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textures that are allowed in the concerned model in light of the latest global-fit data.
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1 Introduction

Oscillations of neutrinos among different flavors are now a well established phenomenon
from various experimental searches, which implies that the neutrinos carry non-zero masses
and their different flavor are substantially mixed [1]. Currently, we have fairly good un-
derstanding of all the neutrino oscillation parameters in three-flavor paradigm, except the
Dirac CP violating phase [2-4]. This led us into an era of precision measurements in the
leptonic sector, where it is possible to observe sub-leading effects originating from physics
beyond the Standard Model (SM). Furthermore, this may affect the propagation of neutri-
nos and eventually it may impact the measurements of three-flavor neutrino oscillation pa-
rameters. Among various new physics scenarios beyond the standard three-flavor neutrino
oscillations, non-standard neutrino interactions (NSIs) can be induced by the new physics
beyond the SM (BSM). In literature, they are traditionally described by the dimension-6
four-fermion operators of the form [5],

Lxs1 D (Fa"vs) (frp)el s+ hc. (1.1)
where €£5 represent NSI parameters and o, 8 = e,u, 7, f = e,u,d. The importance of
NSIs were discussed well before the establishment of neutrino oscillation phenomena by a
number of authors in [5-8]. For a detailed model-independent review of NSIs and their
phenomenological consequences see refs. [9—-11] and the references therein.



In past a few years there are many BSM models that have addressed NSIs. Some of the
popular models where NSIs can be present are the flavor-sensitive, Z' mediated U(1)" ex-
tended gauge models [12-16].1 In these scenarios, an extra gauged U(1) is added to the SM
gauge group, where the corresponding symmetry breaking leads to a new gauge boson Z’.
In literature, numerous studies have been performed based on U(1)" model, ranging from
flavor models to GUTSs scenarios [20-23]. Dark matter phenomenology based on such sym-
metry has been addressed in [24-27]. Furthermore, to provide strong constraints between
the mass and gauge coupling of associate gauge boson Z’, a large variety of measurements
have been performed, such as rare decays, anomalous magnetic moments of the electron or
muon, electroweak precision tests, and direct searches at the LHC [28-39]. However, our
main focus is to examine the importance of non-standard neutrino interactions within the
gauge extended framework of the SM.

At the current juncture, the latest probe of NSIs come from the observation of Coher-
ent Elastic v-Nucleus Scattering (CEvNS) processes, first observed by the COHERENT
collaboration [40] in 2017 using cesium iodide (CsI) scintillation detector as a target. They
have reported their first detection of v-nucleus scattering at 6.7 ¢ [40]. The measure-
ment is consistent with the SM expectations at 1.5 ¢ and within the SM, it is induced
by the Z boson exchange [41]. On the other hand, the first measurement of CEvNS on
argon by the COHERENT collaboration has been reported in [42], with more than 3 o
significance level. They have used the CENNS-10 liquid argon detector, providing the
lightest nucleus measurement of CEvNS . It is important to study these processes because
of their ability to probe the SM parameters at low momentum transfer [13, 43-45], new
physics scenarios, like NSIs [46-51], nuclear physics parameters [52-54], neutrino electro-
magnetic properties [45, 55|, and sterile neutrinos [56-58]. Recently, it has been addressed
in refs. [14, 59-67] that light mediators may be accessible to CEvNS experiments. Consid-
ering a new gauge boson Z' associated with new U(1)" symmetry from CEvNS have been
studied in [14-16, 46, 68-70).

In this work, we investigate non-standard neutrino interactions arising from a new
gauge boson Z’ associated with an extra U(1) = U(l)p-21,-1, symmetry, where
a# B =e,u,1. Considering the combined effect of different experimental constraints
coming from the COHERENT collaboration, oscillation data, beam-dump experiments,
and the LHCb dark photon searches, we examine the allowed region in My vs the
coupling constant ¢’ plane that can lead to possible NSIs. In addition, we also explore
the potential of reactor based CEvNS experiment like the COherent NeUtrino Scattering
experiment (CONUS) [43]. Bounds arising from other processes like anomalous magnetic
moment of muon i.e., (¢ — 2),, from astrophysical observations such as Big Bang Nucle-
osynthesis (BBN) and Cosmic Microwave Background (CMB) have also been shown for
the comparison.

Furthermore, by introducing two different U(1)" breaking scalar fields, it has been
observed that the neutrino oscillation parameters are in well agreement with the current

Note that some recent studies of NSIs considering heavy charged singlet and/or doublet scalars have
been performed in [17-19].



global-fit data [2-4]. We end up with four different scenarios compatible with the neu-
trino oscillation data, depending on U(1)’ charges of the model, namely U(1)p_r, 2r,,
U(l)p-2r,-L,, U(l)p—L.—2L,, and U(l)B,Le,gLu.2 It has been realized that these four
scenarios give rise to four different two-zero textures for the light neutrino mass matrix,
namely, Ay, As, Bs and By.

Fach of these four cases have their own NSI structure. We explore the impact for each
model considering current COHERENT [40] data and for the future CEvNS experiments.
Other neutrino phenomenology, such as the predictions for the neutrino-less double beta
(OvBB) decay and the prediction for the lightest neutrino mass have also been discussed.

The remainder of the paper is outlined as follows. In next section 2, we give a brief
description of non-standard interactions (NSIs) and their latest bounds. The theoretical
set-up of the model has been discussed in section 3. Section 4 is devoted to CEvNS processes
as well as other experimental and numerical details. The principle results of the paper has
also been discussed in this section. Later, in section 5 phenomenology of two-zero textures
have been addressed. We summarize our findings in section 6. Appendix A has dealt with
the anomaly cancellation of the U(1)" symmetry and the light neutrino mass under type-I
seesaw mechanism has been discussed in appendix B.

2 Non-standard neutrino interactions

Here we present a general description of the non-standard interactions involving neutrinos.
We consider the effect of neutral-current NSI in presence of matter which is describe by
the dimension-6 four-fermion operators of the form [5],

— LR§ = 2V2G el (Tar"PLug)(fr,Pef) +hec., (2.1)

where eig are NSI parameters, o, 8 = e, u, 7, C = L, R, denotes the chirality, f = e, u,d,

and G is the Fermi constant.® The Hamiltonian in presence of matter NSI, in the flavor
basis, can be written as,

1
H = o |Udiag(0, Am3,, Am3,)UT + diag(4,0,0) + Aeag| , (2:2)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [77], Am?j =
m? —mjz (i<j=1,2,3),and A = 2v/2G N, E represents the potential due to the standard
matter interactions of neutrinos and €,3 can be written as

€ee €eu €er
€aff = G’éﬂ €up Ept ) (2.3)

6:7' E:T €rr
where €,3 = ]ea5|ei¢aﬂ for a # 8. In general, the elements of €,3 are complex for a # f3,
whereas diagonal elements are real due to the Hermiticity of the Hamiltonian as given by

2The other possible combinations cannot explain oscillation data.
3Here we neglect the effect of charged-current NSIs which mainly affect the production and detection of
neutrinos [71-76].



0SsC OSC + COHERENT
el —e, [-0.020,0.456] €% [—0.008,0.618]
el —et, [-0.005,0.130] | e, [—0.111,0.402]
£ [—0.110, 0.404]
€Y, [—0.060, 0.049] €y, [—0.060, 0.049)
£ [~0.292,0.119] % [—0.248,0.116]
g [-0.013,0.010] | &%, [—0.012,0.009]
d d d
ed, —el, [-0.027,0.474] e [—0.012,0.565]
d d d
ed —el, [-0.005,0.095] | &9, [—0.103,0.361]
ed_ [—0.102,0.361]
€, [—0.061,0.049] €d, [—0.058, 0.049]
e [—0.247,0.119] e [—0.206,0.110]
el [—0.012,0.009] el [—0.011,0.009]

Table 1. Recent constraints for the NSI parameters ¢, 5 and ed ap: at 20 C.L., obtained from the

combined analysis of the oscillation experiments and COHERENT measurements [78].
eq. (2.2). For the matter NSI, e,g can be defined as,
N
— fCLNf
B = Z CaB (2.4)
e

where Ny is the number density of fermion f and e 5 = g + e . In case of the Earth
matter, one can assume that the number densities of electrons, protons and neutrons are
equal (i.e. N, ~ N, = N.), in such a case N, ~ Ny ~ 3N, and one can write,

€aB = \/Z 36“0) (363%)2) . (2.5)

In table 1, we give recent constraints for NSIs obtained from a combined analysis of

oscillation experiments and COHERENT measurements [78] at 20 C.L. Having introduced
general descriptions of NSI and its bounds, in next section we describe our model in great
details.

3 The setup

In this work, we extend the SM gauge group to an anomaly free U(1)" = U(1)p-2r,-L,,"
where o and 8 can be e, p and 7. In our framework, two different lepton flavors are coupled
to the new gauge interaction. The relevant charge assignments for the lepton fields as well
as the scalar fields that trigger the U(1)" gauge symmetry breaking are listed in table 2

4The anomaly cancelation conditions have been addressed in the appendix A.



Le | Ly | Ly | le | 1y | Iz | Ny | No| N3 | H| ¢1 | ¢2
SU(2). | 2 2 2 1 1 1 1 1 1 2 11 1

UQ) | xe |y | @r | Ze | Ty | Tr | Te | Tp |z | O | 1] 2

Table 2. U(1)’ charges of the model. The charges x,, with a = e, u, 7, can take the values
Zo = 0,—1, —2, while the charges of the quarks are 1/3.

In this prescription, we include two scalar fields ¢ and ¢o transforming as 1 and 2 under
U(1)’, respectively. It is worth to mention that this U(1)’ interaction is not flavor violating.
These scalar fields are responsible for the U(1)’ breaking and therefore to give mass to the
Z' gauge boson.

The scalar potential for the fields in our framework (see table 2) can be split in three
parts,

V=V(H)+V(H ¢1,02) + V(¢1,02). (3.1)

The first part is the SM Higgs potential, the second is the coupling of the Higgs doublet
with the singlet fields,

V(H, ¢1,¢2) = \eH H(¢{1) + A\sH H(¢302) , (3.2)

and the third part is the potential for the two singlet fields,

Vg1, d2) = nidior + pidsde + Aa(1¢1)° + As(0502)” + Ae(0161)(9302) + Kp1d165 + h.c.

(3.3)

Now once new scalar fields ¢; attain their vev (v;/v/2), we get mass for the Z’ gauge
boson as

1 1
SME =g (v +40d), (3.4

where we have used charges for the ¢; as mentioned in table 2. Now to give an order
of estimation about the breaking scale, we take mass of Z’' gauge boson Mz = 0.1 GeV,
whereas coupling strength ¢’ is taken as ~ 2.8 x107°. Note that we consider these numerical
values in such a way that these can be probed in future COHERENT experiments (for a
detail discussion see section 4 and figure 3). Using these numerical values in eq. (3.4), one
finds the vevs of ¢; and ¢ as v; = 3TeV and vy ~ 17TeV, respectively. It is worth to
mention that the Higgs vacuum stability can be obtained when coupled to singlet scalar
field, whose vev is at the TeV scale [79].

The Yukawa Lagrangian that is invariant under SM ® U(1)’ for charged-leptons and
neutrinos can be written as

— Ly D yeLlH + yufﬂﬁﬂH +y Ll H + y’l’feﬁNl + ng#HNQ + yngﬁNg , (3.5)

where, H = iy H'. Tt is clear from eq. (3.5) that the charged lepton mass matrix as well
as the Dirac neutrino mass matrix are diagonal.



ZTe | 4 | ¥, | Neutrino mass matrix | Type | NSI parameters

01|-11]-2 0 x x Ay Euu & €77

0|-2]-1 X X X Ay Eup & €rr

-1 0| -2 00 x Bs Cee & €77

-11-210 X X X By Eee & Epp

21-110 x x 0 X Eee & €pp

210 | -1 X
x 0 x

[an}
[an}
X

Cee & €77

Table 3. Neutrino mass matrix textures depending on the choices of the charges z,. Notice that
only four of these two zero textures are allowed by the latest neutrino oscillation data [2-4].

There are several anomaly-free solutions to the U(1) involving baryon numbers, for
scenarios where CEvNS and NSI have been explored, see for instance [14-16, 70]. In
our approach, we choose the anomaly-free solution for the U(1)" = U(1)p_2r,-1,, see
appendix A for details. In this case, let’s take one of the solutions, namely (z¢,z,,z,) =
(0, —1,—2) for instance, the right-handed (RH) neutrino Lagrangian is given by

1 — 1 v 1 v 1 v
— LMajorana = §M1NfN1 + iy{VNszﬂ + §yévaN3¢2 + §y§VN§N2¢2- (3.6)

The six possible assignments under the U(1)" charges for the leptons are given in table 3
and each of the charge assignments give rise to a different model, namely different neutrino
masses and mixings as well as different NSI.

Having discussed our theoretical set-up, in the subsequent sections we aim to discuss
phenomenological importance of the model. In what follows, we first examine the potential
of CEvNS processes to explain NSIs as given in table 3. Later, predictions for neutrino
oscillation parameters as well as the effective Majorana neutrino mass have been analyzed
for the allowed two-zero textures as mentioned in table 3.



Argon Germanium

28Na| 1271 |133Cs|36 Ar (0.33) *8Ar (0.06) “0Ar (99.6)|Ge (20.4) 2Ge (27.3) Ge (7.76) ™Ge (36.7) Ge (7.83)
2.993/4.750(4.804|  3.390 3.402 3.427 4,041 4.057 4.063 4.074 4.090

Table 4. Proton rms radius (in fm) of the stable isotopes of sodium, iodine, cesium, argon and
germanium [83]. Their percentage relative abundance is provided in parenthesis. For detectors
made of argon and germanium, we use the average (R,) = >, X; R}, where X; and R/, stand for
the relative abundance and proton rms radius of the i-th isotope, respectwely

4 Coherent elastic neutrino-nucleus scattering

Coherent elastic neutrino-nucleus scattering has already been measured by the COHER-
ENT experiment [40], using a scintillator detector of made of Csl. The low energy neutrino
beam was generated from the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory.

The SM differential cross section for CEvNS process is given by [12, 80, 81]

do  G%
dT 27rMNQw< O E?

where T is the nuclear recoil energy, F, is the incoming neutrino energy, and My is the

(4.1)

nuclear mass. Also, Q2 is the weak nuclear charge and is given by
Q2 = [ZgY F2(Q*) + Ngl Fn(Q%)]” (4.2)

where Z(N) is the proton (neutron) number, @ is the momentum transfer, Fy(y)(Q?) its
nuclear form factor, and g;/ =1/2 —2sin? Oy, g7 = —1/2 are the SM weak couplings. It
is important to notice that the cross section depends highly on the mass of the detector
and the type of material, especially on the number of neutrons NV, since the dependence
on Z is almost negligible due to the smallness of gz‘,/ (~ 0.02). For the SNS energy regime,
another important feature of the CEvNS cross section are the nuclear form factors. From
now onwards, we will adopt the Helm form factor [82], where equal values of proton and
neutron rms radius have been used. In table 4 we present the corresponding values for
different isotopes. For the analysis of the Csl detector, we will use the best-fit value of
R, = 5.5 from ref. [52].

The differential recoil spectrum can be computed as

dR <~ NaMae /E"‘ \do

Here, N4 is the Avogadro’s number, My is the detector mass, M,, is the molar mass
of the material, and ¢4(E,) is the neutrino flux for each flavor. The SNS neutrino flux
consists of monochromatic v, coming from 7% decays, along with delayed v, and v, from
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Figure 1. Expected number of events for the CsI detector of the COHERENT collaboration against
the nuclear recoil energy T. The solid blue line shows the expected events in the SM framework,
while the black points correspond to the experimental measurements [40].

the subsequent p* decays. Each of these flux components are given by

m2—m2
b, (Ev) =10 (Ey—zmQ “), (4.4)
192E%2 /1  E,
ve (By) = - — ) 4.
o) =n " (5= ) (45)
64E% /(3 E,
o (E,) = v - =), 4.6
(B =02 (G- ) (1.6

for neutrino energy F, <m,/2~52.8 MeV. The normalization constant is n = TNPOT/47TL2,
where r=0.08 is the fraction of neutrinos produced for each proton on target, NpoT
represents the total number of protons on target (~2.1x10%® POT) per year, and L is
the distance from the detector.

From eq. (4.3) we can compute the expected number of neutrinos per energy bin:

N; = / A —dT (4.7)

where A(T) is the acceptance function, taken from the COHERENT data released in [84].
In figure 1 we show the measured number of events from the COHERENT collaboration
as a function of the nuclear recoil energy T, for the expected number of events in the SM
framework.

In presence of NSI, the cross section for CEvNS is affected through the weak nuclear
charge (see eq. (4.2)) in the following way:

2= [200) 25+ )PA@) + NGl + et 128 Pn(@)] . ()

where o = (e, p1, 7). Notice that with this new contribution, the differential cross section
from eq. (4.1) is now flavor dependent.
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Figure 2. Expected number of events per year as a function of the nuclear recoil energy for the
upcoming Ge, LAr-1t, and Nal detectors as shown in the left, middle, and right panel, respectively.
The blue dashed lines correspond to the SM framework, while the red dotted lines represent the
NSI scenario with Mz = 0.1 GeV and ¢’ = 2 x 1072, for the type A, model. The details about the
benchmark values of Mz and ¢’ that are considered here are presented in figure 3.

It is possible to write an effective low-energy Lagrangian for the neutrino-fermion

interactions with the Z’ boson as

2

g _
Lo = — > vy
Tz ME, [ o rter

[Z :):qq_wq] , (4.9)

where Q? is the transferred momentum. Therefore, by comparing this effective Lagrangian
with the NSI Lagrangian in eq. (2.1), we can relate the NSI parameters with the Z’ inter-
action parameters as

v _ 9 a1y
A= @ 1) (4.10)

In figure 2, we plotted the number of events versus the nuclear recoil energy, for dif-
ferent detectors (Ge, LAr-1t and Nal) considering the future plans of the COHERENT
collaboration. The features of the future detectors that are used in our numerical simula-
tions, along with the current Csl detector are presented in table 5. We show the expected
events in the SM framework, and compare with the case of NSI terms in the cross sec-
tion. For this particular example, we considered the A model with Mz = 0.1 GeV and
g =2 x107°. We give the details about the values of My and ¢’ that are considered here
in figure 3. As expected, the number of events in presence of NSI increases with respect of
those in the SM, but this increase is higher for smaller values of the nuclear recoil energy 7.

Given the relation in eq. (4.10), it is now clear how the NSIs can be generated from
the interactions of a new vector boson Z’. By computing the number of events including
NSI contributions, we are now able to compare with the COHERENT measurements in
order to set boundaries to the coupling and mass of the Z’' boson.

As mentioned before, the first part of the analysis consists in comparing with the first
measurements of CEvNS, provided by the COHERENT collaboration [40]. A CsI detector
of 14.6 kg was used at a distance of 19.3 m from the source. The cross section for this type of
detector has to be computed separately for cesium (Cs) and iodine (I) in the following way:

do do do
aT = (dT>cs ! (dT)I' (1)



Detector Mass (kg) | Baseline (m) | Energy threshold (keV) | Efficiency

CsI [40] 14.6 19.3 5 A(T) [84]

CENNS-10 [42] 24 27.5 20 F(T) [42]
LAr-1t [85] 610 29 20 0.5
Ge [85] 10 22 5 0.5
Nal [85] 2000 28 13 0.5

Table 5. Specifications of the current COHERENT-CsI [40] and CENNS-10 [42] detectors, along
with the future setups using other type of detectors [85]. For CENNS-10, the efficiency function
F(T) is taken from figure 3 of ref. [42] for the analysis B. Since there is no information about the
efficiencies of the future detectors (viz, LAr-1t, Ge, and Nal), we have assumed a conservative flat
efficiency of 50%.

We perform a fit of the COHERENT-CsI data by means of a least-squares function

15 i i i 72 2 2
XQZZ[Nmeas—<1+a>Nth—<1+ﬂ>Bon] +<a> +< Ui ) | (412)
i=4

7
Ogtat Oa

where N

& eas(ING,) is the measured (expected) number of events per energy bin, o, =

\/ N} + Bl +2Bi is the statistical uncertainty. Also, B. and B are the beam-on and
steady-state backgrounds, respectively. We marginalize over the nuisance parameters «
and 3, which quantify to the signal and background normalization uncertainties o, and o3,
respectively. Following the COHERENT-CslI analysis, we choose o, = 0.28, which includes
neutrino flux (10%), signal acceptance (5%), nuclear form factor (5%) and quenching factor
(25%) uncertainties, and og = 0.25 [40]. Since the fit to the quenching factor was done for
the bins from ¢ = 4 to 15, we follow our analysis only for these energy bins.

In order to extract information about the Z’ boson, we compute the expected number
of events Ny, including NSI effects, according to eq. (4.7) and the weak nuclear charge in
eq. (4.8). It must be pointed out that in the NSI scenario, the differential cross section is
now flavor dependent.

As we have mention before (see section 3 for details), the proposed model has six
possibilities depending on the U(1)" charges of the charged leptons. Since only four of these
cases are allowed by oscillations data (A, Aa, B3 and By), we will perform the x? analysis
only for these cases. Note that we will give a detailed phenomenological consequences of
these four two-zero textures within the standard three-flavor neutrino oscillation paradigm

in the next section.
dv

Since all the quarks have same U(1)’ charge, we get %/ = iV,

reducing the number
of free parameters. Also, the neutrino source does not produce tau neutrinos, and hence,
we can not extract any information about &;.

It is to be noted that the COHERENT collaboration has reported the first mea-
surement of CEvNS with argon by using the CENNS-10 detector, which corresponds to
13.7 x 10?2 POT. The CENNS-10 detector has an energy threshold of 20keV, an active

mass of 24 kg, and is located at 27.5 m from the SNS target. As described in ref. [42], the

~10 -
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Figure 3. Exclusion regions at 95% C.L. in the (M, ¢') plane for the different models. The light-
green shaded area corresponds to the constraint set by the current COHERENT measurement using
a CsI detector [40], while the orange solid line comes from the recent COHERENT results using the
CENNS-10 detector [42]. The solid purple line shows the limit from oscillation experiments [78]. The
limits set by the future detectors setup from the COHERENT collaboration [85], namely, Ge, Nal,
and LAr-1t are shown using the red dash-dotted, yellow dotted, and blue dashed lines, respectively.
The limits from the CONUS reactor experiment [43] are shown by the magenta (long dashed)
lines. The exclusion regions set by the beam dump experiments [86-95], BBN and CMB [96], and
LHCb dark photon searches [97] are presented using color code yellow, gray and sky-blue regions,
respectively. The pink shaded band corresponds to the region where the muon (g — 2) anomaly is
explained [98] (see text for more details).
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collaboration has performed two independent analyses, labeled A and B. Analysis B yielded
a total of 121 CEvNS events, 222 beam-related and 1112 steady-state background events.

To extract exclusion regions for the Z’ parameters, we perform a single-bin analysis,
using a x? function equivalent to eq. (4.12). Following the analysis B of ref. [42], we take
0o = 0.07 and o3 = 0.107. For the calculation of the number of events, we use the efficiency
function provided in figure 3 from ref. [42].

In figure 3, we show the exclusion regions at 95% C.L. in the (My/,¢') plane. Each
panel corresponds to one of the four possible models, where the resulting light neutrino mass
matrix is of type A1, Ao, B3 and By4. The constraints coming from the COHERENT data,
using the Csl and CENNS-10 detectors, has been presented using the light-green shaded
region and the orange solid line, respectively. In order to have a more complete study,
we also include exclusion regions arising from the future upgrades of the COHERENT
collaboration: Ge, Nal, and LAr-1t detectors, considering a 10% SM signal as background
and an exposure of four years. For this analysis, we consider a decrease in the quenching
factor uncertainty by a factor of two with respect to the CsI detector case (12.5%). This
improvement leads to a signal nuisance parameter of o, = 0.175, while the background
parameter remains the same og = 0.25. We show the exclusion regions using the red dash-
dotted, yellow dotted, and blue dashed lines, respectively. We can see how these future
setups can improve the current COHERENT limits for the coupling ¢’ by almost one order
of magnitude.

Notice that the propagation of neutrinos in matter are affected by coherent forward
scattering where one have zero momentum transfer. Hence, the effective Lagrangian from
eq. (4.9) that is relevant for NSI can be written as

[Z m(;VDO/')/MF)LVQ
a

12
g

Log = —

T M,

[Z xqq’yuq] , (4.13)

irrespective of the Z’ mass. In this limit eq. (4.10) becomes

2
v _ M (4.14)

ela = .

In figure 3, we also include limits coming from oscillation experiments (see purple solid
line) using the relation given in eq. (4.14). For models A; and Ag, we take the smallest
value of ¢, from the first column of table 1, when setting e.. = e, = 0. Then we use
eq. (4.14) to get a limit for ¢’ as a function of M. For Bs, we extract a value for €., by
taking €,, = 0.° The limit from BBN +CMB [96] is also presented using gray band in
figure 3. For the cases where €. # 0 (i.e., for Bs and By), we have also included boundaries
for a light Z’ boson, obtained by different electron beam dump experiments as shown by
the yellow region. We have used the Darkcast [99] code to translate the beam dump limits
to our specific model. In the cases where €, is present, we also consider limits set by dark
photon searches for LHCD limits [97] shown using the sky-blue region. We also use the

5For model By we considered the smallest possible value between ec. and €,, from the other models.
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Darkcast [99] code to translate these limits to the different cases of our model, which has
been shown using the sky-blue regions in figure 3.
The interaction of the Z’ boson with muons leads to an additional contribution to the

anomalous magnetic moment:

12,2
gz My
da,, = 87T2”F < m ) : (4.15)

where

1 21— 2)2
F(m):/o dz; 2:(1 = 2) (4.16)

1—2)2+2222°

Since the existence of new light vector bosons can explain the inconsistency in the
anomalous magnetic moment of the muon, (g—2),, [22, 100], we have incorporated bound-
aries arising from this process in figure 3. The region of the (My/,g¢') plane where our
model can explain the discrepancy Aa, = (29 £9) x 1071% [98] is the pink region. Notice
that only in the Bsg this region is absent, since there is no interaction between muons and
the Z’ boson (g4, = 0).

Furthermore, there are several proposals aiming to measure CEvNS using nuclear re-
actors, such as CONNIE [101], CONUS [43], MINER [102], RED100 [103], TEXONO [104],
etc. For example, the CONUS experiment will consist of a 4 kg Germanium detector with
an energy threshold of 300eV, located at 17 m from the nuclear power plant at Brokdorf,
Germany [43]. They expect ~ 105 events over a 5 year run, assuming the SM signal.

We also present limits for the Z’ boson considering the CONUS experiment. For the
calculation of the number of CEvNS events, we have taken into account an antineutrino
energy spectrum coming from the fission products 235U, 233U, 239Pu and ?*'Pu [105]. For
energies below 2MeV, we use the theoretical results obtained in ref. [106]. Since reactor
antineutrinos are produced with energies of a few MeV, the nuclear form factors play no
role in the detection of CEvNS events, therefore we safely take them to be equal to one.

For this analysis, we assume a flat detector efficiency of 50%, and the same x? function
given by eq. (4.12) with a background equal to 10% of the SM signal, where uncertainties
0o = 0.1 and og = 0.25 have been used. Since a nuclear reactor produces only electron
antineutrinos, we give an exclusion regions only for the cases where €., # 0 (i.e. for Bs and
By). These regions are shown in the lower panels of figure 3, denoted with the magenta
dashed line.

The first panel of figure 3, i.e., A1 (U(1)p-r,-2r,) has €., and e, with ;- > €,,,. In
this scenario, it can be seen that the future COHERENT experiment with LAr-1t detector
will explore a parameter space for masses between 7 MeV to 3 GeV and couplings as small as
¢’ ~ 107°. For masses between 200 MeV and 4 GeV the future COHERENT bounds will be
competitive with the current LHCb exclusion limits. However, we notice that above 3 GeV
bounds coming from the LHCb drak-photon searches will give the strongest constraints,
where ¢’ can be ~ 1072 (see sky-blue region). Bounds arising from the calculation of A Neg
of BBN will rule out Mz < 7MeV as shown by the gray band. We now proceed to discuss
our results for Az (U(1)p—21,—1,) as shown by the second panel of the first row of figure 3.
It has €., and €~ as in A; but in this case ¢;; < ¢,,. Here, we have found that the future
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COHERENT experiment will explore a parameter space for masses between 7MeV to
0.55 GeV and couplings up to g’ ~ 1075, For masses between 200 and 500 MeV the future
COHERENT bounds will be comparable as exclusion coming from LHCb. Unlike Aq,
LHCDb can explore more parameter space for this scenario, i.e., Mz > 0.55 GeV, compared
to COHERENT-LAr-1t bounds. AN.g also shows similar bounds as A;.

Unlike the scenarios A; and Ao, we also have contributions coming from the beam dump
experiments and reactor experiment CONUS that is because of non-zero €., for Bs and By,
which we show at the second row of figure 3, respectively. The model Bs (U(1)p_r.—2rL.)
predicts NSI parameters like €., and e, (see table 3 for details). It has been observed that
CONUS shows the most stringent constraint, compared to the future COHERENT-LAr-1t
bounds, for the masses greater than 25 MeV with the coupling constant ¢’ ~ 5 x 1076, as
shown by the magenta dashed line. Moreover, the region Mz < 25MeV and ¢’ < 5 x 107°
is ruled out by the beam dump bounds (see light-yellow region). In our final scenario,
i.e., By (U(1)B—L.—21,), the contribution from the LHCb is also observed because of non-
zero €, together with €... We notice that for masses greater 25MeV up to ~ 500 MeV
and couplings ¢’ in the range (5 x 1075-0.5 x 10~%), CONUS will show the strongest
exclusion region, whereas masses > 500 MeV will be explored by LHCb. On the other
hand, predictions below Mz < 25MeV remains same as Bs.

It is worth to mention that the exclusion region coming from the recent results of
the CENNS-10 detector is weaker than the future upgrade LAr-1t detector for two main
reasons: the greater mass of the latter (~ 25 times bigger) and the total exposure that has
been considered in this work (4 years).

Finally, by investigating all the four scenarios, it has been seen that the bounds arising
from (g —2), (see the pink band) is ruled out by the current COHERENT-CsI data, while
limits from oscillation experiments (as shown by the solid purple line) will be ruled out by
the future COHERENT data. Finally, we present a set of benchmark values that can be
explored by different experiments in the table 6.

So far we have discussed the importance of CEvNS processes to investigate NSIs for all
the possible allowed cases for the given U(1)’" charges as given by table 3. Our next section
is devoted to the predictions for the standard three flavor neutrino oscillation parameters as
well as for the effective Majorana neutrino mass within the formalism of two-zero textures
that are appeared in this gauge extended model (see table 3 for allowed possibilities).

5 Two-zero textures

Here we revisit the phenomenology of the two-zero textures that are allowed in this model,
as given in table 3, viz Ay, Ao, B3, and By in light of the latest global-fit data. The two-zero
textures that were classified in [107] are phenomenologically very appealing in the sense
that they guarantee the calculability of the neutrino mass matrix M, from which both the
neutrino mass spectrum and the flavor mixing pattern can be determined [108-111]. In
what follows, we first parameterize M, in terms of the three neutrino mass eigenvalues
(m1, ma, m3) and the three neutrino mixing angles (612, 023, 013) together with the three
CP violating phases (0, a, 3). Note that here ¢ is the Dirac type CP-phase, whereas «, and
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Texture Experiments g (x107°) | vy (TeV)
Osc 25 0.39
COHERENT-CsI 18 0.55
Ay COHERENT-Ge 11 0.91
COHERENT-LAr-1t 4.3 2.32
COHERENT-Nal 4.1 2.44
Osc 17 0.58
COHERENT-Csl 13 0.77
Ao COHERENT-Ge 8.3 1.20
COHERENT-LAr-1t 2.9 3.45
COHERENT-Nal 2.9 3.45
Osc 47 0.21
COHERENT-CsI 34 0.29
B3 COHERENT-Ge 19 0.53
COHERENT-LAr-1t 6.3 1.58
COHERENT-Nal 5.6 1.78
CONUS 2.6 3.85
Osc 18 0.55
COHERENT-CsI 10 0.99
By COHERENT-Ge 7.3 1.39
COHERENT-LAr-1t 2.6 3.85
COHERENT-Nal 2.6 3.85
CONUS 2.6 3.85

Table 6. Set of representative values for the coupling constant ¢’ and for the symmetry breaking
scale v; have been provided for different detectors and experimental limits as shown in figure 3.
Here we fix Mz = 100 MeV and v, = 1 TeV.

B are the Majorana type CP-phases. Therefore, the mass matrix M, can be diagonalized
by a complex unitary matrix U as

M, = UmdiaeyT (5.1)

where mgiag = diag{my, ma2, m3g}. In the standard PDG formalism, the neutrino mixing
matrix U, also known as the PMNS matrix is given by

U=VP,

C12€13 $12€13 s13€%0 10 0
= | —s12¢23 — c12523513€"  C1aco3 — S12523513€  s93C13 Oe* 0 , (5.2)

5128523 — C12C23513€"  —c12823 — S12C23513€% Cozci3 0 0 et

where s;; = sin6);; and ¢;; = cos6;;. Given the parameterization of U, it is now straight
forward to write down the elements of neutrino mass matrix M, with the help of eq. (5.1).
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The two-zero textures of the neutrino mass matrix M, (see eq. (5.1)) satisfies two
complex equations as

Mmap =0, mpg =0, (5.3)

where a, b, p and ¢ can take values e, u and 7. Above equations can also be written as

M1 Va1 Vin + maVaaVipe®™® + m3V,3Vize? P = 0

M1V Va1 4+ ma Vi Vipe®® + m3 Vi3 Vyze? P10 = 0, (5.4)

where V has been defined in eq. (5.2). We notice that these two equations involve nine phys-
ical parameters my, meo, ms, 012, 023, 013 and CP-violating phases «, 8, and §. The three
mixing angles (613,612, f23) and two mass-squared differences (Am?,, Am3,) are known
from the neutrino oscillation data. Note here that from the latest global-fit results, we have
some predictions about the CP-violating phase §, however at 3o, full range i.e., 0°-360°
is still allowed. Therefore, in this study we kept § as a free parameter. The masses mso
and mg can be calculated from the known mass-squared differences Am?, and Am3, using
the relations mg = \/m? + AmZ,, and mg = /m3 + Amgg. Thus, we have two complex
equations relating four unknown parameters viz. m1, «, 8 and §. Therefore, one can have
the predictability of all these four parameters within the formalism of two-zero textures.

We numerically solve eq. (5.4) for the concerned types of two-zero textures, see table 3.
It has been known from the latest global analysis of neutrino oscillation results [2—4] that
the least unknown parameter among the three mixing angles is the atmospheric mixing
angle A23. Therefore, considering some benchmark values of 633, we calculate remaining
unknown parameters, which we present in table 7 and 8. We take the latest best-fit value
of 63 from [4] as one of our benchmark value, whereas maximal value of a3 i.e., fa3 = 45°
is taken as the second benchmark value. Notice that the seed point #2353 = 45° has the great
importance in perspective of flavor symmetries as well as flavor models building. Among
numerous theoretical frameworks, u — 7 symmetry that explains 63 = 45° has received
great attention in the neutrino community, for the latest review see ref. [112]. From table 7,
we notice that the textures A1, Ao can explain both the latest best-fit as well as the maximal
value of f3. Further, given these benchmark values we calculate unknown parameters my,
a, B and §. It is to be noted from the fourth column that the predicted values of ¢ for
all the cases lies within 1o of the latest best-fit value [4], which is 237.613;32. We also
calculate mg, ms3 (see second column of the table 7) to find ) | m,. From the third column,
one can find that the measured values of Y m,, for all the cases are well within the latest
value provided by Planck collaboration [113] which gives Y m, < 0.12eV (95%, Planck
TT, TE, EE + lowE + lensing + BAO). Notice that recently, the T2K collaboration [114]
has published their latest results, which gives the best-fit values of the atmospheric mixing
angle sin? 63 = 0537003 and the Dirac CP-violating phase § = —1.8970-%0 (or 252739% in
degree) for the normal neutrino mass hierarchy. We find for the textures A; and As (see
table 7) are in well agreement with the latest T2K measurements within the 1o confidence
level [114].
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Texture | (mq,ma2,m3) x 1072 [eV] | Y.m, [eV] (0,, 3)°

Aq(65%) (0.650, 1.067,5.054 0.067 (260, 97, 55)
Aq (055%) 0.564, 1.047, 5.017 0.066 (213, 94, 76)
Aq (0325) 0.570, 1.067, 4.990 0.063 (267, 97, 51)

0.065 | (262, 80, 133)
0.066 | (267, 81, 130)
0.065 | (237, 81, 145)

Ag(05x) 0.577,1.071,5.001
A (0335) 0.504,1.010, 4.988

—_ | ~— |~ | — | ~— | —

(
(
Ag(65%) (0.466, 0.984, 5.097
(
(

Table 7. Simulated values for the textures Aj, Ay for normal neutrino mass hierarchy. Two sets
of solutions are presented for both the textures, which are calculated corresponding to the global
best-fit value of a3 i.e., 655 = 47.7° [4], for the maximal value of 3 i.e., 033 = 45°, and for the
latest T2K [114] results, respectively.

For the textures B3 and By, one can have non-zero |me.| (see table 2), thus we have
predictions for the effective Majorana neutrino mass |me.| which appears in the neutrinoless
double beta (0vf33) decay experiments. At present, the OvSg decay (A,Z) — (A, Z +
2) + 2e~ is the unique process which can probe the Majorana nature of massive neutrinos.
Currently, number of experiments that are dedicated to look for the signature of 0v(33-
decay are namely, GERDA Phase II [115], CUORE [116], SuperNEMO [117], KamLAND-
Zen [118] and EXO [119]. It is to be noted here that, this process violate lepton number
by two-units and the half-life of such decay process can be read as [120, 121],

(Tlo/VQ)il = GOV‘MOV(A7 Z)|2‘m€6’2 ’ (55)

where Gg, is the two-body phase-space factor, and My, represents the nuclear matrix
element (NME). |me| is the effective Majorana neutrino mass and is given by,

3
2
Z miUei
=1

where U stands for PMNS mixing matrix as mentioned in eq. (5.2).

) (5.6)

[Mee| =

We present our predictions for the effective Majorana neutrino mass |me.| for both
the textures in figure 4. The 30 allowed parameter space of |me.| considering the latest
global-fit data [4] for the normal neutrino mass hierarchy is shown by the light-orange
band.® The magenta band shows the latest bounds on |me.|, arises from the KamLAND-
Zen 400 experiment [118] which is read as |me.| < (61-165) meV at 90% C.L. by taking into
account the uncertainty in the estimation of the nuclear matrix elements. We also show the
first results of KamLAND-Zen 800 collaboration using the lighter-green band, which was
presented in the latest meeting TAUP 2019 [122]. Besides this, the predictions for |me|
for the textures Bs and By are shown by the blue (cyan) patch at 30 (1o) significance
level. We notice from both the panel of figure 4 that the calculated values of |me.| lie in

SNote that the present oscillation data tends to favor normal mass hierarchy (ie., Am3; > 0) over
inverted mass hierarchy (i.e., Am3; < 0) at more than 3o [2-4], therefor, we focus only on the first scenario.
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Figure 4. Predictions for the effective Majorana neutrino mass |me.| vs the lightest neutrino
mass mi. The 30 allowed parameter space of |me.| using the latest global-fit data is shown by the
light-orange band [4]. The bound on |me.| from the KamLAND-Zen 400 [118] collaboration has
been shown by the light-magenta horizontal band, whereas the first results of the KamLAND-Zen
800 [122] collaboration is outlined by the lighter-green band. Predictions for |me.| for Bs, and By
are shown by the blue (cyan) patch at 30 (10).

Texture | (m1 ~ma~mg) [eV] | Y.m [eV] | [(mee)| [€V] (0,, B)°
B (635%) 0.144 0.432 0.144 | (270, 0, 180)
B4 (055%) 0.100 0.300 0.100 (270, 180, 0)

Table 8. Simulated values for the textures Bs, B, for quasi-degenerate neutrino mass pattern.

the range my > 0.06 eV for Bs and m; > 0.04eV for By, respectively. It can be seen from
the left panel that the predictions of Bs are in the reach of KamLAND-Zen 400, whereas
By predictions can be probed by the KamLAND-Zen 800 data.

It is to be noted here that the latest bound on the sum of neutrino masses Y m,, come
from Planck collaboration [113] which gives > m, < 0.12eV (95%, Planck TT, TE, EE
+ lowE + lensing + BAO). Now, given the constrained bound on ) m,, if one converts
them for the lightest neutrino mass m1, then it can be seen that the textures Bj is almost
rule out. On the other hand, the textures By is consistent with the latest data. We further
examine that none of these textures are able to explain the latest best-fit value of fo3.
However, both these types are consistent with the maximal value of the mixing angle 6o3.
Considering 055* as a seed point, we calculate remaining unknown in table 8. From the
fifth column, one can notice that these textures predict maximal value for the Dirac type
CP-phase §, which is in well agreement with the latest best-fit value within 1o range [4].
Also, CP-conserving values are predicted for the Majorana type CP-phases «, 5. We show
the predictions for the sum of neutrino masses »_ m, and the effective Majorana neutrino
mass |me.| for texture types Bs, and By in third and fourth column, respectively.
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6 Conclusion

Physics beyond the Standard Model (BSM), incorporating neutrino masses, are testable in
the next generation superbeam neutrino oscillations as well as CEvNS experiments. This
work is dedicated to investigating non-standard neutrino interactions (NSIs), a possible
sub-leading effects originating from the physics beyond the SM, and eventually can inter-
fere in the measurements of neutrino oscillation parameters. There exists numbers of BSM
scenarios give rise to NSIs that can be tested in the oscillation experiments. However,
such models undergo numerous constrained arising from the different particle physics ex-
periments. In this work, we focus on an anomaly free U(1)" gauge symmetry where a new
gauge boson, Z’, exchanged has been occurred. Depending on U(1)’ charge assignments, we
find four different scenarios compatible with the current neutrino oscillation data, namely,
U(l)BfLM72LT, U(l)B,QLM,LT, U(1)p-r.—2L., and U(l)B,Le,QLH. It has been further real-
ized that these four scenarios correspond to four different two-zero textures for the neutrino
mass matrix, namely, Ay, As, B3z and B4. We notice that the NSI parameter e, is obtained
under B3 and By textures, A;, Az, and By lead to €,,, whereas one finds €, from Aj,
Ao, and Bs. We summarize our results for possible NSIs considering various experimen-
tal limits in figure 3, whereas other neutrino phenomenology are given in figure 4 and in
table 7, 8, respectively. Depending on our analysis, we make our final remarks as follows:

e Texture Aj: in this case, we notice that the future COHERENT experiments with
Nal or LAr-1t detectors will explore a parameter space for masses 7 MeV < My <
3 GeV within the coupling limits 0.8 x 107° < ¢’ < 1073. Also, the parameter space
below 5.3 MeV can be ruled out using the measurement of AN.g coming from the
observation of Big Bang nucleosynthesis. Notice here that this observation holds true
for remaining cases. Furthermore, it can be seen that above 3 GeV the LHCb can
put the strongest bound. Also, in this scenario, the effective mass parameter me. of
the OvfB5-decay is zero.

e Texture As: findings of Ay is similar as A;. However, we notice that the future
COHERENT experiments will show the tightest constraint upto the mass limit ~
550 MeV and above this the LHCb will give the stringent bound. It is to be noted
here that the LHCb can exclude more parameter space for Ao compared to Ay, which

/

is simply because p— field carry 2-units of U(1)" charge than of A; (in case of Ay,

U(1)" charge of pu— field is 1).

e Texture Bs: outputs of Bjs is very different compared to A; and As. Here we notice
the CEvNS experiment CONUS can explore the most of the parameter space for the
masses of Mz above ~ 25MeV and coupling constant ¢’ > 5 x 1076, On the other
hand, below 25 MeV, the parameter space has been ruled out by the beam dump

experiments.

Moreover, one also have predictions for Ovf53-decay which can be explored by the
KamLAND-Zen collaboration (see left panel of figure 4).

e Texture By: in this case CONUS can rule out the parameter space for the mass range,
25 < My < 500 MeV corresponding to coupling strength 5 x 1076 < ¢/ < 1.5 x 1074
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Above this mass limit and coupling strength the LHCb can put the tightest con-
straint. Moreover, the beam dump experiments can exclude the parameter space
below 25MeV. We also have predictions for the Ovf3(5-decay and the parameter
space are marginally consistent with the present limit of both the KamLAND-Zen
and the Planck bound as given in the right panel of figure 4.

Finally, we like to emphasize that the U(1)" charges that lead to the scenarios A;
and Ao, as given in table 3, the LHCb provides the tightest constraint than the CEvNS
experiments above 0.55, 3 GeV, respectively. Moreover, it is noteworthy to notice that the
predictions of Dirac CP phase ¢ for A; and As (see table 7) are in well agreement with
the latest T2K result within the 1o confidence level [114]. On the other hand, the CEvNS
experiment CONUS puts the most stringent limit on B3 above ~ 25MeV (see the first
panel of the second row of figure 3). Moreover, the predictions of Bs are in reach of the
KamLAND-Zen 400 data (see the left panel of the figure 4). Note further that the By is
the most constrained one among all the scenarios in the region 25 < My < 700 MeV and
also the current limits of the Ovf33 decay coming from the KamLAND-Zen 800 data are
almost excluding this scenario as shown in figures 3 and 4, respectively.
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A Anomaly cancellation conditions

For simplicity, let us define Y/ = B — 2L, — Lg and U(1)’ = U(1)ys. The six triangle
anomalies of the model are [123]

U(1) —grav—grav: Y Y'=9(2(3)—3-3)+> (z—z)+> Y'(Nf), (Ala)
¢ i

U =0 =u@): Y ¥?=9(2(3)"~(3)°~(3)*) +D_(2af—ad)+ D Y (NP),
l i

(A.1Db)
UL =01 =UM)y: > Y?Y=9(23)*(3)+(—3)°(-5+(=5*3)
+Y (227 (—1)+27(2)) =0, (A.1c)
¢
UL =U)y=U()y: Y Y'V2=9(23)(3)+(=5(=3)"+(=53)?)
+3 (2zp(—1)7—xe(2)°) =—6-2> (A.1d)
l l
U(1)'=SUB)-SU@B3): > Y =9(2(3)—5-3)=0 (A.1e)
3,3
U(1)-SU@2)-SU2): > V'=2(9)(3)+2) = (A.1f)
2 l



As it can be seen, conditions in eq. (A.1c) and (A.le) are already equal to zero. By imposing
all the other conditions equal to zero, the U(1)’ charges of the right-handed neutrinos have
to fulfill the following relations

ZY Nf) = er_3 ZY’3 Nf) = fo (A.2)

By looking at table 2, we can notice that these relations hold, since the charges of the right-
handed neutrinos are the same as for the charged leptons, and — >, 2, =0+1+2 = 3.

B Neutrino mass matrix

In this section we will show an example of how to compute the light neutrino mass matrix,
!/

for a specific choice of U(1)" charges. Within the type-I seesaw scenario [124], the low

energy neutrino mass matrix is given by
Tar—1
—my, ~ MpMp Mp, (B.1)

where Mp and Mg are the Dirac and Majorana neutrino mass matrices, respectively.
In our prescription, the Yukawa Lagrangian invariant under SM®U(1)’ for the charged-

leptons and neutrinos is given by
~ Ly D YeLeleH + yu Ll H + yr Lol H + yYL.HNy +y5L,HNoy + y5L, HN3. (B.2)

This leads to the Dirac neutrino mass matrix of the form

x 00
Mp=1]0x01]. (B.3)
00 x

For the Majorana neutrino mass matrix, we need to specify the U(1)’ fermion charges.
For example, with the choice (z¢,zy,z-) = (0, —1,—-2), the RH neutrino Lagrangian is
1 ~7c 1 N77e 1 NT77e 1 NQre
- EMajorana = §M1N1N1 + 53/1 N1N2¢1 + 53/2 N1N3d)2 + §y3 N2N2¢2 . (B4)
Therefore, the Majorana neutrino mass matrix takes the form

X X X
MR: X x 0 . (B5)
x 00

Plugin Mp and Mp in eq. (B.1), one finds the light neutrino mass matrix of the form

0 x0
my, =] xx x|, (B.6)
0 x x

which corresponds to the type A; neutrino mass matrix. One can follow the same procedure
for the other charge assignments to get the different light neutrino mass matrices (see table 3
for details).
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