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Outline

• The	LSND	Anomaly
• MiniBooNE	experiment
• Observed	excess
• Allowed	region	and	other	possibilities
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LSND	Anomaly

Annu.	Rev.	Nucl.	Part.	Sci.,	63(1),	45–67.	
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• Similar	L/E
• MiniBooNE	~500m/500MeV
• LSND	~30m/30MeV

• 800-ton	mineral	oil	Cherenkov	detector
• Different	systematics

• Different	flux,	event	signatures,	and	
backgrounds	from	LSND

• Horn	polarity	determines	% or	%̅ mode
• Flux	monitor	for	short	baseline	neutrino	program	
(SBN)

• Well-understood	detector	with	26	
publications(4900+	citations)	in	different	channels,	
as	well	as	recent	
• %& from	." decay	at	rest	from	NuMI beam
• Dark	matter	search	 4
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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
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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.
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KDAR
• KDAR=Kaon	Decay	At	Rest
• KDAR	neutrinos	from	the	NuMI beamline	
absorber	have	been	isolated	based	on	energy	
reconstruction	and	timing.

• First	measurement	of	ω	(energy	transferred	to	
the	nucleus)	with	a	known	energy,	weak-
interaction-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	prediction	(/& or	0)	to	be	compared	
with	the	data.
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“First Measurement of Monoenergetic Muon 
Neutrino Charged Current Interactions”, PRL 

120 141802 (2018) (Editor’s Suggestion)
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Dark	Matter	Search	in	Beam-Dump	Mode

• First	dedicated	search	for	direct	detection	of	
accelerator-produced	dark	matter	in	a	proton	
beamline
• Searched	for	the	dark	matter	to	elastically	scatter	

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

interpretation	of		g-2	(ruled	out)
• At	time	of	publication:	set	world	leading	limits	

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

• New	results	are	expected	later	in	2018
• Inelastic	scatter	to	produce	!2s	through	Δ decay
• Elastic	scattering	off	electrons
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New	MiniBooNE	Oscillation	Results	with	
Neutrino	Data	Set	Doubled

• Extra	data	allows	better	calibrations	and	cross	
checks
• Second	data	set	to	look	at	consistency
• Improved	background	estimates	from	observed	
data	and	constraints
• Dirt	and	!2

• Larger	data	set	leads	to	smaller	statistical	
uncertainty	on	signal	and	background	
measurements
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Data	Set
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Previous	%: 			6.46×10;2 POT
Previous	%̅: 11.27×10;2 POT

new	%:
6.38×10;2 POT

more	to	comeBeam	dump	
dark	matter	

search

• 15+	years	of	running	in	neutrino,	antineutrino,	and	beam	dump	
mode.	More	than	30×10;2 POT	to	date.

• Result	of	a	combined	12.84×10;2 POT	in	% mode	+	11.27×
10;2	POT	in	%̅ mode	is	presented	in	this	talk



Event	Signatures

• Examples	of	%& CCQE,	
%) CCQE,	and	NC!2
event	topologies
• Use	primarily	
Cherenkov	light
• Compare	fits	of	
different	track	
reconstruction	
hypotheses	for	PID
• Insensitive	to	the	
difference	between	
single	photon	and	
single	electron	(time	
of	flight	might	help)
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Data	vs	MC	(Selection	Process)
• >?? is	shown
• Cuts	are	applied	in	the	
order	of
a. Only	precuts	(no	

PID	cut)
b. e-$ Likelihood	cut
c. e-! Likelihood	cut
d. >D? cut

• Background	outside	
the	oscillation	cut	
window	is	well	
understood	by	MC

• Other	two	PID	
distributions	are	in	the	
backup	slides
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Detector	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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MiniBooNE	Analysis

• Standard	2−% oscillation	model	is	used:
F G, I = sin; 2N × sin; 1.267Δ>;G/I

• sin; 2N ≡ sin; 2N&) ≈ 4 R&S
;
R)S ; at	the	

MiniBooNE	mass	splitting	range
• In	a	3(active)	+	1(sterile)	model,	sin; 2N&) is	
assumed	small

• %) CCQE-like	events	are	constrained	by	the	%&
CCQE-like	events
• Maximum	likelihood	is	used
• For	a	% + %̅ analysis,	a	simultaneous	fit	was	conducted	
for	%), %&, %̅), and	%̅& distributions

12



Excess

• Total	excess	for	neutrino	+	antineutrino:
460.5 ± 95.8(4.8-)

• Combined	with	LSND	(3.8-),	total	significance	is	at	6.1-
13

lmode
12.84×10;2 POT

lmmode
11. no×10;2 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
4.5-

79.3 ± 28.6
2.8-

460.5 ± 95.8
4.8-

0.26%	(LSND)	
%& → %)

463.1 100.0 563.1
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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)



Excess:	Neutrino	vs	Anti-neutrino

• Excess	in	neutrino	and	antineutrino	mode	is	
qualitatively	consistent
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Combined	best	fit
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L/E

• Average	Iw
xy of	each	bin	is	used

• MiniBooNE	neutrino,	MiniBooNE	antineutrino	and	LSND	
are	consistent in	appearance	probability	and	L/E 17

MiniBooNE	
% + %̅ best	fit
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• Combined	fit	of	
MiniBooNE	% + %̅
mode	and	LSND	is	at	
6- level
• Assuming	no	
correlation	between	
MiniBooNE	and	LSND
• Best	fit	of	MiniBooNE	
and	LSND	combined	is	
consistent with	our	
latest	result
• Note:	a	large	sin; 2N
is	unphysical	for	a	
pure	3+1	model
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Probability	=	52%



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

z														 = cos; 2N 1 − I/I{)| ; + sin; 2N�

sin; 2N~ = sin; 2N /z;

Δ>~
; 							= zΔ>;

19

F I ≪ I{)|, G ≈ sin; 2N × sin; 1.267Δ>;G/I
F I ≈ 	I{)|, G = sin; 2N~ × sin; 1.267Δ>~

; G/I
F I ≫ I{)|, G ≈ 0

sin; 2N = 0.0015
Δ>; = 1.59	eV;

Insipred by	J.	Assadi et	al.,	
arXiv:1712.08019	&

G.	Karagiorgi,	M.	H.	Shaevitz,	J.	M.	
Conrad	arXiv:1202.1024
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An	MSW-Like	Resonance	Model

Combined	
with	LSND
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Δ
>
;
eV

;

Probability	=	86%

EresBF =270 ± 30MeV

A	more	exotic	model	could	provide	a	better	fit	to	the	MiniBooNE/LSND	data



Conclusion

• MiniBooNE	confirms	LSND	excess	at	4.8-,	with	a	
combined	significance	at	6.1-
• MiniBooNE	continues	data-taking,	and	analysis	in	
the	future	will	include	time-of-flight	information	to	
better	constrain	backgrounds
• MicroBooNE	will	confirm	whether	excess	is	due	to	
electrons	or	photons
• SBN	will	confirm	whether	the	excess	is	due	to	
neutrino	oscillations
• Thanks	to	Fermilab	for	MiniBooNE	operation	(15	y)	
&	for	great	beam	delivery
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