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We construct UV-complete models for nonstandard neutrino interactions mediated by a sub-GeV gauge
boson Z' coupled to baryon number B or B — L. A flavor-dependent Z’ coupling to neutrinos is induced by
mixing a U(1)'-charged Dirac fermion with the active neutrinos, naturally suppressing flavor violation or
nonuniversality of the charged leptons to the loop level. We show that these models can give rise to large
flavor-conserving as well as flavor-violating nonstandard neutral-current neutrino interactions potentially
observable in current or future oscillation experiments such as DUNE without being in conflict with other
constraints such as neutrino scattering or lepton-flavor-violating decays. In particular, the LMA-Dark
solution to the solar-neutrino anomaly can be obtained for U(1)g, but not for U(1)g_;.
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I. INTRODUCTION

The three-neutrino mass and mixing scheme has been
triumphant in explaining solar, atmospheric, reactor, and
long-baseline neutrino data. Thanks to the extensive run-
ning and upcoming neutrino experimental programs such
as T2K, NOvA, and DUNE we are entering the neutrino
precision era. Especially the DUNE and T2HK experiments
are expected to make it possible to measure the yet
unknown neutrino parameters such as the Dirac CP-
violating phase d.p, the octant of the atmospheric mixing
angle 0,3, and the neutrino mass ordering (normal vs
inverted). However, these claims are valid only under the
assumption of the standard three-neutrino paradigm with
standard interactions between neutrinos and matter fields. If
the neutral-current interactions of neutrinos with matter
fields deviate from the standard model (SM), the neutrino
propagation in matter between the source and detector at
long-baseline experiments is affected. Such nonstandard
neutrino interactions (NSI) can be parametrized by the
effective Lagrangian

Lyst = —2V2G el (0" Pru) (Fr Pxf). (1)

where Py, = (14 y5)/2 is the chirality projection oper-
ator, f € {e, u, d} specifies the matter particles, and a, f €
{e,u,7} denote the neutrino flavor. The dimensionless

coefficients e‘ég have been normalized to the electroweak

strength, 2v/2Gr = (174 GeV)~2. Only the vector cou-
pling is relevant for neutrino oscillations, so we define

e{;ﬂ = EZIL, + eég as the quantity of interest in the following.
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As has recently been shown in a series of papers [1-8], if
neutrino interactions with matter fields (e, u and d) deviate
from those in the SM, new degeneracies appear making an
unambiguous derivation of the unknown neutrino param-
eters impossible. In particular, as shown in Ref. [9], neutral-
current NSI can mimic the effect of §.p at DUNE even if all
the sources of CP violation in the leptonic sector (both
standard Dirac phases and phases of the new couplings)
vanish. Moreover, the determination of the octant of 6,5 can
become problematic in the presence of complex ¢, or g,,
[10]. As has been shown in Ref. [11], combining the results
of very-long-baseline experiments like NOvA with the
proposed medium-baseline (L ~ 150 km) experiment
MOMENT can help to solve this degeneracy.

It is remarkable that in addition to the standard large
mixing angle (LMA) solution to the solar-neutrino anomaly
with 6}, < z/4 and egﬂ =0, there is another solution

(called LMA-dark solution) with 6, > z/4 and el —
gld =~ gitd _ gd 1 [12-14]. We discuss this solution
later on. Using instead the standard LMA solution, one
can derive the current 90% C.L. bounds on the values of 7,

from global oscillation data [12]. Taking the conservative
values from Ref. [4], these read
|es, +¢ed,| <0.12, et + ed.| < 0.18,

et + 4| < 0.018, (2)

0.11 < &4, +¢&d, — et —ed <0.60, and

—-0.04 < e, + €, — 4. — €4 < 0.037, (3)

assuming & = 0. Remember that the neutrino-oscillation
pattern does not change if we replace the Hamiltonian H
governing neutrino evolution in time with H — Ta, where 1
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is the identity matrix in flavor space and a is an arbitrary
number. As a result, neutrino-oscillation data can only
provide information on the splitting of the diagonal
elements. Using the priors of Ref. [12] (with a best fit
deviating from 0), it has been shown in Ref. [4] that T2ZHK
together with DUNE can improve these bounds down to

|SZ,, + 8‘eiﬂ| < 0.024, ek, + 8§,| < 0.08,
ey + sl‘f,| < 0.012, (4)

0.017 < &4, + &, — et — e <0.43, and

—0.027 < &, +ed, — e — e, < 0.025. (5)

From a theoretical point of view, the question arises
whether it is possible to build a consistent renormalizable
model that gives rise to an effective Lagrangian of the form
of Eq. (1) with large enough € to be observable in neutrino
experiments (i.e., |e| = 0.05). The first solution which
comes to mind is introducing a heavy intermediate state
X with coupling to matter fields and neutrinos which has so
far escaped direct production because of its large mass M.
Integrating out this heavy state can easily give rise to the
four-fermion interactions of Eq. (1) but the value of ¢ is
suppressed by M3%/M% < 1. An alternative approach
which has been incorporated by Refs. [15-17] is to
introduce a new U(1)’ gauge interaction with a relatively
light gauge boson Z/, with mass M, ~ few 10 MeV.' In
this class of models, the new gauge boson has so far
escaped detection because of the smallness of its coupling
rather than its large mass. Matter effects on propagation of
neutrinos are induced by 7-channel forward scattering of
neutrinos (i.e., scattering with zero energy-momentum
transfer); as a result, we can still use the effective
Lagrangian in Eq. (1) even if the mass M, of the
intermediate Z' boson is much smaller than the typical
energies of the neutrinos propagating in the medium.
However, for neutrino scattering experiments such as
CHARM or NuTeV with an energy-momentum transfer
g much larger than the Z’ mass (i.e., g> > M?2,), we can no
longer invoke the effective Lagrangian formalism. At these
scattering experiments, the ratio of the amplitude of the new
contribution to the SM amplitude is therefore suppressed by
eM2,/q* and is below the sensitivity limit [15].

An SU(2), x U(1), invariant realization of Eq. (1)
typically implies that charged leptons should have similar
new interactions as neutrinos. Since the bounds on
such new interactions of charged leptons (especially on
e and p) are strong, model building is far from trivial. The
challenge is even more severe if we want to build a model
which gives rise to lepton-flavor-violating (LFV) NSI (i.e.,
€qplazp # 0) because of very strong bounds from associated

lTaking the Z' much lighter leads to long-range interactions
with different phenomenology [18-25].
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charged-lepton-flavor-violating (CLFV) processes such as
Co=>71Cp Lo = 4l s, and €, — Z'€ [26].

In this article, we present models based on new U(1)’
gauge symmetries with a light gauge boson Z’ which can
give rise to both lepton-flavor-conserving and LFV neutral-
current NSI without inducing similar couplings to the
charged leptons. This is done by introducing a new
Dirac fermion ¥ charged under U(1)" which is mixed
with neutrinos by Yukawa couplings to a new scalar
doublet H'. We are interested in a form of NSI that affects
neutrino propagation in matter but not neutrino interaction
at source and detector. Furthermore, our NSI are always
vectorlike, i.e., fulfil ,9(’;5 = 6‘(/;;; This is convenient, because
otherwise the axial part of the current changes the cross
section of Deuteron dissociation at Sudbury Neutrino
Observatory (SNO) (i.e., D +v — p + n + v). This proc-
ess is not influenced when egé = ezg, so the consistency of
the total neutral current rate at SNO with the total neutrino
flux predicted by the standard solar model is maintained
despite large el = elfl and el = €4 [13,27].

The rest of this paper is organized as follows: In Sec. II, we
present a class of models that can give rise to large NSI. We
discuss the constraints from the charged LFV bounds and
scattering of solar neutrinos at the solar neutrino experi-
ments as well as at dark matter direct-detection experiments.
We also discuss possible routes to UV complete the model.
In Sec. II1, we discuss the observational consequences of the
model. Results are summarized in Sec. IV.

II. NEUTRINOPHILIC LFV

In this section, we describe our model which is based on
a U(1)" gauge symmetry with a light, MeV-GeV, gauge
boson Z'. In order to avoid tree-level flavor-changing
neutral currents, we assume a universal Z’ coupling to
baryons gz, so quarks carry gz/3, and a universal lepton
coupling ¢, (including to right-handed neutrinos vp).
Moreover, the SM scalar doublet H is assumed to be
neutral under this U(1), so all fermions acquire Dirac
masses after electroweak symmetry breaking. In models
with g, # 0, an additional singlet scalar S with U(1)’
charge equal to —2g, is required to generate a Majorana
mass for the right-handed neutrinos Sggrg, which gives a
seesaw mass M, « (H)?/(Sg) for the light neutrinos. In
models with g, = 0, neutrinos obtain mass via canonical
seesaw without any need to introduce a new scalar. To
generate a neutrino-flavor-dependent Z’ coupling we intro-
duce a Dirac fermion ¥ with mass My and U(1)’ charge gy
as well as a second scalar doublet H' with charge gy — g,
(otherwise the same quantum numbers as H), which allows
for the Yukawa couplings

L==) y,LHPr¥ +Hec., (6)
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where H' = io,(H')*. The light neutrinos and ¥ share a
mass matrix (in compact form)

| M, 0 yH) v
ﬁzi(ﬂc,qu,\ijlg) 0 0 M‘Il \IJL
yH) My O Ui

+ H.c., (7)

which leads to mixing among V; and v. In the limit M,,
y(H'Y < My, the mixing angles are small and can be
written as [28]

!
g = 2ul) _yareosp, -
N V2M

which can in general be complex. Note that despite the
mixing with W, the active neutrinos remain massless in the
limit M, = 0. As in standard two-Higgs-doublet model
(2HDM) notation [29], we have defined an angle # via
tanf = (H)/(H'), and v = 246 GeV. The contribution of
(H') to M2, can be written as (gg — g,)*v*cos?5, which
should be summed with the contributions from the vacuum
expectation values (VEVs) of other scalars charged under
U(1). Since we want the Z' to be light, we demand

M, 0.1
cosﬁ§4x10‘4< Z )( ) 9
10 MeV / \ |9y — g¢| ©)

The relevant Z' interactions Z,, (g 0y* P v + gy Wy*¥) can
be rewritten in the mass basis as

Z, [Z(Qﬁ5a/s+9\1/’<27<ﬂ)l_/(z}’” Prug
ap

+Z(gf—gw)[K;EaVMPL‘IHLKa‘i’}’”PLUa} +ge UV,
(10)

where the mass eigenstate W is approximately the same
Dirac fermion as above and we neglected terms of order
gek*k. The crucial results are the off-diagonal and non-
universal Z' couplings to the light neutrinos via ggkjks,
while the charged-lepton Z’ couplings remain diagonal.
(Rotating the light neutrinos to their mass eigenstates
merely redefines the x.) We then obtain our desired NSI
coefficients

ol — pd 9B9TKaKp s 9rJuKaKp (11)
PP 6V2GeME,T T 2V2GeME

Note that the NSI coefficients cannot be chosen com-
pletely arbitrary, as k*x” is only a Hermitian rank-1 matrix
with three parameters. In particular, |4 = \/EqEps-
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Introducing more copies of ¥ allows for more freedom,
as it replaces ggx*k? — > qu,/_KTI,/_Kg/_. However, due to the
Cauchy-Schwarz inequality we still have |e,s| < | /Esa€pp-

The limit of interest is k < 1 in order to suppress
deviations of Upyng from unitarity [30] and CLFV via
Eq. (6) (we come back to this issue later). To still generate
large NSI we then need a rather light Z'. The next section is
devoted to a survey of possible U(1)" generators.

Notice that since Uy and ¥, have the same U(1)’ charge,
they do not induce any anomaly so the value for gy is
independent of g, g. ¥ cannot be lighter than a few MeV,
otherwise it contributes as an extra relativistic degree of
freedom in the early Universe. On the other hand, it cannot
be heavier than a few GeV because taking y in the
perturbative region, cosf below the bound in Eq. (9),
and k, ~ 0.03 (leading to sizeable ¢ while still satisfying the
unitarity bounds on Upyns), from Eq. (8) we find

M, \ 02\ /0.03

The actual right-handed neutrinos v that give rise to the
light neutrino masses are assumed to be sufficiently heavy
and weakly mixed such that they can be ignored in the
following.

A. U(1) groups of interest

To have observable effects on neutrino propagation in
matter, Z'-mediated NSI require couplings to neutrinos and
to matter particles, i.e., electrons or first-generation quarks.
We have shown how to couple the Z' to neutrinos by
mixing the neutrinos with a U(1)'-charged Dirac fermion;
see Eq. (10). We are left with the task to couple the Z’ to
matter. As stated above, flavor-changing neutral currents
are most easily avoided by generation-independent cou-
plings, so we restrict ourselves to the baryon and lepton
number symmetries.” Gauging classically conserved
charges such as baryon number B [34,35], lepton number
L [36], and B — L [37] has been extensively discussed in
the literature. Let us for now ignore the newly introduced
particles of the last section (or set gy = 0) and study the Z’
parameter space for the SM-fermion couplings.

For U(1),_;, we follow Ref. [38] to translate the limits
from beam-dump experiments [39], BABAR [40], and
Vo, — e scattering data [41,42] [see Fig. 1 (left)]—
assuming My < 2M, . Also shown is the potential reach
of the proposed SHiP experiment [43], adopted from
Refs. [44,45]. The limits for a U(1), gauge boson give
slightly stronger bounds for the region M, = GeV due to

“Even without a direct Z' coupling to SM fermions we inherit a
7' coupling to the hypercharge current, courtesy of kinetic mixing
[31,32]. For Z' masses below the electroweak scale, this is
equivalent to a coupling to electric charge, which does not induce
NSI in neutral matter. For current limits, see, e.g., Ref. [33].
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FIG. 1.
coupled to L essentially yields the B — L constraints.

the absence of hadronic decay channels and hence larger
leptonic branching ratios. For U(1)g, the limits on the
gauge coupling gp are much weaker [see Fig. 1 (right)]. The
relevant sub-GeV Z’ production and decay branching ratios
are given in Ref. [46]; most importantly, the mode Z' — znx
is suppressed, making Z' — 7% (272~ 7°) dominant for
My, <06 GeV (My 2 0.6 GeV). Limits come from
208Pb-neutron scattering [47-49], pion decay #° — yZ'
(50,511, 7 = yZ' — yya® and ' — yZ' — ya*n~n° decays
[46], J/¥,¥(2S) > KTK~ [52], and hadronic Y(1S)
decays [53,54]. For M, < m, the Z’' is essentially stable
and invisible, so we can adopt the limit from K™ — zt v
[55] derived in Ref. [56] (we show the most optimistic
limit, i.e., with cutoff A = m,). Some of these limits
come with additional uncertainties that make the assign-
ment of a confidence level difficult; we refer the reader to
the original articles for details. The hadronic-decay limits
could be improved and refined with Breit-Wigner-peak
searches of the Z' final states 7%y and #tz~z° [46].
Additional bounds can be derived from astrophysics and
cosmology.

We have neglected kinetic mixing [31,32] so far, even
though it is technically unavoidable. This makes a huge
difference in particular for U(1), because as long as we set
gy =0, it implies Br(Z' —»ete”)=1 for 2m, <
M, < m,, assuming the Iloop-induced Z' — 3y is
sufficiently suppressed [57]. This reintroduces, e.g.,
beam-dump limits on the kinetic mixing angle & [58]. If
£ is large enough so that the Z’' boson with M, < m,
decays promptly to electrons, the 7° — yZ’ limit is replaced
by the NA48/2 limit from Ref. [33], which is of similar
order. An interesting limiting case was pointed out in
Ref. [38]: if the kinetic mixing angle is opposite in sign but
of similar magnitude as the B — L coupling, we obtain a Z’
coupling dominantly to the neutral fermions, neutrons, and
neutrinos (with g, = —g,); the couplings g, = —g, can be
highly suppressed. This severely loosens most of the strong
constraints of Fig. 1, including the pion-decay bounds [59],
except for the limit from neutron-Pb scattering. A similar
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Parameter space of a gauge boson Z’ coupled to B — L (left) or B (right). The shaded areas are excluded at 90% C.L. A Z’

limiting case can be considered for U(1),, where kinetic
mixing could cancel the coupling to protons, leaving Z’
couplings to neutrons and electrons. We continue to ignore
the kinetic mixing angle, but it should be kept in mind that
this additional parameter could either strengthen or weaken
the bounds of Fig. 1, without affecting the NSI parameters &
(because we are interested in neutrino propagation through
electrically neutral matter).

The additional Z’ couplings to neutrinos g, = gykyks
that arise for gy # 0 even in the U(1), case of course lead
to new bounds on top of those described so far. For the
B — L case this merely rescales the existing bounds, due
to the larger invisible decay rate Z' — v which dilutes
the beam-dump limits and the potentially stronger v — e
scattering.” Qualitatively new bounds emerge for U(1)
from neutrino-nucleon scattering, proportional to g,gg.
A recent study [60] of solar-neutrino scattering rates in
dark matter direct-detection experiments provides approxi-
mate bounds and future projections, shown in Fig. 2. Here
we ignore the flavor composition of solar neutrinos and
simply treat the Z' couplings as diagonal and flavor
universal. Note that we cannot use the effective NSI
Lagrangian from Eq. (1) to describe this scattering if the
Z' is light but we have to use the full model. This
automatically suppresses the signal of a sub-GeV Z’ in
experiments with large momentum transfer g> > GeV?
such as NuTeV [15,61], which otherwise provide strong
bounds [27,62]. We see below that we can have large NSI
without violating the constraints from Fig. 2.

B. Deviation from unitarity and charged-LFV processes

In the previous section we derived limits on g;/M for
light Z' coupled to B, L, or B — L. In order to assess how
large the NSI parameters from Eq. (11) can be, we further
need to derive limits on the neutrino-mixing parameters x,,.

‘We ignore the possibility that g, has the opposite sign of gg_;.
and could thus soften scattering constraints, at least for some
flavors.
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FIG. 2. Approximate 90% C.L. bounds on 1/|gpg,| from solar-
neutrino nuclear recoils in CDMSlite and optimistic projections
for second-generation xenon (e.g., LUX-ZEPLIN) and germa-
nium experiments (e.g., SuperCDMS SNOLAB), adapted from
Ref. [60].

In the presence of the mixing between the SM neutrinos
and U, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix deviates from unitarity. There are relatively
strong bounds on the deviation from unitarity from various
observables [63]. Some of the bounds come from lepton-
flavor-conserving observables such as muon decay or tests
of lepton-flavor universality, which readily apply to our
case, too,

K2 <25x103,  |k,> <44x 107, and

k.| <5.6x 1073 at 26. (13)

Note that not all limits from direct searches for heavy
neutrinos are applicable because our U decays mostly
invisibly via ¥ — vZ" or ¥ — 3v for the parameters of
interest. For My 2 My, this leaves us with direct-search
bounds weaker than those from Eq. (13); see Ref. [64]. (We
stress that our Dirac ¥ does not contribute to Ovfpf.) The
bounds from LFV processes on the deviation from unitarity
(ie., on Kk,k;, kK,k,, and k.k;) found in Ref. [63] do not
apply to our case because in our model, the W state which
mixes with v can be much lighter than My, leading to the
Glashow-Iliopoulos-Maiani (GIM) suppression of the cor-
responding contribution. Moreover, we have additional
diagrams contributing to these rare LFV processes. We
discuss the bounds from LFV in detail below. Before doing
that, let us just notice that from Eq. (13) we obtain

lo 7 fg
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k.| < 1073,

Kok, < 3.7 % 1073, (14)

kK| < 1.6 x 107, and

It is remarkable that similar bounds still hold even if we
increase the number of ¥ because of the Cauchy-Schwarz
inequality. From this we can see that the NSI can still be
large if gy > g, (for f=u, d, gy =gp/3 and f =e,
gr = 9r)s

. gfg\I!K;;Kﬂ

P 202G M2,

1 TeV 0.1 GeV .
=03 x gy [— U (55 as)
Mz /g5 Mz 10

Depending on the gauge group, the matter NSI come from
the coupling to electrons [for U(1), ], neutrons and protons
[for U(1)g] or just neutrons [for U(1)z_;, because the
electron and proton U(1)z_, potentials cancel each other in
neutral matter].

Let us first discuss [, — lzy. This process receives
contributions from the W~ loop and the H~ loop (see
Fig. 3). In the limit my < m, < My, My-, we find the
form factors

2 2
- g my
F%@ = 3271.2 M%VK(lKﬁ[ W(M%IJ/M%V) _fW(O)]’ (16)
2

H- mg « ) 2 2
R = —@M—%;yayﬂmn ﬁfH(M\IJ/MH’)’ (17)

which result in the rate I'(£, — ¢57) = e*m,|Fyp +
FE /167, with loop functions [65]

_10—-43x + 78x% — 49x% + 4x* + 18x% log x
B 12(1 — x)* ’

(18)

(19)

fw(x)

1 —6x+3x? +2x° — 6x logx

Sux) 12(1 - )

Notice the GIM-like cancellation in F ;‘g in the case of
interest My << My, which makes the H~ contribution
dominant for cosff < 1,

e* [yayp|*my (sin’B  3cos’f) 2
I'(Z Cpy) =— . 20
o= 00 = 32 3847 (M%, M3, ) (20)
v
o M
7
/ N
/ \ ,
grz | Y | B

FIG. 3.

Loop-induced CLFV decay 7, — £yy.
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From Br(z = ey) < 3.3 x 107 and Br(z — uy) < 4.4 x
1078 [66], we then respectively obtain

My
046 21 d
eyl < (400 GeV) an

My- 2
053 ————— 1 , 21
ol <033 (g0 21)

which can be readily satisfied. Similarly,
Br(u — ey) < 4.2 x 10713 [67] we obtain

from

Mo 2
Tx 1074 —2 ) . 22
e <7104 (e ) @)

For values of «, satisfying Eq. (14), the contribution from
F¥t0t,—>7¢ sy 1s negligible and well below the present
bounds.

On top of the £, — ¢y constraints from above, there is
CLFV involving the light Z'. For g, =0, the Z' only
couples to charged leptons at one-loop level and so all
processes £, — £ /jzj”},f 5 are two-loop suppressed. Since we
need a rather light Z’ to induce strong NSI, the main
processes are the LFV two-body decays ¢, — £5Z' [26],
followed by Z' — v In the limit my = 0, the partial width
£y = €47 is given in terms of the two form factors of
interest as

ma M2/
N AE Tos [|FM|2 (1 + 2mZZ>

m2 M2\ 2
Fi 21 “ 1——Z£) .
* P ( +2M;>K m)

(23)

In the limit cos # — 0, the diagrams shown in Fig. 4 (left)
give the dominant contribution,

Guyeyp [ mg \2[x*—1-2xlogx
Fyr=

T 64n? \My- (x—1)3
1/ My 2(14x)(3=3x*+ (1 +4x+x*)logx)
3 MH’ (x—l)s
M3,
24
~o()] =

in which x = (My/My-)?. The chargelike form factor F;
is also induced, albeit suppressed by the small gauge boson

mass M2,
Foo— _gwYaYp Mz \?[3-3x+ (2+x)logx
1,.L 967[2 MH’ (.X,' _ 1)2
M?,
+ (9( Z ) (25)
M3,
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As a result, the final decay rate is not enhanced for
My — 0,* but rather goes smoothly to

M. —0 2 4
T(£, — £57)—2— gwaiﬂ Ma
x> —1—2xlogx]?
X\~ 26
= 26

see Fig. 4 (right). From Br(z — e + light boson) < 2.7 x
10~3 and Br(z — p + light boson) < 5 x 107 [69], we
then find |gyy,y.| < 13(My-/400 GeV)? and |gyy,y.| <
18(My-/400 GeV)? which can be readily satisfied and,
using Eq. (21), provide a very weak bound on gy. The
contributions from the rest of the diagrams are suppressed by
cos 4 and as long as gy YaYp Stays in the perturbative range
cannot give rise to 7 — Z'u(e) rates above the bounds. Simi-
larly, Br(u—eZ')=8.6x107|gyy,y.|*(400GeV/My-)*
for light Z’, which for y,y, satisfying Eq. (22) is much
lower than even the strongest bounds from rare muon decay
modes. [Limits on Br(u — e + light boson) are of order
1073 [70,71].]

The above discussion shows that the £, — #43Z’ con-
straints are weaker than those from £, — £y, even for
large gy. For g, # 0, however, the Z’'-mediated ¢, —
z,”/,wz:”(;f,g could be enhanced. (For gz # 0, the decays are
Cy— Cyntn, Cyn'y, Cyntn~x°, which are much less
constrained.) Focusing on the region of parameters with
2m, <My <m,—m,, My, xxz#0, the resonantly
enhanced LFV decay rate 7 — ¢ ﬂf,f 5 can be estimated as

I'(z— fﬂgﬁfﬁ) =I(r > ¢;Z')Br(Z' — Zsts),  (27)

with

2
= 9r
Br(Zl - Lﬂ(;l/ﬂ(s) = P N (28)
2g; + %Za.ﬂlglféaﬂ + gukiKs|?

neglecting fermion masses. Even if this branching ratio is
of order 1, the total I'(z — fﬂ?,;f(g) is still suppressed by
the loop factor and the potentially large M-, so it is not
necessarily dangerous. From Fig. 4 (right) we see that
values |gyy,ys| < 1072 can suppress these decays below
the experimental limits of O(107%) [66] (conservatively
assuming that the Z’ decay is prompt and does not lead to a
secondary vertex). We show this most pessimistic con-
straint of Br(t — £3Z') < O(107®) in Fig. 6, but stress
again that it is expected to be much weaker. Similar
conclusions hold for the other off-diagonal NSI. For

B 4Compared to models where the Z, couples at tree level to
Loy [26,68].

053010-6



NEUTRINOPHILIC NONSTANDARD INTERACTIONS PHYSICAL REVIEW D 94, 053010 (2016)

Ge¥eVe = 1072, My~ = 400 GeV
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E My=0.1GeV
1075 E My =1 GeV
F My =10GeV

Z/
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10-3 1072 107" 1 10

MZ' [GeV]

FIG. 4. Left: Loop-induced CLFV decay ¢, — £4Z'. The Z' can be attached to both the H~ and W lines. Right: Resulting branching
ratio Br(z — eZ’), which also holds for Br(z — uZ’) with y, — y,, because we have neglected the mass of the final fermion.

diagonal NSI, no limits from CLFV arise and the strongest ~ to the other constraints. In Fig. 5 we show the least-
limits come from neutrino scattering. constrained case: U(1),. The resulting NSI from Eq. (11)

Putting everything together, we can illustrate the size  can be of order 1 without being in conflict with any
of our NSI for some benchmark points in connection  of the other constraints, even for the off-diagonal LFV
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FIG. 5. Contours of diagonal NSI (top left and right) and off-diagonal NSI (bottom left and right) for U(1)’ = U(1). Relevant
experimental bounds are also shown (see the text for details). The inequality of Eq. (9) is satisfied in the allowed parameter space. The
current (solid black lines) and projected (dot-dashed black line marked with DUNE + T2HK, obtained by including a prior for current

constraints) limits on & = &° + 3 + 3¢ are taken from Ref. [4]. For ¢,, (top left) we also indicate the preferred region for the LMA-
dark solution.
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FIG. 6. Contours of diagonal NSI (e, left) and off-diagonal NSI (g, right) and additional constraints for a set of parameters of
U(1)g_, . The inequality of Eq. (9) is satisfied in the allowed parameter space. The constraint from 7 — pee is extremely conservative.

NSL> The best constraints then come from the actual
neutrino-oscillation experiments, and are improved, e.g.,
with DUNE. In particular, the LMA-dark solution can be
realized (see Sec. III). Notice that we have drawn contour
plots for a combination of &/ that is relevant for propagation
in Earth with fermion densities n,/n, =n,/n, =1 (see
Sec. III). The vertical line at 5 MeV is the lower bound
from cosmology on M, under conservative assumption
AN < 0.7 [72,73]. Current (approximate) limits on solar-
neutrino-nucleus scattering from CDMSlite are only rel-
evant for large € ~ 1, i.e., only for the LMA-dark solution.
Future germanium or xenon experiments for dark matter
detection such as SuperCDMS SNOLAB and LUX-
ZEPLIN will however provide a powerful method to test
our model via nuclear recoils [60], competitive with DUNE
and T2HK. Here we have again ignored the flavor
composition of solar neutrinos.

Taking instead U(1)_; as our gauge group gives a much
more restricted picture (Fig. 6). It is not possible to generate
€. ~ 1 due to the strong constraints from neutrino-electron
scattering experiments, so the LMA-dark solution is
incompatible with B — L. Large diagonal NSI can only
be obtained for the 7z entry [Fig. 6 (left)], because the
additional Z'v,v, coupling is the only one not constrained
by neutrino-electron scattering experiments (which only
use v, and v,). Note that &,, contributes to two parameters
in the analysis of Ref. [4], &,=¢,—¢, and
€ = € — &5 in Fig. 6 we show the bound and DUNE
projection from &,,, which is the stronger of the two. For
the off-diagonal LFV NSI, the additional limits from #Z, —
4 ﬂz?(;fg severely restrict the parameter space compared to
U(1), [Fig. 6 (right)]. We could evade those bounds only
by increasing My-; we would then still face the bounds
from neutrino scattering, as all off-diagonal NSI involve

An exception is &,,, which is typically tiny to satisfy u — ey,
unless H~ is very heavy [Eq. (22)].

either v, or v,,. In view of this, the B — L model is a simple

framework to generate a sizable sé’;d’e, but all other NSI are
typically restricted to be tiny. We stress again that it is in
principle possible to severely suppress the Z’ couplings to
protons and charged leptons by tuning the kinetic-mixing
angle to cancel the B — L coupling [38], thus weakening
the constraints without affecting the NSI, which come from
the coupling to neutrons.

C. UV completion

Let us outline the UV completion of our models. The
components of the new scalar doublet H' (having electro-
weak interactions) should be heavier than the electroweak

scale. On the other hand, (H') = vcosﬁ/ﬂ < v [see
Eq. (9)]. This can be obtained by introducing a new singlet
scalar §; with U(1)’ charge equal to that of H'. We can then
add the following trilinear term to the Lagrangian,

L=uSHH, (29)
which results in a softly broken 2HDM after S; acquires a
VEV [68]. The VEV (H') = —u(S,)(H)/(2M3,) is induced
by (S;) without creating any massless Goldstone bosons.
Notice that (S;) ~Mg can be much lighter than the

electroweak scale. Taking (S;)u < M3, we can naturally
obtain cos # < 1. Note that the details of the scalar potential
are not important for the NSI phenomenology.

Let us discuss the implications for our different gauge

symmetries:

(i) U(1) =U(1)g_, or U(1),: In order to employ the
seesaw mechanism and make the right-handed
neutrinos sufficiently heavy—otherwise big bang
nucleosynthesis would kill our light-Z' parameter
space [38]—we need a scalar Sp ~ —2g, to couple
Spvjvr = Mgpigug. Unfortunately, the scalar po-
tential V(H,H',S;,Sg) has an additional global
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U(1) symmetry that results in a Goldstone boson
when all fields acquire VEVs. This can be avoided
by introducing yet another scalar S, ~ gy + g, that
couples S;S5S} and breaks the unwelcome global
symmetry explicitly.

(i) U(1)' = U(1)g: Here the U(1)" charge of the neu-
trinos is 0, so a Majorana mass term for vy is allowed
by symmetry and the seesaw mechanism works
without problems. However, we have to introduce
new particles 7 that cancel the U(1); x [SU(2), x
U(1)y| gauge anomalies from the quarks. The sim-
plest realizations introduce two lepton generations
with charges B; and B,, which cancel the anomalies
for By — B, = =3 [74,75], or two doublets, one
triplet and one singlet [76,77]. These new particles
are nonchiral under the electroweak gauge group but
chiral under the U(1)’. Hence, they can obtain a mass
above the electroweak scale by the VEV of an
electroweak singlet scalar Sp with (Sg) ~ M, >
100 GeV, where M, is the typical mass scale of
the new # particle. (To avoid Goldstone bosons, a
third scalar S, is typically required in our model as
well.) This VEV (Sg) induces a mass for M, given by
95(Sg). Taking (Spz) = 1 TeV, we find

M
<1074 —2Z2 30
b~ (100 MeV> (30)

as an additional rough bound required to make the
anomaly-canceling fermions sufficiently heavy. Note
that this does however depend strongly on the de-
tailed mass spectrum and mixing pattern of the 7
fermions. To make matters even more involved, the
lightest of the 7 particles is stabilized by the remain-
ing unbroken Z% subgroup, and thus forms dark
matter [75,77]. This further complicates the question
of how large M, and thus (Sg) have to be to
avoid constraints from collider searches and direct-
detection experiments. A discussion of the dark
matter sector goes unfortunately beyond the scope
of this article and is left for future work.

(i) U(1) = U(I)B_Z ., Having focused on
flavor-universal couplings to Band L = L, + L, +
L, so far, let us briefly mention the possibility of
(Iepton-)flavored gauge symmetries. The symmetry
U(1) 5 L, is anomaly free for >, x, = 3, which

reduces to B — L for x,, . = 1. For x, # xp, the Z'
couplings break lepton universality and lead to
different phenomenology compared to B — L. The
case of interest here is x, = 0, in order to eliminate
the strong constraints from electron-scattering ex-
periments. For x,, # 0, this still leaves (significantly
weaker) constraints from the anomalous magnetic
moment of the muon or v, scattering [78]. The

PHYSICAL REVIEW D 94, 053010 (2016)

extreme case B — 3L, [79,80] is almost as weakly
constrained as U(1), and therefore perfectly suited
to generate large NSI. [Even without the introduc-
tion of W it would lead to nonzero eé’f’d.] For these
flavored U(1) we do not have to worry about
anomaly-canceling fermions—as in the U(1)g
case—but instead about how to obtain the observed
leptonic mixing pattern, i.e., the PMNS matrix. As
shown in Ref. [81], it requires only a few singlet
scalars to generate viable neutrino mass matrices for
these U(1)" via seesaw, and could easily lead to
predictions in the form of texture 0’s or vanishing
minors.

III. PHENOMENOLOGICAL IMPLICATIONS
OF OUR MODEL

In the previous section we constructed a viable model
that can give rise to large neutral-current NSI for neutrinos.
In this section, we discuss the phenomenological implica-
tions of the model for oscillation experiments, direct
searches of H~ at colliders and charged lepton dipole
moments.

Neutrino propagation in matter is sensitive to a combi-
nation of couplings to different fermions weighted by their
density n; in that particular medium,

I
Eap = Zn_e“:éﬂ (31)

f

In electrically neutral matter, the electron and proton
densities are equal, n, = n,, so we can simplify this to

n
Eqp = (55/1 + 285/)’ + SZ/}) + nfn (SZ/} + 2855/,’), (32)
e

with the neutron density n,,. As already stated above, a Z’
coupling to baryon number gives &€ =0 # " = ¢,
whereas a coupling to lepton number gives
e #0=¢"=¢l An interesting special case arises for
B—L, as in that case &"/3 = 9/3 = —¢°, so the first
bracket in Eq. (32) vanishes, leaving only a coupling to
neutrons. This has an impact on neutrino oscillations inside
the Sun, not only because the total number of neutrons is
smaller than that of protons and electrons, but the neutron
density has a different spatial dependence (tracing essen-
tially the Helium abundance, peaked towards the core [82]).
We are not aware of an NSI analysis under this condition.

Let us discuss the possibility of reproducing the famous
LMA-dark solution with 6, >45° and &}, —ele=
el — e, =1, which seems to provide an even better fit
to the solar neutrino data than the standard LMA solution
[12-14]. Tt was shown in Ref. [12] that this solution
survives global oscillation tests, provided that off-diagonal
elements of ¢ as well as the splitting between ¢,, and e,
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satisfy relatively stringent upper bounds of order of
0.01-0.1. Reference [15] presented a model that gave rise
to the LMA-dark solution with €}, = ¢/, =1 and &!, =
€aplazy = 0. The present model which gauges U(1) [but
not U(1),_, ] can also provide a theoretical foundation for
the LMA-dark solution: taking «, = x, = 0,

1 107

gy 9B

|Ke|2 ~ 1073

MZf 2
, 33
<10 MeV) (33)

and gggp <0, we can reproduce the range of values
compatible with the LM A-dark solution. Notice that unlike

in the model of Ref. [15], here we have 8?’;1 ~ —1 and

sﬁ;f’ = &% = (0, which is equivalent to % =0 and e,‘jf =
g4 ~1 in neutrino propagation. (Generating directly
eid = e ~ 1 in our model implies |e4’| ~ 1, which is
not compatible with atmospheric neutrino data [12].)

Apart from the LMA-dark solution, no other solution
with preferred nonzero e has been found. Within the
standard neutrino-oscillation paradigm with 6, < 45°
relatively strong upper bounds are set on the values of
|€aplazp and |€4q — €4p|. Within our U(1), model as shown
in Fig. 5, these bounds can be easily saturated without
being in conflict with any other observational bound. For a
generic flavor pattern of €4, if the values of ¢, are close to
these bounds, the upcoming long-baseline experiments will
be able to probe e. In specific cases when certain relations
hold among the values of ¢, the effects of NSI hide from
observation (see, e.g., Ref. [83] and Fig. 4 of Ref. [4]). As
discussed before, the relation that our model predicts is
|€aﬂ|2 = €44€pp- For such relations, NSI effects at long-
baseline experiments can be observable.

As shown in the literature, the phases of €44/, can have
important effects on the DUNE experiment and can
introduce new degeneracies [10]. The phase of ¢, can
originate from the mismatch of the phases of y, and y;. If
the phases of all y, are the same, y, can of course be made
real by rephasing W. However, for 3y, /ys] # 0, this is not
possible. The phase of y, can be absorbed by rephasing L,
but the phase reappears in the neutrino mass matrix. For
experiments such as long-baseline neutrino experiments
where the tiny neutrino masses have observable effects, this
phase can also have an observable effect, but for the electric
dipole moment of charged leptons, the effects of this new
source of CP violation are suppressed by the neutrino mass
and are therefore negligible.

Lepton-flavor-conserving diagrams similar to those of
Fig. 3 contribute to lepton magnetic moments. Setting
a = in Eq. (17), we can calculate the contribution of
H~ coupling to the magnetic dipole moment of the charged
leptons as

PHYSICAL REVIEW D 94, 053010 (2016)
2 (300 GeV) 2
_— and
M y-
2 /300 GeV\2
M y- ’

Vi
0.1

Ve
0.1

—12
éa, ~ 10

Sa, ~ 10716 (34)

which are both below the uncertainty in the measurements
of these quantities [66].

One of the essential ingredients of the present model is
the presence of a charged scalar H~ which dominantly
decays to a charged lepton plus ¥ with branching ratios

Br(H™ = £,V) _|val® _ €aa

(35)

Since the main decay mode of ¥ is ¥ — pZ’ and Z'’
subsequently decays into a neutrino pair, ¥ should appear
as missing energy at colliders. If the mass of H~ is smaller
than the beam energy at the LHC, the H™H™" pairs can be
produced by electroweak interactions (i.e., s-channel y/Z
exchange) and their decay leads to dilepton plus missing
energy signal. The discovery potential of the LHC is
explored in Ref. [84]. The strongest bound on such a
charged scalar is still provided by the LEP experiments,
My- > 90 GeV, assuming Br(H™ — 7v) = 1 [85]. We are
not aware of similar searches for H~ — ev or uv by LEP,
which could easily be dominant in our case. However the
signature of H~ at the LHC with y, #0 and y, =y, =0
(with y, #0 and y, =y, =0) is very similar to the
signature of a left-handed selectron (left-handed smuon)
decaying to the electron (muon) plus a light neutralino. The
CMS collaboration using L = 19.5 fb~! and /s = 8 TeV
data has ruled out such a charged scalar with mass in the
range 125-275 GeV (see Fig. 14 of [86]). If H™ decaying to
1 and e was lighter than 125 GeV, it should have been
discovered at LEP as the reconstruction of the muon or the
electron is much simpler than the 7 lepton. Thus, it is safe to
claim My- > 275 GeV for y, #0 or y, #0. If y, is
comparable to electroweak couplings (e.g., to reproduce
the LMA-dark solution), along with s-channel Z/y
exchange, the #-channel H~H™ pair production at ILC
via U exchange can also be important provided that
s > 4M?_. The signal is an excess in e”et+ missing
energy relative to the SM prediction.

In the model which gauges U(1), the coupling of the Z’
boson to Dgy¥y, current can be estimated as

My \2[(107*
~1 —4 u.d z .
|gukqkp| ~ 10 Eap (10 MeV) ( [ ) ()

The new interaction can give rise to correction to meson
decay K=, 7~ — ¢, + Z' + vy, which appears as a new
contribution to K or z decaying to charged lepton plus
missing energy. There are bounds from meson decays on
such new couplings of order of 1073 [15,87,88]. In the
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future, more precise measurements of K,
¢ + missing energy can probe smaller values of this
coupling, providing a way to test a significant part of
the parameter space of our model. The Z’ boson can be
produced and subsequently decay inside the supernova core
[73], affecting the radius of neutrinosphere and the duration
of neutrino emission. Within present supernova uncertain-
ties, this new interaction can be tolerated. Studying the
detailed impact is beyond the scope of the present paper but
we expect with improvements of theoretical and observa-
tional uncertainties the effect can be discerned providing
another route to test the predictions of the model. Lastly, a
light Z' coupled to neutrinos could have an impact on the
astrophysical neutrino spectrum measured in IceCube, as
emphasized in Refs. [§89-94].

T -

IV. SUMMARY AND OUTLOOK

Nonstandard neutrino interactions have been widely
discussed and constrained. Always luring in the shadows
is the question of how to generate these interactions without
violating the much stronger bounds from charged leptons.
Here we have proposed the possibility that neutrinos mix
with (at least) one new fermion which is coupled to a light
mediator particle Z'. If this sub-GeV gauge boson further
couples to one of the globally conserved charges of the SM,
baryon number B, lepton number L or B — L, we obtain the
desired nonstandard neutrino interactions, all the while
suppressing effects in the charged-lepton sector. Strong
constraints from v, ,-€lectron scattering experiments make
it difficult—but not impossible—to obtain large NSI
coefficients other than ¢, if Z’ couples to lepton number.
We have however found that the model in which U(1); is
gauged is quite suitable to obtain observable NSI 83; for

any flavor combination a, # as this model is not strongly
constrained. In particular, the LMA-dark solution can be
realized by generating the single entry ¢,, ~ —1. We have
proposed a few ways to cancel the anomalies of U(1),.
For the minimal model with only one U(1)" charged
Dirac fermion ¥ mixed with active neutrinos, we predict
leas| = (€aa€pp)"/?. Adding more such fermions, we still
predict an inequality |e,;| < (saasﬁﬁ)'/ 2. By proper choice

PHYSICAL REVIEW D 94, 053010 (2016)

of the sign of gzgy and the phase of yay;, any sign for

diagonal elements and any phase for the off-diagonal
elements of ¢,; matrix can be obtained.

To mix neutrinos with the new Dirac fermion V¥, we have
to introduce a new electroweak doublet containing a
charged scalar, H~. At colliders with s > 4AM?,_, the
H~H™ pair can be produced and subsequently decays to
charged leptons plus W, leading to a signal of an excess in
I=I"" + missing energy. The discovery potential of such a
scalar is explored in Ref. [84].

The new couplings of v with the light gauge boson Z’ can
have observable effects in precision measurements of
charged meson decays to charged lepton plus missing
energy. They can also affect the duration of neutrino
emission at supernova explosions as well as big bang
nucleosynthesis. Improvements in theoretical and exper-
imental uncertainty in these observations can help to test a
significant part of parameter space of the present model.
In fact, Ref. [73] concludes M, > 5 MeV from the
conservative cosmological bound AN > 0.7. We also
discussed the bounds on neutrino-nucleon couplings from
the interaction rate of solar neutrinos in direct dark matter
search experiments. We have found that although the
present bound from CDMSlite is weak, future germanium-
or xenon-based experiments such as SuperCDMS
SNOLAB or LZ can help to probe a significant part of
the parameter space of the present model which leads to
sizeable g,5 for My > 5 MeV.
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