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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.

humbertomh@ifsc.usp.br

Gravity Electromagnetism

Strong forceWeak force

mailto:humbertomh@ifsc.usp.br


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 

?…

humbertomh@ifsc.usp.br

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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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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Modified dispersion relation

A general modification to the dispersion relation would 
rather involve a general function of energy and momentum

EPl, EQG
<latexit sha1_base64="43UgzzC+PbqkzKyOWEKAvD6kdk4=">AAAB83icbZDLSsNAFIZP6q3WW9Slm8EiuJCSqKDLooguW7AXaEOZTE/boZMLM5NCCXkSXYm68018Ad/Gac1CW//VN+f/B875/VhwpR3nyyqsrK6tbxQ3S1vbO7t79v5BU0WJZNhgkYhk26cKBQ+xobkW2I4l0sAX2PLHtzO/NUGpeBQ+6mmMXkCHIR9wRrUZ9Wz7rpfWRHZGusRQ/T7r2WWn4sxFlsHNoQy5aj37s9uPWBJgqJmgSnVcJ9ZeSqXmTGBW6iYKY8rGdIgdgyENUHnpfPOMnAwiSfQIyfz9O5vSQKlp4JtMQPVILXqz4X9eJ9GDay/lYZxoDJmJGG+QCKIjMiuA9LlEpsXUAGWSmy0JG1FJmTY1lcz57uKxy9A8r7gXFad+Wa7e5EUU4QiO4RRcuIIqPEANGsBgAs/wBu9WYj1ZL9brT7Rg5X8O4Y+sj2/lcJA2</latexit>

(d = 4, 5, 6, …)

n = 0, 1, 2, …

Family of MDRs that may lead  
to similar phenomenology  

in astroparticle physics! 

A = {E, p}

E � m,

E2 � p2 ± |f(A, �,M)| = m2
<latexit sha1_base64="5ed2FjKGeGiNt34Oteoyb373ZCo=">AAACBHicbVDLSgNBEJyN7/ha9ehlNAgRYthdBb0IURG8CArmAXkxO+lNBmd2l5lZISRe9Wf0JOrNL/AH/BsnMQdNrFN1VzV0lR9zprTjfFmpqemZ2bn5hfTi0vLKqr22XlJRIikUacQjWfGJAs5CKGqmOVRiCUT4HMr+7dlAL9+BVCwKb3Q3hrog7ZAFjBJtVk1767zh7cUND9digftB9iRXawHXJHe528fHWDS8pp1x8s4QeJK4I5JBI1w17c9aK6KJgFBTTpSquk6s6z0iNaMc7tO1REFM6C1pQ9XQkAhQ9d4wyj3eCSKJdQfwcP7t7RGhVFf4xiOI7qhxbbD8T6smOjiq91gYJxpCaixGCxKOdYQHjeAWk0A17xpCqGTmS0w7RBKqTW9pE98dDztJSl7e3c971weZwumoiHm0ibZRFrnoEBXQBbpCRUTRI3pGb+jderCerBfr9ceaskY3G+gPrI9vt6yVfg==</latexit>

;E2
a � p2a = m2

a ± |↵a,n|An+2
a

<latexit sha1_base64="n4+QM/74UGHGeUCAp9ZmU9jkpDA=">AAACIXicbVBLSwMxGMz6tr6qHr0EiyCoZXcV9KJURfBYwarQ1uXbmNpgkg1JVijr/hr9M4oHUS/inzGtRXzNab6ZCWQmVpwZ6/tv3sDg0PDI6Nh4YWJyanqmODt3YpJUE1ojCU/0WQyGciZpzTLL6ZnSFETM6Wl8td/1T6+pNiyRx7ajaFPApWQtRsA6KSruYIeDKIP8PAtzvIax+jq2sYjgPMQNJfBNA7hqg/NWZX6z6/RMroR5VCz5Zb8H/JcEfVJCfVSj4mPjIiGpoNISDsbUA1/ZZgbaMsJpXmikhiogV3BJ645KENQ0s17PHC+1Eo1tm+Le/T2bgTCmI2KXEWDb5rfXFf/z6qltbTUzJlVqqSQu4rxWyrFNcHcufME0JZZ3HAGimfslJm3QQKwbteDqB7/L/iUnYTlYL4dHG6XKXn+IMbSAFtEyCtAmqqBDVEU1RNAdekAv6NW79e69J+/5Mzrg9d/Mox/w3j8Azoehcw==</latexit>

|↵n| = |✏(n)0 |/Mn = 1/(E(n)
LIV)

n
<latexit sha1_base64="QSvA6RI0Tvedjev+WFYBBTR7ddw="></latexit>

E2
a � p2a = m2

a
<latexit sha1_base64="SBQADQtn2yz6nSWW2vH6l83tT5M=">AAAB/XicbZDNSgMxFIUz9a/Wv1F3ugkWwY1lpgq6EYoiuKxgf6Adh0x624YmM0OSEcpQ9GV0JerOl/AFfBvTdhbaeldf7jmBe04Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJEUajTikWwGRAFnIdQ00xyasQQiAg6NYHA11hsPIBWLwjs9jMETpBeyLqNEm5Vv7137KRndl/FxnMEFFlPy7aJTciaD58HNoIiyqfr2V7sT0URAqCknSrVcJ9ZeSqRmlMOo0E4UxIQOSA9aBkMiQHnpJMMIH3YjiXUf8OT925sSodRQBMYjiO6rWW28/E9rJbp77qUsjBMNITUWo3UTjnWEx1XgDpNANR8aIFQycyWmfSIJ1aawgonvzoadh3q55J6UyrenxcplVkQe7aMDdIRcdIYq6AZVUQ1R9IRe0Dv6sB6tZ+vVeptac1b2Zxf9GevzB8GilAw=</latexit>

LI:

LIV:
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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�
<latexit sha1_base64="1s0k0kcyMENGSrzeme/eAxiZH/U=">AAAB7XicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSFXRZFMFlBfsDTSg305t26EwSZiZCCX0MXYm682V8Ad/Gac1CW8/qm3vOwD03TAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhqBR8BhbhhuB3VQhyFBgJxzfzPzOIyrNk/jBTFIMJAxjHnEGxo58X0l62/eHICX0qzW37s5Fl8EroEYKNfvVT3+QsExibJgArXuem5ogB2U4Ezit+JnGFNgYhtizGINEHeTznaf0JEoUNSOk8/fvbA5S64kMbUaCGelFbzb8z+tlJroKch6nmcGY2Yj1okxQk9BZdTrgCpkREwvAFLdbUjYCBczYA1VsfW+x7DK0z+reed29v6g1rotDlMkROSanxCOXpEHuSJO0CCMpeSZv5N1JnCfnxXn9iZac4s8h+SPn4xtas47n</latexit>

!9

�(�,n) < E�n
�


4m2

e

E2
� � 4m2

e

�

<latexit sha1_base64="boECB3JNhZV7y6OU/nD56lmmV9M="></latexit>

↵�,n
<latexit sha1_base64="Wri4D/xVX1S2qsPXKRiShMCEDcY=">AAAB9HicbZC9TsMwFIWd8lfKXwsjS0SFxICqpCDBWMHCWCT6IzVRdOM6jVXbiWynqIr6JjAhYONJeAHeBrdkgJYzfb7nWLr3hCmjSjvOl1VaW9/Y3CpvV3Z29/YPqrXDrkoyiUkHJyyR/RAUYVSQjqaakX4qCfCQkV44vp37vQmRiibiQU9T4nMYCRpRDNqMgmrNA5bGEOTeCDiHczELqnWn4Sxkr4JbQB0VagfVT2+Y4IwToTEDpQauk2o/B6kpZmRW8TJFUsBjGJGBQQGcKD9frD6zT6NE2jom9uL9O5sDV2rKQ5PhoGO17M2H/3mDTEfXfk5FmmkisIkYL8qYrRN73oA9pJJgzaYGAEtqtrRxDBKwNj1VzPnu8rGr0G023ItG8/6y3ropiiijY3SCzpCLrlAL3aE26iCMHtEzekPv1sR6sl6s159oySr+HKE/sj6+ASOvkaA=</latexit>

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

E�
<latexit sha1_base64="1s0k0kcyMENGSrzeme/eAxiZH/U=">AAAB7XicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSFXRZFMFlBfsDTSg305t26EwSZiZCCX0MXYm682V8Ad/Gac1CW8/qm3vOwD03TAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhqBR8BhbhhuB3VQhyFBgJxzfzPzOIyrNk/jBTFIMJAxjHnEGxo58X0l62/eHICX0qzW37s5Fl8EroEYKNfvVT3+QsExibJgArXuem5ogB2U4Ezit+JnGFNgYhtizGINEHeTznaf0JEoUNSOk8/fvbA5S64kMbUaCGelFbzb8z+tlJroKch6nmcGY2Yj1okxQk9BZdTrgCpkREwvAFLdbUjYCBczYA1VsfW+x7DK0z+reed29v6g1rotDlMkROSanxCOXpEHuSJO0CCMpeSZv5N1JnCfnxXn9iZac4s8h+SPn4xtas47n</latexit>
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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 GAI2b

> 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 
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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)
<latexit sha1_base64="aPUppwyK8NZBBGwROGAYzoJZVEE=">AAACJHicbVBLS8NAGNz4rPVV9ehlsQj1YElU0Ivgg4LHClaFpoTN+tUs3U3C7hehhPwd/TP1JCpe/C1ua8HnnGZnZuGbCVMpDLrumzMxOTU9M1uaK88vLC4tV1ZWL02SaQ4tnshEX4fMgBQxtFCghOtUA1OhhKuwdzr0r+5AG5HEF9hPoaPYbSy6gjO0UlA59puRCHJfK5qEpqCH9EsAJbCoDVlji/oXESCjtZHTCHKeYUG3G8VWUKm6dXcE+pd4Y1IlYzSDysC/SXimIEYumTFtz02xkzONgksoyn5mIGW8x26hbWnMFJhOPqpa0M1uoilGQEfv79mcKWP6KrQZxTAyv72h+J/XzrB70MlFnGYIMbcR63UzSTGhw8XojdDAUfYtYVwLeyXlEdOMo921bOt7v8v+JZc7dW+3vnO+Vz06GQ9RIutkg9SIR/bJETkjTdIinDyQR/JCXp17Z+A8Oc+f0Qln/GeN/IDz/gFJMKM9</latexit>

humbertomh@ifsc.usp.br

A profile log-likelihood is 
performed to find the best-fit 

spectrum model for each source, 
including a energy cutoff,  

mailto:humbertomh@ifsc.usp.br


No statistically significant  
evidence of hard cutoffs 

LIV hard cutoff

Small p value  
 data favors a cutoff 

Source p

2HWC J1825-134
 1.000

2HWC J1908+063 0.990

Crab 1.000

2HWC J2031+415 0.714

2HWC J2019+367 0.828

J1839-057 0.357

2HWC J1844-032 0.294

J. Linnemann  
GAI9

PoS ICRC19 723

humbertomh@ifsc.usp.br
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Likelihood curve as a function of the LIV Energy cutoff in the  
Crab analysis

LIV hard cutoff

lower limit at 95% CL

humbertomh@ifsc.usp.br

152 TeV
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Derived 95% CL lower limits on Ec and its different  
LIV coefficients

LIV limits (PRELIMINARY) 

humbertomh@ifsc.usp.br
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For Refs. see 

PoS(ICRC2019)738

LIV limits (PRELIMINARY) 

humbertomh@ifsc.usp.br
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For Refs. see 
PoS(ICRC2019)738

~ x100~ x60

LIV limits (PRELIMINARY) 

humbertomh@ifsc.usp.br
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LIV limits (PRELIMINARY) 

Pair production 
shift threshold

Energy-
dependent 
time delay

Photon 
decay

Energy-
dependent 
time delay
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LIV limits (PRELIMINARY) 

Pair production 
shift threshold

Energy-
dependent 
time delay

Photon 
decay

Energy-
dependent 
time delay
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EPl

>1200 EPl !!
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LIV limits (PRELIMINARY) 

Pair production 
shift threshold

Energy-dependent 
time delay

Photon 
decay

Energy-dependent 
time delay
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Photon 
splitting
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Conclusions

The HAWC observatory measurements of the highest-energy 
photons can be used as a test to probe fundamental physics such 
as Lorentz invariance.  

We have tested  LIV photon decay through the study of seven 
sources with significant high energy emission: none of them favor a 
spectrum with a hard cutoff. 

Preliminary stringent limits to LIV.  

A study including detailed systematic uncertainties in the source 
spectra and HAWC detector response will be addressed in a future 
publication.



Thanks!  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Modified dispersion relation 

E2
� = p2� + ⇠±n

pn+2
�

Mn
<latexit sha1_base64="eNvZFeG0zWbGWtnXQwVZEELd0co="></latexit>

M. Galaverina and G. Sigl  
Phys.Rev. D78 (2008) 063003

Photons:

;E2
a � p2a = m2

a ± |↵a,n|An+2
a

<latexit sha1_base64="n4+QM/74UGHGeUCAp9ZmU9jkpDA=">AAACIXicbVBLSwMxGMz6tr6qHr0EiyCoZXcV9KJURfBYwarQ1uXbmNpgkg1JVijr/hr9M4oHUS/inzGtRXzNab6ZCWQmVpwZ6/tv3sDg0PDI6Nh4YWJyanqmODt3YpJUE1ojCU/0WQyGciZpzTLL6ZnSFETM6Wl8td/1T6+pNiyRx7ajaFPApWQtRsA6KSruYIeDKIP8PAtzvIax+jq2sYjgPMQNJfBNA7hqg/NWZX6z6/RMroR5VCz5Zb8H/JcEfVJCfVSj4mPjIiGpoNISDsbUA1/ZZgbaMsJpXmikhiogV3BJ645KENQ0s17PHC+1Eo1tm+Le/T2bgTCmI2KXEWDb5rfXFf/z6qltbTUzJlVqqSQu4rxWyrFNcHcufME0JZZ3HAGimfslJm3QQKwbteDqB7/L/iUnYTlYL4dHG6XKXn+IMbSAFtEyCtAmqqBDVEU1RNAdekAv6NW79e69J+/5Mzrg9d/Mox/w3j8Azoehcw==</latexit>

|↵n| = |✏(n)0 |/Mn = 1/(E(n)
LIV)

n
<latexit sha1_base64="QSvA6RI0Tvedjev+WFYBBTR7ddw="></latexit>

A general modification to the dispersion relation would 
rather involve a general function of energy and momentum

E2 � p2 ± |f(A, �,M)| = m2
<latexit sha1_base64="5ed2FjKGeGiNt34Oteoyb373ZCo=">AAACBHicbVDLSgNBEJyN7/ha9ehlNAgRYthdBb0IURG8CArmAXkxO+lNBmd2l5lZISRe9Wf0JOrNL/AH/BsnMQdNrFN1VzV0lR9zprTjfFmpqemZ2bn5hfTi0vLKqr22XlJRIikUacQjWfGJAs5CKGqmOVRiCUT4HMr+7dlAL9+BVCwKb3Q3hrog7ZAFjBJtVk1767zh7cUND9digftB9iRXawHXJHe528fHWDS8pp1x8s4QeJK4I5JBI1w17c9aK6KJgFBTTpSquk6s6z0iNaMc7tO1REFM6C1pQ9XQkAhQ9d4wyj3eCSKJdQfwcP7t7RGhVFf4xiOI7qhxbbD8T6smOjiq91gYJxpCaixGCxKOdYQHjeAWk0A17xpCqGTmS0w7RBKqTW9pE98dDztJSl7e3c971weZwumoiHm0ibZRFrnoEBXQBbpCRUTRI3pGb+jderCerBfr9ceaskY3G+gPrI9vt6yVfg==</latexit>

E2
a � p2a = m2

a
<latexit sha1_base64="SBQADQtn2yz6nSWW2vH6l83tT5M=">AAAB/XicbZDNSgMxFIUz9a/Wv1F3ugkWwY1lpgq6EYoiuKxgf6Adh0x624YmM0OSEcpQ9GV0JerOl/AFfBvTdhbaeldf7jmBe04Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJEUajTikWwGRAFnIdQ00xyasQQiAg6NYHA11hsPIBWLwjs9jMETpBeyLqNEm5Vv7137KRndl/FxnMEFFlPy7aJTciaD58HNoIiyqfr2V7sT0URAqCknSrVcJ9ZeSqRmlMOo0E4UxIQOSA9aBkMiQHnpJMMIH3YjiXUf8OT925sSodRQBMYjiO6rWW28/E9rJbp77qUsjBMNITUWo3UTjnWEx1XgDpNANR8aIFQycyWmfSIJ1aawgonvzoadh3q55J6UyrenxcplVkQe7aMDdIRcdIYq6AZVUQ1R9IRe0Dv6sB6tZ+vVeptac1b2Zxf9GevzB8GilAw=</latexit>

LI:

LIV: A = {E, p}

E � m,
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Modified dispersion relation 

Photons:

;E2
a � p2a = m2

a ± |↵a,n|An+2
a

<latexit sha1_base64="n4+QM/74UGHGeUCAp9ZmU9jkpDA=">AAACIXicbVBLSwMxGMz6tr6qHr0EiyCoZXcV9KJURfBYwarQ1uXbmNpgkg1JVijr/hr9M4oHUS/inzGtRXzNab6ZCWQmVpwZ6/tv3sDg0PDI6Nh4YWJyanqmODt3YpJUE1ojCU/0WQyGciZpzTLL6ZnSFETM6Wl8td/1T6+pNiyRx7ajaFPApWQtRsA6KSruYIeDKIP8PAtzvIax+jq2sYjgPMQNJfBNA7hqg/NWZX6z6/RMroR5VCz5Zb8H/JcEfVJCfVSj4mPjIiGpoNISDsbUA1/ZZgbaMsJpXmikhiogV3BJ645KENQ0s17PHC+1Eo1tm+Le/T2bgTCmI2KXEWDb5rfXFf/z6qltbTUzJlVqqSQu4rxWyrFNcHcufME0JZZ3HAGimfslJm3QQKwbteDqB7/L/iUnYTlYL4dHG6XKXn+IMbSAFtEyCtAmqqBDVEU1RNAdekAv6NW79e69J+/5Mzrg9d/Mox/w3j8Azoehcw==</latexit>

|↵n| = |✏(n)0 |/Mn = 1/(E(n)
LIV)

n
<latexit sha1_base64="QSvA6RI0Tvedjev+WFYBBTR7ddw="></latexit>

A general modification to the dispersion relation would 
rather involve a general function of energy and momentum

E2 � p2 ± |f(A, �,M)| = m2
<latexit sha1_base64="5ed2FjKGeGiNt34Oteoyb373ZCo=">AAACBHicbVDLSgNBEJyN7/ha9ehlNAgRYthdBb0IURG8CArmAXkxO+lNBmd2l5lZISRe9Wf0JOrNL/AH/BsnMQdNrFN1VzV0lR9zprTjfFmpqemZ2bn5hfTi0vLKqr22XlJRIikUacQjWfGJAs5CKGqmOVRiCUT4HMr+7dlAL9+BVCwKb3Q3hrog7ZAFjBJtVk1767zh7cUND9digftB9iRXawHXJHe528fHWDS8pp1x8s4QeJK4I5JBI1w17c9aK6KJgFBTTpSquk6s6z0iNaMc7tO1REFM6C1pQ9XQkAhQ9d4wyj3eCSKJdQfwcP7t7RGhVFf4xiOI7qhxbbD8T6smOjiq91gYJxpCaixGCxKOdYQHjeAWk0A17xpCqGTmS0w7RBKqTW9pE98dDztJSl7e3c971weZwumoiHm0ibZRFrnoEBXQBbpCRUTRI3pGb+jderCerBfr9ceaskY3G+gPrI9vt6yVfg==</latexit>

E2
a � p2a = m2

a
<latexit sha1_base64="SBQADQtn2yz6nSWW2vH6l83tT5M=">AAAB/XicbZDNSgMxFIUz9a/Wv1F3ugkWwY1lpgq6EYoiuKxgf6Adh0x624YmM0OSEcpQ9GV0JerOl/AFfBvTdhbaeldf7jmBe04Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJEUajTikWwGRAFnIdQ00xyasQQiAg6NYHA11hsPIBWLwjs9jMETpBeyLqNEm5Vv7137KRndl/FxnMEFFlPy7aJTciaD58HNoIiyqfr2V7sT0URAqCknSrVcJ9ZeSqRmlMOo0E4UxIQOSA9aBkMiQHnpJMMIH3YjiXUf8OT925sSodRQBMYjiO6rWW28/E9rJbp77qUsjBMNITUWo3UTjnWEx1XgDpNANR8aIFQycyWmfSIJ1aawgonvzoadh3q55J6UyrenxcplVkQe7aMDdIRcdIYq6AZVUQ1R9IRe0Dv6sB6tZ+vVeptac1b2Zxf9GevzB8GilAw=</latexit>

LI:

LIV: A = {E, p}

E � m,
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