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Outline

• Overview of MiniBooNE Beam and Detector 

• Brief Presentation of New Cross Section Results 

• Recent Oscillation Results
– νe and⎯νe appearance
– νµ and⎯νµ disappearance
– Offaxis results from NuMI beam

• Future Plans and Prospects
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LSND observed a (~3.8σ) excess of⎯νe events in a pure⎯νµ beam:  87.9 ± 22.4 ± 6.0 events

MiniBooNE was Prompted by the Positive LSND Result

Oscillation Probability: ( ) (0.264 0.067 0.045)%eP µν ν→ = ± ±

The Karmen Exp.
did not confirm the
LSND oscillations
but had a smaller
distance

LSND in conjunction with the atmospheric
and solar oscillation results needs more 
than 3 ν’s

⇒ Models developed with 2 sterile ν’s
or

⇒ Other new physics models

m5

3+2 models
(Sorel, Conrad, and 
Shaevitz,  PRD 
70(2004)073004  
(hep-ph/0305255) 
Karagiorgi et al., 
PRD75(2007)013011 
(hep-ph/0609177)



4The MiniBooNE Experiment
at Fermilab

• Proposed in summer 1997，operating since 2002
• Goal to confirm or exclude the LSND result - Similar L/E as LSND

– Different systematics: event signatures and backgrounds different from 
LSND

– High statistics: ~ x5 LSND
• Since August 2002 have collected data:

– 6.9×1020 POT ν
– 5.1×1020 POT⎯ν

• Recently approved for an additional 5×1020 POT in⎯ν mode

8GeV
Booster

?

magnetic horn
and target

decay pipe
25 or 50 m

LMC

450 m dirt detectorabsorber

νµ→νe
K+ µ+

νµ
π+
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The MiniBooNE Collaboration

Alabama, Bucknell, Cincinnati, Colorado, Columbia, Embry-
Riddle, Fermilab, Florida, Illinois, Indiana, Los Alamos, LSU, 
MIT, Michigan, Princeton, Saint Mary’s, Virginia Tech, Yale



6Neutrino Flux

• Well understood νµ neutrino flux using HARP pion
production data

• Wrong-sign contamination small due to sign selection 
of focusing horn

• νe flux from µ-decay constrained by observed νµ
events

• Contribution to νe flux from K-decay small at 8 GeV
primary proton energy

Antineutrino-Mode Flux

νµ
⎯νµ

⎯νe

νe

Neutrino-Mode Flux

νµ

⎯νµ

νe

⎯νe

Wrong-sign background: ~6%

Intrinsic νe background: ~0.5% 

Wrong-sign background: ~18%

Intrinsic νe background: ~0.5% 

Flux Publication: 
PRD 79, 072002 (2009)



7MiniBooNE Detector
• 12m diameter tank
• Filled with 900 tons of pure mineral oil
• Optically isolated inner region with 1280 PMTs
• Outer veto region with 240 PMTs. 
• Detector Requirements:

– Detect and Measure Events: Vertex, Eν …
– Separate νµ events from νe events

Detector Publication: 
NIM A599, 28 (2009) 

Very good νµ versus νe
event identification using:

• Cherenkov ring topology

• Scint to Cherenkov light ratio

• µ-decay Michel tag

Muon Energy
vs Range

µ-decay electrons γ’s from π0’s



8MiniBooNE Cross Section Measurements
• Cross section measurements are important for the future neutrino oscillation program

– Quasi-Elastic events used for νµ and νe signal
– Backgrounds: 

⇒ For νe appearance is NC single π0 production
⇒ For νµ disappearance is CC single π±,0 production

• MiniBooNE can measure a wide range of NC & CC processes by identifying outgoing 
π’s and µ’s using Michel electron tags

• Past measurements have limited accuracy and coverage for the energy range of T2K, 
NOvA, and DUSEL ⇒ MiniBooNE better match

NOvAT2K

DUSEL 

νµ CC Cross Section
MiniBooNE

⎯νµ CC Cross Section
MiniBooNE



9Recent MiniBooNE Xsec Measurementsνµ NC Elastic 

Extended 
range and 
precision 

with respect 
to previous 
BNL E734 

(1987)

n,p n,p

n,p n,p
π0νµ NC π0

First measurement of absolute 
NC π0 differential cross section 

W+

n,p n,p
π+

µ−

νµ CC π+ CC π+/QE σ ratio

Also, first 
measurement

of absolute CC π+

diff’l cross sections 

arXiv:0904.3159



10Quasi-Elastic Cross Section Mystery
• MiniBooNE provides the most complete information on νµ QE scattering to 

date for Eν< 2 GeV
– 146,070 νµ QE events (76% purity, 27% ε)

• One main physics parameter – Axial Vector Mass MA
⇒ Use Q2 shape fit to extract MA (No normalization)

– MiniBooNE Q2 shape fit result: MA=1.35 ± 0.17 GeV
⇒ Consistent with K2K and MINOS

– Much larger than NOMAD:  MA = 1.06 ± 0.06 GeV

• Also measure total cross section versus Eν (Depends on normalization)
– MiniBooNE and recent SciBooNE in good agreement
– Both higher than recent σQE from NOMAD?!   (all three on 12C)

⇒ Future MINOS and Minerva data in missing energy region

W+

n

µ−

preliminary

Higher value 
of MA also 
consistent with 
σtotal vs Eν
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MiniBooNE Neutrino Oscillation Results

(In the ∆m2 > 0.1 eV2 Region)

• Search for νe Appearance
– Original 2007 result excludes LSND 2ν osc hypothesis but sees 

“Low energy excess”
– Updated results with improved analysis

• Search for⎯νe Appearance
– New results from antineutrino running

• Search for νµ and⎯νµ Disappearance
– New results for both neutrino and antineutrinos

• Measurements of events in MiniBooNE from NuMI offaxis
neutrinos.



12Original νµ → νe Appearance Search in LSND Region

• Method: Search for an excess of “νe”
events over expectation
⇒ Knowing expectation is key
Use observed νµ events to constrain

νe physics and background
1. Cross section
2. π0 and ∆Rad backgrounds
3. νe from  µ-decay
4. Bkgnds from external interactions

• In analysis region between 
475 < Eν < 3000 MeV, no evidence for 
oscillation in LSND region
– Simple 2ν osc excluded at 98% CL

• Unexpected excess of events at low 
energy < 475 MeV

Phys. Rev. Lett. 98, 231801 (2007),
arXiv:0704.1500 [hep-ex]



13Updated νµ → νe Appearance Results

Many improvements and cross 
checks of analysis

Backgrounds:
1. Improved π0 production data and 

∆Rad modeling
2. Inclusion of missing “Photo-nuclear 

absorption” backgrounds
3. Improved cuts to reduce external 

interaction background

• Systematic errors rechecked, and 
some improvements made

• Analysis threshold lowered to 200 
MeV with reliable syst. errors.

• Increased statistics
5.6×1020 pot ⇒ 6.5×1020 pot

Published: “Unexplained Excess of 
Electron-Like Events from a 1 GeV ν
Beam”, PRL 102, 101802 (2009) For 200-475 MeV: 

Excess =128.8+-20.4+-38.3  (3.0σ)

Excess over Background



14New⎯νµ →⎯νe Appearance Results
• The antineutrino search important because

– Provides direct tests of LSND⎯ν appearance
– More information on low-energy excess

• The backgrounds at low-energy are almost the 
same for the neutrino and antineutrino data samples.

• Antineutrino analysis is the same as the 
neutrino analysis. 

• First antineutrino result has low statistics
– 3.4×1020 POT giving about 100K event
– Inconclusive wrt LSND

No indication of⎯ν data-MC excess:
200-475 MeV:   -0.5 ± 11.7 events
475-1250 MeV:  3.2 ± 10.0 events

(arXiv:0904.1958)



15νµ and⎯νµ Disappearance Search

Method: Identify CCQE events and compare to expectation

Identification: Tag single muon events and their decay electron

eµ
νµ

12C

pn

74% CCQE purity
190,454 events

CCπ+

EνQE (GeV)

W+

CCQE νµ µ-
νµ

pn

70% CCQE purity
27,053 events

CCπ+/-

νµ

W−

CCQE⎯νµ

µ+⎯νµ

np

Similar CCπ+/- background, and CCQE 
purity as in neutrino mode
Also, substantial neutrino events in the 
antineutrino sample (~25%)

Background is CCπ+ where the pion is 
absorbed in the nucleus or detector



16MiniBooNE νµ and⎯νµ Disappearance Limits

χ2(no osc) = 17.8 / 16 dof

Neutrino:
Purple: Data
Red: Monte Carlo

χ2(no osc) = 10.3 / 16 dof

AntiNeutrino:
Purple: Data
Red: Monte Carlo

In future, plan to incorporate data from a second 
detector, SciBooNE, as a near detector for osc search

MiniBooNE observes no neutrino or antineutrino 
disappearance at 90%CL

⇒ Excludes some 3+2 model possibilities

CDHS

CCFR

CCFR

(arXiv:0903.2465)



17Events from NuMI Directed at MiniBooNE

• MiniBooNE detector sees neutrinos 
from MINOS NuMI beam at a 110 
mrad off-axis angle

• NuMI offaxis neutrinos have 
different composition wrt BNB:
νµ 81%  νe 5% ⎯νµ 13% ⎯νe 1%

• Almost all νe  /⎯νe from K±,0 decay
• L/E similar to MiniBooNE beam

“1st  Measurement of νµ,νe Events in 
Off-Axis Horn-Focused ν Beam”, 
PRL 102, 211801 (2009)

MiniBooNE
Detector

NuMI Beam to Soudan

Offaxis NuMI Beam to MiniBooNE

νe /⎯νe

νµ /⎯νµ
For current data, observe small 
1-σ νe excess at low energy  

⇒ Can reduce syst. errors in the 
future.



18Possible Explanations for the Low-Energy Excess
• Hard to see how background uncertainties could explain excess since increase 

would have to be at the level of x5 the uncertainty
– Also, background effects should be similar for ν and⎯ν

• Difficult to reconcile the world set of oscillation measurements within models 
with 3-ν’s even with adding 1 or 2 sterile ν’s  (i.e. arXiv:0906.1997) 

⇒ Prompted development of various non-standard models

• The are constraints on these non-standard models since excess is seen only in 
neutrinos but not antineutrinos ⇐ Need more⎯ν statistics

– Anomaly Mediated Neutrino-Photon Interactions at Finite Baryon Density: Harvey, Hill, 
& Hill, arXiv: arXiv:0905.0291(also see arXiv:0906.0984)
NO (but might work with interference effects) 

– CP-Violation 3+2 Model: Maltoni & Schwetz, arXiv:0705.0107; T. Goldman, G. J. 
Stephenson Jr., B. H. J. McKellar, Phys. Rev. D75 (2007) 091301. YES

– Extra Dimensions 3+1 Model: Pas, Pakvasa, & Weiler, Phys. Rev. D72 (2005) 095017  
NO

– Lorentz Violation: Katori, Kostelecky, & Tayloe, Phys. Rev. D74 (2006) 105009  YES
– CPT Violation 3+1 Model: Barger, Marfatia, & Whisnant, Phys. Lett. B576 (2003) 303  

YES
– VSBL Electron Neutrino Disappearance;Giunti and Laveder arXiv:0902.1992

NO
– New G auge Boson with Sterile Neutrinos: Ann E. Nelson & Jonathan Walsh, 

arXiv:0711.1363  NO

• Low-energy excess could be important for future long-baseline experiments 
(T2K, NOvA, DUSEL). 
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19Future Plans and Prospects 
• Many more cross section measurements to come from MiniBooNE (and 

SciBooNE) for both ν and⎯ν

• Oscillation Program
– Will triple the MiniBooNE⎯ν data over the next 2 years 

⇒ Allow better comparison of low-energy excess

– Improved NuMI offaxis analysis for both ν and⎯ν with higher statistics and 
constrained syst. errors. 

– Combined MiniBooNE/SciBooNE 2-detector disappearance search

– New MicroBooNE Experiment approved at Fermilab
• Liquid Argon TPC detector which can 

address the low-energy excess:
– Reduced background levels
– Is excess due to single electron or

photon events? 
• Approximately 70-ton fiducial volume 

detector, located near MiniBooNE
(initial data ~2011)



20MiniBooNE Recent Publications (2008 – 2009)

– “Measurement of CC π+/QE σ Ratio on CH2 in a 0.8 GeV ν Beam”, 
arXiv:0904.3159, submitted to PRL

– “A Search for⎯νe Appearance at the ∆m2~1 eV2 Scale”, 
arXiv:0904.1958, submitted to PRL

– “A Search for νµ and⎯νµ Disappearance in MiniBooNE”, 
arXiv:0903.2465, submitted to PRL

– “Unexplained Excess of Electron-Like Events from a 1 GeV ν Beam”, 
PRL 102, 101802 (2009)

– “1st  Measurement of νµ,νe Events in Off-Axis Horn-Focused ν Beam”, 
PRL 102, 211801 (2009) 

– “The MiniBooNE Detector”, 
NIM A599, 28 (2009)

– “The ν Flux Prediction at MiniBooNE”, 
PRD 79, 072002 (2009)

– “Compatibility of High ∆m2 νe and⎯νe Oscillation Searches”, 
PRD 78, 012007 (2008)

– “1st Observation of Coherent π0 Production in ν-Nucleus Interactions with Eν<2 
GeV”, 
PL B664, 41 (2008)

– “Measurement of νµ Quasi-Elastic Scattering on Carbon”, 
PRL 100, 032301 (2008)


