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Abstract
Whenneutrinomasses arise from the exchange of neutral heavy leptons, as inmost seesaw schemes,
the effective leptonmixingmatrixN describing neutrino propagation is non-unitary, hence neutrinos
are not exactly orthonormal. NewCP violation phases appear inN that could be confusedwith the
standard phase CPd characterizing the three neutrino paradigm.We study the potential of the long-
baseline neutrino experimentDUNE in probingCP violation induced by the standardCPphase in the
presence of non-unitarity. In order to accomplish this we develop our previous formalism, so as to
take into account the neutrino interactions with themedium, important in long baseline experiments
such asDUNE.Wefind that the expected CP sensitivity ofDUNE is somewhat degradedwith respect
to that characterizing the standard unitary case.However the effect is weaker thanmight have been
expected thanksmainly to thewide neutrino beam.We also investigate the sensitivity ofDUNE to the
parameters characterizing non-unitarity. In this case wefind that there is no improvement expected
with respect to the current situation, unless the near detector setup is revamped.

1. Introduction

Following the celebrated discovery of neutrino oscillations [1, 2] subsequent accelerator and reactor studies have
brought neutrino physics to themature phase of precision studies. Sensitive laboratory oscillation studies not
only play a key role in confirming the neutrino oscillation hypothesis, but also rule out exotic solutions,
establishing the robustness of the simplest three neutrino paradigm.

Given its importance,more than ever it has become relevant to critically assess with improved sensitivity the
robustness of the determination of the three-neutrino oscillation parameters within recent and current studies
[3–10] aswell as future experiments [11]. This includes the scrutiny of the uncertainties associatedwith neutrino
fluxes, propagation and interactions. Thesemay arise, for example, fromhelioseismology [12, 13], solar
chemical composition and solar fusion reactions [14], density fluctuations deepwithin the Sun [15, 16] aswell as
magnetic fields in the radiative [17–19] and convective zones [20–23]. On the other hand the subleading role of
neutrino non-standard interactions upon oscillations has been considered in various contexts and can also bring
new sources of CP violation [24–28]. These issues have beenwidely explored, so herewe focus on the impact of
non-unitarity of the leptonmixingmatrix upon neutrino propagation and the resulting expected sensitivities on
the three-neutrinoCP phase determination [29–31].

Non-unitarityof the leptonmixingmatrix constitutes amost generic featureof schemeswhereneutrinomasses
arise fromthe exchangeof fermionicmessengers [32, 33] suchas the type-I seesawmechanism [34–37]. Indeed there is
a large class of low-scale variantsof the seesawmechanism, suchas inverse and linear seesaw [38–41],where these right-
handedneutrinomessengers arenot-so-heavy, as theirmasses could liewithin reachof theLHCexperiments. In this
caseoneexpects sizeabledepartures fromunitarity in the leptonmixingmatrix characterizing the lightneutrino sector
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[29, 30]. Thisbrings inCPviolationassociated to themessenger sector into thephysics describing thepropagationof the
lightneutrinos [33]. Thepresenceofunitarity violationmakes it difficult to extract reliable informationon leptonicCP
violationand, indeed,first quantitative studies indicate the existenceof apotentially serious ambiguity inprobingCP
violation inneutrinooscillations in suchcase [31].As a result, dedicated leptonicCPviolation studies taking into
account thenon-unitarityof the leptonmixingmatrixwill benecessary. Such studies can shed lighton the seesawscale,
and therebyprovidevaluable insight on the scaleofnewphysics responsible forneutrinomass generation.

In this paperwe focus on the possible ambiguities in theCPphase determination for the upcomingDUNE
experiment, includingmatter effects in a consistent way. The paper is organized as follows. In order to set up the
framework in section 2we compile and update the bounds on the relevant parameters. These follow, for
instance, fromweak universality tests and short-distance neutrino oscillation searches. In section 3we discuss
the neutrino effectivematter potential in the presence of non-unitarity and present the corresponding results for
the oscillation probabilities inmatter. In section 4we study the sensitivity of theDUNE experiment to non-
unitary neutrinomixing. First we discuss the determination of the standard three-neutrinoCP phase CPd and the
possible confusionwith the seesaw phase. Finally we analyze the potential capability ofDUNE in further
constraining the non-unitarity of the light neutrinomixingmatrix.We find that, although the potential to probe
CP violation is somewhat degradedwith respect to the unitary case, the effect is weaker than expected [31]
thanks to the good statistics expected and the relatively wide band neutrino beam atDUNE. Further discussion
and conclusions are summarized in section 5.

2. Preliminaries: prior constraints

Within a large variety of seesaw schemes the leptonmixingmatrix describing the propagation of the light
neutrinos is effectively non-unitary, hence these neutrino states are not exactly orthonormal [32]. The
description of this situation can be readily obtained by truncating the symmetrical parametrization of the full
rectangular leptonmixingmatrix characterizing general seesaw schemes, first given in [37]. The resulting form
can bewritten as [30]

N N U U
0 0

0 , 1NP
11

21 22

31 32 33

a
a a
a a a

= =
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ ( )

whereU is the conventional unitarymixingmatrix describing neutrino propagation in the standard case, and the
pre-factor parametrizes the deviations fromunitarity. This convenient description is general and holds for any
number of extra neutrino states [37, 42]. It involves three real parameters ,11 22a a and 33a (all close to one) plus
three small complex parameters , ,21 31 32a a a containing extra CP violation. The resulting formprovides the
most general framework to describe neutrino oscillations relaxing the unitarity approximation.

In order to set the stage for our analysis we first give a brief review on the constraints on non-unitarity
parameters. Inwhat followswe update the discussion given in [30, 33], e.g. by including recent results for
observables coming frompion decay studies [43].We also discuss the interplay, as well as the complementarity,
of various ‘prior’ restrictions withwhat can be learned by direct neutrino studies. The bottom-line of our
discussionwill be that few of these constraints are of general validity,most aremodel-dependent.

2.1.Weak interactionwithout universality: formalism
Herewe showhow, from general considerations, the constraints fromweak no-universality translate into
restrictions on non-diagonal ija parameters. In order to see this, we consider the parametrization of the non-
unitary leptonmixingmatrix in equation (1). The diagonal entries of the pre-factormatrix are given as a product
of cosines [30]:

c c c c , 2n n n11 1 1 1 1 2 14a = ¼- - ( )

while the non-diagonal parameters are expressed as [30]:

c c c c c c

c c c 3
n n n

n n n n

21 2 2 1 25 24 14 2 26 25 15 14

2 1 1 1 1 2 14

a h h h h
h h

= ¼ + ¼
+ ¼+ ¼

-

- -

¯ ¯
¯ ( )

with the phase factors e sinij ij
i ijh q= f- and e sinij ij

i ijh q= - f¯ [37]. Since the ‘heavy’ iso-singlet admixture is
assumed to be small, within the framework of seesaw schemes, aswell as fromexperimental evidence [44], wenow
treat unitarity violation as a perturbation,making use of an small-angle expansion in iqb , with 3b > , so that
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On the other hand one can show that
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Now from the triangle inequality relation one canwrite
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which implies the relation

1 1 721 11
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and similar relations will hold for 31a and 32a , namely,

1 1 ,

1 1 . 8
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One sees that in the limit of small heavy singletmessenger admixture one has,

1 and 1.ii ija a~ 

These relations imply additional restrictions on non-diagonal entries coming from constraints on the diagonal
ones. In the next sectionwewill see that bounds on diagonal entries are relatively strong reinforcing the bounds
on non-diagonal ones. This also implies that lepton flavor violation andCP violation rates in the charged sector
are constrainedmainly by universality restrictions, not by the smallness of neutrinomasses themselves. This
important observation has previously beenmade in a number of papers and reviews [45–47]. In the next
subsectionwe compile bounds fromuniversality as well as from the relevant neutrino oscillation experiments.

2.2. Universality constraints
The non-unitarity of the light neutrinomixingmatrix can be constrained by several observables related toweak
universality.

• CKM unitarity
As has beenwidely discussed in the literature [48–56], the comparison ofmeasurements ofmuon and beta
decay rates can constrain the non-unitarity of the neutrinomixingmatrix. For example, the Fermi constant
value formuon and beta decaywill be proportional to different non-unitary parameter combinations:

G G NN NN G , 9F F11 22 11
2

22
2

21
2a a a= = +m ( ) ( ) ( ∣ ∣ ) ( )† †

and

G G NN G . 10F F11 11
2a= =b ( ) ( )†

This will imply that the CKMelementsVud andVus, proportional to the Fermi constant Gm, should be
corrected by the corresponding factor and expressed as [49–51]:

V
G

G

G NN

G NN NN NN

1
, 11

i
ui
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2

2
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11 22

2

22
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⎛
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( )

†

† † †

The experimental value of this expression is given by [57]:

V
1

0.9999 0.0006 . 12
i

ui
1

3
2

22
2

21
2å

a a
=

+
= 

=

∣ ∣
∣ ∣

( )

• W mass measurements
Themass of theW boson,MW, is relatedwith the values of theweakmixing angle, sW, and the Fermi constant.
Including radiative corrections, in the on-shell renormalization scheme, this relation can bewritten as [57]:
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, 14
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0
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s 0.223 36 0.000 10, 15W
2 =  ( )

r 0.036 48 0.000 31, 16D =  ( )

where rD includes the radiative corrections relatingα, MZa( ),GF,MW andMZ. In the non-unitary case, the
Fermi constant should take into account the corresponding corrections and the prescription forA0 will be:

A
G2

. 170
11
2

22
2
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2

1 2
p a a a a

=
+

m
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( ∣ ∣)
( )

• Semileptonic weak decays
The couplings between leptons and gauge bosons are dictated by gauge symmetry. For the standard case of
lepton unitarity these areflavor independent. This feature is no longer true in the presence of non-unitarity.
As a result, the ratio between two different semileptonic decay rates would constrain non-unitarity
parameters. For example, for the case of pion decaywe have [52]:

R
e NN

NN
. 1811

22

11
2

22
2

21
2

p n
p m n

a
a a

=
G 
G 

= =
+

p

+ +

+ +

( )
( )

( )
( ) ∣ ∣

( )
†

†

Herewe include the updatedmeasurement from [43] and theoretical prediction in [58, 59]:

r
R

R

1.2344 0.0029 10

1.2352 0.0002 10
0.9994 0.0030 . 19

SM

4

4
= =

 ´
 ´

= p
p

p

-

-

( )
( )

( )

Notice that this constraint ismore restrictive than the previously reported value, r 0.9956 0.0040= p [60].
One also has the corresponding bound fromKaon-decay [52]

r
R

R

NN

NN
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1.004 0.010 . 20K
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K
SM

11

22

11
2

22
2

21
2

5

5

a
a a

= = =
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=
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-

-

( )
( ) ∣ ∣

( )
( )

( )
†

†

However, this limit does not play a significant role, since the pion decaymeasurements aremore restrictive.

• universalitym t–
Likewise, for the case of m t– universality there are restrictions that follow from the ratio of the decay of the
meson (p- or K-) to amuon plus amuonneutrino, or from the tau decay to ameson and a tau neutrino
[30, 51, 61]:

R
P

P

g

g
, 21P

2

33
2

32
2

31
2

22
2

21
2

t n
m n

a a a
a a

=
G 
G 

µ =
+ +

+
t

t

m

t

m

- -

- +

( )
( )

∣ ∣ ∣ ∣
∣ ∣

( )

where P- stands for either p- or K-mesons. Several ratios can be considered and included in the analysis. In
particular we have considered the results reported in [61].

• e universalityt–
On the other hand, for the e–τ sector, we have considered only pure leptonic decays aswell as direct leptonic
decays ofW boson, which lead to

g

g
. 22e

2
11
2

33
2

32
2

31
2

a
a a a

=
+ +t ∣ ∣ ∣ ∣

( )

The value of g ge t∣ ∣ ratio for each process was presented in [61].

• Invisible Z decay width
Non-unitarity can affect the neutral current couplings. As noted in [37], these are no longer ‘trivial’ as in the
standardmodel since the couplings of light neutrinos to theZ-boson can be non-diagonal in themass basis.
Moreover the diagonal coupling strengths are smaller than in the standardmodel thereby decreasing the
invisibleZwidth, wellmeasured at LEP and reported to be slightly smaller than three (2.9840± 0.0082) [62].
However, neutral currents have amore complex structure that will depend both on the values of theα
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parameters as well as on the values of the three by threematrixU 3 3´ . Given this complexity and the quadratic
dependence on theα, it is safe not to include this observable into the analysis.

Concerning searches for lepton flavor andCP violating processes we notice that these do not give us any
independent robust constraint on unitarity violation. Indeed, such processesmay proceed in the absence of
neutrinomass and are only restricted byweak universality tests [45, 47, 63].

2.3. Neutrino oscillation constraints
Direct constraints on the non-diagonal elements of theNmatrix come from the so-called zero distance (0d)
effect in the conversion probability [32]. For example, the conversion probability frommuon to electron
neutrinos can bewritten as [30],

P P P , 23e e e
I

11 22
2 3 3

11
2

22 21 11
2

21
2a a a a a a a+ +m m m

´ ( ) ∣ ∣ ∣ ∣ ( )

after neglecting cubic products of the small parameters 21a , sin 13q and m21
2D . Here, P e

3 3
m
´ stands for the standard

conversion probability in the unitary case, while the interference probability term P e
I
m depends on the non-

unitarity parameters, including an additionalCP phase. Finally, the last term in this expression is a constant
factor, independent of the distance traveled by the neutrino and its energy. Therefore, any neutrino appearance
experiment in the en nm channel would be sensitive to this 0d contribution:

P . 24e
0d

11
2

21
2a a=m ∣ ∣ ( )

There is a similar expression for the conversion probability in the en n t and n nm t channels. In the latter
case, the oscillation probability formula is slightlymore complicated, but at leading order in the non-unitary
parameters, one can approximate both 0d appearance probabilities by

P , 25e
0d

11
2

31
2a a=t ∣ ∣ ( )

P . 260d
22
2

32
2a amt  ∣ ∣ ( )

Wehave used these expressions to obtain direct constraints on the parameters 21a∣ ∣, 31a∣ ∣and 32a∣ ∣using the
negative searches from theNOMADandCHORUS short-baseline experiments. NOMAD [44, 65] reported
limits on the search for en nm as well as n nm t oscillations in a predominantly nm neutrino beamproduced
by the SPS at CERN,while CHORUS [66, 67] used the same beam to search for n nm t oscillations.
Additionally, from the contamination of electron neutrinos in the beam, theywere also able to constrain the
oscillation channel en n t . The stronger bounds at 90%C.L. from these experiments, obtained byNOMAD,
can be summarized as:

P

P

P

7.0 10 ,

1.6 10 ,

0.74 10 . 27

e

e

0d 4

0d 4

0d 2

< ´

< ´

< ´

m

mt

t

-

-

- ( )

Similar constraints can also be obtained from theNuTeVdata [68]. Note that, in addition to the short-baseline
experiments discussed above, there are also nontrivial constraints arising frommedium and long-baseline
experiments in combinationwith atmospheric and solar neutrino data [64, 69]. Formaximal values of the
diagonal parameters iia , one can summarize the bounds obtained in [64] in terms of 3σ limits on the non-
diagonal parameters:

0.03,

0.11,

0.12 . 28

21

31

32

a
a
a

<
<
<

∣ ∣
∣ ∣
∣ ∣ ( )

We stress that the above constraints coming fromneutrino oscillations are independent of themass scale of
the heavy neutrinos. Therefore, they can be used to constrain the non-unitarity of the lepton-mixingmatrix
independent on the heavymass scale. These are the only fullymodel-independent constraints. Therefore, such
neutrino-data-only bounds play a special role and for this reason have been separated as the lower part intable 1.
This table summarizes all the available non-unitarity bounds discussed in this section. Clearly, as seen from the
upper part of table 1, one can see that universality tests provide strong constraints on the diagonal parameters,

iia , that are very close to unity, independently of the number of degrees of freedom considered. In addition, one
can also combinewith the relations in equations (7) and(8) in order to obtain stronger constraints on the
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non-diagonalα parameters. Indeed, by combining universality boundswith these relations onefinds that the
constraints on the non-diagonal parameters are of order 10−3.

However we note that these limits are all derived from charged current induced processes under the
restrictive assumption that there is no new physics other than that of non-unitarymixing. As an example, we
note that the presence of neutrino-scalar Yukawa interactions, absent in the standardmodel but present in
models with extraHiggs bosons, such asmulti-Higgs schemes (e.g. incorporating flavor symmetries), would
potentially avoid these bounds. Likewise, the presence of right-handed charged current contributions expected
within a left–right symmetric seesaw schemewould have the same effect. This happens if the extra scalar or
vector-mediated contributions compensate the unitarity violation effect5. Of course onemay go beyond the
abovewell-motivated assumptions and consider, for the sake of generality, themost general Lorentz structure
for the chargedweak interactions6. In such case these limits would be invalidated, leading us to regard them as
fragile. In contrast, the constraints fromneutrino experiments provide a direct restriction on the non-unitarity
α parameters. These bounds are significantly less stringent, of the order of 10−2 for the non-diagonal ija , and
correspond to the lower entries in table 1.

Finally, there are also direct bounds from searches for neutral heavy leptons. These depend on themass of
the heavy neutrinos, and do not apply beyond the kinematical reach of the high energy experiments, such as LEP
[72–74] and LHC [75]. Allmass-dependent limits on light and heavy singlet neutrinos have been compiled in
[30, 33, 76–78].

In short, at this stage onemay adopt two approaches:

• to use as reference themore restrictive bounds coming from charged current weak processes (upper part of
table 1)

• to use as benchmarks bounds taken strictly from the neutrino sector (lower part of table 1).

While the top limits on theαʼs are stronger, they are not robust enough for our purposes, sowewould
recommend to focus on themost direct constraints coming from the bottompart of table 1. In any case in our
simulations for theDUNE experiment in order to evaluate its potential in probing leptonic CP violation in the
presence of unitarity violationwe include as benchmark values not only the conservative, but also themodel-
dependent bounds, for comparison. The bottom-line is that theDUNE experiment will have the potential of
providing independent and robust probes of neutrino properties beyond standard oscillations, properties which
can not be probed otherwise in amodel-independent way.

Table 1.Bounds on themagnitudes of the non-unitarity parameters at 90% C.L. and
3s (for 1 and 6 d.o.f.). Upper table: constraints coming fromneutrinos and charged
leptons. Lower part: constraints derived fromdirect neutrino oscillation searches
[44, 64, 65].

One parameter (1 d.o.f.) All parameters (6 d.o.f.)

90%C.L. 3s 90%C.L. 3s

Neutrinos+ charged leptons

11a > 0.9974 0.9963 0.9961 0.9952

22a > 0.9994 0.9991 0.9990 0.9987

33a > 0.9988 0.9976 0.9973 0.9961

21a <∣ ∣ 1.7 10 3´ - 2.5 10 3´ - 2.6 10 3´ - 4.0 10 3´ -

31a <∣ ∣ 2.0 10 3´ - 4.4 10 3´ - 5.0 10 3´ - 7.0 10 3´ -

32a <∣ ∣ 1.1 10 3´ - 2.0 10 3´ - 2.4 10 3´ - 3.4 10 3´ -

Neutrinos only

11a > 0.98 0.95 0.96 0.93

22a > 0.99 0.96 0.97 0.95

33a > 0.93 0.76 0.79 0.61

21a <∣ ∣ 1.0 10 2´ - 2.6 10 2´ - 2.4 10 2´ - 3.6 10 2´ -

31a <∣ ∣ 4.2 10 2´ - 9.8 10 2´ - 9.0 10 2´ - 1.3 10 1´ -

32a <∣ ∣ 9.8 10 3´ - 1.7 10 2´ - 1.6 10 2´ - 2.1 10 2´ -

5
While direct search bounds for such chargedmediators are rather stringent, one can stillfind ‘fine-tuned’ funnels in parameter spacewhich

allow the situation envisaged here.
6
Suchmodel-independent studies of the charged current weak interactions were given in [70, 71].
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3.Non-unitary oscillation probabilities inmatter

In [30, 31]we have given the analytic expressions for the neutrino oscillation probabilities in vacuum7. This
approach is valid to study oscillation experiments wherematter effects are not very relevant. However, in order
to obtain direct sensitivities on the non-unitarity of the leptonmixingmatrix fromupcoming long-baseline
neutrino oscillation experiments such asDUNEorNOνA, onemust have a consistent way to describematter
effects appropriate to this situation. In order to quantify the impact of non-unitarymixing in such experiments,
wherematter effects are expected to play an important role, one should take into account how the effective
matter potential for neutrinos getsmodified in the presence of non-unitary three-neutrinomixing.We discuss
this issue in the next subsection.

3.1. Neutrino effectivematter potential in the presence of non-unitarity
The standard derivation of the effective potential that neutrinos feel when traversing amaterialmedium assumes
unitarymixing between the light neutrino species8. In order to derive the neutrino potential inmatter for a
model with neutral heavy leptons, we note that the complete expression for the neutrino in aflavor statewill be
given by

K , 29
i

n

i iån n=a a ( )

with theα subscript indicating flavor and imass eigenstates. Charged currentmatter effects in neutrino
propagation are illustrated in the Feynman-like diagram infigure 1 andwill be proportional to

K K K K KK KK . 30i ei ej j e e* * =a b a b( ) ( ) ( )† †

Therefore, the charged current potential will be given by

V G N KK KK2 . 31F e e eCC =ab
a b( ) ( ) ( )† †

whereNe is the number density of electrons in themedium andGF is the Fermi constant. However, the heavy
states will not take part in a long baseline neutrino oscillation set up. As a result the sum in equation (29)must be
performed only up to the thirdmass eigenstate. Therefore, effectively, one has:

K N , 32
i

i i
i

i i

3 3

å ån n n= =a a a ( )

and the effective CCpotential in the presence of non-unitarity will be given by:

V G N NN NN2 . 33F e e eCC =ab
a b( ) ( ) ( )† †

which is expressed in terms of theαparameters as:

NN NN . 34e e 11
2

11
2

11 21 11 31

11 21 21
2

21 31

11 31 21 31 31
2

* *

*

*

a
a a a a a

a a a a a
a a a a a

=a b

⎛

⎝

⎜⎜⎜

⎞

⎠

⎟⎟⎟
( ) ( ) ∣ ∣

∣ ∣
( )† †

Clearly in the unitary limit ( 1iia = and 0ija = ), one recovers thewell-knownWolfenstein form for the
effective CCpotential:

Figure 1. Feynman diagram illustrating thematter potential associated to the charged current [81].

7
See [79, 80], where a different form for the non-unitary neutrinomixingmatrix is used.

8
Wewill assume a non-polarized neutralmedium in the calculation of the effectivematter potential.
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V G N2 . 35F e e eCC d d=ab
a b ( )

For the neutral current case we proceed in a similar way. Againwe consider the Feynman-like diagramof the
NCprocess as described in figure 2 and the neutral current potential is given by

V G N KK KK
1

2
. 36F nNC å= -ab

r
ar rb( ) ( ) ( )† †

After truncating the rectangularKmatrix into the squarematrixN, we obtain that theNC contribution to
thematter potential is given by:

V G
N

NN NN G
N

NN2
2

2
2

, 37F
n

F
n

NC
2å= - = -ab

r
ar rb ab( ) ( ) [( ) ] ( )† † †

where thematrix product NN 2( )† at leading order in the non-diagonalαʼs is given by:

. 38
11
4

11 21 11
2

22
2

11 31 11
2

33
2

11 21 11
2

22
2

22
4

22 32 22
2

33
2

11 31 11
2

33
2

22 32 22
2

33
2

33
4

* *

*

a a a a a a a a a

a a a a a a a a a

a a a a a a a a a

+ +

+ +

+ +

⎛

⎝

⎜⎜⎜

⎞

⎠

⎟⎟⎟

( ) ( )
( ) ( )
( ) ( )

( )

So, one sees how, startingwith diagonal CC andNCpotentials, due to the non-unitarity one ends up in general
with non-diagonal forms for the effectivematter potentials.

Notice that the non-unitarity parameters 31a , 32a and 33a , which do not enter in the expression of P em in
vacuum [30, 33], do appear in the calculation of P em inmatter due to the formof the effectivematter potential.
The effect of the non-diagonal parameters 31a and 32a is not as important as the role of 21a . The 31a parameter
enters linearly in theCC andNCpotential in the 13 entry. Its effect will be analogous to that of the parameter e t

in the case of non-standard interactions, so that the resulting degeneracy with the reactor angle 13q [82, 83]will
imply a deterioration of the sensitivity toCP violation [28]. In contrast, 32a will enter only in the neutral current
potential in the 23 entry and, therefore, is expected to have a negligible impact.

Adding the two contributions to the effective potential inmatter wewill have9:

V V V G N NN NN G
N

NN NN2 2
2

, 39F e e e F
n

CC NC å= + = -ab ab ab
a b

r
ar rb( ) ( ) ( ) ( ) ( )† † † †

whereα andβ stands for the initial and final neutrinoflavor, respectively, and ρ implies a sumover the three
activeflavors.Ne is the electron density in themediumwhileNn is the neutron density. Inmatrix formone has
the following expression for thematter potential in the presence of non-unitarity:

V NN G N G N NN2
1 0 0
0 0 0
0 0 0

2

2

1 0 0
0 1 0
0 0 1

40F e F nNU = -
⎡
⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎤
⎦
⎥⎥( ) ( ) ( )† †

leading to a very simple compact form

V NN V NN . 41NU unitary= ( ) ( ) ( )† †

Notice that, in contrast to the standard procedure used in the three-neutrino unitary case, the contribution of
the neutral current potential can no longer be neglectedwhen treating the non-unitary case.

One can also see how to get this result from the truncation of theN×Nmixingmatrix,U. Therefore, the
Hamiltonian inmatter in the flavor basis will be given by:

Figure 2. Feynman diagram illustrating thematter potential associated to the neutral current [32].

9
Similar results have been obtained in [84].
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withV G N2 F ecc = andV G NF nnc
2

2
= - .

4.Non-unitary neutrinomixing inDUNE

Herewe explore the expected sensitivities to the non-unitarity of the neutrinomixingmatrix within the
upcomingDUNE experiment. Previous studies have already considered the impact of non-unitarity upon the
CP-phase sensitivity at T2K [85]. Herewe present a dedicated study for theDUNE experiment, whose longer
baseline implies thatmatter effects aremore relevant than for the cases of T2K andNOvA and therefore the
formalismdescribed above is crucial.

4.1.DUNE simulationwith non-unitary neutrinomixing
DUNE is a long-baseline neutrino oscillation experiment that willmeasure neutrino oscillations over a broad
energy range, fromhundreds ofMeV to few tenths ofGeV. This experiment will detect neutrinos and anti-
neutrinos produced in theNuMI beam line at Fermilab 1300km away from the source, with relevantmatter
effects in the neutrino propagation. The effect of non-unitary neutrinomixing in theDUNE simulationwill
modify the standard calculation of neutrino oscillation probabilities. Besides the non-unitary neutrinomixing
matrix, to calculate the neutrino conversion probability inDUNEonemust take into account themodified
matter potential affecting neutrino propagation through the Earth, as discussed in the previous section. Using
the neutrinoHamiltonianwithmatter effects as given by equation (42), we have solved numerically the
evolution equation, obtaining the corresponding conversion probability frommuon to electron neutrino in the
case ofDUNE.We illustrate the behavior of themodified neutrino appearance probability P em for theDUNE
experiment infigure 3. The left panel corresponds to neutrino probability and the right panel to antineutrino
probability. Each band corresponds to a different value of the standardCP phase, CPd , while thewidth of the
band is due to the variation over the non-unitary phase Arg21 21f a= ( ). The only deviation fromunitarity in this
calculation comes from the 21a parameter, set to 0.02. The overlap of the different bands indicates the presence
of degeneracies in the neutrino oscillation probability inDUNE. This ambiguity, present at the probability level
has already been noticed in [31, 33].

TheDUNE experimental setup assumed for this analysis corresponds to a 40 ton liquid argon far detector
with optimized neutrinofluxes, cross sections, detector efficiency and energy resolution effects as provided in
the formofGLoBES [86, 87]files in [88]. The calculation of the neutrino oscillation probabilities in the presence
of non-unitarity has been implemented in theGLoBES packagewith an adequatemodification of its probability
engine. In our analysis, we have used the spectral event information from the four neutrino oscillation channels:
electron (anti)neutrino appearance andmuon (anti)neutrino disappearance. To statistically quantify the effect

Figure 3.Neutrino electron appearance probability inDUNE for the neutrino (left) and antineutrino (right panel) channel, with
0.0221a =∣ ∣ and 21f free for fixed value of CPd .
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of the non-unitary leptonmixing parameters we have used the usual 2c definition adding penalties on the
‘unitary’ oscillation parameters ijq and mk1

2D [89]. The relative error on these parameters and the systematic
uncertainties in the normalization of signal and background for each oscillation channel, ranging from 0.2% to
20%depending on the channel, were set to the values given in [88].

For the rest of this sectionwe denote the threemixing angles collectively as a vector m,ij k1
2l q= D


{ }.We

have included penalties to the 2c accounting for the allowed values of the l

parameters. Likewise, we denote the

non-unitarity parameters in a compact form as ,ii ija a a=
 { }, including both their diagonal and non-diagonal

components. Note thatwe treat the CP phase CPd separately.

4.2.DUNE sensitivity toCP violation
In this sectionwe analyze howDUNE sensitivity to the standardCP violation is affected by the presence of non-
unitarity. To the oscillation parameters present in the standard unitary scenario, this analysis implies the
addition of nine real parameters describing the non-unitarymixing: the three real iia plus the three complex
non-diagonal ija .

In order to simplify the analysis, we consider however only five non-zero non-unitary parameters at a time:
the three diagonal ones, plus one of the non-diagonal ones, with its complex phase at a time. The resulting CP
sensitivity in the presence of non-unitarity is shown infigure 4. As in the standard CPd -sensitivity plot, theCP-
violation hypothesis is testedwith respect to aCP-conserving scenario [11]:

Min , 0 , , . 432
CP
true

CP
2

CP
true

CP
test

CP
2

CP
true

CP
testc d c d d c d d pD = D = D =( ) [ ( ) ( )] ( )

The remaining standard l

as well as the non-unitarity parameters ,ii ija a fº

 { }, which are included in both the
simulated and reconstructed event rates inDUNE, n , ;CPl d a

 ( ) , have beenmarginalized over. The left panel
has been obtained for different values of 21a∣ ∣, while the right panel corresponds to the results of the
corresponding analysis performed for the non-diagonal non-unitarity parameter 31a . One sees from the left
panel that the sensitivity to theDiracCP phase decreases in the presence of non-unitarity with respect to the
standard ‘unitary’ case, shown in the black-solid line. The remaining lines correspond to the non-unitary case
with different values for the 21a parameter, as indicated.We have selected three different benchmark values, the
smaller one, 0.003, consistent with the upper part of table 1 and 0.010 and 0.025 consistent with sensitivities
displayed in the lower part of the table, obtained fromneutrino data only. Even taking at face value the
‘aggressive’ sensitivity 0.00321a =∣ ∣ , the significance of a CP-violationmeasurement decreases by 0.85s,
compromising the possibility of testing any range of values of the CPphase at 5s. Formore conservative and
reasonable choices 21a∣ ∣at the 1% level one sees that the presence of non-unitarity precludes our ability to probe
CP violation at 3s for nearly all of the CPd range.One sees that probingmaximal CP violating values 2p with
high significance in the presence of non-unitarity for ‘large’ 21a∣ ∣constitutes a big challenge forDUNE. In the
right panel, we show the results of the same analysis for the non-diagonal parameter 31a . Aswe discussed before,
the impact of this parameter on the neutrino oscillation probabilities inDUNE is significantly less relevant in
comparisonwith 21a . As a result, one can see from the figure that even if the fraction of CP at 5s is largely

Figure 4.DUNE sensitivity toCP violation for non-unitary neutrinomixing. For comparison the black solid line shows theCP-
sensitivity inDUNE, for the standard unitary case. The reduced sensitivities for non-zero 21a ( 31a ) are shown in the left (right) panel.
All undisplayed parameters have beenmarginalized over, including the non-unitarity phases aswell as the diagonal parameters iia .
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reduced respect to the unitary case, the reduction in the significance of CP tests ismuch smaller than for 21a∣ ∣.
This result holds for relatively large values of the parameter compatible with the bounds in the lower part of
table 1, namely 0.0531a =∣ ∣ . The effect of the third non-diagonal parameter, 32a , is not displayed in the figure.
We have checked that it plays nearly no role in the analysis, which confirms our discussion in section 3.

Here we note that [90] has also discussed the possibility of probingCP violationwith T2K,NOvA andDUNE
in the presence of non-unitarity. Althoughwe have a qualitative agreement in the loss of CP-sensitivity due to
the presence of non-unitarity, our results show some quantitative differences.We ascribe these discrepancies to
the treatment of theDUNE simulation.Herewe are using the official description released by theDUNE
Collaboration, andwe have validated ourmethod against the official DUNECP-sensitivity result for the
standard (unitary) oscillation analysis.

4.3.DUNE sensitivity to non-unitary neutrinomixing
In this sectionwe analyze the potential of DUNE in constraining the non-unitarity of the neutrinomixing
matrix. Aswe have discussed in section 2, themost robust and direct of these constraints come fromneutrino
oscillation experiments and are not very strong. Therefore, wewish to explore the capability ofDUNE in further
constraining non-unitarity. For this purposewewill focus in the analysis of the neutrino signal at theDUNE far
detector. The capability of the near detector will be analyzed in the future. Aswe have discussed in the previous
subsection, the parameter with themost impact on theDUNE sensitivity toCP violation is 21a . As a result we
will focus on 21a as the key parameter to be constrained in order to characterize the loss of sensitivity inCP
searches at DUNE. Following the usual procedure in analyzing the sensitivity of a given experiment to an
unknownparameter (the non-unitary parameter 21a in this case), we have simulatedDUNE events under the

hypothesis of unitarymixing n ,true
CP
truel d


( ). Afterwards, we have tried to reconstructDUNEdata in terms of the

non-unitary neutrinomixing ansatz, n , ;test
CP
testl d a

 ( ). It is worth noticing that the treatment of the non-
unitarity here is different from the analysis performed in the previous subsection and therefore a direct
comparison between the results presented infigures 4 and 5 is not straightforward. For this analysis, the true
value of theDiracCP phase has been fixed to its current preferred value, 2CP

Trued p= - . Aftermarginalizing over
the diagonal non-unitary parameters and all the oscillation parameters but CPd , we obtained the allowed
parameter regions (at 1 4s– for 2 d.o.f) shown in figure 5. In the left panel, the allowed regions in the CP 21d a- ∣ ∣
plane show thatDUNE is sensitive to values of 21a∣ ∣at the percent level at 1s. As expected, the bestfit point for
theDiracCPphase is equal to the assumed ‘true’ value.However, for large enough values of 21a∣ ∣, degenerate
solutions around CPd p=  appear at higher C.L.

Finally, we present an estimate of the absolute sensitivity of DUNE to the non-unitary parameter 21a . In
order to do this, we extended our previous analysis, considering all the possible values of CP

Trued and
marginalizing over CPd and 21f . Figure 6 shows the 2c profile obtained as a function of 21a∣ ∣after
marginalizing over all the remaining parameters, including CP

Trued . The best fit point, denoted by a black point
in the figure, is obtained for 3 1021

4a = ´ -∣ ∣ . Nevertheless, the preference over the unitary hypothesis is not

Figure 5.Testing non-unitary neutrinomixing against the standard case, when only the off-diagonal parameter 21a is present. In the
left (right)panel, the 21a – CPd ( 21f – CPd ) allowed parameter space is shown. The 3σ upper bound on 21a fromneutrino data is
indicated by a red line. This limit has also been included as a prior in the results shown in the right panel. Here CP

Trued isfixed to 2p-
and the additional undisplayed parameters have beenmarginalized over. The allowed regions, darkest to lightest, correspond to 1s to
4s for 2 d.o.f., respectively.
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significant at all, as can be seen from the figure. The shaded band in figure 6 indicates the three benchmark
values of 21a used in the analysis of CP sensitivity in DUNE (see the left panel of figure 4), while the horizontal
dotted black line defines the parameter region allowed byDUNE at 90% of C.L., corresponding to the limit

0.04621a <∣ ∣ . This bound is somewhat weaker than the constraints derived fromneutrino oscillation
searches, indicating that the analysis of long-baseline neutrino oscillations in DUNE is not expected to
improve our current knowledge on the non-unitarity of the neutrinomixingmatrix. However, it is worth
mentioning that this constraint can also be regarded as independent and complementary to the bounds in
table 1.

5. Conclusion anddiscussion

Wehave reviewed the existing limits on non-unitarity parameters, fromweak universality considerations as well
as fromneutrino oscillation data.We have discussed themodel-independent character of the latter constraints,
since they only rely upon direct information from the neutrino sector, in contrast with the ones derived form
charged lepton processes.We have developed in detail the formalism for neutrino propagation inmatter in the
presence of non-unitary neutrinomixing. In contrast to the standard unitary case, the neutral current potential
contributes to the neutrinoHamiltonian inmatter. Here we have focused our analysis on the case of the long-
baseline neutrino experimentDUNE. First we have analyzed how the sensitivity toCP violation inDUNE can be
affected by the presence of non-unitarity.We have found thatDUNE’s potential to probeCP violation is
somewhatweakened, although not asmuch as onemight have expected, see figure 4. The reason for this, apart
from the high statistics, ismainly the fact that theDUNE experiment is characterized by a relatively wide beam,
comparedwith current experiments. This nice feature partlymitigates the ambiguities stressed in [31].
Moreover, we have investigated howDUNE can probe neutrino properties beyond standard oscillations, such as
the parameters characterizing non-unitarity, seefigure 6. In this respect DUNE is not expected to performbetter
than previous short baseline oscillation searches atNOMAD,CHORUS andNuTeV. This discouraging result is
not surprising, as the sensitivity to non-unitarity comesmainly fromprobing the ‘0d effect’ and hence involves
‘near’ detection. This could be improvedwithin a setup of the type suggested in [85].

Before closing, wemention two other recent related analyses. In [84] the authors considered the effect of
extra neutrino states in neutrino oscillations, focusing on the differences and similarities between the case in
which these neutrinos are kinematically accessible (sterile neutrinos) or not (non-unitarymixingmatrix)10.
They choose the strongermodel-dependent bounds, for which the effect of non-unitarity on the neutrino signal
inDUNE is very small and hence the loss inCP sensitivity. Finally, [92] suggested a novel possibility of
discriminating sterile neutrinos and unitarity violation throughCP violation.

Figure 6.DUNE sensitivity to 21a for arbitrary values of theDirac CPphase. The expected sensitivity at 90%ofC.L. is indicated by the
horizontal line, while the three vertical lines correspond to the benchmark points considered infigure 4.

10
The comparison between these two scenarios has also been explored in [91].
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