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Lorentz invariance violation

● Key science projects in most experiments
● No signal detected
● How can we improve?

○ Data:
■ higher energies
■ better statistics - more events - more sources

○ Analysis techniques:
■ multiple sources - multi-wavelenght - multi-messenger
■ better understanding of the systematics
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Phenomenological approach

Particle species

LIV coefficient
Perturbative expansion

Suppressed by the
energy

LIV
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LIV on astrophysics

UHECR propagation
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Photon decay
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Pair production with LIV

Energy threshold
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Pair production with LIV

Increase in the 
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Lang, R., Martínez-Huerta, H & de Souza, V. Astrophys. J., 2018
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UHE photons

● GZK photons 
● Interaction with the CMB and 

radio background under LIV
● Simulated flux compared to the 

upper limits from the Pierre 
Auger Observatory

LIV scenarios tested

TeV gamma-rays

● TeV gamma-rays from 
extragalactic sources

● Interaction with the EBL under 
LIV

● Calculated spectra compared 
to measured spectra

Lang, R. G., Martínez-Huerta, H. & de Souza, V,
Astrophys. J., 2018 [arXiv:1701.04865]

Lang, R. G., Martínez-Huerta, H. & de Souza, V, 
Phys. Rev. D, 2019 [arXiv:1810.13215]

https://arxiv.org/abs/1701.04865
https://arxiv.org/abs/1810.13215
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UHECR
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γ (GZK)

UHECR

π0
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γ (GZK)

e-/e+

UHECR

π0
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γ (GZK)

e-/e+

UHECR

π0

LIV signatures

LIV
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γ (GZK)

e-/e+

UHECR

π0

LIV

 UHECR model
➢ Source evolution
➢ Composition
➢ Injected spectra
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Uniformly distributed
A. M. Hopkins et al., Astrophys. J. 651, 142 (2006)
H. Yuksel et al., Astrophys. J. 683, L5 (2008)
T. Le et al., Astrophys. J. 661, 394 (2007)
T. Le et al., Astrophys. J. 661, 394 (2007)

15Astrophys. J., 2018

UHECR sources model

Source evolution
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UHECR sources model

Source evolution
 

Up to
~500%
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UHECR sources model

Composition/spectra
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Composition/spectra
 

18Astrophys. J., 2018

UHECR sources model

Several
orders of

magnitude!
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LIV photon flux

5 source evolution
 

4 composition/spectra
 

5 LIV cases:
● LI (𝛿γ = 0);
● n = 0
● n = 1
● n = 2 
● max LIV (𝛿γ → -∞)

CRPropa 3/EleCa
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LIV limits
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LIV limits

Composition Photon flux limits UHECR spectrum

Galaverni et al. 2008 Proton Auger 2007 AGASA 2008

Lang et al. 2018 Mixed Auger 2017 Auger 2017

Updated and more realistic limits
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γ
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γ

e-/e+



ICRC 2019 Lang, Martínez-Huerta & de Souza 24

γ

e-/e+

LIV



ICRC 2019 Lang, Martínez-Huerta & de Souza 25

γ

e-/e+

LIV
Propagation
➢ distance
➢ energy
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➢ Available
○ 111 measured spectra 
○ 38 sources

26

Data selection

Phys. Rev. D, 2019

TeVCAT
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➢ Available
○ 111 measured spectra 
○ 38 sources

➢ Useful
○ 18 measured spectra
○ 6 sources

27

Data selection

Phys. Rev. D, 2019

TeVCAT
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Analysis procedure
➢ For each ELIV:

➢ For each measurement:

I. Intrinsic spectrum reconstruction:
○ LIV region
○ Exponential cutoff power-law 

fitting
II. Expected LIV spectrum calculation:

○ Energy resolution
III. Comparison with data:

○ Upper limits
○ Most and least conservative 

LIV-favored and LIV- disfavored

Measured on Earth



ICRC 2019 Lang, Martínez-Huerta & de Souza 29

Analysis procedure LIV
effects

Avoid biases

➢ For each ELIV:

➢ For each measurement:

I. Intrinsic spectrum reconstruction:
○ LIV region
○ Exponential cutoff power-law 

fitting
II. Expected LIV spectrum calculation:

○ Energy resolution
III. Comparison with data:

○ Upper limits
○ Most and least conservative 

LIV-favored and LIV- disfavored

Measured on Earth

Intrinsic at the Source
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Analysis procedure
➢ For each ELIV:

➢ For each measurement:

I. Intrinsic spectrum reconstruction:
○ LIV region
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II. Expected LIV spectrum calculation:

○ Energy resolution
III. Comparison with data:

○ Upper limits
○ Most and least conservative 
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Intrinsic at the Source

Fitted
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Analysis procedure
➢ For each ELIV:

➢ For each measurement:

I. Intrinsic spectrum reconstruction:
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Analysis procedure

Log-likelihood

➢ For each ELIV:

➢ For each measurement:

I. Intrinsic spectrum reconstruction:
○ LIV region
○ Exponential cutoff power-law 

fitting
II. Expected LIV spectrum calculation:

○ Energy resolution
III. Comparison with data:

○ Upper limits
○ Most and least conservative 

LIV-favored and LIV- disfavored

Measured on Earth

LIV calculated
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Results

➢ Data best 
described by LI 
assumption

➢ Limits on the LIV 
energy scale 
imposed

Phys. Rev. D, 2019

5σ        

4σ        

3σ        

2σ        
1σ        



ICRC 2019 Lang, Martínez-Huerta & de Souza 34

At least 3 
times better

More
conservative

Less
biased

LIV limits

Phys. Rev. D, 2019
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UHE photons

● UHECRs sources models
○ Huge impact!

● LIV Limits
○ Updated data
○ Realistic models

Conclusions: new LIV Limits

TeV gamma-rays

● New technique:
○ Method to choose source
○ Better systematics control

● LIV limits
○ More robust
○ More stringent

Astrophys. J., 2018 Phys. Rev. D, 2019
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BACKUP
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Phenomenological approach

Suppressed by the
energy

LIVASTROPHYSICS
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➢ Free parameter to be constrained;
➢ Can be either positive or negative;
➢ Each order treated separately;
➢ Also presented as LIV energy scale;

38

LIV coeƌcient

* (n) is just an index for 
the approximation order
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Limits for other
UHECR source models

Lang, R., Martínez-Huerta, H & 
de Souza, V. Astrophys. J., 2018
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LIV limits for other EBL models

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019
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Systematics

● Data selection;

Consistent 
choice

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019
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Systematics

● Data selection;
● Intrinsic spectra (PLEC);

Previous limits 
overestimated

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019
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Systematics

● Data selection;
● Intrinsic spectra (PLEC);
● EBL model (Franceschini);

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019



ICRC 2019 Lang, Martínez-Huerta & de Souza 44

Systematics

● Data selection;
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Previous limits 
overestimated

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019
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Systematics

● Data selection;
● Intrinsic spectra (PLEC);
● EBL model (Franceschini);
● Bins selection (ρ=1);
● Energy resolution (ERES = 10%). Artificial

LIV signal

Lang, R., Martínez-Huerta, H & de Souza, V. Phys. Rev. D, 2019


