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“Year of Neutrinos”

2016 Fundamental Physics Breakthrough Prize
- Koichiro Nishikawa (K2K and T2K)
- Atsuto Suzuki (KamLAND)
- Kam-Biu Luk (Daya Bay)
- Yifang Wang (Daya Bay)
- Art McDonald (SNO)
- Yoichiro Suzuki (Super-Kamiokande)
- Takaaki Kajita (Super-Kamiokande) 

Teppei Katori, Queen Mary University of London
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Tests of Lorentz and CPT Violation with Neutrinos
1. Neutrino physics
2. Lorentz violating neutrino oscillation
3. MiniBooNE experiment (long)
4. MINOS experiment
5. OPERA experiment
6. Double Chooz experiment
7. IceCube experiment (long)
8. SME-motivated neutrino oscillation model?
9. Conclusion

My slides from the last IUCSS school (80% same)
http://www.indiana.edu/~lorentz/sme2015/
Twitter: @teppeikatori
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1. Neutrinos

Neutrinos in the standard model
The standard model describes 6 quarks and 6 leptons and 3 types of force carriers.

Neutrinos are special because, 

1. they only interact with weak nuclear force. 

2. interaction eigenstate is not Hamiltonian 
eigenstate (propagation eigenstate). Thus 
propagation of neutrinos changes their species, 
called neutrino oscillation.

nµ
µ

d u

W
nµ

nµ

u u
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Charged Current 
(CC) interaction

“W-boson exchange”

Neutral Current 
(NC) interaction

“Z-boson exchange”
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1. Neutrino Standard Model (nSM)
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Standard Model (SM) + 3 active massive neutrinos
- 6 new parameters to describe neutrino oscillations

- 3 mixing angles
- 2 neutrino mass square differences
- 1 Dirac CP phase 𝑃"→$ 𝐿 = 1 − 4*𝑅𝑒(𝑈"/∗ 𝑈$/∗ 𝑈"1𝑈$1)𝑠𝑖𝑛6
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1. Neutrino Standard Model (nSM)
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Standard Model (SM) + 3 active massive neutrinos
- 6 new parameters to describe neutrino oscillations

- 3 mixing angles
- 2 neutrino mass square differences
- 1 Dirac CP phase 

Unknown parameters of nSM
1. Dirac CP phase (nonzero?)
2. q23 (q23=40o and 50o are same for sin2q23, but not for sinq23)
3. normal mass ordering m1<m2<m3 or inverted mass ordering m3<m1<m2 (normal?)
4. Dirac or Majorana
5. Majorana phase                   not relevant to neutrino oscillation experiment(?)
6. absolute neutrino mass

(1) to (3) can be found by higher precision long baseline neutrino oscillation experiments.
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1. Hyper-Kamiokande vs. DUNE

Teppei Katori, Queen Mary University of 
London 18/06/22 7

HyperK
• ~2026? in Japan
• Water target
• Narrow band 0.6 GeV
• Low resolution

DUNE
• ~2025? in USA
• Argon target
• wide band 1-4 GeV
• High resolution

TK, Martini, JPhysG45(2017)1

𝑃 𝐿/𝐸 = 𝑠𝑖𝑛62𝜃𝑠𝑖𝑛6 1.27Δ𝑚6(𝑒𝑉6)
𝐿(𝑘𝑚)
𝐸(𝐺𝑒𝑉)

current and future oscillation experiments are all 1-10 GeV beam
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1. List of neutrino oscillation and mixing experiments
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Long baseline accelerator and atmospheric neutrino oscillation experiments
K2K, MINOS, OPERA, T2K, NOvA, Super-Kamiokande, IceCube etc
- 𝜈H/�̅�H disappearance search from 𝜈H/�̅�H flux
- 𝜈J/�̅�J appearance search from 𝜈H/�̅�H flux
- 𝜈K/�̅�K appearance search from 𝜈H/�̅�H flux

Short baseline accelerator and reactor neutrino oscillation experiments
LSND, MiniBooNE, PROSPECT, etc
- 𝜈K/�̅�K appearance search from 𝜈H/�̅�H flux
- �̅�Kdisappearance search from �̅�K flux

Long baseline reactor neutrino oscillation experiments
Double Chooz, RENO, Daya Bay, etc
- �̅�K disappearance search from �̅�K flux

Solar neutrino mixing experiments
Homestake, Super-Kamiokande, SNO, SAGE, GALLEX, Borexino, etc
- 𝜈K disappearance search from 𝜈K flux

Astrophysical neutrino mixing experiments
IceCube, ANTARES, etc
- flavor ratio measurements from astrophysical flux
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2. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

For double slit experiment, if path n1 and path n2 have different length, they have different 
phase rotations and it causes interference.

interference 
pattern

light source
n1

n2

slits screen

18/06/22Teppei Katori, Queen Mary University of London 10



nµ

nµ

2. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference. 
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2. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference.

If n1 and n2, have different mass, they have different velocity, so thus different phase 
rotation.
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2. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference. 

If n1 and n2, have different mass, they have different velocity, so thus different phase 
rotation.

The detection may be different flavor (neutrino oscillations).

18/06/22Teppei Katori, Queen Mary University of London 13



nµ

nµ

2. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference. 
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2. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment) 
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If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference. 

If n1 and n2, have different coupling with Lorentz violating field, neutrinos also oscillate. 
The sensitivity of neutrino oscillation is comparable the target scale of Lorentz violation 
(<10-19GeV).
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2. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, n1 and n2, have different phase rotation, they cause 
quantum interference. 

If n1 and n2, have different coupling with Lorentz violating field, neutrinos also oscillate. 
The sensitivity of neutrino oscillation is comparable the target scale of Lorentz violation 
(<10-19GeV).
If neutrino oscillation is caused by Lorentz violation, interference pattern (oscillation 

probability) may have sidereal time dependence.
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Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

2. Test of Lorentz violating neutrino oscillations

18/06/22Teppei Katori, Queen Mary University of London 17



Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

- Neutrino beamline is described in Sun-centred coordinates

2. Test of Lorentz violating neutrino oscillations

18/06/22Teppei Katori, Queen Mary University of London

MiniBooNE 

MI1
2 

Fermilab Google© map 

541m

Autumn equinox

Vernal equinox

!4.23

Winter
solstice

Summer
solstice

Z

Y

X

Sun

Earth

MiniBooNE beamline
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Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz 
violation. SME is a minimum extension of QFT with Particle Lorentz violation

SME Lagrangian in neutrino sector

SME coefficients

2. Test of Lorentz violating neutrino oscillations

18/06/22Teppei Katori, Queen Mary University of London

Kostelecký and Mewes, PRD69(2004)016005

L = 1
2
iψAΓAB

ν ∂νψB −MABψAψB + h.c.

ΓAB
ν = γνδAB + cAB

µνγµ + dAB
µνγµγ5 + eAB

ν + ifAB
ν γ5 +

1
2
gAB
λµνσ λµ

MAB =mAB + im5ABγ5 + aAB
µ γµ + bAB

µ γ5γµ +
1
2
HAB

µνσ µν
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4X4 Lorentz indices
6X6 flavor indices

µn
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L = 1
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ΓAB
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Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz 
violation. SME is a minimum extension of QFT with Particle Lorentz violation

SME Lagrangian in neutrino sector

SME coefficients

2. Test of Lorentz violating neutrino oscillations
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L = 1
2
iψAΓAB

ν ∂νψB −MABψAψB + h.c.

ΓAB
ν = γνδAB + cAB

µνγµ + dAB
µνγµγ5 + eAB

ν + ifAB
ν γ5 +

1
2
gAB
λµνσ λµ!

MAB =mAB + im5ABγ5 + aAB
µ γµ + bAB

µ γ5γµ +
1
2
HAB

µνσ µν!

CPT odd

CPT even
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Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz 
violation. SME is a minimum extension of QFT with Particle Lorentz violation

SME Lagrangian in neutrino sector

SME coefficients

2. Test of Lorentz violating neutrino oscillations
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L = 1
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iψAΓAB

ν ∂νψB −MABψAψB + h.c.

ΓAB
ν = γνδAB + cAB
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nonminimal SME

Kostelecký and Mewes, PRD69(2004)016005;85(2012)096005



2. SME effective Hamiltonian for neutrinos
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(heff )AB = E
δab 0
0 δab

!

"
#
#

$

%
&
&+

1
2E

(m2 )ab 0

0 (m2 )ab
*

!

"

#
#

$

%

&
&
+

1
E

[(aL )
µ pµ − (cL )

µν pµ pν ]ab −i 2pµ (ε+ )ν [(g
µνσ pσ −H

µν )C]ab
i 2pµ (ε+ )ν

* [(gµνσ pσ +H
µν )C]ab

* [−(aL )
µ pµ − (cL )

µν pµ pν ]ab
*

!

"

#
##

$

%

&
&&

CPT-odd
CPT-even
not gauge invariant
(Lepton# violation)

Kostelecký and Mewes, PRD69(2004)016005

(ℎKMM)NO= 𝐸 𝛿QR 0
0 𝛿QR

+
1
2𝐸

𝑚QR
6 0
0 𝑚QR

6 +

1
𝐸

𝑎UKMM − �̂�KMM −𝑔UKMM + 𝐻ZKMM
𝑔UKMM
[ + 𝐻ZKMM

[ −𝑎UKMM\ − �̂�KMM\

dimension 3 and 4 SME 
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- more organized
- spherical harmonics to describe components 



Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz 
violation. SME is a minimum extension of QFT with Particle Lorentz violation

SME effective Hamiltonian for neutrino-neutrino oscillation

2. Test of Lorentz violating neutrino oscillations
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(heff )ab = Eδab +
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(m2 )ab +
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µν pµ pν ]ab

usual Hamiltonian (3X3) Lorentz violating terms (3X3)

Kostelecký and Mewes, PRD69(2004)016005



Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Various physics are predicted under SME, but among them, the smoking gun of Lorentz 
violation is the sidereal time dependence of the observables

solar time:      24h 00m 00.0s
sidereal time: 23h 56m 04.1s

Lorentz-violating neutrino oscillation probability for short-baseline experiments

2. Test of Lorentz violating neutrino oscillations
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(C)eµ + (As )eµ sinω⊕T⊕ + (Ac )eµ cosω⊕T⊕ + (Bs )eµ sin2ω⊕T⊕ + (Bc )eµ cos2ω⊕T⊕
2

sidereal frequency

sidereal time 

ω⊕ =
2π

23h56m4.1s
T⊕
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Lorentz violation is realized as a coupling of particle fields and background fields, so the basic 
strategy to find Lorentz violation is:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Various physics are predicted under SME, but among them, the smoking gun of Lorentz 
violation is the sidereal time dependence of the observables

solar time:      24h 00m 00.0s
sidereal time: 23h 56m 04.1s

Lorentz-violating neutrino oscillation probability for short-baseline experiments

Sidereal variation analysis for short baseline neutrino oscillation is 5-parameter fitting problem

2. Test of Lorentz violating neutrino oscillations
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(C)eµ + (As )eµ sinω⊕T⊕ + (Ac )eµ cosω⊕T⊕ + (Bs )eµ sin2ω⊕T⊕ + (Bc )eµ cos2ω⊕T⊕
2

time independent amplitude              sidereal time dependent amplitude 

sidereal frequency

sidereal time 

ω⊕ =
2π

23h56m4.1s
T⊕
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Sidereal variation of neutrino oscillation probability for MiniBooNE (5 parameters)

Expression of 5 observables (14 SME parameters)

coordinate dependent direction vector 
(depends on the latitude of FNAL, location 
of BNB and MiniBooNE detector)
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2. Test of Lorentz violating neutrino oscillations
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3. LSND experiment
LSND experiment at Los Alamos 
observed excess of anti-electron 
neutrino events in the anti-muon 
neutrino beam.

87.9 ± 22.4 ± 6.0  (3.8.s)  
g
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LSND  
signal

LSND, PRD64(2002)112007

L/E~30m/30MeV~1

𝑃 𝜈H ⟶ 𝜈K = 𝑠𝑖𝑛62𝜃𝑠𝑖𝑛6 1.27Δ𝑚6(𝑒𝑉6)
𝐿(𝑘𝑚)
𝐸(𝐺𝑒𝑉)Teppei Katori, Queen Mary University of London
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3 types of neutrino oscillations are found:

LSND neutrino oscillation:           Dm2~1eV2

Atmospheric neutrino oscillation: Dm2~10-3eV2

Solar neutrino oscillation :           Dm2~10-5eV2

But we cannot have so many Dm2!

Dm13
2 ≠ Dm12

2 + Dm23
2

3. LSND experiment

LSND signal indicates 4th generation neutrino, but we know there is no additional flavor
from Z-boson decay, so it must be sterile neutrino
MiniBooNE is designed to have same L/E~500m/500MeV~1 to test LSND Dm2~1eV2

LSND, PRD64(2002)112007

2015

2002

𝑃 𝜈H ⟶ 𝜈K = 𝑠𝑖𝑛62𝜃𝑠𝑖𝑛6 1.27Δ𝑚6(𝑒𝑉6)
𝐿(𝑘𝑚)
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Keep L/E same with LSND, while changing systematics, energy & event signature;

MiniBooNE is looking for the single isolated electron like events, which is the signature of ne events

MiniBooNE has;
- higher energy (~500 MeV) than LSND (~30 MeV)
- longer baseline (~500 m) than LSND (~30 m)

3. MiniBooNE experiment

Booster

primary beam tertiary beamsecondary beam
(protons) (mesons) (neutrinos)

K+

p+ nµ  ® ne ???

target and horn dirt absorber detectordecay regionFNAL Booster
  

€ 

νµ

oscillation
 →    νe + n→ p + e−

ν µ
oscillation

 →    ν e + p → n+ e+

𝑃 𝜈H ⟶ 𝜈K = 𝑠𝑖𝑛62𝜃𝑠𝑖𝑛6 1.27Δ𝑚6(𝑒𝑉6)
𝐿(𝑘𝑚)
𝐸(𝐺𝑒𝑉)Teppei Katori, Queen Mary University of London
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Booster Target
Hall

MiniBooNE extracts beam 
from the 8 GeV Booster

3. Neutrino beam

Booster
K+

target and horn detectordirt absorber

primary beam tertiary beamsecondary beam
(protons) (mesons) (neutrinos)

p+ nµ  ® ne ???

decay regionFNAL Booster

MiniBooNE, PRD79(2009)072002

FNAL Booster 
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nµ  ® ne ???

within a magnetic horn
(2.5 kV, 174 kA) that
increases the flux by ´ 6

3. Neutrino beam

8GeV protons are delivered 
to a  1.7 l Be target

Magnetic focusing horn

Booster

primary beam tertiary beamsecondary beam
(protons) (mesons) (neutrinos)

K+

p+

target and horn dirt absorber detectordecay regionFNAL Booster

p+

p+p-

p-

MiniBooNE collaboration,
PRD79(2009)072002

MiniBooNE, PRD79(2009)072002
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nµ  ® ne ???

3. Neutrino beam

Booster

primary beam tertiary beamsecondary beam
(protons) (mesons) (neutrinos)

K+

p+

target and horn dirt absorber detectordecay regionFNAL Booster

MiniBooNE collaboration,
PRD79(2009)072002

HARP experiment (CERN)

HARP collaboration,
Eur.Phys.J.C52(2007)29

Modeling of meson production is based on the 
measurement done by HARP collaboration. 

- Identical, but 5% l Beryllium target
- 8.9 GeV/c proton beam momentum

MiniBooNE, PRD79(2009)072002
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The MiniBooNE Detector

- 541 meters downstream of target

- 12 meter diameter sphere

(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH2)

(Fiducial volume: 450 t)

- 1280 inner phototubes,

- 240 veto phototubes

3. Events in the Detector

Booster

MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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The MiniBooNE Detector

- 541 meters downstream of target

- 12 meter diameter sphere

(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH2)

(Fiducial volume: 450 t)

- 1280 inner phototubes,

- 240 veto phototubes

3. Events in the Detector
MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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The MiniBooNE Detector

- 541 meters downstream of target

- 12 meter diameter sphere

(10 meter “fiducial” volume)

- Filled with 800 t of pure mineral oil (CH2)

(Fiducial volume: 450 t)

- 1280 inner phototubes,

- 240 veto phototubes

3. Events in the Detector
MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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Times of hit-clusters (subevents)
Beam spill (1.6µs) is clearly evident 

simple cuts eliminate cosmic 
backgrounds

Neutrino Candidate Cuts
<6 veto PMT hits

Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!

Beam and
Cosmic BG

3. Events in the Detector
MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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Times of hit-clusters (subevents)
Beam spill (1.6µs) is clearly evident 

simple cuts eliminate cosmic 
backgrounds

Neutrino Candidate Cuts
<6 veto PMT hits

Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!

3. Events in the Detector

Beam and 
Michels

MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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Times of hit-clusters (subevents)
Beam spill (1.6µs) is clearly evident 

simple cuts eliminate cosmic 
backgrounds

Neutrino Candidate Cuts
<6 veto PMT hits

Gets rid of muons

>200 tank PMT hits
Gets rid of Michels

Only neutrinos are left!

3. Events in the Detector

Beam
Only

MiniBooNE,NIM.A599(2009)28

Teppei Katori, Queen Mary University of London
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3. Events in the Detector MiniBooNE collaboration,
NIM.A599(2009)28

Muons
- Long strait tracks
à Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
à Scattered fuzzy rings

Neutral pions
- Decays to 2 photons
à Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
à Isotropic scintillation hitsTeppei Katori, Queen Mary 

University of London
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MiniBooNE collaboration,
NIM.A599(2009)283. Events in the Detector

Muons
- Long strait tracks
à Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
à Scattered fuzzy rings

Neutral pions
- Decays to 2 photons
à Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
à Isotropic scintillation hitsTeppei Katori, Queen Mary 

University of London
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MiniBooNE collaboration,
NIM.A599(2009)283. Events in the Detector

Muons
- Long strait tracks
à Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
à Scattered fuzzy rings

Neutral pions
- Decays to 2 photons
à Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
à Isotropic scintillation hitsTeppei Katori, Queen Mary 

University of London
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MiniBooNE collaboration,
NIM.A599(2009)283. Events in the Detector

Muons
- Long strait tracks
à Sharp clear rings

Electrons
- Multiple scattering
- Radiative processes
à Scattered fuzzy rings

Neutral pions
- Decays to 2 photons
à Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
à Isotropic scintillation hitsTeppei Katori, Queen Mary 

University of London
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3. QE kinematics based energy reconstruction  

18/06/22 45

Event reconstruction from Cherenkov ring profile for PID
- scattering angle q and kinetic energy of charged lepton T are estimated

Charged Current Quasi-Elastic (CCQE) interaction
The simplest and the most abundant interaction around ~1 GeV. Neutrino 
energy is reconstructed from the observed lepton kinematics “QE assumption”
1. assuming neutron at rest
2. assuming interaction is CCQE

µ
X

n-beam cosq

Tµ

p
n

CCQE is the most important channel of neutrino oscillation physics for MiniBooNE, T2K, 
microBoonE, SBND, etc (also important for NOvA, Hyper-Kamiokande, DUNE, etc)

𝐸_
`a =

𝑀𝐸H − 0.5𝑚H
6

𝑀 − 𝐸H + 𝑝H𝑐𝑜𝑠𝜃

MiniBooNE: PRL100(2008)032301

𝜈H + 𝑛 ⟶ 𝑝 + 𝜇g	(𝜈H + 𝑋 ⟶ 𝑋j + 𝜇g)

𝜈H

𝑝

𝜇g	

𝑛

𝑊

Teppei Katori, Queen Mary University of London



3. MiniBooNE ne appearance candidate data
MiniBooNE, PRL110(2013)161801;arXiv:1805.12028

Low energy excess
MiniBooNE didn't see much events at the region where LSND data suggested under 
the assumption of standard 2 massive neutrino oscillation model, but MiniBooNE did 
see the excess where massive neutrino oscillation model didn't predict the signal.

MiniBooNE low E ne excess

475MeV

low energy     high energy

18/06/22Teppei Katori, Queen Mary University of London 46
All backgrounds are measured in other data 
sample and their errors are constrained



Time distribution of MiniBooNE neutrino mode low energy region

3. Lorentz violation with MiniBooNE neutrino data

18/06/22Teppei Katori, Queen Mary University of London 47

MiniBooNE data 
taking is reasonably 
uniform, so all day-
night effect is likely to 
be washed out in 
sidereal time 
distribution.

solar local time
24h00m00s (86400s)
sidereal time
23h56m04s (86164s)

MiniBooNE, PLB718(2013)1303



3. Lorentz violation with MiniBooNE neutrino data

Time dependent systematics
- Beam and detector day night effect is evaluated from high statistics nµCCQE sample
- nµCCQE events show ±6% day-night variation

±6%

nµCCQE events day-night distribution

18/06/22Teppei Katori, Queen Mary University of London 48

MiniBooNE, PLB718(2013)1303



3. Lorentz violation with MiniBooNE neutrino data

Time dependent systematics
- Beam and detector day night effect is evaluated from high statistics nµCCQE sample
- nµCCQE events show ±6% day-night variation
- Furthermore, neutrinos know when the weekend is!

±6%

nµCCQE events distribution, Monday to Friday nµCCQE events distribution, Saturday and Sunday

18/06/22Teppei Katori, Queen Mary University of London 49

MiniBooNE, PLB718(2013)1303



3. Lorentz violation with MiniBooNE neutrino data

Time dependent systematics
- Beam and detector day night effect is evaluated from high statistics nµCCQE sample
- nµCCQE events show ±6% day-night variation
- Furthermore, neutrinos know when the weekend is!
- day-night variation of protons on target (POT)

±6%

nµCCQE events distribution, Monday to Friday nµCCQE events distribution, Saturday and Sunday

POT distribution, Monday to Friday POT distribution, Saturday and Sunday

18/06/22Teppei Katori, Queen Mary University of London 50

MiniBooNE, PLB718(2013)1303



3. Lorentz violation with MiniBooNE neutrino data

Time dependent systematics
- Beam and detector day night effect is evaluated from high statistics nµCCQE sample
- nµCCQE events show ±6% day-night variation
- Furthermore, neutrinos know when the weekend is!
- day-night variation of protons on target (POT)
- After correcting this, nµCCQE events exhibit flat

±6%

nµCCQE events day-night distribution

18/06/22Teppei Katori, Queen Mary University of London 51

MiniBooNE, PLB718(2013)1303



Unbinned extended maximum loglikelihood fit

- It has the maximum statistic power
- Assuming excess is Lorentz violation, extract Lorentz violation parameters (SME 

parameters) from unbinned likelihood fit.
- technically, we add loglikelihood of each event to calculate loglikelihood value of 

each grid point in a parameter space (grid search). The maximum loglikelihood point 
is the best fit point, and grid of loglikelihood define 1-s and 2-s contour (corrected by 
fake data)
- due to high correlation of parameters, 5 parameter fit cannot provide contours, so 

we focus on 3 parameter fit

3. Lorentz violation with MiniBooNE neutrino data

    

€ 

Pν
e
→ν

µ
=

L

c( )
2

| (C)eµ + (As )eµ sin w⊕T⊕ + (Ac )eµ cos w⊕T⊕ |
2

sidereal frequency

sidereal time 
  

€ 

w⊕ =
2π

23h56m4.1s

T⊕

Sidereal variation of neutrino oscillation probability for MiniBooNE

loglikelihood function for an event

18/06/22Teppei Katori, Queen Mary University of London 52

MiniBooNE, PLB718(2013)1303



Neutrino mode result, low energy region

3. Lorentz violation with MiniBooNE neutrino data

Only C-parameter is 
nonzero, but this is 
sidereal independent 
parameter. 

26.9% of fake data 
based on null 
hypothesis have bigger 
Dc2 than data.

The neutrino mode low 
energy excess is 
consistent with no 
sidereal variation.

18/06/22Teppei Katori, Queen Mary University of London 53

MiniBooNE, PLB718(2013)1303



Anti-neutrino mode result, combined energy region

3. Lorentz violation with MiniBooNE anti-neutrino data

As and Ac-parameters 
are nonzero, which are 
sidereal dependent 
parameters. 

3.0% of fake data 
based on null 
hypothesis have bigger 
Dc2 than data.

The anti-neutrino 
mode combined 
energy region excess 
prefer sidereal time 
dependent solution, 
but not statistically 
significant level.

18/06/22Teppei Katori, Queen Mary University of London 54

MiniBooNE, PLB718(2013)1303



3. Lorentz violation with MiniBooNE neutrino data

18/06/22Teppei Katori, Queen Mary University of London

MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.

Since we find no evidence of Lorentz violation, we set limits on the combination SME 
coefficients.

νµ
oscillation! →!!! νe + n→ e− + p

νµ
oscillation! →!!! νe + p→ e+ + n

MiniBooNE, PLB718(2013)1303
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1. Neutrino physics

2. Lorentz violating neutrino oscillation

3. MiniBooNE experiment

4. MINOS experiment

5. OPERA experiment

6. Double Chooz experiment

7. IceCube experiment

8. SME-motivated neutrino oscillation model?

9. Conclusions

18/06/22Teppei Katori, Queen Mary University of London 56



4. MINOS experiment  

18/06/22Teppei Katori, Queen Mary University of London 57

MINOS, PRL110(2013)251801

MINOS (Main Injector Neutrino Oscillation Search)
- NuMI neutrino beam line (3-15 GeV)
- 735km baseline, from Fermilab to Soudan mine



4. MINOS experiment  

18/06/22Teppei Katori, Queen Mary University of London 58

MINOS (Main Injector Neutrino Oscillation Search)
- NuMI neutrino beam line (3-15 GeV)
- 735km baseline, from Fermilab to Soudan mine

MINOS, PRL110(2013)251801



4. Massive Lorentz-violating model  

18/06/22Teppei Katori, Queen Mary University of London 59

Díaz, Kostelecký, Mewes, PRD80(2009)076007

MINOS observed the standard neutrino oscillation.

All possible Lorentz violating neutrino oscillations are secondary effect.

By assuming main source of neutrino oscillation is neutrino mass, we can study 
perturbation terms to find secondary effect to cause oscillations.

In this way, we can access to different types of Lorentz violation 

P(νµ →ντ ) = P
0 (νµ →ντ )+P

1(νµ →ντ )+!

P(νµ →ντ ) = P
0 (νµ →ντ )+P

1(νµ →ντ )+!

massive neutrino oscillation              Lorentz violating neutrino oscillation 

Pµτ
(1) = 2L (PC

(1) )µτ + (PAs
(1) )µτ sinω⊕T⊕ + (PAc

(1) )µτ cosω⊕T⊕ + (PBs
(1) )µτ sin2ω⊕T⊕ + (PBc

(1) )µτ cos2ω⊕T⊕{ }



4. FFT (Fast Fourier Transformation)  

18/06/22Teppei Katori, Queen Mary University of London 60

The sidereal variation data’s Fourier powers are analysed.

First, fake data set is made. Then FFT is 
performed to all of them

Square sum of 2 powers, p1 and p2, are defined

From distributions of p1 and p2, discovery 
threshold (3-s) is set.

Then data p1 and p2 are checked, and neither 
are greater than discovery threshold, therefore 
sidereal variation is not discovered.

p1 = S1
2 +C1

2 , p2 = S2
2 +C2

2

MINOS, PRL105(2010)151601, MINOS, PRL105(2010)151601;101(2008)151601;PRD85(2012)031101
Rebel and Mufson, Astro.Phys.48(2013)78



4. FFT (Fast Fourier Transformation)  

18/06/22Teppei Katori, Queen Mary University of London 61

MINOS, PRL105(2010)151601, MINOS, PRL105(2010)151601;101(2008)151601;PRD85(2012)031101
Rebel and Mufson, Astro.Phys.48(2013)78

The sidereal variation data’s Fourier powers are analysed.

First, fake data set is made. Then FFT is 
performed to all of them

Square sum of 2 powers, p1 and p2, are defined

From distributions of p1 and p2, discovery 
threshold (3-s) is set.

Then data p1 and p2 are checked, and neither 
are greater than discovery threshold, therefore 
sidereal variation is not discovered.

Then, SME coefficient is increased in MC one by 
one, until either p1 or p2 hit 3-s threshold
à 3-s limits of SME coefficients



1. Neutrino physics

2. Lorentz violating neutrino oscillation

3. MiniBooNE experiment
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8. SME-motivated neutrino oscillation model?

9. Conclusions

18/06/22Teppei Katori, Queen Mary University of London 62



18/06/22Teppei Katori, Queen Mary University of London

5. Superluminal neutrinos

What about..., OPERA result?

Futurama (Comedy Central)
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5. Superluminal neutrinos

18/06/22Teppei Katori, Queen Mary University of London

OPERA, arXiv:1109.4897

OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
- CNGS neutrino beam line (~17 GeV)
- 730km baseline, from CERN (Switzerland) to Gran Sasso (Italy)
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5. Superluminal neutrinos

18/06/22Teppei Katori, Queen Mary University of London

OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
- CNGS neutrino beam line (~17 GeV)
- 730km baseline, from CERN (Switzerland) to Gran Sasso (Italy)

Neutrino Time of Flight (TOF) measurement
- GPS information for beam and detector
- Neutrinos arrive faster than expected time

v(neutrino) = c + (2.37±0.32) ´ 10-5 c
= c + (16000±2000) mph

65

OPERA, arXiv:1109.4897



5. Superluminal neutrinos

18/06/22Teppei Katori, Queen Mary University of London

OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
- CNGS neutrino beam line (~17 GeV)
- 730km baseline, from CERN (Switzerland) to Gran Sasso (Italy)

Neutrino Time of Flight (TOF) measurement
- GPS information for beam and detector
- Neutrinos arrive faster than expected time

v(neutrino) = c + (2.37±0.32) ´ 10-5 c
= c + (16000±2000) mph
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OPERA, arXiv:1109.4897



OPERA

v(neutrino) = c + (2.37±0.32) ´ 10-5 c
= c + (16±2) ´ 103 mph

It is fascinating result, but...

- time of flight is kinematic test (less sensitive than neutrino oscillations)
- no indication of Lorentz violation from any neutrino oscillation experiments
- superluminal neutrino is unstable (vacuum Cherenkov radiation)
- pion phase space is limited to create such neutrinos
- SN1987A neutrinos provide severe limit to superluminal neutrinos 
- etc...

It is very difficult to interpret superluminal neutrinos at OPERA by Lorentz violation

5. Superluminal neutrinos

18/06/22Teppei Katori, Queen Mary University of London

ArXiv:1109.6630
ArXiv:1109.6562

PRL58(1987)1490
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OPERA

v(neutrino) = c + (2.37±0.32) ´ 10-5 c
= c + (16±2) ´ 103 mph

It is fascinating result, but...

- time of flight is kinematic test (less sensitive than neutrino oscillations)
- no indication of Lorentz violation from any neutrino oscillation experiments
- superluminal neutrino is unstable (vacuum Cherenkov radiation)
- pion phase space is limited to create such neutrinos
- SN1987A neutrinos provide severe limit to superluminal neutrinos 
- etc...

It is very difficult to interpret superluminal neutrinos at OPERA by Lorentz violation

5. Superluminal neutrinos

18/06/22Teppei Katori, Queen Mary University of London

ArXiv:1109.6630
ArXiv:1109.6562

PRL58(1987)1490
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5. Neutrino TOF experiments

18/06/22Teppei Katori, Queen Mary University of London

Kostelecký and Mewes, PRD85(2012)096005

Although OPERA was not right, neutrino ToF is an interesting test of Lorentz violation
- You cannot send a signal to kill your grandma by superluminal neutrinos (Ralf Lehnert)

Neutrino TOF is the kinetic test, and limits are weaker than oscillation experiments, however 
you can test SME coefficients only which oscillations are not sensitive (Matt Mewes)

nonminimal SME oscillation-free model neutrino energy 

Neutrino group velocity

69



5. Neutrino TOF experiments

18/06/22Teppei Katori, Queen Mary University of London

Shivananda, Masters thesis (2016)

High energy and long 
distance of OPERA is still 
interesting place to study 
ToF

In T2K, expected effect 
(assuming order 
~OEPRA anomaly) is too 
small to see…

70
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18/06/22Teppei Katori, Queen Mary University of London

6. Double Chooz experiment
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6. Double Chooz experiment

18/06/22Teppei Katori, Queen Mary University of London

Kazu Terao, PhD thesis (MIT, 2013)

(IBD)
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6. Double Chooz experiment 

18/06/22Teppei Katori, Queen Mary University of London

Reactor electron antineutrino disappearance
- Double Chooz, DayaBay and RENO experiments observed disappearance signals 

Double Chooz, PRL108(2012)131801, DayaBay, PRL108(2012)171803, RENO, PRL108(2012)191802

Double Chooz reactor neutrino candidate

74

The Big Bang Theory (CBS)



6. Double Chooz experiment 

18/06/22Teppei Katori, Queen Mary University of London

Reactor electron antineutrino disappearance
- Double Chooz, DayaBay and RENO experiments observed disappearance signals 

Double Chooz reactor neutrino candidate

75

The Big Bang Theory (CBS)

Leonard: What do you think about the latest Double Chooz result?
Sheldon: I think this is Lorentz violation..., check the sidereal variation

Double Chooz, PRL108(2012)131801, DayaBay, PRL108(2012)171803, RENO, PRL108(2012)191802



6. Inverse beta decay (IBD) rate

18/06/22Teppei Katori, Queen Mary University of London

IBD rate is affected by day-night effect of reactor cycle. However, this feature is 
precisely simulated.   
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6. Inverse beta decay (IBD) rate

18/06/22Teppei Katori, Queen Mary University of London

IBD rate is affected by day-night effect of reactor cycle. However, this feature is 
precisely simulated.   

Although we simulate this effect, majorities are smeared out in sidereal distribution.
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6. Double Chooz experiment 

18/06/22Teppei Katori, Queen Mary University of London

So far, we have set limits on
1. ne«nµ channel: MiniBooNE, MINOS (<10-20 GeV)
2. nµ«nt channel: MINOS, IceCube (<10-23 GeV)

The last untested channel is ne«nt

It is possible to limit ne«nt channel from reactor ne disappearance experiment

P(ne«ne) = 1 - P(ne«nµ) - P(ne«nt) ~ 1 – P(ne«nt)  

Double Chooz, PRD86(2012)112009

Small disappearance signal 
prefers sidereal time independent 
solution (flat)

We set limits in the e-t sector for 
the first time; ne«nt (<10-20 GeV)

Double Chooz reactor neutrino data/prediction ratio
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6. Double Chooz experiment 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

By this work, sidereal variation is 
tested with all neutrino channels

…and no one found Lorentz 
violation…

MiniBooNE     Double Chooz    IceCube
MINOS ND                                MINOS FD

Super-K
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6. Double Chooz experiment 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

By this work, sidereal variation is 
tested with all neutrino channels

…and no one found Lorentz 
violation…

MiniBooNE     Double Chooz    IceCube
MINOS ND                                MINOS FD

Super-K

The Big Bang Theory (CBS)

Leonard: No neutrino experiments find Lorentz violation
Sheldon: Check neutrino-antineutrino oscillation…, Lorentz violation is there



6. Massive Lorentz-violating model  

18/06/22Teppei Katori, Queen Mary University of London 81

Díaz, Kostelecký, Mewes, PRD80(2009)076007

1. Neutrino-antineutrino oscillation
2. Spectrum distortion 

Double Chooz oscillation spectrum is dominated by neutrino-mass like oscillation.

By assuming main source of neutrino oscillation is neutrino mass, we can study 
perturbation terms to find secondary effect to cause oscillations.

Following channels are all tightly constrained;

So the only interesting channels are neutrino-antineutrino oscillation, which is possible only 
2nd order perturbation 

Effective Hamiltonian of neutrino-antineutrino oscillation

P(νe →νe ) = P
0 (νe →νe )+P

1(νe →νe )+P
2 (νe →νe )+!

massive neutrino oscillation              Lorentz violating neutrino oscillation 

νe ↔νµ,νµ ↔ντ ,ντ →νe,νe ↔νµ,νµ ↔ντ ,ντ ↔νe

P2 (νe →νe ) ~1−P
2 (νe →νe )−P

2 (νe →νµ )−P
2 (νe →ντ )

(heff )ab =
−i
E

2pµ (ε+ )ν [(g
µνσ pσ −H

µν )C]ab



6. Massive Lorentz-violating model  

18/06/22Teppei Katori, Queen Mary University of London 82

1. Neutrino-antineutrino oscillation
2. Spectrum distortion 

Sidereal variation is one of many predicted phenomena of Lorentz violating neutrino 
oscillations. 

Lorentz violation predicts unexpected energy dependence of neutrino oscillations from 
standard neutrino mass oscillations.

Effective Hamiltonian for 
neutrino oscillation

This is very useful to differentiate 2 effects:  
- massive neutrino oscillation
- sidereal time independent Lorentz violating neutrino oscillation (Super-K, IceCube)

Díaz, Kostelecký, Mewes, PRD80(2009)076007

heff =
m2

2E
+a+ cE +

massive neutrino oscillation              Lorentz violating neutrino oscillation 



6. Double Chooz spectrum fit 

18/06/22Teppei Katori, Queen Mary University of London 83

Díaz, TK, Spitz, Conrad, PLB727(2013)412
Rebel and Mufson, Astro.Phys.48(2013)78

anti-neàne oscillation fit with Double Chooz data

These fits provide first limits on neutrino-antineutrino time independent 
Lorentz violating coefficients
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6. Double Chooz spectrum fit 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

MiniBooNE     Double Chooz    IceCube
MINOS ND                                MINOS FD

Super-K

sidereal variation is tested with 
all neutrino channels

Neutrino-antineutrino 
oscillations are tested, but no 
Lorentz violation discovered
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6. Double Chooz spectrum fit 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

MiniBooNE     Double Chooz    IceCube
MINOS ND                                MINOS FD

Super-K

The Big Bang Theory (CBS)

Leonard: There is no Lorentz violation in neutrino experiment data
Sheldon: Check the spectrum distortion of atmospheric neutrinos…, Lorentz violation is there

sidereal variation is tested with 
all neutrino channels

Neutrino-antineutrino 
oscillations are tested, but no 
Lorentz violation discovered



6. Super-Kamiokande

18/06/22Teppei Katori, Queen Mary University of London 86

Super-Kamiokande obtained the 
possible tightest limits on Lorentz 
violation on several parameters

Super-Kamiokande, PRD91(2015)052003
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6. Terrestrial limit summary 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

Super-K Super-K Super-K
MiniBooNE Double Chooz    IceCube
MINOS ND                                MINOS FD

sidereal variation is tested with 
all neutrino channels

Neutrino-antineutrino 
oscillations are tested

Atmospheric neutrino oscillation 
is one of the best Lorentz 
violation test on Earth
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6. Terrestrial limit summary 
Kostelecký and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v11

Super-K Super-K Super-K
MiniBooNE Double Chooz    IceCube
MINOS ND                                MINOS FD

The Big Bang Theory (CBS)

Leonard: No neutrino experiments find sidereal variation on Earth…
Sheldon: Look at the astrophysical neutrinos, Lorentz violation is there 

sidereal variation is tested with 
all neutrino channels

Neutrino-antineutrino 
oscillations are tested

Atmospheric neutrino oscillation 
is one of the best Lorentz 
violation test on Earth



6. New IceCube atmospheric neutrino limits

18/06/22Teppei Katori, Queen Mary University of London 89

IceCube, to be published (Nature Physics)

The longest baseline (12700km) and 
highest energy (<20 TeV) neutrinos 
only available in IceCube.

Longest à diameter of the earth
Highest à tail of conventional flux

↓
This analysis is the possible best 
analysis of Lorentz violation within  
terrestrial neutrinos.
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IceCube, to be published (Nature Physics)



1. Neutrino physics

2. Lorentz violating neutrino oscillation

3. MiniBooNE experiment

4. MINOS experiment

5. OPERA experiment

6. Double Chooz experiment

7. IceCube experiment

8. SME-motivated neutrino oscillation model?

9. Conclusions

18/06/22Teppei Katori, Queen Mary University of London 91



This is the world data of neutrino oscillation

It looks majority of region is either accepted 
(positive signals) or excluded

But this is model dependent diagram, because it 
assumes neutrino mass as phase, and mass 
mixing matrix elements as amplitude of neutrino 
oscillations

What is model independent diagram look like?

7. Neutrino standard Model (nSM)

18/06/22Teppei Katori, Queen Mary University of London 92



7. Lorentz violation with neutrino oscillation

18/06/22Teppei Katori, Queen Mary University of London

Kostelecký and Mewes, PRD69(2004)016005
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7. Lorentz violation with neutrino oscillation

long baseline 
reactor neutrino

long baseline 
accelerator neutrino

short baseline 
reactor signal

Kostelecký and Mewes, PRD69(2004)016005
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7. Lorentz violation with neutrino oscillation

long baseline 
reactor neutrino

long baseline 
accelerator neutrino

short baseline 
reactor signal

Dm2
¤

Dm2atm

Kostelecký and Mewes, PRD69(2004)016005
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7. Lorentz violation with neutrino oscillation

long baseline 
reactor neutrino

long baseline 
accelerator neutrino

short baseline 
reactor signal

Dm2
¤

Dm2atm

??

Kostelecký and Mewes, PRD69(2004)016005



7. Lorentz violation with neutrino oscillation

18/06/22Teppei Katori, Queen Mary University of London

Dm2
¤

Dm2atm

TeV neutrino 
potential

extra galactic 
neutrino potential

1Mpc(~Andromeda)

1TeV

?
?
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7. Lorentz violation with neutrino oscillation

18/06/22Teppei Katori, Queen Mary University of London

Dm2
¤

Dm2atm

TeV neutrino 
potential

extra galactic 
neutrino potential

1Mpc(~Andromeda)

1TeV

?
?
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IceCube collaboration
PRL111(2013)021103
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Super-Kamiokande

40m

7. IceCube detector
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Super-Kamiokande

40m

7. IceCube detector

IceCube Outline

Ski-way

South Pole Station

IceCube Lab
Building
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1. Introduction
2. IceCube
3. n astronomy
4. Beyond nSM
5. Beyond IceCube
6. Conclusion

Super-Kamiokande

40m

hot water drill7. IceCube detector
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1. Introduction
2. IceCube
3. n astronomy
4. Beyond nSM
5. Beyond IceCube
6. Conclusion

Super-Kamiokande

40m

optical sensor 
deployment

hot water drill7. IceCube detector
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Super-Kamiokande

40m

Detector completed on 2010
- 86 strings, 125m separation
- 7 South Pole summer seasons
- Max 20 strings/season
- 1 hole ~ £1M (~mostly fuel)

7. IceCube detector
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Direct message from the furthest celestial objects
- Neutrinos are neutral
- Neutrinos only interact with weak force 

18/06/22

7. Neutrino astronomy

Teppei	Katori,	Queen	Mary	
University	of	London

IceCube
detector 

Charged particles
Gamma rays
Neutrinos

distant 
source



Event display of the 
highest energy neutrino 

105

First observation (2013) 
- 35 TeV to 2 PeV ultra-high energy neutrinos
- Sources à unknown

18/06/22

7. Astrophysical Neutrinos

Teppei	Katori,	Queen	Mary	
University	of	London

Direction of astrophysical 
neutrinos in galactic coordinate 

Measured high energy 
neutrino spectrum 



Diaz, Kostelecký, Mewes, PRD85(2013)096005;89(2014)043005

7. Lorentz violation with extra-terrestrial neutrinos

18/06/22Teppei Katori, Queen Mary University of London 106

Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the 
most sensitive source of fundamental physics.

Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20 

Zo

UHE-n

Vacuum Cherenkov radiation 

new physics



7. Lorentz violation with extra-terrestrial neutrinos
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Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the 
most sensitive source of fundamental physics.

Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20 

However, the neutrino mixing properties of UHE neutrinos can push this limit further (~10-34)

TK, Argüelles, Salvado, PRL115(2015)161303

UHE-nNeutrino mixing 
new physics



7. Neutrino flavour with new physics

18/06/22Teppei Katori, Queen Mary University of London 108

Any new physics can end up in the effective Hamiltonian

neutrino oscillation formula

neutrino mixing formula

Information of small contamination of new physics appears on neutrino flavours

At high energy, neutrino mass term is suppressed
à Neutrino mixing effect is dominated by new physics term, such as Lorentz violation

Pα→β (L) =1− 4 Re(Vαi
*Vβi

*Vα jVβ j )sin
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TK, Argüelles, Salvado, PRL115(2015)161303



7. Astrophysical neutrino mixing LV sensitivity

18/06/22Teppei Katori, Queen Mary University of London 109

It is the most powerful to look for dimension-5 and 6 Lorentz violation



7. Standard flavour triangle diagram

18/06/22 110

p-decay
b-decay
µ-cooling
exotic nt

There are 3 UHE neutrino production models
i. pion decay dominant model, 1:2:0
ii. electron neutrino dominant model, 1:0:0

iii. muon neutrino dominant model, 0:1:0
iv.  tau neutrino dominant model, 0:0:1 

Initial flavour ratio is modified on the Earth 
due to neutrino mixing

IceCube flavour triangle diagram 

IceCube collaboration
PRL114(2015)171102

Teppei Katori, Queen Mary University of London

TK, Argüelles, Salvado, PRL115(2015)161303



7. Standard flavour triangle diagram

18/06/22 111

There are 3 UHE neutrino production models
i. pion decay dominant model, 1:2:0
ii. electron neutrino dominant model, 1:0:0

iii. muon neutrino dominant model, 0:1:0
iv.  tau neutrino dominant model, 0:0:1 

Initial flavour ratio is modified on the Earth 
due to neutrino mixing

IceCube flavour triangle diagram 

all possible 
astrophysical models

IceCube collaboration
PRL114(2015)171102

Teppei Katori, Queen Mary University of London

TK, Argüelles, Salvado, PRL115(2015)161303



7. Neutrino flavour ratio with new physics
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heff =
1
2E

mee
2 meµ

2 meτ
2

meµ
2* mµµ

2 mµτ
2

meτ
2* mµτ

2* mττ
2

!

"

#
#
#
#

$

%

&
&
&
&

+E ⋅
0 0 0
0 0 cµτ
0 cµτ cττ

!

"

#
#
#
#

$

%

&
&
&
&

An example Hamiltonian with new physics term
(~10-26 GeV CPT odd Lorentz violation)

1:2:0 (pion decay) 

1:0:0 (beta decay) 

0:1:0 (muon cooling) 

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

TK, Argüelles, Salvado, PRL115(2015)161303



7. Neutrino flavour ratio with new physics
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1:2:0 (pion decay) 

1:0:0 (beta decay) 

0:1:0 (muon cooling) 

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

Flavor triangle diagram is a convenient way to show these 
models. 

TK, Argüelles, Salvado, PRL115(2015)161303



7. Flavour triangle histogram
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Exotic models can make variety of 
flavour ratios, but not every flavour 
ratio is possible.

35 TeV scale
(a~10-26 GeV)

2 PeV scale
(a~10-28 GeV)

Dimension-3 LV distribution

TK, Argüelles, Salvado, PRL115(2015)161303
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7. Flavour triangle histogram
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Exotic models can make variety of 
flavour ratios, but not every flavour 
ratio is possible.

Neutrino mixing is the most powerful tool to 
explore any new physics within neutrino physics  

35 TeV scale
(c~10-30)

2 PeV scale
(c~10-34)

Dimension-4 LV distribution

TK, Argüelles, Salvado, PRL115(2015)161303



18/06/22Teppei Katori, Queen Mary University of London

7. New IceCube data (2018)

116

First point source?
- Distance and direction are known
- ToF, direction dependent physics

Taboada (IceCube), Neutrino 2018

https://charge.wisc.edu/icecube/wipac_store.aspx

Support IceCube!

First astrophysical tau neutrino?
- double pulse of t-production & decay

First Glashow resonance?



18/06/22Teppei Katori, Queen Mary University of London

7. New flavor ratio data (2018)

117

Taboada (IceCube), Neutrino 2018
IceCube, PRL114(2015)171102, Astro.J.809:98(2015)

IceCube
2nd flavor ratio result

(0.5:0.5:0.0)

IceCube
1st flavor ratio result

(0.0:0.2:0.8)
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7. First Lorentz violation test from astrophysical neutrinos

118

Argüelles (IceCube), Neutrino 2018

We start to exclude possible SME values from astrophysical neutrino flavour
- This moment, we can exclude only extreme scenarios



7. IceCube-Gen2

18/06/22Teppei Katori, Queen Mary University of London 119

IceCube-Gen2 collaboration, arXiv:1412.5106

Bigger IceCube and denser 
DeepCore can push their 
physics

Gen2
Larger string separations to 
cover larger area

PINGU
Smaller string separation to 
achieve lower energy 
threshold for neutrino mass 
hierarchy measurement

IceCube DeepCoreGen2

PINGU
Ice is more transparent than we 

thought à string separation can be 
larger to cover larger volume
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8. Alternative oscillation model?

121

In general, new physics term of the 
hamiltonian is function of E, but only mass 
term is E-1 dependent (=L/E).

It is not easy to make any alternative 
oscillation model, or do we need it?

Concept of alternative model
- motivated with anomalies
- solve existing problem in better way, for 

example less parameters (LV-based model)
- solve existing problem, and predict other 

things for falsifiablity (sterile neutrino model)

KamLAND, PRD83(2011)052002

𝑃 𝜈H ⟶ 𝜈K = 𝑠𝑖𝑛62𝜃𝑠𝑖𝑛6 1.27Δ𝑚6(𝑒𝑉6)
𝐿(𝑘𝑚)
𝐸(𝐺𝑒𝑉)

KamLAND reactor neutrino experiment oscillation data

ℎKMM =
1
2𝐸 	𝑈
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MiniBooNE, arXiv:1805.12028

Teppei Katori, Queen Mary University of London
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MiniBooNE, arXiv:1805.12028

Teppei Katori, Queen Mary University of London
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8. New MiniBooNE result

124

The excess of neutrino and 
antineutrino may not be consistent? 
(Lorentz violation) 

Is it possible to construct a model 
based on SME which can describe all 
neutrino data anomaly?

MiniBooNE, arXiv:1805.12028

MiniBooNE oscillation candidate event excess data

200 < EnQE < 1250 MeV
- neutrino mode: Data = 1959 events

Bkgd = 1577.8 ± 39.7(stat) ± 75.4(syst) à 381.2 ± 85.2 excess (4.5s)
- antineutrino mode: Data = 478 events

Bkgd = 398.7 ± 20.0(stat) ± 20.3(syst) à 79.3 ± 28.6 excess (2.8s)
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8. Bicycle model à Tandem model  à Puma model

125

Puma model fails to reproduce recent reactor 
(Double Chooz, DayaBay, RENO) and accelerator 
(T2K, NOvA) data. 

Time to revisit this approach?

SME can provide many exotic 
texture of Hamiltonian. This 
allows to construct models for 
neutrino oscillation, including 
CPT violation. 

Kostelecký, Mewes, PRD70(2004)031902, TK, Kostelecký, Tayloe, PRD74(2006)105009 
Díaz, Kostelecký, PLB700(2011)25, PRD85(2012)016013

ℎKMM =
𝑚6

2𝐸

1 1 1
1 1 1
1 1 1

+ 𝑎𝐸6
1 1 1
1 0 0
1 0 0

+ 𝑐𝐸q
1 0 0
0 0 0
0 0 0

Puma model Hamiltonian

Puma model predictions

KamLAND

Solar

Atmospheric

MiniBooNE (𝜈) MiniBooNE (�̅�)
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Conclusion
Neutrinos are mysterious and interesting particles to study. 

Anomalies from LSND, MiniBooNE, and OPERA suggest Lorentz violation may be an solution, but 
careful analysis found no Lorentz violation. Standard neutrino oscillation data from MINOS, 
Double Chooz, Super-Kamiokande, IceCube, T2K are checked, but there is no Lorentz violation

There are still many possible tests haven’t done yet (TOF, kinematics, etc)

Extra-terrestrial neutrinos from IceCube are probably the most sensitive tool to test Lorentz 
violation in the neutrino sector

Thank you for your attention!

IceCube-Gen2 
collaboration

126
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µ ® e nµ ne

K® p e 
ne

K® µ nµ

p ® µ nµ

3. Neutrino beam
Neutrino flux from simulation by GEANT4

MiniBooNE is the ne (anti ne) appearance oscillation 
experiment, so we need to know the distribution of 
beam origin ne and anti ne (intrinsic ne) 

MiniBooNE collaboration,
PRD79(2009)072002

neutrino mode antineutrino mode
intrinsic ne
contamination

0.6% 0.6%

intrinsic ne from µ decay 49% 55%
intrinsic ne from K decay 47% 41%
others 4% 4%
wrong sign fraction 6% 16%

nµ  ® ne ???
Booster

primary beam tertiary beamsecondary beam
(protons) (mesons) (neutrinos)

K+

p+

target and horn dirt absorber detectordecay regionFNAL Booster
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3. Data taking
Huang, Neutrino 2018

Teppei Katori, Queen Mary University of London
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3. Detector stability
Event rate look consistent from expectations
- Antineutrino mode (factor 5 lower event rate)

- factor ~2 lower flux
- factor ~2-3 lower cross section

- Dark matter mode (factor 50 lower event rate)
- factor ~40 lower flux  

MiniBooNE, PRL118(2017)221803

Teppei Katori, Queen Mary University of London



Unbinned extended maximum likelihood fit

- It has the maximum statistic power
- Assuming excess is Lorentz violation, extract Lorentz violation parameters (SME 

parameters) from unbinned likelihood fit.

3. Lorentz violation with MiniBooNE neutrino data

likelihood function

18/06/22Teppei Katori, Queen Mary University of London 131



Null hypothesis test

The flatness hypothesis is tested by unbinned Kolmogorov-Smirnov test (K-S test). 
K-S test has 3 advantages;
1. unbinned, so it has the maximum statistical power
2. no argument with bin choice
3. sensitive with systematic shift of the distribution (e.g., sinusoidal) 

Non of tests shows any statistically significant results. 
All data sets are compatible with flat hypothesis.

3. Lorentz violation with MiniBooNE anti-neutrino data

18/06/22Teppei Katori, Queen Mary University of London 132



3. Summary of results

18/06/22Teppei Katori, Queen Mary University of London

LSND experiment
LSND is a short-baseline neutrino oscillation experiment at Los Alamos.

LSND saw the 3.8s excess of electron antineutrinos from muon antineutrino beam; since this 
excess is not understood by neutrino Standard Model, it might be new physics 

Data is consistent with flat solution, but sidereal time solution is not excluded.

LSND collaboration,
PRD72(2005)076004

g

nn µ

+®+

+®+¾¾¾ ®¾ +

dpn
nepe

noscillatio

LSND oscillation candidate sidereal time distribution

data
flat solution
3-parameter fit
5-parameter fit

L/E~30m/30MeV~1

~10-19 GeV CPT-odd or ~10-17 CPT-even Lorentz 
violation could be the solution of LSND excess 133



3. Summary of results

18/06/22Teppei Katori, Queen Mary University of London

TK,
MPLA27(2012)1230024

Since we find no evidence of Lorentz violation from MiniBooNE analysis, we set limits on the 
SME coefficients.

These limits exclude SME values to explain LSND data, therefore there is no simple Lorentz 
violation motivated scenario to accommodate LSND and MiniBooNE results simultaneously

134
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4. Internal background constraints

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E intrinsic

misID
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4. ne from µ-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

ne from µ decay 
is constrained 
from nµCCQE 
measurement
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4. ne from µ-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

µ ® e nµ ne

p ® µ nµ
E n

 (G
eV

)

Ep(GeV)

En-Ep space

𝜋s ⟶ 𝜇s + 𝜈H
𝜇s ⟶ 𝑒s + �̅�H + 𝜈K

𝜋g ⟶ 𝜇g + �̅�H
𝜇g ⟶ 𝑒g + 𝜈H + �̅�K

measured

guessed

They are large background, but we have a good control of 𝜈K&�̅�K
background by joint 𝜈K&𝜈H(�̅�K&�̅�H) fit for oscillation search. 
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4. Anti-neutrino mode flux tuning

�̅�K&�̅�H flux are harder to predict due to larger wrong 
sign (𝜈K&𝜈H) background, and measured lepton 
kinematics and p+ production are used to tune flux
à they consistently suggest we overestimate 

antineutrino flux around 20%

MiniBooNE, PRD84(2011)072005

Michel electron counting is 
sensitive to 𝜈H contamination 
in �̅�H beam  
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4. ne from µ-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

ne from µ decay 
is constrained 
from nµCCQE 
measurement

µ ® e nµ ne

p ® µ nµ E n
 (G

eV
)

Ep(GeV)

En-Ep
space
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4. ne from K+-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement
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4. ne from K+-decay constraint

SciBooNE is a scintillator tracker located on BNB (detector hall is used by ANNIE now)
- neutrinos from kaon decay tend to be higher, and tend to make 3 tracks 
- from 3 track analysis, kaon decay neutrinos are constrained (0.85±0.11, prior is 40% error)

SciBooNE 3 track event 

SciBooNE,PRD84(2011)012009

SciBooNE,PRD84(2011)012009
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4. ne from K+-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

SciBooNE 3 track event 

SciBooNE,PRD84(2011)012009
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4. ne from K+-decay constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement
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4. g from po constraint

poàgg
- not background, we can measure 
poàg
- misID background, we cannot measure

The biggest systematics is production 
rate of po, because once you find that, the 
chance to make a single gamma ray is 
predictable.

We measure po production rate, and 
correct simulation with function of po

momentum

po

Asymmetric 
decay

po

NCpo

event
MiniBooNE, 
PLB664(2008)41

MiniBooNE, PLB664(2008)41
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4. g from po constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

po

Asymmetric 
decay

po

NCpo

event
MiniBooNE, 
PLB664(2008)41
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4. NCg constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

D resonance rate 
is constrained 
from measured 
NCpo rate
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4. NCg constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

D resonance rate 
is constrained 
from measured 
NCpo rate

Gg/Gp: NCg to NCp branching ratio
po fraction (=2/3)
e: p escaping factor

𝑁(∆→ 𝑁𝛾)
𝑁(Δ → 𝑁𝜋x) =

3Γ{
2Γ|}𝜀
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4. Neutrino NC single gamma production

A lot of new calculations 
- all theoretical models and generators 

more or less agree. NEUT has been fixed.

Lasorak, arXiv:1602.00084
T2K, to be published (2018)

Preliminary

T2K near detector measurement 
- T2K can only set a limit. Waiting 

Fermilab SBN to measure this channel.

n

N

Z

N

n

g
w

anomaly mediated triangle diagram

n

N

Z

N

n

g
D

radiative D-decay

n

N

Z

N

n

g
N

generalized Compton scattering

Pierre Lasorak 
Queen Mary (T2K) 
à Sussex (DUNE)
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4. NCg constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

D resonance rate 
is constrained 
from measured 
NCpo rate

Gg/Gp: NCg to NCp branching ratio
po fraction (=2/3)
e: p escaping factor

𝑁(∆→ 𝑁𝛾)
𝑁(Δ → 𝑁𝜋x) =

3Γ{
2Γ|}𝜀
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4. External g constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

dirt rate is 
measured from 
dirt data sample

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

D resonance rate 
is constrained 
from measured 
NCpo rate
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4. External g constraint

MiniBooNE detector has a simple geometry
- Spherical Cherenkov detector
- Homogeneous, large active veto

We have number of internal measurement to 
understand distributions of external events.

MniBooNE, PRD82(2010)092005

e.g.) NC elastic candidates with function of Z
Mis-modelling of external background is visible

e.g.) Time of Flight
Dirt related events is consistent with ToF 
data including oscillation hypothesis

Oscillation 
candidate 
(electron)

misID 
(gamma)

intrinsic ne 
(µ&K-decay)Dirt event

(external)
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4. External g constraint

All backgrounds are internally constrained
à intrinsic (beam ne) = flat
à misID (gamma) = accumulate at low E

dirt rate is 
measured from 
dirt data sample

Asymmetric po

decay is constrained 
from measured 
CCpo rate (po®g)

ne from µ decay 
is constrained 
from nµCCQE 
measurement

ne from K decay is 
constrained from 
SciBooNE high 
energy nµ event 
measurement

D resonance rate 
is constrained 
from measured 
NCpo rate



7. Flavour triangle histogram
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However, we don’t observe flavour ratio with function of energy
à neutrino flux model (~E-2) is convoluted

Also, there are many possible models
à flavour triangle histogram 

We follow the anarchic sampling scheme to choose the new physics model, and the model 
density is shown as a histogram on the triangle diagram.

Large Lorentz violation à observed flavour ratio can be many option
Small Lorentz violation à only tiny deviation from the standard value is possible 

Haba, Murayama, 
PRD63(2001)053010

d !U = ds12
2 ∧dc13

4 ∧ds23
2 ∧dδ



7. Neutrino oscillations vs. Neutrino mixings

18/06/22Teppei Katori, Queen Mary University of London 154

neutrino oscillation formula

neutrino mixing formula

Neutrinos don’t oscillate if they propagate too long distance comparing with their oscillation 
length. 
à solar, supernova, and astrophysical neutrinos lose coherence and they mix

𝑃"→$ 𝐿 → ∞, 𝐸 =* 𝑉"/ 6 𝑉$/
6	

�

/:1

𝑃"→$ 𝐿 = 1 − 4*𝑅𝑒(𝑉"/∗ 𝑉$/∗ 𝑉"1𝑉$1)𝑠𝑖𝑛6
Δ/1
2 𝐿

�

/:1

+ 2*𝑅𝑒 𝑉"/∗ 𝑉$/∗ 𝑉"1𝑉$1 𝑠𝑖𝑛 Δ/1𝐿
�

/:1


