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LV: Dispersion relations and E�ective Field Theory

▶ Motivation: how to produce the theories with the traces of the
Planck scale.

▶ Kinematical approach � modi�ed dispersion relation:
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Kinematical e�ects:
▶ time delays,
▶ birefringence,
▶ threshold modi�cations (decays, ...)

▶ Dynamical approach EFT Lagrangian � dynamical e�ects:
▶ (Non�threshold) Modi�cation of cross�sections,

Example: Bethe-Heitler process γN → Ne+e−

(the 1st interaction in γ-induced air shower).



How to construct LIV in QFT with all bene�ts of classical

QFT?

The simplest guiding-scheme of a building of the lagrangian:

1. Quadratic in the same �eld;

2. One more derivative than the usual kinetic term;

3. Gauge invariant;

4. Lorentz invariant, except for the appearance of nα;

5. Not reducible to lower dimension operators by the equations of
motion;

6. Not reducible to a total derivative.



The model: the quartic LV

L = iψ̄γµDµψ −mψ̄ψ − 1
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where Dµψ = (∂µ + ieAµ)ψ.
The strength of LV is characterized by three parameters:
[κ] = [m]0, [g ] = [m]0, [ξ] = [m]0.
The LV terms modify the dispersion relations for photons and
electrons/positrons:
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The cross-section

The classical result for the Bethe�Heitler process � pair production
in the Coulomb �eld of an atomic nucleus in the air, γ∗γ → e+e−:
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with screening.
The suppression of the cross-section:
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Current experimental limits on LV parameters
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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Figure: 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.

From A. Addazi et al. (2022)



Current experimental limits on LV parameters for dim 6

operators

▶ Constraints on LV in electrons: MLV > 2× 1016 GeV.

▶ Photon time of �ight from distant sources:
MLV,γ > 6.4× 1010 GeV (AGN), MLV > 1.3× 1011 GeV
(GRB).

See data tables for Lorentz and CPT violation (arXiv: 0801.0287).



Current experimental limits on LV parameters for dim 6

operators

▶ Photon decay to e+e− pair: MLV > 2.8× 1012 GeV (for
superluminal case).

▶ Modi�cation of pair production on background photons.
Subluminal LV in photons shifts the threshold of pair
production upward. This leads to higher predictions for the
VHE photon �ux from extragalactic sources than in the LI
case: MLV ≳ 3× 1011 GeV.

▶ Non-obervation of a photon component in UHECR. In LI case
VHE photons get absorbed throught pair produciton on CMB,
whereas LV at a scale below MLV would suppress this process
and UHE photons would reach the Earth. This constraint
relies on the assumption that the dominant component of
UHECR are protons that give rise to UHE photons through a
cascade starting with a pion production on CMB (GZK
process). MLV ≳ 1.2× 1022 GeV.



The idea

1. The energy of the primal particle is ∼ 1019 eV.

2. There were born charged and neutral pions during the �rst
interaction: p → π±π0.

3. Decay modes: π+ → µ+νµ, π
− → µ−ν̄µ, π

0 → 2γ.

4. These created photons have the energies ∼ 1017 eV (that is
bigger by 2 order than the energies of air showers initiated by
photons, 1017 eV, more sensitive, than for energies 1015 eV. In
case of LV σLV < σLI, therefore, λLV > λLI, from which the
shower decreases in the plane XY . The main thing is � fewer
Ne electrons born.

5. The number of Nµ muons is the same if photonuclear
reactions are not modi�ed.

6. Therefore, [Ne/Nµ]
LV < [Ne/Nµ]

LI.



Air showers: iron and proton initiated showers



The observable value

z =
ln ⟨Nµ⟩ − ln ⟨Nµ,p⟩

ln ⟨Nµ,Fe⟩ − ln ⟨Nµ,p⟩
, (7)

where z = 0 is for proton-induced air shower and z = 1 is for
iron-induced air shower.

▶ ⟨Nµ⟩ � the measured value of muons' number,

▶ ⟨Nµ,Fe⟩, ⟨Nµ,p⟩ are MC�values for proton (iron) simulations.



The muon puzzle

Muon excess in data with regard to p/Fe predictions appears at
energies > 1017 eV in Auger, Telescope Array, SUGAR and
NEVOD�DECOR measurements.

J.C. Arteaga-Update on the combined analysis of  µ data

4) Combined analysis

9ICRC 2023, Nagoya, Japan

Preliminary

J. C. Arteaga � Update on the combined analysis of µ data



The muon puzzle

J.C. Arteaga-Update on the combined analysis of  µ data

4) Combined analysis
‣ The z-scale after applying the energy shifts for common energy calibration.

11ICRC 2023, Nagoya, Japan

Preliminary

J. C. Arteaga � Update on the combined analysis of µ data



The result: preliminary scanning for MLV

The parameters of the primal particle: proton with E0 = 1019 eV,
spherical coordinates θ = φ = 0, averaged by 40 showers of MC.



The result
The parameters of the primal particle: proton with E0 = 1019 eV,
spherical coordinates θ = φ = 0, averaged by 300 showers of MC.
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The result and the comparison

Our constraint:
MLV ≳ 2× 1017 GeV. (8)

The strongest astrophysical constraint:

MLV ≳ 3× 1012 GeV, (9)

if we do not take into account the constraint from non-observation
of a photon component in UHECR (≳ 1019 eV):
MLV ≳ 1.2× 1022 GeV.



Thank you!


