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A R T I C L E I N F O A B S T R A C T

Editor: G.F. Giudice We point out a new mechanism giving rise to anomalous tau neutrino appearance at the near detectors 
of beam-focused neutrino experiments, without extending the neutrino sector. The charged mesons (𝜋± , 𝐾±) 
produced and focused in the target-horn system can decay to a (neutrino-philic) light mediator via the helicity-

unsuppressed three-body decays. If such a mediator carries non-vanishing hadronic couplings, it can also be 
produced via the bremsstrahlung of the incident proton beam. The subsequent decay of the mediator to a tau 
neutrino pair results in tau neutrino detection at the near detectors, which is unexpected under the standard 
three-flavor neutrino oscillation paradigm. We argue that the signal flux from the charged meson decays can be 
significant enough to discover the light mediator signal at the on-axis liquid-argon near detector of the DUNE 
experiment, due to the focusing of charged mesons. In addition, we show that ICARUS-NuMI, an off-axis near 
detector of the NuMI beam, as well as DUNE, can observe a handful of tau neutrino events induced by beam-

proton bremsstrahlung.
1. Introduction

The discovery of neutrino oscillations has proven the non-zero neu-

trino masses [1–6], requiring an extension of the particle spectrum 
and/or interactions in the Standard Model (SM). Precise measurements 
of the oscillation phenomena allow us to not only determine physics 
parameters in the neutrino sector but also obtain hints to beyond-the-

Standard-Model (BSM) physics upon the observation of any deviation 
from the expectations of the standard three-flavor oscillation scheme. 
Upcoming neutrino experiments are promising along this line as they 
are expected to measure the neutrino oscillations more precisely with 
their high-capability detectors.

Of them, the appearance of tau-flavor neutrinos is receiving growing 
attention, especially in the short-baseline neutrino experiments. Accord-

ing to the neutrino oscillation theory, the 𝜈𝜏 appearance probability, in 
particular, with regard to the muon neutrino beam, is given by [6]

𝑃𝜇→𝜏 = sin2(2𝜃23) sin2
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1.27

(
Δ𝑚223
eV2

) (
𝐿

km

)
𝐸∕GeV

⎤⎥⎥⎥⎥⎦
, (1)

* Corresponding author.

where 𝜃23 and Δ𝑚2
23 are the atmospheric mixing angle and mass-

squared splitting respectively, 𝐿 is the baseline length and 𝐸 is the 
neutrino energy. For typical baseline (𝐿 ∼ 0.5 km) and neutrino energy 
(𝐸 ∼ 2 GeV) realized in beam-based neutrino experiments, one can see 
from Eq. (1) that the chance of observing any 𝜈𝜏 -induced events in their 
near detectors is very small. Heavy meson (such as 𝐷, 𝐷𝑠) decays give 
𝜈𝜏 , but their production rates are negligible in these experiments. There-

fore, the 𝜈𝜏 appearance at near detectors is anomalous in itself and is a 
“smoking-gun” signature of new physics.

In contrast, there are many scenarios for BSM physics that could lead 
to 𝜈𝜏 in the final state. In the simplest extension, the existence of sterile 
neutrinos mixing with 𝜈𝜏 would alter the probability shown in Eq. (1), 
allowing for non-negligible 𝜈𝜏 detection rates at near detectors. How-

ever, non-conventional oscillation phenomena arising in these scenarios 
have been constrained by other existing experiments, either using atmo-

spheric neutrinos such as Super-K [7], IceCube [8], and ANTARES [9], 
or using accelerator-produced neutrinos in far detectors of OPERA [10], 
MINOS [11], T2K [12], and NO𝜈A [13]. Therefore, the regions of ster-

ile neutrino parameter space to be explored by upcoming beam-based 
neutrino experiments like DUNE would be limited [14–19].
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Fig. 1. Various three-body decay dynamics of a charged pion (or kaon) to a mas-

sive vector boson 𝑉 : (𝑎) emission from the charged lepton, (𝑏) emission from 
the neutrino, (𝑐) emission from the charged pion, and (𝑑) contact interaction 
and QCD-originating pion-structure-dependent contributions.

In this Letter, we point out the novelty of light dark-sector scenar-

ios allowing for an anomalous 𝜈𝜏 appearance at the near detectors of 
beam-based neutrino experiments, without modifying the neutrino sec-

tor. In particular, we discuss the 𝜈𝜏 detection prospects at the DUNE 
near detector [20] and ICARUS-NuMI [21] experiments in the context 
of 𝜈𝜏 -philic mediators.1 From an experimental perspective, we address 
the need for 𝜈𝜏 -optimized target-horn configurations, from which any 
new physics scenarios allowing for upscattering processes of new parti-

cles (𝑒.𝑔., models of inelastic dark matter) may benefit.

2. Proposal outline

The main idea is based upon the recent realization that the ex-

otic three-body decays of charged mesons, such as 𝜋± and 𝐾±, can 
be great sources of dark-sector particles in the beam-based neutrino ex-

periments [24]. We envision a situation where a new mediator, which 
can be either a (pseudo)scalar or a (massive) vector, is produced from 
the three-body decay of charged mesons and decays to a 𝜈𝜏 pair, i.e.,

𝜋±∕𝐾± → 𝓁±(−)

𝜈𝓁 𝑉 with 𝑉 → 𝜈𝜏 𝜈̄𝜏 . (2)

Fig. 1 depicts various decay dynamics, with 𝑉 representing a massive 
vector boson. Such three-body decays of charged mesons are free from 
the helicity suppression from which their corresponding two-body de-

cays severely suffer, and thus their resultant branching ratios (BRs) can 
be significantly enhanced despite the extra phase-space suppression in 
the three-body decays [25–29]. The BR enhancement can be even larger 
with a massive (light) vector mediator, owing to the existence of the 
longitudinal polarization mode giving rise to the terms proportional to 
𝑚2
𝜋,𝐾

∕𝑚2
𝑉

in the decay width [26]. If 𝑉 has hadronic couplings, the en-

hancement can be even more significant; see Appendix for details.

Furthermore, it is important to note that in a beam-focused neu-

trino experiment, the charged mesons created by the proton collision 
on a target enter the magnetic horn system and get focused before they 
decay. Therefore, the focusing feature in combination with the above-

discussed BR enhancement can lead to a substantially enhanced flux 
of 𝜈𝜏 ’s at the near detectors, resulting in the surprising emergence of 
𝜈𝜏 -induced charged-current events.

3. Example scenarios

The anomalous 𝜈𝜏 production arises due to the couplings of a new 
mediator to the SM lepton sector. While such mediators can be either 
(pseudo)scalar or vector bosons, and our discussion is generically appli-

cable irrespective of underlying model details, we shall consider models 
of a massive vector boson 𝑉 for concreteness. Focusing on the flavor-

diagonal interactions, we write the relevant interactions as

int ⊃
∑
𝑓

𝑔𝑉 𝑥𝑓𝑉𝜇𝑓𝛾
𝜇𝑓 , (3)

1 Similar-origin 𝜈𝜏 events can also arise in higher-energy accelerator experi-
2

ments [22,23].
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where 𝑔𝑉 is the new coupling parameter associated with the vector 
mediator 𝑉 and 𝑥𝑓 denotes the gauge charge of SM fermion species 
𝑓 . Two benchmark scenarios are considered as follows, depending on 
whether the mediator couples to only leptons or to both quarks and 
leptons:

Case (i): Neutrino-philic model. Here the mediator only couples to neu-

trinos at tree level. In this case, 𝑥𝑓 = 1 for 𝑓 = 𝜈𝑒, 𝜈𝜇 , 𝜈𝜏 and 𝑥𝑓 = 0
otherwise. Examples of such models include 𝜈-philic 𝑈 (1) [30–32] and 
𝜈𝑅-philic 𝑍′ [33,34]. Another popular class of models with the 𝜈-philic 
nature is that the mediator couples to both neutrinos and charged lep-

tons at tree level, but not to quarks. Typical examples are 𝑈 (1)𝐿𝛼−𝐿𝛽
models [35–37]. In this case, the 𝜈𝜏 production rate is enhanced, be-

cause the mediator boson can be produced from either the neutrino or 
the charged-lepton leg in charged-meson decay. However, this scenario 
does not give better sensitivity, compared to the other cases, because of 
relatively low-energy 𝜈𝜏 ’s from electron bremsstrahlung. Therefore, we 
will not show the results separately for the 𝑈 (1)𝐿𝛼−𝐿𝛽 scenario.

Case (ii): 𝐵 − 𝐿 model. The mediator can couple to both quarks and 
leptons, such as in various 𝑈 (1)𝑋 models [38,39], 𝑋 = 𝐵 − 𝐿 being 
the most popular choice [40,41]. Although mesons carry no baryon 
number, they can couple to the mediator via kinetic mixing (see Ap-

pendix). Therefore, the production rate in this scenario is maximal 
because 𝑉 can also be emitted from the charged-meson leg, in addition 
to the final-state leptons, as shown in Fig. 1. Although the constraints 
on such a light-mediator coupling to quarks are rather severe (com-

ing from beam-dump experiments), we can still get a sizable rate at 
ICARUS-NuMI and/or DUNE with the allowed couplings. Moreover, in 
some versions of 𝑈 (1)𝑋 models like in 𝑈 (1)𝐼3𝑅 [42,43], most of the 
low-energy constraints can be weakened or even evaded altogether. Be-

sides the 𝐵 − 𝐿 model with a flavor-universal coupling to both quarks 
and leptons in Eq. (3), we also consider another interesting incarnation, 
i.e. the 𝐵 − 3𝐿𝜏 model [44], with 𝑥𝑓 = 1 for 𝑓 = quarks, 𝑥𝑓 = −3 for 
𝑓 = 𝜏, 𝜈𝜏 , which is best probed via 𝜈𝜏 detection.

We note that a similar idea appeared in Ref. [45] in the pure lep-

tophilic 𝑍′ context. As delineated above, our study, however, highlights 
the generic BR enhancement feature extended to the mediators carrying 
hadronic couplings and hence improved 𝜈𝜏 discovery potentials. Fur-

thermore, we shall show the dependence of the 𝜈𝜏 appearance on the 
target-horn configuration, motivating the 𝜈𝜏 -optimized mode of DUNE 
to exploit the physics opportunity of this sort.

4. Benchmark study

To investigate the detection prospects of 𝜈𝜏 -induced events, we 
consider two beam-focused neutrino experiments, DUNE and ICARUS-

NuMI, as concrete examples. In both experiments, a 120-GeV proton 
beam strikes a graphite target, and the charged mesons produced by 
proton collisions are focused in their magnetic horn systems. The fo-

cused charged mesons are allowed to decay to neutrinos within 204 
meters for DUNE [46] and 715 meters for ICARUS-NuMI [47], before 
reaching the shielding and rock area. The DUNE near detector complex 
consists of three components out of which we consider the liquid-argon 
near detector (ND-LAr) that adopts the liquid argon time projection 
chamber technology which is also adopted for the ICARUS-NuMI de-

tector. The DUNE detector is located 575 meters away from the DUNE 
target on the beam axis [46], while the ICARUS-NuMI detector is lo-

cated 800 meters away from the NuMI target at an angle of ∼ 6◦ from 
the NuMI beam line. We summarize some key specifications of both 
experiments and their detectors in Table 1.

Tagging a 𝜈𝜏 event requires the incoming 𝜈𝜏 to be energetic enough 
(with 𝐸𝜈 ≳ 3.5 GeV) to upscatter to a tau lepton. The DUNE Collab-

oration is investigating the potential of 𝜈𝜏 -optimized target-horn con-

figuration to maximize the focusing of energetic charged mesons that 

possibly source energetic tau neutrinos [46]. In our analysis, we also 
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Fig. 2. Sensitivities of DUNE-standard-mode (red), DUNE-𝜈𝜏 -optimized-mode (green), and ICARUS-NuMI (blue) to 𝜈𝜏 events expected in (𝑎) the 𝜈-philic model, 
(𝑏) 𝐵 − 𝐿 model with charged meson form factor parameter Choice I, (𝑐) 𝐵 − 𝐿 model with charged meson form factor parameter Choice II, and (𝑑) 𝐵 − 3𝐿𝜏
model with charged meson form factor parameter Choice I. See the text and Appendix for our form factor parameter choices. The gray-shaded regions in the 
𝐵 − 3𝐿𝜏 and 𝐵 − 𝐿 models show the existing limits coming from either beam-dump, or accelerator/reactor-based neutrino scattering experiments, compiled in 
e.g., Refs. [22,49–51]. Additional limits (brown-shaded) come from the search for three-body pion decays 𝜋+ → 𝓁+𝜈𝓁𝑉 (PIENU) [52] and three-body kaon decays 
𝐾+ → 𝜇+𝜈𝜇𝑉 (NA62) [53] with 𝑉 decaying invisibly. The NSI constraint [51] (purple dashed) is also shown for the 𝐵 − 3𝐿𝜏 case, but in principle, it can be evaded 
by going beyond the minimal model.
Table 1

Key specifications of the DUNE (ND-LAr) and ICARUS-

NuMI experiments and their detectors. The two dis-

tances are measured from the beam target, and the de-

tector angle is measured from the beam axis.

DUNE [46] ICARUS-NuMI [47,48]

Beam energy 120 GeV 120 GeV

Dist. to dump 204 m 715 m

Dist. to detector 575 m 800 m

Detector angle On axis ∼ 6◦
Active volume 3 × 4 × 5 2.96 × 3.2 × 18
(𝑤 × ℎ × 𝑙) [m3] (× 2 modules)

consider the 𝜈𝜏 -optimized mode of DUNE (in addition to the standard 
mode) to assess its impact on detection prospects.

In our simulation study, we first estimate the production rates 
of charged and neutral mesons (𝜋±, 𝜋0, 𝐾±, and 𝜂)2 using the

GEANT4 [54] code package with the QGSP_BIC physics list; we set 

2 We do not consider the 𝐷 mesons, since they are estimated to contribute 
3

less than one event for our setup.
a 120 GeV proton beam to impinge on a graphite rod whose specifica-

tion is similar to that for DUNE. The focusing-horn effects are modeled, 
based on simple assumptions described in Appendix. In addition to 
the charged-meson-induced production, we include contributions from 
neutral mesons (e.g., 𝜋0 and 𝜂) and the proton beam if the dark-sector 
model of interest allows for hadronic interactions. To describe the me-

diator emission from an incident proton, we follow the formalism in 
Ref. [55].

Once a mediator is produced by the decay of mesons or the proton 
bremsstrahlung, we assume it to promptly decay to a 𝜈𝜏 pair as per the 
BR that the model under consideration predicts. We then check whether 
the 𝜈𝜏 enters the detector active volume, and estimate the expected 
number of 𝜈𝜏 -induced events for such a 𝜈𝜏 by multiplying the nucleon 
number density in liquid argon by the charged-current scattering cross-

section for the associated 𝐸𝜈𝜏 [56] and the detector length.

5. Results

As outlined earlier, we present our results in the context of 𝜈-philic 
and 𝐵 − 𝐿 interactions. To make the point of 𝜈𝜏 appearance, we also 

adopt a 𝐵 − 3𝐿𝜏 interaction model. Our results can straightforwardly 
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be extended to other gauged 𝑈 (1) models, as well as to other light 
(pseudo)scalar states.

In Fig. 2(𝑎), we show the sensitivities of the DUNE standard mode 
(red curves) and ICARUS-NuMI (blue curves) to the coupling 𝑔𝜈 as 
a function of mediator mass for the 𝜈-philic case. The detectors are 
exposed to 2 × 1022 POTs for DUNE [57] and 1022 POTs for ICARUS-

NuMI.3 To develop our intuition on the number of signal 𝜈𝜏 events 
(𝑁𝜈𝜏 ) allowed by the model, we show four representative numbers, 
𝑁𝜈𝜏

= 10 (dotted), 𝑁𝜈𝜏 = 50 (dashed), 𝑁𝜈𝜏 = 200 (dot-dashed), and 
𝑁𝜈𝜏

= 1, 000 (solid) before applying the 𝜏-lepton identification effi-

ciency. Therefore, one can assess the expected number of 𝜈𝜏 events by 
multiplying each of the numbers by the actual identification efficiency. 
As we will discuss later, the cases of 𝑁𝜈𝜏 = 1, 000 and 200 describe the 
realistic sensitivity reaches that are achievable with the existing 𝜏 tag-

ging and background rejection efficiencies. The other cases with lower 
𝑁𝜈𝜏

numbers should be understood as projected sensitivities anticipat-

ing future improvements on the 𝜏 tagging and background rejection 
techniques. The brown-shaded regions show the limits from the search 
for three-body pion decays 𝜋+ → 𝓁+𝜈𝓁𝑉 (PIENU) [52] and three-body 
kaon decays 𝐾+ → 𝜇+𝜈𝜇𝑉 (NA62) [53] with 𝑉 decaying invisibly.

This result suggests that DUNE operating in the standard mode for 
20 years may observe a handful of 𝜈𝜏 events if 𝑚𝑉 ≲ 50 MeV. As briefly 
discussed earlier, the DUNE target-horn configuration in the standard 
mode is not optimized for the observation of tau neutrinos. Therefore, 
if DUNE allows for the 𝜈𝜏 -optimized mode measurement, 𝜈𝜏 ’s prefer-

entially reaching the detector are energetic enough to upscatter to 𝜏 ’s, 
hence more 𝜈𝜏 events would be detected. To see this potential, we per-

form the 𝜈𝜏 -optimized simulation according to the simulation scheme 
that we described earlier and report the expected sensitivity reaches 
by the green curves in Fig. 2(𝑎). For purposes of a fair comparison, the 
same exposure and 𝜏 identification efficiency are imposed. As expected, 
more 𝜈𝜏 events would be observed, and quantitatively 𝑁𝜈𝜏 would be in-

creased by up to an order of magnitude over the allowed mass range.

When it comes to the 𝐵 − 𝐿 model, hadronic production channels 
are opened, viz. (i) the proton beam can radiate a 𝑉 via bremsstrahlung 
process, (ii) 𝜋± and 𝐾± can internally emit a 𝑉 , and (iii) 𝜋0 and 𝜂
can decay to 𝑉 in association with a photon. As mentioned earlier, 
since mesons do not carry non-trivial baryon numbers, production (ii) 
through hadronic interactions [i.e., Fig. 1(𝑐, 𝑑)] can arise via the usual 
kinetic mixing with the SM photon, whereas production (iii) arises 
through anomaly hence no kinetic mixing suppression [50]. One may 
argue that the hadronic contribution in (ii) would be subdominant. 
However, some of the parameters involved in the hadronic interac-

tions in the charged-meson three-body decay are undetermined [59]

and the resulting contributions can be sizable, depending on the param-

eter choices. We present the parameter definitions and technical details 
in Appendix. We take two reference hadronic form factor parameter 
(𝑐𝑖’s) choices for illustration purposes:

I ∶ 𝑐1 = 0.1 GeV, 𝑐2 = 𝑐4 = 10 GeV−1,

II ∶ 𝑐1 = 102 GeV, 𝑐2 = 𝑐4 = 104 GeV−1.

By contrast, the signal fluxes from (i) and (iii) are proportional to 𝑔2
𝐵−𝐿. 

Therefore, for 𝑚𝑉 ≲ 500 MeV, the contribution from (ii) can exist even 
for small 𝑔𝐵−𝐿 values suppressing the contributions from (i) and (iii). 
Fig. 2(𝑏) shows the sensitivity reaches with Choice I. Existing limits 
compiled in e.g., Ref. [50] are shown by the gray region and the brown 
regions show the PIENU [52] and NA62 [53] limits interpreted with pa-

rameter choice I. We find that mesonic contributions are subdominant 
and proton bremsstrahlung contributions govern the sensitivity reaches, 
allowing us to explore a certain range of new parameter space with-

out the 𝜈𝜏 -optimized mode of DUNE. On the other hand, the sensitivity 

3 1022 POTs correspond to a ∼ 10 year data collection of DUNE. A similar 
4

level of POTs is achievable for ICARUS-NuMI [58].
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reaches in Fig. 2(𝑐) suggest that the scenario with parameter choice 
II would allow the charged-meson contributions to dominate over the 
other contributions. Therefore, the 𝜈𝜏 -optimized mode measurement 
(green curves) would benefit from the charged mesons significantly.

Finally, Fig. 2(𝑑) shows the sensitivity reaches in the context of 
the 𝐵 − 3𝐿𝜏 model with parameter choice I. Since charged mesons, 
muons, and electrons are uncharged under 𝐵 − 3𝐿𝜏 , the 𝑉 emission 
from the charged mesons occurs again via kinetic mixing. Therefore, 
the charged-meson contributions with choice I are negligible. The gray 
region shows the existing limits compiled in Ref. [50], plus the con-

straint from the measurement of the tau neutrino rate at DONuT [22]. 
We have also shown the constraint from the neutrino non-standard in-

teractions (NSI) [51,60] by the purple line. Note that the NSI constraint 
is somewhat stronger than the other constraints shown in the plot; how-

ever, it is model-dependent and can be potentially avoided, e.g., in the 
presence of an additional scalar NSI [61,62] which could cancel the 
negative contribution from vector NSI induced by 𝑉 . In any case, our 
results suggest that ICARUS-NuMI would explore a part of the unex-

plored regions of parameter space. DUNE, even without the 𝜈𝜏 -optimized 
mode, would extend the sensitivity reach much further, even surpass-

ing the NSI constraints (if applicable) and probing up to 𝑚𝑉 ∼ 3.5 GeV, 
before the 𝑍 → 𝜏𝜏 constraints take over.

6. Discussion and conclusion

Our study is based on a few assumptions at the production and de-

tection of 𝜈𝜏 signals. To estimate the expected 𝜈𝜏 flux, we relied on 
simple empirical modeling of the focusing effects on the charged mesons 
and their decays. For a more precise estimate of not only the 𝜈𝜏 sig-

nal but also other BSM signals (e.g., light dark matter), it is highly 
desired to perform a dedicated simulation where one keeps track of 
the charged-meson behavior in the focusing horn system. Furthermore, 
the 𝜈𝜏 -optimized measurement mode and related simulation study are 
highly encouraged as it not only improves the sensitivity to the anoma-

lous 𝜈𝜏 signal but also benefits other BSM signals accompanying upscat-

tering processes (e.g., inelastic dark matter).

Regarding the 𝜈𝜏 signal detection, we assumed an ideal 𝜏 identifica-

tion efficiency. In practice, we will be limited by statistics, since the LAr 
detectors cannot identify tau neutrinos on an event-by-event basis. Taus 
are detected through their decay products (either hadronic or leptonic) 
and any misidentification would cause backgrounds. This has been con-

sidered a major challenge in 𝜈𝜏 detection at DUNE in the context of BSM 
neutrino oscillation studies [15,16,18,63].

Let us first discuss the hadronic channel. According to the 𝜈𝜏 -
detection study in the hadronic channel at DUNE far detectors, ∼ 200
other neutrino events would be mistagged [15]. Using the distance and 
volume of the DUNE near detector, we estimate up to ∼ 106 mistagged 
events, which would therefore require at least a few thousand events in 
the hadronic channel to have sensitivity to BSM physics. However, the 
recent development of the 𝜈𝜏 identification in the 𝜌 meson channel – 
which is based on machine-learning techniques with various kinematic 
observables – suggests that a (nearly) vanishing mis-identification rate 
is achievable while tagging ∼ 5% of signal 𝜈𝜏 events [64,65], i.e., a 
zero-background analysis is effectively possible. With Br(𝜏 → 𝜌) ≈ 26%, 
neutrino experiments can be sensitive to ∼ 180 𝜈𝜏 scattering events. 
Along this line, we report the lines of 𝑁𝜈𝜏 = 200 in Fig. 2.

Similar machine-learning-based strategies get through for the lep-

tonic channels. For example of the electron channel, recent studies 
suggest that requirements enabling a ∼ 1 − 2% level tagging efficiency 
would result in (almost) complete background rejection [64,66]. There-

fore, considering Br(𝜏 → 𝑒) ≈ 18%, we see that about 1, 000 𝜈𝜏 CC events 
are required to have 90% CL sensitivity. In this context, the lines of 
𝑁𝜈𝜏

= 1,000 in Fig. 2 can therefore be interpreted as the sensitivity 
reaches that are achievable with the existing 𝜏 identification techniques 

in the electron channel.
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While existing techniques require a couple of hundreds to a thou-

sand signal events to have experimental sensitivity, we emphasize that 
there are various handles to improve the 𝜏 identification techniques. 
The level of hadronic activities induced by 𝜈𝜏 scattering vs. 𝜈𝜇∕𝑒 scat-

tering could be a good discriminator. The DUNE Collaboration is care-

fully investigating 𝜈𝜏 -identification and related backgrounds in all three 
major 𝜏-decay channels (i.e., 𝜌-meson, muon, and electron decay chan-

nels), in combination with more sophisticated machine-learning tech-

niques and additional event information from the SAND detector in the 
ND complex [67,68]. Moreover, both the 𝜏 tagging and background 
rejection efficiencies perform better with increasing energy, so the mea-

surements in the 𝜈𝜏 -optimized mode will benefit from further improved 
identification-vs.-mistagging efficiencies, requiring fewer numbers of 
signal events to reach the same level of sensitivity limits. Along this 
line, our projected (optimistic) anticipations are displayed in Fig. 2 by 
the other sensitivity lines with 𝑁𝜈𝜏 = 50 and 10 that can be respectively 
attained by ∼ 8% and ∼ 40% tagging efficiencies in all three major chan-

nels together with a nearly zero-background environment.

In conclusion, we expect that a more precise assessment of the LAr 
detection prospects of anomalous 𝜈𝜏 events will be available in the near 
future, and this letter provides new physics motivations to do so.
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Appendix A

A.1. Width of a three-body charged meson decay

For a given charged meson 𝔪, the width of its three-body decay 
𝔪 → 𝓁𝜈𝓁𝑉 (𝓁 = 𝑒, 𝜇) is given by

Γ(𝔪→ 𝓁𝜈𝓁𝑉 ) =
1

64𝜋3𝑚𝔪

𝐸+
𝓁

∫
𝐸−
𝓁

𝑑𝐸𝓁

𝐸+
𝜈

∫
𝐸−
𝜈

𝑑𝐸𝜈 ||2, (4)

for which the integration ranges are

𝐸−
𝓁 =𝑚𝓁 , 𝐸

+
𝓁 =

𝑚2
𝔪 +𝑚2

𝓁 −𝑚
2
𝑉

2𝑚𝔪
, (5)

𝐸±
𝜈
=
𝑚2
𝔪 +𝑚2

𝓁 −𝑚
2
𝑉
− 2𝑚𝔪𝐸𝓁

2(𝑚𝔪 −𝐸𝓁 ∓ 𝑝𝓁)
. (6)

Case (i): 𝜈-philic model. The mediator 𝑉 can be emitted only from the 
neutrino leg at tree level as shown in Fig. 1(𝑏) and the resulting matrix 
5

element can be written as
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Fig. 3. Mixing between the new gauge boson 𝑉 and the ordinary SM photon 
via a SM fermion loop.

𝑖 =
𝐺𝐹√
2
𝑔𝑉 𝑉

𝔪
C𝐾𝑀𝑓𝔪𝜀

𝜇

[
𝑢̄𝓁𝑝

𝜌
𝔪𝛾𝜌

�𝑝𝑉 +�𝑝𝜈
(𝑝𝑉 + 𝑝𝜈)2

× 𝛾𝜇(1 − 𝛾5)𝑣𝜈
]
, (7)

where 𝜀𝜇 in the polarization vector for the outgoing 𝑉 , 𝐺𝐹 is the usual 
Fermi constant, 𝑓𝔪 is the decay constant of charged meson species 𝔪, 
𝑉 𝔪
CKM is 𝑉𝑢𝑑 and 𝑉𝑢𝑠 for 𝔪 = 𝜋± and 𝔪 = 𝐾±, respectively, and 𝑝𝑖

denotes the four-momentum of particle species 𝑖. We then find the spin-

averaged matrix element squared to be

||2 = 2(𝐺𝐹𝑓𝔪𝑚𝔪𝑔𝑉 𝑉
𝔪
CKM)2

𝑚2
𝑉
(𝑚2

𝔪 +𝑚2
𝓁 − 2𝑚𝔪𝐸𝓁)2

[
8𝐸3

𝓁𝑚𝔪
{
𝑚𝔪(𝑚𝔪 − 2𝐸𝜈) − 2𝑚2

𝑉

}
+ 4𝐸2

𝓁

{
2𝑚4

𝑉
− (7𝑚2

𝔪 − 4𝐸𝜈𝑚𝔪 + 2𝑚2
𝓁)𝑚

2
𝑉

+ 𝑚𝔪(3𝑚3
𝔪 − 6𝐸𝜈𝑚2

𝔪 + 3𝑚2
𝓁𝑚𝔪 − 4𝐸𝜈𝑚2

𝓁)
}

− 2𝐸𝓁
{
4𝑚𝔪𝑚

4
𝑉
+ 4(𝑚2

𝓁 + 2𝑚2
𝔪)(𝐸𝜈 −𝑚𝔪)𝑚2

𝑉

+ (𝑚2
𝓁 +𝑚

2
𝔪)(3𝑚3

𝔪 − 6𝐸𝜈𝑚2
𝔪 + 3𝑚2

𝓁𝑚𝔪 − 2𝐸𝜈𝑚2
𝓁)
}

+ 2(𝑚2
𝔪 −𝑚2

𝓁)𝑚
4
𝑉
− (𝑚2

𝔪 +𝑚2
𝓁)(3𝑚

2
𝔪 − 4𝐸𝜈𝑚𝔪 −𝑚2

𝓁)𝑚
2
𝑉

+ (𝑚2
𝔪 +𝑚2

𝓁)
2(𝑚2

𝔪 − 2𝐸𝜈𝑚𝔪 +𝑚2
𝓁)
]
. (8)

Case (ii): 𝐵 −𝐿 model. In this case, it is instructive to understand first 
the decay structure relevant to models of 𝐵 − 3𝐿𝜏 , a variation of the 
𝐵 −𝐿 scenario. Since none of the initial and final state particles in the 
decay process are charged under the 𝐵 − 3𝐿𝜏 massive vector field in 
this model, the vector boson emission occurs through kinetic mixing 
with the ordinary SM photon. As 𝔪 and 𝓁 are electrically charged, 
Figs. 1(𝑎, 𝑐, 𝑑) are relevant. The kinetic mixing parameter is given by

𝜖𝑉 =
∑
𝑓

2𝛼
𝜋

1

∫
0

𝑑𝑥(𝑥− 1)𝑥 log

(
Λ2

𝑚2
𝑓
+ 𝑥(𝑥− 1)𝑘2

)
, (9)

where 𝑓 runs over all fermion degrees of freedom charged under 𝑉 and 
the SM photon field, 𝛼 is the usual fine structure constant, and 𝑘 is the 
momentum of the photon and 𝑉 propagators (see Fig. 3). We evaluate 
𝜖𝑉 at 𝑘2 = 𝑚2

𝑉
and find that the dependence of 𝜖𝑉 on 𝑚2

𝑉
and Λ2 is 

mild. We choose a fixed value of 𝜖𝑉 over the relevant 𝑚𝑉 values for 
illustration purposes:

𝜖𝑉 ≈ −0.01. (10)

Taking the kinetic mixing parameter into account, we find that the 
most general matrix element for the decay process at hand can be writ-

ten as

𝑖 = −
𝐺𝐹√
2
𝜖𝑉 𝑔𝑉 𝑉

𝔪
CKM𝜀𝜇

[
𝑢̄𝓁𝛾𝜌(1 − 𝛾5)𝑣𝜈𝑇 𝜇𝜌

− 𝑓𝔪𝑢̄𝓁𝛾𝜇 �𝑝𝓁 +�𝑝𝑉 +𝑚𝓁

(𝑝𝓁 + 𝑝𝑉 )2 −𝑚2
𝓁

𝑝
𝜌
𝔪𝛾𝜌(1 − 𝛾5)𝑣𝜈

]
, (11)

where 𝑇 𝜇𝜌 is a hadronic tensor including QCD structure-dependent 
form factors. The most generic form of 𝑇 𝜇𝜌 is given by [59]

𝑇 𝜇𝜌 = 𝑐1𝑔𝜇𝜌 + 𝑐2(𝑝𝓁 + 𝑝𝜈)𝜇𝑝
𝜌

𝑉
+ 𝑐3(𝑝𝓁 + 𝑝𝜈)𝜌𝑝

𝜇

𝑉

+ 𝑐4(𝑝𝓁 + 𝑝𝜈)𝜇(𝑝𝓁 + 𝑝𝜈)𝜌 + 𝑐5𝑝
𝜇

𝑉
𝑝
𝜌

𝑉

+ 𝐹𝑉 𝜖𝜇𝜌𝜆𝜎(𝑝𝓁 + 𝑝𝜈)𝜆𝑝𝑉 ,𝜎 , (12)
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where 𝑐𝑖 are form factor parameters or coefficients and 𝐹𝑉 is the 
hadronic form factor of the vector current.

The squared matrix element is not very illuminating, but one can 
find that the terms proportional to 𝑐3 and 𝑐5 eventually vanish and we 
end up with 𝑐1, 𝑐2, 𝑐4, and 𝐹𝑉 . In principle, these dimensionful pa-

rameter values (together with coupling 𝑔𝑉 that appears as an overall 
factor) would be determined by experiments. While they are unknown 
as of now, one could attempt to estimate the scales of these parame-

ters. For example, if 𝑉 were massless, the Ward identity or the current 
conservation holds, resulting in the following relations [59]:

𝑐1 + 𝑐2(𝑝𝓁 + 𝑝𝜈) ⋅ 𝑝𝑉 = 𝑓𝔪, (13)

𝑐4(𝑝𝓁 + 𝑝𝜈) ⋅ 𝑝𝑉 = 𝑓𝔪. (14)

A massive 𝑉 does not necessarily obey the above relations, but one 
could still assume 𝑐1 ∼ 𝑓𝔪 and 𝑐2 ∼ 𝑐4 ∼

𝑓𝔪
(𝑝𝓁+𝑝𝜈 )⋅𝑝𝑉

. In this context, we 
take the following reference parameter values (form factor parameter 
Choice I):

𝑐1 = 0.1 GeV, (𝑐2, 𝑐4, 𝐹𝑉 ) = (10,10,0.2) GeV−1 , (15)

where the 𝐹𝑉 value is inferred from the 𝜋+ → 𝑒+𝜈𝑒𝛾 consideration [69]. 
The form factor parameter values for 𝐾± are not necessarily the same 
as those for 𝜋±, but we set both sets of parameter values to be the same 
for purposes of illustration.4

When it comes to the 𝐵 −𝐿 gauge boson case, it can directly couple 
to the charged lepton and the neutrino, whereas it can interact with the 
charged meson again via kinetic mixing. The resulting matrix element 
takes the form of

𝑖 = −
𝐺𝐹√
2
𝑔𝑉 𝑉

𝔪
CKM𝜀𝜇

[
𝜖𝑉 𝑢̄𝓁𝛾𝜌(1 − 𝛾5)𝑣𝜈𝑇 𝜇𝜌

− 𝑓𝔪𝑢̄𝓁𝛾𝜇 �𝑝𝓁 +�𝑝𝑉 +𝑚𝓁

(𝑝𝓁 + 𝑝𝑉 )2 −𝑚2
𝓁

𝑝
𝜌
𝔪𝛾𝜌(1 − 𝛾5)𝑣𝜈

+ 𝑓𝔪𝑢̄𝓁𝑝
𝜌
𝔪𝛾𝜌

�𝑝𝜈 +�𝑝𝑉
(𝑝𝜈 + 𝑝𝑉 )2

𝛾𝜇(1 − 𝛾5)𝑣𝜈
]
. (16)

Note that the third term has a sign opposite to the second term because 
the charged lepton (anti-charged lepton) comes along with an antineu-

trino (neutrino), and therefore, the two terms interfere destructively.

The squared matrix element is not illustrative either, so we again 
omit the expression here. When evaluating the partial decay widths, we 
take the same form factor parameter values as in Eq. (15). To illustrate 
the impact of different parameter choices, we consider a different set of 
parameter values (form factor parameter Choice II) as follows:

𝑐1 = 103 GeV, (𝑐2, 𝑐4, 𝐹𝑉 ) = (104,104,0.2) GeV−1 . (17)

The two choices (15) and (17) are used to obtain the numerical results 
shown in Figs. 2(𝑏, 𝑐), respectively.

A.2. Modeling of the focusing-horn effects

DUNE ND-LAr is an on-axis detector and the expected neutrino flux 
is affected by the magnetic horn configuration. Whether the produced 
charged mesons are focused for ND-LAr depends on their production 
angle and energy. In our simulation, we assume that if the energy 𝐸
and angle 𝜃 of a given charged meson are within certain ranges, its 
momentum direction gets perfectly aligned to the beam axis and decays 
before reaching the shielding area according to its associated decay law.

We attempt to reproduce the differential 𝜈𝜇 fluxes in Ref. [67], 
which we denote by 𝑑ΦDUNE

𝜈
∕𝑑𝐸𝜈 , using this simplified simulation 

4 We do not use the photon form factors 𝐹𝑉 and 𝐹𝐴 for the dark photon case 
6

as in Ref. [70].
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scheme. We find that the following combination of two differen-

tial neutrino flux components 𝑑Φ1
𝜈
∕𝑑𝐸𝜈 and 𝑑Φ2

𝜈
∕𝑑𝐸𝜈 can reproduce 

𝑑ΦDUNE
𝜈

∕𝑑𝐸𝜈 fairly well:

𝑑ΦDUNE
𝜈

𝑑𝐸𝜈
≈ 3
𝑑Φ1

𝜈

𝑑𝐸𝜈
+ 0.2

𝑑Φ2
𝜈

𝑑𝐸𝜈
, (18)

where the prefactors for 𝑑Φ1,2
𝜈 ∕𝑑𝐸𝜈 are rescaling factors and Φ1,2

𝜈 con-

sist of the neutrinos from the charged mesons defined by

Φ1
𝜈
∶𝐸𝜋∕𝐾 < 10 GeV, 𝜃𝜋∕𝐾 ∈ [0.01,1] rad, (19)

Φ2
𝜈
∶𝐸𝜋∕𝐾 < 120 GeV, 𝜃𝜋∕𝐾 ∈ [0.01,1] rad. (20)

In addition, we consider the 𝜈𝜏 -optimized mode discussed in 
Ref. [67], where the 𝜈𝜇 fluxes expected at the far detectors (FD) in 
the standard and 𝜈𝜏 -optimized modes are reported. We observe that the 
standard-mode 𝜈𝜇 fluxes at both ND and FD are very similar to each 
other up to a normalization factor. Our simulated differential 𝜈𝜇 flux 
defined by 𝐸𝜋∕𝐾 ∈ [5, 120] GeV, 𝜃𝜋∕𝐾 ∈ [0.01, 1] rad reproduces the 
corresponding flux fairly well when normalized by a rescaling factor of 
1.5.

As for ICARUS-NuMI, since the detector is off the beam axis, the neu-

trino flux at the detector benefits from the magnetic horn in a limited 
manner. It turns out that the assumption of isotropic charged-meson 
fluxes can describe the neutrino fluxes reasonably well [71]. We find 
that 𝜈𝜇 spectra can be described by the 𝜈𝜇 ’s from isotropic charged 
mesons together with an overall rescaling factor of 30.
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