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I LSND: ν̄e in ν̄µ beam from stopped pion
source (> 3σ) at L/E ∼ 1km GeV−1

(arXiv:hep-ex/0104049)

I MiniBooNE: reports electron-like event excess
(4.8σ); in combination with LSND at 6.1σ
(arXiv:0812.2243, 1805.12028, 2006.16883)



eV-scale νs for LSND and MiniBooNE anomalies?
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I Oscillation maxima for standard oscillations expected at
I L/E ∼ 500 km/GeV (from ∆m2

31 ∼ 2.4× 10−3eV2)
I L/E ∼ 15000 km/GeV (from ∆m2

21 ∼ 7.5× 10−5eV2)

I the minimal solution for LSND and MiniBooNE requires an additional
mass squared difference ∆m2

41 ∼ 1 eV2; this calls for an introduction of
eV-scale sterile neutrino (3+1 scheme)
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I while νe appearance data supports eV-scale νs explanation of LSND and
MiniBooNE, νµ disappearance data puts such solution in strong tension
and practically excludes this possibility ⇒ necessity for alternative models

Kopp et al., arXiv:1803.10661



Altarelli Cocktail?
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Employed MC Generators
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Strategy
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1. From a Monte Carlo simulation using the NUANCE generator, we
predict the event sample under consideration.

2. The predicted event spectrum from (1) is then compared with the
corresponding prediction obtained by the MiniBooNE collaboration;
the differences are compensated by bin-by-bin tuning.

3. We then predict the same event sample using GiBUU, NuWro, as well
as six different GENIE tunes, using the same cuts and efficiency
factors as for NUANCE. We then apply the tuning factors determined
in (2) as the ratio between our NUANCE prediction and
MiniBooNE’s.



Charged Current Events
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Neutral Current π0 Production
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ν + N → ν + N + π0(γγ)
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Neutral Current Single γ Production
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∆→ Nγ
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3+1 model with eV-scale sterile neutrino
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MicroBooNE (2110.14054)
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two-body νe CCQE scattering (1e1p)

pionless νe scattering (1eNp0π, 1e0p0π)

inclusive νe scattering (1eX )
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MicroBooNE (2110.00409)
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New Physics?



From interactions of protons on target to 1 shower events
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I The source of events are 8 GeV protons from Booster that hit the
Beryllium target producing secondary particles. The 818 ton liquid
scintillation detector observes the single shower events

p + A [target]→ [X ]→ 1sh events [detector ]
I The “black box” , X , is assumed to be represented by a particle (or a

system of particles) that are produced in the source (Xs) and evolve to
detector where they interact or decay (Xd) producing 1 shower events

I Xs can be produced
I on target in pA collisions immediately
I in decays (interactions) of known particles produced in the pA−collisions,

such as π, K , heavy mesons. But those particles need to be charged!
I from neutrinos νµ in detector or/and surrounding matter along the baseline

I Xd

I N → ν + γ, N → ν + e+ + e− (decay into particle(s) ξ that give shower)
I N → ν + B, B → e+ + e− or B → γ + γ
I N → ...νe ... followed by νe scattering in the detector
I N can also scatter → additional smallness



Scenarios involving right-handed neutrino N
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1) MNDξ, Mixing - Decay scenario: the heavy neutrino N produced in the
K and π−decay via mixing in νµ and decays as N → N ′ + ξ

VB, Fischer, Smirnov, 2007.14411:

Nξ−s = εA|Uµ4|2
∫

dEN
dφ0N(EN)

dEN
fξ−s(EN)Pdec
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d
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I event excess peaks in the 8 ns window
associated with beam bunch time, as
expected from neutrino events in the
detector =⇒ mN < 10 MeV for MNDξ
scenario



Scenarios involving right-handed neutrino N
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2) UNDξ, Upscattering - decay scenario: N is produced in the νµ interactions
with particles of medium between the source and the detector and in the
detector. Then N decays in the detector, producing ξ state

N in
ξ−s = εVdnd

∫
dEN fξ−s(EN)

dφσN(Eν)

dEN

[
1− λN

d
(1− e−d/λN )

]dφσN(EN)

dEN
≡

∫
dEν

dφν(Eν)

dEν

dσ(Eν ,EN)

dEN

I we also considered upscattering in the dirt as well as various detector
subcomponents



Scenarios involving right-handed neutrino N
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3) UNDBDξ, Upscattering - double decay scenario: N produced by νµ
upscattering undergoes double decay: N → B → ξ. If B decays promptly,
calculations match previous scenario

4) UNDνUe , Upscattering-decay into νe
scenario: N produced by the νµ upscattering
decays with emission of νe , which then scatters
in the detector via CCQE producing e shower

5) MNDBDξ, Mixing-double decay scenario:
N produced via mixing decays invisibly into
another new particle B, which in turn decays
into (or with emission of) ξ



Scenarios involving right-handed neutrino N
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6) MNDνUe , Mixing - Decay into νe scenario: N is produced via mixing and
decays with emission of νe : N → νe + B. Then νe upscatters in the detector,
producing e±

I for small N decay length cτ0 → 0
N i
1e ≈ σiCC Vi ni BN φ

0
π (1− Exp[−lT/λπ]) ≈ σiCC Vi ni BN φνµ

I the spectrum for this scenario
looks similar to the one in the
3+1 scenario

I viable N masses O(keV)
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Non-oscillatory Explanations of MiniBooNE Anomaly
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1 shower MiniBooNE events can be produced by e, γ, collimated e+e− pair
and collimated γγ

I MNDξ:
Fischer et al. (arXiv:1909.09561)

I UNDξ:
Gninenko (arXiv:0902.3802)
Ballett et al. (arXiv:1808.02915)

I UNDBDξ:
Bertuzzo et al. (arXiv:1807.09877)
Datta et al. (2005.08920)
Dutta et al. (2006.01319)
Abdallah et al. (2006.01948)

I MNDνUe :
Dentler et al. (1911.01427)
de Gouvea et al. (1911.01447)
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N i
ξ,exp = NMB

1sh,exp

N i
ξ−s i

NMB
1sh

VB, Fischer, Smirnov, 2007.14411
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Summary
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I MiniBooNE anomaly has been a mystery for over a decade

I Recent background re-evaluations as well as MicroBooNE data did not
unravel it

I Light eV-scale sterile neutrino hypothesis is disfavored

I Alternative models with heavier sub-GeV new physics?

I Short-Baseline Neutrino Program at Fermilab may be the key
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