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Theory of Special Relativity

Einstein and Lorentz
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Special relativity is a basis of both quantum field theory and
general relativity

Special relativity 1s based on Lorentz symmetry
Lorentz symmetry 1s 1sotropy of spacetime
If the universe has a special direction, space doesn’t have

Lorentz symmetry and Lorentz transformation 1s violated
—> Lorentz violation

All fundamental physics phenomena must be experimentally
tested including Lorentz symmetry
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Michelson-Morley experiment

The experiment tried to measure the motion of
the Earth relative to ather.

The experiment shows the speed of light 1s
constant regardless the motion of the Earth.

This result suggests the 1sotropy of spacetime,

and Lorentz symmetry. MIrror 1 e
beam
Lorentz symmetry is valid down to Ac/c < 10~ splitter
lamp v
> < >I mirror 2
v
I telescope
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Nagel et al, Nature Comm., 6(2015)8174

Michelson-Morley experiment

The experiment has been
improved over 100 years. 107° F+°=
10710

107"
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10 Interferometer tests
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https://www.nature.com/articles/ncomms9174

Nagel et al, Nature Comm., 6(2015)8174

Michelson-Morley experiment

The experiment has been
improved over 100 years. 107° F77=
10710
Technology shift 1011
(interferometer = optical otz | [ Cegend
cavity) and Ac/c < 1018 S 3 'é‘:l?tjrt"er:tzte”e“s
egq . . . 4 -
(1 billion higher precision 10
than M-M experiment) 3 107
< 10718
Why we keep testing this? 1016
107"
Why do we expect Lorentz . &
violation? 10 <
1971880 1900 1920 1940 1960 1980 2000 2020
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https://www.nature.com/articles/ncomms9174

Proagress in Particle and Nuclear Physics 125 (2022) 103948

Quantum foam

Q ua ntu m g raVIty - quantum fluctuation of space-time

Searching Lorentz violation 1s well motivated

Lorentz violation in Planck scale theories
- string theory

- noncommutative field theory

- quantum loop gravity

etc

Lorentz violation 1s seen as
- spacetime fluctuation (Lindblad eqn.)
- background field in vacuum (SME)

etc

Lorentz violating field
ING'S - background field of the universe (ather)
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https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub

Alan Kostelecky, Indiana University

Sta N d a rd - IVI Od e I E Xte ns | on (S M E ) 2025 recipient, Norman F. Ramsey Prize

For the development of the Standard Model Extension and for its application
to, and inspiration for, a broad set of precision measurement tests across

various physical systems, some of which have reached Planck-scale

Search of Lorentz violation 1s to find anomalous | sensitviy
effects due to the couplings of background fields and
ordinary fields (electrons, muons, neutrinos, etc)

Scientific American (Sept. 2004)

Axis of rot ation ——

SME 1s an effective field theory (EFT) framework
to look for Lorentz violation
e.g.) vacuum Lagrangian for fermion

L =‘i1/7)/”(9“1/; — ml/jl/;' ey akp + Py -

Y p—p>
Standard Model ! couplings with background fields
Physics of Lorentz violation

- Spectrum distortion,

- Sidereal time dependence, etc... \ /
n

: 24h 00min 00sec: Solar day nobn noon
g}ggg 23h 56min 4.1sec: Sidereal day
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Tests of Lorentz Violation
with Neutrinos




Neutrino oscillation experiments

Neutrino oscillation 1s an interference experiment (cf. double slit experiment)

light source screen

uiayned
aoualaolul

For double slit experiment, 1f path v, and path v, have different length, they have different
phases and 1t causes interference.
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Neutrino oscillation experiments

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

Vu o H
—

Neutrino flavour eigenstates are super-position of Hamiltonian eigenstates v, and v,
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Neutrino oscillation experiments

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

Neutrino flavour eigenstates are super-position of Hamiltonian eigenstates v, and v,
Difference 1n velocities cause quantum interference
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Neutrino oscillation experiments

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

Neutrino flavour eigenstates are super-position of Hamiltonian eigenstates v, and v,
Difference 1n velocities cause quantum interference
The detection may be different flavour (neutrino oscillations)
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Neutrino oscillation experiments

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

Ve ?
Vp ?
Ve !
Background S
fields of universe o
\ Ve !
Vp Ve
- -—>
4

Neutrino flavour eigenstates are super-position of Hamiltonian eigenstates v, and v,
Difference 1n velocities cause quantum interference

The detection may be different flavour (neutrino oscillations)

Neutrino propagation may be affected by background fields
—> anomalous neutrino oscillation results
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MiniBooNE, PRL121(2018)221801, PLB718(2013)1303

MiniBooNE v, appearance candidate data

Anomalous v, candidate low-energy excess

- Can that be Lorentz violation?

v-mode BF 20 limit p-mode BF 20 limit
1(Cenl 3.1+0.6+0.9 <42 0.1+0.8+0.1 <26
[(As)en| 0.6+0.9+03 <33 24+13+05 <39
[(A)en| 04+09+04 <40 21+1.2+04 <37

SME coefficients combination (unit 10~20 GeV)

1(Cenl (@), +0.75(a)Z,1 - (E)[1.22(cp)l] +1.50(c)LZ +0.34(c)E21
[(As)enl +[0.66(a ), 1 — (E)[1.33(c)l} +0.99(c)¥Z 1
[(AQep| +[0.66(a1)3, 1 — (E)[1.33(c)f +0.99(cL)X71

- no sidereal time dependent modulation, unlikely Lorentz violation
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MiniBooNE low E v, excess

Neutrino mode v, candidate data sidereal time distribution
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Lorentz violation tests with neutrinos — Summary

Spectral distortion Sidereal variation

Limits of all SME parameters
are summarized 1n tables Super.Kamiokands
ArXiv:0801.0287v17 PRD91(2015)052003

PRD72(2005)076004

£ S J
8)09201 3

PLB718(2013)1303

So far, there 1s no compelling

evidence of Lorentz violation AMANDA
PRD79(2009)102005 - lceCube
. IceCube : i\
When do we find 1t??7? o Pryeic i .
14(2018)961 PRD82(2010)112003 PRD86(2013)112009
IceCube SNO
28-page limits only .
in neutrino sector... FIaVOr rat|0
: Nature Physics, 18(202)1287 PRD98(2018)112013
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https://arxiv.org/abs/0801.0287v17
https://arxiv.org/abs/0801.0287v17

When do we find Lorentz violation???

Lorentz violation 1s motivated by Planck scale theories, so it 1s suppressed with the power
of Planck mass (~101° GeV)

() e
~ ) , eLc
Mp; \Mp,

In effective field theory, non-renormalizable operators are the signature of new physics,
dimension analysis guides target sensitivity to look for Lorentz violation.

dimension-5 LV operator, a®® < 10719 GeV 1 Steven Weinberg
dimension-6 LV operator, c(®) < 10738 Gel/ 2 (CERN Courier Nov. 2017)
ete | A “We don t know anything
=% LR about non-renormalizable
These numbers can be used as a ) 4 N, physicist [P
guidance to design new experiments ’

swear they are there!’
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https://home.cern/resources/courier/physics/cern-courier-november-2017

Tests of Lorentz violation with astrophysical neutrinos

Terrestrial experiments
- controlled, high-precision

So far, no compelling evidence of Lorentz violation

Atmospheric, astrophysical, and cosmological experiments
- not controlled, low-precision

- extreme systems (high energy, long propagation, etc)

- more sensitive to nonrenormalizable operators

ING’S

College
LLONDON

tkatori@cern.ch 25/07/23

18



Tests of Lorentz Violation
with Astrophysical Neutrinos




Astrophysical neutrinos

Long, straight trajectory propagation in vacuum
- Astrophysical neutrinos are sensitive to tiny space-time effects

neutrino

New physics

25/07/23
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Snowmass21 white paper, “Beyond the Standard Model effect with Neutrino Flavour”, EPJC83(2023)15
“Quantum gravity phenomenology at the dawn of the multi-messenger era”’, Prog. Partt. Nucl.Phys. 125 (2022) 103948

Astrophysical neutrinos

Long, straight trajectory propagation in vacuum
- Astrophysical neutrinos are sensitive to tiny space-time effects

Quantum foam Lorentz violating field

Long list of new models to affect
astrophysical neutrino propagation
- Long range force

- Neutrino-dark matter coupling

- Neutrino-dark energy coupling
etc

.~

FING'S neutrino

\_College
LONDON 25/07/23
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https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096?via%3Dihub

Test of Spacetime properties with Astrophysical neutrinos

Lorentz violation = Media in vacuum
- Spectrum distortion (energy)

- Time of Flight (time)

- Anomalous mixing (flavour)

neutrino

neutrino €=~

. . slow down
distortion

Mixing

neutrino '

tkatori@cern.ch 25/07/23 22




Stecker, et al, PRD91(2015)045009, and many others
KM3NeT, ArXiv:2502.1207

Test of Spacetime properties with Astrophysical neutrinos

Diffuse neutrino spectrum distortion
. . . . . W+ Ve
Lorentz violation = Media in vacuum L
Ve € —_
e

- Time of Flight (time) Vacuum pair emission
- Anomalous mixing (flavour) V,, e~

70 N
Vi

Neutrino splitting
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Y G LL bl

Lorentz violating field cause radiation in vacuum

- High-energy neutrinos are attenuated
- KM3NeT 220 PeV neutrino (KM3-230213A)
T §=c2—1<4x107%?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.045009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.045009

Stecker, et al, PRD91(2015)045009, and many others
KM3NeT, ArXiv:2502.1207, Ternes et al, arXiv:2503.04573

Test of Spacetime properties with Astrophysical neutrinos

Lorentz violation = Media in vacuum Spectrum distortion happen by other scenarios
- “missing” neutrinos by micro black-hole
- Time of Flight (time) (neutrino-loss quantum decoherence)
- Anomalous mixing (ﬂavour) - StI'Ol’lg limits from SN1987A
(cf. neutrino decay)
neutrino
D S I
Lorentz violating field cause radiation in vacuum
- High-energy neutrinos are attenuated
- KM3NeT 220 PeV neutrino (KM3-230213A)
_ 2 —22
ING'S o = Cy — 1 <4%x10
College
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.045009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.045009

Amelino-Camelia et al, Nature 393(1998)763, LHASSO PRL133(2024)071501)) and many others
Bustamante et al, ArXiv:2408.15949

Test of Spacetime properties with Astrophysical neutrinos

New physics search
- Spectrum distortion (energy)

- Anomalous mixing (flavour)

Emitted v flare

Astrophysical
v source

Number of v

Modified dispersion due to quantum foam

cause unexpected delay/advance for neutrinos

- Neutrino time-of-flight (a®®=CPT odd)
Sv~Ea® +E? c(®) + ...

neutrino

s LT

slow down

Time distribution 1s modified due to
Lorentz violation (energy-dependent)

tkatori@cern.ch 25/07/23 25


https://www.nature.com/articles/31647
https://www.nature.com/articles/31647
https://www.nature.com/articles/31647
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.071501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.071501

Huang and Ma, Communications Physics1(2018)62, Amelino-Camelia et al, Nature Astronomy 7(2023)996 and many others

Test of Spacetime properties with Astrophysical neutrinos

New physics search Modified dispersion due to quantum foam
- Spectrum distortion (energy) cause unexpected delay/advance for neutrinos
- Neutrino time-of-flight (a®®=CPT odd)
- Anomalous mixing (flavour) Sv~Ea® +E? ¢(©) + ...
neutrino
€-=-
photon

Neutrinos and gamma-ray bursts may
have coincidence with Lorentz violation

ING'S
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https://www.nature.com/articles/s42005-018-0061-0
https://www.nature.com/articles/s41550-023-01993-z
https://www.nature.com/articles/s41550-023-01993-z
https://www.nature.com/articles/s41550-023-01993-z

IceCube, Nature Physics 18(2022)1287

Test of Spacetime properties with Astrophysical neutrinos

\““““““““““

New physics search
- Spectrum distortion (energy)
- Time of Flight (time)

Flavour effect
- Macroscopic quantum effect and
sensitive to small effects

- Sensitive to the target signal region of
Lorentz violation
(< 10738 GeV 2 for dim-6 operators)

R sl

KNGS - Neutrino
wﬁg[ggﬁ tkatori@cern.ch 25/07/23 27



https://www.nature.com/articles/s41567-022-01762-1

‘

PhyS|cs MMA

Lower dimension operators => searches by tabletop experiments

Higher dimension operators => searches by astrophysical observations

mZ

He— 4+ a® —F.c® 4 g2.46) — 3.0 ... Astrophysical neutrino
2 flavour Lorentz violation

torsion
pendulum

method type sector limits . .
— : limits
. CMB polarization astrophysical photon ~ 10~%3 GeV :
Optlcal He-Xe comagnetometer tabletop neutron ~ 10734 GeV : Y |
resonator torsion pendulum tabletop  electron ~ 1073 GeV \
muon g-2 accelerator ~ muon ~ 10724 GeV !
neutrino mixing astrophysical neutrino ~ 1072% GeV S \
GRB vacuum birefringence astrophysical photon ) v -
Laser interferometer LIGO photon ‘ ¢
Sapphire cavity oscillator tabletop photon [ N Q
Ne-Rb-K comagnetometer tabletop  neutron ' o A
trapped Cat ion tabletop electron
neutrino mixing astrophysical neutrino ] )
" “GRB vacuum birefringence astrophysical photon ~ 10734 Gev—! ! Weak interaction
vacuum ultra—high—epergy.c.osmic ray astrophys%cal protgn ~ 10722 to0 1018 Gey ] + Small mass
birefringence neutrino mixing astrophysical neutrino ‘ + Quantum mixing

GRB vacuum birefringene astrophysical photon ~ 10731 GeV—2 = macroscobic quantum
. . . _ A _Qr —
M—— ultra-high-energy cosmic ray  astrophysical proton ~ 10742 to 1073°% GeV pic q
. . .. . . _ 9 H
UHECRSs gravitational Cherenkov radiation astrophysical gravit ‘ - system you cannot disturb
neutrino mixing astrophysical neutrino
I\ College /
LONDON [1] IceCube, Nature Phys. 18, 1287 (2022) [2] WMAP, AstrophysJ.180, 330 (2009) [3] Allmendinger et al., PRL112, 110801 (2014) [4] Heckel et al., PRL97, 021603(2006) [5] Muon g-2, PRL100, (%%09726&;3[61 Kostelecky, Mewes,PRL110, 201601 (201%5%71 Kostelecky,
Melissinos, Mewes, PLB 761, 1 (2016) [8] Nagel et al.,Nature Comm. 6, 8174(2015) [9] Smiciklas et al., PRL107, 171604 (2011) [10] Pruttivarasin et al., Nature 517, 592 [11] Maccione et al., JCAP 0904, 022 [12] Kostelecky, Tasson, PLB 749, 551



https://www.nature.com/articles/s41567-022-01762-1
https://iopscience.iop.org/article/10.1088/0067-0049/180/2/330
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.110801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.021603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.091602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.091602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.091602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.nature.com/articles/ncomms9174
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://www.nature.com/articles/nature14091
https://iopscience.iop.org/article/10.1088/1475-7516/2009/04/022
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub

Tests of Lorentz Violation with Astrophysical Neutrinos — Summary

Astrophysical neutrinos have high potential to look for Lorentz violation. But there are
many unknowns;

- Energy spectrum

- Production time

- Source information

- Foreground

etc

So far, astrophysical neutrino data are low statistics, and further data are needed to
search Lorentz violation...

tkatori@cern.ch 25/07/23
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Hyper-Kamiokande, ArXiv:1805.04163 and lceCube-Gen2, J.Phys.G48(2021)060501

Summer

Hyper-Kamiokande and IceCube-Gen2 i

IceCube team

New international neutrino astronomy projects around the world
\ : ; ;

PR Gen2-Optical (~8 Gton)
Sl Gen2-Radio (~500 Gton,>10 PeV)
construction
1s ongoing

— /The first stage of
Gen?2 (IceCube
upgrade) iS

Optical Array | Sensor

3!! lceCube-Gen2: the future of HE v astrophysics

B. Clark (IceCube-Gen2, #409)
Gen2-Radio Gen2-Optical ® IceCube sk IceCube Upgrade

5/07/23 K10

LONDON Hyper-Kamiokande


https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/1805.04163
https://iopscience.iop.org/article/10.1088/1361-6471/abbd48
https://iopscience.iop.org/article/10.1088/1361-6471/abbd48
https://iopscience.iop.org/article/10.1088/1361-6471/abbd48
https://iopscience.iop.org/article/10.1088/1361-6471/abbd48

Bluhm, Kostelecky, Lane, Russell PRL 2002
Conclusion

~

Lorentz violation 1s motivated from Planck-scale theories

,
There 1s a worldwide effort to look for Lorentz violation, using various state-
of-the-art techniques including neu

Inos, but.so far, no compelling evidence
of Lorentz violation E¢

>
werful tools to look for Lorentz violation

%’ hank you for your attention! (&
K ot
tkatori@cern.ch 25/07/23 D 3
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Nagel et al, Nature Comm., 6(2015)8174

Optical cavity experiment

Modern Michelson-Morley experiment

- Saphire crystal resonator

- Whispering gallery mode

- Vacuum insulation, liquid helium cooling to 4K
- Turntable to actively rotate

This experiment 1s sensitive to the anisotropy of
speed of light down to Ac/c~10-18
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https://www.nature.com/articles/ncomms9174

ZEUS, PRD107(2023)092008 and many others

Collider physics (quarks)

HERA p-e collider

- ZEUS deep-inelastic scattering data
- Monitor sidereal time dependence

- LV tests of quarks

College
LLONDON
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092008

Models of Lorentz violation

String theory, Kostelecky and Samuel. PRD39 (1989) 683

Ultra-light dark matter, Graham and Rajendran. PRDSS (2013) 035023

Quintessence, Ando. Kamionkowski. and Mocioiu. PRDS0 (2009) 123522

Loop quantum gravity, Gambini and Pullin. PRDS9 (1999) 124021

Non-commutative field theory, caroll. Harvey. Kostelecky. Lane, Okamoto. PRL87 (2001) 141601

Hotava-Lifshitz gravity, pospelov and Shang. PRDS5 (2012) 105001
Lee-Wick theory, Myers and Pospelov. PRL90 (2003) 211601

and many more!

Effective Lorentz violation (spontaneous Lorentz symmetry breaking) is compatible with Riemann
geometry, however, Intrinsic Lorentz Violation is not

Finsler geometry kostelecky and Li. PRD104 2021) 044054 got lots of attention recently, to go beyond Riemann geometry
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.39.683
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.123522
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.124021
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.87.141601
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High-energy, long propagating neutrinos
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High-energy astrophysical neutrinos

Above ~100 TeV, neutrinos are only particles pointing to their high-energy sources

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
transparent to neutrinos
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lceCube, PRD104(2021)022002

High-energy astrophysical neutrinos

60TeV- 2PeV astrophysical neutrinos are observed by IceCube Neutrino Observatory
high-energy starting event (HESE) sample

Northern Sky (up-going)
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High-energy, long propagating neutrinos

muon neutrino

Astrophysical neutrino flavor physics 1.0 lceCube
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HESE 7.5-yr flavor Lorentz violation search

60 HESE events in 60 TeV — 2 PeV

IceCube data start to explore quantum gravity-
motivated signal region for some parameters
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Flavor new physics search with effective operators

Standard Model Extension (SME) is an effective field theory to look for Lorentz violation

Standard Model 1| New physics
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1st flavour ratio result
(0.0:0.2:0.8) :

lceCube I
. raction of v,
2nd flavour ratio result -
—— HESE with ternary topology ID v, : 1, : v; at source — on Earth:
(0.5-0.5:0-0) Y  Best fit: 0.20 : 0.39 : 0.42 B 0:1:0— 017: 045 : 0.37
Global Fit (IceCube, APJ 2015) e 1:2:0030: 0.36: 0.34
Inelasticity (IceCube, PRD 2019) A 1:0:0 —055:0.17 : 0.28
o e 3v-mixing 30 allowed region ¢ 1:1:0—-036:0.31:0.33
2 100
lceCube . r l 2018 flavour ratio measurement
3rd flavour ratio result | ;. . 4 oy - Likelihood is very shallow and fit often
(0.0:0.2:0.8) : ﬁ-v""v“ " [ confuses between v, and v.
; 0 g .
-l - Flavour ratio result has some power to
ING'S Wp == I distinguish v, and v
CO//€g€ $ & & $ & & N4 tkatori@cern.ch 25/07/23

LONDON ST


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.171102
https://iopscience.iop.org/article/10.1088/0004-637X/809/1/98
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.032004
https://link.springer.com/article/10.1140/epjc/s10052-022-10795-y

lceCube-Gen2, J.Phys.G48(2021)060501

Energy dependence of flavor ratio
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Muon neutrino increases at higher
energy
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