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Precision measurements of neutrino-electron scattering may provide a viable way to test the nonminimal

form of the charged and neutral current weak interactions within a hypothetical near-detector setup for the
Deep Underground Neutrino Experiment (DUNE). Although low-statistics, these processes are clean and
provide information complementing the results derived from oscillation studies. They could shed light on
the scale of neutrino mass generation in low-scale seesaw schemes.
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I. INTRODUCTION

Ever since the historic discovery of neutrino oscilla-
tions [1,2] indicating the need for neutrino masses, most
progress in neutrino physics has relied on experiments
involving charged current (CC) processes. However, the
observation of coherent elastic neutrino-nucleus scattering
(CEVNS) [3,4] proposed long ago in the pioneer papers
[5,6], has prompted a neutral current (NC) revival and the
recognition that the NC can provide an interesting and
complementary way to study neutrinos.

Moreover, it has long been known from theory that, if
neutrino mass generation is mediated by heavy neutrino
exchange, the structure of both the CC and NC is non-
trivial [7,8]. Indeed, the mixing matrix, K, characterizing
the leptonic CC weak interaction that describes oscillations
is not unitary, while the NC interaction of mass-eigenstate
neutrinos involves a matrix P that deviates from the unit
matrix. Moreover, these two matrices are related [7,8].

Although the effect of nonunitary neutrino mixing was
first discussed in the context of astrophysical neutrino
propagation [9—11], it can be phenomenologically relevant
in Earth-bound experiments. This happens in the context of
genuine low-scale seesaw schemes, such as the inverse
[12,13] or the linear seesaw mechanism [14-16], leading
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to potentially sizeable deviations from the conventional
leptonic weak currents with unitary CC mixing. These
corrections are expressed as power series in the parameter
e = O(Yv/M), where M is the mediator mass scale and v
is the standard model (SM) vacuum expectation value
(VEV). Although small, we stress that & can be non-
negligible within low-scale realizations of the seesaw. The
effects of unitarity violation and the new associated
neutrino phenomena have been extensively explored in
the recent literature, mainly devoted to charged-current
processes on hadronic probes [17-42].

Here we explore the potential of leptonic probes such as
the scattering process v+ e~ — v+ e~ as a potentially
viable way to test the nonminimal form of the CC and
NC weak interactions. This has already been discussed
in [43,44] in the context of hadronic probes. In this paper
we speculate that leptonic probes, too, may be useful within
a DUNE-like near-detector setup. Although they have
low-statistics, these processes are clean and provide infor-
mation complementing the results derived from oscillation
studies [45], shedding light on the scale of neutrino mass
generation within low-scale seesaw schemes.

II. THEORY PRELIMINARIES

The most general CC weak interaction of massive
neutrinos is described by a rectangular matrix K [7]. A
short summary of the main features and notation is as
follows. In the basis where the charged lepton mass matrix
is diagonal, the upper blocks are simply the first three rows
of the neutrino mixing matrix [8]. We can also define the
relevant sub-block as

K=(N S). (1)

Published by the American Physical Society
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With three active neutrino flavors, N is a 3 x 3 matrix,
while S is a 3 x m matrix, with m the number of fermionic
singlets that mix with the active neutrinos.' The small block
S~ O(e) is the seesaw expansion matrix [8]. Notice that
KK' = I, and therefore NNT=1-8S"~1—0O(¢?).
On the other hand, the matrix P describing the NC-neutrino
interactions [7] is given by

P=K'K#I. (2)

If the energy of a given process is much lower than the
masses of the heavy mediators these will not be produced.
For example, the heavy states will not take part in oscilla-
tion experiments. Then, effectively, only the first 3 x 3
blocks of K and P will play a role in the weak interactions,
i.e., N in the charged current and N'N in the neutral
current. This would signal the presence of unitarity viola-
tion in the neutrino mixing matrix [9] whose general
description is given in [17]. A systematic approach to
the (nonunitary) matrix N can be derived from the seesaw
expansion [8], as the lower-triangular parametrization
proposed in [17],2

N = (053] (25D} O -U. (3)

31 031 Q33

Besides the 3 x 3 unitary matrix U used to describe neu-
trino mixing in the conventional unitary case, one has the
triangular prefactor characterized by three diagonal a;;
(i=1, 2, 3), real and close to 1, and three nondiagonal
a;; (i # j) which are small but complex. This is a con-
venient and complete description of nonunitarity. By con-
struction, N and S must satisfy the relation NN = 1 — S,
hence NNT ~ 1 — O(&?). Explicitly,

2 * *
ar) 1105 a3

T 2 2 * *
NN'=| ajjay a3, +|ay| A3, +0p103; ,

anay anay +ayas a3+ lay [+ ag)?

4)

from where one can read off the strength of the «;; in

terms of the small seesaw expansion parameter &. Indeed,
within the seesaw paradigm, the leading deviation from
the standard form of the CC mixing matrix lies in the

diagonal entries NN'~1—O(¢*) implying that, for

'In the most general SM-seesaw one can have any
number of “right-handed” neutrino mediators, since they are
gauge singlets [7].

An alternative description and its relationship with Eq. (3) is
discussed in Ref. [46].

example, af, ~ 1 — O(&?). Hence, a;,ay; ~ O(£?), so that
ary ~ 0(82) and

ay ~ 1= 0(e?). (5)

o[>~ O(e*),  i# ). (6)
One sees that the strength of the off-diagonal a’s is
suppressed relative to the deviations of the flavor-diagonal
ones from their SM values. In other words, in the seesaw
expansion the zeroth order corresponds to the unitary limit,
the first order gives only diagonal flavor-conserving effects,
while the genuine flavor-violating effects nonunitary cor-
rections only come at second order. Notice also that this
behavior is consistent with the validity of the well-known

triangle inequality [a;;| < \/(1 —ai)(1—a;) [17].
Additionally, it is important to notice that unitarity
violation leads to a redefinition of the Fermi constant,
extracted from the p~ lifetime assuming the SM. In the
presence of nonunitarity the measured quantity would be
the effective muon decay coupling G,,. Since the W-boson

vertices are modified by the nonunitarity parameters one
finds

G, = 1.1663787(6) x 10-5 GeV~2
(effective = decay constant, [47]), (7)

Gy = GE(NNT),(NNT),,.. (8)
and therefore,

G2 1
<—&= ~3—a} —a3,~ 1+ O().
Gi  (NNT),(NNT),, o
©)

Therefore, in the presence of nonunitarity any process
proportional to G% will get an “enhancement”. This is
counterintuitive, because naively one expects less events
than in the SM if the mixing is nonunitary, due to
kinematically inaccessible heavy states. The reduction of
the event number due to nonunitarity and the “increase”
due to the redefinition of G compete with each other, so
that in some cases one can achieve N /Ny = 1 even in
the presence of nonunitarity.

IIL. v, —e~ SCATTERING IN THE PRESENCE
OF NONUNITARITY AT ZERO DISTANCE

We now turn our attention to the scattering of a muon
neutrino on an electron target in the presence of nonun-
itarity. The relevant Feynman diagrams, given in Figs. 1
and 2, describe the elastic electron-neutrino scattering
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FIG. 1.

Feynman diagrams for v, + ¢~ scattering, where the v, is produced via the usual CC vertex, while the final-state detection

involves the NC (left diagram), with a subleading CC contribution of order &* (right diagram).

Vj

FIG. 2. Feynman diagram for the charged current process
v, + e~ — v+ p~ in the nonunitary case.

and the neutrino-induced muon production processes,
respectively.

A. Neutrino-electron elastic scattering

At tree level the two relevant diagrams are given in
Fig. 1. The vertex on the left of each diagram corresponds
to CC v, production, while the vertex on the right depicts
either the NC and CC detection modes, respectively. Within
the three neutrino paradigm, with unitary lepton mixing,
the CC channel (right panel of Fig. 1) does not contribute at
zero distance. In such case, the process is pure NC (left
panel of Fig. 1) and the differential cross section is given by

do SM_ZGﬁme Y T)\2 m,T
aT Il 9L T 9r Ev 9LIr )

(10)

where g, = —1/2 +sin’ 6y and gg = —sin®fy. How-
ever, in the presence of nonunitarity the CC contribution
is in general nonzero. In this case, the cross section is
replaced by

do\NU P,Ijec do\SM
@) ~wwrw ()
2meGﬁ Re [P},“ﬂ

T (NN%)ee(NN'w;m

Pe m,T
— 4 29, —gr—5— ¢, (11

where the probability factors are given by

Phc = (NN'NN'NNT),,,. (12)
PSeC = (NNT)ye(NNT)eM(NNT)ee’ (13)
Pt = (NN'NNY),,(NN),,. (14)

Note that, in general, the slope of the differential cross
section in the presence of nonunitarity differs from that
expected in the SM, as it changes the relative weight
between the 7T-dependent and constant terms. This is
determined by the actual values of the probability factors,
in turn specified by the nonunitarity parameters «;;. While
the exact expression in Eq. (11) is a complicated function of
the a;;, one can write it in powers of the seesaw expansion
parameter ¢ by following the prescription given in Egs. (5)
and (6). This implies that, to O(¢?), the SM kinematic
structure is preserved, and one has just an overall rescaling
compared to the SM expectation,

(%) . ~ (203, — at)) (%) ™ + 0. (15)

This can be understood by expanding the NC probability
factor in powers of € and noticing that the leading term is of
order 1 — O(&?) and can be written as

Phc = (NN'NN'NNT) , =303, -2~ 1-0(¢*), (16)
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while the CC and interference probability factors are
instead O(e*), i.e.,

PEeC - (NNT)ME (NNT)eﬂ(NNT)ee = a‘}1|a21|2 ~ 0(84)7
(17)

Pirt = (NN'NNT),,(NNY),, ~ 2|ar [ ~ O(e*).  (18)

Therefore, up to O(¢*) terms one can neglect the CC
and interference contributions, hence recovering the same
kinematic structure characteristic of the SM and given by
Eq. (10). Deviations from the SM kinematic structure come
only at order O(&*), due to the interplay of both diagrams
in Fig. 1, involving genuine flavor violating NU para-
meters a;;, [ # J.

All in all, the ratio between the expected number of
events in the unitary (V) and the nonunitary (N yy) cases
is given by

Ny _ pne Gr g (e (NNTNN'NNY),,
_— e E =
Ny "G (NNT)“(NNT)W
~2a3, — 3. (19)

Notice that, contrary to naive expectations, Eq. (19) can be
either bigger or smaller than 1, due to the effect of the
redefinition of Gf. Ideally, though, with very high statis-
tics, one would be sensitive to the 7-dependence change in
the differential cross section at O(e*) of Eq. (11).

B. Neutrino-induced muon production

For sufficiently energetic (£, > 10 GeV) incoming neu-
trinos, an additional process with a muon in the final state
becomes kinematically possible.

As shown in Fig. 2, there is only one (CC) diagram
contributing to this process. Therefore, its kinematical struc-
ture is not modified at any order in the seesaw expansion,

Gk

M ~ =L (2E,m, — m?), (20)
m

ol 2

so that the effect of nonunitarity translates only into an overall
probability factor,

Pﬂll = (NNf)iM(NNT)ee ~ 2&%2 + a%] —-2~1- 0(82)'
(1)
Taking into account also the redefinition of G we get

N G> .
./\;\I[;j: WG—QZ(NN’)Wza%zg L. (22)
U

In summary, leptonic probes such as electron-neutrino
elastic scattering and neutrino-induced muon production

have a rich phenomenology and a theoretically interesting
structure that allows us to probe nonunitarity effects in a
unique manner, as shown in Eqgs. (11), (19), and (22).

IV. TESTING NONUNITARITY IN THE NEUTRAL
CURRENT AT A NEAR DETECTOR

Long-baseline (LBL) neutrino experiments require a
near detector for a reliable flux calibration. They may give
the opportunity to measure neutrino-electron scattering
with good statistics. For example, DUNE is a planned
particle physics experiment aimed at conducting in-depth
studies of neutrinos. Scheduled to be hosted by Fermilab in
the United States, the project’s design includes sending a
high-intensity neutrino beam over a distance of approx-
imately 1,300 km from Fermilab in Illinois to a massive
liquid-argon time-projection chamber in South Dakota.
This far detector will be situated 1.5 km underground at
the Sanford Underground Research Facility and is expected
to have a total mass of around 40,000 metric tons. DUNE’s
main goals include investigating neutrino oscillations,
exploring CP violation in the leptonic sector, and con-
ducting astrophysical neutrino studies.

Several near detectors are under consideration for
DUNE. We will focus our analysis on a detector with
similar characteristics as that of the liquid argon near-
detector (ND-LAr) located at a distance from the source
similar to the one considered at DUNE. In general, near
detectors are thought to measure the neutrino beam with
high precision. This is essential for reducing systematic
uncertainties in the data to be collected by any LBL far
detector.

The two detectors will work in tandem, with the near-far
configuration enabling more accurate and reliable data
interpretation. By providing initial measurements and help-
ing calibrate the far detector’s data, DUNE near detectors
will be integral to achieving the scientific aims of the
DUNE experiment.

The neutrino beam at Fermilab, serving as the neutrino
source, can operate in two distinct modes; neutrino and
antineutrino. In each mode, the generated beam contains a
contribution of four neutrino types; electron neutrinos,
electron antineutrinos, muon neutrinos, and muon antineu-
trinos. Depending on the operation mode, the main con-
tribution is either muon neutrinos or muon antineutrinos
in the beam. The main component of the flux, the muon
(anti)neutrino, peaks at around 3 GeV, but also contains a
long tail extending from 10 GeV to approximately 50 GeV.

In this article, we will delve into a near detector
sensitivity to nonunitarity parameters through leptonic
processes, taking into account specific design features
mentioned above. In order to do so we will analyze the
number of events in two distinct processes that can be
measured separately; neutrino-electron elastic scattering
and neutrino-induced muon production. Notice that the
flavor composition of the incoming neutrino is given by the
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standard flux calculation, while the outgoing neutrinos
cannot be distinguished individually and thus we sum over
all the kinematically accessible mass states. Moreover, we
will restrict ourselves to the leading effects in the seesaw
expansion. For example, probing the terms in Eq. (11)
that modify the SM kinematical dependence would require
measuring the recoil energy of the electrons with a
precision way beyond the current envisaged experimental
sensitivities for the proposed detectors. As a result, within
this approximation, all the effects will depend only on the
flavor conserving diagonal couplings «;;, and not on the
flavour violating ones (a;;, i # j), as argued in Sec. III and
Appendix; see for example Eq. (15).

A. Elastic neutrino-electron scattering

Although the (anti)muon flavor dominates the flux in the
(anti)neutrino mode, there are nonzero components of the
four flavors/antiflavors involving e and u. For each process,
the number of events in the presence of lepton nonunitarity
is calculated as

Tﬂ]ﬂX(ED) © dGa
N, =P,E - (E,. T')A,(E,)dE,dT’,
T . ‘min d dT
min v ( )
(23)

where the index a runs over {e,é,u,p} and T is the
detected electron kinetic energy, with the energy threshold
in the detector being T, = 0.2 GeV. Here 4,(E,) is the
neutrino flux, while P, denotes the probability factor of
that particular flavor. After neglecting the electron mass

compared to 7 and E, we obtain EP™(T) =% (T, +

T2 + 2T i) ® Ty = 0.2 GeV and Ty (E,)
2

2E2,,1j-bm(,
product of the number of protons on target per year
1.1 x 10" POT/year, the number of target electrons N, =
2 x 10°" and the time spent in each mode ¢ = 3.5 years.
The resulting numbers are given in Table I. We present the
expected number of events coming from each neutrino

~ E,. Finally, £ is the exposure, calculated as the

TABLE L

species within the unitary case as well as in the presence of
nonunitarity. The probability factor includes the direct
effect of the nonunitary lepton mixing matrix as well as
the redefinition of G, expanded to the first order in the
seesaw expansion parameter é.

B. Neutrino-induced muon production

In order to be kinematically allowed, muon production
requires more energetic neutrinos, with the kinematic
threshold given by E, > (m2—m?2)/2m, ~ 10 GeV.
While the flux peaks at a lower energy ~3 GeV, the tails
can still generate a significant number of muon events in
the final state, thus improving the sensitivity to the non-
unitarity parameters. The number of events is given by

NE—P,E / " () (E,)dE, (24)
ET/nln

where, again, £ is the exposure and 4,(E,) is the flux.

Note that now a denotes either the incoming muon
neutrino or electron antineutrino. Muon antineutrino and
electron neutrino flavors do not contribute to this process in
the standard unitary case while, in the presence of non-
unitarity, their contribution appears only as order O(e*)
corrections. The results are given in Table II.

C. Analysis

We now proceed to estimate the sensitivity of our
proposed leptonic-probe experiment to the nonunitarity
parameters. In order to do so we take the y? function as

]

, ( Nthe — Nexp)z

X : (25)

2 2
i Gi,slat + Ui,syst

where the subscript i runs over the four possible measure-
ments; electron or muon events during the neutrino or
antineutrino modes. Here N} is the number of detected
events, while N is the expected number of events given as

a function of the nonunitarity parameters and 67, = N; ".

Expected number of electron events in the unitary case coming from each relevant neutrino type. The detector is sensitive

only to the total number of events, but the probability factor in the presence of nonunitarity is different for each incoming (anti)flavor.
The error o is taken as 6> = 62, + agyst, where the statistical uncertainty o, = v/ NN and the systematic uncertainty is taken as 2% (see

text for details).

Ny v mode 7 mode Nyu/Ny

Vgt e »vj+e Events o Events c PG3/G: Seesaw order Main contribution
v, 2,800 80 1,530 S0 20, - 1+ 0(e2) NC +CC

v, 31,400 700 5,800 100 202, — o, 1+ 0(e) NC

7, 430 20 780 30 2 - 1+0() NC +CC

D, 3.200 80 20000 400 203, - &, 1+ O(2) NC

Total 37,800 800 28,000 600
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TABLE II

Expected number of muon events in the unitary case coming from each species. The detector is sensitive only to the total

event number, but the probability factor in the presence of nonunitarity differs for each incoming (anti)flavor. ¢ is 6> = 62, + ogyst,

where o4, = VN and the systematic uncertainty is taken as 2% (see text for details).

Ny v mode 7 mode Nyxu/Ny

Vgt e > vj+pu” Events c Events c PG3/Ga Seesaw order Main contribution
Ve O 0 0 0 |0{21|2 0(84) 0(84)

Uy 17,900 400 14,200 300 a%z 1-0(e?) CcC

7, 380 20 230 20 pry 1 - 0®2) cc

v, 0 0 0 0 oy |2 O(e*) O(e*)

Total 18,300 400 14,400 300

In the analysis we will take different possible values for
the systematic error, ranging from 0-3%, in order to
account for the uncertainty in the flux calculation. We
are aware that our benchmark assumption is too optimistic
for the current setup, but it should serve as motivation for
improvement, given the interest of the associated physics.

Notice that nonunitarity accounts for the fact that the
heavy mediator states are not kinematically accessible. The
direct effects of nonunitarity tend to decrease the event
number, and this goes in the opposite direction as the
redefinition of the Fermi constant G discussed above. As a
result, there is an intrinsic ambiguity in the electron events
alone, leading to a parameter degeneracy. Note however
that this ambiguity is not present in the charged current
events, which are only sensitive to a3,. Hence one can
obtain a limit for both a7, and a3, only combining CC and
NC event types. This behavior can be seen in Fig. 3 where,

for illustration purposes, an optimistic 6 = o, uncertainty
was assumed. We compare the recently updated “neutrino
limits” extracted from neutrino oscillations at both long and
short baseline experiments [47-50].

A few additional comments are in order. A realistic
sensitivity estimate would require a detailed study of the
background. In several background analysis discussions of
neutrino-electron scattering experiments, a common cut is
to select events with small values for the E6? variable (see
for instance [51]).

On the other hand, hadronic processes will also be
sensitive to nonunitarity effects [43] and will dominate
the statistics compared with neutrino electron scattering
(for a recent discussion see [52]). The results of both
analyses will be complementary, as the dependence on the
nonunitarity parameters will be different. In particular, the
effects discussed here are K® and involve an interference

DUNE-like near detector, o = Ostat

ve- ve alone

ve- vy alone

Combination

0.02f

0.15

0.01

1—a222

0.005

0.04 0.06 0

1—a112

0 0.02

M 68% CL [190% CL

FIG. 3.

0.02

0.04 0.06

1—a112

0.04 0.06 0 0.02

1—(1112

|99% CL | |90% CL neutrino limits

Sensitivities on the parameters @, and @,, from our suggested DUNE-like near detector. The neutral current-dominated elastic
neutrino-electron scattering process constrains the quantity 2a3, —

a3, (left panel), while the purely charged current process v, e —

vj + u~ involves only a3, (middle panel). The combination of both event types in the lepton channel constrains both nonunitarity
parameters o7, and a3, (right panel). As a benchmark, we show the sensitivity of a hypothetical experiment where the statistical
uncertainty dominates over the systematics. For comparison, the pink region represents the constraints from both long and short baseline

experiments, as detailed in [47].
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DUNE-like near detector, v e - v e and v e » v u

Osys = 1%

Osys = 3%

Osys = 2%

0.04 0.06 0.08 0 0.02

1—(1112

0 0.02

Me68% CL [ 90% CL

0.04

0.04 0.06 0.08

1—d11z

0.06 0.08 0

1—“112

|99% CL [ 190% CL neutrino limits

FIG. 4. Combination of the NC (v + ¢ — v+ ¢) and CC (v + e — v + u) results for different values of the systematic uncertainty.

2

Again, the pink region represents the constraints from both long and short baseline experiments [47]. While the constraints on a3, are
already strong, this setup has the potential to significantly improve also the one on o?,.

between the CC and NC, while the hadronic processes are
either purely NC and K°, or purely CC and K*. Note that,
despite having smaller statistics, neutrino-electron scatter-
ing will be a cleaner process as it is purely weak, free of
strong corrections, so its cross section uncertainties will be
smaller than for the hadronic case.

In any case, our goal here is to focus more on the novelty
of the measurement, rather that on the strength of the
resulting sensitivities, as the setup is currently not opti-
mized to do so. However, we can see that the attainable
results can already be comparable to other similar experi-
ments. In particular, the a?, can be probed significantly
better than current oscillation experiments [47]. It is worth
noting that in general there are constraints arising from
universality tests [53], electroweak precision measure-
ments [54], such as the invisible Z decay [55], and
charged-lepton flavor-violation searches [56,57]. For a
recent extensive discussion see [58]. While the combination
of these restrictions can be rather stringent, we stress the
cleanliness of our proposed leptonic probe, and the fact that
the interpretation is fairly model-independent.

In Fig. 4 we now consider the role of different values of
the systematic uncertainty and again compare the resulting
sensitivities with the current oscillation constraint.

Finally, we note that by combining the results from a
DUNE-Ilike near detector with the oscillation constraints for
different values of the systematic uncertainty, the meas-
urement for a}, can indeed improve, see Fig. 5. The fact
that this happens even when the setup is not optimized for
this type of measurement should serve as a motivation
for the design of future experiments using leptonic neutral
current as a way to underpin the neutrino mass generation
seesaw mechanism.

ve->ve, ve- vy and neutrino limits

0.010+ 1
0.008 90% CL neutrino limits
 0.006] 1 [7190% CL, 04y6 = 3%
g
ki [190% L, Gys = 2%
0.004 1 1 m90% CL, 04y = 1%
o0zl 1 M 90% CL, 04y = 0
0.000 ! 4

0.00 0.01 0.02 0.03 0.04 0.05 0.06

1-aq42

FIG.5. Combination of our proposed DUNE-like near detector
measurements, i.e., neutrino electron scattering and neutrino
induced muon production, with the long and short baseline
oscillation experiments constraints of [47] at 90% CL for
different values of the systematic uncertainty.

V. CONCLUSIONS AND OUTLOOK

Here we have proposed the use of leptonic probes, such
as neutrino-electron scattering, as a viable way to test the
nonminimal form of the charged and neutral leptonic
weak interactions within a DUNE-like near-detector setup.
Although the statistics is low, these processes are very clean
and can provide complementary information to that avail-
able from oscillation studies. While the current setup is
not optimized to our proposal, our results already indicate
that there is potential for significant improvement on
the sensitivities for the nonunitarity parameter af, when
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compared with current oscillation experiments. For exam-
ple, Figs. 3-5 illustrate how our method can help improving
nonunitarity constraints and thereby shed light on the
scale of neutrino mass generation within low-scale seesaw
schemes. Last, but not least, our results further highlight the
fact that a robust experimental setup for neutrino research
requires the presence of near detectors. In addition to
ensuring robustness, these short-distance studies can pro-
vide, by themselves, valuable information on new physics
parameters, such as the nonunitarity parameters, which
constitutes an interesting physics goal by itself. Besides a
plethora of low-energy probes [36—42], there are plenty of
physics opportunities for testing unitarity violation. For
example, through the searches for charged-lepton flavor-
violating processes at low and high energies [59-62].
One may also have the possibility of directly producing
the TeV scale neutrino-mass-mediators at colliders [63-74].
The rich variety of associated signals justifies the intense
experimental effort devoted in present and upcoming
experiments [75-81].
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APPENDIX: GENERAL FORMALISM FOR
NEUTRINO AND ANTINEUTRINO SCATTERING

Here we consider the general family of neutrino scatter-
ing processes v, + e~ > v+&; and U, +e” > D+ Cy
where a denotes the initial (anti)neutrino flavor, and the
final lepton f; can be an electron, a muon or a tau,

if kinematically possible. In other words, the initial
(anti)neutrino is produced in association with a charged
lepton of definite flavor. Moreover the neutrinos mix with
new heavy mediator states. Since the final (anti)neutrino
state is not measured,we sum over the three kinematically
accessible neutral mass states j. We discuss the effect of
nonunitarity at zero distance.

At tree level there is always a nonzero contribution
coming from the charged current irrespective of a and f.
However, we show that the cases in which this contribution
vanishes in the unitary case are actually of order O(&*) in
the presence of nonunitarity. On the other hand, when the
probability factor is 1 in the standard case one now has a
modification by a common factor of order 1 — O(&?). For
the NC there is only a nonzero contribution if f = e, in
which case it is always of order 1 — O(?).

1. Neutrino scattering

The full structure of the relevant diagrams is shown in the
upper row of Fig. 6, while the relevant probability (and
interference) factors are given in Egs. (A1)—(A3). Note that
the probability factors are different for each combination of
diagrams, i.e.,

FIG. 6. Interplay between charged and neutral currents in the processes v, + ¢~ — v + ¢ (upper row) and I, + ¢~ — U + ¢ (lower
row). The standard probability factors for each diagram are either 1 or 0, depending on the initial flavor & and the final charged lepton Z;.
However, in the presence of nonunitarity both diagrams are present, each carrying a different probability factor. Within a consistent
seesaw expansion we show that the SM kinematic structure is preserved at order O(&?) (see text for details).
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Phs = 8.5(NN'NNTNNT),,, (A1)
,Pg/? - (NN-I-)a/}(NN-i-)ﬂa(NNT)ee’ (AZ)
g}; - 5eﬂ(NNT)ﬂa(NNTNNT)ae (A3)

Notice that ¢ and S denote the fixed flavor indices
associated to the survival or conversion probability, while
the latin indices #, j are summed over, that is

3
+
(NN7) aﬂ Z aj Jﬂ

Each of the probability factors in Eqs. (A1)—(A3) affects
different terms in the cross section, making the complete
expression a complicated one. However, as already dis-
cussed for the particular v,-electron elastic scattering case
in Sec. III A, one finds that in general the kinematic struc-
ture of the SM is preserved at order O(¢?). Modifications to
the SM spectrum shape only come at order O(&*). For
example, up to (’)(82), one finds

2) + O(e*) ~ 8,505 x [1 = O(e?)].

(A6)

Pk % 8,p00p(307) —

From these one can easily conclude:

(1) Ininelastic scattering processes (muon or tau neutrino-
induced production), where the final charged lepton is
not an electron, only the CC contribution exists. This
corresponds to the case f # e.

(i1) In elastic neutrino-electron scattering, f = e, if the
initial neutrino flavor is of y or 7 type, a # e, there
is a CC contribution of order O(¢*), subleading in
comparison to the neutral current.

(iii) If p = e and the initial neutrino flavor is of electron
type, @ = e, then the probability factors of the NC,
the CC and the interference are all equal to 3a3; — 2.
This means that, again, there is no spectral distortion
at order O(e?).

We emphasize that at tree level and O(e?) in the seesaw
expansion parameter the effect of nonunitarity is just a
global factor times the SM prediction. This conclusion no
longer holds at second order in the seesaw expansion, when
the flavor-violating parameters of Eq. (3) come into play. In

Pfjﬂc 8op(30%, —2) + O(e*) ~ 5,5 x [1 = O(¢?)].  (A4)  this case the Nxu/Ny event number ratio will not be a
constant and will instead depend on the kinematic para-
PS/? . 5aﬂ(2a(21a +a}, =2) +O(e*) ~ Sap X [1 = O(e 2], meters and flux shape.
A summary of these results is given in Table III, and the
(AS) SM cross sections are given by
|
doNC+CC _ . 2G%im, T)\?2 m,T
ar (vte —vte )_L<(1+9L)2+912€<1_E_y) _(1+9L)9RE—%>’ (A7)
doNC 2Gzm, T\? m,T
ar (v—l—e_—)l/—i-e_):%(g% g%<1_E_y> _ngRF)’ (AB)
G2
a(y—}—e‘—»v—l—,u)——F(ZEm m2), (A9)
G2
olv+e sv+1)=—"L2Em, —m?). (A10)
T

TABLE III.

Structure of the family of processes v, + ¢~ — v + ¢ in the presence of nonunitarity, including the probability factors at

order (9(52), the kinematic factors for each contribution: NC, CC, or the interference.

Process Contribution P factor at O(?)  Nyu/Ny = PG%/ G2 SM cross section  Kinematic threshold (Lab)
ve+e —vi+e  NC+CC 32, =2 203, — a3, Eq. (A7)

v, +e suite NC 33, -2 203, — a3, Eq. (A8) No

vote s vt e NC 302, -2 33, — a3, — &, Eq. (A8)

Vet e —uvj+u” O(e*) O(e*)

Uy te -+ CcC 203, + a2, -2 a3, Eq. (A9) E, > 10 GeV
Vet+e >4 uT O(e*) O(&")

Vet e —uj+1 O(e*) O(&")

v, +e suit1 O(&%) O(&") E, >3 TeV
vote = v+t CC 2a§3 +ad, =2 2a§3 —a, Eq. (A10)
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TABLEIV. Summary of the family of processes v, + ¢~ — U + f/} in the presence of nonunitarity, including the probability factors at
order 0(82), the kinematic factors and the contribution type; NC, CC, or the interference.

Process Contribution P factor at O(e?) Nyy/Ny = PG:/G? SM cross section Kinematic threshold (Lab)
U,+e —bj+e NC+CC 32, -2 202, — a3, Eq. (A7), (1+g.) < gr

Dy +e >u+e NC 303, -2 203, — o}, Eq. (AR), g, < gr No

Up+e »Dj+e NC 303, -2 33, — a3, — Eq. (A8), g1 <> gr

Do+e >0 +pu cc 203, + a3, -2 al, Eq. (A9)

U, +e =0 +u O(") O(e") E, > 10 GeV
Vete > Di+u O(e*) O(e*)

Do+e —uj+1 cc 203, + a3y -2 a} —ad, + a3, Eq. (A10)

U, +e -+ O(e%) O(&") E, >3 TeV
Up+e »>Dj+1 O(e*) O(e")

2. Antineutrino scattering

While the results will be very similar to the neutrino case,
we include them here for completeness. The diagrams are
slightly different and are given by the lower row of Fig. 6,
while their respective probability factors (and the interfer-
ence) are given in Egs. (A11)—(A13).

Phs = 8.5(NNTNNTNNY) (A11)

aa’

Pg/? = (NNT) NNT)ea(NNT)/}/}’ (A]Z)

ae(

g‘/} = 8,5(NN") (NNTNNT)(I[,,, (A13)

ea

i.e., just replacing e <> # in the neutrino case. Similar
conclusions apply and a summary can be found in Table IV.
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