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ABSTRACT: The simplest Standard Model extension to explain neutrino masses involves
the addition of right-handed neutrinos. At some level, this extension will impact neutrino
oscillation searches. In this work we explore the differences and similarities between the
case in which these neutrinos are kinematically accessible (sterile neutrinos) or not (mixing
matrix non-unitarity). We clarify apparent inconsistencies in the present literature when
using different parametrizations to describe these effects and recast both limits in the
popular neutrino non-standard interaction (NSI) formalism. We find that, in the limit
in which sterile oscillations are averaged out at the near detector, their effects at the far
detector coincide with non-unitarity at leading order, even in presence of a matter potential.
We also summarize the present bounds existing in both limits and compare them with the
expected sensitivities of near-future facilities taking the DUNE proposal as a benchmark.
We conclude that non-unitarity effects are too constrained to impact present or near future
neutrino oscillation facilities but that sterile neutrinos can play an important role at long
baseline experiments. The role of the near detector is also discussed in detail.

KEYWORDS: Beyond Standard Model, Neutrino Physics
ARrRX1v EPRINT: 1609.08637

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP04(2017)153


mailto:emb@kth.se
mailto:pcoloma@fnal.gov
mailto:enrique.fernandez-martinez@uam.es
mailto:josu.hernandez@uam.es
mailto:jacobo.lopez.pavon@cern.ch
https://arxiv.org/abs/1609.08637
http://dx.doi.org/10.1007/JHEP04(2017)153

Contents

1 Introduction 1
2 Non-unitarity and sterile neutrino phenomenology comparison 2

2.1 Non-unitarity case 2

2.2 Sterile neutrino case 3
3 Parametrizations 5
4 NSI 9
5 Present constraints on deviations from unitarity 10
6 DUNE sensitivities 11
7 Conclusions 17
A Current constraints on sterile neutrinos 19

1 Introduction

The simplest extension of the Standard Model (SM) of particle physics able to account
for the evidence for neutrino masses and mixings is the addition of right-handed neutrinos
to its particle content. A Majorana mass term for these new singlet fermions is then
allowed by all symmetries of the Lagrangian. This new mass scale at which lepton number
is violated could provide a mechanism to also explain the origin of the observed matter-
antimatter asymmetry of the Universe [1] and is a necessary missing piece to solve the
mysterious flavour puzzle. However, given that this new mass scale is not related to the
electroweak symmetry breaking mechanism, there is no theoretical guidance for its value.
A large Majorana scale leads to the celebrated seesaw mechanism [2-5], providing a very
natural explanation of the lightness of neutrino masses. On the other hand, it also leads
to unnaturally large contributions to the Higgs mass, worsening the hierarchy problem [6].
Conversely, a light neutrino mass could also naturally stem from a symmetry argument [7—
13]. Indeed, neutrino masses are protected by the lepton number symmetry and, if this
is an approximate symmetry of the theory, a large hierarchy of scales is not required to
naturally accommodate the lightness of neutrinos. Thus, the value of this scale of new
physics can only be probed experimentally and, depending on its value, very different and
interesting phenomenology would be induced in different observables.

In this work we analyze the phenomenological impact of these new physics in neutrino
oscillation facilities. If the new mass scale is kinematically accessible in meson decays,



the sterile states will be produced in the neutrino beam. On the other hand, if the extra
neutrinos are too heavy to be produced, the effective three by three PMNS matrix will show
unitarity deviations. We will refer to these situations as sterile and non-unitary neutrino
oscillations, respectively. The aim of this work is to discuss in which limits these two
regimes lead to the same impact on the oscillation probabilities, and reconcile apparently
inconsistent results in previous literature.

This work is organized as follows. In section 2 we will compare the non-unitarity
and sterile neutrino phenomenology and discuss in which cases both limits are equivalent.
In section 3 we will present and solve the apparent inconsistency present in the literature
studying non-unitarity effects in different parametrizations, and provide a mapping between
the two. In section 4 we will recast both scenarios using the popular NSI parametrization.
The existing bounds, applicable in both regimes, from present observables are summarized
in section 5. Finally, in section 6 we present the sensitivity of the prospective Deep Under-
ground Neutrino Experiment (DUNE) to these effects, and our conclusions are summarized

in section 7.

2 Non-unitarity and sterile neutrino phenomenology comparison

In this section we will show how, under certain conditions, the phenomenology of non-
unitarity and sterile neutrino oscillations are equivalent to leading order in the active-
heavy mixing parameters, not only in vacuum but also in matter. If n extra right-handed
neutrinos are added to the SM Lagrangian, the full mixing matrix (including both light

N ©
- (39). o

where N represents the 3 x 3 active-light sub-block (i.e., the PMNS matrix), which will no
longer be unitary.! Here, © is the 3 x n sub-block that includes the mixing between active

and heavy states) can be written as

and heavy states, while the R and S sub-blocks define the mixing of the sterile states with
the light and heavy states, respectively. Note that both R and S are only defined up to
an unphysical rotation of the sterile states and that neither of them will be involved when
considering oscillations among active flavours.

2.1 Non-unitarity case

In the case of non-unitarity, only the light states are kinematically accessible and the ampli-
tude for producing one of these states in conjunction with a charged lepton of flavour « in a
particular decay is proportional to the mixing matrix element INJ,. In the mass eigenstate
basis, the evolution of the produced neutrino state is given by the Hamiltonian [14]

1 0 O 0 Vee+Vae 0 0
H=g=|0Am3 0 |+ NT 0 Vac 0 | NV, (2.2)
0 0 Amj 0 0 Vic

INote that this is true regardless whether the extra states are kinematically accessible or not.



where Voo = V2Grne and Vac = —Gpny, / V/2 are the charged-current (CC) and neutral-
current (NC) matter potentials, respectively. The oscillation evolution matrix S in this
basis is now defined as the solution to the differential equation

iS% = HS° (2.3)

with the initial condition S°(0) = I, I being the identity matrix. For a constant matter
potential, this equation has the formal solution

SO = exp(—iHL). (2.4)

The amplitude for a neutrino in the mass eigenstate j to interact as a neutrino of flavour
3 is given by the mixing matrix element Ng;, which means that the oscillation probability
will be given by

P.s = |(NS°NT)g, % (2.5)

Here P,3 denotes the “theoretical” oscillation probabilities (although it should be noted
that they do not add up to one), defined as the ratio between the observed number of
events divided by the product of the SM-predicted flux times cross section. In other words,
P,p is the factor that would be needed to obtain the number of events after convolution
with the standard model flux and cross sections.

However, in practice neutrino oscillation experiments do not measure F,3. Most
present and future experiments rather determine the flux and cross sections via near de-
tector data and extrapolate to the far detector by correcting for the different geometries,
angular apertures, and detection cross sections. In this scenario, the oscillation probability
would then inferred from the ratio

Pag = —— (2.6)

where g and R, are the observed event rates at the far detector and the corresponding ex-
trapolation of the near detector result, respectively. For the near detector, we assume that
the phases corresponding to the propagation of the light neutrinos have not yet developed
significantly and therefore S° = I, resulting in the experimentally inferred probability

[(NS°NT)gal®

(NNHwa)® 27

Paﬂ —

In the SM limit the matrix N becomes unitary and, thus, NN = I and Pop = Pop as
expected.

2.2 Sterile neutrino case

In the sterile neutrino scenario, all of the states are kinematically accessible and the full
oscillation evolution matrix S, involving both light and heavy states, takes the form

S =usut, (2.8)



where S is the full (3+n) x (3+n) evolution matrix expressed in the mass eigenbasis. For
vacuum oscillations, we find that S° = diag (exp(—iAm?lL/ 2E)). Therefore, the active
neutrino 3 x 3 sub-block S can be simplified to

Sap = NaiSUNG+ Y. ©a,05,9;, (2.9)
i€light J€heavy

where «, 8 stand for active neutrino flavors, ®; is the phase factor acquired by the heavy
state J as it propagates, and S° is defined in the same way as in the non-unitarity case.

In the limit of large mass squared splitting between the light and heavy states (i.e.,
Am?,L/E > 1) the oscillations are too fast to be resolved at the detector and only an
averaged-out effect is observable. In this averaged-out limit, the cross terms between the
first and second term in the evolution matrix average to zero and we find

2
Pag = |Sapl* = +0(0%), (2.10)

> NaiSHNG
7

which recovers the same expression as eq. (2.5) up to the O(©%) corrections.? Thus, we
can conclude that averaged-out sterile neutrino oscillations in vacuum are equivalent to
non-unitarity to leading order (this equivalence is indeed lost at higher orders). We will
therefore concentrate on this averaged-out limit for the rest of this paper.

For oscillations in the presence of matter, the sterile neutrino oscillations will be sub-
jected to a matter potential that in the flavour basis takes the form

Ml = (Vm O) : (2.11)

0 0
where
Voe +Vae O 0
Vaxs = 0 Ve O . (2.12)
0 0 Wc

If the matter potential is small in comparison to the light-heavy energy splitting Am? 1/2E,
the light-heavy mixing in matter will be given by

~ 2F

Oas = Oas + ﬁ(éaeVCCGEJ + OasWNe) (2.13)

miy

to first order in perturbation theory. In the limit Am? 7/2E > Vco, Ve, we can therefore
neglect the difference between the heavy mass eigenstates in vacuum and in matter, and
apply eq. (2.10). Thus, we conclude from this that the matter Hamiltonian in the light
sector can be computed in exactly the same way as for the non-unitarity scenario and we
therefore find the very same expressions for the “theoretical” probability in eq. (2.5) as for
the non-unitarity case, at leading order in ©.

2Note that this expression is also applicable whenever the light and heavy states decohere due to wave
packet separation.



In the case of sterile neutrinos one also needs to consider the impact of the near
detector measurements on the extraction of the experimentally measurable probability. In
this work we will always assume that the oscillations due to the additional heavy states are
averaged out at the far detector. However, this might not be the case at the near detector.
Ideally, both sets of observables should be simulated and analyzed together consistently.
Nevertheless, the following simplified limiting cases can be identified:

1. The light-heavy oscillations are averaged out already at the near detector. For prac-
tical purposes, the oscillation phenomenology in this case is identical to the non-
unitarity case and eq. (2.7) also applies. For the experimental setup of DUNE, that
will be studied as an example of these effects in section 6, with a peak neutrino en-
ergy of ~ 2.5GeV and a near detector distance of ~ 0.5km, this is the case when
Am? > 100eV?.

2. The light-heavy oscillations have not yet developed at the near detector, but are
averaged out at the far detector. In this case, the near detector would measure the
SM fluxes and cross sections, and therefore the denominator in eq. (2.7) would be
equal to one. In this case, the experimental probability would coincide with the
“theoretical” probability in eq. (2.5). This scenario is the one implicitly assumed
in many phenomenological studies, given the simplicity of eq. (2.5). However, it is
typically only applicable in a very small part of the parameter space, i.e., for very
particular values of Am? (which depend on the neutrino energy and on the near
and far detector baselines). For DUNE, since the far detector baseline is 1300 km,
this would be the case only in the region 0.1eV? < Am? < 1eV2. This scenario
will nevertheless be explored in section 6 to highlight its differences relative to the
previous one, which is applicable in a larger fraction of the Am? parameter space.

3. The oscillation frequency dictated by the light-heavy frequency matches the near
detector distance. In this case, oscillations could be seen at the near detector as a
function of neutrino energy, leading to more striking signals. At DUNE, this regime
is matched for values of Am? in the range presently favoured by the LSND/Mini-
BooNE [15, 16] and reactor anomalies [17, 18] (see [19-21] for recent reviews). We
expect that the sensitivity to this part of the parameter space will be dominated by
the dedicated experiments to explore these anomalies, such as the Fermilab short-
baseline neutrino program [22], leaving little room for their averaged-out effects to be
observed at the far detectors in long-baseline oscillation experiments, not optimized
for these searches. Therefore, this scenario will not be discussed further.

3 Parametrizations

The two most widely used parametrizations to encode these non-unitarity effects stemming
from the heavy-active mixing are

N=({I-nU o N=TU=(I-a)U, (3.1)



where 7 is a Hermitian matrix [23, 24] and T is a lower triangular matrix [25-28]. In
eq. (3.1) both U and U’ are unitary matrices that are equivalent to the standard PMNS
matrix up to small corrections proportional to the deviations encoded in n and «a.

Tlee Meu Mer Qee 0 0
n= 77:# Nup Mur | s o = (1 - T) = | Que Oup 0 (3-2)
77:7— 77:7— Nrr Qre Oy Orr

with 1,8, aqg < 1. Note that we choose to label the o matrix elements with flavour indices
for notation ease instead of using numbers as in [27]. Furthermore, in [27] the identity
matrix is not singled out from « as in our eq. (3.2) so that the diagonal elements «;; in [27]
are close to 1 instead of small. Therefore, in practice, aj; — 1 — @qq- These changes
are only cosmetic and the following discussion applies to [27] with the above-mentioned
identification.

The deviations from unitarity are directly related to the heavy-active neutrino mixing.
For instance, in the hermitian parametrization one can directly identify [29]

ool

5 (3.3)

n
where © = m;)M ~1 is the heavy-active mixing given by the ratio of the Dirac over the
Majorana mass scales. Thus, (1 —7) is just the first term in the cosine series correcting
the unitary rotation U’. It is also straightforward to obtain the relation between the
heavy-active neutrino mixing and the a parameters in the triangular parametrization, if
one considers that the heavy-active mixing can also be encoded by introducing additional
complex rotations characterized by new mixing angles 6;;, with j > 3. For example,

C14 00§>{4

0 10 0
U = 3.4
14 0 010 |’ (3-4)

—§14 00 C14

where 3;; = %3 Sij, 8ij = sin;; and ¢;; = cos 0;;. In the correct order, these extra rotations

lead to a lower triangular matrix. For 3 extra neutrinos we can use UsgUasU16U35U25U15

UsqU24U14 (where we have not included unphysical rotations among the sterile neutrinos),

leading to [25]:

5(s1y + 515 + s76) 0 0

a o | 81485, + 815855 + 81685 5(s34 + 835 + s56) 0 ) (3.5)
814834 + 815835 + 816856 820834 + 825835 + 826856 (s34 + 535 + 836)

which is accurate to second order in the (small) extra mixing angles.

In principle, the two parametrizations should be equally valid. However, the alternative
use of each of them seemingly leads to inconsistent results. As an illustrative example,
let us compare the v, disappearance probability in the atmospheric regime in the two



parametrizations, obtained at linear order in the non-unitarity parameters and for 613 =

Pl =1-{ sin® 2045 — 2 Re[n,.r] sin 4643} sin® Agy
Pi, =1 —sin® 20p3 sin® Agy (3.6)

where A;; = Am?jL/ 4F. Here, P, denotes the “experimental” oscillation probability in
vacuum including the normalization factors as discussed in section 2.

The naive conclusion derived from eq. (3.6) is that for the Hermitian parametrization
good sensitivity to the non-unitarity parameter 7,, is expected in this channel, since it
appears at linear order. Conversely, the triangular parametrization does not show this
effect. This apparent inconsistency stems from the fact that the unitary matrices U and
U’ are, in fact, different. This is the case even though these matrices are traditionally
identified with the standard unitary PMNS matrix in each parametrization. However, this
identification is only accurate up to the small corrections stemming from the deviations
from unitarity. As we will show below, the differences between the two are indeed linear
in the non-unitarity parameters, and the two matrices can be easily related to each other.
The relevant question is therefore which of these matrices, if any, that more closely matches
the one that is determined through the present neutrino oscillation data. Starting from
eq. (3.1) a unitary rotation V' can be performed to relate U and U’

N=({I—-a)U=I-nVVit (3.7)

and therefore

I—a=I—-n)V and U=V (3.8)

From the first relation in eq. (3.8) the elements of V' can be identified as

0 —TNew —TNer
V=T-{n, 0 —nu (3.9)
Mer Mpr 0

at linear order in 7. Substituting again in eq. (3.8) the relations

e 0 O Nee 0 0
Qe o 0 | =1202, nuu O (3.10)
Qire Qlry Qlrp 208 205 Nrr
and
0 —TNew —TNer
U=VIU'=[I+|n5, 0 —nu||U (3.11)
Mer My 0



are found. This implies the following mapping between the two sets of mixing angles® in
U’ and U:

010 — 0 — Re(3237767' - C23neu>
12 12 — )
C13

/ 10, 10
013 — 013 = Re(—s523€"° "0y, — c23€" 1),

023 — 053 = —Re(nu-) + tan b3 Re(cpze’cP Nep — S93€0CP .Y |
cos 2012 . .
dcp — 52]13 - - Im(5237767' - 623776[,6) + Im(823ez50pneu + 6236160P7767)
$12C12€13 $13€13
tan 013 3 i 3 i Nur
— Im ( c5,€"CF 55.26"0CP K . 3.12
S93Cas < 23 Nep + 523 Ner + tan 013 (3.12)

When the relations given in egs. (3.10) and (3.12) are taken into account the predictions for
the different oscillation channels coincide at leading order in the non-unitarity parameters,
as they should. An important conclusion derived from this is that the determination
of the mixing angles themselves will generally be affected by non-unitarity corrections.
However, the size of these corrections is, at present, negligible compared to the current
uncertainties on the determination of the mixing angles themselves. These corrections are
parametrization-dependent but, when taken into account and propagated consistently, the
predictions derived from both schemes agree.

For neutrino oscillation studies it seems advantageous to adopt the triangular parame-
trization, since it leads to fewer corrections given its structure. For instance, in the example
shown in eq. (3.6) there are no corrections coming from non-unitarity for this parametriza-
tion, and thus the angle 23 in U can be identified with the angle determined in present
global fits to a good approximation. Indeed, this is also the case for 612 and 613, since the
Pee oscillation probabilities in the solar regime (KamLAND) and in the atmospheric regime
(Daya Bay, RENO, Double-Chooz) are also independent of any non-unitarity corrections
at linear order when the triangular parametrization is considered and when the appropriate
normalization is taken into account, see section 2.

Thus, the U matrix from the triangular parametrization corresponds, to a good ap-
proximation, with the unitary matrix obtained when determining 612, 23 and 613 through
present (disappearance) neutrino oscillation measurements. Since we are here interested
in the impact of non-unitarity and sterile neutrinos on neutrino oscillation phenomenology
we will therefore use the triangular parametrization in the remainder of this work.

As we will see in section 6, the dependence on the diagonal non-unitarity parameters
agg is particularly interesting. Indeed, when the normalization accounting for the new
physics effects at the near detector is considered, it effectively cancels any leading order
dependence on agg in disappearance channels in vacuum. This can be easily understood

3Note that, apart from correcting the PMNS mixing angles and CP-phase dcp at order 7, phase redefini-
tions of the three charged leptons as well as corrections to the two neutrino Majorana phases are necessary
at the same order.



by introducing the triangular parameterization in eq. (2.7). Expanding in as, we obtain

2
Pap = |(1+ Caa — a3p)(US'UN)ag = Y aas(US'TU)s5 — > (USUT)asah; + O0?)] .
F 5B
(3.13)

Therefore, when o = 3 the dependence on agg cancels out. This illustrates how relevant
the role of the near detectors is regarding the sensitivity to the new physics parameters.

4 NSI

Both types of new physics effects in neutrino oscillations discussed above can be de-
scribed through the Non-Standard Interaction (NSI) formalism, which parametrizes the
new physics effects in neutrino production, detection, and propagation processes in a com-
pletely model-independent way. Let us first focus on NSI affecting neutrino production
and detection. When these effects are included, the oscillation probability is given by

Pus = |[(1+ eHUsUT (1 + )], |7

sal (4.1)
where €® and €? are general 3 x 3 complex matrices which represent the NSI modifications
to the production and detection diagrams, respectively. S° is defined in eq. (2.4) with
the Hamiltonian H given in eq. (2.2). The non-unitarity (eq. (2.5)) and averaged-out
sterile neutrino (eq. (2.10)) effects at production and detection can be mapped to the NSI
formalism (eq. (4.1)) with the identification

€ha = eiﬁ = —ag- (4.2)

This mapping can be easily obtained just considering the triangular parameterization,
which can be applied in both the non-unitarity and averaged-out sterile neutrino cases, in
egs. (2.5) or (2.10) and comparing the result to eq. (4.1).

On the other hand, NSI affecting neutrino propagation are usually described through
the Hamiltonian

1 0 O 0 1+ €ee €ep Cer
H=o=[0Ams, 0 | +Veo U €, eupeur |U, (4.3)
0 0 Am3 €or  €pur Err

in the mass basis, where U is the standard unitary PMNS matrix, and e,g and €qn
are complex and real parameters respectively. In order to understand how the non-
unitarity /averaged-out sterile neutrino corrected matter effects can be translated to this
parametrization, we introduce the triangular parameterization of N into eq. (2.2), obtain-
ing the following Hamiltonian at leading order in «

A 0 Vo 2 =2 o, aj,
H=355 " Amg; 0 |+ 2 UM ape 20p of, | U, (44)
0 0 Am%l Qre Ay 2a77



where approximately equal densities of electrons n, and neutrons n,, (for the neutral current
contribution) in the Earth have been assumed (see also ref. [30]). Comparing eqs. (4.4)
and (4.3) we find the mapping between the NSI parametrization and the lower triangular
parametrization of the non-unitarity and sterile neutrino scenarios

€ee = —Oe, Cup = Cpp s €rr = Q7
1 1 1
_ * _ * _ *
€ep = 504“6, €Cer — 5047.6, €ur = 5()7“, (45)

which apply for neutrino oscillation experiments in the Earth with constant matter. Note
that, in presence of production and detection NSI, the same normalization as for the non-
unitarity case discussed in section 2 needs to be taken into account.

5 Present constraints on deviations from unitarity

The mapping to NSI described above works both for the non-unitarity and the averaged out
sterile neutrino contributions to neutrino oscillations. However, the present constraints on
each of these contributions from other observables are very different. Indeed, PMNS non-
unitarity from very heavy extra neutrinos induces modifications of the W and Z couplings
that impact precision electroweak and flavour observables [14, 30-44]. These modifica-
tion translate into very strong upper limits on the o parameters. These have been taken
from ref. [44] and are listed in the left column in table 1. The second number quoted in
parenthesis for the o, element includes the © — ey observable, which can in principle be
evaded [45] for heavy neutrino masses close to My, and some fine-tuning of the parameters.
In this case, the quoted bound is derived from the constraints on the diagonal parameters,
through eq. (3.5).

However, for sterile neutrinos with masses below the electroweak scale these stringent
constraints are lost, since all mass eigenstates are kinematically available in the observables
used to derive the constraints and unitarity is therefore restored. If the masses of the extra
states are in the MeV or GeV range, even stronger constraints can be derived from direct
searches at beam-dump experiments as well as from meson and beta decays [51-53]. On
the other hand, for masses below the keV scale even the beta decay searches are no longer
sensitive, and the only applicable bounds are the much milder constraints stemming from
the non-observation of their effects in neutrino oscillation experiments [19, 54, 55]. The
sensitivity, or lack thereof, of oscillation experiments to sterile neutrino mixing will depend
on the actual value of the sterile neutrino mass, which determines if the corresponding
Am? leads to oscillations for the energy and baseline that characterize the experimental
setup. As Am? increases, there will be a point at which the sterile neutrino oscillations
enter the averaged-out regime. Once oscillations are averaged-out, the constraints derived
will become independent of Am? and apply to arbitrarily large values of Am?. Limits
derived in this regime are summarized in in the middle column of table 1 and apply as
long as Am? > 100eV?. They are thus relevant when the sterile neutrino oscillations are
in the averaged out regime for both the near and far detectors of the DUNE experiment.
Some of these constraints also apply for values of Am? smaller than 100eV2. For a more

~10 -



“Non-Unitarity” “Light steriles”
(m > EW) Am? > 100eV?  Am? ~ 0.1-1eV?
Qee 1.3-1072 [44] 2.4-1072 [46] 1.0 - 1072 [46]
Qup 221074 [44] 2.2-1072 [47] 1.4-1072 [48]
Qrr 2.8 - 1073 [44] 1.0- 1071 [47] 1.0- 107 [47]
loue| | 6.8-107% (2.4-107°) [44] | 2.5-1072 [49] 1.7-1072
|t 2.7-1073 [44] 6.9 1072 4.5-1072
|ovr | 1.2-1073 [44] 1.2-1072 [50] 5.3-1072

Table 1. Current upper bounds on the « parameters in the scenarios considered in this work.
The limits are shown at 20 and 95% C.L. (1 d.o.f.) for the non-unitarity and light sterile neutrino
scenarios. The bounds in the middle column apply for Am? > 100eV? and will thus be relevant
when the sterile neutrino oscillations are in the averaged-out regimes for both the near and far
detectors of most long-baseline experiments. The bounds in the right column apply for Am?2 ~ 0.1-
1eV? and will thus be relevant when the sterile neutrino oscillations are in the averaged-out regime
for the far detector, but not for the near detector. The second number quoted in parenthesis for the
aye element includes the p — ey observable, which can in principle be evaded [45], see main text
for details. The numbers for the off-diagonal parameters without a reference are obtained indirectly
from constraints on the diagonal parameters via g < 2\/@aaps (see eq. (3.5)). See appendix A
for further details.

comprehensive breakdown of the available constraints and their ranges of applicability, we
refer the interested reader to appendix A.

Even though the case in which the sterile neutrino oscillations are undeveloped at the
near detector, but averaged-out at the far, applies to a significantly smaller fraction of the
parameter space, we find it instructive to analyze this scenario as well, since it leads to
very different phenomenology and sensitivities, as will be discussed in section 6. For the
case of DUNE, this scenario requires Am? ~ 0.1-1eV? and the corresponding constraints
have been compiled in the right column of table 1. Notice that in this range of Am? most
constraints come from experiments that would not have reached the averaged-out regime
but would rather have oscillations well-matched to their energies and baselines. Thus, the
corresponding constraints in this regime oscillate significantly and the value quoted in the
table is the most conservative available in that range.

6 DUNE sensitivities

In this section we present, as an example, the sensitivities that the proposed DUNE exper-
iment would have to PMNS non-unitarity or, equivalently, to averaged-out sterile neutrino
oscillations as discussed in section 2. For this analysis we choose the triangular parametriza-
tion of the new physics effects since, as argued in section 3, its unitary part can be more
directly mapped to the “standard” PMNS matrix as determined by present experiments
through neutrino oscillation disappearance channels. Indeed, production and detection new
physics effects in a given channel F,g only depend on the elements ., such that v,p < «
or v, p < B when the flavour indices are ordered as e < p < 7 [27]. Furthermore, when the

- 11 -



new physics affects the near and far detectors in the same manner, the normalization of the
oscillation probabilities presented in eq. (2.7) has to be applied, which effectively cancels
any leading order dependence on the new physics parameters agg in disappearance channels
in vacuum (see eq. (3.13)). The choice of the facility under study is motivated by the strong
matter effects that characterize the DUNE setup and that allow to probe not only the source
and detector effects induced by the new physics, but also the matter effects which now pro-
vide sensitivity to other c., parameters not necessarily satisfying v, p < o or v, p < 3.

The simulation of the DUNE setup was performed with the GLoBES software [56, 57|
using the DUNE CDR configuration presented in ref. [58]. The new physics effects have
been implemented in GLoBES via the MonteCUBES [59]* plug-in, which has also been used
to perform a Markov chain Monte Carlo (MCMC) scan of the 15-dimensional parameter
space (the 6 standard oscillation parameters plus the 6 moduli of the o, non-zero entries
and the 3 phases of the off-diagonal elements). In the fit, the assumed true values for the
standard oscillation parameters are set according to their current best-fits from ref. [60].
The mixing angles and squared-mass splittings are allowed to vary in the simulations, using
a Gaussian prior corresponding to their current experimental uncertainties from ref. [60]
centered around their true values. In the case of 613 and 6s3 the Gaussian priors are
implemented on sin? 20, which is a more accurate description of the present situation and, in
the case of 63, allows to properly account for the octant degeneracy: Am2; = (7.50+0.18)-
107%eV2, Am2; = (2.457+0.049)-1073 V2, #12 = 33.48° +£0.77°, sin” 2613 = 0.085+0.005,
sin? 2623 = 0.991 + 0.02. Notice that, as described in section 3, the use of the triangular
parametrization allows a direct mapping of the present measurements to the elements of
the U matrix. Nevertheless, the present uncertainties adopted in this analysis are still large
enough that any correction due to non-unitarity is negligible. The CP-violating phase is
left completely free during the simulations, and its true value is set to cp = —7/2. Finally,
a 2% uncertainty in the PREM matter density profile [61] has also been considered. The
final x? implemented in our simulations reads:

Ntrujs m \2
= ming {2573 NEEH(10:60) N+ N o e ke ()} e

ch i=1 ch,i 0¢,j

where we are summing over different oscillation channels (ch) and energy bins (7). Here,
Nt and N'™ are the predicted and observed event rates, respectively, and {©} denotes
the standard and non-unitarity oscillation parameters. The final x? is obtained after min-
imization over all nuisance parameters {{}, where o¢; are the corresponding priors. Note
that in eq. (6.1) only the far detector event rates are considered, while the values of the
systematic errors from ref. [58] assume the presence of a near detector in order to reduce
the uncertainties on the flux and the cross section relevant for the far detector. In presence
of non-unitarity or averaged steriles, there might be already new physics effects at the near
detector and thus, ideally, both detectors should be simulated together with correlated
systematics. However, the exact design and technology for the DUNE near detector is
still in discussion within the collaboration and a full simulation of the two detectors with

4A new version of the MonteCUBES software implementing the triangular parametrization is available.
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correlated systematic errors is beyond the scope of this work. We nevertheless take into
account the impact that new physics would have on the near detector by normalizing our
probability according to eq. (2.7) and the discussion in section 2.

We have performed simulations for two distinct new physics scenarios. In the first case
(ND averaged) we normalize the oscillation probabilities according to eq. (2.7). Indeed,
as discussed in section 2, at leading order in the new physics parameters this scenario
accurately describes both the effects of PMNS non-unitarity from very heavy neutrinos as
well as sterile neutrino oscillations that have been averaged out both at the near detector
(ND) and far detector. For the DUNE setup, the requirement for having averaged-out
oscillations at the near detector translates to the condition Am? > few 100eV2. The
second scenario (ND undeveloped) would correspond to the case where sterile neutrino
oscillations are averaged out at the far detector but have not yet developed at the near
detector. In this case, no extra normalization is needed and the oscillation probability
is directly given by eq. (2.5). Note that, for the energies and baseline characterizing the
DUNE setup, only values of the sterile neutrino masses around Am? ~ 0.1-1eV? roughly
satisfy these conditions. However, we find it instructive to study also this regime in order to
remark the differences between the two scenarios and the importance of the normalization
in eq. (2.7) that will generally apply in most of the parameter space.

Figures 1 and 2 show the expected sensitivities to the new physics parameters. These
have been obtained by assuming that the true values of all « entries are zero to obtain
the corresponding expected number of events, and fitting for the corresponding parameters
while marginalizing over all other standard and new physics parameters. The resulting
frequentist allowed regions are shown at at 1o, 90%, and 20 C.L.

The sensitivities obtained for all parameters fall at least one order of magnitude short of
the current bounds on the non-unitarity from heavy neutrino scenario presented in table 1.
Thus, the standard three-family oscillations explored at DUNE (and the other present
and near-future oscillation facilities) will be free from the possible ambiguities that could
otherwise be induced by this type of new physics [62-65]. While these bounds on non-
unitarity are too strong for these effects to be probed at present and near-future facilities
a Neutrino Factory [66, 67] could be precise enough to explore these effects [24, 29, 68].
The situation is slightly different if the results are interpreted in terms of an averaged-out
sterile neutrino, since present constraints are weaker in this case. We will therefore focus
on this scenario for the rest of our discussion and also study the case in which DUNE data
is complemented by our present prior constraints on the sterile neutrino mixing (middle
and right columns of table 1 for the ND averaged and undeveloped scenarios respectively),
since synergies between the data sets may be present. This case is depicted with dashed
lines in figures 1 and 2. As an example of such synergy, the sensitivity to the real part
of o, improves for the ND undeveloped scenario through the combination of DUNE data
and the present priors with respect to both datasets independently. Indeed, the prior on
its own would give the same bound for the real an imaginary parts (as for the ND averaged
case in the left panel) and its value roughly corresponds to the constraint obtained for the
the imaginary part of a,, while the sensitivity to the real part does improve through the
combination with DUNE.
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Figure 1. Expected frequentist allowed regions at the 1o, 90% and 20 C.L. for DUNE. All new
physics parameters are assumed to be zero so as to obtain the expected sensitivities. The left
panels (ND averaged) correspond to the non-unitarity case, or to the sterile case when the light-
heavy oscillations are averaged out in the near and far detectors. The right panels (ND undeveloped)
give the sensitivity for the sterile case when the light-heavy oscillations have not yet developed in
the near detector, but are averaged out in the far. The solid lines correspond to the analysis of
DUNE data alone, while the dashed lines include the present constraints on sterile neutrino mixing
from the middle and right columns in table 1 for the NS averaged and ND undeveloped scenarios
respectively.

Another conclusion that can be drawn from figure 1 is that the sensitivities to the
diagonal parameters ae. and ¢y, are significantly stronger for the ND undeveloped (right
panels) as compared to the ND averaged scenario (left panels). This was to be expected
since the source and detection effects that provide a leading order sensitivity to the diagonal
parameters are totally or partially cancelled once the normalization of eq. (2.7) is included
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(see eq. (3.13)). In the disappearance channel both effects cancel in the ratio, while for the
appearance channel there is a partial cancellation that only allows the experiment to be
sensitive to the combination cee. — o, This leads to a pronounced correlation among c.
and a,,, seen in the upper left panel of figure 1.

From a phenomenological point of view we observe that, if both near and far detectors
are affected by the new physics in the same way (as is the case when the sterile neutrino
oscillations are averaged out at both detectors, or in the non-unitarity scenario) their
effects are more difficult to observe since they cannot be disentangled from the flux and
cross section determination at the near detector. Conversely, in the case in which sterile
neutrino oscillations have not yet developed at the near detector but are averaged out at
the far, the flux determined by both detectors will have a different normalization. Thus,
a strong linear sensitivity to ae. and «y, is obtained from detector and source effects
respectively, although there is no improvement over present constraints.

Figure 1 also shows strong correlations in the middle left panel, involving o, and
Qee. Indeed, sensitivity to ., comes through the matter effects, which only depend on
the diagonal entries through their differences agg — ., since a global term of the form
of a1 does not affect neutrino oscillations at leading order in «. In these panels we also
observe a large difference between the allowed regions for c.-, once prior constraints on the
« parameters are included in the analysis, by comparing the solid and dashed lines. This
is due to the lifting of degeneracies involving 623 and the combination o — oy, and will
be discussed in more detail below.

Interesting correlations and degeneracies among the standard and new physics param-
eters can indeed take place in the averaged-out sterile neutrino scenario [55, 69-71]. In
our results, even though the true values of the o parameters were set to zero, some very
interesting correlations and degeneracies among 623 and the new physics parameters have
been recovered. These are shown in figure 2, and have been noticed in the context of
NSI® in refs. [72-75] (for other works on degeneracies among standard and non-standard
parameters in DUNE see e.g., refs. [76-79]). The first degeneracy appears for the wrong
octant of A3, which would otherwise be correctly determined by the interplay between the
appearance and disappearance channels at DUNE (see e.g., ref. [80]). We have checked that
this degeneracy is characterized by non zero values of a with a non-trivial phase around
7. At the same time, positive values of o, — a,, are slightly preferred. From ref. [75]
this degeneracy was expected for the phase of ¢ = arg(a,e) ~ 7 since dcp = —7/2 and
strong correlations between these two parameters are required in order to reproduce this
degeneracy. Note that this degeneracy is partially lifted in the ND undeveloped scenario
(right panels). Indeed, the strong sensitivity that this scenario presents to o, translates
into very stringent bounds that do not allow the preferred positive values of o, — a, seen
in the left panels for the ND averaged case since the diagonal elements of « are positive (see
eq. (3.5)). Upon the inclusion of prior constraints this degeneracy is lifted in both scenarios.

Interestingly, the second degeneracy involves values of 63 ~ m/4, so that it could
potentially compromise the capabilities of DUNE to determine the maximality of this

®Note the correspondence between NSI, steriles, and non-unitarity presented in section 4.
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Figure 2. Expected frequentist allowed regions at the 1o, 90% and 20 C.L. for DUNE. All new
physics parameters are assumed to be zero so as to obtain the expected sensitivities. The left
panels (ND averaged) correspond to the non-unitarity case, or to the sterile case when the light-
heavy oscillations are averaged out in the near and far detectors. The right panels (ND undeveloped)
give the sensitivity for the sterile case when the light-heavy oscillations have not yet developed in
the near detector, but are averaged out in the far. The solid lines correspond to the analysis of
DUNE data alone, while the dashed lines include the present constraints on sterile neutrino mixing
from the middle and right columns in table 1 for the ND averaged and ND undeveloped scenarios
respectively.

mixing angle. This degeneracy takes place for o, — o+ ~ —0.6, and large values of .
and o are also needed. Fortunately, present constraints on these parameters are already
strong enough to also rule out this possibility (see table 1), so that a clean determination of
the maximality of #23 should be possible at DUNE. Moreover, when the current bound on
are from the right column in table 1 is added as prior to the simulations, the sensitivity to
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aye is increased slightly beyond the present prior and the allowed region around a3 ~ /4 is
ruled out. This example shows explicitly the complementarity between current constraints
and DUNE sensitivities.

All in all, we find that, upon solving the degeneracies through the inclusion of present
priors, DUNE’s sensitivity would slightly improve upon the present constraints on . in
the ND averaged case as well as the real part of a;, for the ND undeveloped scenario.
While the potential improvement over present bounds is marginal, this also implies that,
at the confidence levels studied in this work, the sensitivities to the standard three neu-
trino oscillations are rather robust and not significantly compromised by the new physics
investigated here.

7 Conclusions

The simplest and most natural extension of the Standard Model that can account for our
present evidence for neutrino masses and mixings is the addition of right-handed neutrinos
to the Standard Model (SM) particle content. Gauge and Lorentz invariance then imply the
possible existence of a Majorana mass for these new particles at a scale to be determined
by observations. In this work we have studied the impact that two limiting regimes for this
new physics scale can have in neutrino oscillation experiments. For very high Majorana
masses, beyond the kinematic reach of our experiments, the imprint of these new degrees
of freedom at low energies takes the form of unitarity deviations of the PMNS mixing
matrix. In the opposite limit, for small Majorana masses, these extra sterile neutrinos
are produced and can participate in neutrino oscillations. However, it should be kept in
mind that the neutrino oscillation phenomenology discussed here applies also to other types
of new physics that could induce unitarity deviations for the PMNS mixing matrix. This
includes any model in which heavy fermions mix with the SM neutrinos or charged leptons,
as for instance the type-I/type-11I seesaw, Left-Right symmetric models, and models with
kinematically accessible sterile neutrinos in the averaged-out regime.

Despite being sourced by different underlying physics, we have seen that, when the ster-
ile neutrino oscillations are averaged out (and at leading order in the small heavy-active
mixing angles) both limits lead to the same modifications in the neutrino oscillation proba-
bilities. Namely, a modification of the interactions in the source and detector which implies
short-distance effects as well as modified matter effects which, contrary to the standard
scenario, also involve neutral current interactions. However, the present constraints that
apply to these two scenarios are very different. Indeed, PMNS non-unitarity is bounded
at the per mille level, or even better for some elements, through precision electroweak and
flavour observables, while sterile neutrino mixing in the averaged-out regime is allowed at
the percent level since it can only be probed via oscillation experiments themselves. Thus,
PMNS non-unitarity can have no impact in present or near-future oscillation facilities while
sterile neutrino mixing could potentially be discovered by them.

We have also noted apparently conflicting results depending on the parametrization
used to encode these new physics effects. The source of this apparent inconsistency was
found to be the different quantities that are commonly identified with the standard PMNS
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matrix in each parametrization. The conflict was solved by providing a mapping between
the two sets of parameters and by identifying the parametrization for which these PMNS
parameters correspond to what is determined experimentally.

The role of the near detector was also explored in depth. Indeed, since present and near
future oscillation experiments constrain their fluxes and detection cross sections using near
detector data it is important to consider if the new physics affects the near and far detector
measurements in the same way. If this is the case, the source and detector short-distance
effects cancel to a large extent, since there is no additional handle to separate them from
flux and cross-section uncertainties. This is always the case in the non-unitarity scenario
and when sterile neutrino oscillations are averaged out both at the near and far detectors.
Conversely, if sterile neutrino oscillations have not developed yet at the near detector, the
determination of the flux and cross section is free from new physics ambiguities and, when
compared with the far detector data, a greater sensitivity to the flavour-conserving new
physics effects is obtained. This crucial difference is sometimes overlooked in the present
literature. Finally we also provided a mapping of these new physics effects in the popular
non-standard interaction (NSI) formalism.

These effects were exemplified through numerical simulations of the proposed DUNE
neutrino oscillation experiment. Our simulations confirm that PMNS non-unitarity is in-
deed beyond the reach of high precision experiments such as DUNE, but that sterile neu-
trino oscillations could manifest in several possible interesting ways. Indeed, degeneracies
between 693 and the new physics parameters, previously identified in the context of NSI,
have been found in our simulations. These degeneracies could potentially compromise the
capability of DUNE to determine the maximality of f23 as well as its ability to discern its
correct octant. We find that current bounds on the new physics parameters are able to lift
the degeneracies around fa3 ~ 7/4.

Through these simulations the importance of correctly accounting for the impact of the
near detector was made evident. Indeed, a very significant increase in the sensitivity to the
new physics parameters was found for the case in which the near detector is not affected
in the same way as the far. This would be the case of sterile neutrino oscillations that
are undeveloped at the near detector but averaged out at the far. However, the parameter
space for this situation to take place is rather small (for Am? ~ 0.1-1eV?). The most
common situation would rather be that in which sterile neutrino oscillations are averaged
out at both near and far detectors. However, this fact has been usually overlooked in
previous literature.

The origin of neutrino masses remains one of our best windows to explore the new
physics underlying the open problems of the SM. Its simplest extension to accommodate
neutrino masses and mixings offers a multitude of phenomenological consequences that vary
depending of the new physics scale introduced and that should be thoroughly explored by
future searches. In this work, we have explored the impact of these new physics in neutrino
oscillation phenomena. We have found that neutrino oscillation facilities are best suited to
probe the lightest new physics scales, i.e., kinematically accessible sterile neutrinos.
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A Current constraints on sterile neutrinos

In this appendix we summarize and explain in more detail the current constraints on sterile
neutrinos that arise from oscillation searches in the averaged out regime and thus apply
for arbitrarily large values of Am? as well as those stemming from electroweak and flavour
precision observables. Notice that, for the latter, some of the observables only apply above
the electroweak scale [44]. Nevertheless, below this scale, stronger constraints from direct
searches are available [51-53]. Regarding the oscillation searches, the validity of these
constraints will depend on the particular configuration of the experiment used to derive
it, which determines when the averaged-out regime is reached. These constraints together
with their range of validity are listed in table 2.

The strongest constraints on the mixing with electrons () stem from the BUGEY-
3 experiment [46]. At this experiment, oscillations enter the averaged-out regime for
Am? > 4eV?. Recent competitive constraints on this parameter by the Daya Bay ex-
periment [83] tend to dominate for smaller Am? values and are comparable to the bounds
from BUGEY-3 [46] around Am? > 0.1eV2. In the range Am? > 0.1-1eV? the bound
oscillates significantly between 3.0-1073 and 1.0-1072: therefore, we quote the latter more
conservative bound in the rightmost column of table 1.

Current limits on the o, and o, elements are dominated by the bounds derived from
the SK analysis of atmospheric neutrino oscillations [47]. These are derived in the averaged-
out regime, which in this case corresponds to Am? > 0.1eV2. For oy, MINOS [48] sets
stronger constraints for lower values of Am?. Again, these oscillate between 4.4 - 1073 and
1.4 -1072 in the range Am? > 0.1-1eV2. Thus, we quote the more conservative bound in
the rightmost column of table 1. Regarding o, MINOS [84] has similar constraints to the
ones from SK atmospherics. Stronger limits are obtained in the global fit in ref. [85] but
only for Am? = 6eV? and not in the averaged-out limit.

For the off-diagonal elements, the strongest limit for . stems from the null re-
sults of appearance searches by NuTeV [82] |a,| < 2.3 - 1072, valid once they enter the
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Applicability range Bound

Qee Am? > 4eV? 2.4-1072 [46]
m > EW 1.3-1073 [44]
Qup Am? > 0.1eV? | 2.2-1072 [47]
m > EW 2.2- 1074 [44]
Qrr Am? > 0.1eV? 1.0-107t [47]
m > EW 1.3-1073 [44]

Am? > 4eV? 3.2-1072
Am? > 10eV? 2.8-1072 [81]
e Am? >100eV2 | 2.5-1072 [49]
Am? >1000eV? | 2.3-1072 [82]
m > EW 6.8 1074 [44]

|ctre| Am? > 4eV? 6.9-1072
m > EW 2.7-1073 [44]

Am? > 0.1eV? 6.6 - 1072
o Am? >100eV2 | 1.2-1072 [50]
m > EW 1.2-1073 [44]

Table 2. Summary of the current experimental constraints in the averaged-out regime, applicable
to sterile neutrinos above a certain mass range. The bounds on the off-diagonal elements which do
not have a reference have been obtained indirectly from the bounds on the diagonal elements at

that scale, using aag < 2,/@aatgg (see eq. (3.5)).

averaged-out regime for Am? > 1000 eV?2. Nevertheless, similar bounds from NOMAD [49]
|| < 2.5-1072 and KARMEN [81] || < 2.8 - 1072 apply for Am? > 100eV? and
Am? > 10eV? respectively. NOMAD [50] also gives the most stringent constraints for
avry, valid for Am? 2 100 eV2. For a,., the strongest bounds are derived from those on
the diagonal elements through ang < 2,/@aa@ps (see eq. (3.5)). Finally, for very light
sterile neutrinos, Am? ~ 0.1eV?, all the direct constraints on the off-diagonal elements
from NuTeV, NOMAD and KARMEN fade away. In this case, the strongest bounds are
obtained indirectly from the diagonal elements via a,g < 2,/%a00ipp-
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