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Short Baseline Anomalies and Sterile Neutrinos  

Over the past couple of decades, a number of anomalous results have been observed in 
experiments which involve the production and detection of neutrinos over short baselines 
 (< 1 km).
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In the absence of any new physics signals at the Large Hadron Collider (LHC), 
anomalous results at low energy experiments have become the subject of increased 
attention and scrutiny.  

Sterile neutrinos of (mass)2 = eV2 and consequent active-sterile oscillations have been 
invoked to explain them. 

 This hypothesis has come under increasing pressure from recent experimental data 
(IceCube, MicroBooNE), joint oscillation analyses, cosmology and the requirement of mutual 
consistency. 

Is other new physics responsible for these anomalies?  



Anomalies at Short Baselines…….1) The Gallium source Anomaly

Intense radioactive sources (e.g. Cr, Ar) with well-determined neutrino spectra are used. These 
neutrinos are captured by Ga via 

BNO INR RAS

Schematic drawing of
the BEST neutrino
source experiment. 

•Neutrinos produced at center of Ga by 51Cr decay:
51Cr + e- → 51V + νe

• This is a well-understood monochromatic spectrum of a 
compact source. The source intensity is well measured.
• These neutrinos are detected via a charged-current (CC) 

reaction on Ga surrounding the source:
νe + 71Ga → 71Ge + e-

•Very Short Baseline. ~1m, two zone target to measure n
interaction rate at two distances.
•Almost zero background. Mainly from the Sun.

The source, 3.4 MCi, provides a capture rate in the Ga that exceeds 
the rate from the Sun by several factors of ten.
•Well established experimental procedures for extraction and 

counting of the 71Ge developed in SAGE solar measurements.
• Simple interpretation of results. (Phys. Part. Nucl. 46 (2015) 131)

Overview of BEST
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• Radio chemistry  for extraction and counting of the 71Ge was developed in SAGE solar 
measurements. and is well understood  

Baselines over which the decay neutrinos propagate are very short, ~ 1 m. However, in the 
latest experiment (BEST) 2 target zones are created, to see evidence of oscillations.
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Anomalies at Short Baselines…….1) The Gallium source Anomaly

If one were to understand the 
SAGE and Gallex results in terms of 
sterile neutrino oscillations, one 
would expect these results (shown 
adjacent)  in BEST
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Combined Analysis with Other Ga Source Experiments

S.R. Elliott - Neutrino 2022

Experiment Measured/Predicted Ref.

SAGE-Cr 0.95 ± 0.12 PRC 59, 2246 (1999)

SAGE-Ar 0.79!".$"%"."& PRC 73, 045805 (2006)

GALLEX-Cr1 0.95 ± 0.11 PLB 420, 114 (1998)

GALLEX-Cr1 0.81 ± 0.11 PLB 420, 114 (1998)

BEST-Inner 0.791 ± 0.05 arXiv:2109.11482

BEST-Inner 0.766 ± 0.05 arXiv:2109.11482

Combined result:
R0 = 0.80 ± 0.05

May 31, 2022 14

 BEST confirms (with higher 
statistical precision) (4σ)  a deficit 
in overall flux consistent with 
earlier SAGE/GALLEX results.

Barinov et al,  arXiv:2109.11482, PRL arXiv:2201.07364, PRC 
105, (2022) no. 6, 060552 4



Anomalies at Short Baselines…….1) The Gallium source Anomaly
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Note that large mixing is required 
for the oscillation interpretation.

However, while results can be 
accommodated in the sterile/active 
oscillation space, BEST did not 
observe any variation with distance.

Smoking gun 
for 
oscillations 
is missing

Possible non-oscillation reasons for the observed deficit could be inaccuracies in 1) xsecs, 2) 
source strength, 3) counting efficiency 4) extraction efficiency.

No clear answer at present.

This conflicts with: 
——Reactor 𝜈̄e which requires much smaller 𝜃ee 

(slides below) 

——Solar data, which do not tolerate high 𝜃ee 
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Reactor antineutrinos are produced from beta decays of neutron-rich fission fragments generated by 
the heavy isotopes 235U, 238U, 239Pu, and 241Pu

Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

The most important antineutrino fluxes are those produced by the fissions of 235U and 239Pu.

The flux measurement from various reactors, was, until recently, on the average, about 3.5% 
(~3σ) lower than predicted from careful calculations done by several groups.

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

.
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Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

5

Anomaly #1: Reactor Neutrino Fluxes

νe̅ flux from nuclear reactors ~ 3.5% (~ 3σ) below prediction 

 ➠ oscillations of νe̅ into sterile neutrinos νs̅? 
(L/E too small for standard oscillations)

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820

This raised the possibility that the deficit was due to active-sterile oscillations .
7
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FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits

 Allowed oscillation regions for 
RAA in strong tension with 
oscillation parameters required to 
explain the Ga anomaly.
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Nuclear databases have been improved in recent years, especially through the 
application of the Total Absorption Gamma-ray Spectroscopy (TAGS) technique 
for a better identification of the β decay branches.

Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

This new information was used by Fallot et al [18] (EF model) (1904.09358), and Silaeva et 
al, 2012.09917 to  obtain a 235U reactor antineutrino flux that is smaller than that of 
the earlier  models.

This has led to improved agreement with measured fluxes, and there is now a belief in the 
community that the RAA has been understood to be a flux calculation/data  issue (as opposed 
to a neutrino deficit issue) .

9
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Anomaly #1: Reactor Neutrino Fluxes

Kopeikin Skorokhvatov Titov arXiv:2103.01684 
Berryman Huber arXiv:2005.01756 

Giunti Li Ternes Xin arXiv:2110.06820

With updated input data to flux calculation 
(new β spectra from 235U fission)Anomalies at Short Baselines…….Reactor Antineutrino Anomaly (RAA)

Kopeikin et al 2103.01684,  Berryman et al 2005.01756,  Giunti et al 2110.06820 10
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FIG. 16: The energy distribution of the 1993-1998 data sample for events with Rγ > 10. The

shaded region shows the expected distribution from a combination of neutrino background plus

neutrino oscillations at low ∆m2.

54

other

p(ν_e,e
+)n

p(ν_µ→ν
_

e,e
+)n

cosθν
Be

am
 E

ve
nt

s

Beam Excess

0

2.5

5

7.5

10

12.5

15

17.5

20

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

FIG. 18: The cos θν distribution for events with Rγ > 1 and 36 < E < 60 MeV. The shaded
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oscillations at low ∆m2.
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Anomalies at Short Baselines…….LSND (1993-1998)

• Observation of unexplained 
electron-like excesses in the 
LSND  at a level of 3.8σ above 
SM backgrounds.  

•

Blue hatched region  is 
oscillation fit. 

• Note that unlike MB, 
both energy and 
angular distributions 
are relatively flat 

•

4

The pieces that do not fit: 
short-baseline anomalies

These experiments observe 
appearance at L/E ~ 1 km/GeV! 

This points to 
                Δm2~1eV2

νe

LSND 
(3.8 !)σ

MiniBooNE 
(4.8 !) σ

Carlos Argüelles (Neutrino 2022)
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Mineral oil 
scintillator 
detector  
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FIG. 3: The decay-at-rest neutrino fluxes averaged over the detector.
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From decay at rest (DAR)
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From decay in flight (DIF)



Anomalies at Short Baselines…….MiniBooNE (2002-2017)

4

The pieces that do not fit: 
short-baseline anomalies

These experiments observe 
appearance at L/E ~ 1 km/GeV! 

This points to 
                Δm2~1eV2

νe

LSND 
(3.8 !)σ

MiniBooNE 
(4.8 !) σ

Carlos Argüelles (Neutrino 2022)

Mineral oil detector, 541 
m baseline, 600 MeV (νµ) 
and 400 MeV (ν ̄µ) peak 
fluxes.  

 

Was specifically built 
to test the LSND 
anomaly. Larger L, 
larger E, same L/E.MiniBooNE event identification

Three typical event 
signatures:
- Muon-neutrino CCQE 

produces sharp photon 
ring on PMTS,

- Electron-neutrino CCQE 
events produces fuzzy 
ring,

- Muon-neutrino NC can 
produce : two gammas 
-> two fuzzy rings. 

π0

Cannot distinguish between 
electrons and photons!

28Carlos Argüelles (Neutrino 2022)
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Anomalies at Short Baselines…….MiniBooNE

TABLE II: The number of data events, background events, and excess events in neutrino mode for

di↵erent selection crteria. The errors include both statistical and systematic uncertainties. Also

shown is the significance of each event excess. R is the radius of the reconstructed event interaction

point.

Selection Data Background Excess Significance

200 < EQE
⌫ < 1250 MeV & R < 5m 2870 2309.4± 119.6 560.6± 119.6 4.7�

150 < EQE
⌫ < 1250 MeV & R < 5m 3172 2560.4± 131.5 611.6± 131.5 4.7�

200 < EQE
⌫ < 1250 MeV & R < 4m 1978 1519.4± 81.9 458.6± 81.9 5.6�

200 < EQE
⌫ < 1250 MeV & R < 3m 864 673.9± 41.2 190.1± 41.2 4.6�
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FIG. 7: The MiniBooNE neutrino mode visible energy distributions, corresponding to the total

18.75 ⇥ 1020 POT data in the 200 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points

with statistical errors) and background (colored histogram). The dashed histogram shows the best

fit to the neutrino-mode data assuming two-neutrino oscillations.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Fig. 14 shows the cos ✓ distribution of data and background events for the 20 di↵erent

energy bins, while Fig. 15 shows the cos ✓ distributions from 0.9 to 1 for 10 di↵erent visible

energy bins. Neutrino-electron elastic scattering events are shown as the hatched region in

the “Others” category.

Fig. 16 shows the number of data and background events as a function of cos ✓ for

cos ✓ > 0.9, where neutrino-electron elastic scattering events are shown as the hatched

region in the “Others” category and contribute to the cos ✓ > 0.98 bins. The neutrino-
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errors) and background (colored histogram). The dashed histogram shows the best fit to the

neutrino-mode data assuming two-neutrino oscillations.
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FIG. 9: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020
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⌫ < 3000 MeV energy range, for ⌫e CCQE data (points with statistical

errors) and predicted backgrounds (colored histograms). The constrained background is shown

as additional points with systematic error bars. The dashed histogram shows the best fit to the

neutrino-mode data assuming two-neutrino oscillations. The last bin is for the energy interval from

1500-3000 MeV.
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• A 4.8σ excess in electron-like events for neutrino and antineutrino modes in the MiniBooNE (MB) detector is 
observed  

• SM: 2309 events 
Data: 2870 
Excess: 560 

Excess is not small. 
Note it is at level of 

important SM 
backgrounds

Distinctive energy 
and angular 
distribution 

 

Dashed line is oscillation fit. 
Not a good fit at low energies 
or forward angles where most 

events present 
13



MiniBooNE status……..
Possible systematics like : 

—Single photon from NC misidentified as 
 e-  from 𝜈𝑒 

—𝜋0  Coming from NC identified as e 

— incorrect reconstruction of neutrino energy 

Have been  extensively tested for .  
At present, no combination of these can account for the excess. 

Brdar and Kopp, 
2109.08157,  
A.A.Aguilar-
Arevalo et al 
(MiniBooNE 
Collaboration) 
2201.01724 

Earlier oscillation allowed region for MB has been revised after 

accounting for 𝜈̄e beam contamination and ν ̄µ calibration. 

Note overlap with allowed LSND region 

I. Oscillation anomalies: 𝜈𝜇 → 𝜈𝑒 appearance 6

Present status of MiniBooNE• Possible systematics related to the low-E excess:− misreconstruction of neutrino energy;− 𝜋0 from NC reconstructed as 𝜈𝑒;− single photon from NC misidentified as 𝜈𝑒;• extensive studies performed by the collaboration;• present status: no combination of known systemat-
ics could account for the whole excess [11];⇒ independent experimental confirmation is required.2𝜈 versus 4𝜈 oscillations• Former MB studies overlooked oscillations of ( )̄𝜈𝑒
beam contamination and ( )̄𝜈𝜇 calibration sample [11];• such effects can be very important. Omission cor-
rected in recent reanalysis [12].
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[12]

[11] V. Brdar and J. Kopp, Phys. Rev. D 105 (2022) 115024 [arXiv:2109.08157]
[12] A.A. Aguilar-Arevalo et al. [MiniBooNE], Phys. Rev. Lett. 129 (2022) 201801 [arXiv:2201.01724]
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I. Oscillation anomalies: 𝜈𝜇 → 𝜈𝑒 appearance 3

A long time ago... the LSND anomaly• Back in the 90’s, the LSND experiment observed an excess of̄𝜈𝑒 events in a ̄𝜈𝜇 beam (𝐸𝜈 ∼ 30 MeV, 𝐿 ≃ 35 m) [4];• the Karmen collaboration did not confirm the claim, but couldn’t
fully exclude it either [5];• the signal is compatible with ̄𝜈𝜇 → ̄𝜈𝑒 oscillations provided thatΔ𝑚2 ≳ 0.1 eV2;• on the other hand, global neutrino data give (at 3𝜎 ):Δ𝑚2

SOL ≃ [6.8 → 8.0] × 10−5 eV2 ,|Δ𝑚2
ATM| ≃ [2.4 → 2.6] × 10−3 eV2 ;• hence, to explain LSND with mass-induced 𝜈 oscillations one

needs new neutrino mass eigenstates;• MiniBooNE: much larger 𝐸𝜈 and 𝐿 but similar 𝐿/𝐸𝜈 .
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Tension between appearance and disappearance for active-sterile oscillations

We note that non-zero  nu_mu-nu_ e appearance requires both nu_e and nu_mu disappearance 
Many experiments have looked for 𝜈𝜇 disappearance :  

− CDHS (𝜈) − MiniBooNE (𝜈, 𝜈)̄ − SciBooNE (𝜈, 𝜈)̄  

− MINOS (𝜈) − NO𝜈A (𝜈) − SK atmos (𝜈, 𝜈)̄  

• no hint of 𝜈𝜇 disappearance has been observed; 

III. Sterile neutrino models and 𝜈𝜇 disappearance 20

(3+1): appearance versus disappearance

• (3+1): 𝑃𝜈𝜇→𝜈𝑒 ∝ |𝑈𝑒4𝑈𝜇4|2 with { |𝑈𝑒4|2 ∝ 𝑃𝜈𝑒→𝜈𝑒 ,|𝑈𝜇4|2 ∝ 𝑃𝜈𝜇→𝜈𝜇 ;• hence, 𝑃𝜈𝜇→𝜈𝑒 > 0 requires { 𝑃𝜈𝑒→𝜈𝑒 > 0 ,𝑃𝜈𝜇→𝜈𝜇 > 0 ;
¿? are 𝜈𝜇 → 𝜈𝜇 searches compatible with this?
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[41]

𝜈𝜇 disappearance: long-term situation• Many experiments have been performed:− CDHS (𝜈)− MiniBooNE (𝜈, ̄𝜈)− SciBooNE (𝜈, ̄𝜈) − MINOS (𝜈)− NO𝜈A (𝜈)− SK atmos (𝜈, ̄𝜈)• no hint of 𝜈𝜇 disappearance has been observed;• bound on |𝑈𝜇4|2 may be in tension with other data…

[41] M. Dentler et al., JHEP 08 (2018) 010 [arXiv:1803.10661]

Michele Maltoni <michele.maltoni@csic.es> NEUTRINO 2024, 17/06/2024
Dentler et al, 1803.10661

III. Sterile neutrino models and 𝜈𝜇 disappearance 21

Search for 𝜈𝜇 disappearance at IceCube• Since oscillations only depend on Δ𝑚2/𝐸, larger Δ𝑚2 produce visible effects at larger 𝐸;• IceCube has been detecting high-energy (∼ TeV) atmos. neutrinos since its construction;• a small “island” around Δ𝑚2 ∼ few eV2 and sin2 2𝜃𝜇𝜇 ∼ 0.1 has been gaining prominence;• 𝑝-value for no-oscillation: of 47% (1 year), 8% (8 years), 3.1% (10.7 years) ⇒ still OK.

[42]

[1 year]

[43]

[8 years]

● Systematic pulls 
● 2d distributions:  

- Where do we see signal? 
● Contours: 

- Sensitivities 
- 90,95,99% Wilk’s CL 
- Best fit point 
- Comparison with IC 

● Postunblinding tests
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IC2016(1y)

FIG. 5. Frequentist analysis. The 90% and 99% 
C.L. contours, assuming Wilks’ theorem, shown as 
dashed and solid bold blue lines respectively. The 
red bands shows the region where 68% and 95% of 
the pseudoexperiment 99% C.L. observations lie; the 
red line corresponds to the median. Previous muon-
neutrino disappearance measurements from IceCube 
[38–40] at 90% CL are shown in grey.

Alfonso Garcia     |    Analysis call, 14/12/2023
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[44]

[10.7 years]

[42] M.G. Aartsen et al. [IceCube], Phys. Rev. Lett. 117 (2016) 071801 [arXiv:1605.01990]
[43] M.G. Aartsen et al. [IceCube], Phys. Rev. Lett. 125 (2020) 141801 [arXiv:2005.12942]
[44] R. Abbasi et al. [IceCube], arXiv:2405.08070 ! [Yañez]
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Small island earlier allowed by IceCube  
is now disfavoured by their latest 
results, which  require |Uµ4|2mu42 < 0.0534 
at 90% CL under the assumption that ∆m241 ≥ 
1eV2.  

R. Abbasi et al, (IceCube Collab.) 2407.01314
15
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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

Dentler et al 1803.10661 

Tension between appearance and disappearance for active-sterile oscillations

16

• Combined analyses to test the active-sterile 
hypothesis for short baseline anomalies by various 
groups all reveal a common underlying problem: 
Strong tension between appearance and 
disappearance data 



Additionally, eV scale sterile neutrinos are constrained by 
Cosmology…….

Any relativistic neutrino species will contribute to the energy density of the Universe as radiation. 
Their total contribution may be parametrised by the parameter Neff 

Cosmology is sensitive to neutrinos in a way that is complementary to laboratory searches. It is less 

sensitive to individual masses and mixings, but is more directly affected by the absolute mass scale,

However, Neff  = 3.044 +- 0005 in the SM, leaving no space for an additional  
sterile relativistic neutrino  species

17

Also, from PLANCK data, 
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MicroBooNE

80 ton LAr TPC 

Very good event reconstruction 
capabilities 

can distinguish e± from γ

MicroBooNE (to test MB)

80 ton LAr TPC, L=468.5 m

Excellent particle identification capabilities.

Can potentially distinguish electrons , 
protons and photons

43

Check out MicroBooNE posters: 
- Erin Yandel P0722 
- Lee Hagaman P0764 
- Guanqun Ge P0765 
- Mark Ross-Longerman P0767 
- Asli Abdullahi P0615

Carlos Argüelles (Neutrino 2022)

Check out IceCube poster: 
- Julia Book P0047 on HNLs

43

Check out MicroBooNE posters: 
- Erin Yandel P0722 
- Lee Hagaman P0764 
- Guanqun Ge P0765 
- Mark Ross-Longerman P0767 
- Asli Abdullahi P0615

Carlos Argüelles (Neutrino 2022)

Check out IceCube poster: 
- Julia Book P0047 on HNLs
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MicroBooNE ……….
MicroB has 
performed a 4𝜈 
analysis that 
disfavours 
much of MB/
LSND 
appearance 
space 

I. Oscillation anomalies: 𝜈𝜇 → 𝜈𝑒 appearance 8

Comparison of MicroBooNE and MicroBooNE results• MiniBooNE: updated analysis including 𝜇B bounds [12] ⇒ 3𝜎 region at Δ𝑚241 ≲ 1 eV;• MicroBooNE: global 4𝜈 analysis [16] disfavors MB/LSND but does not rule it out completely;• other experiments exclude large Δ𝑚2 (NOMAD) and large 𝜃𝜇𝑒 (ICARUS, OPERA);• remaining allowed region at 0.1 ≲ Δ𝑚241/eV2 ≲ 1 and 10−3 ≲ sin2 𝜃𝜇𝑒 ≲ few × 10−2;• Short Baseline Neutrino Program @ Fermilab: see next talks;! [Caratelli, Gibin, …]• Japan: JSNS2 will provide an independent check of LSND/MiniBooNE excess.! [Marzec]
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[12] A.A. Aguilar-Arevalo et al. [MiniBooNE], Phys. Rev. Lett. 129 (2022) 201801 [arXiv:2201.01724]
[16] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 130 (2023) 011801 [arXiv:2210.10216]
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I. Oscillation anomalies: 𝜈𝜇 → 𝜈𝑒 appearance 7

The MicroBooNE experiment• Baseline = 468.5 m (72.5 m upstream of MiniBooNE);• LArTPC ⇒ imaging with mm-scale spatial resolution;⇒ perfectly suited to cross-check MiniBooNE excess;• first results presented in fall 2021:− no evidence of enhanced 𝜋0 or 𝛾 production [13];− no evidence of 𝜈𝑒 excess over SM prediction [14];• however, rejection of MB signal in [14] based on the as-
sumption that the entire 𝜈𝑒 excess matches the differ-
ence between data and best-fit MB background;• but in [15] it was noticed that various signal/background
compositions can fit MB equally well, but lead to different𝜇B sensitivity ⇒ rejection not model-independent…

[14]

[15]

[13] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 111801 [arXiv:2110.00409]
[14] P. Abratenko et al. [MicroBooNE], Phys. Rev. Lett. 128 (2022) 241801 [arXiv:2110.14054]
[15] C.A. Argüelles et al., Phys. Rev. Lett. 128 (2022) 241802 [arXiv:2111.10359]
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MicroBooNE ……….

MicroBooNE has found no evidence for  any additional 𝜋0  or 𝛾 production 
which may simulate an electron-like signal in MB. 

  

A search for 𝜈𝑒 induced interactions has 

also not provided any evidence of an 
excess. 
  

Maltoni, Nu 2024 talk
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LEE Search: νe

19

Expanded investigation of electron excess hypothesis:


• 6.86e20 —> 11.1e20 POT of data


• new constraint of intrinsic  and  backgrounds 


• complementary signal hypotheses: , , and 

νe π0

Eν Eelec θelec

Results:


• data compatible with background-only prediction


• data inconsistent with -like excess at > 99% CL 

• results consistent across kinematic variables tested.


More details in MICROBOONE-NOTE-1127-PUB

νe

Signal strength of 1: expected rate of 
events from MiniBooNE unfolded excess 

under different kinematic hypotheses

MicroBooNE preliminary

“Low Energy Excess Searches” POSTER #628 [Tuesday]

MicroBooNE ……….latest results 

Caratelli, (MicroBooNE collab) Nu 2024 talk

LEE Search: νe

19

Expanded investigation of electron excess hypothesis:


• 6.86e20 —> 11.1e20 POT of data


• new constraint of intrinsic  and  backgrounds 


• complementary signal hypotheses: , , and 

νe π0

Eν Eelec θelec

Results:


• data compatible with background-only prediction


• data inconsistent with -like excess at > 99% CL 

• results consistent across kinematic variables tested.


More details in MICROBOONE-NOTE-1127-PUB

νe

Signal strength of 1: expected rate of 
events from MiniBooNE unfolded excess 

under different kinematic hypotheses

MicroBooNE preliminary

“Low Energy Excess Searches” POSTER #628 [Tuesday]



• [45]  A.de Gouvˆea,O.L.G.Peres,S.Prakash,andG.V.  
Stenico, arXiv:1911.01447 [hep-ph].  

• [46]  S. Vergani, N. W. Kamp, A. Diaz, C. A. Argu ̈elles, J. M. 
Conrad, M. H. Shaevitz,  arXiv:2105.06470 [hep-ph].  

• [47]  J. Asaadi, E. Church, R. Guenette, B. J. P. Jones, and A. 
M. Szelc,  arXiv:1712.08019 [hep-ph].  

• [48]  D. S. M. Alves, W. C. Louis, and P. G. deNiverville, 
arXiv:2201.00876 [hep-ph].  

•

“These results disfavor the hypothesis that the MiniBooNE low-energy 
excess originates solely from an excess of νe interactions. Instead, one or 
more additional mechanisms [45–52] are required to explain the MiniBooNE 
observations. “ 

(MicroBooNE Collab, 2210.10216)    
• [49]  E. Bertuzzo, S. Jana, P. A. N. Machado, and 

R. Zukanovich Funchal, arXiv:1807.09877 [hep-
ph].  

• [50]  P. Ballett, S. Pascoli, and M. Ross-Lonergan, 
arXiv:1808.02915 [hep- ph].  

• [51]  W. Abdallah, R. Gandhi, and S. Roy, 
arXiv:2010.06159 [hep-ph].  

• [52]  W. Abdallah, R. Gandhi, and S. Roy, 
arXiv:2006.01948 [hep-ph].  

(Sterile to active decay) 

( Mix of sterile osc and decay to active ) 

(New matter resonance effects) 

(New matter resonance effects) 

(Up-scattering and additional Z’) 

(Up-scattering and additional Z’) 

(Up-scattering and Additional scalars) 

(Up-scattering and additional Z’) 

MicroBooNE results……  

22

Plus  
arXiv 2406.07643 ;W. Abdallah, RG,   T. 

Ghosh,  N. Khan, Samiran Roy, Subhojit Roy 

http://A.de
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More exploration of MiniBooNE excess

Evolving theory landscape …
(not an exhaustive list)

5/31/22 35

%9

$ → %8%9

Overlapping /2/3

Asymmetric /2/3

An important point: Both MB and LSND were mineral 
oil detectors measuring Evisible,  unable to distinguish 

electrons from photons or e+e- pairs 
   

New physics (NP) proposals  rely on this limitation  
   

For a NP interaction giving an electron-like signal due 
to pair production in the LSND/MB detectors, a new 

mediator is required.  
This can in principle be a vector, axial vector , scalar 

or pseudo scalar  
   

Some general comments………….  



New mediators , LSND and MB, ……  

Using an additional Z’ and heavier sterile neutrinos, it is possible to get good fits to the MB data
 Bertuzzo, Jana, Machado & Funchal, 1807.09877;  

 Ballet, Pascoli, Ross-Lonergon 1808.02915;  
Abdallah, RG and Roy 2006.01948) 

However, it is very difficult to explain both LSND and MB simultaneously using these ingredients, 
because a vector mediator does not give enough events at LSND

6
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FIG. 2: The incoherent (coherent) cross section per CH2 molecule (C atom) as a function of incoming neutrino
energy. The overall constants for di↵erent kinds of mediator masses are taken from Table I.

(⌫µ+A ! N2+A ! N1+e
++e

�+A) could mimic
a charged or neutral current ⌫ � e event. Hence, a
large coherent contribution, as is present in the Z

0

case, will be in conflict with the ⌫ � e scattering
measurements of CHARM II and MINER⌫A.

• We also note from Fig. 2 that the coherent contribu-
tion dominates over the incoherent part for lighter
mediator masses, whereas the opposite is true for
the higher mass choice for both types of mediators.
Thus lighter mediators tend to make large coherent
contributions, and since these tend to be forward in
angle, they help populate event bins for cos ✓ ' 1,
a point that we explore further in section V.

• We note that for LSND, contributions to events
stem from the incoherent part of the cross sec-
tion only, given the presence of a neutron in the
final state. We thus focus on the region in the left
panel of Fig. 2, and note the behaviour as the en-
ergy drops from MB (⇠ 800 MeV) to LSND DAR
flux values (⇠ 150 � 200 MeV). We see that for
the higher mass mediators (mZ0/H = 1 GeV; blue
curves), while the incoherent cross section drops for
both mediators, the vector cross section has lower
values to begin with compared to the scalar and
also drops rapidly. For instance, it can be seen
that the cross section for the Z

0 drops an order of
magnitude over this energy range formZ0 = 1 GeV.

For the lighter mass choices (mZ0/H = 50 MeV;
red curves), the incoherent scalar cross section is
significantly higher than the vector one over this
energy range, and in fact increases as the energy
is lowered, unlike its vector counterpart. This re-
duction in the incoherent vector cross section at
values below MB energies (< 800 MeV) makes it
more di�cult for models with an additional vector
mediator to give a su�cient number of electron-like
excess events at LSND, even though a high enough

Z
0 mass may allow one to successfully evade the

CHARM II and MINER⌫A bounds. On the other
hand, too low a scalar mediator mass results in
many more events than those observed in LSND,
both in the 20�60 MeV visible energy range which
recorded data, and beyond 60 MeV, where only a
limited number of events were seen.

• Finally, we point out an important constraint that
applies to models which use scalar mediators, es-
pecially those with low masses mH ' 100 MeV.
As can be seen in Fig. 2 the cross section tends to
rise at low values of the incoming neutrino energy.
However, in such models, if N2 decays primarily in-
visibly, as in [20], the incoherent interaction would
mimic the neutral current interaction ⌫N ! ⌫N ,
which has been measured at MB [104] at these en-
ergies, and found to be in agreement with the SM.
Conformity with this measurement is thus an im-
portant restriction on such models.

Overall, the cross section and mediator mass considera-
tions for a common solution thus appear to favour scalar
mediators over vectors. Secondly, our representative cal-
culations also point to a preference for lighter (but not
ultra-light) mediators if both excesses are to have a si-
multaneous solution.
We next provide some example numbers to quantita-

tively illustrate these qualitative conclusions:

Assuming a mediator mass of 1 GeV, we fit the MB
events by considering the appropriate values of CZ

0

⌫
C

Z
0

n

and C
H

⌫
C

H

n
. Now using the same coupling values, we

calculate the number of produced N2 of mass 100 MeV
in LSND. We find that:

• To produce 560 N2 in final state of MB, the re-
quired value of CZ

0

⌫
C

Z
0

n
is 8.5 ⇥ 10�7. These cou-

plings, yield around 7 N2 in LSND instead of the
required number of 32 [5].

LSND MB

 (Abdallah, RG and Roy 2202.09373) 

Scalar mediators not only avoid HE constraints that vector mediators 
have difficulty avoiding, but also give enough events at LSND once you 
get the required number at MB. 

24

Vector 
models, given 
the shape of 
the xsec, 
violate 
constraints by 
experiments 
with higher E, 
e.g. CHARM 
II  (E_nu ~ 
20 GeV and 
MINERvA, 
E_nu ~ 4-5 
GeV)



What does one learn if one demands that the new physics resolve both 
LSND and MB, as opposed to just MB. 7
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FIG. 3: Angular variation of the total cross section for two di↵erent mass choices of light scalar and light vector
mediators. Both coherent and incoherent contributions are shown.

• For the scalar mediator, the necessary value of
C

H

⌫
C

H

n
is 2.14 ⇥ 10�6, obtained from the MB fit.

Using the same coupling constant, we get around
35 events in LSND.

We see in this example that while both mediators fit MB
total events, the scalar mediator produces 5 times more
events compared to the Z

0 in LSND.
Additionally, as mentioned above, the di↵erent be-

haviour exhibited by the vector also places more restric-
tions on it constraint-wise than it does on the scalar.
Noting, from the right panel of Fig. 2, that the coherent
contribution to the cross section increases as the media-
tor mass decreases, we find that the mass of Z 0 should
be approximately 500 MeV to avoid the CHARM II and
MINER⌫A constraints discussed above, if it has to con-
currently produce 560 N2 in MB. On the other hand, no
such restriction results for the scalar, since the coherent
cross section drops rapidly as it approaches CHARM II
(hE⌫i = 24 GeV, hE⌫̄i = 19 GeV) and MINER⌫A
(hE⌫i = 6 GeV) energies.

V. REQUIREMENTS RESULTING FROM
FITTING THE ANGULAR DISTRIBUTION IN

MB

An examination of the angular distribution of MB is
also useful from the point of view of imposing require-
ments on proposed solutions. The excess in MB is dis-
tributed over all directions, but is moderately forward.
Fig. 3 shows, bin-wise, the cross section responsible for
the production of N2 as a function of the cosine of the
angle between the momentum direction of N2 and the
beam direction7. The incoming neutrino energy is fixed
at 800 MeV and mN2 = 100 MeV for all panels. Both the
coherent (red) and incoherent (green) contributions are

7 We have checked that this is a good approximate indicator of the
eventual angle that the signal will form with the beam, once N2

decays.

By studying the angular 
distribution at MB for both light 
and not so light scalar and vector 
mediators, one discerns the need 
for both a light and an 
intermediate mass mediator
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An intermediate mass scalar 
mediator tends to give event 
contributions to all angular bins, 
unlike a vector.
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Here MN is the nucleon mass and the values of
(fp

Tu
, f

p

Td
, f

n

Tu
, f

n

Td
) = (0.020, 0.041, 0.0189, 0.0451). In

our scenario, fq = y
H,h

0

q
, (q = u, d).

We include both the incoherent and coherent contri-
bution in the production of N2 in MB. For LSND, how-
ever, we consider only incoherent scattering from neu-
trons. The total di↵erential cross section, for the target
in MB, i .e., CH2, is given by


d�

dEN2

�

CH2

= (8Fp + 6Fn)


d�

dEN2

�

| {z }
incoherent

+ (6Fp + 6Fn)
2
e
2b(k

0
�k)

2


d�

dEN2

�

| {z }
coherent

. (28)

The entire carbon nucleus (C12) contributes in coher-
ent scattering, with, however, decreasing contributions
as q

2 = (k0 � k)2 increases. This is implemented by the
form factor exp(2b(k0 � k)2) [78], where b is a numer-
ical parameter, which for C12, has been chosen to be

25 GeV�2 [78, 79]. The number of events is given by

Nevents=⌘

Z
dE⌫dEN2

d�⌫

dE⌫

d�

dEN2

⇥BR(N2!N1h
0), (29)

with Eh0 2 [Eh0 , Eh0 + �Eh0 ] and �⌫ is the incoming
muon neutrino flux. ⌘ contains all detector related in-
formation like e�ciencies, POT etc. All calculations for
LSND, MB and the value of the muon g � 2 are carried
out using the benchmark values in Table I. Finally,
for these values, the calculated lifetimes of N2 and h

0

in the rest frame are 10�17 s and 2⇥10�13 s, respectively.

Our results are presented in the next section.

V. RESULTS AND DISCUSSION

In this section we present the results of our numerical
calculations, using the cross section for the process and
the model described in Section III.

LSND  

MB 
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Figure 1: Feynman diagram of the scattering process involving a
0 which leads to the

excess in MB and LSND.

in [63] the physical neutrino mass eigenstates are
 

⌫

N

!
'

 
I �

⇥
2

2
⇥

⇥ I �
⇥
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!  
nL

n
c

R

!
. (2.15)

Here the neutrino mass matrix is diagonalized up to corrections of ⇥i =
mDi
m⌫Ri

. For normal
ordering, i.e., m⌫1 < m⌫2 < m⌫3 , the two mass squared differences from neutrino oscillation
data [87] are: �m

2

21
= (6.82� 8.04)⇥ 10

�5
eV

2 and �m
2

31
= (2.435� 2.598)⇥ 10

�3
eV

2.
Finally, after a rotation of the scalar fields, one finds the following coupling strengths

of the scalars h, H, A, and a
0 with fermions, respectively:

y
h

f
=

p
2mf

v
, y

H

f
= yf , y

A

f
= yf c⇠, y

a
0

f
= yf s⇠, �

A

Nij
= �

N

ij s⇠, and �
a
0

Nij
= �

N

ij c⇠ .(2.16)

3 The interaction in MB and LSND

The Feynman diagram of the process that occurs in MB and LSND in our model, leading
to an electron-like signal, is shown in figure 1. The heavy neutral lepton N2 is generated
via the up-scattering of muon-type neutrinos in the beam. Following its production, N2

promptly decays into a lighter neutral lepton N1 and a light (17 MeV) pseudoscalar a
0,

which also decays promptly to a collimated e
+
e
� pair and produces the observed visible

light signal. The heavy scalar (H) and pseudoscalar (A) can also mediate the process that
occurs between the incoming neutrino and the nucleon at the primary vertex. However,
if their contribution dominates, the angular distribution will lose the necessary forward
character, with more events crowding the non-forward bins [68]. The relative contribution
of a0 and heavy particles (H, A) depends on the mass of heavy mediators and the mixing
angle ⇠. The contribution of H and A to the MB excess for our chosen benchmark values
is less than 5%. Increasing (decreasing) the masses of A,H would reduce (increase) this
contribution, whereas increasing (decreasing) ⇠ would decrease (increase) it.
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stated, and show that even if this is not the case, a large parameter space for a common
solution to all three anomalies is still be possible.

We supplement the constraints on a model such as ours discussed in [55, 63, 72–76, 76–
84] by a fuller discussion of those which also arise from i) meson decay experiments ii) the
LEP measurements of the Z decay width, iii) the LHC measurements of the Higgs decay
width and its couplings to fermions, iv) the vacuum stability of the scalar potential, v)

the unitarity of its S-matrix, vi) heavy Higgs searches at LHC, vii) electroweak precision
measurements.

New physics such as that introduced here is expected to affect charged lepton anomalous
magnetic moments; specifically those of the muon and the electron, both of which are
the subjects of current experimental measurements. They are denoted as aµ,e, defined by
aµ,e ⌘ (gµ,e � 2) /2 for the muon and electron, respectively, where gµ,e is the Lande g-factor.
We calculate the effects of our model on aµ,e up to two-loop level. We find that it is not
possible to explain the discrepancy observed in aµ using the new physics ingredients of this
model if, at the same time, we wish to explain MB and LSND. It may, however, be possible
to understand the observed discrepancy in ae within its context.

This paper is organized as follows: In section 2 we describe our model and its con-
stituents. Section 3 focuses on the interaction in MB and LSND which leads to the electron-
like signal. In section 4 we demonstrate that this model provides very good fits to MB and
LSND. The benchmark parameters used are shown in table 1 in this section. In section 5 we
use the ATOMKI results to derive the required couplings of the pseudoscalar to nucleons
and to electrons in order to explain the observed excess in that experiment. In section 6
we use the couplings obtained from ATOMKI results in the previous section to obtain fits
to LSND and MB also. The relevant benchmark parameters used are shown in table 2 of
this section. Section 7 contains a detailed discussion of collider and non-collider constraints
on the model for the benchmark values of table 1 and table 2. Section 8 discusses the con-
tributions to aµ,e. Tests of the model in upcoming experiments are discussed in section 9,
while the final section summarizes the work and presents our conclusions.

2 The Model

We extend the scalar sector of the SM by incorporating a second Higgs doublet, and also
add a singlet pseudoscalar �h0 = i A

0

3
/
p
2. Additionally, three right-handed neutrinos help

generate neutrino masses via the seesaw mechanism and participate in the interaction which
generates electron-like signals in MB and LSND. We can write the scalar potential V as

V = V2HDM + Vh0 , (2.1)

where V2HDM and Vh0 are given in the Higgs basis (�h,�H ,�h0), with �i denoting the usual
set of quartic couplings:

V2HDM = µ1|�h|
2
+ µ2|�H |

2
+

�1

2
|�h|

4
+

�2

2
|�H |

4
+ �3|�H |

2
|�h|

2
+ �4(�

†

h
�H)(�

†

H
�h)
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84] by a fuller discussion of those which also arise from i) meson decay experiments ii) the
LEP measurements of the Z decay width, iii) the LHC measurements of the Higgs decay
width and its couplings to fermions, iv) the vacuum stability of the scalar potential, v)

the unitarity of its S-matrix, vi) heavy Higgs searches at LHC, vii) electroweak precision
measurements.

New physics such as that introduced here is expected to affect charged lepton anomalous
magnetic moments; specifically those of the muon and the electron, both of which are
the subjects of current experimental measurements. They are denoted as aµ,e, defined by
aµ,e ⌘ (gµ,e � 2) /2 for the muon and electron, respectively, where gµ,e is the Lande g-factor.
We calculate the effects of our model on aµ,e up to two-loop level. We find that it is not
possible to explain the discrepancy observed in aµ using the new physics ingredients of this
model if, at the same time, we wish to explain MB and LSND. It may, however, be possible
to understand the observed discrepancy in ae within its context.

This paper is organized as follows: In section 2 we describe our model and its con-
stituents. Section 3 focuses on the interaction in MB and LSND which leads to the electron-
like signal. In section 4 we demonstrate that this model provides very good fits to MB and
LSND. The benchmark parameters used are shown in table 1 in this section. In section 5 we
use the ATOMKI results to derive the required couplings of the pseudoscalar to nucleons
and to electrons in order to explain the observed excess in that experiment. In section 6
we use the couplings obtained from ATOMKI results in the previous section to obtain fits
to LSND and MB also. The relevant benchmark parameters used are shown in table 2 of
this section. Section 7 contains a detailed discussion of collider and non-collider constraints
on the model for the benchmark values of table 1 and table 2. Section 8 discusses the con-
tributions to aµ,e. Tests of the model in upcoming experiments are discussed in section 9,
while the final section summarizes the work and presents our conclusions.

2 The Model

We extend the scalar sector of the SM by incorporating a second Higgs doublet, and also
add a singlet pseudoscalar �h0 = i A

0

3
/
p
2. Additionally, three right-handed neutrinos help

generate neutrino masses via the seesaw mechanism and participate in the interaction which
generates electron-like signals in MB and LSND. We can write the scalar potential V as

V = V2HDM + Vh0 , (2.1)
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We consider the vacuum expectation values (VEV) h�hi = v(⌘ vSM ) ' 246 GeV and
h�Hi=0=h�h0i. Here, G+

, G
0 are the Goldstone modes, which give the gauge bosons mass

after the electroweak symmetry is spontaneously broken.

The mass matrix of the neutral CP -even Higgses in the basis
�
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is given by
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/2. Here, we have minimized the scalar potential V using
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where s↵ ⌘ sin↵, c↵ ⌘ cos↵. In the alignment limit (i .e., �6 ⇠ 0), the SM-like Higgs is
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We consider the vacuum expectation values (VEV) h�hi = v(⌘ vSM ) ' 246 GeV and
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While the combination of a light (15-20 MeV)  scalar and an intermediate (750 MeV) one provide a very good 
fit to MB and LSND, a light pseudo scalar of the same mass  does better 

This is because it only has incoherent scattering with the nucleons of the  spin-0 Carbon nucleus hence the 
event contribution is not just predominantly forward. 

Our numerical calculations employ the cross-section for the interaction and the model
outlined in section 2. Fits to LSND and MB, as well as those for a common understanding
of all three anomalies, which we take up in a later section) depend crucially on the couplings
of a0 to u, d quarks and to electrons. The quark couplings are then used to obtain effective
nucleon couplings.

The Yukawa interaction of a0 with quarks is given by

La0qq = y
a
0

q a
0
q̄ i�5 q . (3.1)

In our model, when seeking a solution to MB and LSND alone, the a0 predominantly couples
to the first generation of quarks (u and d) and has negligible and much smaller couplings to
other families2. The effective coupling (FN ) of a0 to a nucleon (N) can be written as [88, 89],
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where �
(N)

q are the quark spin components of the nucleon N ,

1
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=
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, (3.3)
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u = 0.84, �(p)

d
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s = �0.03, �(n)

u = �0.44, �(n)

d
= 0.84, �(n)

s = �0.03 [88].
Here mN is the nucleon mass. All the relevant quark masses are taken from [90].

We note that for the carbon nucleus, which is the primary target in MB and LSND,
the total spin of the nucleus is zero. Since any pseudoscalar mediated contribution to the
coherent production depends on the spin of the target, we need only consider the incoherent
production of N2 in MB. The total differential cross-section, for the target in MB, i .e., CH2,
is thus given by h
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Ea0 , which represents the visible energy that manifests itself as light subsequent to a
0 decay,

2 [Ea0 , Ea0 +�Ea0 ]. Here �Ea0 is essentially the bin size in our plots for the two detectors.
⌘ encompasses all detector-related information, such as efficiencies, POT, etc., while �

⌫

represents the incoming muon neutrino flux. The calculations for LSND and MB alone are
carried out using the benchmark values in table 1, while when trying to obtain a common
solution to all three anomalies, we use the benchmarks given in table 2. The quark and
neutrino vertex couplings are quite different for the two tables. We note that the LSND

2
This changes when we seek a solution to all three anomalies, as may be seen in table 2.
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Effective couplings to nucleons can then be calculated 
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Table 1: Benchmark parameter values used to generate the event spectrum in LSND
and MB.
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Figure 2: Top panels: These show, for neutrino runs, the MB electron-like events
(backgrounds and signal) sourced from [91]. They are plotted against the visible energy
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Our model requires the production of a relatively heavy N2  (120MeV). 
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Flux from DAR is not energetic enough to produce it, hence all 
events in our model come from DIF flux 
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6

oscillation best fit. The latest data set for the neutrino
mode, corresponding to 18.75⇥ 1020 POT, as detailed in
[20] has been used in our fit. The left panel shows the
distribution of the measured visible energy, Evis, plotted
against the events for neutrinos. In our model, Evis is the
same as Eh0 . The angular distributions for the emitted
light are shown in the right panel. The fit corresponds
to benchmark parameter values shown in Table I. We
have used fluxes, e�ciencies, POT exposures, and other
relevant information from [80] and references therein to
prepare these plots. We see that very good fits to the
data are obtained for both the energy and the angular
distributions. The data points show only statistical un-
certainties. We have assumed a 15% systematic uncer-
tainty for our calculations. These errors are represented
by the blue bands in the figures.

As mentioned earlier, the LSND observations measure
the visible energy from the Cerenkov and scintillation
light of an assumed electron-like event, as well as the 2.2
MeV photon resulting from coincident neutron capture
on hydrogen. In our model, this corresponds to the scat-
tering diagrams in Fig. 1 where the target is a neutron in
the Carbon nucleus. Unlike the case of MB above, where
both coherent and incoherent processes contribute to the
total cross section, the LSND cross section we have used
includes only an incoherent contribution. All necessary
information on fluxes, e�ciencies, POT etc for LSND has
been taken from [19] and references therein.

Fig. 2 (bottom-left panel) shows our results in com-
parison to the LSND data for R� > 10, where R� is a
parameter defined by the LSND Collaboration (see, for
instance [19]) that represents a likelihood ratio that the
observed photon signalling the presence of the neutron
was correlated as opposed to being accidental. This plot
shows the energy distribution and the excess events in
the data, as well as those resulting from our model using
the same benchmark parameters as were used to generate
the MB results. We find a total of 28.7 events from our
model, compared to the 32 events seen by LSND for this
choice of R� .

Fig. 2 (bottom-right panel) shows the angular distri-
bution of the light due to the electron-like final state,
for R� > 1 and visible energies in the range3 36 MeV
< Evis < 60 MeV. In both panels, the blue shaded region
is the result of our model, shown along with backgrounds
and data.

Several points are pertinent to understanding the re-
sults obtained. We discuss them below:

• All LSND events in our scenario stem from the high
energy part of their DIF flux, which is kinemat-
ically capable of producing the N2 (mN2 ' 130

3
The bottom panels use di↵erent ranges of R� and Evis, because

we have chosen to present our results to correspond to the gen-

erally available results presented by the LSND Collaboration,

which use di↵erent R� and Evis ranges for the energy and angu-

lar distributions.

MeV). This flux originates in ⇡
+’s created in pro-

ton collisions in the LSND target (the experiment
used two di↵erent targets over the running period,
i .e., water and a high-Z material). This leads to
a beam of ⌫µ’s, which interacts in the detector via
⌫µ CH2 ! nN2 X ! nN1 h

0
X ! N1 � e

+
e
�
X

(see Fig. 1). In the final step the photon is the cor-
related � with an energy of 2.2 MeV signifying the
capture of the neutron by a nucleus. The decays of
both h

0 and N2 are prompt, while N1 is either long-
lived and escapes the detector or decays to lighter
invisible states.

• In our scenario, bothH and h
0 act as mediators and

contribute to the total cross section. The contribu-
tion of h0 is much smaller (⇠ 10%) than that of H,
since sin � ' 0.1. However, this plays an important
role in producing the correct angular distribution
in MB. In particular, h0 is responsible for a coher-
ent contribution which helps su�ciently populate
the first (i .e., most forward) bin in the top-right
panel of Fig. 2.

• As a consequence of the heavy particle production
(N2) necessary, our model would not give any sig-
nal in KARMEN, which has a narrow-band DIF
flux that peaks at ⇠ 30 MeV, hence making it com-
patible with their null result.

• The DIF flux, in the oscillation hypothesis, gen-
erates electron-like events in energy bins beyond
60 MeV. Indeed, LSND saw 10.5± 4.9 such events
(without a correlated neutron) in the range 60 MeV
< Evis < 200 MeV, attributable to an oscillation
probability of (2.9 ± 1.4) ⇥ 10�3 [81]. Our model
predicts 34 such events, which is within their ac-
ceptable range of uncertainty.

• LSND saw about 6 events with a correlated neutron
in the energy range 60 MeV < Evis < 200 MeV, and
our calculations yield 5.6 such events, in agreement
with their observations.

• As mentioned earlier, only incoherent neutron scat-
tering contributes to the event counts in LSND.
We have assumed 8 MeV as the minimum energy
transferred to a neutron in order to knock it out
and register an event. Additionally, the masses of
N2 and N1 are important factors in obtaining both
the correct number and the correct distributions in
this detector. Lowering the mass of N2 increases
the total events significantly, since it provides ac-
cess to lower energies in the DIF flux spectrum.
Decreasing the mass of N1 shifts the event peak to-
wards higher visible energies, and leads to higher
numbers of correlated neutron events with energies
> 60 MeV, which would conflict with what LSND
saw. On the other hand, in MB the e↵ects of N2

and N1 masses do not play as significant a role as
they do in LSND, although the MB energy distri-
bution improves if the N1 mass is decreased from
our current benchmark value.

We note that KARMEN had a 
energy peaked around 30 MeV, 
hence the process in our model 
cannot take place, leading to a null 
signal prediction.

Remarks on LSND 
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The ATOMKI anomaly….

5 Derivation of couplings of the pseudoscalar from ATOMKI results

As mentioned above, the ATOMKI collaboration has reported anomalous measurements in
the IPC decays of excited 8Be [14, 94], 4He [15, 16] and, more recently, 12C [17] nuclei. We
note that observations were conducted for two excited states of 8Be, specifically 8Be(18.15)
and 8Be(17.64). Similarly, for 4He, decays of 4He(21.01) and 4He(20.21) were studied.6

The experiment observed unexpected bumps for both the invariant mass and the angular
opening of the e

+
e
� pairs with high statistical significance, well above 6�. As in [86], we

derive the values of the couplings of the pseudoscalar to quarks, electrons and nucleons
appropriate to a resolution of this anomaly.

Noting that in the SM, the decay of an excited nucleus to a lower state with an equal
number of protons and neutrons can happen only via EM processes, the allowed channels
are:

• the emission of a real photon, due to the decay of the nucleus.

• The emission of a virtual photon by the nucleus, which decays to an e
+
e
� pair,

(Internal Pair Creation (IPC)), i.e.,

p+A ! N
⇤
! N + e

+
+ e

�
. (5.1)

Here p denotes a beam proton and A is a target nucleus. The anomaly appears only in
the IPC events. We consider, as an example, the Be case. The experiment used a beam of
protons with kinetic energies tuned to the resonance energy of 1.03 MeV, which were made
to collide with Li nuclei, in order to form the resonant state 8Be⇤. A small percentage of
these decayed via 8

Be
⇤
!

8
Be+e

+
e
�. We note that 8

Be
⇤ decays to 7

Li+p most of the time,
but it also has electromagnetic transitions with branching fractions BR(

8
Be

⇤
!

8
Be �) '

1.4⇥ 10
�5 [96] and BR(

8
Be

⇤
!

8
Be + e

+
e
�
) ' 3.9⇥ 10

�3
BR(

8
Be

⇤
!

8
Be �) [97, 98].

The experiment measured both the electron and positron energies, as well as the open-
ing angle of the e

+
e
� pairs, ✓, in order to determine the invariant mass (mee) and angular

distributions. It did not observe the behaviour predicted by the SM i.e. that the ✓ and mee

distributions should fall monotonically. The ✓ distribution exhibited a high-statistics bump
that peaked at ✓ ' 140

� before it returned close to the SM prediction at ✓ ' 170
�.

Such a bump at large opening angles is expected from the kinematics of a massive
particle that is is produced with low velocity in the 8

Be
⇤ decay and which then subse-

quently decays to e
+
e
� pairs. The hypothesis of a new particle X and the two-step decay

BR(
8
Be

⇤
!

8
Be +X) followed by X ! e

+
e
� thus emerges as a natural resolution to the

anomaly. With the assumption of a fixed background, Krasznahorkay et al. [14] give the
best fit mass and branching fraction as

MX = 16.7± 0.35(stat)± 0.5(sys) MeV,

6
For a review, see Ref. [95].
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From parity and angular momentum conservation, X can be a vector, axial vector 
or pseudo scalar
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BR(
8
Be

⇤
!

8
BeX)⇥ BR(X ! e

+
e
�
)

BR(8Be
⇤
! 8Be �)

= 5.8⇥ 10
�6

.

These values correspond to a statistical significance in excess of 6.8�. Possible types of
particles which may provide candidate solutions of the anomaly are a pseudoscalar, a vector
or an axial-vector [95]. Assuming parity and angular momentum conservation in the decay,
the possibility of X being a real scalar is ruled out. Additionally, very strong coupling
constraints based on anomaly cancellations apply to a light vector or axial vector that
couples to SM fermions via an additional U(1) [99–101]. We have thus chosen to focus on
a pseudoscalar as our choice for X.

For both the Be excited states, a pseudoscalar, which has intrinsic parity (�1) can be
emitted in a state of orbital angular momentum 1 with respect to the ground state 8

Be,
thus conserving both angular momentum and parity. In the case of 4

He, however, note that
only the decay from the excited state 4

He (21.01), which has 0 angular momentum and
parity �1, will be allowed. Also, we note that for the 12C nucleus which has spin 1 and
parity �1, the pseudoscalar does not allow a solution that conserves both overall parity
and angular momentum.

5.1 Couplings of the pseudoscalar to quarks

As shown in the previous section in eqs. (3.1),(3.2) can be used to obtain the effective
nucleon couplings. The average nucleon coupling (h̄2

N
) of a0 with the 8

Be
⇤ is given by

h̄
2

N ⌘
(Fp + Fn)

2

4
. (5.2)

The next step involves a calculation of the Be decay rates given below, employing nuclear
matrix elements, and for this we use results from [86]

BR(
8
Be

⇤
!

8
BeA)

BR(8Be
⇤
! 8Be �)

=
2h̄

2

N

0.16 e2

|pA|
3

|p� |
3
. (5.3)

We assume BR(A ! e
+
e
�
) = 1 and compare to the experimental value from the 8

Be

experiment [14], which is

BR(
8
Be

⇤
!

8
BeA)

BR(8Be
⇤
! 8Be �)

= 5.8⇥ 10
�6

. (5.4)

The ratio of momenta depends on the pseudoscalar mass Ma0 which in our case is 17 MeV.
This leads to

|pA|
3

|p� |
3
⇠ 0.045 . (5.5)

Solving the above three equations, we get the value of h̄2
N

= 9.38 ⇥ 10
�7. We choose the

coupling of a
0 to quarks in table 2 such that we get the desired value of h̄

2

N
. The value

Fp (Fn) for our benchmark parameters is �0.00871 (0.00675). The ratio of the absolute
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values of the effective couplings of a
0 with proton and neutron (i.e., Fn/Fp = �0.77) is

an important factor in reproducing the correct energy and angular distributions in LSND
and MB.

mN1 mN2 mN3 y
a
0

u⇥10
5

y
a
0

e ⇥10
5

y
a
0

µ⇥10
5

MH± y
a
0

c ⇥10
3

y
a
0

t ⇥10
5

70 MeV 120MeV 10GeV �5.043 2.3 1 305 GeV 6.366 �1.3

Ma0 MH sin ⇠ y
a
0

d
⇥10

5
y
a
0

⌫µN2
⇥10

4
�
a
0

N12
MA y

a
0

s ⇥10
5

y
a
0

b

17 MeV 300 GeV 0.01 �1.3 2.84 0.1 400 GeV �1.3 0

Table 2: Benchmark parameters used to generate the event spectrum in LSND, MB and
for calculating the ATOMKI. The corresponding doublet sector scalar quartic couplings
for this benchmark point (BP) are shown in table 3 in the Appendix B.

5.2 Couplings of the pseudoscalar to the electron

Our calculation above assumes that the branching fraction of the pseudoscalar decay to
e
+
e
� pairs is very close to 1. Its total width is

�(a
0
) =

(y
a
0

e )
2

8⇡
Ma0 (5.6)

and its decay length is given by

la0 =
pa0

Ma0�(a
0)
. (5.7)

The momentum in question can be determined from the energetics of the ATOMKI 8Be
results, since in that decay 8

Be
⇤
!

8
Be a

0 with M(
8
Be

⇤
)�M(

8
Be) = 18.15 MeV. The size

of the ATOMKI detector requires that the pseudoscalar a0 decay in about 1 cm. This gives
y
a
0

e > 8.3⇥ 10
�6. Our benchmark values in table 2 satisfy the inequality and give the value

h̄
2

N
= 9.38⇥ 10

�7.

6 Combined Results for MB, LSND and ATOMKI

Using the coupling values determined from ATOMKI data in the previous section, we
obtain fits to MB and LSND. The fits are identical to those shown in the plots of figure 2,
for reasons explained towards the end of section 3, hence we do not display them here. Our
numerical calculations employ the cross-section for the process and the model outlined in
section 3. Fits to LSND and MB, as well as the result of ATOMKI, depend crucially on the
couplings of a0 to nucleons and the electron. Benchmark values for these couplings, shown
in table 2, are obtained from those required to obtain the ATOMKI result in section 5,
and are then fed into the fitting procedure for MB and LSND with other detector specific
inputs. Note that the quark couplings to a

0 are significantly different, and higher, than
those required to fit MB and LSND alone.

– 13 –

Couplings to quarks are significantly higher than what they were for MB/LSND 
alone, in order to obtain a fit identical to the one for MB and LSND alone.
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This requires a more careful treatment of constraints , specifically flavour 
violating meson decays e.g. 

instance [116] showing no sensitivity below this value. Additionally, the method used to
infer limits in the range Ma0 < 80 MeV is considered inappropriate for such a low statistics
region, in particular the

p
N estimation of background error may lead to an overly stringent

bound in a Poissonian region [115].
The BNL-AGS experiment has also been criticised for the modelling and subtraction

of their background. Their Monte Carlo apparently mis-estimates the Dalitz background
contamination by possibly a factor of ⇠ 10 [114]. This has led to questions on their Monte
Carlo estimation of the signal acceptance as well [115]. Overall, there appears to be signif-
icant uncertainty in the bounds on K

+
! ⇡

+
a
0 in the region relevant to our model. Since

the experiments are about four decades old, one may conservatively say that exploring this
difficult but very interesting region using a recent-day experiment may be worthwhile.

Keeping the above considerations in mind, in finding the sample solution space for
common solutions to MB, LSND and ATOMKI shown in figure 4 we have allowed the pos-
sibility that BR(K

+
! ⇡

+
a
0
(⇡

+
+ e

+
e
�
)) < O(10

�6
). This is about a factor of few to an

order of magnitude less severe than required by [113, 114]. Note, however, that in spite of
this, figure 4 shows a large region (the right panel) that conforms to the stringent bounds
demanded by these experiments.

In addition to not violating kaon decay constraints, the derivation of the sample solution
spaces shown in figure 4 must conform to the following conditions, to a reasonable degree
of accuracy:
a) the ratio of the absolute values of the effective couplings of a0 with neutron and proton
must be FN

FP
' 0.77. This requirement stems from fits to the MB and LSND distributions.

b) The average nucleon coupling h̄
2

N
, defined in eq. (5.2) must be ' 9.38 ⇥ 10

�7. This
requirement, from ATOMKI data, was obtained by solving eqs. (5.3), (5.4) and (5.5).

Noting that while the magnitudes of the couplings y
a
0

u and y
a
0

d
are largely decided by

the fitting requirements above, the couplings of the other quarks to a
0 are largely free, but

do affect the calculation of the BR of the kaon decay through the W -mediated penguin
diagrams which dominate its value (figure 3)7. We seek a solution space in terms of the
quark couplings to a

0 and define a tolerance of (15%) in the values defined in a) and b).
This is sufficient to lead to good fits to the data in all three experiments.

qs s⇤ d

a0

W±

qs d

a0

W±

qs d⇤ d

a0

W±

Figure 3: Feynmann diagrams for the flavour-changing transitions such as s ! da
0

involving the exchange of quarks and W
±-bosons in the loop. q stands for up-type quarks

u, c, t.

7
Note that, the H

±
-mediated loop diagram is always subdominant in our model, since the corresponding

couplings to quarks are not proportional to mq and are largely free.
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Other important constraints come from beam dump experiments, electroweak 
precision experiments, vacuum stability , unitarity.

Abdallah, RG, Roy, 2010.06159 ; 
W. Abdallah, RG,   T. Ghosh,  N. Khan, 

Samiran Roy, Subhojit Roy , 2406.07643



Conclusions……  
•Short baseline anomalies like the Ga source anomaly, the RAA, LSND and MB  have reached a 

stage where a host of complementary experiments and theoretical inputs  have helped gradually 
clarify  the situation. 

• The situation with the Ga anomaly is unclear, given that the most recent experiment, BEST, 
verified the presence of the deficit  but could not detect any L variation, which would have 
signalled active sterile oscillations

• Improved data on beta spectra and consequent improved flux calculations point to a 
disappearance of the RAA.   

• Attempts to understand the anomalies using oscillations with eV scale  neutrinos show a very 
strong tension between appearance and disappearance data and with cosmology, while also 
exhibiting a lack of inner consistency. 

The MB and LSND anomalies persist with a high combined statistical significance of 6.1 sigma  
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Conclusions……  

MicroBooNE has recently made important   strides in helping establish that SM 
backgrounds are unlikely to be responsible for the MB signal, strengthening the case 
that MB and possibly LSND could be signals for new physics.   

We have provided an example of such new physics with a light 17 MeV pseudo scalar 
mediator combined with a second Higgs doublet and 3 RH neutrinos.

A definitive resolution must await results from the Fermilab Short Baseline Program, 
with its 3 detectors , MicroBooNE, ICARUS and SBND which will test proposals such 
as ours.  

37

The model provides an excellent fit to MB and LSND alone, and to MB, LSND and 
ATOMKI, and gives SM neutrino mass squared differences in conformity with global 
oscillation data.
Confirmation of the ATOMKI anomaly by other independent experiments (MEG II, 
PADME) is important.

It is significant that most new physics proposals invoke heavier neutrinos (HNLs) 



Thank you for your attention!
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LSND useful……  
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FIG. 3: The decay-at-rest neutrino fluxes averaged over the detector.
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• Three detectors sampling the same neutrino beam at different distances

• Same nuclear target (Ar) and detector technology (LArTPC)

• reduces systematic uncertainties to the %-level

Short Baseline Neutrino Program at Fermilab

3 5/31/2022

Booster Neutrino Beam (BNB)

ICARUS

600m baseline
470t active volume
Commissioning

SBND

110m baseline
112t active volume
Under Construction

A. Schukraft | Short Baseline Neutrino Program

Anne Schukraft talk at Neutrino 2022 
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• SBND + ICARUS will test the sterile neutrino hypothesis
– can cover the parameter space favored by past anomalies with 5σ significance

• Observing neutrino flux at different distances from the beam target

SBN Oscillation Sensitivity

4 5/31/2022

P. Machado et al, arXiv:1903.04608V11

• Effective systematics constraint through near detector (SBND) and same detector 
technology in near and far detector

• Search for appearance of ν
e
 and disappearance of ν

μ
 within the same experiment

– current results show a 4.7σ tension between ν
e
 appearance and ν

μ
 disappearance channels

A. Schukraft | Short Baseline Neutrino Program

(SBN sensitivities for 6.6 x 1020 protons on the BNB target)

Anne Schukraft talk at Neutrino 2022 
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α, β = e, µ, τ .

Standard Neutrino oscillations…….in the vacuum

43



U relates the weak interaction 
eigenstates and the mass eigenstates 
through the leptonic mixing parameters 
θ12, θ13, θ23, δ (the Dirac CP-violating 
phase), as well as ρ and σ (the Majorana 
CP-violating phases).

Standard Neutrino oscillations…….in the vacuum
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Mass hierarchy of neutrinos
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Useful SBL formulae

4

at the global best fit point and quantify the tension between appearance and disappearance
data. We will summarize our results and conclude in section VIII. Supplementary material
can be found in the appendices.

II. NEUTRINO OSCILLATIONS IN THE PRESENCE OF STERILE
NEUTRINOS

The topic of this paper are scenarios in which the standard three-flavor framework for
neutrino oscillations is augmented by adding one sterile neutrinos ⌫s. We will refer to such
scenarios as “3 + 1 models”. We will comment on scenarios with more than one sterile
neutrino in section VIII.

The oscillation probability for ⌫↵ ! ⌫� transitions in vacuum (↵, � = e, µ, ⌧, s) is given
by

P↵� =
4X

j,k=1

U
⇤
↵jU�jU↵kU

⇤
�k exp


� i

�m
2
jkL

2E

�
. (1)

Here, L is the baseline, E is the neutrino energy, U↵j are the elements of the leptonic mixing
matrix (which is 4 ⇥ 4 in a 3 + 1 model), and �m

2
jk ⌘ m

2
j � m

2
k are the mass squared

di↵erences, with mj the neutrino mass eigenvalues. We will assume m1,2,3 ⌧ 1 eV, but allow
m4 to be larger, thus considering the case�m

2
41 > 0. For experiments in which matter e↵ects

play a significant role, in general the evolution equation should be solved numerically. In
cases where a constant matter density is a good approximation, U↵j and �m

2
jk in eq. (1) can

be replaced by an e↵ective mixing matrix and e↵ective mass squared di↵erences in matter.
For anti-neutrino oscillations, U should be replaced by U

⇤.
The mixing matrix U in vacuum can be written as a product of two-dimensional rotation

matrices. Where an explicit parameterization is required, we choose

U ⌘ R34(✓34)R24(✓24, �24)R14(✓14)R23(✓23)R13(✓13, �13)R12(✓12, �12) , (2)

where Rij(✓ij) denotes a real rotation matrix in the (ij)-plane with rotation angle ✓ij, and
Rij(✓ij, �ij) includes in addition a complex phase �ij. In most cases, however, we will present
our results in terms of the parameterization-independent matrix elements U↵�.

For the following discussion the so-called short-baseline limit of eq. (1) will be useful.
This limit refers to the situation where �m

2
21L/4E ⌧ 1, �m

2
31L/4E ⌧ 1, so that standard

three-flavor oscillations have not had time to develop yet. In this case, eq. (1) generically
simplifies to

P
SBL
↵↵ = 1� 4|U↵4|2(1� |U↵4|2) sin2

✓
�m

2
41L

4E

◆
, (3)

P
SBL
↵� = 4|U↵4|2|U�4|2 sin2

✓
�m

2
41L

4E

◆
. (↵ 6= �) (4)

As we will see later, the connection between the ⌫e ! ⌫e, ⌫µ ! ⌫µ, and ⌫µ ! ⌫e oscillation
probabilities, inferred from these equations, will prove to be crucial to test the compatibility
between di↵erent oscillation data sets.

An extended discussion of various other limiting cases and the corresponding parameter
dependencies (including complex phases) can be found in ref. [14].

General, for all baselines
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As we will see later, the connection between the ⌫e ! ⌫e, ⌫µ ! ⌫µ, and ⌫µ ! ⌫e oscillation
probabilities, inferred from these equations, will prove to be crucial to test the compatibility
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An extended discussion of various other limiting cases and the corresponding parameter
dependencies (including complex phases) can be found in ref. [14].
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Experiment References Comments Data points

LSND [1] ⌫̄µ from stopped pion source (DaR) 11

LSND [1] combined DaR and DiF data (
(–)

⌫ µ !
(–)

⌫ e) N/A

MiniBooNE [2, 99] ⌫µ and ⌫̄µ from high-energy Fermilab beam 22

KARMEN [94] ⌫̄µ from stopped pion source 9

NOMAD [95] ⌫µ from high-energy CERN beam 1

E776 [96] ⌫µ from high-energy Brookhaven beam 24

ICARUS [97, 98] ⌫µ from high-energy CERN beam 1

OPERA [40] ⌫µ from high-energy CERN beam 1

TABLE III. Experimental data sets included in our
(–)

⌫ µ !
(–)

⌫ e analysis. For LSND, we have carried
out analyses using only decay-at-rest (DaR) data, or the combination with decay-in-flight (DiF)
data. In the latter case we use a �

2 table provided by the collaboration, which cannot be associated
with a number of data points. The total number of data points in the appearance channel (when
using LSND DaR data only) is 69.

DiF data in the context of the global sterile neutrino fit can be found in ref. [100].
The LSND collaboration has kindly provided tabulated �

2 values from their combined
DaR+DiF fit. The LSND fit is based on the two-flavour approximation, so to include
the tabulated �

2 values in our 4-flavour analysis, we compute at each parameter point
the e↵ective two-flavour mixing angle

sin2 2✓µe ⌘ 4|Ue4|2|Uµ4|2 . (7)

from the full four-flavour mixing matrix U . In the following, we will show results using
both our previous fitting code that includes only DaR data as well as results based on
the tabulated two-flavour �2 values from LSND for DaR+DiF data.

Our results are plotted in fig. 4, which shows the favoured parameter regions projected

onto the sin2 2✓µe–�m
2
41 plane. We see that all

(–)

⌫ µ !
(–)

⌫ e data sets are consistent among
each other: a large chunk of the parameter region favoured by LSND and MiniBooNE is
not probed by any of the other searches. The strongest constraints come from OPERA at
�m

2
41 . 0.5 eV2, and from KARMEN at larger�m

2
41. Note that data from E776 is combined

with solar neutrino data because a fit to E776 data alone would not be meaningful as it would
leave possible oscillations of the ⌫e and ⌫̄e backgrounds into sterile states unconstrained.
Fitting E776 data jointly with solar neutrino data provides a reasonable constraint on |Ue4|,
cf. fig. 3.

The conclusions drawn from fig. 4 agree qualitatively with the ones from our earlier
paper ref. [14]. Some constraints, in particular those from OPERA and ICARUS, have
become significantly stronger and now disfavour values of sin2 2✓µe & 0.02 that were still
allowed previously. Note that our OPERA and ICARUS limits deviate slightly from those
published by the respective collaborations [40, 97, 98] because we include oscillations of the
backgrounds. Moreover, for consistency with the other exclusion curves in fig. 4, we interpret
the �2 values from our OPERA and ICARUS fits assuming two degrees of freedom. We have
checked that our code reproduces the o�cial limits from refs. [40, 97, 98] very well when the
same assumptions as in the o�cial publications are used.
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V.
(–)

⌫ µ DISAPPEARANCE DATA

Searches for muon neutrino disappearance due to oscillations involving a fourth neutrino
mass state have recently received a significant boost thanks to novel results on sterile neu-
trinos from atmospheric neutrino data (both in the TeV energy window from IceCube [52]
and at lower energy from DeepCore [49]) as well as from a combined analysis of MINOS
and MINOS+ charged current (CC) and neutral current (NC) data [43]. Also NO⌫A has
presented a first search for sterile neutrinos based on NC data [44]. Searches for a deficit of
NC events are of particular interest because they are sensitive to mixing of sterile neutrinos
with any active neutrino flavor. As such, any deficit found would be a unique signature of
sterile neutrinos. The new analyses by IceCube, DeepCore, MINOS/MINOS+, and NO⌫A
complement, and significantly extend, the exclusion regions from the short-baseline experi-
ments CDHS [101] and MiniBooNE [102, 103], from Super-Kamiokande data on atmospheric
neutrinos [48, 104], and from MINOS [105].

The high-energy IceCube analysis from ref. [52] exploits the fact that active-to-sterile
neutrino oscillations in matter are resonantly enhanced by the MSW e↵ect [55, 56] at an
energy of

Eres = 5.3 TeV⇥
✓
5 g/cm3

⇢�

◆✓
�m

2
41

1 eV2

◆
. (8)

Here ⇢� is the mass density of the material through which neutrinos are propagating. It
is on average ⇠ 3 g/cm3 in the Earth’s crust and outer mantle, ⇠ 5 g/cm3 in the inner
mantle, and between 10 and 13 g/cm3 in the core [106]. Equation (8) implies that, for
sterile neutrinos at the eV-scale, neutrino telescopes like IceCube can in principle observe
maximal oscillations at TeV energies — a sweet spot well above the detection threshold,
but still low enough for the atmospheric neutrino flux to be appreciable [57, 58]. For larger
or smaller �m

2
41, the sensitivity is expected to dwindle as the resonance moves to energies

with a lower neutrino flux, or moves below the energy threshold of the detector. A limiting
factor to this analysis is the fact that, for �m

2
41 > 0 as considered here, the resonance is in

the anti-neutrino sector. Since neutrino telescopes cannot distinguish neutrinos from anti-
neutrinos on an event-by-event basis, and since anti-neutrino cross sections are smaller by
about a factor of three than neutrino cross sections, the magnitude of the observable e↵ect
is reduced.3 Moreover, for small mixing angles, the resonance width,

�Eres ⇠
�m

2
41 sin

2 2✓24
2VMSW

, (9)

is small, so that only a very small fraction of the energy spectrum is a↵ected. The nar-
row width, combined with the limited experimental energy resolution, further reduces the
sensitivity of IceCube. In eq. (9), VMSW ' 1.9 ⇥ 10�14 eV ⇥ [⇢�/(g/cm3)] is the neutral
current-induced MSW potential for muon and tau neutrinos. Finally, systematic uncertain-
ties play a crucial role in the analysis from ref. [52]. Technical details on our implementation
of the IceCube analysis are given in appendix B.

In addition to the TeV neutrino events discussed above, the IceCube collaboration has also
observed atmospheric neutrinos in the tens-of-GeV range through its sub-detector DeepCore.

3 For �m
2
41 < 0 the resonance would occur for neutrinos and the signal would therefore be stronger.

However, such scenarios are in strong tension with cosmology.

Useful SBL formulae

3+1 neutrino oscillation framework
The PMNS matrix is extended to a 4 x 4 unitary matrix following the parametrization below 

5(!→(" = 6*+ + −1 ,!" ⋅ sin" 2>*+ ⋅ sin"(1.267
ΔB-." C
D )

ν& disappearance

ν& appearance

5/31/22 19

The effective mixing angles >*+ for short-baseline oscillations are defines below

F/012 = G3-(>3-, 63-) G"-(>"-, 6"-) G.-(>.-, 0) G"3(>"3, 0) G.3(>.3, 6.3) G."(>.", 0)

ν4 disappearance

In MicroBooNE 3+1 fit:
• Oscillation effects (the above three) depending on the three oscillation parameters 

(ΔB-." , sin" >.- , sin" >"-) are applied for all .# and .4 events 
• ν4 appearance ignored because <1% intrinsic ν#

• non-zero ν" appearance requires both ν" and ν# disappearances
2

periments is given by

Pee ' 1� sin22#ee sin2
✓
�m

2

41
L

4E

◆
. (1)

The e↵ective mixing angle #ee depends on the element
Ue4 of the 4 ⇥ 4 mixing matrix U through the relation
sin22#ee = 4|Ue4|2(1� |Ue4|2).

Currently, the Reactor Antineutrino Anomaly is re-
garded to be resolved or, at least, diminished with the
new refinements of reactor flux models [13, 14], but the
Gallium Anomaly is reinforced by the new measurements
of the BEST experiment [7, 8]. Therefore, it is desir-
able to pay special attention to the Gallium Anomaly,
and look for possible viable solutions. In this work, we
first evaluate the statistical significance of the Gallium
Anomaly with di↵erent calculations of the neutrino de-
tection cross section. Then, we compare the neutrino
oscillation explanation of the Gallium Anomaly with the
bounds from several classes of ⌫e and ⌫̄e disappearance
experiments. In particular, we compare it with the above
mentioned Reactor Antineutrino Anomaly and also with
the results of an updated analysis of reactor spectral ra-
tio data. Interestingly, the preference for short-baseline
neutrino oscillations is reinforced when considering the
newest spectral ratio data, as will be detailed below. We
also consider data from tritium experiments and from
experiments measuring solar neutrinos, before combin-
ing all data to a global ⌫e and ⌫̄e disappearance fit. The
consistency of a solution of the Gallium Anomaly with
3+1 active-sterile neutrino mixing will be compared and
discussed at each step.

This work is organized as follows. In Section II, we
discuss the analysis of Gallium data for several cross sec-
tion models and we quantify the significance of the Gal-
lium Anomaly. In Sections III and IV we compare the
results of the Gallium experiments with those obtained
from the analysis of reactor rate and spectral ratio data,
respectively. Section V contains the combined analysis
of all reactor data. In Section VI we detail the analysis
procedure for the KATRIN data, and in Section VII we
discuss the comparison of the regions of parameter space
preferred by KATRIN and other �-decay experiments in
combination with reactor data with those preferred by
the Gallium data. Section VIII discusses the updated so-
lar neutrino bounds. Finally, in Section IX we combine
all the data discussed in previous sections to a global
3+1 ⌫e and ⌫̄e disappearance fit and we compare the re-
sults with those obtained from the Gallium data. We
close with a discussion and a summary of our results in
Section X.

II. The Gallium Anomaly

The Gallium Anomaly was originally [20–22] a
deficit of events observed in the GALLEX [23–25] and
SAGE [20, 26–28] source experiments aimed at testing
the solar neutrino detection done in these experiments

through the process ⌫e + 71Ga ! e
� + 71Ge. Two source

experiments have been done by the GALLEX collabora-
tion using an intense artificial 51Cr radioactive source
placed inside the detector. This source emitted elec-
tron neutrinos through the electron capture (EC) pro-
cess e

� + 51Cr ! 51V + ⌫e. The SAGE collabora-
tion performed a source experiment with a 51Cr radioac-
tive source and another with a 37Ar radioactive source,
which emitted electron neutrinos through the EC pro-
cess e� + 37Ar ! 37Cl + ⌫e. The deficits of the observed
rates with respect to the rates calculated from the well-
measured activity of the sources and di↵erent cross sec-
tions for the detection process (see Tab. I) have been
discussed in many papers (see the reviews in Refs. [1–6]).
The deficits obtained using the earliest Bahcall cross sec-
tion [16] are illustrated in Fig. 1(a), where we plotted the
ratios of observed and predicted rates versus the average
path lengths of the neutrinos (about 1.9 m for GALLEX
and 0.6 m for SAGE). The figure shows also the results of
the recent BEST source experiment [7, 8], where a larger
deficit was observed, confirming the Gallium Anomaly.
The two BEST values in Fig. 1(a) show the ratio of ob-
served and predicted rates in the two nested 71Ga vol-
umes of the experiment, which correspond to average
neutrino path lengths of about 0.5 m and 1.1 m [7, 8].
Although the ratios shown in Fig. 1(a) exhibit some vari-
ation with distance, we cannot see a clear oscillatory
behavior. Taking into account the large error bars and
a 2.8% correlated systematic uncertainty of the Bahcall
cross section, the data can be fitted with a constant aver-
age ratio R = 0.80± 0.04. We considered the systematic
uncertainty of the 51Cr cross section as correlated among
all the experiments and we added in quadrature the small
residual systematic uncertainty of the 37Ar cross section
to the uncertainty of the SAGE 37Ar measurement.

From the absence of a clear oscillatory pattern as a
function of distance in Fig. 1(a) and, in particular, the
quasi-equality of the two BEST measurements at di↵er-
ent distances, it follows that there is no smoking-gun
evidence of oscillations in the Gallium data. After the
BEST measurements, the Gallium Anomaly is still an
anomaly based on the absolute comparison of observed
and predicted rates, as it was when only the GALLEX
and SAGE data were available. Therefore, a crucial role
is played by the theoretical detection cross section, for
which there are the di↵erent model calculations listed in
Tab. I. The di↵erence between these cross section mod-
els is the contribution to the cross section coming from
the transitions from the ground state of 71Ga to excited
states of 71Ge. As shown in the first line of Tab. I, the
ground-state to ground-state cross section is known with
a very small uncertainty from the measured lifetime of
71Ge [16]. The table shows the relative contributions
�exc of the transitions to the excited states in the dif-
ferent calculations of the cross section. These relative
contributions vary from about 2-3% in the Shell Model
calculation of Kostensalo et al. [19] to about 13-14% in
the Shell Model calculation of Haxton [17].
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3

considers the full 3 + 1 oscillation e↵ect.
In this Letter, we present a new analysis testing the

sterile neutrino hypothesis in a full 3 + 1 oscillation
framework with detailed event-level information. We
use the data set from the MicroBooNE inclusive ⌫e
CC measurement [41], and compare the results to
the parameter space allowed by the LSND, gallium
(including BEST), and Neutrino-4 anomalies. We
simultaneously consider short-baseline sterile-neutrino-
induced ⌫e appearance and ⌫e disappearance. This
treatment can lead to cancellations that result in a
degeneracy when determining the oscillation parameters,
which we will introduce in more detail in this paper.

The MicroBooNE detector [43] is a 10.4m long, 2.6m
wide, and 2.3m tall LArTPC, located on-axis of the
BNB at Fermilab. It consists of about 85 metric tons
of liquid argon in the TPC active volume for ionization
charge detection along with an array of photomultiplier
tubes [55] for scintillation light detection. It sits at a
distance of 468.5m from the target of the BNB, which
uses protons with a kinetic energy of 8GeV impinging on
the target, producing secondary hadrons. The hadrons
are mostly pions or kaons that decay in flight, producing
a neutrino beam through their decay. The MicroBooNE
BNB data set was collected entirely in neutrino mode
and consists of a very pure ⌫µ beam with a small ⌫̄µ
contamination and a ⌫e contamination of < 1%.

We perform a full 3 + 1 (4⌫) neutrino oscillation
analysis, capitalizing on the seven channels of ⌫e
and ⌫µ selections and their statistical and systematic
uncertainties from the MicroBooNE inclusive ⌫e low-
energy excess search [41]. The analysis uses the BNB
Runs 1–3 data set with an exposure of 6.369⇥1020

protons on target (POT). In addition to the standard
Monte Carlo (MC) samples for intrinsic ⌫e and ⌫µ events
in the BNB, a dedicated ⌫µ ! ⌫e oscillation sample
was generated to appropriately take into account the
flux and cross-section systematic uncertainties related to
the ⌫e appearance events. The seven channels comprise
fully contained (FC) and partially contained (PC) ⌫e CC
processes, FC and PC ⌫µ CC processes without final-
state ⇡0 mesons, FC and PC ⌫µ CC processes with
final-state ⇡0 mesons, and a NC channel with final-
state ⇡0 mesons. The fully contained events are defined
as those that have all reconstructed TPC activity (i.e.,
charge depositions) within a fiducial volume 3 cm from
the TPC boundaries. Because there are ⌫µ and ⌫e
components in the BNB flux, the ⌫e appearance (from
⌫µ), ⌫e disappearance, and ⌫µ disappearance oscillation
e↵ects in the 3+1 framework are simultaneously applied
to the predicted signal and background events in all
seven channels in the oscillation fit. The ⌫µ appearance
e↵ect is neglected because of the very low fraction of
intrinsic ⌫e in the BNB flux. This strategy takes full
advantage of the statistics of the selected ⌫e and ⌫µ
events in the FC and PC channels, and at the same time

maintains the capability to apply data constraints across
channels through a joint fit to the seven channels, thereby
reducing the systematic uncertainty in the oscillation
analysis. The neutrino energy reconstruction primarily
follows a calorimetric method with an energy resolution
of approximately 10–15% and a bias of 5–10% for CC
events [41]. In the reconstruction of NC events, we
use this method to estimate the energy transfer with
an invisible outgoing neutrino. The reconstruction of
visible energy for the NC events in this analysis has a
similar bias and energy resolution to the neutrino energy
reconstruction of CC events.
We use an extended 4 ⇥ 4 unitary PMNS matrix

(U) to describe the 3 + 1 neutrino mixing between the
flavor and mass eigenstates. Following the common
parameterization [29, 56], the elements of U relevant to
this Letter can be expressed as

|Ue4|2 = sin2✓14,

|Uµ4|2 = cos2✓14 sin2✓24, (1)

|Us4|2 = cos2✓14 cos2✓24 cos2✓34,

where s denotes the sterile neutrino flavor. Given the
energy range of the neutrino flux at MicroBooNE, in
the parameter space with �m2

41 � |�m2
31|, the short-

baseline oscillation probability from ↵-flavor to �-flavor
neutrinos in vacuum approximates to

P⌫↵!⌫� = �↵� + (�1)�↵� sin22✓↵� sin2�41, (2)

where �↵� is the Kronecker delta,

�41 ⌘ �m2
41L

4E
= 1.267

✓
�m2

41

eV2

◆✓
MeV

E

◆✓
L

m

◆
, (3)

and

sin22✓↵� = 4|U↵4|2|�↵� � |U�4|2|. (4)

We define ✓↵� as the e↵ective mixing angles, which can
be expressed as

sin22✓ee = sin22✓14,

sin22✓µe = sin22✓14 sin2✓24,

sin22✓µµ = 4cos2✓14sin
2✓24(1� cos2✓14sin

2✓24), (5)

sin22✓es = sin22✓14 cos2✓24 cos2✓34,

sin22✓µs = cos4✓14 sin22✓24 cos2✓34.

Ignoring the oscillation e↵ect in the negligible neutrino
background outside of the detector cryostat, for the other
CC and NC signal or background events in all seven
channels, we use sin22✓ee and sin22✓µe to predict the
⌫e CC energy spectrum, sin22✓µµ to predict the ⌫µ CC
energy spectrum, and sin22✓es and sin22✓µs to predict
the NC energy spectrum. We fix ✓34 to 0 (cos2✓34 = 1)
since it has a negligible impact in this analysis given
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use this method to estimate the energy transfer with
an invisible outgoing neutrino. The reconstruction of
visible energy for the NC events in this analysis has a
similar bias and energy resolution to the neutrino energy
reconstruction of CC events.
We use an extended 4 ⇥ 4 unitary PMNS matrix

(U) to describe the 3 + 1 neutrino mixing between the
flavor and mass eigenstates. Following the common
parameterization [29, 56], the elements of U relevant to
this Letter can be expressed as
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since it has a negligible impact in this analysis given
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CC measurement [41], and compare the results to
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tubes [55] for scintillation light detection. It sits at a
distance of 468.5m from the target of the BNB, which
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Notes on excess in 1e0p0pi channel in MicroB
Each selection shows a strong preference for the absence of an electron-like MiniBooNE signal, with the 

exception of the 1e0p0π se- lection, driven by a data excess in the lowest energy bins, which also contain the 
highest contributions from non-νe backgrounds.

With the exception of the 1e0p0π selection which is the least sensitive to a simple model of the MiniBooNE 
low-energy excess, MicroBooNE rejects the hypothesis that νe CC interactions are fully responsible for that 

ex- cess (x = 1) at >97% CL for both exclusive (1e1p CCQE, 1eNp0π) and inclusive (1eX) event classes.
48
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3+1 parametrization

Full 3+1 search

36

Useful SBL formulae. (Caratelli talk, MicroB, Nu 2024)
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II. Oscillation anomalies: 𝜈𝑒 disappearance 13̄𝜈𝑒 disapp: 5 MeV excess• Neutrino 2014: RENO [29] reported an ex-
cess of events around 5 MeV;• seen by most reactors (also old Chooz [31]);• DB+Prospect [30]: affect both 235U & 239Pu;• excess (not deficit) & independent of𝐿⇒ flux
feature, not sterile oscillations;• accounted by HKSS, but not by EF and KI ⇒
reactor fluxes require further scrutiny.
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New Physics solutions to MB and LSND

E. Bertuzzo et al., PhysRevLett.121.241801
P. Ballett, M. Ross-Lonergan, S. Pascoli, 
PhysRevD.99.071701
A. Abdullahi, M. Hostert, S. Pascoli,
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See also Abdallah et al 2202.09373
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Dielectron

Idea 8: Dark Neutrino

Two phenomenologically distinct scenarios: 
-  : slow, three-body decays. 
-  : prompt, two-body decays.
mz > mN
mz < mN

Carlos Argüelles (Neutrino 2022)

• Generic new physics process 

•

NSI, but 
at low 

energies
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S. Zeller, IF seminar, 02/13/14 

Complicated Region 
7 

NOvA 

T2K 

LBNE 

CNGS 

neutrino 

(our accelerator-based ν event samples contain  
contributions from  multiple reaction mechanisms) 

let’s start 
with QE … 
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3

in the sections to follow, is related to a class of possible
solutions suggested by several authors [58–69] involving
a light scalar with a mass in the sub-GeV range and a
relatively weak coupling to muons.

III. THE MODEL

We extend the scalar sector of the SM by incorporating
a second Higgs doublet, i .e., the widely studied two Higgs
doublet model (2HDM) [70, 71] in addition to a dark
singlet real scalar2 �h0 . In addition, three right-handed
neutrinos help generate neutrino masses via the seesaw
mechanism and participate in the interaction described
in the next section.

We write the scalar potential V in the Higgs basis
(�h,�H ,�h0) [72, 73], with �i denoting the usual set of
quartic couplings

V= |�h|
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2
The introduction of scalars in order to explain one or more of the

anomalies at non-collider experiments mentioned in the Introduc-

tion is a feature of many recent papers, e.g., Refs. [44–48, 58–69].

Our model resembles the approach taken in Refs. [47, 48]. In par-

ticular, it is essentially a more economical version of the model

in Ref. [48], without an additional U(1).

where µH = µ2+(�3+�4+�5)v2/2 and µh0 = µ
0+�

0

3
v
2
/2.

Here, we have used the following minimization conditions
of the scalar potential V :
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where i) s� ⌘ sin �, c� ⌘ cos �, (h1, h2, h3) = (h,H, h
0)

are the mass eigenstates, ii) H0

1
⇡ h is the SM-like Higgs

in the alignment limit (i .e., �6 ⇠ 0) assumed here, and
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Also, the charged and CP-odd Higgs masses, respectively,
are given by
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In the Higgs basis the relevant Lagrangian L can be writ-
ten as follows
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and Y
k
, Ỹ

k are the Yukawa couplings in the (�1,�2) ba-
sis. We note that X

k

ij
and X̄

k

ij
are independent Yukawa

matrices. The fermion masses receive contributions only
from X

k

ij
, since in the Higgs basis only �h acquires a

non-zero VEV while h�Hi = 0 = h�h0i, leading to
X

k = Mk/v, where Mk are the fermion mass matrices.
In this basis, X̄k

ij
are free parameters and non-diagonal

matrices. Hereafter, we work in a basis in which the
fermion (leptons and quarks) mass matrices are real and
diagonal, where UkMkV
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k
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transformations.
After rotation, one finds the following coupling
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