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Emmy Noether (1882-1935)  
Mathematician from Germany

Noether’s Theorem
“Every conservation law is a consequence of 
corresponding symmetry”

- conservation of energy
- conservation of electric charge
- prediction of Higgs boson

etc
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Isaac Newton 
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Conservation of Angular Momentum  

Rotating object keep rotating

Yulia Lipnitskaya (Russia)

Conservation of 
angular momentum
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Emmy Noether

Isotropy of the Space
(no directionality)

Universe has 
no special direction 
à Universe has 
rotation symmetry
(Lorentz symmetry)



Teppei Katori

Lorentz Symmetry and Special Relativity  
Einstein’s theory of special relativity is based on the Lorentz symmetry

Lorentz symmetry assumes isotropic space-time

Einstein and Lorentz 

If the universe has a special direction
Space doesn’t have Lorentz symmetry
à Lorentz transformation is violated, or Lorentz violation

Angular momentum is not conserved, 
so Yulia Lipnitskaya cannot spin so much!

Since Yulia Lipnitskaya CAN spin so much, 
Lorentz violation is very weak effect, even if existed

à you need very precise machines to find it
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Lorentz Symmetry and Theory of Everything  
Quantum Gravity or “Theory of Everything” (such as superstring theory, quantum 
loop gravity, etc) allow tiny amount of Lorentz violation
à Discovery of Lorentz violation could be the first evidence of Theory of Everything!

Einstein and Lorentz Stephen Hawking imposter and someone  
I am even happier! 
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Lorentz violation
à Universe has a “direction”, and 
physics law depends on this
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The race to defeat Einstein  Most precise something  
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Most precise speed of light measurement   

Cryogenic crystal resonator
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The race to defeat Einstein  



Teppei Katori

Cryogenic Sapphire Crystal Resonator    

Group from University of Western Australia can 
measure speed of light with the highest accuracy by 
this device

à Lorentz violation is not discovered 
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Most precise pendulum  

Spin pendulum
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Cryogenic crystal resonator

The race to defeat Einstein  
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Double Alloy Spin Torsion Pendulum     

University of Washington has a technology to make the highest precision pendulum. 
The pendulum made of clever combination of special alloys is very sensitive of 
Lorentz violation of atomic electrons

à Lorentz violation is not discovered
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Most precise gyroscope  

Spin pendulum

Space test

14

Cryogenic crystal resonator

The race to defeat Einstein  



Teppei Katori

Highest precision gravity test in the space     

Gravity Probe B tests tiny special gravitational effect in a satellite by the 
gyroscope, according to Guinness record “the most spherical man-made object”   

à Lorentz violation is not discovered
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Largest amount of anti-hydrogen  

Spin pendulum

CERN

Space test
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Cryogenic crystal resonator

The race to defeat Einstein  
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Antiproton decelerator at CERN     

CERN has an ability to perform the highest precision antimatter test 
(matter-antimatter asymmetry induces Lorentz violation)

à Lorentz violation is not discovered 
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Most precise magnetic field measurement  

Spin pendulum

CERN

Double gas maser

Space test
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Cryogenic crystal resonator

The race to defeat Einstein  
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A type of atomic clock very sensitive to a tiny magnetic field

à Lorentz violation is not discovered
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Double Noble Gas Maser     
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Double Noble Gas Maser     
A type of atomic clock very sensitive to a tiny magnetic field

à Lorentz violation is not discovered

The earth magnetic field gives error. To improve sensitivity, scientists want to repeat 
the measurement at special location on the earth (special earth magnetic field 
configuration)

Princeton university group vs. Amherst college group 
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A type of atomic clock very sensitive to a tiny magnetic field

à Lorentz violation is not discovered

The earth magnetic field gives error. To improve sensitivity, scientists want to repeat 
the measurement at special location on the earth (special earth magnetic field 
configuration)

Princeton university group vs. Amherst college group 

South Pole
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Double Noble Gas Maser     
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A type of atomic clock very sensitive to a tiny magnetic field

à Lorentz violation is not discovered

The earth magnetic field gives error. To improve sensitivity, scientists want to repeat 
the measurement at special location on the earth (special earth magnetic field 
configuration)

Princeton university group vs. Amherst college group 

EcuadorSouth Pole
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Double Noble Gas Maser     
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Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test
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The race to defeat Einstein  
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Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test

24

There are tons of experiments to look for 
Lorentz violation all over the world, and just 
the summary of all results makes 50 page 
documents! 

…but nobody found Lorentz violation (so far)

The race to defeat Einstein  
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Search of Lorentz Violation  
Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test
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There are tons of experiments to look for 
Lorentz violation all over the world, and just 
the summary of all results makes 50 page 
documents! 

…but nobody found Lorentz violation (so far)

So far no experiments find Lorentz violation…
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Search of Lorentz Violation  
Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test
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There are tons of experiments to look for 
Lorentz violation all over the world, and just 
the summary of all results makes 50 page 
documents! 

…but nobody found Lorentz violation (so far)

“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

So far no experiments find Lorentz violation…
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Search of Lorentz Violation  
Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test
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There are tons of experiments to look for 
Lorentz violation all over the world, and just 
the summary of all results makes 50 page 
documents! 

…but nobody found Lorentz violation (so far)

“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

“Extraordinary discovery requires 
extraordinary particles”
- Teppei

So far no experiments find Lorentz violation…
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Search of Lorentz Violation  
Most precise something  

Crystalline resonator
Spin pendulum

CERN

Double gas maser

Space test
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There are tons of experiments to look for 
Lorentz violation all over the world, and just 
the summary of all results makes 50 page 
documents! 

…but nobody found Lorentz violation (so far)

“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

“Extraordinary discovery requires 
extraordinary particles”
- Teppei

Neutrino!

So far no experiments find Lorentz violation…
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Search of Lorentz Violation with Neutrino  
People use ordinary particles to look for Lorentz violation, but cannot find
à Maybe we should use extraordinary particles, such as neutrinos 

Neutrinos
- 3 types
- neutral (no electric charge)
- extremely tiny mass
- second most abundant particles 
in the universe (after photon)

- neutrinos interact very very 
weakly with matters, so extremely 
difficult to detect

ex) Neutrinos from the Sun
~1 trillion neutrinos pass through 
your body every second, and you 
have 25% chance to hit one 
neutrino in 80 years
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

30
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

In particular, many neutrino data show anomalies, it could be Lorentz violation?
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OPERA
- Neutrino experiment at Gran Sasso, Italy
- Neutrino beam from CERN, Switzerland

- Neutrinos may be faster than the light?!
(Lorentz violation)

OPERA detector at Gran Sasso
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

In particular, many neutrino data show anomalies, it could be Lorentz violation?
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OPERA
- Neutrino experiment at Gran Sasso, Italy
- Neutrino beam from CERN, Switzerland

- Neutrinos may be faster than the light?!
(Lorentz violation)

OPERA detector at Gran Sasso
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?
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OPERA
- Neutrino experiment at Gran Sasso, Italy
- Neutrino beam from CERN, Switzerland

- Neutrinos may be faster than the light?!
(Lorentz violation)

OPERA detector at Gran Sasso

OPERA
- Neutrinos may be faster than the light?!
(Lorentz violation)

à experimental error
(Lorentz violation is not discovered)

We should take a look other neutrino data
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

LSND
- Neutrino experiment at Los Alamos laboratory, USA
- Data show some anomaly

à This is not due to Lorentz violation
Katori and LSND collaboration
PRD72(2005)076004

Inside of LSND detector 34



Teppei Katori

Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

MiniBooNE
- Neutrino experiment at Fermilab, USA
- Data show some anomaly

à This is not due to Lorentz violation
Katori and MiniBooNE collaboration
PLB718(2013)1303

MiniBooNE detector
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

Double Chooz
- Neutrinos from nuclear reactor in France
- Data show new type of neutrino oscillation, 
could be new physics

à Lorentz violation is not discovered

Katori and Double Chooz collaboration
PRD86(2012)112009

Double Chooz detector
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

Double Chooz
- Neutrinos from nuclear reactor in France
- Data show new type of neutrino oscillation, 
could be new physics

à Lorentz violation is not discovered

Katori and Double Chooz collaboration
PRD86(2012)112009

Double Chooz detector
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So far, no neutrino experiments find Lorentz violation…
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

Double Chooz
- Neutrinos from nuclear reactor in France
- Data show new type of neutrino oscillation, 
could be new physics

à Lorentz violation is not discovered

Katori and Double Chooz collaboration
PRD86(2012)112009

Double Chooz detector
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“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

“Extraordinary discovery requires 
extraordinary particles”
- Teppei

…may be this is not extraordinary 
enough?

So far, no neutrino experiments find Lorentz violation…
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

Double Chooz
- Neutrinos from nuclear reactor in France
- Data show new type of neutrino oscillation, 
could be new physics

à Lorentz violation is not discovered

Katori and Double Chooz collaboration
PRD86(2012)112009

Double Chooz detector
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“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

“Extraordinary discovery requires 
extraordinary particles”
- Teppei

…may be this is not extraordinary 
enough?

So far, no neutrino experiments find Lorentz violation…

“Extraordinary discovery requires extraordinary particles with the 
extraordinary energy and extraordinary propagation distance”
- Teppei
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Search of Lorentz Violation with Neutrino  

Neutrinos are mysterious particles, and we still don’t know much about neutrinos
à Maybe neutrinos have better chance to find Lorentz violation?

Especially, many neutrino data show some anomaly, it could be Lorentz violation?

Double Chooz
- Neutrinos from nuclear reactor in France
- Data show new type of neutrino oscillation, 
could be new physics

à Lorentz violation is not discovered

Katori and Double Chooz collaboration
PRD86(2012)112009

Double Chooz detector
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“Extraordinary discovery requires 
extraordinary evidence”
- Carl Sagan

“Extraordinary discovery requires 
extraordinary particles”
- Teppei

…may be this is not extraordinary 
enough?

So far, no neutrino experiments find Lorentz violation…

“Extraordinary discovery requires extraordinary particles with the 
extraordinary energy and extraordinary propagation distance”
- Teppei

IceCube Neutrino Observatory (Antarctica)  

à IceCube measures 
the ultra-high-energy 
extragalactic neutrinos  
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IceCube detector
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Super-Kamiokande

40m

42

IceCube detector

IceCube Outline

Ski-way

South Pole Station

IceCube Lab
Building
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Super-Kamiokande

40m

IceCube Outline

Ski-way

South Pole Station

IceCube Lab
Building

© Google map

IceCube
coverage
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IceCube detector
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1. Introduction
2. IceCube
3. n astronomy
4. Beyond nSM
5. Beyond IceCube
6. Conclusion

Super-Kamiokande

40m

hot water drill

44

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 drill
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IceCube detector
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IceCube detector 
completed on 2010

IceCube detector
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Super-Kamiokande

40m

47

Hawaii

DUMAND project (terminated)
IceCube detector 
completed on 2010

VS.

IceCube detector



Event Movie

4
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Test of Lorentz violation with Atmospheric neutrino at IceCube 

We start to look for Lorentz violation from 
abundant atmospheric neutrinos

Lorentz violation may change the signal of 
neutrino oscillations (Nobel prize 2015)
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Carlos Argüelles

Gabriel Collin

Janet Conrad

MIT

Ali Kheirandish

U. Wisconsin, 
Madison

Test of Lorentz violation with Atmospheric neutrino at IceCube 

Shivesh Mandalia
Queen Mary 
U. of London 
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Test of Lorentz violation with Atmospheric neutrino at IceCube 

1 to 20 TeV high energy neutrinos (Large Hadron Collider ~ 7 TeV)

Neutrino signal looks normal…, Lorentz violation is not discovered
à We set limit on dimension-6 new pysics operator down to 10-36 GeV-2

We need much higher 
energy neutrinos...

? Shivesh Mandalia
Queen Mary 
U. of London 

this is the existing highest precision test of Lorentz violation! (to be published)
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30 TeV to 2000 TeV very-high-energy neutrinos (Large Hadron Collider ~ 7 TeV)

Discovery of High-Energy Astrophysical Neutrinos (2012) 

“Ernie”
1.0 PeV
θ = 62o “Big Bird”

2.0 PeV
θ = 34o

“Bert”
1.1 PeV
θ = 23o
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30 TeV to 2000 TeV very-high-energy neutrinos (Large Hadron Collider ~ 7 TeV)

Discovery of High-Energy Astrophysical Neutrinos (2012) 

“Ernie”
1.0 PeV
θ = 62o “Big Bird”

2.0 PeV
θ = 34o

“Bert”
1.1 PeV
θ = 23o

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

Support IceCube!
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30 TeV to 2000 TeV very-high-energy neutrinos (Large Hadron Collider ~ 7 TeV)

Currently, Queen Mary IceCube group is looking for Lorentz violation from 
astrophysical neutrinos using Markov Chain Monte Carlo (MCMC) based 
analysis. The result will be presented in 2018.

Discovery of High-Energy Astrophysical Neutrinos (2012) 
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IceCube-Generation 2 (Gen2)
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To study astrophysical 
neutrinos more carefully,  
we need a bigger IceCube

Gen2
Larger string separations 
to cover larger area

PINGU: special region to 
study low energy neutrino

IceCubeGen2

PINGU
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UK members: Queen Mary 
Oxford, Manchester 



IceCube-Generation 2 (Gen2)

Teppei Katori

IceCube-Gen2 collaboration

UK members: Queen Mary 
Oxford, Manchester 
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To study astrophysical 
neutrinos more carefully,  
we need a bigger IceCube

Gen2
Larger string separations 
to cover larger area

PINGU: special region to 
study low energy neutrino
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Conclusion

Lorentz violation may be the first evidence of Theory of Everything

There is a worldwide effort to look for Lorentz violation, using various 
state-of-the-art techniques, but so far nobody found Lorentz violation 

Neutrinos, especially ultra-high-energy astrophysical neutrinos have 
a great potential to discover Lorentz violation

Thank you for your attention!
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