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Outline:
• History/Intro to the neutrino
• 3-neutrinos in standard model
• evidence for >3 neutrinos
• miniBooNE: experiment, methods, 

latest results,interpretations
• next steps
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Introduction:  history
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First….the atom (early 1900s)

(ok, the full picture of nucleus, with protons and neutrons wasn’t yet known at that time) 



R. Tayloe, FSU colloquium9/26/19

Introduction:  history
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Then b-decay,  and a mystery 
(~1930s)…
• 2-body (electron+nucleus) energy 

spectrum expected
• 3-body spectrum observed
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Introduction:  history
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Then b-decay, and a mystery (~1930s)…
• Pauli’s hypothesis of the neutrino

(to solve b-decay problem)


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Introduction:  history
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~25 years later (~1955),
the neutrino was discovered
by a team from Los Alamos Nat’l Lab

original idea

Savannah
River
experiment



R. Tayloe, FSU colloquium9/26/19

Introduction:  and the SM 
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~60 years later (now),

The neutrino arranged with 
other fundamental particles
into the standard model of of particle 
physics…

.. with 3 generations of quarks,
leptons, and 3 different forces
mediating their interactions, and..

with 3, very light, almost massless,
left-handed neutrinos…

 spin is in direction opposite to momentum
(left-handed)
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Introduction:  and the SM 

• Z-decay data show there are only 3 neutrinos
with the “standard” electroweak (EW) interaction 
mediated by W and Z bosons

• cosmological observations support N()~3

L lL

W

“charged-current”

eg: neutron beta-decay

L

Z

L

“neutral-current”
Neutrinos: they are very small
They have no charge; they have no mass;
they do not interact at all.
The Earth is just a silly ball
to them, through which they simply pass... 

excerpt from Telephones Poles and other Poems,
John Updike

true to good
approximation!
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Introduction:  mass…

see-saw mechanism

Neutrinos: neutral, ~massless particles, a possible 

window into beyond-the-standard-model physics…

credit: M. Messier, IU
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So how do you weigh a  ?

Direct-mass measurements:
Use a spectrometer to measure the
missing energy of the  and infer
the mass.

Introduction:  mass

m < 250eV
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Early IU neutrino measurements: tritium beta decay  

40cm spectrometer 
in ~1950
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Early IU neutrino measurements: tritium beta decay  

… with J. Abedayo in 
P451 lab, Feb 2018

40cm spectrometer 
in ~1950
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…and tritium beta decay measurements continue… 

on a slightly larger 
scale….
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…and tritium beta decay measurements continue… 

m < 1.1eV



• Neutrinos: neutral, ~massless particles,a possible 
window into beyond-the-standard-model physics…

…Can study via an interferometric technique, et
phenomena of neutrino oscillations:

eg: for 2 generations:

• and experiments are sensitive to 
~ eV mass differences
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Introduction:  oscillations

16



• More completely,  for 3 generations:
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Introduction:  oscillations…
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2
m

as
s
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1

2Dm2
12

Dm2
23

• Evidence for  oscillations exist at
• Dm2 ~ 10-5 eV2 (“solar”) and 
• Dm2 ~ 10-4 eV2 (“atmospheric”) .

And has been verified in multiple experiments: 
MINOS, KamLAND, Super-K, NOvA ,T2K.
(and DUNE, in future)

• This evidence is well-explained with 3 mass model 
and these Dm2

12 , Dm2
23

• and these efforts explore additional important questions, eg:
•  mass ordering, 
• matter-antimatter asymmetry

• However, there is the LSND result…

Introduction:  oscillations…

NOvA



• Liquid Scintillator Neutrino Detector
• at Los Alamos Natl Lab in 1994-1999
• baseline distance: L~20m
• neutrino energy: E~20MeV
• L/E~1 so looking for Dm2~1 ev2

• used same detection method as original
1955 experiment
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Introduction: LSND

LSND



• observed excess of `e in beam of `

• LSND result, with other established results,
implies a third Dm2 and at least 1 more generation 
of neutrinos
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Introduction: LSND

Excess over background:
87.9 ± 22.4 ± 6.0 (3.8σ)

Dm2
LSND

2
m

as
s

3

1

2

s

Dm2
23

Dm2
12

oscillation
parameter
allowed 
regions,
circa ~2000



R. Tayloe, FSU colloquium 219/26/19

Aside: Measuring  Oscillations, allowed and limit regions 

Example:

- The LSND experiment observed a 
signal for oscillations, resulting in 
allowed region (in blue)

- KARMEN2 and Bugey did not, 
resulting in lines that delimit excluded
regions (to right of brown/green lines)

~
1
/w

a
ve

le
n
g
th

~amplitude

•  oscillation experiments measure 
wavelength/amplitude of oscillations

• allows extraction of Dm2 , sin2 2q
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Introduction:   oscillations…

… and continued efforts add 
more information

oscillation
parameter
allowed/excluded
regions, now
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Introduction: “sterile” 

Since various measurements (Z-decay, cosmology)
limit N() < 3 , then any more  must not interact via
standard (“electoweak”) fashion, thus “sterile”  
(as opposed to “active”)

L lL

W

“charged-current”

L

Z

L

“neutral-current”

Dm2
LSND

2
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1

2

s

Dm2
23

Dm2
12

electroweak interaction
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Introduction:  oscillations…

Other anomalies/evidence for sterile neutrinos:

• reactor`e measured rates ~5% 
lower than prediction

• Gallium (solar ) experiments see deficit of e 

from calibration sources.

• deficits due to oscillation to sterile  ?

J. High Energy Phys. 2013, 50 (2013).

Phys.Rev. C83 
(2011) 065504



25R. Tayloe, FSU colloquium

MiniBooNE experiment: overview

9/26/19

Booster

K+

target and horn detectordirt decay region absorber

primary beam tertiary beamsecondary beam

(protons) (mesons) (neutrinos)



e ,  

``e

Booster Target
Hall

• Designed and built to search for electron-appearance oscillations 

( e  ,`  `e ) and to study  interactions

• Uses the Fermilab Booster Neutrino Beamline (BNB)

• E ≈ 500 MeV, detector at 500m, (L/E ≈ 1)

• ran 2002-2019  

• last beam taken 7/17/19
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• 8GeV protons on a  1.7 int. length Be target…

• within a magnetic horn (2.5 kV, 174 kA), can
focus pos. (neutrino mode) or neg. (antineutrino
mode) mesons

• flux predicted from p production measurements 
plus detailed MC simulations of target+horn

(PRD79(2009)072002)

• most important p production  measurements from 
HARP (at CERN) at 8.9 GeV/c beam momentum 
(as MB), 5% int. length Be target 
(Eur.Phys.J.C52(2007)29) 

• also measured in-situ, including the “intrinsic” e 

• <E>  800 MeV

MiniBooNE experiment:  flux

Magnetic focusing horn
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MiniBooNE experiment: detector

A mineral oil (CH2) cherenkov detector:
• 541 meters from target
• 12 meter diameter sphere
• 800 tons mineral oil (CH2)
• 3 m overburden
• includes 35 cm veto region
• viewed by 1280 8” PMTs
• (10% coverage) + 240 veto
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MiniBooNE experiment: collaboration

A hardy collaboration, spanning ~20 yrs… 
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MiniBooNE experiment: collaboration

… training many excellent young scientists

MB PDs and PhDs
around the world

(thanks to 
IU student
T. Katori for slide)
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MiniBooNE experiment: collaboration

… and inspiring rock-n-roll….
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Previous �:    6.46 × 10�� POT
Previous �̅: 11.27 × 10�� POT

new �:
6.38 × 10��

POT more up
to 7/19)Beam 

dump dark 
matter 
search

MiniBooNE experiment: data

- 2002-2005, 2007 in  mode,  
- 2005-2006, 2008-2012 ` mode
- 2014  (dark matter) mode
- 2016-2017  mode

beam to MiniBooNE: 2002-2018

“POT”=protons on target
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MiniBooNE experiment: data

neutrino event in MiniBooNE: 2002-2018

 mode  

` mode  

c mode  

• event rate stable over 15 years of running



• charged particles in MB create Cherenkov light 
and small amount of scintillation light.

• Tracks  reconstructed (energy, direction, 
position, type) with likelihood method utilizing 
time, charge of PMT hits (NIM, A 608 (2009), pp. 
206-224 )

• in addition, muon, charged pion decays are seen 
by recording PMT info for 20s around 2s 
beam spill

• can ID e,`e oscillation-candidate events and 
separate from backgrounds

• Measure neutrino enegy E
QE via

lepton energy, angle

R. Tayloe, FSU colloquium 349/26/19

MiniBooNE experiment: analysis

e
-beam cos

Evis
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MiniBooNE experiment: analysis

e
-beam cos

Evis



Additional details:

• 1-detector experiment so must normalize 
(flux)x(cross section) with  events

• virtually all backgrounds measured in  
miniBooNE data and “constrained” (fit at same 
time) in the oscillation fits

• looking for 1 in 1000  oscillating to e

R. Tayloe, FSU colloquium 369/26/19

MiniBooNE experiment: analysis



37R. Tayloe, FSU colloquium9/26/19

• neutrino data set has doubled since previous 
publication 
(PhysRevLett.110.161801, arXiv:1207.4809 [hep-ex])

• combined with full antineutrino data set

• using same analysis and cuts as previously 
published

MiniBooNE: latest results
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MiniBooNE: previous results

9/26/19

First, previous neutrino results previous pub’d data.  

Oscillation results:
2002-2007 data: 6.46× 10�� POT

excess over background:
162 ± 47.8 events  (3.4)
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MiniBooNE: new results

9/26/19

Oscillation results:
2002-2007 data: 6.46× 10�� POT 2016-2017 data: 6.38× 10�� POT



40R. Tayloe, FSU colloquium

MiniBooNE: new results

9/26/19

Full neutrino data set: 
12.84× 10�� POT

total excess over background:
381 ± 85 events  (4.5)
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MiniBooNE: new results

9/26/19

Combine with antineutrino results: 
11.27× 10�� POT

total excess over background:
460 ± 96 events  (4.8)

full MB oscillation event table 

Full neutrino data set: 
12.84× 10�� POT

Full antineutrino data set: 
11.27× 10�� POT



42R. Tayloe, FSU colloquium

MiniBooNE: backgrounds

9/26/19

full MB oscillation event table 

Full neutrino data set: 
12.84× 10�� POT

misID

Intrinsic

“Intrinsic”:
• higher energy
• �� from � decay : measured with 

SciBooNE high energy �� event 

measurement
• �� from � decay : measured by ��

CCQE measurement 

“misID”:
• External Events: measured from in-

situ data sample

(more on next slides... )
• NC ��: from in-situ measurement of 

NC �� rate
• NC  ΔN resonance: Δ production 

from measured NC �� rate, N from 
calculation
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MiniBooNE: backgrounds

9/26/19
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MiniBooNE: background details

NC production?
• initial calculations claimed triangle anomaly was large
• further work by that group and others reach concensus that 

these terms are small and  D  production does indeed dominate 
as MB assumes...



N

Z

N





D

radiative D-decay



N

Z

N





N

generalized Compton scattering



N

Z

N




w

anomaly mediated triangle diagram
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MiniBooNE: oscillation fits

9/26/19

best fit point:
(Δ��, sin� 2�) = (0.041 eV�, 0.918)

��/��� = 19.4/15.6 (prob = 21.1%)
background-only:
��/��� = 47.1/17.3 (prob = .02%)

,` oscillation 
event excess  
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Sterile neutrinos?

9/26/19

Oscillations with 1 extra “sterile” neutrino, “3+1” model:

extend mixing matrix:

then, short-baseline 
appearance, eg MB:

and would predict effects in other other experiments: 
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Sterile neutrinos?

9/26/19

Perhaps, but 3+1 models don’t describe all experiments well
(eg: from Shaevitz, NOW18)
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Sterile neutrinos?

9/26/19

…and:
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Sterile neutrinos?

9/26/19

…and:
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Future experiments

9/26/19

Perhaps miniBooNE is observing sterile neutrinos but explanation of all experiments still lacking. 
Need futher tests:  eg: short-baseline program at Fermilab, Prospect at ORNL, JSNS2 at JPARC, etal.

Fermilab short baseline 
 oscillation program
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COHERENT

COHERENT experiment at ORNL-SNS has 
recently discovered the elusive coherent elastic 
neutrino nucleus scattering process (CEvNS)

in CsI detector
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COHERENT experiment

9/26/19

recently
removed

• Next goal,  demonstrate N2

dependence of CEvNS

• with CENNS-10 (liquid argon, LAr),  
currently running…


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Coherent Elastic -Nucleus Scattering:

9/26/19

Physics reach of CEvNS:

• Understanding supernovae (SN): 
• Expected to be important in

core-collapse SN and 
• possible SN detection channel.

• Standard Model tests, eg: NSI, sin2 qw , 
neutrino magnetic moments

• Nuclear Physics: neutron skin

•  oscillations:  A possible s detection 
channel

• reactor monitoring (non-proliferation)

• Dark Matter: 
• Important background for O(10-ton)

direct searches
• detectors sensitive for accelerator

produced DM…

54
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COHERENT, Large LAr neutrino oscillation search
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COHERENT future, large LAr detector

9/26/19

CENNS-750: 

• Single-phase LAr (scintillation-only) calorimeter, 750/610kg
total/fiducial

•  3000 CEvNS, 440 inelastic CC/NC events/yr !

CENNS-750
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10-ton LAr or ~2-ton cryogenic NaI detector 
downstream (ideally) from high power neutron target,
eg ORNL SNS 2nd target station (under consideration)

Search for accelerator-produced, low-mass, dark matter
+ oscillations and other physics topics. 

COHERENT future, beyond -alley

10 ton LAr

multi-ton NaI
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Another sterile neutrino search: at LANL

9/26/19

Convincing Search for Sterile Neutrinos – and Dark Matter - at LANL 
Coherent Captain-Mills (CCM) Experiment

L= 18m L= 35m

dm2 = 1 eV2

40 m

Near/Far comparison, error cancellation

LSND+MB

�� → �s Disappearance • Prompt 30 MeV monoenergetic
muon neutrinos (from LANL Lujan beam)

• Delayed neutrinos
• Neutral Current Coherent Ar Scattering:

credit: R. Vandewater, LANL



• MiniBooNE recently updated oscillation 
search continues to observe excess of 
events over backgrounds, consistent 
with LSND.

• Sterile neutrinos? Perhaps, but tension 
in various observations exists.  Not a 
simple interpretation.  Maybe multiple 
new neutrino states?

• Future experiments will need to confirm 
sterile neutrino hypothesis.

Thanks to colleagues for many plots/slides!

Find all papers at:

• inspirehep.net/search?p=collaboration:'MiniBooNE‘

• inspirehep.net/search?p=collaboration:‘LSND‘
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Summary

9/26/19



backups
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MiniBooNE: Dark matter search in proton beam dump

9/26/19

Experiment:
• dark matter,  , may couple 

to ordinary matter via dark 
photon (V) 

• V kinetically mixed with 
 from p0 decay in Fermilab
Booster Neutrino beam dump

•  from V  decays detected via 
elastic scattering in MiniBooNE  detector

Results:
• resulting limit (in dimensionless cross section 

scaling parameter, Y)  from 2x1020 protons 
delivered in 2014

• extends dark matter limits to smaller m

• excludes a vector mediator solution to g-2 
anomaly

• most stringent limit in 0.08<m< 0.3 GeV
• Phys. Rev. Lett. 118, 221803 (2017).

Future:
• Searches with upcoming short-baseline 

detectors will push sensitivity to cover Relic 
Density solution 
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MiniBooNE: Dark matter search in proton beam dump

9/26/19

… and recent extension of this work
(arXiv:1807.06137), adding resonance 
and electron channels
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MiniBooNE: L/E

9/26/19

• Average ��
��

of 
each bin is used

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

• (For some caveats 
of using L/E plot, 
please see 
arXiv:1407.3304 )
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• Evidence for  oscillations exist in...
• “solar” (Dm2 ~ 10-5 eV2) and 
• “atmospheric”  ( Dm2 ~ 10-4 eV2)

Introduction:  oscillations…
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MiniBooNE experiment: data stability

• mean energy of “Michels”, muon-decay electrons (calibration source) 
• 2% energy calibration difference in most recent data

mean energy:
Michel electrons
vs time
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MiniBooNE experiment: data stability

• neutrino data sets separated by 8 years (!)

p0 reconstructed massreconstructed E -  CCQE events

��

�

�� 

�
�
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MiniBooNE experiment: data stability

• data/MC comparisons

pi0 reconstructed massreconstructed E numu CCQE

��

�

�� 

�

�
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MiniBooNE: new results

9/26/19

Oscillation event excess: Old, new data sets consistent

��
��

 (GeV)
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MiniBooNE: background details

NC �� misID: 
• from in-situ measurement

of NC �� rate
• missed �� in oscillation

sample are mostly asym. 
decays, straightforward to
simulate

po

Asymmetric 
decay

po

NCpo

event

Phys.Rev.D81:013005,2010
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MiniBooNE: background details

��misID: 
• from in-situ measurement of NC �� rate

• missed �� in oscillation sample are mostly 
asymmetric decays, straightforward to
simulate

pion decay opening
angle: cos �����

before p0 cut

after p0 cut

po

Asymmetric 
decay

po

NCpo

event
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MiniBooNE: oscillation fits

• Standard 2−� oscillation model is used:
� �, � = sin� 2� × sin� 1.267Δ���/�

• (In a 2 neutrino model, ��/�̅� disappearance is negligible)

• �� 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

• Oscillation is only applied to ��/�̅� but not to ��/�̅�

• In a 3+1 model, sin� 2��� ≈ 4 ���
�

���
� at the MiniBooNE mass splitting 

range
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MiniBooNE: oscillation fits

9/26/19

• Consistent with LSND!


