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Neutrino Non-standard Interactions (NSI)

Unknown couplings involving neutrinos.

E.g. Yukawa, gauge, higher spin particles, higher-dimensional operators.

Many neutrino mass models naturally lead to NSI at some level.

Potentially observable effects in neutrino oscillation experiments.

In principle, could exist in the neutrino production, propagation, and detection
processes.

Relevant for accelerator, reactor, atmospheric, solar and supernova neutrinos.

Search for NSI is complementary to the direct search for new physics at the LHC.

O(1000) papers/reviews on NSI effects. A representative sample: Ribeiro, Minakata,
Nunokawa, Uchinami, Zukanovich-Funchal ’07; Antusch, Baumann, Fernandez-Martinez ’08; Gavela, Hernandez, Ota,
Winter ’08; Kopp, Machado, Parke ’10; Ohlsson ’12; Miranda, Nunokawa ’15; Masud, Mehta ’16; Liao, Marfatia, Whisnant
’16; Agarwalla, Chatterjee, Palazzo ’16; de Gouvea, Kelly ’16; Coloma, Schwetz ’16; Stapleford, Vaananen, Kneller,
McLaughlin, Shapiro ’16; Farzan, Tortola ’17; Salvado, Mena, Palomares-Ruiz, Rius ’17; Gonzalez-Garcia, Maltoni,
Perez-Gonzalez, Zukanovich Funchal ’18
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Standard 3-flavor Case

νe

νµ
ντ


︸ ︷︷ ︸

weak eigenstates

=

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


︸ ︷︷ ︸

PMNS mixing matrix

ν1

ν2

ν3


︸ ︷︷ ︸

mass eigenstates

Time evolution governed by Schrödinger equation:

i
d
dt

νe

νµ
ντ

 =

[
MM†

2E
+ V (t)

]νe

νµ
ντ

 ≡ H

νe

νµ
ντ

 ,

where E is the neutrino energy, M = U diag(m1,m2,m3)UT is the neutrino mass
matrix and V = (A, 0, 0) with A =

√
2GF Ne is the effective matter potential induced

by CC interaction with electrons.

Probability of oscillation over a length L:

P(να → νβ) =
∣∣〈νβ |e−iHL|να〉

∣∣2
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Introducing NSI

In a model-independent set up, usually parametrized by a dimension-6,
four-fermion operator.

Two types: NC and CC.

NC NSI [Wolfenstein ’78]: LNC
NSI = −2

√
2GFε

fX
αβ(ν̄αγ

µPLνβ)(f̄γµPX f )

with X = L,R. Leads to extra matter effect in propagation:

P(να → νβ) =
∣∣〈νβ |e−i(H+VNSI)L|να〉

∣∣2 ,
where VNSI =

√
2GF Ne

εee εeµ εeτ

ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ
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Non-
standard

Standard

Neutrino propagation in matter with NSIs

[figure from T. Ohlsson]
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Non-standard Oscillation

13

Neutrino oscillations with NSIs – two-flavors

13

Neutrino oscillations with NSIs – two-flavors
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CC NSI

[Grossman ’95]LCC
NSI = −2

√
2GFε

ff ′X
αβ (ν̄αγ

µPL`β)(f̄ ′γµPX f )

Flavor mixture states at source and detection.

P(να → νβ) =
∣∣〈νd

β |e−iHL|νs
α〉
∣∣2

Source NSI (in pion decay):

|νs
α〉 = |να〉+

∑
β=e,µ,τ

εs
αβ |νβ〉 , e.g. π+

εs
eµ−→ µ+νe

Detection NSI (in neutrino-nucleon scattering):

〈νd
α| = 〈να|+

∑
β=e,µ,τ

εs
αβ〈νβ | , e.g. ντn

εd
eτ−→ e−p

16

Zero-distance effects: 2-flavor case

weak-eigenstate [figure from T. Ohlsson]
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Interesting Near-Detector Physics

16

Zero-distance effects: 2-flavor case

weak-eigenstate

Zero-distance effect [Langacker, London ’88]

In the 2-flavor case,

16

Zero-distance effects: 2-flavor case

weak-eigenstate

3-flavor case: [Meloni, Ohlsson, Winter, Zhang ’09]

oscillation experiment, the neutrino states produced in a source and observed at a detector

can be written as superpositions of pure orthonormal flavor eigenstates [80, 83, 86, 87]:

|νs
α⟩ = |να⟩ +

∑

β=e,µ,τ

εs
αβ|νβ⟩ = (1 + εs)U |νm⟩ , (11)

⟨νd
β | = ⟨νβ| +

∑

α=e,µ,τ

εd
αβ⟨να| = ⟨νm|U †[1 + (εd)†] , (12)

where the superscripts ‘s’ and ‘d’ denote the source and the detector, respectively, and |νm⟩
is a neutrino mass eigenstate. In addition, the production and detection NSI parameters,

i.e. εs
αβ and εd

αβ, are defined through NSI parameters εff ′C
αβ , where f ̸= f ′. Note that the

states |νs
α⟩ and ⟨νd

β | are not orthonormal states due to the NSIs and that the matrices εs

and εd are not necessarily the same matrix, since different physical processes take place at

the source and the detector, which means that these matrices are arbitrary and non-unitary

in general. If the production and detection processes are exactly the same process with

the same participating fermions (e.g. β-decay and inverse β-decay), then the same matrix

enters as εs =
(
εd

)†
, or on the form of matrix elements, εs

αβ = εd
αβ = (εs

βα)∗ = (εd
βα)∗ [84].

For example, in the case of so-called non-unitarity effects (which can be considered as a

type of NSIs, see, e.g., [88]) in the minimal unitarity violation model [89–94], it holds that

εs =
(
εd

)†
. Thus, it is important to keep in mind that these matrices are experiment- and

process-dependent quantities.

In the case of production and detection NSIs, the neutrino transition probabilities are

given by (see equation (6) for the case without production and detection NSIs) [87, 95]

P (νs
α → νd

β ; L) =

∣∣∣∣∣
∑

γ,δ,i

(
1 + εd

)
γβ

(1 + εs)αδ UδiU
∗
γi e

−i
m2

i L

2E

∣∣∣∣∣

2

=
∑

i,j

J i
αβJ j∗

αβ − 4
∑

i>j

Re(J i
αβJ j∗

αβ) sin2

(
∆m2

ijL

4E

)

+ 2
∑

i>j

Im(J i
αβJ j∗

αβ) sin

(
∆m2

ijL

2E

)
, (13)

where

J i
αβ = U∗

αiUβi +
∑

γ

εs
αγU

∗
γiUβi +

∑

γ

εd
γβU

∗
αiUγi +

∑

γ,δ

εs
αγε

d
δβU

∗
γiUδi . (14)

In fact, an important feature of equation (13) is that the first term, i.e.
∑

i,j J i
αβJ j∗

αβ, is

generally different from zero or one. Especially, evaluating equation (13) at L = 0, we

11
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Current Constraints (Flavor Diagonal NC NSI)
[Farzan, Tortola ’17]
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In order to constrain the NSI between neutrinos and quarks, one may use data from the neutrino–nucleus ex-
periments NuTeV, CHARM and CDHS. From the combination of atmospheric and accelerator data from NuTeV,
CHARM and CDHS, the following limits on the non–universal vectorial and axial NSI parameters were derived [165]:

|✏dV
µµ | < 0.042 , �0.072 < ✏dA

µµ < 0.057 (90%C.L.). (36)

For the case of the flavor changing NSI couplings (with q = u, d)

|✏qV
µ⌧ | < 0.007 , |✏qA

µ⌧ | < 0.039 (90%C.L.). (37)

Under this category we include also the first observation of coherent neutrino–nucleus scattering observed at the
COHERENT experiment recently [126]. As discussed above, the COHERENT data have been used to constrain
neutrino NSI with quarks in Refs. [127, 130]. The combination of solar neutrino oscillation data with COHERENT
has been exploited to investigate the status of the solar degenerate solution LMA-D.

90% C.L. range origin Ref.

NSI with quarks

✏dL
ee [�0.3, 0.3] CHARM [128]

✏dR
ee [�0.6, 0.5] CHARM [128]

✏dV
µµ [�0.042, 0.042] atmospheric + accelerator [165]

✏uV
µµ [�0.044, 0.044] atmospheric + accelerator [165]

✏dA
µµ [�0.072, 0.057] atmospheric + accelerator [165]

✏uA
µµ [�0.094, 0.14] atmospheric + accelerator [165]

✏dV
⌧⌧ [�0.075, 0.33] oscillation data + COHERENT [127]

✏uV
⌧⌧ [�0.09, 0.38] oscillation data + COHERENT [127]

✏qV
⌧⌧ [�0.037, 0.037] atmospheric [140]a

NSI with electrons

✏eL
ee [�0.021, 0.052] solar + KamLAND [131]

✏eR
ee [�0.07, 0.08] TEXONO [163]

✏eL
µµ, ✏eR

µµ [�0.03, 0.03] reactor + accelerator [128, 162]

✏eL
⌧⌧ [�0.12, 0.06] solar + KamLAND [131]

✏eR
⌧⌧ [�0.98, 0.23] solar + KamLAND and Borexino [131, 133]

[-0.25, 0.43] reactor + accelerator [162]

✏eV
⌧⌧ [�0.11, 0.11] atmospheric [140]

a Bound adapted from ✏eV
⌧⌧ .

TABLE II. Bounds on Flavor Diagonal NC NSI couplings

F. Summary of current bounds on NSI parameters

Here we summarize the current constraints on the NSI couplings from di↵erent experiments discussed throughout
this section. For more details about the assumptions considered in each case, we refer the reader to the previous
subsections as well as to the original references where the constraints have been calculated. The limits summarized
in Tables II, III and IV have been obtained assuming only one nonzero NSI coupling at a time.

Table II contains the limits on the flavor diagonal NC NSI couplings between neutrinos and electrons ✏eP
↵↵ and

neutrinos and quarks ✏qP
↵↵, with P = L, R, V, A being the chirality index and q = u, d. The table indicates the origin of

9



Current Constraints (Flavor Changing NC NSI)
[Farzan, Tortola ’17]

19

the reported bound as well as the reference where it has been obtained as well. Most of the limits have been derived
from the combination of neutrino oscillation and detection or production experimental results. For instance, the joint
analysis of atmospheric neutrino data and accelerator measurements in NuTeV, CHARM and CDHS [165], or solar
and KamLAND data together with the recent bounds of COHERENT [127].10 In other cases the constraints reported
in the table come just from one type of experiment, as the limits derived only from CHARM [128], TEXONO [163]
or atmospheric data [140]. Note that, for the latter case, we have adapted the bound on ✏eV

⌧⌧ reported in Ref. [140] to
the corresponding bound for quarks, ✏qV

⌧⌧ .

Table III collects the limits of the flavor changing NC NSI couplings between neutrinos and electrons ✏eP
↵� and

neutrinos and quarks ✏qP
↵� , with the same conventions indicated above for P and q. As discussed before, in this case

most of the bounds also emerge from the complementarity of di↵erent types of experiments, as the combination
of reactor and accelerator non-oscillation experiments in Ref. [162]. On the other hand, the first analyses on NSI
obtained from IceCube data [142, 143] o↵er very strong bounds on ✏qV

µ⌧ . This last constraint has also been adapted to

get the equivalent bound for NSI with electrons, ✏eV
µ⌧ .

Finally, Table IV contains the limits on the neutrino CC NSI with quarks and electrons (semileptonic CC NSI)

and the CC NSI with leptons only (purely-leptonic CC NSI) in terms of the couplings ✏udP
↵� and ✏ll

0P
↵� , respectively.

The former ones, have been discussed in the context of the neutrino production and detection in the Daya Bay
reactor experiment, as analyzed in Ref. [13]. Previous bounds on this type of NSI have been derived using the
negative searches for neutrino oscillations at short distances in the NOMAD experiment [166, 167], as reported in
the table [33]. Constraints on leptonic CC NSI using the results of the KARMEN experiment [168] as well as the
deviations of Fermi’s constant GF in the presence of these interactions, have also been obtained in Ref. [33]. We refer
the reader to that work for further details on the derivation of these constraints.

90% C.L. range origin Ref.

NSI with quarks

✏qL
eµ [�0.023, 0.023] accelerator [112, 165]

✏qR
eµ [�0.036, 0.036] accelerator [112, 165]

✏uV
eµ [�0.073, 0.044] oscillation data + COHERENT [127]

✏dV
eµ [�0.07, 0.04] oscillation data + COHERENT [127]

✏qL
e⌧ , ✏qR

e⌧ [�0.5, 0.5] CHARM [128]

✏uV
e⌧ [�0.15, 0.13] oscillation data + COHERENT [127]

✏dV
e⌧ [�0.13, 0.12] oscillation data + COHERENT [127]

✏qL
µ⌧ [�0.023, 0.023] accelerator [165]

✏qR
µ⌧ [�0.036, 0.036] accelerator [165]

✏qV
µ⌧ [�0.006, 0.0054] IceCube [143]

✏qA
µ⌧ [�0.039, 0.039] atmospheric + accelerator [165]

NSI with electrons

✏eL
eµ , ✏eR

eµ [�0.13, 0.13] reactor + accelerator [162]

✏eL
e⌧ [�0.33, 0.33] reactor + accelerator [162]

✏eR
e⌧ [�0.28,�0.05] & [0.05, 0.28] reactor + accelerator [162]

[-0.19, 0.19] TEXONO [163]

✏eL
µ⌧ , ✏eR

µ⌧ [�0.10, 0.10] reactor + accelerator [128, 162]

✏eV
µ⌧ [�0.018, 0.016] IceCube [143]a

a Bound adapted from ✏qV
µ⌧ .

TABLE III. Bounds on Flavor changing NC NSI couplings

10 The bounds in [127] assume mediator mass to be heavier than ⇠ 50 MeV. As we shall discuss in the next section, these bounds do not
apply for mediator mass lighter than ⇠ 10 MeV.

10



Current Constraints (CC NSI)
[Farzan, Tortola ’17]

20

90% C.L. range origin Ref.

semileptonic NSI

✏udP
ee [�0.015, 0.015] Daya Bay [13]

✏udL
eµ [�0.026, 0.026] NOMAD [33]

✏udR
eµ [�0.037, 0.037] NOMAD [33]

✏udL
⌧e [�0.087, 0.087] NOMAD [33]

✏udR
⌧e [�0.12, 0.12] NOMAD [33]

✏udL
⌧µ [�0.013, 0.013] NOMAD [33]

✏udR
⌧µ [�0.018, 0.018] NOMAD [33]

purely leptonic NSI

✏µeL
↵e , ✏µeR

↵e [�0.025, 0.025] KARMEN [33]

✏µeL
↵� , ✏µeR

↵� [�0.030, 0.030] kinematic GF [33]

TABLE IV. Bounds on CC NSI couplings

IV. VIABLE MODELS LEADING TO SIZEABLE NSI

As we saw in the previous section, neutral current NSI of neutrinos with matter fields can lead to observable e↵ect on
neutrino oscillation provided that the NSI parameters ✏↵� are large enough. As briefly discussed in the introduction,
it is possible to build viable models for NSI by invoking an intermediate state of relatively light mass (⇠ 10 MeV)
which has escaped detection so far because of its very small coupling. In this chapter, we review the models that give
rise to sizeable NSI through integrating out a new gauge boson Z 0 with a mass smaller than ⇠ 100 MeV. We however
note that an alternative model has been suggested [169] in which NSI are obtained from SU(2)L scalar doublet-singlet
mixing. We shall not cover this possibility in the present review. The models described in this chapter introduce a
new U(1)0 gauge interaction which is responsible for NSI between neutrinos and quarks.

In section IV A, we describe the general features of the model gauging a linear combination of lepton flavors and
Baryon number with a light O(10 MeV) gauge boson. We then outline general phenomenological consequences. We
show how a simple economic model can be reconstructed to reproduce the NSI pattern that gives the best fit to
neutrino data, solving the small tension between KamLAND and solar neutrino by explaining the suppression of the
upturn in the low energy part of the solar neutrino spectrum. In section IVB, we describe another model which
can provide arbitrary flavor structure ✏u↵� = ✏d↵� (both lepton flavor violating and lepton flavor conserving) without
introducing new interactions for charged leptons. In sect. IV C, the impact of the recent results from the COHERENT
experiment is outlined.

A. NSI from new U(1)0

In this section, we show how we can build a model based on U(1)0 ⇥ SU(2)L ⇥U(1)Y gauge symmetry which gives
rise to NSI for neutrinos. Notice that the NSI of interest for neutrino oscillation involves only neutrinos and quarks
of first generation which make up the matter. However, to embed the scenario within a gauge symmetric theory free
from anomalies, the interaction should involve other fermions.

Let us first concentrate on quark sector and discuss the various possibilities of U(1)0 charge assignment. Remember

that, in the flavor basis by definition, the interaction of Wµ boson with quarks is diagonal: Wµ

P3
i=1 ūiL�

µdiL, where
i is the flavor index. To remain invariant under U(1)0, uiL and diL should have the same values of U(1)0 charge. As
discussed in sect II.A, the SNO experiment has measured the rate of neutral current interaction of solar neutrinos by
Deuteron dissociation ⌫ + D ! ⌫ + p + n. In general, a large contribution to neutral current interaction from new
physics should have a↵ected the rate measured by SNO but this process, being a Gamow-Teller transition, is only
sensitive to the axial interaction. In order to maintain the SM prediction for the total neutrino flux measured at the
SNO experiment via NC interactions, the coupling to (at least the first generation of) quarks should be non-chiral.
Thus, the U(1)0 charges of u1L, u1R, d1L and d1R should be all equal. In principle, di↵erent generations of quarks
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DUNE Sensitivity (with 300 kt.MW.yr exposure)
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[Agarwalla, BD, Chatterjee (in prep.)]
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DUNE Sensitivity (with 850 kt.MW.yr exposure)
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DUNE Projected Limits (90% CL)

NSI Parameter 300 kt.MW.yr 850 kt.MW.yr

εeµ −0.025→ +0.052 −0.017→ +0.04

εeτ −0.055→ +0.023 −0.042→ +0.012

εµτ −0.015→ +0.013 −0.01→ +0.01

εee −0.185→ +0.38 −0.13→ +0.185

εµµ −0.29→ +0.39 −0.192→ +0.24

εττ −0.36→ +0.145 −0.12→ +0.095

[Agarwalla, BD, Chatterjee (in prep.)]
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NSI Model Building

The dimension-6 operator

LNSI = −2
√

2GFε
fX
αβ(ν̄αγ

µPLνβ)(f̄γµPX f )

implies that εαβ ∼
m2

W
Λ2 .

If new physics scale Λ ∼ 1 (10) TeV, then εαβ ∼ 10−2 (10−4).

Non-renormalizable, not gauge-invariant. Breaks SU(2)L gauge symmetry
explicitly.

In general, BSM theories must respect the SM gauge invariance, which implies
stringent constraints on NSI.

Specifically, if there is an operator of the form 1
Λ2 (ν̄αγ

µPLνβ)(¯̀
γγµPL`δ), it must be

part of the more general form 1
Λ2 (L̄αγµLβ)(L̄γγµLδ).

This involves four charged leptons and is severely constrained by rare LFV
processes like µ→ 3e.

BR(µ→ 3e) < 10−12 implies εee
eµ < 10−6.
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A Concrete Example

Type-II seesaw: SM+ a scalar triplet ∆ =

(
∆+
√

2
∆++

∆0 −∆+
√

2

)
[Schechter, Valle ’80]

II. NONSTANDARD INTERACTIONS AND NEUTRINO MASSES IN A

TRIPLET MODEL

Our theoretical framework is the SU(2)L⇥U(1)Y electroweak model added with scalar
triplet field � = (�1,�2,�3) ⇠ (3, 2), which can also be understood as a low-energy
effective theory of the left-right symmetric SU(3)C⇥SU(2)L⇥SU(2)R⇥U(1)B�L 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 � relevant for the neutrino oscillation are described with the following
Lagrangian:

L� = Y↵� LT
↵L C i�2 �L�L + �� �

T i�2 �
†� + h.c., (1)

where Y↵� (↵, � = e, µ, ⌧) are Yukawa coupling constants, C is the charge conjugation
operator, � is the SM Higgs doublet and the triplet � is presented in the 2 ⇥ 2 matrix
form

� =
1p
2
�i�i =

0
B@

�+p
2

�++

�0 ��+p
2

1
CA , (2)

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

LY = Y↵�


�0 ⌫C

↵R ⌫�L � 1p
2
�+

⇣
`C
↵R ⌫�L + ⌫C

↵R `�L

⌘
��++ `C

↵R `�L

�
+ h.c. (3)

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)L⇥U(1)Y symmetry is
spontaneously broken, while the amplitudes in Fig. 1(b) and Fig. 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]:

Lm
⌫ =

Y↵� �� v2

M2
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⌫C
↵R ⌫�L
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= �1

2
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↵R ⌫�L, (4)
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M2
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, (5)
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Integrating out the triplet scalars (with mass M∆),
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Leads to the NSI parameters

where m⌫ is the neutrino mass matrix, M� is the degenerate mass of the � 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

LNSI = �2
p

2GF "
ff 0C
↵� (⌫↵L�

µ⌫�L)(f�µPCf 0), (6)

where PC is chiral projection operator (C = L, R), GF is Fermi coupling constant,
f, f 0 are any fermions, ↵, � = e, µ, ⌧ , and allowing only left-handed lepton terms (since
� is leptophilic) one obtains the following expression for the nonstandard interaction
parameters:

"⇢�↵� = � M2
�

8
p

2 GF v4 �2
�

(m⌫)�� (m†
⌫)↵⇢, (7)

where ↵, �, ⇢ and � are flavor indices. The expression (7) indicates the larger the ratio
M2

�/�2
� the stronger are nonstandard interactions of light neutrinos. Conversely, stricter

bounds on "⇢�↵� also mean better constraints on M2
�/�2

�.
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(a) Light neutrino Majorana mass
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(d) SM Higgs self-coupling

FIG. 1: Tree level Feynman diagrams for interactions between neutrinos ⌫, leptons `

and the Standard Model Higgs scalar �, and are mediated by the triplet Higgs fields �.
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DUNE Sensitivity
[Agarwalla, BD, Chatterjee (in prep.)]
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TABLE I: Constraints on the parameters "⇢�↵� (updated from [19] using [36]) from the
` ! ` ` `, one-loop ` ! ` � and µ+e� ! µ�e+ processes. All bounds are given at 90%

confidence level.

Decay Constraint on Bound

µ� ! e�e+e� |"eµ
ee | 3.5 ⇥ 10�7

⌧� ! e�e+e� |"e⌧
ee | 1.4 ⇥ 10�4

⌧� ! µ�µ+µ� |"µ⌧
µµ| 1.2 ⇥ 10�4

⌧� ! e�µ+e� |"e⌧
eµ| 1.0 ⇥ 10�4

⌧� ! µ�e+µ� |"µ⌧
µe | 1.0 ⇥ 10�4

⌧� ! e�µ+µ� |"e⌧
µµ| 1.0 ⇥ 10�4

⌧� ! e�e+µ� |"e⌧
µe| 9.9 ⇥ 10�5

µ� ! e�� |P↵ "
eµ
↵↵| 2.6 ⇥ 10�5

⌧� ! e�� |P↵ "
e⌧
↵↵| 1.8 ⇥ 10�2

⌧� ! µ�� |P↵ "
µ⌧
↵↵| 2.0 ⇥ 10�4

µ+e� ! µ�e+ |"µe
µe| 3.0 ⇥ 10�3

IV. NUMERICAL STUDIES

We shall study what information DUNE could provide us on the parameters M� and
�� through probing the NSI effects on neutrino propagation. Since � is leptophilic, only
electron-type matter participates in the NSI effects related to triplet Higgs bosons. In
what follows we will use the notation "m

↵� ⌘ "ee
↵�. First, we remark that there are limits

for both the individual NSI parameters and for their differences

"⇢�↵� � "⇢
0�0

↵0�0 = � M2
�

8
p

2 GF v4 �2
�

�
(m⌫)�� (m†

⌫)↵⇢ � (m⌫)�0�0 (m†
⌫)↵0⇢0

�
. (16)

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

M2
�

�2
�

= �
8
p

2 GF v4 "m
↵�

(m⌫)e�(m
†
⌫)↵e

, (17)

M2
�

�2
�

= �
8
p

2 GF v4 ("m
↵� � "m

↵0�0)

(m⌫)e� (m†
⌫)↵e � (m⌫)e�0 (m†

⌫)↵0e
. (18)
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DUNE Sensitivity
[Agarwalla, BD, Chatterjee (in prep.)]
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IV. NUMERICAL STUDIES

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

for both the individual NSI parameters and for their differences
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Singlet Seesaw

SM+singlet fermions. Includes type-I seesaw and variants, such as linear, inverse
and generalized seesaw.

Take the inverse seesaw example (which allows large active-sterile neutrino
mixing) with two sets of singlets νR and S. [Mohapatra, Valle ’86]

38

SM + 3 heavy right-handed neutrinos + 3 SM gauge singlet neutrinos
Mohapatra, Valle, 1986

9x9 Q-mass matrix:

Light neutrino mass matrix:  

LNV: tiny

In the limit μ→0:  massless neutrinos & lepton number conservation   

Inverse seesaw

Realization in extra dimensional theories!
(Blennow, Melbéus, Ohlsson, Zhang, in progress) 
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Non-unitarity and NSI

with the mixing relations between the gauge and mass eigenstates

νaL =
3∑

m=1

UamνmL +
3+n∑

m′=4

Vam′N c
m′L, (2.3)

UU † + V V † = I. (2.4)

In terms of the mass eigenstates, the gauge interaction Lagrangian can be written as

− L =
g√
2
W+

µ

(
τ∑

ℓ=e

3∑

m=1

U∗
ℓm νmγ

µPLℓ+

τ∑

ℓ=e

3+n∑

m′=4

V ∗
ℓm′ N c

m′γ
µPLℓ

)
+ h.c.

+
g

2 cos θW
Zµ

(
τ∑

ℓ=e

3∑

m=1

U∗
ℓm νmγ

µPL νℓ +

τ∑

ℓ=e

3+n∑

m′=4

V ∗
ℓm′ N c

m′γ
µPL νℓ

)
+ h.c.(2.5)

Further details about the mixing formalism are given in Appendix A.
A few important remarks are in order before the detailed considerations. First of all,

parameterically, the light neutrino masses mν, diag are of the order of magnitude (mν
D)2/B,

while the heavy neutrino masses are MN, diag ≃ B. Secondly, the mixing parameters would
typically scale as U †U ≈ I and V †V ≈ mν/MN . Thirdly, the Majorana mass term for the
flavor states νaL, absent in Eq. (2.2) and corresponding to the null entry 03×3 in Eq. (A.8),
may receive non-zero contributions as Majorana masses for the light active neutrinos, for
instance from higher dimensional ∆L = 2 operators or in theories with a triplet Higgs
field. The general formalism presented here remains the same. In this paper, we will take a
phenomenological approach toward these parameters. We will simply take the masses and
mixing elements of the heavy neutrino as free parameters, only subject to some constraints
from experimental observations. The assumption that the masses and mixing elements
are not rigorously related by the see-saw relations is feasible from a model-building point
of view, since some fine-tuning or some ansatz of the neutrino mass matrix can always
alter the general relations. Several scenarios where it is possible to have rather low mass
of the heavy neutrino were mentioned in the previous section. Here and henceforth, we
consider the case when only one heavy Majorana neutrino is kinematically accessible and
denote it by N4, with the corresponding mass m4 and mixing with charged lepton flavors
Vℓ4. If we stick with this simple parameterization, the SM Higgs boson will couple to the
heavy neutrinos as well. We present the couplings in Appendix A. When appropriate, we
will include this effect. As noted above, some fine-tuning [60] would be needed to avoid
excessive contributions to the light neutrino mass.

2.2 Current Constraints on N4 Masses And Mixing

In laboratory searches, no positive evidence of sterile neutrinos has been found so far,1 in
the mass range of interest, 100 eV–100 GeV.2

1Indications of the existence of a neutrino with 17 keV mass were subsequently shown to be non valid.
For a review, see Ref. [61]. Studying interactions of neutrinos from π and µ decays, an anomaly in time
distribution was found [62]. It could be interpreted as the existence of a neutrino emitted in pion decays
with mass of 33.9 MeV. Searches for this neutral fermion have not given any positive signature and have
allowed to constrain the mixing to be |Vµ4|2 < 9.2 × 10−8 at 95% C.L. [63].

2For sterile neutrinos with smaller masses a rather complete analysis of the bounds can be found in
Ref. [64]. See also the implications of the recent results from the MiniBooNE collaboration [65, 66].
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Non-unitarity and NSI

with the mixing relations between the gauge and mass eigenstates

νaL =
3∑

m=1

UamνmL +
3+n∑

m′=4

Vam′N c
m′L, (2.3)

UU † + V V † = I. (2.4)

In terms of the mass eigenstates, the gauge interaction Lagrangian can be written as
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Further details about the mixing formalism are given in Appendix A.
A few important remarks are in order before the detailed considerations. First of all,

parameterically, the light neutrino masses mν, diag are of the order of magnitude (mν
D)2/B,

while the heavy neutrino masses are MN, diag ≃ B. Secondly, the mixing parameters would
typically scale as U †U ≈ I and V †V ≈ mν/MN . Thirdly, the Majorana mass term for the
flavor states νaL, absent in Eq. (2.2) and corresponding to the null entry 03×3 in Eq. (A.8),
may receive non-zero contributions as Majorana masses for the light active neutrinos, for
instance from higher dimensional ∆L = 2 operators or in theories with a triplet Higgs
field. The general formalism presented here remains the same. In this paper, we will take a
phenomenological approach toward these parameters. We will simply take the masses and
mixing elements of the heavy neutrino as free parameters, only subject to some constraints
from experimental observations. The assumption that the masses and mixing elements
are not rigorously related by the see-saw relations is feasible from a model-building point
of view, since some fine-tuning or some ansatz of the neutrino mass matrix can always
alter the general relations. Several scenarios where it is possible to have rather low mass
of the heavy neutrino were mentioned in the previous section. Here and henceforth, we
consider the case when only one heavy Majorana neutrino is kinematically accessible and
denote it by N4, with the corresponding mass m4 and mixing with charged lepton flavors
Vℓ4. If we stick with this simple parameterization, the SM Higgs boson will couple to the
heavy neutrinos as well. We present the couplings in Appendix A. When appropriate, we
will include this effect. As noted above, some fine-tuning [60] would be needed to avoid
excessive contributions to the light neutrino mass.

2.2 Current Constraints on N4 Masses And Mixing

In laboratory searches, no positive evidence of sterile neutrinos has been found so far,1 in
the mass range of interest, 100 eV–100 GeV.2

1Indications of the existence of a neutrino with 17 keV mass were subsequently shown to be non valid.
For a review, see Ref. [61]. Studying interactions of neutrinos from π and µ decays, an anomaly in time
distribution was found [62]. It could be interpreted as the existence of a neutrino emitted in pion decays
with mass of 33.9 MeV. Searches for this neutral fermion have not given any positive signature and have
allowed to constrain the mixing to be |Vµ4|2 < 9.2 × 10−8 at 95% C.L. [63].

2For sterile neutrinos with smaller masses a rather complete analysis of the bounds can be found in
Ref. [64]. See also the implications of the recent results from the MiniBooNE collaboration [65, 66].
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Non-unitarity and NSI

with the mixing relations between the gauge and mass eigenstates

νaL =
3∑

m=1

UamνmL +
3+n∑

m′=4

Vam′N c
m′L, (2.3)

UU † + V V † = I. (2.4)

In terms of the mass eigenstates, the gauge interaction Lagrangian can be written as

− L =
g√
2
W+

µ

(
τ∑

ℓ=e

3∑

m=1

U∗
ℓm νmγ

µPLℓ+

τ∑

ℓ=e

3+n∑

m′=4

V ∗
ℓm′ N c

m′γ
µPLℓ

)
+ h.c.

+
g

2 cos θW
Zµ

(
τ∑

ℓ=e

3∑

m=1

U∗
ℓm νmγ

µPL νℓ +

τ∑

ℓ=e

3+n∑

m′=4

V ∗
ℓm′ N c

m′γ
µPL νℓ

)
+ h.c.(2.5)

Further details about the mixing formalism are given in Appendix A.
A few important remarks are in order before the detailed considerations. First of all,

parameterically, the light neutrino masses mν, diag are of the order of magnitude (mν
D)2/B,

while the heavy neutrino masses are MN, diag ≃ B. Secondly, the mixing parameters would
typically scale as U †U ≈ I and V †V ≈ mν/MN . Thirdly, the Majorana mass term for the
flavor states νaL, absent in Eq. (2.2) and corresponding to the null entry 03×3 in Eq. (A.8),
may receive non-zero contributions as Majorana masses for the light active neutrinos, for
instance from higher dimensional ∆L = 2 operators or in theories with a triplet Higgs
field. The general formalism presented here remains the same. In this paper, we will take a
phenomenological approach toward these parameters. We will simply take the masses and
mixing elements of the heavy neutrino as free parameters, only subject to some constraints
from experimental observations. The assumption that the masses and mixing elements
are not rigorously related by the see-saw relations is feasible from a model-building point
of view, since some fine-tuning or some ansatz of the neutrino mass matrix can always
alter the general relations. Several scenarios where it is possible to have rather low mass
of the heavy neutrino were mentioned in the previous section. Here and henceforth, we
consider the case when only one heavy Majorana neutrino is kinematically accessible and
denote it by N4, with the corresponding mass m4 and mixing with charged lepton flavors
Vℓ4. If we stick with this simple parameterization, the SM Higgs boson will couple to the
heavy neutrinos as well. We present the couplings in Appendix A. When appropriate, we
will include this effect. As noted above, some fine-tuning [60] would be needed to avoid
excessive contributions to the light neutrino mass.

2.2 Current Constraints on N4 Masses And Mixing

In laboratory searches, no positive evidence of sterile neutrinos has been found so far,1 in
the mass range of interest, 100 eV–100 GeV.2

1Indications of the existence of a neutrino with 17 keV mass were subsequently shown to be non valid.
For a review, see Ref. [61]. Studying interactions of neutrinos from π and µ decays, an anomaly in time
distribution was found [62]. It could be interpreted as the existence of a neutrino emitted in pion decays
with mass of 33.9 MeV. Searches for this neutral fermion have not given any positive signature and have
allowed to constrain the mixing to be |Vµ4|2 < 9.2 × 10−8 at 95% C.L. [63].

2For sterile neutrinos with smaller masses a rather complete analysis of the bounds can be found in
Ref. [64]. See also the implications of the recent results from the MiniBooNE collaboration [65, 66].
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Zee-Babu Model

[Zee ’85, ’86; Babu ’88]
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FIG. 3. Tree-level diagrams with exchange of a heavy Higgs triplet in the triplet seesaw model.

This figure has been reproduced with permission from [103]. Copyright (2009) by The American

Physical Society.

holds that the absolute neutrino mass scale is proportional to λφv
2/m2

∆, which means that

(mν)αβ ∼ λφv
2/m2

∆. Thus, inserting the proportionality of the elements of the light neutrino

mass matrix into equation (40) and using the relation GF /
√

2 ≃ g2
W/(8m2

W ), we find that

ερσ
αβ ∝ m2

∆

g2
W

m2
W

· v2λ2
φ

· λφv
2

m2
∆

· λφv
2

m2
∆

=
m2

W

m2
∆

, (41)

which has the characteristic dependence given in equation (10).

Now, using experimental constraints from lepton flavor violating processes (rare lepton

decays and muonium-antimuonium conversion) [10, 104], we find upper bounds on the NSI

parameters, which are presented in table II. From this table, we can observe that the NSI

parameter εµe
µe has the weakest upper bound.

In addition, for m∆ = 1 TeV, using the constraints on lepton flavor violating processes,

and varying m1, we plot the upper bounds on some of the NSI parameters in the triplet

seesaw model. The results are shown in figure 4. For a hierarchical mass spectrum (i.e. m1 <

0.05 eV), all the NSI effects are suppressed, whereas for a nearly degenerate mass spectrum

(i.e. m1 > 0.1 eV), two NSI parameters can be sizable, which are εeµ
eµ and εm

ee ≡ εee
ee.

C. The Zee–Babu model

In the Zee–Babu model [105–107], we have the Lagrangian

L = LSM + fαβLT
LαCiσ2LLβh+ + gαβec

αeβk
++ − µh−h−k++ + h.c. + VH , (42)
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The diagrams below are responsible for (a) non-standard interactions of four charged 
lepton, and (b) nonstandard neutrino interactions:

(Zee, 1985; 1986; Babu, 1988)
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FIG. 5. Tree-level diagrams for the exchange of heavy scalars in the Zee–Babu model. This figure

is an updated and corrected version of one of the figures from [108].

where fαβ and gαβ are antisymmetric and symmetric Yukawa couplings, respectively, and

h+ and k++ are heavy charged scalars that could be observed at the LHC and which lead

to a two-loop diagram that generates small neutrino masses. The tree-level diagrams that

are responsible for (a) non-standard interactions of four charged leptons and (b) NSIs (neu-

trinos) are presented in figure 5. Using these diagrams, both types of non-standard lepton

interactions are obtained after integrating out the heavy scalars, which induces three rele-

vant (and potentially sizable) matter NSI parameters (εm
µτ , εm

µµ and εm
ττ ) and one production

NSI parameter (εs
µτ , which is important for the νµ → ντ channel at a future neutrino factory,

see also section VD) that are given by

εm
αβ = εee

αβ =
feβf

∗
eα√

2GFm2
h

≃ 4feβf
∗
eα

g2
W

m2
W

m2
h

∝ m2
W

m2
h

, (43)

εs
µτ = εeµ

τe =
fµef

∗
eτ√

2GFm2
h

≃ 4fµef
∗
eτ

g2
W

m2
W

m2
h

∝ m2
W

m2
h

, (44)

where we observe that the NSI parameters in the Zee–Babu model also have the characteristic

dependence given in equation (10), which means that they naively are in the range 10−4 −
10−2 if the scale of the heavy scalar masses is of the order of (1 − 10) TeV.

In figure 6, using best-fit values of the neutrino mass-squared differences (while taking

the leptonic mixing angles to be independent parameters) [109] and experimental constraints

on lepton flavor violating processes (such as rare lepton decays and muonium–antimuonium

conversion) [110], the allowed regions of the matter NSI parameters εm
µµ and εm

ττ in the Zee–

Babu model are plotted for heavy scalar masses of 10 TeV (left plot) and 1 TeV (right

plot). Indeed, since the leptonic mixing angles are free parameters with constraints (taken

from [109]), their allowed regions can change when the values of the NSI parameters become

non-zero. In the case of inverted neutrino mass hierarchy, the matter NSI parameters εm
µµ

and εm
ττ could be in the range 10−4 − 10−3, whereas in the case of normal neutrino mass
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dependence given in equation (10), which means that they naively are in the range 10−4 −
10−2 if the scale of the heavy scalar masses is of the order of (1 − 10) TeV.
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non-zero. In the case of inverted neutrino mass hierarchy, the matter NSI parameters εm
µµ

and εm
ττ could be in the range 10−4 − 10−3, whereas in the case of normal neutrino mass

21

FIG. 6. Allowed region of NSI parameters εm
µµ and εm

ττ at 1σ, 2σ and 3σ confidence level (C.L.)

in the Zee–Babu model. The following values have been used for the heavy scalar masses: mh =

mk = µ = 10 TeV for the left plot and mh = mk = µ = 1 TeV for the right plot. This figure has

been reproduced with permission from [108].

hierarchy, they are normally at least one order of magnitude smaller [108]. Note that the

size of εm
µµ and εm

ττ may be too small to be observable, whereas εm
µτ could be within the reach

of a future neutrino factory. In addition, for inverted neutrino mass hierarchy and heavy

scalar masses of 1 TeV, it turns out that εs
µτ is predicted to also be in the range 10−4 −10−3,

which is probably in the reach for a near tau-detector at a future neutrino factory [108].

V. PHENOMENOLOGY OF NSIS FOR DIFFERENT TYPES OF EXPERIMENTS

In this section, we will discuss the phenomenology of NSIs for atmospheric, accelerator

and reactor neutrino experiments as well as for neutrino factory setups and astrophysical

settings such as solar and supernova neutrinos. As we will see, only two experimental col-

laborations have used their neutrino data to analyze NSIs, which are the Super-Kamiokande

and MINOS collaborations.

A. Atmospheric neutrino experiments

Neutrino oscillations with matter NSIs that are important for atmospheric neutrinos have

been previously studied in the literature. For example, there are phenomenological studies
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NSI from Extra U(1)

Based on SU(2)L × U(1)Y × U(1)′. [Farzan, Shoemaker ’15; Babu, Friedland, Machado, Mocioiu ’17]

εff ′
αβ =

gff ′ gνανβ

2
√

2GF m2
Z ′

(regardless of the Z ′ mass)

Figure 1: Here we summarize the constraints on the model. The dashed blue and gray lines
show the upper bounds from respectively present oscillation data and DUNE experiment in-
corporating information both on ✏µµ � ✏⌧⌧ and ✏µ⌧ (see Eq. 24). The dotted and dot-dashed
black lines show the bound from only ✏µ⌧ for ✏µ⌧ = 6✏uµ⌧ = 0.021 and ✏µ⌧ = 6✏uµ⌧ = 0.06, re-
spectively (see Eq. 25). The red curves shows the upper bound from ⇡0 ! �Z 0 (see Eq. 18).
Modifications to the e↵ective number of relativistic degrees of freedom constrain the mass of
the mediator to be & 5 MeV [22]. For additional details see the main body of the text.

Moreover, for 5 MeV < mZ0 < 20 MeV and mZ0 > 110 MeV, we can have ✏µµ � ✏⌧⌧ large
enough to be discerned at DUNE.

For 200 MeV . mZ0 . 10 GeV, B-factories impose relatively strong bounds on g0 partic-
ularly from ⌥ ! �Z 0 [36] and from ⌥ ! invisible [37]. In this mass range, the Z 0 can decay
into µµ̄, hadrons, and ⌫⌫̄ pairs. For mZ0 > 500 MeV, this bound starts to become serious as
it pushes ✏ to values lower than the present bounds in Eq. (2). Throughout our discussion, we
have assumed a gauge boson mass, mZ0 < 200 MeV. In this range, ⌥ ! �Z 0 and ⌥ ! Z 0Z 0 are
negligible. This can be understood as a consequence of the fact that in the limit of mZ0 ! 0,
according to the Landau-Yang theorem, the spin one ⌥ particle cannot decay into two massless
or very light vector bosons.

In the following, we will discuss consequences of having lepton flavor violating gauge cou-
plings within the present model. Most of these bounds come from processes of type ⌧ !
µ + f1 + f̄2 where f1 and f̄2 are final fermions and can be any of the pairs uū, dd̄, ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧ ,
⌫⌧ ⌫̄µ and ⌫µ⌫̄⌧ . The process takes place via the exchange of a virtual Z 0 and the amplitude can
be written as

⇣g0

2
(µ̄[(cos 2✓L+cos 2✓R)+(� cos 2✓L+cos 2✓R)�5]�µ⌧)

⌘µ⌫ � qµq⌫/m
2
Z0

q2 � m2
Z0

(f̄1(aV +aA�
5)�⌫f2) (26)

where, for f1 = f2 = u, d, aV = g0 and aA = 0, for f1 = f2 = µ, aV = ⇣g0(� sin 2✓L � sin 2✓R)/2
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Conclusion

NSI could be responsible for neutrino flavor transitions either at the
source/detector (CC) or during propagation through matter (NC).

Interesting near-detector physics.

NSIs are inevitable in many neutrino mass models.

In a realistic model, difficult (but not impossible) to avoid the stringent LFV bounds
and simultaneously entertain observable NSI.

Search for NSI at DUNE will be complementary to the direct searches for new
physics at the LHC.

Thank You.
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