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Ìîòèâàöèÿ

Äëÿ ïðîöåññîâ ñ ìþîíîì ìîæíî ïîñòàâèòü ýêñïåðèìåíòû ñ âûñîêîé
òî÷íîñòüþ è ÷óâñòâèòåëüíîñòüþ

Èçó÷åíèå ñëàáîãî âçàèìîäåéñòâèÿ, âîçìîæåí ïîèñê íîâûõ
âçàèìîäåéñòâèé çà ïðåäåëàìè ÑÌ

Ïðè âûñîêîé òî÷íîñòè ìîæíî èçó÷àòü ñâîéñòâà íåéòðèíî (äèðàêîâñêàÿ
èëè ìàéîðàíîâñêàÿ ïðèðîäà)

Äëÿ ïðåäñêàçàíèÿ è îïèñàíèÿ ðåçóëüòàòîâ òàêèõ ýêñïåðèìåíòîâ
íåîáõîäèìû òî÷íûå òåîðåòè÷åñêèå ïðåäñêàçàíèÿ

Ïðîöåññû ñ τ îïèñûâàþòñÿ òàêèìè æå äèàãðàììàìè
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Èñòîðèÿ

Ïîïðàâêè ê ðàñïàäó ìþîíà ïîðÿäêà O(α1) èçâåñòíû ñ 1950-õ ãîäîâ
(Behrends, Finkelstein, Sirlin (1956), Berman, Sirlin (1962), Kinoshita, Sirlin
(1959), Berman (1958));

Ïîïðàâêè O(α2L2) (Arbuzov et al., 2002)

Â ðàáîòå À. Arbuzov, K. Melnikov, Phys.Rev.D 66 (2002) 093003 áûëè
ïîëó÷åíû ïîïðàâêè ê ñïåêòðó íåïîëÿðèçîâàííîãî ìþîíà äî ïîðÿäêà
α2L, è â ðàáîòå A. Arbuzov, JHEP 03 (2003) 063 è ê ñïåêòðó
ïîëÿðèçîâàííîãî ìþîíà äî ïîðÿäêà α3L3 â ÂËÏ è äî α2L ÑÂËÏ;

Ýêñïåðèìåíò TWIST èçìåðÿë ïàðàìåòðû Ìèøåëÿ ñ òî÷íîñòüþ äî 10−4,
÷òî òðåáîâàëî âûõîäà çà O(α1)-ïðèáëèæåíèÿ.
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Ýêñïåðèìåíòû

TWIST (TRIUMF Weak Interaction Symmetry Test ) � ïðîâåðêà ñèììåòðèè
ñëàáîãî âçàèìîäåéñòâèÿ

Fermilab Muon g-2 � ìàãíèòíûé ìîìåíò ìþîíà

MUonE � ñå÷åíèå ðàññåÿíèÿ ìþîíà íà ýëåêòðîíå

Mu2E � ðàñïàä µ ñ èçëó÷åíèåì ýëåêòðîíà e radiation, âîçìîæíûé
áåçíåéòðèííûé ðàñïàä � 2026

Mu3e � ðàñïàä µ íà 3 ýëåêòðîíà (ïîèñê çàïðåùåííûõ ÑÌ ðàñïàäîâ)
(ïëàíèðóåòñÿ)

MEG, MEG II - ïðîâåðêà íàðóøåíèÿ ëåïòîííîé óíèâåðñàëüíîñòè µ+ → e+γ
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Ðàñïàä ìþîíà

µ− −→ e− + ν̄e + νµ

Ðàñïàä ìþîíà - ÷èñòî ñëàáûé

ïðîöåññ, V-A âçàèìîäåéñòâèå

Ïàðàìåòðû Ìèøåëÿ îïðåäåëåíû äëÿ

íåãî ñ áîëüøîé òî÷íîñòüþ

Âîçìîæíàÿ íîâàÿ ôèçèêà - çàïðåùåííûå â ÑÌ ðàñïàäû:

µ− → e−γ µ− → e−e−e+ µ− → e−γγ
µ− → e−, µ− → e+ â ìþîííûõ àòîìàõ, Mu → Mu−

è âêëàäû âçàèìîäåéñòâèé íå V-A òèïà
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Ýíåðãåòè÷åñêèé ñïåêòð ýëåêòðîíà ïðè ðàñïàäå ìþîíà
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Ýíåðãåòè÷åñêèé ñïåêòð ýëåêòðîíà ïðè ðàñïàäå ìþîíà

Ïîïðàâêè ê èçëó÷åíèþ èç êîíå÷íîãî ñîñòîÿíèÿ

H(z) =
(
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h ≡ f , H ≡ F äëÿ íåïîëÿðèçîâàííîé èëè h ≡ g , H ≡ G äëÿ

ïîëÿðèçîâàííîé ÷àñòè

h0 - áîðíîâñêîå ïðèáëèæåíèå

f0(z) = f
(0)
e (z) = z2(3− 2z), g0(z) = g

(0)
e (z) = z2(1− 2z)
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Óðàâíåíèå ýâîëþöèè ïàðòîííûõ ðàñïðåäåëåíèé â ÊÝÄ

Ïîäõîä ñòðóêòóðíûõ ôóíêöèé ÊÝÄ (E.Kuraev and V.Fadin 1985)
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≈ 10.66

Äëÿ ðåøåíèÿ óðàâíåíèÿ ýâîëþöèè èñïîëüçîâàëàñü ïðîãðàììà íà

FORM

Äëÿ âû÷èñëåíèÿ ñâåðòîê èñïîëüçîâàëèñü ïàêåòû HPL è MT Wolfram

Mathematica
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Ôóíêöèè ïàðòîííûõ ðàñïðåäåëåíèé
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ēe ⊗ P(0)

eγ

)
+

2

9
P(0)
γe ⊗ P(0)

eγ

+
1

3
P(0)
ee ⊗ P(0)

γe ⊗ P(0)
eγ +

1

3
P(0)
ee ⊗ P(0)

ee +
1

6
P(0)
ee ⊗ P(0)

ee ⊗ P(0)
ee

)
[
DII
eγ

]
T

=
α

2π
d(1)eγ +

α

2π
L(P(0)

eγ ) +

(
α

2π

)2
L
(
P(1)T
eγ −

10

9
P(0)
eγ +

+P(0)
ee ⊗ d(eγ1)

)
+

(
α

2π

)2
L2

(
1

3
P(0)
eγ +

1

2
P(0)
γγ ⊗ P(0)

eγ +
1

2
P(0)
ee ⊗ P(0)

eγ

)

A.B. Arbuzov, U.V., J.Phys.G 50 (2023) 12, 125004

Ó.Å. Âîçíàÿ, À.Á. Àðáóçîâ (ËÒÔ ÎÈßÈ, Ãîñóäàðñòâåííûé óíèâåðñèòåò "Äóáíà")Ïîïðàâêè âûñøèõ ïîðÿäêîâ ê ñïåêòðó ðàñïàäà ìþîíà4 àïðåëÿ 2024 ã. 10 / 26



Ðåçóëüòàòû

A.B. Arbuzov, U.V., Phys.Rev.D 109 (2024) 5, 053001

H(z) = h(0)e (z) +
α

2π
h1 +

( α

2π

)2 {[
h
(0,γ)
2 + h

(0,NS)
2

+h
(0,S)
2

]
L2 +

[
h
(1,γ)
2 + h

(1,NS)
2 + h

(1,S)
2 + h

(1,int)
2

]
L
}

+
( α

2π

)3 {[
h
(0,γ)
3 + h

(0,NS)
3 + h

(0,S)
3

]
L3 +

[
h
(1,γ)
3 + h

(1,NS)
3

+h
(1,S)
3 + h

(1,int)
3

]
L2
}
+
( α

2π

)4 {[
h
(0,γ)
4 + h

(0,NS)
4 + h

(0,S)
4

]
L4

≡ h0(z) +
∑
i,j

αiLjHij(z)

Áûëè ðàññ÷èòàíû ïîïðàâêè ïîðÿäêîâ α3L2, α4L4

Óòî÷íåíû ðåçóëüòàòû äëÿ ïîðÿäêîâ α2L, α3L3

Ðàññ÷èòàíû îòäåëüíî ÷èñòî ôîòîííûå ïîïðàâêè +α4L3, ñîãëàñèå ñ
P. Banerjee et. al., SciPost Phys. 15, 021 (2023)
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Âûáîð ìàñøòàáà ôàêòîðèçàöèè
Ñòàðûé ìàñøòàá ôàêòîðèçàöèè:

µ2
F = m2

µ

Íîâûé ìàñøòàá ôàêòîðèçàöèè:

µ2
F = m2

µz(1− z)

Íîâûé "áîëüøîé ëîãàðèôì":

L̂ = L+∆L, ∆L = ln z + ln(1− z)
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Âûáîð ìàñøòàáà ôàêòîðèçàöèè
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Âûáîð ìàñøòàáà ôàêòîðèçàöèè
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Íåïîëÿðèçîâàííàÿ ÷àñòü
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Ïîëÿðèçîâàííàÿ ÷àñòü
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Ïîëÿðèçîâàííàÿ ÷àñòü
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Îòíîñèòåëüíàÿ âåëè÷èíà ïîïðàâêè
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Îòíîñèòåëüíàÿ âåëè÷èíà îòäåëüíûõ âêëàäîâ
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Îòíîñèòåëüíàÿ âåëè÷èíà îòäåëüíûõ âêëàäîâ
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Çàêëþ÷åíèå

Âû÷èñëåíû ïîïðàâêè ê ýíåðãåòè÷åñêîìó ñïåòðó ýëåêòðîíà ïðè

ðàñïàäå ìþîíà äî ïîðÿäêà α3L2

Íàéäåí ìàñøòàá ôàêòîðèçàöèè, ïîçâîëÿþùèé óëó÷øèòü

ðåçóëüòàòû

Â ðàñïàäàõ ìþîíà ìîæíî íàéòè íîâóþ ôèçèêó

Ýêñïåðèìåíòû ïî ðàñïàäó ìþîíà ïîçâîëÿþò èñêàòü ðàñïàäû,

çàïðåùåííûå ÑÌ

Ýêñïåðèìåíòû ïî ðàñïàäó ìþîíà ïîçâîëÿþò èçó÷àòü ñëàáîå

âçàèìîäåéñòâèå, â ÷àñòíîñòè, íàëè÷èå ïðèìåñåé äðóãèõ

âçàèìîäåéñòâèé
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Ðàäèàöèîííûå ïîïðàâêè â ÊÝÄ

Fig. from Jadach, Skrzypek, arXiv: 1903.09895
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Óðàâíåíèå ýâîëþöèè ïàðòîííûõ ðàñïðåäåëåíèé â ÊÝÄ

Îïåðàöèÿ ñâåðòêè

(
f ⊗ g

)
(x) ≡

1∫
0

dz

1∫
0

dy f (z)g(y)δ(x − yz) =

1∫
x

dz

z
f (z)g(

x

z
)

f (x) = lim
∆→0

(
fΘ(x)Θ(1− x −∆) + f∆δ(1− x)

)
1∫

z

dx [f (x)]+g(x) =

1∫
0

dxf (x)

[
g(x)Θ(x − z)− g(1)

]

f∆ = −
1−∆∫
0

fΘ(z)dz

(
f ⊗ g

)
Θ
(z) = lim

∆→0

{ 1−∆∫
z/(1−∆)

dx

x
fΘ(x)gΘ

( z

x

)
+ f∆gΘ(z) + fΘ(z)g∆

}
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Óðàâíåíèå ýâîëþöèè ïàðòîííûõ ðàñïðåäåëåíèé â ÊÝÄ

α(q2) =
α0

1 + Π(−q2

µ2 , m
µ , α0)

Π = 2α0

((
5

9
− L

3

)
+ 4α2

0

(
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− ζ3 −

L

4

)
+ 8α3

0

(
−L2

24

))
+ . . .
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1
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