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In extensive air showers induced by ultrahigh-energy (UHE) cosmic rays, secondary photons are
expected to be produced at energies far above those accessible by other means. It has been shown that the
decay of such photons, as possible in certain theories allowing Lorentz violation, can lead to significant
changes of the shower development. Based on observations of the average depth of the shower maximum
(Xmax)» @ stringent bound on Lorentz violation has been placed in a previous work. Here we include the
shower-to-shower fluctuations 6(X ., ) as an additional observable. The combined comparison of (X,,.,)
and ¢(X 4, ) to shower observations allows a much stricter test of the possible decay of UHE photons,

improving the previous bound by a factor of 50.
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I. INTRODUCTION

In current efforts toward a more fundamental theory in
particle physics, deviations from exact Lorentz symmetry
may occur (see e.g., [1]). To test possible effects of Lorentz
violation (LV), the extremely high energies of cosmic rays
and gamma rays have been used and some of the best limits
on LV were obtained (e.g., [2-6]).

In this article, we focus on isotropic, nonbirefringent LV
in the photon sector. We specialize to the case of a photon
velocity larger than the maximum attainable velocity of
standard Dirac fermions [7] which allows photon decay as a
new process. Specifically, the impact of this type of LV on
extensive air showers initiated by cosmic rays in the Earth’s
atmosphere is exploited, with a focus on ultrahigh energies
(UHE) above 1 EeV = 10'® eV. This approach was first
studied in [8], where an analytical ansatz was used,
modifying the well-known Heitler model for electromag-
netic cascades to include LV through photon decay. A big
impact on the longitudinal shower development of electro-
magnetic cascades was found. Building upon this idea, a
full Monte Carlo (MC) ansatz was used in [6] to study the
impact of LV on air showers initiated by primary hadrons.
For this case of primary hadrons, additionally the modified
decay of neutral pions due to LV [9] has been taken into
account. Comparing the predictions of the average atmos-
pheric depth of the shower maximum (X,,) for air
showers with LV to shower observations, a significant
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limit on LV could be determined. As had been remarked
already in [6], a considerable improvement in sensitivity
may be expected by adding further observables. Here, we
extend that previous work by taking into account the
shower-to-shower fluctuations o(X,,,«) as an additional
observable. As will be shown, much stricter constraints are
indeed possible.

The theory background of LV in the context of this study
and some relevant aspects of the previous analyses are
briefly summarized in Sec. II. The current analysis is
presented in Sec. III, in particular the methodology to
compare simulations and data in more than one observable
and the result after application. Section IV contains a
discussion and a brief summary.

II. THEORY BACKGROUND AND PREVIOUS
BOUNDS

A relatively simple extension of standard quantum
electrodynamics (QED) is used, where a single term which
breaks Lorentz invariance but preserves CPT and gauge
invariance [7,10,11] is added to the Lagrange density:

1 g
L= _ZFWF”” + @[yt (id, — eA,) — mly

standard QED

1
4
CPT-even LV term

(kF);wpo'F/wFpG' (1)

Natural units (A =c¢ = 1) and the Minkowski metric
G (X) = 1, = [diag(+1,-1,-1,-1)],, are used here.

The added tensor (kf),,,, consists of 20 independent
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components. Ten of these produce birefringence, eight lead
to direction-dependent modifications of photon propaga-
tion, and one corresponds to an unobservable double trace
that changes the normalization of the photon field.

The last component causes an isotropic modification of
the photon propagation. Thus, isotropic, nonbirefringent
LV in the photon sector is controlled by a single dimen-
sionless parameter x which is related to the fixed tensor k.
in Eq. (1) in the following way:

(kr ), = 5 [diag(3. 1. 1. 1), 2)

Note that the parameter x is often denoted by & in the
literature, see e.g., [2,5,7]. The phase velocity of the photon
is given by

c. (3)

In physical terms, the velocity ¢ corresponds to the
maximum attainable velocity of the massive Dirac fermion
in Eq. (1), whereas the phase velocity vy, of the photon is
smaller (larger) than ¢ for positive (negative) values of «.
Theory (1) is consistent (i.e., causal and unitary) for x €
(=1, 1] [12], and microscopic models exist for both positive
[12,13] and negative [14] values of «.

For non-zero values of «, certain processes which are
forbidden in the conventional, Lorentz-invariant theory
become allowed. In this article, we focus on the case
k < 0, where photons become unstable above the energy
threshold

1—x
Eh(k) =2 ~ , 4
B(x) = 2| S @)

in which m, ~511 keV is the rest mass of the electron.
Photons with an energy above this threshold decay very
efficiently into electron-positron pairs.

The photon decay length drops to scales of centimeters
and below right above the threshold, resembling a quasi-
instantaneous decay of photons into electron-positron pairs
[5,15]. Above-threshold photons from astrophysical
sources are not able to reach the Earth. Therefore, terrestrial
observations of gamma rays with energies of the order
100 TeV from distant sources were used to impose an initial
limit of [5,15]

k> -9x107'% (98% CL). (5)
Observations of higher-energy photons would improve this
limit. Extensive searches for astrophysical (primary) pho-
tons with PeV or EeV energies were conducted, but so far
no unambiguous photon detection could be reported at
these energies (see e.g., [16]).

However, in air showers initiated by UHE hadrons in the
Earth’s atmosphere, photons with energies > 100 TeV are
expected to be produced as secondary particles: 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, producing more pions, while the neutral pions,
in standard physics, rapidly decay into pairs of photons,
which in turn trigger electromagnetic subshowers.
Especially in the start-up phase of the air shower, where
the energy of the secondary particles is very high, a
modification of the particles due to LV (e.g., the immediate
decay of above-threshold photons) can drastically modify
the overall development of the air shower [6,8].
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FIG. 1. (Xpax) and 6(X . ) as a function of the primary energy
for primary protons and iron nuclei for the absence of LV (x = 0)
and for the previous best bound on « [cf. Eq. (6)]. Shown are also
measurements from the Pierre Auger Observatory [17,18], with
both statistical uncertainties (shown as error bars) and systematic
uncertainties (shown as brackets) included.
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For a consistent treatment within the LV-theory consid-
ered, also the modification of the decay of the neutral pion
into two photons has to be taken into account. Roughly
speaking, neutral pions become stable for energies exceed-
ing E:‘ ~ 13213';h (for more details, see [9]). Although it
was found that the impact on the longitudinal shower
development (which we focus on in this work) is minor [6],
this effect is also included in the present simulations.

Implementing these modifications in MC simulations of
air showers, a strong dependence of the depth of the shower
maximum (X,,,,) on k was found [6], as also displayed in
Fig. 1(a). Comparing to data, a limit of

k>-3x10"" (98% CL) (6)
could be placed. This improved bound (5) based on primary
photons by a factor of 3000 and proved the sensitivity of the
new approach of testing secondary photons in air showers
initiated by primary hadrons.

Still, an important limitation of bound (6) is related to the
uncertain composition of the primary cosmic rays. Due to
this, most conservatively a pure proton composition had to
be assumed. As noted in [6], this limitation could be
overcome by including the shower-to-shower fluctuations
6(Xmax) as an additional observable. In contrast to (X .. ),
the fluctuations show only a minor dependence on k [see
also Fig. 1(b)]. This may allow the exclusion of those
composition assumptions that, for a given x, might be able
to reproduce either (X..) or (X, ) alone, but not both
observables simultaneously.

III. ANALYSIS

To analyze the impact of LV on the development of air
showers, a full MC approach as in [6] is used. The MC code
CONEX [19,20] was modified to include photon decay as
well as the modified decay of the neutral pion. Hadronic
interactions are simulated with EPOS LHC [21] and
QGSJET-1I-04 [22] using CONEX v2r5p40 as well as with
SIBYLL 2.3d [23] using CONEX v2r7p50. For all other
settings, the defaults provided by the CONEX code are used.
We checked that the values derived from simulations
performed with EPOS LHC and QGSJET-II-04 do not
differ significantly between CONEX v2r5p40 and CONEX
v2r7p50.

The exact composition of cosmic ray particles, especially
at high energies, is unknown. To account for any possible
composition of primary hadrons, four elements were
chosen as representatives of their respective mass ranges.
Chosen were protons (mass number A = 1), helium nuclei
(A = 4), oxygen nuclei (A = 16) and iron nuclei (A = 56).
The simulations performed for these different elements
were then combined to simulate data taken from a set of air
showers induced by different primary hadrons. A stepsize
of 2% difference of the relative contributions of the

[T CONEX v2r7p50, SIBYLL2.3d, k =-1 x 10
60 j E=10""®ev
L /Proton
50 — B ) -
WE C "...‘-Ielium
G 40 — i
2 4 ,f'/
Aé : i -
< L i
© - . -
30 /h Oxygen
L L
20 ; Irlon
10 (= | L L | L L | L L | L L L L L L L L L
700 720 740 760 780 800

X e [9 €M7

FIG. 2. The shaded region contains all possible values of
(Xmax) and o(X ) for combinations of air showers induced
by primary protons, helium, oxygen and iron nuclei for x =
—1x 107! and a primary particle energy of 10'%!5 eV. The
“edges” refer to pure compositions as indicated. Displayed are the
proton-helium, helium-oxygen, oxygen-iron and iron-proton
combinations. Any point is differing 2% in composition from
the neighboring points. For instance, the upper curve resembles
the iron-proton mixtures. All other possible combinations pro-
duce values of (X.) and o(X,.) inside the umbrella-
shaped area.

individual elements between the different combinations
was chosen.

An example of the possible range of (X,,.,) and 6/(X .y )
for fixed values of energy and « is displayed in Fig. 2. The
well-known “umbrella”-like shape (see, e.g., [24]) is
visible. It should be kept in mind that the resulting
(Xmax) value of any combination is the same as the
weighted mean of the (X,,,.) values of all components.
In contrast, the o(X,) value of a set of showers with
different primary hadrons is always greater than the
weighted mean of the composites. This is due to the size
of the shower-to-shower fluctuations increasing once
showers induced by different particles with different mean
shower depths are combined.

The sets of simulated values obtained this way are then
compared to the measurements taken by the Pierre Auger
Observatory [17,18]. To accomplish a simultaneous com-
parison of both observables in the extended approach
presented here, in each energy bin a two-dimensional
confidence interval was used, at a confidence level of
98% to have comparability to the previously derived limits.
For this, the statistical and systematic uncertainties of the
(Xmax) and o(X.) observations are approximated by
Gaussian distributions (statistical) and uniform distribu-
tions (systematic) and a contour line encompassing 98% of
the distribution is drawn. The comparison is performed
between all possible combinations of (X,..) and ¢(X .y )
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FIG. 3. Comparison of (X ..} and (X, derived by simu-
lations which incorporate LV to the 2D confidence intervals given
by the measurements of the Pierre Auger Observatory [17,18] for
different values for x and a primary particle energy of 101%15 eV.

covered by the LV
measurements.

An illustration of such a comparison, as well as the
change of (X,,.x) and 6(X . ) in dependence on k, can be
seen in Fig. 3. For x = —1 x 102!, proton showers are
significantly affected and iron showers only little, due to the
smaller energy per nucleon. Thus, compared to the case of
k = 0, the region of allowed values of (X, ..} and 6(X .y )
shrinks considerably. A further reduction of x to k = —1 x
1071 affects the different primaries in a more and more
similar way. Then, the main effect is a shift of the region
toward smaller values of (X,.,) for decreasing values of .

An overlap between two areas (simulated vs observed) in
the figure shows that there are primary hadron combina-
tions which fit the Auger measurements. Reversely, if for a
specific value of « there is an energy at which no primary
hadron combination fits the Auger measurements, it means
this « does not fit the measurements and can thus be
excluded. Scanning over «x and the data energy bins, k. iS
found as the maximum value of ¥ which can be excluded
this way. In other words, for k < k., there is at least one
energy bin where it is not possible to fit the measurements,
whatever the primary hadron combination. We excluded,
for the time being, the two highest-energy bins (above
10930 V) due to the comparably small statistics.

For the different hadronic interaction models this yields
different values of k.. An illustration of the differences
between the values of (X ) and 6(X . ) for each model can
be seen in Fig. 4. The most conservative k. is gained by
using the SIBYLL 2.3d model which gives a new limit of

simulations and the Auger

K> Keie = —6 x 107! (98% CL) [SIBYLL 2.3d].  (7)
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FIG. 4. Comparison of (X.c) and o(X,.,) derived by simu-
lations done with different hadronic interaction models which
incorporate LV to the 2D confidence intervals given by the
measurements of the Pierre Auger Observatory [17,18] for xk =
—1 x 107! and a primary particle energy of 10115 eV.

A slightly stricter limit is achieved using the EPOS LHC
model, resulting in a limit of —5 x 1072!. Due to the much
shallower showers simulated with QGSJET-1I-04, even for
k = 0 (no LV) the simulations are not able to reproduce the
data in a self-consistent way. This known fact (see e.g.,
[17]) indicates shortcomings in this specific hadronic
interaction model.

The new bound of k. = —6 x 107! improves the
previous bound (6) by a factor of 50.

IV. DISCUSSION

The energy bin driving the new limit in this paper is the
energy range from 10! eV to 10'%? eV with a mean
energy of 1013 eV. This is primarily due to the observed
6(Xmax) Vvalue being significantly lower than the one
predicted for pure protons. Only compositions with a fairly
small contribution of protons are able to reproduce this
observation.

In Fig. 5, all simulated combinations compared to the
confidence interval derived from Auger data for this critical
energy-k combination can be seen. For this value of «, the
umbrella-shaped area which encompasses all possible
combinations of (X.x) and o(X,.) allowed by the LV
simulations almost “touches” the range allowed by the
Auger data. With an increase in « (i.e., less strong LV) the
value of (X, also increases, which leads to a pure
Helium composition being the CR-composition which first
matches the experimental data. Further improvements of
the bound can be expected when the possible compositions
of primary cosmic ray particles can be further restricted.
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FIG. 5. Comparison of (X,..) and o(X,.) derived by LV
simulations to the 2D confidence interval given by the measure-
ments of the Pierre Auger Observatory for k. = —6 x 107! and
a primary particle energy of 1091 eV.

It is worth noting that an updated Auger data set is used
in this work compared to the previous analysis [6] that led
to bound (6). However, using the method detailed in [6],
based on (X,,,,) alone, would only yield minimal improve-
ments in the previous bound on x. The main step forward
here is the inclusion of o(X ,,,) as a second observable.

The new bound is quite stable against the choice of the
energy bin. A limit of —8 x 107! would result from several
other energy bins (in the range from 1088 eV to
10" eV). Formally, the energy bin at 10'>3 eV—which
we excluded here due to small statistics — would yield a
somewhat stricter bound of =3 x 10721,

Further improvements on this bound can come from
reduced experimental uncertainties. For instance, uncer-
tainties reduced by a factor of 2 would lead in this case to
bounds on k improved by more than an order of magnitude.
Stronger bounds also appear possible if additional

observables, such as the signal size of the ground array,
are taken into account.

In summary, we tested the presence of the decay of
secondary UHE photons that are expected to be produced
in extensive air showers. Such decays, predicted as an LV
effect in the theory framework considered, can affect the
longitudinal shower development in a significant and well-
defined way. Comparing to measurements by the Auger
Observatory of (X, ..} and, as a further observable added in
this work, the shower-to-shower fluctuation (X, ), a new
bound on the LV-parameter « was derived. The new limit of
k> —6x 107! (98% CL) improves the previous bound
by a factor of 50. It should be noted that in the theory
considered here, LV is limited to the photon sector.
Through appropriate coordinate transformations, however,
LV can be moved to the fermion sector [25,26]. Then,
bound (7) translates, in leading order, to

—[k = (4/3)cs) < 6 x 1072, (8)

where the coefficient ¢y, denotes a possible isotropic c-type
LV in the fermion sector [11].

Together with the present best limit on positive « [3-5],
where the mere existence of UHE cosmic rays was
exploited to exclude vacuum Cherenkov radiation of the
primary cosmic rays, k is now bracketed by

6x 10720 > k> —-6x 1072 (98% CL). 9)

In this work, we focused on the effect of k¥ < 0 on the
UHE shower development. The corresponding analysis of
the effect of x > 0 will be reported on in a future study.
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