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LSND	Event	Excess	

LSND	collected	28,896	C	of	protons	on	target	and	observed	a	3.8	σ	excess	of	events		
Consistent	with	νµ	->	νe	oscillaHons,	corresponding	to	Posc	=	(0.264+-0.067+-0.045)%	

A.	Aguilar	et	al.,	Phys.	Rev.	D	64,	112007,	(2001)	

Correlated	γ	=	117.9+-22.4	events	
Excess	=	87.9+-22.4+-6.0	events	

νe	p	->	e+	n,		n	p	->	d	γ(2.2	MeV)	



LSND	Event	Excesses	
A.	Aguilar	et	al.,	Phys.	Rev.	D	64,	112007,	(2001)	

Rγ	>	10	



Joint	LSND/KARMEN	Analysis	
E.	D.	Church,	K.	Eitel,	G.	B.	Mills,	and	M.	Steidl,	Phys.	Rev.	D66,	013001,	(2002)	

KARMEN	observed	no		
event	excess;	however,		
a	joint	analysis	of		
KARMEN	(17.7m)	&		
LSND	(30m)	reveals	a		
favored	region	of	Δm2		<	2	eV2	
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MiniBooNE	Experiment	

l  Similar	L/E	as	LSND	for	νµ	->	νe	&	νµ	->	νe	oscillaPons	
l  MiniBooNE	~500m/~500MeV	
l  LSND	~30m/~30MeV	

l  Horn	focused	neutrino	beam	(p+Be)	
l  Horn	polarity	→	neutrino	or	anP-neutrino	mode	

l  800t	mineral	oil	Cherenkov	detector	

p	

Dirt	~500m		Decay	region	~50m	π+	

π-	
νµ	

µ-	

(an$neutrino	mode)‏	



Booster	Neutrino	Beam	(BNB)	

arXiv:0806.1449v2	[hep-ex]	

Neutrino	Mode	

AnPneutrino	Mode	



MiniBooNE	Detector	Tank		



800	tons	of	mineral	oil	
	
10%	Photocathode		
coverage	with	8”	Hamamatsu		
Phototubes:	R1408,	R5912	
	
		Charge	ResoluPon:	
		1.4	PE,		0.5	PE	
		Time	ResoluPon:	
		1.7	ns,	1.1ns	



MiniBooNE	Data	Set	
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Previous	𝜈:   6.46×​10↑20 	POT	
Previous	​𝜈 :11.27× ​10↑20 	POT	

new	𝜈:	
6.38× ​10↑20 	

POT	
more	to	come	Beam	dump	

dark	maser	
search	

•  15+	years	of	running	in	neutrino,	anPneutrino,	and	beam	dump	
mode.	More	POT	to	date.	

•  Result	of	a	combined		POT	in		mode	+	POT	in		mode	is	presented	
in	this	talk.	



Neutrino	Events/POT	

•  𝜈/POT	remains	stable	

10	



Detector	&	BNB	Stability	
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•  Detector	remains	stable	within	2%	for	data	sets	separated	by	~8	years	
•  Similar	check	is	done	for	Michel	electrons		
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Michel	electron	
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2%	energy	shiu	is	applied	to	the	new	data	set	



Good	Data	vs	MC	Agreement	



signature of dark matter annihilation in the Sun [5,6].
Despite the importance of the KDAR neutrino, it has never
been isolated and identified.
In the charged current (CC) interaction of a 236 MeV νμ

(νμ12C → μ−X), the muon kinetic energy (Tμ) and closely
related neutrino-nucleus energy transfer (ω ¼ Eν − Eμ)
distributions are of particular interest for benchmarking
neutrino interaction models and generators, which report
widely varying predictions for kinematics at these tran-
sition-region energies [7–14]. Traditionally, experiments
are only sensitive, at best, to total visible hadronic energy
since invisible neutrons and model-dependent nucleon
removal energy corrections prevent the complete
reconstruction of energy transfer [16]. The measurements
reported here, therefore, provide a unique look at muon
kinematics and the relationship to neutrino energy in the
few hundreds of MeV range, highly relevant for both
elucidating the neutrino-nucleus interaction and performing
low energy precision oscillation measurements at short
[17–19] and long baselines [20].
The MiniBooNE detector uses 445 tons (fiducial volume)

of mineral oil and 1280 photomultiplier tubes (PMTs), with
an additional 240 PMTs instrumenting a veto region, to
identify neutrino events originating from the Booster
Neutrino Beamline (BNB) and Neutrinos at the Main
Injector (NuMI) neutrino sources. The experiment has
reported numerous oscillation and cross section measure-
ments and new physics searches since data taking began in
2002 [17]. For this analysis, we consider the charge and time
data of PMThits collected during theNuMIbeam spill. NuMI
provides an intense source ofKDARneutrinos atMiniBooNE
in a somewhat indirect way. The 96 cm, 2.0 interaction length
NuMI target allows about 1=6 of the primary NuMI protons
(120 GeV) to pass through to the beam absorber [21], 725 m
downstream of the target and 86 m from the center of
MiniBooNE. The aluminum-core absorber, surrounded by
concrete and steel, is nominally meant to stop the remnant
hadrons, electrons, muons, and gammas that reach the end of
the decay pipe. Interactions of primary protons with the
absorber provide about 84% of the total KDAR neutrinos
from NuMI that reach MiniBooNE. Predictions from FLUKA

[22,23], MARS [24], and GEANT4 [25] for kaon production at
the absorber vary significantly, from 0.06–0.12 KDAR
νμ/proton on target. The background to the KDAR signal,
νμ and ν̄μ CCeventswhich produce amuon in the 0–115MeV
range, originates mainly from pion and kaon decay in flight
near the target station and in the upstream-most decay pipe.
The non-KDAR νμ and ν̄μ flux from the absorber, dominated
by decay-in-flight kaons (Kμ3 andKμ2) with a comparatively
small charged pion component, is expected to contribute at
the few-percent level based on a GEANT4 simulation of the
beamline. Figure 1 shows a schematic of the NuMI beamline
and its relationship to MiniBooNE.
The KDAR event rate at MiniBooNE is expected to be

similar in both NuMI’s low-energy neutrino and

antineutrino modes, since KDAR production from the
absorber is not dependent on the polarization of the horns.
However, the background νμ and ν̄μ event rate is predicted
to be about 30% lower in the antineutrino mode. We use
data taken in this configuration from 2009–2011, corre-
sponding to 2.62 × 1020 protons on the NuMI target.
The focus of this analysis is on reconstructing KDAR-

like low energy νμ CC events. A simple detector observ-
able, PMThits5ns, defined as the number of PMT hits
multiplied by the fraction of light detected in the first 5 ns
after correcting for vertex position, is used to reconstruct Tμ

in selected events featuring (1) an electron from muon
decay, noting that about 7.8% of μ− capture on nuclei [26],
(2) a lack of veto activity, and (3) a reconstructed distance
between the end point of the primary track and the muon
decay vertex of < 150 cm. This detector observable is
meant to isolate the muon via its characteristic prompt
Čerenkov light, as compared to the delayed scintillation-
only light (τ ¼ 18 ns) from the below-threshold hadronic
part of the interaction. According to the NUWRO neutrino
event generator [12], only 14% of muons created in
236 MeV νμ CC events are expected to be produced with
energy less than 39 MeV, the Čerenkov threshold for
muons in MiniBooNE mineral oil. KDAR-induced muons
are expected to populate a “signal region,” defined as
0–120 PMThits5ns and representing Tμ in the range
0–115 MeV. Because of the kinematics of 236 MeV νμ
CC events, no signal is expected elsewhere, which is con-
sidered the “background-only region” (>120 PMThits5ns).
Although the signal muon energy range considered for this
measurement is lower than past MiniBooNE cross section
analyses featuring νμ=ν̄μ [27–33], the energy and timing
distributions of MiniBooNE’s vast calibration sample of
0–53 MeV electrons from muon decay provide a strong
benchmark for understanding the detector’s response to
low energy muons in terms of both scintillation and
Čerenkov light. Further, a scintillator “calibration cube” in
theMiniBooNE volume at a 31 cm depth, used to form a very
pure sample of tagged 95" 4 MeV cosmic ray muons,
shows excellent agreement between data and Monte Carlo

horns
decay pipe

MiniBooNE

40 m 675 m 5 m

86 m

absorber

target

KDARbackground

FIG. 1. The NuMI beamline and various sources of neutrinos
that reach MiniBooNE (dashed lines). The signal KDAR neu-
trinos (solid line) originate mainly from the absorber.

PHYSICAL REVIEW LETTERS 120, 141802 (2018)

141802-2

KDAR	

•  KDAR=Kaon	Decay	At	Rest	
•  KDAR	neutrinos	from	the	NuMI	beamline	

absorber	have	been	isolated	based	on	energy	
reconstrucPon	and	Pming.	

•  First	measurement	of	ω	(energy	transferred	
to	the	nucleus)	with	a	known	energy,	weak-
interacPon-only	nuclear	probe.	

•  Results	provide	a	standard	candle	for	
understanding		CC	events	at	a	known	energy	
(236	MeV).	

•  An	associated	data	release	website	allows	any	
model	predicPon	(	or	)	to	be	compared	with	
the	data.	

14	

“First Measurement of Monoenergetic Muon Neutrino Charged Current 
Interactions”, PRL 120 141802 (2018) (Editor’s Suggestion)


NuMI	
beam	



Dark	Maser	Search	in	Beam-Dump	Mode	

•  First	dedicated	search	for	direct	detecPon	of	
accelerator-produced	dark	maser	in	a	proton	
beamline	

–  Searched	for	the	dark	maser	to	elasPcally	scaser	
off	nucleons	

•  Beam-dump	mode	reduced	the		flux	by	~50	
•  The	goal	was	to	test	vector	portal	model	

interpretaPon	of		g-2	(ruled	out)	
•  At	Pme	of	publicaPon:	set	world	leading	limits	

in	the	vector	portal	dark	
maser	model	with	a	dark	maser	mass	
between	0.01	and	0.3	GeV	

•  New	results	are	expected	later	in	2018	
–  InelasPc	scaser	to	produce	s	through		decay	
–  ElasPc	scasering	off	electrons	

15	
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New	Limits	with	Electron	Events	
arXiv:1807.06137	



Event	Signatures	–	PID	from	Leπ,	Leµ,	Mπ0	

17	

•  Examples	of	νµ	CCQE,	
	νe	CCQE,	&	NC	π0	

	event	topologies	
•  Primarily	use	

	Cherenkov	light	
•  Compare	fits	of	

	different	track	
	reconstrucPon	
	hypotheses	for	PID	

•  InsensiPve	to	the	
	difference	between	
	single	photon	and	
	single	electron	



Data	vs	MC	-	Leµ

(a) 	No	PID	cuts	
(b) 	Leµ	cut	
(c) 	+	Leπ	cut	
(d) 	+	Mπ	cut	



Data	vs	MC	-	Leπ

(a) 	No	PID	cuts	
(b) 	Leµ	cut	
(c) 	+	Leπ	cut	
(d) 	+	Mπ	cut	



Data	vs	MC	–	Mπ0

(a) 	No	PID	cuts	
(b) 	Leµ	cut	
(c) 	+	Leπ	cut	
(d) 	+	Mπ	cut	
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Data	vs	MC	–	P

(a) 	No	PID	cuts	
(b) 	Leµ	cut	
(c) 	+	Leπ	cut	
(d) 	+	Mπ	cut	
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Cos(θγγ)	DistribuPon	
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Electron-Neutrino	Event	Excess	

•  Total	excess	for	neutrino	+	anPneutrino:	4.7σ		
•  Combined	with	LSND	(3.8σ),	total	significance	is	at	6.0σ
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	Neutrino	Mode	
	POT	

	AnHneutrino	
Mode	
	POT	

Combined	

Data	 1959	 478	 2437	

Unconstrained	
Background	 1590.5	 398.2	 1988.7	

Constrained	
Background	 1577.8	 398.7	 1976.5	

Excess	 381.2+-85.2	(4.5σ)	
	

79.3+-28.6	(2.8σ)	
	

460.5+-99.0	(4.7σ)	
	

0.26%	(LSND)	νe	
Appearance			 463.1	 100.0	 563.1	
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StaPsPcal	error	only	StaPsPcal	error	only	

Excess	Old	vs	New	Neutrino	Data	

The	observed	νe	spectra	are	staPsPcally	consistent	between	the	new	and	previous	
data	sets	(KS	probability	=	76%)		

Previous	
6.46x1020	
POT	

New	
6.38x1020	
POT	

(sin22θ,Δm2)BF	=	
(0.88,0.048	eV2)	

(sin22θ,Δm2)BF	=	
(0.002,3.14	eV2)	
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Total	Neutrino	Data	
12.84	x	1020	POT	
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Excess	Events:	Neutrino	&	AnPneutrino	

•  Excesses	in	
neutrino	and	
anPneutrino	
mode	are	
qualitaPvely	
consistent	
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Neutrino	Event	Excess	vs	Radius	



Event	Excess	vs	Evis	&	UZ	
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MiniBooNE	OscillaPon	Analysis	

29	

•  Standard	2-neutrino	oscillaPon	model	is	used:	
	P	=	sin2(2θ)	x	sin2(1.267Δm2L/E)	

•  The	2-neutrino	oscillaPon	model	is	probably	not	correct,	but	
it	serves	as	a	way	to	compare	LSND	&	MiniBooNE	data.	

•  νe	CCQE-like	events	are	constrained	by	νµ	CCQE-like	events	
•  Maximum	likelihood	is	used	
•  A	simultaneous	fit	was	conducted	for	νe	and	νµ	distribuPons	
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𝝂	mode	 𝝂+ ​𝝂 	mode	

(Δm2,sin22θ)	=	(0.039	eV2,0.84)	
χ2/ndf	=	9.9/6.7	(prob	=	15.5%)	

(Δm2,sin22θ)	=	(0.041	eV2,0.92)	
χ2/ndf	=	19.4/15.6	(prob	=	21.1%)	



L/E	
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•  MiniBooNE	neutrino,	MiniBooNE	anPneutrino,	and	LSND	

	are	consistent	in	appearance	probability	and	L/E	
•  L/E	caveats:	arXiv:1407.3304	
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Probability	=	42.5%	

However,	the	best	fit	at	sin22θ	~	1	
is	ruled	out	by	the	other	neutrino	
oscillaPon	experiments,	and	there	
is	tension	between	appearance	&	
disappearance	experiments!			
	
More	exoPc	models	will	probably	
need	to	be	considered.	
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3+N	Sterile	Neutrino	Models	

l  3+N models 
 

l  N>1 allows CP violation for 
short baseline experiments 

l  νµ → νe ≠ νµ → νe 
 

    

Note:	There	are	also	other,	more	exoPc			
possibiliPes	



3+N	Models	With	νe	Appearance	Require		
Large	νe & νµ	Disappearance!	

In	general,	P(νµ -> νe)	~	¼	P(νµ -> νx)	P(νe	-> νx)	
	
Assuming	that	the	3	light	neutrinos	are	mostly	acPve	
and	the	N	heavy	neutrinos	are	mostly	sterile.						
	
For	3+1	Models:	
arXiv:1207.4765	
	



DANSS	Reactor	Neutrino	Experiment	
V.Egorov Talk at Neutrino 2018	

DANSS	best	fit	at	(sin22θ,Δm2)	=	(0.05,1.4	eV2)	is	2.8σ	beser	than	null	



DANSS	Reactor	Neutrino	Experiment	
V. Egorov Talk at Neutrino 2018	

DANSS	best	fit	at	(sin22θ,Δm2)	=	(0.05,1.4	eV2)	is	2.8σ	beser	than	null	



PROSPECT	Reactor	Neutrino	Experiment	
T. Langford Talk at Neutrino 2018	



Tension	Between	Appearance	&	Disappearance	
Experiments	in	a	3+1	Model	
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arXiv:1710.06488v2	



More	ExoPc	SBL	PossibiliPes	Than	3+N	Models	
(Sterile	neutrinos	may	have	other	interacPons!)	

•  Sterile	Neutrino	Decay	
•  Sterile	Neutrino	NSI	&	New	Gauge	Bosons	
•  Sterile	Neutrinos	with	Resonant	OscillaPons	
•  Light	WIMP	ProducPon	(Light	WIMPs	can	behave	like	neutrinos)	
•  Lorentz	ViolaPon	&	CPT	ViolaPon	
•  Extra	Dimensions	(acPve	neutrinos	are	stuck	on	the	brane,	while	

sterile	neutrinos	can	propagate	in	the	bulk)	
•  Mass-Varying	Neutrinos	
•  Neutrino	Decoherence	
•  etc.	





Phys.	Rev.	D	93,	073004	(2016)		



arXiv:1807.09877	



A	Dark	Neutrino	Portal	to	Explain	MiniBooNE	
arXiv:1807.09877	



Example	of	an	Empirical	ExoPc	Model:	An	
MSW-Like	Resonance	

44	

sin22θ	=	0.0015	
Δm2	=	1.59	eV2	

C	=	sqrt(cos22θ(1-E/Eres)2+sin22θ)	
sin22θM	=	sin22θ/C2	
ΔmM

2	=	CΔm2	

P(E<<Eres)	~	sin22θ	x	sin2(1.267Δm2L/E)	
P(E~Eres)	~	sin22θΜ	x	sin2(1.267ΔmM

2L/E)	
P(E>>Eres)	~	0	

Inspired	by:	
J.	Assadi,	E.	Church,	R.	
Guene^e,	B.	J.	P.	Jones,	
&	A.	M.	Szelc,	PRD	97,	
075021	(2018);	
G.	Karagiorgi,	M.	H.		
Shaevitz,	&	J.	M.	Conrad,	
arXiv:1202.1024;	
Heinrich	Paes,	Sandip		
Pakvasa,	&	Thomas	J.		
Weiler,	PRD	72,	095017	
(2005).	
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An	Empirical	MSW-Like	Resonance	Model	

Combined	
with	LSND	
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Δ​𝑚
↑2
 (e
​V↑

2 
)	

Probability	=	86%	

EresBF										=270±30	MeV	

An	MSW-Like	model	provides	a	beser	fit	to	the	MiniBooNE	&	LSND	data	

Δχ2	=	46.45	



476	tons	
89	tons	 112	tons	



Charged particle 
tracks produced in 
neutrino interactions 
ionize argon atoms; 
ionization charge drifts 
to finely segmented 
charge collection 
planes over ~1-few ms. 

LArTPC working principle   

Drift distance up to ~2.5m 

e- e- 
e- e- e- e- 

e- e- 
e- e- 

e- 
e- e

- e- e
- e- e

- e- e
- 

e- e
- e- e
- 

G. Karagiorgi,  INFO'15 4 



Prompt scintillation light 
(~few ns) is detected by 

photo-sensitive detectors for 
event t0, drift coordinate 

determination, and 
triggering 

LArTPC working principle   

Drift distance up to ~2.5m 

PMT array 

G. Karagiorgi,  INFO'15 5 



SBN:&Fermilab&PAC,&January&2015

νe Appearance Sensitivity

22

LAr1FND

MicroBooNE

ICARUS&T600

From	Dave	Schmitz	
49	

SBND	



SBN:&Fermilab&PAC,&January&2015

νμ Disappearance Sensitivity
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From	Dave	Schmitz	
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Coherent CAPTAIN-Mills Experiment

• Search the muon disappearance channel : !" → !$
• Monoenergetic neutrinos from pion decay at rest:

• Using Coherent Elastic Neutrino-Nucleus Scattering 
(CEvNS):

• Movable detector for baseline between 20-40m
• L/E between 0.65 – 1.35

41

%& !"'&
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Lujan Center @ Los Alamos

Lujan Experimental Area
- Space for large 10-ton liquid Argon neutrino detector.  
- Run detector in multiple locations
- Room for shielding, large overhead crane

L= 20 m

L= 40 m

42

Lujan Target 
- Intense protons (100 uA)
- Fast Beam (295 nsec)
- Could be lowered to 30 

ns for systematic check
- Compact source

Shielding

Lujan
Lujan

Power (MW)

Ba
ck

gr
ou

nd
 re

je
ct

io
n 

fa
ct

or



2 m

Coherent Captain Mills: Detector
• 7 tons LAr fiducial volume, 

3 tons LAr veto (2-3 
radiation length)

• 220 R5912 PMTs

• Wavelength shifting TPB 
foils

• Scintillation Light output: 
40 photons/keV
• Fast: 6 ns

• Slow: 1 !s

• Detailed RAT/GEANT4 
simulation predicts 10-20 
keV detection threshold
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Expected Event Rates(Preliminary)

• 80 kW @ 1 beam year, 7 tons fiducial LAr

44

Large LAr coherent elastic neutrino-nucleus 
scattering (CEvNS) cross sections -> 1000’s 
events! 



Sensitivity

• ~3! sensitivity 
for 3 year run at 
LSND best fit 
point

• 5! for five year 
run

• Can rule out 
world best fit at 
better than 90%

46

(J. Spitz, UMich)



Conclusions	

•  MiniBooNE	confirms	LSND	excess	at	4.7σ,	with	a	combined	
significance	of	6.0σ.

•  MiniBooNE	conPnues	data-taking,	and	analysis	in	the	future	
will	include	Pme-of-flight	informaPon	to	beser	constrain	
backgrounds.	

•  MicroBooNE	will	confirm	whether	excess	is	due	to	electrons	
or	photons.	

•  SBN	will	confirm	whether	the	excess	is	due	to	neutrino	
oscillaPons.	

•  CCM	will	search	for	νµ	disappearance	with	30	MeV	
monoenergePc	neutrinos.	

•  Thanks	to	Fermilab	for	15	years	of	MiniBooNE	operaPon	&	for	
great	beam	delivery	(approaching	3x1021	POT)!	
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Backup	
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DANSS	Reactor	Neutrino	Experiment	
V.Egorov Talk at Neutrino 2018	

DANSS	best	fit	at	(sin22θ,Δm2)	=	(0.05,1.4	eV2)	is	2.8σ	beser	than	null	



New	vs	Old	Excess	

•  Excess	in	old	6.46× ​10↑20 :	162.0±28.1±38.7	
•  Excess	in	new	6.38× ​10↑20  :	

235.8±28.1±38.1	
•  Average	excess≈200±30	
•  Previous	dataset	sees	a	-1𝜎	excess,	while	
current	dataset	sees	a	+1𝜎	excess	
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Could	it	be	Dirt?	
•  Constrained	at	~10%	by	internal	measurements	
•  Time-of-flight	measurement	is	consistent	with	
dirt	background	esPmate	of	4%	

61	



Could	it	be	Pi0?	

•  Pi0	are	tuned	to	in-situ	measurements	

62	

Phys.Rev.D81:013005,2010	

(untuned)	



Could	it	be	Nue?	

•  Nue	has	small	
contribuPon	at	
low	energy	

•  Nue	is	
constrained	
from	SciBooNE	
measurements	
of	Kaon	decay	

•  Nue	is	
constrained	by	
well-measured	
Numu	

63	Phys.Rev.D81:092005,2010	

​𝝂↓𝝁 	CCQE	



Could	it	be	NC	gamma?	

64	

TheorePcal	EsPmates	for	NC	gamma	producPon		
agree	well	with	MiniBooNE	esPmates	



Could	it	be	NC	gamma?	
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Could	it	be	NC	gamma?	
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TheorePcal	EsPmates	of	Single	γ	ProducPon	

•  B.	D.	Serot	and	X.	Zhang,	arXiv:1110.2760	[nucl-th].	
•  B.	D.	Serot	and	X.	Zhang,	Phys.	Rev.	C	86,	015501	(2012)	

[arXiv:1206.3812	[nucl-th]].	
•  X.	Zhang	and	B.	D.	Serot,	Phys.	Rev.	C	86,	035504	(2012)	

[arXiv:1208.1553	[nucl-th]].	
•  X.	Zhang	and	B.	D.	Serot,	Phys.	Rev.	C	86,	035502	(2012)	

[arXiv:1206.6324	[nucl-th]].	
•  X.	Zhang	and	B.	D.	Serot,	Phys.	Les.	B	719,	409	(2013)	[arXiv:

1210.3610	[nucl-th]].	
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GALLEX	&	SAGE	observe	fewer	events	than	
expected	from	their	calibraHon	measurements,		
consistent	with	νe	disappearance	to	sterile	neutrinos		

S.	Gariazzo,	C.	GiunP,	M.	Laveder,	Y.	F.	Li,	&	E.	M.	Zavanin,	arXiv:1507.08204	
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S.	Gariazzo,	C.	GiunP,	M.	Laveder,	&	Y.	F.	Li,	arXiv:1703.00860	



Neutrino-4	Results	
arXiv:1708.00421	



Neutrino-4	Results	
arXiv:1708.00421	



GiunP,	Ji,	Laveder,	Li,	&	Lislejohn,	arXiv:1708.01133	



Probability	of	Neutrino	OscillaPons	

Pαβ = δαβ - 4ΣiΣj |Uαi U*βi U*αj Uβj | sin
2(1.27Δmij

2L/Eν) 

As #ν increases, the formalism gets rapidly more complicated! 

#ν 	 	 	 	#Δmij
2 	 	 	 	#θij #CP Phases 

Therefore,	there	needs	to	be	≥	3	neutrino	mixing	for	CP	ViolaHon!	

2 	 	 	 	 	1 	 	 	 	1 	 	 	 	0	
3 	 	 	 	 	2 	 	 	 	3 	 	 	 	1	
4 	 	 	 	 	3 	 	 	 	6 	 	 	 	3	
5 	 	 	 	 	4 	 	 	 	10 	 	 	 	6	
6 	 	 	 	 	5 	 	 	 	15 	 	 	 	10 	 		



3+N	Models	With	νe	Appearance	Require		
Large	νe & νµ	Disappearance!	

In	general,	P(νµ -> νe)	~	¼	P(νµ -> νx)	P(νe	-> νx)	
	
Assuming	that	the	3	light	neutrinos	are	mostly	acPve	
and	the	N	heavy	neutrinos	are	mostly	sterile.						
	
For	3+2	Models:	
arXiv:1207.4765	
	
	
φ54	is	the	CP	
Phase	angle	
	



MicroBooNE	Liquid	Argon	TPC	



SBN

Far Detector Building - GPP

12/19/16 Peter Wilson | SBN Overview - Director's Review12

• Close cooperation between ICARUS, 
CERN and Fermilab on design 
requirements and review.   

• Designed for 3m concrete overburden 
over detector to mitigate cosmogenic
backgrounds for near surface 
operation

• Milestones:
ü Aug  2014   Start preliminary design
ü Mar  2015   Design complete
ü July  2015   Construction Start
ü Sept 2015 Excavation complete 
ü June 2016   Concrete complete
ü Nov   2016  Building envelope 

complete
q Dec   2016  Beneficial Occupancy
q Jan   2017   Project Complete

ν

On	track	for	completion	 on	Budget



SBN

ICARUS Refurbishing at CERN (WA104)

12/19/16 Peter Wilson | SBN Overview - Director's Review16

• 1st TPC Module almost complete:
✓ New cold vessel complete
✓ Flattened cathodes
✓ Replace internal TPC cabling
✓ New 8”  PMTs (90 per wire plane)
– Push into cold vessel (12/20)
– HV decoupling boards:

• Technical problems: delay into 2017
• 2nd TPC module ready to start

– Cold vessel being welded
– Parts at CERN
– Start in January

• Ship both TPCs in cold vessels to 
Fermilab in April 2017

• New TPC readout electronics
– Ready to award fabrication contract

ELBNF&Proto+Collaboration&Meeting,&January&2015D.&Schmitz,&UChicago

ICARUS-T600, WA104

10

First&T300&in&
Cleanroom&at&

CERN&

Ready&to&
leave&LNGS&
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First	TPC	Module	 in	CERN	Cleanroom

Tour	of	TPC	1
11/17/16



SBN

Near Detector Building - GPP

12/19/16 Peter Wilson | SBN Overview - Director's Review14

• Designed for 3m concrete 
overburden inside building to 
mitigate cosmogenic
backgrounds for near surface 
operation

• Milestones:
ü Jan  2015  Design start 
ü July 2015  Final design review
ü Aug 2015 Design complete
ü Mar 2016 Construction start
ü Sep 2016  Concrete Complete
ü Oct  2016  Structure Complete
q Dec 2016  Envelope Complete
q Feb 2017  Beneficial Occupancy
q Mar 2017  Project Complete
On	track	for	completion	 on	Budget



SBND	LAr	TPC	



LANL	Is	Building	SBND	Photon	DetecPon	System	



DUNE	Is	Affected	by	3+N	Models	
Gandhi,	Kayser,	Masud,	&	Prakash,	arXiv:1508.06275	



Solar	Measurements	
(Errors	sPll	too	large	to	give	compePPve	limits)		

arXiv:1707.09279	


