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We investigate the potential of future tau neutrino experiments for identifying the v, appearance in
probing secret neutrino interactions, which is very important in a variety of fields, such as neutrino physics,
dark matter physics, grand unified theories, astrophysics, and cosmology. The reference experiments
include the DUNE far detector utilizing the atmospheric data, which is for the first time probing secret
interactions, the Forward Liquid Argon Experiment (FLArE100) detector at the Forward Physics Facility,
and emulsion detector experiments such as SND@LHC, FASERv, AdvSND, FASER22, and SND @SHiP.
For concreteness, we consider a reference scenario in which the hidden interactions among the neutrinos
are mediated by a single light gauge boson Z’' with a mass at most below the sub-GeV scale and an
interaction strength g,; between the active neutrinos v, and v4. We confirm that these experiments have the
capability to significantly enhance the current sensitivities on g, for my < 500 MeV due to the production
of high-energy neutrinos and excellent ability to detect tau neutrinos. Our analysis highlights the crucial
role of “downward-going” DUNE atmospheric data in the search for secret neutrino interactions because of
the rejection of backgrounds dominated in the upward-going events. Specifically, ten years of DUNE
atmospheric data can provide the best sensitivities on g,, and g,, which are about 2 orders of magnitude
improvement. In addition, the beam-based experiments such as FLATE100 and FASER22 can improve the
current constraint on g,, and g,, by more than an order of magnitude after the full running of the high
luminosity LHC with the integrated luminosity of 3 ab~!. For Jeu and g, the SHiP experiment can play the
most important role in the high-energy region of mz > few 100 MeV, and FLArE100 and FASERz2
can set the most stringent constraints for m less than few keV, in particular, if atmospheric flux uncertainty
reduces DUNE sensitivity. Although our analysis is proceeded under our reference scenario of secret Z’,
our analysis strategies can be readily applicable to other types of secret interactions such as

Majoron models.

DOI: 10.1103/PhysRevD.109.095043

I. INTRODUCTION

Among the particles in the Standard Model (SM),
neutrinos are unique in the sense that they play the key
roles not only in determining the weak interaction struc-
tures but also in guiding a new physics beyond the SM
(BSM) due to their oscillation phenomena, not explained in
the context of the SM. Possible new interactions of
neutrinos other than the weak interaction, therefore, can
shed light on identifying the symmetrical structure of BSM.

One area of interest is the secret neutrino interaction
(SNI), which involves new boson(s) mediating the inter-
actions among the active and sterile neutrinos or involving
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only the sterile neutrino sector. Secret neutrino interactions
might arise in the BSM theories with the neutrino masses
given from the breakdown of the global symmetries of the
SM such as lepton number (L) or the difference between
the baryon number and the lepton number (B — L) sym-
metries [1-6]. Other possibilities include gauging an
anomaly-free global symmetry [7,8], which is not techni-
cally “secret,” or introducing a new gauge symmetry
completely blind to the SM particles [9].

The theoretical scenarios providing SNI have been
applied to explain the neutrino oscillation anomalies
[10-15]. Interestingly, the SNIs have been also used to
resolve various issues in cosmological and astrophysical
observations. The pseudo-Nambu-Goldstone boson arising
after the spontaneous breakdown of a global lepton number
symmetry (L or B — L) and the electroweak symmetry, so-
called Majoron, can be a dark matter (DM) candidate [16].
The emission of Majorons or vector bosons can also
contribute to the supernova cooling [17-22]. Inclusion of
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SNI can make the thermal sterile neutrino DM scenario [23]
compatible with the astrophysical observations [24]. A new
gauge boson mediating the SNI can be used to resolve the
small scale problems, albeit with strong cosmological
constraints [25-27], or alleviate the Hubble parameter
tension [28-30].

Because of its importance, the investigation of SNI has
been rigorously pursued across multiple domains including
cosmological, astrophysical, and laboratory experiments.
Among them, various astrophysical and cosmological
observational results prefer flavor nonuniversal secret
interactions [29,31]. Moreover, the laboratory experiments
have provided stronger constraints on the SNIs with v, and
v, than those with v, [32-36].

Motivated by these observational and experimental
preferences, we explore the scenarios where the SNIs
are flavor nonuniversal and the mediators do not interact
with the charged leptons in this paper. Notably, we focus on
the exciting potential of a variety of future tau neutrino
experiments in directly probing the v, SNIs with less
constraints from the laboratory experiments so far, com-
pared to the other flavor SNIs.

For concreteness, in this paper, we adopt a light vector
SNI scenario where a vector with the mass below 1 GeV
couples exclusively to the SM active neutrinos, described
by the term Za.ﬂ 9apZ, VvV, which provides nonstandard
interactions (NSIs) involving light mediators [9,37,38].
A viable scenario addressing these NSIs is proposed in
Ref. [9], which is briefly explained in the next section. The
light Z’ can be produced via three-body rare decays of
pseudoscalar mesons, if kinematically available, which can
be important decay channels due to no chiral suppression.
Sensitivities of meson decay experiments to secret
couplings of neutrinos to Z’ is studied in Ref. [39]. We
note that while meson decay experiments are sensitive to
the sum of the coupling strength squares involving charged
leptons produced in the decay of charged mesons, i.e.,
ZGE{E.M,T} |gea‘2 and Zae{e,ﬂ,r} |g/m|2 (by identifying the
produced charged lepton), neutrino detectors can detect
produced neutrinos and are sensitive to each of the
couplings g4 uq» and g,,. In order to obtain conservative
sensitivities, we further assume that both of the production
and the decay of Z' are controlled by a single SNI
parameter g,4. In particular, we discuss the possibility of
using the tau neutrino flux measurement to constrain the
coupling of neutrinos with the new light gauge boson. The
upcoming neutrino detectors can benefit from their capabil-
ity to detect high-energy neutrinos produced from heavy
mesons. Additionally, their abilities of detecting v, directly
can provide superb sensitivities on the NSI couplings [40].

As laboratory experiments probing beam-produced
neutrinos, we adopt Forward Liquid Argon Experiment
(FLArE100), FASERv, FASERu12, SND@LHC,
AdvSND@LHC, and SHiP for reference. The FASER [41],
FASERv [42], and SND@LHC [43] detectors are currently

under operation in the tunnels located in the beam forward
direction nearby ATLAS and have recently announced their
first phase data [44,45], which has opened up an era of
intense frontier searches for BSM at the LHC. To succeed
these experiments, the Forward Physics Facility (FPF)
which aims to host the next generation experiments during
the running of the High-Luminosity LHC is proposed [46].

The FPF neutrino experiments are expected to detect
a high number of neutrino interactions at the highest
energies ever achieved. Thus, their measurements are
crucial to uncover neutrino interactions at energies above
O(100 GeV). The proposed FLATE, a liquid argon time
projection chamber located at FPF as well as FASERv2 are
designed to detect millions of neutrino interactions, includ-
ing tau neutrinos, and to search for long-lived BSM particles
or dark matter. SHiP is an intensity-frontier beam dump
proposed experiment which aims to explore the domain of
weakly interacting hidden light particles with masses in the
MeV-GeV range. Sensitivity of the currently running
FASERv to secret neutrino interaction was previously
studied in Ref. [47].

In addition to the laboratory experiments, we consider
the Deep Underground Neutrino Experiment (DUNE) far
detector to analyze the atmospheric data in probing SNI for
the first time. We place special emphasis on the sensitivity
of DUNE atmospheric data to SNIs by probing the
appearance of downward-going v, and discuss how this
strategy is strong, as well as providing valuable insights on
the flavor structure of Z’. Note that DUNE will have both a
far detector, probing high-energy atmospheric neutrinos,
and a near detector for high intensity lower-energy neu-
trinos; we can expect the interplay between those in
probing new interactions of neutrinos. The potential of
the DUNE near detector (ND) and far detector to constrain
the new interaction is studied in Refs. [48,49]. A similar
study on v, appearance by a neutrinophilic mediator,
including those for the SNI in short-baseline laboratory
experiments, has recently been put forth in Ref. [50].

This paper is organized as follows. In Sec. II, we explain
our simplified setup from which useful analytic formulas
are obtained. In Sec. III, we summarize the experimental
details of our reference tau neutrino experiments and
discuss the analysis strategies. In Sec. IV, we then show
our analysis results for each coupling g, while turning off
the others. Finally, we conclude our results and leave
discussion in Sec. V.

II. THEORETICAL SETUP

In this section, we explain our simplified setup of vector
SNI with a new sub-GeV mass vector boson Z'. The
relevant effective Lagrangian includes

L> Zgaﬁz;ﬁaypl//}’ (1)
a.f
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where g,; represents the coupling between the new
light boson Z' and neutrinos of flavor a and p,
which does not have to be flavor diagonal. This interaction
can lead to a new decay mode of meson to lepton,
neutrino, and Z’, which is followed by a subsequent Z’
decaly.1

Note that this interaction can arise from gauging different
combinations of baryon number and lepton flavor/number
[51,52]. However, the coupling of the electron to the new
gauge boson Z' is subject to stringent constraints across a
wide range of Z’ mass and hence our models of interest
should suppress the sizable couplings to the SM charged
leptons. A possible scenario giving rise to this interaction
can be obtained from adopting a new gauge symmetry
U(1)" along with a SM singlet heavy fermion ¥ and a
scalar particle, both of which are charged under U(1)’
[9,53]. Then the active neutrinos can couple to Z' by
mixing with ¥ when the new scalar particle is either a SM
singlet or doublet; the active neutrinos of flavor v, can be
written as a linear combination of mass eigenstates v;,
(i=1,2,3,4),

Vg = Z U{lil/iv (2)

i=1

where v, is the heaviest mass eigenstate that gives the main
contribution to W. Integrating out the heavy fourth state, the
light active neutrinos receive a coupling of the form
9paZuVpr"Va, Where ggg = gpUqqUp, and gy is the U(1)’
gauge coupling of W¥. Note that a kinetic mixing between
U(1)" and U(1)y can generically arise. Hence additional
theoretical setup should be assumed in such a way that the
tree level mixing is turned off and the loop level mixing is
induced by very heavy particles.

Our process of interest is depicted in Fig. 1. In order to
focus on the SNI from our reference scenario, we do not
consider the baryonic couplings of Z’ throughout the whole
analysis. The flux of neutrinos in the lab frame coming
from meson decay, M — Z'v¢ with subsequent decay of
7' — vb, is given by the equation

e dn,
O(E,) = 477L21; dEyPy(Ey) (dE)

er.M
lab dQlab .

(3)

Here, L represents the distance from the source to the
detector and Py, (E),) is the rate of the meson injection in
the lab frame.

The spectrum of the neutrino in the lab frame from the
decay of a meson with an energy of E,, is expressed as

'Note that the off-shell Z' production leads to a four-body
decay process for Z' heavier than the mother meson. Because of
the extra phase space suppression, we do not consider this
contribution here.

FIG. 1. Three-body meson decay M — [vZ' and subsequent Z’
decays into a pair of a neutrino and an antineutrino.

(dN,/)
dE,/1ap’
rest frame of the meson, dN,/dE,|, ., as

(dN,,) B (dND>
dEu lab dEv
The value of E, |, can be simply obtained by
kinematics. If the direction of a neutrino reaching
the detector coincides with that of the spatial momentum
of the meson beam, for instance, we can write E, |, =
E,|, (1 4+ vy)yy, in which vy, is the meson velocity

in the lab frame and y, = (1 —v%,)7"/2, therefore

%Z‘I’lf: =yu(l —vy). Note that dQ,,,/dQ,,, takes care
of focusing of the beam in the direction of the detector
and is given by (1 + vy,)/(4(1 — vy)) =73, and (Zgb) iy
is the total spectrum of the (anti)neutrino produced from
both meson and Z’ decay,

which is related to the spectrum of neutrinos in the

aEu‘r.M

r.M aEv |lab .

(4)

dNy B dND Z'decay
dEu r.M B dEIJ r.M
N dai'(M w7z’
+ 0 . ( — W )’ (5)
I'M — Z') dE,

where N is the total number of the neutrinos produced
from the M+ (M~) decay, which is v, (7,) in the left
panel of Fig. 1. For the electron decay mode M — evZ/,
we neglect the mass of the electron and obtain the
decay rate analytically, while the values for the
heavier leptons, M — uvZ' and M — tvZ', are obtained
numerically.

As previously stated, the presence of the new light
gauge boson Z' leads to an enhanced three-body decay
rate of the pseudoscalar meson without chiral suppression
compared to the two-body decay cases due to the longi-
tudinal component of the new massive gauge boson. This
enhancement arises from the new interaction between the
new massive gauge boson and neutrinos, and the decay rate
scales as giﬂ /m%,, which results from the summation over
the new gauge boson polarizations, i.e., Z;e/ (k)e** (k) =
—g" + KK/ mé,. This phenomenon is analogous to the W
boson emission in top quark decay (¢ — bW), where the
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decay rate is proportional to 1/m%,. The enhancement in
both cases arises from the polarization sum resulting from
the spontaneously broken gauge symmetry. For the decay
modes into e*, the differential decay rate with polarization
perpendicular to the Z' momentum (e, €,) and parallel to
the Z' momentum (e3) can be expressed as

dl'(M — ev,Z')
dEz 12

fMgeaG%“COSZ (GC)
96713 my,

X pz(=2Ezmy + my; + m%,),

geaGFCOS (GC)fz

Ir— ev,Z') =
61447’ mim?,

Figure 2 shows the branching ratio of the meson’s three-
body decay to electron, antineutrino, and new gauge boson,

M(M—evZ' . )
(%) as a function of mj, for various mesons,

total

including 7, K, and D, assuming g,, = 0.1 (left) and g, =
1075 (right). For large new gauge couplings of <O(0.1),
we can clearly see that the three-body branching ratios can
be dominant over the conventional chiral suppressed two-
body decays and would be easily constrained by various
experiments. As one expects, the branching ratio decreases
rapidly as the gauge boson mass approaches the mass of the
charged meson, which makes the process kinematically
forbidden.

The Z' gauge boson with masses of O(MeV —
100 MeV) subsequently decays into v before reaching
the detector producing signals at neutrino detectors over a
wide range of g,4. The total decay rate of Z' — v, 0 for
all the polarizations is given by

100 gee =0.1
—_—T
— K
Ds
1072
% 2 4
é Fs 10
=
10—6 4
1078 v v v v T T
1073 1072 107! 10° 10t 10?2 103
mz (MeV)

FIG. 2. The branching ratio of the meson three-body decay to electron, antineutrino, and new gauge boson

my for different mesons, namely, 7, K, and D,. We have fixed the value of g,, = 0.1 (g,, =

dl'(M — ev,Z')
dEz s

fMgea FCOS (QC)
9673 myym?,

X pz (EZ’mM - mé)z, (7)

where f, is the meson decay constant. Observing the
decay into the longitudinal mode, we can see that it is
proportional to ¢2,/m% and will be enhanced for
myz < my,. For the case of pions, which is dominantly
produced in various accelerators, the total decay rate is
given by

(m,g, + 72mim?, — 64mZmS, + 24(3mims, + 4mimS,) log( > — 9m§,>. (8)
mﬂ

giﬂmz/

D(Z' — v,05) = >
n

©)

The number of neutrinos originating from the decay of Z’
particles before reaching the detector is given by

N = Ny(1 = eTtr), (10)

where N is the number of produced Z', L is the distance
between the Z' production point and the detector, and y =
E; /my is the boost factor. In Eq. (10), if TL/y > 1,
almost all Z’ particles decay before reaching the detector.

Before closing this section, let us briefly comment on the
cosmological effect of a light Z’'. For Z' with masses
mz < O(MeV), it is inevitable to consider its contribution
to the radiation energy density without Boltzmann sup-
pression at the time of big bang nucleosynthesis (BBN). In
the presence of SNI, the new gauge boson can be generated

- =5
100 Jee =10
_—T
102 K
Ds
1074
107
;ng; z -8
ésl,: 10
=
10710
10—12
10—1A
10716 : " " : : "
1073 102 107! 10° 10* 10?2 103
mz (MeV)

(MFSM ) as a function of

total

107%) on the left (right).
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via inverse decay v+ U — Z' and neutrino-antineutrino
annihilation v + 7 — Z' 4+ Z' [54]. The new gauge boson
Z' can contribute to the extra radiation species AN
when it is in thermal equilibrium with active neutrinos
around 7' ~ 1 MeV after neutrino decoupling era’ As a
conservative limit, we adopt the constraints on AN with
95% confidence level (CL), which is AN <1, from
Ref. [54] assuming a flavor-universal SNI. The combined
constraints with the primordial abundances of light ele-
ments are similar in the reference. We expect the flavor
nonuniversal and off-diagonal cases involving v,, which is
more proper to be applied in our analysis, would provide
weaker bounds, but we do not pursue this direction here
and leave more detailed study to a future work. Hence, we
simply apply the nominal bound on the vector boson for
mz <5 MeV from Ref. [54]. Note that possible baryonic
interactions of Z' can provide extra constraints on the
abundances of the primordial elements, but we do not
include those to focus on SNI here, as stated earlier. Other
scenarios such as scalar SNI can have weaker bounds due to
the smaller degrees of freedom.

III. ANALYSIS STRATEGIES

A. Accelerator-based neutrino experiments

In this section, we explain the details of the reference
experiments and the analysis strategies. The FASERv,
SND@LHC, FLArE100, FASERuv2, AdvSND@LHC,
and SHiP experiments allow us to probe the relevant
parameter space for the relatively heavy Z' up to
<1 GeV since their beam energies are high enough to
produce heavy mesons such as charmed mesons. Moreover,
these detectors have the potential to collect a large number
of tau neutrino events and identify those, providing an
opportunity to use tau neutrino flux measurements in
probing possible new interactions of neutrinos. To compute
the number of events, we have taken the neutrino cross
section and the energy spectra of the charged mesons from
Ref. [56]. We further assume the perfect energy resolutions
and 80% efficiencies for v, and v, in the aforementioned
experiments for simplicity.

The FPF at CERN hosts FASERy and SND@LHC
experiments aimed at probing physics phenomena at the
forefront of particle research. These experiments focus on
detection of the neutrinos produced at the LHC. FASERvy
and SND@LHC are composed of 1.2 and 0.8 tons of
tungsten plates, respectively, alongside layers of emulsion
films. The emulsion detector exhibits exceptional precision
in detecting tau neutrinos. These experiments have suc-
cessfully detected the most energetic neutrinos known to
date. With an integrated luminosity of 150 fb~!, these
setups have an excellent potential for identifying tau

This is for Z' heavier than the active neutrinos and much
lighter neutrino cases are also discussed in Refs. [36,55].

neutrinos and probing new neutrinophilic interactions
through tau neutrino detection.

The FPF is expected to host far-forward experiments
such as FASER22, a 20-ton emulsion detector; Advanced
SND@LHC (AdvSND), a successor to SND@LHC; and
FLATE, a proposed liquid argon time projection chamber
with an active volume of 100 tons [46]. These experiments
have potential to detect millions of TeV-energy neutrinos.
The AdvSND features a 5-ton fiducial mass that represents
a substantial increase of 6.25 times compared to the
SND@LHC experiment. Furthermore, it is expected to
have the final integrated luminosity 20 times higher than
SND@LHC (150 fb™'), resulting in a total 125 times larger
data. We have taken the details of the aforementioned
experiments from Ref. [57].

The SHiP experiment is a proposal of fixed target facility
at the CERN Super Proton Synchrotron (SPS) which aims
to search for light BSM particles with tiny interactions with
the SM particles avoiding the experimental constraints thus
far, so-called hidden particles [58]. The other main purpose
of SHiP is to directly observe v, and ¥, events. Benefiting
from high statistics, it can perform active neutrino physics.
Inside SHiP, a detector called SND @ SHiP will be installed
for the study of active neutrino cross sections and angular
distributions. This is expected to be located about 46 m
behind the interaction point and detect about 12000 v,
events within five years of operation, which is quite large
compared to the FASERv experiment detecting about 20 v,
events. Interestingly, SHiP hosts a hadron absorber that
light mesons such as pions or kaons can interact with before
decaying to neutrinos. Hence, the fraction of the charmed
meson increases compared to the lighter mesons. Since the
D, meson decays are the main sources of tau neutrino
production at the SPS with the beam energy 400 GeV, it is
possible to have a large tau neutrino flux. Moreover, SHiP
will have the opportunity to observe the tau antineutrino for
the first time and perform its cross section measurements.
In this respect, SND@SHiP will also be an excellent
experiment searching for the BSM particles interacting
with tau neutrinos.

B. Atmospheric neutrino experiments

In addition to the beam-produced neutrinos, atmospheric
neutrinos can be used to set stringent bounds on the new
couplings. Although the number of charmed mesons
produced in the atmosphere is smaller than those in the
aforementioned accelerator experiments, it is possible to
effectively probe tau neutrinos by reducing most of the
backgrounds remarkably. We adopt DUNE far detector to
confirm our expectation.

All of the current neutrino oscillation experiments
explore v, and v, disappearance and v, — v, appearance
channels (plus antineutrino channels). Both atmospheric
and neutrino beam experiments have confirmed the
v, = v, oscillation by the disappearance of v,. This is
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because the reconstruction and identification of v, events
pose significant challenges due to the prompt and semi-
visible decay of the 7z leptons. In particular, the misidenti-
fied neutral current (NC) scattering of any flavor neutrinos
can mimic the 7 lepton signal and is hard to be rejected.
Moreover, the energy threshold to detect the charged
current (CC) scattering of v, off the matter producing
the 7 lepton is as high as E, 2 3.35 GeV for the nuclear
scattering process and E, 2 3.1 TeV for the electron
scattering process, which are mostly beyond the reach of
the current beam neutrino experiments.

The Long-Baseline Neutrino Facility (LBNF) will be
equipped with 120 GeV neutrinos at the main injector beam
providing center-of-mass energies well above 3 GeV to
observe the v, CC processes, and the near detector complex
will host a variety of detectors that can reduce the back-
grounds [59]. In LBNF, the first oscillation maxima for
DUNE occurs around 2.5 GeV, which is below but very
close to the tau neutrino detection energy threshold. This
will cause some ambiguity in the measurement of Am3,
and sin® 0,5 [60]. By comparison, the DUNE far detector,
covering a wide range of L/E and benefiting from large
flux, can provide a promising tool to search for v,. Hence,
atmospheric data can provide a clearer first oscillation
maxima. If DUNE benefits from an excellent angular
resolution (zenith angle resolution is ~5° for v, CC and
~7° for NC) and energy resolution [61], making the
atmospheric data advantageous in more accurate measure-
ments of oscillation parameters.

The tracking resolution of the liquid argon time projec-
tion chamber (LArTPC) detectors, typically several milli-
meters, necessitates the prompt identification of tau leptons
through their decay products. Additionally, all tau lepton
decay channels entail missing energy (produced tau neu-
trino from tau decay), indicating that the tau neutrino
appearance channel presents unique challenges, particu-
larly in reconstructing tau neutrino energy compared to
muon and electron neutrinos [60,62]. LArTPCs lack the
necessary spatial resolution to observe the displaced vertex
of a tau decay or the angular resolution to discern its
characteristic kink, in contrast to emulsion detectors.
Consequently, they are unable to identify tau neutrino
interactions event by event. Instead, Refs. [49,60,63]
explore statistical methods for identifying a tau neutrino
component, proposing observables capable of enhancing
the tau neutrino fraction within an event sample. Notably,
we anticipate several hundred tau neutrinos from neutrino
oscillation, originating from both atmospheric neutrinos
and long-baseline accelerator neutrinos at DUNE. Notice
that including the uncertainty of 5cp reduces the sensitivity.
Since no downward-going tau neutrinos are expected, with
the ability to discriminate between upward- and downward-
going neutrinos, DUNE holds significant potential for
testing new physics such as secret neutrino interactions.
Reference [61] reported the potential for an angular

TABLE 1. Estimated numbers of Standard Model neutrino
events assuming a final integrated luminosity of 150 fb~! for
FASERvy and SND@LHC, while 3000 fb~! for FASER»2 and
FLArE100. For SHiP, we assume 2 x 10?° proton on target in five
years. We assume a data-taking period of ten years for DUNE
atmospheric neutrinos.

Detector No. of events

Detector name Mass v, + 7, v, + 0, v, + U,
FASERv 1.2 ton 1000 5000 20
SND@LHC 800 kg 250 1000 11
FASERw2 20ton  7.5x10* 4 x10° 1.7 x 103
FLArE100 100 ton 2.5x10* 1.38x10° 1.3 x10*
SHiP 10ton 34 x10* 235x10° 1.2x10*
DUNE 40 kton 1.6 x 10* 2.4 x 10* 150

resolution of 5° specifically for tau neutrinos. However,
the lack of angular resolution, uncertainties in atmospheric
neutrino flux, and the uncertainties in neutrino oscillation
parameters, notably the uncertainty of écp, can significantly
reduce the sensitivity of DUNE’s atmospheric data in
probing new physics by several orders of magnitude.

Notice that upward-going atmospheric neutrinos travel-
ing through a larger baseline can effectively oscillate into
v,. On the other hand, we do not expect v, signals within
the standard oscillation model for downward-going atmos-
pheric neutrinos since their baselines are too short to
oscillate. Therefore, the unexpected downward-going v,
appearance will be a unique signal of nonstandard inter-
action without suffering from large background contami-
nation in the atmospheric neutrino experiments such as the
DUNE far detector. In addition, the far detector of DUNE
has much larger fiducial volume than those in the accel-
erator-based experiments, increasing its capabilities in
searching for nonstandard interactions. Note that similar
expectation of the unexpected v, appearance in the beam-
produced short-baseline neutrino experiments is studied in
Ref. [50]. In this study, we will explore how atmospheric
neutrino data of DUNE can provide wonderful sensitivities
in probing the SNI. The details of the experiments we have
used are given in Table 1.

IV. RESULTS

In this section, we show our analysis results by display-
ing the expected sensitivities of various reference experi-
ments in the plane of g,; —my along with the current
constraints. In all of our results, we assume a chosen g, is
the only nonzero SNI coupling to make the analysis
conservative and simple. From observing the v, events,
the SNI couplings g,, can be directly probed.

The sensitivities on g,, can be, in principle, dominantly
obtained from the process of D, — tw,Z — 73u,.
However, we expect those are very weak due to the small
flux of D, and the phase space suppression for a given mass
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of Z'. On the other hand, g,, and g, can be probed in the
processes D — ev,Z' and D — v, Z', respectively, again
without chiral suppression compared to D, — tv,Z', pro-
viding more phase space. In addition, those SNIs can be
probed from the lighter meson decays. We estimated that
branching ratio (BR)(D, — tv,Z’) for g,, = 0.1 and m, ~
10 MeV is about 10~ times smaller than BR(D — ev,Z')
in Fig. 2.

In order to show the effectiveness of our analysis
strategies observing the v, events, we analyze the other
SNI couplings, i.e., with v, or Uys but not v,. Note that our
Z' from the reference models might be further constrained
by its baryonic interactions, but we do not include such a
possibility as a conservative approach.

Figure 3 displays the 90% CL current constraints and
future sensitivities on g,, vs my, while all the other SNI
couplings are set to zero. The analysis takes into account all
meson decays, including z, K, and D, to leptons and
neutrinos (z, K, Dy — [,v). The green region indicates the
current exclusion limit from NA62 [64], while the dark and
light gray regions represent the constraints from Z boson
decay and BBN, respectively [54,65]. Note that the late
decay of Z' — v,u; prior to the recombination epoch can
possibly contribute to extra AN from the observation of
cosmic microwave background (CMB), which will be
stronger than the currently displayed BBN bound.
However, the detailed fitting of the CMB data in the
presence of flavor nonuniversal and off-diagonal SNI is

-—- FASERv
--- DUNE ND
SNDGLHC
SHiP
FASER»2
FLArE100
AdvSND
DUNE atm
NAG2
BBN
W 7 decay
SN1987

Ger

103 10! 10! 10
myz(MeV)

FIG. 3. The upper bound on g,, vs mz at 90% CL. The red
curve corresponds to the sensitivity of DUNE with the ten years
of atmospheric data assuming perfect efficiency and no NC
background. The dashed green curve corresponds to the con-
straint from the FASERv experiment [46,47]. The cyan and
purple curves show the sensitivity of FLArE100 and FASER22 to
constrain g,,, respectively. The blue, brown, and olive curves
correspond to the SHiP, SND@LHC, and Advanced SND@LHC
experiments, respectively. The dashed black curve shows the
bound from the DUNE near detector [48]. The gray region shows
the BBN constraint [54]. The dark gray and light green regions
show the current constraint from Z boson decay and NA62,
respectively [64,65]. The light blue region indicates the constraint
from core-collapse supernova [18].

nontrivial and hence we leave more dedicated study to a
future work without displaying those bounds throughout
this work. We can also apply a bound from the observation
of the power spectrum of CMB due to the late neutrino
free streaming [31,36,66], but it is far weaker than that
from NA62 for a simple universal couplings case,
Jee = Guu = Yoz~ We hence do not show the CMB power
spectrum constraint here. The light blue region indicates the
constraint from the energy loss bound of core-collapse
supernova, SN 1987A, nominally obtained from
Refs. [18,67,68], which are more proper in the scenarios
with the flavor-universal and diagonal couplings.

The dashed green curve represents the constraint
expected from the FASERv experiment [46,47] with
150 tb~! data, which is notably more stringent than the
existing constraint for myz on the order of a few tens of
MeV. Comparing the two currently running experiments,
SND@LHC and FASER#nu with 150 fb~! data, we see the
former has better sensitivity for light Z' with mass
<10 MeV, while the latter for heavy Z' with mass
210 MeV. This is because of the slight off-axis location
of SND@LHC, which increases the relative flux of heavy
mesons such as D,. The plot demonstrates that FLArE100
(cyan curve) and FASERw2 (purple curve) can set com-
parable and the most stringent constraints on g,, among
future beam experiments. Note that FLArE100 has the
largest fiducial volume with the background events com-
parable to the much smaller detectors, SND@SHiP or
AdvSND, as can be seen in Table I. Also, FASER22 has a
smaller fiducial volume, but with much smaller number of
backgrounds even compared to FLArE100. With the
difference in the shape of the neutrino flux, the above
advantages make FLArE100 and FASER22 promising in
probing the g,, coupling. For m, = few MeV, they can
improve the current constraint by about one order of
magnitude and by more than one order of magnitude for
my < 60 keV. Additionally, the plot shows that SHiP is
more sensitive to the new coupling above a few MeV
compared to SND@LHC. This is due to the fact that the
fraction of the produced charm mesons to lighter mesons at
the SHiP experiment is higher than SND @LHC due to the
presence of hadron absorber. It is important to note that our
analysis focuses solely on the far detector, where we
expect a similar neutrino flux as SND@LHC. However,
it is worth mentioning that incorporating the near detector
may potentially lead to significant improvements in the
obtained results. As depicted in the plot, Advanced
SND@LHC demonstrates a comparable sensitivity on
the parameter g,, when compared to the FASERz2 and
FLArE100 experiments.

It is remarkable that the atmospheric data at DUNE with
ten years of running can provide the most stringent
sensitivities for my 2 1 MeV and my < 60 keV. We
assume two different efficiencies of 10% and 100% for
reconstructing v, events. This assumption is consistent with
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----- With NC BG. & 10% Eff
=== With NC BG. & 100% Eff.
—— No NC BG. & 100% Eff
NAG2
BBN
BN 7 decay
SN1987

103 101 10! 108
myz(MeV)

FIG. 4. Theupperboundon g,, vs mz at 90% CL. The red curve
corresponds to the sensitivity of DUNE with the ten years of
atmospheric data assuming perfect efficiency and no background.
The dashed red curve corresponds to the DUNE atmospheric data
taking into account perfect efficiency and the background by NC
scatterings of any flavor neutrinos estimated in Ref. [61], which is
70 events for ten years. The dotted curve corresponds to the DUNE
atmospheric data taking into account the background by NC and
10% efficiency for detection of tau neutrinos. The gray region
shows the BBN constraint [54]. The dark gray and light green
regions show the current constraint from Z boson decay and NA62,
respectively [64,65]. The light blue region indicates the constraint
from core-collapse supernova [18].

results of [49,60,62,63], which report a range of efficien-
cies from 6% to perfect. Notice that the efficiency for
reconstructing tau neutrino tracks in DUNE atmospheric
data depends on various factors, such as the energy,
direction of the neutrino, the properties of the detector,
and the reconstruction algorithms used. The detector
consists of a large volume of liquid argon, which allows
for precise tracking and energy measurements of particles
produced in neutrino interactions. The detector is also
complemented by a highly sophisticated software system
for event reconstruction, which is continually being
improved to increase the efficiency and accuracy of tau
neutrino reconstruction. In Fig. 3, only the 100% efficiency
case is shown assuming no NC background. For a more
clear demonstration, we have shown the results of DUNE in
a separate plot, Fig. 4. The red solid curve corresponds to
the zero NC background and 100% tau neutrino detection
efficiency assumption, while the red dashed curve shows
the inclusions of the background by the NC scatterings of
any flavor downward-going neutrinos expected in
Ref. [61], which is 70 events for ten years, and perfect
tau neutrino detection efficiency. The red dashed curve
represents the background from NC scattering with a 10%
efficiency, which is comparable to the AdvSND results
depicted by the olive solid curve. In performing our
analysis, we use the Honda atmospheric neutrino flux
model [69]. We assume angular resolution (®,,, resolution)
of 5° for v, CC [61]. More dedicated study in this direction
in collaboration with the experimentalists is also possible in
the future. Note that the direction of v, is crucial, i.e., the

-—- FASERv
—--- DUNE ND
—— SND@QLHC
— sHiP
—— FASERw2
—— FLAEL00
—— AdvSND
—— DUNE atm
K — v
BBN
B 7 decay
SN1987

ur

107 10! 10! 10°
my(MeV)

FIG. 5. The upper bound on g,, vs my at 90% CL. The yellow
region corresponds to the current constraint from K — pvvw [70].

downward-going events determine the sensitivities. Since
no downward-going tau neutrinos are expected, the robust-
ness of our findings depends on DUNE’s ability to
distinguish between downward- and upward-going tau
neutrinos. Failure to do so would render our results
susceptible to substantial influence from uncertainties in
atmospheric neutrino flux and neutrino oscillation param-
eters, thereby weakening sensitivity by several orders of
magnitude. Although limited, the DUNE ND can also play
roles in observing the SNI, which is shown as the black
dashed curve following Ref. [48]. Note that these experi-
ments can provide the searches for SNIs complementary to
cosmological (gray) and astrophysical (blue) probes. In
some parameter regions such as my = O(MeV) or g,, <
O(1077) while mz < O(1072 MeV), the ground-based
experiments exhibit better sensitivities.

Figure 5 displays the upper bound at 90% CL on g, as a
function of my. As observed in the plot, FLArE100 (cyan
curve) and FASERv2 (purple curve) can improve the
current constraint on g,, by more than one order of
magnitude for M, > fewMeV and for M, < 60 keV.
Furthermore, SHiP can slightly enhance the current con-
straint on g,,, for masses larger than a few MeV, whereas
SND@LHC can slightly improve the current bound for
masses lower than a few keV. Note that the NA62 bound is
not applied here since g, is the coupling between v, and v,.
Instead, we applied the experimental constraints from the
rare decay process BR(K* — putuwv) < 2.4 x 107 since
the new gauge boson can be produced from v, and produce
K — pv.y,v, [70]. The corresponding bound is expressed
as the yellow shaded region. Again, we expect the DUNE
atmospheric data with the ten years of running can provide
the best sensitivity assuming perfect efficiency of tau
neutrinos and no NC background. For the case of g,,
the results of atmospheric neutrinos at DUNE is similar to
that of g,,. We do not show the results of considering the
NC background case with 10% efficiency here.
Nevertheless, even with an assumed efficiency of 10%,
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10724
——=- FASERv
=== DUNE ND
—— SND@LHC
—— SHiP
—— FASER»2
—— FLArE100
—— AdvSND
—— DUNE atm
—-= DUNE atm
NAG2
BBN
B 7 decay
SN1987
2033 decay

10744
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FIG. 6. The upper bound on g,, vs mz at 90% CL. The red
dash-dotted curve represents the constraint from atmospheric
neutrinos at DUNE considering neutrino flux uncertainty, while
the red solid curve corresponds to the case where the flux is fixed.

DUNE’s constraints remain comparable to those of
AdvSND and slightly weaker than those of FASERy2
and FLATE100.

For comparison, we include the analysis for g,, and g,
in Figs. 6 and 7, respectively. We can clearly see the
sensitivities are weaker by about an order of magnitude
than those in Figs. 3 and 5 due to the background
contamination for the other flavors of neutrino events.
We have taken the SM events as the background for v, and
v,. The number of v, + 7, is 1.6 x 10*. Also the number of
v, + 0,18 2.4 x 10*. Note that the shape of the spectrum is
important for g,, and g,, and the direction of the neutrinos
is noncritical. The solid red curve represents the sensitivity
obtained from atmospheric neutrinos at DUNE without
considering uncertainties in the neutrino flux, while the
dash-dotted red curve shows the sensitivity from DUNE
when flux uncertainties from [71] are taken into account,
which weaken the constraints by 2 orders of magnitude. It
is important to note that the neutrino oscillation parameters
have been fixed.

For m, < fewkeV, FLArE100 can improve the current
constraint on g,,, while SHiP shows better sensitivities for

=== FASERv
=== DUNE ND
—— SNDGLHC
—— SHiP
—— FASER»2
—— FLArE100
—— AdvSND
—— DUNE atm
—-= DUNE atm
K — pvvv
BBN
B 7 decay
SN1987

YGep

107 10! 10! 10°
my(MeV)

FIG. 7. The upper bound on g,, vs mz at 90% CL.

my 2 400 MeV due to its higher sensitivity to neutrinos
originating from heavy meson decays, such as D,. These
results highlight the importance of studying heavy meson
decays to further constrain the coupling of secret neutrino
interactions in the higher Z’' mass region.

Interestingly, the atmospheric neutrino data in the ten
years of running of the DUNE far detector can still provide
excellent sensitivities, better than the accelerator experi-
ments in most of the parameter space of m, < 500 MeV
due to the size of the fiducial volume and the shape of the
flux. As the mass of Z' approaches to GeV level, SHiP can
be more sensitive since the flux of heavy mesons in the
atmosphere decreases, while the large backgrounds of v, or
v, are still not effectively rejected.

In addition, the SNI with g,, can induce the two-neutrino
double g decay (2vf33), which is also expected in the SM,
even without lepton number violating interactions [35].
However, the current bound (cyan shaded region in Fig. 6)
is still weaker than the combined constraints from BBN and
NAG62. We expect the sensitivities on g,, are even weaker
that those on g,, because the production rate of v, in both
atmospheric and accelerator data is higher.

As can be observed from Fig. 3-7, atmospheric data of
DUNE (red solid curves) can set the most stringent bound
on the new coupling among the reference experiments. As
indicated in Fig. 4, atmospheric data are the most sensitive
probes on g,, even after including the NC background (red
dashed curves).

In our analysis, we have fixed the flux except for
obtaining the dash-dotted red curves in Figs. 6 and 7,
where we have included the atmospheric neutrino flux
uncertainty. The obtained sensitivities g,, and g,, can be
modified significantly including this uncertainty. On the
other hand, the expected sensitivities on g,, and g,, are
quite robust with respect to the flux uncertainty since the
standard interactions do not produce downward-going v,.
We emphasize again that these two couplings are sensitive
to the direction of the tau neutrino and the shape of the
background.

Finally, it is fair to leave a comment that our Z' can
induce lepton flavor violating rare decays such as y — ey in
the two loop level. However, our naive estimation shows
the contribution can be negligible for the couplings below
Jop S O(1072) compared to the experimental limits so far.
More exact calculation is beyond the scope of this paper
and we leave the related study to a future work.

V. CONCLUSION

The upcoming beam and atmospheric tau neutrino
experiments offer a promising avenue to explore the hidden
interactions between neutrinos, whose identification is
highly crucial in various fields, including neutrino physics,
dark matter physics, grand unified theories, astrophysics,
and cosmology. For concreteness, we adopted a scenario
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with a light gauge boson Z’ with coupling g, to v, and v.
Our analysis highlights the importance of DUNE
atmospheric data in obtaining the best sensitivities on
o for the 1 Smy <500 MeV mass range as well as
for my < O(keV), with the potential to improve the current
constraint by up to 2 orders of magnitude, considering only
intrinsic background as the background and perfect effi-
ciency of tau neutrino detection. Notice that we have
assumed angular resolution of 5° to perform our analysis
for the DUNE atmospheric data. In particular, the down-
ward-going v, events, together with the help of exact
identification and reconstruction of tau leptons, can be
highly efficient in probing g,, couplings. We observed that
including the NC background and 10% efficiency does
change our results one order of magnitude. Additionally,
FLATE100 and FASER22 have the potential to signifi-
cantly enhance the current bounds on g, and g,,., while also
slightly improving the constraints on g,, and g,,. Notably,
in the case of g,, and g,,, above a few hundred MeV, SHiP
is more sensitive in probing the couplings due to the larger
number of produced D; mesons compared to the atmos-
pheric case and the background contamination by conven-
tional v, and v, in the atmosphere.

It is worth noting that, for atmospheric neutrinos at
DUNE, inclusion of flux shape uncertainty will signifi-
cantly modify the obtained sensitivities on g,, and g,,. On
the other hand, the sensitivities on g, and g,, will be highly
reliable on the direction of the tau neutrino and the shape of

the background instead, so our results are quite robust on
the flux uncertainties. Our analysis results here can guide
future experimental searches for new physics beyond
the Standard Model. It is also important to note that the
sensitivities obtained in this study are based on the
reference scenario with a sub-GeV level new gauge boson.
Other theoretically well-motivated models that predict
different types of secret interactions may result in different
sensitivities as well as the astrophysical and cosmological
constraints, which is worth to be studied in a future work. In
conclusion, the currently ongoing and future tau neutrino
experiments such as DUNE, FLArE100, FASERy,
FASERv2, SND@LHC, and SND@SHiP have great
potential to search for a hidden interaction between
neutrinos mediated by a new light sub-GeV gauge boson.
In this regard, we emphasize the importance of increasing
the efficiency and accuracy of tau neutrino reconstruction
in searching for BSM interacting with tau neutrinos and
encourage experimental colleagues in this direction.
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