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Ëîðåíåö�íàðóøåíèå: äèñïåðñèîííûå ñîîòíîøåíèÿ è

ýôôåêòèâíûå òåîðèè ïîëÿ

Êèíåìàòè÷åñêèé ïîäõîä � ïðÿìàÿ ìîäèôèêàöèÿ äèñïåðñèîííûõ
ñîîòíîøåíèé:

E 2 = m2 + p2 (1± η0)±
p3

ELIV,1
± p4

E 2
LIV,2

± . . . (1)

Íîâàÿ êèíåìàòèêà � íîâûå ýôôåêòû!

Âðåìåííàÿ çàäåðæêà, ò.ê. v
(LI)
gr ̸= v

(LV)
gr ;

Âàêóóìíîå äâîéíîå ëó÷åïðåëîìëåíèå;
Ìîäèôèêàöèÿ ïîðîãîâ ðåàêöèÿ (ðàñïàäîâ, ...)

Ïîäõîä ñ ïîìîùüþ ýôôåêòèâíûõ ÊÒÏ � äèíàìè÷åñêèå ýôôåêòû:
Ìîäèôèêàöèÿ ñå÷åíèé! Âàæíûé â ðàáîòå ïðèìåð � ïðîöåññ
Áåòå�Ãàéòëåðà γZ → Ze+e− (ïåðâàÿ ðåàêöèÿ â γ-èíäóöèðîâàííûõ
ØÀË).
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Êàê ïîñòðîèòü òåîðèþ ñ íàðóøåííîé

Ëîðåíö�èíâàðèàíòíîñòüþ, íî ñî âñåìè ïðåèìóùåñòâàìè

ëîêàëüíîé Ëîðåíö�èíâàðèàíòíîé ÊÒÏ?

Ñõåìà ïîñòðîåíèÿ ëàãðàíæèàíà:

1 Êâàäðàòè÷íûé ïî ïîëÿì;

2 Åñòü ñëàãàåìîå ñ áîëåå ÷åì îäíîé ïðîèçâîäíîé, îòëè÷àþùååñÿ îò
ñòàíäàðòíîãî êèíåòè÷åñêîãî ñëàãàåìîãî;

3 Êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü ïðèñóòñòâóåò;

4 Ëîðåíö�èíâàðèàíòíàÿ ôîðìóëèðîâêà, êðîìå ïîÿâëåíèÿ
âðåìåíè�ïîäîáíîãî âåêòîðà â ñâ¼ðòêå äîáàâî÷íîãî ñëàãàåìîãî nα;

5 Íå ìîæåò áûòü ñâåäåíî ê îïåðàòîðàì ìåíüøåé ðàçìåðíîñòè ñ
ïîìîùüþ óðàâíåíèé äâèæåíèÿ;

6 Äîáàâî÷íîå ñëàãàåìîå íå åñòü ïîëíàÿ ïðîèçâîäíàÿ.
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Òåîðèÿ L(LV=3) ñ îïåðàòîðîì ðàçìåðíîñòè 5

Ìîäèôèêàöèÿ â ôîòîííîì ñåêòîðå:

L(LV=3)
γ = LQED +∆L(LV=3)

γ

= −1

4
FµνF

µν + iψ̄γµDµψ −mψ̄ψ︸ ︷︷ ︸
QED

+
ξ

MPl

nµFµνn · ∂
(
nσF̃

σν
)

︸ ︷︷ ︸
dim 5 îïåðàòîð

, (2)

ãäå nµ = (1, 0, 0, 0). Óðàâíåíèå äâèæåíèÿ:

□Aτ =
ξ

MPl

nσε
στρν (n · ∂)2 Fρν , (3)

ïðèâîäÿùåå ê íåñòàíäàðòíîìó äèñïåðñèîííîìó ñîîòíîøåíèþ:

E 2 = k2 ± 2ξ

MPl

k3 ≡ k2 ± k3

ELV,1
. (4)
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Òåîðèÿ L(LV=4) ñ îïåðàòîðîì ðàçìåðíîñòè 6

L(LV=4) = LQED +∆L(LV=4) = iψ̄γµDµψ −mψ̄ψ − 1

4
FµνF

µν︸ ︷︷ ︸
QED

+ iκψ̄γiDiψ +
ig

M2
Pl

Dj ψ̄γ
iDiDjψ +

ξ

4M2
Pl

Fkj∂
2
i F

kj︸ ︷︷ ︸
dim 6 îïåðàòîð, ìåíÿþùèé äèñïåðñèîííîå ñîîòíîøåíèå

,
(5)

Ñëàãàåìîå ∆L(LV=4) ìåíÿåò äèñïåðñèîííûå ñîîòíîøåíèÿ:

E 2
γ = k2 +

ξk4

M2
Pl

= k2 +
k4

E 2
LV,2

, (6)

E 2
e = m2 + p2

(
1+ κ+

gp2

M2
Pl

)2

≈ m2 + p2(1+ 2κ) +
2gp4

M2
Pl

. (7)
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Ñå÷åíèå ïðîöåññà Áåòå�Ãàéòëåðà â òåîðèè L(LV=3)

Êëàññè÷åñêèé ðåçóëüòàò ÊÝÄ � ðîæäåíèå e+e−�ïàðû â êóëîíîâñêîì
ïîëå ÿäðà, γ∗γ → e+e−. Åñëè ó÷åñòü âëèÿíèå ÿäðà, òî åñòü
Zγ∗γ → Ze+e−, òî ñå÷åíèå åñòü

σBH =
28Z 2α3

9m2
e

(
log

183

Z 1/3
− 1

42

)
(8)

ñ ó÷¼òîì ýôôåêòà ýêðàíèðîâêè.
Ïîäàâëåíèå ñå÷åíèÿ ðàññåÿíèÿ:

σ
(LV=3)
BH

σBH
≃ 1.7 ·

m2
eELV,1

E 3
γ

log
E 3
γ

2m2
eELV,1

. (9)

σ
(LV=3)
BH

σBH
∼ E−3

γ log E 3
γ . (10)
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Ñå÷åíèå ïðîöåññà Áåòå�Ãàéòëåðà â òåîðèè L(LV=4)

Ïîäàâëåíèå ñå÷åíèÿ ðàññåÿíèÿ â òåîðèè L(LV=4):

σ
(LV=4)
BH

σBH
≃

12m2
eE

2
LV,2

7E 4
γ

log
E 4
γ

2m2
eE

2
LV,2

, (11)

èìåþùåå àñèìïòîòè÷åñêîå ïîâåäåíèå êàê

σ
(LV=4)
BH

σBH
∼ E−4

γ log E 4
γ . (12)

Òàêèì îáðàçîì, â îáåèõ òåîðèÿõ íà âûñîêèõ ýíåðãèÿõ � ïîäàâëåíèå

ñå÷åíèÿ ïðîöåññà Áåòå�Ãàéòëåðà!
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ØÀËû, èíäóöèðîâàííûå ôîòîíàìè

Ëîðåíö�èíâàðèàíòíûé ñëó÷àé:

Ïåðâîå âçàèìîäåéñòâèå
⟨X0⟩ = matσBH ≈
57 g cm−2.

Ìàêñèìóì ëèâíÿ:
Xmax = X0 +∆X ,
⟨Xmax⟩ ≈ 320 g cm−2.

Íàðóøåíèå
Ëîðåíö�èíâàðèàíòíîñòè:

X0 óâåëè÷èâàåòñÿ.

∆X íå ìåíÿåòñÿ
ØÀËû,

èíäóöèðîâàííûå

ôîòîíàìè, ñòàíîâÿòñÿ

ãëóáæå!
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Îáðàçîâàíèå ØÀË

⟨X0⟩LIV =
σLIBH
σLIVBH

⟨X0⟩LI , ⟨X0⟩LIV = mat/σ
LIV
BH (13)

Âåðîÿòíîñòü äëÿ ôîòîíà îáðàçîâàòü ïàðó â àòìîñôåðå åñòü

P =

Xatm∫
0

dX0

e
−X0/⟨X0⟩LIV

⟨X0⟩LIV
= 1− e

−Xatm/⟨X0⟩LIV . (14)

Ôîòîííûé ïîòîê íà Çåìëå:(
dΦ

dE

)
LIV

= P × dΦ

dE

∣∣∣∣
source

. (15)
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Ïîâåäåíèå ãàëàêòè÷åñêîãî γ-èçëó÷åíèÿ èç-çà ðîæäåíèÿ
ïàð íà ðåëèêòîâîì èçëó÷åíèè

Äëèíà ñâîáîäíîãî ïðîáåãà äëÿ 1 ÏýÂ ôîòîíà ñîñòàâëÿåò∼ 10 êïê �
ãàëàêòè÷åñêèå ìàñøòàáû, ñëåäîâàòåëüíî, ñòîèò ó÷èòûâàòü!
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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.
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Ïîòîê ÏýÂ�γ�èçëó÷åíèÿ

Òàê ïîëó÷èì, ÷òî(
dΦ

dE

)
LIV

=
Psh.form(Eγ ,ELIV,1)

e−τ(Lsource,Eγ)
× dΦ

dE

∣∣∣∣
source

. (16)

Ìîäèôèöèðîâàííûé ïîðîã äëÿ ðîæäåíèÿ ïàðû íà ìÿãêèõ ôîíîâûõ
ôîòîíàõ:

ϵth =
m2

ωb
∓ 1

4

k2

ELIV
, (17)

'+' � ïîäñâåòîâîé ñëó÷àé, '-' � ñâåðõñâåòîâîé ñëó÷àé.
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Ýêñïåðèìåíòàëüíûå äàííûå

Tibet ASγ � äèôôóçíîå γ-èçëó÷åíèå îò ãàëàêòè÷åñêîãî äèñêà.
Ìàêñèìàëüíàÿ ýíåðãèÿ 0.8 ÏýÂ.

LHAASO � íàáëþäåíèå îò 12 ãàëàêòè÷åñêèõ èñòî÷íèêîâ â îáëàñòè
> 100 ÒýÂ. Ìàêñèìàëüíàÿ ýíåðãèÿ 1.4 ÏýÂ.

LHAASO � Ñïåêòð îò Crab Nebula âïëîòü äî ÏýÂ.
Ìàêñèìàëüíàÿ ýíåðãèÿ 1.1 ÏýÂ.
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Îãðàíè÷åíèå íà ELV,1 èç ØÀË

Èñòî÷íèê L, êïê ELV,1, 10
20 ÃýÂ

Crab Nebula 2 0.5

J2226+6057 0.8 1.5

J1908+0621 2.37 2.1

Òàáëèöà: Îãðàíè÷åíèå ñ 95% óðîâíåì äîâåðèÿ íà ìàññó íàðóøåíèÿ
Ëîðåíö-èíâàðèàíòíîñòè îò òð¼õ èñòî÷íèêîâ.
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Ìþîííàÿ ïðîáëåìà è íàðóøåíèå

Ëîðåíö�èíâàðèàíòíîñòè

1 Ïåðâîå ïðîòîííîå ñîáûòèå ∼ 1019 ýÂ.

2 Â õîäå ïåðâîãî âçàèìîäåéñòâèÿ ðîæäàþòñÿ ïèîíû: p → π±π0.

3 Äàëüøå π+ → µ+νµ, π
− → µ−ν̄µ, π

0 → 2γ.

4 Ýòè ðîæä¼ííûå ôîòîíû èìåþò ýíåðãèþ ∼ 1017 ýÂ (÷òî óæå íà
äâà ïîðÿäêà áîëüøå, ÷åì ïåðâè÷íûå ôîòîíû, èíèöèèðóþùèå
ôîòîííûé ëèâåíü, 1017 ýÂ áîëåå ÷óâñòâèòåëåí ê ËÍ, ÷åì äëÿ
ýíåðãèé 1015 ýÂ). Â ñëó÷àå íàðóøåííîé ËÈ σLIV < σLI,
ñëåäîâàòåëüíî, λLIV > λLI, îò ÷åãî ëèâåíü óìåíüøàåòñÿ â
ïëîñêîñòè XY . Ãëàâíîå � ìåíüøå ðîæä¼ííûõ ýëåêòðîíîâ Ne .

5 ×èñëî ìþîíîâ Nµ òî æå ñàìîå, åñëè íå ìîäèôèöèðîâàòü
ôîòîÿäåðíûå ðåàêöèè.

6 Ñëåäîâàòåëüíî, [Ne/Nµ]
LIV < [Ne/Nµ]

LI.
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Ìþîííàÿ ïðîáëåìà

Ìþîííûé èçáûòîê â äàííûõ ïî îòíîøåíèþ ê ïðåäñêàçàíèÿì p/Fe
ïîÿâëÿåòñÿ ïðè ýíåðãèÿõ > 1017 ýÂ â èçìåðåíèÿõ Auger, Telescope
Array, SUGAR è NEVOD�DECOR.

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
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Ðåçóëüòàòû: ñêàíèðîâàíèå ELV,2

Ïàðàìåòðû ïåðâè÷íîé ÷àñòèöû: ïðîòîí ñ ýíåðãèåé E0 = 1019 eV,
ñôåðè÷åñêèå êîîðäèíàòû ïðèë¼òà θ = φ = 0, óñðåäíåíî ïî 40 ëèâíÿì.
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Ðåçóëüòàò

Ïàðàìåòðû ïåðâè÷íîé ÷àñòèöû: ïðîòîí ñ ýíåðãèåé E0 = 1019 eV,
ñôåðè÷åñêèå êîîðäèíàòû ïðèë¼òà θ = φ = 0, óñðåäíåíî ïî 300 ëèâíÿì.

1017 1018 1019 1020

ELV, 2, GeV

40

50

60

70

80

90

100

110

120

R
=

N
e/N

R

+50% 

Àíäðåé Øàðîôååâ 30 ìàÿ 2024 ã. 17 / 18



Çàêëþ÷åíèå

Èòàê, ïîñòàâëåííûå îãðàíè÷åíèÿ:

ELV,1 ≳ 2.1× 1020 ÃýÂ äëÿ òåîðèè L(LV=3) (ñëàáåå, ÷åì èç
äâîéíîãî ëó÷åïðåëîìëåíèÿ, íî íåçàâèñèìî);

ELV,2 ≳ 2× 1017 ÃýÂ äëÿ òåîðèè L(LV=4) (íà 4 ïîðÿäêà ëó÷øå,
÷åì èç àñòðîôèçè÷åñêèõ íàáëþäåíèé).
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