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How to construct Lorentz-invariance violation theories?

1. Kinematical approach:

5 5 k?—i—n
BP=K+ Y S (1)
n=12,... LIV,(n)
Violation can be different: «subluminal» (s, = —1) u

«superluminal» (s, = +1). Different regimes can lead to
different physical consequences.

2. Effective field theory approace:

1
Luv DL+ Y 21 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

e /y Test Sub(-) or Limits Source Ref.

of super(+ )

QG luminal

I£0l(Io]) By (eV)  ER(eV)

e Synch. both 2x 10720 10* 2 x10% CRAB [1340,1341,1361]
e vC +) 10~ 10°" 10% CRAB [1338,1344,1362]
v PD (+) 7.1x 1071 1.7 x 10% 1.4 x 10%  LH. J2032+4102 [1163]
y PD (+) 1.3 x 107" 2.2 x 10°! 8 x 10% MultiSrc [1356]
y PD +) 1.8 x 1077 1.4 x 10°! 5.8 x 102 eHW(J1825-134 [1356]
14 PD (+) 22x 107" 9.9x 10  47x102  eHW(]1907+063 [1356]
14 3y (+) - - 25x10%®  LH. J2032+4102 [1163]
v 3y (+) - - 1.2 x 10%*  eHWC J1825-134  [1356]
v 3y (+) - - 1.0 x 10%*  eHWC J1907+063  [1356]
v 3y (+) - - 4.1x 10  CRAB [1355]
v AS ) - - 1.7 x 102 diffuse (Tibet) [1164]
14 AS () - - 6.8 x 102 LH. J1908+0621 [1164]
14 AS () - - 1.4x10*"  CRAB [1355]
14 AS (-) - - 9.7 x 10®  CRAB [1355]
14 AS ) - - 2.1x10®  CRAB [1361]
y PP ) - 1.2 x 10 2.4 x 10% MultiSrc (6) [1363]
y PP ) 2x 10716 2.6 x 10% 7.8 x 102 Mrk 501 [1348,1364]
y PP ) - 1.9 x 10?8 3.1 x 102 MultiSrc (32) [1359]

Fig.: Current constraints for LIV in QED. Abbr.: Synch. —
synchrotron radiation, VC — vacuum Cherenkov radiation, PD —
photon decay, 37 — photon splitting, AS — air showers, PP —
ete~-produciton on extragalactic background light. See Addazi et al.,
2022.
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n =2 LIV QED

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

Higher dimension operators:

L, = ——F,;0}F" 4
"= Ty P W
. 185 -
Le = irpy'Dip + MQ—QD,-wv’DiDjw, (5)
LIV, e

where s3, 5§ = £1.

Ly [s2] = [m](?v [Mriv] =O[m]1- X

Lot [s5) = [m]’, [§] = [m)°, [Mrrv, o] = [m]".

My n Myyy, ¢ — Lorentz invariance violation parameter.
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LIV QED with n = 2: overview

We omit L.: constraints on Mrry,e = 2 x 10% T'sB (95% C.L.)
from anomalous synchrotron radiation and vacuum Cherenkov
radiation of soft electrons from Crab Nebula (arXiv:1207.0670

lgr-qcl).
Since that we consider only £, because the current constraint
for «subluminal» theory is (arXiv:2106.06393 [hep-ph|)

My > 1.7 x 1013 T'sB. (6)

The dispersion relation for «subluminal> photon reads as:
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EASs experiments: «the muon puzzle»

How to test the muon problem:
In (N5>) —In <NMC>
In (NG, ) — In (NMO)

z

(8)
w,Fe

riae <N Obs> — the average number of observed muons, <N MC

w,Fe
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.

(<N MG >) — average numbers of muons for
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«The muon puzzle»

AGASA

Auger FD+SD
Auger UMD+SD
Haverah Park
TceCube
KASCADE-Grande

1o bAd [ 1o 1O 1O TWH

0 lay

2
.
® I
o -,3 Jif ﬁ#
F T - . NE}V()D-DEC()R
i3 oead
1 il
-1

107 100 1017 10™8 107 10%
FEreco, €V

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:
Zy 'y — Zete™ 9)

— pair-production by an external photon ~ in a Coloumb field
of an atom (7*). The classical result is (H. Bethe, W. Heitler,
1934):

T8 = g 0 (08 s T 4 (10)

| 287%a3 [1 183 1 ]
Comparing the LI case with the process in the LIV case with

n = 2 (G. Rubtsov, P. Satunin, S. Sibiryakov, 2012):

LIV 272
OBH 12mg My,
LI — 4

OB 7EV

4

E,
N2
2m; My,

(11)

x log
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How the LIV QED changes the phenomenology

Note that
LIV 12 2M2 E4
B e DLV oy Jog 1~ Botlog BY, (12)
9BH TES 2mg Mpyy,
therefore,
o8 < OBl (13)

so for high-energies AMV > A 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 (Np1v,e) < (Np1e). 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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nte-Carlo, CORSIKA:
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Monte-Carlo, CORSIKA: 7,(§)

1n<Np,LI> — 1H<Nu,LIV>
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nte-Carlo, CORSIKA:

E, eV
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nte-Carlo, CORSIKA:
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Fig.: Best-fit value is Myv = 1.9 x 10'6 GeV based on Pierre Auger
data.
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[s 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.)

V?)
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Fig.: The spectrum becomes

steeper at energies E > 3 x 10'7
eV. arXiv:2104.03599
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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, My ~ 10'¢ GeV (95%
C.L.), is preferred with generic LIV scenarios, including
Horava-Lifshitz gravity.

> A broad field for phenomenological studies!
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Jonommurenbuble caijibl
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Paznnanbie Momenn aJpoHHBIX B3anMOIACHCTBUI
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Fig.: Ilapamerp 2z B pa3iu4HbIX apoHHbIX Mojessx. WHISP, 2023.
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JlopeHII-HapyIIeHne JJist JIPyrux TUIIOB TOJIei

CxkaJgstpHoe 1oJ1€e:

K 3 2 2 2 K 3
Li=1—¢(n-0 = [~ +m°+ — . 14
s Mms&( )7p p MPllpl (14)

PepMHOHHOE TI0JIE:

1 -
Ly = ——p(my"n, + my"nuys)(n - 9)*. (15)
Mpy

BekTopnoe mosie — B fokJajie u B camoit pabore.

arXiv: 0301124 [hep-ph|
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Cocras TITAJI

Yuco 9/1eKTPOHOB MOYKHO OIEHUTDH CTEIeHHOM (DyHKITIEH:

(N,) ox A Geple

reco reco?

(16)
TO €CThb
In[Ereco/GeV] = e + (aefz ") In Areco + B ' In (Ne),  (17)

OTKy/Ia BUIHO, YTO MbI JEHCTBUTEILHO OYIEM HEIOOLEeHUBATh
SHEPIHIO Fireco, TaK Kak (Ni1ve) < (Nipe)-
Anajoruvso:

N, oc A% [P (18)

NJIn

In(N,) =—n,+o,lnA+ B, In[E/GeV]. (19)
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Pazsarue [HIAJI

Uroro:

z

A B, [ E ] 20)

- 1
56 | 56 | Ereco

yﬂO6HO BBECTHU cjieAyloniue rnmapaMeTpbl 1Jisd aHaJIn3a:

rezin| et = [M] @

«YHUBEpCaJbHBINY IapaMeTp:
&= (meMle)il/zAilE. (22)
[Tpu sTOM ymo6HO MApaMeTpu30BaTh 7' (&) CaemyommumM 06pa3oM:

re(€) = reoln [1 + (é})g] , Tu(§) =0. (23)
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s mHa CORSIKA 7.7550

EPOS 1.99 (UrQMD 1.3.1) Mo/iesb Jjisi BLICOKOSHEPIeTUIECKUX
(HM3KO9HEPreTHYECKUX ) aJPOHHBIX B3anMmoeiicteuit u EGS4
JIUTsT 3JIEKTPOMATHUTHBIX B3aUMOIEHCTBIIA.

IIpennosaraercss paccMaTpUBaTh TOJBKO BepTuKkaabubie 1TTAJI
0 = 0 ¢ aHaAJIM30M COCTaBa YACTHUIL HA ypoBHE MOpsa. CUMyJIAnn
ITPOBO/ISITCS JJIsT ABYX THUIIOB YACTHIL: IIPOTOHOB U YKeJIe3a.
DHeprenvecKuil IOpor Ha 3JeKTpoHbL: F. > 1 MsB, Ha MIOOHEL:
E, > 1T5B.
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Anropurm

1. Haxoxpgenue e, o, Be U Ny, oy, B, B ANAIA30HE SHEPrHit
106 5B 10 5 x 10! 5B B cayuae JIA. Ycepennenue mo auciy

JIUBHEI.
napaMeTphl ‘ Ee ‘ aeﬁe_l ‘ Be_l ‘ ny ‘ ay, ‘ By
3HAYEHHE 3.832 | 0.089 | 0.890 | 3.621 | 0.076 | 0.921
lo 1.169 | 0.046 | 0.053 | 0.173 | 0.012 | 0.008

2. Momudukanusa EGS4 8 CORSIKA B guanasone

My € {1013, 104, ..., 1018} 3B. Annpokcumupyem

saBucuMocTH 7¢(€). IIposepsiem, aro 7,(€) = 0.

3HaYEeHUe ‘ Te,0 ‘ &o ‘ 0
best-fitting value | 0.052 | 35.290 | 2.407
lo 0.013 | 2.156 | 0.568
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