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Standard 
Model

General 
Relativity 

Fundamental Forces of  Nature

Quantum  
Theory 

Geometrical  
Theory
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• SM & GR: the best theories describing the 4-fundamental Forces. 
• No conflict with predictions from either of them. 
• They are fundamentally different.
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Gravity Electromagnetism

Strong forceWeak force
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New Physics involves new features, such as: 
Higher dimensions of space and time 
Brane world scenarios 
Non-commutative geometries 
… 
The law of relativity might not hold exactly at all energy scales 

Lorentz Invariance Violation (LIV)
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…  LI may not be an exact symmetry of Nature 

Quantum Theory of Gravity?

String Theory Loop Quantum Gravity 

?…
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Like any other fundamental principle exploring the limits of validity of LI 
has been an essential motivation for theoretical and experimental research
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Symmetries: LIV

𝛄

c0 = (1± �)c
<latexit sha1_base64="U0/ApbfWNnS/nN0GRWQCovS9wFw=">AAAB9HicbZC9TsMwFIUdfkv5S2FksagQZamSggQLUgULY5Hoj9RElePetFbtJLKdoirqm8CEgI0n4QV4G9ySAVrO9PmeY+neEyScKe04X9bK6tr6xmZhq7i9s7u3b5cOWipOJYUmjXksOwFRwFkETc00h04igYiAQzsY3c789hikYnH0oCcJ+IIMIhYySrQZ9ewSPb2uuF4isNcHrskZ7dllp+rMhZfBzaGMcjV69qfXj2kqINKUE6W6rpNoPyNSM8phWvRSBQmhIzKArsGICFB+Nl99ik/CWGI9BDx//85mRCg1EYHJCKKHatGbDf/zuqkOr/yMRUmqIaImYrww5VjHeNYA7jMJVPOJAUIlM1tiOiSSUG16Kprz3cVjl6FVq7rn1dr9Rbl+kxdRQEfoGFWQiy5RHd2hBmoiih7RM3pD79bYerJerNef6IqV/zlEf2R9fAMt55BZ</latexit>

c = 3⇥ 108 m/s
<latexit sha1_base64="s0CgtE01GpC333dzUzM6oJBjZAs=">AAAB/XicbVBLTsMwFHzhW8ovwA42FhUSq5JQEN0gVbBhWST6kZpQOa7bWrWTyHaQqqjAZWCFgB2X4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEElojEY9kM8CKchbSmmaa02YsKRYBp41gcDnWG3dUKhaFN3oYU1/gXsi6jGBtVm17l6BzVPI0E1Qh17kt36eeFEgcqVHbLjhFZwI0S9yMFCBDtW1/ep2IJIKGmnCsVMt1Yu2nWGpGOB3lvUTRGJMB7tGWoSE2b/rpJMMIHXQjiXSfosn825tiodRQBMYjsO6raW28/E9rJbpb9lMWxommITEWo3UTjnSExlWgDpOUaD40BBPJzC8R6WOJiTaF5U18dzrsLKkfF91S8fT6pFC5yIrIwR7swyG4cAYVuIIq1IDAIzzDG7xbD9aT9WK9/ljnrOxmB/7A+vgGXiWT0w==</latexit>

c 6= 3⇥ 108 m/s
<latexit sha1_base64="0jYNJj40If6kqkc5/bPxktZARTA=">AAACAHicbVBLTsMwFHT4lvILsERIFhUSq5JQEF1WsGFZJPqRmlA57mtr1U6C7SBVUVnAZWCFgB1n4ALcBrdkAS2zmvdmnuyZIOZMacf5submFxaXlnMr+dW19Y1Ne2u7rqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILBxVhv3IFULAqv9TAGX5BeyLqMEm1WbXuPYi+EW1zyNBOgsOvclO9TTwosjtSobRecojMBniVuRgooQ7Vtf3qdiCYCQk05UarlOrH2UyI1oxxGeS9REBM6ID1oGRoS86afTmKM8EE3klj3AU/m396UCKWGIjAeQXRfTWvj5X9aK9Hdsp+yME40hNRYjNZNONYRHreBO0wC1XxoCKGSmV9i2ieSUG06y5v47nTYWVI/Lrql4unVSaFynhWRQ7toHx0iF52hCrpEVVRDFD2iZ/SG3q0H68l6sV5/rHNWdrOD/sD6+AYDYpVU</latexit>
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EQG : EPl : ELIV
<latexit sha1_base64="q0QVHiGQN2FZocNwhJ35LrB0kDk=">AAAB/HicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSKiiuiiIquGjBXqANYTKdtEMnF2YmQgnRl9GVqDufwhfwbZzWLLT1rL45/z9w/t+LOZPKsr6MufmFxaXlwkpxdW19Y9Pc2m7KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8GOuteyoki8I7NYqpE+B+yHxGsNIr19y9dNP6VYbOkIYaz+H2ppm5ZskqW5NBs2DnUIJ8aq752e1FJAloqAjHUnZsK1ZOioVihNOs2E0kjTEZ4j7taAxxQKWTTiJk6MCPBFIDiibv394UB1KOAk97AqwGclobL//TOonyT52UhXGiaEi0RWt+wpGK0LgJ1GOCEsVHGjARTF+JyAALTJTuq6jj29NhZ6FZKdtH5Ur9uFQ9z4sowB7swyHYcAJVuIYaNIDAIzzDG7wbD8aT8WK8/ljnjPzPDvwZ4+MbcuqTRQ==</latexit>

Fundamental Energy Scale
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Fundamental Energy Scale

n = 0, 1, 2, …

n � 1

c 6= 3⇥ 108 m/s
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Astroparticle Physics: Lab to test Fundamental Physics

Energy 
Distance

Some effects of LIV are expected 
to increase with the energy and 
the very long distances due to 

cumulative processes
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Astroparticle-Lab : Fundamental Physics

!

~1.5 km

4-5 km

500 km

Extensive  
Air Shower

Cherenkov 
light

Satellites

Air Shower 
Particle Detectors

Imaging Atmospheric  

Cherenkov Telescopes

Space: direct 
detection

ground based: 
indirect detection
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LIV limits
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LIV limits
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LIV limits (Meeting DRC-2018)
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Photon 
splitting 
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LIV limits
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Pair production 
threshold shifts

Photon 
splitting 
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New  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LIV limits
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Test of  Lorentz invariance violation 

e+e�
<latexit sha1_base64="aHmwgcmUsFGLRuuE9SHn3X5adkI=">AAAB53icdVDJSgNBFHwTtxi3qEcvjUEQxGHGPbegF48RzALJJPR03iRteha6e4QQ8g16EvXm//gD/o2dGMG1TvVe1YOq5yeCK+04b1ZmZnZufiG7mFtaXlldy69vVFWcSoYVFotY1n2qUPAIK5prgfVEIg19gTW/fzHWa7coFY+jaz1I0AtpN+IBZ1SbVRVbe9jab+cLjl103OKJS34T13YmKMAU5Xb+tdmJWRpipJmgSjVcJ9HekErNmcBRrpkqTCjr0y42DI1oiMobTtKOyE4QS6J7SCbzV++QhkoNQt94Qqp76qc2Xv6lNVIdnHlDHiWpxogZi9GCVBAdk3Fp0uESmRYDQyiT3KQkrEclZdq8Jmfqf3Yk/5Pqge0e2sdXR4XS+fQRWdiCbdgFF06hBJdQhgowuIF7eIJni1t31oP1+GHNWNObTfgG6+UdIJWMfg==</latexit>

𝛄

Corrections to  
known processes 

��b ! e+e�
<latexit sha1_base64="UrltP1yVEE41VUXFL/xGQpbD3F0=">AAACBnicdVDLSgMxFM3UV62vqks3wSIIYpnx3V3RjcsK9gFtLXfS2zY0mRmSjFJK9/ozuhJ15wf4A/6N6UPweSDk5J5zIef4keDauO67k5ianpmdS86nFhaXllfSq2slHcaKYZGFIlQVHzQKHmDRcCOwEikE6Qss+92zoV6+RqV5GFyaXoR1Ce2AtzgDY0eNdKbWBimBjq+GT2uKtzsGlApvKF7t2LNrXW4253q5I4/+Jl7WHSFDJig00m+1ZshiiYFhArSuem5k6n1QhjOBg1Qt1hgB60Ibq5YGIFHX+6MwA7rVChU1HaSj91dvH6TWPelbjwTT0T+14fAvrRqb1km9z4MoNhgwa7FaKxbUhHTYCW1yhcyIniXAFLe/pKwDCpixzaVs/M+M9H9S2st6+9nDi4NM/nRSRJJskE2yTTxyTPLknBRIkTByRx7IM3lxbp1759F5GlsTzmRnnXyD8/oBhTGYdQ==</latexit>
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Allowed PP region changes with 
the LIV parameter and the Energy

Optical depth:

More photons!!

PP

No PP
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The intensity  of the  
LIV effect depends on  

‣ E𝜸 : 
The energy of the 𝜸-ray 

‣ ELIV:  
The LIV energy scale 

‣ z:  
The distance of the source.  

 
Martínez, Lang, and Souza 

arXiv:1901.03205

More photons!!
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EBL-Attenuation + LIV
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Namibia	
5	Telescopes

ApJ Vol  870,  2  
arXiv:1901.05209

mailto:humbertomh@ifsc.usp.br


LIV Horizon
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… one source?

 
Lang, Martínez and Souza 

Phys.Rev. D99 (2019) no.4, 043015 

The most updated dataset 
composed of 111 energy spectra 

of 38 different sources

mailto:humbertomh@ifsc.usp.br


LIV Horizon
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only 18 spectra from 6 
sources  

have the potential to 
show LIV effects 
(constraint LIV)

The most updated dataset 
composed of 111 energy spectra 

of 38 different sources

…Why use only one source?

 
Lang, Martínez and Souza 

Phys.Rev. D99 (2019) no.4, 043015 
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only 18 spectra from 6 
sources  

have the potential to 
show LIV effects 
(constraint LIV)

The most updated dataset 
composed of 111 energy spectra 

of 38 different sources

…Why use only one source?

 
Lang, Martínez and Souza 

Phys.Rev. D99 (2019) no.4, 043015 
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LIV Limits
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Irrespectively of many tested uncertainties 

‣ Choices of the EBL models 

‣ Model of the intrinsic spectrum 

‣ Energy resolution 

‣ Selection of spectra 

‣ Selection of energy bins to be used in the calculation of the intrinsic 
energy spectra

 
Lang, Martínez and Souza 

Phys.Rev. D99 (2019) no.4, 043015 
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LIV limits
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Current IACT

Namibia	
5	Telescopes

Spain	
2	Telescopes

USA	
4	Telescopes

Imaging		
Atmospheric		
Cherenkov		
Telescopes

humbertomh@ifsc.usp.br 30

Spain	
1	Telescope
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CTA Key Science Projects (KSPs) 
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CTA	science	program:	
	

https://arxiv.org/abs/1709.07997		

humbertomh@ifsc.usp.br

99	Telescopes	
• 4	LST	
• 25	MST	
• 70	SSTs

mailto:humbertomh@ifsc.usp.br


The Array Locations

Capturing the particle showers from a gamma ray that hits the Earth’s atmosphere is 
like the classic scenario of  “looking for a needle in the haystack.”

image credit: 
Gabriel Pérez Diaz, IAC

 Array Coordinates 
Latitude: 24o 41’ 0.34” South
Longitude: 70o 18’ 58.84” West

 Array Coordinates 
Longitude: 17o 53’ 31.218” West
Latitude: 28o 45‘ 43.7904” North

area covered 
by the array of 
telescopes

area covered by the 
array of telescopes

 CTA North 
 Spain, La Palma 

 CTA South 
 Chile, Paranal 

~ 5 km 2

~ 0.5 km 2

Two Eyes on the Turbulent Universe

The southern hemisphere site is less than 10 km southeast of the Eu-
ropean Southern Observatory’s (ESO’s) existing Paranal Observatory 
in the Atacama Desert in Chile, which is considered one of the driest 
and most isolated regions on earth – a dark paradise for stargazers. 
The southern hemisphere array will span the entire energy range of 
CTA, covering gamma-ray energies from 20 GeV to more than 300 TeV 
with 99 telescopes spread over 4 square kilometres.

Southern Hemisphere Site

The Array Locations

CTA’s northern hemisphere site is located on the existing site of the 
Instituto de Astrofisica de Canarias’ (IAC’s) Observatorio del Roque 
de los Muchachos on the island of La Palma, a Spanish island in the 
Canary Islands. At 2,200 metres altitude and nestled on a plateau 
below the rim of an extinct volcanic crater, the site currently hosts 
the two MAGIC Cherenkov telescopes. The northern hemisphere array 
will be composed of 19 telescopes and will focus on CTA’s low- and 
mid-energy ranges from 20 GeV to 20 TeV.

Northern Hemisphere Site

In fact, the expectation for the rate of gamma rays is only 
one per metre squared per year from a bright source, or 
one per metre squared per century from a faint source. 
To improve its ability to detect gamma rays, CTA will split 
more than 100 telescopes between two array locations – 
one in the northern hemisphere and one in the southern 
hemisphere to explore the entire sky.

     At the heart of a
galaxy billions of  
    light years away,
 a supermassive    
        black hole,
   having a mass
     a billion times
  that of the Sun,
         accumulates a
      very hot disk
            of material
                    and gas...

16 1716

humbertomh@ifsc.usp.br
32
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CTA Consortium

Slide	by	Werner	Hofmann

August 2019

31	Countries	
~200	Institutes	
~1500	members

humbertomh@ifsc.usp.br 33
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Martínez, Lang, and Souza 
arXiv:1901.03205
Lang, Martinez & De Souza 
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Allowed PP region changes with 
the LIV parameter and the Energy

Optical depth:

More photons!!

PP

No PP
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Simulating a LI signature with CTA
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H. Martínez-Huerta et al. (CTA Consortium) ICRC’19  
arXiv:1908.09614
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Simulating a LIV signature with CTA

H. Martínez-Huerta et al. (CTA Consortium) ICRC’19  
arXiv:1908.09614
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Simulating a LIV signature with CTA

H. Martínez-Huerta et al. (CTA Consortium) ICRC’19  
arXiv:1908.09614
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Stay tuned…
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Testing the frontiers of physics

https://www.cta-observatory.org/what-
propogation-of-energetic-light-can-tell-us/

Gamma	rays	
produce	electron-
positron	pairs	when	
interacting	with	EBL	
photons

Exotic	processes	
such	as	LIV	or	
coupling	to	axion-
like	particles	could	
modify	the	
absorption,	
resulting	in	
characteristic	
spectral	features.

humbertomh@ifsc.usp.br 38

Stay tuned…
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LIV limits
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LIV limits
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Above this energy threshold, the decay rate 
is quite efficient that photons should not 

arrive at Earth from cosmological distances

If you observe VHE gamma-rays, 
 the LIV process is restricted!! H. Martinez and A. Lorenzana 

Phys.Rev. D95 (2017) 6, 063001

Photon decay

H. Martinez and A. Pérez-Lorenzana 
J.Phys.Conf.Ser. 761 (2016) 012035

E�
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(n=0) SME: Phys. Rev. D 96, 116011 (2017)
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Photon decay

43

E(n)
LIV > E�

"
E2

� � 4m2
e�

4m2
e�

#1/n

<latexit sha1_base64="H68+BWvbByRGcfsE/H+sZMDly9U="></latexit><latexit sha1_base64="H68+BWvbByRGcfsE/H+sZMDly9U="></latexit><latexit sha1_base64="H68+BWvbByRGcfsE/H+sZMDly9U="></latexit><latexit sha1_base64="H68+BWvbByRGcfsE/H+sZMDly9U="></latexit>

H. Martinez and A. Lorenzana 
Phys.Rev. D95 (2017) 6, 063001

Above this energy threshold, the decay rate 
is quite efficient that photons should not 

arrive at Earth from cosmological distances

Search for the most energetic 
photons…

H. Martinez and A. Pérez-Lorenzana 
J.Phys.Conf.Ser. 761 (2016) 012035
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The High Altitude Water Cherenkov

air shower  
particle

photomultiplier 
tube (PMT)

200,000 L of  
purified water

22 000 m2



Highest energy sources

Crab,  
2HWC  J1825−134,  
 2HWC J1839−057,  
2HWC J1844−032,  
2HWC J1908+063,  

2HWC J2019+367 
2HWC J2031+415 
2HWC J1809-190 
2HWC J1849+001

Kelly Malone

> 56 TeV:

PoS ICRC19 723

humbertomh@ifsc.usp.br

-Reported detailed measurements of  𝝲-ray >100 TeV, 
-Recent development of advanced energy-reconstruction 
algorithms, artificial neural network arXiv:1909.08609 

HAWC Collaboration

PoS ICRC19 723 
PoS(ICRC2019)738

mailto:humbertomh@ifsc.usp.br
http://arxiv.org/abs/arXiv:1909.08609
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softened in the observed spectra 
due to the effects of the detector 

energy resolution 

S. Marinelli. PhD Thesis (2019) 
observatory.org/publications/#thesis.  

LIV hard cutoff

LIV hard cutoff at some 
energy Ec in the True 

spectrum

�obs = �emit(E)⇥(Ecut � E)
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A profile log-likelihood is 
performed to find the best-fit 

spectrum model for each source, 
including a energy cutoff,  

PoS ICRC19 723 
PoS ICRC19 738

mailto:humbertomh@ifsc.usp.br
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LIV hard cutoff

�obs = �emit(E)⇥(Ecut � E)
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LIV hard cutoff

�obs = �emit(E)⇥(Ecut � E)
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Derived 95% CL lower limits on Ec and its different  
LIV coefficients

LIV limits (PRELIMINARY) 
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LIV limits (PRELIMINARY) 
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LIV limits
EPl

>1800 EPl !!
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Searching LIV signatures with SGSO
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SGSO-White Paper 
ArXiv: 1902.08429

Cerro Vecar, province of Salta, Argentina. 
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Searching LIV signatures with SGSO
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The higher the 
observed gamma-
ray energy is, the 

stringent the limit!

SGSO-White Paper 
ArXiv: 1902.08429
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Fig. 1 
LIV energy scale limits from superluminal searches including a potential reference of SGSO by 

measuring RXJ1713.7-3946 photons at 80 TeV and 100 TeV and the absence of photon decay into 
electron-positron pairs.

Searching LIV signatures with SGSO
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If you observe VHE gamma-rays, 
 the LIV process is restricted!!

K. Astapov, D. Kirpichnikov, and P. Satunin,  
JCAP 1904, 054 (2019)  

Photon splitting 
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It becomes significant when photons propagate through cosmological 
distances -> cutoff

n=2

it has  
no threshold!

mailto:humbertomh@ifsc.usp.br


60humbertomh@ifsc.usp.br

Outline

I. Introduction 

II. LIV-signatures for Astroparticle  tests 

i. Threshold shifts 

ii. Photon Decay 

iii. Photon Spliting  

iv. Energy-dependent time delay 

III. Limits: astrophysical photons 

Phenomenology 
Experiment 
Future

mailto:humbertomh@ifsc.usp.br


No statistically significant  
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Energy-dependent time delay

Lukas Nellen et al. 



Energy-dependent time delay
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R. Rodrigues (2019)
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Energy-dependent time delay

Nat. Astron. 1, 0139 (2017)  
G. Amelino-Camelia et al. 

68 Stay tuned…

Do they have a LIV behavior?

R. Rodrigues (2019)

z=1

PRELIMINARY

?



69humbertomh@ifsc.usp.br

Outline

I. Introduction 

II. LIV-signatures for Astroparticle  tests 

i. Threshold shifts 

ii. Photon Decay 

iii. Energy-dependent time delay 

III. Limits: astrophysical photons 

Phenomenology 
Experiment 
Future

mailto:humbertomh@ifsc.usp.br


Energy-dependent time delay

 The potential of the HAWC observatory,  
based on the reference scenarios

Lukas Nellen et al. 
HAWC- ICRC’15
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LIV limits: Meeting DRC 2019
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Conclusions  and  remarks
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❖ Astroparticle physics has recently reached a new status of precision 
due to the construction of new observatories, operating innovative 
technologies and the detection of large numbers of events and sources. 

➡ The precise measurements of cosmic and gamma rays can be used as test 
for fundamental physics, such as the Lorentz invariance violation. 

❖ I have presented different types of astrophysical LIV signatures through the 
generic modification to particle dispersion relation in the photon sector, such 
as pair production threshold shifts, energy-dependent time delay, 
photon splitting, and photon decay.  

➡ There is an active and dynamic field in astroparticle physics looking for 
LIV signatures. 

❖ There are studies in progress to study the potential to test / constrain LIV 
signatures in astroparticle physics Experiments: HAWC, Auger, Magic, 
Veritas, HESS, SGSO, CTA…
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