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DUNE and Hyper-Kamiokande, including both atmospheric and beam flux contributions
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1 Introduction

The nature of neutrino masses remains mysterious and requires physics beyond the Standard
Model (SM) of particle physics. One of the simplest scenarios leading to the generation of
light neutrino masses invokes right-handed sterile neutrinos (also known as heavy neutral
leptons), N, which are singlet states under the SM gauge interactions. In this case, the
neutrino mass Lagrangian reads
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where ¢ = ioag*, Ni = C’N}; is the charge conjugate of Ng and we have omitted flavor and
mass indices. This is the well-known Type I Seesaw Lagrangian [1-3]. Upon electroweak
symmetry breaking, the left- and right-handed neutrinos mix, and the sterile neutrinos
effectively inherit a reduced coupling to the weak force through the mixing matrix parameters.
Therefore, in this scenario a HNL could be obtained using the same production mechanisms
as for the SM neutrinos, provided that its mass is below that of the parent meson. The
mixing mediates both the production as well as the decay of the heavy neutrino back into
SM particles and, being weakly coupled, the HNL will be typically long-lived.

It should be kept in mind that although the Lagrangian in eq. (1.1) implies a Majorana
HNL, the conclusions from this study hold regardless of its Dirac/Majorana nature. The
mass of the HNL is obtained after diagonalization of the mass Lagrangian and will eventually
depend on the values of the Yukawa couplings and the Majorana mass in eq. (1.1). Here,



for simplicity, we follow a phenomenological approach and denote as U the leptonic mixing
matrix, and my the mass of the HNL. As we will see, mixing at the level |U|> ~ 1072-1073,
lead to HNL decay lengths around the size of the detector.

For HNL masses in the GeV range, fixed-target experiments set the best constraints on
the mixing of the HNL with electron and muon neutrinos, see e.g. refs. [4-7]. Moreover the
DUNE near detector complex should be able to significantly improve on these [8-11]. How-
ever, if the HNL mixes primarily with tau neutrinos then its existence is much more difficult
to probe using this approach: the HNL would have to be produced either in 7 decays or in the
decays of heavy mesons with a sizable branching ratio into v, (such as D or Dy), which have
a much smaller production cross section than lighter mesons. For my ~ O0(0.1-10) GeV
the strongest constraints come from the DELPHI [12] and CHARM [13] experiments,
but values of |Ur4|?> ~ 1072 are still allowed for a heavy neutrino with mass around
mpy ~ O(400) MeV [4]. Note that light HNLs below the CHARM bound, can be probed
via terrestrial up-scattering followed by HNL decay in large volume detectors [14].

However, it is important to stress that this is not the only possibility for a HNL to
interact with the visible sector. For example, the active and HNL states may be coupled
via a transition dipole moment. At low energies this is described by an effective operator

‘Cgipole ) :u(ﬂLO'lWN)FuV +h.c. ) (12)

where y is a coefficient with units (mass)~! which controls the strength of the interaction,

)

while F,, is the electromagnetic field strength tensor, and o = 5 [y#,~"]. Although,
in this scenario, a distinction between the Dirac or Majorana nature of the neutrinos is
possible by looking at the angular distribution of the heavy neutrino decay [15-17], we will
not address this question in this work.

Compared with their electron and muon counterparts, tau neutrinos are more challenging
to produce since they come from either 7 or heavy meson decays, as outlined above.
Consequently, the resulting bounds on transition magnetic moments which dominantly couple
the HNL to the v, are significantly weaker than those coupling to either v, or v, [18-25].

Previously, in ref. [19] it was shown that both such models can be probed using double-
bang (DB) events at IceCube with atmospheric neutrinos. These DB events occur when an
incoming neutrino v scatters on a target T in the detector:

v+ T — cascade + N

— N — cascade (1.3)

In this paper, we extend the work of ref. [19] by computing the DB sensitivity at
Super-Kamiokande (SK), DUNE, and Hyper-Kamiokande (HK). Despite their smaller
detector volume when compared to Icecube/DeepCore, they offer several advantages:

Sensitivity to smaller separation between the two bangs. Both liquid Argon time
projection chambers (LAr TPC) and water Cherenkov (WC) detectors have a much
better spatial resolution, which at Icecube/DeepCore is eventually limited by the
spacing between the Digital Optical Modules in the ice.



Lower-energy sensitivity. IceCube/DeepCore lacks sensitivity to showers with energies
below a few GeV, while WC are a priori sensitive to the production of any charged
particles as long as they lie above Cherenkov threshold. LAr TPCs are also sensitive
to neutrino interactions with energies as low as 50 MeV [26, 27]. Since the flux of
atmospheric neutrinos rises steeply at low energies, the total number of events will be
comparatively larger on a per-detector-mass basis.

Availability of neutrino beam data. Besides the atmospheric neutrino sample, at SK,
HK and DUNE an additional event sample is available from the use of a conventional
neutrino beam. In addition to atmospheric neutrino events, we also include the beam
data in our study.

The manuscript is structured as follows. Our computation of the cross section for the
interaction vertex is described in section 2 for both scenarios discussed above. Section 3
contains some relevant details regarding the lifetime of the HNL and the branching ratio
into visible states, while the more technical details used in the computation of the signal
event rates are discussed in section 4. Section 5 contains an explanation of the expected
background event rates, while we present our results in section 6 and summarize and
conclude in section 7.

2 Cross section calculation

In this section we describe our derivation of the interaction cross section in the quasi-elastic
(QE) regime. Our calculation for the cross section in the deep inelastic scattering (DIS)
regime is very similar to the one performed in ref. [28], with the difference that in the
present work the HNL mass has been properly included in the computation.

We consider the scattering of a neutrino (14) or an anti-neutrino (i) off a nuclear
target and we denote by k = (E,,k) and k = (FE/,k’) the momentum of the initial and
outgoing lepton. The double-differential cross section for a neutral-current (NC) process
can be written as [29, 30]

do G?
— = ——KEL,R" 2.1
(dEl’,dQ’> A B (2.1)
Vy/Vyp
where G = G cos . with cos 6, = 0.97425 [31] and for the Fermi coupling constant we use
Gr = 1.1803 x 10~° [32]. Performing the Lorentz contraction of the leptonic and hadronic
tensor of eq. (2.1), we obtain

( do ) _G%COSQGC K
dEdY ),  4n* 2B,

[ﬁccRcc +2LcLRer
+ LipRpp + LyRyp + 2£T,RT,} . (2.2)
We define ¢ and @) as

q:k—k":(w,q), Q:k+k/:(QvQ) (23)



Taking the three-momentum transfer along the z axis and the total three-momentum in the
x — z plane, we write the leptonic kinematical factors as

Loc = Q% — ¢2 — M3, Lot = (—QQ; + wq,)
2
LLL:QZZ_W2+M]2V, LT:QTJC—(J2+M]2V
Ly = Qq, —w@,, (2.4)

with MJQV = k’2 the mass of the outgoing neutrino. The five electroweak response functions
correspond to different components of the hadron tensor

1
RCC — ROO, RCL — —§(R03 + RSO)
RLL — R33, RT — Rll + R22
Ryr = —%(RIQ — R, (2.5)

The hadronic tensor describes the transition between the initial and final nuclear states
|Wo) and |¥¢), with energies Ey and E. For nuclei of spin-zero, it can be written as

R (q,w) = > (Wolj*(q,w)[ ¥ s){yl5"(q,w)|Wo)d(Eo +w — Ey), (2.6)
f
where we sum over all hadronic final states and J#(q,w) is the nuclear current operator.
The one-body current operator is the sum of vector (V) and axial (A) terms NC processes
and it can be written as

j* = (I + J4)
. F
J = Fiyt + w”"qyﬁ

Jh = —ytysFa. (2.7)

The single-nucleon form factors relevant to the NC neutrino-nucleon scattering F7¥
(i=1,2) and N = p,n read

FN = =5 (F} — F}") — 2sin’ owEY
1
Fa=5(Fi£Fa), (2.8)

where the + (-) sign is for the proton (neutron), and 6y is the Weinberg angle (sin? 6y =
0.2312 [31]). We assumed a dipole parametrization for the axial form factor F4 = F

ga

Fp= ———MM
AT =@M

(2.9)
where the nucleon axial-vector coupling constant is taken to be g4 = 1.2694 [31] and the
axial mass M4 = 1.049 GeV. The form factors F'] is introduced to describe the strangeness

content of the nucleon. Following ref. [33], we set
0.15

Fj = —W . (2.10)



The second reaction mechanism we consider is the heavy neutrino production via a
transition magnetic moment

d 1 au? FE'
( ; ) = i LR (2.11)
ve /g

dE,dSY T ir Q* B,

where o = 1/137 is the electromagnetic fine structure constant, and p, = 0.296 MeV 1 is
the neutrino transition magnetic moment. In this case we can write the contraction between
the lepton and the hadron tensor as

Ly B = S M3~ Q) (M3 +Q%) + 42 [B2(QP—3M3) +25, B, (M} +@?)
+ (B~ Mx)(E,+ My)(M{+QY)]  (2.12)
where
Wl _ (RH—;-R22)
Wy = Q—4R0° Q" (BT + R*%) (2.13)

lq* lq/? 2

with My the mass of the right handed neutrino. The general expression of the hadron
tensor is given in eq. (2.6). Since the exchanged boson is a 7, for the hadron vertex, the
current operator coincides with the electromagnetic one

Fa

2mpy

ng = Fiy* +ic"q, (2.14)

The isoscalar (S) and isovector (V) form factors, 1 and Fa, are given by combination of
the Dirac and Pauli ones, F} and F5, as

1

Fio = 3 [Fls2 + Ff’/sz} (2.15)
where 7, is the isospin operator and
Ffy=FPy+ Yy, Fy=Fy—Fy. (2.16)

Spectral function formalism. The cross sections computed in this work have been
obtained using a factorization scheme. For large values of the energy transfer w and
momentum transfer |q|, we can factorize the hadronic final state and provide a relativistic
description of |W¢) and of the current operator. To model the dynamics of the target
nucleus and account for correlation effects we used a realistic spectral function obtained
from the non-local dispersive optical model (DOM) [34, 35].

We consider only the one-body current terms and we rewrite the hadronic final state as

Ts) = |p) & [ (2.17)

where the outgoing nucleon with momentum |p| and energy e(p) = /|p|? + m3; is described
in terms of a plane wave, while |¢?_1) stems for the (A — 1)-body spectator system. The



- (QES) ——(DIS) - (QES) —— (DISx 10)

5 — my=0 5 — my=0

I~ — my=06GeV | o my=0.6GeV |

3 my=1GeV 8 my=1GeV

: £ 2

S =

3 $ |

X =
% E 0.5f 1
I 02 ‘ i \
0.5 1 5 10 0.5 1 5 10
E,(GeV) E,(GeV)

Figure 1. Here we display the cross sections in the mass-mixing (left) and transition magnetic
moment (right) cases. The QE (solid) and DIS (dashed) contributions are shown separately for
representative values of the HNL neutrino mass. Note that for the magnetic moment case, the DIS
contribution has been magnified by 10 times in order for it to be visible.

energy and momentum of the latter are obtained by energy and momentum conservation

relations
Ef ' =w+Ey—e(p), P} =q-p. (2.18)

The hadron tensor of eq. (2.6) can be easily rewritten by inserting a single-nucleon com-
pleteness relation

3 mg
B :/ (Zw];?’ AESH (6, B) s qrar O Wil ) (e gl 1) 8@ +e() ek + @),

(2.19)

where m is the nucleon mass. In order to account for the off-shellness of the initial nucleon,
we introduced & = w — E'+m — e(k) and replace ¢ = (w,q) — ¢ = (@, q) in the calculation
of the hadronic tensor. The factors m/e(k) and m/e(k + q) ensure the implicit covariant
normalization of the nucleon quadri-spinors.

The spectral function, Sy,(k, F) in eq. (2.19), is obtained for 10 using the DOM. This
method constrains a complex self-energy ¥* using both scattering and bound-state data
of %0 [34, 35]. The self-energy is a complex, nonlocal, energy-dependent potential that
unites the nuclear structure and reaction domains through dispersion relations [34-36]. The
Dyson equation generates the single-particle propagator, or Green’s function, Gy (k, E) from
which bound-state and scattering observables can be deduced [37]. The energy dependence
of the self-energy ensures that many-body correlations manifest in Gj(k, E'), providing a
description beyond that of a mean field. The spectral function determined by Gp,(k, E) in
the following equation

Sy (k, ) = %ImGh(k, ) (2.20)

yields the probability density of finding a nucleon in the target nucleus with a given
momentum k and removal energy FE.

In figure 1 we show representative total cross sections divided by the incoming neutrino
energy in both the mass-mixing with |U;4|* = 1072 (left panel) and magnetic moment
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Figure 2. Total cross section for heavy neutrino production via magnetic moment transition, as a
function of the incoming neutrino energy. The solid red curve corresponds to the scattering on a
single nucleon at rest. The blue line displays the nuclear cross section on a 0 target computed
within the SF formalism, divided it by the number of nucleons. As a cross check, we have also
computed the cross section as in ref. [23] (dashed magenta line), replacing the electron mass with the
nucleon one and integrating over the recoil energy (note that the results obtained following ref. [23]
have been multiplied by a factor 4 to account for the different convention used in the definition of
the magnetic moment).

with p = 1078 up (right panel), where up = e/(2m.) stands for the Bohr magneton. The
cross sections displayed in both panels have been computed for an 60 target, using the
corresponding nuclear SF. The difference between the neutrino scattering cross section on a
free nucleon at rest and the one on a nuclear target (where protons and neutrons are bound
and subject to Fermi motion) divided by the number of nucleons A, can be best appreciated
in figure 2 by comparing the solid red and blue curves, respectively. The total cross section
per nucleon for the magnetic dipole coupling and a massive neutrino with my = 0.6 GeV is
plotted as a function of the incoming neutrino energy F,. The results obtained using the
160 SF are quenched with respect to the free nucleon case, and nuclear effects become less
visible for large values of E,. As a cross check, we have also computed the cross section
as in ref. [23], replacing the electron mass with the nucleon one and integrating over the
recoil energy (dashed magenta curve). The results obtained following ref. [23] have been
multiplied by a factor 4 to account for the different convention used in the definition of the
magnetic moment. We find a very good agreement with our solid line in figure 2, with only
minor differences at low energies due to the terms proportional to F2, which have been
neglected in ref. [23] and included in our results.

2.1 DIS regime

HNL can be produced via mixing with the active neutrinos. In that scenario, which described
by eq. (1.1), the interaction of the active neutrinos inside the detector at high energies
(E <10GeV) is mainly described in the DIS regime. At very high energies, neutrinos are



able to resolve inside the nucleons and the interaction happens with the quarks. Similar to
the quasi-elastic regime, the double-differential cross section can be written as the product
of a leptonic and a hadronic tensor. In the limit where the momentum transfer (¢) is much
smaller than the mass of the Z boson (¢ < M,), the amplitude square of this process is
given by

64

MP? = ——— LW 2.21

MP = Jgsp et na o (2.21)
where e is the electric charge. s,, = sin#f,, and ¢,, = cos8,, are the sine and cosine of the
weak mixing angle. The tensor L,g comes from the coupling to the lepton current. The

leptonic tensor is given by QED and it takes the following form
LB = kKP4 KPR — g®Bk - K 4 0P (2.22)

where, using the same nomenclature as in the quasi-elastic regime, k and &’ denote the
initial and outgoing leptonic momentum. The hadronic current is described by the tensor
W and it takes the general form

41 CLxQB) Wy < q-an> ( q- qu)
W = ——— — P,———— || Ps— 2.23
af M (gaﬁ q2 + M2(E,, — El/,) « q2 B (]2 ( )

W3
22M2(El, —E) Eaﬂﬂnppqn

+

where, similar as before, W; correspond to the dimensionless structure functions. M is the
nucleon mass. For an isoscalar nucleon (N = 1/2(n + p)), the structure relations takes the
form [38, 39]

Wy =22 {((c})? + (ch)? + () + (R)H)[u(x) + u(2) + d(z) + d(@)]}  (2:24)

2Ws =22 {((c})? = (ch)? + (¢)? = (ch)D)[u(@) — () + d=) - d(2)]}  (225)

In the structure functions, we include the contribution of the first generation of quarks, that
we expect that dominates the cross section, at least at lower energies. u(x), d(x), u(z) and
d(x) correspond to the quark distribution functions inside the nucleons. For W7, we can
use the Callan-Gross relation 22W; = Wa, where x = Q?/2M (E, — E!). The coefficients
4 =1/2—2/3s2, % = —2/3s2, ¢} = —1/2+1/3s2, ¢4 = 1/3s2 are the vertex couplings
between the quarks and the Z boson. Taking the product between the leptonic and hadronic
tensors, we get the following

LogW®? (2.26)
_ Wl (MQ _2Q2)(M2 _‘_QQ)_L(MZ(E _E/)_QQ(E —i—El))
= MQ2 N N M(EV—E,,/) v v v v v
W-
+ GiE, i) (@ BB~ M)~ M{Q (B, — E)) 3B+ E))+ MY (B, —E, )"~ Q")

In the limit where my = 0, we recover the standard expression for a NC interaction in the
DIS regime.



The heavy sterile neutrinos can also be produced via a transition dipole moment,
eq. (1.2). In this scenario, the neutrino-nucleon interaction is mediated by a photon. At
very high energies, the photon interact with the quarks inside the nucleons. The double
differential cross section is given by eq. (2.11). Beyond the fact that the mediator in this
scenario is massless, the main difference with the mixing scenario lies in the leptonic tensor,
that in dipole moment scenario is given by the effective operator eq. (1.2) and takes the form

Ly = tr{(K — m) g, "1 PLK" 4] Pr] (2.27)

Since the dipole interaction is parity conserving, the hadronic tensor only contains symmetric
terms. The product between the leptonic and hadronic tensors gives

Lag W = 0L (2m3 Q) (m3 + @) (228)
+%(EB(Q2_3m?v)+2EVEL(m?V+Q2)+(Ez//_mN)(Ez//+mN>(m?\7+Q2))

3 HNL decay

3.1 Mixing with tau neutrinos

The computation of the lifetime of the HNL in this scenario, as well as the branching
ratios into the different decay channels, is done following ref. [10]. For a HNL with mass
mpy ~ O(GeV) that mixes primarily with v, the decay channels involving tau leptons are
kinematically forbidden. In this mass range the HNL will primarily decay into two-body final
states, namely, neutral mesons plus a tau neutrino. While N — v, 7% is the dominant decay
channel of this type (with a branching ratio between 20% and 30%, depending on My),
non-negligible branching ratios (sometimes as large as 10%) are also found for N — v,p
and N — v,n (see bottom panels in figure 1 in ref. [10]). Slightly smaller branching ratios
are found for the decay into the three-body fully leptonic decay channels, N — v.ee and
N — v-pp. The resulting decay length in the lab frame, for a neutrino with energy En
and total decay width 'y, is in the ballpark

1072 0.5GeV\® / En
Liap = ~1 , 1
b = €7 0m<\UT4P>( mn ) <1Gev) (3.1)

where 7 = 1 /T is the lifetime of the HNL in its rest frame.
When computing the event rates, however, we take into account that in this range of

masses the branching ratio for the decay N — v,v,v, is dominant and would lead to an
invisible HNL decay in any neutrino detector. In order to take this into account, our event
rates are multiplied by the branching ratio into visible decay channels

(N — vvv)

Boo—1—
V1S Ftot

(3.2)

Figure 3 shows the branching ratio into visible states for a HNL that mixes with tau
neutrinos only, as a function of its mass.
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Figure 3. Branching ratio for the decay of a HNL of mass M into visible final states, defined in
eq. (3.2), assuming it only mixes with tau neutrinos.

3.2 Magnetic dipole moment

In the case of the magnetic dipole coupling, for simplicity we will assume that the mixing
to light sterile neutrinos is negligible. In this case, the operator in eq. (1.2) induces the
two-body decay N — v~ with the width

D(N — vy) = LN (3.3)

which is the only relevant decay channel in this scenario. Thus, in this case we have Byis = 1,
and the decay length in the lab frame reads

2
1078 up 100MeV\* / En
Ly, = ~ 2. : 4
lab = cTYf3 5m< . ) ( . ) (1Ge\/) (3.4)

4 Calculation of double-bang event rates

The Double-Bang (DB) signal consists on a composite signal given by the interaction of an
active neutrino (“first bang”), where a HNL is produced, and the posterior decay of the
heavy state (“second bang”) after the propagation of a macroscopic distance. The separation
between both bangs depends on the mass of the heavy state and the decay channel into
SM particles. As stated before, our goal is to determine the present and future sensitivities
to this signal in two of the most relevant type of detectors for neutrino physics: water
Cherenkov and Liquid Argon TPC. In particular, we will consider the present sensitivity of
Super-Kamiokande (SK) and its future upgrade Hyper-kamiokande (HK), as well as DUNE.
As a neutrino source, we consider the two largest fluxes that can be measured by those
experiments: the atmospheric neutrino flux and the neutrinos generated in an accelerator.
In the case of SK and HK, the beam experiments are called T2K and T2HK respectively.

~10 -



Note that the rate of NC v, events at each experimental setup sets the scale for their
ability to probe HNLs. For illustration, we plot in figure 4 number of v, induced NC
events at Super-K via the atmospheric flux, and T2K and DUNE via their respective beam
fluxes. From this we expect the existing sensitivity of Super-K and the future DUNE beam
sensitivity to set the most stringent limits on HNLs.

For beam-induced neutrino events, the DB rate generated by the interaction of v,
which upscatter into the heavy state, for a HNL with lifetime c7, is proportional to

diy,
dFE,

d? Ovo N
dENdcy

Ngp(er) = 3 Bus / dE, dcyd Ex
B

Pso(Ey) (Ey) Py(er, EN) Vget(eT, En, cp),

(4.1)
where FE, is the incident neutrino energy, while Fn and cy = cos @ refer to the energy and
the scattering angle of the heavy state with respect to the incident neutrino direction. The
flux of active neutrinos is given by ¢z and it will have oscillated into v, by the time that they
arrive to the detector, with a probability Pg,. The cross section for neutrino upscattering
into the heavy state is given by o, n. The NC quasi-elastic neutrino interaction is computed
as described in section 2, for the DIS regime, we followed ref. [19] including the correct
dependence with the HNL mass. After propagation over a distance L, the HNL will decay
with a probability P; = e~ L/Liab /Liap = Py(cr, En), where Lj,, depends on the specific
model considered as outlined in section 3. Finally, the effective volume Vye; includes the
probability that the second bang takes place inside the detector, which depends on the
expected separation between the two bangs for a given value of ¢r and the boost factor. In
the case of atmospheric neutrinos, the number of events in eq. (4.1) should be modified to
take into account the dependence of Pgq, ¢y, and Vger on the solid angle corresponding to
the neutrino trajectory before the scattering, which would also have to be integrated over.

In the case of T2K, we use the fluxes published by the collaboration [40]. A similar
energy-dependent flux will be used for T2HK, although we will assume a beam power of
1.3 MW [41, 42] (see also e.g., ref. [43]), corresponding to 2.7 x 1022 POT in 10 years. For
DUNE, we will use the collaboration flux predictions [44], and a beam power of 1.2 MW
that will correspond to 1.1 x 10?2 POT in 10 years. While for beam calculations we consider
v, as the initial neutrino flavor, neglecting the intrinsic contamination of the beam, for
atmospheric neutrinos we consider both 5 = e, y, according to Honda’s table [45]. In the
case of atmospheric neutrinos, the flux and the oscillation probability also depend on the
zenith angle. We will integrate over all the incoming neutrino directions and separations
between the “bangs” to obtain the total DB rate. Also, note that antineutrino events will
give a similar contribution to the total number of events, replacing ¢,,,, 0,y and P, in
eq. (4.1) by their analogous expressions for antineutrinos.

To be detected, a DB signal must happen inside the detector. The asymmetry of the
detectors in each direction implies that the effective volume of the detector will depend on
the separation between the bangs, but also on the scattering angle. The effective detector
volume has been obtained via Monte Carlo integration, where we have included the detector
geometry and the minimum separation between bangs that can be resolved in each detector.
In the case of SK, the vertex resolution is 50 cm at 12.5MeV and closer to 80 cm at

- 11 -



5MeV [46]. In our simulation, we have conservatively assumed a minimum separation of
80 cm between the two events, for all neutrino energies. In the case of Liquid Argon TPC,
the vertex resolution can be reduced to the millimeter scale [47]. However, in this case
backgrounds can arise from several sources, as described in more detail in section 5. Thus,
we have conservatively set the minimum separation between the two bangs at 20 cm.

5 Expected backgrounds

As argued in ref. [19], the main advantage of searching for new physics through double-bang
events is that the number of background events from SM processes is expected to be very
small. Here we provide some estimates regarding the expected background rate for LAr
TPC and WC detectors, since there are some relevant differences with respect to the case
of Icecube/DeepCore.

If the separation between the two events is above a few meters, the only background to
this search comes from coincidental events, that is, two events taking place within the same
time window At. Naively, for an atmospheric neutrino experiment the event rates can be
estimated as in ref. [19]:

Ratm ~ (5.1)

Natm (Natm — 1) (At>2
2 T) "’

where Nty is the number of atmospheric neutrino events which take place within a
time period T'. Our computation of the number of atmospheric events in each detector
gives NPUNE ~ 1 9 5 103 yr=1, NSK ~ 8 x 102yr—!, and NHIK ~ 6.6 x 103 yr—!. Thus,

atm atm — atm —
assuming At = 10 s (which is likely very conservative) we find ROUNE = 7.2 x 1078 yr~1,
Rggn =3.2x 107 8yr~ ! and REK =22 x 1076 yr~! for DUNE, SK and HK, respectively.

In the case of the beam, the number of coincidental events within the same beam spill
can be estimated in a similar fashion. In this case, the much smaller time window, which is
given by the beam spill width (for example, At = 10 ps in the case of DUNE [48]), leads to
a negligible background level, well below that of atmospheric neutrinos. We find this to be
the case for the coincidence of two beam events within the same spill, as well as for the
case where one event comes from the beam and the other is an atmospheric neutrino.

However, once the separation between the two events is smaller than ~50 cm additional
backgrounds arise. For example, events in which a neutron is knocked out of the nucleus can
exhibit a double-bang-like event topology, depending on the energy-dependent mean free
path of the neutron. Similarly, photons can take some time to convert to electron/positron
pairs and therefore NC events with vertex activity and a 7° in the final state could a priori
constitute a background as well (for example, the typical conversion distance for the two
photons coming from a 7° decay in LAr is 24 cm [49]). Thus, in our analysis we impose a
minimum separation between the two events of 20 cm for the DUNE detector.

At high energies (> 5GeV), the hadronic cascade can also leave a double-bang event
topology due to, e.g., the punch-through of neutral hadrons created at the neutrino
interaction [50]. This type of background becomes negligible for cascades separation on the
order of ~ 10 m: thus, from eqgs. (3.1) and (3.4) we can see that this will hardly have an
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Eo(GeV)

Figure 4. Total number of standard NC v, interactions with neutrino energies above a given value
Ey, for the atmospheric flux at SK, as well as for the T2K and for the DUNE beams.

impact on the HNL scenario, while it may in principle affect our sensitivities to a magnetic
dipole moment. However, the contribution from this background to the total event rates
will be suppressed by the high energy tail of the neutrino flux and therefore we do not
expect this source of background to have a large impact on our results. A proper study of
the backgrounds to this search can only be addressed by the experimental collaborations,
and lies outside of the scope of this work.

6 Results

As a rough estimate of the DB sensitivity, one can expect the number of v, -induced DB
events to scale as

y
Npp = NJC(B, 2 my) x =542 x By x P, (6.1)
0 Osm

where NY°(E, 2 my) is the number of NC v, events with energies above the kinematic
threshold for v; — N up-scattering, agﬁ is the neutrino NC interaction cross section in
the SM, and Vj is the full (fiducial) volume of the detector.

Let us first examine the mass-mixed HNL case at DUNE via the beam flux. For
illustration, let us assume my = 0.5 GeV. From our calculations, we find that the number
of v;-induced NC events above the kinematic threshold is N,/NTC(E,, > mpy) ~ 4 x 103, see
figure 4. Next, inspection of figure 1 reveals that the total up-scattering cross section at
this HNL mass is reduced by about a factor of ~ (1/3)|U,4|?> compared to the SM case.
Thus eq. (6.1) implies that we should expect sensitivities to the mixing angle, |U,4|? > 1073
at best (of course, the visible branching ratio, effective detector volume, and probability
to decay will reduce this sensitivity somewhat). Our numerical results for the mixing

scenario are shown in figure 5 for DUNE, Super-K, and Hyper-K sensitivity in figure 5.
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Figure 5. Iso-contours indicating the regions where more than one DB event is expected, for
the HNL scenario via mixing with v,. Results are shown for DUNE (left), Super-K (center), and
Hyper-K (right), for the atmospheric (blue) and nominal beam (red) fluxes separately. The solid
curves for the Super-K and T2K sensitivity correspond to current exposures. The shaded regions
indicate the regions of the parameter space disfavored by CHARM [13] and DELPHI [12] data, taken
from ref. [4]. Here we show direct experimental bounds on this scenario, obtained from searches
for the HNL decay products; however, note that the mixing also faces indirect constraints (such as
those derived from lepton flavor universality measurements, see e.g. ref. [51]).

Upon inspection of the DUNE sensitivity in the left panel of figure 5, we see that the
more detailed estimate finds that |Ur4|? > 3 x 1073 can be reached at my = 0.5GeV. One
can also see that this is consistent with the requirement that the decay occurs within the
detector volume, see eq. (3.1).

A similar estimate can be performed in the dipole interaction case. From figure 1
we see that for a HNL with mass my = 0.6 GeV the cross section with g = 1078 pp is
comparable to the SM NC cross section. Thus using NEC(E,, > mpy) ~ 4 x 103 with
eq. (6.1) roughly suggests that p > 107'° up may be within reach for a HNL of mass
mpy = 0.6 GeV. However in this case one can see from the decay length requirement that a
value closer to p 2> 107 up is necessary to decay within the detector volume while still
being moderately relativistic, see eq. (3.4). This roughly agrees with the results from our
numerical calculation for the sensitivity using the DUNE nominal beam, shown in figure 6.
While we have discussed the DUNE case as an example, the same reasoning can be applied
to the other cases as well.

Notice that the dominance of the sensitivity for SK atmospheric and the DUNE beam
that was already apparent in figure 4 is confirmed in figures 5 and 6. Moreover, DUNE’s
dominance at the level of v, NC events occurs for neutrino energies between roughly
~ 2-20GeV. This explains why the DUNE beam sensitivity to HNLs can exceed the
atmospheric Super-K sensitivity at larger HNLs masses, as seen in figures 5 and 6.

Lastly, in figure 7 we show that DUNE’s LAr near detector can also be sensitive to DB
events. In this case, the large v, flux at the near detector can allow for v, — N transition
moments to be very well probed, and in fact push into new parameter space which is
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Figure 7. Expected sensitivity to the transition magnetic moment v, — N from DBs signals in the
DUNE LAr near detector. The CHARM-IT and NOMAD bounds are reproduced from ref. [19]. The

Borexino+SK bounds are taken from ref. [24].

currently unconstrained. We note that MiniBooNE [20] also constrains a small window of
parameter space between the CHARM-II and NOMAD bounds in figure 7. Based on the
sensitivity we find in figure 7, we note that the DUNE near detector appears capable of
testing a dipole interpretation of the MiniBooNE excess [25].

~15 —



7 Conclusions

In this work we have studied the potential of present and future neutrino oscillation
experiments, namely, SK, HK and DUNE, to observe double-bang events at low energies,
which are characteristic signals of HNL production and decay within the detector. We have
considered both atmospheric neutrinos and neutrino beams from meson decays as possible
sources for the events, and computed the number of events that would be obtained for the
signal in two different scenarios: HNL that mixes with v, and a dipole portal involving a
transition magnetic moment between the light neutrinos and the HNL. Our results include
a detailed calculation of the QE cross section for both scenarios within the spectral function
formalism, and a proper treatment of the kinematic effects due to the nonzero HNL mass.

We have shown that an analysis of current Super-K data may be able to set new and
competitive bounds, especially in the HNL mass range 0.3-1 GeV for the mixing scenario.
We have also found that DUNE will be able to extend this bound by roughly half an order
of magnitude using the DUNE beam flux. This is contrast with the atmospheric neutrinos
which do not extend the bounds in the allowed mass range. We have also examined the
bounds on active-heavy transition magnetic moments and find that Super-K may be able to
considerably improve over the DONUT bounds on tau-flavored transition moments. Similar
results are found for the next generation of experiments using neutrinos from the atmosphere
and the beam. The large flux of v, expected in the DUNE near detector allows us to explore
a possible transition magnetic moment for muon neutrinos as well. For 1.1 x 10?2 PoT
(corresponding to 10 years of data), we find that present bounds can be improved by 2
orders of magnitude, for heavy neutrino masses between 10 MeV and ~ 1 GeV.

Our analysis may be improved on several fronts. First, we are only including QE
and DIS events in our signal rates, and the inclusion of resonant scattering processes will
only improve the sensitivity further. Second, a detailed study of the background levels
(such as the punch-through of neutral hadrons, for high-energy events, or the impact of
photon conversion to electron/positron pairs) should be performed by the experimental
collaborations. In this regard, note that a detailed analysis of the backgrounds for LAr
TPC detectors may reveal additional handles which could be used to reduce the minimum
separation between the two events while keeping a good signal-to-background ratio, thus
enhancing the sensitivity with respect to our results. Finally, a third avenue could be
to go beyond the QE and DIS contributions considered here for the magnetic moment
scenario and also include the coherent contributions to v — N up-scattering, where the
interaction takes place with the whole nucleus. Although this would considerably enhance
the signal rate [20, 23, 24], it may suffer from a larger background as well since the first
bang would go unobserved at typical neutrino detectors. A detailed calculation of the signal
and background rates needs to be made in order to determine the benefits of coherent
scattering for enhancing the sensitivity to HNLs in neutrino experiments, something which
is beyond the scope of the present work.
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Note added. After the completion of this work the preprint of ref. [56] was posted online,
where a similar analysis was performed for the DUNE experiment. Taking into account
the different cross section calculation used in ref. [56], we find a reasonable agreement with
our results.
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