
Lorentz Invariance Violation：
Theory & Phenomenology

Bo-Qiang Ma（马伯强）

Peking University  (北京大学) 

August 11, 2021 

Lecture at Pre-SUSY School  2021  

Location: Beijing, China

In collaboration with  Zhi Xiao, Lijing Shao, Shimin Yang, Lingli Zhou, Haowei Xu, Yunqi Xu, Nan Qin,

Shu Zhang, Yue Liu, Yanqi Huang, Xinyi Zhang, Hao Li, Yingtian Chen, Chengyi Li, Jie Zhu, ……



Outline

• Motivation: Quantum Gravity & New Physics 

• LIV Theories  

• Phenomena: 

ultra-high energy cosmic rays (UHECRs)

light speed variation of cosmic photons (GRB, AGN) 

LHAASO PeV photons 

speed variation of neutrinos (IceCube neutrinos)

• Remarks



The highest energy particles
can be observed by human being are from SKY

• Frontiers of human knowledge: 

Cosmology, Astronomy, and Physics

• The combination of cosmology, astrophysics, and 

particle physics → cosmology & particle astrophysics

• Better understanding of the universe:

from most small to most big → connecting quarks to 

the cosmos

• New physics from cosmic photons and neutrinos:

Lorentz violation & CPT violation



Einstein’s  Special Relativity

In 1905, Einstein published his 

famous paper "On the 

Electrodynamics of Moving 

Bodies". 



Principles of Special Relativity

• Principle of Relativity: the equations describing 
the laws of physics have the same form in all 
admissible frames of reference. 

• Principle of constant  light  speed: the speed of 
light is the same in all directions in vacuum in all 
reference frames, regardless whether the source 
of the light is moving or not.



Einstein’s theory of general relativity

The curvature of space and time are determined 
by matter and energy.



Triumphs of Einstein’s Relativity

• One of the foundations of modern physics.

• Proved to be valid at very high precision.

Lorentz Invariance,  the basic theoretical 
foundation of relativity, states that 

the equations describing the laws of physics have the same 
form in all admissible reference frames.

So is there any reason that we seek for 

Lorentz Violation ?



Planck’s God-Given Unit System 
(Planck, 1899)

Planck, 1900



Basic units of the universe: Planck Units



A physical argument of discrete space-time
Y.Xu & B.-Q.Ma, MPLA 26 (2011) 2101, arXiv: 1106.1778

• From two known entropy constraints:

• Combined with black-body entropy

• We arrive at a minimum value of space

We reveal from physical arguments that space-time is 

discrete rather than continuous. 



Proposal of a new fundamental length scale  instead of 
the Newtonian constant

L.Shao & B.-Q.Ma, Sci.China Phys. Mech. Astro. 54 (2011) 1771, arXiv: 1006.3031

• If gravity is emergent, a new fundamental constant 
should be introduced to replace G.

• It is natural to suggest a fundamental length scale.

• Such constant can be explained as the smallest length 
scale of quantum space-time.

• Its value can be measured through searches of Lorentz 
violation.



LV as Window on the Nature of Space-Time

• The typical scale of quantum gravity is Planck 
scale

Lorentz Violation could be a relic probe on 

the nature of space-time & quantum gravity





Many possible ways for Lorentz violation

– spacetime foam [Ellis et al.’08, PLB]

– loop gravity [Alfaro et al.’00, PRL]

– backgrounds in general gravity [Ni’75, PRL; Yan’83, TP,]

– vacuum condensate of antisymmetric tensor fields in 
string theory [Kostelecky & Samuel’89 & ’91, PRL]

– Doubly special relativity [Amelino-Camelia’02, Nature 
& ’02 IJMPD]

– Finsler Geometry (Zhe Chang)

… …



Lagrangians in three SME frameworks: fermions

S.R.Coleman and S.L.Glashow, PRD 59 (1999) 116008

D.Colladay and V.A.Kostelecky, PRD 58, 116002 (1998)

Zhou L., B.-Q. Ma, MPLA 25, 2489 (2010);  Chin.Phys.C 35, 987 (2011)



Lorentz-violation as background fields

• It is useful to discuss various LV effects based on traditional 
techniques of effective field theory in particle physics.

• One can collect all possible background fields coupled with 
standard model particles, in a way such as standard model 
extension (SME).

• But such kind of works cannot be ranked as theory, but 

a platform for phenomenological applications to confront 
with data.

Human being needs fundamental theory for or against Lorentz-invariance violation. 



An example of SME





Some remarks on SME

• The coefficients of background fields with standard 

model particles serve as LV parameters.

• The Lorentz-violation in SME is due to the existance

of background fields, or in a sense of “new aether” 

as backgrounds.  

• There is no Lorentz-violation for the whole system 

of standard-model-particles+backgrounds



Lagrangians in three SME frameworks: fermions

S.R.Coleman and S.L.Glashow, PRD 59 (1999) 116008

D.Colladay and V.A.Kostelecky, PRD 58, 116002 (1998)

Zhou L., B.-Q. Ma, MPLA 25, 2489 (2010); Chin.Phys.C 35, 987 (2011)



A New Theory: the replacement of basic principle 
in Special Relativity

• Principle of Relativity: the equations describing 
the laws of physics have the same form in all 
admissible frames of reference. 

• Principle of physical invariance : 

the equations describing the laws of physics have 

the same form in all admissible mathematical 
manifolds. 

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489,  arXiv:1009.1331; 

CPC 35 (2011) 987,  arXiV: 1109.6387



A new theory of Lorentz violation

• a replacement of the common derivative operators by 
covariant co-derivative ones

• The effective minimal Standard Model 

• A new standard model with supplementary terms

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489, arXiv:1009.1331 ;   CPC 35 (2011) 987, arXiv: 1109.6387



The Lorentz invariance violation matrix

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489 



The Lorentz violation for protons from GZK cut-off

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489 



Three scenarios 
on how to understand and handle the backgrounds

• Scenario I: fixed background scenario

• The backgrounds are taken as fixed parameters in any 

inertial frame of reference one decides to work. It 

means that there is an absolute background which is 

the same for any working reference frames such as 

earth-rest frame, sun-rest frame, or CMB frame. 

• It can be adopted when one does not care about relations between 

different frames, or the situation could become very complicated 

with different formalisms in different frames.

• This scenario can apply as a practical tool for all of the 

three versions of SME: the simple Coleman-Glashow 

model, the minimal SME, and the SMS.

S.R.Coleman and S.L.Glashow, PRD 59 (1999) 116008



Three scenarios 
on how to understand and handle the backgrounds

• Scenario II:  “new aether” scenario 

• It means that there exists a privileged inertial 

frame of reference in which the the background 

can be considered as the ``new aether", i.e., the 

``vacuum" at rest, which changes from one frame 

to another frame by Lorentz transformation.

• This scenario cannot apply directly to the 

Coleman-Glashow model, as the LV parameter is a 

scaler which should keep invariant in any working 

reference frame, but it can apply to the minimal 

SME and also to the SMS.

V. A. Kostelecky, N. Russell, Rev. Mod. Phys. 83 (2011) 11



Three scenarios 
on how to understand and handle the backgrounds

• Scenario III: covariant scenario

• The background fields transform as tensors adhered with 

the corresponding standard model particles.

• The background fields are emergent and covariant with 

their standard model particles.

• This scenario cannot apply to the Coleman-Glashow model, 

but can apply to the minimal SME and also to the SMS.

B.-Q.Ma, Mod.Phys.Lett. A 28 (2013) 1340012



Where to find Lorentz violation? 

• Many theories predict new physics beyond conventional 

knowledge, so which one is correct?

Any theory should be tested by experiments! 

• Where to do the experiments? 

the effect is too tiny to be detected on Earth 

• Looking up at the Sky again:

Ultra-high energy comic rays (UHECRs) : 10^20 eV or higher 

Cosmic photons from gamma ray bursts: 10~100 GeV or higher 

Cosmic neutrinos with much higher energy: ~TeV-PeV



• The cosmic rays were discovered by Victor Hess in 1912.
The term “cosmic rays” was named by Robert A. Millikan.

a proper name should be “cosmic particles” .

• The early 1930s: phenomenological studies of cosmic rays. 

• Particles discovered in cosmic rays: positron e+ , μ,π, K etc.

• Until early 1950s, the study of cosmic rays was characterized by:

discoveries of new particles, 
understanding of electromagnetic interaction, 
understanding of weak interaction, 
primary understanding of strong interaction

• Nobel Prizes related to Cosmic Rays: Victor Hess, Carl D. Anderson, 
Paul Dirac, Hideki Yakawa,…

Cosmic Rays & Particle Physics

http://en.wikipedia.org/wiki/File:Atmospheric_Collision.svg


• 1937-1939 observed by accident Pierre Auger the apparent coincidence 
between Cosmic Ray telescopes set up several hundred meters apart.

Extended Air Showers



The energy spectrum of cosmic rays

http://en.wikipedia.org/wiki/File:Cosmic_ray_flux_versus_particle_energy.svg


Ultra-high energy cosmic rays (UHECRS)

Ultra-high energy cosmic rays

E>10^18-10^19 eV

Extragalactic origin 

above the ankle

Energy=50J, the same as a well-hit tennis ball at 42 m/s.



Cosmic microwave background (CMB)

temperature

photon number density

mean energy per photon

3photon/cm 413n

eV 1035.6 4

Discovered in 1965  by Penzias and Wilson

K 73.2T

as evidence of relic photons from the big bang



Greisen-Zatsepin-Kuzmin (GZK) 
cutoff energy of nucleon cosmic rays
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W-Y.P. Hwang, B.-Q. Ma, Eur.Phys.J. A25 (2005) 467 



Experimental facility: AGASA 

AGASA: Akeno Giant Air Shower Array@the Akeno Observatory Institute for 

Cosmic Ray Research, University of Tokyo, JAPAN 



Experimental facility: HiRes 

HiRes: High Resolution Fly's Eye@University of Utah 



Experimental facility: Pierre Auger Observatory 

Auger: Pierre Auger Observatory@Argentina 



However, new experimental results appeared: HiRes 2007

HiRes, Phys.Rev.Lett.100:101101,2008. 



However, new experimental results appeared: Auger 2007

Pierre Auger Collaboration, Phys. Rev. Lett. 101, 061101 (2008)



Lorentz Violation as a mechanism for

Super-GZK events Coleman&Glashow

• Starting from a free field Lagrangian,

and adding a LV term

• Modified dispersion relation with LV effect



Lorentz violation & enhancement of threshold energy

• Take the nucleon-photon to Delta process as example

• With LV effect

Z.Xiao, B.-Q. Ma, IJMPA 24 (2009) 1539.



Lorentz Violation & Super-GZK events

• The earlier reports on super-GZK events triggered 

attention on Lorentz-Violation (LV or LIV).

• The new results of observation of GZK cut-off put 

strong constraints on Lorentz-Violation parameters, 

see, e.g.,

Z.Xiao, B.-Q. Ma, IJMPA 24 (2009) 1539.

X.J.Bi, Z.Cao, Y.Li, Q.Yuan , PRD 79 (2009) 083015.

F.W.Stecker, S.T.Scully, New J.Phys.11(2009) 085003. 

S.R.Coleman and S.L.Glashow, PRD 59 (1999) 116008



Constraints on LV parameters

• Z.Xiao, B.-Q. Ma, IJMPA 24 (2009) 1539.

• X.J.Bi, Z.Cao, Y.Li, Q.Yuan , PRD 79 (2009) 083015.

• F.W.Stecker, S.T.Scully, New J.Phys.11(2009) 085003. 

An analysis with shape

A rough estimate



The Lorentz violation for protons from GZK cut-off

Zhou Lingli and B.-Q. Ma, MPLA 25 (2010) 2489 



Lessons from new results 

• The observation of GZK cut-off by HiRes and Auger

put strong constraints on previous models for the 

super-GZK events.

• There are still uncertainties on the re-construction of 

the energy, so final conclusion still may change

• Detailed features are important: how large of the GZK 

events, shape, and direction. 



Open Questions related with UHECRs

• The composition of UHECRs: nucleons or heavy nuclei,

neutrons and antiproton, or other exotic objects

• Origin of UHECRs: what is the source, extra-galactic,

gamma-ray bursts or supernovae, correlation of arrival direction with 

source 

• The acceleration mechanism: why the energies of these particles 

could be so high? 

• Detection of neutrinos from GZK mechanism

• UHECRs as laboratory to study physics under extreme 

conditions. 



Where to find Lorentz violation? 

• Many theories predict new physics beyond conventional 

knowledge, so which one is correct?

Any theory should be tested by experiments! 

• Where to do the experiments? 

the effect is too tiny to be detected on Earth 

• Looking up at the Sky again:

Cosmic photons from gamma ray bursts: 10~100 GeV or higher 

Cosmic neutrinos with much higher energy: ~TeV-PeV



Gammy-ray Bursts (GRBs)

• The most energetic astrophysical process except the 
Big Bang

• 2 types [Piran’05, Rev. Mod. Phys.]
– long GRBs: duration > 2 s; collapses of massive rapidly 

rotating stars
– short GRBs: duration < 2 s; coalescence of two neutron 

stars or a neutron star and a black hole

• Long distance from detector: 
z≈2.15 for long GRBs,  several billion light-years

z≈0.5   for short GRBs 

• Use GRBs to test LV [Amelino-Camelia et al.’98, Nature]



Modified photon dispersion relation from LV

See also, e.g.,
Jacobson et al.’06, Ann. Phys.
Kostelecky & Mewes’09, PRD
Mattingly’05, Living Rev. Rel.
Amelino-Camelia & Smonlin’09, PRD

Z.Xiao and B.-Q.Ma, PRD 80 (09) 116005, arXiv:0909.4927



Time-lag by GRB



Fermi instruments

~ 300 GeV

trigger photons ~ 0.1 MeV



Model independent LV photon dispersion relation 

See also, e.g.,
H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203
H.Xu, B.-Q.Ma, PLB 760 (2016) 602, arXiv: :1607.08043
H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050, arXiv: 1801.08084

L.Shao and B.-Q.Ma, MPLA 25 (2010) 3251

s=1 subluminal case;        s=-1 superluminal case 



Pioneering analyses of real GRB data
with robust constraint on LV scale 

Ellis, Farakos, Mavromatos, Mitsou, Nanopoulos, APJ 535(2000) 139

Ellis, Mavromatos, Nanopoulos, Sakharov, Sarkisyan, APP 25 (2006) 402 
[Corrigendum 29 (2008)158 ].

… …

Ellis, Konoplich, Mavromatos, Nguyen, Sakharov, Sarkisyan,PRD 99 (2019) 083009

……



GRB090510
Abdo et al.’09, Nature

31 GeV

Time lags are 
affected both 
artificially and 
instrumentally



Strong constraint from short GRB090510 
& Fermi-LAT data

Abdo et al. (Fermi), Nature 462 (2009) 331

Z.Xiao and B.-Q.Ma, PRD 80 (2009) 116005

Vasileiou et al., PRD 87 (2013) 122001

… …

From Fermi Nature paper: we simply assume that it (high-energy photon) 
was emitted sometime during the relevant lower-energy emission episode.



LV from energetic photons (multi-GeV) of GRBs

Z.Xiao and B.-Q.Ma, PRD 80 (2009) 116005, arXiv:0909.4927

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568

H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

H.Xu, B.-Q.Ma, PLB 760 (2016) 602, arXiv: :1607.08043

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050, arXiv: 1801.08084

Y.Liu, B.-Q.Ma, EPJC 78 (2018) 825, arXiv: 1810.00636

J.Zhu, B.-Q.Ma, PLB 820 (2021) 136518

… …
H.Li, B.-Q. Ma, Science Bulletin 65 (2020) 262 arXiv: 2012.06967 LV on AGN

……



Formulas in our analysis of LV parameter

• L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

• S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406.4568

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602

• H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050

Lorentz Violation or Light-speed Variation

N=1

N=2



Time lag by LV effect

• expansion universe [Jacob & Piran’08, JCAP]



Fermi instruments

~ 300 GeV

trigger photons ~ 0.1 MeV



Lag determinations

GRB080916C -- Abdo et al.’09, Science



GRB090510
Abdo et al.’09, Nature

31 GeV

Time lags are 
affected both 
artificially and 
instrumentally



Four Fermi observations

the arrival of the highest energy photon to GBM trigger

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



Separation of astrophysical time lags from LV delay

• imperfect knowledge of radiation mechanism of 
GRBs

• a survey of GRBs at different redshifts
– the time lag induced by LV accumulates with 

propagation distance

– the intrinsic source induced time lag is likely to be a 
distance independent quantity

• A robust survey [Ellis et al.’06 & 08, Astropart. 
Phys.]



An intuitive way to perform analysis

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



Linear fits
Quadratic fits

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



further development

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



Added data

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



further development

Linear fits

S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406:4568



Benchmark of low energy photons:
trigger or peak? 

• L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312, arXiv:0911.2276

• S.Zhang, B.-Q.Ma, APP 61 (2015) 108, arXiv:1406.4568

Trigger: 

The peak of low energy photons: 

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602

• Y.Liu, B.-Q.Ma, EPJC 78 (2018) 825, arXiv: 1810.00636



Benchmark of low energy photons:
trigger or peak? 

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New Analysis of Data

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203



New Results

• H.Xu, B.-Q.Ma, APP 82 (2016) 72, arXiv: 1607.03203



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



New GRB: 160509A

• H.Xu, B.-Q.Ma, Phys.Lett.B 760 (2016) 602



new development

H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050

• A general analysis on the data of 25 bright GRBs

• Allow a completed scan over all possibilities without bias 

• The regularity exists at a significance of 3-5 σ



new development
H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



new development
H.Xu, B.-Q.Ma, JCAP 1801 (2018) 050



New GRBs: 201020A, 201020B, 201021C

• J.Zhu, B.-Q.Ma, Phys.Lett.B 820 (2021) 136518



New GRBs: 201020A, 201020B, 201021C

• J.Zhu, B.-Q.Ma, Phys.Lett.B 820 (2021) 136518

• Direct evidence for pre-burst stage of GRBs 

• Support of light speed variation at



Active galactic nuclei (AGNs)

• AGN is a compact region at the centre of a galaxy 
which has a much higher than normal luminosity 
over some or all of the electromagnetic spectrum
[wikipedia]

• AGNs vs GRBs [Ellis et al.’09, PLB]

– distance & time structure

– energy of flares; rare & unpredictable

– different types & distinct intrinsic time lags?



GRBs vs AGNs

– AGNs data solely are inadequate to carry out a robust 
analysis 

– a complementary probe: different observational 
methods and distinct origins

– Fermi GRBs: the regularity of several high energy 
photons fall on a same line -> light-speed variation  

– Conversely, the AGN results can be considered as a 
support for the light-speed variation from GRBs

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312

H. Li and B.-Q. Ma, Science Bulletin 65 (2020) 262



A brief review on LV from AGNs

• Markarian 421 – no time lag > 280 s between energy bands < 
1 TeV and > 2 TeV [Biller et al.’99, PRL]

• Markarian 501 – 4 min lag for ∆E ~ 2 TeV [Albert et al.’08, PLB]

• PKS 2155-304 – ~20 s lag for ∆E ~ 1.0 TeV & ∆E^2 ~ 2.0 TeV^2 
[Aharonian et al.’08, PRL]

L.Shao, Z.Xiao and B.-Q.Ma, APP 33 (2010) 312



Light Speed Variation from AGN: Mrk501

Light curves (LC) binned in 4 minutes 
for the flare of Mrk 501 in the night 
on 9 July 2005 by MAGIC

A shift of peak by 4±1 minutes 
between bands 0.15-0.25 TeV
and 1.2-10 TeV

A support for the subluminal  
light speed variation from GRBs

H. Li and B.-Q. Ma, Science Bulletin 65 (2020) 262



Light Speed Variation from AGN: PKS 2155-304

Light curves (LC) for the flare of PKS 2155-304 on 28 July 2006 by H.E.S.S.

No clear one to one correspondence between peaks: a shift of peak by 2 minutes between 
the last peaks of the two bands 200-800 GeV and over 800 GeV

Supplementary support for the light speed variation from GRBs (red line=predicted 136 s）

H. Li and B.-Q. Ma, Science Bulletin 65 (2020) 262



Prediction of Light speed variation from space-time foam

C.Li, B.-Q.Ma, PLB 819 (2021) 136443, arXiv:2105.06515



Predictions are consistent with all current observations including
a subluminal light speed variation

C.Li, B.-Q.Ma, PLB 819 (2021) 136443, arXiv:2105.06515

• Linear energy dependence of light speed variation 

• Subluminal Lorentz violation

• Photons are stable, no photon decay 

• No birefringence for photon propagation in vacuum

Predictions of LV features from space-time foam



LHAASO discovery of PeV photons

Nature  594 (2021) 7861



LHAASO: the ideal platform to detect 
TeV and PeV Cosmic Photons



LHAASO Observation  of Cosmic Photons
versus

Lorentz Violation

• Highest energy photon (E=1.4 PeV) observed by human being

• Strong constraint on superluminal Lorentz violation

• Hint for subluminal Lorentz violation

• Towards a string theory model for space-time foam

C.Li and B.-Q.Ma, PRD (in press), arXiv:2105.07967



Strong Constraint on Superluminal Lorentz Violation

• Photon decay due to superluminal LV

• Constraint from LHAASO discovery of E=1.42 PeV photon

• Stringent constraints on certain LV theories

• Support for the space-time foam prediction: no photon decay

C.Li and B.-Q.Ma, PRD, arXiv:2105.07967



Strong Constraint on Superluminal Lorentz Violation

• Constraint from LHAASO discovery of E=1.42 PeV photon

• More detailed analysis of data by LHAASO Collaboration

LHAASO, arXiv:2106.12350

• Similar analysis on LHAASO data by 

Chen et al., arXiv: 2105:07927      

C.Li and B.-Q.Ma, arXiv:2105.07967 (PRD) & Science Bulletin 



LHAASO Observation  of Cosmic Photons
versus

Lorentz Violation

• Highest energy photon (E=1.4 PeV) observed by human being

• Strong constraint on superluminal Lorentz violation

• Hint for subluminal Lorentz violation

• Towards a string theory model for space-time foam

C.Li and B.-Q.Ma, arXiv:2105.07967



Cosmic microwave background (CMB)

temperature

photon number density

mean energy per photon

3photon/cm 413n

eV 1035.6 4

Discovered in 1965  by Penzias and Wilson

K 73.2T

as evidence of relic photons from the big bang



Greisen-Zatsepin-Kuzmin (GZK) 
cutoff energy of nucleon cosmic rays
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W-Y.P. Hwang, B.-Q. Ma, Eur.Phys.J. A25 (2005) 467 



Energy limitation of other particles

• photon  

• electron

• neutrino
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Energy limitation of cosmic photons
from standard special relativity

cosmic photon annihilation with CMB

  eeCMB

eV 104~         )2(4 142  EmE e

Attenuation of above threshold E=411 TeV photons

H.Li and B.-Q.Ma, JHEAP (in press), arXiv:2105.06647



Threshold Anomalies of  Cosmic Photons
due to Lorentz Violation

  eeCMB
H.Li and B.-Q.Ma, JHEAP, arXiv:2105.06647



Threshold Anomalies of  Cosmic Photons
due to Lorentz Violation

• Photon annihilation is forbidden due to subluminal Lorentz 
violation.

• We predict optical transparency of cosmic photons for  
subluminal LV scale less than 

• Any observation of above threshold E=411 TeV photons from 
extragalactic sources can be considered as signals for new 
physics beyond special relativity.

  eeCMB

H.Li and B.-Q.Ma, JHEAP, arXiv:2105.06647



Breakthrough: LHAASO discovery of PeV photons

• Observation of photons with energies above the threshold 

of photon annihilation process

• Hint for the subluminal Lorentz violation:

an upper bound with            < 

can explain the observation of PeV photons

• The sources for the above threshold photons:

galactic or extragalactic? 

• Further studies are necessary to identify sources for PeV
photons

C.Li and B.-Q.Ma, arXiv:2105.07967 & Science Bulletin (in press)



Remarks: photons

• High energy cosmic photons provide opportunity to study the 
Lorentz violation of photons.

• We suggest a subluminal light speed variation from analyses 
of GRB data, with also supports from AGNs. 

• The LHAASO observation of 1.4 PeV photon puts strong 
constraint on superluminal Lorentz violation.

• Subluminal Lorentz violation can explain the above threshold 
(E=410 TeV) photon events: 

LHAASO event of E=1.4 PeV=1400 TeV

• Our prediction of optical transparency of cosmic photons can 
be tested by LHAASO observation of any above threshold 
photons from extragalactic sources. 
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Advantages: from photons to neutrinos

• Energy difference: photon < 100GeV, neutrino= TeV->PeV

• Time difference: photon=a few seconds

neutrino=a few hundred seconds -> months 

• Intrinsic time difference: can be safely neglected.

• U. Jacob, T. Piran, Nat.Phys.3 (2007) 87

• Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62



IceCube Neutrinos
—results reported by IceCube

• IceCube, Astrophys.J. 843 (2017) 2292

• Y. Huang, B.-Q. Ma, Comms.Phys.1 (2018) 62

• 9 years data taking: energies>30 TeV + 4 events of PeV

• Associated GRBs: narrow time window=within -100->300 seconds, 

some neutrinos compatible with backgrounds

• Small flux to rule out fireball models.



Extension of Time Window to Days
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Reanalysis of TeV Events
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Reanalysis of TeV Events
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First Analysis of PeV Events
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Association of IceCube Neutrinos with GRBs
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CPT Violation from Cosmic Neutrinos:
Difference properties between neutrinos and antineutrinos.
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ma/posts/39327-cpt-violation-from-cosmic-neutrinos



CPT Violation from Cosmic Neutrinos:

• We find that different neutrino/antineutrino propagation 

properties can be described with both Lorentz invariance 

and CPT symmetry violation.

• A viable way on testing the CPT symmetry violation between 

neutrinos and antineutrinos is suggested.



CPT Violation from Cosmic Neutrinos:

• Previous association of 60 TeV to 2 PeV IceCube neutrinos with 

GRBs indicates Lorentz invariance and CPT symmetry violation.

• We find that another 12 northern hemisphere track events satisfy 

the same regularity at a lower energy scale around 1 TeV. 

• Such a consistency over four orders of magnitude in energy 

provides a strong support of the revealed regularity.
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IceCube Neutrinos near 1 TeV & GRBs 
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12 IceCube neutrinos near 1 TeV
as new support to the TeV+PeV regularity

TeV + PeV + near-TeV neutrinos (r=0.99)
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Remarks: neutrinos

• We first associate all 4 IceCube events of PeV
neutrinos with gamma-ray bursts (GRBs).

• We unveil a regularity of these energetic neutrinos 
indicting Lorentz violation.

• We find different propagation properties between 
neutrinos and antineutrinos.

• The result indicates the CPT violation between 
neutrinos and anti-neutrinos. 



Final Remarks

• Researches on Lorentz violation have been active for 
many years with various theories. 

• There might be signals for Lorentz violation yet, but 
still need to be confirmed.

• The Lorentz violation study can bring conceptual 
revolution on the understanding of space-time or 
finding of new physics. 

• Lorentz violation is being an active frontier both 
theoretically and experimentally. 


