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Neutrino Oscillations
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Neutrino Oscillations
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Neutrino Oscillations: massive model (3vSM)

Effective hamiltonian 4 Properties: )
0O O 0 e Lorentz and CPT invariant
hoff = EUT 0 AmZ 0 U « 3 massive neutrinos
0 0 Am2, /)1t « 5 parameters
» Energy-independent mixing
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This model properly describes all the compelling results
for neutrino oscillations Am2
- atmospheric-neutrino disappearance (SK, K2K, MINOS, T2K)

- reactor-antineutrino disappearance (KamLAND)
- solar-neutrino deficit (SK, SNO, Borexino)
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Neutrino Oscillations: massive model (3vSM)

Low energy: reactor antineutrinos
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Neutrino Oscillations: massive model (3vSM)

Low energy: solar neutrinos
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Neutrino Oscillations: massive model (3vSM)

High energy: atmospheric neutrinos
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Neutrino Oscillations: anomalies

LSND (2001)
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Neutrino Oscillations: anomalies

MiniBooNE (2007,2010)

Vy — Ve
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«E£<475 MeV: unexplained 3.00 excess
«E£>475 MeV: no signals of oscillations
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Neutrino Oscillations: anomalies

MINOS (2010)

Preliminary data is inconsistent with the -
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Neutrino Oscillations: results summary

Established data

3vSM

Atmospheric neutrinos

L/E oscillation signature

Reactor antineutrinos

L/E oscillation signature

Solar neutrinos

MSW-LMA signature (matter effects)

Anomalies
LSND Oscillation signal
MiniBooNE 2007 Low-energy excess
MiniBooNE 2010 Behavior U ~= U
MINOS Behavior UV 7= U
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Lorentz violation

Last 20 years, growing interest in the possibility
that Lorentz symmetry may not be exact.

e Quantum gravity candidates involve the
breaking of Lorentz symmetry

Kostelecky & Samuel, PRD 1989
Kostelecky & Potting, NPB 1991

e Lorentz symmetry is a basic building block of
both General Relativity (GR) and the Standard
Model (SM). Anything this fundamental should be

tested.

Three-Parameter Lorentz-Violating Model for Neutrino Oscillations
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Standard-Model Extension

Standard-Model
Extension

Three-Parameter Lorentz-Violating Model for Neutrino Oscillations

Standard Model
coupled to Gravity

Colladay & Kostelecky, PRD 1997
Colladay & Kostelecky, PRD 1998
Kostelecky, PRD 2004

all possible
Lorentz violations

 Standard fields

e Controlling coefficients

« Coordinate independent

e CPT violation included
(no Am? %= Am? terms)
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SME: worldwide searches

K’-K" oscillations

—KLOE collaboration, A. DiDomeico et al., Found. Phys. 40, 852 (2010);
KLOE collaboration, A. DiDomeico et al., J. Phys. Conf. Serv. 171, 012008 (2009);
KLOE collaboration, M. Testa et al., arXiv:0805.1968 (2008);
KTeV collaboration, H. Nguyen et al., in CPT and Lorentz Symmetry II (2002);
KTeV collaboration, Y.B. Hsiung et al., Nucl. Phys. Proc. Suppl. 86, 312 (2000).

D-DY oscillations
FOCUS collaboration, J. Link et al., Phys. Lett. B 556, 7 (2003);
FOCUS collaboration, R. Gardner et al., in CPT and Lorentz Symmetry II (2002).

BC-BY oscillations

BaBar collaboration, B. Aubert et al., Phys. Rev. Lett. 100, 131802 (2008);

BaBar collaboration, B. Aubert et al., preprint SLAC-PUB-12003 (July 2006);
BaBar collaboration, B. Aubert et al., Phys. Rev. D 70, 012007 (2004);

BaBar collaboration, B. Aubert et al., Phys. Rev. Lett. 92, 142002 (2004);

BaBar collaboration, B. Aubert et al., preprint SLAC-PUB-9696;

BELLE collaboration, K. Abe et al., Phys. Rev. Lett. 86, 3228 (2001);

OPAL collaboration, R. Ackerstaff et al., Z. Phys. C 76, 401 (1997);

DELPHI collaboration, M. Feindt et al., preprint DELPHI 97-98 CONF 80 (1997).

Gravity sector
— M.A. Hohensee, S. Chu, A. Peters, and H. Mueller, arXiv:1102.4362 (2011);

— D. Bennet et al., in CPT and Lorentz Symmetry V (2011);
K.-Y. Chung et al., Phys. Rev. D 80, 016002 (2009);
H. Mueller et al., Phys. Rev. Lett. 100, 031101 (2008);
J.B.R. Battat, J.F. Chandler, and C.W. Stubbs, Phys. Rev. Lett. 99, 241103 (2007).

Tests with a spin-polarized torsion pendulum

B. Heckel et al., arXiv:0808.2673 (2008);

B. Heckel et al., Phys. Rev. Lett. 97, 021603 (2006);
L.-S. Hou et al., Phys. Rev. Lett. 90, 201101 (2003);

B. Heckel et al., in CPT and Lorentz Symmetry 11 (2002).

Muon sector

BNL g-2 collaboration, G.W. Bennett et al., Phys. Rev. Lett. 100, 091602 (2008);
V.W. Hughes et al., Phys. Rev. Lett. 87, 111804 (2001);

BNL g-2 collaboration, M. Deile et al., in CPT and Lorentz Symmetry II (2002).

QED tests in Penning traps

H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999);
R. Mittleman et al., Phys. Rev. Lett. 83, 2166 (1999);
G. Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999).

Data Tables for Lorentz and CPT Violation,
Kostelecky & Russell, Rev. Mod. Phys. (2011).
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Neutrino oscillations

MiniBooNE Collaboration, T. Katori, in CPT and Lorentz Symmetry V (2011);
IceCube Collaboration, R. Abbasi et al., Phys. Rev. D 82, 112003 (2010);
MINOS Collaboration, P. Adamson et al., Phys. Rev. Lett. 105, 151601 (2010);
MINOS Collaboration, P. Adamson et al., Phys. Rev. Lett. 101, 151601 (2008);
LSND Collaboration, L.B. Auerbach et al., Phys. Rev. D 72, 076004 (2005).

Photon sector

S. Parker et al., arXiv:1102.0081 (2011);

Fermi GBT and LAT Collaborations, V. Vasileiou, in CPT and Lorentz Symmetry V (2011);
M.A. Hohensee et al., Phys. Rev. D 82, 076001 (2010);
J.-P. Bocquet et al., Phys. Rev. Lett. 104, 241601 (2010);
S. Herrmann et al., Phys. Rev. Lett. 95, 150401 (2005);
M. Tobar et al., Phys. Rev. D 80, 125024 (2009);

Ch. Eisele, A.Yu. Nevsky, and S. Schiller, Phys. Rev. Lett. 103, 090401 (2009);
S. Reinhardt et al., Nature Physics 3, 861 (2007);

H. Mueller et al., Phys. Rev. Lett. 99, 050401 (2007);
M. Hohensee et al., Phys. Rev. D 753, 049902 (2007);
P.L. Stanwix et al., Phys. Rev. D 74, 081101 (R) (2006);
J.P. Cotter and B.T.H. Varcoe, physics/0603111 (2006);
P. Antonini et al., Phys. Rev. A 72, 066102 (2005);

M. Tobar et al., Phys. Rev. A 72, 066101 (2005);

S. Herrmann et al., Phys. Rev. Lett. 95, 150401 (2005);
M. Tobar et al., Lect. Notes Phys. 702, 415 (2006);

P.L. Stanwix et al., Phys. Rev. Lett. 93, 040404 (2005);
P. Antonini et al., Phys. Rev. A 71, 050101 (2005);

M. Tobar et al., Phys. Rev. D 71, 025004 (2005);

P. Wolf et al., Phys. Rev. D 70, 051902 (2004);

P. Wolf et al., Gen. Rel. Grav. 36, 2352 (2004);

H. Mueller et al., Phys. Rev. D 68, 116006 (2003);

H. Mueller et al., Phys. Rev. Lett. 91, 020401 (2003);

J. Lipa et al., Phys. Rev. Lett. 90, 060403 (2003).

Clock-comparison experiments

C. Gemmel et al., Phys. Rev. D 82, 111901 (R) (2010);

K. Tullney et al., in CPT and Lorentz Symmetry IV (2010);
J.M. Brown et al., Phys. Rev. Lett. 103, 151604 (2010);

I. Altarev et al., Phys. Rev. Lett. 103, 081602 (2009);

T.W. Kornack, G. Vasilakis, and M. Romalis, in CPT and Lorentz Symmetry IV (2008);
P. Wolf et al., Phys. Rev. Lett. 96, 060801 (2006);

P. Wolf et al. hep-ph/0509329 (2005);

P. Wolf et al. physics/0506168 (2005);

F. Cane et al., Phys. Rev. Lett. 93, 230801 (2004);

D.F. Phillips et al., Phys. Rev. D 63, 111101 (2001);

M.A. Humphrey et al., Phys. Rev. A 68, 063807 (2003);

D. Bear et al., Phys. Rev. Lett. 85, 5038 (2000);

R. Walsworth et al., AIP Conf. Proc. 539, 119 (2000);

L.R. Hunter et al., in CPT and Lorentz Symmetry IV (2008).
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SME: the neutrino sector Kostelecky & Mewes (PRD 2004a)

Kostelecky & Mewes (in preparation)

Effective hamiltonian for neutrinos (3x3 matrix) «—— three left-handed neutrinos

4 1 N

_ Ry, ~ af =~
(heff)ap = == (M=) gp+(ar) gy Pa—(cL) 4, PaPs+(ANR) ab
2F
/ 9 o J \CPT odd CPT even -
a,b=e,p,T . : V .
Lorentz invariant Lorentz violating /

Models based on this general effective hamiltonian
 bicycle model (Kostelecky et al., 2004)
e tandem model (Katori et al., 2006)
e BMW model (Barger et al., 2007)
[ « puma model (JSD et al., 2010) rest of this talk |
e isotropic bicycle model (Barger et al., 2011) < talk by K. Whisnant
e many others...

Search for key signals of Lorentz violation
» sidereal variations: LSND, MiniBooNE, MINOS (2), IceCube

Jorge S. Diaz, Indiana University
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011

e |sotropic (no direction dependence) & arXiv:1108.1799

e Includes nonrenormalizable terms
e Three real parameters

Puma model
4 1 1 1 1 1 1 1 O 0\
her=A|1 1 1|4+B|1 0 o|+c |0 0 O
1 1 1 1 0 O O O O
\
A=m?/2E, B=aE? C =cE®

“[the model] was discovered by a systematic hunt through the jungle of
possible SME-based models.”
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Lorentz-violating Neutrino Oscillations: puma model

Low energy
1 1 1
heﬂf — A ]. 1 1
1 1 1

oy

L e mass term dominates

o L/E oscillation signature

symmetries: Lorentz, CPT, S,
tri-bimaximal mixing
consistent with KamLAND data
consistent with solar data
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Am% s m?
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JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

m2/2E,
aEQ,
cE®
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

Low energy
1 1 1 A = m2/2E,
her= A1 1 1 B = aE?

1 1 1 C = cE°
e mass term dominates 5 | i
 L/E oscillation signature - \
. symbmetries: {_orentz, CPT, S; ’ if6 \/16 \/16
e tri-bimaximal mixing =

. . 3 3 3
 consistent with KamLAND data \g_ \/I \/1_
» consistent with solar data \ V2 V2
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Am% s m?
61> — given by texture

)
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

= m?/2E,
aEQ,
cE°

Low energy
1 1 1
heﬂfZA 1 1 1
1 1 1
N
L
Y

mass term dominates
L/E oscillation signature
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

High energy

1 11 1 00 A = m?/2E,
heﬂf = Bl1 O 0O|4C |0 O O B = aEQ,

1 0O 0O 0 O C = cE°
O MY ek . Lorentz-violating see-saw mechanism
e Lorentz-violating see-saw mechanism
o L/E oscillation signature 1 5 >
 symmetries: S, Al = 5(B+C—\/(B+C) + 8B )
. max1.mal mixing > B2 242
« consistent with SK, K2K, MINOS, T2K ~ o T B
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Lorentz-violating Neutrino Oscillations: puma model

High energy

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

1 11 1 00 A = m?/2E,
heﬂf= Bl1 O 0O|4C |0 O O B = aEQ,
1 00 O 0O C = cE®
* NO Masses

e Lorentz-violating see-saw mechanism

L/E oscillation signature

symmetries: S,
maximal mixing
consistent with SK, K2K, MINOS, T2K
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Three-Parameter Lorentz-Violating Model for Neutrino Oscillations

Lorentz-violating seesaw mechanism
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky

High energy

& arXiv:1108.1799
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e Lorentz-violating see-saw mechanism

L/E oscillation signature

symmetries: S,
maximal mixing
consistent with SK, K2K, MINOS, T2K
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

Remarkable natural feature:

Low-energy signal in MiniBooNE

Pyy—ve = Ax1(U) sin?(\ L L/2)

MlmBooNE

Three-Parameter Lorentz-Violating Model for Neutrino Oscillations

Kostelecky & Mewes, PRD 2004
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Lorentz-violating Neutrino Oscillations: puma model

Remarkable natural feature:

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799

Low-energy signal in MiniBooNE

Pyy—ve = Ax1(U) sin?(\ L L/2)

Kostelecky & Mewes, PRD 2004
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011

Remarkable natural feature: & arXiv:1108.1799

Low-energy signal in MiniBooNE
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky

Predictions: new reactor experiments

& arXiv:1108.1799

1.00
/Oscillation signals in A §>
Daya Bay, Double T 0.98}
Chooz, and RENO s ;
driven by the solar N 2eRp
mass term -
k j 100 —=
Tribimaximal mixing 0.98]
at low energy
1 \ 0.96
1/6 \/6 V6 -
U ~ 1 1 1.00
2 \/§ \/15 0.98}
\ \/5 \/5} 0.96}
\ V13
Sin 013 6 8 10
E (MeV) kin® 26013 = 0.05
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky

_ PLB 2011
Predictions: long-baseline experiments & arxiv:1108.1799
Vy — Ve
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Appearance signal sin” 2613 will be smaller in
decreases with energy MINOS compared to T2K
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky

PLB 2011
Predictions: long-baseline experiments & anvLI081799
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Lorentz-violating Neutrino Oscillations: puma model

JSD & V.A. Kostelecky
PLB 2011

Predictions: new long-baseline experiments ARl
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LSND: enhanced puma

e Our model does not include LSND

» We should explore possible extensions

JSD & V.A. Kostelecky
PLB 2011
& arXiv:1108.1799
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LSND: enhanced puma 1SD & V.A. Kostelecky

PLB 2011
& arXiv:1108.1799

extension could be tested in future experiments
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Possible extension of the puma model oz va koselecky

PLB 2011
& arXiv:1108.1799

Addition of one more coefficient preserving the texture

Puma* model
4 1 1 1 1 1 1 1 O O\
heffZA 1 1 1 —|—B 1 0O O —|—O O 0 O
1 1 1 1 0 O O 0O
/

A=m?/2E, B=aE’+dE, C=cE>—-E
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Possible extension of the puma model e va Koselecky

PLB 2011
& arXiv:1108.1799

New features: 7 = L/ at high energies

é Neutrino-antineutrino h

difference is produced by a
CPT-odd coefficient.

There are no masses at
high energies.

} \ best fit # 3vSM
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Description of anomalies: parameters

3USM puma’

5 /

It does not explain

- MiniBooNE 2007 O

- MiniBooNE 2010

- MINOS 0 consistent with everything
- LSND

(*): extension

To my knowledge no other existing model is consistent with all
compelling data and all the anomalies with 7 parameters. The puma

is an economical model...
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Summary

Puma model

e based on Lorentz and CPT violation;

uses a total of 3 parameters (instead of 5 as the 3vSM);

consistent will all established data (atmospheric, reactor, and solar neutrinos);

naturally reproduces the two MiniBooNE anomalies;

simple extensions produce signals of the LSND and MINOS type;

predictions for v, — Ve in agreement with recent results from MINOS and T2K;

« realistic possible solution to some anomalies without extra particles or
interactions;

e more details can be found in arXiv:1108.1799.
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