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q  Experimental	anomalies	ranging	in	significance	(2.8-3.8σ)	have	been	
reported	over	the	past	20	years	from	a	variety	of	experiments	studying	
neutrinos	at	baselines	less	than	1	km.	

q  Common	interpreta9on	is	as	evidence	for	one	or	more	addi9onal,	mostly	
“sterile”	neutrino	states	driving	oscilla9ons	at	Δm2

new	≈	1	eV
2	and	a	

rela9vely	small	sin2(2θnew).	

Confirma9on	of	the	sterile	neutrino	hypothesis	would	be	a	major	discovery,	opening	
a	window	onto	a	par9cle	sector	not	accessible	through	SM	interac9ons.			

A	defini9ve	null	result	would	se^le	a	long-standing	open	ques9on	in	neutrino		
physics	with	possible	implica9ons	for	future	3-ν	oscilla9on	experiments.	

Physics Beyond the 3-ν SM? 

νµ	à	νe	appearance	

νe	disappearance	

(								)	 (								)	

(								)	
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The LSND experiment 

•  LSND: short-baseline experiment


• Search for νμ →νe


• Signal:  νe+p → e++n;  np→dγ


!"#$%Q!<ORST%F*5@%

•  =%@<;%UVD%O*W%>/.?.+%A*5@%X(?H%CY%$S%

•  ZE%,@%X5?*/%?5/J*?%-/.@%=VVZ0=VV[%
•  \(JH%]%?5/J*?%-/.@%=VVC0=VVD%

•  BD;DVC%9%QE8Z%JT%.-%>/.?.+3%.+%?5/J*?%-/.@%=VVZ0=VVD%
•  #*:?/(+.3%-/.@%"+/µ+%$<K^%"+ 01 µ+ !µ , µ+ 01%*+ !* !µ#

•  "�/µ0%$<K%5/*%H(JH4P%3:>>/*33*)%

•  µ�/µ_%`%Da=E0b%%%%%%
•  S*X%Y%.-%"+%$cS%

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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Liquid Scintillator Neutrino Detector (LSND) 
blue	histogram	
is	oscilla9on	

best	fit	to	excess	
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PRD 64 (2001) 112007

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.

70
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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 �m

2
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


25
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MiniBooNe (2009-2013) PRL 110 (2013) 161801

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!
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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 (3þ 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.
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The MiniBooNE anomaly (antineutrinos)
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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 (3þ 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
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events with EQE

! > 200 MeV within a two-neutrino oscillation
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points, while the circles show the example values used in Fig. 2.
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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 (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual
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effective sin22$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
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MiniBooNE low-energy excess tension

• MiniBooNE low-energy excess (neutrino mode) is hard to explain with 
additional neutrino(s)

9

The MiniBooNE anomaly


constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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Antineutrino results consistent 
with oscillation in 0.01-1 eV2 
range















Neutrino results only 
marginally consistent


Phys. Rev. Lett. 110, 2013

PRL 110 (2013) 161801



Impact on future LBL
• CP-violation and MH measurements will be impacted by the presence of 

sterile neutrinos

10

R. Gandhi, B. Kayser, M. Masud, S. Pakrash, arXiv:1508.06275
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Recent results
• IceCube 

• Reactor experiments 

• Long-baseline experiments have looked for sterile neutrinos 
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➡ Minos/Minos+ 

➡ Nova
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FIG. 1. Muon neutrino oscillation probabilities as a function
of L/E, where L is the distance traveled by the neutrinos, and
E is the reconstructed neutrino energy (top horizontal axis of
each panel), for three di↵erent values of �m2

41, with ✓14 =
0.15, ✓24 = 0.2, ✓34 = 0.5, and values of �m2

31, �m2
21, ✓12,

✓23 and ✓13 from [1]. The dip in P (⌫µ ! ⌫µ) at 500 km/GeV is
due to oscillations driven by �m2

31. The grey bands indicate
the regions of reconstructed energy where CC ⌫µ interactions
(top panel) and NC interactions (bottom panel) are observed
in the two detectors.

Thus, mixing with sterile neutrinos in the MINOS CC
⌫µ sample is controlled by ✓

24

and would be seen as a
depletion of events for �

41

& ⇡/2, as shown in the top
panel of Fig. 1.

For 10�3 eV2 . �m

2

41

. 0.1 eV2 an energy-dependent
depletion would be observed at the FD with no e↵ect at
the ND. The �m

2

41

= 0.05 eV2 curve in the top panel
of Fig. 1 shows an example of this behavior. As �m

2

41

increases toward 1 eV2 we have �
41

� ⇡/2 at the FD.
In this case – the fast-oscillation regime – an energy-
independent reduction in the event rate would be ob-
served, since sin2 �

41

! 1

/2 when the finite energy resolu-
tion of the detectors is considered. The �m

2

41

= 0.50 eV2

curve in the top panel of Fig. 1 shows an example of fast
oscillations. For �m

2

41

& 1 eV2 an additional energy-
dependent depletion of ⌫µ would be seen at the ND, with
the energy of maximum oscillation increasing with�m

2

41

.
An example of these ND oscillations is shown by the
�m

2

41

= 5.00 eV2 curve in the top panel of Fig. 1. For
�m

2

41

& 100 eV2 fast oscillations occur at both detectors.
MINOS is also sensitive to sterile neutrinos via the dis-

appearance of NC events [21–23], as shown in the bottom
panel of Fig. 1, which would occur with a probability

1� P (⌫µ ! ⌫s) ⇡ 1� c

4

14

c

2

34

sin2 2✓
24

sin2 �
41

�A sin2 �
31

�B sin 2�
31

. (5)

The terms A and B are functions of the mixing an-

gles and phases. To first order, A = s

2

34

sin2 2✓
23

and
B = 1

2

sin �
24

s

24

sin 2✓
34

sin 2✓
23

. The NC sample is
therefore sensitive to ✓

34

and �

24

in addition to ✓

24

, al-
though that sensitivity is limited by poor neutrino-energy
resolution (due to the undetected outgoing neutrino), a
lower event rate due to cross-sections, and ⌫µ and ⌫e CC
backgrounds.
The MINOS apparatus and NuMI beam have been de-

scribed in detail elsewhere [20, 24]. We analyze an ex-
posure of 10.56 ⇥ 1020 protons-on-target (POT) used to
produce a ⌫µ-dominated beam with a peak energy of
3GeV. The detectors are magnetized steel-scintillator,
tracking-sampling calorimeters that utilize an average
field of 1.3T to measure the charge and momentum of
muons. The energy of hadronic showers is measured us-
ing calorimetry. In the case of CC ⌫µ interactions, this
is combined with topological information through a k-
Nearest-Neighbor (kNN) algorithm [25].
A sample of NC-enhanced events is isolated by search-

ing for interactions that induce activity spread over fewer
than 47 steel-scintillator planes. Events with a recon-
structed track are required to penetrate no more than five
detector planes beyond the end of the hadronic shower.
Additional selection requirements are imposed in the ND
to remove cases in which the reconstruction program was
confused by multiple coincident events. The selected NC
sample in the ND has an e�ciency of 79.9% and a purity
of 58.9%, both estimated from Monte Carlo (MC) sim-
ulation. The background is composed of 86.9% CC ⌫µ

interactions and 13.1% CC ⌫e interactions. At the FD,
assuming standard three-flavor oscillations, the e�ciency
of the sample is 87.6% and the purity is 61.3%, with
the backgrounds comprising 73.8% CC ⌫µ interactions,
21.6% CC ⌫e interactions and 4.6% CC ⌫⌧ interactions.
A lower bound on the energy of the incident neutrino is
estimated from the energy of the hadronic recoil system,
with a mean resolution of 41.7% on the energy of the
recoil system in the FD.
We isolate a sample of CC ⌫µ (⌫µN ! µX) events by

searching for interactions inside our detectors with a sin-
gle outgoing µ track and possible hadronic activity from
the recoil system X. We discriminate between CC and
NC events by combining four topological variables de-
scribing track properties into a single discriminant vari-
able, using a kNN algorithm [26]. Events are required to
have failed the NC selection procedure to be included in
the CC ⌫µ sample. In the ND, the selected CC sample
has an e�ciency of 53.9% and a purity of 98.7%, both
estimated from MC simulation. At the FD, assuming
three-flavor oscillations, the corresponding e�ciency is
84.6% and the purity is 99.1%. The neutrino energy is
reconstructed by summing the energies of the muon and
hadronic showers, with a mean resolution of 17.3% in the
FD.
MINOS oscillation analyses have traditionally used the

CC and NC neutrino energy spectra measured by the ND

MINOS arxiv:1607.01176
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A similar amount of MINOS+ data still to be analysed
!  See poster P3.022 by J. Todd et al.

Sterile antineutrinos

Limits set by searching for νµ disappearance
!  See poster P2.089 by A. Sousa et al.
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Minos / Minos +

• Look at 𝜈e appearance in FD based on ND predictions

15

Sterile-driven νe appearance

Near detector used to produce a Far Detector prediction

Expect 56.7 events, observe 78
!  2.3σ excess

Three times more data to come
22 
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Look for non-standard νe appearance in the 6-12 GeV region
!  Identify CC νe interactions with efficiency of 78%

A direct probe of the νµ→νe channel
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Consistent appearance and disappearance exclusions
!  Three times as much appearance data still to analyse



What’s next then?
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SBN programme at Fermilab

18David	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 programme at Fermilab
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SBN νµ à νe Oscillation Sensitivity 

5σ

SBND	

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 14	

SBN νµ à νe Oscillation Sensitivity 

5σ

SBND	

The SBN Program

15
SBN proposal arxiv:1503.01520

SBN Physics Program I-42

FIG. 21: Electron neutrino charged-current candidate distributions in LAr1-ND (top),
MicroBooNE (middle), and ICARUS-T600 (bottom) shown as a function of reconstructed neutrino
energy. All backgrounds are shown. In the left column, only muon proximity and dE/dx cuts have
been used to reject cosmogenic background sources. In the right column, a combination of the inter-
nal light collection systems and external cosmic tagger systems at each detector are assumed to con-
servatively identify 95% of the triggers with a cosmic muon in the beam spill time and those events
are rejected. Oscillation signal events for the best-fit oscillation parameters from Kopp et al. [41] are
indicated by the white histogram on top in each distribution.

counts listed for Dirt and Cosmogenic events are larger than those given in Sections II F and
IIG. This is a result of energy smearing e↵ects which are properly simulated in the final sen-
sitivity analysis (15%/

p
E), but not in the earlier stages of simulations where true energies

were used to display the predictions. The predicted background energy spectra are provided
well below the 200 MeV cuto↵ value used in the analysis such that events can be properly
smeared in both directions. Because both backgrounds are steeply falling functions of photon

SBN Physics Program I-44

FIG. 22: Sensitivity of the SBN Program to ⌫
µ

! ⌫
e

oscillation signals. All backgrounds and sys-
tematic uncertainties described in this proposal (except detector systematics, see text) are included.
The sensitivity shown corresponds to the event distributions on the right in Figure 21, which in-
cludes the topological cuts on cosmic backgrounds and an additional 95% rejection factor coming
from an external cosmic tagging system and internal light collection system to reject cosmic rays ar-
riving at the detector in time with the beam.

In Figure 23, we present the sensitivity in a di↵erent way that facilitates easier comparison
between di↵erent results. Rather than displaying fixed confidence level contours (90%, 3�, 5�)
in the (�m

2, sin2 2✓) plane, we plot the significance with which the experiment covers the 99%
C.L. allowed region of the LSND experiment as a function of �m

2. The curves are extracted
by asking what �

2 value the analysis produces at each point along the left edge of the 99%
C.L. LSND region. The gray bands correspond to �m

2 ranges where LSND reports no allowed
regions at 99% C.L.

Two versions of this plot are shown in Figure 23. The top presents the significance at which
the LSND region would be covered for the di↵erent possible combinations of SBN detectors:
LAr1-ND +MicroBooNE only (blue), LAr1-ND + ICARUS only (black), and all three detectors
in combination (red). This presentation makes clear the contributions of the MicroBooNE and
ICARUS-T600 detectors as far detectors in the oscillation search. The presence of the large
mass added by the ICARUS-T600 detector is imperative to achieving 5� coverage. In addition,



Status of SBN -> MicroBooNE
• MicroBooNE has been taking neutrino data since October 2015 
• > 1/2 data set accumulated in first year 
• Upgrades underway

20

M. Toups First Results From MicroBooNE

Fully Automated Track Reconstruction

• Reconstruct tracks and 
vertices from hit clusters 
in the different wire plane 
views  

• Interaction time (t0) from 
PMTs or beam timing 
used to determine drift 
coordinate  

• Reconstruct data one full 
drift window after the 
trigger and in pre-drift 
and post-drift windows 
for cosmic rejection

26

Reconstructed cosmic tracks in MicroBooNE data 
(assuming t0 = ttrigger)

One drift time 
after the trigger

Post-
window Pre-

window

T 
(-drift 

direction)

Z (b
ea

m di
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n)Y 

(Vertical)

ttrigger

4.8 ms

M. Toups First Results From MicroBooNE

νμ CCπ0

37
Reconstructed Data Event Displays

•  Key sample for 
developing low 
energy excess 
analysis 
•  Shower 

reconstruction and 
energy calibration 

•  NCπ0 background 
estimation 

• See poster P3.070 
(A. Hackenburg) for 
more details

M. Toups First Results From MicroBooNE

νμ CCπ0

37
Reconstructed Data Event Displays

•  Key sample for 
developing low 
energy excess 
analysis 
•  Shower 

reconstruction and 
energy calibration 

•  NCπ0 background 
estimation 

• See poster P3.070 
(A. Hackenburg) for 
more details
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Pip Hamilton’s talk



Status of SBN
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Far Detector Building Construction 

Broke	ground	on	the	Far	Detector						
building	in	July	2015	

Ready	for	installa9on	end	of	2016	

Sept		2015	

June		2016	

June		2016	

ICARUS building

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 19	

Near Detector Building Construction 

Broke	ground	on	the	Near	Detector						
building		in	early	2016	

Also	completed	end	2016/early	2017	

exis9ng	cables	carrying	
accelerator	signals	to	
downstream	detectors	

April		2016	

June		2016	

June		2016	

SBND building



Status of SBN -> SBND
• TPC construction has begun!

22
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SBND: TPC Construction Has Begun 

Wire	plane	frames	in	produc9on	

HV	feed-through	prototype	 Cathode	plane	mesh	prototype	

Wiring	procedures	prototyping	

Neutrino	2016	Poster:	"SBND:	Status	of	the	Fermilab	
Short-Baseline	Near	Detector"	by	Nicola	McConkey	

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 28	

SBND: TPC Construction Has Begun 

Wire	plane	frames	in	produc9on	

HV	feed-through	prototype	 Cathode	plane	mesh	prototype	

Wiring	procedures	prototyping	

Neutrino	2016	Poster:	"SBND:	Status	of	the	Fermilab	
Short-Baseline	Near	Detector"	by	Nicola	McConkey	

• Detector installation planned for Summer 2017
• Commissioning and operation in 2018



Status of SBN -> ICARUS
• Detector refurbishment is underway (complete early 2107) 

• Installation at FNAL in 2017 

• Commissioning and operations 2018

23
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q  ICARUS	is	the	largest	exis9ng	
LArTPC	in	the	world	

•  Completed	a	successful	three-year	
physics	run	in	CNGS	neutrino	beam	at	
Gran	Sasso	Laboratory	2010-2012	

•  Currently	at	CERN	being	overhauled	and	
prepared	for	transport	to	Fermilab	

The SBN Far Detector – The ICARUS-T600 

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

ICARUS Refurbishment Activities 
q  ICARUS	overhaul	is	to	update	technology	and	prepare	for	surface	opera9on	at	FNAL	

•  New	thermal	insula9on	and	cold	vessel	construc9on	

•  Maintenance	and	par9al	replacement	of	cryogenic	and	purifica9on	systems	



JSNS2 (J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source)

24T.Maruyama, ICHEP 2016

J-PARC MLF：World best environment 

3GeV pulsed proton  
beam 

Detector @ 3rd floor 
(24m from target) Hg target = Neutron 

and Neutrino source  

50t Gd-loaded liquid  
scintillator detector 
(4.4m diameter x  
          4.4m height) 
                   150PMTs 

Searching for neutrino oscillation : νµ Æ νe  with baseline of 24m.   
no new beamline, no new buildings are needed Æ quick start-up   

MLF building (bird’s view) 

image 

7 

Production / Detection  
• Large amount of parent µ+ in Hg target Æ νµ are produced. 
• If sterile ν exist,  νµ Æ νe oscillation is happened with 24m.  
• Oscillated νe is detected by Inverse Beta Decay (IBD):  νe + p Æ e+ + n  w/ well  
     established detector technique 

 

Scintillation light 

Scintillation light 
(~ 8MeV In total) 

3GeV 
pulsed 
proton 
beam 

8 

π+ 

(Decay 
-at-Rest) 

IBD criteria Timing Energy 

Prompt 1<Tp<10μs 20<E<60MeV 

Delayed  Tp<Td<100μs 7<E<12MeV <T>~30µs 

(E resolution = 15%/sqrt(E)) 
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JSNS2 (J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source)

25

▸ Received Stage-1 approval 
from KEK and J-PARC 
directorates in March 2015 

▸ Recently received funding to 
build first of two detector 
modules 

▸ JSNS  expects to take data in 
2018-2019

T. Wongjirad (MIT) Neutrino 201610

!DAR: JSNS  2

J-PARC Sterile Neutrino Search at the  
J-PARC Spallation Neutron Source (JSNS

2
)

• JSNS2 received Stage-1 approval from the KEK 
and J-PARC directorates in 4/2015. 

• Just received 140Myen to build first (of two) 
detector modules from Japan grant-in-aid. 

• JSNS2 expects to begin taking data in 
2018-2019.

JSNS2 collaboration meeting at BNL (Sep. 2015)!

Status Report (22th J-PARC PAC):

Searching for a Sterile Neutrino at J-PARC

MLF (E56, JSNS

2
)

June 27, 2016

M. Harada, S. Hasegawa, Y. Kasugai, S. Meigo, K. Sakai,
S. Sakamoto, K. Suzuya
JAEA, Tokai, JAPAN

T. Maruyama1, S. Monjushiro, K. Nishikawa, M. Taira
KEK, Tsukuba, JAPAN
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Department of Physics, Kyoto University, JAPAN
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Research Center for Neutrino Science, Tohoku University, JAPAN
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University of Alabama, Tuscaloosa, AL 35487, USA

M. Yeh
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W. Toki
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Status

T.Maruyama, ICHEP 2016

Sensitivity of JSNS2 

10 

5 years x MW 

IceCube+SBL allowed (90%) 
99%   from arXiv 1607.00011v2 

If we could see the hints ~ 3σ, we consider the phase2 experiment (w/ a bigger detector )  

Direct test of LSND!



Decay-at-rest options (IsoDAR)
• IsoDAR -> Using cyclotron to produce 

isotope 8Li that will decay at rest

26

T. Wongjirad (MIT) Neutrino 2016

▸ IsoDAR@KamLAND would be able to 
observe oscillation periods within 
detector (in talks with KamLAND 
about bring IsoDAR to Kamioka) 

▸ This gives IsoDAR@KamLAND 
excellent sensitivity. Shown in RED is 5 
sigma CL curve for IsoDAR.  Grey is 
99% allowed region for global fit pars. 

▸ Further sensitivity with bigger detector 
e.g. JUNO. Shown in BLUE is 5 sigma   
CL curve for IsoDAR@JUNO. Purple is 
combined nuebar-appearance global-
fit at 99% CL (assuming CPT) 

▸ IsoDAR@KamLAND can also do EW 
tests as well

ISODAR @ KAMLAND/JUNO
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arXiv:1310.3857v2 

T. Wongjirad (MIT) Neutrino 201615

▸Need compact, relatively 
low-cost sources 

▸One solution is to build 
cyclotron complexes — 
injector+primary 
cyclotron 

▸Most of the technical 
challenges are in the 
injector cyclotron 
delivering needed current 

▸Plan is to proceed in 
stages — first, develop the 
injector cyclotron which 
can be used for an 
isotope DAR experiment

The	challenges	are	the	cyclotrons

Primary	
Cyclotron,
Separated
Sector,
800	MeV/n

Injector	Cyclotron,
Compact,
60	MeV/n

Target/shielding

Reach	800	MeV	in	multiple	 stages…

The	art	is	in	the	
injector	cyclotron.

Plan:		develop	the	injector	cyclotron	first,
using	 it	for	another	 type	of	decay-at-rest	experiment…

Daedalus Cyclotron

Primary Cyclotron, 
Super-conducting, 
800 MeV/n

T. Wongjirad (MIT) Neutrino 2016
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T.Wongirad, Neutrino 2016

Proton	beam	→ Be	→ n	→ captures	on	7Li	→ 8Li	→ νe

▸ 8
Li has a lifetime of 840 msec — need a driver to 

continually produce isotope 

▸Use the injector cyclotron:                                                                                                                                                                                                                                                                                                                                                         

T. Wongjirad (MIT) Neutrino 2016

ISODAR: STERILE NUEBAR DISAPPEARANCE SEARCH

Proton	beam	→ Be	→ n	→ captures	on	7Li	→ 8Li	→ νe

injector cyclotron 
about 4 m in 

diameter — can fit in 
underground 

laboratories

17

Ion source

J. Alonso talk



Summary
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The Race for the Light Sterile
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Conclusion

• Several anomalies in neutrino experiments (all ~3𝝈) 

• No clear coherence in the results (a lot of tension)  

• Need to test the anomalies directly 

• Understanding these anomalies is crucial for the future LBL experiments 
in order to properly interpret CP-violation and MH measurements 

• Some approved experiments will help (e.g. SBN), but we are cutting it 
fine! 

• The next years will be critical for sterile neutrino searches, stay tuned!

28



SBN programme at Fermilab (disappearance)
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SBN νµ à νx Oscillation Sensitivity 

5σ

SBND	

Near	Det	

Far	Det	

Near	Det	

Far	Det	

D. Schmitz, Neutrino 2016



Nova

30

G. S. Davies (Indiana U.), NOvA 60 / 50

�NOvA short-baseline νμ → ν𝑒 search in ND; complementary to long-baseline search

� L/E ~0.5, sensitive to oscillations due to light sterile neutrinos ~1 eV2

� Probing the LSND and MiniBooNE allowed

The future for NOvA νs searches

JETP seminar, Fermilab - 07/29/2016

sin2θ14sin2θ24 ≡ sin22θμ𝑒

G. S. Davies, Joint Exp. Theo. Phys. Seminar, FNAL, 2016
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Sterile neutrinos
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Consistent appearance and disappearance exclusions
!  Three times as much appearance data still to analyse

Sterile-driven νe appearance

Our data does not favour νe appearance
!  Obtain a marginally better χ2 by varying the backgrounds with θ34 

29 

Three-neutrino hypothesis Best fit 
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Mitigation of Cosmogenic Backgrounds 
	External	CR	trackers		

idenDfy	potenDally	

contaminated	beam	

spills	(1.6µs	window)	

	ID	~95%	of	cosmic	µ,	reject	

few	%	of	beam	triggers	

Off-beam	triggers	can	be	

used	to	measure	the	

cosmic	background	to	

high	precision		

so	small	systemaDc	

uncertainDes	-	all	about	

staDsDcs	
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Impact of Additional Beam Statistics 
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Impact of Cosmics 

Full	SBN	Program	
SBND	+	T600	
SBND	+	MicroBooNE	

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 45	

Impact of Three Detectors 

Full	SBN	Program	
SBND	+	T600	
SBND	+	MicroBooNE	

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 44	

Description of Plots on Following Pages 

Plots	on	following	three	
slides	indicate	the	sensiDvity	
contour	that	touches	the	lee	
side	of	the	99%	CL	allowed	
region	for	the	original	LSND	
data	as	a	funcDon	of	Δm2

41.			
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