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LV: Dispersion relations and Effective Field Theory

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

Kinematical approach – modified dispersion relation:

E 2 = m2 + p2 (1± η0)±
p3

ELIV,1
± p4

E 2
LIV,2

± . . . (1)

Kinematical effects:

time delays,
birefringence,
threshold modifications (decays, ...)

Dynamical approach EFT Lagrangian — dynamical effects:

(Non–threshold) Modification of cross–sections,
Example: Bethe-Heitler process γN → Ne+e−

(the 1st interaction in γ-induced air shower).
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The Idea of LIV: Or How to Stop Worrying and Calculate
LIV Effects Using LI EFT

The main idea is to use effective field theory to produce non-trivial
dispersion relations:

E 2 = m2 + p2 +
p3

MLIV,1
+

p4

M2
LIV,2

+ . . .

Nevertheless, if we have a model that produces generic LIV, we can use
the corresponding dispersion relations derived from it! Models such as
Horava-Lifshitz gravity and non-commutative theories can naturally
achieve this.
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The model: the quartic LIV

L = iψ̄γµDµψ −mψ̄ψ − 1

4
FµνF

µν︸ ︷︷ ︸
QED

+ iκψ̄γiDiψ +
ig

M2
Dj ψ̄γ

iDiDjψ +
ξ

4M2
Fkj∂

2
i F

kj︸ ︷︷ ︸
dim 6 operators that break LI

,

(2)

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:

E 2
γ = k2 +

ξk4

M2
, (3)

E 2
e = m2 + p2

(
1 + κ+

gp2

M2

)2

≈ m2 + p2(1 + 2κ) +
2gp4

M2
. (4)
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The cross-section

The classical result for the Bethe–Heitler process — pair production in the
Coulomb field of an atomic nucleus in the air, γ∗γ → e+e−:

σBH =
28Z 2α3

9m2
e

(
log

183

Z 1/3
− 1

42

)
(5)

with screening.
The suppression of the cross-section:

σLVBH
σBH

≃ 12m2
eM

2
LV

7E 4
γ

· log
E 4
γ

2m2
eM

2
LV

. (6)

arXiv: 1204.5782.
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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

77

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)
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Current experimental limits on LV parameters for dim 6
operators

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

Photon time of flight 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.
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Current experimental limits on LV parameters for dim 6
operators

Photon splitting γ → 3γ: MLV > 4.9× 1015 GeV (for superluminal
case). arXiv: 2106.06393

Modification 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 flux from extragalactic
sources than in the LI case: MLV ≳ 2.4× 1013 GeV. (subluminal)
arXiv:1810.13215

Suppression of shower formation of primary photon of energies 100
TeV - 1 PeV, MLV = 1.7 · 1013 GeV. (subluminal)
arXiv: 2106.06393
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Muon puzzle. How Can LIV Effects Help Solve It?

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

2 There were born charged and neutral pions during the first
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 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 modified.

6 Therefore, [Ne/Nµ]
LV < [Ne/Nµ]

LI.
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Muon puzzle

We introduce so called z–scale, which is defined as

z ≡
ln
〈
Nobs
µ

〉
− ln

〈
NMC
µ,p

〉
ln
〈
NMC
µ,Fe

〉
− ln

〈
NMC
µ,p

〉 , (7)

where
〈
Nobs
µ

〉
is the mean value of the measured muon density,

〈
NMC
µ,p

〉
and

〈
NMC
µ,Fe

〉
are the predicted values for the average muon density for

proton and iron cosmic–ray nuclei, respectively.
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Does it work? Some tests...
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Figure: Proton-induced CR, fixed LIV mass scale MLIV = 3× 1017 GeV
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Does it work? Some tests...
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Figure: Proton-induced CR, fixed primary proton energy Etrue = 1010 GeV.
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Experiments
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Figure: The derived z-scale from the muon density observations in EPOS-LHC
hadronic interaction model.

From the WHISP release.
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Proton CR and Auger
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Auger’s reconstructed z-scale excludes MLIV ≤ 1015 GeV at 99% C. L. for
pure proton-CRs.
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Iron CR and Auger
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Auger’s reconstructed z-scale excludes MLIV ≤ 1014 GeV at 99% C.L. for
pure iron-CRs.
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Conclusions

We have shown that a subluminal LIV in the photon sector on the mass
scale of

MLIV ∼ 10(16...17) GeV (8)

could be an explanation for muon puzzle.
We set conservative 99% C.L. constraint,

MLIV ≳ 1014 GeV. (9)

The current strongest astrophysical constraint:

MLIV ≳ 1.3× 1013 GeV. (10)

Thank you!

This work is supported by RSF foundation under contract 22–12–00253.
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