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Abstract: The extension of the standard model with a multiplicative U(1)g factor is consistent with
a light vector boson. In its simplest realization, only right-handed particles carry charges of the
new group. In this model, there is a residual 73 symmetry and one new coupling constant which
correlates neutrino interactions. We compute new contributions to antineutrino—electron scattering
and coherent scattering on nuclei, and compare them with the XENONT1T result.
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1. Introduction

In the standard model, right-handed neutrinos are very inert. They are introduced in
the couplings of Higgs particles and are observable in interactions where scalar particles
are present. There is also the possibility that they modify relations of the standard model.
In fact, this happens in models where right-handed neutrinos are embedded in a larger
group. A typical and popular extension is based on the group SU(2); x U(1)y x U(1)g
with fermions carrying charges of the three groups. There are many such extensions [1-9].
They differ in the number of Higgs particles and many of them include new fermions [3,4]
identified with dark matter.

The simplest extension, considered here, includes one new gauge boson X, and a
singlet scalar particle o(x). It is shown that the model is self-consistent and contains a
residual 13g symmetry. Related are models based on the same group and an enlarged
Higgs sector [3,4,7]. These models have additional interactions and fermions identified
with dark matter.

Masses for the particles are generated by the standard model Higgs ¢(x) and the new
scalar o(x) being charged in U(1)g. Both scalars contribute to the masses of the gauge
bosons and mix the neutral bosons. A consequence is the presence of neutral current
interactions, which now also include couplings with right-handed neutrinos, proportional
to their U(1)g charges. In addition, the new scalar ¢(x) generates the mass for the X, boson.

Dirac masses for fermions of the standard model are generated by the vacuum expec-
tation value (VEV) of ¢(x). For fermions with the same charge, only the SU(2) contributes
to the Dirac mass term producing mass matrices proportional to the couplings of the
neutral Higgs mesons. Thus, Dirac mass matrices and neutral Higgs couplings can be
diagonalized at the same time, eliminating flavor changing neutral currents. Majorana
masses are introduced for right-handed neutrinos by the VEV of ¢(x). Finally, all fermions
appear in the interactions with their specific helicities producing chiral interactions. In
explicit calculations, it is helpful to use Weyl spinors for them.

An additional requirement for an ultraviolet complete theory is the cancellation of
triangle anomalies. The relations summarized in Table 1 are necessary, but not sufficient,
conditions for the theory to be ultraviolet finite. In our case, the left-handed neutrinos
do not couple to the U(1)g term and we select their charges to be zero: Y, = Y,, = 0and
Y, = Yy, = 0. Applying these conditions, a T3g symmetry survives for quarks and leptons,
as shown in Section 3. An explicit classification of the triangle diagrams demonstrates that
the theory is ultraviolet finite.
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Table 1. U(1)g charges for leptons and quarks.

Ysm U(1)r

VL, e -1 YE

ur, dL 1/3 Yu
Num 0 YNR =Y, + Y‘P
er -2 Yoo = Yo — Y,
UR 4/3 Yig = Yu + Y,
dg —2/3 Vg = Yu— Y,

@ 1 Yy

The presence of one coupling constant in the U(1)g group relates several reactions.
The elastic antineutrino—electron scattering still allows a small new contribution. The
TEXONO experiment gives data integrated over the electron recoiling energy, but still as a
function of the incident energy. Integrating the cross section with the propagator of the
mediator brings a logarithmic dependence on the mass of the mediator. The bound we
obtain for the coupling constant at very low energies is consistent with the value expected
when the XENONI1T events are produced by neutrinos originating in the Sun. The third
process is the coherent scattering of neutrinos on atomic nuclei.

The content of the article is the following. Sections 2 and 3 describe the model and
the cancellation of triangle anomalies. The description concentrates to one generation of
fermions and must be repeated for three. Section 4 shows how right-handed neutrinos
couple to the light boson mediator through their U(1)g charge. Finally, we discuss three
neutral current reactions, where low energies are preferable because propagator effects are
more important.

2. The Model
2.1. The Gauge Sector

The new field X, couples to the standard Higgs doublet ¢(x) through the covari-
ant derivative

. T3 Y s Yo
Dyuo(x) = <8y+zg23W5+zg’2By+ngZ(PX#> o(x). 1)

Mass terms for the three bosons are generated when ¢(x) acquires a vacuum expec-
tation value. An additional scalar Higgs o (x) is also introduced to provide another mass
term (1/4)g%Y'*v} for the X, field with Y’ being the charge of o'(x) in the U(1)g group.
This brings a non-zero mass for the new gauge boson. After symmetry breaking the square
of the mass matrix for the fields Wﬁ, BH and XH has the form [1,2,6,8]

' -88  —88xYy \ 2

1 v
M=ol g8 8% glxYy | @
—88xYy 8'8xYy 8%Q%

where Yx = Y, is the hypercharge of the Higgs doublet in U(1)g and

1,0 1 03\ v?
2 _ 12~ U 2v2 2125
Mz = 18xx5 = 3 <gXY(p +8xY v2> > 3)
In this specific extension, the photon remains massless and electromagnetism is
not affected.
The diagonalization of the mass matrix is well known, with the electromagnetic field
retaining its form in the standard model,

Ap(x) = swWi(x) + cwBy(x) 4
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and the charge operator being

T3 Y
Q_E_‘_E' ®)

For the computation of the neutral current, it is useful to express the initial gauge
fields in terms of the physical fields A, Z, and X,,:

NS = sw Ay + cacwZy + sucw Xy, ©)
By = cwAyu — caswZy — sasw Xy, @)
Xy = —saZy + caXy, 8)

where sy = sinfy, ciy = cosfy with y being the Weinberg angle and s, = sing,
¢y = cos a define a new mixing angle « given by [2]

) g2 _|_g/2 ~ gZ _I_g/2

Cc, = ~ .
SRk £8PV

)

The diagonalization of the mass matrix (2)—in the limit (v3/v*) < 1—provides
the relation gs
o

gXCocY(p = a (10)

which will be useful later on.

2.2. Fermion Sector

Fermion masses are generated by Yukawa couplings of the Higgs doublet H(x) and
the singlet o(x)

Ly = Y/ Tiger; + Y Iigvk; + Yev'Svpo + hic. 11)
with Ye, Y}, and Y, being 3 x 3 matrices. When the neutral Higgs doublet acquires vacuum

expectation value, it produces Dirac masses. Since it is the only scalar contributing to Dirac
masses, there are no flavor changing interactions (NFCI). The two contributions produce a

mass matrix of the form
— > o
_TC 0 mp s
(VL VR)( mh, Mg )< V'R > (12

It has the structure of the seesaw matrix of type-I. The primed neutrino, v, will be
soon replaced by another state. The Majorana mass matrix is symmetric and is diagonalized
by a unitary matrix [10,11].

The invariance of the Dirac mass terms under U(1)g transformations supply relations
among the charges of left- and right-handed leptons and quarks. The sum of charges in
each trilinear must be zero, thus giving the relations [2]

YMR = YML + Y 7 (13)
Y, = Yu, — Yo, (14)
Yep = Yo, — Y. (15)

In our case, a Dirac mass for the neutrinos is generated from the Yukawa coupling to
the right-handed neutrino, giving

Y = Yo, + Yo (16)

In this manner, there are three independent U(1)g fermionic charges for each genera-
tion summarized in Table 1.
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In the table, we also included the standard model hypercharges denoted by
Ysam = 2(Q — 13/2). We mention that whenever all charges are active, the charge assign-
ments in Table 1, together with the relation Y. + 3Y,, = 0, are sufficient for the cancellation
of anomalies.

The symmetric matrix My is diagonalized by a unitary matrix Ug [11]

Ui MgUg = D = diag(My, My, M3). (17)

Now, redefining the right-handed neutrinos vg = Ugvg and the Dirac matrices

mp = mpUg, we obtain
el 0 m vE
5 ,C D L
(VL I/R)( mlT) D )( Ve ) (18)

Equation (12) may now be used to find the eigenvalues (masses) and eigenfunctions
of the mass matrix, because the D matrix is diagonal. We computed the secular equation
for the two-family case. In this case, the entire matrix is a 4 x 4 matrix. A straightforward
computation produces a 4th degree polynomial in A. Its form has the structure

Af (A, mpjj, D;) + det(mpmp) = 0 (19)

with f (A, Mpij, Dl-) being a cubic polynomial in A with the coefficients being functions
of elements of the Dirac matrix m Dij and of D;. Thus, whenever det(mp) = 0, then one
neutrino mass is zero, independent of values for the elements of the Majorana matrix.

In order to account for the very small masses of neutrinos, it is usually assumed
that all elements of the matrix D are very large. This is not always the case, because one
eigenvalue of mp may be very small. For instance, when one eigenvalue of mp is zero,
the determinant of mgm p is also zero for any values of the elements in D. In fact, it has
been shown that in seesaw models of type-I one sterile neutrino can have a mass in the eV
range [12]. Thus, light sterile neutrinos are possible.

3. Cancellation of Anomalies

In addition to the conditions required for the generation of fermion masses, there are
restrictions on the hypercharges from the cancellation of triangle anomalies. In the U(1)g
extension of the standard model there are general conditions [1], which are consistent
with the conditions in Table 1. In our case, the left-handed states of quarks and leptons
do not couple to the U(1)g bosons and we must set Y, = Y;, = 0. This reduces the three
independent parameters of the table to one and introduces the 73g symmetry

Yer = Y, = —Yp and Yy, = Yup = Yo (20)

In addition, the Majorana couplings are “axial-vector” and in the loops when the
momenta of integrations are much larger than the masses, their contributions are equivalent
to those for Dirac fermions with a 1°y# vertex.

We classify the diagrams according to the number of external X, fields.

(1) Diagrams with three external fields are shown in Figure 1. They cancel by virtue of
the condition

X X N / X X N
/ < { \ / < 2 y
{ 5 \ | < ¥y |
| N + e | + | u o q, ‘
AVEEFANEN IS S ANI AN
& L s 1, / 3 (5] Ky ., /
N 7 Ny 5 / N . N “ /
X X X X/ vX X X X/

Figure 1. Triangle diagrams with three X, external fields.

Y + Yo, = (=Y)’ +Y5 =0 and Y, +Y; =0. (21)
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(2) For the case Y5y X?, the cancellation of anomalies requires the condition

4 2
Ve Yoo +3(Vig Y + Vi Ya,) = —2Yo, +3(3Y§R - 3Y§R) =0 (22)

as it follows from Figure 2.

Figure 2. Triangle diagrams for the case g X?.
(3) For YSZMX, the conditions required for the cancellation are

16 4
V2 Yer +3(Vir Yug + Vi Ya ) = 4Yep + (SYMR - 3ydR> =0. (23)

The corresponding diagrams are shown in Figure 3.

X X X N
\
\
\
ey + 3 u, + dy /
/
v v VARRY, v /

Figure 3. Triangle diagrams for the case YSZ M

\

(4) For (QC D)ZX, the cancellations require
Yug + Yg, = 0. (24)
(5) For (Gravity)?X, the diagrams in Figure 4 lead to the condition

Yng + Yer +3(Yug + Ya) = 0. (25)

\ y / \ . N /
. N , N / . N . N /
Gr Gr Gr Gr / N Gr Gr Gr Gr /

Figure 4. Triangle diagrams for the case (Gravity)?X.

As we mentioned earlier, the charge assignments in Table 1 with the condition
Y, + 3Y,, = 0 are sufficient for the cancellation of anomalies. Our approach satisfies this
requirement with additional condition Y, =Y, = 0.

4. Structure of the Neutral Currents

Neutral current interactions for left-handed and right-handed quarks and leptons are
prescribed by the Lagrangian

5 ol Bag Y4 = ol Ys . Yy
Lnc = Yriv" zg%Wﬁ + zg’zBﬂ] Y, + Priv# {zg’ZBV + ng%Xy Y. (26)
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The hats on the fields denote flavor fields that are replaced, with the help of (6)-(8),
by physical gauge fields. The complete neutral current interaction is now written in
matrix form:

: Yy 3L —siy L QY
(ENc(Z) >__ Zrgy  Zusxse S L@
Lnc(X) Xur Xugxca Tz PRy ¥R
R

The upper component in the column matrix on the right-hand side has the structure
of the standard model and the lower component is the new contribution from the initial
X, field [6]. The 2 x 2 matrix emphasizes the mixing between the gauge bosons. We notice
that the two contributions for the X, couplings are related through (10) and are of the same
magnitude. For the first generation of quarks, the left-handed state is ¥7 = (u d;) and
the right-handed states are ug and dr. The summation ) is over the charged states and

¥

Y runs over ug and dg carrying the U(1)g charges Y, and —Y, respectively. Introducing
Tr
them in (27), we obtain the £y (X) interaction for quarks

—Lnc(X) = X#gica Yy [ﬁ'y”(l —P)u —dy* (1 —9°)d — s%,v (25{7%1 — id_'y”dﬂ

IxCun
+Xy

Yy [a'y"(l + ) u —dy" (1 + 75)4

= Xyg);c“ Y, [Z(ft’y”u —dytd) —s3, (gﬁ'y”u - ;Ld_')’yd)]- (28)

The final couplings are vector in ordinary space and their isospin content is mostly isovector.

For the leptons, we use left-handed states, and for the right-handed states, we in-
troduce the right-handed electron and the Majorana neutrino, obtaining the couplings
to X,;:

K

C
_‘Cllfjl()jtons(x) = X]A gi - Y(ﬂ [ﬁv“ﬂ'(l - 75)1’11/ - ﬁer)/y(l - 75)1’{6 + 4512/\11267;‘“6

+(any' Y un — ey (1+ ’YS)Me)]
IxXCun
4

= X, 8%y [amm%N + " (1= )y —2(1 — 2s§v)aefyﬂue} .9

There are two “axial-vector” terms, one for the Majorana particle and the other for the
normal neutrino. When both of them are present in a beam, they contribute incoherently.
The term i,7* (1 — 9°)u, is for the traditional neutrino and is generated from the mixing
of X, with the Z boson.

5. A Bound for the Mixing Angle

The model is subject to constrains. The eigenvalues of the mass matrix (2) are compli-
cated algebraic functions, but the leading terms are simple and sufficient for the analysis.
The Z boson mass has a new contribution

1
mz = 50,/8 + 8% + 8 V5 (30)

A limit on the mixing angle is obtained from the p parameter, which is modified

2 2
My 8 2 2

= — X = Cw._C,. 31
my g2+ g+ g% Y3 W 1)
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The experimental value for the ratio

2
o= W
2C2

= ¢ = 1.00037 + 0.00023 (32)
mzCy

restricts the mixing angle to within two standard deviations.
0.99991 < 2 < 1 (33)

restricting s2 < 8 x 1072 or s, <9 x 1073 ~ 0.01. The value of c2 is very close to unity so
that the strengths of the neutral relative to the charged current coupling are for practical
purposes the same.

Combining (33) with the relation (10) leads to the upper bound

xCa Yy < 2.3 %1073, (34)
8 [

We show later on that the upper bound produces substantial effects on antineutrino—
electron scattering and must be restricted even more.

6. Experimental Bounds

The fact that the model depends on a single new parameter (gxcx/4)Y, relates several
processes. We discuss three reactions that are accessible to running experiments.

6.1. Elastic Neutrino—Electron Scattering

A new contribution arises in elastic scattering of neutrinos or antineutrinos on elec-
trons mediated by the exchange of the X}, boson. The amplitude for the process includes
the X, propagator with T, the kinetic energy of the recoiling electron

(8xCa\2, 0 2(1 — 257

M= i(B ) e = e @)

The amplitude modifies the vector coupling to electrons. Several experiments mea-
sured the process [13-15] including the energy spectrum of the recoiling electrons. The
TEXONO collaboration investigated the region of lower energies 3 < E, < 8 MeV and
reported the results integrated over the recoiling energy of the electrons [14]. The error
bars for the integrated cross section are 25%. We demand that the interference of the new
amplitude with the amplitude from the standard model is less than 20%.

This gives the condition

gA Jolgv =) + (gv +84)(1 x)zlmg(isxdx

<01, (36)
(gv —8a)* + 3(gv +8a)?

In the relation we kept only the interference term and integrated over x. For m% <,
we use the exact integral, and for m% > s, we approximate the propagator by 1/m3%. A
consequence of the condition is the upper bound for the coupling constant as a function of
myx. The bound for the coupling constant

C
VA = gi Y, 37)

as a function of my and for E, = 8 MeV is shown in Figure 5, denoted by elastic e
scattering. It is important to keep the mass myx because it defines the contribution for the
lower limit of integration. We note that the dependence of the coupling constant on the
mass of the mediator for m%( < 2m,T, is smoother without a sharp break. For the TEXONO
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experiment, we take 2m,T, =7 MeV?, thus for mx < 1 MeV the bound for the coupling
constant is almost independent of myx.

The recoiling spectrum of the electrons will remain an important channel for investi-
gations beyond the standard model [16]; for this reason there are updates for the standard
model parameters [17] and also extensive studies of radiative corrections [18].

The XENONIT experiment [19] reported an excess of events at recoiling energies
2.5 keV < T, < 30 keV. The origin of the excess has been interpreted in various ways.
One of them attributes the excess to the scattering of solar neutrinos on atomic elec-
trons [7,20-22]. Since the events are at very low energies they can be produced by the light
mediator discussed in this article. Thus we extended our calculation [9] of the neutrino—
electron scattering in Figure 5 down to 10 keV with an upper limit for the coupling constant
VA < 8 x 1077. This is in agreement with the range 8 x 1077 < V/8e8v < 10~° given in
the articles [7,20-22] for 10 keV < myx < 100 keV.

0.001 - parameter A
104 COHERENT i
=
107 g
ve scattering
1076 Elasti® 5
107 & ! ! ! ‘ J
0.01 0.1 1 10 100 1000

my, MeV

Figure 5. Upper limits for the coupling constant as functions of mx obtained from various experi-
ments. The upper curve is from the p-parameter; middle curve from COHERENT [23] and lower
curve from elastic antineutrino—electron scattering [14].

6.2. Coherent Elastic Neutrino Scattering on Nuclei

Many years after the original suggestion [24], coherent elastic scattering of neutrinos
(CEvNS) on atomic nucleus was observed [23]. The process is sensitive to new interac-
tions and to the value of the Weinberg angle [25]. A new measurement for the so-called
quenching factor of CsI(Na) [26] reduced the experimental error and motivated theoretical
studies [27-29] that reanalyzed the data and obtained the value sin? By = 0.238 + 0.045 for
the Weinberg angle. In the previous section, we used this value for determining the vector
coupling gvy.

The dominant term for coherent scattering of neutrinos on atomic nuclei is propor-
tional to the baryonic current, which contributes coherently over the entire nucleus. The
new amplitude is

2 As?

Mpr=i= "W
€7 3w +2MT

iy (1 — 9 )uy [y u + dyd] (38)

This amplitude contributes coherently to the cross section, producing

do 42 A As?y 2 do
A4 =) (39)
SM

= =1
dT " 36 ow m% 4+ 2MT
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Here, (do/dT)sy is the standard model cross section with the recoiling kinetic energy
of the nucleus T, Qy = [N — (1 — 4s3,)Z] and A is the atomic number of the nucleus. The
coupling constant A is the same as in (37). The neutrinos in the experiment [23,25] are in
the energy range 16 MeV < E, < 53 MeV and we will use the median value E, = 30 MeV,
which gives

2MT = 4E2 = 3.6 x 10°> MeV?. (40)

Allowing 10 uncertainty in the Weinberg angle brings a change on the value of the
cross section larger than 20%. Thus, assuming the contribution from the new amplitude
to be smaller than 10% of the amplitude from the standard model restricts the coupling
constant to be below the curve denoted as COHERENT in Figure 5. Non-standard neu-
trino couplings to a light vector mediator have been studied by other groups [30-33] and
limits were obtained for phenomenological couplings. Their results are comparable to
our bounds in Figure 5. The limits from CEvNS are less stringent than those coming
from v — e scattering; however, they are new and there is a lot of room for significant
improvements [30,31].

7. Summary

Neutrinos produced in laboratories or coming from astrophysical sources induce
reactions compatible with a light mediator. There are also many theoretical models where a
mediator is present. A popular family of models is based on the group SU(2); x U(1)y x
U(1)g. These minimal extensions have an additional gauge boson as the mediator and one
or more scalar particles.

One such model was described in Sections 2 and 3 of the article borrowing results from
earlier publications [1,3,5,7,8], especially [9]. The model has a new gauge boson, X;,, which
mixes with the standard Z;,. We selected a special assignment of quantum numbers: all left-
handed fermions are singlet in U(1)g and only right-handed fermions carry U(1)g charges.
As a result, there is only one new coupling constant (Equation (37)). Thus, several reactions
are related to each other, producing a fertile ground for investigations. It is also natural to
generate a mass matrix for neutrinos with a see-saw mechanism of type-I. Furthermore,
the mixing of the gauge bosons produces a neutral current whose left-handed components
have the structure of the standard model, plus a new component from right-handed states,
including right-handed neutrinos (Equation (27)). When the two components (left-handed
and right-handed) refer to the same fermion, they add up and produce a vector interaction.

Several neutral current reactions are modified due to the exchange of the light mediator.
Elastic neutrino—electron or antineutrino-electron scattering experiments have an accuracy
of 25 %, which provides an upper bound for the coupling constant as a function of my.
The new interaction contributes to the vector coupling of the electron and modifies the
recoiling spectrum of electrons [9]. It has been proposed that the XENONI1T signal may
be attributed to solar neutrinos from the p — p process [7,20-22]. In this case, there is a
value for the coupling from the 10 keV < mx < 100 keV region. Adopting this value for
the coupling constant makes the cross sections at recoiling energies of MeV very small.

A third process is coherent scattering of neutrinos on atomic nuclei [23,25]. The
corresponding amplitude has a baryonic current coupled to quarks, which enhances the
cross section. The dependence of the cross section on the small recoiling energy is the same
as in the standard model, and the signature will be a change in the magnitude of the cross
Section [30-33].

This work is an improvement of the reference [9] [arXiv:1902.09950] indicating that

(i) chiral gauge invariance is maintained whenever the initial fermions are chiral, and
(ii) the relevance of the XENONI1T result.
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