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Abstract
The phenomenon of neutrino oscillations has been established as the leading mechanism behind
neutrino flavor transitions, providing solid experimental evidence that neutrinos are massive and
lepton flavors are mixed. Here we review sub-leading effects in neutrino flavor transitions known
as non-standard neutrino interactions, which is currently the most explored description for effects
beyond the standard paradigm of neutrino oscillations. In particular, we report on the phenomeno-
logy of non-standard neutrino interactions and their experimental and phenomenological bounds

as well as an outlook for future sensitivity and discovery reach.
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I. INTRODUCTION

Since the results of the Super-Kamiokande experiment in Japan in 1998 [1], the phe-
nomenon of neutrino oscillations has been established as the leading mechanism behind
neutrino flavor transitions. This result was followed by a first boom of results from several
international collaborations (e.g. SNO, KamLAND, K2K, MINOS, and MiniBooNE) on the
various neutrino parameters. Certainly, these solid results have pinned down the values on
the different parameters to an incredible precision given that neutrinos are very elusive par-
ticles and the corresponding experiments are extraordinarily complex (see [2]). Nevertheless,
it is a fact that the present Standard Model (SM) of particle physics is not the whole story
and needs to be revised in order to accommodate massive and mixed neutrinos, which leads
to physics beyond the SM. With the upcoming results from the running or future neutrino
experiments (e.g. Daya Bay, Double Chooz, ICARUS, IceCube, KATRIN, NOvA, OPERA,
RENO, TQK), there will be a second boom of results, and we will hopefully be able to
determine the missing neutrino parameters such as the sign of the large mass-squared dif-
ference for neutrinos (important for the neutrino mass hierarchy), the leptonic CP-violating
phase (important for the matter-antimatter asymmetry in the Universe), and the absolute
neutrino mass scale (using the KATRIN experiment), but also the next-to-leading order
effects in neutrino flavor transitions.

In future neutrino experiments (and in particular for a neutrino factory, S-beams, or
superbeams), ‘new physics’ beyond the SM may appear in the form of unknown couplings
involving neutrinos, which are usually referred to as non-standard neutrino interactions

(NSIs). Compared with standard neutrino oscillations, NSIs could contribute to the oscil-

I Note that no experiments on neutrinoless double beta decay have been included in the list of examples.
For a recent review on the physics of neutrinoless double beta decay, see, e.g., [3], and especially, section V

for non-standard interactions in connection with neutrinoless double beta decay.
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lation probabilities and neutrino event rates as sub-leading effects, and may bring in very
distinctive phenomena. Running and future neutrino experiments will provide us with more
precision measurements on neutrino flavor transitions, and therefore, the window of search-
ing for NSIs is open. In principle, NSIs could exist in the neutrino production, propagation,
and detection processes, and the search for NSIs is complementary to the direct search for
new physics conducted at the LHC. The main motivation to study NSIs is that if they exist
we ought to know their effects on physics. Models of physics that predict NSIs include,
for example, various seesaw models, R-parity violating supersymmetric models, left-right
symmetric models, GUTSs, and extra dimensions, i.e. basically all modern models for physics
beyond the SM could give rise to NSIs. For some specific models, see section [V] and refer-

ences therein.

The concept of NSIs has been introduced in order to accommodate for sub-leading effects
in neutrino flavor transitions. Previously, alternative scenarios for neutrino flavor transitions
such as neutrino decoherence, neutrino decay and NSIs have been studied (see below for
references), but now, such alternatives are only allowed to provide sub-leading effects to
neutrino oscillations. In the literature, there exist several theoretical and phenomenological
studies of NSIs for atmospheric, accelerator, reactor, solar and supernova neutrinos (see
especially the references given in section [V]). In addition, some experimental collaborations
have obtained bounds on NSIs (see [4, 5]). The different types of experiments that are
relevant to NSIs include, e.g., neutrino oscillations experiments, experiments on lepton flavor
violating processes, experiments on neutrino cross-sections and data from experiments at

accelerators (such as the LEP collider, the Tevatron and the LHC).

This review is organized as follows. In section [I, we introduce the concept of neutrino
flavor transitions with NSIs. First, we present standard neutrino oscillations, and then,
we consider other scenarios for neutrino flavor transitions including NSIs. At the end of
the section, we discuss so-called NSI Hamiltonian effects of neutrino oscillations. Then,
in section [II, we describe NSIs with three neutrino flavors, since there are at least three
flavors in Nature. Especially, we consider production, propagation, and detection NSIs
including the so-called zero-distance effect. In addition, we present mappings for NSIs and
approximate formulas for two neutrino flavors that can be useful in some settings. Next, in
section [[V] we study different theoretical models for NSIs including, e.g., a seesaw model. In

section [V we investigate the phenomenology of NSIs for different types of neutrinos such as
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atmospheric, accelerator, reactor, solar and supernova neutrinos, whereas in section [VI we
review phenomenological bounds on NSIs. In addition, in section [VII, we give an outlook
and examine experimental sensitivities and the future discovery reach of NSIs. Finally, in

section we present a summary and state our conclusions.

II. NEUTRINO FLAVOR TRANSITIONS WITH NSIS

In this section, we present the basic ingredients for neutrino oscillations (based on the two
facts that neutrinos are massive and lepton flavors are mixed), which is the leptonic mixing
matrix, a Schrodinger-like equation for the evolution of the neutrinos, and the values of
the fundamental neutrino oscillation parameters, i.e. the neutrino mass-squared differences
and the leptonic mixing parameters. Then, we discuss some historic alternative scenarios for

neutrino flavor transitions. Finally, we study NSI Hamiltonian effects of neutrino oscillations.

A. Neutrino oscillations

Indeed, there are now strong evidences that neutrinos are massive and lepton flavors are
mixed. In the SM, neutrinos are massless particles, and therefore, the SM must be extended
by adding neutrino masses. The lepton flavor mixing is usually defined through the leptonic

mixing matrix U that can be written as [6-9]

Ve 21 Ua Ues Ueg V1
Vy =U ) = Uul Uu2 Uu3 Vo ) (1)
v, V3 Uni Urg Urs | \ V3

which relates the weak interaction eigenstates and the mass eigenstates through the leptonic
mixing parameters 0o, 613, 03, 0 (the Dirac CP-violating phase), as well as p and o (the
Majorana CP-violating phases). In the so-called standard parameterization, U is given by

[10]

1 0 0 C13 0 Slge_i(s cia2 Si2 O e 0 0
U= 0 Co3 S93 0 1 0 —S12 Ci12 0 0 ei" 0 ) (2)
0 —S923 Ca23 —813615 0 C13 0 0 1 0 01

where ¢;; = cos(6;;) and s;; = sin(6;;).



T
The time evolution of the neutrino vector of state v = (1/6 vy VT> describing neutrino
oscillations is given by a Schrodinger-like equation with a Hamiltonian H, namely, (see, e.g.,

[11] for a detailed review)

dv 1
i =3 [MMT" + diag(A,0,0)] v = Hv, (3)

where E is the neutrino energy, M = U diag(my, my, m3) UT is the neutrino mass matrix,
and A = 2v/2EGEpN, is the effective matter potential induced by ordinary charged-current
weak interactions with electrons [12, 13]. Here, my, ma, and mg are the definite masses of
the neutrino mass eigenstates, G = (1.1663787 & 0.0000006) x 107> GeV 2 is the Fermi
coupling constant [10], and N, is the electron density of matter along the neutrino trajec-
tory. Quantum mechanically, the transition probability amplitudes are given as overlaps of
different neutrino states, and finally, neutrino oscillation probabilities are defined as squared
absolute values of the transition probability amplitudes. Thus, flavor transitions occur dur-
ing the evolution of neutrinos. For example, in a two-flavor illustration (in vacuum) with
electron and muon neutrinos, a neutrino state can be in a pure electron neutrino state at
one time, whereas it can be in a pure muon neutrino state at another time. In this case, the

well-known two-flavor neutrino oscillation probability formulae are given by (see, e.g., [11])

2
P(ve — v,; L) = sin*(20) sin® (AZT;L) , (4)
Pw.—v.)=1-Pv.—v,)=1-P, —>v.) =P, —=uv,), (5)

where L is the (propagation) path length of the neutrinos, 6 is the two-flavor mixing angle
(corresponding to the amplitude of the oscillations) and Am? is the mass-squared difference
(corresponding to the frequency of the oscillations) between the masses of the two neutrino
mass eigenstates. In addition, in the case of three neutrino flavors in vacuum, we have the

more cumbersome formula for the neutrino transition probability

i} o g [(AmMIL
P(vy = vg: L) = 0ap — 4> _Re(U3UpiUs;Up;) sin o

1>7

. [AmZL
+2ZIm(U;iU5an]~U§j)sm< o ) : (6)
1>7

where a, f = e, u, 7. In fact, it even turns out that equation ([6)) holds for arbitrary neutrino

flavors.



Parameter Best-fit value 30 range

Am3, [107°eV?]  7.50+0.185 7.00 = 8.09
|Am3,| [1073eV?] 24770000 297 = 2,69

sin?(012) 0.30 £0.013  0.27 = 0.34
sin?(613) 0.023 4 0.0023 0.016 =+ 0.030
sin? (fa3) 04170055 0.34 + 0.67

TABLE I. Present values of the fundamental neutrino oscillation parameters obtained in a global

fit analysis using all available neutrino oscillation data [14]. See also [15, 16] for two other analyses.

Using global fits to data from neutrino oscillation experiments, the values given in table [l
have been obtained for the fundamental neutrino oscillation parameters [14]. Note that these
values have been found without taking sub-leading effects such as NSIs into account. Open
questions that still exist about neutrinos are: Are neutrinos Dirac or Majorana particles?
What is the absolute neutrino mass scale? What is the sign of the large mass-squared
difference Am2, M TIs there leptonic CP violation? Do sterile neutrinos exist? However,
recently, one has also been concerned with the following two questions in the literature: Are
there NSIs? Is there non-unitarity in leptonic mixing? The intention of this review is to
bring some insight into these last two questions (with emphasis on the first question).

Since 1998, the Super-Kamiokande, SNO and KamLAND experiments have provided
strong evidence for neutrino flavor transitions and that the theory of neutrino oscillations is
the leading description [1,[17,18]. In various neutrino oscillation experiments, precision mea-
surements for some of the neutrino parameters, i.e. Am3;, |Am3,|, 612, 613 and o3, have been
obtained, whereas other parameters are still completely unknown such as sign(Am2,) and 4,
as well as the Majorana CP-violating phases and the absolute neutrino mass scale. Running
and future neutrino oscillation experiments might have sensitivies to measure sign(Am3,)
and possibly ¢, while neutrinoless double beta decay experiments could determine if neu-
trinos are Dirac or Majorana particles (as well as the Majorana CP-violating phases) and
the KATRIN experiment will probe the absolute neutrino mass scale using [-decay. New
physics, such as NSIs, might be present and complicate the experiments that want to answer

the fundamental questions about neutrinos. Thus, we should investigate NSIs in order to

2 Note that the sign of the large mass-squared difference will determine the character of the neutrino mass

spectrum, i.e. if the spectrum follows normal or inverted neutrino mass hierarchy.
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obtain knowledge on their possible effects.

B. Other scenarios for neutrino flavor transitions

Other mechanisms could be responsible for flavor transitions on a sub-leading level (see,
e.g., [19]). Therefore, we will phenomenologically study new physics effects due to NSIs.
In the past, descriptions for transitions of neutrinos based on neutrino decoherence and
neutrino decay have been extensively investigated in the literature [20-62]. However, now,
such descriptions are ruled out by available neutrino data as the leading-order mechanism
behind neutrino flavor transitions [32, 163-66], but these descriptions could still provide sub-
leading effects. In what follows, we will not consider neutrino decoherence and neutrino
decay, but instead focus on NSIs, which are interactions between neutrinos and matter
fermions (i.e. u, d and e) that additionally affect neutrino oscillations, as a sub-leading

mechanism for neutrino flavor transitions.

C. NSI Hamitonian effects of neutrino oscillations

In general, NSIs can be considered to be effective additional contributions to the standard
vacuum Hamiltonian H that describes the neutrino evolution (see, e.g., [67] for detaﬂs)H.
Thus, any Hermitian non-standard Hamiltonian effect H’ will alter the original Hamiltonian
into an effective Hamiltonian:

H.g = Hy+ H'. (7)

For example, neutrino oscillations in matter with 1 < n < 3 flavors, which is the canonical

example of NSIs, are described by

1 1
H/ = Hmattor = ﬁdlag(A, O, ce ,O) - %GFNn]]-n
= V2Gpdiag(N, — 3N, —iN,, ..., —1N,), (8)

where the quantity A was defined in connection to equation (Bl), IV, is the nucleon number
density and 1, is the n X n unit matrix. Note that the opposite signs of the charged-current

weak interaction contribution (proportional to N.) and the neutral-current weak interaction

3 It should be noted that the idea of NSIs was first presented in the seminal work by Wolfenstein [12]. Other

important works on NSIs can be found in [13, [68-75].



contribution (proportional to N,,). In the case of neutrino oscillations in matter, the effective
Hamiltonian Heg = Hy + Hpagter 1S basically the same Hamiltonian as the one defined in
equation (B]), since the neutral-current weak interaction contribution appears in all diagonal
elements of the second term in Hater, Which means that this term will only affect the
phase of the time evolution, and therefore has no effect on neutrino oscillations. Just as
the presence of matter affects the effective neutrino parameters, the effective neutrino para-
meters will be affected by any non-standard Hamiltonian effect. For example, in the case of
so-called matter NSIs—a generalization of neutrino oscillations in matter, the corresponding

effective Hamiltonian will be presented and discussed in section [11Bl

In general, the non-standard Hamiltonian effects can alter both the oscillation frequency
and the oscillation amplitude and they can be classified as ‘flavor effects’ or ‘mass effects’
[67]). A non-standard Hamiltonian effect can be defined in either flavor or mass basis, and
be parametrized by the so-called generators that span the effective Hamiltonian H.g in the
basis under consideration. If n = 2, the generators are the three Pauli matrices, whereas
if n = 3, the generators are instead the eight Gell-Mann matrices. For example, NSIs and
flavor-changing neutral currents |12, [76] are normally defined in flavor basis, whereas the
concept of mass-varying neutrinos [77, [78] is defined in mass basis. In principle, there is no
mathematical difference between flavor and mass effects if one allows for the most general
form in each basis. However, one can define a non-standard Hamiltonian effect as a ‘pure’
flavor or mass effect if the corresponding Hamiltonian H’ can be written as H' = cp; or
H' = c7; (i fixed), where ¢ is a real number and p;’s and 7;’s are the generators in flavor
basis and mass bases, respectively. Thus, pure effects are restricted to be of very specific
types, where the actual forms are very simple in either flavor or mass basis, and correspond
to pure flavor/mass conserving/violating effects, i.e. effects that affect particular flavor or

mass eigenstates.

Furthermore, non-standard Hamiltonian effects (such as NSIs) will lead to resonance
conditions [67], which are modified versions of the famous Mikheyev—Smirnov—Wolfenstein

(MSW) effect 12,113, 79]. See, e.g., section [TIDL
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III. NSIS WITH THREE NEUTRINO FLAVORS

The phenomenological consequences of NSIs have been investigated in great detail in the

literature. The widely studied operators responsible for NSIs can be written as [12,80-182]
Lnst = —2\/§GF€£JBNC (Tay" Pryg) (T’Yupcf/) ; 9)

where 5£J;C are NSI parameters, o, = e, u, 7, f,f' = e,u,d and C = L, R. If f # [,
the NSIs are charged-current like, whereas if f = f’, the NSIs are neutral-current like
and the NSI parameters are defined as 5({5 = 5%0. Note that the operators (@) are non-
renormalizable and they are also not gauge invariant. Thus, using the NSI operators in
equation (@), which lead to a so-called dimension-6 operator after heavy degrees of freedom

are integrated out, and the well-known relation Gp/v2 ~ g2 /(8m2,)] we find that the

effective NSI parameters are (see, e.g., [83-85] for discussions)

2
e ox W (10)
mx

where my = (80.385 + 0.015) GeV ~ 0.1 TeV is the W boson mass and my is the mass
scale at which the NSIs are generated [10]. Note that the characteristic proportionality
relation (I0)) is at least valid for energies below the new physics scale my, where the NSI
operators are effective. If the new physics scale, i.e. the NSI scale, is of the order of 1(10) TeV,
then one obtains effective NSI parameters of the order of €,5 ~ 1072(107%).

In principle, NSIs can affect both (i) production and detection processes and (ii) propa-
gation in matter and (iii) one can have combinations of both effects. In the following, we will
first study production and detection NSIs, including the so-called zero-distance effect, and
then matter NSIs. In addition, we will present mappings with NSIs and discuss approximate

formulae for two neutrino flavors.

A. Production and detection NSIs and the zero-distance effect

In general, production and detection processes, which are based on charged-current in-

teraction processes, can be affected by charged-current like NSIs. For a realistic neutrino

4 The quantity gy is the coupling constant of the weak interaction.
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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, 183, 186, 87]:

) = v+ Y Enslus) = (149U ) (11)
B=e,u,T

Wil = sl + Y edsval = (Wl UL+ (9], (12)
a=e,,T

where the superscripts ‘s’ and ‘d’ denote the source and the detector, respectively, and |v,,)
is a neutrino mass eigenstate. In addition, the production and detection NSI parameters,
Le. €55 and Eaﬁ, are defined through NSI parameters 5 , where f # f’. Note that the
states [/5) and (v§| are not orthonormal states due to the NSIs and that the matrices &®
and €4 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. S-decay and inverse [5-decay), then the same matrix
enters as €% = (Ed)T, or on the form of matrix elements, 5, = €5 = (£5,)* = (§,)* [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
e’ = (5d)T. 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 (@) for the case without production and detection NSIs) |87, 195]

2

.m%L
P> v L) = > (1+ e) 5 (14 &%) Uil e 28
v,0,1
Am?.L
_Zjlﬁ —4ZRejlﬁjOzﬁ)sln ( 4Em )
1>7
. (AmiL
+2 Im(TT75) sm( oF ) : (13)
i>j
where
U Usi + Z e, UUsi + Z el Us Uy + Z €585 U Us; (14)
In fact, an important feature of equation (I3) is that the first term, i.e. >, . J1sJ05, i

generally different from zero or one. Especially, evaluating equation (I3) at L = 0, we
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obtain

Py — v L=0)=Y JiLJ%. (15)
b,J

which means that a neutrino flavor transition would already happen at the source before
the oscillation process has taken place. This is known as the zero-distance effect [96]. It
could be measured with a near detector close to the source. In the case that % = &4 = 0,

i.e. without production and detection NSIs, the first term reduces to
2 TasTay = D UaiUsilasUsj = 8 (16)
'7j '7j

which is the first term in equation (@). Note that equation (I3]) is also usable to describe
neutrino oscillations with a non-unitary mixing matrix, e.g. in the minimal unitarity violation

model [89)].

B. Matter NSIs

In order to describe neutrino propagation in matter with NSIs (assuming no effect of
production and detection NSIs, which were discussed in section [IT'A]), the simple effective
matter potential in equation (3)) needs to be extended. Similar to standard matter effects,
NSIs can affect the neutrino propagation by coherent forward scattering in Earth matter.
The Earth matter effects are more or less involved depending on the specific terrestrial
neutrino oscillation experiment. In other words, the Hamiltonian in equation (@) is replaced
by an effective Hamiltonian, which governs the propagation of neutrino flavor states in
matter with NSIs, namely [12, 68-70]

1

H= 55 [Udiag(m?, m3, m3)U" + diag(A, 0,0) + Ae™] | (17)
where the matrix €™ contains the (effective) matter NSI parameters .5 (o, 8 = e, p, T),

which are defined as

N
€as = D g (18)
el ¢

with the parameters 5{;(; being entries of the Hermitian matrix e/¢ and giving the strengths
of the NSIs and the quantity Ny being the number density of a fermion of type f. Unlike &°

and g9, e™ = (g,5) is a Hermitian matrix describing NSIs in matter, where the superscript
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FIG. 1. Schematic pictures of standard matter effects (left picture) and matter non-standard

neutrino interactions (right picture).

‘m’ is used to distinguish matter NSIs from production and detection NSIs. Thus, for three

neutrino flavors, we obtain

Ve 0 0 0 I+ cee Eep Eer Ve

.d 1

iZ | =35 |00 ams o U+ Al e, e eur v, | - (19)
v, 0 0 Am3 €3r  Ehy Err v,

The ‘1’ in the 1-1—-element of the effective matter potential in equation (I9) describes the
weak interaction of electron neutrinos with left-handed electrons through the exchange of W
bosons, i.e. the standard matter interactions, whereas the NSI parameters €,4 in the effective
matter potential describe the matter NSIs. See figure [I] for schematic pictures of standard
and non-standard matter effects. Now, the effective Hamiltonian Hin equation ([IT), which

is Hermitian, can be diagonalized using a unitary transformation, and one finds
A 1 -~ ~
where m? (i = 1,2,3) denote the effective mass-squared eigenvalues of neutrinos and U is
the effective leptonic mixing matrix in matter. Of course, all the quantities m? and U will
in general be dependent on the effective matter potential A as well as some of the various
matter NSI parameters €,5. Explicit expressions for these quantities can be found in [97].
In the case of matter NSIs, for a constant matter density profile (which is close to reality

for most long-baseline neutrino oscillation experiments), the neutrino transition probabilities

are given by

(21)




where L is the baseline length. Comparing equation (2I)) with the formula for neutrino
transition probabilities in vacuum (i.e. equation (), one arrives at the conclusion that
there is no difference between the form of the neutrino transition probabilities in matter
with NSIs and in vacuum if one replaces the effective parameters m? and U in equation )}
by the vacuum parameters m? and U. The mappings between the effective parameters and
the vacuum ones are sufficient to study new physics effects entering future long-baseline
neutrino oscillation experiments (see section [IB]). The important point is the diagonaliza-
tion of the effective Hamiltonian H and the derivation of the explicit expressions for the
effective parameters. Now, using equation (2I]), we can express the neutrino oscillation

probabilities in matter with NSIs (for a realistic experiment) as follows [97]:

AmZ L
- * <2 1)
Py = va; L) =1—14 ;>J \UMU % sin (74E ) , (22)
AL AmZ L
P(v, —» v L) = —4 E Re( Ui aJUﬁj> sin? < m ) szm( ) (23)

i>]

where (a, 8) run over (e, u), (1, 7) and (7,e) and the quantity J is defined through the

relation

U 1 o o
T? = Uail*1Us; *|Ua | Usi|* — 1 (1 + |Uail?|Ug;1* + |Uaj || Ugil®

- ~ ~ - 2
Ol = Tl = 10 = 1il?) " (24)

C. Mappings with matter NSIs

In [97], using first-order non-degenerate perturbation theory in the mass hierarchy pa-
rameter o = Am3, /Am3,, the smallest leptonic mixing angle s;3 = sin #;3 and all the matter
NSI parameters €,4, model-independent mappings for the effective masses with NSIs during

propagation processes, i.e. in matter, were derived, which are given by

2~ Am (21 +as?, + Aeee) , (25)
mi ~ Am g [Ozc12 As§3 (Eup — €77) — Asazens (ﬁm + 5:}) + Agw] ) (26)
2 Am [1 + 12157—7 + AS§3 (El/«l/« - 577—) + 121823023 (gl,bT + gzq—)i| ) (27)
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as well as model-independent mappings for the effective mixing matrix elements with NSIs,

which are given by

- S12C

Ue2 >~ fi L2 + Co3Eey — S23€er (28>

- —0 A(sgse, Eer

[y ~ S13€ 4 (823€ep +A023 ) ’ (29)
1-A 1—-A

Upa >~ co3 + AS§3023 (€rr — €up) + Asas (3235;” - 033627) ) (30)

ng ~ So3 + 121 [CQgEuT + 823033 (gﬂﬂ — 57-7) — 833023 (glﬂ + E;T)} s (31)

where A = A /Am3,. In equation (28)), there is an unphysical divergence for A = 0, whereas
in equation (29), there is a resonance at A= 1, which are both well-known consequences
of non-degenerate perturbation theory. Thus, degenerate perturbation theory needs to be
used around these two singularities. Note that equations (28)—(3I]) are first-order series
expansions in the small parameters «, si3 and €,4, i.e. linear in these parameters, but
valid to all orders in all other parameters. Furthermore, note that only equation (29)) is
explicitly linearly dependent on s;3, only equations (25)), (26]) and (28) are explicitly linearly
dependent on «, and all equations are at least linearly dependent on one of the e,5’s. We
observe from the explicit mappings ([25])—(B1]) that the effective parameters can be totally
different from the fundamental parameters, because of the dependence on A and the NSI
parameters £,5. In addition, in figure [2] neutrino oscillation probabilities including the
effects of NSIs for the electron neutrino-muon neutrino channel are plotted. It is found
that the approximate mappings agree with the exact numerical results to an extremely good
precision. However, note that a singularity exists around 10 GeV, which corresponds to the
resonance at A ~ 1 and is due to the breakdown of non-degenerate perturbation theory
that has been adopted to derive the model-independent mappings. Thus, the approximate
model-independent mapping (29) is not valid around 10 GeV.

D. Approximate formulas for two neutrino flavors with matter NSIs

The three-flavor neutrino evolution given in equation (I9)) is rather complicated and
cumbersome. Hence, in order to illuminate neutrino oscillations with matter NSIs, we

investigate the oscillations using two flavors, e.g. v, and v,. In this case, we have the
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FIG. 2. Neutrino oscillation probabilities for the v, — v, channel as functions of the neutrino
energy . We have set § = 7/2 and &., = 0.01, and all other matter NSI parameters are zero.
Solid (black) curves are exact numerical results, dashed (red) curves are the approximative results
and dotted (blue) curves are results without NSIs. This figure has been reproduced with permission

from [97].

much simpler two-flavor neutrino evolution equation

d Ve 1 0 0 1+ cee €er Ve
i— = |U U+ A : (32)
dL VT 2E O AmQ 867’ 57’7’ VT

where L is the neutrino propagation length that has replaced time in equation (I9). Using
equation (32), one can derive the two-flavor neutrino oscillation probability (see equation ()

Am2L)

P(v, — vy; L) = sin® (29) sin? ( (33)

where 6 and Am? are the effective neutrino oscillation parameters when taking into account
matter NSIs. These parameters are related to the vacuum neutrino oscillation parameters

6 and Am? and given by (see, e.g., [98])

(Am2)2 = [Am?cos(20) — A(1 + e, — STT)}z + [Am® sin(26) + 2A567]2 ) (34)
_ Am?sin(20) 4 24e.,

sin <29~) = A2 . (35)
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In the limit e, €cr, €-r — 0, i.e. when NSIs vanish, equations (B84 and (B3] reduce to

(Aﬁz%f = [Am? cos(26) — A}z + [Am? sin(29)}2 , (36)
sin (29()) = MAS—;?Q) , (37)

which are the formulas for the ordinary MSW effect [12, [13, [79]. Thus, NSIs give rise
to modified (and more general) versions of the MSW effect, i.e. equations (B34]) and (B3]).
Cf. discussion in section [T Cl For further discussion on approximate formulae for two neutrino

flavors with NSIs, see [99].

IV. THEORETICAL MODELS FOR NSIS

In order to realize NSIs in a more fundamental framework with some underlying high-
energy physics theory, it is generally desirable that it respects and encompasses the SM
gauge group SU(3) x SU(2) x U(1). Note that the theoretical models presented in this
section only represent a small selection, there exists many other models in the literature. In
a toy model, including the SM and one heavy SU(2) singlet scalar field S with hypercharge

—1, we can have the following interaction Lagrangian [100)]

L2 = —NasLliogLsS +h.c., (38)

1

where the quantities \,p (o, 5 = e, i, 7) are elements of the asymmetric coupling matrix A,
L, is a doublet lepton field and oy is the second Pauli matrix. Now, integrating out the

heavy field S, generates an anti-symmetric dimension-6 operator at tree level [101], i.e.

=6,as )\aﬁ>\* v — c
E%E? = 4 mg&y (ecaPLVB) (V’YPR£6) ) (39>
S

where mg is the mass of the heavy field S, while P, and Py are left- and right-handed
projection operators, respectively. Note that this is the only gauge-invariant dimension-6

operator, which does not give rise to charged-lepton NSI.

A. Gauge symmetry invariance

At high-energy scales, where NSIs originate, there exists SU(2) x U(1) gauge symmetry

invariance. In general, theories beyond the SM must respect gauge symmetry invariance,

5 Charged-lepton NSIs are non-standard inteactions originating from processes that involve charged leptons

e.g. lepton flavor violating decays €T — (E¢T¢T). See figures 3 and
g g o Bty *vs g
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which implies strict constraints on possible models for NSIs (see, e.g., [L02]). Therefore, if

there is a dimension-6 operator on the form

1 _
e (7" Prvg) (Ly7,PLls)
then this operator will lead to NSI parameters such as e, (= 5§ZL). However, the above

form for a dimension-6 operator must be a part of the more general form

3 (Lar?Ls) (L, Ls)
which involves four charged-lepton operators. Thus, we have severe constraints from experi-

ments on processes like 1 — 3e i.e.
BR(p — 3e) < 10712,
which leads to the following upper bound on the above chosen NSI parameter
ecr < 107°.
Note that the above discussion is only valid for dimension-6 operators, and can be extended

to operators with dimension equal to 8 or larger, but this will not be performed here.

B. A seesaw model—the triplet seesaw model

In a type-II seesaw model (also known as the triplet seesaw model), the tree-level diagrams
with exchange of a heavy Higgs triplet are given in figure[3l Integrating out the heavy triplet
field (at tree level), we obtain the relations between the NSI parameters and the elements
of the light neutrino mass matrix as [103]

T o my
T 8V2G A2
where v ~ 174 GeV is the vacuum expectation value of the SM Higgs ﬁeldH, ma is the

(m,)os (), - (40)

mass of the Higgs triplet field and )4 is associated with the trilinear Higgs coupling. It

6 In general, both lepton flavor violating process (such as u — 3e¢) and allowed regions for fundamental neu-
trino parameters (such as neutrino mass-squared differences and leptonic mixing angles) set constraints on
NSIs, but normally lepton flavor violating processes put stronger bounds on the NSIs than the fundamental

neutrino parameters. See, e.g., the discussions in sections [V B] and [V.Cl

7 The vacuum expectation value of the SM Higgs field is normally defined as v = (\/iG F)71/2 ~ 246 GeV.

Thus, the two values 174 GeV and 246 GeV differ by a factor V2.
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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 Agv?/m3, which means that
(M) 4 ~ Apv®/mi. Thus, inserting the proportionality of the elements of the light neutrino

mass matrix into equation (@Q) and using the relation Gr/v/2 ~ ¢%,/(8m?,), we find that

2 2 2 2

po ma )\qﬁ’U >\¢U My
a8 X e mA | mA | md (4D

W % )\d) A A A

which has the characteristic dependence given in equation ([I0).

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 [I. From this table, we can observe that the NSI
parameter /¢ has the weakest upper bound.

In addition, for ma = 1TeV, using the constraints on lepton flavor violating processes,
and varying m;, we plot the upper bounds on some of the NSI parameters in the triplet
seesaw model. The results are shown in figure[dl For a hierarchical mass spectrum (i.e. m; <
0.05eV), all the NSI effects are suppressed, whereas for a nearly degenerate mass spectrum

(i.e. my > 0.1eV), two NSI parameters can be sizable, which are e¢fi and &7} = eg.

C. The Zee—Babu model

In the Zee-Babu model [105-107], we have the Lagrangian
L= Lsy+ faﬁLgaCiagLLgh+ + gaﬁ%egk—H— - uh_h_l{?++ +h.c. + Vg, (42)
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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 f,3 and g,.p are antisymmetric and symmetric Yukawa couplings, respectively, and
h* and k*T 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 Bl 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 (], €}, and €7.) and one production
NSI parameter (5fm which is important for the v, — v, channel at a future neutrino factory,

see also section [VDI) that are given by

8m _ 8ee _ feﬁf;a ~ 4f6ﬁf:a m%/V m%/V (43)
af = Cap = 7 = 2 7 X5,
\/§Gth 9w My, mp
s  __ eu __ fuef;T ~ 4fu€f;T m%/V m%/V 44
guT — Sre — 2 — 2 2 X 27 ( )

where we observe that the NSI parameters in the Zee-Babu model also have the characteristic
dependence given in equation (I0), which means that they naively are in the range 10~% —
1072 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 €7, and €7} 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 £,

and €™ could be in the range 10™* — 1073, whereas in the case of normal neutrino mass
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FIG. 6. Allowed region of NSI parameters £, and &

T ™ at lo, 20 and 30 confidence level (C.L.)

in the Zee—Babu model. The following values have been used for the heavy scalar masses: my =
my, = p = 10 TeV for the left plot and my; = my = p = 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 £, and 77 may be too small to be observable, whereas €77 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 &, is predicted to also be in the range 107*—1073,

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

22



that investigate the possibility to probe NSIs with atmospheric neutrino data only [111-113]
and in combination with other neutrino data [75, 114-118], whereas there exist also more
theoretical investigations [99, [119]. However, most importantly, there is an experimental
study on matter NSIs with atmospheric neutrino data from the Super-Kamiokande collabo-
ration [4]. In principle, atmospheric neutrinos are very sensitive to matter NSIs, since they
travel over long distances inside the Earth before being detected |117].

In order to analyze atmospheric neutrino data in the simplest way, we consider a two-flavor
neutrino oscillation approximation with matter NSIs in the v,~v, sector (see section [IIDI),
since v, <+ v, oscillations are important for atmospheric neutrinos. In this case, the first
row and first column in equation (I9) are cancelled, which effectively means that the NSI
parameters that couple to v, are set to zero, i.e. €., = 0, where o = e, i, 7. In addition,
the parameters Am3,, 01> and 6,3 are not important, leading to a two-flavor approximation
that only includes the parameters Am? = Am%l, 0 = Oa3, €pp, €pr = €-4d and ;. In this
approximation, which has been named the two-flavor hybrid model, the two-flavor neutrino

evolution equation reads

d [v _ 1 U 0 0 Ut 1A L+eu €ur v,

i— (45)
dL VT 2E O Am2 6,u,T 57’7’ VT

Using equation (43), defining € = ¢, and ¢’ = ¢, — ¢, and assuming that neutrinos have

NSIs with d-quarks only |72, [111], we obtain the two-flavor v, survival probability [4, [112]

2
P(v, = v, L) =1-P(v, = vy; L) = 1 — sin?(20) sin® <AZ;LR> ; (46)

where the quantities © and R are given by

sin?(20) = % [sin®(20) + Rj sin®(2€) 4+ 2Ry sin(26) sin(2¢)] | (47)
R= \/1 + R% + 2Ry [cos(20) cos(2€) + sin(26) sin(2€)] (48)

with the two auxiliary parameters

AE | £
p— —_— 2
Ry = V2GgN, AD le|? + T (49)

&= %arctan (§) . (50)

5/

8 Note that the assumption that the off-diagonal NSI parameters are real is not generic.
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FIG. 7. Allowed parameter regions for sin?(2653) and Am3, using the two-flavor hybrid model (solid
curves) and standard two-flavor neutrino oscillations (dashed curves). The undisplayed parameters
e and ¢ have been integrated out. This figure has been adopted from [4]. Copyright (2011) by

The American Physical Society.

Now, using the two-flavor hybrid model together with atmospheric neutrino data from the
Super-Kamiokande I (1996-2001) and II (2003-2005) experiments, the Super-Kamiokande
collaboration has obtained the following results at 90% confidence level (C.L.) [4]

leur] < 0.033 and e, —e,,] < 0.147

and the allowed parameter regions for sin?(26,3) and Am2, ~ Am2, with and without NSIs
are shown in figure [l. In principle, there are no significant differences between the allowed
parameters regions with NSIs and the ones without NSI. In general, the introduction
of NSIs enlarges the parameter space and enhances possible entanglements between the
fundamental neutrino parameters and the NSI parameters, but since the difference between
the two minimum y?*-function values (with and without NSIs) is small in the analysis of
the Super-Kamiokande collaboration, no significant contribution from NSIs to ordinary two-

flavor neutrino oscillations is found [4]. Of course, this analysis can be extended to a similar

9 Tt should be noted that the Super-Kamiokande (SK) collaboration uses a different convention for the NSI

%sag, due to the usage of the fermion number density Ny = Ng >~ 3N, [4, (72, [111]

0 ~SK —
parameters, 1.e. €af =
instead of the electron number density N, in equations (45]) and (@3)), which means that the upper bounds

in [4] have to be multiplied by a factor of 3.
10 Although there are no significant differences, the inclusion of NSIs in the analysis changes slightly the

allowed parameter regions for the leptonic mixin%%ngle and the neutrino mass-squared difference.



analysis with a three-flavor hybrid model also taking into account the NSI parameters ¢, and
€er, Which, however, leads to no significant changes for the allowed values of the parameter
regions compared to the two-flavor hybrid model. It should be noted that the atmospheric
neutrino data have no possibility to constrain the NSI parameter e, [115] and the other
NSI parameter &, is related to both ., and e,, via the expression &,, ~ |g¢[2/(1 + €ee)?
[4, 113, 115], which leads to an energy-independent parabola in the NSI parameter space
spanned by €., and e, for a fixed value of .. and values of NSI parameters on this parabola
cannot be ruled out. The reason why atmospheric neutrinos cannot constrain e.. is that if
€er 1s equal to zero, then the matter eigenstates are equivalent to the vacuum eigenstates [4].
Therefore, the matter eigenvalues are independent of .. and the three-flavor model reduces
to two-flavor v, <+ v, oscillations in matter and NSIs including €., only (see equation (GIl)—
(54)). In conclusion, the Super-Kamiokande collaboration has found no evidence for matter

NSIs in its atmospheric neutrino data.

B. Accelerator neutrino experiments

Studies of previous, present and future setups of accelerator neutrino oscillation experi-
ments including matter NSIs have been thoroughly investigated in the literature, especially
setups with long-baselines belong to these studies. Such studies include searches for matter
NSIs with the K2K experiment [115], the MINOS experiment [98, [117, [119-122], the MI-
NOS and T2K experiments [123] and the OPERA experiment [124-126], as well as sensitivity
analyses of the NOVA experiment [127] and the T2K and T2KK experiments [128-130]. The
prospects for detecting NSIs at the MiniBooNE experiment, which has a shorter baseline,
has been investigated too [131), 132]. There are also studies that are more general in char-
acter [34, (118, 133]. In addition, the MINOS experiment has recently presented the results
of a search for matter NSI in form of a poster at the ‘Neutrino 2012’ conference in Kyoto,
Japan [3].

Using three-flavor neutrino oscillations with matter NSIs for accelerator neutrinos, we will
present the important NSI parameters and flavor transition probabilities for two experiments,
which are (i) the MINOS experiment with baseline length L ~ 735 km (from Fermilab in
Mlinois, USA to Soudan mine in Minnesota, USA) and neutrino energy F in the interval

(1 —6) GeV and (ii) the OPERA experiment with baseline length L ~ 732 km (from
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CERN in Geneva, Switzerland to LNGS in Gran Sasso, Italy) and average neutrino energy
E ~ 17 GeV. Note that the baseline lengths of the two experiments are nearly the same,
but there is a difference in the neutrino energy, which is about one order of magnitude.
First, in the case of the MINOS experiment, the important NSI parameters are €., and €.,
(see equation (I9)) and the interesting transition probability is the v, survival probability

(or equivalently the v, disappearance probability), which to leading order is given by [121]

- Am?
P(v, — v,; L) =~ 1 — sin?(203) sin < 4”;31 L) , (51)

where three-flavor effects due to Am2, and ;3 have been neglected, and the effective para-

meters are
Am2, = Am3 &, (52)
sin?(20,3) = %73923) (53)
with
£ = \/[AETT + cos(20s3) i + sin®(2643) . (54)

Note that in equations (52)—(54]) we have used the NSI parameter ., as a perturbation and
the formulae should hold if |e.,|?A%L?/(4E?) < 1 or, in the case of the MINOS experiment,
if |e.r|] < 5.8 [121]. In addition, note that equations (BI)—(54]) are two-flavor neutrino
oscillation formulae, which have been derived assuming Am3; = 0 and 6,3 = 0. Therefore,
using equations (23])—(31]), which are three-flavor approximate mappings for small parameters
a, s13 and €44, it is not directly possible to use them to derive equations (52))-(54). Instead
the results will be three-flavor approximations corresponding to the two-flavor formulae given
in equations (52)—(54)). Furthermore, it is possible to show the effective three-flavor mixing

matrix element U, is given by
Uy ~ Uy + Ae,. cos(fa3) , (55)

which means that there could be a degeneracy between the mixing angle 63 and the NSI
parameter ., |[121]. Now, since the mixing angle ;3 has been measured [134-137], the
MINOS experiment can put a limit on |e.,| [121]. In fact, using data from the MINOS and
T2K experiments, the bound |e..| < 1.3 at 90% C.L. has been set [123]. In addition to the

above discussion for the MINOS experiment, it has recently been argued in the literature
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that it should be possible to study the NSI parameter €,, using the MINOS experiment too
1117, 1119, 1122]. In this case (assuming fo3 = 45°), the v, survival probability becomes [119]

P(v, — v, L) ~ 1 — sin? <' Ai’;%l - 5m%‘ L) . (56)
Note that the amplitude of the second term is equal to 1, since 63 = 45° (maximal mixing)
has been assumed, see [119] for details. Now, using a model based on the v, survival
probability in equation (B@) together with data from the MINOS experiment, the MINOS
collaboration has obtained the following result for the matter NSI parameter ¢,, at 90%

C.L. [5]
—0.200 < &,, < 0.070,

which means that MINOS has found no evidence for matter NSIs in its neutrino data, at
least not a non-zero value for the matter NSI parameter ¢,,,.

Second, in the case of the OPERA experiment, the important NSI parameter is €,
(see equation (I))) due to the relatively short baseline length and the interesting transition
probability is the appearance probability for oscillations of v, into v,, which is given by [126]
2

Am?’,l . A 2 3
15 +€Mﬁ L*+O(L), (57)

Py, = v L) = C%s sin(26,3)

where it has been assumed that the small mass-squared difference Am3;, = 0. Thus, there
exists a degeneracy between the fundamental neutrino oscillation parameters and the NSI
parameter €,,-. Note that it has been shown that the OPERA experiment is not very sensitive

to the NSI parameters e., and €., [125].

C. Reactor neutrino experiments

To my knowledge, NSIs in reactor neutrino experiments have only been discussed in
[84,195, [138]. Below, we will summarize these three works.

First, in [84], a combined study on the performance of reactor and superbeam neutrino
experiments in the presence of NSIs is presented. Indeed, in this work, the authors argue
that reactor and superbeam data can be used to establish the presence of NSIs.

Second, in [95], NSIs at reactor neutrino experiments only were studied. In figure §]
mappings among the effective mixing angle 03, the fundamental mixing angle 613 and the

NSI parameters €,4 are plotted. Without loss of generality, it is assumed that |¢| = |e.,| =
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FIG. 8. Mappings among 613, 015 and NSI parameters €qas- In the left plot, the gray-shaded areas
correspond to the indicated upper bounds on 6’~13, whereas in the right plot, the gray-shaded areas
represent |¢| < 0.05 (light gray), || < 0.01 (middle gray@and le] < 0.001 (dark gray), respectively.

]

This figure has been reproduced with permission from

|eer|. Such plots could be important for the analyses of, for example, the Daya Bay, Double
Chooz and RENO experiments. It was found that (i) 613 < 14°, which is larger than the
former CHOOZ bound that is about 10° and also larger than the recently measured values
of the mixing angle #;3 and (ii) inspite of a very small 6;3, a sizable effective mixing angle
can be achieved due to mimicking effects [95]. In principle, this means that the measured

value for the mixing angle 63 ~ 9° by the Daya Bay, Double Chooz and RENO experiments

[134-137] could be a combination of the fundamental value for #;3 (which should be smaller

than the effective measured value) and effects of NSI parameters.

Third, in [138], NSIs at the Daya Bay experiment were studied. The authors of this

work show that, under certain conditions, only three years of running of the Daya Bay
experiment might be sufficient to provide a hint on production and detection NSIs. Thus, in
future analyses of data from the Daya Bay experiment, it will be important to disentangle
effects of NSI parameters on the mixing angle 63 as well as the large neutrino mass-squared
difference Am3,. In figure [ the effects of NSIs on 613 and Am3, ~ Am3, are shown for
Daya Bay after three years of running. We observe that production and detection NSIs give
rise to a larger value of the effective leptonic mixing angle 613 and a smaller value of the

effective large mass-square difference Am3,. For example, turning on the NSI parameters
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FIG. 9. Effects of NSIs on 613 and Am%Q for the Daya Bay experiment after three years of
running. The symbol ‘x’ denotes the assumed ‘true’ values of the standard neutrino oscillations
parameters, whereas the symbol ‘+’ denotes the situation with production and detection NSIs
included (|e| = 0.02). The three curves show the x? levels around the best-fit point ‘+’, respectively,
where x? = 20 (thick, inner curve), x? = 40 (middle curve) and x? = 60 (thin, outer curve). The
gray-shaded areas depict the ‘pull’ by the large mass-squared difference Am3, departing from its
‘true’ value, where the dark/light boundary encloses Am3, = (2.45 + 0.09) x 1073 eV? and the
light/white boundary encloses Am2, = (2.45 £ 0.18) x 1072 eV2. This figure has been reproduced

with permission from [138§].

S

5. = 1ed | = 0.02 (a = p,7), the value of sin?(26;3) is shifted from 0.1 to 0.105,
whereas the value of Am2, is changed from 2.45- 1073 eV? to 2.2 - 1073 eV>.

el = e

D. Neutrino Factory

Due to the large sensitivity at a future neutrino factory for small parameters such as
NSI parameters, there exist a vast amount of investigations for different neutrino factory
setups in connection to NSIs [67, 182, 187, 101, [103, [108, 114, [139-146]. In this section,
we will present most of these investigations and what their general conclusions for NSIs

at a future neutrino factory are. Several investigations have discussed the sensitivity and
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discovery reach of a neutrino factory in probing NSIs [114, 139142, 146]. For example, it has
been suggested that (i) a 100 GeV neutrino factory could probe flavor-changing neutrino
interactions of the order of || < 107* at 99% C.L. [114], (ii) there is an entanglement
between the mixing angle #,35 and NSI parameter, which would be solved in the best way
by using the appearance channel v, — v, [139, 140], (iii) there are degeneracies between
CP violation and NSI parameters [145, 146], (iv) a neutrino factory has excellent prospects
in detecting NSIs originating from new physics at the TeV scale [141] and (v) off-diagonal
NSI parameters could be tested down to the order of 1073, whereas diagonal NSI parameter
combinations such as .. — €, and €, — -~ could only be tested down to 10~! and 1072,
respectively [146]. Furthermore, there are studies on the optimization of a neutrino factory
with respect to NSI parameters, especially for €, and €., [143], as well as the impact of near
detectors (with v, detection) at a neutrino factory on NSIs [144]. In addition, it has been
pointed out that the generation of matter NSIs might give rise to production and detection
NSIs at a neutrino factory [101]. On the more theoretical side, some investigations of NSIs
stemming from different models have been carried out. For example, NSIs from a triplet
seesaw model |103] or the Zee-Babu model [108] have been investigated. At a neutrino
factory, NSIs from the triplet seesaw model could lead to quite significant signals of lepton
flavor violating decays, whereas production NSIs from the Zee-Babu model might be at
an observable level in the v, — v, and/or v, — v, channels. Finally, it has been pointed
out that NSIs and non-unitarity might phenomenologically lead to very similar effects for a

neutrino factory, although for completely different reasons [87].

E. NSI effects on solar and supernova neutrino oscillations

In addition to studies on NSIs with atmospheric and man-made sources of neutrinos,
there exist some investigations of NSI effects on solar and supernova neutrino oscillations
[73, 147-159]. First, we focus on NSIs with solar neutrinos, and then, we discuss NSIs with
supernova neutrinos.

In the case of solar neutrinos, an analysis of data from the Super-Kamiokande and SNO

experiments was performed to investigate the sensitivity of NSIs [147]. Furthermore, it has

1 This could be excluded due to the non-zero and quite large value for the mixing angle 613 found by the

Daya Bay, Double Chooz and RENO collaborations [134-131].

30



been suggested that the Borexino experiment can provide signatures for NSIs [147], and its
data can also be used to place constraints on NSIs [154]. The LENA proposal has also been
illustrated as a probe for NSIs [153]. In addition, non-universal flavor-conserving couplings
with electrons, flavor-changing interactions and NSIs in general can affect the phenomeno-

logy of solar neutrinos |73, [148-152].

In the case of supernova neutrinos, a three-flavor analysis for the possibility of probing
NSIs, using neutrinos from a galactic supernova that propagate in the supernova envelope,
has been performed [155]. Furthermore, the interplay between collective effects and NSIs for
supernova neutrinos has been investigated [156-158]. Finally, a study on NSIs similar to [151]

for solar neutrinos has been presented for supernova neutrinos by the same authors [159].

In addition to NSIs with solar and supernova neutrinos, other studies on NSIs with
astrophysics have been carried out. For example, in [160], the authors investigate production

and detection NSIs of high-energy neutrinos at neutrino telescopes, using neutrino flux ratios.

VI. PHENOMENOLOGICAL BOUNDS ON NSIS

As discussed above, there are basically two neutrino experiments that have put di-
rect bounds on NSI parameters—the Super-Kamiokande and MINOS experiments (see sec-
tions [V'Al and [V B]). However, there exist also some phenomenological works that have used
different sets of data to find direct bounds on NSI parameters. Below, we will present direct
bounds on both (i) matter NSIs and (ii) production and detection NSIs from such works.
In addition, we will discuss bounds on NSIs in neutrino cross-sections as well as bounds on

NSIs using accelerators.

A. Direct bounds on matter NSIs

In a work by Davidson et al [82], bounds on matter NSI parameters using experiments
with neutrinos and charged leptons (which are the LSND [161], CHARM [162], CHARM II
[163] and NuTeV [164] experiments as well as data from LEP II [81]) have been derived for
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the realistic scenario with three flavors [82, [142, [165]

0.9 < e < 0.75 el $38-1071  |e.,| < 0.25
—0.05 < £,, < 0.08 || < 0.25
lerr| < 0.4

We observe that the bounds range from 107 to 1 for the different matter NSI parameters.
Note that the bounds presented in this analysis are obtained using loop effects. How-
ever, it turns out that bounds coming from loop effects (i.e. one-loop level contributions to
the four-charged-lepton interactions at tree level) are generally not applicable, since such
bounds will be model dependent [166]. Thus, in order to obtain non-ambiguous bounds, a
gauge-invariant realization of the NSIs must be used. Therefore, in [166], Biggio et al have
performed a new analysis. The result of this analysis is that the model-independent bound
for the NSI parameter ., increases by a factor of 10%. It should be noted that one-loop

effects on NSIs have also been studied in [167]. Now, in [16§], using bounds on NSI pa-

fC

rameters from [82, 149, 169, [170], but disregarding the loop bound on the parameter el

bounds on the effective matter NSI parameters have been estimated by Biggio, Blennow
and Fernandez-Martinez. Approximately, the bounds on the e,5’s given in equation (18]

are found to be

5, ¢z + (322)" + (3:19)°) (58)
e \/Z + (2226)" + (<19)°]. (59)

where Efﬁ are the bounds for neutral Earth-like matter (with an equal number of proton

and neutrons) and ESB are the bounds for neutral solar-like matter (consisting mostly of
protons and electrons). Thus, the model-independent bounds on the matter NSI parameters

are given by
leee] < 4.2 Jecu| <0.33  |eer| < 3.0
el < 0.068 |e,,| <033 | (Earth),
leqr| <21

l€ee] < 2.5 Jeeu| <021 e | < 1.7
leuu| < 0.046 |, <0.21 (solar) ,

lerr] < 9.0
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which, except for the matter NSI parameters €,, and €,, in neutral solar-like matter, are
larger than the too stringent bounds found by Davidson et al [82], and ranging between 1072

and 10, i.e. they are one or two orders of magnitude larger than the previous bounds.

B. Direct bounds on production and detection NSIs

Finally, in |[168], the authors have also derived model-independent bounds on production
and detection NSIs. The most stringent bounds for charged-current-like NSI parameters for

terrestrial experiments are the following

|| < 0.025 |29 < 0.030 [ere| < 0.030
et < 0.025 [k | < 0.030 |ek2| < 0.030 |
ek < 0.025 || < 0.030 |e#¢| < 0.030

e o T
%] < 0.041 e8] < 0.025  [e24] < 0.041
1.8-107¢
ERS evd] < 0.078  [e"] < 0.013
0.026 :
0.087 0.013
leve] < el < |eve] < 0.13
0.018

where, whenever two values are presented, the upper value refers to left-handed NSI pa-
rameters (i.e. €44") and the lower one to right-handed NST parameters (i.e. £44%), otherwise
the value refers to both left- and right-handed NSI parameters (i.e. EZGBC or 55730, where

C = L, R). All these bounds are basically of the order of 1072.

C. Bounds on NSIs in neutrino cross-sections

In this section, NSIs in neutrino cross-sections will be investigated in detail. Neutrino
NSIs with either electrons or first generation quarks can be constrained by low-energy scat-
tering data. In general, one finds that bounds are stringent for muon neutrino interactions,
loose for electron neutrino interactions, and in principle, do not exist for tau neutrino inter-
actions. Note that in the present overview of the upper bounds on the NSI parameters, the

results from Biggio, Blennow and Ferndndez-Martinez [168] have not been included.
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The best measurement on electron neutrino—electron scattering comes from the LSND

experiment that found the cross-section of this process to be [161]

2
E
o (vee = ve) — [L17 4 0.13 (stat.) % 0.12 (syst.)] ZE"eEr

G2 eEl/
- (1.17io.17)%, (60)

where m, is the electron mass and F, is the neutrino energy, which should be compared

with the SM cross-section [161]

2G%2m.E, . 1, .
ol = velloy = I (1 g 4 3 (a5
1 ]_6 G2 eEV G2 EEI/
=3 (1 + dsin® Oy + = sin’ 9W> TrMey g 10487 (61)
™ s
where we have used the SM couplings of Z bosons and electrons ¢f = —% + sin? Oy ~

—0.2688 and g% = sin? Ay ~ 0.2312 with sin? @y, = 0.2311640.00012 being the weak-mixing
angle (or the Weinberg angle) [10]. However, including electroweak radiative correction
we obtain ¢¢ ~ —0.2718 and g% =~ 0.2326, which means that equation (GI) changes to
o(vee — ve)|gy =~ 1.0967GEm.E, /7 [82]. Including NSIs, the expression for this cross-
section becomes [82, [172]

2G%m.E,
T

1 1
_ e el\2 el |2 e eR\2 eR |2
0'(1/66—)1/6)— (1+gL+€ee) +Z|5ae| +§(gR+€ee) +§Z|Eae ] .

a#e a#e
(62)
Using the LSND data and the NSI cross-section for electron neutrino—electron scattering,

we obtain 90% C.L. bounds on the NSI parameters (note that only one NSI parameter at a

time is considered) [82]
—0.07 <L <011, —-1<ef<05
for flavor-conserving diagonal NSI parameters and
le¢t| < 0.4, | < 0.7

for flavor-changing NSI parameters. Considering both left- and right-handed diagonal NSIs,

i.e. two NSI parameters simultaneously, a 90% C.L. region between two ellipses is obtained

1
0.445 < (0.7282 + °L)? + g(0.2326 + &R < 0.725,

12 For an outline how the radiative corrections for electron neutrino—electron scattering can be computed,

see appendix A in [171].

34



1 TTTT [T TT T[T T T T[T TT T[T T T T T T T T T T TT ] TTTT

0.5

eL
e

-0.5

-15

_2 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2 -15 -1 05 0 05 1 15

eR
gee

N

FIG. 10. Bounds on flavor-conserving NSIs of v.e scattering from the LSND experiment. The area
between the two ellipses is the allowed 90% C.L. region. This figure has been reproduced with

permission from [82].

which is shown in figure [0l In an updated phenomenological analysis [172] of data on elec-
tron neutrino—electron scattering including NSIs, more restrictive allowed 90% C.L. bounds
on the NSI parameters €2 and €<% have been found (considering both parameters simulta-

neously)

—0.02 < ef < 0.09, —0.11 <eF <0.05.

However, note that the bounds on the two NSI parameters % and % in [82] were derived
considering only one NSI parameter at a time, whereas the corresponding bounds in [172]
were found considering both parameters simultaneously. Therefore, the two sets of bounds
are not directly comparable. In fact, it might be more reasonable to compare the bounds in

[172] with the region between the two ellipses presented in figure [0l

Then, we turn our attention to electron neutrino—quark scattering. The CHARM collab-

oration [162] has measured the ratio between cross-sections and found

o(VeN = vX) 4+ o(UN — vX) e e
= = (41 ©)? = 0.406 £ 0.140 .
B = NS eX) T o(mN S ax) ~ W)+ (3k) = 04064 0.140 (63)
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Including NSIs, the quantities g7 and g% can be expressed as

(§z> gL + Eee + Z ‘€UL ? gL + gee _'_ Z ‘gdL ? (64>
ae aFe

(35)° = (gh + €82 + > b + (g + €22 + ) [af]?. (65)
a#e a#e

Using the CHARM data, we obtain 90% C.L. bounds on the NSI parameters (only one NSI

parameter at a time) [82]
—1<el <03, —03<e <03, —04<e®<07, —06<ec<05
for flavor-conserving NSIs and
€9l < 0.5, g=wu,d and C=L,R

for flavor-changing NSIs. Again, considering all four NSI parameters simultaneously, a

90% C.L. region is obtained
0.176 < (0.3493 + L)% + (—0.4269 + €X)? 4 (—0.1551 + ) + (0.0775 + £%)? < 0.636,

which describes two four-dimensional ellipsoids. In this case, note that the allowed

dL EuR

ee) ee

90% C.L. region for the NSI parameters €'/, ¢ and €% is the four-dimensional

space between the two ellipsoids.

Next, for muon neutrino—electron scattering, the CHARM II collaboration [163] has mea-
sured gy = —0.035£0.017 and ¢4 = —0.503£0.017, which translate into g7 = —0.269+0.017
and g% = 0.234 £ 0.017. Using these values, one can compute 90% C.L. bounds on the NSI

parameters (only one NSI parameter at a time) [82]
—0.025 < &5l < 0.03, —0.027 < &5 < 0.03
for flavor diagonal NSIs and
e <01, C=L,R

for flavor-changing NSIs. Furthermore, the NuTeV collaboration [164] has measured (g7)? =
0.3005 & 0.0014 and (g%)? = 0.0310 £ 0.0011 that appear in ratios of cross-sections for
neutrino—nucleon (muon neutrino—quark) scattering processes. Using these values, we obtain
(only one NSI parameter at a time) [82)]

—0.009 < et < —0.003, 0.002 < e < 0.008,

—0.008 < et < 0.003, —0.008 < el < 0.015
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FIG. 11. Bounds on flavor-conserving NSIs of v,q scattering from the NuTeV experiment. This

figure has been reproduced with permission from [82].

for flavor diagonal NSIs and
2% < 0.05, ¢=u,d

for flavor-changing NSIs. Similarly, the 90% C.L. regions using two NSI parameters simul-
taneously are presented in figure [LTl

Finally, we investigate NSIs for the e"e™ — vy cross-section at LEP I1. The 90% C.L. bounds
on flavor diagonal NSIs are given by [81]

—06<et <04, —04<e<06,
whereas for flavor-changing NSIs
el <04, C=LR, a=7, B=eupn.
Also, for the NSI parameters e and ¢, there exists an update [172] of the 90% C.L. bounds

—0.51 < et <034, —0.35 < <0.50.

In conclusion, using neutrino cross-section measurements for the determination of upper

bounds on NSIs, the only non-zero parameters obtained are 5% and 5%. Therefore, for
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future analyses, new data on neutrino cross-sections would be valuable. In fact, there exist
several experiments that will provide improved measurements on neutrino cross-sections in
the future. For example, the ArgoNeuT [173], MINERvA |174], MiniBooNE/SciBooNE
[175], MINOS [176] and T2K [177] experiments have already delivered data. In addition,
there is an interesting proposed future experiment called nuSTORM [178], which could
perform precision neutrino cross-section measurements that will be important for future

long-baseline neutrino oscillation experiments.

D. Bounds on NSIs using accelerators

An interesting alternative option to neutrino experiments is to use data from accelerators
to study NSIs, and especially, bounds on NSIs. Examples of accelerators that can be used
are the LEP collider (1989-2000), the Tevatron (1987-2011) and the LHC (2009—present).
Basically, this option would mean a potential interplay between neutrino experiments and
accelerators, and the topical importance of the LHC should, of course, be used in connection
to neutrino physics.

First, in [179, [180], the authors have explored the alternative option to study NSIs by
bringing into play collider data. Indeed, searching for so-called dimension-6 contact in-

teractions in the channels ete™ — efe , utp=, 7"

77,4q (where ¢ = u,d, s,c,b), the data
from LEP II provides bounds on these interactions [181, [182], which in turn can be used
to set bounds on NSIs of the order of ¢ < (1072 — 1073) at /s ~ 200 GeV. Furthermore,
if NSIs are contact interactions at LHC energies, such contact interactions would induce
qq — WFTW=¢fe; and the LHC should have a sensitivity reach for NSIs of the order of
£ > 3x107% at /s = 14 TeV and with 100 fb~' of data. Second, assuming the NSIs
remain contact at LHC energies and using monojet plus missing transverse-energy data for
the processes q¢ — Uavgj (where j = g, ¢, q) to probe NSIs, bounds on the NSI parameters
£1¢ 1€ and €29 (¢ = u,d and C' = L, R) have been derived [183], which are of the order of
£ < (0.1 —1)at /s =7TeV, using 1 fb~" data from the ATLAS experiment [184] at the
LHC. Note that the ATLAS data are already superior to the data from the CDF experiment
at the Tevatron. In addition, using 4.98 fb™' data from the CMS experiment [185] at the
LHC, bounds on NSI parameters induced by qg — WW~(;{; are also found to be of the

order of ¢ < (0.1 —1) at /s =7 TeV [183].

38



With the advent of the new data from the LHC (2009-2012), it would be interesting to
search for signals of NSIs in these data. So far, no evidence for physics beyond the SM have
been observed at the LHC. Therefore, I urge the ATLAS and CMS collaborations at the LHC
as well as phenomenologists to investigate NSIs as signals for new physics. Especially, using
the results of the phenomenological analyses |179, 180, [183], the processes (i) pp — jTavs
(where j = g, ¢,q) and (ii) pp — WTW {7 {5 look promising to search for NSIs at the LHC.

VII. OUTLOOK FOR NSIS

[ am sure that more investigations on NSIs will be conducted in the future, both theo-
retical and experimental ones. In addition, I believe that a future neutrino factor would
be the most plausible experiment to find signatures of NSIs (see the detailed discussion in
section [VDI), but perhaps also the LHC will shed some light (see section [VIDI). The power
of a neutrino factory is that it may have a sensitivity and discovery reach for the NSI pa-
rameters. Concerning existing and running neutrino oscillation experiments, the discussed
experiments in section [V] probably belong to the ones that could obtain hints on NSIs. To
repeat, such experiments are the Super-Kamiokande, MINOS, T2K and the reactor neutrino
experiments. However, it is rather unlikely that they will be sensitive to NSIs, and they
certainly lack any discovery reach. Considering future conventional neutrino experiments, a
near detector (that can measure taus) placed close to ordinary man-made neutrino sources
would be a feasible setup to observe production and detection NSIs. Future long-baseline
experiments should possibly be designed to be able to probe NSIs. Finally, an interesting
new option is to perform neutrino oscillation experiments with the ESS that is planned to be
built in Sweden, and such experiments might have sensitivities to NSIs, but need to be in-
vestigated in detail. In order to summarize this outlook, the most promising experiments to
search for NSIs are (i) a future neutrino factory, (ii) the LHC and (iii) various long-baseline

experiments.

13 Note that an interesting and important question is if a neutrino factory is going to be built or not, given

a non-zero and quite large value for the mixing angle 3.
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VIII. SUMMARY AND CONCLUSIONS

In summary of this review, we have discussed NSIs as sub-leading effects to the standard
paradigm for neutrino flavor transitions based on the phenomenon of neutrino oscillations. In
particular, we have presented both (i) production and detection NSIs including the so-called
zero-distance effect as well as (ii) matter NSIs. In the case of matter NSIs, we have given
approximate analytical model-independent mappings between effective neutrino masses and
leptonic mixing angles and the fundamental neutrino mass-squared differences and leptonic
mixing parameters. In addition, we have studied approximate two-flavor formulae for neu-
trino flavor transitions. Furthermore, we have presented some different theoretical models for
NSIs such as a seesaw model and the Zee-Babu model, and investigated the phenomenology
of NSIs in general. In particular, we have displayed the experimental results of upper bounds
on NSIs from the analyses of the Super-Kamiokande (|e,,| < 0.033, [e;; —¢€,,| < 0.147) and
MINOS (—0.200 < €, < 0.070) collaborations, which both mean that no evidence for
matter NSIs has been found. Moreover, we have indicated the sensitivities of NSIs for ac-
celerators, a future neutrino factory and the reactor neutrino experiment Daya Bay. For
example, mimicking effects induced by NSIs could play a very important role in reactor
neutrino experiments, especially for the mixing angle ;3. In fact, the fundamental value
for 613 could be smaller than the measured value due to an interplay with NSIs. Finally, we
have presented phenomenological upper bounds on NSIs. In the case of matter NSIs, former
results gave bounds ranging from 10™* to 1, whereas latter results yielded bounds between
10=2 and 10. In the case of production and detection NSIs for terrestrial experiments, there
are bounds of the order from 107% to 0.1. In addition, we have given bounds for NSIs using
data from neutrino cross-section measurements. Indeed, low-energy neutrino scattering ex-
periments measuring neutrino cross-sections can be used to set bounds on NSI parameters.
In conclusion, we have shortly discussed an outlook for the future sensitivity and discovery
reach of NSIs, which could be responsible for neutrino flavor transitions on a sub-leading
level. Especially, the LHC, a future neutrino factory and long-baseline experiments could

open a new window towards determining the possible NSIs.
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Appendix A: Abbreviations

General abbreviations

CERN European Organization for Nuclear Research, Geneva, Switzerland (see section [V B])

C.L. confidence level

CP charge parity

ESS European Spallation Source, Lund, Sweden (see section [VII))

Fermilab Fermi National Accelerator Laboratory, Batavia, Illinois, USA (see section [V BJ)

GUT Grand Unified Theory

LEP Large Electron-Positron collider @ CERN (see section [VID])

LHC Large Hadron Collider @ CERN (see section [I)

LNGS Laboratori Nazionali del Gran Sasso, Gran Sasso, Italy (see section [VID])

MSW Mikheyev—Smirnov—Wolfenstein

NSI non-standard neutrino interaction

SM Standard Model

FExperiments

ATLAS A Toroidal LHC ApparatuS (see section [VID))

Borexino The name Borexino is an Italian diminutive of BOREX (Boron solar neutrino experiment)
(see section [V )

CHARM CERN-Hamburg-Amsterdam-Rome-Moscow (see section [VTC)

ICARUS Imaging Cosmic And Rare Underground Signals (see section [I])

K2K KEK (High Energy Accelerator Research Organization) to Kamioka (see section [I)

KamLAND Kamioka Liquid scintillator AntiNeutrino Detector (see section [I])

KATRIN KArlsruhe TRItium Neutrino (see section [I)

LENA Low Energy Neutrino Astronomy (see section [V

LSND Liquid Scintillator Neutrino Detector (see section [VICl)

MiniBooNE Mini Booster Neutrino Experiment (see section [I])

MINOS Main Injector Neutrino Oscillation Search (see section [I)

NOvA NuMI Off-Axis v. Appearance (see section [I)

NuTeV Neutrinos at the Tevatron (see section [VIC)

OPERA Oscillations Project with Emulsion-tRacking Apparatus (see section [I)

RENO Reactor Experiment for Neutrino Oscillations (see section [I)

SNO Sudbury Neutrino Observatory (see section [I])

Super-Kamiokande Super-Kamioka Neutrino Detection Experiment (see section [I])

T2K Tokai to Kamioka (see section [I])
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