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LIV: 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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Current experimental limits on LIV parameters

5.3.2. Further discussions: LIV vs DSR

As commented in the introduction, the main ingredient of DSR scenarios, differing from LIV theories,
is a non-additive composition law for the momenta. This produces a cancellation of effects such that
the possible phenomenology induced by LIV corresponding to forbidden processes in SR, is not allowed
in this case. Moreover, stringent constraints coming from LIV modifications of allowed processes in SR
(such as those obtained from the development of air showers mentioned above) do not immediately apply
to DSR, since in this case, and in contrast with the LIV case, the fractional change of the threshold
energy is proportional to the threshold energy divided by the high-energy scale [640, 1243]. Whilst
this fractional change is really small when the high-energy scale is of the order of the Planck scale,
one could contemplate the possibility of a much lower high-energy scale if one discards possible effects
in time delays in a DSR scenario. Then, this opens up a completely new phenomenology usually not
contemplated in the literature. In particular, there are recent works considering this possible scenario
in particle accelerator physics [641], in particle decays [1392] and in astrophysical processes, like photon
interaction with EBL [640], allowing to get a constraint of the order of some TeV on the high-energy
scale.

5.3.3. Current experimental limits on LIV parameters

A list of the constrains on the LIV parameters in the QRD sector obtained from different observations
are collected in Table 1.

e−/γ
Test
of

QG

Sub(−) or
super(+)
luminal |ξ0|(|η0|)

Limits

E
(1)
LIV (eV) E

(2)
LIV (eV)

Source Ref.

e− Synch. both 2× 10−20 1033 2× 1025 CRAB [1340, 1341, 1361]

e− VC (+) 10−20 1031 1023 CRAB [1338, 1344, 1393]

γ PD (+) 7.1× 10−19 1.7× 1033 1.4× 1024 LH. J2032+4102 [1167]
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 [1167]
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) [1168]
γ AS (−) - - 6.8× 1021 LH. J1908+0621 [1168]
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) [1394]
γ PP (−) 2× 10−16 2.6× 1028 7.8× 1020 Mrk 501 [1348, 1395]
γ PP (−) - 1.9× 1028 3.1× 1020 MultiSrc (32) [1359]

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.

5.4. Decoherence
The most widely used formalism to describe fundamental decoherence is the one based on the

Lindblad equation describing the evolution of open quantum systems. The Lindblad evolution equa-
tion [1396–1398] is a linear equation for the density matrix ρ of an open system, interacting with an

112

A. Addazi et al. (2022)
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Myers-Pospelov EFT = QED with cubic LIV

LI is broken by external fixed timelike vector n𝜇 = (1, 0, 0, 0).
EFT (CPT-odd!): the only LIV dim 5 operators to the Lagrangian.

ℒ = ℒQED + ℒ𝛾 + ℒe , (2)

ℒQED = 𝜓(i𝛾𝜇D𝜇 −m)𝜓 − 1

4
F𝜇𝜈F

𝜇𝜈 , (3)

ℒ𝛾 =
𝜉

MPl
n𝜇F𝜇𝜈n · 𝜕

(︁
n𝜎F̃

𝜎𝜈
)︁
← break the DR for photons, (4)

ℒe =
1

MPl
𝜓(n · 𝛾) (𝜂L(1− 𝛾5) + 𝜂R(1 + 𝛾5)) (n · 𝜕)2 𝜓

← break the DR for electrons (will not be considered).

(5)

Myers, Pospelov, Phys. Rev. Lett. (2003)
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Myers-Pospelov model - Dispersion relations

Left- and right- polarized photons:

𝜀𝜇(L) =
1√
2
(0, 1,−i , 0), 𝜀𝜇(R) =

1√
2
(0, 1, i , 0). (6)

Different signs in the dispersion relation for different polarizations:

E 2
(L) = k2(L) +

2𝜉

MPl
k3(L) – superluminal, (7)

E 2
(R) = k2(R) −

2𝜉

MPl
k3(R) – subluminal. (8)

Left- and Right- chiral electrons:

E 2
(.) = m2 + p2(.) + 2𝜂(.)

p3(.)
MPl

, (.) = (L) or (R) (9)
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Myers-Pospelov model: Kinematical constraints on ELIV,1

for photons

H.E.S.S. 2011 and Fermi 2009

Time delays

AGN: ELIV,1 > 2 · 1018 GeV
GRB: ELIV,1 > 1.5 · 1019 GeV

Gotz et al, 2013 and Galaverni et al, 2015

Birefringence (n=1 only)

GRBs: 𝜉 < 3.4 · 10−16 ↔ ELIV,1 > 1.8 · 1034 GeV
Combined: 𝜉 < 8.6 · 10−17 ↔ ELIV,1 > 7.1 · 1034 GeV

Extremely strong limits from birefringence. However, independent
constraints from other processes may be also interesting.
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The fate of VHE (TeV-PeV) photon & crucial reactions
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QED processes crucial for super- and subluminal photons

Appear in case of superluminal LIV (E 2 = k2 + kn+2

En
LIV,n

):

Photon decay 𝛾 → e+e−,

Photon splitting 𝛾 → 3𝛾.

Both processes suppress the photon flux.

Modified in case of subluminal LIV (E 2 = k2 − kn+2

En
LIV,n

):

Pair production on background photons, 𝛾𝛾b → e+e−. It responsible
for suppression of the extragalactic photon flux in LI case. In
subluminal LIV the process suppressed → the photon flux may be
enhanced.

Pair production in Coulomb field of a nuclei 𝛾N → N e+e−

(Bethe-Heitler process) in subluminal LIV the process suppressed →
the observed photon flux suppressed.
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VHE (TeV - PeV energies) photons

Assumption: both polarizations produced in the source (additional analysis
is needed!)

E 2
(L) = k2(L) +

2𝜉

MPl
k3(L) – superluminal case, (10)

E 2
(R) = k2(R) −

2𝜉

MPl
k3(R) – subluminal case. (11)

If some photon-like events detected (polarization is unknown):

No decay/splitting at these energies,

No observational suppression of shower formation.
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Atmosphere shower formation: sensitivity to LIV

The first interaction in the
atmosphere is pair production in the
Coulomb field of a nucleus
(Bethe, Heitler, 1934).

The most energetic interaction →
the most sensitive to LIV.
Suppressed in case of subluminal LV.

Subsequent interactions — less
energetic, no change in LIV case in
the leading order.

Andrey Sharofeev (INR & MSU) Constraints on cubic LIV in QED 4 October 2023 10 / 20



Bethe-Heitler process and sensitivity to LIV

Cross-section in LI case with screening (Bethe, Heitler, 1934):

𝜎LIBH =
28Z 2𝛼3

9m2
e

(︂
log

183

Z 1/3
− 1

42

)︂
. (12)

In case of subluminal LIV the cross-section gets suppressed (idea:
Vankov, Stanev, 2002).
Calculation for LIV (n = 2) – Rubtsov, Satunin, Sibiryakov, 2012.
In the limit E 3

𝛾 ≫ meE
2
LIV ,1, the cross-section reads (n = 1,

R-polarization),

𝜎LVBH ≃ 𝜎LIBH · 1.7
m2

eELIV,1

E 3
𝛾

· log
E 3
𝛾

2m2
eELIV,1

. (13)

The cross-section decreases with energy as E−3
𝛾 log E𝛾 (fixed ELIV,1).
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Photon-induced shower formation: LI vs. LIV cases

LI case:

First interaction
⟨X0⟩ = mat/𝜎BH ≈
57 g cm−2.

Shower maximum:
Xmax = X0 +ΔX ,
⟨Xmax⟩ ≈ 320 g cm−2.

LIV case:

X0 increases.

ΔX does not change
(in the leading order).

Photon-induced showers
become deeper and may
avoid detection!
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Shower formation

⟨X0⟩LIV =
𝜎LIBH

𝜎LIVBH

⟨X0⟩LI , ⟨X0⟩LIV = mat/𝜎
LIV
BH (14)

The probability for a photon to produce pair in the atmosphere reads,

P =

Xatm∫︁
0

dX0
e−X0/⟨X0⟩LIV

⟨X0⟩LIV
= 1− e−Xatm/⟨X0⟩LIV . (15)

The detected photon flux gets reduced,(︂
dΦ

dE

)︂
LIV

= P × dΦ

dE

⃒⃒⃒⃒
source

. (16)
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Attenuation of galactic 𝛾-ray flux due to pair production
on CMB

Mean free path for 1 PeV photon is ∼ 10 kpc – galactic scales!
Article

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

 1.05

 1.1

 10  100  1000

e-τ

Energy(TeV)

LHAASO J2226+6057
LHAASO J1908+0621
LHAASO J1825-1326

Crab

Extended Data Fig. 6 | γ-ray opacity of LHAASO J2226+6057, J1908+0621, J1825-1326 and Crab Nebula. The absorption due to both ISRFs and CMB is taken into 
account.

LHAASO coll. Nature, 2021
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Sub-PeV 𝛾-ray flux: Shower formation vs pair production
on CMB

Subluminal LIV shifts the threshold of p.p. from CMB peak to EBL where
it is almost negligible:(︂

dΦ

dE

)︂
LIV

=
Psh.form(E𝛾 ,ELIV,1)

e−𝜏(Lsource,E𝛾)
× dΦ

dE

⃒⃒⃒⃒
source

. (17)

More details in application to n=2 case – Satunin, EPJC (2021).

The modified threshold for pair production in soft photon background:

𝜖th =
m2

𝜔b
∓ 1

4

k2

ELIV
, (18)

’+’ is for subluminal case, ’-’ is for superluminal case.
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Experimental data

Tibet AS𝛾 — diffuse 𝛾-rays from the Galactic Disk.
Maximal photon energy is 0.8 PeV (Tibet AS𝛾, PRL 2021).

LHAASO – observation of 12 galactic sources in > 100 TeV.
Maximal photon energy is 1.4 PeV (LHAASO, Nature, 2021).

LHAASO – Crab Nebula spectrum up to PeV.
Maximal photon energy is 1.1 PeV (LHAASO, Science, 2021).
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LHAASO

12 sources (Pevatrons) with energy 100+ TeV discovered.

Energy spectra for 3 sources:

Nature | Vol 594 | 3 June 2021 | 35

be realized in a scenario in which the accelerated particles have left 
their acceleration site (for example, a supernova remnant) and have 
entered nearby high-density clouds15. The energy spectrum of protons 
approaching the clouds depends not only on the initial (acceleration) 
spectrum but also on the propagation (energy-dependent) timescales 
of CRs and on the distances to the clouds. Therefore, one may indeed 
expect unusual energy distributions of CRs inside the clouds16. In this 
scenario, the middle-aged supernova remnant SNR G40.5-0.5, over-
lapping with the image of LHAASO J1908+0621, could play the role 
of the particle accelerator. It is too old to be a multi-teraelectronvolt 
γ-ray emitter itself, but CR protons and nuclei accelerated at the early 
epochs of this supernova remnant can initiate high-energy emis-
sion in the surrounding clouds. If confirmed, this would be the first 
strong evidence of acceleration of petaelectronvolt protons by an 
supernova remnant.

Although supernova remnants remain prime candidates as sup-
pliers of Galactic CRs, massive stars with powerful winds have been 
proposed as a viable alternative to supernova remnants17,18, primarily as 
contributors to the ‘knee’ region around 1 PeV. A preference for young 
massive star clusters as proton PeVatrons over supernova remnants 
has recently been argued in the context of the 1/r-type (where r is the 
distance from the cluster) spatial distributions of parent protons, 
derived from the observations of extended teraelectronvolt γ-ray 
sources associated with luminous stellar clusters, in particular with 
Cygnus OB219. The positional coincidence of LHAASO J2032+4102 
with the Cygnus Cocoon that surrounds Cygnus OB2, and with pho-
tons exceeding 1 PeV emitted from it, can be treated as evidence of 
the operation of massive stars as hadronic PeVatrons. The leptonic 
(inverse Compton) origin of radiation can be excluded because of the 
lack of brightening of the γ-ray image towards Cygnus OB2. A decisive 
test for the acceleration of protons, presumably via collisions of the 
stellar winds, and continuous injection into the circumstellar medium 
over million-year timescales, would be the derivation of hard injec-
tion spectra and a radial dependence of the density of UHE protons. 
Adequate photon statistics provided by LHAASO for spectrometric 

and morphological studies of this object, which is located in a rather 
complex region crowded by several competing sources, is foreseen 
for the coming 1–2 years.

Regardless of the nature of objects associated with the UHE sources, 
the photons detected by LHAASO far beyond 100 TeV prove the exist-
ence of Galactic PeVatrons. Moreover, it is likely that the Milky Way is 
full of these perfectly designed particle accelerators. The acceleration 
of protons to petaelectronvolt energies requires extreme physical 
conditions, representing a challenge for any Galactic source popula-
tion, including supernova remnants and young massive star clusters, 
as suspected major contributors to Galactic CRs. Pulsar wind nebu-
lae as potential (in fact, the only feasible) electron PeVatrons in our 
Galaxy require even more extreme theoretical speculations. The 12 
UHE sources reported here, detected at about 1 CU, reveal only the 
tip of the iceberg. In the coming years, observations with LHAASO will 
reduce the flux detection threshold by at least an order of magnitude. 
This will dramatically increase the number of UHE sources and, at the 
same time, provide high-quality energy spectra and the morphology of 
UHE sources in the flux range of 1 CU. Extension of the spectra without 
an indication of a cutoff beyond several petaelectronvolts would not 
only robustly identify the hadronic origin of the UHE γ radiation but, 
more importantly, would reveal the sites of super-PeVatrons, the CR 
factories in the Milky Way responsible for the locally observed flux of 
CRs well above the ‘knee’.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03498-z.

1. Aloisio, R., Coccia, E. & Vissani, F. (eds) Multiple Messengers and Challenges in 
Astroparticle Physics (Springer, 2018).
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Fig. 1 | Spectral energy distributions and significance maps. a–c, Data are 
shown for LHAASO J2226+6057 (a), LHAASO J1908+0621 (b), and LHAASO 
J1825-1326 (c). Spectral fits with a log-parabola function (solid lines) in the form 
of [E/(10 TeV)]−a − blog[E/(10 TeV)] are compared with the power-law fits E−Γ for: a = 1.56, 
b = 0.88 and Γ = 3.01 (a); a = 2.27, b = 0.46 and Γ = 2.89 (b); and a = 0.92, b = 1.19 
and Γ = 3.36 (c). The dotted curves correspond to the log-parabola fits 
corrected for the interstellar γ−γ absorption (see Methods for the radiation 
fields and Extended Data Fig. 6 for the opacity curves). The comparison of the 
power-law (PL) model and the log-parabola (LOG) model with the Akaike 
Information Criterion20 (AIC) gives: AICLOG = 12.3 and AICPL = 24.4 for LHAASO 
J2226+6057; AICLOG = 15.1 and AICPL = 30.1 for LHAASO J1908+0621; and 

AICLOG = 11.6 and AICPL = 14.8 for LHAASO J1825-1326. The insets show the 
significance maps of the three sources, obtained for γ-rays above 25 TeV. The 
colour bars show the square root of test statistics (TS), which is equivalent to 
the significance. The significance ( TS) maps are smoothed with the 
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68% 
contamination regions) are shown at the bottom right of each map. We note 
that the PSFs of the three sources are slightly different owing to different 
inclination angles. Namely, the 68% contamination angles are 0.49° for 
LHAASO J2226+6057, 0.45° for LHAASO J1908+0621 and 0.62° for LHAASO 
J1825-1326. Error bars represent one standard deviation.

LHAASO, Nature, 2021

We test the hypothesis of LIV shower suppression assuming the most
conservative power-law flux with experimental data points.
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Shower formation limits on subluminal ELIV,1

Source L, kpc ELIV,1, 10
20 GeV

Crab Nebula 2 0.5

J2226+6057 0.8 1.5

J1908+0621 2.37 2.1

Table: The 95% CL constraints on LIV mass scale from 3 sub-PeV sources
observed by LHAASO.
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Conclusions

New constraints on ELIV,1!

Obtained shower formation constraints are many orders of magnitude
weaker than the birefringence limits but independent and comparable
with other limits.

This work is supported by RSF foundation under contract 22-12-00253.
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Thank you!
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Appendix: the equation of motion

LV term for A𝜇:

ℒ𝛾 =
𝜉

MPl
n𝜇F𝜇𝜈n · 𝜕

(︁
n𝜎F̃

𝜎𝜈
)︁

(19)

=⇒ 0 = 𝛿S𝛾 =
𝜉

MPl

∫︁
d4x 𝛿A𝜏

(︁
−n𝜎𝜖𝜎𝜏𝜌𝜈 (n · 𝜕)2 F𝜌𝜈

)︁
(20)

In the Lorentz gauge, QED gives the following term:

□A𝜇 = 0. (21)

Equation of motion for A𝜇:

□A𝜏 =
𝜉

MPl
n𝜎𝜖

𝜎𝜏𝜌𝜈 (n · 𝜕)2 F𝜌𝜈 . (22)
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Appendix: the dispersion relation

Let consider a photon propagating along the z-axis: k𝜇 = (𝜔, 0, 0, k).
Then we obtain from equation of motion the dispersion relation in the
limit of high at high energies (thus the electron mass m can be neglected):(︂

𝜔2 − k2 ± 2𝜉

MPl
k3

)︂
(𝜀x ± i𝜀y ) = 0. (23)

And dispersion relation reads,

𝜔2 = k2 ± 2𝜉

MPl
k3 ≡ k2 − k3

ELIV
. (24)
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Appendix: the details of pair production

We consider the external field to be the Coulomb field generated by a
nucleus with a charge of magnitude Z,

A𝜇 = (Ze/r , 0, 0, 0) . (25)

The external field of a virtual photon from the Coulomb field of a nucleus
is written as

Aext
0 (x) = Ze

∫︁
d4q

(2𝜋)3
𝛿
(︀
q0
)︀
e−iqx 1

|q|2
, Aext

i (x) = 0, (26)

where q is 3-momentum of the virtual photon of a nucleus.
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Appendix: the details of the cross section

The differential cross section for 𝛾𝛾* → e−e+ is written as

d𝜎 = 2𝜋 𝛿(𝜔 − E1 − E2)
1

2𝜔

1

2
|iℳ|2 d3p1

2E1(2𝜋)3
d3p2

2E2(2𝜋)3
. (27)

The total cross section of the pair production in Lorentz invariant case is
giving by Bethe-Heitler formula:

𝜎LIBH =
28

9

Z 2𝛼3

m2
×
{︃
log 2𝜔

m − 109
42 (no screening),

log 183
Z1/3 − 1

42 (complete screening).
(28)
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Appendix: constructing gauge fields with s = 0, 1/2

The adding terms for the different gauge theories are the following
(5-dimension operators):

Scalar field: ℒ = i 𝜅
MPl

(n · 𝜕)3Φ,
Spin 1/2: ℒ = 1

MPl
Ψ̄ (𝜂1/n + 𝜂2/n𝛾5) (n · 𝜕)2Ψ.

Myers, Pospelov, Phys. Rev. Lett. (2003)
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