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Introduction

All data from solar, atmospheric, reactor and accelerator neutrino experiments 
is successfully interpreted in terms of 3-flavour oscillations, except for a few 
anomalies

Oldest anomalies from the short-baseline accelerator experiments LSND    
and MiniBooNE remain unexplained. Could be due to               oscillations 
involving a fourth, light (eV-scale) neutrino, but strongly disfavoured by other 
experiments

Possible non-oscillation explanation: heavy (keV - MeV) sterile neutrino mixing 
with      and decaying to     , thus mimicking the LSND and MiniBooNE 
excesses [Palomares-Ruiz et al. ’05 - Dentler et al. ’19 - de Gouvêa et al. ‘19]

This talk: possibility to test this scenario at the DUNE near detector
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Short-baseline accelerator experiments [           appearance in a            beam]

LSND (1993-1998) [     beam,                 ]

Excess of      events over background at 3.8 σ
interpreted by LSND as               oscillations

Not observed by KARMEN

MiniBooNE (2002-2017) [                ,                  ] 

Designed to test the LSND anomaly with
a different L but a similar L/E

2002-2012 : inconclusive/contradictory results

Full 2002-2019 data : excess of           CC events
both in the    and    modes (4.8 σ in total), mainly
in the low-energy region, consistent with LSND

    ➞ suggests                                  oscillations, but can’t be explained within 
the 3-flavour framework
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[LSND allowed region in the                      
  plane (2-neutrino fit) - hep-ex/0203021]
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FIG. 14: Comparison of oscillation searches performed by different short baseline experiments.

both experimental results. At high∆m2 values, the LSND solutions are in clear contradiction

with the KARMEN upper limit.

VIII. CONCLUSION

Results based on the entire KARMEN2 data set collected from 1997 through to 2001

have been presented. The extracted candidate events for ν̄e are in excellent agreement with

background expectations showing no signal for ν̄µ→ ν̄e oscillations. A detailed likelihood

analysis of the data leads to upper limits on the oscillation parameters sin2(2Θ) and ∆m2

excluding parameter regions not explored analyzed by other experiments.
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The LSND and MiniBooNE anomalies
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2002-2019 MiniBooNE results
MiniBooNE + LSND excesses :

6.1 σ significance[M
iniBooN

E C
ollaboration, arX

iv:2006.16883]

Oscillation interpretation requires a 
4th massive neutrino in the eV range

However, this interpretation is
essentially excluded by
disappearance data :

• MINOS/MINOS+ (long-baseline 
oscillation experiment)

• IceCube (neutrino telescope 
located under the Antarctic ice: 
atmospheric neutrino data)
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FIG. 20: MiniBooNE allowed regions for combined neutrino mode (18.75 ⇥ 1020 POT) and an-

tineutrino mode (11.27 ⇥ 1020 POT) data sets for events with 200 < EQE
⌫ < 3000 MeV within

a two-neutrino oscillation model. The shaded areas show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e

allowed regions. The black point shows the MiniBooNE best fit point. Also shown are 90% C.L.

limits from the KARMEN [26] and OPERA [27] experiments.

Single-gamma backgrounds from external neutrino interactions (“dirt” backgrounds) are

estimated using topological and spatial cuts to isolate the events whose vertices are near the

edge of the detector and point towards the detector center [30]. The external event back-

ground estimate has been confirmed by measuring the absolute time of signal events relative

to the proton beam microstructure (52.81 MHz extraction frequency), which corresponds to

buckets of beam approximately every 18.9 ns. Fig. 24 shows that the event excess peaks

in the 8 ns window associated with beam bunch time, as expected from neutrino events in

the detector, and is inconsistent with external neutrino events or beam-o↵ events, which

would be approximately flat in time. Also, the observed background level outside of the

beam agrees well with the predicted background estimate. In addition, good agreement is

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is
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estimated using topological and spatial cuts to isolate the events whose vertices are near the

edge of the detector and point towards the detector center [30]. The external event back-

ground estimate has been confirmed by measuring the absolute time of signal events relative

to the proton beam microstructure (52.81 MHz extraction frequency), which corresponds to

buckets of beam approximately every 18.9 ns. Fig. 24 shows that the event excess peaks

in the 8 ns window associated with beam bunch time, as expected from neutrino events in

the detector, and is inconsistent with external neutrino events or beam-o↵ events, which

would be approximately flat in time. Also, the observed background level outside of the

beam agrees well with the predicted background estimate. In addition, good agreement is

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is
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Quantifying the tension between appearance and disappearance data

                                                plane 

[M. Dentler et al., arXiV:1803.10661]
[M

. D
entler et al., arX

iV
:1803.10661]
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the

red region is allowed at 3σ 
by appearance data

[pink hatched: without LSND DiF]

blue curve defines 3σ excluded
region by disappearance data

[dashed = fixed reactor fluxes]

�
sin2 2✓µe ⌘ 4|Ue4Uµ4|2, �m2

41

�
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➞ sterile neutrino interpretation of LSND and MiniBooNE data
    excluded at the 4.7 σ level

This tension persists for 2 sterile neutrinos [M. Maltoni at Neutrino 2018]

➞ in addition, a light sterile neutrino is strongly disfavoured by cosmology



The short-baseline accelerator neutrino program (SBN) at Fermilab aims at 
testing the light sterile neutrino hypothesis. Consists of 3 Liquid Ar detectors 
with very good event reconstruction (while MiniBooNE cannot distinguish an  
e- from a photon): SBND (110 m), MicroBoone (470 m) and ICARUS (600 m) 4
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FIG. 3. MicroBooNE constraints on sterile neutrino param-
eter space at 3� C.L. (blue, Inclusive and orange, CCQE).
For reference, we show the MiniBooNE 1-, 2-, and 3-� pre-
ferred regions in shades of grey [42], the future sensitivity of
the three SBN detectors (pink) [43], and existing constraints
from KARMEN (green) [19] and OPERA (gold) [44].

energies, the Inclusive analysis is more powerful.
As we see from Fig. 3, MicroBooNE data, at 3� CL,

disfavor part of the region preferred by MiniBooNE at the
same CL. Nevertheless, we find that there is still a large
viable fraction of the parameter space, even within 1� CL
preferred region of MiniBooNE. We find it unlikely that
future MicroBooNE results will significantly improve on
this, even though MicroBooNE has only analyzed about
half of their data set, because of a deficit in their Inclu-
sive data that generates more sensitivity than expected
(cf. Fig. 1 and the Supplemental Material; this could be
due to an underfluctuation in the data or to background
mismodeling). This highlights the importance of search-
ing for sterile neutrinos with the three SBN detectors —
SBND, MicroBooNE, and ICARUS — which will probe
the full 2� region preferred by MiniBooNE with less de-
pendence on the neutrino cross section and flux.

Finally, we stress that a fully-consistent four-neutrino
analysis should also consider oscillations of the back-
grounds. This is relevant at MiniBooNE [16, 45], and
even more for the MicroBooNE Inclusive analysis: while
the former has large non-neutrino induced backgrounds,
the dominant background in the latter is beam-⌫e con-
tamination. Moreover, since other neutrino samples (par-
ticularly CC ⌫µ) are used to constrain systematics and
backgrounds, oscillations should also be considered for
these samples.

Figure 4 presents our results in a consistent four-

10�2 10�1 1

sin2 (2�ee) ⌘ 4|Ue4|2(1 � |Ue4|2)

10�1

1

10

102

�
m

2 41
[e

V
2
]

Gallium 2�

S
ol

ar
99

%
C

L

Reactors 99.9% CL

MicroBooNE 95% CL

sin2 (2✓µµ) = 0

sin2 (2✓µµ) prof.

10�2 10�1 1

sin2 (2�µµ) ⌘ 4|Uµ4|2(1 � |Uµ4|2)

10�1

1

10

102

�
m

2 4
1

[e
V

2
]

MINOS(+) 90% CL

Ice
Cube 90/

99%
CL

MicroBooNE 95% CL

sin2 (2✓ee) = 0

sin2 (2✓ee) prof.

FIG. 4. MicroBooNE constraints on �m2
41 and sin2 (2✓ee)

(left) or sin2 (2✓µµ) (right). In each panel, we have either
fixed (solid lines) or profiled over (dashed) the unshown mix-
ing angle. For comparison, we show existing constraints and
preferred regions (see [46–60]).

neutrino approach, considering oscillations of all ⌫e and
⌫µ samples. We show the MicroBooNE-Inclusive 95% CL
constraints on �m2

41 and sin2 (2✓ee) ⌘ 4|Ue4|2(1� |Ue4|)2
(top panel) or sin2 (2✓µµ) ⌘ 4|Uµ4|2(1 � |Uµ4|)2 (bottom
panel). In each panel of Fig. 4 we perform two analy-
ses (both in blue): solid lines present the constraint on
a mixing angle when the other is fixed to zero, whereas
dashed lines present the constraint when we profile over
the other mixing angle. The disappearance prospects
for ⌫e are compared against hints of sterile neutrinos

First MicroBooNE results do not
support the interpretation of the
MiniBooNE excess as     (which
would produce e- via charged
current), but the 2σ regions of
the two experiments overlap
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➞ if the LSND and MiniBooNE anomalies are real, must be explained by 
alternative, non-oscillation explanations

➞ this talk: heavy decaying sterile neutrino (HDSN) scenario

Disclaimer: the MiniBooNE and especially LSND results have always been 
controversial. I do not claim that they are correct (there could be experimental 
errors and/or misunderstood backgrounds; experimentalists are in a better 
position than theorists to judge)

My claim is just that if these anomalies are real, the HDSN scenario provides a 
plausible explanation, which should therefore be tested at current or upcoming 
experimental facilities



Heavy decaying sterile neutrino (HDSN)

Introduce a 4th neutrino mass eigenstate      with mass
which mixes only (or mainly) with      :

and decays to a      and a very light, gauge singlet scalar

⇒ mimics LSND/MiniBooNE excess: some muon neutrinos from the flux decay 
to lower energy electron neutrinos

If neutrinos are Dirac, only                   (and                 ) is possible

If neutrinos are Majorana, both                  and                  are possible 

[                    avoids contraints from pion decay on        and ensures that     is present in 
the LSND beam (                   for most       );                     avoids constraints from leptonic 
meson decays for the                    values required to explain the LSND and MB excesses]          

S. Palomares-Ruiz, S. Pascoli and T. Schwetz, arXiv:hep-ph/0505216
M. Dentler, I. Esteban, J. Kopp and P. Machado, arXiv:1911.01427 
A. de Gouvêa, O.L.G. Peres, S. Prakash and G.V. Stenico, arXiv:1911.01447
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Decay rate in the lab frame (including a Lorentz boost factor          ) :

Dirac case

Majorana case

hence

Flavour transition probabilities depend on the fraction of        in the      beam
(given by          ) and of the fraction that have decayed before reaching the 
detector, i.e.                    . Given the baseline L , standard oscillations are 
negligible, while oscillations driven by                         average out
[one obtains the same formulae if one assumes that      is produced incoherently]

Survival (disappearance) probabilities:

Appearance probabilities:

  Dirac

  Majorana

<latexit sha1_base64="C2JhS5d9KzUs9Lh7mJyoHIbSamY="></latexit>

1/�⌫4
<latexit sha1_base64="yWupjC6a3XG4lXlDV30wQxuR7mU="></latexit>

�D
4 ⌘ �(⌫4 ! ⌫e�)|Dirac =

|g|2m2
4

32⇡E4
(E4 = E⌫µ)

<latexit sha1_base64="CX601o01vI/izr9I0LQoJldN9Sc="></latexit>

�(⌫4 ! ⌫e�)|Majorana = �(⌫4 ! ⌫̄e�)|Majorana =
|g|2m2

4

32⇡E4
<latexit sha1_base64="6dh3X4hOPto5KvmfwjyKJF/Afxw="></latexit>

�M
4 ⌘ �(⌫4 ! ⌫e�)|Majorana + �(⌫4 ! ⌫̄e�)|Majorana = 2�D

4

<latexit sha1_base64="wLDRekQm3/7Obpbffli49BacQF0="></latexit>

⌫4’s
<latexit sha1_base64="LdDNp+0Ktjs4iCA15kYcoMjiRFY="></latexit>⌫µ

<latexit sha1_base64="Pw06CeaqbNMrcFvAuhb/dTlCkcc="></latexit>

|Uµ4|2
<latexit sha1_base64="Bx7xEw3vj7sgRlYecWhcBow/dlI="></latexit>

(1� e��4L)
<latexit sha1_base64="ao7X6wtOTNlJf+NpNsDLWaUDawY="></latexit>

�m2
41 > 108 eV2

<latexit sha1_base64="8CpcKooJCC6dtwHI1rsQJiOyoXY="></latexit>⌫4

<latexit sha1_base64="9ohvwdczlBRzdjSdsZOEgBSMgDA="></latexit>

Pµµ = Pµ̄µ̄ = (1� |Uµ4|2)2 + |Uµ4|4 e��4L , Pee = Pēē = 1
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The HDSN scenario can fit the LSND and MiniBooNE data…

MINOS/MINOS+ upper bound

from              disappearance searches (applies to both stable and unstable 
sterile neutrinos)                  

Figure 7. Allowed regions at 99% (lighter purple), 95% (medium purple) and 68% (darker purple)
C.L. of the (|Uµ4|2, gm4) parameter space when the decaying-sterile-neutrino hypothesis is matched
against the combined LSND data and MiniBooNE neutrino-mode and antineutrino-mode data assum-
ing Majorana (left) or Dirac neutrinos (right). The dots indicate the best-fit-point. The region to the
right of the vertical line is excluded by MINOS+ at the 90% C.L. [40]. The green shaded region on
the top-right of the green line is excluded by KARMEN at the 99% C.L.

3.4 KARMEN, MINOS and MINOS+

The Karlsruhe Rutherford Medium Energy Neutrino (KARMEN) ran at the spallation neu-

trino source ISIS of the Rutherford Laboratory in the UK. We consider the data set corre-

sponding to the experimental run from February 1997 to March 2001 [41]. The experiment

impinges 800 MeV protons on a water-cooled Ta�D2O target where ⇡
+ per incident proton

are produced. These ⇡
+ are stopped completely and decay with a lifetime of ⌧⇡ = 26 ns

within the heavy target producing µ
+ and ⌫µ. The µ

+ produced also decays at rest within

the target with a lifetime ⌧µ = 2.2 µs giving e
+
, ⌫e, ⌫̄µ. Due to this large time separation the

⌫µ induced events can be cleanly separated from the ⌫̄µ or ⌫e induced events. The ⌫̄µ and ⌫e

from the muon decay have a continuous spectra with the endpoint energy of 52.8 MeV. This

data set corresponds to a total of N⌫ = 2.71⇥ 1021 neutrinos for each flavor. The KARMEN

detector consists of a liquid scintillation calorimeter situated at a mean distance of 17.7 m

from the ISIS target and has a high energy resolution of 11.5%/

p
E (MeV). KARMEN ob-

served a total of 15 inverse beta decay events compared against a background expectation of

15.8. Thus, it observed a null result for the ⌫̄µ ! ⌫̄e oscillations for L/E⌫ ⇠ 0.3�0.9 m/MeV.

We follow the experimental details and analysis procedure described in Ref. [41], considering

9 energy bins between 16 MeV to 52 MeV and an overall normalization error of 10% for both

signal and backgrounds. We simulated the KARMEN experiment in GLoBES and performed

– 15 –

[de Gouvêa, Peres, Prakash and Stenico, arXiv:1911.01447]
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… and can also be tested by SBN

Still interesting to probe a larger region of the HDSN parameter space

➞ DUNE near detector

[de Gouvêa, Peres, Prakash and Stenico, arXiv:1911.01447]

Figure 8. Allowed regions at 99% (lighter purple), 95% (medium purple) and 68% (darker purple) C.L.
of the (|Uµ4|2, gm4) parameter space when the decaying-sterile-neutrino hypothesis is matched against
the combined LSND, MiniBooNE and KARMEN data and MINOS constrains assuming Majorana
(left) or Dirac neutrinos (right). The dots indicate the best-fit-point. In the same context, the orange
regions indicate the sensitivity of the SBN Program at 99% (solid line), 95% (dashed line) and 68%
(dotted line) C.L. for Majorana (left) and Dirac neutrinos (right). We assume 6.6 ⇥ 1020 POT for
SBND and ICARUS and 1.32⇥ 1021 POT for MicroBooNE.

of running), is depicted in Fig. 8. The regions of the parameter space preferred by combined

LSND and MiniBooNE are also depicted in order to facilitate comparisons. The SBN program

can definitively test the decaying-sterile neutrino solution to the LSND and MiniBooNE data.

3.5.1 Sensitivity to non-zero neutrino decay e↵ect on SBN

Assuming the considered decaying-sterile neutrino model has a positive signal in SBN Pro-

gram, we want to investigate now the capability of the experiment to measure the decay

parameters (|Uµ4|2, gm4). To perform this analysis, we generated neutrino events in the same

“experimental” configuration of SBN previous sensitivity analysis, but assuming now the data

is given by non-zero values to (|Uµ4|2, gm4) parameters. For convenience, we will set the true

values of the parameters at the correspondent best-fit points from LSND, MiniBooNE, KAR-

MEN and MINOS combined analysis for Majorana and Dirac cases. The results we obtained

are shown in Figure 9: we have the allowed regions consistent with the computed events at

the best-fit point for both Majorana (left panel) and Dirac (right panel) assumptions at 68.3%

of C. L. (dotted curve), 95% of C. L. (dashed curve) and 99% of C. L. (solid curve).

– 18 –



DUNE near detector (ND-LAr)

DUNE = long-baseline neutrino oscillation experiment (1300 km), whose main 
goals are to establish leptonic CP violation in the               channel and to 
determine the neutrino mass ordering using matter effects on oscillations

The DUNE near detector will consist of three components, one of which is a 
movable Liquid Argon detector (ND-LAr), which can be located either on the 
beam axis or at an off-axis position (up to 3.6˚ off axis)

Near detector baseline: 574 m
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FIG. 1. Neutrino (left) and antineutrino (right) fluxes for a neutrino experiment similar to the case of a
near detector at DUNE. We illustrate different off-axis locations.

Channel
DUNE Event rates (⇥106)

Signal (CC) Background
⌫e (⌫̄e) ⌫µ (⌫̄µ) Intrinsic Mis-ID NC

⌫µ ! ⌫e - - 1.08 0.218 0.325
⌫̄µ ! ⌫̄e - - 0.608 0.056 0.193
⌫µ ! ⌫µ - 103 (3.82) - - 0.88
⌫̄µ ! ⌫̄µ - 10.47 (39.04) 43 - 0.49

TABLE I. aaaaa

the detector. A(Erec) is the detector efficiency, T is the total running time, n is the number of target
Argon nuclei in the detector, and L is the distance from the source to the detector. Unless otherwise
stated, we have assumed 3.5 years of neutrino runtime and same for antineutrino runtime. All the
details regarding the cross sections, energy resolutions and efficiencies of the detector can be found
in []. In order to asses the statistical sensitivity, we calculate the Poissonian �2 function which is a
sum of all contributions coming from the neutrino and antineutrino appearance and disappearance
channels respectively. To perform the standard 3⌫ analysis, we have assumed the fixed values of
the oscillation parameters as follows, sin2 ✓12 = 0.318, sin2 ✓13 = 0.022, sin2 ✓23 = 0.57, �CP = 0�,
�m2

21
= 7.5⇥10�5eV2, and �m2

31
= 2.55⇥10�3eV2. For simplicity we have assumed normal mass

ordering (NMO) throughout all our analyses.

The neutrino flux depends
on the off-axis angle: peaks
towards lower energies
(and the total flux decreases)
when the off-axis angle
increases



Appearance and disappearance events

We are interested in two types of events in ND-LAr: 
-  appearance events:                                , which produce an e- (e+) in the 
near detector [also                               in the Majorana case (HDSN)]
- disappearance events:                                , which produce a positively 
(negatively) charged muon in the near detector

Number of appearance events as a function of the reconstructed neutrino 
energy (Standard Model case, running time 3.5 years):
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FIG. 2. DUNE near detector spectra in the Standard Model for 3.5 yrs of each neutrino and antineutrino
mode running time. (@ Sabya: should mention “Neutrino mode” or “Antineutrino mode” in the plots for the

disappearance spectra. As for “SM” (which is also missing for the disappearance spectra), we could either remove

it, or put it directly in the plots, rather than above)

IV. DUNE SENSITIVITY TO DECAY PARAMETERS

A. Charged current signal

In this paper, we investigate the possibility to probe the region of the HDSN parameter space
consistent with the LSND and MiniBooNE anomalies at the DUNE near detector (ND). As we
are going to see, while the Fermilab short baseline neutrino program (SBN) has the capability to
exclude the HDSN explanation of these anomalies at the 99% confidence level, the exclusion region
of the DUNE near detector is much larger.
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FIG. 2. DUNE near detector spectra in the Standard Model for 3.5 yrs of each neutrino and antineutrino
mode running time. (@ Sabya: should mention “Neutrino mode” or “Antineutrino mode” in the plots for the

disappearance spectra. As for “SM” (which is also missing for the disappearance spectra), we could either remove

it, or put it directly in the plots, rather than above)

IV. DUNE SENSITIVITY TO DECAY PARAMETERS

A. Charged current signal

In this paper, we investigate the possibility to probe the region of the HDSN parameter space
consistent with the LSND and MiniBooNE anomalies at the DUNE near detector (ND). As we
are going to see, while the Fermilab short baseline neutrino program (SBN) has the capability to
exclude the HDSN explanation of these anomalies at the 99% confidence level, the exclusion region
of the DUNE near detector is much larger.



Number of appearance events as a function of the reconstructed neutrino 
energy (HDSN, Dirac case, running time 3.5 years):

While the signal was negligible in the SM (baseline two short for oscillations to 
develop), it is now much more sizable due to the sterile neutrino decays

The signal increases with           and         , as                     : the larger        , 
the larger the fraction of sterile neutrinos that have decayed

Backgrounds are also affected by sterile neutrino decays, but effect 
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FIG. 3. DUNE near detector appearance spectra for 3.5 yrs of each neutrino and antineutrino mode runtime.
The color code is the same as in Fig. 2. (@ Sabya: I would remove ”Decay” above the plots since all those

plots are for the HDSN scenario)

(SL: say somewhere that appearance = ⌫µ ! e� (⌫̄µ ! e+) and disappearance = ⌫µ ! µ�

(⌫̄µ ! µ̄+))

Let us first consider the charged current signal from neutrino-nucleus scattering. Fig. 2 shows
the (anti)neutrino spectra (i.e., the number of appearance or disappearance events as a function
of the reconstructed (anti)neutrino energy) expected at the DUNE near detector for the Standard
Model, assuming 3.5 years of running time both in the neutrino and antineutrino modes. The left
and right panels display the appearance and disappearance spectra, respectively, while the top and
bottom panels correspond to the neutrino and antineutrino modes. In each plot, the signal and
the various backgrounds events are represented with different colors. Since the near detector we
consider is not magnetized, appearance events (red curve in the left panels) refer to electrons or
positrons produced from the scattering of a ⌫e or a ⌫̄e on an Argon nucleus. The background events
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Number of disappearance events as a function of the reconstructed neutrino 
energy (Standard Model vs HDSN scenario [Dirac], running time 3.5 years):

Smaller impact of the HDSN scenario on the signal than in the appearance 
channel: departure from SM given by 
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FIG. 2. DUNE near detector spectra in the Standard Model for 3.5 yrs of each neutrino and antineutrino
mode running time. (@ Sabya: should mention “Neutrino mode” or “Antineutrino mode” in the plots for the

disappearance spectra. As for “SM” (which is also missing for the disappearance spectra), we could either remove

it, or put it directly in the plots, rather than above)

IV. DUNE SENSITIVITY TO DECAY PARAMETERS

A. Charged current signal

In this paper, we investigate the possibility to probe the region of the HDSN parameter space
consistent with the LSND and MiniBooNE anomalies at the DUNE near detector (ND). As we
are going to see, while the Fermilab short baseline neutrino program (SBN) has the capability to
exclude the HDSN explanation of these anomalies at the 99% confidence level, the exclusion region
of the DUNE near detector is much larger.
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FIG. 4. DUNE near detector disappearance spectra for 3.5 yrs of each neutrino and antineutrino mode
runtime. (@ Sabya: I would remove ”Decay” above the plots since all those plots are for the HDSN scenario.

Also in the bottom left plot, please add the missing “n” to “Antieutrino mode”)

that can mimick such a signal are: the intrisic background from the ⌫e and ⌫̄e contamination of the
neutrino flux (black); the misidentification backgound due to negative or positive muons (from ⌫µ or
⌫̄µ scattering on Argon nuclei) misidentified as electrons or positrons (blue); and the neutral current
background (green), to which all active neutrinos and antineutrinos contribute. As expected, the
SM signal in the appearance channel (top panels) is extremely small, due to the short baseline
of the near detector, which prevents ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e oscillations to develop. The observed
events are almost exclusively background events, with roughly comparable contributions from each
source (intrinsic, misidentification and neutral current backgrounds). In the disappearance channel
(right panels), as is also expected, the SM signal (red) clearly dominates over the neutral current
background (green).

Let us now see how the signal and background are affected by the presence of a heavy decaying
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Sensitivity of the DUNE near detector to HDSN

DUNE near detector sensitivity to the HDSN parameters

Dominated by appearance events 

- large gm4 region:
  all sterile neutrinos have decayed 

- small/intermediate gm4 region:

  sensitivity to         decreases with gm4 

Sensitivity of disappearance channel
depends very weakly on gm4 
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FIG. 5. DUNE sensitivity to heavy sterile decay parameters for 3.5 yrs of each neutrino and antineutrino
mode runtime. 10% signal and background uncertainties are assumed here.

panel) and to the combination of appearance and disappearance data (left panel), assuming 10% normalization uncertainties

for the signal and background. Comparing the two panels shows that the DUNE near detector sensitivity is dominated by the

appearance data, except for values of |Uµ4|2 close to or above the MINOS upper bound (|Uµ4|2 < 0.023 at 90% C.L.), where

combining appearance and disappearance data gives a better sensitivity. This could have been anticipated, since the difference

between the SM and HDSN scenario predictions for the disappearance signal scales as |Uµ4|2, as already noticed, with little

dependence on gm4. In the lower panel of Fig. 7, we show the sensitivity curves from appearance data only over a larger portion

of the HDSN scenario parameter space. For large values of gm4, corresponding to a large �4, most sterile neutrinos decay before

reaching the DUNE near detector and the appearance probability (7) reduces to Pµe ' |Uµ4|2; this explains the upper part of the

exclusion curve. For smaller values of gm4, hence of �4, only a fraction of the sterile neutrinos decay, leading to a suppression of

the appearance probability by a factor (1 � e��4L). Therefore, larger values of |Uµ4|2 are allowed (i.e., the sensitivity to |Uµ4|2

decreases) for smaller values of gm4. Finally, for gm4 small enough, most sterile neutrinos reach the near detector before decaying,

resulting in a strong suppression of appearance events. The sensitivity to |Uµ4|2 is then driven by background events, whose

number is suppressed relative to the SM by a factor ' 1�2|Uµ4|2(1� |Uµ4|2) when sterile neutrino decays can be neglected (as can

be seen by taking the limit e��4L ! 1 in Eqs. (11) and (12)). This explains the lower part of the exclusion curve, as well as the

narrow allowed region close to |Uµ4|2 = 1. This region is also allowed by disappearance data, since Pµµ ' 1 � 2|Uµ4|2(1 � |Uµ4|2)

in the limit e��4L ! 1, but it is excluded by MINOS. ]

We now move on to assess the ability of the DUNE near detector to probe the HDSN scenario.
In the left panel of Fig. 7, we display the 95% C.L. sensitivity curves in the (|Uµ4|2, gm4) plane
corresponding to appearance data (dashed green line), disappearance data (short-dashed blue line)
and to the combination of appearance and disppearance data (red solid line), assuming 10% nor-
malization uncertainties for the signal and background. Comparing the two dashed curves shows
that the DUNE near detector sensitivity to the mixing parameter Uµ4 is dominated by appearance
data, except for values of gm4 smaller than a few 0.1 eV, where appearance and disappearance data
are equally efficient in constraining |Uµ4|2. Combining both data in this region then improves the
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Dirac versus Majorana neutrinos

Differences due to the fact that charged current cross section smaller for
- Dirac      always decays to      (and               )
- Majorana            decays 50% to     , 50% to   

and for smaller gm4 (for which only a fraction of the sterile neutrinos decay),
to the fact that 
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FIG. 6. DUNE sensitivity to heavy sterile decay parameters for 3.5 yrs of each neutrino and antineutrino
mode runtime. 10% signal and background uncertainties are assumed here.

expected upper bound on |Uµ4|2, which however remains not competitive with the MINOS upper
bound (|Uµ4|2 < 0.023 at 90% C.L.). The different shapes of the appearance and disappearance
sensitivity curves can easily be explained with the formulae of Section II. For the disappearance
channel, the difference between the predictions of the SM and HDSN scenarios for the signal and
background scales as |Uµ4|2, as already noticed, with little dependence on gm4, see Eqs. (6) and (12)
(SL: also true in the Majorana case) (this small dependence, which is hidden in �4, is visible in the
upper part of the blue short-dashed curve). For the appearance channel, instead, the signal, [which

is governed by the appearance probability (7),] strongly depends on gm4. For large values of this parameter,
corresponding to a large �4, most sterile neutrinos decay before reaching the DUNE near detector
and the appearance probability (7) reduces to Pµe ' |Uµ4|2; this explains the upper part of the
green dashed curve. For smaller values of gm4, hence of �4, only a fraction of the sterile neutrinos
decay, leading to a suppression of the appearance probability by a factor (1�e��4L). [Therefore, larger

values of |Uµ4|2 are allowed (i.e., the sensitivity to |Uµ4|2 decreases) for smaller values of gm4.] As a result, the sensitivity
to |Uµ4|2 decreases with gm4. Finally, for gm4 small enough, most sterile neutrinos reach the near
detector before decaying, resulting in a strong suppression of appearance events. The sensitivity to
|Uµ4|2 is then driven by neutral current and misidentification background events, whose number is
suppressed relative to the SM by a factor ' 1 � 2|Uµ4|2(1 � |Uµ4|2) when sterile neutrino decays
can be neglected (as can be seen by taking the limit e��4L ! 1 in Eqs. (11) and (12)). (SL: also
true in the Majorana case) This explains the lower part of the exclusion curve, as well as the narrow

3.5 years of running
either in neutrino or
in antineutrino mode
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Do we gain something (better sensitivity) by moving the detector off axis ?

For off-axis angles > 1.2˚, sensitivity to          degrades due to the smaller flux 
(smaller statistics)

For off-axis angle 0.6˚, small benefit at large gm4 due to the different energy 
dependence of the flux (more peaked) – also backgrounds depend on the off-
axis angle
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FIG. 7. DUNE sensitivity to heavy sterile decay parameters for 3.5 yrs of each neutrino and antineutrino
mode runtime. 10% signal and background uncertainties are assumed here.

allowed region4 close to |Uµ4|2 = 1. However, as already mentioned, the sensitivity of the DUNE
near detector in the low gm4 region is not competitive with the MINOS upper bound.

(SL: add a comment about the right panel of Fig. 7)
(SL: do we want to call the movable detector PRISM, as is done in the caption? or do we want to study

a generic movable LAr near detector, without mentioning any specific proposal (whose characteristics
may change in the future)?)

So far we assumed that the DUNE near detector was located on the beam axis. We now consider
the possibility of a movable near detector, able to collect data at different angles from the on-axis
position. As discussed in Section III and illustrated in Fig. 1, the value of the off-axis angle strongly
4 This narrow region is also allowed by disappearance data, since both the signal, Eq. (6), and the background,

Eq. (12), are suppressed by a factor ' 1� 2|Uµ4|2(1� |Uµ4|2) relative to the SM in the limit e��4L ! 1
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99% C.L. sensitivities to HDSN scenario for Dirac and Majorana neutrinos, 
running 3.5 + 3.5 years in neutrino and antineutrino modes

Much better sensitivity than SBN to the HDSN scenario

DUNE near detector can exclude the HDSN solution to the LSND and 
MiniBooNE anomalies at more than 99% C.L.

Combined neutrino and antineutrino modes ⇒ same sensitivity for Dirac or 
Majorana case at large gm4 , but better in Majorana case for intermediate gm4 
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FIG. 10. Sensitivities and allowed regions of different experiments at 95% and 99% C.L. (2 d.o.f (��2 =

5.99 and 9.21)) with different signal uncertainties. For DUNE, 10% signal and 10% background uncertainties
are considered.

|Uµ4|2 is dominated by appearance data in the high and intermediate gm4 regions, the
effect of a smaller signal normalization uncertainty is only seen in the low gm4 region,
where both the appearance and disappearance channels contribute to the sensitivity
to |Uµ4|2. We checked this interpretation by studying the impact of a reduced signal
error on the bounds on |Uµ4|2 from appearance and disappearance data separately. (SL:
do we want to discuss also the impact of the background error?) There is no noticeable difference
between the Dirac and Majorana cases.

Finally, in Fig. 10, we compare the expected sensitivities of the DUNE near detector and of the
SBN experiment at Fermilab, both at the 95% (upper panels) and at the 99% C.L. (lower panels),
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Conclusions

A heavy sterile neutrino can explain the long-standing LSND and MiniBooNE 
anomalies

The DUNE near detector ND-LAr can test the HDSN scenario with a 
much better sensitivity than the short-baseline neutrino program (SBN)   
at Fermilab ➞ might provide a crucial check if SBN observes some hint    
of     appearance (even if not large enough to explain LSND/MiniBooNE)

Possibility to distinguish between Dirac and Majorana neutrinos in the 
HDSN scenario by running in the neutrino and antineutrino modes
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