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MeV-scale heavy neutral lepton with a transition 
magnetic moment coupling to active neutrinos
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The MiniBooNE Experiment

• 800-ton  Cherenkov detector


• Situated along Fermilab’s Booster 
Neutrino Beam 


• ~540 m from the beryllium target


• Took data from 2002—2019

CH2
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Particle ID @ MiniBooNE
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Electrons: “fuzzy” rings 
from multiple scattering

Muons: “clean” rings from 
long, straight tracks

Neutral Pions: two rings 
from decay to two photons



N. Kamp Recent Developments Regarding the MiniBooNE Anomaly | NuFACT 2023

Particle ID @ MiniBooNE
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Electrons: “fuzzy” rings 
from multiple scattering

Muons: “clean” rings from 
long, straight tracks

Neutral Pions: two rings 
from decay to two photons4.8𝝈 low-energy excess (LEE) of 

electron-like events

MiniBooNE Collab. PRD 103.052002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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The MiniBooNE LEE
Cherenkov limitations:


• Electrons/photons 
indistinguishable


• No hadronic information


The excess could be…


1. True electron neutrinos?


2. Mis-modeled photon 
background?


3. More exotic new physics?

8

MiniBooNE Collab. PRD 103.052002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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The MicroBooNE Experiment
• Designed to directly address the 

MiniBooNE anomaly using a liquid 
argon time projection chamber (LArTPC) 


• Sits ~70 m upstream of MiniBooNE 
along the BNB

12

MicroBooNE
MiniBooNE BNB DATA : RUN 5904 EVENT 2038. APRIL 13, 2016.
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The MicroBooNE  Analysesνe
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The Inclusive Analysis 

• Searched for  CC 
interactions with 
anything in the final 
state (1eX)


• Used the WireCell 
LArTPC 
reconstruction 
algorithm

νe

The MiniBooNE-Like 
Analysis 

• Searched for  CC 
interactions with no 
pions in the final 
state (1eXp0 )


• Used the Pandora 
LArTPC 
reconstruction 
algorithm

νe

π

The Two-Body CCQE 
Analysis (incl. NK) 

• Searched for  
CCQE interactions 
with one proton and 
one electron in the 
final state (1e1p)


• Used custom 
LArTPC-based deep 
learning algorithms

νe
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MicroBooNE’s  Resultsνe
• Initial MicroBooNE data suggest the excess is not primarily 

due to low-energy νe CC interactions

14

MiniBooNE-like Inclusive2-Body CCQE

MicroBooNE Collab. PRL 128, 241801

Generic MiniBooNE-like excess of 
 interactions ruled out at the 3  

confidence level
νe σ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
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Outline
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Antineutrinos at MiniBooNE
• The MicroBooNE results severely disfavor the hypothesis 

that the MiniBooNE LEE comes entirely from an excess of 
 interactions


• Do they say the same about an excess of  interactions?

νe

νe
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M. Hostert C. Argüelles
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Antineutrinos at MiniBooNE
• The  CCQE cross section tends to be suppressed 

compared to the  CCQE cross section


• This comes from interference between the vector and 
axial form factors as well as differences in the number of 
available nucleon targets and their binding energy 

νe
νe
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e−νe

pn

e+νe

np
Kamp+ PRD 107, 092002 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002
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• Binding energy differences between protons and neutrons 
are much larger in argon compared to carbon


• This is because argon has a neutron-rich nucleus, while 
the carbon nucleus is isoscalar

18
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Kamp+ PRD 107, 092002 (2023)

https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002
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• We unfold the MiniBooNE data under an assumption that 
the excess comes entirely from  CCQE interactions


• This unfolded  prediction is then propagated to the 
MicroBooNE inclusive analysis

νe

νe
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Antineutrinos at MiniBooNE

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002
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Outline
• Overview of the MiniBooNE anomaly


• A -based explanation


• A neutrissimo-based explanation

νe
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MeV-scale heavy neutral lepton with a transition 
magnetic moment coupling to active neutrinos
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The 3+1 Hypothesis
• We first introduce the most common beyond-the-SM 

interpretation of MiniBooNE: the eV-scale sterile neutrino

22

2

664

⌫e
⌫µ
⌫⌧
⌫s

3

775 =

2

664

Ue1 Uµ1 U⌧1 Us1

Ue2 Uµ2 U⌧2 Us2

Ue3 Uµ3 U⌧3 Us3

Ue4 Uµ4 U⌧4 Us4

3

775

2

664

⌫1
⌫2
⌫3
⌫4

3

775

<latexit sha1_base64="QGRM71tG+Ft6k0Vqv/pJFdndV+g="></latexit><latexit sha1_base64="QGRM71tG+Ft6k0Vqv/pJFdndV+g="></latexit><latexit sha1_base64="QGRM71tG+Ft6k0Vqv/pJFdndV+g="></latexit><latexit sha1_base64="QGRM71tG+Ft6k0Vqv/pJFdndV+g="></latexit>

E ν1

ν2

ν3m2
3

m2
2

m2
1

m2

νe νμ ντ νs

ν4m2
4

Δm2
41 ∼ 1 eV2

+

νeν4
|Ue4 |2

P(νμ → νe) = 4 |Ue4 |2 |Uμ4 |2 sin2(1.27Δm2
41

L
E )

BNB target MB detector

νμ

|Uμ4 |2



N. Kamp Recent Developments Regarding the MiniBooNE Anomaly | NuFACT 2023

3+1 Model Tension

23

P(νμ → νe) = 4 |Ue4 |2 |Uμ4 |2 sin2(1.27Δm2 L
E )

P(νμ → νμ) = 1 − 4 |Uμ4 |2 (1 − |Uμ4 |2 )sin2(1.27Δm2 L
E )

P(νe → νe) = 1 − 4 |Ue4 |2 (1 − |Ue4 |2 )sin2(1.27Δm2 L
E )

SBL Accelerator

LBL Accelerator/Atmospheric

SBL Reactor/Gallium

Lack of muon neutrino disappearance* in tension with electron 
neutrino appearance/disappearance anomalies

Dentler+ 2018

*up to some 
IceCube hints

Hardin+ (incl. NK) 2022 

 appearance
νe

 disappearanceνμ  disappearanceνe

https://link.springer.com/article/10.1007/JHEP08(2018)010
https://arxiv.org/abs/2211.02610
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These new interactions can explain the 
bulk of the MiniBooNE Excess, relieving 
tension in sterile neutrino global fits [2,3]

The Mixed Model
• MiniBooNE drives the tension in sterile neutrino global fits [1,2]


• To address this, we consider a mixed model consisting of:

24

[1] Hardin+ 2211.02610 

[2] Vergani+ PRD 104, 095005 

[3] Kamp+ PRD 107, 055009

⨁
νi∈{1,2,3,4} = ∑

α∈{e,μ,τ,s}

Uiανα

(1) an eV-scale sterile neutrino

P(νμ → νe) = 4 |Ue4 |2 |Uμ4 |2 sin2(1.27Δm2 L
E )

νμ νeν4

|Ue4 |2|Uμ4 |2

ℒeff ⊃ dα𝒩νασμνFμν𝒩R + h . c .

A

�
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(2) an MeV-scale HNL or “Neutrissimo”

A
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Upscattering Decay

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009


N. Kamp Recent Developments Regarding the MiniBooNE Anomaly | NuFACT 2023

These new interactions can explain the 
bulk of the MiniBooNE Excess, relieving 
tension in sterile neutrino global fits [2,3]

The Mixed Model
• MiniBooNE drives the tension in sterile neutrino global fits [1,2]


• To address this, we consider a mixed model consisting of:

25

[1] Hardin+ 2211.02610 

[2] Vergani+ PRD 104, 095005 

[3] Kamp+ PRD 107, 055009

⨁
νi∈{1,2,3,4} = ∑

α∈{e,μ,τ,s}

Uiανα

(1) an eV-scale sterile neutrino

P(νμ → νe) = 4 |Ue4 |2 |Uμ4 |2 sin2(1.27Δm2 L
E )

νμ νeν4

|Ue4 |2|Uμ4 |2

ℒeff ⊃ dα𝒩νασμνFμν𝒩R + h . c .

A

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

νμ

A

νμ,τ

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

(2) an MeV-scale HNL or “Neutrissimo”

A

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

νμ

A

νμ,τ

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

Upscattering Decay

M. Hostert M. Shaevitz A. Schneider M. Uchida

C. Argüelles S. Vergani J. Conrad A. Diaz

https://arxiv.org/abs/2211.02610
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009


N. Kamp Recent Developments Regarding the MiniBooNE Anomaly | NuFACT 2023

Mixed Model Fit Strategy
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1. Perform a global sterile neutrino fit without MiniBooNE to fix the 
sterile neutrino parameters [1]


2. Simulate neutrissimo uspcattering and decay in MiniBooNE 
using the public LeptonInjector software package [2]

νμ ! ν

γ γ

C

!"#

$
%&
"'
#

('%)*+,-#./012"3#

4567"#4567"#4567"#4567"# 864567"#
9:;#)<#

9# :# =# ># ;#

Figure 4: Orientation of the nuclear target region along the beamline axis. The thinner targets are located

downstream and the thicker targets are located upstream.

with an 85 cm apothem, and a 2.5 cm cut on each side of the boundary between materials.

The z-location of the center of each target and the fiducial mass of each material for each

target is given in Table 4. The estimated uncertainty on the fiducial masses due to density

and thickness variations is less than 1%.

2.4. Water Target

A water target is positioned between solid targets 3 and 4, with a mean position of

530.8 cm. It consists of a circular steel frame with a diameter slightly larger than the MIN-

ERvA inner detector size, and Kevlar® (polymerized C14H10N2O2) sheets stretched across

the frame as shown in Fig. 5. The shape of the water target is not as well known as that

of the solid targets. When the target is filled the lower part expands more than the upper

16

Pb

νμ

!
γ

Front View

Inner Detector (ID)


M
IN

O
S 

N
ea

r D
et

ec
to

r 
(M

uo
n 

Sp
ec

tr
om

et
er

)

Sc
in

til
la

to
r V

et
o 

W
al

l

Liquid 
Helium

St
ee

l S
hi

el
d

N
uc

le
ar

 T
ar

ge
t R

eg
io

n 
(C

, P
b,

 F
e,

 H
2O

)

El
ec

tr
om

ag
ne

tic
 

C
al

or
im

et
er

H
ad

ro
ni

c 
C

al
or

im
et

er

Side ECAL

Side HCAL

Side ECAL

Side HCAL

0.25t

30 tons15 tons
0.6 tons

116 tons

5 m 2 m

2.
14

 m
3.

45
 m

Elevation View

Active Tracker 
Region

8.3 tons total

Figure 1: Schematic views of the MINERvA detector. Left: front view of a single detector module. Right:

side view of the complete detector showing the nuclear target, the fully-active tracking region and the

surrounding calorimeter regions.

cryogenic vessel filled with liquid helium, described below, is placed between the veto

wall and the main detector.

The main MINERvA detector is segmented transversely into: the inner detector (ID),

with planes of solid scintillator strips mixed with the nuclear targets; a region of pure

scintillator; downstream electromagnetic calorimetry (ECAL) and hadronic calorimetry

(HCAL); and an outer detector (OD) composed of a frame of steel with imbedded scintil-

lator, which also serves as the supporting structure. Both the ID and OD are in the shape

of a regular hexagon. For construction and convenience of handling, a single unit of MIN-

ERvA incorporates both the scintillator and outer frame. Up to two planes of scintillator

are mounted in one frame, called a “module”. Figure 1 (left) shows a view of a tracking

module. There are three orientations of strips in the tracking planes, offset by 60� from

each other, which enable a three-dimensional reconstruction of tracks. The 60� offset fits

naturally with the hexagonal transverse cross section of the detector.

The MINERvA coordinate system is defined such that the z axis is horizontal and

points downstream along the central axis of the detector, the y axis points upward, and

7
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Neutrissimos @ MiniBooNE
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Figure 4: Orientation of the nuclear target region along the beamline axis. The thinner targets are located

downstream and the thicker targets are located upstream.

with an 85 cm apothem, and a 2.5 cm cut on each side of the boundary between materials.

The z-location of the center of each target and the fiducial mass of each material for each

target is given in Table 4. The estimated uncertainty on the fiducial masses due to density

and thickness variations is less than 1%.

2.4. Water Target

A water target is positioned between solid targets 3 and 4, with a mean position of

530.8 cm. It consists of a circular steel frame with a diameter slightly larger than the MIN-

ERvA inner detector size, and Kevlar® (polymerized C14H10N2O2) sheets stretched across

the frame as shown in Fig. 5. The shape of the water target is not as well known as that

of the solid targets. When the target is filled the lower part expands more than the upper
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Figure 1: Schematic views of the MINERvA detector. Left: front view of a single detector module. Right:

side view of the complete detector showing the nuclear target, the fully-active tracking region and the

surrounding calorimeter regions.

cryogenic vessel filled with liquid helium, described below, is placed between the veto

wall and the main detector.

The main MINERvA detector is segmented transversely into: the inner detector (ID),

with planes of solid scintillator strips mixed with the nuclear targets; a region of pure

scintillator; downstream electromagnetic calorimetry (ECAL) and hadronic calorimetry

(HCAL); and an outer detector (OD) composed of a frame of steel with imbedded scintil-

lator, which also serves as the supporting structure. Both the ID and OD are in the shape

of a regular hexagon. For construction and convenience of handling, a single unit of MIN-

ERvA incorporates both the scintillator and outer frame. Up to two planes of scintillator

are mounted in one frame, called a “module”. Figure 1 (left) shows a view of a tracking

module. There are three orientations of strips in the tracking planes, offset by 60� from

each other, which enable a three-dimensional reconstruction of tracks. The 60� offset fits

naturally with the hexagonal transverse cross section of the detector.

The MINERvA coordinate system is defined such that the z axis is horizontal and

points downstream along the central axis of the detector, the y axis points upward, and
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Neutrissimos @ MINERvA
• Single showers from neutrissimo 

decays would show up as a 
high dE/dx background in 
MINERvA neutrino-electron 
elastic scattering measurements


• We simulate upscattering and 
decay in a realistic MINERvA 
detector using LeptonInjector  

28

Pb
Fe

Pb
Fe

C

Upscattering Rate Upscattering Rate

Kamp+ PRD 107, 055009

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009


N. Kamp Recent Developments Regarding the MiniBooNE Anomaly | NuFACT 2023

MINERvA Constraints
• Use the high dE/dx sideband region to set constraints


• Most stringent MINERvA constraints do not rule out the 
MiniBooNE-preferred region at the 95% CL
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MINERvA Constraints
• The selection cuts in MINERvA’s elastic scattering 

analysis reject most of the neutrissimo decays


• Before any cuts, MINERvA should see ~104-105 photons 
from this model for the MiniBooNE parameters of interest
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MINERvA Constraints
• The selection cuts in MINERvA’s elastic scattering 

analysis reject most of the neutrissimo decays


• Before any cuts, MINERvA should see ~104-105 photons 
from this model for the MiniBooNE parameters of interest
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A dedicated MINERvA analysis should be able to 
make a definitive statement regarding dipole-
portal explanations of the MiniBooNE excess!
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Conclusion
• The 4.8  low-energy excess of electron-like events 

observed by MiniBooNE remains unexplained


• MicroBooNE results disfavor a -based explanation of 
the entire excess


• The same MicroBooNE results are, however, consistent 
with a -based explanation at the 2  confidence level


• A mixed model comprised of an eV-scale sterile neutrino 
and an MeV-scale neutrissimo can explain the MiniBooNE 
excess while avoiding the internal tension observed in 
sterile neutrino global fits

σ

νe

νe σ
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Thank you!

33


