=
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

Physics Letters B 747 (2015) 454-459

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Neutrino transition magnetic moments within the non-standard

neutrino-nucleus interactions

D.K. Papoulias®, T.S. Kosmas ®*

2 Division of Theoretical Physics, University of loannina, GR 45110 loannina, Greece

@ CrossMark

b AHEP Group, Institut de Fisica Corpuscular - C.S.1.C,/Universitat de Valéncia, Parc Cientific de Paterna, C/Catedratico José Beltrdn, 2, E-46980 Paterna, Valéncia,

Spain

ARTICLE INFO ABSTRACT

Article history:

Received 5 April 2015

Received in revised form 31 May 2015
Accepted 16 June 2015

Available online 17 June 2015

Editor: ].-P. Blaizot

Tensorial non-standard neutrino interactions are studied through a combined analysis of nuclear structure
calculations and a sensitivity x2-type of neutrino events expected to be measured at the COHERENT
experiment, recently planned to operate at the Spallation Neutron Source (Oak Ridge). Potential sizeable
predictions on transition neutrino magnetic moments and other electromagnetic parameters, such as
neutrino milli-charges, are also addressed. The non-standard neutrino-nucleus processes, explored from

nuclear physics perspectives within the context of quasi-particle random phase approximation, are
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exploited in order to estimate the expected number of events originating from vector and tensor exotic
interactions for the case of reactor neutrinos, studied with TEXONO and GEMMA neutrino detectors.
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1. Introduction

The investigation of neutrino electromagnetic (EM) properties
started long ago [1,2], mainly after the introduction of the mini-
mally extended standard model with right-handed neutrinos [3].
In this context, at the one loop level the magnetic moment, [,
of a massive neutrino is in general non-zero and its magnitude
is proportional to the neutrino mass, m, [4]. Actually, the theo-
retical and experimental study of neutrino EM phenomena [5], is
widely considered as one of the most powerful tools to probe pos-
sible interactions involving neutrinos beyond the Standard Model
(SM) [6,7]. Furthermore, in an astrophysical environment with ex-
treme conditions (huge magnetic fields, currents, etc.), important
non-standard effects may occur due to non-trivial EM properties
of neutrinos [8,9], which may lead to significant alterations of ex-
isting scenarios for massive star evolution [10].

Exotic neutrino properties arise in neutrino-nucleus processes,
occurring due to non-standard neutrino interactions (NSI) of the
form [6,7]

Va(Ve) + (A, Z) = vg(Vg) + (A, Z), (1)
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providing us with model independent constraints of various NSI
parameters [11]. In the current literature, even though only vec-
tor terms are mainly considered in the relevant Lagrangian [12],
tensorial NSI terms have attracted the interest of studying the
aforementioned processes, while robust constraints to the corre-
sponding couplings have been extracted from neutrino-nucleus co-
herent scattering [13]. In addition, because tensor interaction does
not obey the chirality constraint imposed by vector-type couplings,
it allows a large class of interactions to be investigated [14]. More
specifically from a particle physics point of view, tensor NSI terms
are possible to be generated via Fierz reordering of the effective
low-energy operators appearing in models with scalar leptoquarks
[15] as well as in R-parity-violating supersymmetry [16].

In general, the non-zero neutrino mass, is experimentally con-
firmed from neutrino oscillation in propagation data [17-19] and
implies that the neutrino is the only particle that exhibits non-
standard properties [20], which are directly connected to the fun-
damental interactions of particle physics. As a concrete example,
neutrino EM properties are useful to distinguish Dirac and Ma-
jorana neutrinos and also to probe phenomena of new physics
beyond the SM [21]. In fact, recent studies, based on model-
independent analyses of the contributions to neutrino magnetic
moment (NMM), have shown that, if a NMM of the order of
Wy > 1071315 were experimentally observed, it would confirm the
Majorana nature of neutrinos [22,23].
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The present paper, is an extension of our previous works [6,24]
in which neutrino-nucleus reactions due to vectorial NSI have
been addressed. There, the corresponding couplings have been
constrained by exploiting the exceptional sensitivity of the on-
going and planned u~ — e~ conversion experiments [25,26]. In
this Letter, we mainly focus on contributions to the neutrino-
nucleus reactions of Eq. (1), due to tensorial terms of the NSI
Lagrangian, paying special attention on the nuclear physics aspects
of these exotic processes. The cross sections, that arise from the ef-
fective four fermion contact interaction Lagrangian, are expressed
in terms of the nuclear proton and neutron form factors. Subse-
quently, the sensitivity on the tensor NSI parameters is obtained
from a x? analysis of the expected data from the COHERENT ex-
periment [27,28] recently proposed to operate at the Spallation
Neutron Source (SNS) at Oak Ridge [29,30] by using promising
nuclear detectors as 2°Ne, 4%Ar, 76Ge and '32Xe. Constraints of
this type translate into relevant sensitivities on the upper limits
of NMM predicted within the context of the tensor components
entering the NSI Lagrangian. The latter can be compared with ex-
isting limits derived from ¥, — e scattering data [31,32] coming
out of reactor neutrino experiments, such as the TEXONO [33] and
GEMMA [34] experiments, as well as with other astrophysical ob-
servations [35].

On the basis of our nuclear calculations (performed with quasi-
particle RPA) [36-38] for the dominant coherent process [39,40],
we evaluate the number of events due to vector and tensor NSI
parts of the neutrino-nucleus cross section, and estimate the con-
tribution due to the NMM [41-44]. Our results for the number
of events, refer to the 76Ge isotope which is the current de-
tector medium of the TEXONO and GEMMA experiments. It is
worth mentioning that, even though within the SM, gauge invari-
ance and anomaly cancellation constraints require neutrinos to be
neutral particles, however non-vanishing electric milli-charge [45]
is expected for massive neutrinos which may induce additional
neutrino-photon interactions [46-48]. Furthermore, by taking ad-
vantage of the present sensitivity on the transition NMM, we come
out with potential stringent constraints (by one order of magnitude
more severe than existing limits) on the neutrino milli-charge q,.

2. Description of the formalism

In general the search for potential existence of phenomena be-
yond the SM involving NSI at the four fermion approximation, be-
comes accessible through phenomenological low-energy effective
Lagrangians as

Lnsi=-2V2Ge Yy . > Gof,f; [PaTxvs] []_Txf] ; (2)
X f:qf
a,B=e,u,T

where X ={V,A,S, P, T}, Tx = {¥u, Yu¥s. 1. ¥5, 0} and oy, =

i[yu. yv]/2. The magnitude of the NSI couplings X

xg» is taken
with respect to the Fermi coupling constant G [5,12], v, denotes
three light Majorana neutrinos and f is a quark g, or a charged
lepton ¢. In the present work, we focus on the tensorial v-nucleus

NSI described by the Lagrangian [13]

E egg [Vao ™V vg] []_‘o,wf] . (3)
f=ud
a,f=e,n,T

Llg = —2V2GF

The extraction of the latter Lagrangian is illustrated in Fig. 1, where
the nuclear-level Feynman loop-diagram represents the photon ex-
change between a fermion and a quark generating a neutrino
magnetic moment. The non-standard physics enters through the
complicated leptonic vertex (see also Ref. [6]).

Yo Vg

(A, Z) (A,Z)

Fig. 1. Nuclear level effective Feynman diagram for magnetic moment of a neutrino
induced by tensorial NSI. The non-standard physics enters in the complicated vertex
denoted by the large dot e.

2.1. Non-standard neutrino-nucleus reaction cross sections

For neutral current processes, the vector NSI part of the effec-
tive Lagrangian (2), is parametrized in terms of non-universal (NU)
eax and flavour-changing (FC) vector couplings eg}; (a #B) [11].
For coherent scattering, a nucleus of mass M recoils (no intrinsic
excitation occurs) with energy which, in the approximation Ty <«
Ey (low-energy limit), is maximized as, Ty** = 2E2/(M + 2E,).
Then, to a good approximation, the square of the three momen-
tum transfer is equal to g = 2MTy, and the coherent vector NSI
differential cross section with respect to Ty is written as [6]

2
) |(&slIGY, @lles) (4)

v
donstvy _ Gi M 1My
dTy T ZEIZ)

(o =e, u, T, denotes the flavour of incident neutrinos) where for
even-even nuclei the nuclear ground state reads |gs) = |J™) =
|0F). The corresponding nuclear matrix element can be found in
Ref. [24].

For NSI scattering, the differential cross section with respect to
the recoil energy Ty due to tensor interactions (at nuclear level)
reads

doys,, AGZM [(1 Ty )2

4E2

MTn NSI 2
s||G sy .
dTy T 2E, i| ‘(g GT o, @llgs)

(5)

The corresponding tensorial NSI matrix element arising from the
Lagrangian (3) takes the form

2
NSI
v,

2
= |(@slIGYS, @llgs)|
2
= [(2652 + eg};) ZF7(q%) + (e};,g + 2637,;) NFN(QZ)] . (6)
(there is no interference between the tensorial NSI and the SM am-

plitude [13]) where Fz(n) (q%) denote the nuclear (electromagnetic)
form factors for protons and neutrons.

2.2. Neutrino transition magnetic moments

In flavour space o, = e, u, T, neutrino magnetic moments
Map are generated by the tensorial part of the Hermitian magnetic
form factor f‘% (0) = j4ep in the effective neutrino EM current [9]

— fob (@) pio vy | (7)
(for the relation of the NMM between the flavour basis jtqp and
the mass basis w;; with i, j=1,2, 3, see Refs. [41,42]). It is worth
mentioning that, within the minimally extended SM, in order to
include neutrino masses, diagonal NMMs [ty are possible only for
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Dirac neutrinos. However, transition NMMs iy can be obtained
for both Dirac and Majorana neutrinos [9].

As it is known, the SM predicts extremely small values for the
NMMs (of the order of w, < 10~9up (m,/1 eV) [1], where up
is the Bohr magneton). Presently, the best upper limit on w, has
been set from astrophysical observations as [35]

wy <3x 1072 pp. (8)

Other constraints are available through reactor ¥, — e scattering
data of the TEXONO experiment [33]

Wy, <74x107 g (90% C.L.), (9)

and of the GEMMA experiment [34]

Ui, <2.9x 107 Mg (90%C.L.) . (10)

In our convention the leading order contribution to the NMM
for neutrino-quark (v, — q) NSI is expressed as

NcQ
Map =Y 2v/2Grely ;zqmemqln(zﬁcpmg) s, (11
q

where mg and Qg are the quark mass and charge respectively,
while N¢ is the number of quark colours (see also Ref. [14]). Anal-
ogously, the NMM for neutrino-lepton (v, — £) NSI takes the form

Mmemy
Hap =~ Y 2V2Grel] "ot In (252G pm?) s, (12)
14

with m, being the mass of the charged leptons.

In Ref. [41], it has been suggested that the presence of a NMM
yields an additional contribution to the weak interaction cross sec-
tion. Thus, the differential EM cross section do /dTy due to a ten-
sor NSI (transition) magnetic moment is written as

2,2 2
do, Ta‘UogZ® (1 —Tn/E T
magn _ t;ﬂ N/ v+ N2 F%(qz), (13)
dTn m2 TN 4E2

which contains the proton nuclear form factor (see also Ref. [43]).
From the Lagrangian (2) the total cross section reads

doot _ dosy dal\‘l/Sl dUI\TI-SI domagn
dTy dTyn dTn dTn dTn

(14)
(the flavour indices have been suppressed).

3. Results and discussion

3.1. Nuclear structure calculations

At first, the nuclear structure details that reflect the dependence
of the coherent differential cross section on the recoil energy Ty
through Eq. (14), are studied. This involves realistic calculations of
doy, /dTy, for both vector and tensor operators for a set of cur-
rently interesting nuclear detectors. For each nuclear system, the
required pairing residual interaction was obtained from a Bonn
C-D two-body potential (strong two-nucleon forces) which was
slightly renormalized with two pairing parameters gga(i';) for pro-
ton (neutron) pairs [24]. The nuclear form factors for protons and
neutrons are obtained as in Ref. [36], by solving iteratively the BCS
equations [38-40].

3.2. Tensorial NSI couplings from SNS experiments

The COHERENT experiment [27,28] proposed to operate at the
SNS (Oak Ridge) has excellent capabilities not only to measure, for
the first time, coherent neutral-current neutrino-nucleus events,
but also to search for new physics beyond the SM [5]. In gen-
eral, any deviation from the SM predictions is interesting, therefore
in the present study we explore the role of the sensitivity of the
above experiment in putting stringent bounds on the tensor NSI,
by taking advantage of our realistic nuclear structure calculations.
We determine potential limits for the exotic parameters eo{; and
compare them with available constraints reported in similar stud-
ies [13,14].

To this aim, we first evaluate the expected number of events, on
various detector materials of the COHERENT experiment, through
the integral [5,24]

Evmax TNmax
d
N=K / NS ENdE, [ 2k, Ty dTy, (15)
dTn
Evin Tlt\;lres

where K = Ntarg®Ntior, with Niqrg being the number of atoms of
the studied target nucleus, and t, the total time of exposure. The
relevant neutrino energy distribution n°N(E,) and the neutrino
fluxes ®SNS (strongly depended on the detector distances from the
SNS source), are taken from Refs. [29,30].

To estimate the sensitivity on the tensorial parameters we
adopt the futuristic statistical method for the x? defined as [12]

, M NS 2
X — events events . (16)
8N€V€nts

Since the experiment is not running yet, the calculations are per-
formed without binning the sample relying on statistical errors
only (systematic errors are discussed in Ref. [5]). Calculations
which take into consideration possible background errors are ad-
dressed in Ref. [44]. In Eq. (16) N3M .. (NNSI ) denotes the exact
number of SM (tensorial NSI) events expected to be recorded by
a COHERENT detector and the parameters eg; are varied so as
to fit the hypothetical data. In our calculations we consider the
promising target nuclei, 2°Ne, 49Ar, 76Ge, (132Xe) at 20 m (40 m)
from the SNS source, assuming an energy threshold of 1 keV and
a detector mass of one ton. The considered time window of data
taking is fixed to one year assuming perfect detection efficiency.
For the sake of convenience, from the SNS delayed-beam we take
into account only the v, component. This allows us also to com-
pare our predictions with those of Ref. [13]. For the various target
nuclei, the present results are illustrated in Fig. 2, from where we
conclude that higher prospects are expected for 76Ge. In princi-
ple, more severe constraints are expected for heavier target nuclei,
however, the detector distance from the Spallation target plays cru-
cial role, and thus, a light 2°Ne detector located at 20 m performs
better than a heavy '32Xe detector at 40 m. The corresponding sen-
sitivity at 90% C.L. on the NSI couplings, coming out of the v, and
the Uy, 4 v, beams, are listed in Table 1. Furthermore, focusing on
the v-quark (q = u,d) tensor NSI involved in the Lagrangian (3),
we exploit the constraints of Table 1 and utilise Eq. (11), in order
to extract the sensitivity on the NMM (see Table 1). At this point,
we consider useful to make a comparison between the results
obtained through our nuclear calculations and those obtained by
assuming zero momentum transfer (where Fy z(0) =1) i.e when
neglecting the nuclear physics details. This leads to the conclusion
that, in the majority of the cases the obtained results differ by
about 20%.
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Fig. 2. Ayx? profiles as function of the egg NSI parameters, for potential nuclear
detectors of the COHERENT experiment (for statistical errors only).

Table 1

Constraints on the tensor NSI parameters e(fT at 90% C.L. for various potential de-
tector materials of the COHERENT experiment. The sensitivity on transition NMM is
also shown at 90% C.L.

Parameter 20Ne 40Ar 76Ge 132%e
ledf| x 1073 8.6 76 6.8 8.8
\egg | x 1073 8.6 8.1 7.5 9.8
Hep x 10712 pp 3.0 2.7 25 32
ledh| x 1073 71 6.3 5.6 7.2
\e;};| x 1073 71 6.7 6.2 8.1
Hup x 10712 pp 2.5 23 21 2.7

In recent years, it has been shown that, in order to constrain
more than one parameters simultaneously, two detectors consist-
ing of target material with maximally different ratio k = (A + N)/
(A + Z) are required [5,12]. To this purpose, we exploit the advan-
tageous multi-target approach of the COHERENT experiment and
in Fig. 3 we illustrate the allowed regions in the €lf-e!f and

e%-e% plane at 68%, 90% and 99% C.L., obtained by varying both
tensorial NSI parameters. As expected, the most restricted area cor-
responds to the delayed beam for which the number of events is

larger.
3.3. NSI neutrino—nucleus events at the TEXONO experiment

One of the most important connections of the present work
with ongoing and future reactor neutrino experiments is related
to the detection of V.-nucleus processes. Towards this aim, for
our convenience at first we exploit the available experimental data
on the reactor V. beams [31,32], in order to fit analytic expres-
sions describing their energy distribution by using numerical opti-
mization techniques. Then, the obtained expressions are applied to
predict the number of events expected to be measured in the cur-
rently interesting 5Ge detector material of the TEXONO [33] and
GEMMA [34] experiments. In Fig. 4 we compare the differential
cross sections do /dTy for the SM, tensor NSI and electromagnetic
components.

From existing measurements of the TEXONO experiment and by
employing Eqs. (11) and (12), we find the upper bounds on NMM,
listed in Table 2. Even though some of the derived constraints are
less stringent to those given in Table 1, it is possible to put limits

on more parameters apart from the egfgd”.
Since the TEXONO experiment is not running up to now, pre-
cise knowledge on the fuel composition is presently not available.

For this reason, we focus on the dominant 23°U component of

0.15 |- R
0.1 delayed: v, ]
0.05 | Ne/Xe combined 7
£% of ]
W I
—0.05 | E
I [—99% C.L.
—0.1p 90% C.L. §
| |—68% C.L.
o015l 68% C 1
—-0.15 -0.1 -0.05 0 0.05 0.1 0.15
et
0.15 }‘ T E
0.1 s prompt: v, E
0.05 | Ne/Xe combined 7
£3 of :
W I
—0.05 | 1
L |—99% C.L.
—0.1p 90% C.L. ]
I |—68% C.L.
7015 L L L % L L L L i
—-0.15 -0.1 —0.05 0 0.05 0.1 0.15
dT
€up

Fig. 3. Allowed regions in the égg—égg (upper panel) and s%—eh{, (lower panel)

tensor NSI parameter space. Only statistical errors are taken into consideration.

106 ¢ SRR — 7 102
|
>
)
=
o, 10°) 110!
g [|---- magnetic .
] [|--- tensor T
5 Hl—sSM
A e e T *.‘
3 10 N R
L L | L
1075 1074 1073
TN (MeV)

Fig. 4. Differential cross sections do /dTy versus the nuclear recoil energy Ty, for
the SM weak interaction, tensorial NSI and electromagnetic individual parts, assum-
ing ingoing neutrinos with energy 10 MeV. The scale of the EM differential cross
section is on the right axis. The utilised parameters for the tensor NSI and the NMM
are taken from Table 1.

Table 2
Upper limits on the NSI parameters eefﬂT from Eq. (11) taking into consideration the
results of the TEXONO experiment.

Lepton Quark Qg =-1/3 Quark Qg =2/3
|e§§\ 3.3 \eg'g \ 0.43 |egﬂT \ 0.42
|ee“ﬂT| 2.8x 1072 \egy 2.8x 1072 |eg§| 1.7 x 1073
|egﬂT 2.7x1073 \egg\ 1.4 x 1073 |egg| 9.8 x 1073

the reactor neutrino distribution covering the energy range Ej;, <
2 MeV, for which there are only theoretical estimations for the
Ve-spectrum [32]. For energies above 2 MeV, we take the existing
experimental data from Ref. [31]. In our analysis the normalised
spectrum is fitted by the expression

M (Ey) =a (Ey)” exp [ (Eu)] (17)
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Fig. 5. Number of events over nuclear recoil threshold due to vectorial NSI, for 1 kg
of 76Ge and 1 kg of 28Si. The vectorial NSI parameters used, are taken from Refs. [6]
and [11]. Notice, that the number of counts for the case of the v, — v, reaction
channel is plotted with respect to the right axis.
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Fig. 6. Number of events over nuclear recoil threshold due to tensor NSI and NMM
for 1 kg of 76Ge. Constraints for the tensor NSI and NMM parameters are taken
from Table 1. For comparison, the number of counts due to the NMM using existing
limits of the TEXONO experiment, is also illustrated.

(it resembles the Maxwell-Boltzmann distribution) with the fitted
values of parameters: = 11.36, b =1.32, c = —3.33 and d = 0.56.

In Fig. 5, we present the estimated number of events expected
to be measured at the TEXONO experiment, as a function of the
nuclear energy-threshold, originating from the various components
of the vector NSI. As detector medium, we consider either 1 kg of
76Ge or 1 kg of 28Si, operating with 100% efficiency for 1 year
total exposure, located at 28 m from the reactor core (a typical
flux of ®™t =103 ps~! cm~2 is assumed). Specifically, for the
dominant SM reaction channel, assuming a minimum threshold of
Tlt\}“'es =400 eV, we find a number of 4280 (2835) scattering events
for 78Ge (?8Si) which are in good agreement with previous re-
sults [33]. Similarly, in Fig. 6, we show the total number of counts
over threshold due to tensor NSI and NMM, for the same detec-
tor composition, by employing the constraints of Table 1. Then, for
a 75Ge detector and a T,t\}"es =400 eV threshold, our calculations
indicate measurable rates, yielding 218 events for processes occur-
ring due to tensor NSI. For interactions due to the presence of a

NMM, we obtain < 1 events, in comparison to the 55 events ex-
pected by incorporating the current TEXONO limit.

3.4. Neutrino milli-charge

Before closing, we find it interesting to examine the impact
of tensorial NSI on other electric properties of the neutrino, that
are attributed to the neutrino mass [41]. Within this framework,
milli-charged neutrinos [47,48], appear with enhanced NMM by
acquiring an additional contribution to that which is generated via
loop diagrams in theories beyond the SM [1,4].

The differential cross section with respect to the nuclear recoil
energy due to an effective neutrino milli-charge, q,, is [45]

el WP S B (18)
dTe qvw Tzq])«

ele

This has to be compared with the magnetic cross section contribu-
tion [42]

d 1 2
<_G> %naz 5 <&> . (‘19)
dTe My me Te MB

In Ref. [9], it has been suggested that in order to obtain a limit

on the neutrino charge q,, the ratio R = (57‘78) /(gTUe) should
qv My

become smaller than unity, i.e. R < 1. Such constraints could be
reached irrespectively of whether any deviation from the SM cross
section of the v —e™ process were observed or not [46]. After writ-
ing the upper limit on the neutrino milli-charge in the form

T 1/2
vl $3x 1072 (=2 Hv ) e, (20)
1 keV "B

and employing the sensitivity on the NMM for the case of 76Ge
(see Table 1), for a typical threshold of the order T, =400 eV we
obtain

gy < 4.7 x 107 e . (21)

The latter, is by one order of magnitude better than that of previ-
ous studies (see Ref. [9]).

4. Summary and conclusions

In this work, through the use of realistic nuclear structure
calculations, we address various exotic channels of the neutral-
current neutrino-nucleus scattering processes. More specifically,
we have concentrated on sizeable contributions due to the pres-
ence of tensor NSI terms of relevant beyond the SM Lagrangians.
Within this framework possible neutrino EM phenomena, that are
naturally generated from the tensor operators, such as neutrino
transition magnetic moments and neutrino milli-charges, are in-
vestigated.

Using our reliable cross sections for SM and NSI v-processes,
we have computed the number of neutrino scattering events ex-
pected to be measured at the Spallation Neutron Source experi-
ments. To this purpose, we have chosen as target nuclei the 2°Ne,
40Ar, 76Ge and !32Xe isotopes, that constitute the main detec-
tor materials of the planned COHERENT experiment. Through a
x2-type analysis, we have estimated the sensitivity of the latter
experiment on the tensor NSI parameters. We remark, that espe-
cially for the case of the GZ; (q = u,d) couplings, such bounds
are presented here for the first time. Moreover, by exploiting these
potential constraints, the resulted sensitivities on the transition
neutrino magnetic moments lead to contributions which are of the



D.K. Papoulias, TS. Kosmas / Physics Letters B 747 (2015) 454-459 459

same order of magnitude with existing limits coming from astro-
physical observations. Furthermore, due to their large size, they
are accessible by current experimental setups and therefore they
may be testable with future experiments searching for coherent
neutrino-nucleus scattering. We have also devoted special effort in
obtaining precise predictions for the number of neutrino-nucleus
events expected to be recorded by the promising TEXONO and
GEMMA reactor-7, experiments.

The present results may contribute usefully towards analysing
the detector event-signal, and in conjunction with data expected to
be measured in current v-experiments they may furthermore pro-
vide additional information to understand deeper the fundamental
electroweak interactions in the neutral- and charged-lepton sector,
both for conventional and exotic processes.

Acknowledgements

DKP acknowledges financial support by the Proyecto: “Prometeu
per a grups d’ investigacié d’ Excel-léncia de la Conselleria d’ Educacio,
Cultura i Esport, CPI-14-289” (GVPROMETEOII2014-084). One of us
DKP, wishes to thank Dr. Omar Miranda and Dr. Kristopher Healey
for stimulating discussions.

References

[1] WJ. Marciano, A.L Sanda, Phys. Lett. B 67 (1977) 303.

[2] K. Fujikawa, R.E. Shrock, Phys. Rev. Lett. 45 (1980) 963.

[3] J. Schechter, ].W.F. Valle, Phys. Rev. D 22 (1980) 2227;

]J. Schechter, .W.E. Valle, Phys. Rev. D 25 (1982) 774.

[4] S.M. Bilenky, S.T. Petcov, Rev. Mod. Phys. 59 (1987) 671.

[5] K. Scholberg, Phys. Rev. D 73 (2006) 033005.

[6] D.K. Papoulias, T.S. Kosmas, Phys. Lett. B 728 (2014) 482.

[7] T.S. Kosmas, Conventional and non-standard v-nucleus reactions, Invited talk in
Neutrino Nuclear Responses for Neutrino Studies in Nuclei (NNR14) Nov. 4-7
2014, Osaka, Japan.

[8] J. Schechter, J.W.E. Valle, Phys. Rev. D 24 (1981) 1883.

[9] C. Broggini, C. Giunti, A. Studenikin, Adv. High Energy Phys. 2012 (2012)
459526.

[10] PS. Amanik, G.M. Fuller, B. Grinstein, Astropart. Phys. 24 (2005) 160.

[11] S. Davidson, C. Pena-Garay, N. Rius, A. Santamaria, J. High Energy Phys. 03
(2003) 011.

[12] J. Barranco, O.G. Miranda, T.I. Rashba, J. High Energy Phys. 0512 (2005) 021.

[13] J. Barranco, A. Bolanos, E.A. Garces, 0.G. Miranda, T.I. Rashba, Int. ]. Mod. Phys.
A 27 (2012) 1250147, arXiv:1108.1220 [hep-ph].

[14] KJ. Healey, A.A. Petrov, D. Zhuridov, Phys. Rev. D 87 (2013) 117301.

[15] A.V. Povarov, Yad. Fiz. 70 (2007) 905, Phys. At. Nucl. 70 (2007) 871.

[16] M. Gozdz, Phys. Rev. D 85 (2012) 055016, arXiv:1201.0873 [hep-ph].

[17] Super-Kamiokande Collaboration, Y. Fukuda, et al., Phys. Rev. Lett. 86 (2001)
5651.

[18] SNO Collaboration, Q.R. Ahmad, et al., Phys. Rev. Lett. 89 (2002) 011302.

[19] KamLAND Collaboration, K. Eguchi, et al., Phys. Rev. Lett. 90 (2003) 021802.

[20] R.E. Shrock, Nucl. Phys. B 206 (1982) 359.

[21] N.E. Bell, V. Cirigliano, M.J. Ramsey-Musolf, P. Vogel, M.B. Wise, Phys. Rev. Lett.
95 (2005) 151802.

[22] N.F. Bell, M. Gorchtein, M.J. Ramsey-Musolf, P. Vogel, P. Wang, Phys. Lett. B 642
(2006) 377.

[23] N.E. Bell, Int. J. Mod. Phys. A 22 (2007) 4891.

[24] D.K. Papoulias, T.S. Kosmas, Adv. High Energy Phys. 2015 (2015) 763648,
arXiv:1502.02928 [nucl-th].

[25] R.H. Bernstein, P.S. Cooper, Phys. Rep. 532 (2013) 27.

[26] COMET Collaboration, A. Kurup, Nucl. Phys. Proc. Suppl. 218 (2011) 38.

[27] A. Bolozdynya, et al., arXiv:1211.5199.

[28] D. Akimoyv, et al., CSI Collaboration, arXiv:1310.0125.

[29] ET. Avignone, Y.V. Efremenko, J. Phys. G 29 (2003) 2615.

[30] Y. Efremenko, W. Hix, ]. Phys. Conf. Ser. 173 (2009) 012006.

[31] K. Schreckenbach, G. Colvin, W. Gelletly, F. Von Feilitzsch, Phys. Lett. B 160
(1985) 325.

[32] V.I Kopeikin, L.A. Mikaelyan, V.V. Sinev, Phys. At. Nucl. 60 (1997) 172, Yad. Fiz.
60 (1997) 230.

[33] HT. Wong, et al, TEXONO Collaboration, Phys. Rev. D 75 (2007) 012001,
arXiv:hep-ex/0605006.

[34] A.G. Beda, et al, GEMMA Collaboration, Adv. High Energy Phys. 2012 (2012)
350150.

[35] G.G. Raffelt, Phys. Rep. 320 (1999) 319.

[36] T.S. Kosmas, J.D. Vergados, O. Civitarese, A. Faessler, Nucl. Phys. A 570 (1994)
637.

[37] T.S. Kosmas, Prog. Part. Nucl. Phys. 48 (2002) 307.

[38] P.G. Giannaka, T.S. Kosmas, Adv. High Energy Phys. 2015 (2015) 398796,
arXiv:1502.02928 [nucl-th].

[39] V.Ch. Chasioti, T.S. Kosmas, Nucl. Phys. A 829 (2009) 234.

[40] K.G. Balasi, E. Ydrefors, T.S. Kosmas, Nucl. Phys. A 868 (2011) 82.

[41] P. Vogel, ]. Engel, Phys. Rev. D 39 (1989) 3378.

[42] J.F. Beacom, P. Vogel, Phys. Rev. Lett. 83 (1999) 5222.

[43] A.C. Dodd, E. Papageorgiu, S. Ranfone, Phys. Lett. B 266 (1991) 434.

[44] TS. Kosmas, O.G. Miranda, D.K. Papoulias, M. Tortola, JW.F. Valle, arXiv:
1505.03202 [hep-ph], 2015.

[45] V. Berestetskii, E. Lifshitz, L. Pitaevskii, Relativistic Quantum Theory: Parts 1
and 2, Pergamon Press, Oxford, UK., 1979.

[46] A. Studenikin, arXiv:1302.1168 [hep-ph], 2013.

[47] S.N. Gninenko, N.V. Krasnikov, A. Rubbia, Phys. Rev. D 75 (2007) 075014.

[48] J.-W. Chen, et al., Phys. Rev. D 91 (1) (2015) 013005.


http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4D61726369616E6Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib46756A696B617761s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5363686563687465722D56616C6C65s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5363686563687465722D56616C6C65s2
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42696C656E6B79s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5363686F6C62657267s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib504C42s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib536368656368746572s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4769756E7469s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4769756E7469s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib416D616E696B5F32303035s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4461766964736F6Es1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4461766964736F6Es1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42617272616E636Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42617272616E636F2D32303132s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42617272616E636F2D32303132s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4865616C6579s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib506F7661726F76s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib476F7A647As1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib534Bs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib534Bs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib534E4Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B616D4C414E44s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5368726F636B2D31393832s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42656C6C2D32303035s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42656C6C2D32303035s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42656C6C2D32303036s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42656C6C2D32303036s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42656C6C2D32303037s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5061706F756C6961732D41484550s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5061706F756C6961732D41484550s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4265726E737465696E2D436F6F706572s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib434F4D4554s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib636F686572656E7431s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib636F686572656E7432s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib417669676E6F6E652D456672656D656E6B6Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib456672656D656E6B6F2D32303039s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5363687265636B656E62616368s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5363687265636B656E62616368s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B6F7065696B696Es1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B6F7065696B696Es1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5445584F4E4Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5445584F4E4Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib47454D4D41s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib47454D4D41s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib52616666656C742D31393939s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B6F736D2D41353730s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B6F736D2D41353730s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4B6F736D2D32303032s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4769616E6E616B6132s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4769616E6E616B6132s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4368617373696F74695F32303039s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib42616C617369s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib566F67656C2D456E67656Cs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib426561636F6D2D566F67656Cs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib5061706167656F72676975s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib505244s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib505244s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4265726573746574736B6969s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4265726573746574736B6969s1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib53747564656E696B696Es1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib476E696E656E6B6Fs1
http://refhub.elsevier.com/S0370-2693(15)00461-X/bib4368656Es1

	Neutrino transition magnetic moments within the non-standard neutrino-nucleus interactions
	1 Introduction
	2 Description of the formalism
	2.1 Non-standard neutrino-nucleus reaction cross sections
	2.2 Neutrino transition magnetic moments

	3 Results and discussion
	3.1 Nuclear structure calculations
	3.2 Tensorial NSI couplings from SNS experiments
	3.3 NSI neutrino-nucleus events at the TEXONO experiment
	3.4 Neutrino milli-charge

	4 Summary and conclusions
	Acknowledgements
	References


