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Evidence for Neutrino Oscillations
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The three oscillation signals cannot be reconciled
without introducing Physics Beyond the Standard Model



The MiniBooNE Collaboration

AL AL Aguilar-Arevalo, A. O. Bazarko, S. J. Brice, B. C. Brown,
L. Bugel, J. Cao, L. Coney, J. M. Conrad, D. C. Cox, A. Curioni,
7. Djurcie, D. A. Finley, B. T. Fleming, R. Ford, F. G. Garcia,

G. T. Garvey, J. A. Green, C. Green, T. L. Hart, E. Hawker,

R. Imlay, R. A. Johnson, P. Kasper, T. Katori, T. Kobilarcik,

I. Kourbanis, S. Koutsoliotas, J. M. Link, Y. Liu, Y. Liu,

W. C. Louis, K. B. M. Mahn, W. Marsh, P. 8. Martin, G. McGregor,
W. Metcalf, P. D. Meyers, F. Mills, G. B. Mills, J. Monroe,

C. D. Moore, R. H. Nelson, P. Nienaber, S. Ouedraogo,

R. B. Patterson, D. Perevalov, C. C. Polly, E. Prebys, J. L. Raaf,
H. Ray, B. P. Roe, A. D. Russell, V. Sandberg, R. Schirato,

D. Schmitz, M. H. Shaevitz, F. C. Shoemaker, D. Smith, M. Sorel,
P. Spentzouris, I. Stancu, R. J. Stefanski, M. Sung, H. A. Tanaka,
R. Tayloe, M. Tzanov, M. O. Wascko, R. Van de Water, D. H. White,
M. J. Wilking, H. J. Yang, G. P. Zeller, E. D. Zimmerman

University of Alabama

Bucknell University

University of Cincinnati

University of Colorado

Columbia University

Embry Riddle University

Fermi National Accelerator Laboratory
Indiana University

Los Alamos National Laboratory
Louisiana State University

University of Michigan

Princeton University

Saint Mary’s University of Minnesota
Virginia Polytechnic Institute
Western lllinois University

Yale University



MiniBooNE’s Design Strategy...

Keep L/E same
while changing systematics, energy & event signature
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Neutrino Flux from GEANT4 Simulation
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The MiniBooNE Detector

— « 541 meters downstream of target

* 3 meter overburden

12 meter diameter sphere

I (10 meter “fiducial” volume)
- Filled with 800 t

of pure mineral oil (CH,)

e e e e eeeem (Fiducial volume: 450 t)

- 1280 inner phototubes,

240 veto phototubes
- Simulated with a GEANT3 Monte Carlo




Predicted event rates before cuts

(NUANCE Monte Carlo)
D. Casper, NPS, 112 (2002) 161
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Analysis Pre-Cuts

e data
—MC

Event in time with beam
1 & only 1 event :
Veto hits<6 2
Tank hits > 200 I I e S
R<500 cm F?Vcto Hits
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Summary of PID cuts
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Checked or  Further

Source of Error in % Constrained reduced by
Uncertainty by MB data  tying
On v, background v, to v,
Flux from m*/u* decay 6.2 \ \
Flux from K* decay 3.3 \ V
Flux from KO decay 1.5 \ V
Target and beam models 2.8 \
V-Cross section 12.3 v N
NC 0 yield 1.8 N
External interactions (“Dirt”) 0.8 v
Optical model 6.1 \ v
DAQ electronics model 7.5 \




The Track-based v,—v, Appearance-only Result:
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300<E, <1250 MeV : data: 749 events, MC: 631 +25 +45 events, 2.3 ¢
475<E QE<1250 MeV : data: 380 events, MC: 358 +19 £35 events, 0.55 ¢
300<E <475 MeV : data: 369 events, MC: 273 +17 £20 events, 3.7 ¢
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The result of
the V= ve_appearanc_e-or?Iy analysis
IS a limit on oscillations:

B ; sin’(20) upper limit

— MiniBooNE 90% C.L
---- BDT analysis 90% C.L.

Simple 2-neutrino
oscillations excluded
at 98% C.L.
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- | | LSND 99% C.L.
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Energy fit: 475<E Q<3000 MeV



Background Subtracted
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' 2v oscillation

 analysis threshold « data - expected background
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excess events / MeV
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96 + 17 £ 20 events above background, for 300<E, RE<475MeV
Deviation: 3.7c



excess events / MeV

Fit to the > 300 MeV range:

Best Fit (dashed): (sin26, Am?) = (1.0, 0.03 eV?)
v? Probability: 18%

e data - expected background

-- best-fitto full range
— sin®(28)=0.004, Am°=1.0 eV*
— sinf(28)=0.2 Am'=0.1 eV* }
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Allowed Region

Energy Fit: 0.3< E %< 3 GeV
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events / MeV
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Excess Continues at Lower Energies!
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Background?

* |s low-energy excess due to background?
e e.g. some NC gamma production or other electromagnetic
process?

* Presently studying photonuclear interactions, neutron
radiative scattering, & pion absorption



Signal?

Anomaly Mediated Neutrino-Photon Interactions at Finite
Baryon Density (arXiv:0708.1281: Jeffrey A. Harvey,
Christopher T. Hill, Richard J. Hill)

CP-Violation 3+2 Model: Maltoni & Schwetz,
arXiv:0705.0107

Extra Dimensions 3+1 Model: Paes, Pakvasa, & Weller,
Phys. Rev. D72 (2005) 095017

Lorentz Violation: Katori, Kostelecky, & Tayloe,
Phys. Rev. D74 (2006) 105009

CPT Violation 3+1 Model: Barger, Marfatia, & Whisnant,
Phys. Lett. B576 (2003) 303



Future Experiments

Two possible follow-up
experiments:

BooNE would involve a
second “MiniBooNE-like”
detector (~$8M) at FNAL at a
different distance:; with 2
detectors, many of the
systematics would cancel

OscSNS would involve
building a "MiniBooNE-like”
detector (~$12M) with higher
PMT coverage at a distance of
~60 m from the SNS beam
stop at ORNL

 BOONE & OscSNS

MiniBooNE Detector
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Two identical detectors
at different distances
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energy determination
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OscSNS at ORNL
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SNS: ~1 GeV, ~1.4 MW

v,->v, ALE)~3%;v, p->e'n
Vv, -> Vg A(L/E) < 1% ; Monoenergetic v, v, C->v, C*(15.11)

OscSNS would be capable of making precision measurements

of v_ appearance & v_disappearance and proving, for example, the
existence of sterile néutrinos! (see Phys. Rev. D72, 092001 (2005)).
Flux shapes are known perfectly and cross sections are known very well



Search for Sterile Neutrinos with OscSNS Via
Measurement of NC Reaction:
v, C-> v, C*(15.11)
Garvey et al., Phys. Rev. D72 (2005) 092001

Neutral Current Disappearance Pattern
in a Two Detector Setup
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Measurement of 3+2 Model with OscSNS
Garvey et al., Phys. Rev. D72 (2005) 092001
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Conclusions

Within the energy range defined by the oscillation analysis,
475<E QE<1250 MeV, the event rate is consistent with
background.

MiniBooNE rules out a simple v,—v, appearance-only model
as an explanation of the LSND excess at 98% CL.

However, more events are observed than expected in the
lower energy range from 200<E, *E<475MeV.

This unexplained deviation is under investigation.



Future

« Understand the low-energy excess of events!

* Analyze antineutrino data, NuMl v in MiniBooNE data, &
SciBooNE data.

* [f low-energy excess iIs consistent with a signal, new
experiments at FNAL (BooNE) and/or SNS (OscSNS) will
be proposed to explore physics Beyond the Standard
Model.
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