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How to construct Lorentz-invariance violation theories?

1. Kinematical approach:

E2 = k2 +
∑

n=1,2,...

sn
k2+n

Mn
LIV,(n)

, (1)

Violation can be different: «subluminal» (sn = −1) и
«superluminal» (sn = +1). Different regimes can lead to
different physical consequences.

2. Effective field theory approace:

LLIV ⊃ LSM +
∑
n

1

Λn
On. (2)
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What does Lorentz invariance violation lead to. . .

1. Shifted reaction thresholds, other decay widths, scattering
cross-sections, time delays in propagation over large
distances (new phase velocities), birefringence... — a large
field for phenomenology.

2. New processes prohibited by conservation laws in LI
physics.
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Current constraints
A. Addazi, J. Alvarez-Muniz, R.A. Batista et al. Progress in Particle and Nuclear Physics 125 (2022) 103948

Table 1
Strong and recent astrophysical bounds to LIV in the QED sector using synchrotron radiation (Synch.), vacuum Cherenkov radiation
(VC), photon decay (PD), photon splitting (3γ ), air shower suppression (AS), and pair production (PP) on the EBL. The bounds from
Ref. [1359] were translated to the pure photon sector and n = 2 term. .
e−/γ Test

of
QG

Sub(-) or
super(+ )
luminal

Limits Source Ref.

|ξ0|(|η0|) E(1)
LIV (eV) E(2)

LIV (eV)

e− Synch. both 2 × 10−20 1033 2 × 1025 CRAB [1340,1341,1361]
e− VC (+) 10−20 1031 1023 CRAB [1338,1344,1362]
γ PD (+) 7.1 × 10−19 1.7 × 1033 1.4 × 1024 LH. J2032+4102 [1163]
γ PD (+) 1.3 × 10−17 2.2 × 1031 8 × 1022 MultiSrc [1356]
γ PD (+) 1.8 × 10−17 1.4 × 1031 5.8 × 1022 eHWCJ1825–134 [1356]
γ PD (+) 2.2 × 10−17 9.9 × 1030 4.7 × 1022 eHWCJ1907+063 [1356]
γ 3γ (+) – – 2.5 × 1025 LH. J2032+4102 [1163]
γ 3γ (+) – – 1.2 × 1024 eHWC J1825–134 [1356]
γ 3γ (+) – – 1.0 × 1024 eHWC J1907+063 [1356]
γ 3γ (+) – – 4.1 × 1023 CRAB [1355]
γ AS (-) – – 1.7 × 1022 diffuse (Tibet) [1164]
γ AS (-) – – 6.8 × 1021 LH. J1908+0621 [1164]
γ AS (-) – – 1.4 × 1021 CRAB [1355]
γ AS (-) – – 9.7 × 1020 CRAB [1355]
γ AS (-) – – 2.1 × 1020 CRAB [1361]
γ PP (-) – 1.2 × 1029 2.4 × 1021 MultiSrc (6) [1363]
γ PP (-) 2 × 10−16 2.6 × 1028 7.8 × 1020 Mrk 501 [1348,1364]
γ PP (-) – 1.9 × 1028 3.1 × 1020 MultiSrc (32) [1359]

showers begin deeper than in the standard case. If the shower starts significantly deeper, it cannot be recognized
as a photon shower by the observations. The predicted effect is similar to those of photon splitting: the observable
photon flux from a source is suppressed by an energy-dependent factor P [1361]. The absence of such effect in the
observations of Crab Nebula photon spectrum leads to the strong constraint on LIV of subluminal type in the photon
sector [1355,1361], see Table 1. Note that although the suppression of Bethe–Heitler process seems to be a general
feature whenever the photon dispersion relation is subluminal, the quantitative calculation has been made only for
the case n = 2 [1010]. The calculation related to n = 1 have not been provided yet and may be an interesting task.
The Bethe–Heitler process applied to the showers initiated by UHE photons is discussed in Section 5.3.1.3.

5.3.1.2. Neutrinos. The propagation of cosmic neutrinos may be affected by processes which are forbidden in SR and
allowed in a LIV scenario. Neutrino pair production (ν → νe+e−) is an example of a reaction which is due to LIV and has
a threshold depending on the energy scale of LIV and on the electron mass. This reaction is dominant over, e.g., production
of a pair µ+µ−, which has a much higher threshold because of the large muon mass with respect to the electron mass.

Another process which is comparable to the neutrino pair production is neutrino splitting ν → ννν̄. In this case, there
is no threshold if one assumes zero mass for neutrinos, but LIV defines an energy scale with acts as an effective threshold,
since the process has a suppression below that energy scale, which can be seen to be of the order of the threshold scale
for pair production for LIV scales around the Planck mass.

Neutrino decays according to the previous processes entail a mechanism of energy loss for neutrinos besides the one
given by the expansion of the universe, together with a change in the neutrino population of the neutrino flux. It is
important then to understand how the spectrum of cosmic neutrinos gets modified by these non-conventional LIV effects.

Neutrino pair production proceeds through neutral or charged channels, mediated by a Z0 boson, or a W±, respectively.
The first process was carefully computed in Ref. [1365], which obtained the corresponding decay rate in different LIV
scenarios. This result was then used both in Monte Carlo simulations [1366] and in an analytical model [1367] to obtain
the new features in the LIV-modified spectrum. The simulations of Ref. [1366] contained both pair production and neutrino
splitting processes, neglecting charge current interactions (which only affect to electron neutrinos and are only important
1/3 of the time because of neutrino oscillations) and approximating the decay rate in the case of neutrino splitting, which
is driven only by a neutral current interaction, as three times the result given in Ref. [1365] for the pair production process.
In contrast, the analytical model of Ref. [1367] only included the pair-production process.

The previous numerical and analytical works both found a cutoff in the neutrino spectrum around the value of the
above mentioned threshold energy scales for the case of a quadratic correction (proportional to Λ−2, where Λ is a
high-energy scale) of the neutrino dispersion relation as the most characteristic feature of the modified spectrum.

ChoosingΛ in such a way that the cutoff is of the order of 10 PeV (which corresponds to a value ofΛ around two orders
of magnitude below the Planck scale), the feature is compatible with the IceCube data for the detected cosmic neutrinos
of the highest energies [1368]. While the initial absence of detected neutrinos around the Glashow resonance at 6.3 PeV
(corresponding to a resonant formation of a W− boson in the interaction of a high-energy electron antineutrino with an
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Fig.: Current constraints for LIV in QED. Abbr.: Synch. —
synchrotron radiation, VC — vacuum Cherenkov radiation, PD —
photon decay, 3γ — photon splitting, AS — air showers, PP —
e+e−–produciton on extragalactic background light. See Addazi et al.,
2022.
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n = 2 LIV QED

The theory is:
L = LQED + Le + Lγ , (3)

Higher dimension operators:

Lγ =
s2

4M2
LIV

Fkj∂
2
i F

kj , (4)

Le = iκψ̄γiDiψ +
ise2

M2
LIV, e

Djψ̄γ
iDiDjψ, (5)

where s2, se2 = ±1.
Lγ : [s2] ≡ [m]0, [MLIV] = [m]1.
Le: [se2] ≡ [m]0, [κ] = [m]0, [MLIV, e] = [m]1.
MLIV и MLIV, e — Lorentz invariance violation parameter.
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LIV QED with n = 2: overview

We omit Le: constraints on MLIV,e = 2× 1016 ГэВ (95% C.L.)
from anomalous synchrotron radiation and vacuum Cherenkov
radiation of soft electrons from Crab Nebula (arXiv:1207.0670
[gr-qc]).
Since that we consider only Lγ , because the current constraint
for «subluminal» theory is (arXiv:2106.06393 [hep-ph])

MLIV > 1.7× 1013 ГэВ. (6)

The dispersion relation for «subluminal» photon reads as:

E2
γ = k2γ −

k4γ
M2

LIV
. (7)

5 / 18



EASs experiments: «the muon puzzle»

How to test the muon problem:

z ≡
ln
〈
Nobs

µ

〉
− ln

〈
NMC

µ,p

〉
ln
〈
NMC

µ,Fe

〉
− ln

〈
NMC

µ,p

〉 , (8)

где
〈
Nobs

µ

〉
— the average number of observed muons,

〈
NMC

µ,p

〉
(
〈
NMC

µ,Fe

〉
) — average numbers of muons for

proton(iron)-induced CR in MC.
If the EAS is initiated by a proton-CR, then z = 0; if it is
ititiated by an iron-CR, then z = 1.
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«The muon puzzle»

1015 1016 1017 1018 1019 1020

Ereco, eV

−1

0

1

2

3
z

AGASA

Auger FD+SD

Auger UMD+SD

Haverah Park

IceCube

KASCADE-Grande

NEVOD-DECOR

SUGAR

Yakutsk

Fig.: Predictions for z-scale parameter based on muon densities
(hadron model is EPOS-LHC). WHISP, 2023.

Who observes the muon anomaly: SUGAR, NEVOD-DECOR,
Auger FD+SD, Auger UMD+SD.
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How the LIV QED changes the phenomenology

The Bethe-Heitler process is crucial for the EAS evolution:

Zγ∗γ → Ze+e− (9)

— pair-production by an external photon γ in a Coloumb field
of an atom (γ∗). The classical result is (H. Bethe, W. Heitler,
1934):

σLI
BH =

28Z2α3

9m2
e

[
log

183

Z1/3
− 1

42

]
. (10)

Comparing the LI case with the process in the LIV case with
n = 2 (G. Rubtsov, P. Satunin, S. Sibiryakov, 2012):

σLIV
BH
σLI

BH
≃ 12m2

eM
2
LIV

7E4
γ

× log
E4

γ

2m2
eM

2
LIV

. (11)
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How the LIV QED changes the phenomenology

Note that

σLIV
BH
σLI

BH
≃ 12m2

eM
2
LIV

7E4
γ

× log
E4

γ

2m2
eM

2
LIV

∼ E−4
γ logE4

γ , (12)

therefore,
σLIV

BH ≪ σLI
BH, (13)

so for high-energies λLIV ≫ λLI. This allows us to conclude that
the development of the electron-positron shower will be reduced
in the case of Lorentz violation (it will be less «intense»).
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«The muon puzzle»

Analyzing the full development of the EAS, we find that the
number of electrons satisfies ⟨NLIV,e⟩ < ⟨NLI,e⟩. However, the
number of muons remains unchanged (this requires verification
through simulations). As a result, the energy of the primary
particle is underestimated. Consequently, the expected number
of muons is also underestimated due to the electron deficit,
which leads to larger values of z.
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Monte-Carlo, CORSIKA: re(ξ)

Первый шаг:
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ξ = (meMLIV)−1/2A−1E
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r e
=

ln
〈N
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L
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ln
〈N

e,
L
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Monte-Carlo, CORSIKA: rµ(ξ)
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Monte-Carlo, CORSIKA: fixed MLIV = 3× 1017 GeV
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Monte-Carlo, CORSIKA: fixed energy E = 1019 eV
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Results
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Fig.: Best-fit value is MLIV = 1.9× 1016 GeV based on Pierre Auger
data.
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Is there anything else?

Lorentz invariance violation can
also be invoked to explain other
phenomenological features at
high energies.
Could the second «knee» (a
spectral break) observed, for
instance, in the Tunka-133
experiment be explained within
this framework? (L. A.
Kuzmichev.)

Fig.: The spectrum becomes
steeper at energies E ≳ 3× 1017

eV. arXiv:2104.03599
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Tunka-133
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Conclusions

▶ We obtain a new constraint on the LIV QED parameter for
n = 2, based on data from the Pierre Auger Observatory.

▶ For instance, our best-fit value, MLIV ∼ 1016 GeV (95%
C.L.), is preferred with generic LIV scenarios, including
Horava–Lifshitz gravity.

▶ A broad field for phenomenological studies!
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Дополнительные слайды
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Различные модели адронных взаимодействий
P
o
S
(
I
C
R
C
2
0
2
3
)
4
6
6

Update on the Combined Analysis of Muon Measurements J.C. Arteaga-Velázquez

Preliminary

Figure 2: The z-scale derived from the muon density measurements using Eq. (1) and predictions of
different pre- and post-LHC hadronic interaction models. If no points of an experiment are shown for
a given panel, it means that the corresponding MC simulations were missing. The error bars represent
total uncertainties (statistical and systematic errors added in quadrature), but for Haverah Park, where only
statistical uncertainties are shown.

to experimental differences between the simulations and the data. The MC simulations are usually
provided by the different experimental collaborations. The Haverah Park data used for our analysis
do not include the detector simulations yet, since the corresponding working group is in process of
updating the Haverah Park analysis in the light of the new high-energy hadronic interaction models.

The comparison of the measured data and the MC simulations is done through the calculation
of the so called z-scale, which is defined as

𝑧 =
ln⟨𝑁det

𝜇 ⟩ − ln⟨𝑁det
𝜇,p⟩

ln⟨𝑁det
𝜇,Fe⟩ − ln⟨𝑁det

𝜇,p⟩
, (1)

where ⟨𝑁det
𝜇 ⟩ is the mean value of the measured muon density and ⟨𝑁det

𝜇,p⟩ (⟨𝑁det
𝜇,Fe⟩ ) is the respective

prediction for the average muon density for proton (iron) cosmic-ray nuclei. The z-scale is defined
in such a way that 𝑧 = 1 and when the measurements are in agreement with the predictions for iron
primaries and 𝑧 = 0, when they are consistent with the expectations for protons-induced EAS. The
definition has the advantages that it eliminates the energy dependence that is observed in the muon
density data and cancel possible linear biases in these quantities. More details about the z-scale can
be found at [1, 19].

In Fig. 2, we present the values of the z-scale for the data from eleven experiments [2–
7, 9, 10, 17–19, 22–25]. The comparisons are performed in the framework of different post- and
pre-LHC high-energy hadronic interaction models, when MC simulations are available. For the
former, we considered the QGSJET-II.04 [20], EPOS-LHC [21], SIBYLL 2.3 [26], SIBYLL 2.3c
[27] and SIBYLL 2.3d [28] models, and for the latter, QGSJET01 [29], QGSJet-II.03 [30], and
SIBYLL 2.1 [31]. From a first analysis of the results of Fig. 2, we observe that the measurements
are found between the predictions of the hadronic interaction models only up to ∼ 1017 eV. At
higher energies, we distinguish two possible behaviors of the data: a muon excess over the MC
predictions for p and Fe primaries and a tendency of the data to lie close to, or even below, the

4

Fig.: Параметр z в различных адронных моделях. WHISP, 2023.
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Лоренц-нарушение для других типов полей

Скалярное поле:

Ls = i
κ

MPl
φ̄(n · ∂)3φ =⇒ E2 ≃ p2 +m2 +

κ

MPl
|p|3. (14)

Фермионное поле:

Lf =
1

MPl
ψ̄(η1γ

µnµ + η2γ
µnµγ5)(n · ∂)2ψ. (15)

Векторное поле — в докладе и в самой работе.

arXiv: 0301124 [hep-ph]
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Состав ШАЛ

Число электронов можно оценить степенной функцией:

⟨Ne⟩ ∝ A−αe
recoE

βe
reco, (16)

то есть

ln[Ereco/GeV] = εe + (αeβ
−1
e ) lnAreco + β−1

e ln ⟨Ne⟩ , (17)

откуда видно, что мы действительно будем недооценивать
энергию Ereco, так как ⟨NLIV,e⟩ < ⟨NLI,e⟩.
Аналогично:

Nµ ∝ AαµEβµ (18)

или
ln ⟨Nµ⟩ = −nµ + αµ lnA+ βµ ln[E/GeV]. (19)
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Разватие ШАЛ

Итого:
z =

lnA

ln 56
+

βµ
αµ ln 56

ln

[
E

Ereco

]
. (20)

Удобно ввести следующие параметры для анализа:

re ≡ ln

[ ⟨Ne,LI⟩
⟨Ne,LIV⟩

]
, rµ ≡ ln

[ ⟨Nµ,LI⟩
⟨Nµ,LIV⟩

]
. (21)

«Универсальный» параметр:

ξ ≡ (meMLIV)
−1/2A−1E. (22)

При этом удобно параметризовать re(ξ) следующим образом:

re(ξ) = re,0 ln

[
1 +

(
ξ

ξ0

)ϱ]
, rµ(ξ) = 0. (23)
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Симуляции на CORSIKA 7.7550

EPOS 1.99 (UrQMD 1.3.1) модель для высокоэнергетических
(низкоэнергетических) адронных взаимодействий и EGS4
для электромагнитных взаимодействий.
Предполагается рассматривать только вертикальные ШАЛ
θ = 0 с анализом состава частиц на уровне моря. Симуляции
проводятся для двух типов частиц: протонов и железа.
Энергеический порог на электроны: Ee > 1 МэВ, на мюоны:
Eµ > 1 ГэВ.
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Алгоритм

1. Нахождение εe, αe, βe и nµ, αµ, βµ в диапазоне энергий
1016 эВ до 5× 1019 эВ в случае ЛИ. Усреднение по числу
ливней.

параметры εe αeβ
−1
e β−1

e nµ αµ βµ

значение 3.832 0.089 0.890 3.621 0.076 0.921

1σ 1.169 0.046 0.053 0.173 0.012 0.008

2. Модификация EGS4 в CORSIKA в диапазоне
MLIV ∈

{
1013, 1014, . . . , 1018

}
эВ. Аппроксимируем

зависимости re(ξ). Проверяем, что rµ(ξ) = 0.

значение re,0 ξ0 ϱ

best-fitting value 0.052 35.290 2.407
1σ 0.013 2.156 0.568

18 / 18


