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  Outline

•  Introduction / Motivation 
•  Lorentz violation (LV) in the photon sector 
•  Previous bounds on LV from astroparticle physics 
•  Impact of LV on extensive air showers 

•  Analytical Heitler-like model for electromagnetic cascades 
•  Simulation study with the Monte Carlo code CONEX 
•  New bound on LV from observations of extensive air showers at the  

Pierre Auger Observatory 

•  Summary 



3 / 42 M. Niechciol | Seminar at Fyzikální ústav AV ČR (FZÚ), Prague 13.12.2018 

  Standard Model of Particle Physics (SM)

[Wikipedia] 
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  Beyond the SM

•  The SM works incredibly well, but it does not provide a 
complete description of our Universe 
•  ~95 % of the content of our Universe are dark matter and dark energy 
•  Gravity is not included in the SM 

•  A more comprehensive and fundamental theory is needed 
•  In current approaches to such a theory (e.g. string theory or loop-

quantum gravity), deviations from exact Lorentz invariance may well 
be possible 

•  Small effects should become apparent already below the Planck scale: 
possibility to test LV experimentally 

[e.g. Jacobson, Liberati & Mattingly 2005] 
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  How can we test LV?

•  Common approach to test LV is to be as general as possible 
•  Experimentalists want to systematically test LV and produce bounds 

without resorting to a specific theory 
•  Theorists get a set of rather general LV constraints which their theories 

have to fulfill 
•  Connecting both: constantly updated compilation/review of all 

existing experimental bounds on LV   

•  Two different ansätze: 
•  Modify/expand the dispersion relation for different particles directly 
•  Construct an effective field theory containing Lorentz-violating 

operators 

•  A specific realization of the latter ansatz is the Standard-Model 
Extension (SME) which provides a general framework to study 
LV in any sector of the SM [Colladay & Kostelecký 1997] 

[Colladay & Kostelecký 1998] 

[e.g. Jacobson, Liberati & Mattingly 2005] 

[Kostelecký & Russell 1997 (last update 2018)] 
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  LV in the photon sector (I)

•  Focus on LV in the photon sector within the SME: 

•  First two terms in the Lagrangian density correspond to 
conventional QED 

•  Last term introduces a dimension-four operator that gives LV 
while preserving CPT and gauge invariance 

•  Notes: the Minkowski metric                                                          
and natural units                       are used; the Maxwell field 
strength tensor is defined as usual:  

LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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[Chadha & Nielsen 1983] 
[Kostelecký & Mewes 2002] 

LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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  LV in the photon sector (II)

•  The constant tensor (kF)µνρσ has 19 independent, dimensionless 
components 
•  10 components lead to birefringence in the photon sector: 

constrained to high precision (~10-32) by cosmological observations 
•  8	components	lead	to	direction-dependent	modifications	of	the	

photon-propagation	properties:	not	discussed	here	
•  Remaining	component	leads	to	isotropic	modifications	of	the	photon-

propagation	properties	

•  Isotropic,	nonbirefringent	LV	in	the	photon	sector	is	then	
controlled	by	a	single	dimensionless	parameter	κ,	which	
enters	(kF)µνρσ	in	the	following	way:	

LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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  Isotropic, nonbirefringent LV

•  Restriction on the “deformation parameter” κ  from 
microcausality and unitarity: 

•  Photon propagation is determined by the field equations 
obtained by the previous equations: the phase velocity of the 
photon is given by 

•  Note: the velocity c refers to the maximum attainable velocity of a 
massive Dirac fermion (still c = 1 in natural units)  

•  For non-zero values of κ, certain decay processes forbidden in 
the conventional, Lorentz-invariant theory become allowed 
•  κ < 0: photon decay 
•  κ > 0: vacuum Cherenkov radiation 

 2 (�1, 1] [Klinkhamer & Schreck 2011] 

vphoton =
!

|~k|
=

r
1� 

1 + 
c

�̃ ! e+ + e�

f± ! f± + �̃

[Jacobson, Liberati & Mattingly 2005] 
[Kaufhold & Klinkhamer 2006] 
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  Photon decay (κ < 0)

•  Decay of photons above the threshold 
 
•  Decay rate for the decay into an e+/e- pair at tree level: 

•  Decay length drops to cm-scales right at the threshold: 
essentially instantaneous decay 

LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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LV modifications on other shower observables (shower
fluctuations and muon content) is briefly discussed in
Sec. III D. Section IV contains a summary and an outlook
on future prospects. The Appendix gives some details of the
Lorentz-violating photon decays possibly occurring in the
extensive air showers.

II. THEORY

In a relatively simple extension of standard quantum
electrodynamics (QED), a single term which breaks
Lorentz invariance but preserves CPT and gauge invariance
is added to the Lagrange density [7,8],

LðxÞ ¼ −
1

4
FμνðxÞFμνðxÞ

þ ψ̄ðxÞðγμ½i∂μ − eAμðxÞ& −mÞψðxÞ

−
1

4
ðkFÞμνρσFμνðxÞFρσðxÞ; ð1Þ

where the first two terms on the right-hand side correspond
to standard QED and the last term gives CPT-invariant
Lorentz violation in the photon sector [the CPT trans-
formation corresponds to the combined operation of charge
conjugation (C), parity reflection (P), and time reversal
(T)]. The Maxwell field strength tensor is defined as usual,
Fμν ≡ ∂μAν − ∂νAμ. Throughout this article, we use the
Minkowski metric ημν ¼ ½diagðþ1;−1;−1;−1Þ&μν and its
inverse ημν to lower and raise spacetime indices. In
addition, we employ natural units with ℏ ¼ c ¼ 1.
The fixed constant “tensor” ðkFÞμνρσ in (1) has 20

independent components, ten of which produce birefrin-
gence and eight of which lead to direction-dependent
modifications of the photon propagation. The remaining
two components correspond to an isotropic modification of
the photon propagation and an unobservable double trace
that changes the normalization of the photon field. Isotropic
nonbirefringent LV in the photon sector is then controlled
by a single dimensionless parameter κ, which enters the
fixed tensor kF from (1) in the following way:

ðkFÞμνρσ ¼
1

2
ðημρ ~κνσ − ημσ ~κνρ þ ηνσ ~κμρ − ηνρ ~κμσÞ; ð2aÞ

~κμν ¼
κ
2
½diagð3; 1; 1; 1Þ&μν; ð2bÞ

where Ansatz (2a) gives nonbirefringence and Ansatz (2b)
isotropy. From microcausality and unitarity, there is the
following restriction on the “deformation parameter” κ of
the photon theory [9]: κ can only take values in the half-
open interval ð−1; 1&. Note that the parameter κ of the
Ansatz (2) is denoted by ~κtr in, e.g., Refs. [3,5,8,9].
The photon propagation is determined by the field

equations obtained from (1) and (2). The phase velocity
of the photon is found to be given by

vph ¼
ω

jk⃗j
¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
1þ κ

r
c; ð3Þ

where the velocity c corresponds to the maximum attain-
able velocity of the massive Dirac fermion of (1). The
photon velocity (3) is smaller (larger) than c for positive
(negative) values of κ. Indeed, the “operational definition”
of the LV parameter κ is the relative difference of the
squared maximum attainable fermion velocity (c, now
written as vfermion;max) and the squared photon velocity
(vph, now written as vphoton),

κ ¼
ðvfermion;maxÞ2 − ðvphotonÞ2

ðvfermion;maxÞ2 þ ðvphotonÞ2
∼ 1 − vphoton

vfermion;max
: ð4Þ

As mentioned above, we set vfermion;max ≡ c ¼ 1 by using
natural units.
For nonzero values of κ, certain decay processes that are

forbidden in the conventional Lorentz-invariant theory
become allowed. Theoretically, these nonstandard decays
are rather subtle; see Ref. [10] for a general discussion and
Refs. [3,11,12] for detailed calculations of the two decay
processes considered in this article.
In fact, we now focus on theory (1)–(2) for the case of

negative κ, that is, having a “fast” photon, compared to the
maximum attainable velocity of the standard Dirac fermion.
For sufficiently high energy, this photon can then decay
into an electron-positron pair,

~γ → e− þ eþ; ð5Þ

where ~γ denotes the nonstandard photon as described by
the Lagrange density (1) with Ansatz (2). Specifically, the
energy threshold for photon decay is given by [3]

Ethresh
γ ðκÞ ¼ 2me

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

2meffiffiffiffiffiffiffiffi
−2κ

p ; ð6Þ

in terms of the electron rest mass me ≈ 0.511 MeV. At
tree level, the exact decay rate of photon decay (PhD)
as a function of the photon energy Eγ ≥ Ethresh

γ has been
calculated [3,11],

ΓPhDðEγÞ ¼
α
3

−κ
1 − κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγÞ2 − ðEthresh

γ Þ2
q

× ð2þ ðEthresh
γ =EγÞ2Þ; ð7Þ

with the fine-structure constant α≡ e2=ð4πÞ ≈ 1=137 and
Ethresh
γ from (6).
The photon decay length drops to scales of a centimeter

right above threshold (cf. Fig. 7 of Ref. [11]) and the decay
process resembles a quasi-instantaneous conversion of
photons into electron-positron pairs. Therefore, ground-
based Cherenkov-telescope observations of gamma rays
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[Klinkhamer & Schreck 2008] 
[Díaz & Klinkhamer 2015] 

APPENDIX: LORENTZ-VIOLATING
PHOTON DECAYS

In this appendix, we present some further details on the
Lorentz-violating photon decay process, based on the

theoretical results from Refs. [3,11]. Figure 8 gives the
differential decay rate for photon decay into an electron-
positron pair and Fig. 9 shows the energy fraction of
decaying photons.
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  Previous bounds on LV (κ < 0)

•  Exploit the quasi-instantaneous decay to derive a bound on κ 
from gamma-ray astronomy 
•  Simple argument: if a particle with energy E originating in a distant 

source is measured at Earth, the LV threshold must be higher than E and 
a limit on κ can be derived 

•  Use H.E.S.S. measurements of the supernova remnant  
RX J1713.7−3946 (distance ~1 kpc) 

•  With Eγ = 30 TeV (± 15 %): κ > -9 × 10-16 (at 98 % C.L.) 

F. Aharonian et al.: Deep HESS observations of RX J1713.7−3946 239
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Fig. 2. Two versions of the combined HESS image from the 2004 and 2005 data. Shown is in both cases an acceptance-corrected gamma-ray
excess image. The images are smoothed with a Gaussian of 2′. A simulated point source as it would appear in this data set is shown in the lower
left-hand corner of both images (labeled PSF). It is smoothed with the same Gaussian, the σ of 2′ is denoted as black circle in the insets. The
linear colour scale is in units of excess counts per smoothing radius. Note that for the 2005 data, only data recorded at zenith angles less than 60◦
are taken into account. On the left-hand side, the overlaid light-gray contours illustrate the significance of the different features. The levels are at 8,
18, and 24σ. The significance at each position has been calculated for a point-source scenario, integrating events in a circle of 0.1◦ radius around
that position. On the right-hand side, ASCA contours are drawn as black lines (1−3 keV, from Uchiyama et al. 2002) for comparison.

(normalisation α = 1.11). Hence, 6702 gamma-ray excess events
are measured with a statistical significance of 48σ. An angular
resolution of 0.06◦ (3.6′) is achieved. For comparison, the res-
olution obtained with the standard geometrical reconstruction
method and a three-telescope multiplicity is 0.07◦ with similar
event statistics. With a two-telescope multiplicity cut, the reso-
lution with the standard reconstruction is 0.08◦ (with 28879 ON,
16070 OFF events, α = 1.1, and a significance of 53σ).

The image in Fig. 2 confirms nicely the published HESS
measurements (Aharonian et al. 2004b, 2006b), with 20% bet-
ter angular resolution and increased statistics. The shell of
RX J1713.7−3946, somewhat thick and asymmetric, is clearly
visible and almost closed. As can be seen from the left-hand side
of the figure, when integrating signal and background events in
a circle of 0.1◦ radius around each trial point-source position,
significant gamma-ray emission is found throughout the whole
remnant. Even in the seemingly void south-eastern region it ex-
ceeds a level of 8 standard deviations. The gamma-ray brightest
parts are located in the north and west of the SNR. The similarity
of gamma-ray and X-ray morphology, which was already inves-
tigated in detail in Aharonian et al. (2006b) for the 2004 HESS
data, is again demonstrated on the right-hand side of Fig. 2,
where ASCA X-ray contours are overlaid on the HESS image.

5. Gamma-ray spectrum

The gamma-ray spectra measured with HESS in three consecu-
tive years are compared to each other in Fig. 3. The 2003 spec-
trum is obtained from an ON/OFF analysis, with the set of spe-
cial two-telescope cuts mentioned above. Note that these cuts
were also applied to obtain the spectrum shown in Fig. 3 of
Aharonian et al. (2004b), which stops at 10 TeV. Here, how-
ever, the 2003 spectrum extends to energies beyond 30 TeV.

1 Note that pure ON runs with wobble offsets <0.7◦ are included in
Data set I (cf. Table 1) and hence α > 1.
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Fig. 3. Comparison of HESS spectra from the years 2003, 2004,
and 2005 (Data set II, Table 1). The three spectra are shown in an
energy-flux representation – flux points have been multiplied by E2.
The black curve is shown for reference. It is the best fit of a power law
with exponential cutoff to the combined data, where the cutoff is taken
to the power of β = 0.5: dN/dE = I0 E−Γ exp

(
−(E/Ec) β=0.5

)
. Note that

flux points are corrected for the degradation of the optical effi ciency of
the system. The energy threshold of ∼1 TeV in the 2003 data is due to
the two-telescope operation mode and the application of a stringent cut
on the minimum camera image size.

The difference between the two analyses is the energy range of
simulations used to generate effective gamma-ray detection ar-
eas (needed for spectral analysis). In the old analysis, gamma
rays were simulated up to 20 TeV, permitting energy reconstruc-
tion only up to ∼10 TeV (allowing for a maximum reconstruc-
tion bias of 10%). Here, in the present analysis, simulations up
to 100 TeV are available for zenith angles smaller than 60◦, up
to 200 TeV for angles from 60◦ to 63◦, and up to 400 TeV for

240 F. Aharonian et al.: Deep HESS observations of RX J1713.7−3946

Table 3. Comparison of event statistics from the SNR region from three years of data. The numbers result from the spectral analysis of Data
set II (cf. Table 1), shown in Fig. 3. Given are the number of signal (ON) and background (OFF) counts, the normalisation factor α, the statistical
significance of the gamma-ray excess (σ) and the observation time. For the 2003 data, the special two-telescope analysis with a cut on the minimum
size of camera images at 300 photo-electrons was applied. The background estimate in this case is derived with the ON/OFF analysis. For 2004
and 2005, the nominal spectral analysis with a cut at 80 photo-electrons was used together with reflected-regionbackground model.

Year ON OFF α Significance (σ) Live time (h)
2003 3194 1764 1.0 20.5 18.1
2004 107494 93906 1.0 30.3 30.6
2005 71276 60175 1.0 30.6 36.8

zenith angles up to a maximum of 70◦. Hence the increased en-
ergy coverage. Note that good agreement is found between the
2003 spectrum shown here and the one published previously in
Aharonian et al. (2004b) in the energy range from 1 to 10 TeV.

The spectra determined from the 2004 and the 2005 data in
Fig. 3 are obtained with the reflected-region-background model.
Therefore, data where the observation position was within the
SNR region are disregarded. For the purpose of comparison of
the different data sets this approach seems reasonable, no attempt
to analyse the remaining data with an ON/OFF-background ap-
proach is pursued. The corresponding event statistics for the
spectra shown in the figure are listed in Table 3.

In order to compare data recorded in different years, a cor-
rection for the variation of optical effi ciency of the telescope sys-
tem must be applied. The effi ciency degrades with time, mostly
due to degradations of mirror reflectivity. As described in detail
in Aharonian et al. (2006c), this worsening of the actual effi -
ciency with respect to the simulated one causes a shift in the
absolute energy scale. This shift can be corrected using mea-
sured images of local muons, for which the light yield is pre-
dictable. Based on the prediction and the simulated light yield,
an average energy correction factor is determined for the data of
each of the three years separately. The resulting average values
are 1.12 for 2003 and 2004, and 1.30 for 2005. These correction
factors are used to correct the reconstructed energies thereby en-
abling direct comparisons between different years. Note that a
correction factor is needed already for the first data set of 2003
since the Monte-Carlo simulations refer to new mirrors, but in
2003 the first HESS telescope was already one year old. In 2004,
the total optical effi ciency of the system remained the same be-
cause of the inclusion of two telescopes with nominal effi ciency,
thereby cancelling the aging effects of the first two telescopes.

The spectra shown in Fig. 3 are after correction. Very good
agreement is found between the different years. The measured
spectral shape remains unchanged over time. The absolute flux
levels are well within the systematic uncertainty of 20%. As ex-
pected for an object like RX J1713.7−3946, no flux variation is
seen on yearly timescales. Clearly, the performance of the tele-
scope system is under good control, the correction of the op-
tical degradation by means of energy correction factors deter-
mined from “muon effi ciencies” works reasonably well (see also
Aharonian et al. 2006c). Note that without correction of aging
effects, flux differences between 2004 and 2005 are on the or-
der 40%.

The combined data of three years are shown in Fig. 4. This
energy spectrum of the whole SNR region corresponds to 91 h
of HESS observations (Data set III, Table 1). It is generated
analysing the 2003 data separately, with the ON/OFF approach
and the two-telescope analysis. The 2004 and 2005 data are
analysed together, with the reflected-regionbackground and the
nominal 80-photo-electrons cut. As shown in Table 1, a fraction
of the data was recorded with wobble offsets smaller than 0.7◦.
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Fig. 4. Combined HESS gamma-ray spectrum of RX J1713.7−3946
generated from data of 2003, 2004, and 2005 (Data set III, Table 1).
Data are corrected for the variation of optical effi ciency. Error bars
are ±1σ statistical errors. These data might be described by a power law
with exponential cutoff of the form dN/dE = I0 E−Γ exp

(
−(E/Ec)β

)
.

The best fit result (black solid line) is given here for β = 0.5 (fixed),
Γ = 1.8, and Ec = 3.7 TeV (cf. Table 4 for the exact values). Note that
the fit function extends as dashed black line beyond the fit range for
illustration. For comparison, the best fit of a power law with exponen-
tial cutoff and β = 1, obtained solely from the 2004 data (Aharonian
et al. 2006b), is shown as dashed red line. A model-independent upper
limit, indicated by the black arrow, is determined in the energy range
from 113 to 294 TeV.

For this part, the ON/OFF method is applied. Average energy-
correction factors for each of the three subsets of data sepa-
rately are determined as explained above. Having analysed the
data separately to obtain suitable background estimates for the
SNR region, spectra are then combined to yield the final spec-
trum shown in Fig. 4. Systematic checks included the application
of tighter cuts on the image amplitude to the 2004 and 2005 data
and separate analysis of data recorded under small and large
zenith angles (below and above 50◦). While the spectra de-
termined with different cuts are fully compatible, a slight flux
overestimation is found for the large zenith-angle data, on the
10% level. The investigations of systematic uncertainties at the
largest zenith angles are still underway, but since the effect on
the final spectrum is small, <5%, the combined spectrum given
here includes all data, up to zenith angles of 70◦.

The energy binning of the differential flux shown in the fig-
ure is chosen to be 12 bins per decade. For the final two points
of the spectrum, beyond energies of 30 TeV, the binning is three
times coarser, 4 bins per decade, accounting for decreasing event
statistics at the highest energies. For the actual positioning of
the flux points within an energy bin, the method proposed in
Lafferty & Wyatt (1995) is adopted: the point appears at the

[Klinkhamer & Schreck 2008] 

[H.E.S.S. Collab. 2008] 

[H.E.S.S. Collab. 2008] 

[H.E.S.S. Collab. 2008] [H.E.S.S. Collab.] 

[Beall 2005] 
[Coleman & Glashow 1997] 
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  Vacuum Cherenkov radiation (κ > 0)

•  Charged particles above the threshold Eth emit vacuum 
Cherenkov radiation: 

•  Assuming a structureless proton, the radiated Cherenkov power 
is given by 

 
•  Radiation length below cm-scales 

right at the threshold: 
particles above the threshold lose 
their energy quickly, dropping  
almost immediately below the 
threshold 

photon decay into a proton-antiproton pair is discussed
in App. A.

III. VACUUM CHERENKOV RADIATION

For a positive Lorentz-violating parameter κ in the theory
(2.7), the maximum attainable velocity of a charged particle
(c ¼ 1) can be larger than the photon phase velocity from
(2.6). The Cherenkov-like emission of a photon by a proton
of charge ep ≡ e is then already possible in the vacuum. The
modifications introduced by κ to the photon polarization
vectors ~εðλÞμ are obtained by solving the equation of motion
(2.2) for the gauge field Aμ, with proper normalization
factors from the quantum theory [11,13].
The averaged squared amplitude for a photon of energy

ω emitted by an electrically charged Dirac fermion with
proton mass Mp ≡M and energy E has the form

jMVChj2 ¼
e2

2
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where α≡ e2=ð4πÞ is the fine-structure constant. The total
emission rate of Cherenkov photons by a structureless
charged fermion is then given by

Γ̂VCh ¼ 1

4π2
1
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with p0
0 ¼ E0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jp0j2 þM2

p
and q0 ¼ ω ¼ ωðjqjÞ as

defined by (2.6). From now on, the ‘hat’ on Γ and similar
quantities signifies that we are considering pointlike
particles. Inserting a factor ω into the integrand and
performing the necessary phase-space integrals produces
the Cherenkov power radiated by a pointlike “proton” of
energy E,

P̂ðEÞ ¼ α

12κ3E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −M2

p
$ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2 −M2
p

− E=n
%
2

×½2E2ð2κ2 þ 4κ þ 3Þ
− 3M2ð1þ κÞð1þ 2κÞ

− 2nE
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −M2

p
ð1 − κÞð4κ þ 3Þ': ð3:3Þ

Expression (3.3) reduces to Eq. (8) of Ref. [12].
If the fermion producing the Cherenkov emission is a

realistic proton, the internal structure becomes relevant at
high energies, which is the case for proton primaries in
energetic cosmic rays. Considering the proton as a
composite particle, the Cherenkov photon can be taken

as emitted by the charged partons (quarks) in the proton
rather than by the proton as a whole (Fig. 1). Kinematically,
the Cherenkov emission can occur when a proton of mass
M has an energy above the threshold

Eth ¼ M

ffiffiffiffiffiffiffiffiffiffiffi
1þ κ
2κ

r
: ð3:4Þ

This threshold energy arises from energy-momentum
conservation and is independent of the internal structure
of the proton.
In this composite-proton description, Cherenkov radia-

tion corresponds to the process p → Xþ ~γ, whereXstands
for any hadronic final state. In fact, the photon emission and
the corresponding parton recoil can lead to a hadronic final
state different from the parent proton. For the description of
this process, we adopt the averaged squared amplitude (3.1)
for the emission of a photon by a charged parton. For a
proton with energy E > Eth, the Cherenkov emission rate
produced by a charged parton carrying a fraction x of the
proton momentum takes the following form at tree level:

d2Γ̂VCh
i

dxdω
¼ αe2i

E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −M2
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where the index i denotes the parton flavor and ei is the
parton charge in units of the proton charge e.
Notice that expression (3.5) allows for the identification

of the Cherenkov angle. The obtained Cherenkov angle
then includes the classical Huygens term (∝ ω0) [20–23],
the linear quantum correction (∝ ω1) [24–27], and the
quadratic quantum correction (∝ ω2) which arises due to
the fermionic nature of the radiating particle [15]. Direct

FIG. 1. Tree-level Feynman diagram for vacuum Cherenkov
radiation by a charged parton inside a high-energy proton p.
Lorentz-violating effects are contained in the modified polariza-
tion vector of the outgoing photon ~γ and its modified dispersion
relation (2.6). For energies just above threshold, there is elastic
photon emission, p → pþ ~γ. But, for energies significantly
above threshold, also inelastic photon emission processes occur,
with additionally produced hadrons. The present article considers
the inclusive process, p → Xþ ~γ.
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factor of approximately 10, in agreement with the numeri-
cal result shown in Fig. 2. This suppression factor slowly
increases for higher energies as the u-quark sea spreads the
momentum fraction to lower values of x. For completeness,
the photon emission spectrum is also given in Fig. 4.
The detection of a cosmic-ray primary with energy E prim

implies the condition

E prim < E th; ð3:10Þ

with E th from (3.4) forM ¼ Mprim. Namely, if (3.10) would
not hold, the primary would have lost most of its energy on
the journey through space and the Earth’s atmosphere. The
validity of the condition E prim < E th is independent of the
astrophysical processes involved in the creation and accel-
eration of the cosmic-ray primary. In fact, we can focus on
the path through the Earth’s atmosphere (with a height scale
of order 10 km), where the particle track can be observed
directly (for example, by the fluorescence detectors of the
Pierre Auger Observatory [33] or by gamma-ray telescopes
[34]). The only assumption is that the proton propagation
distance d (of the order of 1 km or more) is significantly

larger than the characteristic Cherenkov radiation length,
d ≫ l̂VCh. The upper bound (2.9) on the parameter κ was
obtained from (3.10) by using the detection of a 212-EeV
cosmic ray by the Pierre Auger Observatory [35] and by
assuming a structureless iron nucleus with Mprim ¼
52 GeV [12]. For a primary structureless proton with mass
M ¼ 0.94 GeV, the upper bound in (2.9) would be reduced
by a factor ð0.94=52Þ2 to a value of 2 × 10−23.
The reduced power radiated by a realistic proton or

nucleus with respect to the structureless-fermion result
indicates that this realistic particle will travel over a
somewhat larger distance before efficiently losing energy
in the form of vacuum Cherenkov radiation. As discussed
above, this extra distance is about 1 order of magnitude
more than the structureless case. Since the characteristic
distance for the photon emission by a structureless fermion
is only a fraction of a meter (Fig. 3), the assumption of
travel distances being larger than the decay length
(d ≫ lVCh) is completely justified, even for the realistic
proton primary described in this work (for a nucleus N,
we simply scale the proton results with e → ZNe and
M → MN). These remarks imply that the upper bound on
the parameter κ as given in Ref. [12], based on the threshold
condition (3.10), also holds for a realistic proton or nucleus
with internal structure taken into account.

IV. PHOTON DECAY

For a negative Lorentz-violating parameter κ in the
theory (2.7), the photon becomes unstable and the pro-
duction of a pair of electrically charged fermions is
kinematically allowed at sufficiently high energies
(Fig. 5). The averaged squared amplitude for photon decay
equals the averaged squared amplitude for vacuum
Cherenkov radiation (3.1),

jMPhDj2 ¼
e2f
2

X

λ

X

s;s0
jūsðpÞγμvs0ðp0Þ~εðλÞμ j2

¼ jMVChj2: ð4:1Þ

The photon decay rate into a fermion-antifermion pair then
takes the form

FIG. 4. Differential photon spectrum dΓ=dω from vacuum
Cherenkov radiation by a proton of energy E ¼ 1010 GeV in
the κ ¼ 6 × 10−20 theory, as in Fig. 2. The differential photon
spectrum is obtained from the parton-model expression (3.8) by
omitting the ω factor in the integrand and not performing the
integral over ω.

FIG. 3. Cherenkov radiation length lVCh in meters for a proton,
a neutron, and a structureless charged Dirac fermion with
κ ¼ 6 × 10−20 as in Fig. 2. The radiation length lVCh is defined
by (3.9).

FIG. 5. Tree-level Feynman diagram for photon decay into an
electron-positron pair, ~γ → e−þ eþ. Lorentz-violating effects are
contained in the modified polarization vector and dispersion
relation of the incoming photon.
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photon decay into a proton-antiproton pair is discussed
in App. A.

III. VACUUM CHERENKOV RADIATION

For a positive Lorentz-violating parameter κ in the theory
(2.7), the maximum attainable velocity of a charged particle
(c ¼ 1) can be larger than the photon phase velocity from
(2.6). The Cherenkov-like emission of a photon by a proton
of charge ep ≡ e is then already possible in the vacuum. The
modifications introduced by κ to the photon polarization
vectors ~εðλÞμ are obtained by solving the equation of motion
(2.2) for the gauge field Aμ, with proper normalization
factors from the quantum theory [11,13].
The averaged squared amplitude for a photon of energy

ω emitted by an electrically charged Dirac fermion with
proton mass Mp ≡M and energy E has the form

jMVChj2 ¼
e2
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where α≡ e2=ð4πÞ is the fine-structure constant. The total
emission rate of Cherenkov photons by a structureless
charged fermion is then given by

Γ̂VCh ¼ 1

4π2
1

2E
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2E0 jMVChj2δ4ðp − p0 − qÞ;
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with p0
0 ¼ E0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jp0j2 þM2

p
and q0 ¼ ω ¼ ωðjqjÞ as

defined by (2.6). From now on, the ‘hat’ on Γ and similar
quantities signifies that we are considering pointlike
particles. Inserting a factor ω into the integrand and
performing the necessary phase-space integrals produces
the Cherenkov power radiated by a pointlike “proton” of
energy E,

P̂ðEÞ ¼ α

12κ3E
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Expression (3.3) reduces to Eq. (8) of Ref. [12].
If the fermion producing the Cherenkov emission is a

realistic proton, the internal structure becomes relevant at
high energies, which is the case for proton primaries in
energetic cosmic rays. Considering the proton as a
composite particle, the Cherenkov photon can be taken

as emitted by the charged partons (quarks) in the proton
rather than by the proton as a whole (Fig. 1). Kinematically,
the Cherenkov emission can occur when a proton of mass
M has an energy above the threshold

Eth ¼ M

ffiffiffiffiffiffiffiffiffiffiffi
1þ κ
2κ

r
: ð3:4Þ

This threshold energy arises from energy-momentum
conservation and is independent of the internal structure
of the proton.
In this composite-proton description, Cherenkov radia-

tion corresponds to the process p → Xþ ~γ, whereXstands
for any hadronic final state. In fact, the photon emission and
the corresponding parton recoil can lead to a hadronic final
state different from the parent proton. For the description of
this process, we adopt the averaged squared amplitude (3.1)
for the emission of a photon by a charged parton. For a
proton with energy E > Eth, the Cherenkov emission rate
produced by a charged parton carrying a fraction x of the
proton momentum takes the following form at tree level:
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where the index i denotes the parton flavor and ei is the
parton charge in units of the proton charge e.
Notice that expression (3.5) allows for the identification

of the Cherenkov angle. The obtained Cherenkov angle
then includes the classical Huygens term (∝ ω0) [20–23],
the linear quantum correction (∝ ω1) [24–27], and the
quadratic quantum correction (∝ ω2) which arises due to
the fermionic nature of the radiating particle [15]. Direct

FIG. 1. Tree-level Feynman diagram for vacuum Cherenkov
radiation by a charged parton inside a high-energy proton p.
Lorentz-violating effects are contained in the modified polariza-
tion vector of the outgoing photon ~γ and its modified dispersion
relation (2.6). For energies just above threshold, there is elastic
photon emission, p → pþ ~γ. But, for energies significantly
above threshold, also inelastic photon emission processes occur,
with additionally produced hadrons. The present article considers
the inclusive process, p → Xþ ~γ.
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[Díaz & Klinkhamer 2015] 
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  Previous bounds on LV (κ > 0)

•  Follow the same argument as for the case κ < 0 
•  Use measurements of ultra-high-energy cosmic rays (UHECR) 

by the Pierre Auger Observatory 

•  With E ~ 200 EeV (± 25 %) and conservatively assuming an iron 
nucleus as the primary particle (M = 52 GeV): 
κ < 6 × 10-20 (at 98 % C.L.) [Klinkhamer & Risse 2008] 

[Klinkhamer & Schreck 2008] 

[Auger Collab. 2007] 

[Auger Collab.] [Auger Collab.] 
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  LV and extensive air showers

•  Significantly improving the bound on κ < 0 requires primary 
photons with ideally PeV-EeV energies 
•  Prospects of observing such photons not overly encouraging 

  

•  Alternative approach: exploit extensive air showers initiated by 
(hadronic) primaries in the Earth’s atmosphere 
•  General idea: a shower initiated by a UHE (> 1018 eV) 

primary contains at least a couple of very-high-energy 
photons as secondary particles (mainly expected in 
the startup phase) 

•  A modification of these very-high-energy photons 
due to LV would lead to a different shower 
development as compared to conventional physics 

•  First step: estimate the magnitude of this difference  
using a modified Heitler model to describe 
electromagnetic cascades under the assumption of LV 

[Niechciol (Auger Collab.) ICRC 2017] 

[Díaz, Klinkhamer & Risse 2016] 
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  Conventional Heitler model

•  Heitler model describes particle multiplication in an 
electromagnetic shower as a binary tree 
•  Two processes taken into account: pair production            

and bremsstrahlung 
•  Simplifying assumption: each interaction occurs after exactly one 

splitting length d = ln(2) X0 
•  Energy E0 of the primary particle is shared equally between all 

secondary particles 
•  Cascade continues until the energy per 

particle reaches the critical energy Ec 
•  Maximum number of particles for a 

cascade initiated by a photon of energy 
E0 is reached at the atmospheric depth 

[Heitler 1949] 
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  Modified Heitler model

•  Modified cascade initiated by a photon above threshold: 
E / E0 

0 2 1/2 

•  Instant decay of the initial 
photon into two leptons 

•  Each lepton produces an 
additional photon (above 
threshold) via Bremsstrahlung 

•  Simplifying assumption: At each 
interaction step, three leptons 
are produced which share the 
initial energy equally 

•  If the energy per particle falls 
below the threshold, the 
cascade continues according to 
the conventional Heitler model 

e± ! e± + �̃ ) e± + e� + e+

1 2×3 1/2×1/3 

2 2×9 1/2×1/9 

3 2×9×2 1/2×1/9×1/2 

Eγthresh 

[Díaz, Klinkhamer & Risse 2016] 

n = X / X0 
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  Modified Heitler model: Xmax

•  Change in Xmax due to the different shower development: 

•  Large difference in Xmax, above the typical Xmax resolution of 
current UHECR experiments (e.g. Auger: 26 g cm-2 at ~1 EeV)

[Díaz, Klinkhamer & Risse 2016] 
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[Auger Collab. 2014] 

[Díaz, Klinkhamer & Risse 2016] 
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  MC simulations with CONEX

•  Results of the analytical model are encouraging 
•  Next step: air shower simulations with the MC code CONEX 

•  CONEX is a hybrid simulation code: combines full MC simulation of 
the particles in the air shower at high energies with a numerical solution 
of cascade equations for lower-energy subshowers 

•  Advantages of the hybrid approach: 
•  Accurate determination of the longitudinal shower profile and Xmax 

•  Less computing power and disk space needed compared to full MC simulations 
(e.g. with CORSIKA) 

•  Disadvantage: 
•  Not possible to extract the distribution of secondary particles at ground level 

•  Implement photon decay into CONEX v2r5p40 
•  Thanks to T. Pierog for helping us to decipher the FORTRAN code 

[Bergmann et al. 2007] 
[Pierog et al. 2009] 

[Klinkhamer, Niechciol & Risse 2017] 
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  CONEX: photon-induced showers (I)

equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
!X

fi − 1
"
;

ð13Þ

where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
secondary photons above threshold then start to be
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FIG. 1. Average atmospheric depth of the shower maximum
hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
!X

fi − 1
"
;

ð13Þ

where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
secondary photons above threshold then start to be
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FIG. 1. Average atmospheric depth of the shower maximum
hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
!X

fi − 1
"
;

ð13Þ

where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
secondary photons above threshold then start to be
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FIG. 1. Average atmospheric depth of the shower maximum
hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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•  Next step: extend the study to air showers initiated by hadrons 
•  But before: need to look at other processes involving photons, 

since they may be changed if the standard photon is replaced by 
a non-standard one 

•  Most important process here: neutral pion decay 
•  “Straightforward but tedious calculation”: the decay time of 

the neutral pion is modified in the following way  
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with energies of order 10–100 TeV can be used to impose
bounds on negative κ, with the most stringent Earth-based
bound up to now [3]

κ > −9 × 10−16 ð98% C:L:Þ: ð8Þ

It may be of interest to mention that there is also a
qualitative astrophysics bound [13] at the level of
−10−19, but this bound is less reliable than (8) for reasons
explained in Ref. [6].
In order to improve upon bound (8), photons of higher

energy than currently observed would be needed. So far,
despite extensive searches for astrophysical (primary)
photons with PeVor EeVenergies, no unambiguous photon
detection could be reported at these energies (see, e.g.,
Ref. [14]). However, photons with energies far above
100 TeVare expected to be produced as secondary particles
when an ultrahigh-energy hadron enters the Earth’s atmos-
phere and initiates an air shower. In the first interaction of
the primary hadron with an atmospheric nucleus, mostly
charged and neutral pions are produced. The charged pions
further interact with particles from the atmosphere, pro-
ducing more pions, while the neutral pions, in standard
physics, rapidly decay into pairs of photons, which in turn
trigger electromagnetic sub-showers. Especially in the
start-up phase of the air shower, where the energies of
the secondary particles are still very high, a modification of
the particle dynamics due to LV can drastically change the
overall development of the air shower, as shown in Ref. [6]
for electromagnetic cascades with the immediate decay of
above-threshold photons.
Since we intend to study air showers induced by hadrons,

we have to take into account possible related modifications
of other processes due to LV, which may also have an
influence on the development of the air shower. The
relevant process here is the decay of the neutral pion into
two nonstandard photons [6,12],

π0→ ~γ þ ~γ: ð9Þ

In the context of the theory considered in this work, the
decay time τ of the neutral pion is modified by a factor
depending on the energy Eπ0 of the pion and the negative
LV parameter κ:

τðEπ0; κÞ ¼
τSM

gðEπ0; κÞ
; ð10Þ

with τSM denoting the neutral-pion decay time in the
conventional Lorentz-invariant theory (standard model)
and gðEπ0; κÞ given by [12]

gðEπ0; κÞ ¼

8
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:

ffiffiffiffiffiffiffi
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0; otherwise:
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The pion cutoff energy Ecut
π0 in (11) is

Ecut
π0 ¼ mπ0

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ
−2κ

r
∼

mπ0ffiffiffiffiffiffiffiffi
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p ∼
mπ0

2me
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γ ≈ 132Ethresh
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ð12Þ

where the asymptotic photon-threshold expression (6)
was used and the numerical values of the neutral-
pion and electron rest masses, mπ0≈ 135 MeV and me≈
0.511 MeV. Thus, neutral pions start to be affected
significantly at energies about two orders of magnitude
above the photon-decay threshold Ethresh

γ .

III. ANALYSIS

In the following, we discuss the results of our LV study
using a full MC approach. Since we are mainly interested in
changes of the longitudinal development of air showers, we
use the MC code CONEX v2r5p40 [15,16], which we extend
to include the decay of photons as well as the modified
decay of neutral pions. Photon decays into electron-
positron pairs are implemented as the immediate decay
of photons above the threshold given by (6), with the
energy distributions of the secondary particles modeled
according to Ref. [11]. An example of the energy distri-
bution is given in Fig. 8 of the Appendix. For the modified
decay time of neutral pions, the results (10)–(12) have been
incorporated into the CONEX code.
To describe hadronic interactions in the MC simulation

of the air showers, we use as default the EPOS LHC model
[17] (see below for discussion of other models). For all
other settings, we use the defaults provided by the CONEX

code.

A. Primary photons

In order to compare the results of the full MC simulation
to those of the analytical Heitler-type model of Ref. [6], we
first consider the case of primary photons. In Fig. 1, the
average atmospheric depth of the shower maximum hXmaxi
is shown as a function of the primary energy for different
values of κ, including κ ¼ −9 × 10−16corresponding to the
maximum LV allowed so far by the previous bound (8).
Overall, the MC results confirm the significant reduction
of hXmaxi and the change of elongation rate (increase
of hXmaxi with energy) as expected from Ref. [6].
For instance, hXmaxi at 1019 eV is reduced by some
320g cm−2. The full MC simulation shows a larger
decrease compared to the analytical Heitler-type model.
This can be understood as follows: the previous analytical
approach neglected the fact that showers initiated by
electrons/positrons are shorter than those initiated by
photons of the same energy. A further difference comes
from using realistic energy distributions, compared to the
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with energies of order 10–100 TeV can be used to impose
bounds on negative κ, with the most stringent Earth-based
bound up to now [3]

κ > −9 × 10−16 ð98% C:L:Þ: ð8Þ

It may be of interest to mention that there is also a
qualitative astrophysics bound [13] at the level of
−10−19, but this bound is less reliable than (8) for reasons
explained in Ref. [6].
In order to improve upon bound (8), photons of higher

energy than currently observed would be needed. So far,
despite extensive searches for astrophysical (primary)
photons with PeVor EeVenergies, no unambiguous photon
detection could be reported at these energies (see, e.g.,
Ref. [14]). However, photons with energies far above
100 TeVare expected to be produced as secondary particles
when an ultrahigh-energy hadron enters the Earth’s atmos-
phere and initiates an air shower. In the first interaction of
the primary hadron with an atmospheric nucleus, mostly
charged and neutral pions are produced. The charged pions
further interact with particles from the atmosphere, pro-
ducing more pions, while the neutral pions, in standard
physics, rapidly decay into pairs of photons, which in turn
trigger electromagnetic sub-showers. Especially in the
start-up phase of the air shower, where the energies of
the secondary particles are still very high, a modification of
the particle dynamics due to LV can drastically change the
overall development of the air shower, as shown in Ref. [6]
for electromagnetic cascades with the immediate decay of
above-threshold photons.
Since we intend to study air showers induced by hadrons,

we have to take into account possible related modifications
of other processes due to LV, which may also have an
influence on the development of the air shower. The
relevant process here is the decay of the neutral pion into
two nonstandard photons [6,12],

π0→ ~γ þ ~γ: ð9Þ

In the context of the theory considered in this work, the
decay time τ of the neutral pion is modified by a factor
depending on the energy Eπ0 of the pion and the negative
LV parameter κ:

τðEπ0; κÞ ¼
τSM

gðEπ0; κÞ
; ð10Þ

with τSM denoting the neutral-pion decay time in the
conventional Lorentz-invariant theory (standard model)
and gðEπ0; κÞ given by [12]
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where the asymptotic photon-threshold expression (6)
was used and the numerical values of the neutral-
pion and electron rest masses, mπ0≈ 135 MeV and me≈
0.511 MeV. Thus, neutral pions start to be affected
significantly at energies about two orders of magnitude
above the photon-decay threshold Ethresh

γ .

III. ANALYSIS

In the following, we discuss the results of our LV study
using a full MC approach. Since we are mainly interested in
changes of the longitudinal development of air showers, we
use the MC code CONEX v2r5p40 [15,16], which we extend
to include the decay of photons as well as the modified
decay of neutral pions. Photon decays into electron-
positron pairs are implemented as the immediate decay
of photons above the threshold given by (6), with the
energy distributions of the secondary particles modeled
according to Ref. [11]. An example of the energy distri-
bution is given in Fig. 8 of the Appendix. For the modified
decay time of neutral pions, the results (10)–(12) have been
incorporated into the CONEX code.
To describe hadronic interactions in the MC simulation

of the air showers, we use as default the EPOS LHC model
[17] (see below for discussion of other models). For all
other settings, we use the defaults provided by the CONEX

code.

A. Primary photons

In order to compare the results of the full MC simulation
to those of the analytical Heitler-type model of Ref. [6], we
first consider the case of primary photons. In Fig. 1, the
average atmospheric depth of the shower maximum hXmaxi
is shown as a function of the primary energy for different
values of κ, including κ ¼ −9 × 10−16corresponding to the
maximum LV allowed so far by the previous bound (8).
Overall, the MC results confirm the significant reduction
of hXmaxi and the change of elongation rate (increase
of hXmaxi with energy) as expected from Ref. [6].
For instance, hXmaxi at 1019 eV is reduced by some
320g cm−2. The full MC simulation shows a larger
decrease compared to the analytical Heitler-type model.
This can be understood as follows: the previous analytical
approach neglected the fact that showers initiated by
electrons/positrons are shorter than those initiated by
photons of the same energy. A further difference comes
from using realistic energy distributions, compared to the
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with energies of order 10–100 TeV can be used to impose
bounds on negative κ, with the most stringent Earth-based
bound up to now [3]

κ > −9 × 10−16 ð98% C:L:Þ: ð8Þ

It may be of interest to mention that there is also a
qualitative astrophysics bound [13] at the level of
−10−19, but this bound is less reliable than (8) for reasons
explained in Ref. [6].
In order to improve upon bound (8), photons of higher

energy than currently observed would be needed. So far,
despite extensive searches for astrophysical (primary)
photons with PeVor EeVenergies, no unambiguous photon
detection could be reported at these energies (see, e.g.,
Ref. [14]). However, photons with energies far above
100 TeVare expected to be produced as secondary particles
when an ultrahigh-energy hadron enters the Earth’s atmos-
phere and initiates an air shower. In the first interaction of
the primary hadron with an atmospheric nucleus, mostly
charged and neutral pions are produced. The charged pions
further interact with particles from the atmosphere, pro-
ducing more pions, while the neutral pions, in standard
physics, rapidly decay into pairs of photons, which in turn
trigger electromagnetic sub-showers. Especially in the
start-up phase of the air shower, where the energies of
the secondary particles are still very high, a modification of
the particle dynamics due to LV can drastically change the
overall development of the air shower, as shown in Ref. [6]
for electromagnetic cascades with the immediate decay of
above-threshold photons.
Since we intend to study air showers induced by hadrons,

we have to take into account possible related modifications
of other processes due to LV, which may also have an
influence on the development of the air shower. The
relevant process here is the decay of the neutral pion into
two nonstandard photons [6,12],

π0→ ~γ þ ~γ: ð9Þ

In the context of the theory considered in this work, the
decay time τ of the neutral pion is modified by a factor
depending on the energy Eπ0 of the pion and the negative
LV parameter κ:

τðEπ0; κÞ ¼
τSM

gðEπ0; κÞ
; ð10Þ

with τSM denoting the neutral-pion decay time in the
conventional Lorentz-invariant theory (standard model)
and gðEπ0; κÞ given by [12]
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∼

mπ0ffiffiffiffiffiffiffiffi
−2κ

p ∼
mπ0

2me
Ethresh
γ ≈ 132Ethresh

γ ;

ð12Þ

where the asymptotic photon-threshold expression (6)
was used and the numerical values of the neutral-
pion and electron rest masses, mπ0≈ 135 MeV and me≈
0.511 MeV. Thus, neutral pions start to be affected
significantly at energies about two orders of magnitude
above the photon-decay threshold Ethresh

γ .

III. ANALYSIS

In the following, we discuss the results of our LV study
using a full MC approach. Since we are mainly interested in
changes of the longitudinal development of air showers, we
use the MC code CONEX v2r5p40 [15,16], which we extend
to include the decay of photons as well as the modified
decay of neutral pions. Photon decays into electron-
positron pairs are implemented as the immediate decay
of photons above the threshold given by (6), with the
energy distributions of the secondary particles modeled
according to Ref. [11]. An example of the energy distri-
bution is given in Fig. 8 of the Appendix. For the modified
decay time of neutral pions, the results (10)–(12) have been
incorporated into the CONEX code.
To describe hadronic interactions in the MC simulation

of the air showers, we use as default the EPOS LHC model
[17] (see below for discussion of other models). For all
other settings, we use the defaults provided by the CONEX

code.

A. Primary photons

In order to compare the results of the full MC simulation
to those of the analytical Heitler-type model of Ref. [6], we
first consider the case of primary photons. In Fig. 1, the
average atmospheric depth of the shower maximum hXmaxi
is shown as a function of the primary energy for different
values of κ, including κ ¼ −9 × 10−16corresponding to the
maximum LV allowed so far by the previous bound (8).
Overall, the MC results confirm the significant reduction
of hXmaxi and the change of elongation rate (increase
of hXmaxi with energy) as expected from Ref. [6].
For instance, hXmaxi at 1019 eV is reduced by some
320g cm−2. The full MC simulation shows a larger
decrease compared to the analytical Heitler-type model.
This can be understood as follows: the previous analytical
approach neglected the fact that showers initiated by
electrons/positrons are shorter than those initiated by
photons of the same energy. A further difference comes
from using realistic energy distributions, compared to the
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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FIG. 2. Simulated values of hXmaxi as a function of the primary
energy for primary protons and iron nuclei, where different values
of the Lorentz-violating parameter κ are considered.
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energy for primary protons, where different hadronic-interaction
models are used.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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of the Lorentz-violating parameter κ are considered.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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energy for primary protons and iron nuclei, where different values
of the Lorentz-violating parameter κ are considered.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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FIG. 2. Simulated values of hXmaxi as a function of the primary
energy for primary protons and iron nuclei, where different values
of the Lorentz-violating parameter κ are considered.
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FIG. 4. Simulated values of hXmaxi as a function of the primary
energy for primary protons, where different hadronic-interaction
models are used.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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FIG. 2. Simulated values of hXmaxi as a function of the primary
energy for primary protons and iron nuclei, where different values
of the Lorentz-violating parameter κ are considered.

Energy of the primary particle [eV]
1710 1810 1910 2010

]
-2

 [g
 c

m
〉

m
ax

X〈

600

650

700

750

800

850

 = 0)κSIBYLL2.3c, unmodified (

 = 0)κEPOS LHC, unmodified (

 = 0)κQGSJET-II-04, unmodified (
 = -1e-21κSIBYLL2.3c, modified, 

 = -1e-21κEPOS LHC, modified, 

 = -1e-21κQGSJET-II-04, modified, 

CONEX v2r5p40/60, Proton

FIG. 4. Simulated values of hXmaxi as a function of the primary
energy for primary protons, where different hadronic-interaction
models are used.

IMPROVED BOUND ON ISOTROPIC LORENTZ VIOLATION … PHYSICAL REVIEW D 96, 116011 (2017)

116011-5

26 / 42 M. Niechciol | Seminar at Fyzikální ústav AV ČR (FZÚ), Prague 13.12.2018 

  Hadron-induced showers: 〈Xmax〉 (V)

~ factor 56 

〈Xmax〉 scales with the primary 
mass A as naively expected from 
the superposition model	

[Klinkhamer, Niechciol & Risse 2017] 



values are smaller compared to the unmodified hXmaxi
values. At 1019 eV, for instance, the predictions cover a
range of approximately 22 g cm−2 for the modified case
(κ ¼ −1 × 10−21) and approximately 28 g cm−2 for the
unmodified case (κ ¼ 0). Compared to EPOS LHC, the
differences in hXmaxi are about 8–13g cm−2, where
QGSJET-II-04 gives smaller hXmaxi values and SIBYLL
2.3 larger hXmaxi values. These differences are small
compared to the overall reduction of hXmaxi by the LV
modification allowed by previous bound (8).

C. Comparison to hXmaxi measurements

A comparison of our hXmaxi simulations with hXmaxi
measurements is given in Fig. 5. Only measurements from
the Pierre Auger Observatory [18] are shown here, since the
hXmaxi measurements from the Telescope Array (TA) are
not corrected for detector effects. In any case, the TA
measurements have been found to be consistent with the
Auger measurements [24]. For the maximum LV allowed
by previous bound (8) from Ref. [3], it can be seen that
hXmaxi predictions are significantly below the observations,
regardless of assumptions on the primary mass and the
interaction model. Thus, stricter constraints than before can
be placed on negative κ by the method presented in this
article.
Allowing, most conservatively, for the case of a pure

proton composition, one can see that also the κ ¼ −10−19
case in Fig. 5 appears to be on the lower side of the
observed hXmaxi values above 1018 eV. While we concen-
trate here on obtaining a bound, it is interesting to note that
the elongation rate of a constant proton composition in the
modified case for κ ∼ −10−20 turns out to agree reasonably
wellwith the observations at or above 2 × 1018 eV. Focusing

on the energy bin around 2.8 × 1018 eV and taking the
uncertainties on the measured hXmaxi values into account,
we obtain the following bound:

κ > −3× 10−19 ð98% C:L:Þ: ð15Þ

For completeness, the corresponding bound at 99.9% C.L.
is κ > −1 × 10−18.
The bound (15) is based on EPOS-LHC simulations and

the parametrization (14), where a systematic uncertainty of
20 g cm−2 has been assumed to account for the uncertainties
related to the description of hadronic interactions. We note
that the value of 20 g cm−2 is conservative, as it is taken from
the uncertainty of the unmodified simulations, while the
uncertainty for the modified case is likely to be reduced (see
Sec. III B). Without additional systematic model uncertain-
ties, the 98%C.L. bounds derived fromSIBYLL 2.3c, EPOS
LHC, andQGSJET-II-04 are−2 × 10−19,−0.2 × 10−19, and
−0.02 × 10−19, respectively. These three bounds are even
tighter than the bound quoted in (15).
The bound on negative κ as given by (15) improves the

previous bound (8) by a factor of approximately 3000. As a
comparison to the previous approach of Ref. [3], the
observation of a primary photon with an energy of about
2 PeV ¼ 2 × 1015 eV would be needed to get a similar
bound on negative κ.

D. Other shower observables

While the focus of the present work has been on hXmaxi,
additional shower observables can be studied with the
simulation setup.
The impact of the LV modifications on the shower-to-

shower fluctuations σðXmaxÞ is shown in Fig. 6. Interestingly,
the LV modifications leave σðXmaxÞ essentially unchanged,
different from thebehavior of hXmaxi. This is understandable,
as the shower fluctuations are dominated by fluctuations
in the first interactions of the highest-energy hadronic
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around the data points indicate the systematic uncertainties of the
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FIG. 6. Shower fluctuations σðXmaxÞ as a function of the
primary energy for primary protons and iron nuclei.
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values are smaller compared to the unmodified hXmaxi
values. At 1019 eV, for instance, the predictions cover a
range of approximately 22 g cm−2 for the modified case
(κ ¼ −1 × 10−21) and approximately 28 g cm−2 for the
unmodified case (κ ¼ 0). Compared to EPOS LHC, the
differences in hXmaxi are about 8–13g cm−2, where
QGSJET-II-04 gives smaller hXmaxi values and SIBYLL
2.3 larger hXmaxi values. These differences are small
compared to the overall reduction of hXmaxi by the LV
modification allowed by previous bound (8).

C. Comparison to hXmaxi measurements

A comparison of our hXmaxi simulations with hXmaxi
measurements is given in Fig. 5. Only measurements from
the Pierre Auger Observatory [18] are shown here, since the
hXmaxi measurements from the Telescope Array (TA) are
not corrected for detector effects. In any case, the TA
measurements have been found to be consistent with the
Auger measurements [24]. For the maximum LV allowed
by previous bound (8) from Ref. [3], it can be seen that
hXmaxi predictions are significantly below the observations,
regardless of assumptions on the primary mass and the
interaction model. Thus, stricter constraints than before can
be placed on negative κ by the method presented in this
article.
Allowing, most conservatively, for the case of a pure

proton composition, one can see that also the κ ¼ −10−19
case in Fig. 5 appears to be on the lower side of the
observed hXmaxi values above 1018 eV. While we concen-
trate here on obtaining a bound, it is interesting to note that
the elongation rate of a constant proton composition in the
modified case for κ ∼ −10−20 turns out to agree reasonably
wellwith the observations at or above 2 × 1018 eV. Focusing

on the energy bin around 2.8 × 1018 eV and taking the
uncertainties on the measured hXmaxi values into account,
we obtain the following bound:

κ > −3× 10−19 ð98% C:L:Þ: ð15Þ

For completeness, the corresponding bound at 99.9% C.L.
is κ > −1 × 10−18.
The bound (15) is based on EPOS-LHC simulations and

the parametrization (14), where a systematic uncertainty of
20 g cm−2 has been assumed to account for the uncertainties
related to the description of hadronic interactions. We note
that the value of 20 g cm−2 is conservative, as it is taken from
the uncertainty of the unmodified simulations, while the
uncertainty for the modified case is likely to be reduced (see
Sec. III B). Without additional systematic model uncertain-
ties, the 98%C.L. bounds derived fromSIBYLL 2.3c, EPOS
LHC, andQGSJET-II-04 are−2 × 10−19,−0.2 × 10−19, and
−0.02 × 10−19, respectively. These three bounds are even
tighter than the bound quoted in (15).
The bound on negative κ as given by (15) improves the

previous bound (8) by a factor of approximately 3000. As a
comparison to the previous approach of Ref. [3], the
observation of a primary photon with an energy of about
2 PeV ¼ 2 × 1015 eV would be needed to get a similar
bound on negative κ.

D. Other shower observables

While the focus of the present work has been on hXmaxi,
additional shower observables can be studied with the
simulation setup.
The impact of the LV modifications on the shower-to-

shower fluctuations σðXmaxÞ is shown in Fig. 6. Interestingly,
the LV modifications leave σðXmaxÞ essentially unchanged,
different from thebehavior of hXmaxi. This is understandable,
as the shower fluctuations are dominated by fluctuations
in the first interactions of the highest-energy hadronic
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FIG. 5. Simulated values of hXmaxi as a function of the primary
energy for primary protons compared to measured values of
hXmaxi by the Pierre Auger Observatory [18]. The gray boxes
around the data points indicate the systematic uncertainties of the
measurements.
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FIG. 6. Shower fluctuations σðXmaxÞ as a function of the
primary energy for primary protons and iron nuclei.
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primaries, which remain unmodified here (the LV in the
photon sector is expected to lead to negligible LV loop
corrections of the hadronic interactions).
Further, we checked for a possible effect on the muon

content of the shower. Since neutral pions above Ecut
π0

reinteract, a corresponding increase of the number of
muons could result (see also Refs. [25,26] for consider-
ations of shower muons and LV). As can be seen in Fig. 7,
the number of muons is indeed affected. For primary
protons with κ ¼ −9 × 10−16, the increase of the muon
number starts for primary energies of about a factor 3 above
the pion cutoff energy (Ecut

π0 ≈ 3.2 × 1015 eV in this case).
The muon excess grows with energy, reaching a factor 1.5
in the EeV range. A similar effect is observed for primary
iron nuclei, with the primary energy scaled according to the
number of nucleons. Remarkably, the muon number at the
highest energies turns out to be quite similar for proton and
iron primaries in the modified case, in contrast to the
unmodified case. As κ ¼ −9 × 10−16 is excluded by our
new bound (15), Fig. 7 also shows the results for proton
primaries at the value κ ¼ −1 × 10−19. The increase of
muon number then starts at higher energies.

IV. SUMMARY AND OUTLOOK

In the present article, we have considered isotropic
Lorentz violation in a simplified theory of photons and
electrically charged Dirac fermions. This Lorentz violation
is described by a single dimensionless parameter κ, whose
physical meaning is clarified by (4). Our focus has been on
the case of negative κ with a “fast” photon.
By implementing Lorentz-violating effects (photon

decay and the suppression of neutral-pion decay) in a full
MC shower simulation, we have studied the impact of LV
on air showers initiated by ultrahigh-energy cosmic rays.
This method exploits the expected production of secondary

photons with energies far above 100 TeV and the accel-
erated shower development due to photon decay. The
average depth of the shower maximum hXmaxi can be
reduced by some 100 g cm−2 at 1019 eV and the difference
increases with energy due to a reduced elongation rate. This
reduction value of 100 g cm−2 at 1019 eV is well above the
typical Xmax resolution of 15–20 g cm−2 in current air
shower experiments. The shower fluctuations σðXmaxÞ are
not affected by the LV modification. The number of muons
at ground level has been found to increase significantly
above the LV cutoff energy of neutral-pion decay.
With a value of κ ¼ −9 × 10−16 as allowed so far by the

previous bound [3], the predictions of hXmaxi are at oddswith
the measurements, irrespective of the primary mass and the
interaction model: much deeper showers are observed than
the showers expected theoretically. From hXmaxi alone, an
improved bound of κ ¼ −3 × 10−19 (at 98% C.L.) has been
obtained in Sec. III C. For this new bound (15), the primary
composition has, most conservatively, been assumed to
consist of protons only. Heavier primaries have smaller
hXmaxi values, which would lead to even stronger bounds.
Remark that the magnitude of the improved negative-κ

bound (15) is only a factor 5 larger than the positive-κ
bound (15a) from Ref. [3], κ < 6 × 10−20 (98% C.L.).
Future improved negative-κ bounds using only hXmaxi can
come from further data, also at higher energies, for instance
by the present upgrade of the Pierre Auger Observatory
[27,28]. Moreover, reducing present uncertainties helps: in
case of a model uncertainty of 15 g cm−2, the negative-κ
bound (15) improves by a factor of approximately 2.
A similar effect is obtained by reducing the experimental
uncertainty to half of its present value.
Significantly improved negative-κ bounds appear possible

if other observables beyond hXmaxi are incorporated. In fact,
a pure proton composition above 3 × 1018 eV, as conserva-
tively assumed here, is already excluded by other air shower
measurements. Specifically, observations of σðXmaxÞ [18]
and observations of the correlation between Xmax and the
ground signal [29] show a mixed composition with a
significant fraction of heavier nuclei. A mixed composition
will provide further improvements of the negative-κ bound
(15). As illustration, let us assume an average primary mass
hAi ≈ 4. Then, the resulting predicted hXmaxiwould coincide
with that of primary helium. For a given observed value of
hXmaxi and according to Fig. 3, this would imply a further
factor of approximately 100 improvement on the negative-κ
bound (15). We leave this analysis to the future.
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primaries, which remain unmodified here (the LV in the
photon sector is expected to lead to negligible LV loop
corrections of the hadronic interactions).
Further, we checked for a possible effect on the muon

content of the shower. Since neutral pions above Ecut
π0

reinteract, a corresponding increase of the number of
muons could result (see also Refs. [25,26] for consider-
ations of shower muons and LV). As can be seen in Fig. 7,
the number of muons is indeed affected. For primary
protons with κ ¼ −9 × 10−16, the increase of the muon
number starts for primary energies of about a factor 3 above
the pion cutoff energy (Ecut

π0 ≈ 3.2 × 1015 eV in this case).
The muon excess grows with energy, reaching a factor 1.5
in the EeV range. A similar effect is observed for primary
iron nuclei, with the primary energy scaled according to the
number of nucleons. Remarkably, the muon number at the
highest energies turns out to be quite similar for proton and
iron primaries in the modified case, in contrast to the
unmodified case. As κ ¼ −9 × 10−16 is excluded by our
new bound (15), Fig. 7 also shows the results for proton
primaries at the value κ ¼ −1 × 10−19. The increase of
muon number then starts at higher energies.

IV. SUMMARY AND OUTLOOK

In the present article, we have considered isotropic
Lorentz violation in a simplified theory of photons and
electrically charged Dirac fermions. This Lorentz violation
is described by a single dimensionless parameter κ, whose
physical meaning is clarified by (4). Our focus has been on
the case of negative κ with a “fast” photon.
By implementing Lorentz-violating effects (photon

decay and the suppression of neutral-pion decay) in a full
MC shower simulation, we have studied the impact of LV
on air showers initiated by ultrahigh-energy cosmic rays.
This method exploits the expected production of secondary

photons with energies far above 100 TeV and the accel-
erated shower development due to photon decay. The
average depth of the shower maximum hXmaxi can be
reduced by some 100 g cm−2 at 1019 eV and the difference
increases with energy due to a reduced elongation rate. This
reduction value of 100 g cm−2 at 1019 eV is well above the
typical Xmax resolution of 15–20 g cm−2 in current air
shower experiments. The shower fluctuations σðXmaxÞ are
not affected by the LV modification. The number of muons
at ground level has been found to increase significantly
above the LV cutoff energy of neutral-pion decay.
With a value of κ ¼ −9 × 10−16 as allowed so far by the

previous bound [3], the predictions of hXmaxi are at oddswith
the measurements, irrespective of the primary mass and the
interaction model: much deeper showers are observed than
the showers expected theoretically. From hXmaxi alone, an
improved bound of κ ¼ −3 × 10−19 (at 98% C.L.) has been
obtained in Sec. III C. For this new bound (15), the primary
composition has, most conservatively, been assumed to
consist of protons only. Heavier primaries have smaller
hXmaxi values, which would lead to even stronger bounds.
Remark that the magnitude of the improved negative-κ

bound (15) is only a factor 5 larger than the positive-κ
bound (15a) from Ref. [3], κ < 6 × 10−20 (98% C.L.).
Future improved negative-κ bounds using only hXmaxi can
come from further data, also at higher energies, for instance
by the present upgrade of the Pierre Auger Observatory
[27,28]. Moreover, reducing present uncertainties helps: in
case of a model uncertainty of 15 g cm−2, the negative-κ
bound (15) improves by a factor of approximately 2.
A similar effect is obtained by reducing the experimental
uncertainty to half of its present value.
Significantly improved negative-κ bounds appear possible

if other observables beyond hXmaxi are incorporated. In fact,
a pure proton composition above 3 × 1018 eV, as conserva-
tively assumed here, is already excluded by other air shower
measurements. Specifically, observations of σðXmaxÞ [18]
and observations of the correlation between Xmax and the
ground signal [29] show a mixed composition with a
significant fraction of heavier nuclei. A mixed composition
will provide further improvements of the negative-κ bound
(15). As illustration, let us assume an average primary mass
hAi ≈ 4. Then, the resulting predicted hXmaxiwould coincide
with that of primary helium. For a given observed value of
hXmaxi and according to Fig. 3, this would imply a further
factor of approximately 100 improvement on the negative-κ
bound (15). We leave this analysis to the future.
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case of unmodified proton primaries, as a function of the primary
energy for primary protons and iron nuclei.
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primaries, which remain unmodified here (the LV in the
photon sector is expected to lead to negligible LV loop
corrections of the hadronic interactions).
Further, we checked for a possible effect on the muon

content of the shower. Since neutral pions above Ecut
π0

reinteract, a corresponding increase of the number of
muons could result (see also Refs. [25,26] for consider-
ations of shower muons and LV). As can be seen in Fig. 7,
the number of muons is indeed affected. For primary
protons with κ ¼ −9 × 10−16, the increase of the muon
number starts for primary energies of about a factor 3 above
the pion cutoff energy (Ecut

π0 ≈ 3.2 × 1015 eV in this case).
The muon excess grows with energy, reaching a factor 1.5
in the EeV range. A similar effect is observed for primary
iron nuclei, with the primary energy scaled according to the
number of nucleons. Remarkably, the muon number at the
highest energies turns out to be quite similar for proton and
iron primaries in the modified case, in contrast to the
unmodified case. As κ ¼ −9 × 10−16 is excluded by our
new bound (15), Fig. 7 also shows the results for proton
primaries at the value κ ¼ −1 × 10−19. The increase of
muon number then starts at higher energies.

IV. SUMMARY AND OUTLOOK

In the present article, we have considered isotropic
Lorentz violation in a simplified theory of photons and
electrically charged Dirac fermions. This Lorentz violation
is described by a single dimensionless parameter κ, whose
physical meaning is clarified by (4). Our focus has been on
the case of negative κ with a “fast” photon.
By implementing Lorentz-violating effects (photon

decay and the suppression of neutral-pion decay) in a full
MC shower simulation, we have studied the impact of LV
on air showers initiated by ultrahigh-energy cosmic rays.
This method exploits the expected production of secondary

photons with energies far above 100 TeV and the accel-
erated shower development due to photon decay. The
average depth of the shower maximum hXmaxi can be
reduced by some 100 g cm−2 at 1019 eV and the difference
increases with energy due to a reduced elongation rate. This
reduction value of 100 g cm−2 at 1019 eV is well above the
typical Xmax resolution of 15–20 g cm−2 in current air
shower experiments. The shower fluctuations σðXmaxÞ are
not affected by the LV modification. The number of muons
at ground level has been found to increase significantly
above the LV cutoff energy of neutral-pion decay.
With a value of κ ¼ −9 × 10−16 as allowed so far by the

previous bound [3], the predictions of hXmaxi are at oddswith
the measurements, irrespective of the primary mass and the
interaction model: much deeper showers are observed than
the showers expected theoretically. From hXmaxi alone, an
improved bound of κ ¼ −3 × 10−19 (at 98% C.L.) has been
obtained in Sec. III C. For this new bound (15), the primary
composition has, most conservatively, been assumed to
consist of protons only. Heavier primaries have smaller
hXmaxi values, which would lead to even stronger bounds.
Remark that the magnitude of the improved negative-κ

bound (15) is only a factor 5 larger than the positive-κ
bound (15a) from Ref. [3], κ < 6 × 10−20 (98% C.L.).
Future improved negative-κ bounds using only hXmaxi can
come from further data, also at higher energies, for instance
by the present upgrade of the Pierre Auger Observatory
[27,28]. Moreover, reducing present uncertainties helps: in
case of a model uncertainty of 15 g cm−2, the negative-κ
bound (15) improves by a factor of approximately 2.
A similar effect is obtained by reducing the experimental
uncertainty to half of its present value.
Significantly improved negative-κ bounds appear possible

if other observables beyond hXmaxi are incorporated. In fact,
a pure proton composition above 3 × 1018 eV, as conserva-
tively assumed here, is already excluded by other air shower
measurements. Specifically, observations of σðXmaxÞ [18]
and observations of the correlation between Xmax and the
ground signal [29] show a mixed composition with a
significant fraction of heavier nuclei. A mixed composition
will provide further improvements of the negative-κ bound
(15). As illustration, let us assume an average primary mass
hAi ≈ 4. Then, the resulting predicted hXmaxiwould coincide
with that of primary helium. For a given observed value of
hXmaxi and according to Fig. 3, this would imply a further
factor of approximately 100 improvement on the negative-κ
bound (15). We leave this analysis to the future.
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FIG. 7. Average number of ground muons, normalized to the
case of unmodified proton primaries, as a function of the primary
energy for primary protons and iron nuclei.
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primaries, which remain unmodified here (the LV in the
photon sector is expected to lead to negligible LV loop
corrections of the hadronic interactions).
Further, we checked for a possible effect on the muon

content of the shower. Since neutral pions above Ecut
π0

reinteract, a corresponding increase of the number of
muons could result (see also Refs. [25,26] for consider-
ations of shower muons and LV). As can be seen in Fig. 7,
the number of muons is indeed affected. For primary
protons with κ ¼ −9 × 10−16, the increase of the muon
number starts for primary energies of about a factor 3 above
the pion cutoff energy (Ecut

π0 ≈ 3.2 × 1015 eV in this case).
The muon excess grows with energy, reaching a factor 1.5
in the EeV range. A similar effect is observed for primary
iron nuclei, with the primary energy scaled according to the
number of nucleons. Remarkably, the muon number at the
highest energies turns out to be quite similar for proton and
iron primaries in the modified case, in contrast to the
unmodified case. As κ ¼ −9 × 10−16 is excluded by our
new bound (15), Fig. 7 also shows the results for proton
primaries at the value κ ¼ −1 × 10−19. The increase of
muon number then starts at higher energies.

IV. SUMMARY AND OUTLOOK

In the present article, we have considered isotropic
Lorentz violation in a simplified theory of photons and
electrically charged Dirac fermions. This Lorentz violation
is described by a single dimensionless parameter κ, whose
physical meaning is clarified by (4). Our focus has been on
the case of negative κ with a “fast” photon.
By implementing Lorentz-violating effects (photon

decay and the suppression of neutral-pion decay) in a full
MC shower simulation, we have studied the impact of LV
on air showers initiated by ultrahigh-energy cosmic rays.
This method exploits the expected production of secondary

photons with energies far above 100 TeV and the accel-
erated shower development due to photon decay. The
average depth of the shower maximum hXmaxi can be
reduced by some 100 g cm−2 at 1019 eV and the difference
increases with energy due to a reduced elongation rate. This
reduction value of 100 g cm−2 at 1019 eV is well above the
typical Xmax resolution of 15–20 g cm−2 in current air
shower experiments. The shower fluctuations σðXmaxÞ are
not affected by the LV modification. The number of muons
at ground level has been found to increase significantly
above the LV cutoff energy of neutral-pion decay.
With a value of κ ¼ −9 × 10−16 as allowed so far by the

previous bound [3], the predictions of hXmaxi are at oddswith
the measurements, irrespective of the primary mass and the
interaction model: much deeper showers are observed than
the showers expected theoretically. From hXmaxi alone, an
improved bound of κ ¼ −3 × 10−19 (at 98% C.L.) has been
obtained in Sec. III C. For this new bound (15), the primary
composition has, most conservatively, been assumed to
consist of protons only. Heavier primaries have smaller
hXmaxi values, which would lead to even stronger bounds.
Remark that the magnitude of the improved negative-κ

bound (15) is only a factor 5 larger than the positive-κ
bound (15a) from Ref. [3], κ < 6 × 10−20 (98% C.L.).
Future improved negative-κ bounds using only hXmaxi can
come from further data, also at higher energies, for instance
by the present upgrade of the Pierre Auger Observatory
[27,28]. Moreover, reducing present uncertainties helps: in
case of a model uncertainty of 15 g cm−2, the negative-κ
bound (15) improves by a factor of approximately 2.
A similar effect is obtained by reducing the experimental
uncertainty to half of its present value.
Significantly improved negative-κ bounds appear possible

if other observables beyond hXmaxi are incorporated. In fact,
a pure proton composition above 3 × 1018 eV, as conserva-
tively assumed here, is already excluded by other air shower
measurements. Specifically, observations of σðXmaxÞ [18]
and observations of the correlation between Xmax and the
ground signal [29] show a mixed composition with a
significant fraction of heavier nuclei. A mixed composition
will provide further improvements of the negative-κ bound
(15). As illustration, let us assume an average primary mass
hAi ≈ 4. Then, the resulting predicted hXmaxiwould coincide
with that of primary helium. For a given observed value of
hXmaxi and according to Fig. 3, this would imply a further
factor of approximately 100 improvement on the negative-κ
bound (15). We leave this analysis to the future.

ACKNOWLEDGMENTS

We thank T. Pierog for his help in modifying the CONEX

source code. In addition, we acknowledge useful discus-
sions with J. S. Díaz. This work was partially supported by
the German Federal Ministry of Education and Research
(BMBF), the Helmholtz Alliance for Astroparticle Physics
(HAP), and the German Research Foundation (DFG).

Energy of the primary particle [eV]

1610 1710 1810 1910 2010

 (
at

 g
ro

un
d 

le
ve

l),
 n

or
m

al
iz

ed
 to

 p
 u

nm
od

ifi
ed

µ
N

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 0)κp unmodified (

 = -1e-19κp modified, 

 = -9e-16κp modified, 

 = 0)κFe unmodified (

 = -9e-16κFe modified, 

CONEX v2r5p40, EPOS LHC
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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fixed primary energy of 1019 eV. The dotted lines correspond to
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indicates the range of −κ values that is excluded by the previous
bound (8).
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of the Lorentz-violating parameter κ are considered.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
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indicates the range of −κ values that is excluded by the previous
bound (8).
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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energy for primary protons and iron nuclei, where different values
of the Lorentz-violating parameter κ are considered.
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produced. Neutral pions become stable at sufficiently high
energies and the change occurs at energies about two orders
of magnitude above the photon-decay threshold energy,
according to the estimate from (12). The onset of neutral
pions becoming stable is noticed only as a minor effect on
hXmaxi, i.e., a slight upturn of the modified curve. Changes
in the values of κ and in the type of primary (e.g., primary
iron nuclei instead of protons) give shifts of the curves in
the ways naively expected.
Using different primary nuclei (proton, helium, oxygen,

and iron), we have determined the values of hXmaxi as a
function of κ at a fixed primary energy of 1019 eV. As
shown in Fig. 3, hXmaxi scales linearly with log10ð−κÞ if the
photon-decay threshold energy is well below the energy per
nucleon of the primary particle. This can be used to obtain a
parametrization of hXmaxi as a function of the negative LV
parameter κ, the primary energy E, and the primary mass A.
For EPOS LHC, this parametrization is given by

hXmaxiðκ; E; AÞjðabove-thresholdÞ

¼ p0 þ p1log10ð−κÞ þ p2ðlog10ðE ½eV&Þ − 19Þ
þ p3 lnðAÞ; ð14Þ

where p0¼ð550' 3Þgcm−2 and p1¼ð−10.7' 0.1Þgcm−2
are determined by a fit to the proton distribution
shown in Fig. 3, p2 ¼ ð34.3 ' 0.3Þ g cm−2 is the κ- and
A-independent elongation rate taken from Fig. 2, and p3 ¼
ð−15.8 ' 0.1Þ g cm−2 is obtained from a fit to the distri-
butions for the different primary particles shown in Fig. 3.
It should be noted that for the determination of the
improved bound on κ (to be discussed in Sec. III C), only
the parametrization of hXmaxi for the proton case is needed.
For completeness, we have included the generalization of
the parametrization to heavier nuclei.

We have also checked the dependence of the simulations
on the choice of the hadronic-interaction model.
The uncertainty of hXmaxi due to modeling hadronic
interactions is about ' 20 g cm−2 around the predictions
of EPOS LHC [19]. Likewise, the predictions from the
alternative models QGSJET-II-04 [20] and SIBYLL 2.3c
[21–23] may be regarded as resembling the lower
(QGSJET-II-04) and upper (SIBYLL 2.3c) range of pos-
sible hXmaxi predictions [19]. The results for proton
primaries using QGSJET-II-04 and SIBYLL 2.3c are
displayed in Fig. 4. As expected, the LV-modified
curves reflect the differences between the unmodified
curves for the different hadronic-interaction models.
Differences between the models of the modified hXmaxi
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FIG. 3. Simulated values of hXmaxi as a function of −κ for
different primary nuclei (proton, helium, oxygen, and iron) at a
fixed primary energy of 1019 eV. The dotted lines correspond to
the parametrization (14), and the hatched area on the right
indicates the range of −κ values that is excluded by the previous
bound (8).
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LV-modified curves reflect the differences between 
the unmodified curves for the different hadronic 
interaction models	



values are smaller compared to the unmodified hXmaxi
values. At 1019 eV, for instance, the predictions cover a
range of approximately 22 g cm−2 for the modified case
(κ ¼ −1 × 10−21) and approximately 28 g cm−2 for the
unmodified case (κ ¼ 0). Compared to EPOS LHC, the
differences in hXmaxi are about 8–13g cm−2, where
QGSJET-II-04 gives smaller hXmaxi values and SIBYLL
2.3 larger hXmaxi values. These differences are small
compared to the overall reduction of hXmaxi by the LV
modification allowed by previous bound (8).

C. Comparison to hXmaxi measurements

A comparison of our hXmaxi simulations with hXmaxi
measurements is given in Fig. 5. Only measurements from
the Pierre Auger Observatory [18] are shown here, since the
hXmaxi measurements from the Telescope Array (TA) are
not corrected for detector effects. In any case, the TA
measurements have been found to be consistent with the
Auger measurements [24]. For the maximum LV allowed
by previous bound (8) from Ref. [3], it can be seen that
hXmaxi predictions are significantly below the observations,
regardless of assumptions on the primary mass and the
interaction model. Thus, stricter constraints than before can
be placed on negative κ by the method presented in this
article.
Allowing, most conservatively, for the case of a pure

proton composition, one can see that also the κ ¼ −10−19
case in Fig. 5 appears to be on the lower side of the
observed hXmaxi values above 1018 eV. While we concen-
trate here on obtaining a bound, it is interesting to note that
the elongation rate of a constant proton composition in the
modified case for κ ∼ −10−20 turns out to agree reasonably
wellwith the observations at or above 2 × 1018 eV. Focusing

on the energy bin around 2.8 × 1018 eV and taking the
uncertainties on the measured hXmaxi values into account,
we obtain the following bound:

κ > −3× 10−19 ð98% C:L:Þ: ð15Þ

For completeness, the corresponding bound at 99.9% C.L.
is κ > −1 × 10−18.
The bound (15) is based on EPOS-LHC simulations and

the parametrization (14), where a systematic uncertainty of
20 g cm−2 has been assumed to account for the uncertainties
related to the description of hadronic interactions. We note
that the value of 20 g cm−2 is conservative, as it is taken from
the uncertainty of the unmodified simulations, while the
uncertainty for the modified case is likely to be reduced (see
Sec. III B). Without additional systematic model uncertain-
ties, the 98%C.L. bounds derived fromSIBYLL 2.3c, EPOS
LHC, andQGSJET-II-04 are−2 × 10−19,−0.2 × 10−19, and
−0.02 × 10−19, respectively. These three bounds are even
tighter than the bound quoted in (15).
The bound on negative κ as given by (15) improves the

previous bound (8) by a factor of approximately 3000. As a
comparison to the previous approach of Ref. [3], the
observation of a primary photon with an energy of about
2 PeV ¼ 2 × 1015 eV would be needed to get a similar
bound on negative κ.

D. Other shower observables

While the focus of the present work has been on hXmaxi,
additional shower observables can be studied with the
simulation setup.
The impact of the LV modifications on the shower-to-

shower fluctuations σðXmaxÞ is shown in Fig. 6. Interestingly,
the LV modifications leave σðXmaxÞ essentially unchanged,
different from thebehavior of hXmaxi. This is understandable,
as the shower fluctuations are dominated by fluctuations
in the first interactions of the highest-energy hadronic
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FIG. 5. Simulated values of hXmaxi as a function of the primary
energy for primary protons compared to measured values of
hXmaxi by the Pierre Auger Observatory [18]. The gray boxes
around the data points indicate the systematic uncertainties of the
measurements.
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FIG. 6. Shower fluctuations σðXmaxÞ as a function of the
primary energy for primary protons and iron nuclei.
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values are smaller compared to the unmodified hXmaxi
values. At 1019 eV, for instance, the predictions cover a
range of approximately 22 g cm−2 for the modified case
(κ ¼ −1 × 10−21) and approximately 28 g cm−2 for the
unmodified case (κ ¼ 0). Compared to EPOS LHC, the
differences in hXmaxi are about 8–13g cm−2, where
QGSJET-II-04 gives smaller hXmaxi values and SIBYLL
2.3 larger hXmaxi values. These differences are small
compared to the overall reduction of hXmaxi by the LV
modification allowed by previous bound (8).

C. Comparison to hXmaxi measurements

A comparison of our hXmaxi simulations with hXmaxi
measurements is given in Fig. 5. Only measurements from
the Pierre Auger Observatory [18] are shown here, since the
hXmaxi measurements from the Telescope Array (TA) are
not corrected for detector effects. In any case, the TA
measurements have been found to be consistent with the
Auger measurements [24]. For the maximum LV allowed
by previous bound (8) from Ref. [3], it can be seen that
hXmaxi predictions are significantly below the observations,
regardless of assumptions on the primary mass and the
interaction model. Thus, stricter constraints than before can
be placed on negative κ by the method presented in this
article.
Allowing, most conservatively, for the case of a pure

proton composition, one can see that also the κ ¼ −10−19
case in Fig. 5 appears to be on the lower side of the
observed hXmaxi values above 1018 eV. While we concen-
trate here on obtaining a bound, it is interesting to note that
the elongation rate of a constant proton composition in the
modified case for κ ∼ −10−20 turns out to agree reasonably
wellwith the observations at or above 2 × 1018 eV. Focusing

on the energy bin around 2.8 × 1018 eV and taking the
uncertainties on the measured hXmaxi values into account,
we obtain the following bound:

κ > −3× 10−19 ð98% C:L:Þ: ð15Þ

For completeness, the corresponding bound at 99.9% C.L.
is κ > −1 × 10−18.
The bound (15) is based on EPOS-LHC simulations and

the parametrization (14), where a systematic uncertainty of
20 g cm−2 has been assumed to account for the uncertainties
related to the description of hadronic interactions. We note
that the value of 20 g cm−2 is conservative, as it is taken from
the uncertainty of the unmodified simulations, while the
uncertainty for the modified case is likely to be reduced (see
Sec. III B). Without additional systematic model uncertain-
ties, the 98%C.L. bounds derived fromSIBYLL 2.3c, EPOS
LHC, andQGSJET-II-04 are−2 × 10−19,−0.2 × 10−19, and
−0.02 × 10−19, respectively. These three bounds are even
tighter than the bound quoted in (15).
The bound on negative κ as given by (15) improves the

previous bound (8) by a factor of approximately 3000. As a
comparison to the previous approach of Ref. [3], the
observation of a primary photon with an energy of about
2 PeV ¼ 2 × 1015 eV would be needed to get a similar
bound on negative κ.

D. Other shower observables

While the focus of the present work has been on hXmaxi,
additional shower observables can be studied with the
simulation setup.
The impact of the LV modifications on the shower-to-

shower fluctuations σðXmaxÞ is shown in Fig. 6. Interestingly,
the LV modifications leave σðXmaxÞ essentially unchanged,
different from thebehavior of hXmaxi. This is understandable,
as the shower fluctuations are dominated by fluctuations
in the first interactions of the highest-energy hadronic
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FIG. 5. Simulated values of hXmaxi as a function of the primary
energy for primary protons compared to measured values of
hXmaxi by the Pierre Auger Observatory [18]. The gray boxes
around the data points indicate the systematic uncertainties of the
measurements.
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FIG. 6. Shower fluctuations σðXmaxÞ as a function of the
primary energy for primary protons and iron nuclei.

F. R. KLINKHAMER, M. NIECHCIOL, and M. RISSE PHYSICAL REVIEW D 96, 116011 (2017)

116011-6

39 / 42 M. Niechciol | Seminar at Fyzikální ústav AV ČR (FZÚ), Prague 13.12.2018 

  Comparison to Auger 〈Xmax〉 data (II)

[Klinkhamer, Niechciol & Risse 2017] 

The case κ = -9 × 10-16 can be excluded immediately: much 
deeper showers observed! 
Improving the bound on κ < 0 possible with this approach	
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  New bound on κ < 0

•  Ingredients to calculate an improved bound on κ < 0: 
•  Focus on the energy bin around 2.8 × 1018

 eV 
•  Conservatively assume a pure proton composition 
•  Add a (conservative) systematic uncertainty of 20 g cm-2 due to the 

choice of the hadronic interaction model (here: EPOS LHC) 

•  Improvement w.r.t. the previous bound: factor ~3000 
•  To get the same improvement using the previous approach, the 

observation of a primary photon with an energy of 2 PeV would 
be needed 

•  New bound already entered the current version of the 
Kostelecký/Russell compilation of bounds on LV 

New bound: κ > -3 × 10-19 (at 98 % C.L.)	

[Kostelecký & Russell 1997 (last update 2018)] 

[Klinkhamer, Niechciol & Risse 2017] 
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  Future extensions of this approach

•  Further improvements of the bound on κ < 0 are possible: 
•  Additional 〈Xmax〉 data, e.g. from the AugerPrime upgrade of the  

Pierre Auger Observatory 
•  Reduced uncertainties e.g. on the hadronic interaction models 
•  Taking into account composition constraints (pure proton composition 

already excluded above 3 × 1018
 eV) 

•  Extend the study to additional shower observables, e.g. 
σ(Xmax) or the correlation between Xmax and the ground signal 
•  NB: the latter observable would require full MC simulations (CORSIKA) 

•  Use a similar approach to explore the range κ > 0 
•  Vacuum-Cherenkov emission from secondary electrons in the shower 

could lead to similar modifications of 〈Xmax〉 

[Engel (Auger Collab.) ICRC 2015] 
[Auger Collab., arXiv:1604.03637] 

[Auger Collab. 2016] 
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  Summary

•  Novel approach to test isotropic, nonbirefringent LV in the 
photon sector with greatly improved sensitivity 
•  Approach is based on the measurement of extensive air showers 

induced by ultra-high-energy cosmic rays 

•  LV will lead to a modification of 〈Xmax〉 well above the typical 
resolution of current experiments 
•  Change is mainly due to the decay of photons above an energy 

threshold (in the case κ < 0) 

•  Using current 〈Xmax〉 data, an improved bound on κ < 0 has 
been obtained 
•  Improved existing bounds by a factor ~3000 

•  Possibility to extend this approach in the future to obtain even 
more stringent bounds 
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APPENDIX: LORENTZ-VIOLATING
PHOTON DECAYS

In this appendix, we present some further details on the
Lorentz-violating photon decay process, based on the

theoretical results from Refs. [3,11]. Figure 8 gives the
differential decay rate for photon decay into an electron-
positron pair and Fig. 9 shows the energy fraction of
decaying photons.
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  Expected shift in 〈Xmax〉

Expected shift in 〈Xmax〉: 	

[Klinkhamer, Niechciol & Risse 2017] 

equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
!X

fi − 1
"
;

ð13Þ

where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
secondary photons above threshold then start to be
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FIG. 1. Average atmospheric depth of the shower maximum
hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
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where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
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FIG. 1. Average atmospheric depth of the shower maximum
hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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equal-energy-sharing assumption employed in the analyti-
cal estimate of Ref. [6].
The substantial reduction in hXmaxi of approximately

55 g cm−2 just above the threshold energy for photon decay
into an electron-positron pair is due to two effects: first,
having an electron/positron as primary instead of a photon,
which leads to a shower shortened by approximately
30 g cm−2, and, second, having two lower-energy primar-
ies instead of one higher-energy primary, which again leads
to a shorter shower. Since a symmetric share of energies is
favored just above threshold (see Fig. 8 of the Appendix),
the latter effect can be estimated as approximately
ð85 × log102Þ g cm−2 ≈ 25 g cm−2 (using an elongation
rate of approximately 85 g cm−2 per decade for electro-
magnetic showers).
For energies just above threshold, there is a somewhat

larger elongation rate than at higher energies. The reason is
that, up to about twice the threshold energy, the primary
energy typically allows for just a single case of photon
decay. Only at larger energies, can photon decay happen
more than once, leading to a reduction of the elongation
rate.
We can also try to obtain a better understanding of the

magnitude of the hXmaxi reduction at primary energies far
above the photon-decay threshold. In the cascade, a large
number of secondary shower photons will then be produced
above threshold and undergo photon decay. A simplified
description is that each conversion of a secondary photon
into an electron-positron pair will reduce the corresponding
sub-shower in a similar manner as observed for the primary
conversion. A difference is due to the energy distribution of
the electron-positron pair which favors a more asymmetric
share if the photon energy surpasses the threshold energy

by a factor of 2 or more. Correspondingly, the effect of a
shorter shower due to the production of lower-energy
particles is reduced to a value of approximately
15 g cm−2 (instead of approximately 25 g cm−2 just above
threshold) and leads to a net reduction of approximately
ð30 þ 15Þ g cm−2 ¼ 45 g cm−2 for a sub-shower. The rel-
ative contribution of this sub-shower to the total shower
may be approximated by the fractional energy fi carried by
the secondary photon relative to the primary energy. The
total reduction of hXmaxi of the whole shower is then
expected to contain the sum over all sub-showers from
photon decay,

ΔhXmaxiexpected ≈ 55 g cm−2 þ 45 g cm−2
!X

fi − 1
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where the first term on the right-hand side comes from
the primary conversion and the second term accounts for
secondary conversions. An explicit study of this argument
has been performed for a primary photon energy of
1018 eV. An example of a typical fi distribution in a
shower is shown in Fig. 9 of the Appendix. For this case,P

fi ≈ 5.5 gives ΔhXmaxiexpected ≈ 258 g cm−2, in reason-
able agreement with the result of the MC simulation
in Fig. 1.

B. Primary hadrons

We now consider the case of secondary photons pro-
duced in air showers initiated by primary hadrons. This has
not been studied before and requires an account of the
modification of the neutral-pion decay as well (see Sec. II).
Compared to the case of primary photons, where already
the initial particle is modified by LV, a smaller impact on
hXmaxi is expected here, as hadronic interactions (domi-
nating the start of the cascade) are unaffected by LV in the
photon sector.
The results are displayed in Fig. 2 for primary protons

and iron nuclei. Also hadron-induced air showers are
seen to be significantly affected in terms of hXmaxi, which
is approximately 100 g cm−2 smaller compared to the
unmodified case, for protons at 1019 eV and a κ value
saturating bound (8). The impact is large with respect to the
experimental resolution. For instance, the Xmax resolution
of the Pierre Auger Observatory is better than 26 g cm−2 at
1017.8 eV, improving to about 15 g cm−2 above 1019.3 eV
[18]. Figure 2 also shows that the elongation rate is
modified as well. The reduction amounts to about
25 g cm−2 per decade, relatively independent of the κ value
and the primary type considered.
The modification of hXmaxi occurs if the energy per

nucleon of the primary particle exceeds the LV threshold
energy Ethresh

γ by a factor of approximately 10, because
secondary photons above threshold then start to be
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hXmaxi as a function of the primary energy of a primary photon,
taken from MC simulations performed with the CONEX code
which was modified to include Lorentz violation controlled by a
negative parameter κ. The dashed lines indicate the hXmaxi values
expected from the analytical Heitler-type model of Ref. [6].
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