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Introduction

e Standard model of particle physics is not complete, e.g. gravity

® Current approaches for more comprehensive theories (e.g. Quantum Gravity) allow for
deviations from exact Lorentz symmetry

® Ultra-high-energy cosmic rays and photons are advantageous to determine bounds on
Lorentz violation, because of their high energy

® Lorentz violation affects shower development and the reduction of (Xny.x) is significant
compared to the resolution of current air shower experiments.

Liberati and Maccione, Ann.Rev.Nucl.Part.Sci. 59:245-267, 2009
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LV in SME framework

® QED Lagrangian extended by a 1
single Lorentz violating, but CPT L(x) = Lagp — Z(kF)WpaF“”Fp”
and gauge invariance preserving
term P 1 - - ~ ~
® Tensor with 20 independent ( F)Wpa B E(nupﬁw oo Mo Rp nwﬁ’w)
components

o = = [diag(3,1,1,1
® One parameter x controls = E[ iag(3, 1,1, )]y

isotropic nonbirefringent LV
® Photon propagation is ke (=11
determined by field equations
® SMfork =0, Vph =
here: focus on negative k

Klinkhamer and Schreck, Nucl.Phys.B 848:90-107,2011
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Consequences of positive s

® “Slow” photons: vpn = ,/Hﬂc >cC

® new process introduced

Vacuum Cherenkov radiation

® Charged particles above Efffes" emit

VCh radiation
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Duinkel, Niechciol, Risse. Physical Review D 107:083004, 2023
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Consequences of negative K
® “Fast” photons: vp, = \/1+HC >cC

® 2 new processes are introduced

Neutral pions

*j—e tet om0 5545
* Photon decay above Ef"esh e Stable above E%
1—k 2m — K
Ethresh — 2m ~ e _ ~ thresh
5 e\l 5. P ESY = — - ~182E]
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Limits on LV

k> —9 x 107'%(98% C.L.)

® Obtained by detection of ~ 30TeV photons

° E;"easured < EghreSh — otherwise photons would have decayed (decay length of centimeters)

Klinkhamer and Schreck, Phys.Rev.D 78:085026, 2008
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Effects of LV on longitudinal shower development

® MC simulations at high energies

® Fast numerical cascade
equations for low energies

® 1 dimensional

Bergmann et al.,Astropart.Phys. 26:420-432, 2007
Pierog et al, Nucl.Phys.Proc.Suppl. 151:159-162, 2006

with s = —9 x 10716
~ 2.4 x 108V

ESY ~ 3.2 x 10”eV
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Yushkov for the Pierre Auger Collaboration. PoS ICRC2019:482, 2020

Lorentz violation

05.09.2024

7/14

Nico Spornhauer et al., Universitat Siegen



Other observables

— 140
s CONEX version 2r7p50, SIBYLL2.3d
%x 120
O(Xmax) §E R
. ope . 100—
® Nearly independent of the modification N
® Fluctuations of Xmax mMainly due to the first o
interaction 60—
® |f the air shower is induced by a proton, the a0l
first interaction is unaffected by the c poone
ere . 20—
mod Iﬁcatlon ) r Proton k =-6e-21
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Other observables

£ °F conxesion a0, siVL230
EL18
® |ncrease in muons - 1.4§
e Stable 7° now interact hadronically, instead =3
of feeding the em shower 08‘;
® Onset shifts to higher energies for k — O 06,
® Only partial contribution to explain muon 0af- poone
deficiency in simulations ) 02;

1014 1015 10]6 1017 1019 10]9 1020
Energy of the primary particle [eV]
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Limits on LV through air shower simulations

k> —6 % 1072(98% C.L.)

k> —3x107"(98% C.L.)

e Obtained by comparison of (Xmax) with ® Mixed composition
modified CONEX code and e Combined comparison of (Xyax) and
measurements from the Pierre Auger 0 (Xmax) With shower observations
Observatory allows a much stricter bound
Klinkhamer, Niechciol, and Risse Phys.Rev.D 96:116011, 2017 Duenkel, Niechciol, and Risse. Phys.Rev.D 104:015010, 2021
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CORSIKA

® Motivation: improve limits by including new observables in analysis
® 3 dimensional MC simulation program

® Access to lateral distribution

New available observables such as muon density at ground level

CORSIKA option: CONEX within CORSIKA

Heck et al. FZKA 6019, 1998
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Lateral distribution of muons at ground level

pt lateral distribution (10 eV)

S 10F
E E
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" : Proton (modified, k=-9e-16)
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® Simualtions done with zenith angle 6§ = 0° F
® |ncrease in the number of muons at ground F
level, for this example ~ 40% 107
® Shape of distribution unchanged r
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Change in p,,(1000m)

pp(lOOOm)
g 2 [C CORSIKA version 7.7500, SIBYLL2.3d
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Conclusion and Outlook

® |Implemented LV in CONEX within
CORSIKA

® Agreement with standalone CONEX

® Implement LV in CORSIKA

® |nvestigate impact of LV on
observables connected to the lateral

® New available observables such as ser il cFEb e

p(1000m)
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