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The triplet scalars (A = A*+, A+, A%) utilized in the so-called type-II seesaw model to explain the
lightness of neutrinos, would generate nonstandard interactions (NSI) for a neutrino propagating in matter.
We investigate the prospects to probe these interactions in long baseline neutrino oscillation experiments.
We analyze the upper bounds that the proposed DUNE experiment might set on the nonstandard parameters
and numerically derive upper bounds, as a function of the lightest neutrino mass, on the ratio the mass M,
of the triplet scalars, and the strength |A;| of the coupling ¢¢A of the triplet A and conventional Higgs
doublet ¢. We also discuss the possible misinterpretation of these effects as effects arising from a
nonunitarity of the neutrino mixing matrix and compare the results with the bounds that arise from the

charged lepton flavor violating processes.
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I. INTRODUCTION

The discovery of neutrino oscillations in atmospheric
and solar neutrino measurements [1,2] proved that the
SU(2), x U(1)y Standard Model (SM) is not capable to
fully explain the particle physics world. The existence of
oscillations indicates that neutrinos are massive particles, in
contrast with the prediction of the SM. One has to go
beyond the SM in order to discover the origin of neutrino
masses. At the same time, one has to find a convincing
explanation for the lightness of neutrinos as compared with
the other basic particles, i.e., quarks and charged leptons.
The most popular answer to the latter question is the so-
called seesaw mechanism [3—7], where the suppression of
neutrino masses follows from the existence of a new mass
scale much higher than the electroweak scale O(10%) GeV.
In the type-I seesaw mechanism, the new mass scale is set
by sterile right-handed neutrinos by which the particle
content of the SM is extended. The type-II seesaw
mechanism is based on the existence of a set of new
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scalars A = (A**, A*, A®) transforming as a triplet under
the SU(2), gauge symmetry. The masses of neutrinos are
proportional to the ratio /14,1)2 /M3, where v~ 174 GeV is
the vacuum expectation value of the SM Higgs field ¢, M
is the mass of triplet scalar, and 4, is the dimensionful
strength of the ¢¢A coupling.

While the seesaw mechanism itself cannot be exper-
imentally verified, the extension of the SM it is based on
generally leads to experimentally testable phenomena. For
example, the doubly charged scalar AT would have clear
experimental signatures, e.g., in high-energy proton-proton
collision experiments [8—13]. One theoretical framework
where a scalar triplet, as well as right-handed neutrinos,
naturally appear is the left-right symmetric electroweak
model based on the gauge symmetry SU(3). x SU(2); x
SU(2)g x U(1)p_, [14-18].

In this paper, we will concentrate on the type-II seesaw
mechanism and investigate how the triplet scalar bosons A
would affect neutrino propagation in matter (for earlier
studies, see, e.g., [19]) and how these effects could be
probed in long baseline neutrino experiments, particularly
in the planned DUNE. Applying the bounds derived for
DUNE in Ref. [20], together with the constraints one has
for the elements of the neutrino mass matrix from earlier
oscillation experiments, we compute an upper limit of the
ratio M /|4, as a function of the absolute neutrino mass
scale (the mass m; of the lightest neutrino). For compari-
son, we also compute the upper bound for this ratio using
the existing constraints on the charged lepton flavor
violation (CLFV) processes.

Published by the American Physical Society
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II. NONSTANDARD INTERACTIONS
AND NEUTRINO MASSES IN
A TRIPLET MODEL

Our theoretical framework is the SU(2), x U(1)y
electroweak model added with a scalar triplet field
A = (A, Ay, Az) ~(3,2), which can also be understood
as a low-energy effective theory of the left-right symmetric
SU(3)c x SU(2);, x SU(2)g x U(1),_, theory, where all
the other nonstandard degrees of freedom except the triplet
scalar are so heavy that they do not have observable effects
in the oscillation experiments. The interactions of the triplet
A relevant for the neutrino oscillation are described with
the following Lagrangian:

Lo =YLl CioyALg + Ay icr A'p +Hee., (1)

where Y(,,; (a, p = e, u, v) are Yukawa coupling constants,
C is the charge conjugation operator, ¢ is the SM
Higgs doublet, and the triplet A is presented in the 2 x 2
matrix form

A ++
2 A
1 V2
A=—0A; = ) (2)
2 0o _AT
V2 A a-

where o; are the Pauli matrices. When written in terms of
component fields, Eq. (1) takes the form

N 1 N N
EY = Yaﬁ [AOUSRUﬁL - 7§A+ (KSRU/}L + I/SRf/}L)

- A++ngf,,L} +Hec. (3)

vg AN ¢
(a) Light neutrino Majorana mass term

05 A

(c) Four-lepton NSI

FIG. 1.
mediated by the triplet Higgs fields A.

These interactions lead in the second order of perturbation
theory to the four-fermion interactions presented in the
Fig. 1. The amplitude presented in Fig. 1(a) gives rise
to Majorana mass terms for the neutrinos when the
SU(2),. x U(1)y symmetry is spontaneously broken, while
the amplitudes in Figs. 1(b) and 1(c) correspond to new,
nonstandard interactions among leptons. In the limit, where
the mass of the triplet scalars M ,, assumed to be the same
for all members of the triplet, is large compared with the
momenta of the processes, the amplitudes are described by
the following effective Lagrangians [19]:

Y A, 0% — 1
£ == () = =3 (m ). (4
A

Y, 5Yep -

Lys1 = e (ar v V)€ o751 (5)
A

where m,, is the neutrino mass matrix, M, is the degenerate
mass of the A particles, and v is the vacuum expectation
value of the SM scalar Higgs field. The connection to the
effective field theory can be derived by solving the Yukawa
coupling Y,; from the Majorana mass term in Eq. (4) and
inserting it to the neutrino matter NSI term in Eq. (5).
Comparing the result with the effective NSI Lagrangian

Lyst = _2\/§GF8££C(D(ILy”yﬁL)(.?},ﬂPcf/)’ (6)
where P is chiral projection operator (C = L, R), G is
Fermi coupling constant, f, /' are any fermions, a, f = e,
U, 7, and allowing only left-handed lepton terms (since A is

leptophilic), one obtains the following expression for the
nonstandard interaction parameters:

I/ﬁ 1258

ga gp

(d) SM Higgs self-coupling

Tree level Feynman diagrams for interactions between neutrinos v, leptons #, and the Standard Model Higgs scalar ¢, are
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MZ
€ = — 72~y (1) gp(m)) (7)
pATV ap>

K 8V2Gpv*A]

where a, 3, p, and ¢ are flavor indices. The expression (7)
indicates the larger the ratio M3 /13, the stronger are the
nonstandard interactions of light neutrinos. Conversely,
stricter bounds on 6‘2; also mean better constraints

on MzA//lé.

III. NONSTANDARD INTERACTIONS AND
NONUNITARY MIXING

In the context of long baseline experiments, neutrino
oscillations are strongly influenced by matter effects,
arising from the charged current (CC) and neutral current
(NC) weak interactions of neutrinos with the medium they
traverse. In the case of the SM, these interactions take place
via an exchange of W and Z bosons. In the framework of
our model, the matter effects are also contributed by the
charged current interactions mediated by the scalar A™.

In the low energy limit, nonstandard interactions stem
from the effective CC- and NC-like Lagrangians, which are
given by [21],

LRS = —2\/§GF8££‘C(17L017”VL/1)(J_C}’”Pcf/),
L3§ = _2\/§GF€£’ﬂC(l7La}’” vi)(fr*Pef). (8)

The CC Lagrangian £, in Eq. (8) is responsible for the
NSI effects involved in the neutrino source and detector.
The NC Lagrangian £XS;, on the other hand, is relevant
for neutrino propagation in matter. In the context of a
triplet model, CC interactions arise from Fig. 1(b) at the
low energy limit, when f # f’. The CC Lagrangian, where
f = f' is generated also, but such a case corresponds to a

NC Lagrangian, and by definition gg ,ﬁc = gg ;;'C.
Most of the charged current NSI parameters have been
studied comprehensively in lepton decay experiments

resulting in strict constraints. The current bounds on the
CC NSI parameters gag/‘c, as quoted in Ref. [19], are
presented in Table I.

In the future long baseline experiments, the NSI effects
become particularly relevant in the neutrino propagation
in matter, where they are covered by the effective NC
Lagrangian LY. For previous studies, see [20,23-36]. The
effective Hamiltonian takes the form

H

[Udiag(m?, m3, m3)U" + diag(A, 0,0) + Ae™],

©)

where E, is the energy of the propagating neutrino, U is the
light neutrino mixing matrix, and m,, m,, and ms are the
three masses of the active neutrinos.

" 2E,

TABLEI Constraints on the parameters ef’l; (updated from [19]
using [22]) from the £ — ££¢, one-loop £ — £y, and yte™ —
u~ et processes. All bounds are given at 90% confidence level.

Decay Constraint on Bound

U~ —eete” |lect 3.5x%x 1077
T > e ete” lect] 1.4 x 107
T > uutu €| 1.2x 1074
T = e ute EA 1.0 x 107#
T o uTety e 1.0 x 107
T e utu leg 1.0x 1074
T = e"etu” lege | 9.9 x 1073
- —ey > 0 2.6 x 107
T > ey > 88 1.8 x 1072
T o Uy 1> &l 2.0x 107*
ute™ —» et e 3.0x 1073

In this formalism, the so-called matter NSI effects are
parametrized as

cN
m= el =t 10
8(1/)’ s af Ng ’ ( )

where e{lﬂc are the NSI parameters from the low energy NC
Lagrangian of Eq. (8) and N /N, is the fraction of fermions
of flavor f over electrons in the medium the neutrino
traverses.

The effective matter potential is given by the matrix

1 +e, e en

i x m m

V=A €us € Eur | (11)
i x VES i
Eer Eur &t

where A = \/2GN,, G is the Fermi coupling constant
and N, is the electron number density of the medium.
Positive (negative) sign in (1,1) element of the matrix
corresponds to matter potential for (anti)neutrinos. In this
work, we consider only the former case. The matter NSI
effects are incorporated in the SM matter effects via
parameters g'a’}ﬁ, a,p = e, u, 7. The effective Hamiltonian

can therefore be written as

| 0 0 0
H=>0 U 0 Am3, 0 |U'+V], (12
’ 0 0 Am

and the probability for the transition v, — vy is given by

= |(jle™ ™ va) 2, (13)

Vg—Vp

where [15) = |v,) + €54lvp) and (V] = (| + iy (v, | refer
to a neutrino that starts in the flavor a in the source and is
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TABLE II. Current experimental limits of the nonunitarity of
the light neutrino mixing matrix [38]. All limits are given at a
90% C.L.

Constraint on Current bound

Ay 0.02
Ay 0.01
a,, 0.07
[ot,e | 0.010
|z | 0.042
|otg,, | 0.0098

detected in the flavor f in the detector after the traversing
distance L. In long baseline experiments L is set by the
baseline of the experiment and E, by the energy of the
neutrino beam. The matrices &* and 7 contain dimension-
less elements, which slightly alter the neutrino production
and detection interactions in the source and detector,
respectively. They originate from CC NSI parameters
eé}jc in Eq. (8), and their current experimental bounds
are reported in Ref. [20].

It is possible that a part of the experimental signal
presumed to originate from the matter NSI effects is
actually caused by the nonunitarity of the light neutrino
mixing matrix (see, e.g., [37,38]). We shall evaluate in our
numerical analysis how large this contribution could
possibly be in the triplet model, Eq. (1). In the case of
nonunitarity, the light neutrino mixing matrix U in Eq. (12)
must be replaced with a nonunitary matrix, which we
denote by N. The matrix N can be parametrized as
N = NNPU, where the nonunitarity is contained in a
specific 3 x 3 triangle matrix [24]

l-a, 0 0
NN =1 -a, 1-q 0 , (14)
—0ze —Qy 1 Arr

where a,p < 1, €, = e, u, 7. The current experimental
bounds on nonunitarity parameters a,. are presented in
Table IL.'

In the leading order, the matter NSI and nonunitarity
parametrizations can be related through the equations [24],

m __ m __ m __

Eee = —Uee Eup = Xy & = O

m_l* mo__ % mo__ % (15)
Eeu = Zaﬂe Eer = 2are Eur = 2“1/4’

where a,., e, < 1 for £,¢' = e, u, t. One should note
that the two low energy parametrizations are not equivalent,

'"The bounds reported in Table II are based on the neutrino
oscillation data from CHORUS, NOMAD, and NuTeV to
constrain the nonunitarity parameters. See, e.g., Ref. [39] for a
detailed discussion on tighter bounds based on precision mea-
surements of several SM observables.

and Eq. (15) is only relevant in the context of neutrino
oscillations at long baselines.

IV. NUMERICAL STUDIES

We shall study what information DUNE could provide
us on the parameters M and 4, through probing the NSI
effects on neutrino propagation. Since A is leptophilic, only
electron-type matter participates in the NSI effects related
to triplet Higgs bosons. In what follows, we will use the
notation &g, = e First, we remark that there are limits for

both the individual NSI parameters and for their differences

c '/
Egﬂ - gg’ﬂ’
M2
= 8\/§GFA1]4/1§5 ((mb)o'ﬁ(mz)ap - (mu)a’ﬂ/(mz)a’p’)'

(16)

To continue, we consider only matter NSI and rewrite
Egs. (7) and (16) in the following forms:

M2A - 8\/§GFU4€Z’ﬁ

T

YA : 17
2 ) (17)

My 8V2Grep—eyy) (18)

B )y = (my) oy () 0,

From this expression, it is apparent that the upper limits for

. . 2 2
|ensl and |egy, — el | translate to upper limits of M3 /7.
The elements of the light neutrino mass matrix m, are
obtained from the equation

m 0 0
(m)*=U[ 0 m3 0O |U
0 0 mi
1 +el, —ey €l emn
+A eny 0 £l . (19)
enr € € — €y,

Note that compared to Eq. (11), we have shifted the &,
element, akin to [20]. Next, we define a dimensionless
quantity,

8V2Gpviel,
_71-1 a #ﬁy
(mv)eﬁ(ml/)ae
Cup= ) (20)
8v2G v (egﬂ—sﬂ’”ﬂ) B
T a =p.

() g (M) g = (1) (M) 10

This allows us to present the limits in a compact form,
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TABLEIII. Current experimental upper limits of the matter NSI
parameters [28] and expected upper bounds after the first run with
DUNE [20]. All limits are at a 90% C.L.

Constraint on Global bound DUNE bound
|ev, — & 42 0.9
|82L\ 0.3 0.074
lem 3.0 0.19
|e,’,”,| 0.04 0.038
lef: — el 0.15 0.08
M3
g < Caﬂ (21)

Considering the scales for G, v, and neutrino masses, we
expect Cpp > 1 and 1y < M.

The upper bounds for M,/|Ay| are calculated as
follows. Using Eq. (19), we maximize the denominators
in Eq. (20) by varying all relevant oscillation parameters
within their experimental bounds. In long baseline
neutrino experiments, the electron number density N,
depends on the matter density p, which is approximately
2700 kg/m>. We take the average beam energy in DUNE
to be E, ~#2 GeV. Assuming the normal neutrino mass
hierarchy, the active neutrino masses m, and ms are

10 —r | r &+ 1| ] 1 1T 171

Excluded

12
M /x| (<10')

FIG. 2. The allowed values of M,/|4,| as a function of the
absolute neutrino mass scale when normal hierarchy is assumed.
The white region shows the values of M,/|1,| which are
experimentally excluded at 90% C.L. when m, is the value of
the lightest neutrino mass. The yellow region shows the values
which are sensitive to DUNE. The green region shows the
allowed values which cannot be constrained by DUNE but which
are distinguishable from nonunitarity effects. The blue region
shows the allowed values where nonunitarity could in principle
be misinterpreted as a matter NSI effect. The dashed lines show
where these 90% C.L. contours for nonunitarity bounds would
be, if inverted hierarchy was assumed.

given by m, = +/m? + Am3, and m3 = \/m? + Am3,,
where m; =0...0.2 eV, Am3, =750 x 107 eV?,
and Am3, = 2.524700%0 x 1073 eV? (for inverted hier-
archy Am}, = —2.514709% x 1073 eV?). The standard
oscillation parameters are varied within their 90% confi-
dence level (C.L.) error limits (see [20] for the projected
DUNE limits) to obtain the upper limits of the denomi-
nators of C,;. We then take the DUNE 90% C.L. upper
bounds for the &, parameters and their differences, and
insert the largest possible value of the denominator and the
upper limit of &gy into Eq. (17). This procedure is repeated
for the current experimental 90% C.L. upper bounds for
matter NSI. The current experimental bounds and the
simulated DUNE bounds of these parameters are given
in Table III. Comparing these bounds will elucidate the
performance and feasability of DUNE as a probe for the
triplet Higgs model.

We calculated the expected upper bounds |C.,,|, |C,,|,
|Cecl, [Cyels and |Cr|, for M3 /25 as function of m, using
the 90% C.L. upper bounds for |}, — &}, |, |€2,], |€lz ], €],
and |7t — &, |, respectively. Thus, we obtain five M3 /25

curves as a function of m; and construct the strictest
possible upper limit for M3/13, namely Cp,(m;)=

min (C,,, Coy, Cor. Cypr, Cp). We present this piecewise
combined curve in Fig. 2, which was found to be
C., m;<0.01eV,
ey ={ 2 ™ @)
Ceﬂ, m; 2 0.01 eV,

x10°

10

0 0.05 0.1
m, (V)

0.15 0.2

FIG. 3. The allowed values of M,/|A,| as a function of m;
when bounds on the source and detector NSI from CLFV
experiments are considered. The white region shows the values
of M /|4,| which are excluded at 90% C.L., whereas the values
in the colored region are still allowed. The dashed line shows the
90% C.L. contour in inverted hierarchy.
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c

Hts

C

m; < 0.04 eV,
my 2 0.04 eV.

experimental bounds for the nonunitarity parameters
given in Table II into bounds for the NSI parameters &,
using the relations given in Eq. (15). From these bounds, we
obtained the 90% C.L. bound for M, /|1,| shown in Fig. 2.

iy (me) = { (23)

ey

As was pointed out, the nonunitarity effects could be
mistaken as matter NSI effects. To estimate how large a part
these could constitute of the signal, we transpose the current

Similarly, we derive the upper bounds for M, /|A,| using
the CLFV bounds from Table I. The resulting curve for
90% C.L. upper bound for M, /|4,| is shown in Fig. 3. One

3 3
25 25
2 2
2 45 L 15
- ©
~ <
1 1
0.5 0.5 IH
0 0
0 2 4 6 8 10 8 10
3
25
2
S
L 45
<
~<
1
0.5 IH
0
0 2 4 6 8 10 0 2 4 6 8 10
MA (TeV) MA (TeV)
(c) NH, m; = 0.1 eV (d) IH, m3 = 0.1 eV
NH IH
0 2 4 6 8 10 4 6 8 10

M, (TeV)
(e) NH, m; = 0.2 eV

FIG. 4. The allowed values of M, and A4 in (M, 4,) plane, considering both mass hierarchies and different masses for the lightest

neutrino. The colors are chosen as in Fig. 2.
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immediately notes that the CLFV constraints are much
stricter than the bounds we obtained from the matter NSI
presented in Fig. 2.

In addition, we present 4 as a function of M, with the
constant lightest neutrino mass. We solve (17) for 15 and
determine the allowed parameter space in (M, 4,) plane
using the aforementioned bounds for matter NSI parame-
ters, considering only bounds arising from current and
future long baseline neutrino oscillation experiments. The
bounds translate to the conditions

3.5 T U r
\ Excluded M, =750 GeV
3 : —m_=0eV [
1 £ 1
I‘ --m, =0.1eV
2.5 L [, m, =0.2eV
2 . DUNE
Es
)
1.5 )
\
\
1 \
N Y = Vdn
__________ e A
05 Sol e
0 ———————————— P
0.2 0.4 0.6 0.8 1
A, @Y)
3.5 T !
i Excluded M,=2TeVv
3 - — m,=0eV [
1 1
I‘ - m1 =0.1eV
2.5 .‘ ........ m. =02eV
1
2 \ * DUNE
£ & 1
o) ' :
15 .
’
0.5
0
FIG. 5. The allowed values of |e;| and A in (4, |€};]) plane,

assuming a normal mass hierarchy. Blue region is excluded by
experiments at 90% C.L. Green region shows the values which
are sensitive to DUNE. Gray region is excluded by Higgs
searches at LHC by the CMS Collaboration [40]. With a lower
limit on the degenerate triplet Higgs mass M and a fixed lightest
neutrino mass, everything below a m; contour is excluded. This
gives us the lowest possible value for 4, for every m; =0,
0.1,0.2 eV. At the massless limit, we get the absolute limit for /14,,
which may be moderately constrained by DUNE. The Yukawa
couplings corresponding to €. are < \/4z below the dot-dashed
line. In the upper subfigure, the m; limits are deduced from the
assumption M, = 750 GeV and in the lower subfigure, 2 TeV.

My
hy >

2 ica

where we again consider the bounds given by |Cee| |C
|C€T T
by Cmln from Egs. (22) and (23). The 90% C.L. bound is
presented in Fig. 4.

Since there are known lower limits for M, [40], we may
use this information to calculate an experimental lower
limit for 4. This is done by calculating |e, — &}y,
lem ], |em 7 — €| as a function of 1, from Egs. (7)
and (16). We consider m; = 0,0.1, and 0.2 eV. The tightest
lower bound for 1, is found using |e};|. The result is
illustrated in Fig. 5 and in Table IV.

In all cases and results in this section, we have found that
in the case of the inverted mass hierarchy, the bounds are
similar as those presented here for the normal hierarchy,
just slightly stricter in all cases. The results in the anti-
neutrino matter potential case are also similar, just slightly
less strict in all cases.

Finally, we conclude this section with remarks on
perturbativity. By requiring all the Yukawa couplings to
be /4x at most, we find

(24)

€ﬂ|

617 GeV 872 GeV
My <220y <228 (05
|€’aﬂ‘ | aﬁ ’ﬂ’|

which are acquired by combining Eqgs. (5) and (6). Taking
into account the lower limits for M ,, which we assume to
be approximately 750 GeV [40,41], one can estimate the
maximum possible contribution to NSI by the triplet scalar.

We find [e/| < 0.677 and |ef; — ,ﬁ,| < 1.355. For CLFV

experiments, these conditions are fulfilled (see Table I), but
for |e;| and |e}, — ] |, the experimental limits are not
restricting enough (see Fig. 5). If DUNE confirms NSI with
le™] 2 0.677, all of it cannot be a manifestation of triplet
scalar interactions, and there must be additional new
physics contribution. In other words, in the case of the
confirmation of the existence of triplet scalar and large |&™. |,
this would indicate additional NSI originating from other
extensions of SM.

TABLE IV. Current experimental and expected DUNE lower
bounds with 90% C.L. for 4, inferred from current oscillation
parameters, current bounds for NSI, and simulated DUNE
bounds for NSI. NH and IH correspond to the normal and
inverse neutrino mass hierarchy, respectively.

Global 4, (eV) DUNE 4, (eV)

my (eV) NH IH NH H

0.0 0.031 0.045 0.120 0.178
0.1 0.129 0.133 0.509 0.526
0.2 0.251 0.253 0.997 1.006
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V. SUMMARY AND CONCLUSIONS

The triplet Higgs bosons (A = AT+, A, A%) utilized in
the type-II seesaw model will affect neutrino propagation in
matter by mediating interactions not present in the Standard
Model. We have studied in this work how the sensitivity of
DUNE for NSI interactions can be utilized to derive a
constraint for the quantity M, /|1,|, where M is the mass
of the triplet bosons and 1 the strength of the coupling
Ag¢¢ between the triplet Higgs and the standard Higgs
doublet. We found that a long baseline experiment with the
specifications of the proposed DUNE can reach the upper
bound M, /[4y4| < (2-4) x 10'? at 90% C.L. If the ratio
M, /|A4| were above this value, the effects of the NSI
neutrino-matter interactions caused by the triplet boson
exchange would be seen in the DUNE oscillation data. We
found the bound to be sensitive of the neutrino mass
ordering (normal or inverted).

We found that in long baseline experiments the strictest
bound on M,/|4,| arises from the |e);| and |e}| con-
straints. DUNE would be able to improve the upper limits
of these NSI parameters, as indicated in Table III. The
sensitivity to the matter NSI parameters has been previ-
ously studied for the proposed HyperKamiokande and
T2HKK experiments, and the upper limit on |}, — &), |
achievable in these experiments is estimated to be
improved, see [34].

In long baseline experiments, nonunitarity of the mixing
matrix of the ordinary light neutrinos might give similar
effects on the oscillation probabilities than the NSI due to
the triplet Higgses, which might lead to a misinterpretation
of the data. We found out that the effects caused by
nonunitarity depend strongly on the lightest neutrino mass

m; and are well below the sensitivity of DUNE. Only when
m; < 1 eV, the signals interpreted as triplet-Higgs NSI
effects could actually be caused by nonunitarity of the
neutrino mixing.

We also showed that the existing constraints on the
various NSI parameters obtained by studying low-energy
charged lepton flavor violation (CLFV) processes, such as
like y= — e~e™e™, correspond, when interpreted in terms
of the triplet Higgs model, to constraints on M,/|4,|,
which are for all values of the lightest neutrino mass orders
of magnitude more stringent than one would reach in
DUNE.

To summarize, the study of NSI interactions in long-
baseline neutrino-oscillation experiments considered in this
work and at low-energy processes would give crucially
central information on the triplet Higgs model and type-II
seesaw model, in particular when combined with the
information one can get in collider experiments for the
lower limit of the triplet mass M, (see, e.g., Ref. [40]). For
a normal mass hierarchy and a triplet mass M, =
750 GeV, for example, the future DUNE data will indicate
|Agl 2 0.120 eV, a clear improvement of the strictest
current limit we calculated in Table IV, /1(/,| >0.031 eV.
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