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A brief (historical) tour of the anomalies…
• There are a lot of ups and downs with short baseline neutrino 

experiments 

• Contradictory results make it very difficult to get a coherent 
picture that could explain it all 

• Let’s review (quickly!) the anomalies…
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The LSND experiment 

•  LSND: short-baseline experiment


• Search for νμ →νe


• Signal:  νe+p → e++n;  np→dγ
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C. Athanassopoulos et al., Nucl. Instrum. Methods A 388, 149, (1997). 

Location: 30m (L/E→ ~1)

Cylindrical tank


(167t mineral oil with b-PBD)

L:8.3m x R:5.7


1220 8” PMTs (25% coverage)


 Eν ~ 60 MeV
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Figure 19. The (sin2 2✓,�m2) oscillation parameter fit for the entire LSND data sample, 20 < Ee < 200 MeV.
The inner and outer regions correspond to 90% and 99% CL allowed regions, while the curves are 90% CL
limits from the Bugey reactor experiment and the KARMEN experiment at ISIS.

central detector

(a)

Figure 20. (a) Front view of the KARMEN detector showing details of the central detector region. (b) Side
view of the detector.

shielding and is located 17.7 m from the neutrino source at an angle of 100� to the incident proton
beam direction.
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MiniBooNE Low-Energy Anomaly

⌫µ ! ⌫e [PRL 102 (2009) 101802]

LSND signal

⌫̄µ ! ⌫̄e [PRL 110 (2013) 161801]

LSND signal

I Fit of MB Low-Energy Excess requires small �m2
41 and large sin2 2#eµ, in

contradiction with disappearance data

I MB low-energy excess is the main cause of bad APP-DIS GoFPG = 0.06%

I Multinucleon e↵ects in neutrino energy reconstruction are not enough to solve
the problem [Martini et al, PRD 85 (2012) 093012; PRD 87 (2013) 013009; PRD 93 (2016) 073008]

I Pragmatic Approach: discard the Low-Energy Excess because it is likely not
due to oscillations [CG, Laveder, Li, Long, PRD 88 (2013) 073008]

I MicroBooNE is crucial for checking the MiniBooNE Low-Energy Anomaly and
the consistency of di↵erent short-baseline data

C. Giunti � Oscillations Beyond Three-Neutrino Mixing � Neutrino 2016 � 5 July 2016 � 16/37
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MiniBooNE (2003-2014) 
q  MiniBooNE	was	a	Cherenkov	detector	

q  Single	electron	indis9nguishable	from	
single	gamma	

q  800	ton	liquid	scin9llator	detector	

q  540	m	from	the	beam	target		

MiniBooNe (2009-2013)

The MiniBooNE experiment


• Goal: test LSND


•  800t of mineral oil (~4.5 times LSND)


•  Location: 541m (L/E → ~1)
MiniBooNE looks for an excess of electron neutrino events in a 
predominantly muon neutrino beam 

neutrino mode:          !µ" !e oscillation search 

antineutrino mode:   !µ" !e oscillation search 
_ _ 

! mode flux ! mode flux 

~6% # ~18% # 

K + ! µ+"µ

K + ! µ+"µ

! + " µ+#µ
! " # µ"$µ

Sterile Neutrinos at the Crossroads 

 Eν ~ 600 MeV
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3.4σ 2.8σ

νμ → νe νμ → νe- -
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MiniBooNE (2003-2014) 
q  MiniBooNE	was	a	Cherenkov	detector	
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MiniBooNe (2009-2013)

3.4σ 2.8σ

12/19/2013'

 2. MiniBooNE 

Teppei'Katori' 7'

MiniBooNE collaboration,PRL110(2013)161801 

MiniBooNE observed event 
excesses in both mode 
 
Neutrino mode 
162.0'± 28.1 ±'38.7  (3.4σ) ''
 
Antineutrino mode'
78.9'± 20.0 ±'20.3  (2.8σ)  

 1. LSND 
 2. MiniBooNE 
 3. OscSNS 
 4. MiniBooNE+ 
 5. MicroBooNE 
 6. Sterile neutrino 

3.4σ

162.8 ± 28.1 ±  38.7 


The MiniBooNE anomaly (neutrinos)
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Excess at different energies than LSND!


MiniBooNE looks for an excess of electron neutrino events in a 
predominantly muon neutrino beam 

neutrino mode:          !µ" !e oscillation search 

antineutrino mode:   !µ" !e oscillation search 
_ _ 

! mode flux ! mode flux 

~6% # ~18% # 

K + ! µ+"µ

K + ! µ+"µ

! + " µ+#µ
! " # µ"$µ

Sterile Neutrinos at the Crossroads 
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25– 27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3 þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1 $ U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.

PRL 110, 161801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

161801-4

right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25– 27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3 þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1 $ U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy

)2
 (

eV
2

m

-110

1

10

210

LSND 90% C.L.

LSND 99% C.L.

KARMEN2 90% C.L.

68%

90%

95%

99%

Antineutrino

22sin

-310 -210 -110 1

)2
 (

eV
2

m

-210

-110

1

10 ICARUS 90% C.L.

Neutrino

FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.

PRL 110, 161801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

161801-4

right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25– 27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3 þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1 $ U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy

)2
 (

eV
2

m

-110

1

10

210

LSND 90% C.L.

LSND 99% C.L.

KARMEN2 90% C.L.

68%

90%

95%

99%

Antineutrino

22sin

-310 -210 -110 1

)2
 (

eV
2

m

-210

-110

1

10 ICARUS 90% C.L.

Neutrino

FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.

PRL 110, 161801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

161801-4

Phys. Rev. Lett. 110, 2013


The MiniBooNE anomaly (antineutrinos)


miniBooNE anti-neutrino mode result

Phys. Rev. Lett. 110, 2013
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Excess consistent with LSND!
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! " # µ"$µ

Sterile Neutrinos at the Crossroads 
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25– 27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3 þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1 $ U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25– 27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3 þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
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sin22$app=4
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same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1 $ U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy
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Gallium anomaly (2011)
• Use of radioactive sources (νe) for solar neutrino detectors

8

νe → νe



Reactor anomaly (2011)
• Re-evaluation of reactor flux by several groups* led to higher flux 

predictions → reactor experiments see a deficit of events

9G. Mention et al., Phys. Rev. D83 (2011) 073006
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FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ≫ 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

~3.0σ

I. Oscillation anomalies: ⌫e disappearance 3

⌫̄e disappearance: the reactor anomaly

• In [3, 4] the reactor ⌫̄ fluxes was reevaluated;

• the new calculations result in a small increase of the
flux by about 3.5%;

• hence, all reactor short-baseline (RSBL) finding no
evidence are actually observing a deficit;

• this deficit could be interpreted as being due to SBL
neutrino oscillations;

• no visible dependence on L) �m2 & 1 eV2;

• global data (3�):
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) solutions: add new neutrinos or revise fluxes.
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Reactor anomaly revisited (2014 - …)
• Further results from reactor 

experiments (Reno, Double 
Chooz, Day Bay…) have shown 
a bump at 5 MeV 

• Could be attributed to 235U 

• But the exact answer is complex 
when looking at different results 

• While it is clear that there are 
things we need to understand 
regarding the flux, sterile 
interpretations of the reactor 
results not necessarily impacted

10

e.g. P. Huber, Phys. Rev. Lett. 118 (2017) 042502

M. Dentler et al., arxiv:1709.04294

[Double-Chooz collab] @ Neutrino 2020
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14The	observed	%) spectra	are	statistically	consistent	between	the	new	and	previous	
data	sets	(KS	prob =76%)

Statistical	error	onlyStatistical	error	only

sin; 2N , Δ>; pq =
(0.002,	3.14	eV2)

sin; 2N , Δ>; pq =
(0.88,	0.048	eV2)

New MiniBooNE results (2018)
• New neutrino data show an increased significance for the 

excess 

• Neutrino results now in agreement with anti-neutrino data and 
with LSND

114.8σ excess
Phys. Rev. Lett. 121, 221801

Updated  
12.84 x1020  

POT

νμ → νe



New MiniBooNE results (2018)
• New neutrino data now in agreement with anti-neutrino data and 

with LSND
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Phys. Rev. Lett. 121, 221801
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Neutrino-4 results (2020)
• The Neutrino-4 reactor neutrino experiment has observed an 

oscillation signal in their movable detector located near a reactor 
core 

• Movable detector allows to scan the L/E region

13Phys. Rev. D. 104, 032003 (2021)

νe → νe- -



BEST (2021)
• Baskan Experiment on Sterile Transitions (BEST) was designed 

to address the Ga anomaly 

• Use a strong 51Cr νe source and look for 

• They observe a deficit of ~20%

14

71Ga + νe → 71Ge + e-

arXiv:2109.11482

νe → νe



Putting this all together*
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SBL phenomenology

3+1 SBL oscillations
appearance

Pµe = sin2 2�app sin2 �m2
41L

4E
sin2 2�app = 4|Ue4|2|Uµ4|2

disappearance

P�� = 1� sin2 2�dis sin2 �m2
41L

4E
sin2 2�dis = 4|U�4|2(1� |U�4|2)

I e�ective 2-flavour oscillations
I no CP violation ⇥ can’t reconcile ⇥̄ (LSND, MB) and ⇥ (MB) data
I constraints from ⇥e (⇥µ) disappearance experiments on Ue4 (Uµ4)

appearance mixing angle quadratically suppressed

T. Schwetz 5
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• Anomalies are definitely intriguing 

• But they do not come together coherently

17

From P.Machado’s talk @ Neutrino2020

Putting this all together



Putting this all together is not possible

• Anomalies are definitely intriguing 

• But they do not come together coherently 

• Definite tension between appearance and disappearance
18

M. Dentler et al., JHEP08 010, 2018  



Putting this all together is not possible

• Anomalies are definitely intriguing 

• But they do not come together coherently 

• Definite tension between appearance and disappearance
19

M. Dentler et al., JHEP08 010, 2018  

See Pedro Machado’s talk right after for possible alternatives!



What’s next?
• In the history of particle physics, following up           

on anomalous results have been worth it! 

• Many experiments are still running and         
searching for sterile neutrinos in their data 
✓ Long-baseline: T2K, NOvA 

✓ Reactor: Prospect-II, SoLiD, NEOS, DANSS, Neutrino-4 

• However, the picture is now so unclear that 
dedicated experiments may help to shed light on the 
various anomalies

20



Short-baseline Neutrino (SBN) program at Fermilab

21David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 3	

The Three LArTPC SBN Program 

Far	Detector	
ICARUS	

MicroBooNE	

	
Detector	

Distance	from	
BNB	Target	

Ac;ve	LAr	
Mass	

SBND	 110	m	 112	ton	

MicroBooNE	 470	m	 87	ton	

ICARUS	 600	m	 476	ton	

Near	Detector	
SBND	

MiniBooNE	

Submi&ed	FNAL	PAC	January	2015																		arXiv:1503.01520	



SBN program at Fermilab

22

Chance to definitely test appearance AND disappearance at the same time



SBN program at Fermilab
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Chance to definitely test appearance AND disappearance at the same time

Full SBN program planned for 2022 
With 3 to 5 years of data we should have an answer!



MicroBooNE
• First detector of SBN program (470m baseline), dedicated to 

address the MicroBooNE low-energy excess 

• Data taking since 2015 

• Recent progress on search for low-energy excess

24

Blind data
MICROBOONE-NOTE-1085-PUB  

Validation and extra cross checks with NuMI beam
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• First detector of SBN program (470m baseline), dedicated to 

address the MicroBooNE low-energy excess 

• Data taking since 2015 

• Recent progress on search for low-energy excess
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Blind data
MICROBOONE-NOTE-1085-PUB  

Validation and extra cross checks with NuMI beam
https://theory.fnal.gov/jetp/



ICARUS

• Far detector fo the SBN program (600m baseline) 

• Commissioning on going and data taking planned for Fall 2021

26



ICARUS

• ICARUS & Neutrino-4 

• Using νμ disappearance with BNB and νe appearance with NUMI 
beam
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C. Farnese’s talk @ TAUP2021

BNB (νμ) NuMI (νe)



SBND
• Near detector of SBN program (110m baseline) 

• Constrain the unoscillated neutrino spectrum 

• Precise measurement of neutrino interactions (106 events) 

• Construction well advanced 

• Commissioning planned for 2022
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DUNE
• The combination of the near and far detectors and of CC/NC channels 

will allow DUNE to study sterile neutrinos

29DUNE BSM Paper, arXiv:2002.03005, submi<ed to EPJ C 
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Fig. 1 Regions of L/E probed by the DUNE detector com-
pared to 3-flavor and 3+1-flavor neutrino disappearance and
appearance probabilities. The gray-shaded areas show the
range of true neutrino energies probed by the ND and FD.
The top axis shows true neutrino energy, increasing from right
to left. The top plot shows the probabilities assuming mix-
ing with one sterile neutrino with �m2

41 = 0.05 eV2, corre-
sponding to the slow oscillations regime. The middle plot as-
sumes mixing with one sterile neutrino with �m2

41 = 0.5 eV2,
corresponding to the intermediate oscillations regime. The
bottom plot includes mixing with one sterile neutrino with
�m2

41 = 50 eV2, corresponding to the rapid oscillations
regime. As an example, the slow sterile oscillations cause visi-
ble distortions in the three-flavor ⌫µ survival probability (blue
curve) for neutrino energies ⇠ 10 GeV, well above the three-
flavor oscillation minimum.

these limits become |Uµ4|2 < 0.001 (0.068) and
|U⌧4|2 < 0.067 (0.186) at the 90% CL, where we
conservatively assume cos2 ✓14 = 1 in both cases, and
additionally cos2 ✓24 = 1 in the second case.
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Fig. 2 The top plot shows the DUNE sensitivities to ✓14
from the ⌫e CC samples at the ND and FD, along with a
comparison with the combined reactor result from Daya Bay
and Bugey-3. The bottom plot is adapted from Ref. [18] and
displays sensitivities to ✓24 using the ⌫µ CC and NC samples
at both detectors, along with a comparison with previous and
existing experiments. In both cases, regions to the right of the
contours are excluded.

Finally, sensitivity to the ✓µe e↵ective mixing angle,
defined as sin2 2✓µe ⌘ 4|Ue4|2|Uµ4|2 = sin2 2✓14 sin2 ✓24,
is shown in Fig. 4, which also displays a comparison
with the allowed regions from the Liquid Scintillator
Neutrino Detector (LSND) and MiniBooNE, as well as
with present constraints and projected constraints from
the Fermilab Short-Baseline Neutrino (SBN) program.

As an illustration, Fig. 4 also shows DUNE’s dis-
covery potential for a scenario with one sterile neutrino
governed by the LSND best-fit parameters:�
�m2

41
= 1.2 eV2; sin2 2✓µe = 0.003

�
[19]. A small 90%
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Fig. 3 Comparison of the DUNE sensitivity to ✓34 using the
NC samples at the ND and FD with previous and existing
experiments. Regions to the right of the contour are excluded.

CL allowed region is obtained, which can be compared
with the LSND allowed region in the same figure.

4 Non-Unitarity of the Neutrino Mixing Matrix

A generic characteristic of most models explaining the
neutrino mass pattern is the presence of heavy neu-
trino states, additional to the three light states of the
SM of particle physics [20–22]. These types of mod-
els imply that the 3 ⇥ 3 Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix is not unitary due to mixing
with additional states. Besides the type-I seesaw mech-
anism [23–26], di↵erent low-scale seesaw models include
right-handed neutrinos that are relatively not-so-heavy,
with mass of 1-10 TeV [27], and perhaps detectable at
collider experiments.

These additional heavy leptons would mix with the
light neutrino states and, as a result, the complete uni-
tary mixing matrix would be a squared n ⇥ n matrix,
with n the total number of neutrino states. Therefore,
the usual 3⇥3 PMNS matrix, which we dub N to stress
its non-standard nature, will be non-unitary. One pos-
sible general way to parameterize these unitarity devi-
ations in N is through a triangular matrix [28]1

N =

8
>>>>>>:

1 � ↵ee 0 0
↵µe 1 � ↵µµ 0
↵⌧e ↵⌧µ 1 � ↵⌧⌧

9
>>>>>>; U , (6)

1For a similar parameterization corresponding to a (3 + 1)
and a (3 + 3)-dimensional mixing matrix, see Refs. [29, 30]
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Fig. 4 DUNE sensitivities to ✓µe from the appearance and
disappearance samples at the ND and FD are shown on the
top plot, along with a comparison with previous existing ex-
periments and the sensitivity from the future SBN program.
Regions to the right of the DUNE contours are excluded.
The plot is adapted from Ref. [18]. In the bottom plot, the
ellipse displays the DUNE discovery potential assuming ✓µe

and �m2
41 set at the best-fit point determined by LSND [19]

(represented by the star) for the best-case scenario referenced
in the text.

with U representing the unitary PMNS matrix, and the
↵ij representing the non-unitary parameters.2 In the
limit where ↵ij = 0, N becomes the usual PMNS mix-
ing matrix.

The triangular matrix in this equation accounts for
the non-unitarity of the 3 ⇥ 3 matrix for any number
of extra neutrino species. This parameterization has
been shown to be particularly well-suited for oscillation
searches [28, 31] since, compared to other alternatives,
it minimizes the departures of its unitary component U
from the mixing angles that are directly measured in

2The original parameterization in Ref. [28] uses ↵ii instead of
↵�� . The equivalence between the two notations is as follows:
↵ii = 1 � ↵�� and ↵ij = ↵�� .

νμ disappearanceνe appearance



Summary
• The question of sterile neutrinos is very important for our field 

✓ Proof of new physics 

✓ Needed for proper interpretation of long-baseline experiments 

• Anomalies are not consistent with each other  

• New sensitive experiments are needed to answer the question 

• The SBN program should shed light directly on the MiniBooNE/
LSND anomalies
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