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Neutrino Oscillations
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Pαβ = sin2 2θ sin2(∆m2L
4E )



Anomalies: LSND and MiniBooNE
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▶ LSND: ν̄e in ν̄µ beam from stopped
pion source (> 3σ) at L/E ∼ 1kmGeV−1

▶ MiniBooNE: reports electron-like event
excess (4.8σ)

▶ in combination with LSND 6.1σ



Main Channels for MiniBooNE
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▶ shower events can be produced by e, γ, collimated e+e− and γγ

▶ in SM, majority of events relevant for MiniBooNE excess arise from

1) CC νe events, 2) NC π0 production, 3) NC γ from e.g. ∆(1232)

Mike Shaevitz’s slide
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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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eV-scale νs for LSND and MiniBooNE Anomalies?
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▶ Oscillation maxima for standard oscillations expected at
▶ L/E ∼ 500 km/GeV (from ∆m2

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

21 ∼ 7.5× 10−5eV2)

▶ 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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▶ while νe appearance data supports eV-scale νs explanation of LSND and
MiniBooNE, νµ disappearance data puts such solution in strong tension

Kopp et al., arXiv:1803.10661



3+1 Model with eV-scale Sterile Neutrino
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U4flavor =


Ue1 Ue2 Ue3 Ue4
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Pµµ = 1− 4|Uµ4|2(1− |Uµ4|2)
× sin2

(
(m2

4−m2
1)L

4E

)
Pµe = 4|Uµ4Ue4|2 × sin2

(
(m2

4−m2
1)L

4E

)

��-� ��-� ��-� ��-�
��-�

��-�

���

���

���

�����θμ�

Δ
�
���
[�
�
�
]

�� �� (�/ �� ����)

�� �� (�/� �� ����)

������
�����
����� ���_���_��_���
����� ���_���_��_���

����-������ ��

��% ��

����� ���� ����

��-� ��-� ��-�
��-�

��-�

���

���

���

|�μ�|
�

Δ
�
���
[�
�
�
]

����-������ ��

��% ������
νμ ������� �������% ��

����� ���� ����



Results
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Results
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More SM ingredients
for the cocktail?



An Altarelli Cocktail for the MiniBooNE Anomaly? 15 / 23 NuSTEC CTGWG Seminar, October 2022



First Results from MicroBooNE
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two-body νe CCQE scattering (1e1p)

pionless νe scattering (1eNp0π, 1e0p0π)

inclusive νe scattering (1eX )
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First Results from MicroBooNE
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BSM ingredients
for the cocktail?



Non-oscillatory Explanations of MiniBooNE Anomaly

An Altarelli Cocktail for the MiniBooNE Anomaly? 18 / 23 NuSTEC CTGWG Seminar, October 2022

▶ 1 shower events can be produced by e, γ, collimated e+e− and γγ
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“Saving” eV-scale νs : Energy Dependent UPMNS
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M. Beuthe, arXiv:hep-ph/0109119

I.P. Volobuev, arXiv:1703.08070
QFT approach:

Pαβ =
∑

j ,k U
∗
αj(Q

2)Uβj(Q
2)Uαk(Q

2)U∗
βk(Q

2) e−i
m2
j (Q

2)−m2
k (Q

2)

2E
L

PRODUCTION: contribution to the amplitude should be Lorentz invariant;
in the rest frame of decaying pion E = mπ → Uαi = Uαi (Q

2
p = m2

π)

DETECTION: Uβi (Q
2
d) where Q2

d has no dependence on m2
π

PROPAGATION: neutrino is on shell (Q2 = p2ν = m2
ν ≈ 0)

=⇒ mi in formula is the mass at
√
Q2 = mi



Energy Dependent UPMNS
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Babu, VB, de Gouvêa, Machado, PRD 2022

Model containing
light new particles

Mismatch between PMNS
matrix at Q2

p and Q2
d

=⇒ U(Q2
p) ̸= U(Q2

d) =⇒

IceCube

T2K
NOvA



Energy Dependent UPMNS+νs for Addressing Anomalies
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Babu, VB, de Gouvêa, Machado, arXiv:2209.00031

▶ tan θ14 ≃ µe

M , tan θ24 ≃ µµ

M

▶ M decreases with energy if νs interacts with Z ′, like e− mass in QED

▶ θ14 and θ24 increase with energy

sin θ14 = U14
sin θ24 cos θ14 = U24



Energy Dependent UPMNS+νs for Addressing Anomalies
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Babu, VB, de Gouvêa, Machado, 2209.00031

AGSS09 GS98



Summary
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▶ MiniBooNE anomaly has been a mystery for over a decade

▶ Recent background reevaluations alleviated its significance but did not
fully explain it

▶ Vanilla eV-scale sterile neutrino hypothesis is disfavored. Alternative
models with heavier sub-GeV new physics? eV-scale sterile neutrino in
energy dependent mixing angle picture?

▶ Bright Future: MiniBooNE → MicroBooNE, ICARUS, SBND


