. Accordingly, one may expect a similar feature in case of the neutrinoless DBD
and DCER responses, just as seen in the single 5/EC and CER responses. The DBD followed
by 2 neutrinos (2v3 decay) is mainly a double-GT process, leaving little strength to the ground
state [107]. The DGT GR and DBD were discussed from a theoretical point of view in [107, 108].
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Figure 16: Left side: Schematic diagrams of DCER of 4X(*'B,''Li),, ,4X < ~d DBD of 4X — , 4X+2e~. Right
side: DCER and DBD transition schemes: 4X and ,,/4X are the DBD i itial and final nuclei. The GR and
DGR are the giant resonance and the double GR excited from ..~ ini.... nucleus. GR’ is the GR excited from
the intermediate state [107].

Theoretical discussions are made on heavy-ion « ra. . ['09] and on relation of DCERs to DBD
responses in [110]. DBD NMEs M% are showr thec etically to be related with DGT centroid
energies in [111]. DCER experiments on medi . heavy DBD nuclei are interesting. So far
DCER experiments are mainly performed or “=ht ,uclei [112].

The (1'B,!'Li) DCER was studied at RCNP - using a medium-energy !B beam with F/A =
80 MeV [113]. The emitted nucleus 'Li wae analyzed by the high energy-resolution spectrometer
Grand Raiden and was identified by TOF an1 PI measurements. The DCER on %°Fe shows
double TAR (isobaric analogue resonance, anc large amount of strength in the high excitation
region above 20 MeV, but no strengch -t the low-excitation region of £E = 0 — 10 MeV. The
cross-section ratio for the low- to hig.. xci’ation regions is less than 0.05. The DCER strengths
are considered to be pushed up tr the higin-excitation double-GR region due to the repulsive 7o
interaction, like the single CER strew ths are pushed up to the GR region (see Fig. 16). This
suggests a reduction of the DT, ‘trength for the ground-state transition.

Extensive programs of DCT'R ;5 are under progress at INFN-LNS Catania (Laboratori Nazion-
ali del Sud, [114]) to study DBD-nc atrino responses [115]. The DCER of *°Ca(!80,®¥Ne)Ar was
measured by using the 0.27C:V 17O beam with £/A = 15MeV [115]. The ground and low-lying
states in 9Ar were ider**fiea, ~ad the angular distribution for the ground-state transition was
measured. Medium-er 2rgy h avy-ion DCERs for isotopes with large T, are interesting in order
to see how the DCER s renc hs are concentrated in the possible double-GR regions.

2.4. Muon charge =xzchar je reactions for neutrino-nuclear responses

Muons (p® -ith mass m, = 105.66 MeV) are charged heavy leptons with weak and EM
interactions. The v aave been extensively used as massive charged particles with EM interactions
to study EM respou ses in solid-state physics and also quarks and symmetries in particle physics.
In the present subsection we discuss neutrino-nuclear responses studied by using negative muons
as massive leptons for the studies of CC weak interaction. Possible usages of the muons to study
nuclear weak responses are discussed in the review articles on DBDs [16, 18, 23] and usages to
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neutrino-nuclear responses in [116]. Ordinary muon capture (OMC)! reactions n nuclear physics
are reviewed in [117].

Low-energy muon (u~) is trapped in one of the electron shells of the v »gel atom, and then
decays down to the lowest muon orbit in the atom. It stays there mor cly for sub-u seconds, and
then decays via the weak interaction by two ways. One is the free 'ecay into 7, + v, + e and
the other is the p-capture reaction (mainly OMC) into the nucleus. In ni st medium-heavy and
heavy nuclei with the atomic number Z > 10, the muon capture (MC) lominates.

2.4.1. Muon charge-exchange reactions for astro-neutrinos a:.d D7 Ds
The OMC is a kind of muon charge-exchange reaction via t... cha- ged weak-boson W, where
the muon becomes the muon neutrino and a proton in a nuci s turns to a neutron. The OMC

is thus expressed as
X o X (37)

where 4X is the target nucleus and , 4X is the resic. u nucleus after the OMC. Then OMC is
used to study the corresponding astro-antineutrine respo..ve for X + 7, — , 41X + e and the
DBD j* response for 4X — , 4X+ v, + et with , 4Y peing the DBD intermediate nucleus, as
discussed in Sec. 2.1. The muon response B(p) = giv u by the OMC NME M (p) and the spin
factor 2.J; + 1 for the initial state as

Bp) = (2J + 7Y M(p)?. (38)

The OMC on 4X populates various 1 inds o excited states in , 4X up to the Q value around
the muon mass of 106 MeV, in principle. Tn real nuclei, the excitation energy extends up to
around F = 70 MeV since excitatior s tc higher states are suppressed by the small phase space
and the small nuclear response. The > ans’orred momentum is p &~ 10 — 40 MeV /c. The energy
and the momentum are of the ¢ me oracr of magnitude as for the neutrinoless DBD virtual
neutrinos and medium-energy supernc = neutrinos. Therefore the muon responses provide useful
information on the relevant D 51, and supernova-neutrino responses [16, 18, 116] .

The excited states in the 1 ~i-.ual nucleus , 4X decay by emitting v rays to the ground state
of , 4X if they are partic.e-houn. states, while they de-excite by emitting a number (z) of
neutrons and/or protons ¢t ey 7 re particle-unbound. Then the neutrino responses for the low-
lying bound states are *-:diec. 'y measuring the 7 transitions from the bound states, and those
for the highly-excited states n the unbound region by measuring the emitted particles and/or
the 8 — « rays followin_ th- particle emissions. The OMC and decay scheme is illustrated in
Fig. 17. The OM’ ~-re 7 studies and the residual isotopes are discussed in the review article
[117] and reference * there mn.

2.4.2. Muon che g -exchange reactions for low-lying bound states
In this subsect.n we give a brief overview of the formalism of the OMC and calculations
which are used to estimate capture rates to (low-lying) particle-bound states. In this review we

ITo make a difference with the radiative muon-capture processes.
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Figure 17: CC excitation and neutron-emission scheme for OMC on "M The low-lying states in °°Nb decay
by emitting v rays to the ground state of 1°°Nb. The highly-exci. ' states around 30 MeV decay by emitting
3 neutrons and v rays to the ground state in ’Nb. Insert: e Iiuw.ou of a low-lying state (L) by OMC (v,,), v
decay (7') to L, and ~y decay (v) from L.

do not discuss the total muon-capture rates sinc: “he 1. view [117] is rather exhaustive in both the
experimental and theoretical aspects of it. Theore ic.' approaches to the muon-capture problem
have been deviced in [118, 119, 120, 121, 122). vv..2" the captures to individual states are rather
complex to describe, the total capture rates are 1.1ch easier to calculate [123, 124]. An elegant
and powerful theory formulation was int- .. ced in Ref. [119] and there the total capture rate
W was written as

2T -1 q
W =4P(Z /) — —(1- ——— | ¢ 39
0z 1 (1 o) (39)
where A is the mass number of t}e ini.'" and final nuclei, Z the atomic number of the initial
nucleus, and mj, = AMm,(m, + AM)~" the reduced muon mass. Furthermore, a denotes
the fine-structure constant, M *he average nucleon mass, m, = M, — Bk is the muon mass
M,, corrected for the bindin . er-rgy Bk of the p-atomic K orbit, and ¢ the muon-neutrino
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momentum. The term P contains the OMC NMEs, and can be written as
P =" |gvM[0l] S ()31,

+ gAML S1u() + T M[LTup]S;, (—r)+

+ V3o (\/ (I+1)/(20 + 3) MOl + Lu+]dry .+
[/(2] — 1) M|0] — 1u—]5f,17u)sgu(—/<;, p

- )
N 29]\2‘1(1—/@ i <~/z+ 1W (11ul, 11+ 1)M[L] 4 Lut]+ (40)

VIW (A, 1,1 — DML, T — 1u—])§i\ (—k)+

IA \ inT 1 L(gp - 7a)q
- MM[Olup]SOU<_K)5Zu+ \/; Pﬁnl — X

— /___
x( 2ll+ MU+ 1u+] +V-»—M[1l—1u ])

X S(I)u(_’%)@_u

Y

where W(...) are the usual Racah coe’icients and the definitions for I, the matrix elements
M[k:wu(ij)] and the geometric facto's Sk, ‘v, and S}, (—~) can be found in [119, 125]. The
coefficients gy and ga are the usual /effe tive ) weak vector and axial-vector couplings. The CVC
and PCAC hypotheses dictate for a ti.~ » acleon the values gy(0) = 1.00 and ga(0) = 1.27 at
zero-momentum transfer and th- *nole approximation [see Sec. 1.2, Eq. (10)] can be used for
finite momentum transfer. For the inwaced pseudoscalar coupling gp the Goldberger-Treiman
relation [44] gives gp/ga = 7 5. Tae OMC @ value (momentum of the emitted muon neutrino)

can be obtained from
m, — W
o — W 1 w770 41
T 0)( 2(Mf+mu)> ! (41)

where Wy = My — M; - m.+ Ex. Here My and M; are the nuclear masses of the final and initial
nuclei, and Ex is the «xcitat on energy of the final-state nucleus.

Calculations for Jiffercuc mass regions of nuclei have been done along the years. In Table 1
a list of these cal ulatioJ is given. The muon-capture transitions can be used to probe the
right-leg (the 87 sic) - .rtual transitions of Ovff decays and the value of the particle-particle
interaction parc me: _. gpp of the pnQRPA (see Sec. 3.1.1), as discussed in [148, 149, 150]. The
muon capture caw also give information on the in-medium renormalization of the axial current
(9) in the form of an effective ga [133, 140, 142, 151] and an effective gp (in fact in most cases the
ratio gp/ga) [120, 121, 122, 128, 129, 136, 138, 139, 140, 141, 142, 143, 144] at high (100 MeV)
momentum transfers, relevant for the studies of virtual transitions of the Ov35 decays. A recent
review on the renormalization of gp is given in [152].
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Table 1: List of OMC calculations of captures to low-lying be md st~tes in nuclei.

Mass range References

A <20 [120],[126],[127],[128], [129],[130],[137], [1527,[133],[134],[135],
136],[137],[130,

A=23-40 [121],[122],[125],[135], [139],[140],[141],. *2J,|143], [144],[145],[146]

A =36—62 [135],[146], [ *7],[14¢ |

A>T76 [135],[146],[14c! M4s},(150]

wH——
9 12 15

Figure 18: Cumulati- e sum. of the individual contributions, at energies E, (excitation energy in the nucleus
18Sc), to the multipo.>» NME M&%.(J™) for J™ = 1%,37,5%,7F. The word “bare” refers to the bare Gamow-
Teller transition overato. ...chout contributions from core polarization and meson-exchange currents (see [148]).
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As mentioned in Sec. 2.4.1, the OMC can be used as a probe for the () decays since the
momentum exchanges in the two processes are of the same order of magniv.”:. The Ov35 NME
can be decomposed in the form

M™ =" M™(J7), (42)

I

where the multipole NMEs M (J™) correspond to different mult pole staves J™ of the interme-
diate nucleus. Each of these NMEs consists of contributions ste nming from the individual J
states, at energy E(J]), where k denotes the kth state of mv'. poia.ivy J™ in the intermediate
nucleus. Summing these contributions over k gives the total n ultpor NME. In Fig. 18 a running
sum of these individual k contributions is given as a cumulat've 03" double Gamow-Teller NME
(see Sec. 1.4, Egs. (14) and Egs. (15)) for the OvSf decay of = 'a. The contributions are given
as functions of the excitation energy in the intermediate . 1cle.s *8Sc. The intermediate-state
wave functions have been calculated by using the ISM (1.“eracting shell model, see Sec. 3.1.1)
using the FPBP interaction [153] in the 1p — 0f singl -varucie space. In this space one can only
construct positive-parity states (here 17 —77) and four o1 “he contributions, J™ = 17, 3% 57 7+,
are shown in the figure. It is seen that the 1T conu-ibr.uiuns are the largest having a saturation
at around | M4 (17)] =~ 0.4.

T L L L TR ]
e Jint = 1" e Jint = 2’
2 2
= | = /j\'\&\
o) 8
3 3
= ogy="0 =
L s s L e A A e L B e s m
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[ P I Lo o b
o Jint = 3 2 Jint = 4
2 2
e -
N \/ \/ ¢
L B B B B L L B B s B B B
3 6 9 12 15 0 3 6 9 12 15
E, [MeV E, [MeV]

Figure 19: Upper pane.. “ontributions to the multipole NMEs |Mg’r’1~(J”)| for the intermediate states J™ =
1+,2%,3%,4% as we. . - of the excitation energy E, in the nucleus “8Sc. Lower panels: The OMC rates
Wowmc, Eq. (39), to ! e low-lying of the excitation energy E, in the nucleus *®Sc. A Gaussian smoothing of the
J™ =11%,2% 3% 4% i ~rmediate states as functions contributions to the multipole NMEs and the OMC rates
has been applied and arbitrary units are used for the NME and OMC-rate values. The values ga /gy = 1.00 and
gp/ga = 7.0 were adopted in the calculations [148].

In Fig. 19 a comparison of the contributions to the multipole NMEs |M8”T(J”)|, JT =
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1*,2%,3%,4", and the OMC rates to the same intermediate states has ' eer performed. The
comparison has been done in arbitrary units just to show that both the mu..*-.ole NMEs and the
OMC rates gather strong contributions from the same intermediate statc. in vhe nucleus *¥Sc.
This means that the OMC can be used as a powerful probe of the str ng intermediate contribu-
tions to the Ov35 NME (42). In other words, if a nuclear theory c.~ vredict the experimental
OMC distribution it may also predict well the contributions to tb = Jvsu, NME.

= 1* 1.347 Ap =" Ay =7

3t 1.316 Ap =298 1s 3 — 135 — H

>3 >+ 17 .. Ap -t
1+ 1.282 Ay = 26286 1/s
2* 1.108

Ap = 2591 1/s

Au = 835 1/s + _ —
2+ 0.523 %, -0

1+

[ —

a4t
%?I\l‘. logft=
5.8

24 24
USDA 12Mg Exp. 12Mg

Figure 20: OMC on 2*Mg. Shown are the ISM-calcula. ~1 UniC rates to individual low-lying 1F, 2+, 3* and 4%
states in 2*Na (left panel). The computed excitation energies in ?*Na and the computed log ft of the Gamow-
Teller 11+ — 07 transition are compared with .. -vailable data (right panel). The values ga/gy = 1.00 and
gp/ga = 7.0 were adopted in the calculations.

Finally, in Fig. 20, the ISM-cor puf:d capture rates to the low-lying J™ = 1,27, 3T 4%
states in 2*Na are shown. The ISM w. . us.d to compute also the energy spectrum in ?Na and
the rate of the Gamow-Teller dec v from che first 1+ state in 2*Na to the ground state of *Mg.
Both the computed energy specirum «~d the S-decay rate are in good agreement with the data.
It is seen that the by far strs ng st capture branch is the OMC to the second 11 state. The
corresponding experimental C™M’_ rates will be measured at RCNP, Osaka.

Experimentally, neutrir o respo.ses for low-lying bound states are studied by measuring the
emitted v rays [154, 155}, as shcwn in the insert of Fig. 17. However, the low-lying states are
populated not only dire~*'y by *ae OMC, but also by 7" decays from higher bound states excited
by the OMC, and an iccura. = correction for the contributions from the higher states are hard
to achieve in practice. .“vter sive studies of OMC ~ rays from and to individual low-lying states
are under progress by us ng the CAGRA ~-detector array at RCNP.

2.4.3. Muon-conture svength distributions and muon-capture giant resonances

The muon cent re (MC) on 24X populates excited states in a wide excitation region of the
residual nucleus , “X. They de-excite by emitting v rays to the ground state of , 4X or by
emitting the 1st neutron to a state in a nucleus g‘jX, depending on whether the excitation
energy is below or above the 1st neutron-emission threshold energy. The residual nucleus éjX,
after the first neutron emission, de-excites by emitting v rays to the ground state of g‘jX or
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by emitting a 2nd neutron, depending on whether the excitation energy “s b low or above the
2nd neutron-emission threshold-energy, and so on. Then, one finally ends -, with the residual
isotopes of ‘;:TY with = 0,1,2,3,..., depending on the excitation enery - £ and the number
x of the emitted neutrons, as shown in Fig. 17. Here proton emissins =re suppressed by the
Coulomb barrier in medium-heavy and heavy nuclei.

The neutron-number (z) and the mass-number (A — x) dist-:Lutio..s reflect the strength
distribution B(yu, E) in the nucleus , 4X* after the MC [156, The residual nucleus 4-7X
is identified by measuring prompt 7 rays in Q:TX and/or delayc! ~ rays from é:"fX if it is
radioactive.
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Figure 21: Energy spectrum of delayed « rays from lo..>-lived Nb residual isotopes (RIs) produced by MC on
100Mo [158].

The MC on Mo was studied at o Mt 3IC beam channel at RCNP and the D2 beam
channel in J-PARC MRL [157, 158]. [h~ nucleus Mo is one of DBD nuclei, and is used also
for solar- and supernova-neutrino st dirs [15, 18, 159, 160]. The delayed ~-ray characteristics of
the residual radioactive isotopes < 1 %" Np were measured as illustrated in Fig. 21 [158]. The
number of the Nb residual isotoes (RIs) °"*Nb produced by the MC on ®Mo was evaluated
from the observed ~-ray yields The Ri-mass (A — z) distribution with = being the number of
neutrons emitted from °“Nb s skown in Fig. 22. The °°=*Nb yield at x = 0 is small, but jumps
up at = 1, and decreases sraau lly as x increases down to the mass A = 95 at x = 5.

MC excitations are ex pre sed in terms of the vector excitations with the spin transfers of
AJ™ =07%,17,2% and the a.. al- ector ones with AJ™ = 17,27, Among them the 0" Fermi and
the 17 GT excitations are re luced much since the 0fw Fermi and GT excitations for the S+ and
antineutrino responses are bl ,cked by the neutron excess in medium-heavy nuclei of the present
interest.

The 17 strengt 1 with lAw jump is considered to produce a MC GR, like the photon-capture
(PC) can produce ai. ™2 GR. The vector 2 and axial-vector 2~ strengths show broad GR-like
distributions siw ila' 1y o the IVSDR. Accordingly, the MC strength distribution B(u, F) can be
written as a sum « ¢ the two GR strengths of By (i, E) and By(u, E):

B(u, B) = Bi(, E) + Ba(u, ). (43)

. Bi(j1)
Bilw, B) = (E — Egrs)? + (I;/2)%° (44
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Figure 22: Left side: Nb residual-isotope (RI) mass distribution for MC = 10770, The black and gray histograms
are the experimental and calculated relative yields. Right side: The MC st1. ngth distribution extracted from the
experimental RI distribution. GR1 and GR2 are the MC GRs at arc md 1. — 14 MeV and 25 — 35 MeV [158].

where F is the excitation energy, Fggr; and ['; with « = 1,2 are the GR energy and the width
for the ith GR.

The neutron-unbound state decays by emitting ¢atrons in the pre-equilibrium (PEQ) and
equilibrium (EQ) stages [29]. The spectrum of .. firs* neutron is expressed as

S(E,) = k[Enexp (—%/\ + pELexp (—%) ] , (45)

where E,, is the neutron kinetic energ . Tpq(¥) and Tprq(E) are the EQ and PEQ nuclear
temperatures and p is the fraction of the I’F Q-neutron emission. The neutron emission from
the EQ stage is a kind of neutron _var ora*ion from the thermal equilibrium phase. The EQ
temperature is expressed as Tpq(7) - + E/a with a being the level-density parameter [29].
After the 1st neutron emission, « ntrons are emitted at the equilibrium stage if the residual
state is neutron-unbound. The observ.d RI mass-distribution is consistent with a calculation
based on the MC strength dis’ cib1 tion and the EQ/PEQ neutron-emission model. The MC GR1
energy is given as Fg; ~ 334 '/ MeV.

MCs in other nuclei b we been studied as discussed in the review papers [117, 152]. The
one-neutron emission is do.~“aan in most MCs, being consistent with the observations on **Mo
and with the strong pepulation of the MC GRI1. In other words, the dominance of the residual
isotope of ‘ng by on  neutr m emission reflects and supports the strong excitation of the GR1
around 12 MeV.

The RCNP Mt 3IC L “-muon beam and the J-PARC MLF pulsed-muon beam are promising
for further studies . £ M, nuclear responses. Proton emission takes place, as well, in medium-
heavy and hea , _-—-lei after several neutron emissions if the proton binding energy becomes
lower than the 1.~uatron binding energy, and also in light nuclei where the Coulomb barrier
gets lower. The M C lifetime measurements provide the absolute MC strength (square of the
absolute MC NME). The absolute MC response, together with the MC strength distribution,
helps theories to better evaluate the 37 NMEs associated with the neutrinoless DBDs and the
NME:s related to astro-antineutrinos.
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2.5. Electromagnetic transitions and photo-nuclear reactions

EM interactions are given in terms of 7, ¢ and multipole operators, u.~ the NC and CC
weak interactions. Therefore, EM photon probes are well suited for stuay g neutrino-nuclear
(weak) responses for astro-neutrinos and DBDs, as discussed in the r vie - ~rticles [16, 18]. The
EM and weak interactions and their transitions in nuclei are well desc+ved in [1, 4, 28, 29, 161]
and references therein. We discuss in this subsection the EM tra: sicions «nd the photo-nuclear
reactions via IAS to study nuclear responses for astro-neutrinos nd DI Ds.

2.5.1. Electromagnetic interactions for neutrino-nuclear resy »nsr,
The nuclear EM transitions and photo-nuclear reactions have t} e following specific features
for studying neutrino-nuclear responses:

(i) The EM and weak interactions are fundamental . teractions based on the electro-weak
SU(3)xU(1) framework. The EM transition rat~~ -~ e photo-nuclear cross sections are
many orders of magnitude stronger than those o1 “he weak interactions. It is realistic to
carry out high-precision experiments of the E. 1 v, _ ~itions and the photo-nuclear reactions,
while experiments with the weakly-interacting 1eutrino probes are hard, as discussed in
Sec. 2.6.

(ii) The EM interaction is well known and 1.~ transition operator is expressed by the simple
7, o and multipole operators. The lowest-multipole transition is dominant because of the
long-wave-length nature of the ph ,ton. These features are different from the case of the
nuclear probes, as discussed in Sec. 2.3.

(iii) High-intensity photons with Ii 1ea” an‘! circular polarizations are available from polarized
laser photons scattered off (.eV ('=c,rons. High energy-resolution high-efficiency photon
detectors are used for stu .y neg the EM transitions. The weak vector and axial-vector
responses are studied by measuri.g electric and magnetic v transitions, respectively.

(iv) EM transitions and phou. -+ aclear reactions via IAS provide unique opportunities for study-
ing analogous weak-t ancitio..s as discussed in [162] and these processes have been studied
experimentally in sc rd works [163, 164, 165]. Recently, photo-nuclear reactions via [AS
are discussed ther_ _tica.l to study DBD NMEs [166].

The weak transition ~ner .tors to be studied by the EM transitions are expresses as [1, 4, 166],
T(VL) = gyt'r*Yy, (46)

T(AVL) = gat'r" oY ] (47)

L )
where T'(VL) and T(AVL) are the vector and axial-vector transition operators, respectively,
and gy and ga are the vector and axial-vector couplings, respectively. Furthermore, L is the
multipolarity, and the isospin operator is 7% = 72 for the NC interactions and 7¢ = 7 for the
CC interactions. The square brackets denote angular-momentum coupling. Here we consider
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the unique axial-vector transition with the multipole L composed by the < pin 1 and the orbital
angular momentum L — 1.
The EM transition operators are expressed as

T(EL) = gerr™Yy, (48)
T(ML) = gsl"I’Lil [O'Y[ﬁl] L + QLTLil [jYLfl}L Y (49>
eh s ai Sl
= LL+ D)V |2 - = =
g5 = gD+ DI % ] gy = (50)

where g; with ¢ = EL, S and L are the effective charge, the ei.>~tiv_ spin g factor and the effective
orbital g factor, respectively. The effective charge and ¢ factors depend on the nucleon isospin
73, 78 = 1/2 for neutron and 7 = —1/2 for proton. In tu. <o _ond term of Eq. (49) j =1+
is the total angular momentum (sum of the orbital angule.” momentum and spin) and in case
of spin-stretched transitions, J; — Jy = J; £ 1, it va..’shes. Then we get good correspondence
between the weak and EM transition operators in t"~ ~ase 0. one-body operators. Note this is not
so if two-body operators are involved, such as in tL.> ase of the meson-exchange currents. GT
T(AV1), first-forbidden T'(V1) and unique first- . -hid =n T(AV2) weak NMEs are derived from
TM1, T(E1) and T'(M2) ~-transition NMEs, respe-tively. The EM couplings ¢g; with ¢ = EL, S
and L are expressed by using the isovector(7, anu .soscalar(7® = 1) EM couplings as

a5 gIS)

1
5T T T (51)

gi =

where ¢;(IV) and g;(IS) are the eff cti-e isovector and isoscalar EM couplings, respectively.
Experiments of the EM transition 1.* s a.d the photo-nuclear cross sections provide the EM
and the corresponding weak NMT s to heip evaluate and verify the relevant neutrino responses.

2.5.2. Electromagnetic transit’u,.- and photo-nuclear reactions via IAS
EM transitions and photc ~uc.ear reactions via IAS are used to selectively study the isovector

component of the EM NMds. w.’ch are analogous to the weak (neutrino) interaction NMEs
[163, 164]. The weak (5) nd EM (v) NMEs are related by

Flowmli) = 25K Slgpom[1AS) (5)

where gw is the w:ak cc pling for a free nucleon and ggy is its electromagnetic coupling. The
fT-side CC NME associ ted with DBD and astro-i responses is obtained by measuring the
analogous EM  NME trom the IAS, as shown in Fig. 23.

The TAS in a v.edium-heavy nucleus is located in the same energy region as the broad E1
GR. Thus the TAS appears as IAR (isobaric analogue resonance) in the E1 GR region. Then
the cross section is written as [163, 164, 165]

do
1q = KA + S AT + 2Re(AS AT, (53)
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Figure 23: Photo-nuclear reaction via IAS and DBD S transition s. ~mes ., B, and C are the DBD initial,
intermediate and final states, respectively. The photo-nuclear reaction on " proceeds via IAS of B. T' and T, are
the isospin and its third component in the state B.

where K is a kinematical factor, Al is the IAR ar. uuae with J being the IAR spin, AGR
is the E1 GR amplitude with spin J’ and 2Re(ALAGK) = the interference term. The E1 GR
contributions are corrected for to get the IAR comy on/ nv from the cross section. The IAR cross
section at an energy F is given as

do : 1,I,
where I',, I', and I'; are the proton, v anc wou ! widths, respectively, and E, is the IAR resonance
energy.

Non-unique first-forbidden § decar s witli .*.J = 1 include 3 NMEs: M (r), M (p.) (the velocity
component) and M (o xr) [27], see ¢ rer: cors in (96). Among them, M(r) is derived from the IAS
El-v NME M;(E1), which is obte ned ;7 measuring the v decay or the photo-nuclear reaction
via the TAS.

The NME M (r) for the first “arbidden transition of '*'Ce— !'Pr was obtained by measuring
the El-y transition from the [AS of Ce [163, 164]. Here the TAS is excited by the proton-
capture reaction as a resorance ‘[AR) in the continuum region. The TAS El-y and the first-
forbidden [ transitions ar : sc’.ematically shown in Fig. 24.

The measured cross sec. »n “vas analyzed in terms of the IAR and E1 GR terms to obtain

the v width I',. The ~ width is written in terms of the E1 NME Mja(E1) as

T = - (EW)geQB(EU; B(El) =

it 2
- (7 Mia BV, (55)

2J; + 1

where E, is the ~-ray energy and J; = 7/2 is the IAR spin. The obtained v NME is Ms (E1) =
0.18 £0.2fm. Ty ~r the corresponding 8 NME is obtained by correcting for the isospin factor of
(2T)'2 =5 as M(;) = 0.9 4 0.2 efm.

The 8 NME is expressed on the basis of the £ approximation of £ = a«Z/2R > Ej as

M) = —gubt () (A= 20, - 1) A= TP A =S
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Figure 24: Excitation of the IAS of '41Ce by a proton-capture reaction « ~ '*’Ce and E1 v decay from the IAR
to the ground state of *1Pr [163, 164].

where ga/gy = 1.27 is the axial-vector coupling ir ....i. o. the vector one, gy. We use the
experimental value A = 2.6 [167], which is consistent wi.> the CVC value of A = 2.4. Inserting
the present NME of M (r) = 0.9fm and the f-decay (1IE of M () = 0.43 into Eq. (56), one
obtains the ratio A = iM (o x r)/M(r) = 0.9, ~nd v +en the axial-vector NME of M (o x r) =
0.8fm. The obtained § NME of M(r) is reduced 1, coefficients of ksp = 0.21 and kqp = 0.24
with respect to the single-particle (SP) and g ..:»aricle (QP) NMEs, respectively, and M (o xr)
is also reduced by the similar coefficients of kgp - 0.18 and kqgp = 0.21.

The TAS E1 ~ transitions were studi~” in other nuclei, and the TAS E1 v NMEs and the
corresponding 3 NMEs are shown to b reduc>d with respect to the QP NME by kqp ~ 0.25
[1, 4, 163]. Tt is interesting to note the the no ~unique and unique § MNEs and the E1 v NMEs
are all uniformly reduced by a coeficie it around 0.20 — 0.25 with respect to the QP NMEs,
suggesting uniform reduction effects & ‘e t, the spin-isospin correlation and renormalization of
the weak and EM couplings [1, 4'

Nuclear responses for astro-neuti.. os and DBDs are studied by measuring photo-nuclear
reactions through IARs [166]. as hown in Fig. 23. The IARs in DBD nuclei of current interest
decay mainly by emitting one ~<atron. The energy-integrated cross section, being corrected for
the interference with the F 1 ('R, 1, expressed as

S(2J+ 1)r* T,

o(v,n)dtl = ———T, 57
J otum) o (57)
where o(v,n) is th- phovo-neutron cross section, S is the spin factor, J is the IAS spin, k, is
the photon mome: tum, ¢1d I'y, I',, and I'; are 7, neutron and total widths, respectively. In the
medium-heavy nucic” #'.e neutron emission dominates since the proton emission is suppressed.
Then one can st 1 I, and one gets I', from the integrated cross section. The EM NME is

derived from the . AR I'y as shown in Eq. (55).

Medium-energy polarized photons are obtained from laser photons scattered off GeV elec-
trons. The spin and parity of the IAR are obtained from the angular distributions of the emitted
neutrons with respect to the photon-polarization axis y and the direction z [166]. The distribu-
tions for E1 photo-nuclear reactions on "Se and Mo are shown in Fig. 25. They are used to
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Figure 25: Top: Angular distributions of the neutrons emit. a 1. .. “he photo-nuclear reactions via IARs in 32Se.
Bottom: As above in Mo [166].

evaluate the spin-parity of the IAS and the a: ..oz~ state in the intermediate nucleus B. Astro-
neutrino and DBD responses for excited states 1.. intermediate nuclei are studied by measuring
photo-nuclear reactions via the IARs of t¥ - excited states.

2.6. Neutrino-nuclear reactions for neutr »o-r uclear responses

Neutrino-nuclear reactions with r :ut’.no beams are used to study neutrino-nuclear responses.
The neutrino CC process is a kind o1 = oto « CER, where the neutral lepton (neutrino) becomes
a charged lepton (electron) via t” = charged weak-boson exchange (see Sec. 1.2). The neutrino
CERs are free from uncertainties inaw~ed by nuclear-reaction mechanisms and nuclear interac-
tions involved in the nuclear (. Kt s as discussed in Sec. 2.3.

Neutrino CC and NC cros. « ctions, however, are extremely small because the gauge bosons
are the heavy Z and W Fosons. Therefore, one needs very intense v and v beams and huge
detectors to measure the ~evrin ) reactions. The responses on 2C have been studied by using
the neutrino beams at the n. herford laboratory [168] and LANL [169]. Neutrino-response
studies by using inten e neut ‘ino beams extracted from high-intensity proton accelerators were
discussed in [170, 1711, .nd “nose by using neutrinos from § beam in [172].

The neutrino r -actio. s to be used for the NC and CC responses are

/+§X—>V’+§Xk, Ve+§X—>e_+Zf1‘Xk, (58)

D+ X 57+ 49X, Do+ 4X = et 4+, 94X, (59)

where 4X is the target nucleus and 4,X}, is the kth state in the residual nucleus 4,X.
The neutrino-reaction cross section is given as

or(a) = gwK(E,)Fy(E,, Z") Br(«), (60)
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where gw is the weak coupling for a free nucleon, K (FE),) is a kinematic factor, ¥, is the neutrino
energy, Fy(E,,Z') is a phase-space factor and Bg(«) is the a-mode respouw. < (strength) for the
state k. Here the excitation modes to be considered are a =F(0%), GT(1  D(17), SD(0~, 17,
27), and so on. The NMEs are given by M(a) = [(2J + 1)B(a)]/2.

Solar neutrinos are low-energy neutrinos with £, = 0.1 — 15Me", w aile supernova-neutrino
energies extend up to around £, = 40 — 60 MeV, depending on the Zavo1i. and the temperatures
in the neutrino spheres. The DBD is associated with virtual v anc ¥ in tL > medium-energy region
around 20 — 80 MeV. Accordingly, the neutrino beams used to st.7v “ne nuclear responses for
these neutrinos are low- and medium-energy v and v beams.

The neutrino cross-sections are mainly the CC cross sectious. It is given in units of cm? as

or(@) = 1.597 x 1074 p, E.F(7 E.)B (), (61)

where p, E., and F(Z, E.) are the momentum, the total en. gy and the Fermi function for the
electron from the CC interaction. The quantity By (a, ‘s the a-mode response for the kth state
in units of the weak vector coupling gy. The Ferr © ~nd G [ responses are given by

Bila) = Bi(F), Bilc) - l/g—A>2Bk(GT), (62)
\9v

where the axial-vector to vector coupling ratio is ;4 /gy = 1.27. The response By (GT) is given
as (2Jx + 1) "My (GT)[%. Thus the NMF ..., ‘GT), including the effective weak coupling g% /ga
(quenching), is derived from the obser  »d cros s section. The actual cross section for a typical
GT state with B(GT) ~ 0.1 is arour 1 10 ' .m?. Then very high-flux neutrino beams around
10 /second and multi-ton-scale targ :t is otor es are necessary for the neutrino-beam experiments.

Intense neutrino beams are ob’aine' fom m — p decays. Here high-flux pions are produced
by using high-intensity GeV-prot .. accelerators. The nuclear reaction is expressed as p + Hg —
nmt+X. Here several (n) pions are produced in addition to others mesons, nucleons and nuclei.
The positive pions (71) stop ind decay as

=ty ptoet v+, (63)

Here the nt-decay v, s*>ws « ‘me spectrum at around 30 MeV, while the p"-decay v, and 7,
show continuum spec ra ext. nding up to around 55MeV, as shown in Fig. 26. These energy
regions are just the regi. s o virtual neutrinos associated with the neutrinoless DBDs and astro-
neutrinos. Hence, .he v, v, and 7, beams are used to study the NC and CC nuclear responses
for them.

The v, and 7_ from the ut decay are delayed by a couple of 100 nanoseconds and are separated
in time from the f2 st component of the v, and other nuclear reaction products by using pulsed
proton beams [170, 171, 173]. A neutrino flux around 0.7 x 10'® /second is expected by using the
SNS 1-GeV proton beam from the 1.6-MW accelerator [173], while neutrino beams of the order
of 0.3 x 10% /second may be obtained by using the 3-GeV proton beam from the 1-MW RCS
J-PARC [171].

44



O©CoO~NOUIAWNER

Vi
A _
SNS Spectrum Vi

]
o

Luminosity [erg/s]
5 &

o

L L
-0.
o 20 Energy [MeV]40

Figure 26: Energy spectra for v, from stopped 7" decays and for v, . 1d 7, from the p* decay [170].

Low-energy antineutrinos from nuclear reactors are useu “or neutrino-oscillation studies. The
ORNL reactor with 3 GW provides an intense 7, bea. of around 6 x 10% /second [173]. Natural
neutrino sources such as the solar neutrinos and at—~~snheic neutrinos, which are used to study
the neutrino oscillations and the solar nuclear re.-t'ons, are of interest for future neutrino-
response studies with kilo-ton-scale detectors.

In fact, theoretical calculations for neutrino-nu-lear responses on 2C and on other nuclei of
DBD and astro-physics interest depend much ¢~ tnue nuclear models, the nuclear parameters and
the effective value of the axial-vector coupling ga (see Sec. 4). Then direct experimental mea-
surements of the responses by using nev rinc beams are important in providing experimentally
the NMEs including the effective weak «~uplin 5 [171].

2.7. Nucleon-transfer reactions for .ucl on sccupation and vacancy probabilities

Nucleon-transfer reactions have bee. used for studying valence nucleon properties such as
single-QP occupancy and vacan y , vobabilities of V> and U? = 1 — V? in a j-shell orbit with
J being the angular momentu— The Vf and sz for quasi-neutrons are measured by using
neutron-transfer (p,d) and (d p) »cactions, and those for quasi-protons by using proton-transfer
(®He,a), (*He,d) and (a,t) roacticns. They are described in the review paper [174] and references
therein, as also in the recr at ~sorks [175, 176].

Nucleon-transfer reactio. : ar : analyzed by using a DWBA code to extract the orbital angular
momentum [ of the t ansferea nucleon and the spectroscopic factor Sp. Then one obtains
U? = %i(Sp)**/(25 - 1) ard V? = %;(Sp)™™/(2j + 1), where (Sp)*!? and (Sp)™™ are the
spectroscopic facto . lor vue nucleon-adding and nucleon-removal reactions, respectively.

The V? and U facto. s for the DBD nucleus "Ge are shown in Table 2 [177]. Here the V}?
and sz factors are v~ respectively, by the ratios of the particle and hole numbers to the
total number o 2y - 1, and the renormalization (quenching) factors around 0.55 are used to get
VZP+U? =1

The observed numbers for the holes and particles agree well with the numbers of the valence
neutrons of 6 for I = 1 (p1/2, p3/2), 6 for [ = 3 (f5/2), and 10 for | = 4 (gg/2). The sum of the
observed occupancies is 16, which is consistent with the number of neutrons above the magic
number 28. Thus the transfer reaction gives reasonable vacancy (hole) and occupancy (particle)
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Table 2: Measured numbers of neutron holes and neutron particles in °Ge [177] [ i- the orbital angular
momentum [177].

o~

Holes Particles Holes+Particles Occupa~-~v
1.12 4.83 5.97 4.87 -0~

1
3 19 4.38 6.28 4.5 £0.a
4

3.41 6.27 9.68 6.8+ 0.3

numbers for the valence nucleons in the shell orbits, and th.< .re 1 sed to verify the pnQRPA
and other nuclear models used for DBD NME calculations 178, .79, 180, 181, 182, 183, 184].

L

Actually, transfer reactions have been measured for several DBL nuclei as presented in a recent
workshop [185].

° ((Il,p) arlld/or ](p, d) ] i
1.0 A (a,*He) and/or (3He, ) i
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081 & (a,t) B
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Figure 27: Average of the quenching fac’or f ¢ di”“erent [ transfers. The error bars stand for the rms of the
spread in values. The gray band represe its v. » +°.0 deviation from the mean quenching. [186].

The renormalization (quenching) 1 *tor to be used for getting Sy is discussed in detail in [186].
The quenching factors observ:d .1 various transfer reactions are shown against the transfered
[ in Fig. 27. The factors arc  iformly distributed around 0.55 for all transfer reactions and
transfered [ values. The ‘juerchiLg factor is universal in a wide range A = 16 — 208 of the
nuclear mass number. A <iriilar quenching factor is found also in the EM proton knock-out
reactions of (e,e’p) [187]. The aiversal renormalization (quenching) of the single quasi-nucleon
at the nuclear surface (one n ajor shell) is considered to be due to nucleonic and non-nucleonic
correlations and nuclea, me dum effects. It is to be noted that similar renormalization factors
around 0.5—0.6 ap year ii. CERs and weak NMEs, as discussed in the following sections. Accurate
evaluations of the s-ort-r .nge and other nucleonic and non-nucleonic correlations and the nuclear
medium effects - =~ important in order to understand how they affect the transfer reactions and
the neutrino-nuc. -7 r responses.

In case of the vt — 07 ground-state-to-ground-state DBD with (neutron pair)<(proton
pair), pairing correlations and pairing vibrations play a role in DBD NMEs. They are studied
by using pair-transfer (p,t) and (¢,p) reactions [188, 189].
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3. Neutrino-nuclear responses and single beta decays

The nuclear single beta decays, or simply £ decays, are weak-intera. “ion-. ~ediated nuclear-
disintegration processes where the atomic number of the decaying nv . "1s ci.anges by one unit
in the process. The atomic number either increases (5~ decays) or ¢ :cre e (57 decays and /or
electron captures (EC)). The processes can be schematically written as

éX — ZﬁY +e + 0., (B decay’ (64)
X = , Y 4et+u,, (BTdrxcar (65)
X+e = , Y4, (EC. cay (66)

where X (Y) denotes the decaying mother (resulting a.chte ) nucleus, e~ (e*) is electron
(positron) and v, (7.) is the corresponding neutrino (anu.~eutrino). In the following we discuss
neutrino-nuclear responses which relate to these dec: . wuu attract current interest.

3.1. The ga problem for Gamow-Teller type of tra sw, . =

The quenching problem of the weak axial-v ctor ~oupling strength g, has been known for
several decades (see, e.g. the reviews [1, 4]), .na.~ly from the calculations of the Gamow-
Teller and unique-forbidden [-decay transit. ... =1 isovector magnetic 7 matrix elements in
the framework of the nuclear shell model, or the ‘mteracting shell model, as it will be called in
this review to distinguish it from the ext_.~e simple non-interacting shell-model description of
simple nuclear systems. The quenchins factor = due to spin isospin correlations were discussed
in terms of the effective weak couplines in [ .|. Virtual Gamow-Teller transitions mediate also
the two-neutrino 53 (2v33) decay, s sc ne degree of quenching is expected there as well. Below
we summarize concisely the status ot . » o tenching problem of g, for the Gamow-Teller type of
transitions in § and 2v3(5 decayrs.

3.1.1. Outline of the theory frum works

In the analyses of the effe i e value of gy the adopted many-body frameworks include the
interacting shell model (IS™ 1) [190}, the quasiparticle random-phase approximation (QRPA) in its
proton-neutron version, . ~CRP/. [19, 56, 191], and in its proton-proton-plus-neutron-neutron
version (simply QRPA® 56, .“1]. To describe the odd-A nuclei a derivative of the QRPA,
the microscopic quasiarticle phonon model (MQPM) [192, 193] has also been used. Also the
framework of the micro.~or*_ interacting boson model (IBM-2) [194] and its odd-A version, the
microscopic intera ‘ting . oson-fermion model (IBFM-2) [195], have been used in the studies of
the effective value f gao. These theories have the following ingredients:

o Many-body a1 pects of the ISM: The ISM is a many-body framework that uses a limited set
of single-part.-le states, typically one harmonic-oscillator major shell or one nuclear major
shell, to describe nuclear wave functions involved in various processes. In the ISM one
forms all the possible many-nucleon configurations in a given single-particle space, each
configuration described by one Slater determinant, and diagonalizes the nuclear (residual)
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Hamiltonian in the basis formed by these Slater determinants. In thi; w: y the many-body
features are taken into account exactly but only in a restricted set ot . gle-particle states,
typically leaving out one or two spin-orbit-partner orbitals from 1.~ model space. The
pnQRPA calculations [181, 182] and perturbative ISM calculati ms 196, 197] suggest that
inclusion of all spin-orbit-partner orbitals in the chosen single-p. ~ti :le model space is called
for. This has been verified in the extended ISM calculations . herc ‘he missing spin-orbit
partners have been included at least in an effective way [118, 195 . A particular problem
with the ISM is to find a suitable (renormalized) nucleon-nuc!~or nteraction to match the
limited single-particle space. Since this space is small. the . normalization effects of the
two-body interaction become substantial.

Many-body aspects of the pn@QRPA: The proton-nentron vi rsion of the QRPA (pnQRPA)
uses two-quasiparticle excitations that are built frcm a [ ~.con and a neutron quasiparticle.
The pnQRPA wavefunctions are created on the ORF ' vacuum, |QRPA), by the phonon
operator

lwM,,) = Q. |ORrA), (67)

¢ Vi

with the phonon structure

QI}ML,J = Z I:X]‘Jdni ";l'-)/‘:'.j T M, + };O:L[dpan]Jwa} ) (68>

pn

where a;, (al) are the creation orcrato.s of quasiparticles in a proton (neutron) orbital
with orbital quantum numbers p = ‘m,,, 1, j,) [n = (N, b, Jn)], (7,1, j) being the triplet of
principal, orbital angular mom . ntvm aud total angular momentum quantum numbers for
a given orbital. The correspon.ir g ar nihilation operators for protons are defined as a, =
(=1)»*tmmq_, with —7 = (p —m, ), vhere m, is the z projection of j,, and correspondingly
for the neutrons. Here J,, 1s 1.~ angular momentum of the pnQRPA state and M, is its
projection on the laborat i, z axis. The sum in equation (68) runs over all possible proton-
neutron configurations n t'ie adopted valence space. The amplitudes X and Y*“ can be
found by solving the ,nQh"A equations presented in [56].

The construction (v7) cna'sles description of odd-odd nuclei starting from an even-even
reference nucleus ..nere [ae quasiparticles are created, e.g., through the BCS procedure
[56]. The advant 1ge of 11e pnQRPA theory is that it can include large single-particle model
spaces in the calc -'=*ons: There arise no problems associated with spin-orbit-partner
orbitals sinc: they -an easily be accommodated in the model space. On the other hand,
the pnQRPA has s limited configuration space. Deficiencies of the pnQRPA formalism
have beer ~»alvzed against the ISM formalism, e.g., in [200] by using a seniority-based
scheme wh.r: the pnQRPA was considered to be a low-seniority approximation of the
ISM. On the ther hand, the ground-state correlations of the pnQRPA introduce higher-
seniority components to the pnQRPA wave functions and the deficiencies stemming from
the incomplete seniority content of the pnQRPA should not be so severe [201]. Schematic or
G-matrix-based boson-exchange Hamiltonians have widely been used in the calculations.
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Extensions of the pnQRPA framework include the renormalized Q' {P: (RQRPA) [202,
203] and similar “fully” renormalized schemes [204, 205, 206]. Ouc Harticular problem
with the pnQRPA calculations is the determination of the value . the particle-particle
interaction parameter g,,, used to scale the particle-particle rart of the proton-neutron
two-body interaction matrix elements [207, 208]. The particle ol : parameter, gpp, of the
proton-neutron two-body interaction is usually determined b+ .djus..1g the parameter such
that the phenomenological or experimental energy of the G amow- "eller giant resonance is
reproduced [209, 210].

It should be noted here that the previous discussion pcrte’as o the spherical form of the
QRPA but most of the remarks are valid also for the detorm-d QRPA frameworks. Many
of the double-beta-decaying nuclei (e.g., "°Nd) are more . v less deformed so that the use
of a deformed QRPA framework would be preferable. The deformation effects, as also the
associated overlap problem are discussed in Sec. 5.5.7

Many-body aspects of the MQPM: The microscop.. quasiparticle-phonon model (MQPM)
is intended to description of states of odd-- uu. ! starting from the adjacent even-even
reference nuclei. The MQPM states are eenei. sed by combining proton or neutron one-
quasiparticle excitations of the reference nu-i s with three-quasiparticle excitations built
by coupling a proton or neutron quas’-~rtic.> to a QRPA phonon. A QRPA phonon is
a proton-proton-plus-neutron-neutron exc."ation of an even-even reference nucleus in the
form

W ) = QLiy JQRPA) (69)

with the phonon structure
Qb = [N kel + i Na(L)laatslo ] . (70)

a<b

where the indices a,b rv-. ~ver all two-proton and two-neutron configurations within the
chosen Valence space, s tha , none of them is counted twice. Ny, is a normalization constant
and the X% and Y% -re an_>litudes that can be solved from the QRPA equation of motion
[56].

The MQPM creati-n o, ator creates a state |kjm) in an odd-A nucleus by the action
[kjm) = T}(jm)|QRPA) , (71)
with the ope -ator s ructure

n

where @’ is the QRPA creation operator (70). Since the MQPM states (72) contain the
three-quasiparticle components special care should be taken when solving the MQPM equa-
tions of motion for the amplitudes X* and X* , in order to handle the over-completeness
and non-orthogonality of the quasiparticle-phonon basis. For details see [193].
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Examples of the use of the MQPM are given in Fig. 28 for the solar-ne-.triy o detectors based
on "Ga [211] (left panel) and 7T [212] (right panel). In the left pa. 1 the nucleus "'Zn
decays by 3~ transitions to the ground state and excited states ot 'a, and the nucleus
"IGe decays by electron capture to the ground state of "'Ga. In .ne richt panel the nucleus
12TTe decays by 3~ transitions to the ground state and excited s.~te of 71, and the nucleus
127X e decays by 37 /EC (electron capture) to the ground st ..: and excited states of 1271,
Here the case of "'Ga is particularly interesting due to tf » so-ce'led “gallium anomaly”
in the solar-neutrino scattering off 'Ga to low-lying stater in 7-Ge. The discrepancies
associated with the comparison of the calculated and -aea< .. °d neutrino-scattering cross
sections will be discussed in Sec. 4.4.4.

0Odd -4 chain 0Odd -4 chain

Figure 28: Application of the MQPM procedure to descrip.’on of states of odd-A germanium, gallium and iodine

e Many-body aspects of the IBM-2- The "t cracting boson model (IBM) is a theory framework

based on s and d bosons which nav : as their microscopic paradigms the 07 and 2% angular-
momentum-coupled collectiv> te. mica pairs present in nuclei. An extension of the IBM
is the microscopic IBM (I".*-2) where the proton and neutron degrees of freedom are
explicit. The IBM-2 is a kind ¢ phenomenological version of the ISM, containing the
seniority aspect and the resi riction to one magic shell in terms of the single-particle model
space. The Hamiltoniaw - ad the transition operators are constructed from the s and d
bosons as lowest-orcd er Foson expansions with coupling coefficients to be determined by
fits to experimentar '=.a c 1 low-lying energy levels and E2 v transitions associated with
the s and d boso .., but vae fitting does not use the spin or isovector data available from
B decays. One cn alsc relate the bosons to the underlying fermion model space through
a mapping preceac 213, 214].

The microsc pic IEM can be extended to include higher-multipole bosons, like g bosons,
as well. Furt. -~ _xtension concerns the description of odd-A nuclei by the use of the
microscop < u o acting boson-fermion model (IBFM-2) [195]. The IBM concept can also
be used to « 'scribe odd-odd nuclei by using the interacting boson-fermion-fermion model
(IBFFM) and its proton-neutron variant, the proton-neutron IBFFM (IBFFM-2) [215].
Here the problems arise from the interactions between the bosons and the one or two
extra fermions in the Hamiltonian, and from the transition operators containing a host of
phenomenological parameters to be determined in some meaningful way.

20



O©CoO~NOUIAWNER

Recently a method was developed to calculate the IBM-2 occupar “ies of single-particle
levels in nuclei [183]. This method was applied to calculate the oc > .pancies in several
nuclei of interest for Ov53 decay. An interesting study in the framew vk of the interacting
boson model was carried out [216]. In this work it was examine 4 v hether neutron-proton
pairing should be explicitly included as neutron-proton boson. ‘n ;he IBM calculations of
OvpB-decay NMEs.

The impact of the quenching of g on the half-lives of neutrino.ss ¢ uble beta (0v33) decay
has recently been discussed in the pnQRPA theory framewor < ip 7=f. [217]. The related decay
rates are affected by the available phase space () values), the ..ucle «r matrix elements (NMEs)
and the value of g4 in its fourth power ? [2, 21, 23, 24]. In its s. mpiest, in the light-neutrino mass
mode (see Sec. 5), the Ov 5 decay is mediated by light M&a ~rana 1 eutrinos and the measurements
of the related half-lives offer access to the absolute mas. sca.c of the neutrinos [2, 23]. Quite a
large number of nuclear models, including configuratio» i=* action based models like the ISM,
pnQRPA and IBM-2 (Sec. 3.1.1), and various mean n.d models, have been adopted for the
calculations [19, 20, 24] of OvS observables.

Lately some attention has been paid to the nossi.> e (large) quenching of ga and its possibly
strong impact on the sensitivities of the present a. 1 planned Ovfp-decay experiments [16, 18,
30, 217]. This deviation (quenching or som~time:. enhancement) from the free-nucleon value
ga = 1.27 can arise from the nuclear mediun. effects and/or the nuclear many-body effects.
The former contain quenching related to the presence of spin-multipole giant resonances [218],
non-nucleonic degrees of freedom (like t} e A 15 bar [219, 220]) and meson-exchange-related two-
body weak currents [221, 222, 223]. The ~tte relates to deficiencies of the nuclear many-body
approaches used to compute the wav : fv actions involved in the decay transitions. The effective
value of ga can also depend on the en. .y s ale of the process in question: the effective value can
be different for 5 decays (zero-m ymentuii-exchange limit) and OvSS decays (high momentum
exchanges, ~ 100 MeV/c).

The effective value of ga _ar be related to the renormalization factor g. In the case of
quenching it is called quench..~a “actor, see Sec. 3.1.2, and in the case of enhancement it is called
enhancement factor, see Se :. 3.6.a It is defined as the ratio

ga
1= e (73)
where glie® = 1.2722(23) 2] is the free-nucleon value of the axial-vector coupling as measured
in neutron beta d :cay. .'ere ga is the value of the axial-vector coupling derived from a given
theoretical or expe.'men’al analysis. From (73) one can derive the effective value of g as

free

g3 = qgi*°. (74)

2 Actually, the dependence is exactly fourth power only if the Fermi NME is neglected. In practice, the Fermi
NME is roughly one third of the Gamow-Teller one so that the dependence is not exactly fourth power.
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3.1.2. Quenching of ga in Gamow-Teller beta decays

Gamow-Teller 5 decays are mediated by the Pauli spin operator o [56] . «d they change the
initial nuclear spin J; by at most one unit in a given nuclear transition. "The renormalization
of ga has long been studied for the Gamow-Teller 8 decays in the frr me »~rk of the interacting
shell model (ISM). In these calculations, reviewed in Table 3, it ap errs that the value of ga
is quenched, and the stronger the heavier the nucleus. The renc . .ializa.ion of g5 in the ISM
includes all the possible sources of deficiency listed at the end of the pr vious section.

Table 3: Mass ranges and effective values of gs extracted from the works »f t".e¢ la t column. For more information
on the error bars etc., see the review [30].

Mass range gt Reference

Full Op shell 1.0o1%%, [225]

Op — low 1s0d shell 1LIR+0N.7 226]

Full 150d shell 0.5 [227] (see also [228])
N [229]

A =41—-50 (1p0f shell) L 3TN [230] (see also [228])

BCa (1s0d1p0f shells) 0.90 [231]

1p0f shell 0.98 [229]

%6Ni 0.71 [229]

A =52 —67 (1p0f shell) 0.83870:050 [232]

A =67-—80 (Of5/21p0g9/2 Sh@n) 0.869 £ 0.019 [232]

A =63—-96 (1p0f0gld2s shel, 0.8 233]

A =176 —82 (1p0f0gg/o shril) 0.76 [234]

A =90—-97 (1p0f0gld2s ."e.l) 0.60 235]

100Sn 0.52 229]

A =128 — 130 (0g7/214250." « /5 shell) 0.72 [234]

A =130 — 136 (0g7/.1u"50hy1/5 shell) 0.94 [236]

A =136 (0g7/21d2: *hy /5 shell) 0.57 [234]

A =136 (0gld2s".h she. 0.94 [199]

In Fig. 29 the ISM .csults of Caurier et al. [234] (red horizontal bars indicating the mass
range) are contrasted agains; those obtained by the use of the proton-neutron quasiparticle
random-phase approvin. -+~ (pnQRPA) in the works [105, 237, 238] (see also [239] and the
review [30]). The pnQI.PA results constitute the light-hatched regions in the background of
the ISM results. 1™e wi‘.th of the regions reflects the rather large variation of the determined
¢St for B-decay . -~m<itions in different isobaric chains. Geometric mean of the S~ and g+ /EC
transitions has b. <. used. For more information on the analyses see the review [30]. As can be
seen in the figure, ve ISM results and the pnQRPA results are commensurate with each other,
which is non-trivial considering the large differences in their many-body philosophy.

At this point is should be pointed out that there have been recent global studies of the
allowed and first-forbidden S decays, in particular on the neutron-rich side, relevant for the
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description of the r-process and the associated matter flow. In [240] b ulf-) ves of allowed g
decays of neutron-rich nuclei with charge-numers 20 < Z < 50 were stu* :d using fully self-
consistent proton-neutron QRPA based on the spherical relativistic Ha. ree-i‘ock-Bogoliubov
framework. By introducing an isospin-dependent proton-neutron pair’ag n the isoscalar channel
the experimental half-lives were reproduced by the choice g5 = 1.0. ™ [241] 5409 3 decays were
analyzed within the framework of a fully self-consistent covariant < _.isity Jinctional theory. The
effective value g§T = 1.0 was adopted for both the Gamow-Teller and fi1 t-forbidden decays and
the gross features of the decay rates across the nuclear chart were . ~»r~ fuced. A similar level of
global agreement with data was obtained in the global survey [2°.] where the charge-changing
Skyrme-QRPA was utilized to compute allowed and first-forbiauen [ decays for axially-deformed
nuclei. In this study the quenched value g5 = 1.0 was usea “r the Gamow-Teller transitions
and no quenching (bare ga) was used for the first-forbid - tras sitions.

free
A

l F ossler2007 ]: Suhonen2014
— — Caurier2012

1.0 4 M-P1996

_>< Kumar2016 Horoi2016
Iwata2016__ :I:

N A — TP
eSS 1. Siiskonen2001 33 ISM X

lower liniit (Suhonen2017)

0.0 I T T T T T T T T >
40 n 60 70 80 90 100 110 120 130 140

A

Figure 29: Effective values ~* go .. ifferent theoretical 8 and 2v33 analyses for the nuclear mass range A =
41—136. The quoted refer mmces a. > Suhonen2017 [217], Caurier2012 [234], Faessler2007 [244], Suhonen201/ [246]
and Horoi2016 [236]. The = studi s are contrasted with the ISM (-decay studies of M-P1996 [230], Twata2016
[231], Kumar2016 [232' _id >ewnonen2001 [229]. For more information see the text and Table 3 in Sec. 3.1.2 and
the text in Sec. 3.1.3

3.1.8. Quenchir.1 ¢, ya in two-neutrino BB decays

Recently the p.ssibly decisive role of go in the half-life and discovery potential of the Ov3j3
experiments has surfaced [217, 243]. In Barea et al. [243] a comparison of the experimental and
computed 2v/5( half-lives of a number of nuclei yielded the rather striking result

g3 (IBM-2) = 1.269A7%1% 1 gff(ISM) = 1.26947**, (75)
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where A is the mass number and IBM-2 stands for the microscopic intr rac ing boson model
(see Sec. 3.1.1). The IBM-2 results have been obtained by using the closu.~ approximation for
the analyzed 2v(53 transitions since there are no spin-isospin degrees ot .. ~edom in the theory
framework. Here one has to point out that the use of closure approxim ati » for calculation of the
2v 6 NMEs is not accurate and can be liable to large errors. The res.'ts \75), depicted in Fig. 29
as red (ISM) and blue (IBM-2) dotted curves, imply that strongly - .:nchc ! effective values of ga
are possible, thus decreasing drastically the discovery potential « f the « v experiments based
on the large NMEs with the non-quenched g4.

Although the study [243] was the first to draw consider .ble ..-ention in the experimental
OvBB community, it was not the first one to point to a possiu.e str ngly quenched value of ga.
Already the pnQRPA study of Faessler et al. [244] gave m.ications of a strongly quenched
effective ga, in the range gfff = 0.39 — 0.84. These rc.mlts, 7 long with their 1o errors, are
shown in Fig. 29 as black vertical bars. Later a similar s.*dy was carried out in [245, 246], with
results comparable with those of [244] and depicted = ™ 5. _J as green vertical bars. For more
information see the review [30].

In Suhonen [217] a two-stage fit of the partic »-p.."*le parameter g,, of the pnQRPA to
the data on two-neutrino 55 decays was performed . ong the lines first introduced in Simkovic
et al. [247] and later used in Hyvérinen et al. '2Rl. The works [247, 248] were extended in
[217] to include also strongly quenched valv = ~f ¢ . In this analysis it turned out that there
is a minimum value of gy for which the maxim.™m NME can fit the 2v3(-decay half-life. This
lower limit of the possible ga values is precented in Fig. 29 as a solid black line. It is seen that
it is consistent with the thick green ve cical 1 ars of gs ranges obtained in [245, 246] and also
commensurate with the thin black vertic.' be s obtained in [244]. However, the main message
of Suhonen [217] is that no matter b sw < uenched the value of g, is, the half-lives of the present
and future neutrinoless 3-decay me. -~ are’aents would only be affected by factors of 6 or less.
This result is left for other theorr -ical approaches to be verified in the future.

In Sec. 3.6.4 an enhancemen, phe..~menon of the g, values in the context of the weak axial
charge is discussed. For more i 1ito mation on the quenching of g5 in Gamow-Teller type of decays
see the recent review [30]. Sec Sec. 6.4 for the experimental Ov 3/ sensitivity and the NME with
effective gu.

3.2. Forbidden beta decrns

Forbidden g decay cover all 8 decays beyond the allowed Gamow-Teller (mediated by the o
operator) and Fermi (m. iat _d by the unit operator) decays. In the allowed decays the maximum
allowed change in mguli ~ momentum is AJ = 1 and the decay operator does not induce parity
change, i.e. Am = =7y = 1, where 7; () is the parity of the initial (final) nuclear state. The
forbidden deca -~ ~an pe divided into unique and non-unique decays. The unique decays have
(essentially) uni,=sal 8 spectrum shapes (energy distribution of the emitted electrons in 5~
decays or positrons in 1 decays) with a weak nuclear-structure dependence. The non-unique
decays can show strong dependence on the details of nuclear structure and hence the associated
[ spectra are not universal.
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3.2.1. Forbidden unique beta decays

The forbidden unique [ transitions are the simplest ones that mediate > decays of angular-
momentum differences AJ = |J; — J¢| > 2, where J; (J;) is the angu.~ momentum of the
initial (final) nuclear state. For a K forbidden (K = 1,2,3,...) wriqu> 3 decay the angular-
momentum change is AJ = K + 1. At the same time the parity of 'he involved nuclear states
changes in the odd-forbidden and remains the same in the ever Jlorbiulen decays [56]. The
change in angular momentum and parity for different degrees o forbic denness is presented in
Table 4, and they obey the simple rule

(—=1)*/Am = —1. (Forbidden uniqu. dece ss) (76)

Table 4: Change in angular momentum and parity for . ** forbidden unique § decays.

K 1 2 3 4 ) 6 7

AJ 2 3 £ = 6 7 8
Ar=mmy -1 +1 -1 1 -1 +1 -1

The half-lives ¢,/ of K th forbidden unic -~ R «~cays can be expressed in terms of reduced
transition probabilities Bg, and phase-space fac.~rs fx,. The By, is given by the NME, which
in turn is given by the single-particle NMF< and one-body transition densities. Then (for further

details see [56])
2
y 9a 2
b= By = Mil? .
1/2 leBPd ) K 2(]1 + 1| K | (77>

where k is a constant with value [749)

273 In 2
N — 6147 s, (78)

m2ct(Gy cos O¢)?

with G being the Fermi cr nstan. ~nd ¢ being the Cabibbo angle. The phase-space factor fg,
for the K" forbidden uni e 3* lecay can be written as

[y

S\ 2K e
+
[(ﬁl) N <-4,) (_?{ + 1)” /1 CKu(we)pewe(wo - we)2F0(j:Zf7 we)dw€7 (79>

where Cp, is the . hape t ctor for K forbidden unique 3 decays which can be written as (see,
e.g., [56, 250])

OKu(we) = <8O>

Z )\kepg(ke—l)(wo . we)2(ky—1)

_ | o | 3
bt Twrs (e = D2k, — 1)

where the indices k. and k, (both k& = 1,2,3...) come from the partial-wave expansion of
the electron (e) and neutrino (v) wave functions. Here w, is the total energy of the emit-
ted electron/positron, p. is the electron/positron momentum, Z; is the atomic number of the
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daughter nucleus and Fy(Zf, w,) is the Fermi function taking into accorat he coulombic at-
traction/repulsion of the electron/positron and the daughter nucleus. It 15 “ . be noted that for
positron emission the change Z; — —Z; has to be performed in Fy(Zf, we, ana in Fy,_1(Zf, w,)
in Eq. (81) below. The factor A, contains the generalized Fermi funct.on F.. _; [251] as the ratio

. Fk‘efl (Zf7 wG)

N, = e AT el
T Fo(Zy,we)

(81)
The integration is performed over the total (by electron rest. ...ass, -caled energy of the emit-
ted electron/positron, wy being the endpoint energy, corrsr.nd ng to the maximum elec-

tron/positron energy in a given transition.
The NME in (77) can be expressed as

Mica = > M5 (ab) (s llchesl 1) (82)

ab

where the factors M5 (ab) are the single-particle ...-*vix elements and the one-body transition
densities are (¢¢||[ché)xi1||1s) with 1; being the 1. i.1al-state wave function and 1; the final-
state wave function. The operator ¢! is a creatic . ne1 itor for a nucleon in an orbital @ and the
operator ¢, is the corresponding annihilatior operctor. The single-particle matrix elements are
given (in the Biedenharn-Rose phase conventio. ) by

Mpyco(ab) =~"4m (“l]rK[YKU]KHiKHb) , (83)

where Y is a spherical harmonic of rann K| o a vector containing the Pauli matrices as its
components, r the radial coordinate, ar 1 a and b stand for the single-particle orbital quantum
numbers. The NME (83) is given «xp..itl* in [56].

3.2.2. Forbidden non-unique [3 decay.

For the K forbidden (K = _ 2,3,...) non-unique 3 decay the angular-momentum change
is AJ = K and the parity o. t'.e involved nuclear states changes in the same way as for the
forbidden unique § decay see Sec. 3.2.1). The rules for the change in angular momentum and
parity for different degrec. of for! iddenness are summarized in Table 53, and they obey the rule
—1)»'Ar = +1. (Forbidden non-unique decays) (84)

N

As seen in the tabls (he wuo-forbidden non-unique decays are an exception, since there also the
angular-momentui chan, e AJ = 0 is possible owing to appearance of two additional NMEs, as
discussed in Sec. 3.u 1

The half-lifc o1 .".. forbidden non-unique § decays can be written in the form

tl/g = :‘i/é, (85)

31t is worth pointing out that for a given degree K of forbiddenness also lower A.J values participate but they
are sub-dominant to forbiddenness K — 2 and thus unobservable.
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Table 5: Change in angular momentum and parity for K" forbidden non-u- 1que 3 decays.

K 1 2 3 4 5 6 7

AJ 0,1 2 3 4 5 6 7
Ar=mmy -1 +1 -1 +1 -1 +1 -]

where C' is the dimensionless integrated shape function, given by

wo

C= / C(we)pewe(wy — we ) Fo(Zy, e)doe (86)
1

with the notation explained in Sec. 3.2.1. The general fo.m of t1e shape factor of Eq. (86) is a

sum

2%,

reWe

C(we) = Z )\ke |:MK(ke; kl,)Q + mK(k;e, l<31,)A - MK(ke, k’,,)mK(ke, kl,) s (87)

ke ku, K

where the factor A\, has been given in (81) anc 7+ 1. the charge number of the final nucleus.

The indices k. and k, (k = 1,2,3...) are related to “he partial-wave expansion of the electron (e)
and neutrino (v) wave functions, K is the ord~r o1 forbiddenness of the transition, and 7, =
k? — (aZf)?, a = 1/137 being the fine-structure constant. The nuclear-physics information is
hidden in the factors My (ke, k,) and m k., », ), which are complicated combinations of different
NMEs and leptonic phase-space factors. “or m re information on the integrated shape function,
see [67, 251].
The shape factor C'(w,) (87) cai. be dec mposed into vector, axial-vector and mixed vector-
axial-vector parts in the form [257

C(we) = a3 Cywe) + gaCa(we) + gvgaCua (w,) . (88)

The same is true for the shap. finction of the forbidden unique decays (80) when the so-called
next-to-leading-order termr, ar> aaded to the leading ones [252, 253]. Integrating equation (88)
over the electron kinetic .ne gy. one obtains an analogous expression for the integrated shape
function (86) . . ) .

C = gvCyv + gaiCa + gvgaCua, (89)

where the factors C, in k. (89) are just constants, independent of the electron energy.

3.3. Studies of forv dder unique beta transitions

The first-fo.mw . unique [ transitions are mediated by a rank-2 (i.e. having angular-
momentum conte. - 2) parity-changing spherical tensor operator [a special case of the operator
(83)], schematically written as O(27). For these decays it is customary to modify the general
structure of Eqs. (77)—(79) by replacing the phase-space factor fr—;, of (79) by a 12 times larger
phase-space factor fiy, i.e.

flu - ]-2fK:1,u y (90)
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yielding a factor log 12 = 1.079 times larger comparative half-lives than in t'.e s andard definition
(77).

In the quenching studies it is simplest to study first-forbidden grouna -tate-to-ground-state
[ transitions, see the review [4]. In an early work [55] a systematic sci ematic analysis of the
first-forbidden unique 3 decays was performed from the point of .‘ev of suppression factors
stemming from the effect of E1 (electric dipole) giant resonance ir (le fin ! odd-odd nucleus. In
[254] the suppression mechanism of the first-forbidden and third-fc tbidde \ § decays of light nuclei
(A < 50) was studied by using simple shell-model estimates and fi. **-o- der perturbation theory.
The hindrance of the decay transitions was traced to the reouls’.,c T' = 1 (isospin 1) particle-
hole force. In the work [106] 19 first-forbidden unique grou..d-st .te-to-ground-state [3-decay
transitions were studied in the framework of the pnQRPA. 1. *his study a central nucleus was
defined and the computed §~/EC (EC=electron capturc, transi ions to the left (corresponding
to the left-side NME) and right (corresponding to the -ighi-side NME) were compared with
the available data. The geometric mean of the left--*?~ - _ right-side NMEs was used in the
analyses, making the analyses more stable. It was founc that there is a strong quenching effect
when going from the simple two-quasiparticle NM = o« “~e pnQRPA NME (a quenching factor
q =~ 0.4), and finally from the pnQRPA NME to t. : experimental NME (a quenching factor
q =~ 0.45). There the experimental NME was e.t1. ~ted from the data by using the free value
gltee = 1.27 of the axial-vector coupling strer *h

Early studies of the quenching in the seco..?- and third-forbidden unique [ decays were
performed in [254, 255]. The work of [254! was mentioned above, and in [255] these 8 decays
were studied using a simple interacting s iell m del and the unified model (deformed shell model)
for six f transitions in the A = 10,22, 20, 10 ».uclei. The interest in these studies derived from
nuclear-structure considerations: ho v tc explain in a nuclear model the hindrance phenomena
occurring in certain measured S tran.”won<. A later study of second-forbidden unique S decays
in the mass range A = 10 — 54 w- = performed in [256] by using the ISM with newer shell-model
interactions. A reasonable desciiptio.. of the experimental half-lives was achieved by using the
bare value of the axial couplin , g, (but a quenched value would have improved the comparison).
An interest beyond the singic 3 decays are the double-beta decays: The Ov3/ decays proceed
via virtual intermediate stites ot (Il multipolarities J™ due to the multipole expansion of the
Majorana-neutrino propa_ats r (¢ e, e.g., [2, 23] and Sec. 5 for further information). A good part
of these virtual transitic—5 arc © rbidden unique transitions satisfying the selection rules given in
Eq. (76) and Table 4. It is t. erefore of paramount importance to study the possible quenching
effects associated with .hese 3 transitions.

The quenching rcelate 1 to the virtual g transitions of the Ov 3 decay can be studied by using
the theoretical ma hiner of Sec. 3.2.1. In [257] this machinery was applied to 148 potentially
measurable sec~~d-. tnird-, fourth-, fifth-, sixth- and seventh-forbidden unique beta transitions.
The calculations w re done using realistic single-particle model spaces and G-matrix-based mi-
croscopic two-body interactions. The results of [257] could shed light on the magnitudes of
the NMEs corresponding to the high-forbidden unique 0% <+ J™ = 3%, 4~ 57 6, 7,8 virtual
transitions taking part in the Ovf3 decays. In the work of [257] the expected half-lives of the
studied [-decay transitions were derived by comparison with the analyses performed for the
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Gamow-Teller and first-forbidden unique f transitions in the works [105. 10t . An example of
such predictions is given in Fig. 30. In the figure one sees that the expecw.” half-lives are long
and hard to measure, even though the EC transition of interest exhau."s 1b0% of the total
electron-capture rate. This transition is, however, masked by the s.rore 5 branches to the
excited states of 1*°Xe. The implications of the studies of [257] fo. tb: observability of 0v3.3
decays is discussed in Sec. 5.

4t forb.
hp(B )= hpEe)= 12360 54
(69£13) x 1000 _25(6) x 1024 53L77
& 10T e 100% Qs = . 984 MeV

wlds/e — vlds)s

Qrc = 0.451 MeV

‘ 4> ‘orb.
|

L1/2\5
L (1) x 10" a stable 0+
1Py — v1f7 ) 1§2XC76‘ g8

Figure 30: Predicted half-lives and their error estimates (in parenthesis) for 5~ and EC (electron-capture)
transitions in the isobaric chain A = 130. The ¢ pin-p. “ity assignment, life-time and decay energies (Q values) of
the ground (gs) state of 13°T are experimental 'ata anc taken from [258]. The 2v3f half-life is taken from [259].
In addition to the half-lives the degree of for bidde.. ~¢ ;s and the leading single-particle transition are shown.

3.4. Low-Q-value beta decays for neutrinu-mass studies

3.4.1. Low-Q-value beta decays for new'rino mass measurements

The neutrino mass is me sur .d by (-decay experiments, like in the case of the KATRIN
experiment [71] (tritium decay, nd the MARE experiment [260] (decay of '®"Re). The electron-
neutrino mass is measure « v'a the slight distortion of the electron end-point spectrum. To
detect this distortion, # ac-7.ys v ith small ) value are used. The tritium experiment measures
an allowed decay with e @ va.ue of 18.59 keV, while the rhenium experiment measures a first-
forbidden unique tran. ition v ith the () value of 2.47 keV. The non-zero mass effect shows up as
small deviation at th~ en Joint from the universal 5-spectrum shape. (see Sec. 3.2.1).

One potentiall - inter 'sting case is the 8~ decay of the 9/27 ground state of "°In to the
first excited state ¢ 1°9 1 with spin-parity 3/2% (see Fig. 31). This decay transition is second-
forbidden uniq < .~ *hat the f-spectrum shape of the decay is universal. What is interesting
about this decay ‘.ansition is that it has a world-record small @ value of 0.155(24) keV [261]
so that it can be caled “ultra-low” (i.e. below 1 keV). Measurement of such a small @) value is
based on the Penning trap techniques [261, 262]. The corresponding decay branch was measured
first at LNGS in Italy to have a partial half-life of (3.73 £0.98)x10?° years [263] and at the
HADES in Belgium to have a partial half-life of 4.3(5) x 10?2 yr [264]. It has been speculated
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Figure 31: 5~ decay of the ground state of ''°In to the ground state nd firs* excited state in ''®Sn. The numbers
to the right of the energy levels are excitation energies in MeV.

that the decay branch could be used as a neutrino-mass '~tector [263]. Even more intriguing is
that such an ultra-low () value seems to enhance ti.> 11" . erence of atomic effects in the nuclear
decay, as discussed in [265, 266] and further dw-lled . n in Sec. 3.4.2.

An other possibility is the 8~ decay of the 7/.% ground state of ¥Cs to the first (and)
second excited states of '3Ba with spin-pa. ::c~ 1 ‘2% and 11/2~ which are second-forbidden
and first-forbidden unique decays, respectively |%7]. There are two half-life and @-value mea-
surements [268, 269] that are in strong * -~ion with each other. Depending on which one of
the measurements is correct, either th = decay to the first or to the second excited state can
produce a transition with an ultra-lovv ¢z .~ e [267]. So, accurate Penning trap measurement
of the difference in masses between ! °C' and ¥°Ba is called for. Another potential low-Q-value
candidate is the decay of '5Cd discu <ed extensively in Ref. [270]. A list of other potential
low-Q-value candidates is preser ., in table 6. All the initial states of the first column of the
table are ground states of the respec.ve nuclei. In the table the decay type is either 5~ or
electron capture (EC).

A particularly interesting c. - . is the allowed Gamow-Teller 3~ decay of 31 although the half-
life of this candidate is rat’.er ~hor, and thus experimentally challenging. There are also allowed
Gamow-Teller (***Dy) an’ Cam< w-Teller/Fermi (**'Ho) electron-capture decays but especially
161Ho is too short-lived The 1. st-forbidden unique 8~ decay of 1*Eu is of high interest because
of the rather long ha flife ¢ 1»Eu. The rest are short-lived and/or non-unique decays and
depend on several nicle. - ».atrix elements without a universal S-spectrum shape. All in all, it
is desirable to perform h. vh-precision Penning-trap mass measurements to improve the accuracy
of the mass differe. ~es of the nuclei listed in Table 6.

3.4.2. Atomic e) e cs in the low-Q-value beta decays

As mentioned 1. the previous section the low-Q-value [ decays enhance the interference of
atomic effects in nuclear decay processes. Evidence of such an interference was first pointed
out in the context of the f~-decay transition "5In(9/2%) — °Sn(3/2%) with a world-record
small @ value [262] (see Sec. 3.4.1). There are at least four different effects of atomic origin that

60



O©CoO~NOUIAWNER

Table 6: Potential candidate transitions with ultra-low @ values. The first column giv s tb . initial ground state
of the listed nucleus and the second column gives the half-life of the nucleus. The third c. "mn gives the excited
final state (f.s.) of interest for the low @Q-value transition. The fourth column gives tu. ~xpecimental excitation
energy with the experimental error. The fifth column gives the decay type an . 1. e lasu column the derived
experimental decay @) value [258] in units of keV.

initial state Iy low-Q f.s. E* (keV) de -y ty,» Q (keV)
As(3/27) 38.8h Se(5/27T) 680.1046(16) 1% n wn-unic ue 5~ 28+1.38
Hipn(9/2+)  2.805d  MCd(3/27) 864.8(3) ol e EC —2.8£5.0
Hicd(3/2h) 866.60(6) 22 11 “que EC —4.6+5.0
BU(7/2t) 8.025d  BXe(9/2%)  971.22(13) alle wed - 04407
“Pm(37) 553 yr MONd(2T) 1470.59(6) 1% . on-unique EC ~ 1.44+4.0
M9GA(7/27) 9.28d WEu(5/2") 1312(4) 15¢ v on-unique EC 1+6
BSEu(5/2%) 4.75yr  5Gd(9/27)  251.7056(10) 1°* unique £~ 1.0+£1.2
19Dy(3/27)  144d  OTh(5/27)  363.5440 )  allowed EC 21412
B1Ho(7/27)  2.28h  S1Dy(7/27)  857.502(7) allowed EC 14427
161Dy(3/27)  858.7%'9( 5, 2"! non-unique EC 0.1 £2.7
W) 69.78d Re((0,1,2))  3/7580.7)  allowed 8 (7)  2.4+3.0

87p(3/27)  13.2d 1890s(5/27) 530 5+(3) 1% non-unique EC  0.46 4 13.00

remain unknown for the decays with ) voTves this low [265]: the electron screening effect, the
atomic overlap effect, the exchange effer; and  he effect of final-state interactions. According to
the existing literature they are all knocwn .~ b come significant as the ) value decreases. While
they are completely negligible for tyy.cal beta-decay @) values, they can contribute by several per
cent to low-Q)-value decays according ‘o t}e existing theoretical estimates. The present status
of these atomic corrections is as * llows:

e FElectron screening: Trad .. nally the Rose prescription [271] has been accurate enough to
estimate the electron s ree’ ing correction to the beta-decay half-life. For the ultra-low @)
values it breaks dowr com,'~tely. The same holds true for the more accurate, completely
relativistic expressica d rived by Lopez and Durand [272].

e Atomic overlap: 1ne atomic overlap effect, caused by the fact that the bound electron
states of the in."ial an1 final atom are slightly different, is another possible source of
corrections. T'is eoct has been theoretically studied for the allowed decays by Bahcall
[273]. His e timate : show that there is a trend of this effect to grow stronger as the @
value decreas. = F.r the *'Pu decay with a @ value of 21 keV, the estimated hindrance
in the decy & 2%. However, those estimates break down for the () values as low as a few
hundred ke .” and cannot be applied to the case of ultra-low @) values.

e Atomic exchange: The first approximation for the exchange effects was published by Bah-
call in the same study as the atomic overlap effect [273]. That approximation suggests an
additional reduction in the decay rate, 2% in the case of 2*'Pu. Later theoretical work by
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Harston and Pyper [274] contradicts this result concluding that the ¢zch .nge effect should
actually enhance the decay rate. In the case of ?*'Pu their calcui.“>n yielded a 7.5%
enhancement of the decay rate. However, estimates derived in both . ~rks are inapplicable
in the ultra-low-@Q-value regime.

e Final-state interactions: The final-state interactions pose yet anot..~r theoretical challenge.
The molecular final-state interactions have only been studicd for ‘he beta decay of tritium
[275], where the atomic structure is simple compared to t. = hee sier elements. The role
of final-state interactions for heavier nuclei in a lattice s stil! deep in the terra incognita:
Whether the chemical bonds of the atoms of a sample in » duc: a non-negligible correction
to the decay channel with an ultra-low @) value or not . "ma.us yet another open question.

The developments of experimental techniques have n.~v rrached [ decays with @) values
so low that theoretical works on the atomic effects have become outdated. To improve the
situation more studies, both theoretical and experi. 'ental, are necessary. Another challenge
in the theoretical search for the true significance of the >tomic contributions is the difficulty
of experimental verification: The small corrections they imduce to the usual low-Q-value beta
decays are dwarfed by the uncertainties in the n ~lear vave functions. Therefore a proper attack
on the open questions may have to wait for the ‘in.> when proper ab-initio nuclear-structure
theory is available for the low-() (8 transitic~s o nterest. Still, this does not prevent from
making theoretical estimates of the atomic effects for ultra-low-Q-value decays. If they proved
to be as dramatic as the case of "5In d_ca, suggests there would be a realistic possibility to
actually verify the existence of these at ‘mic et 2cts experimentally.

3.5. Competition of beta and double bet . de~ays

Let us now discuss two interest.ng . 27 iples where extremely slow first-order weak processes
(B decays) compete with second- o1 'er weak processes (double 5 decays). In Fig. 32 the mother
nucleus “®Ca decays to states i» ¥8Sc via extremely slow -decay transitions, retarded by the
large differences in angular r.om :ntum between the initial state (spin 0) and the final states
(spins 4 — 6). This case thus bel mgs to the category (b) of the classification of ultra-slow decay
transitions introduced at he Heginning of Sec. 3.4. In addition to the ultra-slow [ transitions
there is an interesting ultra- “ow - econd-order transition, the two-neutrino 55 (2v33) decay, from
48Ca directly to the gre and stave of *8Ti. In this case the decay jumps past the nucleus **Sc and
goes directly to the grcund st te of ¥ Ti and thus it falls into the category (c) in the classification
of ultra-slow proces~_5 (sec veginning of Sec. 3.4). These higher-order transitions form a class of
transitions called ¢ enericc lly the nuclear double beta decay, discussed more extensively in Sec. 5.

The half-lives o1 ™o 32 have been calculated [276] by using the experimental ) values listed
in the figure by wvuce =2 of the ISM in a model space consisting of the pf shell. The interaction
GXPF1A [277] w. s adopted as the two-body interaction. These 8 decays have previously been
discussed in [278] by the use of older two-body interactions. In the present case the total beta-
decay half-life, T o(87) = 4.2x10% y, is determined by the fourth-forbidden unique 5~ transition
to the 5 state in *®Sc. The other transitions, the fourth-forbidden non-unique transition to the
47" state and the sixth-forbidden non-unique transition to the 6 state, do not play a role in the
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o+ T,,=43.67h
48C 4+ Q=30keV; T;, =19 x 102y
a /.
B~ 5+ Q= 151keV; T;,=4.2 x 10%°y
6+ Q=282keV; T;,=4.4x 10%y
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6+ 3.332
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Figure 32: Ultra-slow (-decay transitions from the ground state of ¢ ™' to “’.c lowest three states in *®Sc, and
the subsequent 3 decays to states in 48Ti. The experimental @ values [255, and computed half-lives for ga = 1.0
[276] are given to the right of the energy levels. Shown are also th ~xperi nental S-decay half-life of 4¥Sc [258]
and the measured half-life [259] of the direct 2v33-decay transitio. to tuc ground state of *8Ti. The numbers to
the right of the *8Ti energy levels are excitation energies in MeV

total (-decay half-life due to their long partial hat-1- .. The resulting total half-life depends
now, in the leading order, on only one NME so *hat - can be written as

t, = (4227 10%yr, (91)
It is interesting to note that the computed 57 -decay half-life is roughly an order of magnitude
longer than the experimental 8-decay "alf-li. =s ( see refs [62, 259)]).

An exactly similar situation as for the “8C-, decay occurs for the 8 and 2v3f decays of %Zr
[279] in the decay chain Zr — %Nb — “®Mo (see Fig. 5 in Sec. 2.2.1). In a recent paper [60] the
measured () values were used to cou.>.te *ae following partial half-lives by adopting ga = 1.0:
£ 50 = 6%) = 1.6 x 10®yr, ] (07 — o*) = 1.1 x 10®yr and 7 ,(07 — 47) = 7.5 x 102 yr,
As can be seen, the total half-l.fe is ‘ictated by the fourth-forbidden unique S~ transition to
the 5T final state. Again the es. lting half-life depends in the leading order on only one NME
so that it can be written as

t, = (1.1g37%) x 10¥yr, (92)

which is to be compared w.. th 2 experimental [259] 2v53-decay half-life
t%(exp.) =(2.340.2) x 107 yr. (93)

Again we see that 1 ne - >cay half-life is clearly longer than the 2v35-decay half-life as mentioned
in Sec. 2.2.1.

3.6. Shapes of b tc spectra

Beyond the hal. life analyses (see Sec. 3.1.2 for the Gamow-Teller transitions and Secs. 3.3
and 3.5 for examples of forbidden transitions) also the [-spectrum shapes can be used to pin
down the effective value of the weak axial-vector coupling strength g in forbidden non-unique
[ decays. In some forbidden non-unique (-decay transitions the shape of the g spectrum is
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sensitive to the variations in the value of gy. This feature can be utilizcd i1 determining the
value of ga for forbidden [ transitions. This method is coined the spec* um-shape method
(SSM) and was introduced in [252]. Further systematic studies using the “SM were performed
in [253, 280, 281]. The status of the effective values of g, in 5 and ) a>rays is summarized in
[30] and the impact of the effective values of ga on the sensitivities ¢ tb: presently running and
future f5-decay experiments has been discussed in [217] (see Sec 3.1.5,. Various applications
of the SSM are discussed below in this section.

3.6.1. Backgrounds in rare-events searches

There is a long list of common background contaminanv. m dark-matter and rare-events
experiments [282]. Usually the [-spectrum shapes of the . ~rresponding 3 decays have not
been measured or computed. Many of the 55 and dar:- matte direct experiments may have
cosmogenic backgrounds as discussed for Ge-based exyp ~rimcacs [283]. Experimental ways to
reduce such backgrounds are discussed in [16]. Also he~w= - iclei like 2'Bi can be a dangerous
background in Ovf3( experiments. Below we give a few examples of the § spectra relevant for
pinning down background contaminations in rare- v...' ~vperiments.

The nuclei 3Ar and *2Ar are contaminants in exp. - riments based on ligiud argon (LAr). The
applications of LAr-based detectors range from <. rituetry in high-energy-physics experiments
at the LHC (Large Hadron Collider at CERM dow 1 to large-scale low-background experiments
for rare-events searches, in particular in quests v dark matter of the Universe (two particular
examples are the running DEAP-3600 [2841 and DarkSide-50 [285]). The related experimental
problems and the S-spectrum shapes of “Ar «1d *2Ar have been discussed in Ref. [74].

The long-lived potassium isotope *i7 is . common pollutant in the environment and in
many materials. In Fig. 33 the norm Wiz d electron spectrum (the superficial area is normalized
to unity) for the 8~ decay of *°K is 1. nte'.. The dominant decay channel (89.28%) is the third-
forbidden unique 3~ decay to th grounc state of °Ca [286]. The electron spectra have been
computed by using the interactiag si. 'l model (ISM) with the effective interactions sdpfu [287]
and sdpfk [288] in the proton sa model space and neutron sdf7/, model space, thus permitting
configuration mixing for the 'ovbLly magic nucleus °Ca. The next-to-leading-order corrections
[252] have been included ir the c.'culation. An old measurement of the S-spectrum shape has
been reported in [289].  f this 0int it should be noted that the 5 spectrum does not go to
zero at electron kinetic ~meryg - .ero due to the Coulomb effects affecting the shape factor (87)
through the Fermi fur ction . 7% _;(Zf, w.) of Eq. (81). This effect can be coined Coulomb shift.

The 3~ decay of ®°C ~ is & common pollutant in the environment and in Ge-based experiments
[283]. In Fig. 34 t'ie no'malized electron spectra for the second-forbidden unique 5~ decay of
60Co to the first 2" state in °Ni is shown for five different values for gy. The 3 spectra have
been calculated hv usiug the ISM with the Horie-Ogawa interaction [290, 291]. Due to the large
number of valen. = “mcieons in the pf shell the calculations were truncated to the proton-0f7 /-
neutron-1p0 fs o su. space. Though the dominant decay channel is the allowed decay to the first
47 state in ®Ni there is a small branching (0.12%) to the first 27 state in ®Ni [292]. The
decomposition (88) suggests that the spectrum shape could be ga dependent. It can be seen in
the figure, however, that the next-to-leading-order corrections to the S-decay shape factor are
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Figure 33: Normalized 3 spectrum for the third-forbidden unique . -ound-sf ate-to-ground-state 3~ decay of 4K
calculated by using two different shell-model interactions. The =lue |, = 1.00 was used in the calculations.
Note the Coulomb shift of the 8 spectrum, see the text.

not strong enough to make the spectrum shape ap,c..~"ly ga dependent. An old measurement
of the S-spectrum shape has been reported in [293].

The ground state EC of 4° K, which is no. n~own experimentally, might be used as an
explanation for the claimed dark matter [29/

R0rG(5+) --> BON(2+)
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Figure 34: Normalized 3 spertra ..~ ’ae second-forbidden unique 8~ decay of 8°Co to the first 2% state in 69Ni.
The value gy = 1.00 was v sed in  he calculations and the color coding represents the different adopted values for
ga. Note the Coulomb shi .

3.6.2. The reactor- "ntin utrino anomaly

An interest ., ~»nlication of the (-spectrum studies is the reactor antineutrino anomaly
(RAA) [295]. T.i- antineutrino spectra in nuclear reactors result from the long uranium and
plutonium « and /£~ decay chains and the subsequent fission used as fuel to drive the energy
production in the nuclear power plants. In the RAA the experimentally measured antineutrino
flux is lower than what is expected from the [ decays of the nuclear fission fragments deduced
from nuclear data with some approximations [296]. In addition, there is a strange “bump”
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between 4 and 6 MeV in the antineutrino spectrum. The RAA and the sp ctral bump have
been measured in the experiments Daya Bay [297], RENO [298] and Dou.'s Chooz [299]. The
measured flux is some 6(2)% lower making this a rough 30 deviation [30v; The method of vir-
tual § branches [301, 302, 303] has been used to estimate the cumuls.aiv» 3 spectra responsible
for the theoretical antineutrino flux. The involved [ decays go par.'s "y forbidden transitions
that cannot be assessed by the present nuclear data, but instea”, coui’ be calculated. Elec-
tron spectrum-shape calculations were done for first-forbidden 5~ decays of 3Te and '°Xe
in Ref. [304], and in general using the formalism introduced in |==? %505]. Corrections to the
leading contributions, like the finite-size, radiative and weal -mea .. tism corrections have been
introduced [253, 301, 302, 306]. Possible shortcomings of the previr usly used analysis methods
have been pointed out in [307].

While the actual cumulative 8 spectra, leading to ti.. RAA and emerging from the decays
of the fission fragments, are numerous, not all of them  ntrivute in equal amounts. Then the
cumulative (3 spectra can be nicely fit by just a lim**~7 ~__ber of virtual g spectra emerging
from non-existent fictional 5 branches [301, 302, 303, o2Rl. A shortcoming of this procedure is
that all the virtual branches are assumed to be d.sci.” 7 by allowed [-spectrum shapes. Also
adding information from the nuclear databases is nouv wccurate enough due to deficiencies in this
information. Out of the several thousand g bra c. s taking part in the cumulative [ spectra
the majority are allowed decays but the con’ “hnticn from the first-forbidden decay transitions
is also considerable, in particular in the interesti..~ region of the antineutrino spectrum, between
4 and 6 MeV [309]. On the other hand forbidden decays become increasingly unlikely with
increasing degree of forbiddenness.

Table 7: Summary of the most importan’ (gr und state-to-ground-state) transitions of the 23°U cumulative 3
spectrum in the energy range around 4.0 Mc™ In‘icated are the S-decay @ value, the 8-feeding branching ratio
(BR), the multipolarities of the initial nd final .tates and the contribution to the cumulative 8 spectrum (last
column). The information of the tabl  is v.'-en from [310].

Nucleus @ (v.2V) BR(%) JE = J& Contr. (%)

8Rb °3 77(1) 2= = 0F 2.9
Rb 6.6 33(4) 0~ — 0t 3.4
92Rb &1 952(7) 0~ —o0t 6.1
9531 o1 56(3)  1/2+ — 1/2- 3.0
96y 71 955(5) 0~ —O0F 6.3
1008, 6.4 50(7) 1+ = 0F 5.5
$Te 5.9 62(3) (7/27) — 7/2+ 3.7
100y 6.2 36(2) 1= — 0+ 3.4
20 7.3 56(5) 0~ — 0+ 35

The most important S branches taking part in the cumulative § spectra of the RAA were
identified in [310] and they are given in Table 7. They also contribute to the observed spectral
bump. The branchings of these decay transitions are between 33% and 96%. Here, as also in the
analysis of [307], allowed /8 spectrum shapes were assumed also for the forbidden transitions, like
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Figure 35: Normalized S spectrum for the first-forbidden non-unique gicund-s’ ate-to-ground-state 5~ decay of
140Cs. The value gv = 1.00 was adopted in the calculations and the colo. ~oaing represents the different adopted
values for ga. The allowed spectrum shape is plotted for comparison. Note the Coulomb shift.

the first-forbidden decays of Table 7. Thus, it is of pare~~= importance to compute the shapes
of the [ spectra associated with the above-listed key tra. <itions and compare these spectra with
the allowed shape to see the error made in the allc wel ~~proximation. The computation of the
proper spectral shapes can be done by using the formea"'sm of sections 3.2.1 and 3.2.2. An example
of the application of the formalism is presented in “.. 3o where the ISM-computed first-forbidden
non-unique ground-state-to-ground-state 3~ "ecay of 14°Cs is depicted and compared with the
allowed spectrum shape. The used interaction 1. }i56pnb [311] in the proton 3s — 2d — 1g7/» and
neutron 3p — 2f — 1hg/, single-particle model space. As can be seen there is a notable deviation
from the spectrum shape of an allowed cransi.ion with the same () value. In this case there is
also some dependence of the 8 spectrnum . hap : on the value of ga, and in other key transitions
this could be the case as well, as svzgeted py the decomposition (88). The effects stemming
from the uncertainty in the values ¢” 75 7 nd the axial charge (see Sec. 3.6.4) have also been
neglected in the analyses of the F AA thu. far.

In Fig. 36 two cumulative sum s ectra are presented. To obtain these spectra all the
spectra of the individual trans.cic 1s of Table 7 have been summed by taking into account their
branchings and their relative ccatributions (third and last columns of Table 7) to the total
cumulative spectrum. For the “u'owed shape” all the individual [ spectra were assumed to
be of the (unphysical) al’ we 1 skape and for the “forbidden shape” they were taken to be the
[SM-computed shapes c~rresp > .ding to the true first-forbidden [ transitions. For the computed
forbidden shapes the c anonic 'l value gy = 1.00 was assumed, and for the axial-vector and axial-
charge strengths the vi.lnes ga = 0.70 and eypc = 1.7 (see Sec. 3.6.4) were adopted. The
latter two values ¢.e rather realistic average values for nuclei in the mass range A = 88 — 142.
The difference bet 7een t! e two spectra gives an idea about the importance of using the correct
computed spectrnm suapes, instead of the usually assumed allowed shapes, in the assessment
of the confidencc level of the RAA. From Fig. 36 it is seen that by assuming allowed shapes of
the individual 8 sp ~ctra the average kinetic energy of the emitted electrons is slightly too high
meaning that in the cumulative antineutrino spectrum the average antineutrino energy is a bit
too low. This could have consequences for the confidence level of the RAA.

The RAA has been associated to diappearance of electron antineutrinos in short-baseline
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Figure 36: Normalized cumulative S spectra obtained by summing the ina. ridual 8 spectra associated to all the
first-forbidden transitions of Table 7 by taking into account their b.. ~chin‘ s and relative contributions listed in
the third and last columns of Table 7. The sum spectrum “allowe. shape’ corresponds to the assumed allowed
shapes for all the individual 8 transitions, instead of the correct firet-f~-" idden shapes, as computed by the use of
the ISM and adopted for the sum spectrum “forbidden shape”. “he values gy = 1.00, ga = 0.70 and eyjgc = 1.7
(see Sec. 3.6.4) were adopted in the calculations. Note the “'onlomb shift.

(10—100 m) reactor oscillation experiments. The o ~appearance can be explained quantitatively,
e.g., by existence of sterile neutrinos. A 341 <chen.=, with one sterile neutrino in eV mass scale,
could explain the anomaly [312]. The same sche. e could explain also the gallium anomaly [312],
discussed in Sec. 4.4.4. An alternative exnlanation has been proposed recently [313, 314]: the
variations in the antineutrino fluxes ste'aming from the fissions of the nuclides 23U and #?Pu.
The revaluation of these fluxes is propose. In 309] it was found that both the effect of the RAA
and the spectral “bump” is drastical’y v itigated by the ISM-calculated spectrum shapes for 29
key first-forbidden transitions and a ~ pse ;uent Monte Carlo analysis for the rest of the first-
forbidden transitions taking place in the .ssion products. This offers a possible nuclear-physics
explanation of the RAA and thc “bu.~n”.

3.6.3. Beta-spectrum shapes md che value of ga

In [252] it was found t}at the shapes of 8 spectra could be used to determine the effective
values of the weak coupl ag .tre.gths gy and ga by comparing the computed spectrum with
the measured one for forbia.~r non-unique  decays. This method was coined the spectrum-
shape method (SSM) In thL's study also the next-to-leading-order corrections to the [g-decay
shape factor were incl. ded. .n [252] the S-electron spectra were studied for the 4th-forbidden
non-unique grounc -state-to-ground-state 3~ decay branches '3Cd(1/27) — 13In(9/27) and
15In(9/27) — '°Sn(1/ ") using the microscopic quasiparticle-phonon model (MQPM, see
Sec. 3.1.1) and the 1 ... It was verified by both nuclear models that the [-spectrum shapes
of both transiticns are highly sensitive to the values of gy and ga and hence comparison of the
calculated spectru. shape with the measured one opens a way to determine the values of these
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Figure 37: Normalized 8 spectra ‘or Jhe first-forbidden non-unique ground-state-to-ground-state 5~ decays of
207T] [panel (a)], 2'9Bi [pa .el (b)! and ?“Bi [panel (c)]. The value gy = 1.00 was adopted in the calculations and
the color coding represent the dif >rent adopted values for ga (for the cases of panels (a) and (c) all the colored
lines overlap in the adontea -1, of the figures). Note also the Coulomb shift.
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coupling strengths 4. In fact, this effect was overlooked in the earlier stucies n Refs. [67, 315].
In the study [252] it was furthermore noticed that the S-decay half-lives 0. *ae M3Cd and ''°In
nuclei could be reproduced with either relatively low or high values of ga, ."e ga values deduced
from the spectrum shape being somewhere in the middle. This discr cpzrev may point to defi-
ciencies in the nuclear models in this particular (A,Z) region of nuc. s.nce in other regions, in
particular in the region 60 < A < 140, relevant for the RAA pre'lem . the previous section,
the half-lives of the nuclei could be reproduced by using ga v:lues t1 at span the reasonable
range of 0.6 < ga < 0.9. This was also noticed in the calculations ~of-.ring to the axial-charge
enhancement in Sec. 3.6.4. Future data on spectrum shapes will ...'p analyze how consistently
the SSM can reproduce the data of both spectrum shapes anu che r.ecay half-lives.

As a result of the studues in [252] it was found that for =ll values of ga the best fits to
spectrum-shape and half-life data were obtained by usi..~ the .anonical CVC value gy = 1.0
for the vector coupling strength. This finding contradic.” to a certain extent the findings [304,
316, 317, 318] for first-forbidden non-unique [ dece =~ ~!._.e strongly quenched values of gy
can be obtained in the fits to half-life data®. The woi.. of [252] was extended to other nuclei
and nuclear models in [253, 280, 281]. In particul.-, .. [°53] the microscopic interacting boson-
fermion model (IBFM-2) (see Sec. 3.1.1) was used .0 analyze the f-spectrum shapes of the
transitions 1'3Cd(1/2%) — 3In(9/27) and "°1ury,/27) — 15Sn(1/2%). In all these studies it
was found that the SSM is robust, not sens == t¢ the adopted mean field and nuclear model
and its model Hamiltonian used to produce the v ~ve functions of the participant initial and final
nuclear states.

Examples of possible ga dependenc’:s are 3iven in the previously discussed Fig. 35 and in
the three-panel Fig. 37, where the ISM-c mr ated first-forbidden non-unique ground-state-to-
ground-state 8~ decays of 2°"T1 [par el ()], “‘“Bi [panel (b)] and ?'“Bi [panel (c)] are depicted.
The wave functions related to the dec.: of "?"T1 were calculated using the interaction khhe [319]
in a valence space spanned by t e proton orbitals 0g7/2, 1d, 2s and 0hiy/2, and the neutron
orbitals Ohgje, 1f, 2p and 0iy3/2. For *he heavier nuclei, *!°Bi and **Bi, the interaction khpe
[319] was adopted. For #!°Bi t'ie alence space was spanned by the proton orbitals Ohg2, 1f, 2p
and 07;5/2, and neutron orbit.'s Jiiy /9, 1g and 2ds 5.

The f-spectrum shapes of 2° ! and 2Bi are only slightly ga dependent, but for ?1°Bi the
dependence is extremely ~tr- ng. This makes 21°Bi an excellent candidate for the application
of the SSM once new r -asw~ient(s), updating the old one [320], of the spectrum shape are
performed. This is so fir the ¢ nly known first-forbidden (8 transition with a strong ga dependence.
Other thus far known .‘ror_ly ga-dependent decay transitions are listed in Table 8. Table 8
summarizes the exolorat «ry works of [252, 253, 280, 281] in terms of listing the studied S-decay
transitions which «re pofentially measurable in rare-events experiments. An extended version

4In fact, the spec. um shape depends on the ratio gyv/ga but the decay rate, and thus the half-life, depends
on the absolute values ,f these weak couplings.

°It is, though, not excluded that different one-body operators in the complex expression (87) are renormalized
with different values of gy and ga. This is a matter of future work and could also solve the problems in
simultaneous matching of the half-life and spectrun-shape data in the case of the 3 decays of '13Cd and '*°In.
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Table 8: Selected forbidden non-unique S~ -decay transitions and their sensitivity tc the salue of ga. Here J;
(Jf) is the angular momentum of the initial (final) state, m; () the parity of the in‘tial . nal) state, and K the
degree of forbiddenness. The initial state is always the ground state (gs, column 2) and v. - final state is either the
ground state (gs) or the ny : th, ny = 1,2, 3, excited state (column 3) of the daug} .er wmcleus. The branchings to
the indicated final states are practically 100% in all cases. Column 4 indicates t e se isitivity to the value of ga,
and the last column lists the nuclear models which have been used (thus far) to co.. ~ute the S-spectrum shape.
Here also references to the original works are given. The sensitivity “strong” refers to a similar gs sensitivity as
shown in Fig. 37, panel (b).

Transition J (gs) J;rf (ny) K Sensitivity Nucl. model
8Rb — 87Sr  3/2=  9/27 (gs) 3  Moderate MQPM [280], ISM [281]
%UNb — Mo 6+ 4t (2) 2 Strong ISM [281]
BTec — P®Ru 6" 4% (3) 2 Strong ISM [281]
PTec— PRu 9/27  5/27 (gs) 2 Strong MQPM [280], ISM [281]
H3Cd — USn 1/2+  9/2+ (gs) 4  Strong M+ _PM [252, 280], ISM [252], IBFM-2 [253]
W — 15Gn  9/2+  1/27 (gs) 4 Strong  MQPM [252, 280], ISM [253], IBFM-2 [253]
18305 13Ba 3- 3t (1) 1 St ISM [321]
210Bj — 210pg 1- 0t (gs) 1 Strong, ISM (this work)

of the table, including cases with strong ga < menuence but small branchings and vice versa,
is given in [30]. A particularly interesting case is the decay of '*¥Cs which will be elaborated
further in Sec. 3.6.4. Usually only the nc.-un.ue forbidden p-decay transitions can be sensitive
enough to ga to be measured even wh.» the next-to-leading-order terms are included in the
[-decay shape factor [252].

In Table 9 the dimensionless int “ors ced shape functions C (89) have been decomposed into
their vector Cy, axial-vector Cs a~.d mi. . vector-axial-vector components Cy, for the 3 decays
of Table 8. A characteristic of Jhe »umbers of Table 9 is that the magnitudes of the vector,
axial-vector, and mixed comp-. ~nts are of the same order of magnitude, and the vector and
axial-vector components hav: th: same sign whereas the mixed component has the opposite
sign. This makes the three coni, ~nents largely cancel each other and the resulting magnitude
of the total dimensionless int grated shape function is usually a couple of orders of magnitude
smaller than its components. Tt as the integrated shape function becomes sensitive to the value
of ga, as seen in Fig. 7, paz el (b), for the decay of ?'°Bi.

For the 3 spectrun. of the decays of 1'3Cd and '°In there are calculations available in three
different nuclear-tF cory trameworks as shown in Tables 8 and 9. As visible in Table 9, an
interesting feature of the components of the integrated shape functions C' is that the MQPM
and ISM results are “'-.e to each other whereas the numbers produced by IBM-2 are clearly
smaller. In spit. or i..s, the total value of C' is roughly the same in all three theory frameworks
leading to similar ~alf-life predictions of the three nuclear models for gy = ga = 1.0.

3.6.4. Axial-charge enhancement
Here we discuss first-forbidden non-unique AJ = |J; — J¢| = 0 type of transitions, where
J; (Jy) is the initial-state (final-state) spin of the mother (daughter) nucleus. In this particular

71



O©CoO~NOUIAWNER

Table 9: Dimensionless integrated shape functions C (89) and their vector Cy, a al-vctor Cp and mixed
components Cya for the B decays of Table 8. Also the nuclear model used to calcul~te ¢ - given. For the total
integrated shape function C the values of the coupling strengths were set to gy = ga - 1.0. The differences in
the magnitudes of the components for different decay transitions reflect the differ :nc. ¢ in tne (partial) half-lives

associated to the transitions, and in particular the Bi—Po transition is fast.

Transition (Nucl. model) Cy Ca Cva C
STRb(3/27) — ¥7Sr(9/2+) (MQPM)  1.531 x 1073 2718 x "0  —1.264 x 10~ 5.39 x 10~ !4
STRb(3/27) — 7Sr(9/2+) (ISM) 1185 x 1013 2,082 ~ 10~ —0.734 x 104 4.20 x 10~ 14
MUNb(6+) — *Mo(4+) (ISM) 1598 x 1078 1.4(9> 10 ®  —3.058 x 105 1.03 x 10710
BTe(6+) — *Ru(4+) (ISM) 2723 x 108 2.4 x 158 —5254x 108 1.21 x 10-1
PTe(9/2%) — ¥Ru(5/27) (ISM)  2.240 x 10~°  2.130, 10 —4.361 x 109 8.78 x 10~ 12
130d(1/24) — 3In(9/2+) (MQPM) 1.925 x 1019 207~ 1071 —4.002 x 10~ 1.38 x 10~2!
H3Cd(1/2%) — 13Im(9/2%) (ISM) 1.678 x 107Y  1.095 x 107Y  —3.494 x 107 9.90 x 10722
13Cd(1/2%) — 13In(9/2+) (IBM-2) 3.228 x 10° * $.007 x 10720 —6.106 x 1020 1.28 x 10~2!
HS[R(9/2+) — 1158n(1/2%) (MQPM)  6.503 x 10718 4,126 x 1018 —1.256 x 10~'7  6.49 x 10~2°
U5In(9/2+) — 158n(1/2%) (ISM)  3.146 x 1,-1%  5.851 x 1071%  —6.939 x 1018 5.74 x 10-2°
Us[n(9/2+) — 158n(1/27) (IBM-2)  5.531 . "0+ 5444 x 1072  —1.065 x 10~ 3.25 x 10~
210Bj(17) — 219Po(0+) (ISM) 0.9450 0.6368 —1.549 0.0332
case the shape factor (87) has to be supr'~mented with a term C™®(w,) [251, 305, 322, 323].
Then the shape factor can be cast in th: simp = form [251, 316, 322]
C’(we) = L{O - Klwe + K_l/we + ngg s (94)

where the factors K, contain the NMr. (6 different, altogether) of transition operators O of
angular-momentum content (rar k ¢ a spherical tensor) O(07), O(17), and O(27), where the
parity indicates that the initia' . nd final nuclear states should have opposite parities according
to Table 5. In the leading or er *aese operators contain the pieces [27]

. A
(07 - 5y9 " Pe . QLf,
(07) 1 ga(v”) M. 9a5p (o-1), (95)
e aZ . aZ
o) igv]\Iz[—N ; 9A2—Rf(0' XT); 19\/2—Rf1‘, (96)
1
O27): Nl lor], /P2 + a2, (97)

where pe (q,) -3 u . lectron (neutrino) momentum, r the radial coordinate, and the square
brackets in (97) d 10te angular-momentum coupling. The matrix elements of the operators (95)
and (96) are suppressed relative to the Gamow-Teller matrix elements by the small momentum
p. of the electron and the large nucleon mass My or the small value of the fine-structure constant
a. The matrix element of (97) is suppressed by the small electron and neutrino momenta. The
axial operator o - p. and vector operator r trace back to the time component of the axial current

72



O©CoO~NOUIAWNER

L--W--""""

1. + previous studies -~
ga = 0.60 -5+
gp = 0.70 @~
ga = 0.80 =¢+ 1
ga = 1.00 ~¥—
gs = 1.27 4

05L linear fit- - -

EMEC
s s =
4
\
' 4

0 50 100 150 200 : -
Mass Number A

Figure 38: Obtained enhancements eppc of the previous studies and +he prese .t study as functions of the mass
number A. The red squares represent the previous systematic studies ac " in the A =~ 16 and A ~ 208 regions
and the separate studies done for °°K and ?°Y. The other points : ~nresent she results of this study for different
effective values of ga. The linear fit is an error-weighted fit, wl. ~re t.. - _sults of the previous studies and the
present study with ga = 0.70 are used.

A" in (9) and vector current V# in (8), and th _~* ot the operators stem from the space
components of V# and A*.

In the case of the axial-charge NME we are ... ~res’ed in the O(07) operator o - p. of (95),
i.e. the operator

9a(15)0 - Pe (98)

where ga(75) is the corresponding coup’ing st1 mgth which can be written in the form

ca(v,) = 1 +emrc)ga (99)

where the enhancement eygc steris fro.» che meson-exchange currents (MEC). Here the next-
to-leading-order terms in the P :h. ms-Biihring expansion [251] are included, and the atomic
screening effects and radiative ~~rrections [253] are taken into account.

The enhancement of the - xia! charge NME ~; due to nuclear medium effects in the form of
meson-exchange currents was h..+ suggested in Refs. [324, 325, 326]. An enhancement of 40-70
% over the impulse-appror imes Jior value was predicted based on chiral-symmetry arguments and
soft-pion theorems. This ew' anc2ment seems fundamental in nature and insensitive to nuclear-
structure aspects [327 328] Systematic shell-model studies of the 5 matrix elements in the
A~ 16, A =~ 40, anc A ~ 208 regions indicated enhancements of 60-100% [329, 330, 331].
In [332] the except’_ually iarge enhancement of the v5 NME in heavy nuclei, witnessed in the
shell-model studie of W: rburton [331], was reproduced by introducing an effective Lagrangian
incorporating appro. ™ .ce chiral and scale invariance of the QCD. The 75 NME is one of the
two rank-zero 1-auw .. “lements contributing to first-forbidden AJ = 0, J© < J~, transitions,
highly relevant, e._., for the RAA as shown in Table 7 of Sec. 3.6.2. It plays an important role
in the decay rates of many of these transitions and therefore a significant enhancement of this
matrix element can also affect the shapes of the corresponding beta spectra.

The previous systematic studies in the A ~ 16 [329] and A ~ 208 [331] regions have yielded
enhancement factors 1.61 4 0.03 and 2.01 4 0.05, respectively. In addition, separate studies
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for 'K [329] and %Y [333] yielded the enhancement factors 1.52 and 1.7', + ).30. Calculating
emec for different values of ga in the A =~ 95 and A ~ 135 regions [321], ~~.d comparing with
the previous results allows to access the mesonic enhancement as a functi.» o1 mass number in
different scenarios. The results are presented in Fig. 38. For K tlie rror is assumed to be
0.30 as it is for Y. It is interesting that when the free-nucleon val.» r, = 1.27 is adopted, no
mesonic enhancement is obtained for A &~ 95 and for A ~ 135, »_..1 no .2normalization of the
axial-charge matrix element is needed to reproduce the experim »ntal Llf-lives. For ga = 0.70
one obtains a clear linear trend for the mass dependence of the m.-~n*_ enhancement factor:

empe = 1.576 + 2.08 x 1073 (100)

This finding suggests that the effective value gy ~ 0.7 world be a, propriate for the medium-mass
nuclei, at least for the J* «» J~ [-decay transitions.

An interesting by-product of the study of [321] is that . » 3 spectrum of the decay of **Cs
is rather strongly dependent on the value of ga (sec Table 8) but not at all on the mesonic
enhancement eypc. Thus the SSM can be used to '~*~rmine the effective value of g, in the A =~
135 region. The study [321] shows that this value ¢” /5 is in almost one-to-one correspondence
with a value of eygc, implying that the measu.~.~eny of the 3 spectrum of the decay of *¥Cs
not only gives the value of g but also the value ot eygc for the medium-heavy nuclei. This
could have far-reaching consequences for, e.g., "he analyses of the reactor-antineutrino anomaly
discussed in Sec. 3.6.2.

95Gr(1 2+) — 9Y(1/2)

=

0.00025 /
4

0.0002

0.00015 //
0.0001 /

0.00005

0.0003

emec = 1.40 —

emec = 1.70 ===
ga = 0.60 mmm
ga = 1.00

Allowed

Intensity (arb. units)

1000 2000 3000 4000 5000 6000 7000
Electron kinetic energy (keV)

Figure 39: Normalized 8 specu.  for che first-forbidden non-unique ground-state-to-ground-state S~ decay of
958r. The value gy = 1.00 “.as adop.ed in the calculations and the color coding represents the different adopted
values for gy and the enh ncemer (eype) of the axial charge.

Examples of p ssible 74 and ga(75) dependencies of 8 spectra are given in Figs. 39 and 40
where the ISM-con nuter first-forbidden non-unique ground-state-to-ground-state 5~ decays of
98r and 13°Te ¢ . *onicted. The related ISM calculations were performed in the following valence
spaces: For the o vay of ?Sr a model space including the proton orbitals 0 f; /25 1p3s2, 1p1/2 and
0gg/2, and the neu.con orbitals 1ds/,, 1d3/, and 0sy; was used together with the interaction
glbepn [333]. The interaction glbepn is a bare G-matrix interaction which also has an adjusted
version glepn, where two-body matrix elements from Gloeckner [334] and Ji and Wildenthal
[335] have been adopted. The decay of ¥ Te was calculated using a model space spanned by the
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Figure 40: Normalized 8 spectra for the first-forbidden non-unique ground-st ite-to-ground-state S~ decay of
135Te, The value gy = 1.00 was adopted in the calculations and the colu. ~oaing represents the different adopted
values for gy and the enhancement (eygc) of the axial charge.

pI‘OtOH orbitals 097/2, 1d5/2, 1d3/2, 281/2 and Ohn/g, end 4+~ eutron orbitals Ohg/g, ].f7/2, 1f5/2,
2p3/2, 2p1/2 and 0iy3/o with the effective interactions jjolrub [336].

It is seen that neither the effective value of ¢, . *he enhancement (99) of ga(ys) affect
the spectrum shape in an easily measurable way He. :e, in these cases the comparison with the
experimental half-lives is the only way to pin acw.> tue amount of enhancement (99), and its
possible mass dependence. Only a further ey ~'aratory work could tell if there are nuclear tran-
sitions where the 3 spectra are sensitive to the \~lue of ga(7s5). It should also be borne in mind

that the spectrum shapes of J© <+ J~ transitions play an important role in the investigations
of the validity of the RAA (see Table 7 .n Sec. 3.6.2).

3.7. Azial-vector weak responses in Iw- ana high-excitation regions

Neutrino-nuclear 7~ responses in . wid : excitation region have been extensively studied by
using high energy-resolution CE" s at KNP (Research Center for Nuclear Physics at Osaka
University, Japan [57]), as discussed .~ Sec. 2.3. The (*He,t) CERs at 0.42 GeV preferentially
excite the axial-vector isospin--pn (77 0) states as studied in DBD nuclei [96, 97, 98, 99, 100, 101].
In this section, we briefly dis. '« general features of axial-vector GT (0) and IVSD (isovector
spin-dipole 27) strengths resnon.2s) in low- and high-excitation regions on the basis of the
observed CER data.

The energy spectra = the '"Mo(*He,t)'®Tc reactions at the angles from 6; = 0 degrees to
6; = 3 degrees are sho vn in 1'ig. 41. The spectra clearly show that (i): the Fermi (77) strength
is concentrated in the s. °rn "AS (the Fermi GR) at the high excitation region, leaving no Fermi
strength in other 17 gions, (ii): the GT (7o) and IVSD (7o7Y)) strengths are mostly concentrated,
respectively, in the broac GTR and IVSDR at the higher-excitation region and (iii): the small
GT and SD str-moths are located at the low-excitation region, as discussed in subsections 1.4
and 2.3.

The Fermi GR ‘TAS), GTR and IVSDR are expressed as coherent (in-phase) 7=, 7~¢ and
70 f(r)Y; excitations of all relevant neutron-hole—proton-particle states. The excitation energies
are pushed up to the high excitation region due to the repulsive 7 and 7o interactions. The
GR energies are derived from the observed peak energies of the resonances, being corrected for
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Figure 41: Top: Energy spectrum ~f t} 2 (*He,t) reaction on 1Mo [98]. The spectra at the angle bins of 6; with
i=1,2,3,4,5,6 are overlaid to illr stratc *he angular distributions. Bottom left: Fermi (IAS), GTR and IVSDR
energies in units of MeV for DLD 7 aclei as functions of 2T, = N — Z. To avoid the overlap, the 1°°Mo and ?9Zr
data at N — Z = 16 are plotww ' .t N — Z = 15.8 and 16.2, respectively. Bottom right: Ratios of the summed
GT strengths Br,(GT) and ™, (G'1, o the sum-rule limit of Bg(GT) = 3(N — Z) as functions of 27, = N — Z.
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the contributions from the quasi-free (QF) charge-exchange scatterings in che higher-excitation
region. They are shown as functions of 27, = N — Z, with T, being the iso.~ n z-component, in
Fig. 41. The TAS, GTR and IVSDR energies for DBD nuclei of current . terest are expressed
approximately as

E(IAS) ~ 5+ 0.6T., E(GT)~9+04T., E(SD)~16.c +0.4T., (101)

where the energies are all in units of MeV.

The simple expressions of Eq. (101) reproduce the observ:d erergies obtained in the recent
CERs at RCNP and in other experiments [337, 338, 339] .-*.in . MeV, and are consistent
with other empirical expressions [56, 340] within around 1 .."eV. wote that the IVSDR energy
increases with the same slope as the GTR energy with increasii g T,, and the IVSDR is higher
in energy than the GTR by Aw = 7.5 MeV, reflecting t> = e’ ~* caused by the radial operator r
involved in the IVSD excitation. The energies of the IAS in. -ease faster with increasing 7, than
those of the GTR and IVSDR. The measured GTR a. 1 IVSDR energies are used to lend help
to pnQRPA calculations for Ov38 NMEs, as recer ;- discussed in [341].

Next we discuss the summed GT strengths, .2 GT) for the low-lying GT states, and
Ba(GT) for all GT states including the GTR. ~i-ve he GTR strength is obtained by assum-
ing a Lorentzian shape of the GR and a qnasi-ti ~e-scattering shape at the higher excitation
region beyond E ~ 20 MeV. The GTR tail av ' = 3 — 4MeV in "Ge is corrected for. Fig. 41
shows the ratios of the summed strengths of Br GT) and Bx(GT) to the sum-rule limit of
Bs(GT) = 3(N — Z) as functions of 27" = .7 — Z. Here the limit is practically exhausted by
the 7~ strengths since in the presently 'iscus ed medium-hevy and heavy nuclei the 7+ p—n
contributions are blocked by the (lar e) ~xce.s of neutrons.

The summed strength Bp,(GT) { = the I w-lying states is only 3 — 10% of the sum-rule limit
since the strength is mostly pusher. up in.- the GTR. The reduction is partly due to the repulsive
ot correlations [4, 105, 106]. Tae . mmed strength B (GT) for all GT states, including the
GTR strength, is around 50 - "5% ot the sum-rule limit, indicating a reduction of the GT
strengths, as seen in other C"'Rs 337, 338, 342].

Actually, the large CET. cro.- section at forward angles in the higher excitation region of
E =20 —-50MeV is a kir 1 of qussi-free charge-exchange scattering to the unbound continuum
region. The quasi-free contr.. nt?on includes several (An) hw excitations associated with angular-
momentum transfers c. Al = 0 — 6A and radial-node changes of An =2 — 6, which are not GT
strengths with An = Al = J. On the other hand, the pn CER experiments claim that the
large Al = 0 cross sections at the 30 — 50 MeV region are assigned mainly to the GT strength
(An = 0) to be co: sistent with the sum-rule limit [343, 344]. The GT strength in the continuum
region above GTR 15 ".,cussed in [345]. In fact, extraction of the absolute GT strength in the
high-excitation -eg'ou, if it exists, is a challenge. Theoretically, the interfering contributions
from the isovector "pin-monopole excitations to the GTR have been discussed in [346, 347]. The
isovector spin-multipole GRs have been discused in [218] for several nuclei involved in 53 decays.

We note that the experimental single f GT and SD NMEs in the medium-mass and heavy-
mass region are shown to be reduced with respect to the quasiparticle and pnQRPA NMEs by
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Figure 42: Geometrical-mean NMEs M™ for GT and SD /5~ tr msitions. Panel A: Single B* decay schemes for
even-even and odd-odd nuclei. Panel B: Average coeffic'mts » = M /Mg, for the five discussed mass regions.
M is the average experimental GT NME, and Mp is t. @ |, “asiparticle GT NME. Panel C: Geometrical-mean

exp

SD NMEs for 0 <+ 27 decays. M(SD2), M, (SD2), =4 M., are the experimental, quasiparticle and pnORPA
NMES, respectively. Panel D: The ratio k™ of the obse. =d to quasiparticle SD NMEs and the ratio Ak, of the
observed to pnQRPA SD NMEs [105, 106].

the reduction coefficients of k ~ 0.4 and n, -+ # 0.5 (nuclear-medium effect), as shown in Fig. 42
[105, 106].

The reduction of the GT strength. - 1gg* sts some nuclear-medium and non-nucleonic (meson,
isobar) effects [28, 220]. The iscar effect is discussed for the first forbidden f transitions in
[348]. The reduction (quenching) of ti.> summed GT strength is intriguing in view of the reduced
effective ga suggested for low-! 11 ; GT states, as discussed in Sec. 3.1.2, and low-lying SD states
as discussed in Sec. 3.3. Also “hr two-neutrino and neutrinoless DBD NMEs can be affected by
this quenching, as discusse 1 in Secs. 1.4 and 3.1.3, and recently in [217].

4. (Anti)neutrino-n-.c.ear . esponses for astro-neutrino physics

The (anti)neutrino ‘s a reutral particle introduced by Pauli in 1930 to restore the energy
conservation in be’a decay and given the name "neutrino” by Fermi in 1932. Since that time,
the (anti)neutrino and it . properties have attracted a great interest in theoretical and experi-
mental studies of paruv.cie, nuclear and astro-neutrino physics. Neutrino-oscillation experiments
have provided e.idr nce on the non-zero neutrino mass in the form of neutrino-mass differences.
However, the absc'ute value of the neutrino mass is still an open question [21, 23]. Further
questions, such as the nature of neutrino, i.e. it being either a Dirac or a Majorana particle, and
the mass hierarchy still remain to be studied in future.
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4.1. (Anti)neutrino-nucleus scattering cross sections

In this section a brief summary of the main points of the formalism of the .. atral-current (NC)
and charged-current (CC) (anti)neutrino-nucleus scattering is given. Meas red cross sections of
neutrino-nucleus scattering at energies relevant for supernova neutrine s (:- R0 MeV) are available
only for the deuteron [349], 12C [350, 351] and *°Fe [351]. Theoretical , ve tictions of astrophysical
neutrino-nuclear responses for relevant nuclear targets are there’s.e ind’spensable [352; 353].
The general framework for the treatment of semileptonic proce ises in nuclei, first introduced
in Ref. [354, 355, 356, 357] and summarized in [358], is followe! Turther closed analytical
expressions in the harmonic-oscillator basis was derived in [379]. "< mputations performed with
this formalism (see e.g. [360]) show satisfying agreement hbetween *aeory and experiment both
for charged-current neutrino-nucleus scattering and for elect. ‘n scattering for energies of the
incoming particle of £ < 80 MeV, appropriate for the ni iority of astro-neutrinos. However, it
should be noted that for the treatment of neutrinos with ¢ ~ergies of the order of several hundreds
of MeV or larger, which are of interest e.g. for neutri=- ___l.ution experiments [361], extensions
of the theory are required. Such extensions are the inclus’~n of competing mechanisms (e.g. pion
production) and many-body correlations beyond v e 1 .., 1lse approximation [361]. We refer to
[362, 363] for a more comprehensive treatment ~f the scattering problem.

4.1.1. General features of the NC and CC neutrino-nucleus scattering

&V o 7 .2y

K o

lepton current j‘lfpt AN hadron current J,

v e

/o 2

Figure 43: Schematic presentation of a neuu. I-current neutrino-nucleus scattering off a nucleus (4, Z) mediated
by the neutral weak boson Z°. The w. 1sferred four-momentum is g, = kL —ky=p,— p;L.

In a NC reaction an (ar :i)ne.“rino is scattered from a nucleus (A, Z) leading to the ground
state (elastic scattering) or un rxcited state of the same nucleus (A,Z) and the scattered
(anti)neutrino:

v+ (AZ) = (A Z) + 1, (102)
Dl+(A>Z)_> (Aaz)*—{_ﬂl/? (103)

where [ stands for either an electron (e), muon (u) or tau () flavour, A is the nuclear mass
number and Z the atu.uic number. Here the asterisk () stands for either the ground or excited
state of the fina' nicicus. These reactions proceed via the exchange of a neutral Z° boson as
depicted in the sc. ematic diagram of Fig. 43. For an extensive discussion of the NC-current
formalism see [358, 364]. In the case of, e.g., lead isotopes we then have the reactions

v+ “4Pb = 4Pb* 4 1], (104)
7,4+ “Pb — “Pb* + 1] . (105)
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Figure 44: Schematic presentation of a charged-current neutrino-nuc. s sc- stering off a nucleus (A, Z) mediated
by the positively-charged weak boson W*. The transferred four-n.. menvum is g, = k:L —ky=p,— piL.
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Figure 45: Schematic 1. ~eer’ ation of the neutral-current and charged-current neutrino and antineutrino scatter-

ings off lead targc .

80



O©CoO~NOUIAWNER

In a CC reaction a neutrino [antineutrino] is scattered from a nuclevs (+,Z) leading to a
final nucleus (A, Z + 1) [(A, Z — 1)] and an emitted lepton [antilepton]:

+ (A7) — (A Z+1)+1, (106)
n+(AZ)— (A Z—-1)+1. (107)

These reactions proceed via the exchange of a charged W* or W~ Loson as depicted in the
schematic diagram of Fig. 44. In the case of the supernova neurinos only the creation of an
electron or a positron in the final state is possible due to the moderate energy (E, < 70 MeV)
of the incoming (anti)neutrino. A more complete treatice on .he CC neutrino-nucleus scattering
is given, e.g., in [362]. In the case of lead isotopes we then 1.~ve .l.e transitions

+4Pb — “Bi+e, (108)
+4Ph — ATl +e". (109)

Both the NC and CC reactions for the lead targets are de.*~ted in Fig. 45. If the residual nucleus

n (106)—(109) is excited, it decays by emitting v -ay' o. particles, depending on whether the
excitation energy is below or above the parti-'e bi ding energy. Then the neutrino energy
is obtained by measuring the CC electron energ r «.>c/or the emitted v rays and the emitted
particles.

4.1.2. NC and CC scattering cross sectione
Here the energy of the impinging n’ atrinc is assumed to be low, E, < 100 MeV, and thus
the transferred four-momentum is small . ~m’ ared to the mass of the exchanged weak boson,
Q* = —qu¢" < M3, w,- In this case the corresponding matrix element of the effective
Hamiltonian can be written in the fou. « [372, 364]

(el = = [ e (7w (110)

where Jjj(r) denotes the hadrc. ¢ current in Eq. (7) of Sec. 1.2 and [, is the leptonic matrix
element
b = S (g (1)) (111)

Here ji,, is the leptoic cu.vent (3) for NC scattering and (4) for CC scattering, defined in
Sec. 1.2. For the NC ad CC processes the coupling constant G is given in Eq. (5).

The final (f) a’.a nitial (7) states are assumed to have a well-defined angular momentum .J
and parity m. Then, the double differential cross section for (anti)neutrino scattering from an
initial state J] to a (..al state J;rf is given by

Ao G| B
[deEC L/,, Y AR ”(Z CRDY “T> (112)
xe J>1
where Eo. = FEx — Fy is the excitation energy with respect to the ground state of the target

nucleus, k (k') is the three-momentum of the incoming neutrino (outgoing neutrino (NC)/lepton
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(CC)) and Fx (Ey) is the corresponding energy. For the NC and CC sc .tte ings we have the
definitions

F,; =1 (NC scattering) ; F,» = F(£Zf, Exw) (CC ooatterlng), (113)

where F(+£Zy, Ex) is the Fermi function, which accounts for the ai.'ortion of the final-state
electron (+Z) or positron (—Zy) wave function by the Coulor o field of the final nucleus of
atomic number Z;. Here o is the Coulomb-longitudinal comp ment ¢ nd o4 is the transverse
component defined as

oy, =(1+acost)|(Jr M ()] 1)
+ (1 +acos — 2bsin® O)|(J¢|| L) || )P

Ex — By
+ XK1+ acosh+
q

x 2Re[(J¢ ([ Ls(a)[| i) (5 s M (@) 1:)7], (114)
and

o4 =(1 —acos® + bsin®¢)
< [Tt = (T T3 (@)1 T0) 7]
(Ek + Ek’)
:': e —
q
x 2Re[ (T T O (TR TS (a1 )7

/1
' —acosf —c)

(115)

In the above expressions the r dnus si n refer to neutrino and the plus sign to antineutrino.
In addition, we have introduced the . ntation

mj
a = — E—lz{/, (116)

2y Fy

p— L (117)
4q
i (118)
c=—),
qEw
where the magnitu ‘e of *ae three-momentum transfer ¢ is given by

q¢=la| = V(Ex — aBy)? + 2a B Eye (1 — cosh). (119)

The definition or the operators Tyar = Myar, Loar, Toas, Toap® is given in [363]. In general,
these operators contain both vector and axial-vector pieces, i.e. Ty = Ty, —T%- They depend
on the nuclear form factors FY,(Q?) (Vector), F*(Q?) (axial-vector), and F"(Q?) (pseudo-
scalar), which depend on the four-momentum transfer Q* = —gq,¢" [362]. These form factors

82



O©CoO~NOUIAWNER

have been given for the NC processes in [364] and for the CC processe, in [362]. For small
momentum transfers the cross sections are typically dominated by Gamow- 7 .ler-like transitions
mediated by the operator F*(q)jo(qr)o and Fermi-like ones which proc-ed via the operator
FV(q)jo(qr)1. Additionally, for supernova neutrinos, the spin-dipole-".ke transitions of the form
FA(q)j1(qr)[Y10]o- 1- o~ have turned out to be important.

The special case of coherent elastic neutrino-nucleus scattering ‘. discu. “ed later, in Sec. 4.5.1.

4.2. Solar-neutrino-nuclear responses
4.2.1. Solar-neutrino nuclear matriz elements and detection

Solar neutrinos provide unique opportunities to study pl., .ics ¢ the sun and the neutrino
oscillations, as discussed in detail in recent review articles | (| and references therein. The
solar neutrinos are composed of the low-energy high-inte ~sity pr neutrinos with £ < 0.42 MeV,
the medium-energy "Be, CNO and pep neutrinos with ¥ ~ 2 neV, and the higher-energy B
neutrinos with £ ~ 3 — 13 MeV, see Fig. 46 for the enerox Hifferential flux of solar neutrinos.
The standard solar model (SSM) fluxes are given in |y, ~nd measured fluxes are summarized in
the reviews [6, 7, 10].

pPp
~ 0T |
n "Ra
= ) | ep
o) o BN {—_~./ |
= | N
L o e -H. -
a Prea | BT TIC R
| 5 =17 . Y B |
g 10 | ..... =T .
S 3 i :
? H hep .
= 102 1 -
~ e ; :
“““““ i
. I ‘|Hum !\ | L
& 1 10

Neutrino energy (MeV)

Figure 46: Energy-differential flux -+ cach different type of solar neutrino, as labeled in the figure. Also shown
are the fluxes of the monoener- atic “bu meutrinos at 384.3 keV and 861.3 keV, and pep neutrinos at 1.4 MeV.
The fluxes are based on the s ar » 10de’ BS05(OP) [365] and the energy spectra are taken from [366].

The solar neutrinc, hav~ been studied by measuring NC and CC weak interactions with
atomic electrons and & -omic ' uclei. Here the NC and CC responses for atomic electrons and the
deuteron are well k._wn, «ud thus are used to study medium- and high-energy solar neutrinos.
Studies of the sole r neuti‘'nos by measuring the NC and CC weak interactions with the atomic
nuclei require accur. “e ~alues for the neutrino-nuclear responses [4]. We discuss in this section
the CC nuclear vesy o ses for the solar neutrinos.

The CC intera tion is expressed in this case as the inverse 3 decay

ve+ $X =e + 44X, (120)

where A and Z are the mass and atomic numbers of the initial nucleus. The weak interactions
excite mainly the Fermi (F) 07 and GT 17 states, depending on the neutrino energy. The energy
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of the 8B neutrinos extends to around E, ~ 13MeV, and thus can excite ti e isobaric analog
state (IAS) [i.e. the Fermi giant resonance] and the Gamow-Teller giant resc~ance (GTR). They
are mostly particle-unbound and thus decay by emitting protons and ne.*rons. The low- and
medium-energy solar neutrinos excite mostly bound GT states in the lov- excitation region.

The CC cross section oy (F,) for the kth excited state is expres.~d Ly using the Fermi and
GT responses By(F) and By (GT) as

O'k<El,> = gpeEeF(Zf, Ee) [B(F)k + <z—‘A> B(\Jl)k] , (121)

where E, and p. are the total energy and the momentum ~f ti.. emitted electron, Z; is the
atomic number of the final nucleus, G is the effective counling st, =ngth (5) for the CC processes,
ga/gv = 1.27 is the axial-vector to the vector coupling “atic “> a free neutron and F'(Zy, E.) is
the Fermi function [see Eq. (113)]. The interaction rate is ~*ven by a sum over the rates of the

accessible Gamow-Teller and Fermi states in the finar ~icleus as
R0) =Y [ ou(B 4 (E)E, (122)
k

where ¢, (F,) is the neutrino flux as a functi .. ~f t>e neutrino energy FE,.
The Fermi responses are concentrated mostly ‘n the IAS, and the strength is given by

B(F) - Z L(F),=N-2Z. (123)

The low- and medium-energy solar ‘eu’rincs are mostly captured into the low-lying GT states.
The GT strength for the ground state "~ obtained from the ft¢ value for the % /EC decay of
24 X—=4X, if available experime 1t'v. Actually, GT states with known ft values are limited to
the ground and isomeric states Then charge-exchange reaction (CER) rates are used to evaluate
the GT responses for excited sta es. The solar-neutrino responses have been studied by using
ST /EC decay rates and CFR re =s for various medium-heavy and heavy nuclei as described in
the review [4] and referen es *aerein.

The CC interactions on 7C’ and "'Ga nuclei have been used for off-line measurements of
the low- and medium- nergy solar neutrinos [4, 6]. The first observation of the solar neutrinos
is the Homestake exp rimen . with 37Cl [49]. The *"Cl isotope with the threshold energy of
Fie = 0.814MeV i _ensiuve mainly to the ®B and “Be neutrinos and partly to pep and CNO
neutrinos. There are me 1y GT states below the neutron threshold energy. The response for
the ground state is ..~~ n from the [S-decay ft value, while those for the excited GT states are
measured by th> (p .., CERs with a modest energy resolution [367]. The high energy-resolution
measurements at _ CNP are perfect to study the responses for the individual states in 3"Ar.

The CC interaction on "*Ga with Ey,, = 0.236 MeV has been used to study the pp neutrinos
and others because of the low threshold energy. A ground-state response of B(GT) = 0.085 has
been evaluated from the p-decay rate. The GT responses for the excited states were studied
by CERs on "Ga [94, 368, 369]. The energy spectrum and the angular distributions for the
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Figure 47: Top: Energy spect- am »f the (3He,t) CER on "'Ga. Bottom: Angular distributions of the (3He,t)
CERs populating the ground ‘7™ = 1 27 ), the 175keV (J™ = 5/27 ) and the 500keV (J™ = 3/27 ) states.
Solid lines show the distributions 1.~ “ne GT (red line) and others with the projectile, target and relative angular
momentum transfers of [J 1o, Jiar Jrel] [369].
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lowest-lying 3 states are shown in Fig. 47. The neutrino GT responses. B('iT), with orbital
angular momentum L = 0, for the excited states were derived from the L\,""3A analyses of the
CER angular distributions. Here the non-GT L = 2 components were co. *octed for [369]. The
CERs for the ground (1/27) and 500keV (3/27) states are mainly C'1' «veitations with L = 0,
but the CER for the 175keV 5/27 state includes a large fraction of n.-C.T excitation due to the
tensor and L = 2 excitations. The solar-neutrino flux is estimated .y me. suring the EC rate of
the product nuclei of " Ge. The neutron-unbound states near tf > bind. g energy contribute to
the v capture rate via 7y rays to the ground state. The unbound sta'~ o~ atribution is obtained to
be around 0.34 SNU by measuring the (3He,t) CER in coincic ence . ‘th the decaying 7 rays [94].
Recently, the ™ Ga responses for the low-lying states in "*Gie Lave Heen under vivid discussion
due to the possible support of the existence of sterile neutrino(.! 'I'his matter will be elaborated
further in Sec. 4.4.4. The experimental set-up is show. in Fig. 48. This CER ~-coincidence
system is used to study the spin and parity of states ass. ~iatcu with CERs.

3He** beam

Nz'y dewctor array
(673" X6™") 0 10 20 30cm
| PSS S —

Figure 48: RCNP spectrc neter C -and Raiden and the ~-detector array. D1 and D2: dipole magnets. Q1 and
Q2: quadrupole magnets. X: ¢ xtupole magnet. SDR: dipole magnet for spin rotation. MP: multipole field
magnet. Nal detector array ‘s for v detection in coincidence with CER particles [94].

Real-time (on-li.~) -.easurements of the solar neutrinos are of great interest for studying
the nuclear rea tior . 0 the sun. In particular, high-precision measurements of the real-time
pp neutrinos, the nain component of the solar neutrinos, are of interest in the studies of solar
activities (see ref. |370]). The real-time measurements of the CC nuclear interactions require
coincidence measurement of the (v, €) signal with § —~ rays associated with the solar v capture
to reduce various kinds of backgrounds. The *In(v,, €)''°Sn reaction to the 612.8 keV 7/27 state
in delayed coincidence with the successive v rays is one possible way [371]. The "Yb(v,, )!"Lu
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reactions to the 338keV 17 and 195keV 17 states are also of potential int :res for studying the
"Be and pp neutrinos in coincidence with the 144.4keV + ray and in dela, ~ | coincidence with
the 50ns 72keV v ray [372]. The neutrino responses of B(GT) = 0.11 a. 1 0.20 for the upper
and lower GT states are measured by the CER (*He,t) experiment [2,3]

The CNO neutrinos, which are interesting for studies of the cc.~n ssition of the sun, have
not yet been identified experimentally. The current limit by the P _.exinc experiment is around
7.9 10® /cm? /s, while the low- and high-metallicity models pred ct 3.8 x 10%/cm?/s and 5.3 x
108/cm?/s [6, 7, 10, 374]. The standard solar model (SSM) nrelicte around 10 SNUs (solar
neutrino unit) for the CNO-neutrino capture rate in "Ga. TV. solar-neutrino capture rate
derived from the CER and the SSM neutrino fluxes [9] is 13- SNTU, including around 11 SNU
CNO flux [9], while recent RCNP CER data, with the impro. 1 energy resolution, reports 122
SNU without the CNO flux [375]. The CNO-flux study . quires accurate measurements of the
solar neutrinos. A 100-ton-scale Te detector with 32% «™unuance of the '?8Te isotope may be
one option of the real-time CNO-flux experiments in -~~~ __nce with the decaying = rays.

4.2.2. Solar-neutrino responses for DBD nuclei

Double beta decay (DBD) nuclei with low thresh. 'd energy for CC interactions are of poten-
tial interest for the low- and medium-energy sola.-..~1t.ino experiments [16]. The solar-neutrino
signal rate is of the same order of magnitude »~ the . eutrinoless DBD rate in case of the inverted-
hierarchy (IH) v-mass spectrum and the solar-s..;nal energy is in a similar MeV energy region as
the DBD one. Thus, low-threshold DBD detectors may be used for solar-neutrino experiments if
the solar-neutrino responses for the DBI nucle. are large, as discussed in [4, 159, 376, 377]. Then,
one may need to take into account the p.-sib'z contributions of the solar-neutrino interactions
to backgrounds in DBD experiments 377, 37J].

The weak transitions to be cons.'cced .n the case of '"’Mo are the neutrinoless (0v3~57)
and two-neutrino (2v~~) DBD « with . electrons and 7(s), the single § decay (SBD) with an
electron and ~(s), and the v,-CC inte. action with an electron and (s). Here the ~(s) appear in
the case of transitions to excit.a “tates. The Q values are given by Qgs, @, and @, for DBD,
SBD and the CC reaction, rc me tively. The threshold energy for the solar-v CC interaction is
Eue = —Q,. The decay ar 1 inter. =tion scheme is shown in Fig. 49.

One crucial point for he sole -neutrino study with DBD nuclei is to eliminate the 2v3~ 5~
backgrounds by means ~f t. 5STC (signal selection by time correlation) and SSSC (signal
selection by spacial co relatic1) [16]. The 2v3/ rate is 6 — 8 orders of magnitude larger than the
solar-neutrino CC rate.

The CC reaction '“Mo(v,, e) '%Tc with @, = —168keV is for the first time shown to be
usable for real-tin.» pp 21d "Be neutrino experiments [4], as shown in Fig. 49. The neutrino
response for th~ erounu state is as large as B(GT) = 0.36, and the pp, "Be and total solar-v
capture rates a1. €39 SNU, 206 SNU and 965 SNU, respectively, without taking into account
the neutrino oscili tions. The SSTC measurement of the CC electron in delayed coincidence
with the 3 rays from the short-lived °Tc with the half-life of 16 seconds reduces the 2v33 and
other background signals. An SSSC vertex resolution of the order of mm reduces the accidental
coincidence of the 2 3 rays. The nucleus '°Cd has similar DBD, SB and solar-neutrino level
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Table 10: Solar-v CC, SB and DBD rates. ): Q values in units of MeV. S, and Siot: op 2 id total solar-v rates
in units of SNU. Bgp: Background rate per ton-year for the single 5 decays. Bs,: Backg. nd rate per ton-year
for 2v3/ decay. An energy resolution of 6 = 0.02 is assumed. The solar-v backgrouna “ate 3gp is proportional
to 4. [379]

Isotope Qs (MeV) @, (MeV) Qs (MeV) S, Sie. Bsg B

6Ge 2.039 -1.010 2.926 0 6.3 0.3 0.005
82Ge 2.992 -0.172 3.093 257 368 L42 0.15
100\ o 3.034 -0.168 3.202 307 53y 0.11 1.56
130T 2.528 -0.463 2.949 ' 337 048 0.01
136X e 2.468 -0.671 2.548 0 “58 0.55 0.003
150Nd 3.368 -0.197 3.454 352 524 0.12 1.00

schemes as '%’Mo, and thus it can also be used for so.. ™-neutrino experiments [376].

10Mo+v,—1"Tc+ e

0" — 0
10000 Te

B 100 e 10Ru+ e
100 Jo—1Ru+ e+e” 0+

10R Yy

Figure 49: Energy and transition scheme to. “he solar-neutrino CC reaction and the DBD of %Mo with Fyy,, =
0.168 MeV. Also the single 3 decay .ic 1 the ground state of the intermediate nucleus '°°Tc is shown. See text
159

Let us discuss contribr dior s of the solar neutrinos to the background in the region of interest
(ROI) for the Ovpp decay. ~ he Hackground was estimated for all DBD isotopes [380]. The CC
interactions were stud’ed by using the CER data on “®Ge, #Se, %Mo, 30Te, 136Xe and °Nd
[378, 379]. These isotwes a e of current interest for high-sensitivity DBD experiments. The
actual solar-v CC r..es aie evaluated by using the neutrino GT responses B(GT) measured in
recent RCNP CEI s as st own in Table 10 [378, 379].

The DBD nucler . ~» e classified into two groups: Group A: #Se, 1Mo and *°Nd, and group
B: Ge, ¥Te . nu "™Xe. The group-A nuclei have low-lying GT states with a low threshold
energy of —(@Q),. aey are strongly excited by the pp neutrinos and their capture rates are as
large as 300 — 500 SNU. The group-B nuclei have a large negative ), value. Then the pp-vs are
not captured and the total solar-v capture rates are around 10 — 70 SNU. The solar-neutrino
CC interaction with a DBD nucleus is followed by electron emission (e) and /8 decays if the
residual state is a bound excited state, and particle (p,n) decays if it is unbound [378].
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We first consider DBD detectors where the sum energy for the e 5/ rays s measured. The
SB events in the ROI are the major backgrounds. The SB background r.“ s (counts per ton-
year) in case of the energy resolution of AE/E = § = 0.02 are shown » the 7th column of
Table 10. The rates for 1Mo and °Nd are as small as 0.01/ton-ye .r ¢ ven tnough the solar-v
capture rates are high. This is because the DBD ROI is very close ‘o .he end-point energy of
Qs The 2v/3[ tail (counts per ton-year) also contributes to back_.ounu ‘n the ROI, as shown
in the 8th column of Table 10.

The DBD signal rate in a typical case of the IH neutrino mas. ~f 3, ~ 20meV and of the
nuclear matrix element (NME) M% = 2 is around 0.1/tor -yer  [or Ge and 1/ton-year for
others. Then good-energy-resolution detectors with § ~ 001 — 0.2 are required to avoid the
solar-v and/or 2v3f backgrounds. There are various ways to reduce the solar-v backgrounds.
In case of the nucleus %2Se, the SB decays to the excitc. state are followed by ~ rays. Thus
they are reduced by the SSSC [16]. In case of the nucleus '%iv, the half-life of the intermediate
nucleus '"Tc is 16 seconds. Thus, the SSTC [16] i~ === ) reduce the SB background from
10T¢ by anti-coincidence with the preceding CC electro.

The solar-neutrino CC and NC interactions w. u « _™iic electrons of DBD-detector compo-
nents were studied in case of liquid scintillators in [357. 381]. The interaction of the ®B neutrinos
with atomic electrons was evaluated for a liquia sci~tulation detector with N tons of the scin-
tillator and N’ tons of the DBD isotopes di- -~veq into the scintillator. The neutrino-electron
interaction rate per ton-year in the ROI is given hy

B(E)~0.15 . Ef, f=6/R, (124)

where F is the ROI energy in units <f MeV, R = N’/N is the DBD-isotope concentration and
f =09/R is a kind of background efl.~ie".cy. [he background rate is around B.(E) ~ 0.3 in high
resolution and/or high concentra’on o1 / ~ 0.5 with § ~ 1% and R ~ 2%. Noting that the
DBD signal rate of around 1/tc i-yc -+ for a typical case of mass m, = 20meV, NME M% = 2
and phase space G =5 x 107!, - the required efficiency for the IH-mass studies is of the order
of f <0.5.

4.8. Supernova-neutrino--ucl .ar responses

Supernova neutrinos are “lescron (e), p and 7 neutrinos (v, v, v,) and their antineutrinos
(Ue, Uy, Ur) in the mec.um-e.ergy region of 5 — 70 MeV. They are experimentally studied by
measuring the NC ana CC ir ceractions with atomic electrons and nuclei. The first observations
of the supernova 1506/A were made by measuring the CC interaction of 7, with protons [382,
383, 384]. The CC cross ' ection of

Ve+p—et+n (125)

is large, but is li.v'eed to 7.. In this Section, we discuss supernova-neutrino NC and CC inter-
actions with mediu.1-heavy and heavy nuclei.

The (anti)neutrino-nuclear responses in the form of (anti)neutrino-nucleus cross sections are
welcome information for any neutrino experiment. The knowledge of these cross sections of-
fers a probe to investigate various questions in particle physics, astrophysics and astroparticle

89



O©CoO~NOUIAWNER

physics. Neutrinos and antineutrinos are produced in large quantities e.¢ in supernova explo-
sions initiated by the collapse of their iron cores (core-collapse type II super..~vae) [385]. Nuclear
responses to supernova neutrinos [386, 387, 388] are probes of the physics “eyond the Standard
Model [389, 390], and important in investigations of the supernova rieci2nisms [391, 392] and
the nucleosynthesis of heavy elements [393, 394, 395]. Recent revic "s n the core-collapse su-
pernovae are, e.g. [396, 397]. The estimations of (anti)neutrino-nv . us c. >ss sections constitute
a tool for detection of different (anti)neutrino flavours and explcring ti = structure of the weak
interactions [4, 395]. Also, the estimation of the charged-curreny ‘2».1)neutrino-nucleus cross
sections is important for the probing of the nuclear matrix e :me ... for the neutrinoless double
beta decay be exploiting the so-called neutrino beams [398].

(Anti)neutrinos interact only weakly with matter and («~ti)neutrinos from astrophysical
sources, such as supernovae, can therefore be detected . - Eart -bound detectors via charged-
current (CC) and/or neutral-current (NC) (anti)neutrine nucicus interactions [4]. The final fate
of massive type II stars at the end of their life cycle -2 _hey have used up all their nuclear
fuel, is their collapse to form a compact object such as = neutron star or a black hole. These
stars radiate almost all of their binding energy in "uc “.~n of (anti)neutrinos of all flavors and
with energies of a few tens of MeV [399]. The emer_mg (anti)neutrino signal provides a great
deal of information on the final stages of the su,e.nova collapse for both particle and nuclear
physics. Furthermore, the cross sections of t! - ‘ani’\neutrino-nucleus scattering are sensitive to
the details of nuclear structure, e.g. single-parti ' energies, locations of giant resonances etc.

In the NC experiments all the (anti)nert+ino flavours, electron, muon and tau, can be detected
whereas the CC experiments detect onlr elect1 m neutrinos (v,) and antineutrinos (7,) since the
heavier flavours cannot be created in the ..~al states of the scattering process due to the limited
energy range (F, < 70MeV) of the s per.iova (anti)neutrinos. Several neutrino detectors around
the world are being established and " nned for such purpose, see e.g. [392] for an overview on
supernova-neutrino detectors. O » example of such a detector is the HALO (Helium and Lead
Observatory) experiment [400] iunnu.> at SNOLAB, Canada, and designed for observation of
galactic core-collapse superno ae by a lead-based neutrino detector. The HALO experiment is
complementary to other neu.-iro-detection experiments in that it is dominated by v, events
over the 7, events since v, :vents « e enhanced by the large neutron excess of the Pb nuclei and
V. events are suppressed v ‘ne T auli blocking [401]. Hence, theoretical estimates of neutrino-
nucleus responses for th~ ~tab.. "ead targets are essential for the interpretation of the results from
HALO and similar det :ction « xperiments. Other examples are the MOON experiment [402] using
molybdenum isotopes &4 r'5XO experiment [403] using %Xe as target material. In fact, the
only observations ¢ r neu!~inos from a supernova so far were the neutrinos from the extra galactic
supernova SN1987. obse.ved by the Kamiokande II [382], IMB (Irvine-Michigan-Brookhaven)
[383] and Baks~~!384| aetectors. In spite of the small number of the detected neutrinos (about
20 in total) the:~ sHbservations verified that neutrinos from supernovae are highly important
probes of both sup. rnova mechanisms and neutrino properties in general (see the review [404]).
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4.3.1. Final-state Coulomb effects in CC' reactions for supernova neutrincs

At this point it is appropriate to note on the treatment of the final-stav. Joulomb effects in
case of the CC scattering [362]. These effects are represented by the Ferm I nction F(£Z;, Ey)
in (112) and (113) given in, e.g., Ref. [251]. The distortion is to br trc~ted differently in the
regions of small and large values of the so-called effective momentui..

keff =/ ngf - mzﬂ: ) (126)

where m+(m,-) is the positron (electron) mass and the effer tcive .. argy is given by
Eeﬂ‘ = Ek/ — Vc(O) . (127)

Here V(0) is the Coulomb potential at the center of the fina' m-:leus. For small values of keg we
use the Fermi function but for large values of k.g one can «'opt the so-called modified effective
momentum approximation (MEMA), introduced in [«'5]. Consequently, for large keg one drops
the Fermi function from (112) and, instead, replac~< the ausolute value of the three-momentum
and the energy of the outgoing electron/positron by t} eir effective values (126) and (127). More
details are given in [362].

4.3.2. Fluz-averaged cross sections

The Earth-bound neutrino detectors are not ...easuring directly the neutrino-nucleus cross
sections but, instead, the (anti)neutrino-*.ua ~veraged cross sections, (o), which are obtained by
folding the neutrino-nucleus cross secti ns wit 1 an appropriate energy profile for the incoming
neutrinos (e.g. the solar and superr.ova .. .trinos). In theoretical calculations the energies
of the supernova neutrinos can rea onzoly well be described by a two-parameter Fermi-Dirac
distribution [406]

1 (Ek/ TV>2
f2<au)Tu 1+ eXp(Ek/Tu - Oé,,) 7

where T, represents the effe tiv.. neutrino temperature of the neutrino sphere and «, is the
so-called degeneracy or pir ching parameter. In (128) the constant Fy(cy,) normalizes the total
flux to unity. For a giver ve ue >f a,, the temperature T, can be computed from the average
neutrino energy (F,) by usin.> t'ie relation

Frp(Ly) = (128)

(E)/T, = (129)

where the integrals are g'ven as

Filay) = / v dx (130)

1+exp(z —a,)

The folded cross section depends now on the parameters a and T'. The values of these param-
eters and the corresponding average neutrino energies (E,) depend on the adopted supernova
model. Representative sets of these parameters can be found. e.g. in [399].
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The supernova-neutrino energies reflect the neutrino-sphere temperat-res 7,,. The average
energies are E(v,) ~ 10 MeV, E(7,) ~ 15MeV and E(v,) = E(v,) ~ 25Me" with © = p, 7. The
v, and 7, energies are distributed in a wide energy region of 5—40 MeV. L. ~ir energies in case of
neutrino oscillations from v, and 7, spread in an even wider region of 5 - 70 MeV. Accordingly,
one needs to know the neutrino-nuclear responses in a wide energy reg ~n of 5—70 MeV. They are
studied experimentally by measuring CERs and the p capture res .ions, s discussed in Sec. 2.
The low-energy neutrinos are captured into the low-lying GT st tes, wile the medium-energy
ones beyond 15MeV are preferentially captured into giant reson.~cc,. The giant resonances
involved are the Gamow-Teller resonance (GTR), the Fermi ¢.ant . onance (IAS) and isovector
spin-dipole resonance (IVSDR).

The CER energy spectrum for 2°Pb shows the IAS, GTR and IVSDR responses. The
one-neutron and two-neutron threshold energies are 6.5 ~nd 15 0 MeV. Thus, medium-energy
supernova neutrinos populating excited states above 7 v~V aie studied by measuring neutrons
from the neutron unbound states [407]. The numbe~ ~€ - _.rons reflects the excitation energy
and thus the neutrino energy. The ratio of the two-neutrc.> to one-neutron emissions is used to get
the neutrino energy and the temperature of the nev 1. here. Here the ratio is sensitive to the
neutron energy, which depends on the neutron emis: on processes, the equilibrium evaporation
or the pre-equilibrium emission [29]. Actually, a.» «»nreciably fast proton component from the
IVSDR region suggests a fast neutron emissi = froi» the pre-equilibrium stage [408].

4.3.3. Flavour-conversion effects in supernova CC scattering

Because of the large muon and tau res. mas. s only electron neutrinos and electron antineutri-
nos from supernovae can be detected by 'C ne atrino-nucleus scattering. Neutrinos can undergo
flavor conversions due to interaction, with tue dense matter of the collapsing star. According
to recent studies (see e.g. [409]) col. -t ve ".eutrino oscillations caused by neutrino-neutrino in-
teractions could also have effects yn the (aergy profiles of supernova neutrinos. Assuming that
the neutrino-energy spectra of r.uon ~nd tau neutrinos are the same it can be shown [410, 411]
that the three-neutrino mixinc, .. -oblem can be reduced to a two-neutrino problem of the form
Vy 4+ Vs, Where vy is a linez * cc.nbination of v, and v;. Consequently, the energy profile for
electron neutrinos which re ich a.. Karth-bound detector can then by written in the form

Fo (20 = 1 B) F) (Bx) + (1 = p(BW))F,, (Ex) =
p(Ew)F) (Bx) + (1 = p(Ex)) ), (Ex) (131)

where p(Ex) represents *he Lurvival probability of electron neutrinos and F. (Ex) (Fo (Ex)) is
the initial energy srofile (128) of electron neutrinos (non-electron neutrinos). In Eq. (131) the
last line follows frc m the assumption of equal initial energy profiles of muon and tau neutrinos.
Similarly, for t} ~ ~lectron antineutrinos one has

Fy.(Bx) = p(Ex) Fy, (Ex) + (1 — p(Ex)) . (Ex) - (132)

One can use for the survival probability p(Eyx) (p(Ex)) of electron neutrinos (electron an-
tineutrinos) in the case of normal mass hierarchy (NH) the prescriptions [390, 412]

p(Ex) =0, (133)
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and _
_ o 1 ;Ek < E87
HEd =g Sk e

where E, = 18.0 MeV [412]. Similarly, for the inverted mass hiers chs
survival probabilities

("H) one can use the

sin® 812 ,Ek < E, ,
and
p(Ey) = cos? 01, (136)

for electron neutrinos and electron antineutrinos, respectively. "or the parameter values one can
use FE, =7 MeV [410] and sin? 615 =~ 0.306(0.312) [413], 1.~ the 1 ormal (inverted) hierarchy.

4.4. Neutrino-nucleus scattering calculations

Along the years a lot of different calculations of bc*h NC and CC (anti)neutrino-nucleus
scattering calculations for supernova (and solar) . euc i.3s have been performed. Also a host
of different target nuclei have been addressed, in m st calculations the light nuclei below the
iron region A = 56 have been considered. A cc'le.tion of these calculations, grouped by the
target nuclei, are presented in Table 11. Her < div.~ion between the NC (column four) and CC
(column five) calculations has been given for the ~onvenience of the Reader.

The neutrino-nucleus scattering cross <~~tions have been calculated in a number of different
theory frameworks. These theories incl de

ISM type of models:

o The ISM, used in [132, 134, 4.7 .25 426, 429, 434, 448]
(Q)RPA type of models:
e The Tamm-Dancoff app oxi nation (TDA), used in [354].

e An RPA approach b dt up ~om single-particle states of an uncorrelated local Fermi sea,
as applied in [420].

e Continuum rand ,m-plase approximation (CRPA), applied in [416, 417, 421, 422].

e Hybrid model: 1..> - a(Q)RPA plus the 17 channel treated by the ISM, as applied in
431, 433).

e pnQRPA with a schematic § force [160]

e RPA and pu.RPA with Skyrme type of interactions, as used in [425, 427, 433, 450]

QRPA and pnQRPA (see Sec. 3.1.1 for more information) with Skyrme type of interactions
[425, 427, 444, 452, 453]
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Table 11: References for available neutrino-nucleus

cross-section calculati ns pe: formed for different nuclear

targets.
Nucl. Z A NC refe.caces CC references
He 2 4 [414], 15] [415]
C 6 12 [415],[416],[4.7 [418], [419] [132],[134],[415], [417],[418],
[420],[421],[422],[423],[424]
C 13 [420],[425]
O 8 16 [A1R1 1771 1419] [417],[422],]423],[426],[427]
Al 13 27 [420]
Ar 18 40 [428] [428],[429],[430],[431], [432]
Fe 26 56 (418, "419],[433],[434], [435] [418],[423],[427],[433]
Ni 28 56 [418],[419] [418],[434]
Zn 30 64,66 [436]
Ge 32 82 [435]
Zr 40 92 [437]
Nb 41 93 [437]
Mo 42 98 [437]
100 [160],[427]
92,94,96,98,100 [419],[438] [362]
95,97 [439] [440]
92,94,95,96,9.,98,.70 [364],[441],[442] [442]
Ru 44 9¢ [437]
Cd 48 1.4 [443] [443],[444]
106,108,110,1.1,112,213,114,116 [445] [446]
Te 52 28 130 [352]
Xe 54 107 [447] [447]
128,12/1,130,121,132,134,136 [448] [449]
La 57 138 [79] [79]
Ta 73 180 [79] [79]
Pb 82 208 [433],[450],[451] [423],[427],[433],[450]
204,206,208 [452] [453]
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e The QRPA and pnQRPA (see Sec. 3.1.1 for more information) wita re alistic Bonn one-
boson-exchange based effective G-matrix interactions, as used in [352 362, 364, 436, 438,
441, 442, 443, 445, 446, 447, 448, 449, 451].

e The pnQRPA + QRPA with neutron-proton pairing and effer sive G-inatrix interactions,
as applied in [79, 418, 428, 437].

e Consistent relativistic mean-field approach: relativistic Hart -ee-Bo ;oliubov model (RHFB)
plus relativistic QRPA (RQRPA), as applied in [419, 427].

e Projected QRPA (PQRPA) and relativistic QRPA (RQiuPA) as applied in [424].

e Thermal QRPA (TQRPA) combined with Skyrm~ energ density functionals (Skyrme-
TQRPA), as used in [435].

Quasiparticle-phonon coupling:

e The MQPM approach for odd-A nuclei co. bu <. with the Bonn one-boson-exchange-
based effective G-matrix interactions (se~ Sec 3.1.1 for more information), as used in
(364, 440, 441, 442, 443, 445, 446]

The ISM, pnQRPA, QRPA and MQPM thec-v trameworks have been briefly discussed in
Sec. 3.1.1. The TDA and RPA, as also pnQRPA and QRPA model frameworks have been
extensively discussed in the monograph 56].

4.4.1. Example: NC scattering off th - stable .nolybdenum isotopes

20— —

10 — -

() [107 em?]

92 94 95 96 97 98 100

mass Ilqub er

Figure 50: Variation ¢” .he caculated flux-averaged NC electron-neutrino cross section with mass number for
the Mo isotopes. The calcula ions are done using the QRPA and MQPM nuclear-model frameworks [441]. The
adopted neutrino parc meters (T'(MeV),a), T being the temperature, are ve: (3.6,2.1) ; 7e: (3.8,3.2) 5 v, vy
(4.8,0.8) ; 7,0 ‘1 R0.8).

In Fig. 50 the ¢ lculated flux-averaged NC electron-neutrino cross sections are displayed for
the stable Mo nuclei. The cross sections of the even-A isotopes are computed [441] by the use
of the QRPA and the odd-A isotopes by the use of the MQPM. There is no drastic dependence
on the mass number although a decreasing trend of the cross sections is detectable for the heavy
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Table 12: Flux-averaged incoherent cross sections for the stable molybdenum isotor es i* units of 10742 cm?.
The calculations are done using the QRPA and MQPM nuclear-model frameworks [141). The adopted neutrino

parameters (T' (MeV),a), T being the temperature, are: v, (3.6,2.1) ; 7. (3.8,3.2) , ., (4.8,0.8) ; Dy, Us
(4.8,0.8). F Yo
flavor (o) ()% (3} (0)% (0)T (o)% ()10
Ve 11.6 11.8 159 121 164 994 859
Ve 173 176 230 179 237 1.1 3.1
Vg,V 205 253 315 256 323 221 199
Uy, Uy 2277 227 286 23.0 294 0.0 177
molybdenums. The two odd-mass isotopes stand out wit.. *heir larger cross sections compared

to the ones of even-even isotopes because of the larger pu. <e space.

In Table 12 are listed the computed [441] flux-avc agea (anti-)neutrino cross sections for the
different neutrino flavors. The mass dependence of the c.nss sections is qualitatively the same
for all flavors. The cross sections for the heavy ti>ve s are larger than for the electron flavor
since the kinetic energy (temperature) of the he v fleors is larger due to their early decoupling
from the supernova environment. The results of | '4.] are in agreement with those of [419, 438].

4.4.2. Example: CC scattering off the stable mo. hdenum isotopes

8 7 0.5 —
s
[ 0.4~ |
_6F = A
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;r’ 0 = ] ;‘* 03 =
Laf 1L ¢ f
=aL J =o02r .
s’ N ’ 171 ,
2r ’_‘ ‘ ‘ 1 o01p .
1 a ’_‘ ’ ] I ’_‘ ]
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92 o 96 98 100 92 94 96 98 100
ma. number mass number

Figure 51: Variation of the flt v-ar crag .d CC neutrino (left panel) and anti-neutrino (right panel) cross sections
with mass number for the Mn isc.~» 5. The calculations are done using the QRPA and MQPM nuclear-model
frameworks [440, 442]. Tt : adop =d neutrino parameters ((E)(MeV),«a), (E) being the average neutrino energy,
are ve: (11.5,3.0) ; : (15 5,3.0)

Fig. 51 display . the c.lculated [440, 442] flux-averaged CC scattering cross sections for scat-
terings off the Mo ."ntees separately for the electron neutrinos and anti-neutrinos. There is
a clear and opy os:. “rend in the cross sections as functions of the mass number: the neutrino
cross sections inc. :ase and anti-neutrino cross sections decrease with increasing mass number.
The reason for this is displayed in Fig. 52. There are two effects conspiring to the same direc-
tion: (a) the energy-threshold effect and (b) the Pauli-blocking effect. With increasing mass
number the energy threshold increases for anti-neutrino scattering and decreases for neutrino
scattering leading to a relative increase (decrease) in the neutrino (anti-neutrino) cross sections
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with increasing mass number. The Pauli blocking shows in the Tkeda 3(.V - Z) sum rule for
Gamow-Teller transitions: the larger the mass number, the larger the su.. cule and the (p,n)
type of Gamow-Teller transition strength (to the right in Fig. 52) which | actically (more than
90%) exhausts the sum rule. The reverse happens to the (n,p) type ¢. Gamow-Teller transition
strength (to the left in Fig. 52).
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Figure 52: Schematic figure of the c¢hi shold energies and Pauli blocking in the Mo chain of isotopes as taken
from [442]. The spectroscopic dat. is ¥ om [258].

4.4.3. Eramples: Effects o) lav ur conversions

The supernova-nev.rino ~C rates and the electron spectra are evaluated for '®Mo in [160]
on the basis of the exp. ~rimer tal responses [93]. Table 13 shows evaluated CC cross sections for
electron neutrinos -.ud those converted from v, and v, through oscillations in the dense nuclear
medium of the suj ernova

It is noted that .~ _.ectron neutrinos v, are mainly captured into the GT(1") ground state
and the GTR (") «ud partially into the TAS (07) and the IVSDR (27), while the electron
neutrinos v, from. the p and 7 neutrino-flavour conversions are captured into the highly excited
giant resonances with J™ = 0%, 2% and 3% in addition to the captures into GTR. The energy
spectrum of the v,-CC electrons shows a broad bump in the region of 5 — 20 MeV, while the
spectrum for the v,.-CC electrons shows a broad bump in a higher energy region of 10 —50 MeV.
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Table 13: Supernova-neutrino cross sections in units of 104! cm? for scattering off 1°°N o. J denotes spin parity,
Ve denotes electron neutrino, and v, denotes electron neutrino from p and 7 neutriro osc ‘'ations. The adopted
neutrino parameters (T'(MeV),a), T being the temperature, are ve: (3.5,0) ; Ze: (5.0,U, vy, v-: (8.0,0) 5 Dy, Uy
(8.0,0) [160].

g ot 0~ 1t 1- 9t 9= 3t 3 4t 4
v, 065 002 462 014 004 034 003 - - -
v, 8042 059 32.3 119 462 140 378 00 523 0.79

Then experimental studies of electron energy spectra give tk ~ temne _ature of the neutrino sphere
and also information on the possible v, — v, oscillation.

The v, CC event rate for ®“Mo is around 3.5 per .20 to.s in case of a supernova at a
distance of 10 kpc (kiloparsecs) with 3 x 10°3 ergs of tota. ~eleased energy, while the v,, CC one
is around 22 per 100 tons [160]. The larger rate for .. icuects a higher temperature of the pu-
and 7-neutrino spheres than that for the electron-neutri. > sphere.

If one assumes that the energy is equally partit. \une . Letween the neutrino flavors, then from
(131) one obtains that the number of expecte’’ cha.»ed-current neutrino events in an Earth-
bound detector per kiloton of target mass is give. b,

nr

NER) = 25 [ [PBINLEL (B + (3 - MBIV, B (Bo)|o(BdE. (137

where nr is the number of nuclei per k"."\u anc R is the distance to the supernova. In (137) we

have introduced
Etot

N, = , 138
4 6<E1/E> ( )
and g

N, = —=t 139

where FEi is the total enerzy w. ich is emitted as neutrinos. The non-electron neutrinos which
contribute to the second ferme 1n (137) are the ones which correspond to the linear combination
vy (see discussion in Sec. 4.’ 3) Hence, in the case of maximal mixing effectively half of the
muon and tau neutrir s are attected by the v, <+ v, conversions. The case of antineutrinos is
analogous.
Similarly, the n'...ber u1 neutral-current events in the detector can be written on the form
nr

NYO(R) = s (Mol + 2N, (00, ) (140)

In Fig. 53 the computed [443] number of CC and NC neutrino-nucleus scattering events
per kiloton of '®Cd as functions of the distance to the supernova is displayed. For the CC
case results are shown for the non-oscillating case (1,) and for oscillating neutrinos for both the
normal (NH) and inverted (IH) mass hierarchy cases. The results for the normal and inverted
mass hierarchies are similar and are thus not distinguishable in the figure. In the calculations a
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Figure 53: Number of expected charged-current (CC) and ne. *ra -curent (NC) neutrino-nucleus scattering events
per kiloton of ''6Cd as function of the distance to the ~uper. ova. In the figure is also shown the distance to
the supernova SN1987a by a vertical dotted line. The re. u.  have been calculated in the QRPA nuclear-model
framework [443].

«s [kton™

©
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Figure 54: Same as 1 ‘. 53 but for the charged-current and neutral-current antineutrino scatterings off 116Cd.
The results have been calculated in the QRPA nuclear-model framework [443].
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total energy of Eiy of 3.0 - 10% ergs has been assumed. The results can oe « asily re-scaled to
other cases as well by changing the values of nt in Eqgs. (137) and (140) a.. " Ei in Eqgs. (138)
and (139). One can conclude that for a galactic supernova, i.e. R &~ 1u ""Pc, a detector with
about 1 kTon could have several hundreds of events. Similarly, in "1g. 54 the results for the
antineutrino reactions are shown. Most of the predicted events are 1..1t- al-current ones because
of the large suppression of the charged-current antineutrino chann-.. The -esults in Figs. 53 and
54 depend strongly on the adopted energy profiles of the incomir z neut. ‘nos. Consequently, the
computed numbers can vary with at least a factor of 2 —3 dependii.- o= the employed supernova
model.

4.4.4. Neutrino scattering off ™ Ga: the gallium anomaly

In some cases the description of neutrino scatterin,~ invol 7ing low-lying states of nuclei
require special attention in terms of accurate nuclear v.~ve [.nctions. One interesting case is
the CC scattering of monoenergetic neutrinos from FC' [~ tron capture) decays of 3"Ar and
’1Cr on ™Ga leading to the ground and 175 keV and <70 keV excited states in *Ge. The CC
responses for higher-lying states induced by scatte. ., ¢ <olar neutrinos off "'Ga were discussed
earlier in Sec. 4.2.1. The scattering cross sections tc - the mentioned three low-lying states can
be estimated by using the data from charge-exc. a..e .eactions [369] or by using a microscopic
nuclear model, like the ISM (see Sec. 3.1.1). ™ bo.h cases it has been observed that estimated
cross sections are larger than the ones measurea . 7 the Ga experiments [454, 455, 456] and SAGE
experiments [457, 458, 459]. The measured capture rates (cross sections) are 0.87 £ 0.05 of the
rate based on the cross sections calcul.ted b - Bahcall [460]. The related model calculations
and analyses based on them have been a..~uss:d in [312, 461, 462]. It should be noted that the
response to the ground state is know. from tne EC ft value.

The discrepancy between the me.<urec and theoretical event rates, the Ga anomaly, is at
the level of about 3o [312, 461]. The nussing neutrinos suggest that (i): the v responses for
the two excited states in "'Ge a.e sn. ler than the values obtained in nuclear-structure studies,
implying possible deficiencies i « v, e nuclear-structure calculations or analyses of the (*He,t) CER
of [369] (see Fig. 47). (ii): t. = -ctual detector efficiency is smaller than the efficiency used in
the evaluation or (iii): new phvsic. is involved in the anomaly.

The point (iii) has be m <ssoriated to the oscillation to a sterile neutrino in eV mass scale
[312, 461]. The same schome ¢ 1d explain also the reactor-antineutrino anomaly [312], discussed
in Sec. 3.6.2. Search s for he sterile neutrinos are under progresses in several laboratories.
However, it should be 1 ~mar’.ed here that there is no accepted sterile neutrino model to explain
the experimental ¢.10ma'ies consistently.

4.5. Coherent neutru.. nucleus scattering

Neutrinos ca. s:atter off nuclei coherently [463], which practically means that the neutrino
interacts with the 1 1cleus as a whole instead of only a single nucleon. Coherent elastic neutrino-
nucleus scattering (CEvNS) occurs whenever the inverse of the momentum transfer between the
incoming neutrino and the nucleus (i.e. essentially the neutrino deBroglie wave length) is larger
than or comparable to the size of the nucleus, i.e. E, < 50MeV. The process is a NC reaction
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that can be expressed as
v+ (A Z) v+ (A Z), (141)

where the initial and final states of the nucleus of mass number A and ~tom. number Z are the
same. CEvNS will become a nuisance in dark matter detectors (see th : ne ... ~ction) in upcoming
years, but it can also prove to be an important probe of beyond-stan. cd-model physics.

4.5.1. Overview

Coherent neutrino nucleus scattering is a special case of *"2 1...: general neutral current
process discussed in Sec. 4.1.2. The cross-section for cohere 1t <_av ering is obtained from the
general case by setting the initial and final states to be the sam<. Under the assumption of
an even-even nucleus with a 07 ground state, no strange-quai.. contributions, and a vanishing
neutron electric form factor, the angle-differential cross . tior for coherent neutrino nucleus
scattering predicted by the standard model is simply [46., 464, 465]

do . GF

. 4 2
dcosf Q(l +cos 0)EZ [Z(4sin® w — 2 F,(¢°) — NFo(¢%)] ", (142)

where Gy is the Fermi coupling constant (5), F, *he . ~utrino energy, 6y is the Weinberg angle,
and F, and F,, are the nuclear form factors for prot-us ~nd neutrons, respectively. As 4 sin® Oy —1
is very small, the proton part is strongly su,wc.2~ ! and the coherent cross section effectively
and characteristically scales as oc N2.

Typically, due to the coherent N? en} ... ~ment, the cross section for CEVNS is a few orders
of magnitude larger than for the incohe -ent int >ractions [441]. Thus it is a little surprising that
neutrinos scattering coherently and e astic.' off nuclei had been out of reach of experiments
for decades. This is due to the fact  ha’ the measured signal is the recoil energy of the nucleus
in some form, and the maximum 7 :con. ' rgy for CEvNS is

22

S 14
M +2FE,’ (143)

bR,max -
where M is the mass of the targ.* nucleus. Therefore detectors will need to have a low threshold
energy: To go over 1 keV of r:coil energy in, say, liquid xenon detectors (A ~ 130) would need
a neutrino energy of at lea. 5 VleV. Moreover, the nuclear form factor in Eq. (142) vanishes
rapidly with increasin‘, reco’l energy (or, equivalently, momentum transfer). This leads to the
detectable recoil energ <s bei' g of the order of a few keV. Translating a low recoil energy into a
measurable signal i~ . chauenge for experiments striving for a low threshold.

Although tech: iques o detect CEvNS were proposed decades ago [466], experimental tech-
niques have only rec ~*', developed to the point that recoil energies of the order of ~ keV can
be detected. Inceeo TTErNS was finally detected recently [467] by the COHERENT experiment.
This discovery by he COHERENT experiment seems to be consistent with the signal expected
from the standard model at 1o level [467]. After the initial discovery has now been made, further
research can be done to investigate whether any evidence for beyond-standard-model physics,
such as sterile neutrinos [468, 469, 470], a neutrino magnetic moment [471], or nonstandard
interactions [472, 473, 474, 475], can be found in this process.
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4.5.2. Neutrinos in dark-matter detectors

Uncovering the nature of dark matter is one of the most pressing topic. n modern physics.
It has been convincingly argued, by unexpected galactic rotation curves 76, 477, 478, 479],
structure formation [480, 481], and cosmic microwave background rate 182, 483], that large
majority of matter in the Universe consists of nonbaryonic cold darw o stter (CDM). The most
compelling candidate for CDM is a Weakly Interacting Massive Darticlz (WIMP): a species
of stable particles emerging in extensions to the standard mo lel, th. t have a suitable relic
density and have only weak couplings with ordinary matter. Sucn "W'.J[Ps appear for example
in Kaluza-Klein models with universal extra dimensions [484, 485! . chnicolor models [486, 487],
little Higgs models with T parity [488, 489], and, perhaps the mos. famously, supersymmetric
extensions to the standard model [490]. If dark matter indeeu ~onsists of WIMPs; it should in
principle be possible to directly detect such a particle in, ractir z with an atomic nucleus in an
earthbound detector.

There has been a huge effort put into direct det--1:_.. .. WIMPs in the past decades, and
there are many experiments currently running or propo.~d to start gathering data in the near
future, for examples see Refs. [491, 492, 493, 494, 4v., ‘96, 497]. Some of the current leading
experiments use a liquid xenon target [498, 499, 570, 501, 502, 503], which allows for easy
scalability to larger and more sensitive detecto.s. One unique way to search for WIMPs is
detection of nuclear gamma rays and atomi V ra-s [504, 505], where the solar-neutrino NC-
background contributions have to be considerea.

With increasing detector mass and th-- increasing sensitivity, the largest xenon detectors
(and other detectors will follow) will so n face a possibly crippling problem when the detectors
will start seeing coherent neutrino-nu-leu. scr ctering as background radiation [506, 507]. This
phenomenon is called the neutrino ,{oo of the direct dark-matter experiments. The energy-
differential flux of solar neutrinos i~ g. -un i« Fig. 46 in Sec. 4.2. It is expected that the first part
of the neutrino floor encounterer in direct detection experiments is caused dominantly by 8B
solar neutrinos as they have the large.* flux out of neutrinos able to give a detectable recoil to
a nucleus in a detector (Eg 2 1k V) [508, 509]. Other types of solar neutrinos also contribute,
but they would require a lowe. < etector threshold than what the next generation detectors will
have. For atmospheric and diffuse-.upernova-background neutrinos the spectra extend to higher
energies than for solar n.tr.nos, but the expected fluxes are much smaller. It will require a
long exposure to detect ‘l.em . ch the next-generation detectors. It should be noted, that dark-
matter detectors will so be sensitive to low energy neutrinos, such as the solar pp neutrinos,
via electron recoils [50/] H,wever, most detectors are able to discriminate between electronic
and nuclear recoil :ventc

Once neutrinos are s:en as background in dark-matter detectors, one cannot attribute a
detected nucles = »eco1l excess to a dark-matter particle unless the rate of this excess is larger
than the uncertcir ¢y of the neutrino event rate. Moreover, neutrinos also effectively mimic
nuclear recoil specy-a expected from WIMPs, and at some select WIMP masses, the detection
signal is predicted to be especially similar for WIMPs and neutrinos [507]. This leads to the
neutrino floor in direct detection experiments. After reaching the neutrino floor the detection
efficiency of the detector increases only marginally with increasing exposure.
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Table 14: Valence space truncations made in the ISM calculations of 1287131Xe. T e f st column gives the
nucleus in question, the following five columns give the minimum/maximum value~ ot .. “itrons on the single-
particle orbitals 0g7 /2, 1ds5/2, 1d3/2, 2512 and 1hyy /3, respectively. The calculations ha. - been performed in the
ISM nuclear-model framework [448].

Nucleus 0g7/2 1d5/2 1d3/2 281/2 1h11/b

128%e  8/8  6/6 0/4 0/2 /)12
129%e  8/8 6/6 0/4 0/2 412
130Xe  8/8 4/6 0/4 0/2  0/1z
B1Xe  8/8 6/6 0/4 0/2 /1

As the neutrino background looms in the horizon for the ~ext seneration of dark matter direct
detection experiments, it is of utmost importance to dev:-e a way to circumvent the neutrino
floor to keep probing lower and lower cross sectior. 1u1 uark-matter interactions. One such
possibility is the different-time signature of the neutrino ~nd WIMP signals [510]. Due to the
motion of the Earth around the Sun, the number ¢ V 1. P-induced recoils is expected to peak
around June while for solar neutrinos the peak “how ' be in January when the Earth is closest
to the Sun. Using timing information in additich v spectral data can improve the exclusion

™ x7.

limits of an experiment, depending on the W iI* ~ locity distribution [510].

Another possibility is to exploit the directiona! information of the nuclear recoil signal [511,
512]. Dark-matter- and neutrino-inducr’ -~coils have a distinct favored event angle, which
can be used to discriminate between t}« differ >nt signals. Most current detectors do not have
directional sensitivity, however. Addi.iona. n.clear responses in a nonrelativistic effective field
theory (EFT) [513, 514] have also Heer. suzgested as a possible way to discriminate between
neutrino and WIMP recoil events 11 he WIMP-nucleus interaction does not happen via the
conventional spin-dependent or s ,.*-independent channel, but via some other operator arising in
the EFT framework, the recoil snectru... for WIMPs can be different from the one for neutrinos.

The total cross sections c. so ar B neutrinos scattering coherently off the most abundant
stable xenon isotopes, 127132+ "-6Xe have been calculated recently [448]. The nuclear-structure
calculations were made in Jhe ISM using the shell-model code NuShellX@MSU [515] in the 50—
82 major shell using the ™ [00’N interaction [516]. Calculations for 132:13%136Xe were done
in the fully unrestrictru valence space, but for 127131Xe truncations had to be made in the
neutron valence space The runcations made are shown in Table 14. For the even-A isotopes
the experimental sp~-tre. = ¢ well reproduced by the ISM calculation. For the odd-A isotopes
one gets the corre :t grownd state and the low-lying positive-parity states are well reproduced,
but the negative-pe-ity <.ates 9/27 and 11/2 are much lower in the computed spectrum than
in the experimc .. ~ne [448]. This is a feature in the SN100PN interaction, which has also been
noticed elsewhere '517].

The total cross rections for the aforementioned xenon isotopes are given in Fig. 55. One can
immediately see that the cross section becomes larger with increasing neutron number. Indeed,
the cross section divided by the square of the neutron number is nearly a constant, as expected
from (142).
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Figure 55: Total coherent cross sections of ®B solar neutrinos scatteri. oft xenon isotopes. The calculations
have been performed in the ISM nuclear-model framework [448].

4.6. Neutrino-nuclear responses for astro-neutrino n+~'~~~_hesis

Gravitational energy gain in supernova collapse is ca.vied away by the neutrino wind. Thus
the neutrinos play an important role in the nuciosy ..'esis in the mantle of a core-collapse
supernova. Actually, some nuclei are produced ~xclu. vely by the neutrino nucleosynthesis, and
there are many nuclei which are produced partic i, by the neutrino-nuclear interactions. The
neutrino nucleosynthesis and the neutrino e”_~*< ¢n the supernova dynamics are described in
recent review articles [11, 12, 13, 14, 518] ana -ferences therein. In this section, we briefly
discuss neutrino-nuclear responses associr*~d with the neutrino nucleosynthesis in a supernova.

Neutrino processes to be considered .or the neutrino nucleosynthesis are CC~, CC*T and NC
weak processes defined by

CC™ (Ve,e w'  CCT (D,,etx), NC (v, v.z), (144)

where v, stands for a  or a 7 neut..~0, and x for v, 5, neutron, proton, etc. following the neutrino
interaction. The supernova neutrinos a. : mainly in the medium-energy region of E, = 5—40 MeV
and extend to higher energies aro ind 50 — 70 MeV, depending on the temperature. This energy
region is the same as that to. Wwff virtual neutrinos. The nuclear production rate for the
neutrino nucleosynthesis ic def armined by the neutrino flux, the energy spectrum, the neutrino-
nuclear cross section and < de- :xcitation process of the emitted particles x.

The neutrino cross .ection 1, given by the sum of the cross sections for residual states ¢ with
the excitation energy +;. It 1 written as

U(V) = Z U(Eua El) ) (145)
i
where E, is th - ... **vino energy and o(E,, F;) is the cross section for the state i. The cross
section for the sc.’cering to the individual state 7 is

o(Ey, B;) = gwK(Ey, E)B,(JT),  Bi(J7) = (2J + 1)~ | M;(J7)%, (146)

where gy is the weak coupling, K (F,, F;) is a kinematic (phase space) factor and B;(J]) is the
neutrino response for the state ¢ with J™ being the spin and parity, and M;(J[) is the NME.
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The rate of neutrino nucleosynthesis (nuclear production rate) is sen itiv > to the neutrino
flux, the neutrino energy spectrum and the nuclear response. The energy .~ :ctrum reflects the
temperature of the neutrino sphere. Hence, one may get useful inform<“ion on the neutrino
flux and the nuclear temperature from the neutrino-synthesis rate. H .re ~ne needs the neutrino
responses as functions of the neutrino energy and information on th. ni clear decay processes in
a wide excitation region.

The neutrino responses in the medium-energy region are mai ly giai t resonances with J™ =
0%, 1%, 2%, 3*. In the high-excitation region above E, > 30."~V quasi-free CC and NC
scatterings get significant. The Fermi giant resonance (IAS 01, ‘he GTR (17), the IVSDR
(27) and the axial-vector CC quasi-free scattering responses nave I 2en studied using CERs, as
described in Sec. 2.3.

The neutrino responses for light nuclei are evaluated “ased «n the ISM, while those for the
medium-heavy and heavy nuclei are evaluated by using v..» K1 A [518]. In fact, accurate theoret-

ical calculations of the neutrino CC and NC responses >~ -___2i in the needed wide excitation re-
gion are hard since they are sensitive to various kinds ot ..-*cleonic and non-nucleonic correlations
and the renormalization (quenching) factors for ti.» w. '~ interactions. Some phenomenological

values around ¢$%/ga = 0.74 are used for the auen aing factor [14]. Experimentally the CC
and NC neutrino responses in the wide excitaticn .~gion are not well studied. Nuclear CERs,
muon-capture reactions, photo-nuclear react’ -»< &and neutrino-induced reactions in the future
are encouraged to be performed in order to stua, the neutrino-nuclear responses relevant to the
neutrino nucleosynthesis.

Nuclear de-excitation processes follor/ing ti.» neutrino CC and NC interactions are calculated
in order to get the final nuclear producui. ns Statistical models such as SMOKER [519] and
others are used for particle and v decay: following the neutrino CC and NC interactions. Here
we note that non-statistical particle (- iissons [29] at the pre-equilibrium stage of the reaction
are necessary to be considered in ddition to the statistical evaporation at the equilibrium stage,
in particular for the energetic supernc.~ neutrinos with £, > 30 MeV. Note that v and 5 decays
in deformed nuclei, such as '* 1a and others, are not just statistical decays, but are restricted
by the Jg selection rules as u.~ .ssed in Sec. 2.2.2.

Theoretical calculation: of neu.rino nucleosynthesis for ''B, F, 38La and !%°Ta were made
by using the ISM for ligl * yacle. and RPA for heavy nuclei as given in the review [518] and
references therein. The ~zuti.>) cross sections for electron neutrinos are shown as functions of
the temperature in [513]. Th. degeneracy parameter is set as & = 0. The neutrino cross sections
are dominantly CC cro.” sec’1ons, and increase as the temperature increases. The cross sections
for 138Ba show the . the M-neutron emission is dominant at low temperatures but the dominant
process above 4 MV is t 1e 1-neutron emission and the 2-neutron emission gets appreciable at
higher tempera* res beyond 6 MeV. We note here that cross sections and the neutron cascades
are sensitive to ‘hr CC strength distributions and the absolute values for the weak couplings
(renormalization tw-tors), which remain to be carefully verified by dedicated theoretical and
experimental studies.

The NC and CC neutrino cross sections have been evaluated theoretically by using different
nuclear models, as given in Table 11 and in the articles [13, 397, 518, 519] and the references
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Figure 56: Neutrino-nucleos-mthe. ~ cross sections as functions of the neutrino energy. Upper-left: CC inter-
actions on '3®Ba, upper-r’zht: N ' interactions on '3°La, lower-left: NC interactions on '8! Ta, lower-right: CC
interactions on 8Hf [79].
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therein. QSM (quasiparticle shell model) NC cross sections on *La and %'y a and QRPA CC
ones on ¥Ba and '8°Hf are shown in Fig. 56 [79]. The CC cross sections .- e larger by factors
4 — 5 than the NC ones. They are predominantly the 1t GT cross sectio..~ up to 40 MeV, and
the 1~ and 2~ contributions get appreciable above 40 MeV.

The neutrino energy spectra are sensitive to the nuclear temperat. ~es of the neutrino spheres.
The average energies are given as Egy ~ 3Ty with Tgy being *L. ten.peratures of 3.5MeV,
5MeV and 8 MeV, for the electron neutrino, the electron antine itrino, and the u, 7 neutrinos,
respectively [160]. The neutrino oscillations from g and 7 neutrinos “~ *'.e electron neutrino shift
drastically the electron-neutrino spectrum to the higher-ene gy <’ >, and accordingly increases
the neutrino cross section (phase-space factor) and thus the syuthec s rate. In other words, one
may learn about the neutrino-mixing angles and the mass spec..'m by investigating the effects of
neutrino oscillations on the synthesis rates as discussed ii. '396] 2 ad references therein. Neutrino
nucleosynthesis associated with two neutron-star merge. ~ is witeresting from astrophysics view
points.

5. Neutrino-nuclear responses and double [ de .a,s

Neutrino-nuclear responses for double 5 deca = ‘Di’Ds) have been a subject of intense study
during the last decades. The subject was introducec in Sec. 1.4 of this review. The DBD has close
connections to the physics beyond the standara moael [520] and neutrino physics [521, 522, 523].
A comprehensive review of the nuclear matrix elements (NMEs) of the DBDs was published in
1998 [2]. In the same year an extensive revie 7 on the different mechanisms of DBD appeared
[3]. These were complementary to the cle sical ceview [524] on the electron-emitting and reviews
[525, 526] on the positron-emitting m ,des of vue DBD. Later reviews include [16, 17, 18, 23, 527].
A review on the Majorana-neutrine " 'xin‘, was given in [528]. Some recent reviews on DBD
theory, DBD experiments and nu- tear re. ponses for DBD are also given in Sec. 1.4.

Very recent reviews, appeari.g a..~ady earlier in this review, are [21, 23, 24]. Recent reviews
about the DBD NMEs, coveri.g nart of the calculations, are [19, 20]. A unique review on the
effective value of the weak a: ‘al- ector coupling constant, ga, was published recently [30].

5.1. Modes of double beto dec .ys

There are several modes ~f T/ BDs and below we present those mediated by a light neutrino
(two-neutrino DBD) ¢ a light Majorana neutrino (neutrinoless DBD). We also briefly address
the issue of the phase-. nace actors of these decays.

5.1.1. Light-neutr no-me "iated DBDs

In Fig. 57 are s..~v. schematic pictures presenting the concept of the two-neutrino DBD
(2vBB decay) vrtu _..ission of two electrons and two antineutrinos. As mentioned in Sec. 1.4
the decay proceea. through two consecutive 5~ decays (left figure) through the virtual 17 states
of the intermediate nucleus, in this case "As (right figure).

In Fig. 58 is depicted the essential content of the neutrinoless DBD (0vgf decay) with
emission of two electrons. This Ov3~ 4~ decay is mediated by the exchange of a light Majorana
neutrino (left figure). A massive neutrino is needed in order to overcome the mismatch of the
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Figure 57: Two-neutrino 3~ 3~ decay of “Ge. Left side: Schemat.~ diay. ~~ .. of the two consecutive 8~ transitions
of the 208~ 3~ decay; Right side: Schematic level scheme and virtua. ‘ransitions through 17 states of "6As.

helicities of the emitted antineutrino (#) and ab ..>. > neutrino (v). Since no antineutrinos
are emitted, contrary to the case of the 2v3~ /3~ > ay, the lepton number is broken by two
units (AL = 2). In addition, the Majorana nw*w-= 1, needed in order to match the emitted
v with the absorbed v. The neutrino proproator between the two decay vertices produces a
Coulomb-like, roughly 1/r (where r is the dista. ~e between the two decaying neutrons) type of
potential, which can be decomposed into multipoles like the Coulomb field. These multipoles
lead to virtual transitions through all p sssible multipole states J™ of the intermediate nucleus,
in this case "®As (right figure).
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Figure 58: Neutrinoles. 2~ .~ decay of "6Ge. Left side: Schematic diagram of the light-Majorana-neutrino-
mediated Ov3~ 3" ace. , Right side: Schematic level scheme and virtual transitions through J” states of "6As.

In Fig. 59 the neutrinoless double positron decay (OvST 51 decay, left figure) and the neutri-
noless positron/electron-capture (OvSTEC decay, right figure) are shown schematically. In the
latter decay only one positron (e™) is emitted and a bound electron from an atomic orbital is
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captured, leaving a hole (H) in the orbital. The corresponding two-neutriao « ‘ecays can be ob-
tained from the diagrams by cutting the Majorana-neutrino propagator anu ' tting the resulting
two neutrinos fly free. The positron-emitting DBDs have recently been re . fewed in [21].
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Figure 59: Neutrinoless positron-emitting DBD. Left side: Scn w..cic diagram of the light-Majorana-neutrino-
mediated Ov8T 31 decay. Right side: Schematic diagram of the ".ght-Majorana-neutrino-mediated Ov3+TEC decay.
The symbol “H” denotes a hole left in the atomic orbita. . m v hich the electron was captured.

In Fig. 60 we depict the two-neutrino dou. 'e-ewcctron capture (2vECEC, left side) and the
radiative (ROVECEC, middle) and resonant (R-ECEC, right side) neutrinoless double-electron
captures, discussed first in [529] and lat.r 1. [530]. The resonant neutrinoless double electron
34 capture (R-ECEC) has been reviewed i1, 21, 57 1] and extensively studied in [532]. The R-ECEC
process is characterized by the possib titv fo. 1 large resonance enhancement effect [530, 533] by
the coincidence of the energies of tk ~ ir.tia! and final states of the process.
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Figure 60: Double-elec ~on- apture (ECEC) decays. Left side: Schematic diagram of the two-neutrino ECEC
decay (2vECEC) .7 'dle: Schematic diagram of the light-Majorana-neutrino-mediated radiative neutrinoless
ECEC decay (ROv.’C'£C). Right side: Schematic diagram of the light-Majorana-neutrino-mediated resonant
neutrinoless ECEC de 'ay (R-ECEC). The symbols “H” denote holes left in the atomic orbitals from which the

two electrons were captured.

In Fig. 61 we display the possible two-neutrino DBD transitions from the mother nucleus
124X e to the lowest four final states in the nucleus '?*Te. Along with the arrows are shown the
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possible modes of decay (578", STEC and ECEC) and the correspondin | ca culated half-lives
[534]. Here it should be noted that the @ value of the ECEC mode (Qrcrc) = always the largest,
roughly® the nuclear mass difference between the mother and daughter nu 'i pius 2m.c?, where
me. is the electron rest mass. The @ value of the process STEC is sm ier roughly by the energy
2m.c? and the @ value of the process 87 3% is smaller by roughly the ~n rgy 4m.c? than Qgcgc.
This is why in some cases only the ECEC mode is possible (see t*_ tabic. of Sec. 5.4).

.
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1w
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0 165728 keV ECEC: (1.7 — 580) x 10, B+EC: (4.4 "S000) . .o*
1
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3 ey
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! BrBT 0 22 x 107
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Figure 61: Two-neutrino DBD of '?Xe. Shown are tu. nossible modes of positron-emitting decays and their
computed half-lives in units of yr [534].

In Fig. 62 we show the leading neut..~olesc DBD transitions between ?*Xe and '?*Te. The
decays to the final 27 states are mura snppiessed [2] and are not included here. The @ values
of the neutrinoless processes obey e ,am . hierarchy as do the two-neutrino processes. Since
in the R-ECEC process no leptor s appe. . in the final state (see the right panel of Fig. 60) to
carry away the decay energy, (pcr. = m; — my, where m; (my) is the atomic mass of the
initial (final) atom, the decay - .. proceed only by a coincidence of the initial and final energies
such that an excited final ¢’ ate with excitation energy E = FE*+electron binding, E* being
the nuclear excitation ener .y, ha. to be available such that the so-called degeneracy parameter
d = Qrcrc — E is small e 10u ,h t5 match the (nuclear plus atomic) width I" of the excited final
state. This width is presenv.1 “a Fig. 62 as a shaded Lorentzian distribution. In the figure it
is also shown that twc atom’= K-shell X-rays are emitted after the R-ECEC process. For more
details on the R-ECEC meclanism and its relation to the NMEs, see the review [531].

5.1.2. Phase-spac. factor

Early compilatio..~ . the phase-space factors include Refs. [2, 524, 525, 526], both for the
electron- and p.s1ty ,.. emitting modes of DBD. A rather comprehensive set of the 2v5~ 5~ and
Ovf~ [~ phase-spe ~e factors was compiled in [535]. The calculations were done by using exact
Dirac wave functions with finite nuclear size (uniform charge distribution in a sphere), including

6the binding energies of the two captured electrons should be subtracted.
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Figure 62: Neutrinoless DBD of ?*Xe to the 0% finals states in '* 7=. Shown are the possible modes of positron-
emitting decays and their computed half-lives in units of y oo "7 The resonant ECEC decay (R-ECEC) to the
2854.87-keV state is followed by two K-shell X-rays.

electron screening in the Thomas-Fermi ap; 2vim.tion. Single and summed electron spectra
and their angular correlations were also given. 1.. /536] phase-space factors for the 5~3~ decays
to the ground state and first 0T state wers ~omputed by solving numerically the Dirac equation
for finite nuclear size and electron scree iing u. ing a Coulomb potential derived from a realistic
proton density distribution in the davghte nr cleus.

In [537] the phase-space factors .or positron-emitting modes of the two-neutrino and neu-
trinoless DBDs were computed by us. g t'ie same calculational procedures which was used in
the previous =~ paper [535]. "~ the work [538] the same authors computed the phase-space
factors for the various f~ 3~ Majoron ~mitting modes, and in [539] phase-space factors related
to the ground-state and excite 1-s\ ate transitions in a left-right symmetric model were evaluated.
In a recent work [540] the pu.< -space factors of the electron and positron-emitting modes of
the two-neutrino DBD ha e been compiled by solving numerically the Dirac equation and in-
cluding finite-nuclear-size 2v « sc eening effects. In [237] a large number of phase-space factors
for numerous A > 100 » .:lei, . »th for the electron-emitting and positron-emitting 2v34 decays
to the ground state a: d to u any excited 07 and 2% final states was presented. In [541] a new
method was introducea “~ ~ mpute the phase-space factors in a accurate way.

Many of the ca’ :ulate 1 phase-space factors in the above-mentioned works have been compared
with earlier calcule tions. e.g. [2, 524, 525, 526]. Consistency with these older results has been
achieved and ar *nroved accuracy, as well. Today the phase-space factors are accurately known
due to accurate . »'vers of the Dirac equation and improved methods in handling the screening
corrections and fini < size of the nucleus. In addition, the decay () values are better-known now
than few decades ago.
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5.2. Basic features of the 2vB3 decays

The basic features of the 2v83 decays were briefly introduced in Sec. 4. As mentioned
before, the virtual transition proceed through 1% state of the intermediate -ucleus. The corre-
sponding intermediate contributions can be presented, e.g., as runnin ; suv -~ i.e., as functions of
the excitation energy in the intermediate nucleus, as done in Refs. [542 "43]|. The 2v(0 strength
functions and the associated Gamow-Teller running sums were gi- ¢u also .n the ISM framework
(236, 544, 545]. The 2v[[-decay strength functions of A = 128 130 m clei were analyzed also
in the framework of the microscopic interacting boson-fermion- “>rn... . model (IBFFM-2) in the
work [546]. Extremely large, two valence-shell ISM analysis of tl.e 2v33 and Ov35 NMEs was
performed in [231]. The pairing-vibrational aspects of the 253 desays of 128139Te were studied
within the framework of a hybrid model in [547]. In [548] a. effective theory to describe [
and B decays was proposed. In this theory one can estin.~te t! e uncertainties based on power
counting of the included degrees of freedom.

The relation of the 2v58 NMEs and 0v55 NME: l.as veen studied in [549] in the pnQRPA
formalism and in [550] in an energy-density-functional .. *malism. The latter study was done
in a chain of cadmium isotopes assuming fictitio.'s 1,0 transitions. In the work [551] the
two-neutrino Gamow-Teller and Fermi transiti ns w re studied in an exactly solvable model,
expressible using generators of the SO(8) group. e dependence of the energy denominator
of the 2v33 NMEs on lepton energies was ¢ i~ by using a Taylor expansion in [552]. The
expansion possibly allows the determination of ti.~ effective value of the weak axial coupling ga
by 2v55 experiments.

A special class of theoretical appre wches t)H the 2v35 decay is formed by the calculations
resorting to the single-state-dominar ce hy ~c hesis (SSDH) where the 2v/33-decay half-life is
dominated by the virtual transitions go’ag through the lowest 17 state, in case it is the ground
state of the DBD intermediate nuleu. Farly studies of the feasibility of the SSDH were per-
formed in [553, 554, 555], with f.“her studies on the implications to the single-electron energy
distributions and angular correlations « f the outgoing electrons in [556]. A more comprehensive
SSDH study was performed ir [5¢7]. All these studies were performed in the spherical pnQRPA
framework. A study using pn" PA based on a deformed Skyrme Hartree-Fock mean field was
accomplished in [558].

The FSQP (Fermi Sw.">ce O iasi Particle model) is a semi-empirical model to evaluate the
2v33 NMEs. [559, 560, 461]. Lxperimental single 5%/EC NMEs for Fermi-surface (low-lying)
quasiparticle states ir the i1 termediate nucleus are used. The FSQP NMEs reproduce well
the observed NMEs FE..o~.mental 2v358 NMEs are briefly described in Sec. 5.5.1, where the
semi-empirical FS )P NI."Es are also included for comparison.

5.3. Basic feat ~~< ot the OvB3 decays

The basic feau ".es of the Qv decays were briefly introduced in Sec. 1.4 and they have been
partly discussed in he earlier reviews [2, 18, 21, 23, 24]. Specific attempts to describe the OvS3
NMEs include the quark-model-based model advocated in [562, 563, 564] and a formulation of the
Ovf33 problem in terms of nuclear moments, as devised in [565, 566]. An interesting derivation of
a general Lorentz-invariant parametrization for the long-range part of the Ovg3 decay was done
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in [567] and for the short-range part in [568]. The Ov[-decay NMEs have I cen calculated also by
considering the contributions coming from the right-handed weak currents (.. * a review of the old
calculations see [2]). Some of the recent works for the decays to the 07 final sround state include
[569] in the pnQRPA formalism and [570] in the ISM formalism. In “ne work [571] the feasibly
of O3B decays to 2 excited final states was studied. There the lig. +-* tajorana-neutrino-mass
mediated decay was found to be largely suppressed relative to de ..y to ‘he final ground-state.
In [572] the consequences of the assumption that the Pauli exc usion drinciple is violated for
neutrinos and they obey, at least partially, the Bose-Einstein sta. ~ti~, was surveyed. In [573]
and interesting new decomposition of the Ovg5 NMEs was suge_. ed, implying connection to
the two-nucleon transfer experiments, and in [574] the imnoivance of collective correlations in
Ov(f decay were analyzed within a generator-coordinate me.~od (GCM). In [575] the role of
octupole correlations was analyzed for the 0v33 decay of "°Nd us.ng a relativistic energy-density
functional formalism combined with the GCM.

5.3.1. Nucleonic currents and nucleon form factors

The nucleon-current form factors and additic 1. “cleon-current contributions stemming
from the induced currents (weak magnetism and psev “.oscalar, see the form of the vector current
(8) and axial-vector current (9) in Sec. 1.2) play 1 .~le in the neutrinoless 53 decays [576]. The
nucleon-current form factors were present als~ in an earlier Ov /35 model where they were derived
from a quark model with harmonic confinemen. 562, 563, 564]. The effects of the higher-order
terms in the nucleonic current and the nncleon-current form factors is shown in Table 15. It
is seen that the higher-order terms (+A, and he form factors (+A+B) successively reduce the
absolute value of the Ov35 NME. In the. = ce.culations [577, 578], as also in [576], the dipole
form (10) has been adopted. A furthor s udy of these effects was performed recently [579].

Table 15: Effects of successive correcti 1. *o the magnitude of the pnQRPA 0v5~ 5~ NMEs for decays of current
experimental interest. Shown are the moti. - nucleus (column 1), the adopted value of the particle-particle
strength (column 2) and the absolr ve v lue of the bare NME. The symbols denote A: induced currents (higher-
order terms of the nucleonic currc ~t); 3: effect caused by the form factors; C: Jastrow short-range correlations;
D: UCOM short-range correlati- ns for "he Bonn-A nucleon potential [577, 578].

Nucleus ¢, =~ Baevalue +A +A+B +A+B+C +A+B+D

6Ge +.J0 8.529 7.720  6.356 4.723 6.080
82Ge 1.00 5.398 4.826 3.914 2.771 3.722
M7y  1.0°7 5.308 4814 3.736 2.454 3.521
1000, 108 6.126 5.571  4.358 2.914 4.113
H6Cq 099 5.726 5.172  4.263 3.169 4.076
7T 0.905 7.349 6.673  5.260 3.563 4.979
1300 0.87 6.626 6.021  4.777 3.285 4.530
136Xe  0.74 4.715 4269 3.478 2.537 3.317
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5.3.2. Short-range correlations (SRC)

The traditional way [580] to include short-range correlations in the - 88 NMEs was to
introduce the Jastrow correlator function fj(r), where “J=Jastrow”. “e gastrow function
depends on the relative distance r = |r; — ry| of two nucleons, and “a t~ Jastrow scheme one
replaces the bare Ov3 operator O by a correlated operator Oy by v. »~ .1mple procedure

(0F1101107) — (07 104]107") = (05 110 110) - (147)
A typical choice for the function fj is
filr)=1—e" (1 -t (148)

with @ = 1.1fm™2 and b = 0.68 fm 2. As a result, the Tas..~w ‘unction effectively cuts out the
small-r part from the relative wave function of the two nucle. ns. For this reason, the traditionally
adopted Jastrow procedure does not conserve the noi.~ ot the relative wave function. In the left
panel of Fig. 63 are depicted two nucleons in a nurleus an! their relative distance r = |r; — ro|.
The right panel presents the functional form (148) f “ne Jastrow correlator.

F
o
.~
I 5 <~ 05 3
2 .
0.0 T T T
00 05 10 15 20
rip [fm]
Figure 63: Two nucleons in a nucleu .  ~ft figure: Shown are their coordinates r; and ry, and their relative
distance ris = ry; — ro. Right figure: .lastrow _orrelator f as a function of the relative distance ris.

To circumvent the difficui,’», associated with the use of a Jastrow function one can adopt
the more refined unitary _orrelation operator method (UCOM) [581]. The UCOM was first
elaborated in the context ~f .he DBD, within the pnQRPA framework, in [582] and later, e.g.,
in [577, 578, 583]. The UCOw: 3RCs were studied in the ISM framework in [200]. The UCOM
creates the correlated many-i ucleon state by a unitary correlation operator C:

U) = ClW), C=CaC,, (149)

where Cq represents ousor correlations and C,. represents central correlations. In this scheme
it is equivalent v~ v se correlated states or correlated operators:

(T|A|T) = (U|CTAC|T') = (W] A|T'). (150)

The exact form of the operator C' is obtained by finding the minimum of the Hamiltonian matrix
element (¥|CTHC|¥). Therefore, the choice of the two-body interaction in H affects also the
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Figure 64: Effects of various short-range correlators on the values of v..> Oy 3~ multipole NMEs M (J™) of
(42). Left panel: The ISM-computed NMEs for the decay of ®Ca - Right p nel: The pnQRPA-computed NMEs
for the decay of "®Ge [582].

form of C'. Explicit expressions for the operators C, .nd Cq can be found in Refs. [581, 584].
The minimization has been done for the Bonn-A 7.7 Argoane AV18 potentials in [585] and the
effects of the resulting UCOM SRCs for the Bonn-£. r otential are shown in Table 15.

The UCOM treats the SRCs smoothly ana .~t a. violently as the Jastrow method. This
shows as a less drastic reduction in the values of the computed Ov35 NMEs.This is clearly visible
in the numbers of Table 15 and in Fig. 64 where *he multipole decomposition of Eq. (42) has been
presented for the Ov33 decays of *Ca (left panel) and "®Ge (right panel) for the mentioned two
nuclear potentials. In fact, just adding 'ne 1c*m factors (+A+B in Table 15) almost produces
the final magnitude of the Ovg5 NME (-, A+B -D in Table 15), without taking into account the
SCRs.

In [586] the coupled cluster met. nd (CC.M) was used to evaluate the effect of the SRCs on
the Ov5B NMEs since it provides direct,, che correlated two-body wave functions. To facilitate
numerical calculations with the .wo ~dopted nucleon-nucleon (NN) potentials, the CCM SRCs
were converted to a Jastrow-1i' . analytical correlator function of the form

CaoMm(r) =1— ce " (1—br?), (151)

where now
a=159fm™?; b=7"45fm %; ¢=092 (for the Argonne NN potential), (152)
a=152fm2: v 188fm %; c¢=046 (for the CD-Bonn NN potential). (153)

The effects of thes. SRCs were studied, e.g., in [587] using the ISM. A different type of study was
performed in [588] wi._.e¢ the nucleon-nucleon correlations were studied in both the coordinate

and spin space .1 “uc 035 decay of ¥Ca. A 20% decrease of the associated NME relative to
the ISM NME wa: recorded.

5.8.3. Decompositions of the OvB3 NMEs
The decomposition (42) for the ground-state-to-ground-state Ov3~3~ decays of **Ca and
Ge are shown in Fig. 64. This type of decomposition was also discussed recently in [589]. The
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same decomposition is shown for the GT part of the total NME (this is che dominant NME)
in the case of the ground-state-to-ground-state Ov3* 3% decay of 2#Xe 1.. “ne upper panel of
Fig. 65. In the lower panel of the figure shown is the complementary decc.position

MY =" M™(]), (154)

J/

where J’ is the angular momentum of the decaying nucleon pair This decomposition has fre-
quently been studied in the framework of the pnQRPA (see [75J] tor a review), but also in the
ISM [591] and in the microscopic interacting boson model ('R"1-2 [592]. The decomposition
can also be probed by studying the angular momenta and |, ritic~ of the neutron pairs that are
changed into proton pairs in the Ovs~ 3~ decay [201]. The usuc! multipole decomposition (42)
has been studied in the case of the deformed QRPA in 59,

0.8 Xe(Uy = 05)

S5 047
= 03 H
0.2 7
I it

|
0 nw e ] e
Th— = 4= = = = = A= A= = - T
o 1 2 3 4 5 ;7 8 9 10 11 J
15
124
10 Xe(0%, — 0%)

M ()

Figure 65: Decomposition (42) [up,. -~ panel] and (154) [lower panel] of the GT NME for the ground-state-to-
ground-state Ov3+ 3+ decay of 24Xe (based on calculations in [534]).

In Fig. 64 one may ~ote .*e rather prominent role of the 17 and 3" contributions. The
same can be conclude [ from the ISM study [589] for *Ca. In the right panel, for the Ov3~3~
decay of ™Ge, the 2~ c.tri'ution is the largest one. A similar trend continues for the O3+ 3+
decay of 1?*Xe, as seen i~ the upper panel of Fig. 65. For many other DBD systems the role of
the mentioned mu.‘ipoles is important for both the decays to the ground state (see, e.g., [248]
for the pnQRP* and |045] for the ISM) and to the excited 0T states (see, e.g., [594]). In the
decomposition (.57), depicted in the lower panel of Fig. 65, the dominant contribution comes
from a J' = 0 paw~d state and the contributions stemming from the higher J' pairs tend to
cancel it in a coherent way. This is a general feature for all calculational frameworks and for
all ground-state-to-ground-state neutrinoless DBD transitions (see, e.g., [583]). For the Ovpg
transitions to excited 07 states this pattern no longer holds [594]. The decompositions for the
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heavy-Majorana-neutrino exchange have been analyzed in [248] for the pn(,R}F A and in [545] for
the ISM.

In addition to the above decomposition analyses, the contributions ..~m vhe intermediate
J™ states can be presented as running sums, i.e., as functions of tb: e.ritation energy in the
intermediate nucleus [595].

5.3.4. Radial dependence of the OvBB NMEs
The radial dependence for the light-Majorana-neutrino-media.~d 0v 35 NME is presented in
Fig. 66 [248]. The total NME is obtained by integration:

MOV—/ M (r)dr, (155)
0

where 7 is the relative distance between the decaying nuc. ~ns The radial dependencies were
also treated, e.g., in [583, 586, 590] for the pnQRPA-bas.1 models and in [200] for the ISM.
In [596] the Oy~ [~ decays and in [597, 598] the pos.“ron-emitting decays were studied for the
radial dependence in the projected Hartree-Fock-Bnooliubev (PHFB) model for deformed nuclei.
Different short-range correlations were added to th FdrB framework in [599] for the O~ 5~
emitters, and the corresponding radial depende “ies v -ere recorded.
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Figure 66: Radial rependence of t' ¢ M jorana-neutrino-mediated Ov33 NMEs M%(r), K = F, GT, T, and the
total NME M% (r) for the decay ~f "¢ Ge [248]. Left panel: for light Majorana neutrino ; Right panel: for heavy
Majorana neutrino.

In all these studies 1. i< ~.ear that the main contribution to the Ovg35 NMEs is coming from
short distances, briow 2 — 3fm, and an accurate description of the physics involving distances
r ~ 1fm, or equiv lentl* exchanged momenta ¢ ~ 200 MeV, becomes important. Since such
exchanged mor ~~ta occur at the Fermi surface of the many-nucleon system it is natural that
the mentioned di t-.nces are the relevant ones, contributing most to the NMEs. In addition, since
on average the disu nce between the nearest neighbors is” 7 ~ 2fm it means that the nucleons
participating in the Ov53 decay are mostly nearest neighbors.

"The radius of the nucleus is R = 1.24/3 fm.
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5.8.5. Semiority truncation and the OvBS5 NMEs

In [600] the effects of the seniority truncation on the value of the Ov/35 .7 /1Es were analyzed
within the ISM framework. In this study the QRPA was considered to .~ a 1ow-seniority ap-
proximation of the ISM, i.e. corresponding to seniorities of at most 4. ‘ince the values of the
OvppB NMEs were found to decrease as functions of the included 1..~b r-seniority components
it was concluded that the QRPA could overestimate the values <. che v. 35 NMEs by several
tens of percent. Similar results were obtained in the study ISM s udy o1 [200] and in the energy
density functional (EDF) method study of [601]. Related to this ai.~ **c influence of the nuclear
deformation has been addressed in [601], as also in [591] for t1e J“.w. and in [592] for the IBM-2.

5.8.6. Deformation effects

Nuclear deformation has clear effects on the values of the DBL NMEs, ranging from some 10%
to several tens of percent for typical nuclei involved in 3 dec 3, the effect being strong for the
B~B~ decay of "°Nd. Deformation effects have been addre: -2d in the shell-model like theories
(with seniority degrees of freedom) in [591, 544] for the TSM and in [592] for the IBM-2. In the
Hartree-Fock(-Bogoliubov) type of calculations th _%~~ts of deformation have been addressed,
e.g., in [558, 597, 602, 603, 604, 605, 606]. Usually *ae QRPA-type of models use a spherical
formalism with a simple overlap factor with or v *ho.t taking into account the different BCS
occupation amplitudes of the mother and danehte. nuclei. These spherical QRPA models have
been extended to deformed QRPA approaches, ~ ¢. n [593, 607, 608, 609, 610, 611, 612, 613].

It has been found that deformation itself reduces the magnitudes of the DBD NMEs, and
in particular the difference in the deforriatio. of the DBD parent and daughter nuclei. In the
QRPA-type of models the deformation iffereace is reflected in the overlap factor of the two
sets of intermediate states, generated using separately the DBD initial and final nuclei (see, e.g.,
[607, 611]). The overlap problem ha. b en iiscussed extensively in [24, 614, 615, 616, 617].

In [618] a calculation of the 0 /35 N.'tis was performed by using a state-of-the-art Gogny-
type energy density functional. T'he ~ffects of deformation and difference in deformation were
discussed in a comprehensive w.y. In a recent publication [184] the effects of axial and triaxial de-
formation were discussed for e 3~ 3~ NMEs of ¥Ca, "*Ge and 82Se in a generator-coordinate
framework using realistic §'.ell-nmi 1el interactions.

5.3.7. Partial restoration o the .sospin symmetry

In the pnQRPA cz.culations of the Ov35 NMEs the g,, parameter is usually adjusted by
fitting the measured 'vf3(5-c acay half-lives, combiled recently in [259]. This procedure was
followed in, e.g. [F77, 5:5, 619, 620]. Recently, an improved method was proposed in [247]
where the NMEs ¢ rrespc nding to the exchange of light Majorana neutrinos were treated for the
conservation of the .. ~ern symmetry. There the particle-particle parts of the pnQRPA matrices
were divided in 9 1~ .. alar (7" = 0) and isovector (7" = 1) parts by the decomposition

Goplp s TV P05 J™) = gl ny JTT = 1|V |p'n!; I T = 1)
+92 0 pn; I T = 0|V |p/ns J5 T = 0) . (156)
T=1

One can now adjust the parameters g/ ~' and g/~ independently in the following way: The
isovector parameter ggpzl can be adjusted such that the Fermi NME, similar to the Gamow-Teller
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NME of (19), but with intermediate Fermi transitions instead of Gamow [e) er ones, vanishes
and thus the isospin symmetry is restored for the 2v33 decay. In this w. = practically all the
Fermi strength goes to the double IAS (isobaric analog state), as it shoul.. This procedure also
leads [247] to the approximate isospin symmetry gl =! &z gha" & gb@* - wh e grelt are the pairing
strengths adopted for protons and neutrons in the practical calculatics One can then keep this
adjusted value of ggpz Lin the further calculations for the Ov33 deca*. One « ~n independently vary
ggpzo to reproduce the measured 2v53-decay half-life and again 1 se this value in the calculation
of the Ov3 5 NMEs.

In the ISM the isospin symmetry is automatically inclu ed .. the formalism. As we saw
above, this is not the case with the pnQRPA formalism. Also vue IPM-2 formalism lacks isospin
symmetry and it has to be restored explicitly, as done in tu. recent work [621]. In [601] the
effects of the isospin symmetry were studied in the fra. ework of the ISM and it was found
that imposing isospin symmetry reduces drastically the maguitude of the Fermi NME but not
the Gamow-Teller NME of the Ovf35 decay, as was ~'»~ £ _..d in the pnQRPA calculations in
[247], and later in similar calculations by [248]. In [6u:! also an advanced, beyond-mean-field
Gogny-based energy-density-functional (EDF) app -oa . —as used and its results were compared
with the results of the ISM. It was found that due tc che lack of isospin restoration in the EDF
aproach its Ov3 Fermi NME was large as compcre! with the Gamow-Teller NME. Lately a lot
of effort has been put in developing isospin ~waricnt density-functional methods. In [622] an
isospin invariant Skyrme EDF approach was de.~loped and in [623] good isospin was achieved
within a no-core configuration-interaction ~nproach rooted in a multireference EDF theory.

5.3.8. Closure approximation

All theory frameworks, except t'e p1QKPA and some ISM calculations mentioned below,
have to use the closure approximatio. -vhe . evaluating the Ov58 NMEs. In the closure approx-
imation the sum over the interm liate v multipole states is removed by assuming an average
excitation energy of these states so tn..* the summation can be replaced by a unit operator. This
was deduced to be a rather g ol approximation [624]. This approximation has recently been
studied quantitatively both i.. tb . pnQRPA [549] and in the ISM [589] formalisms. In both stud-
ies it was found that the r onclos.~e Ovf38 NMEs are about 10% larger than the closure ones.
It was also found that t' e contr bution from the 17 intermediate states mostly explains this
difference. In [625] a methou s suggested, based on the analysis of the Ov33 NMEs of **Ca,
6Ge and ®2Se, to estir ate ti.» optimal value of the average closure energies at which the closure
approximation gives tL> mo ¢ accurate Ov3S NME. This work was extended to description of
the %2Se decay in [,26] end further to the decay of Ge in [627].

5.3.9. Chiral two-bou, _urrents

In [222] it wos shown that the chiral two-body currents, built in the chiral effective field
theory (YEFT), ir.'roduce a renormalization, ¢5T(¢?), that deviates from the one-body dipole
ga(q?®) of (10) the less the higher the momentum exchange ¢ is. The involved meson-exchange
currents were consistently predicted by [45] and later extended and derived in [46, 47, 48]. In
[222] it was estimated, by using the ISM many-body framework in the mass range A = 48 — 136,
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that the effect of the two-body currents on the value of the Ov38 NME is b -twt en -35% and 10%
depending on the (uncertain) values of the yEFT parameters, the smallest « -~ rections occurring
for A = 48. In [628] the effect of the two-body currents was studied in ‘he namework of the
pnQRPA in the mass range A = 48 — 136, and a quenching effect ,t 19 — 22% was obtained
for the Ov33 NMEs, the 10% effect pertaining to the case of ¥*Ca. ™ a recent work [629] the
quenching of the Ov33 NMEs was estimated by studying the contr*’. ition. stemming from chiral
two-body currents. The exact amount of quenching is, however yet t be determined due to
technical difficulties in the calculations.

5.3.10. Disentangling the decay mechanism

If the OvpBB decay will be detected then the question “Vhat are the underlying mecha-
nisms of Ov/3[ decay and how to identify them?” rises i.~media ely. There are several possible
mechanisms possibly contributing to the Ov83-decay ai. nlituie in the general case of CP non-
conservation: light Majorana-neutrino exchange, heavv ¥ + nded and right-handed Majorana-
neutrino exchanges, lepton-charge nonconserving coupi. ~es in supersymmetric theories with R-
parity breaking, squark-neutrino mechanisms, lep vy % exchange, etc. [630, 631, 632, 633].
In these cases measurements of two or more Ovfp .ecaying nuclei is necessary to (possibly)
disentangle the different noninterfering or interfe ..~ n.echanisms, the noninterfering case being
simpler (e.g. light Majorana neutrino and h~~vv r.~ht-handed neutrino). It turns out that the
measurements of the half-lives with rather hig precision and the knowledge of the relevant
NMEs with relatively small uncertainties is needed to enable determination of the mechanism(s)
of the OvB decay. In a later study [634" it wa. found that even to distinguish between the light
and heavy Majorana-neutrino exchange . Aiff cult due to the uncertainties in nuclear-structure
calculations concerning the two-nucle )n i iteraction, the mean field approximation and the poorly
known effective value ¢S of the axi.' - ect .r coupling. In [539] the phase-space factors for the
corresponding interference terms vere de.(ved for further analysis.

A more traditional way to tr;, to « ~tinguish between different Ov53-decay mechanisms is the
observation and calculation of vi  single-electron/positron spectra and the angular correlations
between the outgoing electro. </7 0sitrons. These spectra and correlations have been presented,
e.g., in [524, 535, 569] for the L. 374~ light Majorana-mass mode and in [524, 569] also for
the right-handed-currents me des For the right-handed-currents modes the single-electron and
correlation spectra depend o. he NMEs and in [524] simple shell-model NMEs and in [569]
QRPA-based NMEs v ere us. 4. In [524, 535] the spectra and correlations have been presented
also for the 2v5~ 4~ n.~de. m [538] the spectra and correlations have been presented for the
Majoron-emitting v~ [~ decay. The single-positron spectra and angular correlations between
the outgoing posit. ons h: ve been presented in [537] for both the 2v41 5T and OvS* 8T modes.

A thorough analysis of the angular correlations in the case of interference of the light
Majorana-neutr: ~o mass mode and the right-handed-currents mode was performed in [635] us-
ing NMEs based o. the QRPA and ISM model frameworks, as also on the VAMPIR approach
(see [624]). It was concluded that the only realistic way to obtain information on the interfer-
ence of the mass mode and the right-handed modes is to perform a simultaneous analysis of a
high-sensitive O3~ 3~ experiment and a high-sensitive O3 /EC experiment. In [630] a formu-
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lation of the angular correlation of electrons emitted in Ov(55 decay was p ese ited for a general
Lorentz-invariant effective Lagrangian containing leptonic and hadronic cu. * zed weak currents.
As an example an analysis of the left-right symmetric models was perto. med and it was con-
cluded that the sensitivity of the angular correlation to the mass of “ne richt-handed W boson
increases with decreasing value of the effective Majorana-neutrino me.-s -2, In [570] a survey of
the interference effects of the light Majorana-neutrino mass mode -..d the “ight-handed-currents
mode was performed for 82Se decay by using NMEs calculated i . the 1,'M framework. Conclu-
sions in line with [524] were reached concerning the distinguishar"itv petween the mass mode
and the right-handed A\ and 7 modes: the single-electron sject .1 is likely to be enough to
distinguish between the mass mode and the A mode, whereas v.ue ne 2ds the angular correlations
to distinguish between the mass mode and the n mode.

A clear conclusion of the above considerations is that 1..."ch mc re theoretical and experimental
work is needed in order to achieve the goal of disentangling the possible different mediating modes
of the OvBp3 decay. The Ovf5 decay has not even be~~ ' __ied yet and the NMEs necessarily
involved in the analyses are still too inaccurate to serve “he purpose.

5.4. Survey of the calculations of two-neutrino and .~ utrinoless B3 decays

A lot of calculations have been performed it r 'ifterent nuclear isobaric systems, for both
the 2vBp and OvBp3 decays. Below we com; !~ the available calculations for each DBD decay
separately. We also give a brief description o1 “he theory formalism behind the calculations
(Sec. 5.3). It may be mentioned here that the Ov[3/ calculations can be greatly accelerated by
the use of the Horie-Sasaki method [63%], as ¢ one in, e.g., [562, 563, 564, 637, 638]. A further
acceleration of the calculations can be act. ver. via recursive methods [638]. In [639] the proton-
neutron pairing amplitudes and nuc.ear deformation were treated as generator coordinates to
allow larger single-particle spaces tha. the (SM.

In Tables 16-18 we quote the vailable calculations of the NMEs for ground-state-to-ground-
state DBD transitions in a compreh. ~sive set of isobaric systems. In these calculations the
light-Majorana-neutrino exch .ng was considered for the Ovf35 mode of decay. The articles
considering also the heavy-Iv.~i rana-neutrino exchange in the OvgfS decay are marked with
an asterisk (*). In additim *o u.e two Ovf3p-decay modes considered in Tables 16-18, also
the NMEs for R-parity v.~la ing SUSY (supersymmetric) modes in the Ov33 decay have been
calculated, e.g., in [640, 541). “urthermore, Majoron emission [596, 642] and contributions of
sterile neutrinos have >een a scussed as well [596, 643].

In Tables 19-21 we ~or pile the available calculations of the NMEs for ground-state-to-
excited-state DBD trans ‘ions in a comprehensive set of isobaric systems and nuclear final states
JI, where m denote.” the purity and k denotes the kth excited state of this particular multipolarity.
The (nuclear) e -~itation energy of this state is denoted by Fey.. In these calculations the light-
Majorana-neutri. o exchange was considered for the Ov 55 decay mode. Hereafter references cited
in the tables are in -~hronological order.

The DBD NMEs of Tables 16-20 have been calculated in a number of different theory frame-
works. These theories include the following:

Shell-model-like theories:
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e The ISM, used in [180, 199, 200, 236, 570, 544, 545, 579, 591, 625, €6, 727, 671].
e Deformed shell model (DSM) based on Hartree-Fock states [691].

e Deformed pseudo-SU(3) model, advocated in [660, 661].

Mean-field models:

e PHFB (projected Hartree-Fock-Bogoliubov) model for defor ned v «clei [596, 597, 598, 599,
603, 604, 606, 642, 670, 677].

Models based on fermios-to-bosons mapping:

e The microscopic interacting boson model (IBM-2) 243, 59, 621, 683, 689] and the micro-
scopic interacting boson-fermion-fermion model (XRFrI" 2) [546].

Models based on energy-density functionals:

e A state-of-the-art Gogny-type energy densit, 1u. “*onal [550, 618, 685, 687] with beyond-
mean-field effects incorporated using the genera. ng coordinate method (GCM) with particle-
number and angular-momentum projection. .''so shape mixing is included.

e Beyond-mean-field covariant density fun.tional theory (BMF-CDFT), where correlations
beyond the mean field are introduced by conuguration mixing of both angular-momentum
and particle-number projected que rup. 'e deformed mean-field wave functions [693]. Also
shape fluctuations are taken into «coun’ [694].

e A relativistic energy-density f nct’one! with generator coordinates [575].
(Q)RPA type of models:

e Spherical QRPA and pn/)RPA (see Sec. 3.1.1 for more information) with realistic Bonn
one-boson-exchange-baed ¢ dfective G-matrix interactions, as used in [178; 181, 237, 238,
247, 248, 534, 577, 578, bo.t 620, 645, 646, 654, 659, 662, 663, 668, 669, 681, 684, 690].

e Spherical pnQRPA -t ef active G-matrix interactions and with particle-number projec-
tion [644, 645].

e Spherical renorm. lized pnQRPA (pn-RQRPA) with effective G-matrix interactions [649].
This extensic a of the pnQRPA was developed in [202, 203] and further discussed, e.g., in
[650, 653, 66.". 666] A similar method, the self-consistent QRPA (SCQRPA or SRQRPA),
was discussed, c.g., in [648, 656, 666], and a second quasirandom phase approximation in
[657, 658, %6/). A fully renormalized QRPA approach was advocated in [204, 205, 206].
Schematic bczonic models to be tested in the context of Fermi-type of schematic DBDs
were also considered [651, 652].

e A higher QRPA scheme in the proton-neutron channel, pnMAVA (proton-neutron micro-
scopic anharmonic vibrator approach) [674, 676].
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e Deformed QRPA based on deformed Wood-Saxon or deformed Skyrr e F artree-Fock mean
fields [558, 602, 695]. Deformed QRPA with a realistic Bonn-CD forc - 542, 611, 686].

e Proton-neutron QRPA in angular-momentum-projected basis .- dei.rmed nuclei (de-
formed pnQRPA, pn-dQRPA) with schematic particle-hole .nd pas.icle-particle forces
(608, 609, 610, 612, 613, 672].

e Continuum QRPA as discussed in [673].
e Axially deformed Skyrme QRPA with the SkM* energy -der .17 functional [688]

e An RPA-based hybrid model able to describe the interw« *iou between neutrons in a super-
fluid phase and protons in a normal phase, with spe-~ial apy ication to the 213°Te isotopes
[547].

The ISM, pnQRPA, QRPA, IBM-2 theory framewors.” have been briefly discussed in Sec. 3.1.1.
The pnQRPA and QRPA model frameworks have heen ex ensively discussed in the monograph
[56].

5.5. Owverview of the DBD experiments

Neutrinoless DBD NMEs M% are not k.~wu .xperimentally since the neutrinoless DBD
rates and the neutrino mass are not yet measurea. On the other hand, the two-neutrino DBD
rates are measured experimentally for DPw 1. ~lei of current interest, and thus their NMEs, M?¥,
are known experimentally, as given in t. ~ revie v articles [4, 16, 17, 18, 23], and are summarized
in [259]. Actually, the two-neutrinc DBL -ad the neutrinoless DBD do not have the same
transition operators and mechanisr s, ', ut ~heir NMEs reflect some common nuclear features.
Thus the observed two-neutrino NV Es . used to help evaluate the neutrinoless DBD NMEs.

5.5.1. Ezxperimental NMFEs for two-new.rino DBDs and FSQP

In this section, we discuss br.efly experimental two-neutrino DBD NMEs and the FSQP
(Fermi Surface Quasi Particle) = MEs based on experimental single-5 NMEs [16, 559, 560, 561].
Here the experimental and FS QP NMEs include the renormalization coefficient (g5 /ga) and all
other nuclear effects. Feauv.=s c. theoretical two-neutrino NMEs are discussed in Sec. 5.2 and
the calculated values e e surveyed in Sec. 5.4.

The two-neutrino YBD I MEs are shown in Table 22. The 2v3~ 5~ half-lives of nuclides
with a @ value of o* 'eas. Z MeV, except for 1°Pd and '?4Sn , are known experimentally. The
2vECEC, 2vB8TEC and 2 /8731 DBDs are not well studied because of the small involved phase
space. Here we disc.<s t'.e DBDs of ™Kr, °Cd and '*°Ba, as shown in Table 22. The NME for
A(Z,N) <> C(. = 7, N —2) is expressed as

M- M7*
M =3 (157)

i
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54
55
56
57
58
59
60
61
62
63
64
65

Table 16: References for available DBD calculations, performed since the previo. < mprehensive review [2], for
different ground-state-to-ground-state DBD transitions. The Ov-DBD result- _ofer v the light- and/or heavy-

Majorana-neutrino-mediated OvBf decays.
exchange are marked with an asterisk (*).

The references which conside: also t. 2 heavy-Majorana-neutrino

Transition

Decay mode

2v-DBD referen: es

0Ov-DBD references

48 48m;
20 Can — 29 T126

ggNigo — ggFegg
géZn34 — 8§N136
gan40 — ggGe?,g
538640 — E%Ge@
ggGe44 — 528642

ggKI‘zlg — ;818644
§28e46 — ggKI‘44
82 82

348648 — 36Kr46

§§Sr46 — géKI‘4g
ggKI‘E)O — ggSmg
?L%MOBO — Z%ZI‘52
ZéZI‘54 — Z%MO52
10Zrs6 — §5Mos4

?LZRU52 — ZSML 4
98 98
42M056 — 44R1154

BB~

B+EC, ECEC
B+EC, ECEC
BB~
B+EC, ECEC
B~B~

B+p+, BHEC, ECEC
BB~
BB~

BTT.C, mCEC
7B~

v EC. L EC
B
mBT

a+R+ BHEC, ECEC
BB~

[206],[231],[544],[6071, (6001

[238],[613],[0°1,[681]

206],[6°21,[6.3], [613],[653],

[238],[613],[653)]
124,6),[602], [608],]613],[653],

[613],[653],[681]

[603],[613],[653],[681]
[206],[602],[603], [609],[613],

616],[671]

(621

[
Sy

G071 1674]

621],[690]

[667]

653

621],[684]
603],[653]

[200],[231],[247],[566], [582],[591],
616],[618], [621]*,[628],[683]*,
(687],1694]
621]*,[689)]
621]*,[689],[691]

[681]
[691]
[178],[181],[200],[247], [248]*,[544],
[566],[576]*,[577),[582], [591],[592],
[593],[595],[617]*, [618],[620],[621]*,
625],[627]*,[628],[647], [655],[657],
668],[669],[679], [683]*,[687],[638],
[694]
621]*,[689],[690],[691]

[181],[200],[247], [248]*,[544],[566],
[576]*,[577],[591], [592],[595],[617]*,
[618],[620],[621]*, [626]*,[628],[647),
655],[657],[668], [669],[683]",[687],

596],
[247],[248]*,[576]*,
[599],[618],[620], [621]*,[628],[647],

[654],[657],[683]*,[687], [694]
597],[598],[621]*,[663]
[596],[599]
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Table 17: Continuation of Table 16: References for available DBD calculation., v :rformed since the previous
comprehensive review [2], for different ground-state-to-ground-state DBD tra- "tions. The Ov-DBD results refer
to the light- and/or heavy-Majorana-neutrino-mediated Ov33 decays. The refere. ses which consider also the
heavy-Majorana-neutrino exchange are marked with an asterisk (*).

Transition Decay mode 2v-DBD referen es Ov-DBD references
109Moss — 09Ruse BB~ 237],[238],[602], [€13],1600",  [247],[248]*,[566], [576]*,[578],[592],
(613],1653),/662], 0.7 [595,[596],[599],[618], [620],[621]",

[628],[657],[662],[668], [669],[683]",
1687],[694]
102Pd56 — 42R1158 BJFEC, ECEC [ﬁ-}lj [597],[598]
194Rugo — 94Pdss 55~ [206],[2371.1238}, 503],[609], [596],[599],[681]
615 ot o), 681]
Cd58 — PdGO ﬂ 5 ) ﬂ EC» ECEC ) (L, ) ) ) ) ) ) )
108 196 Tt BT 237],[°1],|L19],[664], [670 597],|598],(621|*,/663|, |664|,/680

[689]
19%Cdgo — '05Pdgo ECEC 1237]
U0Pdgy — 119Cdgs BB~ [206],[2077,[238], [603],[609],  [247],[248]*,[544], [595],[596],[599],
[613],[666],[681] [621]*,[628],[681]
11286, — 112Cd64 BTEC, ECEC [237]
114Cdgs — 33 Sney BB~ [237],[238]
00 dgs — gsn66 BB~ 1237],[238],[602], [609],[667], [247],[248]*,[544], [576]*,[578],[595],
[695] [618],[620],[621]*, [628],[647],[654],
[657],[668],[669], [683]*,[687],[694]
129Tegs — 123Sn7g BTEC, ECEC [237]
1228179 — 122Teqq B~ [237],[238]
124007, — 124Ter, Bp- [236],[237],[681] [200],[236]*,[247], [248]*,[544],[591],
[595],[618],[621]*, [628],[647],[681],
[683]*,[687],[694]
120Xe70 — 12iTe;, A+, BTk, ECEC [237],[534],[604],[621] [534],[597], [598],[621]*[647],[663],
[689]
126Xery — 128 Teqy " _EC [237],[604]
128 Ters — 128Xeq, BB~ [206],[237],[238], [546],[602], [181],[200],[247], [248]*,[544],[566],

[604],[609],[613],[666], [667]  [576]*,[578],[591], [592],[595],[596],
599],[618],[620], [621]*,[657],[683]",
687
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Table 18: Continuation of Table 17: References for available DBD calculations, pe f>rmed since the previous
comprehensive review [2], for different ground-state-to-ground-state DBD trans. ‘on . The Ov-DBD results refer
to the light- and/or heavy-Majorana-neutrino-mediated Ovf33 decays. The r~feren. ~s which consider also the
heavy-Majorana-neutrino exchange are marked with an asterisk (*).

Transition Decay mode 2v-DBD references O0v-DBD references
130Ters — 139Xers BB~ [206],[237],[546], [€)2] ou-],  [181],]200],[247], [248]*,[544],[545],
[609],[613],'660)| [566],[576]*,[578], [591],[592],[595],

596],[599],[617]*, [618],[620],[621]*,
[628],[647],[657], [683]*,[687],[688],

[694]
130Bar, — 139Xess BB+, BTEC, ECEC 237 "Gua),v21] [597],[598],[621]*,[663], [689],
132Baze — '32Xers ECEC [237J “04]
134Xego — 134Bars BB~ [237],'60" |,;913],[666] 247],[621]*
136 Xegy — 136Bag, BB~ [199]T°37‘J,502], [609],[613],  [181],[200],[247], [248]*,[544],[545],
'666] [576]*,[578],[591], [595],[617]*,[618],
(620],[621]*,[628], [647],[657],[683]*,
[687],[688],[694]
136Cers — 13Bag,  BFB+, BYEC, ECEC 237],[621] [621]*,[647],[663],[689]
142005y — 142Ndg, BB~ (613],[666]
145Ndgs — 1a5Smgy BB~ [666]
L8N dgg — 148Smgg BB~ [206],[608],[613],[666] [621]*,[683]*
150N dgy — 129Smss BB~ 206],[602],[604], [608],[612],  [575],[576]*,[592],[593], [596],[599],
[666],[695] [615],[617]*,[618], [621]*,[683]*,[687],
[688],[693],[694]
152Gdgs — 122Smgo R-.CE [685],[686],[692]*
154sm9ﬁ 24Gdgo b [206],[608],[613],[660] [592],[621]*,[660],[683]*
156Dyo, — 128Gdos R EC, ECLC (621],[677] [597],[598],[621]*,[692]*
160Gd96—> 9Dy, Yalch [206],[608],[613],[660],[661] [593],[621]*,[660],[661], [683]*
104 rg6 — 194 Dyqq R-k U EC (685],[686],[692]*
19192 — 79Ybigo LB [660] [660]
176Yb106% ng104 BB~ [613],[660] [660]
180W 106 — 89Hf o R-ECEC [685],(686],[692]*
28Ptigg — 8ng118 BB~ [621]*,[683]"
232Th142 =22 BB~ [608],[660] [621]*,[660]
38U — 205Puy. BB~ [608] [621]*
2331311150 — 234Cmyyg BB~ [660] [660]
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Table 19: References for available DBD calculations, performed since the previous . ~mprehensive review [2], for
different ground-state-to-excited-state DBD transitions. JJ denotes the kt'. excit=d state of multipolarity J™
and Fey. is the excitation energy (in MeV) of the JJ state in the daughter . ucleus.

Transition Jr Fore Decay mode 2v-I"LD rewcrences 0v-DBD references
%gcagg — %gTi26 2—{ 0.9835 B8P~ [CLO],I— )72]
0 2.997 BB~ [200],[621]*
8Geqs — I8Sesn 27 0.5591 BB~ L15),[649],[672] [571]
07 1.122 BB~ [182],[200], [594]*,[595],
[621]*,[641]*,[655], [679]
BKryy — B8Sess 27 0.614 4T, BEC, E. o [690]
25 1.309 BTEC, ECEC [690]
0 1.499 BTEC, ECL U [621],[690] [621]*,[689],[690]
82Sess — 52Krag 25 0.7765 B2~ [610],[649]
07 1.488 BB [182],[200], [594]*,[595],
[621]*,[641]*,[655]
80Kr50 — 59Sr4s 27 1.077 Bb " [681]
ZgZI‘EA — 23M052 Qii_ 0.8711 qiﬁi [606],[681]
987156 — SMosy 25 0.7782 B=U~ [606],[610],[649],[672]
0/ 1.148 £ B [594]*, [595],[621]*,[654]
05 1.330 BB~ [594]*,[654]
%Rusy — 9PSMoss 27 0.770 ATEC, ECEC [684]
0 1.7 40 BTEC, ECEC [621],[684] [621]*,[663],[684],[689]
05 1.°30 BTEC, ECEC [684] [663],[684]
25 1.49s BTEC, ECEC [684]
24 1,26 BTEC, ECEC [684]
0ty 271, R-ECEC [684]
19Moss = Ruze 2, 0.3396 BB~ [237],[606],[610],[649], [571]
(662],[672]
07 1.130 BB~ [237],(662],[676] [594]*,[595],[621]*, [641]*,
[662]
2y 1.362 BB~ 237],[662]
Uy 1.741 BB~ [662] [594]*,[662]
127



O©CoO~NOUIAWNER

Table 20: Continuation of Table 20: References for available DBD calculation. v rformed since the previous
comprehensive review [2], for different ground-state-to-excited-state DBD tran-~i*ions. 7 denotes the kth excited
state of multipolarity J™ and FEex. is the excitation energy (in MeV) of the /] stat. in the daughter nucleus.

Transition Ji Bexc Decay mode 2v-DBD reforer ces O0v-DBD references
192pd.e — W2Russ 27 0.4751 ECEC
07 0.9436 ECEC
19Rugo — 'WPdss 27 0.5558 BB~ [237],[60v] [610],[672],
06Cdss — 99Pdge 27 0.5119 g+, BTEC, ECEC
25 1.128 BTEC, ECEC
07 1.134 B+EC, ECEC 1237],[621],[659] [621]*,[663],[680],[689]
0t 2.766 R-ECEC 680]
U9Pdg, — U0Cdg 27 0.6577 BB~ '237],[606],[610],[672],
0f 1.473 BB 237],[681] [594]*[595],[681]
25 1.476 BB~ [237],[681]
29ne, — 112Cdg, 27 0.6174 BYES, LTEC
0F  1.224 RCEC
25 1.312 BECL™
0t 1.871 F-EC™C [675]
U8Cdes — WoSnge 27 1.294 33~ [237],[610],[649],[672]
07 1757 BB~ [594]*,[595], [621]*,[654]
05  2.027 BB~ [594]*,[654]
25 211 BB~
120Tegs — 129Sn79 27 117z ECEC
12080, — 2Ter, 27 06027 BB~ 236],[237],[681]
25 126 BB~ 237],[681]
07 1654 BB~ [236],[237],[681] 200],[236]*, [594]*,[595],
621]*,[663],[681]
24Xer0 — 128Ter, 2T 00027 BB, BTEC, ECEC [237],[534]
05  1.156 BTEC, ECEC [621]*,[663],[689]
of  1.325 BTEC, ECEC
ot 1,657 BTEC, ECEC [534]
0F  2.855 R-ECEC [534],[692]*
128
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44
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Table 21: Continuation of Table 21: References for available DBD calculations pe farmed since the previous
comprehensive review [2], for different ground-state-to-excited-state DBD transi’ ~ns JJ aenotes the kth excited
state of multipolarity J™ and Fey. is the excitation energy (in MeV) of the JT statc ‘n the daughter nucleus.

Transition Ji  FEexe Decay mode 2v-DBD refere ices 0v-DBD references
126X 675 — 12Te74 2 0.6663 ECEC [237]
128Ters — 128Xer, 27 0.4429 BB~ [237],[606],[€ 10! 67 ]
130T — 1 2Xe76 27 0.5361 BB~ [237],[6041,]672]
25 1.122 BB~ [237]
0F  1.794 BB~ 1227] 200],[594]*,[595], [621]*,
[663]
B0Bas, — 139Xers 27 0.5361 BTEC, ECEC 251,|010]
25 1122  BTEC, ECEC 237]
07  1.794 ECEC 251],[621] [621]*,[689]
B2Bazs — B2Xers 27 0.6677 ECEC [237]
134Xego—>134Ba7g 2F  0.6047 BB~ 12°7],[610],[672]
36Xegy — 9Bagy 27 0.8185 BB~ 237],[610],[672]
25 1.551 B8=6~ [237]
07 1579 B=r [237] [182],[200], [594]*,[595],
[621]*,[641]*,[663]
136Cers — 130Bagy 27 0.8185 pH1C, BUC [237]
25 1.551 EC2C [237]
0F 1179 IRLls [237],[621] [621]*,[689]
0t 2315  R-ECEC (682]
USNdgs — @Smss 27 0.5502 b B [610]
0f 1477 BB~ [621]*
150Ndgy — 1908mgs 27 0.330. BB~ (606],[610]
0f (.74(4 B+EC, ECEC 575],[621]*,[693]
54Smgy — 134CGdgy 21 u.' .31 BB~ [610]
07 0.680. BB~ [621]*
156Dy — 139Gdg;, 0, 1.09 ECEC [621] (621]*,[692]*
190Gdes — 'WDy,, F  2.0868 BB~ [610]
07  1.275 BB~ [621]*
22Thyys — 22U 27 0.0476 BB~ [610]
2t 0.6913 BB~ [621]*
28U146 — 25Purs. 27 0.0441 BB~ [610]
07 0.9415 BB~ [621]*
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where M, and Mt are GT NMEs for the 3~ A(Z, N) +» B(Z+1, N—1) and 3" C(Z+2, N-2)
B(Z 4+ 1, N — 1) transitions via the ith 17 state in the intermediate nucic *. B(Z + 1, N — 1),
and A; is the associated energy denominator [16, 18].

The M? reflects directly the single-3 NMEs M, and M;". As 1s well known [1, 4], the
single-5 NME is much smaller than the simple quasiparticle (QP) NM." d 1e to nucleonic and non-
nucleonic correlations and nuclear-medium effects. Accordingly, *..: two meutrino DBD NMEs
are also much smaller than the QP NMEs. The FSQP model is bas d on the experimental
single-8 NMEs [16, 18, 559, 560]. In the model the 2v35 NME 1~ = pressed as a sum of the
NMEs via the intermediate FSQP states. The QP configur: cior . avolved in the transition of
A(0T) <» B(17) «<» C(07) are (J;J:)o <> (Jijk)1 <> (Jrjr)o, where J and jy are the spins of the
1th neutron and kth proton.

The FSQP GT NMEs M;* are simply expressed as [ 559, 360,

ME = FEME(QP),  ME(OP) = M(Jjs). (158)

where M= (QP) is the quasiparticle (QP) NME, " * i« the effective axial coupling constant in
units of the unquenched axial coupling gy = 1.27¢ - .or the free nucleon [1, 4] and P is the
pairing correlation coefficient for the 8F transitic «, ~na M (J;j;) is the single particle (SP) J; < j;
GT NME. Since the same SP NME of M (J;i:) is mvolved in both the M, and M;” NME, the
product is positive and the sum in Eq. (157) .. constructive. Here the k* coefficient takes into
account the spin-isospin correlations and nuclear-inedium effects as discussed in [1, 4, 18], and
also recently on the context of the single ¢ ™ and SD NMEs in [105, 106].

The GT NMEs for the FSQP states 1.. *he lc y-excitation region are based on the experimental
GT responses (B(GT)) from CERs ~.nd’or wae single 8% decays. The FSQP NMEs are given
in the 4th column of Table 22. The “heoret.cal NMEs are discussed in Sec. . The experimental
and FSQP NMEs for two-neutrin’, DBL. are discussed in the recent work [561].

The FSQP M? NMEs have .he “llowing features:

(i) The single 3* NMEs, ‘ach ding the effective weak coupling k* for the low-lying FSQP
states, are given experimec. rally by CERs and 3/EC rates. Contributions to the M?” from
the GTR are evaluated *0 be much smaller than those from the low-lying QP states [107].

(ii) The FSQP NME ”* 15 - naller than the SP NME by the pairing coefficient P* = 0.45 —
0.25 and the efl :ctive :oupling coefficient acquires values in the range k* = 0.3 — 0.2
[4, 16, 18]. Thus . "™MF M?” becomes smaller by the coefficient k= P~k* P = 0.005 — 0.01
with respect co the single-particle (SP) value.

(iii) The NME M* (_pends on the shell structure as the pairing coefficient P* does [561]. The
product +, & of the pairing factors is stable in the middle of the shell, but gets small
near the she.' closure because the vacancy amplitude U and the occupation amplitude V'
get small just before and after the shell closure, respectively.

In fact, it has long been believed that the actual M? is much smaller than the QP M?”
because the amplitudes involved in M?” cancel at the appropriate value of the particle-particle
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Table 22: Two-neutrino NMEs for the 0T — 0T transitions to the 07 ground state an< the .irst excited 0" state
(*) [561]. M?¥(exp) denotes the experimental NME taken from a: Ref. [696], b: Ref. |« 7] and others: [259].
Furthermore, a’: Ref. [698], b": Ref. [699], ¢’: Ref. [700]. M?"(FSQP) denotes the FSQi NMk with ¢: Ref. [560],
d: the present value in Ref. [561], and others in Ref. [559]. All NMEs are in unitc ot ' /m,.

Transition M?* (exp) M*(FSQF,
6Ge — ™Se 0.063% 0.052 -
82G¢ — 82Ky 0.050 0.064"
%7y — Mo 0.049 0 uab
1000\ o — 100Ry 0.126 WAL
100 — 100Ry*  0.102 2090
110pq — 110Cq - 0.14 74
16 — 1168y 0.070 0,5
128 —y 128X ¢ 0.025 0.019
130Te — 130Xe 0.018 0.017
136X e — 136By 0.0100 0.012¢
Kr — 8Se < 034 0.065%
106Cd — 106pq < 0.4y 0.11¢
1308y — 130Xe e 2 0.0674

strength g, of the pnQRPA (see Sec. 2.1.1), v hile the NME M?% is not small because it is not
sensitive to gpp, and because it includrs se. ~re. multipole NMEs and thus is nearly the same for
all nuclei.

The FSQP NMEs show that the > MF, M? is much smaller than the QP NME Mé’; by
the reduction coefficient (k%)% = Y05 — 0.1 because the observed single-3* GT (1) NME M=*
is smaller than the single-QP NME .. %P(GT) by the coefficient k* = kT = 0.2 — 0.3. The
single-5% SD(27) NME M=, -/huh is one of the major components of M, is smaller than the
single-quasiparticle NME Mg, ‘D) by a coefficient £* = 0.2 — 0.3 [106], as in the case of the
GT NME [105]. According.y, the a<ial-vector component of M may be much smaller than the
QP NME Mg by the cocSeent, k°T)* = 0.05 —0.1. Actually, the values of g§"/gi® = 0.5 —0.7
are used in recent theor _.ical c. «culations such as in the ISM [230, 234], pnQRPA [245, 246] and
IBM2 [243]. The theo etical VMEs are discussed in the previous subsections.

The OvB~ - NMEs “~r ‘,1e ground-state transitions have been calculated on various nuclei.
The averaged valve of t. e QRPA NMEs [23, 628] for each DBD isotope of current interest is
plotted against the mass number A in the top of Fig. 67. The experimental and FSQP values
of M?" for the _~~nnd-state transitions are shown also for comparison in Fig. 67. Both the
M and M?” va'v:s show similar dependence on the mass number, and are small at the shell
closure of A = 157 (N=82). The shell closure at N = 82 blocks the p — n transition in
both the Ov35 and 2v38 NMEs, resulting in a similar shell dependence for both the M and
M?” NMEs. Interesting is to extend the M? FSQP to the OvS3 NME M%. Higher-multipole
single-3 NMEs M;* corresponding to transitions between low- and medium-energy QP states
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Figure 67: Top: Average values (diamonds) for the QRPA NMEs . "% [73 628]. Bottom: The FSQP NMEs
M?"(FSQP) (squares) and the experimental NMEs M2 (EXP) (t1. ngles) in units of 1/m, [561].

are involved in M%. Thus, experimental NMEs f~r then. are useful for evaluation of the M%
NME:s.

5.5.2. Neutrinoless double-beta-decay experiments

In this section we briefly present the cu. =u. o~ atus of the neutrinoless double-beta-decay
experiments. The measured quantity is the half-1.”e (or a limit on it) which can be linked with
the effective Majorana-neutrino mass, ", = case of the light v-mass process, as discussed in
Sec. 1.4 and Sec. 5.1, and also in Refs. 4, 16, : 3, 521, 522].

To observe this process, single 5 d .cay n.~ to be forbidden by energy conservation or at least
strongly suppressed due to a large ¢ an e o the involved nuclear spins. For this reason only 35
potential double 5~ emitters exist Tn. <¢.ne number of source nuclides exists for the analogue
process on the right side of the is ). ~ric parabola in the form of double electron capture (ECEC)
or decay modes with positron emission (see Sec. 5.1). Below a @ value of 2m.c? only the ECEC
process is possible, between “me.c’' — 4m.c? the ECEC and 87 /EC can occur and above 4m,c?
the 15T decay channel opens [ ee an example in Fig. 62).

The phase space for 07 33 decay scales strongly with the @ value (in case of 0v33 with Q°
and in case of 2v(33 with 7 !). Thus experimental searches are typically using only nuclides
with a @) value above 2 wieV waich reduces the list of suitable candidates to 11. They are listed
in Table 23. From the =xperii 1ental point of view an estimate of the half-life sensitivity depends
on the fact whethe» the ...periment is background-free or background-limited. In both cases
the isotopic abunc ance ad detection efficiency enter linearly. In the background-free case also
the measurement t..~e <'.ows this linear behavior, while in a background-limited experiment it
enters as a squa ¢ .. © The square root dependence is also valid for background level and energy
resolution. The 1 utrinoless decay signal is the emission of two electrons with a total energy
being identical to ti.e decay @) value.

Various technologies are used and explored, the most common one is the “source = detector”
approach. Given the fact that it is known by now that a potential half-life is beyond about 102
years, this implies that a large amount of material, ideally isotopically enriched in the nuclide
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of interest, is needed and the disturbing background has to be reduced to owt st possible levels.

One experimental approach for the search is using semiconductors. Th.. s realized for °Ge
in germanium diodes produced with isotopically enriched material (GERL." [70.], MAJORANA
Demonstrator [702] and in the future LEGEND [703]) and CdZnTe fo ** '('d as used in COBRA
[704].

Another detector technique is the usage of cryobolometers. T.: larg st experiment of this
type is CUORE [705], focusing on !3Te using TeO, crystals. S veral « ther cryobolometer ap-
proaches are studied worldwide, for example there is LUCIFER, “T7ID-0 using ZnSe (¥2Se)
[706], and AMoRE with CaMoO, (**Mo) [707], where still a ot 7. Aditional R&D is done. For
recent reviews on this topic see [18, 23, 708].

A further technology is based on scintillators, liquid an. solid ones. KamLAND-Zen is
loading a balloon filled with enriched xenon (***Xe) [706; The c ecay of *Xe is investigated in
further experimental approaches: EXO-200 [710] and nk2"0) (enon-TPC with potential barium
tagging [711]), general liquid Xenon detectors. The SN __periment is using Te-loaded liquid
scintillators for the search (*3%Te) [712] and solid scintiw. *ors are used in CANDLES with CaF,
(*8Ca) [713] and by AURORA using CAWO, (16C 1, ;72 1].

Tracking devices have also been used in the varic s stages of the NEMO experiment (up to
NEMO-3) and is planed for an upgrade to SUPERITELO [715]. MOON, which is an extension
of ELEGANT V, aims at a ton-scale DBD :merinent with °°Mo by using super-modules of
multi-layer scintillators and tracking chambers ['59, 716]. NEXT plans to use a high pressure
Xe-gas TPC to study '**Xe [717] and Panr1aX-IIT also for '*®Xe DBD [718].

A compilation of current half-life lirr.ts for “he ground state and the 2] transition is given in
Table 23. The @ values are ¥Ca [719]1 =T~ [720], 32Se [721], %Zr [60], 1Mo [722], 11°Pd [723],
H6Cd [724], 12480 [725], 130Te [724, 7°.5, 726], *¥Xe [727], 5ONd [728]. All relevant isotopes have
a Q-value uncertainty of less than 1 k¥ . Tae half-life limits are taken from [701] for "®Ge, from
[729] for ®2Se, from [715] for 1PV ~15Na, from [714] for '9Cd, from [705] for '*°Te, from [709]
for 13Xe, and for others from ieview - [18, 23, 730, 731] and those in Sec. 1 and Sec. 5 and
references therein.

Things look different on v..~ -, roton-rich side of the mass parabola. Here 35 potential ECEC
candidates exist as well. Joweve., abundances are in general lower and thus half-life limits
obtained are lower as w.'l. Th-re are 6 candidates for double positron emission, but these
decays suffer from phe-- spac- reduction. None of these decays have been measured in the
laboratory.

The signal for groui. '-st- e transitions in 2vECEC result in the corresponding de-excitation
X-rays to fill the "«-shel’ or the emission of conversion electrons. This requires measurements
below 100 keV unlcss hee sier elements are involved. The corresponding OvECEC would violate
momentum cor~~rvation. Hence typically an L-shell capture is required to guarantee angular-
momentum cons. *vation. As signal, three processes have been considered [526]: pair production
or internal bremss. -ahlung in the nuclear field, the latter leading to a mono-energetic gamma
ray, and internal conversion. This has been mentioned in [526] but is not worked out in detail.
Potential detection signatures might improve for the modes containing one or two positrons but
the associated phase spaces are reduced. Phase spaces for the individual processes are oc Q° for
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Table 23: Table of double § emitters with a @ value of at least 2MeV, and the ¢ cren’ lower limits on the
half-life T 10/”2 for the transitions to the ground state and first excited 2% state. If more ti.. © one measurement is

published, the best limit has been chosen. Shown are the isotope, its natural abundance ‘N.a.), the @ value, and

the half-life limits.

Nuclide N.a. (%) @ value (keV)  Ti/5(05;) (yrs) T 2(2)) (yrs)
BCa 0.187 4262.96 + 0.84 5.8 x 10 1.0 x 102!
6Ge 7.44 2039 =+ 0.050 8.0 x 10*° 3.2 x 10%
82Ge 8.73 2997 + 0.3 2.4 x 1™ 1.0 x 1022
W7y 2.80 3356 + 0.086 1.9 x 107 9.1 x 10%°
1000\ [o 9.63 3034.40 + 0.17 1.1 - 10* 1.6 x 10%
Hopq 11.72 2017.85 + 0.64 6.0 x 1u'7 2.9 x 1020
H6cq 7.49 2813.50 + 0.13 ly - 103 6.2 x 102
124G 5.79 2292.64 + 0.39 2.4 % 1017 9.1 x 10%°
130e 33.8 2527.518 4+ 0.013 1.h x 10% 1.4 x 102
136X e 8.9 2457.83 + 0.37 1..7 x 10% 2.6 x 10%
150Nq 5.64 3371.38 + 0.20 2.0 x 102 2.4 x 102

2UECEC, o Q¥ for 2037 /EC and oc Q! for ~. 2T/ F. For Ov3T 3" the phase space scales with
Q° and @Q? for the mixed mode, while for OvECL"! this question has not been worked out.

It has been suggested, e.g., in [530] the* ~ transition from the ground state to an excited state
of the daughter, which is degenerate wit'« the i1 ‘tial state, could lead to a resonant enhancement,
but the resonance should be narrow abc -t .00 — 200eV. This is the resonant neutrinoless
ECEC decay, R-ECEC, discussed i. Src. 5.1.1. Penning-trap measurements on all potential
candidates have found a decay, n~mec - t}e decay of %2Gd which shows a large enhancement
[732]. However, this nuclide decs = by a-emission with a half-life of 10'* years, which is about
13 orders of magnitude shorter than 1..» R-ECEC half-life of 1%2Gd for a mass 1 eV neutrino.

Double positron decay is only possible for 6 isotopes. From those two isotopes °Cd can
be studied by AURORA ana ~'OBRA and ?'Xe, as was suggested in [733], using large-scale
low-background Xe detectc rs eiming to search for dark matter. This approach has a good chance
for the first detection of t. » “vECEC decay. Selected half-life limits on some radiative OvECEC
decays (ROVECEC in € ... 5.1.7 ) are ®Ar: 3.6 x 10%! yrs [734], ®®Ni: 2.1 x 102! yrs [735], '°°Cd:
4.2 x 10®yrs [736]. Those >n some 2vECEC decays are **Xe: 2.1 x 102 yrs [737], **Xe:
6.5 x 109 yrs [738].

The current lir .its o1, the Ov33 half-lives for ®Ge [701, 702], '3°Te [705] and '3¢Xe [709, 710]
give effective v-ma. s lim'¢s of an order of 100 meV, depending largely on the NMEs including
the effective gp "he etfective v masses are around 15 — 45meV and 2 — 5meV in cases of the
inverted-hierarch - and normal-hierarchy mass spectra. Future high-sensitivity experiments to
search for the effec.'ve v masses are discussed in Sec. 6.4.
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6. Concluding remarks and discussions

6.1. Summary of neutrino-nuclear responses

The width of the topic of this review article is quite exceptional, s  estitied by the number
of pages and references collected under the umbrella of the topic of ~ev rino-nuclear responses.
Neutrino-nuclear responses, which are crucial for neutrino and weal nte.. ~tion studies in nuclei,
as described in Sec. 1, touch many areas of particle astro and nu lear p. ysics. In this review we
scan through the latest results in the fields from the experimental . nd t'.eoretical points of view.
Experimental approaches such as single 5 decays and electron cap* -es, charge-exchange nuclear
reactions (CER), muon photon and neutrino reactions, and ¢'.ers .re briefly discussed in Sec.
2. High energy-resolution CERs provide axial-vector multip ~le responses in wide energy and
momentum regions. Then we review single § decays (thc auencl ing problem of the axial-vector
coupling constant g and its relation with the 5 spectru.~ she, s, etc. in Sec. 3), (anti)neutrino
scattering on nuclei at low energies £ < 70 — 80 MeV (snlar  nd supernova neutrinos in Sec. 4)
and the nuclear 3 decays (electron and positron emiv.'mg modes in Sec. 5). We also highlight
the elastic coherent neutrino scattering in the cont -... ~f the xenon-based dark-matter detectors
(the neutrino-floor problem, Sec. 4.6).

The quenching of ga has attracted attention w.*ely due to its strong influence on the rates
of the 58 decays. In particular, this strong <sens.‘ivity of the half-life of the neutrinoless £
decay to the value of g deserves keen attention. The effective value of ga, g5T, has been studied
much for low-momentum-exchange processes like 5 decays and two-neutrino 55 decays. In the
context of B decays the value of g§T has been -tudied in two major ways: (i) by comparing the
computed [-decay half-lives with the exp. -ime .tal ones or lately (ii) by comparing the computed
[ spectrum shapes with the measure 1 o.es. 1n § decays the value of gy seems to be quenched,
i.e. ¢S < 1.27, where ga = 1.27 cori.rond, to the unquenched value obtained from the neutron
B decay. An exception is the case of firsy torbidden J* <+ J~ transitions where gx seems to be
enhanced (see Sec. 3.6.4). The low-e..~rgy quenching phenomenon can be associated with several
sources: (i) non-nucleonic dec.c 3 of freedom (like A resonances), (ii) nuclear-medium effects
(like meson-exchange/two-bc v _urrents), (iii) giant resonances that gather strength from the
low-energy region and (iv) deficic *<ies in the many-body quantum mechanics used to describe
atomic nuclei. These asy ~ctc of .he effective value of ga have been addressed in Sec. 3, and
experimental reductions /que. <).angs) in the medium momentum and energy regions are studied
in Sec. 2.3.

In addition to the ~a problem, there are interesting new phenomena associated to the
decays. One of the a 1s the reactor antineutrino anomaly which has been discussed in Sec. 3.6.2.
In this anomaly t. e anti ieutrino flux from nuclear reactor, measured by large-scale neutrino-
oscillation experimen., is lower at short flight-length than what one expects by considering
three-neutrino o. ~il ations for the § decays of the fission fragments produced in the reactor. This
deficit has been as. nciated with oscillations into sterile neutrinos although the determination of
the actual antineutrino flux based on the fission yields is not on a solid ground. Inspection of the
B spectrum shapes of a handful of key nuclei in the process could help in checking the possible
errors in the flux estimates. Another interesting subject are the ultra-low-Q-value § decays
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discussed in Sec. 3.4.1. Such tiny-Q-value decays could be used for direct det :rmination of the
neutrino mass since the [ endpoint is not so overwhelmed by the tail of ti.~ :lectron spectrum,
although the signal rate in coincidence with the emitted v rays would .~ much smaller than
the huge background of 5 and brems-v rays to the ground state. Or cthy ather hand, such tiny
Q-value [ decay can also give information of the atomic effects in. *fering the nuclear decays
in the form of electron screening, overlap of atomic clouds, exch~..ze-in. raction contributions
and final-state interactions. These contributions have been dis ussed n Sec. 3.4.2. Also the
influence of the isovector spin-multipole giant resonances on the lo.- e» _rgy decays of nuclei and
on Ovpf decay is of great interest to study the reduction of * ne «... l-vector strengths (see Sec.
3.7).

(Anti)neutrino-nucleus neutral- and charged-current scatte. g plays a key role in detection of
solar, supernova and other neutrinos from astrophysical . cosr 1ological sources. In particular,
the flavor conversion effects in the dense nuclear mediui. of au exploding supernova are highly
interesting, as discussed in Sec. 4.4.3. The future hr~~ ™:__.-bound neutrino telescopes could
say something about the neutrino mass hierarchy basc. on the conversion effects®. Neutrinos
also contribute to the background of future DBD <x;, “ments. Of present interest is also the
so-called gallium anomaly where the response of - “«a to the 3"Ar and ®'Cr electron-capture
neutrinos has caused some confusion since the 1.e«ued neutrino-scattering cross sections are
smaller than the calculated ones, calling for **~ asc:lations to sterile neutrino(s) as explanation
of the difference (see Sec. 4.4.4 for the anomaly a. 1 Sec. 2.3.2 for the CER result on the neutrino
responses for "'Ga). Of recent interest is also the astro-neutrino nucleosynthesis discussed in
Sec. 4.7.

The various modes of double 3 decay. has ¢ been discussed in Sec. 5.1. Of particular inter-
est has been the neutrinoless double ele tron capture with is possible resonance enhancement.
However, the mass measurements inu.- ite “nat the resonance condition is hard to meet and not
good candidates have been found rhus fai. The basic features of the double 5 decays have been
discussed in sections 5.2 and 5.3. 'L..~se features include, e.g., induced-current contributions,
nucleon form factors, short-r.ng correlations, deformation effects, restoration of the isospin
symmetry, validity of the clos ‘v¢ approximation and chiral two-body currents.

A specific feature of thr presen. review are the surveys of calculations for the nuclear muon-
capture rates (Sec. 2.4.2 T.pble 1), neutrino-nucleus cross sections (Sec. 4.4., Table 11) and
nuclear matrix element~ for . : neutrinoless double g decay (Sec. 5.4, Tables 16-21). Brief
overwiews are given o | the 1 esent status of DBD experiments (see Sec. 5.5).

6.2. Perspectives ¢ n experimental studies of neutrino-nuclear responses

Experimental s ndies >f neutrino-nuclear responses shed light on weak-interaction aspects of
nuclear structu ~ and provide useful information on weak NMEs associated with astro-neutrinos
and DBDs, as di. < ssed in previous sections. In this section, we briefly discuss perspectives on
experimental studi z on the nuclear responses for astro-neutrinos and DBD virtual neutrinos.

8The mass hierarcy, as also the CP-violating phases, can also be accessed by the future large neutrino-
oscillation experiments, like NOvA, T2K, DUNE and HyperK, see the recent conference article [739]
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The neutrino-nuclear responses to be studied are those in wide energy a> . d n omentum regions
of E <70MeV and p < 150 MeV/c. Actually, the astro-neutrinos are in 1.~ tow- and medium-
energy region of £ = 0 — 70 MeV, and the momentum associated with e neutrinoless DBD
virtual neutrino is of the order of p = 20 — 150 MeV /c. Accordingly, ve rious kinds of nuclear,
photon and lepton probes are used to study the neutrino-nuclear i.-m nses. Here the nuclear
responses extracted from the experimental transition rates and cre-., secti s are |[M(a)|?/(2J; +
1), where J; is the initial-state spin and M(«) is the a-mode NME;, including the effective
(renormalized/quenched) weak coupling.

Single /EC rates give directly the neutrino responses fir th_ ~round and isomeric states.
So far, allowed and unique first-forbidden transitions are mau.y ir vestigated to study the GT
(Gamow-Teller) and IVSD (isovector spin-dipole) responses. Further studies for [-ray spec-
trum shapes of non-unique transitions and transition r.“es of iigher-forbidden 3 decays give
information on high-multipole neutrino-nuclear response. as wiscussed in sections 2 and 3.

Nuclear CERs with medium-energy light ions hay~ ~*-_ively been used to study neutrino-
nuclear responses in wide energy and momentum reg.~ns. Among them, the high energy-
resolution (*He,t) CERs at RCNP are used to stu'y .. = (n — p) Fermi (07), GT (17) and
IVSD (27) responses in nuclei of astro-neutrine ana JOBD interests, as discussed in subsection
2.3. The CER experiments provide the GT and 1 ‘5 surength distributions, the strengths being
pushed up and concentrated in the highly e ~ited ~iant resonances and leaving little strength
at the low-lying states. It is worthwhile to exiu.nd the nuclear CERs to other multipole exci-
tations with J™ = 17, 2%, 3%, 4%, which are relevant to medium-energy supernova neutrinos
and neutrinoless DBDs. High energy-rssoluti m (d,?He) and other 7 (p — n) reactions are
effective to study the 57 NMEs. The /"L1,"Be’ and other CERs to excited states, in coincidence
with decaying ~-rays, are used to ser ara’e individual excited states and to identify the spin and
parity for them. The high energy-re.-.uti n spectrometer combined with a Ge-detector array
are promising for detailed studies of the neutrino-nuclear responses.

Muons are unique massive leptons *sed to study weak responses in wide energy and momen-
tum regions, as discussed in Se .. = 4. Ordinary muon-capture prompt-y spectroscopy provides 7+
(p — n) responses for low-ly.. o bound states. On the other hand, the delayed-vy spectroscopy
for ~ rays from radioactiv : isntoy »s produced by the (u,zn) reaction gives the muon-capture
strength distribution anc th = mr.on-capture giant resonances in the wide excitation region of
E =5—T70MeV. The ~"tain.? relative strength, together with the absolute strength from the
muon-capture lifetime is use ul in the studies of 77 (p — n) neutrino-nuclear responses.

Photo-nuclear react.~n t'.rough IAS (isobaric analog state) provides 7= (n—p) vector (17)
and axial-vector (7 7) resnonses, as discussed in subsection 2.5. The spin and parity are derived
by measuring 1 ne “tron - mission from photo-nuclear reactions with polarized photons. It is of
great interest t~ <tuay the vector (r) and axial-vector (¢ x r) NMEs by combining the El-y
NMEs from the “A5-y NME and the corresponding first-forbidden 5 NME.

Nuclear-respon: ~ studies by using v projectiles are interesting even though they require high-
flux v beams and large-volume detectors, as discussed in Sec. 2.6. The v-beam experiments may
provide directly the neutrino responses, including the renormalization of the weak coupling,
being free from complex nuclear interactions, and thus may elucidate the renormalization of the
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axial-vector weak coupling.

DCER (double charge-exchange reaction) is a new way to explore DBD 1.~ )onses as discussed
in subsection 2.3. The DCER (1B,'Li) with the medium-energy (E/A . * 0.1 GeV) light ions
from the RCNP cyclotron studies axial-vector DBD responses. The « ros: sections for low-lying
states, however, are extremely small. The observed spectrum sugg-st, that DCER strengths
are mainly in the double giant-resonance regions. Heavy-ion DCE".. at 1."KEN and RCNP aim
to explore DGT strengths to provide experimental input on nuc =ar sti icture relevant to DBD
NMEs. The NUMEN project at LNS Catania studies neutrinoless “"R", NMEs by using heavy-
ion DCERs. In fact, the DCER transition operators deperd o . ‘he energy of the heavy-ion
projectile and the momentum transfer, and are different from v..e DV.D ones. So, important is to
study the energy and the momentum-transfer dependencies o1 “he DCERs to extract NMEs rel-
evant to neutrinoless DBDs. It is, however, a challenge to ~in us ful information on neutrinoless
DBD NMEs from DCER experiments.

Experimental axial-vector NMEs for the GT and I'VV9™ *_ _sitions, and those for two-neutrino
DBDs are reduced with respect to the simple quasi-pa-ticle NMEs due to (i) nucleonic spin-
isospin correlations and other nuclear effects and ( ') . .- nucleonic (isobar, meson) correlations
and nuclear-medium effects, as discussed in Sec 3. "he former effects are included in nuclear
models with the adequate model space and the ..'cieonic correlations/interactions. On the
other hand the latter ones are not explicitly i- ~'de! in the earlier nucleon-based nuclear models
and thus are incorporated by using an effective axial-vector coupling ¢§. However, modern
many-body calculations, like the quantur Monte Carlo approach of [740], are able to include
the meson-exchange and delta-resonanc : effec. s at least effectively. The results for light nuclei
suggest that maybe no quenching of g, is ..~cessary. For heavier nuclei these “ab initio” methods
are not yet available and for the pres :ntl, available nuclear many-body approaches the observed
GT and SD NMEs suggest an apprec.-ole ~eduction of g§% /gy ~ 0.6 — 0.7 with gy = 1.27¢gy for
the free nucleon. Here important ‘s to deune explicitly the effective coupling g5 in the nucleus
and then to discuss the value experii. mtally and theoretically on a common physics basis.

The A isobar is strongly e*.civ d by the spin-isospin interaction on nucleons (N) in a nucleus
to form the axial vector GR (i.nt resonance), as discussed in subsection 3.5. This is the GR
associated with the quark .pir-iso.pin flip, while the GTR and IVSDR are the GRs associated
with the nucleon spin-isc. nir flip. The A isobar GR interferes destructively with the low-lying
state to reduce the axi~' vecv.~ NMEs with respect to the nucleon-based nuclear-model evalu-
ations. The renormali;ation ‘quenching of ga) effects are studied experimentally by measuring
CER strengths for unna mral parity excitations in the wide excitation region of £ = 0—100 MeV.

Nucleons are r.odific1 in the nuclear medium due to various kinds of nucleonic and non-
nucleonic correlatic ns an « nuclear-medium effects. The meson cloud (dress) around a free nu-
cleon is differer* from tnat around a bound valence-nucleon in the nuclear medium. The valence
nucleon and the v :lear core change more or less before and after the CC and NC interactions.
These many-body «1d nuclear-medium effects and non-nucleonic (mesons, isobars) contributions
manifest as deviations of the calculated values from the experimental ones for CC responses and
nucleon-transfer cross sections. The deviations depend on how accurately these effects are in-
corporated in the calculational frameworks, as discussed in Sec. 2.3, 2.7 and 3.5, and they are
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usually accounted for by the use of renormalization (quenching) factors ir the computations.

It is remarked that accurate experimental studies of the detector efficie. > »s for low energy v
and 7 are indispensable to understand the "'Ga-v and the reactor-o anon.. 'ies, which otherwise
might suggest possible oscillations into sterile neutrinos.

6.3. Perspectives of theoretical studies of neutrino-nuclear respons~«

The neutrino-nuclear responses have thus far been calculated by tsing a host of different
theoretical frameworks and formalisms (see sections 4.4 and 5.4). The g are usually formalisms
where a restricted single-particle space or configuration spece F.s been used. This produces
imperfections in the calculations which has to be compenseteu, e.g by an effective value of ga.

The recent trend is that the “ab initio” calculations of nuc. ar structure will be available for
heavier and heavier nuclear systems sometime in the fu. re. $ach calculations can be based,
e.g., on lattice quantum chromodynamics [741, 742, 74’ Ta4) or advanced Monte Carlo shell
model frameworks [740, 745, 746, 747, 748], or the cor='- 1 __ ster theory derived from the chiral
effective field theory [749, 750]. Other possibilities are ti.~ in-medium similarity renormalization
group method [751, 752] and density matrix rer . . wation group algorithm [753]. These
theoretical approaches allow a systematic calcrlatio. of nuclear wave functions taking part in
the weak-interaction processes in nuclei. In addit. ., 2 systematic estimation of the calculational
errors becomes possible. It is anticipated t& * *he.= advanced nuclear many-body frameworks
reduce the amount of the needed renormalizatic ~ of g in the calculations of neutrino-nuclear
and other weak responses in the processes ~f interest to neutrino physics, astroparticle physics,
nuclear astrophysics, etc.

In addition to the improved nuclear n.. ny- body frameworks, the contributions coming from
the meson-exchange currents (two-bs.dy -urrents) can be taken into account in the calculations.
These currents can be derived from tuc hir 1 effective field theory (YEFT) on the same footing as
the many-body forces used in the nuclear Hamiltonians [45, 46, 47, 48, 222]. These calculations
are able to account for the nuclear-mc 'ium effects and, in principle, compute the amount of in-
medium renormalization of g, , t1 1s reducing the uncertainty associated with the value of g5 in
various nuclear processes trigg. ¢ 1 by weak interactions. Weak processes, like the neutrinoless 55
decay, can also be approac! ed froi. the point of view of the YEFT and new possible mechanisms
of the decay can be devisc 1 [F 1, 5], as also a new leading contribution which was not considered
in previous Ovff calcu!-'ions ["3|. The low-energy constants related to the nucleon-pion short-
range operators were ompu ed from the lattice QCD in [54] in order to aid, e.g., the YEFT
calculations towards the NV s of Ov55 decays.

The advanced " .uclea. -structure calculations are in a position to probe accurately enough the
weak-interaction p. ocesss s from the nuclear side. For example, the computed neutrino-nucleus
scattering cross ~~~tions can help pin down, e.g., supernova mechanisms once a supernova will be
observed at a su*7oly close distance from the Earth. Accurate nuclear-structure calculations,
combined with mc e and more advanced experiments, can also help learn about the astro-
neutrino nucleosynthesis, neutrino mass and its hierarchy, astrophysical processes and origins of
elemental and isotopic abundances.
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6.4. Remarks on neutrinoless DBD experiments and neutrino-nuclear res- ons >

Neutrino-nuclear responses are crucial for DBD neutrino studies to de.”»n high-sensitivity
DBD detectors and to extract the Majorana neutrino mass and other neu.ino properties from
the DBD experiments. In this section, we briefly discuss the neutrino- na: = sensitivity for neutri-
noless DBD experiments and perspectives for future DBD experimenu. from the neutrino-nuclear
response point of view.

The neutrinoless DBD rate per ton-year (t-y) for the light M ajoran -mass mechanism with
the effective mass of m®? is expressed as [16, 18, 23]

eff

s 1 mef\ 2 Tt 2
Ty — : Y otV 159
™) ( mo ) TN Orgp (v )27 (159)

where my is the nuclear sensitivity in units of meV, ga = 1..7 is t1e axial-vector coupling in units
of the vector coupling gy for a free nucleon, G% is the pha. ~ space in units of 10~ y~!, A is the
mass number, and M is the neutrinoless DBD NM. 1t 1s expressed as M% = (g5 /ga)? MY,
with ¢g5T being the effective coupling to incorporate the i1 normalization (quenching) effect and
My is the nuclear-model NME. Actually, M is se. sif ve to all kinds of nuclear and non-nuclear
correalations, nuclear models and renormalizatic  (qu.nching) coefficients of the weak couplings.
Here the nuclear sensitivity my is a characteristic ~t « given DBD nucleus. It corresponds to the
v mass required for the DBD rate of T% =1, -y.

The neutrino-mass sensitivity of a DBD expern.ient is defined as the minimum neutrino mass
to be measured by using a DBD detector. 1. is written as

My =mod 1= .3 2BYYNT) V4, (160)

where d is the detector sensitivity, € < the 01 33 peak efficiency, N is the total DBD-isotope mass
in units of ton, 7" is the measurer ient v e in units of y and B is the ROI (region of interest)
background rate per t-y of NT. U..~ gets the mass sensitivity of m,, = my by using a detector
with d=1 (for example, a deter*~r with e = 1, NT = 3t-y and background rate of B = 1/t-y).
The mass sensitivity depend. on (M®)~', (NT)~'/* and B'*. So it is sensitive to M, but
relatively less to the total i~otop ~ mass N and the background rate B.

Now we discuss DBD xprriments to search for the IH (inverted hierarchy) mass of 20 meV
and the NH (normal hiera. hy' mass of 2 meV. DBD isotopes of 82Se, “Mo, 16Cd, 1%°Te
and 13%Xe, which are c. curr~nt interest for high-sensitivity experiments, have large phase-space
factors around G% ~ '.5 in mits of 107'*y~!. The nuclear sensitivities mg are all around the
IH v-mass of 20 me™,” in case of a typical NME of M® = 2, as shown in Fig. 68. In other words,
the kinematic fact w [A/C %]1/2 is more or less the same for all DBD nuclei. The mass sensitivity
is inversely proportic=~' co the NME M% i.e. my is around 30 meV in case of M% = 1.5.

The v-mass “en- .. ities for 39Te with € = 0.5, as a typical example, are shown as a function
of the exposure V" in cases of B = 1/t-y and M% =1,2,3, and B = 0.01/t-y and M% = 2 in
Fig. 68. Exposures 1equired for studies of the IH and NH v-mass regions are NT' = 1—10 t-y and
NT =100 — 1000 t-y in cases of B = 1/t-y, M® =2 and B = 0.01/t-y, M® = 2, respectively.

The "®Ge isotope has the larger nuclear sensitivity around mg = 40meV because of the
smaller phase space of G% ~ 0.2 than the others, while the *Ge detector with excellent energy
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Figure 68: Left side: Unit mass sensitivities m® (squares) in case of M " = 2 Zur "%Ge, #2Se, 19°Mo, 116Cd, 13 Te,

136Xe and !°°Nd, all with the enrichment of r = 1. Right side: Neutrino- nass sensitivities m,, for 13°Te with
e = 0.5 as functions of the exposure NT in cases of the background 1. *es of B8 = 1/t-y (thin lines) and 0.01/(t-y)
(thick line), respectively. The attached numbers 1, 2 and 3 stand ..~ M-~ .

resolution has the small detector sensitivity d becanse of ti.2 small background rate in the region
of interest.

The DBD mass sensitivity m,, is given by t1 = nrodwuct of the nuclear sensitivity mg, propor-
tional to (M%)~', and the detector sensitivity d proportional to N~Y/4 and B4, Using DBD
nuclei with M% smaller by 40% requires an ~ac. . magnitude more DBD isotope mass N or
less background rate B in order to get the same ..iass sensitivity. It is crucial to know M® in
order to select the DBD isotopes with @ gl nuclear sensitivity (small myg) in order to design
high-sensitivity (small m,,) DBD dete tors. The absolute and relative values of the NMEs,
including the effective weak coupling (reno. -.alization/quenching factor), have to be carefully
considered in selecting the DBD isc oprs te be used for future experiments.

Actually, several mechanisms ach <~ he light r-mass, the heavy v-mass, the SUSY-mass,
and others beyond the SM are p ss-.hly involved in the neutrinoless DBD, and the M%s depend
on the neutrinoless DBD mech~nisms and nuclear structure. Accordingly, accurate M values
are necessary to extract the ef ect’ /e v mass in case of the light v-mass mechanism and to identify
the DBD mechanism once the 1. *es are observed.

The DBD detector ser itiv ity required for the DBD experiment with the IH and NH v-mass
sensitivity is around d = 1 . a *ypical case of the NME of M = 2 and the nuclear sensitivity
of my = 20 meV, assur ing the 1ealistic measurement (exposure) time of T~ 4y, multi-ton scale
(N ~ 1 —5t) detectc s witl € ~ 0.5 and B &~ 1/t-y. Actually, the mass sensitivity depends
on the enrichment = s 710, o< 7~'/2. Multi-ton scale large-abundance and/or enriched-isotopes
are needed even fcr the 11 mass experiments, and such °Ge, #2Se, ®Mo, 16Cd and !3Xe are
obtained by means . € c= trifugal isotope-separation plants.

The require." ve ! round rates are of the orders of B = 1/t-y and B = 0.01/t-y for the IH
and NH v-mass su dies. Background sources to be considered are the natural and cosmogenic RI
impurities, cosmogenic muon and neutron interactions, solar-v CC and NC interactions, high-
energy 2v(3( contributions, and others. Then DBD experiments are made by using high-purity
(RI-free) DBD detectors at deep underground laboratories. Good energy resolution, combined
with SSSC (single-site spacial correlation) and SSTC(single-site time correlation) analyses are
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54
55
56
57
58
59
60
61
62
63
64
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used to reduce background rates as discussed in [16, 18].

It is of vital importance to optimize the 3 key parameters for high-seuw. * ivity DBD experi-
ments: the NME M?%, the total DBD-isotope mass N and the backgroun. ratc B at the region
of interest for high-sensitivity experiments through scientific and r al. tic aiscussions and to
promote coordinated experimental and theoretical efforts for high-sc ~si’ vity DBD studies.
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