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We introduce a model for nonstandard neutral current interaction (NSI) between neutrinos and the matter
fields, with an arbitrary coupling to the up and down quarks. The model is based on a new U(1) gauge
symmetry with a light gauge boson that mixes with the photon. We show that the couplings to the u and d
quarks can have a ratio such that the contribution from NSI to the coherent elastic neutrino-nucleus
scattering (CEvNS) amplitude vanishes, relaxing the bound on the NSI from the CEVNS experiments.
Additionally, the deviation of the measured value of the anomalous magnetic dipole moment of the muon
from the standard-model prediction can be fitted. The most limiting constraints on our model come from
the search for the decay of the new gauge boson to e~ e and invisible particles, carried out by NA48/2 and
NAG64, respectively. We show that these bounds can be relaxed by opening up the decay of the new gauge
boson to new light scalars that eventually decay into the e~ e™ pairs. We show that there are ranges that can
lead to both a solution to the (g — 2), anomaly and values of €, = ¢, large enough to be probed by future

solar neutrino experiments.
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I. INTRODUCTION

Within the Standard Model (SM) of the elementary
particles, apart from gravity, the only interaction that
neutrinos have is through the weak coupling. With the
ever-increasing sensitivity of neutrino experiments, it is
timely to ask whether there are any new subdominant
interactions between neutrinos and matter fields. In recent
years, a remarkable number of studies have been carried out
on the impact of neutral current nonstandard interaction
(NSI) on neutrino propagation in matter. The neutral
current NSI can be parametrized as a four-fermion inter-
action

2V3Grely (rar S0, )1+ ). (1)

where f € {u,d, e}. sgﬁ are dimensionless parameters that
quantify the strength of the NSI, and the limit egﬂ =0
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corresponds to the standard coupling. In the case where
|8£/3| ~ 1, NSI becomes as strong as the weak interaction. It
is straightforward to show that the axial part of NSI (i.e., the
one proportional to k) cannot induce matter effects for the
propagation of neutrinos in an unpolarized medium such as
Earth or the Sun. Moreover, the coherent elastic neutrino-
nucleus scattering (CEvNS) experiments are mainly
sensitive to the vector part of the NSI. However, the
measurement of total solar neutrino flux by the Sudbury
Neutrino Observatory (SNO) was sensitive only to the axial
NSI with the quarks. That is, the SNO measurement of the
Gamow-Teller process v+ D — v+ n + p can constrain
the products x x ey and x x 4, rather than &4, and e.
Measurements of solar neutrino scattering off electrons can
constrain both &7, and keg; by studying the dependence of
the scattering cross section of the electron recoil energy. In
this paper, we focus on model building for vectorlike NSI,
so we fix k = 0.

The effective Lagrangian shown in Eq. (1) can be
obtained by integrating out a heavy Ungw(1) gauge boson
that couples both to neutrinos and to matter fields. This idea
has been pursued in several studies; see, e.g., Ref. [1].
Concerning the propagation of neutrinos in matter, only
forward scattering with vanishing energy-momentum trans-
fer (g> — 0) is relevant, so that here, again, one can
integrate out the mediator and use the effective action in
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Eq. (1), even if the energy of the neutrino beam in the rest
frame of the medium is much larger than the media-
tor mass.'

In the presence of NSI, new degeneracies appear in the
neutrino oscillation parameters. For example, the so-called
generalized mass ordering degeneracy appears [3-7],
which leads to an alternative solution to the solar neutrino
anomaly known as the large mixing angle (LMA)-dark
solution with 6;, > 45° and e,C,, - ei ~ e{, - eée ~1. As
pointed out in Ref. [8], if we want to test the LMA-dark
solution via only oscillation experiments, different media
with different proton-to-neutron compositions are required.
Furthermore, NSI with |¢/| > 0.1 can be tested, in princi-
ple, in scattering experiments. There are, however, a few
exceptions: (i) In scattering experiments, if the mediator
mass my is smaller than the typical energy-momentum
transfer (1/|¢?|), we cannot use the four-Fermi analysis and
we should employ the whole propagator of the mediator
that gives an amplitude proportional to ¢ /(m% — ¢*)
rather than to g%/m%, and hence a suppression of
m2,/(m%, — g*). (i) With a given target at CELNS experi-
ments, the contributions of NSI to the amplitudes of the
scattering off the neutrons and protons of the target cancel
out each other for certain ratios of e(‘;ﬁ / sgﬁ [9,10].
Motivated by this phenomenological consideration, we
build a model for NSI with an arbitrary ratio of NSI
couplings to the u and d quarks. The scenario is based on a
flavor gauge model with a light gauge boson Z’, which
mixes with the photon. We enumerate the relevant bounds
on the parameters of the model.

We focus on the allowed range of the parameter space
that can (i) explain the (g — 2),, anomaly [11,12], (ii) lead to
large NSI, and (iii) yield ratios of £“/&¢ for which CELNS
bounds can be relaxed [9]. In our model, as in the case of
B — L, the new gauge boson couples to electrons and
neutrinos, so it can appear in the NA64 experiment as a
missing energy on which there are strong bounds [13,14].
We discuss how the model can be augmented to suppress
the invisible decay modes of Z' and, therefore, open the
parameter space to accommodate the solution to (g —2),
and a large NSIL

The paper is organized as follows. In Sec. I, the model is
presented. It is also shown how to augment the model
to suppress the branching ratios of Z' — e"e' and
7' — invisible in order to avoid the bounds from searches
for these decay modes. In Sec. 111, various observables that
can test the model are discussed, and the relevant bounds
are reviewed. Figures displaying the bounds on the param-
eter space of our model are presented. The results are
summarized in Sec. IV.

'Indeed, as long as the mass of the mediator is larger than the
inverse of the size of the medium, we can integrate out
the mediator and rely on the four-Fermi effective potential
formalism [2].

II. THE MODEL

We will augment the SM gauge group with a new local
Unew /(1) to obtain NSI. We show the lepton and baryon
numbers of the three generations with L, and B;, respec-
tively. For any arbitrary real value of ¢, the combination of
lepton and baryon numbers

L,+L,-c(By+B,)—2B3(1-c) (2)

is anomaly-free. The gauge boson of the Uyngw(1) sym-
metry is denoted by Z’, with a gauge coupling g,. Unless
¢ =2/3, the Ungw(1) charges of the third generation of
quarks are different from those of the first and second
generations. As a result, on the quark-mass basis, left-
handed down quarks can obtain a flavor-violating coupling
to Z'. This feature has been invoked in Ref. [15] to address
the so-called b anomalies observed at the LHCb.” We shall
comment on whether, in the range of parameters of our
interest, the deviation of b — sy~ from the SM pre-
diction is within the observed range or not. We have taken
equal charges for the first and second generations of the
quarks to respect the bounds from the neutral-kaon mixing.
In the lepton sector, the charged lepton mass basis and the
electroweak basis coincide, so we shall not have lepton
flavor-violating coupling for the charged leptons, but we
can have off-diagonal couplings in the neutrino mass basis
like g/ (8;; — U.;Uy;)Z,Diy*v;, where U is the Pontecorvo—
Maki—Nakagawa—Sakata mixing matrix. This can lead to
three-body decay of the heavy neutrinos to lighter ones, but
with lifetimes much larger than the age of the Universe, an
effect irrelevant for phenomenological purposes. Notice that
we have set the new Ungw (1) charge of the first generation
of leptons equal to zero. As a result, the strong limits of
GEMMA on 7, + e scattering can be relaxed [18,19]. The
gauge symmetry in Eq. (2) induces equal couplings to the u
and d quarks. We break this universality by introducing a
kinetic mixing between Z’ and the photon parametrized by e.
The couplings of quarks to Z’ can then be written as

2
K—%gz +§e€) Z uiyu;
u;e{u,c}
€ gy -1 diy'd;| Z, 3
+ —39z —ze¢ Z irdi| Ly (3)
d;e{d.s}
and the couplings of leptons as
(92 — ee)ir'u + 920,V + (97 — e€)Tr'T

+ 920y v, — ectyte|Z,, (4)

2Very recently, the LHCb Collaboration reported measure-
ments of the lepton flavor universality in b — sI™1~, which for
many years dominated the B-physics anomalies, compatible with
the SM prediction [16,17].
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where e and e, respectively, denote the electric charge and
the electron field. As shown in the appendixes of Ref. [20],
as long as there is no mass mixing between Z’ and the
hypercharge boson, the kinetic mixing cannot induce an
electric charge for neutrinos, on which there are extremely
strong bounds [21]. Furthermore, in the absence of mass
mixing in the Stiickelberg mass term for the new gauge
boson, the bounds from violation of atomic parity do not
constrain € [22]. Reference [23] has also invoked a L, — L,
model with a gauge boson kinetically mixed with the photon
that can explain the (g —2), anomaly.

Integrating out the Z’ boson, we can write the following
effective couplings to quarks:

el — gt — (2€€_CgZ/)gZ’ (5)
T 626G,
+c97)97
gd = 85:17: = - (ee P 6
" 6V2Gpm2, (©)
8?6 = Ege =0, (7)
and to electrons
€ee =0, (8)
gz ec
el = ggr = _ 9
s 2\/§Gpm§r ( )

From Egs. (5) and (6), one can obtain the effective
couplings to neutrons and protons,

. gy o (ee=cgz)97 (10)
= A = ,
M 2V2GmY, 2V2Gm2,
and their ratio tan z [9],
Epp —Cgz
tann:7:7- (11)

Eu €€~ CGy

In this model, the contribution from NSI to the effective
potential of neutrinos in matter takes the form
VNS — Diag(0,V,, V,), with

V, =V, =2V2Gp(N&, + N,ely + Nyel)

eCup uCpp
= 2V2GpN efediom, (12)
in which
2
gmedium _ —C9z N” + NP ) (13)
H 2\/§GFm%/ Ne

Notice that we have used the fact that the medium is
electrically neutral, so that

2 1
“N,-=N;—N,=0. 14
3 u 3 d e ( )

Taking N, /N, =~ 0.54 at the center of the Sun [24], we can
translate the LM A-dark 26 band found in Refs. [3,10] into

2 s glrlnﬂedium — ggedium s 3’ (15)

which translates into

, 1\ 1/2
= (65-80)x10°5—"2_(_2)". @
gy = (6.5—-8.0) x 10 10MeV< C) (16)

Of course, there is also the standard LMA solution with
6,, < m/4 that requires [3,10]

—0.081 < e}}}fdi“m = gmedium 1 422, (17)
which, for N, /N, ~0.54, corresponds to
L1079 ("7 Y <o <17% 1070 (2
10 MeV z o 10MeV )
(18)

In our model, the coupling to the muon is given by
gu = gz — ee, which can be rewritten as

1
—gp|l—c(1-——
w=se (i)

2 1/2
_ 2\/§GFmZ/ Ne 8medium 1=cl1- L
_ Hp ’
- Nn +Np tanzn

(19)

In the limit |c[ < 1, g, ~ g, as expected. To explain the
(9—2), anomaly, g, should be in the range found in
Ref. [25]. For example, if m, ~ 10 MeV, the 20 band
compatible with (g —2), is

gy = (3.5-7) x 107, (20)

In the next section, we discuss the various bounds on the
model and find the parameter range that can lead to
interesting phenomenology.

If € does not vanish, Z’ can be produced by its coupling
to electrons. Furthermore, if Z' is lighter than 2m,,, the main
7' decay modes are into v,7,, v,U,, and e"e". Up to
corrections of order of (m,/mz)?,

2
BI‘(Z’ - €_€+) = (ee()i;j—gz and
Z/
2
Br(Z' — invisible) = /R (21)
(e€)* + g2
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As discussed in the next section, the NA48/4 experiment
strongly constrains the scenario in which Z’' can be
produced by the z° decay with subsequent decay into a
pair e"et. On the other hand, the NA64 experiment
constrains Z' that can be produced by its coupling to
electrons and then decay invisibly. Motivated by saving the
dark-photon solution to the (g—2), anomaly, Ref. [26]
suggests opening up a semivisible decay mode for Z’ to
avoid these bounds.

In the following, we suggest an alternative detour to
these bounds by augmenting the model such that Z’
predominantly decays into a pair of intermediate scalars
@@ that, in turn, decay to pairs e”e™. We will see that this
mechanism also gives mass to the Z’' boson. For ¢ lighter
than 10 MeV decaying to a pair e~e™, there are strong
bounds from E774 and E141 [27], so we take ¢ to be
heavier than 10 MeV. As a result, the mass of Z’ should be
larger than 20 MeV. We assign a Ungw(1) charge ¢, > 1
to the ¢ scalars, obtaining the coupling

o972, [i(p 0" @) +H.c], (22)

which leads to a partial decay width

[(Z - ¢p) = A%, (1 4m§,> . (23)
It is important to note that, despite ¢, being large, we are
interested in a range of parameters where the coupling of ¢
to Z', ¢, gz, is very small and well within the perturbative
range. In the limit ¢ g%, > ¢?€?, the branching ratios can be
rewritten as

8(ec)?
Br(Z' — e et) = d
=) = G T and e
8
Br(Z' — invisible) = . 24
Z = ) c2(1 —4m2 /m2,)3/? (24)

As we shall see in the next section, to avoid the NA64
bounds, a Z' with the energy of ~30 GeV should be able to
decay to @@ before traveling a distance of ~1 cm.
Similarly, the ¢ produced should decay before traveling
more than ~1 cm. That is,

30 GeV

Ty <3 X T p— °Y sec and
30 MeV EZ/
B m, 30 GeV
T¢ <3x10 14m E(p SEC, (25)
and hence,
30 MeV 2\ 73/4

Cp9z7 > 33X 10 ¢ (1 -4 m;”) . (26)

mgy mZ/

For ¢ to decay into e~e™, it should be coupled to electrons.
A direct coupling would break both the Ungw(1) gauge
symmetry and the electroweak symmetry. Therefore, we
introduce a second ¢’ with the same charge as ¢ and
heavier than Z’. Furthermore, we add a new inert Higgs
doublet @ with a large coupling to e~e™ via the terms

T’ H - ® + 1,eg®'L,, (27)

in which L, = (v.er,). Since the SM Higgs coupling to
electrons is very suppressed, we need this new ® with a
relatively large Yukawa coupling 4, to ensure a fast decay
of ¢ —» e e with 7,~107"* sec. With such a short
lifetime, the bounds from E177 can also be relaxed [28]
because decays occur before ¢ or Z' reach the detector. The
vacuum expectation value of ¢’ breaks the Uygw(1)
symmetry and gives mass to the Z' boson,

mz = C,9z7 (@) (28)

Furthermore, along with (H), it leads to the mixing of ¢
with the neutral component of @ given by

MH) (¢
sinf} = 72 o >2 (29)
Mo — Ny
and, therefore, to an effective coupling of the form
/lwfp*ée with 1, =4, sinj. (30)

For 7,~107'* sec, A, should be of the order of
4 x 1074(10 MeV/m,,)"/?. Furthermore, ®° should be
heavier than ~400 GeV to avoid present bounds from
direct searches at colliders. Taking 4, ~ 0.1, sin f# should be
of the order of 103, Note that such mixing is small enough
not to cause an unnaturally large contribution to the ¢ mass:
m,, > mg sin® f. We can then write

sin # 30 MeV
10_3 mgy

2
Co9z7 Mo

2 =0.026 .
8.5 x 107* (400 GeV)?

(31)

Finally, to allow 4 to remain in the perturbative range, it is
necessary that c¢,g, < few x 1072,

III. THE BOUNDS

For the values of the g, coupling of interest for NSI or
for (g—2),, Z' reaches thermal equilibrium in the early
Universe with the plasma. If Z' is lighter than ~5 MeV, Z’
and/or its decay products can contribute significantly to the
extra relativistic degrees of freedom in which there are
strong bounds from Cosmic microwave background and
big bang nucleosynthesis [29]. Therefore, we focus on the
case where m, > 5 MeV. Now, we present a compilation
of the most stringent bounds relevant to the present
scenario.
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A. Bounds from beam dump experiments, meson
decays, and scattering experiments

In the absence of ¢, two regimes can be distinguished

for my ~ 10 MeV.

(1) g% > e*¢*: In this case, Z' decays mainly into v,7,
and v,0,. Thus, Z' would appear as missing energy
in experiments such as BABAR [30] and NA64
[13,14], where Z' can be produced by its coupling
to electrons (for example, by e~e™ — yZ' or electron
bremsstrahlung). These experiments established an
upper bound € < O(1073) for my ~ 10 MeV. As
invisible decay modes dominate over visible decay
modes, the bounds of beam dump experiments on
gz and/or on e are relaxed. The Z' coupling to
neutrinos can appear in meson decays such as
K" — putvZ'. Using the constraint of E949 on
K+ — u™ + missing energy [31], an upper bound
on the coupling of Z' to v, can be extracted [32].
With an improved constraint from NA62 on such
decay modes [33], the bound for the mass range
m2,/m% can be rewritten as

gy < 0.003 ( ; ";fe V) . (32)

Moreover, from the bound on z° — Z'y, an upper
bound of O(1073) on the coupling of Z’ to quarks is
obtained [34,35].

(2) g% < e*¢* In this case, a Z' with mass my ~
O(10) MeV decays mainly into pairs e~ e™, relaxing
the bound from NAG64. Instead, the bounds from
beam dump experiments apply. For m, ~ 10 MeV,
the strongest upper bound on e comes from the
NA48/2 experiment [36]. The bound on e versus
my fluctuates violently between 5 x 107 and 1073.
For the time being, the parameter space where
the (g—2), anomaly can be fitted (that is,
gz ~ 7 x 107%) is experimentally allowed. Interest-
ingly, such parameter space will be probed by future
experiments such as MESA [37], VEPP-3 [38,39],
and DARKLIGHT [40].

Opening the decay mode Z' — @@ described at the
end of the previous section, the bounds from NA64
and NA48/2 can be relaxed. In NA64, an electron beam
of 10043 GeV [13] is sent to an -electromagnetic
calorimeter (ECAL) target. If the energy deposited
within a few radiation lengths is less than 50 GeV, the
signal is interpreted as e~ + nucleus — e~ Z'X, with Z' —
missing energy. In our model, Z’ — ¢ and ¢ — e”e"
within a few centimeters, so the entire energy of the initial
e~ entering the target at NA64 will be deposited at the
ECAL within a few radiation lengths, so the NA64 bound
will be relaxed. In NA48/2, the signal is e"e*y from z°
decays, and events in which the invariant mass of the three
final tracks significantly deviates from m, are vetoed.

Thus, e~e™ from the ¢ decay will be vetoed. To recast the
bound from BABAR [30] and NA64 [14] on the coupling of
7' to the electron, we should take into account the
expression of Br(Z' — invisible) in the present model.
Similarly, the bound from NA48/2 [36] should be recasted
by considering Br(Z' — e~e™) in this model. In the simple
kinetic mixing model (that is, when g, = 0), the z°
decay rate to a photon and a dark photon is proportional
to e’e®(q2 4+ q3)* = (5/9)%¢*¢*. In our model, where
both g, and ¢ are nonzero, it will be given by
lequ(eeq, + cgz/3) + eqq(eeqq + cgz/3))>. Thus, the
branching ratio of a z° decaying to a photon and a Z’
will be given by the same formula for pure kinetic
mixing, replacing €*> with (e — cg,/(5¢))?. Furthermore,
in our model, Br(Z' — e~e™) is not one, so the bound on
the square of mixing found by NA48/2 should be inter-
preted as a limit on [e —cgy/(5¢)]* x Br(Z' — e~e™).
In the B—-L model considered in Ref [14],
Br(Z' — invisible)|z_;, = Br(Z' - vp)/[Br(Z' — e”e™)
+Br(Z' - vp)] = 3/5. In NA64, Z' is produced by its
coupling to electrons, which for us is ee. As a result, the
upper bound on the square of the B — L coupling found in
Ref. [14] should be interpreted as an upper bound on
(e€)? x Br(Z' — invisible)|,,/Br(Z" — invisible)|_, .

A dedicated search using experiments such as BABAR,
NAG64, or NA48/2 may be able to test our model where Z’
production leads to the emission of two pairs (rather than
one pair) of e"e™. As mentioned above, the bounds from
the E177, E774, and E141 beam dump experiments can be
avoided in our model. Finally, we note that Z’ bosons can
also be probed at the intensity and lifetime frontier experi-
ments such as FASER, FASER2, DUNE, and the ILC [41].

B. CEvNS experiments

In our model, since the coupling of v, to Z' is zero (i.e.,
&,. = 0), the reactor CEvNS experiments such as Dresden
11 [42] or CONUS do not constrain the model. However, we
expect bounds from CEvNS experiments with a muon
decay source such as COHERENT, as well as from direct
dark matter search experiments sensitive to solar neutrinos.
The cross section of the CEVNS process v, + nucleus —
v, + nucleus is proportional to

2 \4 P %’ % %’
—7Z( g + el 22 ) LN g¥ e . (33
QM (gp i ”l%r - t> (g aa ”l%r - t) ( )

with ¢ being a Mandelstam variable. g},/ =1/2 —2sin* @y,
and g = —1/2 are the vector couplings of the standard Z
gauge boson to protons and neutrons, respectively.
Furthermore, Z and N are the numbers of protons and
neutrons in the target nucleus. With €}, = —(Z/N)ej, (that
is, tann = —Z/N), the NSI effect completely cancels out.
For Csl and argon, these ratios are tany = —0.7 and
tann = —0.8, respectively. The results of Ref. [9] confirm
this argument. For our model, the allowed range of NSI can
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be even larger due to the suppression |m2,/(m3, — )| < 1.
In our figures, we take the average for argon and Csl:
tann = —0.75. For other target materials, this cancellation
occurs at different values of tan 5. For example, for silicon,
tany = —Z/N = —1. As a result, the change of the target
material to silicon has the potential to test this degen-
eracy [43].

Note that there is also degeneracy under Q,, — —Q,,. For
mZ, > t, the latter transformation can take place for
Zely, + Nep, = =2(Zgy + Ngy). As a result Ref. [9]
finds a fourfold degeneracy. However, for m2, ~ |t, the
Q, — —Q, degeneracy (but not the &" /e” = —Z/N degen-
eracy) can be solved, in principle, by studying the depend-
ence of the recoil energy.

C. Borexino results for the scattering
of neutrinos off electrons

In our model, &, = ¢, # 0, so the bounds from the
Borexino experiment in Ref. [44] have to be taken into

account. Rewriting Eq. (9) as
1 N,
_> — (34)

eﬁﬂ _ 8” _ €med1um (1 _
tann/ N, + N,
it can be realized that the Borexino bound on |gf,, = &;| <
2 [44] implies that the LMA-dark solution from tany =
—0.8 to —0.7 is excluded regardless of the values of m,, c,
and other parameters. Within our model, LMA-dark can be
compatible with the Borexino bound only for tany > 0.5 or
for tann < —37. However, a large NSI with &, = €7, ~ 1
still escapes the Borexino bound even at tany ~ —0 75.
Such a large NSI will induce a significant deviation from
the standard Mikheyev-Smirnov-Wolfenstein prediction for
the low-energy part of the ®B solar neutrino spectrum,

despite the vanishing contribution to CEvNS.

D. White dwarf cooling

Large effective couplings between electrons and neu-
trinos could lead to rapid cooling of white dwarfs [45]. As
shown in Ref. [46], white dwarf cooling sets a bound

Zgz,e
3m?

<1.12x 1075 GeV~2, (35)
Z/

which is considerably weaker than the other relevant
bounds discussed above.

E. Self-interaction of neutrinos in supernovae

The g, coupling could lead to resonant annihilation
processes vl VU, — A Vylys Vily, such that at
my ~30 MeV, even for g, ~ 107, the mean free path
of neutrinos (antineutrinos) will be shorter than that of SM
scattering off nucleons [47]. This consideration has been

invoked in Ref. [48] to evaluate the duration of the burst

using the simplified formula At ~ R2,,./(mean free path)
and to set a bound on the coupling g, from the measured
duration of the SN1987a neutrino burst. However, as shown
in Ref. [49], when neutrinos are isotropically distributed,
self-interactions cannot prolong the duration of neutrino
bursts [47].

F. B physics
As mentioned above, since in our model the Uyngw(1)
charges of the third generation of quarks are different from
those of the first two generations, in the mass basis, the
quarks obtain a flavor-changing neutral current (FCNC)
coupling to Z'. After integrating out the Z' boson, we obtain
an effective coupling of the form

_ By (=2

H. . =
eff — m 2 3

(aiVﬂPLdj>(77ﬂl)7 (36)

where [ € {u.7},d;,d; € {d,s,b},and V,; and V,; are the
elements of the third row of the Cabibbo-Kobayashi-
Maskawa matrix. Note that although we start with a
nonchiral coupling of Z' to fermions, the FCNC coupling
in Eq. (36) is chiral because it originates from the quark-
mass term, which mixes chiralities. That is, we have the
freedom to choose a basis where the right-handed quark
couplings to Z' remain diagonal and attribute all FCNC to
left-handed down quarks. Here, we use the common
notation used in the literature of b anomalies [15],

2
g, 1 3¢-2
Cy=— . 37
’ \/im% apmGr 3 ( )

In the case where Cy ~ —1, the so-called » anomalies can
be explained [50]. However, very recent LHCb results seem
to be compatible with the SM, reducing the need for new
physics [16,17]. We should note that, in our model
my << my, and therefore the effective action formalism
cannot be used to calculate b — sutu~. In fact, the
contribution of our model to the amplitude of this process
will be suppressed by a factor of mZ,/(m%, — ¢*) relative to
Cy, where ¢ is the invariant mass of the final muon pair.
In our model,

C9X

2 , 2GeV23c —
ms, :_2< 9z )GeV 3c 2‘ (38)

m2, — ¢ 35x107%) ¢ =2
Note that for g, in the range that explalns (9-2),, the

deviation in the low-energy bins of g> can be 51gn1ﬁcant
Taking ¢ = 2/3, the Ungw/(1) charges of the quarks of all
generations will be equal, so b — su™u~ cancels out. The
anomaly cancellation can also be fulfilled by adding more
generations of fermions charged under Uygw (1). Notice that
in our model, the FCNC contribution to b — d is suppressed
by one more order of magnitude, that is, by V,;/V,,.
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FIG. 1. Bounds on the parameter space of the model for ¢ = —0.1 and tany = —0.75. The colored regions are excluded by various

experiments as indicated in the legend and described in the text. The vertically dashed regions are favored by the (g — 2) ,, anomaly. The
LMA-dark solution to the solar neutrino anomaly, as well as the bounds on NSI from the neutrino oscillation data [3,10], are indicated by
diagonally dashed lines. The right and left panels correspond to the variations of the model with and without ¢, respectively (see Sec. 1T
for a description). Right: we have taken ¢, = 40 and m, = m /3. With this ratio, for m» < 30 MeV (i.e., to the left of the vertical line
in the right panel), ¢ would be too light to avoid the bounds from E774 and E141 [27].

Figures 1-4 summarize all the relevant bounds discussed
above. Figure 1 shows the bounds for ¢ = —0.1 and tany =
—0.75 in the [m, g,] plane. The value of tann = —0.75 is
chosen because at this value the contribution of new
physics to CEUNS cancels out. The colored regions show
the excluded parameter ranges as follows: Borexino mea-
surements of solar neutrino scattering off electrons (solid
red), searches for Z' decaying into ete™ at NA48/2

(dashed green), searches for invisible Z’ decays at NA64
(dotted blue), the upper bound m, < 10 MeV from the
combination of E774 with E141 (vertical dashed blue),
and the region where the contribution of new physics to
(9—2), exceeds the observed deviation from the SM
prediction (dash-dotted green). In the vertical dashed area,
our model provides an explanation for the (g-—2),
anomaly. Furthermore, the diagonally dashed regions

c=—0.1, my = 30 MeV

L0 Without ¢ L0 With ¢: ¢, = 40, m, = 10 MeV
. . Y
0.8 0.8 LMA QA‘K
0.6 0.6 y
0.4 0.4
0.2 0.2
I
g 00 0.0
-
—0.2 —0.2
—0.4 —0.4
—0.6 —0.6 2
—0.81 CEvNS —0.81 CEvNS /\(l
~1.0 : -10 : : . :
-2 -1 -2 -1 0 1 2 3
smedium
i
—— Borexino —Aa (g —2), anomaly
--—- NA48/2
....... NA64
= (92

FIG. 2. The same as Fig. 1, but projected in the [s,‘}}fdi“m, tan#] plane. The vertical bands correspond to the LMA and LMA-dark
solutions. The horizontal line depicts tann = —0.75 for which the contribution from the new physics to CEUNS is suppressed.
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c=2/3
Without ¢

, tann = —0.75
With ¢: ¢, =40, m, =my

1072

20
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mz: [Me\/]
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---- NA48/2
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---- E774 & E141

FIG. 3.

The same as Fig. 1, but for ¢ =2/3.

c=2/3, my =30 MeV

Without ¢

With ¢: ¢, =40, m, = 10 MeV

LMA

[ThE
Dark

LMA LMA

Dark

—— Borexino
---- NA48/2
NAG4

(9—2)p

medium
Eun

—A (g—2), anomaly

FIG. 4. The same as Fig. 2, but for ¢ = 2/3.

correspond to the LMA and LMA-dark solutions, for which
—0.081 < epedim < 1422 and 2 < epedi'™ < 3, respec-
tively. The right panel of Fig. 1 shows the case with an
additional scalar ¢, assuming ¢, = 40 and m, = my /3.
With this value of c,, the perturbativity limit discussed at
the end of Sec. II is still satisfied.

Similar information projected in the [¢)¢%"™, tan 7] plane
is presented in Fig. 2. The vertical bands correspond to the
LMA and LMA-dark solutions, and the horizontal line
represents tany = —0.75, at which the contribution from
new physics to CEvNS vanishes. As discussed above, for
—37 <tann < 0.5, the LMA-dark solution cannot be com-
patible with the Borexino bound within our model, regard-
less of the values of the other parameters. However, for

03

higher values of tan#, we can have the LMA-dark solution
without conflict with other bounds. The CEvNS measure-
ments will eventually test this solution with tany > 0.5
even for light Z' [51,52]. As shown in Fig. 2, for
tann > 0.5, both the LMA-dark and LMA bands have a
significant overlap with the dashed area in which our model
can explain the (g — 2), anomaly. Figure 2 also shows the
conflict between LMA-dark and the Borexino bound for
negative values of tan#n. However, as seen in these figures

for ¢ =—0.1 and my ~40 MeV, values of epedivm =
gmedivm 1 can be compatible with the Borexino bound

at tann ~ —0.7, with the values of g, also explaining the
(9 = 2), anomaly. Without ¢, the NA64 results exclude this
interesting part of the parameter range but can be revived by
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introducing ¢, as demonstrated in the right panels of
Figs. 1 and 3. This solution to the (g —2), anomaly can
be tested by (i) searching for ¢ coupled to the electron in
beam dump experiments, (i) searching for the ejedim =
gmedium effects in the spectrum of solar neutrinos especially
around E, ~ 3 MeV to be probed by the THEIA detector,
(iii) searching for new physics in b — su"p~ with a
signature enhanced in lower bins of the u*p~ invariant
mass, and (iv) by a dedicated search for light Z’ producing
two electron-positron pairs.

From Eq. (13), we observe that, for ¢ <0 (c > 0),
gipedium — gmedium g positive (negative). The bound on the
negative values of gfedivm = glhedium from the oscillation
data is more stringent. For completeness, we have included
Figs. 3 and 4 with a positive c: ¢ = +2/3. At this value of
¢, the quarks of the three generations have the same
Ungw (1) charges, leading to a vanishing new contribution

to FCNC and therefore to b — syt u~.

IV. CONCLUSIONS AND DISCUSSION

In the literature, there is a class of models based on flavor
gauge symmetries with a MeV-ish gauge boson that leads
to nonstandard neutral current interaction between neutri-
nos and quarks. By gauging the baryon number, the
couplings of the u and d quarks are equal since they share
the same baryon number. For relatively light Z’, the
contribution to CEvNS is suppressed, so the present
CEvNS bounds allow relatively large NSI for
myz < 30 MeV. However, these models can eventually
be tested by improving the precision of the CEuvNS
experiments. As shown in Ref. [9], to hide NSI from
CEvNS, the ratio of tann = &"/¢P should have a certain
value tany = —Z/N ~ —0.75. In this paper, we have built a
model that can produce NSI with arbitrary tan #. The model
is based on gauging a combination of the lepton and baryon
numbers of different generations with a light gauge boson
7' that mixes with the photon. The mixing breaks the
equality of the couplings of the up and down quarks
because they have unequal electric charges. Within this
framework, the NSI couplings are lepton flavor conserving.
Since we do not gauge L., the NSI for v, and 7, (that is, €,,)
remains zero, so the bounds from v, or 7, scattering (such
as the ones from GEMMA [19]) can be evaded. However,

because of the gauge boson mixing with the photon,
nonstandard interactions between the muon and tau neu-
trinos with the electron (i.e., &, and &7, respectively) are
unavoidable. Thus, we expect an observable effect on the
scattering of solar neutrinos off electrons at detectors
such as Borexino. Within our model, the Borexino bound
is not compatible with the LMA-dark solution for
—37 < tann < 0.5. However, we have found regions of
the parameter space with tanz > 0.5 in which both LMA-
dark and a solution to the (g—2), anomaly can be
achieved. Interestingly, this parameter space range can
be tested by CEuvNS experiments exploiting spallation
neutron sources.

We have focused on regions of the parameter space for
which tann ~ —0.75. In this range, even large values for
£mediim can be hidden from CEvNS experiments. We have
found that g™ = ¢i*d"™ ~ ] and a solution to (g —2),
can be obtained simultaneously. If the invisible decay mode
of Z' dominates, the bound from NA64 rules out the tann ~
—0.75 range with large eiedi*™ ~ 1. However, it becomes
viable once the decay mode Z' — ¢pp — e"eTe"et is
allowed. The light ¢ particles that decay into pairs e~e™
can be searched by beam dump experiments. Furthermore,
gpedium — gmedium 1 can be tested with future solar
neutrino experiments. If in the solar neutrino data evidence
for gedim — gmedium 1 js found without a corresponding
signal at CEVNS, an interpretation would be tany = —0.7.
Within our model, this also implies a distinct feature in the
distribution of the invariant mass of the muon pair at
b — suTu~, which can be tested.
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