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1 Ëåêöèÿ �1. Ïðèíöèïû ïîñòðîåíèÿ Ñòàíäàðòíîé

ìîäåëè

1.1 Ïðèíöèïû ïîñòðîåíèÿ Ñòàíäàðòíîé ìîäåëè

ýëåêòðîìàãíèòíûõ, ñëàáûõ è ñèëüíûõ âçàèìîäåéñòâèé

ýëåìåíòàðíûõ ÷àñòèö

Ñîâðåìåííàÿ êàðòèíà ôóíäàìåíòàëüíûõ ýëåìåíòàðíûõ ÷àñòèö ñôîðìèðîâàëàñü

â ïîñëåäíèå äåñÿòèëåòèÿ. Ôèçè÷åñêóþ ðîëü ñûãðàëà òåîðåòè÷åñêàÿ êîíöåïöèÿ ëî-

êàëüíîé êàëèáðîâî÷íîé ñèììåòðèè è êîíöåïöèÿ êàëèáðîâî÷íûõ ïîëåé. Ñèëû âçàè-

ìîäåéñòâèÿ ìåæäó ýëåìåíòàðíûìè ÷àñòèöàìè � ðåçóëüòàò îáìåíà êàëèáðîâî÷íûìè

áîçîíàìè ñïèíà 1. Ïîñòåïåííî âûÿñíèëîñü, ÷òî ëåïòîíû l è êâàðêè q � ýëåìåíòàðíûå

ñîñòàâëÿþùèå âñåé ìàòåðèè (îáû÷íîãî âåùåñòâà), ïðè÷åì îíè ìîãóò áûòü îáúåäèíå-

íû â ñåìåéñòâà (families). Îñîáåííî âàæíûì îêàçàëîñü ïîíÿòèÿ ¾àðîìàòà¿ (�avor) è

¾öâåò¿ (color).

Ýêñïåðèìåíòàëüíîå íàáëþäåíèå ñëàáûõ íåéòðàëüíûõ òîêîâ (1973, CERN) ïîä-

òâåðäèëî èäåþ (Âàéíáåðã, 1967 & Ñàëàì, 1968), ÷òî ñëàáûå è ýëåêòðîìàãíèòíûå ÿâ-

ëåíèÿ èìåþò îáùèé èñòî÷íèê. Äàëüíåéøåå èññëåäîâàíèÿ ïðèâåëè ê îáíàðóæåíèè

èíòåðôåðåíöèè ñëàáûõ è ýëåêòðîìàãíèòíûõ òîêîâ è çàòåì ê ôóíäàìåíòàëüíîìó îò-

êðûòèþ (CERN, 1983) ñëàáûõ êàëèáðîâî÷íûõ áîçîíîâ (ïðîìåæóòî÷íûõ âåêòîðíûõ

áîçîíîâ) ñ ìàññàìè, ïðåäñêàçàííûìè ðàííåå òåîðåòè÷åñêè. Äðóãîå âàæíîå íàïðàâëå-

íèå èññëåäîâàíèé � ñèëüíîå âçàèìîäåéñòâèå. Îíî ïðèâåëî â íà÷àëå 70�õ ê óñòàíîâëå-

íèþ ôóíäàìåíòàëüíîé ðîëè òî÷íîé ëîêàëüíîé öâåòîâîé êàëèáðîâî÷íîé ñèììåòðèè,

õàðàêòåðíîé äëÿ âçàèìîäåéñòâèÿ êâàðêîâ.

Ñòàíäàðòíàÿ ìîäåëü õàðàêòåðèçóåòñÿ:

1. ãðóïïîâîé ñòðóêòóðîé SU(3)C × SU(2)L × U(1)Y ;

2. ëåâûå êîìïîíåíòû ôóíäàìåíòàëüíûõ ôåðìèîíîâ ïðåîáðàçóþòñÿ ïî ôóíäàìåí-

òàëüíîìó ïðåäñòàâëåíèþ SU(2), à ïðàâûå � êàê ñèíãëåòû (òðèâèàëüíîå ïðåä-

ñòàâëåíèå) ïî SU(2);

3. ñïîíòàííûì íàðóøåíèåì ñèììåòðèè SU(2)L × U(1)Y → U(1)em;

4. õèããñîâñêîå ïîëå, ÿâëÿþùååñÿ äóáëåòîì, ïðåîáðàçóåòñÿ ïî ôóíäàìåíòàëüíîìó

ïðåäñòàâëåíèþ SU(2).

1.2 Êàê óñòðîåíû âçàèìîäåéñòâèÿ â Ñòàíäàðòíîé ìîäåëè?

Ñèëû (âçàèìîäåéñòâèÿ) ïåðåíîñÿòñÿ ïîñðåäñòâîì êàëèáðîâî÷íûõ áîçîíîâ.
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Standard Model of Elementary Particles
three generations of matter

(elementary fermions)
three generations of antimatter

(elementary antifermions)

I II III I II III

interactions / force carriers
(elementary bosons)

mass

charge

spin

Q
U

A
R

K
S

u
≃2.2 MeV/c²

⅔

½

up

d
≃4.7 MeV/c²

−⅓

½

down

c
≃1.28 GeV/c²

⅔

½

charm

s
≃96 MeV/c²

−⅓

½

strange

t
≃173.1 GeV/c²

⅔

½

top

b
≃4.18 GeV/c²

−⅓

½

bottom

L
E

P
T

O
N

S

e
≃0.511 MeV/c²

−1

½

electron

νe
<2.2 eV/c²

0

½

electron
neutrino

μ
≃105.66 MeV/c²

−1

½

muon

νμ
<0.17 MeV/c²

0

½

muon
neutrino

τ
≃1.7768 GeV/c²

−1

½

tau

ντ
<18.2 MeV/c²

0

½

tau
neutrino

ū
≃2.2 MeV/c²

−⅔

½

antiup

d̄
≃4.7 MeV/c²

⅓

½

antidown

c̄
≃1.28 GeV/c²

−⅔

½

anticharm

s̄
≃96 MeV/c²

⅓

½

antistrange

t̄
≃173.1 GeV/c²

−⅔

½

antitop

b̄
≃4.18 GeV/c²

⅓

½

antibottom

e⁺
≃0.511 MeV/c²

1

½

positron

ν̄e
<2.2 eV/c²

0

½

electron
antineutrino

μ̄
≃105.66 MeV/c²

1

½

antimuon

ν̄μ
<0.17 MeV/c²

0

½

muon
antineutrino

τ̄
≃1.7768 GeV/c²

1

½

antitau

ν̄τ
<18.2 MeV/c²

0

½

tau
antineutrino

G
A

U
G

E
B

O
S

O
N

S
V

E
C

T
O

R
B

O
S

O
N

S

g
0

0

1

gluon

γ
0

0

1

photon

Z
≃91.19 GeV/c²

0

1

Z⁰ boson

W⁺
≃80.360 GeV/c²

1

1

W⁺ boson

W⁻
≃80.360 GeV/c²

−1

1

W⁻ boson

S
C

A
L

A
R

B
O

S
O

N
S

H
≃124.97 GeV/c²

0

0

higgs

Ðèñ. 1.1: Ýëåìåíòàðíûå ÷àñòèöû Ñòàíäàðòíîé ìîäåëè.

Âñå âçàèìîäåéñòâèÿ ìîæíî îïèñàòü íà ÿçûêå äèàãðàìì Ôåéíìàíà (ñì. 1.2, 1.3,

1.4, 1.5, 1.6, 1.7, 1.8).

Z

X

X

Ðèñ. 1.2: X � ïðîèçâîëüíûé ôåðìèîí Ñòàíäàðòíîé ìîäåëè.

Ïåðâûé îòêðûòûé ôóíäàìåíòàëüíûé ôåðìèîí � ýëåêòðîí (Äæ. Òîìñîí, 1897).

Äëÿ îáúÿñíåíèÿ ýêñïåðèìåíòîâ ïî β�ðàñïàäó ÿäåð áûëà ââåäåíà (ïîñòóëèðîâàíà)

íåéòðàëüíàÿ ÷àñòèöà � íåéòðèíî (Â. Ïàóëè, 1929). Â òå÷åíèå íåêîòîðîãî âðåìåíè

ñôîðìèðîâàëîñü ïðåäñòàâëåíèå î òîì, ÷òî íóêëîíû è ìåçîíû � ñîñòàâíûå ÷àñòè-

öû (óíèòàðíàÿ SU(3)�ñèììåòðèÿ àäðîíîâ: âðàùåíèÿ â 8�ìåðíîì âåùåñòâåííîì ïðî-

ñòðàíñòâå; Ì. Ãåëë�Ìàí, Þ. Íåýìàí, 1961; êâàðêîâà ìîäåëü ñòðîåíèÿ àäðîíîâ: Ì.

Ãåëë-Ìàí, Ã. Öâåéã, 1964: |meson⟩ = qq′, |baryon⟩ = qq′q′′). Ïðè ýòîì ïðåäñòàâëåíèÿ

ãðóïïû SU(3) ìîæåò áûòü èñïîëüçîâàíà äëÿ ïîñòðîåíèÿ àäðîíîâ. Äëÿ ïîñòðîåíèÿ

ìåçîíîâ:

3⊗ 3∗ = 1⊕ 8, (1.1)
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γ

X

X

Ðèñ. 1.3: X � ýëåêòðè÷åñêè çàðÿæåííûé ôåðìèîí.

g

X

X

Ðèñ. 1.4: X � ëþáîé êâàðê.

à äëÿ áàðèîíîâ:

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10. (1.2)

Òîëüêî â 70�å ãîäû ñòàëî î÷åâèäíîé ïåðèîäè÷íîñòü ñâîéñòâ ëåïòîíîâ è êâàð-

êîâ. Ñëåäñòâèåì å¼ ñòàëî ïðåäñêàçàíèå t�êâàðêà â òðåòüåì ïîêîëåíèè ñ èçâåñòíûìè

(ïðåäñêàçàííûìè) ñâîéñòâàìè.

Â îòëè÷èå îò U(1) àëãåáðû îò SU(2) è SU(3) � íåàáåëåâû, ò.å. íåêîììóòàòèâ-

íû. Ñëåäîâàòåëüíî, 3 áîçîíà (W+, W−, Z) è ñîîòâåòñòâåííî 8 ãëþîíîâ gi âçàèìî-

äåéñòâóþò äðóã ñ äðóãîì (â îòëè÷èå îò ôîòîíîâ γ). Òàê êàê mγ = 0, òî ðàäèóñ

ýëåêòðîìàãíèòíîãî âçàèìîäåéñòâèÿ áåñêîíå÷íî âåëèêî. Ñëàáîå æå âçàèìîäåéñòâèå

êîðîòêîäåéñòâóþùåå, ÷òî îáóñëîâëåíî áîëüøîé ìàññîé W± è Z, ñâÿçàííîé ñ íàðó-

øåíèåì ñèììåòðèè. Â ñëó÷àå æå ñèëüíîãî âçàèìîäåéñòâèÿ èìååì mg = 0, íî ðàäèóñ

äåéñòâèÿ, òåì íå ìåíåå, êîíå÷åí (êîíôàéíìåíò êâàðêîâ è ãëþîíîâ âíóòðè àäðîíîâ).

1.3 Ñòðóêòóðà ëàãðàíæèàíà Âàéíáåðãà�Ñàëàìà�Ãëýøîó

Èòàê,

LGSW = L0 + Lem + LC + LN + LH , (1.3)

ãäå

� L0 � ëàãðàíæèàí ñâîáîäíûõ ïîëåé, êâàäðàòè÷íûé ïî ïîëÿì;

� Lem � ýëåêòðîìàãíèòíîå âçàèìîäåéñòâèå;

� LC � ëàãðàíæèàí çàðÿæåííûõ ñëàáûõ òîêîâ;
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W

D

U

Ðèñ. 1.5: D � ëþáîé íèæíèé êâàðê, U � ëþáîé âåðõíèé êâàðê.

W

L

ν

Ðèñ. 1.6: L � çàðÿæåííûé ëåïòîí, ν � ñîîòâåòñòâóþùèé íåéòðèíî (íåçàðÿæåííûé
ëåïòîí).

� LN � ëàãðàíæèàí íåéòðàëüíûõ ñëàáûõ òîêîâ;

� LH � õèããñîâñêîå âçàèìîäåéñòâèå.

Ñîãëàñíî ïðèíöèïó ïîñòðîåíèþ, îñíîâàííûì íà êàëèáðîâî÷íîé ñèììåòðèè, ñòðóê-

òóðà ëàãðàíæèàíà âçàèìîäåéñòâèÿ èìååò âèä:

(êîíñòàíòà ñâÿçè)× (ôåðìèîííûé òîê)× (òîê êàëèáðîâî÷íûõ áîçîíîâ), (1.4)

à èìåííî:

Lem = −eJemµ Aµ, (1.5)

LC = − g√
2

(
JCµW

†µ + h.c.
)
, (1.6)

LN = − g

2 cos θW
JNµ Z

µ, (1.7)

g

g

g

(a) g � ãëþîíû.

g

g

g

g

(b) g � ãëþîíû.

Ðèñ. 1.7: Ãëþîííûå âåðøèíû ñàìîäåéñòâèÿ.
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W+

W−

X

(a) X � ôîòîí èëè Z�áîçîí.

W+

X

W−

Y

(b)X è Y � òàêèå ýëåêòðîñëàáûå áîçîíû,

÷òîáû ïîëíûé çàðÿä â âåðøèíå ñîõðàíÿë-

ñÿ.

Ðèñ. 1.8: Âåðøèíû ñàìîäåéñòâèÿ ýëåêòðîñëàáûõ áîçîíîâ.

ïðè÷¼ì èìååò ìåñòî ñîîòíîøåíèå

e = g sin θW , (1.8)

îáúåäèíÿþùåå ñëàáûå è ýëåêòðîìàãíèòíûå âçàèìîäåéñòâèÿ.

Óãîë θW íàçûâàåòñÿ óãëîì Âàéíáåðãà, êîòîðûé ðàâåí

sin2 θW = 0.2259± 0.0046. (1.9)

Ñëàãàåìîå LH îáåñïå÷èâàåò ìàññû W± è Z è ñàìîäåéñòâèå ïîëÿ H.

1.4 Ñòðóêòóðà òîêîâ

Èòàê, âûïèøåì ñòðóêòóðó òîêîâ, âõîäÿùèõ â LGSW:

Jemλ =
∑

f

Qf ψ̄fγλψf , (1.10)

JCλ =
∑

l

ψ̄νlγλ
1− γ5

2
ψl +

∑

q,q′

ψ̄qγλ
1− γ5

2
Vqq′ψq′ (1.11)

JNµ =
∑

f

ψ̄fγµ

(
gfV − gfAγ5

)
ψf , (1.12)

ãäå l = (e, µ, τ) � çàðÿæåííûå ëåïòîíû, q = (u, c, t) � âåðõíèå êâàðêè, q′ = (d, s, b)

� íèæíèå êâàðêè, f = (l, q, q′) � ôóíäàìåíòàëüíûå çàðÿæåííûå ôåðìèîíû; Qf �

ýëåêòðè÷åñêèé çàðÿä â åäèíèöàõ çàðÿäà ïîçèòðîíà; V � ìàòðèöà Êàáèááî�Êîáàÿøè�

Ìàñêàâû (CKM�ìàòðèöà), ñìåøèâàþùàÿ êâàðêîâûå ôëåéâîðû, ïðè ýòîì V � óíè-

òàðíàÿ ìàòðèöà: V †V = 1.

Òàêæå gfV,A � âåêòîðíàÿ è àêñèàëüíî�âåêòîðíàÿ êîíñòàíòû ñâÿçè ôåðìèîíà f

ñ íåéòðàëüíûì âåêòîðíûì áîçîíîì Z, êîòîðûå çàâèñÿò îò sin2 θW . Òîê Jemµ èìååò
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÷èñòî âåêòîðíóþ ñòðóêòóðó, ñëàáûé çàðÿæåííûé òîê � ÷èñòî V − A�òèï, ò.å. ñ W±

âçàèìîäåéñòâóþò òîëüêî ëåâûå êîìïîíåíòû ôåðìèîíîâ ψfL; ñëàáûé íåéòðàëüíûé

òîê èìååò ñìåøàííóþ (V,A)�ñòðóêòóðó, ò.å. Z âçàèìîäåéñòâóåò è ñ ψL, è ñ ψR.

1.5 Ñëàáûå âçàèìîäåéñòâèÿ ïðè íèçêèõ ýíåðãèÿõ

Ïðè íèçêèõ ýíåðãèÿõ ñëàáûå âçàèìîäåéñòâèÿ îïèñûâàþòñÿ ñëåäóþùèì ýôôåê-

òèâíûì ëàãðàíæèàíîì:

Le� =
4GF√

2

(
J†C
µ JCµ + 2ρJNµ J

Nµ
)
, (1.13)

ãäå GF � êîíñòàíòà ñâÿçè Ôåðìè:

GF ≃
10−5

m2
p

. (1.14)

Ýòîò âèä Le� áûë ïîëó÷åí èç àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ â îáëàñòè íèç-
êèõ ýíåðãèé, ïðè÷¼ì ρ îïèñûâàåò îòíîñèòåëüíóþ ñèëó íåéòðàëüíîãî òîêà.

Â ðàìêàõ Ñòàíäàðòíîé ìîäåëè Le� ïîëó÷àåòñÿ â ïðåäåëå ìàëûõ ïåðåäàííûõ èì-
ïóëüñîâ: |q|2 ≪ m2

V (V = W,Z). Ðàññìîòðèì, íàïðèìåð, ïðîöåññ ðàññåÿíèÿ (îáðàòíûé

ðàñïàä ìþîíà):

νµ + e− → µ− + νe, (1.15)

îáóñëîâëåííûé çàðÿæåííûì òîêîì:

µ−

νe

νµ

e−

W+(q)

Ðèñ. 1.9: Äèàãðàììà Ôåéíìàíà ïðîöåññà νµ + e− → µ− + νe.

Ñîîòâåòñòâóþùàÿ äèàãðàììà Ôåéíìàíà â äðåâåñíîì ïðèáëèæåíèè ïðåäñòàâëåíà

íà 1.9. Àìïëèòóäà ïðîöåññà åñòü

Mfi =

(
g√
2

)2[
ψ̄µγ

α1− γ5
2

ψνµ

]
Dαβ(q)

[
ψ̄νeγ

β 1− γ5
2

ψe

]
, (1.16)
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ãäå Dαβ(q) � ïðîïàãàòîð W�áîçîíà â èìïóëüñíîì ïðåäñòàâëåíèè:

Dαβ(q) = −
gαβ − qαqβ/m2

W

q2 −m2
W + i0

. (1.17)

Ýòîò ïðîïàãàòîð ïîëó÷àåòñÿ èõ óðàâíåíèÿ Ïðîêà:

∂µFµν +m2Aν = jν , (1.18)

ãäå

Fµν = ∂µAν − ∂νAµ, (1.19)

îòêóäà
[
□+m2

]
Aµ =

(
gµν +

∂µ∂ν
m2

)
jν , (1.20)

òîãäà

Aµ(x) =

∫
Dµν(x− x′)jν(x′) d4x′ (1.21)

è

Dµν(x) =

∫
d4q

(2π)4
e−iqxDµν(q). (1.22)

Ïðè |q|2 ≪ m2
W ïîëó÷àåì:

Dαβ(q) ≃
gαβ
m2
W

(1.23)

è

Mfi =

(
g√
2

)2[
ψ̄µγ

α
Lψνµ

]
Dαβ(q)

[
ψ̄νeγαLψe

]
, (1.24)

îòêóäà âîññòàíàâëèâàåòñÿ ñòðóêòóðà âèäà ¾òîê íà òîê¿:

(
g√
2

)2
1

m2
W

J†C
α JCα, (1.25)

ò.å. (
g√
2

)2
1

m2
W

=
4GF√

2
(1.26)

èëè
GF√
2
=

g2

8m2
W

. (1.27)

Àíàëîãè÷íî ðàññìîòðèì ïðîöåññ νµ+e→ νµ+e, îáóñëîâëåííûé òîëüêî íåéòðàëü-

íûì òîêîì JNα (ñì. äèàãðàììó Ôåéíìàíà 1.10).

Òîãäà ïîëó÷èì:

LN →
(

g

2 cos θW

)2
1

m2
Z

JNα J
Nα, (1.28)
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νµ

e−

νµ

e−

Z(q)

Ðèñ. 1.10: Äèàãðàììà Ôåéíìàíà ïðîöåññà νµ + e→ νµ + e.

îòêóäà

ρ
GF√
2
=

g2

8m2
Z cos

2 θW
, (1.29)

ò.å.

ρ =
m2
W

m2
Z cos

2 θW
. (1.30)

Â Ñòàíäàðòíîé ìîäåëè ρ = 1 (ñëåäóåò èç äóáëåòíîé ñòðóêòóðû õèããñîâñêîãî ñåê-

òîðà).

1.6 Ïðîâåðêà óíèâåðñàëüíîñòè ñëàáîãî âçàèìîäåéñòâèÿ

Ïðîâåðèì óíèâåðñàëüíîñòü ñëàáîãî âçàèìîäåéñòâèÿ, ò.å. åãî íåçàâèñèìîñòü îò ïî-

êîëåíèÿ. Äëÿ ýòîãî ìîæíî ðàññìîòðåòü ñëåäóþùèå ïðîöåññû:

µ− → e− + ν̄e + νµ (1.31)

è

τ− → e− + ν̄e + ντ . (1.32)

Âû÷èñëÿÿ øèðèíû èõ ðàñïàäà â ïðåíåáðåæåíèè ìàññîé êîíå÷íûõ ïðîäóêòîâ:

Γ(µ− → e− + ν̄e + νµ) = cµG
2
Fm

5
µ, (1.33)

Γ(τ− → e− + ν̄e + ντ ) = cτG
2
Fm

5
τ . (1.34)

Ïðè ýòîì cµ = cτ èç�çà îäèíàêîâîé ñòðóêòóðû ëàãðàíæèàíà (òî, ÷òî ïðîâåðÿåì).

Òîãäà

Γτ
Γµ

=




Rth = (mτ/mµ)

5 = 1.34× 105,

Rexp = 1.35× 106.
(1.35)

Âèäíî, ÷òî ãèïîòåçà óíèâåðñàëüíîñòè äåéñòâèòåëüíî ñïðàâåäëèâà.
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2 Ëåêöèÿ �2. Ïîñòðîåíèå ëåïòîííîãî ñåêòîðà

Ñòàíäàðòíîé ìîäåëè

2.1 Ëåïòîííûé ñåêòîð Ñòàíäàðòíîé ìîäåëè íà ïðèìåðå

îäíîãî ïîêîëåíèÿ

Îïðåäåëèì êàëèáðîâî÷íóþ ãðóïïó, êîòîðàÿ ñòàíåò ñèììåòðèåé òåîðèè. Òàêîé

ãðóïïîé ñòàëà SU(2)L × U(1)Y . Îòìåòèì, ÷òî èíäåêñ L ó ãðóïïû SU(2) óêàçûâà-

åò íà òî, ÷òî èìåííî ëåâûå ôåðìèîíû íåòðèâèàëüíî ïðåîáðàçóþòñÿ ïîä äåéñòâèåì

ãðóïïû SU(2); èíäåêñ Y ó ãðóïïû U(1) áóäåò îòâå÷àòü çà ñîõðàíåíèå ãèïåðçàðÿäà.

Èç ñïèíîðíîãî ïðåäñòàâëåíèÿ ãðóïïû Ëîðåíöà ñëåäóåò, ÷òî ôåðìèîííîå ïîëå ìî-

æåò áûòü ïðåäñòàâëåíî êàê ñóììà ëåâîé è ïðàâîé ïðîåêöèé,

ψ = ψL + ψR, (2.1)

ãäå ψL è ψr � ëåâûé è ïðàâûé ñïèíîð ñîîòâåòñòâåííî, ïðè÷¼ì

PL =
1− γ5

2
, ψL = PLψ, (2.2)

PR =
1 + γ5

2
, ψR = PRψ. (2.3)

Ïî îïðåäåëåíèþ

γ5 = iγ0γ1γ2γ3. (2.4)

Íàïîìíèì, ÷òî γ5 àíòèêîììóòèðóåò ñî âñåìè ãàììà�ìàòðèöàìè,

{γ5, γµ} = 0, (2.5)

è

(γ5)
2 = 1. (2.6)

Ìîæíî óáåäèòüñÿ, ÷òî

P 2
L,R = PL,R, (2.7)

PLPR = 0. (2.8)

Ðàññìîòðèì ëàãðàæèàí ñâîáîäíîãî ìàññèâíîãî äèðàêîâñêîãî ïîëÿ,

Lψ = ψ̄ (iγµ∂µ −m)ψ, (2.9)

êîòîðûé ìîæíî ðàçëîæèòü ïî ëåâûì è ïðàâûì êîìïîíåíòàì,

Lψ = ψ̄Li∂̂ψL + ψRi∂̂ψR −m
(
ψ̄LψR + ψ̄RψL

)
, (2.10)
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ãäå ∂̂ = γµ∂µ. Ïîñòóëèðóåì, ÷òî ëåâûå êîìïîíåíòû ïðåîáðàçóþòñÿ ïî ôóíäàìåí-

òàëüíîìó ïðåäñòàâëåíèþ ãðóïïû SU(2) (ïîýòîìó çàïèñûâàþò êàê SU(2)L), à ïðà-

âûå ÿâëÿþòñÿ ñèíãëåòàìè ïî ýòîé ãðóïïå, òî åñòü íèêàê íå ïðåîáðàçóþòñÿ. Âèäíî,

÷òî ìàññîâûé ÷ëåí â ëàãðàíæèàíå (2.10) êàëèáðîâî÷íî íå èíâàðèàíòåí îòíîñèòåëüíî

SU(2)L
1.

Ïîêà îãðàíè÷èâàÿñü ñëó÷àåì òîëüêî îäíîãî ïîêîëåíèÿ ëåïòîíîâ, òî åñòü ïîêà

îäíèì ëåâûì äóáëåòîì, êîòîðûé çàïèøåì êàê

L ≡
(
νe
e

)
≡
(
νeL(x)

eL(x)

)
, (2.11)

êîòîðûé ïîä äåéñòâèåì ãðóïïû U ∈ SU(2)L ïðåîáðàçóåòñÿ êàê L′ = UL ∈ SU(2)L, è

ïðàâûìè ñèíãëåòîì

eR, νeR (2.12)

íå ïðåîáðàçóþòñÿ, òî åñòü e′R = eR è ν ′eR = νeR. Íàïîìíèì, ÷òî îáùèé âèä ìàòðèöû

U = exp(iωaτa/2)2, ãäå τa � ìàòðèöû Ïàóëè, a = 1, 2, 3.

Ïîëíûé îïåðàòîð èçîñïèíà îáîçíà÷àåòñÿ êàê I. Èçîñïèí îáðàçóåòñÿ àëãåáðó Ëè,

êîòîðàÿ â ãðóïïå SU(2) âûãëÿäèò êàê

[Ia, Ib] = iεabcIc, I2 =
∑

a

I2a , (2.13)

ïðè÷¼ì ñîáñòâåííûå ÷èñëà îïåðàòîðà I2 åñòü I(I+1); I = 1/2 äëÿ ôóíäàìåíòàëüíîãî

ïðåäñòàâëåíèÿ. Ðàçëè÷èå êîìïîíåíò äóáëåòà (2.11) çàêëþ÷àåòñÿ â ïðîåêöèè èçîñïèíà

I íà âûäåëåííóþ îñü, îáû÷íî îáîçíà÷àåìûé êàê I3, à èìåííî I3(νeL) = +1/2, I3(eL) =

−1/2.
Ââåä¼ì äîïîëíèòåëüíîå êâàíòîâîå ÷èñëî � ýëåêòðè÷åñêèé çàðÿä. Ôåíîìåíîëîãè-

÷åñêè áûëî çàìå÷åíî3, ÷òî ýëåêòðè÷åñêèé çàðÿä ÷ëåíîâ äóáëåòà ìîæíî ïðåäñòàâèòü

êàê

Q = I3 +
Y

2
, 4 (2.14)

ãäå Y åñòü ãèïåðçàðÿä, òî åñòü çàðÿä, íå ñâÿçàííûé ñ ãðóïïîé èçîñïèíà. Ïîñòóëè-

ðóåì, ÷òî Y åñòü çàðÿä ãðóïïû U(1) (ïîýòîìó çàïèñûâàåòñÿ êàê U(1)Y ). ×òîáû âû-

ïîëíÿëàñü ôîðìóëà (2.14) íåîáõîäèìî çàäàòü ãèïåðçàðÿä ëåâûõ ôåðìèîíîâ YL = −1,

1Îòñþäà ñëåäóåò, ÷òî òàêèì ñïîñîáîì íåëüçÿ ââåñòè ìàññó â Ñòàíäàðòíîé ìîäåëè. Ìàññà â
Ñòàíäàðòíîé ìîäåëè ââîäèòñÿ ñ ïîìîùüþ ìåõàíèçìà ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè. Òàêæå
òàêîé ñïîñîá, êàê ìû óâèäèì â äàëüíåéøåì, ãåíåðèðóåò íå òîëüêî ìàññû ôåðìèîíîâ, íî è ìàññû
êàëèáðîâî÷íûõ áîçîíîâ.

2Çäåñü è äàëåå ñóììà ïî ïîâòîðÿþùèìñÿ èíäåêñàì ïîäðàçóìåâàåòñÿ, åñëè íå îãîâîðåíî îáðàòíîå.
3Âïåðâûå � ïðè îïèñàíèè ñèììåòðèè ñèëüíûõ âçàèìîäåéñòâèé.
4Ââåäåíà íåçàâèñèìî Ãåëë�Ìàíîì è Íèñèäçèìîé, ïîýòîìó èìååò íàçâàíèå � ôîðìóëà Ãåëë-Ìàíà

� Íèñèäçèìû.

15

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

ãèïåðçàðÿä ïðàâîãî ýëåêòðîíà åñòü Y (eR) = −2, ãèïåðçàðÿä ïðàâîãî íåéòðèíî åñòü

Y (νeR) = 05.

Êàê óæå îòìå÷àëîñü âûøå, èç òðåáîâàíèÿ êàëèáðîâî÷íîé ñèììåòðèè òåîðèè íåîá-

õîäèìî ââåñòè ìàññó, ïðè÷¼ì ìåõàíèçì ïîëó÷åíèÿ ôåðìèîíàìè ìàññû ïðîèñõîäèò ïî

ìåõàíèçìó Õèããñà (ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè (ÑÍÑ)), êîòîðûé ïîíèæàåò

ñèììåòðèþ äî íîâîé ãðóïïû,

SU(2)L × U(1)Y
ÑÍÑ−→ U(1)Q, (2.15)

êîòîðàÿ îòëè÷àåòñÿ îò ãðóïïû ãèïåðçàðÿäà U(1)Y (÷àñòî ïèøó U(1)em âìåñòî U(1)Q).

Ââåä¼ì ñîîòâåòñòâóþùèå êàëèáðîâî÷íûå áîçîíû, ïðåîáðàçóþùèåñÿ ïî ïðèñîåäèíåí-

íîìó ïðåäñòàâëåíèþ ãðóïïû: ãðóïïå SU(2)L áóäóò ñîîòâåòñòâîâàòü áîçîíû W a
µ , a =

1, 2, 3, à àáåëåâîé ãðóïïû U(1)Y áóäåò ñîîòâåòñòâîâàòü ïîëå Bµ.

Ïåðâîíà÷àëüíî â ôîðìóëèðîâêó òåîðèþ ìû ââåä¼ì âçàèìîäåéñòâèå ôåðìèîííûõ

ïîëåé ñ êîìïëåêñíûì ñêàëÿðíûì ïîëåì, êîòîðîå íàçûâàåòñÿ õèããñîâñêèì ïîëåì.Ïî-

ñòóëèðóåì, ÷òî ñàìî õèããñîâñêîå ïîëå φ òîæå áóäåò ïðåîáðàçîâûâàòüñÿ ïî ôóíäà-

ìåíòàëüíîìó ïðåäñòàâëåíèþ ãðóïïû SU(2). Òðàäèöèîííî äóáëåò õèããñîâñêîãî ïîëÿ

çàïèñûâàåòñÿ êàê

φ ≡
(
ϕ+

ϕ0

)
≡ 1√

2

(
φ1 + iφ2

φ3 + iφ4

)
, (2.16)

ïðåîáðàçóþùèéñÿ ïî çàêîíó φ′ = Uφ, U ∈ SU(2). Èç ÷åòûð¼õ êîìïîíåíò õèããñîâñêîãî

äóáëåòà (2.16) ôèçè÷åñêîé îêàæåòñÿ òîëüêî îäíà, ñîîòâåòñòâóþùàÿ íàáëþäàåìîé íà

îïûòå ïîëþ õèããñîâñêîãî áîçîíà.

Ãðàôè÷åñêîå èçîáðàæåíèå òåõ ìóëüòèïëåòîâ, êîòîðûå ìû óæå ââåëè, äëÿ ãðóïïû

SU(2) âûãëÿäèò êàê ïîêàçàíî íà ãðàôèêå ??.

Èòàê, ïîëíàÿ òåîðèÿ ýëåêòðîñëàáîãî âçàèìîäåéñòâèÿ SU(2)L ×U(1)Y ñî ñïîíòàí-

íûì íàðóøåíèåì ñèììåòðèè.

L = LG + Ll + Lφ + Llφ, (2.17)

ãäå LG îòâå÷àåò çà êàëèáðîâî÷íóþ ÷àñòü òåîðèè, Ll � çà ëåïòîííóþ ÷àñòü âìåñòå ñî

âçàèìîäåéñòâèåì ñ êàëèáðîâî÷íûìè áîçîíàìè, Lφ � ÷àñòü, ñâÿçàííóþ ñ ïîëåì φ, Llφ
� çà ãåíåðàöèþ ìàññû â ðåçóëüòàòå ÑÍÑ. Òåïåðü ïîäðîáíåå,

LG = −1

4

(
∂µW

a
ν − ∂νW a

µ + gεabcW
b
µW

c
ν

)2 − 1

4
(∂µBν − ∂µBµ)

2 , (2.18)

ãäå ïåðâîå ñëàãàåìîå îòâå÷àåò çà íåàáåëåâó ãðóïïó SU(2)L
6, âòîðîå � çà àáåëåâó ãðóï-

5Îòìåòèì, ÷òî ãðóïïîâàÿ ñòðóêòóðà SU(2)L×U(1)Y íå ïðåäïîëàãàåò êâàíòîâàíèå ýëåêòðè÷åñêî-
ãî çàðÿäà. Ãðóïïà U(1) äîïóñêàåò ïðîèçâîëüíûé ýëåêòðè÷åñêèé çàðÿä. Êâàíòîâàíèå ýëåêòðè÷åñêîãî
çàðÿäà ëåæèò çà ïðåäåëàìè Ñòàíäàðòíîé ìîäåëè.

6Çàìåòèì, ÷òî òåîðèÿ àâòîìàòè÷åñêè ñ ñàìîäåéñòâèåì äàæå â îòñóòñòâèè ñî âçàèìîäåéñòâèåì
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−1 −1/2 1/2 1

−2

−1

1

Bµ

W 0

νeR

ϕ0 ϕ+

W− W+

eL νeL

eR

I3

Y

Ðèñ. 2.1: Ìóëüòèïëåò òåîðèè. Ôèçè÷åñêèìè ïîëÿìè áóäóò ÿâëÿòüñÿ W±
µ =

1√
2

(
W 1
µ ∓W 2

µ

)
, ÷òî áóäåò ïðîâåðåíî ïîñëå ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè òåî-

ðèè SU(2)L × U(1)Y −→ U(1)Q.

ïó U(1)Y ; g � êîíñòàíòà. ×òîáû çàïèñàòü âòîðîå ñëàãàåìîå òåîðèè ýëåêòðîñëàáîãî

âçàèìîäåéñòâèÿ, íåîáõîäèìî ââåñòè ¾äëèííóþ¿ ïðîèçâîäíóþ. Ïî îïðåäåëåíèþ îíà

ââîäèòñÿ êàê

Dµψ =

(
∂µ + ig

τa

2
W a
µ + ig′

Y

2
Bµ

)
ψ, (2.19)

ãäå g′ � åù¼ îäíà êîíñòàíòà. Òàê êàê ãèïåðçàðÿä ëåâîãî äóáëåòà L ðàâåí YL = −1,
ãèïåðçàðÿä ïðàâîãî ýëåêòðîíà åñòü Y (eR) = −2, ãèïåðçàðÿä ïðàâîãî íåéòðèíî åñòü

Y (νeR) = 0, òî ìîäèôèêàöèÿ íà ñëó÷àé êàëèáðîâî÷íûõ ïîëåé òåîðèè äèðàêîâñêîãî

áåçìàññîâîãî ñâîáîäíîãî (2.10) åñòü

Ll = L̄iγµ
(
∂µ + ig

τa

2
·W a

µ −
i

2
g′Bµ

)
L+ ēRiγ

µ (∂µ − ig′Bµ) eR + ν̄eRiγ
µ∂µνeR. (2.20)

Äàëåå

Lφ =

∣∣∣∣
(
∂µ + ig

τa

2
W a
µ +

i

2
g′Bµ

)
φ

∣∣∣∣
2

− V (φ†φ), (2.21)

ãäå ïîòåíöèàë õèããñîâñêîãî ïîëÿ åñòü

V (φ†φ) = −µ2φ†φ+ λ
(
φ†φ

)2
, (2.22)

ïðè÷¼ì ïîäðàçóìåâàåòñÿ,÷òî µ2 > 0. Þêàâñêîå âçàèìîäåéñòâèå çàëîæåíî â ïîñëåäíåå

ñëàãàåìîå òåîðèè,

Llφ = −ye
[
ēR
(
φ†L

)
+
(
L̄φ
)
eR
]
− yν

[
ν̄eR
(
φ̃†L

)
+
(
L̄φ̃
)
νeR
]
, (2.23)

äðóãèìè ïîëÿìè òåîðèè.
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ãäå ye, yν � þêàâñêèå êîíñòàíòû, à φ̃ = iτ 2φ∗, ââåä¼ííûé äëÿ ñîõðàíåíèÿ ýëåêòðè÷å-

ñêîãî çàðÿäà. Íàïîìíèì, ÷òî

iτ 2 = i

(
0 −i
i 0

)
=

(
0 1

−1 0

)
, (2.24)

ïîýòîìó ôàêòè÷åñêè iτ 2 � àíòèñèììåòðè÷íûé òåíçîð âòîðîãî ðàíãà.

Òàêèì îáðàçîì, â òåîðèè ââåäåíû ñëåäóþùèå êîíñòàíòû: g, g′, ye, yν , µ
2, λ � 6

ïàðàìåòðîâ äëÿ îäíîãî ïîêîëåíèÿ ëåïòîíîâ.

Óïðàæíåíèå. Ïîêàçàòü, ÷òî åñëè õèããñîâñêîå ïîëå ïðåîáðàçóåòñÿ êàê φ′ = Uφ,

U ∈ SU(2), òî φ̃′ = Uφ̃.

Ïåðåéä¼ì òåïåðü ê ðàññìîòðåíèþ ãåíåðàöèè ìàññû â Ñòàíäàðòíîé ìîäåëè.

2.2 Ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè â Ñòàíäàðòíîé

ìîäåëè

Â ðåçóëüòàòå ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè (ìåõàíèçì Áðàóòà � Ýíãëåðà

� Õèããñà) õèããñîâñêîå ïîëå ïîëó÷àåò ìàññó, ñâàëèâàÿñü â âàêóóìíîå ñîñòîÿíèå ñ

îòëè÷íûì îò íóëÿ çíà÷åíèåì ïîëÿ. Íà ÿçûêå êëàññè÷åñêîé òåîðèè ïîëÿ ýòî ìîæíî

ñôîðìóëèðîâàòü êàê

|φ|2 = φ†φ =
µ2

2λ
≡ v2

2
, (2.25)

ãäå â êâàíòîâîé òåîðèè

⟨0|φ|0⟩ = v√
2
. (2.26)

Â ðåçóëüòàòå íàðóøåíèÿ ÑÍÑ âàêóóìíîå ñîñòîÿíèå ïîëÿ åñòü

φ0 =
1√
2

(
0

v

)
. (2.27)

Ïðè äåéñòâèè îïåðàòîðà çàðÿäà íà âàêóóìíîå ñîñòîÿíèå φ0 ïîëó÷èì, ÷òî

Qφ0 =

(
I3 +

Y

2

)
φ0 = 0. (2.28)

Äëÿ óäîáñòâà ôèçè÷åñêîé èíòåðïðåòàöèè óäîáíî îòñ÷èòûâàòü ôèçè÷åñêîå ïîëå õèãã-

ñîâñêîãî áîçîíà îò v,

φ(x) =
1√
2

(
0

v +H(x)

)
. (2.29)
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Ïîäåéñòâóåì íà ýòî ïîëå ìàòðèöåé U ∈ SU(2),

φ′(x) = Uφ(x) = exp

(
i
τa

2
· ξ

a(x)

v

)

︸ ︷︷ ︸
=U

1√
2

(
0

v +H(x)

)
. (2.30)

Òàê êàê òåîðèÿ ÿâëÿåòñÿ êàëèáðîâî÷íî èíâàðèàíòíîé, òî ñäåëàåì ñëåäóþùåå êàëèá-

ðîâî÷íîå ïðåîáðàçîâàíèå (óíèòàðíàÿ êàëèáðîâêà),

φ −→ φ′ = U−1φ. (2.31)

Òàêàÿ êàëèáðîâêà ïîçâîëÿåò äîêàçàòü óíèòàðíîñòü S�ìàòðèöó.
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3 Ëåêöèÿ �3. Ãåíåðàöèÿ ìàññ ëåïòîíîâ è

êàëèáðîâî÷íûõ áîçîíîâ â Ñòàíäàðòíîé ìîäåëè.

Ñâÿçü ýëåêòðîìàãíåòèçìà è ñëàáîãî

âçàèìîäåéñòâèÿ

3.1 Ãåíåðàöèÿ ìàññ ëåïòîíîâ

Ïðîäîëæèì îáñóæäåíèå ìåõàíèçìà ãåíåðàöèè ìàññû â Ñòàíäàðòíîé ìîäåëè (ìå-

õàíèçì Áðàóòà � Ýíãëåðà � Õèããñà) íà ïðèìåðå îäíîãî ïîêîëåíèÿ ëåïòîíîâ7. Ìàññà

ââîäèòñÿ ñ ïîìîùüþ ìåõàíèçìà ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè çàñ÷¼ò âçàèìî-

äåéñòâèÿ ôåðìèîííûõ ïîëåé ñ õèããñîâñêèì äóáëåòîì. Õèããñîâñêîå ïîëå åñòü êîì-

ïëåêñíûé äóáëåò ïî îòíîøåíèþ ê êàëèáðîâî÷íîé ãðóïïå SU(2),

φ =

(
ϕ+

ϕ0

)
. (3.1)

Óäîáíàÿ ïàðàìåòðèçàöèÿ äëÿ ôèçè÷åñêîé èíòåðïðåòàöèè äëÿ ïîëÿ φ ñëåäóþùàÿ,

φ = exp

(
i

v
ξa(x)

τa

2

)

︸ ︷︷ ︸
=U∈SU(2)

1√
2

(
0

v +H(x)

)
. (3.2)

Ïîñêîëüêó ëàãðàíæèàí ëîêàëüíî êàëèáðîâî÷íî èíâàðèàíòåí, òî ìû ìîæåì âûáðàòü

óíèòàðíóþ êàëèáðîâêó,

φ −→ φ′ = U−1φ =
1√
2

(
0

v +H

)
. (3.3)

Äóáëåò ôåðìèîííûõ ïîëåé ïðåîáðàçóåòñÿ òàêæå: L −→ L′ = U−1L; ïðàâûå êîìïîíåí-

òû ôåðìèîííûõ ïîëåé ÿâëÿþòñÿ ñèíãëåòàìè ïî îòíîøåíèþ ê ãðóïïå SU(2), ïîýòîìó

R −→ R′ = R. Òàêæå

Wµ = W a
µ

τa

2
−→ W ′

µ = U−1WµU −
i

g

(
∂µU

−1
)
U (3.4)

Êàëèáðîâî÷íîå ïîëå, îòâå÷àþùåå ãðóïïå U(1), ÿâëÿåòñÿ, î÷åâèäíî, ñèíãëåòîì ïî îò-

íîøåíèþ ê SU(2),

B′
µ = Bµ. (3.5)

7Îáîáùåíèå áóäåò ñäåëàíî â äàëüíåéøåì.
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Ìàññà ôåðìèîíîâ âîçíèêàåò èç ÷àñòè ëàãðàíæèàíà, îïèñûâàþùåé þêàâñêîå âçàèìî-

äåéñòâèå,

Llφ = −ye
[
ēR
(
φ†L

)
+
(
L̄φ
)
eR
]
− yν

[
ν̄eR
(
φ̃†L

)
+
(
L̄φ̃
)
νeR
]
. (3.6)

Ñåé÷àñ äëÿ ïðîñòîòû îïèñûâàåòñÿ ãåíåðàöèÿ ìàññû äëÿ íåéòðèíî, êîòîðîå ÿâëÿåòñÿ

äèðàêîâñêîé ÷àñòèöåé. Â äàëüíåéøåì áóäåò ðàññìîòðåíà è äèðàêîâñêàÿ, è ìàéîðà-

íîâñêàÿ ìàññû. Ìàññîâîå ñëàãàåìîå âîçíèêíåò, åñëè â (3.6) çàìåíèòü ïîëå Õèããñà íà

åãî âàêóóìíîå ñîñòîÿíèå ïîëå Õèããñà,

φ −→ φ0 =
1√
2

(
0

v

)
, φ̃ −→ φ̃0 =

1√
2

(
v

0

)
. (3.7)

Âñïîìèíàÿ, ÷òî ëåâûé äóáëåò ëåïòîíîâ âûãëÿäèò êàê

L =

(
νeL
eL

)
, (3.8)

òîãäà ÷àñòü ëàãðàíæèàíà þêàâñêîãî âçàèìîäåéñòâèÿ ëåïòîíîâ ñ ïîëåì Õèããñà (3.6)

ïðåîáðàçóåòñÿ êàê

Llφ = −ye (v +H)√
2

[ēReL + ēLeR]−
yν (v +H)√

2
[ν̄eRνeL + ν̄eLνeR] (3.9)

= −ye (v +H)√
2

ē(x)e(x)− yν (v +H)√
2

ν̄e(x)νe(x). (3.10)

Îòñþäà âèäíî, ÷òî ñëàãàåìîå âèäà

me =
yev√
2

(3.11)

ñëåäóåò èíòåðïðåòèðîâàòü êàê ìàññó ýëåêòðîíà. Àíàëîãè÷íî ìàññà íåéòðèíî åñòü

mν =
yνv√
2
. (3.12)

À ÷ëåíû âèäà −yeHēe è −yνHν̄eνe ñóòü þêàâñêîå âçàèìîäåéñòâèå áîçîíà Õèããñà ñ

ñîîòâåòñòâóþùèìè ôåðìèîíàìè.

3.2 Ãåíåðàöèÿ ìàññ êàëèáðîâî÷íûõ áîçîíîâ

Íàïîìíèì, ÷òî õèããñîâñêèé êèíåòè÷åñêèé ÷ëåí âûãëÿäèò êàê

Lφ = (Dµφ)
†Dµφ− V (φ†φ), (3.13)
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â êîòîðîì ñîäåðæèòñÿ ïîñëå ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèÿ ìàññà äëÿ êàëèáðî-

âî÷íûõ áîçîíîâ. Íàïîìíèì âèä ¾óäëèí¼ííîé¿ ïðîèçâîäíîé,

Dµ = ∂µ + ig
τa

2
W a
µ +

i

2
g′Bµ. (3.14)

Ñäåëàåì óíèòàðíóþ êàëèáðîâêó ïîëÿ φ, ïîñëå ÷åãî ïîëÿWµ è Bµ ïðåîáðàçóþòñÿ êàê

(3.4), (3.5). Ðàññìîòðèì îòäåëüíî êàæäîå ñëàãàåìîå â ¾óäëèí¼ííîé¿ ïðîèçâîäíîé,

∂µφ =
1√
2

(
0

∂µH

)
, (3.15)

òîãäà ÷àñòü

(∂µφ)
†∂µφ =

1

2
∂µH∂

µH (3.16)

åñòü êèíåòè÷åñêîå ñëàãàåìîå äëÿ ïîëÿ H. Äðóãîé ÷ëåí åñòü

φ†
(
−ig τ

a

2
W a†
µ

)(
ig
τ b

2
W µb

)
φ, (3.17)

è òàê êàê

τaτ b = iεabcτ c + δab, (3.18)

òî ïîëó÷èì, ÷òî
g2

4
W †
µW

µ|φ|2 = g2(v +H)2

8
W a†
µ W

µa. (3.19)

Àíàëîãè÷íî ïîëó÷èì, ÷òî
g′2(v +H)2

8
B†
µB

µ. (3.20)

Ïåðåêð¼ñòíûå ñëàãàåìûå áóäóò èìåòü âèä,

gg′

8
(v +H)2W a†

µ B
µ
(
0, 1

)
τa

(
0

1

)
+ h.c. = −gg

′

8
(v +H)2W 3†

µ B
µ + h.c.. (3.21)

Òàêèì îáðàçîì,

Lφ =
1

2
(∂µH)2 − µ2H2 − λvH3 − 1

4
λH4

+
1

8
(v +H)2

(
g2W a†

µ W
aµ + g′2B†

µB
µ − 2gg′BµW 3

µ

)
.

(3.22)

Òàê êàê ïîëå H ÿâëÿåòñÿ äåéñòâèòåëüíûì (â êâàíòîâîé òåîðèè ïîëÿ � ýðìèòîâûì

îïåðàòîðîì), òî êàíîíè÷åñêè íîðìèðîâàííûé ìàññîâûé ÷ëåí áîçîíà Õèããñà åñòü

m2
H = 2µ2 = 2λv2, (3.23)
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mH =
√
2λv, (3.24)

òî åñòü ìàññà áîçîíà Õèããñà ñâÿçàíà ñ ñàìîäåéñòâèåì áîçîíà Õèããñà. Ïðîâåä¼ì äèàãî-

íèëèçàöèþ âòîðîé ñòðî÷êè âûðàæåíèÿ (3.22) (ïî ñóùåñòâó � ïîâîðîò â ïðîñòðàíñòâå

ïîëåé). Ââåä¼ì äâå ëèíåéíî íåçàâèñèìûå êîìáèíàöèè ïîëåé W 3
µ è Bµ,

Aµ = Bµ cos θW +W 3
µ sin θW , (3.25)

Zµ = −Bµ sin θW +W 3
µ cos θW , (3.26)

θW � óãîë Âàéíáåðãà. Óãîë Âàéíáåðãà ñâÿçàí ñ êîíñòàíòàìè g è g′ ñëåäóþùèì îáðà-

çîì,

sin θW =
g′√

g2 + g′2
, cos θW =

g√
g2 + g′2

, tan θW =
g′

g
. (3.27)

Â òåðìèíàõ ïîëåé Aµ, Zµ êâàäðàòè÷íàÿ ôîðìà (âòîðàÿ ñòðîêà (3.22))ïðèìåò âèä

1

8
(v +H)2

(
2g2W+

µ W
−µ + (g2 + g′2)Z2

µ

)
, (3.28)

ãäå W±
µ =

1√
2

(
W 1
µ ∓ iW 2

µ

)
, îòêóäà ñëåäóåò, ÷òî ìàññà W±�áîçîí åñòü

mW =
1

2
gv, (3.29)

ìàññà Z�áîçîíà åñòü

mZ =
1

2

√
g2 + g′2v =

mW

cos θW
, (3.30)

à êàëèáðîâî÷íîå ïîëå Aµ â òåîðèè ÿâëÿåòñÿ áåçìàññîâûì

mA = 0. (3.31)

Çàìåòèì, ÷òî ìû ñðàçó ïîëó÷èëè òåîðåòè÷åñêîå ïðåäñêàçàíèå, ÷òî

mZ > mW . (3.32)
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3.3 Ñâÿçü ýëåêòðîìàãíåòèçìà è ñëàáîãî âçàèìîäåéñòâèÿ.

Ñòðóêòóðà âçàèìîäåéñòâèÿ êàëèáðîâî÷íûõ áîçîíîâ ñ

ôåðìèîíàìè

Â ðåàëüíîñòè mW ≈ 80.4 ÃýÂ, à mZ ≈ 91 ÃýÂ. Âûðàçèì âåñü ëàãðàíæèàí â òåð-

ìèíàõ ôèçè÷åñêèõ ïîëåé,

LG = −1

4
FµνF

µν − 1

4
ZµνZ

µν − 1

2
W+
µνW

−µν

−ieFµνW+µW−ν − g2 cos2 θW
[(
W+
µ W

−µ)ZνZν −W+
µ Z

µ
(
W−νZν

)]

+ig cos θWZµνW
+µW−ν +

i

2
g cos θW

[
W+
µν

(
W−µZν −W−νZµ

)
− h.c.

]
(3.33)

ãäå

Fµν = ∂µAν − ∂νAµ, (3.34)

Zµν = ∂µZν − ∂νZµ, (3.35)

Dµ = ∂µ + ieAµ, (3.36)

W+
µν = DµW

+
ν −DνW

+
µ , (3.37)

W−
µν = D†µW−ν −D†νW+µ, (3.38)

e = g sin θW . (3.39)

Èòàê, äîêàæåì ïîñëåäíåå òîæäåñòâî, êîòîðîå è äà¼ò îñíîâàíèå ãîâîðèòü îá îáúåäèíå-

íèè ýëåêòðîìàãèíòíîãî è ñëàáîãî âçàèìîäåéñòâèé è ãîâîðèòü ïðîñòî îá ýëåêòðîñëà-

áîì âçàèìîäåéñòâèè. Çàïèøåì ëåïòîííóþ ÷àñòü (äëÿ äèðàêîâñêèõ íåéòðèíî) ëàãðàí-

æèàíà

Ll =
(
ν̄eL, ēL

)
iγµ
(
∂µ + ig

τa

2
W a
µ −

i

2
g′Bµ

)(
νeL
el

)
+ ēRiγ

µ (∂µ − ig′Bµ) eR

+ν̄eRiγ
µ∂µνeR

(3.40)

â òåðìèíàõ ôèçè÷åñêèõ ïîëåé,

Ll = ν̄eiγ
µ∂µνe + ēiγµ∂µe−

g

2

[
ν̄eLŴ

3νeL +
√
2ν̄LŴ

+eL +
√
2ēLŴνL − ēLŴ 3eL

]

+
g′

2

(
ν̄eLB̂νeL + ēLB̂eL

)
+ g′ēRB̂eR,

(3.41)

ãäå e = eL + eR, è ãäå áûëî ó÷òåíî, ÷òî

τaW a
µ =

(
W 3
µ

√
2W+

µ√
2W−

µ −W 3
µ

)
. (3.42)
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Ll = ν̄eiγ
µ∂µνe + ēiγµ∂µe

− g√
2

(
ν̄eLŴ

+eL + ēLŴ
−νeL

)
+

1

2
ν̄eL

(
−gŴ 3 + g′B̂

)
νeL +

1

2
ēL

(
gŴ 3 + g′B̂

)
eL

+g′ēRB̂eR.

(3.43)

Íàçîâ¼ì âðåìåííî s = sin θW , c = cos θW , t = tan θW , òîãäà âñïîìíèì, ÷òî

A = cB + sW 3, (3.44)

Z = −sB + cW 3, (3.45)

îòêóäà îáðàòíîå ïðåîáðàçîâàíèå åñòü

B = cA− sZ, (3.46)

W 3 = sA+ cZ, (3.47)

òîãäà ïðè ïîäñòàíîâêå ýòèõ ïîëåé â Ll èìååì,

1

2
ēL

(
gŴ 3 + g′B̂

)
eL + g′ēRB̂eR =

1

2
ēL

(
gŴ 3 + g

s

c
B̂
)
eL + g

s

c
ēRB̂eR

=
g

2c
ēL

[
c
(
sÂ+ cẐ

)
+ s

(
cÂ− sẐ

)]
+
g

c
ēR

[
scÂ− s2Ẑ

]
eR.

(3.48)

Âñïîìíèì, êàê â ÿâíîì âèäå çàïèñûâàþòñÿ ïðîåêòîðû,

eL =
1− γ5

2
e,

eR =
1 + γ5

2
e,

ēLeR = ē
1 + γ5

2
· 1 + γ5

2
e

(3.49)

Òîãäà

g

2c
ēL

[
c
(
sÂ+ cẐ

)
+ s

(
cÂ− sẐ

)]
+
g

c
ēR

[
scÂ− s2Ẑ

]
eR

=
g

2c

[
2csēÂ

1 + γ5
2

e+ 2csēÂ
1− γ5

2
e

]

= gsēÂe.

(3.50)

îòêóäà âèäíî, ÷òî ýëåêòðîìàãíåòèçì íå íàðóøàåò P�÷¼òíîñòü. Èòàê,

ēiγµ∂µe+ gsēÂe = ēiγµ (∂µ − igsAµ) e. (3.51)

25

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

Äëÿ çàðÿæåííûõ ïîëåé ìû çàïèñûâàåì, ÷òî ¾óäëèí¼ííàÿ¿ ïðîèçâîäíàÿ åñòü

Dµ = ∂µ + iqAµ, (3.52)

ãäå q � çàðÿä ÷àñòèöû. Îòñþäà âèäíî, ÷òî çàðÿä ýëåêòðîíà âûõîäèò äåéñòâèòåëü-

íî îòðèöàòåëüíûì, à òàêæå ñóùåñòâóåò ñâÿçü ìåæäó êîíñòàíòîé g è ýëåìåíòàðíûì

çàðÿäîì,

e = g sin θW . (3.53)

Ìîæíî ïðîâåðèòü, ÷òî ïîëå e âçàèìîäåéñòâóåò ñ ïîëåì Z ñëåäóþùèì îáðàçîì,

LeZ =
g

2c

[
ēL(c

2 − s2)ẐeL − 2s2ēRẐeR

]

= − g

cos θW
ē

[
−1

2
γµ

1− γ5
2

+ sin2 θWγ
µ

]
eZµ.

(3.54)

À âçàèìîäåéñòâèå ïîëÿ ν ñ Z èìååì âèä

LνZ = − g

2 cos θW

(
ν̄eγ

µ1− γ5
2

νe

)
Zµ. (3.55)

Êàê âèäíî ïî ñòðóêòóðå LeZ è LνZ ìîæíî íàïèñàòü îáùóþ ñòðóêòóðó âçàèìîäåéñòâèÿ

ëàãðàíæèàíà âçàèìîäåéñòâèÿ ôåðìèîíîâ ñ Z�áîçîíîì,

LfZ =
g

cos θW
f̄(x)

[
If3 γ

µ1− γ5
2
−Qf sin

2 θWγ
µ

]
Zµ, (3.56)

ãäå Qf � çàðÿä â åäèíèöàõ ýëåìåíòàðíîãî çàðÿäà. À ëàãðàíæèàí âçàèìîäåéñòâèÿ

ïîëÿ A ñ ôåðìèîíàìè ìîæíî çàïèñàòü êàê

LfA = −Qfe
[
f̄γµf

]
Aµ. (3.57)
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4 Ëåêöèÿ �4. Îáîáùåíèå ìîäåëè Âàéíáåðãà �

Ñàëàìà íà òðè ïîêîëåíèÿ ëåïòîíîâ. Ìàòðèöà

ëåïòîííîãî ñìåøèâàíèÿ

4.1 Íàèâíîå îáîáùåíèå ëåïòîííîãî ñåêòîðà ÑÌ íà ñëó÷àé 3

ïîêîëåíèé ëåïòîíîâ. Ïðîáëåìà íåéòðèííûõ îñöèëëÿöèé

Îáîáùèì âñþ êîíñòðóêöèþ íà ñëó÷àé òð¼õ ïîêîëåíèåì ëåïòîíîâ (÷àñòî ãîâîðÿò

ïðîñòî ôëåéâîðû). Â ñëó÷àå òð¼õ ïîêîëåíèé ëåïòîíîâ

(
νe
e

)
,

(
νµ
µ

)
,

(
ντ
τ

)
, (4.1)

Ëåâûé äóáëåò òåïåðü áóäåò îáëàäàòü èíäåêñîì α = e, µ, τ ,

Lα =

(
να
lα

)
. (4.2)

Íàèâíî êîíñòðóêöèÿ ëàãðàíæèàíà áóäåò ïðåäñòàâëÿòü ñîáîé

L =
∑

α

L(α), (4.3)

÷òî ïðèâîäèò ê òîìó, ÷òî ìîæíî áóäåò ìåíÿòü ôàçû ôåðìèîííûõ ïîëåé íåçàâèñèìî,

òî åñòü ìîæíî ïîäâåðãíóòü ïðåîáðàçîâàíèþ èç ãðóïïû U(1), à èìåííî

Lα −→ L′
α = eiθNαLα, (4.4)

ãäå θ � ïàðàìåòð ïðåîáðàçîâàíèÿ, Nα � ëåïòîííîå ÷èñëî (lepton family number).

Àíàëîãè÷íî ìîæíî ïðîäåëàòü ñ ïðàâûì ñèíãëåòîì ëåïòîíîâ,

l′αR = eiθNαlαR, ν ′αR = eiθNαναR, (4.5)

òàêèì îáðàçîì â ïðîöåññàõ ñëàáîãî âçàèìîäåéñòâèÿ áóäåò ñîõðàíÿòüñÿ ëåïòîííîå

÷èñëî Nα. Ïî îïðåäåëåíèþ ìîæíî ïðèïèñàòü ÷àñòèöàì ëåïòîííîå ÷èñëî Nα = +1, à

àíòè÷àñòèöàì Nα = −1. Íà ïðèìåðå ïðîöåññà ðàñïàäà ìþîíà, òî åñòü µ− −→ e−ν̄eνµ,

ìîæíî óáåäèòüñÿ, ÷òî ëåïòîííîå ÷èñëî ñîõðàíÿåòñÿ, òàê êàê Nµ = +1, Ne = +1,

Nν̄e = −1, Nνµ = +1.

Îäíàêî òàêàÿ íàèâíàÿ ñõåìà ïîñòðîåíèÿ ëàãðàíæèàíà íå ïîäòâåðæäàåòñÿ ýêñ-

ïåðèìåíòàëüíî, òàê êàê â ïðèðîäå íàáëþäàþòñÿ íåéòðèííûå îñöèëëÿöèè, òî

åñòü ïåðåõîä íåéòðèíî îäíîãî òèïà ôëåéâîðà â äðóãîé òèï ôëåéâîðà (ïðîöåññû ìåæ-
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äó ïîêîëåíèÿìè). Íàïðèìåð, â ïðèðîäå íàáëþäàþòñÿ ïðîöåññ âèäà νµ → νe, ÷òî ÿâíî

íàðóøàåò ñîõðàíåíèå ëåïòîííîãî ÷èñëà; îäíàêî ïîêà ýêñïåðèìåíòàëüíî íå îáíàðó-

æåíî íàðóøåíèå ñóììû ëåïòîííûõ ÷èñåë, N =
∑

α

Nα.

4.2 Îáîáùåíèå ëåïòîííîãî ñåêòîðà íà ñëó÷àé 3 ïîêîëåíèé

ëåïòîíîâ, äîïóñêàþùåå âîçìîæíîñòü íåéòðèííûõ

îñöèëëÿöèé

Ââåä¼ì âîçìîæíîñòü ïåðåõîäà ìåæäó ðàçíûìè ïîêîëåíèÿìè. Ðàññìîòðèì ëàãðàí-

æèàí âçàèìîäåéñòâèÿ ëåïòîíîâ ñ õèããñîâñêèì áîçîíîâ,

Llφ = −yeL̄φeR − yνL̄φ̃νeR + h.c., (4.6)

êîòîðûé îáîáùèì îò îäíîé þêàâñêîé êîíñòàíòû äî ìàòðèöû þêàâñêèõ êîíñòàíò,

Llφ = −ylαβL̄′
αφl

′
βR − yναβL̄′

αφ̃ν
′
βR + h.c., (4.7)

ãäå α, β = e, µ, τ , l � çàðÿæåííûå ëåïòîíû. Øòðèõ ïîêàçûâàåò òî, ÷òî ìû ðàáî-

òàåò ïîêà ñî âñïîìîãàòåëüíûìè ïîëÿìè, ïîêà íå äèàãîíàëèçîâàëè ëàãðàíæèàí äëÿ

ïîëó÷åíèÿ ìàññ. Âèäíî, ÷òî óâåëè÷èëîñü ÷èñëî ïàðàìåòðîâ ëàãðàíæèàíà. Äëÿ ôè-

çè÷åñêîé èíòåðïðåòàöèè ïåðåéä¼ì â óíèòàðíóþ êàëèáðîâêó ïîëÿ φ,

φ =
1√
2

(
0

v +H(x)

)
. (4.8)

Îáîçíà÷èì ïîëÿ ëåâûõ è ïðàâûõ ëåïòîíîâ (ïîêà íåôèçè÷åñêèå) êàê

l′L =



e′L
µ′
L

τ ′L


, l′R =



e′R
µ′
R

τ ′R


, ν ′L =



ν ′eL
ν ′µL
ν ′τL


, ν ′R =



ν ′eR
ν ′µR
ν ′τR


. (4.9)

Òîãäà

LlH = − 1√
2
(v +H)

[
l̄′LY

ll′R + ν̄ ′LY
νν ′R
]
+ h.c. (4.10)

Â îáùåì âèäå ýëåìåíòû ìàòðèö Y l è Y ν ÿâëÿþòñÿ êîìïëåêñíûìè ÷èñëàìè (íå îãðàíè-

÷èâàÿ îáùíîñòè ìîæíî ñ÷èòàòü ýòè ìàòðèöû ñèììåòðè÷íûìè). Ìû õîòèì ïîëó÷èòü

äèàãîíàëüíûé âèä ëàãðàíæèàíà äëÿ ôèçè÷åñêîé èíòåðïðåòàöèè, ïîýòîìó ñîâåðøèì

áèóíèòàðíîå ïðåîáðàçîâàíèå, ñìûñë êîòîðîãî â òîì, ÷òî ñóùåñòâóþò òàêèå óíèòàð-

íûå ìàòðèöû, ÷òî îíè äèàãîíàëèçóþò ìàòðèöó, ñîáñòâåííûå ÷èñëà êîòîðîé ÿâëÿþòñÿ

íåîòðèöàòåëüíûìè ÷èñëàìè (ïî ôèçè÷åñêîìó ñìûñëó áóäóò ìàññàìè ëåïòîíîâ). Äëÿ
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çàðÿæåííûõ ëåïòîíîâ ýòî óòâåðæäåíèå ìîæíî çàïèñàòü êàê

v√
2

(
V l
L

)†
Y lV l

R =M l = diag(me,mµ,mτ ), (4.11)

ãäå V l
L è V

l
R � äâå óíèòàðíûå ìàòðèöû, à me, mµ, mτ � ìàññû çàðÿæåííûõ ëåïòîíîâ.

Àíàëîãè÷íîå áèóíàòàðíîå ïðåîáðàçîâàíèå ìîæíî ñîâåðøèòü è äëÿ íåçàðÿæåííûõ

ëåïòîíîâ,
v√
2
(V ν

L )
† Y νV ν

R =Mν = diag(m1,m2,m3), (4.12)

ãäå m1, m2, m3 � ìàññû ìàññîâûõ ñîñòîÿíèé (íå åñòü ìàññû ôëåéâîðíûõ íåéòðèíî).

Â ðåçóëüòàòå ïîëó÷èì, ÷òî ôèçè÷åñêèå ïîëÿ çàðÿæåííûõ ëåïòîíîâ åñòü

lL =
(
V l
L

)†
l′L =



eL
µL
τL


, lR =

(
V l
R

)†
l′R =



eR
µR
τR


. (4.13)

Ïîëÿ íåéòðèíî áóäåì îáîçíà÷àòü êàê

nL = (V ν
L )

† ν ′L =



ν1L
ν2L
ν3L


, nR = (V ν

R )
† ν ′R =



ν1R
ν2R
ν3R


. (4.14)

Â èòîãå ëàãðàíæèàí âçàèìîäåéñòâèÿ ëåïòîíîâ ñ õèããñîâñêèìè ïîëÿìè áóäåò çàïèñû-

âàòüñÿ êàê

↕H = −
(
1 +

H

v

)[
l̄RM

llR + n̄LM
νnl
]
+ h.c. (4.15)

Ïîäðîáíî ýòî ìîæíî ðàñïèñàòü êàê

LlH = −
∑

α

mαl̄αlα −
∑

k

mkν̄kνk −
1

v

∑

α

mαl̄αlαH −
1

v

∑

k

mkν̄kνkH, (4.16)

ãäå

lα = lαL + lαR, (4.17)

α � ôëåéâîðíûé èíäåêñ,

νk = νkL + νkR (4.18)

k � ìàññîâûé èíäåêñ äëÿ íåéòðèíî.

Òàêèì îáðàçîì, ìû ïîñòðîèëè ëàãðàíæèàí íà ñëó÷àé òð¼õ ïîêîëåíèé ëåïòîíîâ.
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4.3 Ñòðóêòóðà âçàèìîäåéñòâèÿ ëåïòîíîâ ñ êàëèáðîâî÷íûìè

áîçîíàìè. Ìàòðèöà PMNS. Çàðÿæåííûé è íåéòðàëüíûé

òîêè

Çàðÿæåííûé òîê áóäåò èìåòü âèä

jCλ = ν̄ ′Lγλl
′
L = ν̄ ′γλ

1− γ5
2

l′. (4.19)

Â òåðìèíàõ ôèçè÷åñêèõ ïîëåé èìååì ñëåäóþùåå,

jCλ = n̄L (V
ν
L )

† γλV
l
LlL = n̄LU

†γλlL, (4.20)

ãäå U † = (V ν
L )

† V l
L. Ýðìèòîâî ñîïðÿæåííûé òîê åñòü

(jcλ)
† = l̄LγλUnl. (4.21)

Ìàòðèöà

U =
(
V l
L

)†
V ν
L = UPMNS (4.22)

èìåíóåòñÿ ìàòðèöåé Ïîíòåêîðâî � Ìàêè � Íàêàãàâû � Ñàêàòû, êîòîðàÿ ÿâëÿåòñÿ

îäíîé èç îñíîâíûõ ìàòðèö ÑÌ. Êîëè÷åñòâî ïàðàìåòðîì UPMNS áóäåò îáñóæäàòüñÿ

íèæå.

Ëåâûå ôëåéâîðíûå ïîëÿ íåéòðèíî åñòü

νL = UnL =



νeL
νµL
ντL


, (4.23)

ãäå â ïîäðîáíîì âèäå, íà ïðèìåðå ýëåêòðîííîãî íåéòðèíî, ìîæíî çàïèñàòü êàê

νeL =
∑

i

UeiνiL, (4.24)

ãäå ïåðâûé èíäåêñ UPMNS ñîîòâåòñòâóåò ôëåéâîðíîìó ñîñòîÿíèþ, à âòîðîé èíäåêñ

ñîîòâåòñòâóåò ìàññîâîìó ñîñòîÿíèþ. Òàêèì îáðàçîì, êîíñòàíòà ñâÿçè âçàèìîäåéñòâèÿ

çàðÿæåííûõ òîêîâ âêëþ÷àåò â ñåáÿ ýëåìåíòû PMNS�ìàòðèöû. Â ñîêðàù¼ííîé çàïèñè

çàðÿæåííûé òîê åñòü

jCλ = ν̄LγλlL =
∑

α=e,µ,τ

ν̄αLγλlαL. (4.25)

Èìåííî ôàêò ñìåøèâàíèÿ ìàññîâûõ ñîñòîÿíèé âî ôëåéâîðíûå ïðèâîäèò ê âîçìîæ-

íîñòè îñöèëëÿöèé íåéòðèíî.

Âçãëÿíåì íà ôîðìóëó (4.20). Ýòó ôîðìóëó ìîæíî èíòåðïðåòèðîâàíòü êàê âçàè-
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ìîäåéñòâèå ôëåéâîðíûõ ñîñòîÿíèé íåéòðèíî ñ çàðÿæåííûìè ëåïòîíàìè, îäíàêî ýòó

ôîðìóëó ìîæíî ïðî÷èòàòü ¾íàîáîðîò¿: ïðîèñõîäèò âçàèìîäåéñòâèå ìàññîâûõ ñîñòî-

ÿíèé íåéòðèíî ñî ñìåñüþ çàðÿæåííûõ ëåïòîíîâ. Äðóãèìè ñëîâàìè, ïî÷åìó ìû ãîâî-

ðèì î ñìåøèâàíèè íåéòðèíî, íî íå î ñìåøèâàíèè çàðÿæåííûõ ëåïòîíîâ? Íàïðèìåð,

ïðè ðàñïàäå W+ ðîæäàåòñÿ ïîçèòðîí è ýëåêòðîííîå íåéòðèíî, êîòîðîå è åñòü êî-

ãåðåíòíàÿ ñóïåðïîçèöèÿ ìàññîâûõ ñîñòîÿíèé (4.24), ïðèâîäÿùàÿ ê èíòåðôåðåíöèè.

Îòâåò çàêëþ÷àåòñÿ â òîì, ÷òî ôëåéâîðíîå ñîñòîÿíèå ïî÷òè ñîâïàäàåò ñ åãî ìàññîâûì

ñîñòîÿíèåì (èç�çà ìàëîé ìàññû íåéòðèíî), ÷òî íå òàê äëÿ çàðÿæåííûõ ëåïòîíîâ: ìàñ-

ñà ìþîíà ïî÷òè â 207 ðàç áîëüøå ìàññû ýëåêòðîíà, à òàó-ëåïòîí â 3477 ðàç áîëüøå

ìàññû ýëåêòðîíà. Ïîâûñèâ òî÷íîñòü ýêñïåðèìåíòà ìîæíî áóäåò äîáèòüñÿ òîãî, ÷òî

ìû áóäåì çíàòü, â êàêîì èìåííî ìàññîâîì ñîñòîÿíèè ðîæäàåòñÿ íåéòðèíî, îäíàêî

òîãäà ïðîïàä¼ò èíòåðôåðåíöèÿ (ñì. îïûò Þíãà èç êâàíòîâîé ìåõàíèêè). ßâëåíèå

äåêîãåðåíöèè ïðîÿâëÿåòñÿ íà àñòðîôèçè÷åñêèõ ìàñøòàáàõ. Ïîýòìîó â ëèòåðàòóðå

÷àñòî UPMNS íàçûâàþò ìàòðèöåé ëåïòîííîãî ñìåøèâàíèÿ.

Òåïåðü ðàññìîòðèì íåéòðàëüíûé òîê, âçàèìîäåéñòâóþùèé ñ Z�áîçîíîì. Èòàê,

jNλ = gνLν̄
′
Lγλν

′
L + glLl̄

′
Lγλl

′
L + glR l̄

′
Rγλl

′
R (4.26)

= gνLn̄L (V
ν
L )

† γλV
ν
LnL + glLl̄L

(
V l
L

)†
γλV

l
L + glR l̄R

(
V l
R

)†
γλV

l
R. (4.27)

Ñ ó÷¼òîì óíèòàðíîñòè UPMNS ïîëó÷èì, ÷òî

jNλ = gνLn̄LγλnL + glLl̄Lγλ + glR l̄Rγλ. (4.28)

Èäåÿ ñìåøèâàíèÿ ìàññîâûõ ñîñòîÿíèé òàêæå åñòü â êâàðêîâîì ñåêòîðå8 Ñòàí-

äàðòíîé ìîäåëè: â êâàðêîâîì ñåêòîðå 3 ïîêîëåíèÿ êâàðêîâ,

(
u

d

)
,

(
c

s

)
,

(
t

b

)
, (4.29)

òàêæå åñòü ïåðåõîä êâàðêîâ èç îäíîãî ïîêîëåíèÿ â äðóãîå, êîòîðàÿ ïàðàìåòðèçóåòñÿ

ñ ïîìîùüþ ìàòðèöû Êàáèááî � Êîáàÿøè � Ìàñêàâû, îáîçíà÷àåìîé êàê VCKM.

4.4 Êîëè÷åñòâî ïàðàìåòðîâ PMNS�ìàòðèöû

Çàäàäèìñÿ âîïðîñîì î êîëè÷åñòâå ïàðàìåòðîâ UPMNS. Ðàññìîòðèì ñðàçó îáùèé

ñëó÷àé, êîãäà PMNS�ìàòðèöà ñìåøèâàåò n ôëåéâîðîâ. Åñëè UPMNS ∈ Mat(n × n),

ïðè÷¼ì UPMNS ∈ C, òî â íåé n(n − 1) + n = n2 âåùåñòâåííûõ ïàðàìåòðîâ. Ýòè n2

ìîæåò áûòü ðàçáèòî íà n(n− 1)/2 óãëîâ è n(n+ 1)/2 ôàç.

8Ýòà èäåÿ âîçíèêëà ðàíüøå èìåííî â êâàðêîâîì ñåêòîðå ïåðâîé äëÿ îáúÿñíåíèÿ ðàñïàäà K0�
ìåçîíà.
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Ðàññìîòðèì âåêòîð-ñîñòîÿíèå äëÿ ýëåêòðîííîãî íåéòðèíî

|νe⟩ = U∗
e1 |ν1⟩+ U∗

e2 |ν2⟩+ U∗
e3 |ν3⟩ , (4.30)

âåêòîð-ñîñòîÿíèå äëÿ ìþîííîãî íåéòðèíî

|νµ⟩ = U∗
µ1 |ν1⟩+ U∗

µ2 |ν2⟩+ U∗
µ3 |ν3⟩ (4.31)

è âåêòîð-ñîñòîÿíèå äëÿ òàó-íåéòðèíî

|ντ ⟩ = U∗
τ1 |ν1⟩+ U∗

τ2 |ν2⟩+ U∗
τ3 |ν3⟩ . (4.32)

Âñïîìíèì, ÷òî åñëè Ue1 ∈ C, òî îí ìîæåò áûòü ïðåäñòàâëåí êàê Ue1 = |Ue1|eiφe1 , ãäå

φe1 � ôàçà. Òîãäà ìîæíî èçáàâèòüñÿ îò ôàçû, îáúÿâèâ íîâûì âåêòîðîì

|νe⟩ −→ |νe⟩ eiφe1 . (4.33)

Òàêèì îáðàçîì ìîæíî äîáèòüñÿ èçáàâëåíèåì îò ôàçû è äâóõ äðóãèõ âåêòîðàõ-ñîñòîÿíèÿõ,

|νµ⟩ −→ |νµ⟩ eiφµ1 , (4.34)

|ντ ⟩ −→ |ντ ⟩ eiφτ1 . (4.35)

Òîãäà âñÿ ïåðâàÿ êîëîíêà ñòàíåò âåùåñòâåííîé ïóò¼ì ïåðåîïðåäåëåíèÿ ôàç ôëåéâîð-

íûõ ïîëåé. Ïóò¼ì òàêîé ïðîöåäóðû óäàëèëè òðè âåùåñòâåííûõ ïàðàìåòðà (óáðàëè

òðè ôàçû). Åñëè íåéòðèíî ÿâëÿþòñÿ äèðàêîâñêèìè ôåðìèîíàìè, òî ìîæíî ñäåëàòü

âñþ ñòðî÷êó âåùåñòâåííîé, òàêèì îáðàçîì, èçáàâèòüñÿ åù¼ îò äâóõ âåùåñòâåííûõ

ïàðàìåòðîâ. Ñóììàðíî ìû òàêîé ïðîöåäóðîé óáðàëè 5 ôàç (â ñëó÷àå n ôëåéâîðîâ �

(2n− 1)).

Ñîîòâåòñòâåííî, ÷èñëî ôàç PMNS�ìàòðèöû äëÿ äèðàêîâñêèõ íåéòðèíî åñòü

NDirac
physical phases =

n(n+ 1)

2
− (2n− 1) =

(n− 1)(n− 2)

2
(4.36)

Òî åñòü â ñëó÷àå n = 3 îñòà¼òñÿ îäíà ôàçà è åù¼ òðè óãëà, ñóììàðíî � 4 ïàðàìåòðà.

Â ñëó÷àå åñëè íåéòðèíî ÿâëÿþòñÿ ìàéîðàíîâñêèìè ôåðìèîíàìè, òî ìîæíî ëèøü

èçáàâèòüñÿ îò n ôàç, òîãäà

NMajorana
physical phases =

n(n+ 1)

2
− n =

n(n− 1)

2
, (4.37)

ñëåäîâàòåëüíî, äëÿ ìàéîðàíîâñêèõ íåéòðèíî ñóùåñòâóåò n = 3 ôàçû.
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4.5 Ïàðàìåòðèçàöèÿ PMNS�ìàòðèöû

Ðàññìîòðèì ïàðàìåòðèçàöèþ PMNS�ìàòðèöû â ñëó÷àå äèðàêîâñêèõ íåéòðèíî.

Íàïîìíèì, ÷òî äëÿ ýòîãî íåîáõîäèìî 3 óãëà è 1 ôàçà. Ââåä¼ì îáîçíà÷åíèÿ,

sin θij = sij, (4.38)

cos θij = cij, (4.39)

ãäå θij èìååò ñìûñë óãëà ïîâîðîòà â ïëîñêîñòè i è j. Òîãäà ïîñëåäîâàòåëüíî ïîâîðà-

÷èâàÿ âîêðóã ïëîñêîñòåé è äîáàâëÿÿ ôàçó, ïîëó÷èì

UtextPMNS =



1 0 0

0 c23 s23
0 −s23 c23







c13 0 s13e
−iδ

0 1 0

−s13eiδ 0 c13







c12 s12 0

−s12 c12 0

0 0 0


, (4.40)

ãäå δ = δCP � CP�íàðóøàþùàÿ ôàçà.

Àêòóàëüíûå äàííûå äëÿ PMNS�ìàòðèöû ìîãóò áûòü âçÿòû ñ îôèöèàëüíîãî ñàéòà

ãðóïïû NuFIT9.

Best-�t äàííûå (ñ òî÷íîñòüþ äî äâóõ çíàêîâ ïîñëå çàïÿòîé) äëÿ PMNS�ìàòðèöû

åñòü

UPMNS =




0.83 0.55 −9.2× 10−2 + 0.12i

0.36 + 6.60× 10−2i 0.65 + 4.4× 10−2i 0.67

0.43 + 7.27× 10−2i −0.52 + 4.8× 10−2i 0.73


. (4.41)

Òàê êàê PMNS�ìàòðèöà ÿâëÿåòñÿ óíèòàðíîé, ñëåäîâàòåëüíî, å¼ detUPMNS = 1.

Îñíîâûâàÿñü íà ýêñïåðèìåíòàëüíûõ äàííûõ (4.41), òî ïîëó÷èì

detUPMNS = 1.00− 5.21× 10−5i, (4.42)

÷òî áëèçêî ê åäèíè÷íîìó îïðåäåëèòåëþ.

9Íà ìîìåíò ìàðòà 2024 àêòóàëüíûì ïðåïðèíòîì ãðóïïû NuFIT ÿâëÿåòñÿ arXiv:2007.14792
(NuFIT 5.2 (2022)), ãäå ïðèâåäåíû ñîîòâåòñòâóþùèå ýêñïåðèìåíòàëüíûå äàííûå äëÿ PMNS�
ìàòðèöû.
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5 Ëåêöèÿ �5. Îñöèëëÿöèè íåéòðèíî

Íà ïðîøëîé ëåêöèè áûëî ïîêàçàíî, ÷òî ôëåéâîðíîå ñîñòîÿíèå να, α = e, µ, τ ,

ïðåäñòàâëÿåòñÿ â âèäå ñóïåðïîçèöèè ìàññîâûõ ñîñòîÿíèé (ïîëåé νi ñ îïðåäåë¼ííîé

ìàññîé mi, i = 1, 2, 3) íåéòðèíî,

να =
3∑

i=1

Uαiνi, (5.1)

â ñëó÷àå n = 3 ïîêîëåíèé ëåïòîíîâ. Âåêòîð-ñîñòîÿíèÿ íåéòðèííîãî ïîëÿ áóäåò çàïè-

ñûâàòüñÿ êàê

|να⟩ =
3∑

i=1

U∗
αi |νi⟩ . (5.2)

Â ðåàëüíûõ ýêñïåðèìåíòàõ íåéòðèíî ÿâëÿþòñÿ ðåëÿòèâèñòñêèìè ÷àñòèöàìè (|p|, E ≫
mi), ïîýòîìó äëÿ îïèñàíèÿ íåéòðèííûõ îñöèëëÿöèé ìîæíî èñïîëüçîâàòü óïðîù¼í-

íóþ òåîðèþ ïî ñóòè ÿâëÿþùåéñÿ ÷èñòî êâàíòîâîìåõàíè÷åñêîé10.

5.1 Îïèñàíèå íåéòðèííûõ îñöèëëÿöèé. Ïðèìåð ñ äâóìÿ

ôëåéâîðàìè

Îïèøåì âðåìåííóþ ýâîëþöèþ íåéòðèííûõ îñöèëëÿöèé íà ïðèìåðå äâóõ ôëåé-

âîðíûõ ñîñòîÿíèé. Ïóñòü â íà÷àëüíûé ìîìåíò âðåìåíè t = 0 ðîæäàåòñÿ íåéòðèíî

îïðåäåë¼ííîãî ôëåéâîðà. Ïðè âðåìåííîé ýâîëþöèè ìàññîâîå ñîñòîÿíèå áóäåò ýâîëþ-

öèîíèðîâàòü ïî ñëåäóþùåìó çàêîíó,

|νi(0)⟩ −→ e−iEit |νi(0)⟩ . (5.3)

Ñäåëàåì ñëåäóþùåå äîïóùåíèå, ñïðàâåäëèâîå äëÿ ðåëÿòèâèñòñêèõ íåéòðèíî, à

èìåííî, ÷òî âñå ìàññîâûå ñîñòîÿíèÿ íåéòðèíî èìåþò îäèíàêîâûé èìïóëüñ. Ýíåðãèÿ

ìàññîâîãî ñîñòîÿíèÿ çàïèñûâàåòñÿ êàê

Ei =
√
m2
i + p2

i , (5.4)

òîãäà ïðè mi ≪ |p| ñïðàâåäëèâî ðàçëîæåíèå

Ei ≈ pi +
m2
i

2pi
, (5.5)

ãäå pi ≡ |pi|. Òàê êàê íåéòðèíî ÿâëÿþòñÿ ðåëÿòèâèñòñêèìè ÷àñòèöàìè, òî pi ìîæíî

çàìåíèòü íà Ei. Êàê áûëî ïîêàçàíî â ïðåäûäóùåé ëåêöèè, åñëè ÷èñëî ôëåéâîðîâ

10Ïî ñóòè ìîæíî ïðåíåáðå÷ü ïîïðàâêàìè, ñâÿçàííûìè ñ ðàñïðîñòðàíåíèåì âîëíîâûõ ïàêåòîâ.
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ðàâíÿåòñÿ n = 2, òî PMNS�ìàòðèöà ñîäåðæèò òîëüêî îäèí óãîë ñìåøèâàíèÿ θ. Ââå-

ä¼ì îáîçíà÷åíèÿ: cos θ = c, sin θ = s. PMNS�ìàòðèöà â ñëó÷àå äâóõ ôëåéâîðîâ èìååò

âèä

U
(n=2)
PMNS =

(
c s

−s c

)
. (5.6)

Äâà ôëåéâîðíûõ ñîñòîÿíèÿ (äëÿ ïðîñòîòû îíè áóäóò îáîçíà÷àòüñÿ êàê νe è νµ) áóäóò

çàïèñûâàòüñÿ êàê (
|νe⟩
|νµ⟩

)
=

(
c s

−s c

)(
|ν1⟩
|ν2⟩

)
. (5.7)

Òîãäà èçíà÷àëüíî ýëåêòðîííîå íåéòðèíî êî âðåìåíè t ïðîýâîëþöèîíèðóåò ïî çàêîíó

|νe(t)⟩ = c · e−iE1t |ν1⟩+ s · e−iE2t |ν2⟩ . (5.8)

Êàêîâà âåðîÿòíîñòü ïåðåõîäà íåéòðèíî îäíîãî ôëåéâîðà â äðóãîé ñ òå÷åíèåì âðåìå-

íè? Ïóñòü â íà÷àëüíûé ìîìåíò âðåìåíè èìåëîñü ýëåêòðîííîå íåéòðèíî νe. Ïðèíè-

ìàÿ, ÷òî E1 ≈ E2 ≈ E, ìîæíî çàïèñàòü, ÷òî âåðîÿòíîñòü îáíàðóæèòü ÷åðåç âðåìÿ t

ìþîííîå íåéòðèíî νµ åñòü

P (νe → νµ; t) = |⟨νµ|νe(t)⟩|2 (5.9)

=
∣∣(−s ⟨ν1|+ c ⟨ν2|)

(
c · e−iE1t |ν1⟩+ s · e−iE2t |ν2⟩

)∣∣2 (5.10)

= c2s2
∣∣e−iE2t − e−iE1t

∣∣2 = 1

2
sin2(2θ) (1− cos((E2 − E1)t)) (5.11)

= sin2(2θ) sin2

(
E2 − E1

2
t

)
= sin2(2θ) sin2

(
m2

2 −m2
1

4E
t

)
(5.12)

= sin2(2θ) sin2

(
∆m2

4E
t

)
, (5.13)

ãäå ââåäåíî òðàäèöèîííîå îáîçíà÷åíèå ∆m2 = m2
2 −m2

1.

Òàê êàê íåéòðèíî ðåëÿòèâèñòñêèå, òî çà âðåìÿ t íåéòðèíî ïðîõîäèò ðàññòîÿíèå

L = t (íàïîìíèì, ÷òî c = 1). Èòàê, âåðîÿòíîñòü ïåðåõîäà åñòü

P (νe → νµ; t) = sin2(2θ) sin2

(
∆m2

4E
L

)
. (5.14)

Çàìåòèì, ÷òî â ôîðìóëå (5.14) âåðîÿòíîñòü çàâèñèò ëèøü îò ðàçíîñòè êâàäðàòîâ

ìàññ íåéòðèíî è èìååò ñèíóñîèäàëüíóþ çàâèñèìîñòü îò ðàññòîÿíèÿ.

Ðàññòîÿíèå, íà êîòîðîì âåðîÿòíîñòü îñöèëëÿöèè èç îäíîãî àðîìàòà â äðóãîé ðàâ-

íà íóëþ, ïðèíÿòî íàçûâàòü äëèíîé îñöèëëÿöèè, L = λosc. Èç ôîðìóëû (5.14) ñëåäóåò

(ñì. òàêæå 5.1), ÷òî

λosc =
4πE

|∆m2| . (5.15)
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λosc 2λosc

1

L

P

Ðèñ. 5.1: Èëëþñòðàòèâíûé ãðàôèê ê ôîðìóëå âåðîÿòíîñòè îñöèëëÿöèé (5.14) è äëèíå
îñöèëëÿöèè λosc (5.15).

Êàê ïîêàçûâàþò íåéòðèííûå ýêñïåðèìåíòû, |∆m2| ∼ 1 ýÂ, ïîýòîìó óäîáíî äëÿ

÷èñëåííûõ îöåíîê çàïèñàòü (5.14) êàê

λosc = 2.48ì · E[ÌýÂ]

|∆m2|
[
ýÂ2
] = 2.48êì · E[ÃýÂ]

|∆m2|
[
ýÂ2
] . (5.16)

×àñòî â ýêñïåðèìåíòàõ èíòåðåñóþòñÿ íå âåðîÿòíîñòüþ ïåðåõîäà îäíîãî ôëåéâîðà

â äðóãîé, à âåðîÿòíîñòüþ âûæèâàíèÿ, òî åñòü

P (νe → νe; t) = 1− P (νe → νµ; t). (5.17)

Òàêàÿ âåðîÿòíîñòü êàê ðàç áûëà èçìåðåíà, íàïðèìåð, â ýêñïåðèìåíòå KamLAND.

5.2 Îïèñàíèå íåéòðèííûõ îñöèëëÿöèé ñ òðåìÿ ôëåéâîðàìè

Äëÿ îïèñàíèÿ íåéòðèííûõ îñöèëëÿöèé ñ òðåìÿ ôëåéâîðàìè (α = e, µ, τ) íåîáõî-

äèìî òåïåðü èñïîëüçîâàòü ¾íàñòîÿùóþ¿ PMNS�ìàòðèöó (4.40).
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Èòàê, â îáùåì âèäå

P (να → νβ) =

∣∣∣∣∣
3∑

j=1

UβjU
∗
αj exp

(
−im2

j

L

2E

)∣∣∣∣∣

2

=
3∑

j=1

|Uβj|2|Uαj|2

+2
∑

j<k

Re[UβjU
∗
βkU

∗
αjUαk] cos

(
∆m2

jkL

2E

)

+2
∑

j<k

Im[UβjU
∗
βkU

∗
αjUαk] sin

(
∆m2

jkL

2E

)
.

(5.18)

Ïðîàíàëèçóðåì (5.18) íà ñëåäóþùèå ñèììåòðèè: CP , T è CPT .

� CP�ïðåîáðàçîâàíèå â (5.18) ýêâèâàëåíòíî çàìåíå íåéòðèíî íà àíòèíåéòðèíî.

Òîãäà íåîáõîäèìî çàìåíèòü Uαi −→ U∗
αi. Âòîðîå ñëàãàåìîå (êîñèíóñîèäàëüíîå)

îñòàíåòñÿ ïðåæíèì, à òðåòüå (ñèíóñîèäàëüíîå) èçìåíèò çíàê. Äåéñòâèòåëüíî,

â ñëàáûõ âçàèìîäåéñòâèÿõ íàðóøàåòñÿ CP�ñèììåòðèÿ. Ñòîèò îòìåòèòü, ÷òî â

íàðóøåíèè CP�ñèììåòðèè ñóùåñòâåíåí ôàêò, ÷òî PMNS�ìàòðèöà êîìïëåêñíà,

òàê êàê èìåííî áëàãîäàðÿ íåíóëåâîé CP�íàðóøàþùåé ôàçå δCP è ïðîèñõîäèò

íàðóøåíèå CP�èíâàðèàíòíîñòè.

� T�ïðåîáðàçîâàíèå ýêâèâàëåíòíî çàìåíå να ←→ νβ. Âòîðîå ñëàãàåìîå òàêæå

îñòàíåòñÿ ïðåæíèì, à òðåòüå òàêæå èçìåíèò çíàê. Ïîýòîìó T�ïðåîáðàçîâàíèå

ÿâëÿåòñÿ ñèììåòðèåé, åñëè δCP ̸= 0, π.

� Ïðè CPT�ïðåîáðàçîâàíèè ôîðìóëà (5.18) îñòà¼òñÿ ïðåæíåé: ïðè CPT�ïðåîáðçîâàíèè

ïðîèñõîäèò çàìåíà Uαi −→ U∗
αi è çàìåíå α←→ β. Ïîýòîìó CPT�ñèììåòðèÿ íå

íàðóøåíà.

5.3 Ñîîòíîøåíèÿ íà PMNS�ìàòðèöó. Èíâàðèàíò ßðëñêîã

Âñïîìíèì, ÷òî PMNS�ìàòðèöà ÿâëÿåòñÿ óíèòàðíîé,

U †U = 1, (5.19)

÷òî ìîæíî ïåðåïèñàòü â ìàòðè÷íîì âèäå êàê

∑

j

UαjU
∗
βj = δαβ. (5.20)
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Ìîæíî òàêæå ïåðåïèñàòü ýòî ñîîòíîøåíèå êàê

∑

α

UαjU
∗
αk = δjk. (5.21)

Ââåä¼ì ñëåäóþùèå êîýôôèöèåíòû,

Jαβjk = − Im[UαjU
∗
αkU

∗
βjUβk], (5.22)

êîòîðûé âõîäèò â ôîðìóëó (5.18). Âèäíî, ÷òî ýòîò êîýôôèöèåíò óäîâëÿòâîðÿåò

ñîîòíîøåíèÿì

Jαβjk = −Jαβbj = −Jβαjk , (5.23)

Jαβjj = 0, Jααjk = 0. (5.24)

Òàêæå èç óñëîâèÿ óíèòàðíîñòè ñëåäóåò, ÷òî

Jαβ12 = Jαβ23 = Jαβ13 , (5.25)

Jeµjk = Jµτjk = Jτejk . (5.26)

Òàêèì îáðàçîì, ñóùåñòâóåò òîëüêî îäèí èíâàðèàíò, ÷åðåç êîòîðûé âñ¼ âûðàæàåòñÿ.

Èòàê, çàïèøåì åãî ÿâíî êàê

J = Jeµ12 = − Im[Ue1U
∗
e2U

∗
µ1Uµ2]. (5.27)

Åñëè ïîäñòàâèòü ÿâíûå çíà÷åíèÿ ýëåìåíòîì PMNS�ìàòðèöû (4.40), òî ïîëó÷èì, ÷òî

J = c213s13s12c12s23c23 sin δ, (5.28)

ãäå sij = sin θij, cij = cos θij. Ââåä¼ì ñëåäóþùóþ âåëè÷èíó,

Ajkαβ = −4Re[UαjU∗
βjU

∗
αkUβk], (5.29)

à òàêæå âåëè÷èíó,

φij =
∆m2

ijL

4E
. (5.30)

Ñ ïîìîùüþ ýòîãî èíâàðèàíòà ìîæíî ïåðåïèñàòü ôîðìóëó (5.18) è ââåä¼íûõ âå-

ëè÷èí ìîæíî ïåðåïèñàòü êàê

P (να → νβ) = A12
αβ sin

2 φ12 + A23
αβ sin

2 φ23 + A13
αβ sin

2 φ13

±8J sinφ12 sinφ23 sinφ13.
(5.31)
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Ýòà ôîðìóëà âûâåäåíà ñ ïîìîùüþ ñëåäóþùåãî òðèãîíîìåòðè÷åñêîãî ñîîòíîøåíèÿ,

sinα + sin β − sin(α + β) = 4 sin
α

2
sin

α + β

2
. (5.32)

Çíàê ¾±¿ â óëó÷øåííîé ôîðìóëå äëÿ âåðîÿòíîñòè (5.31) îïðåäåëÿåòñÿ ïî ñóùåñòâó

êàê
∑

γ εαβγ. Íàðóøåíèå CP -ñèììåòðèè çàâèñèò îò âåëè÷èíû (5.28), ïðè÷¼ì CP

íàðóøåíèå åñòü, åñëè J ̸= 0, è CP�íàðóøåíèå îòñóòñòâóåò, åñëè J = 0, êàê ýòî áûëî

ïîêàçàíî âûøå.

Ìîæíî ïîêàçàòü, ÷òî âåëè÷èíà (5.28) íå çàâèñèò îò òèïà ïàðàìåòðèçàöèè PMNS�

ìàòðèöû. Âïåðâûå ñóùåñòâîâàíèå ýòîãî èíâàðèàíòà (5.28) ââåëà øâåäñêèé ôèçèê Ñ.

ßðëñêîã11.

Èòàê, íàðóøåíèå CP�ñèììåòðèè (è, ñëåäîâàòåëüíî, T�ñèììåòðèè) âîçíèêàåò, åñ-

ëè

� îòëè÷íà îò 0 èëè π ôàçà δ,

� âñå óãëû ñìåøèâàíèÿ îòëè÷íû îò íóëÿ, ò.å. θ12 ̸= 0, θ23 ̸= 0, θ13 ̸= 0,

� Ïàðàìåòð φij òàêæå äîëæåí áûòü îòëè÷åí îò íóëÿ, φij ̸= 0.

5.4 Îñöèëëÿöèè ïðè äîìèíèðîâàíèè îäíîé ìàññû

Ïðåäïîëîæèì íå èñêëþ÷åííûé ýêñïåðèìåíòîì âàðèàíò ïàðàìåòðîì, ïðè êîòîðîì

ïðè íîðìàëüíîé èåðàðõèè12 ìàññ íåéòðèíî

m1 ≪ m2 ≪ m3. (5.33)

Â ýòîì ñëó÷àå ∣∣∆m2
12

∣∣≪
∣∣∆m2

23

∣∣ ≃
∣∣∆m2

13

∣∣. (5.34)

Ýêñïåðèìåíòàëüíî èçâåñòíî, ÷òî ∆m2
21 = (7.53 ± 0.18) × 10−5 ýÂ2, ∆m2

32 = 2.45 ×
10−3 ýÂ2. Â ýòîì ñëó÷àå ïîëó÷åííûå ôîðìóëû ìîãóò áûòü çíà÷èòåëüíî óïðîùåíû.

Íàïðèìåð, ïðè óñëîâèè, ÷òî |∆m2
12|/4E ≪ 1,

P (νe → νµ) = s223 sin
2 2θ13 sin

2 φ13. (5.35)

Âåðîÿòíîñòü âûæèâàíèÿ ýëåêòðîííîãî íåéòðèíî åñòü

P (νe → νe) = 1− sin2 2θ13 sin
2 φ13. (5.36)

11C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).
12Çäåñü è äàëåå ïîäðàçóìåâàåòñÿ ïðÿìàÿ èåðàðõèÿ ìàññ íåéòðèíî.
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Òàêèì îáðàçîì, ìû ïîëó÷èëè ôàêòè÷åñêè äâóõôëåéâîðíóþ àïïðîêñèìàöèþ íåéòðèí-

íûõ îñöèëëÿöèé, åñëè ∆m2 = ∆m2
13 è θ = θ13.

Ðàññìîòðèì òàêæå ñëó÷àé, àêòóàëüíûé äëÿ ýêñïåðèìåíòà ñ î÷åíü äëèííîé áàçîé

îñöèëëÿöèé (íàïðèìåð, ýêñïåðèìåíò KamLAND), ïðè êîòîðîì

∆m2
13L

2E
≃ ∆m2

23L

2E
≫ 1. (5.37)

Òîãäà âåðîÿòíîñòü âûæèâàíèÿ ýëåêòðîííîãî íåéòðèíî åñòü

P (νe → νe) ≃ c413P + s413, (5.38)

ãäå

P = 1− sin2 2θ12 sin
2

(
∆m2

21L

4E

)
, (5.39)

÷òî òàêæå ñîîòâåòñòâóåò ñëó÷àþ äâóõôëåéâîðíûõ îñöèëëÿöèé, ãäå ∆m2 = ∆m2
21 è

óãîë ñìåøèâàíèÿ θ = θ12.

5.5 Ýíåðãèÿ è èìïóëüñ îñöèëëèðóþùèõ íåéòðèíî

Ðàññìîòðèì ïðîöåññ π+ → µ+νµ. Åñëè áû íåéòðèíî áûëî áåçìàññîâûì, òî ïî

çàêîíó ñîõðàíåíèÿ îíî óíîñèò ñëåäóþùóþ ýíåðãèþ,

E = p =
mπ

2

(
1− m2

µ

m2
π

)
. (5.40)

Åñëè ìû òåïåðü ó÷ò¼ì, ÷òî ìàññà íåéòðèíî èìååò ìàññó, òî ýíåðãèÿ íåéòðèíî â j-îì

ìàññîâîé ñîñòîÿíèè èìååò ýíåðãèþ

Ej = E +
m2
j

2mπ

= E +
m2
j

2E

(
1− m2

µ

m2
π

)
(5.41)

è èìïóëüñ

pj =
√
E2
j −m2

j ≃ E − m2
j

2E

(
1 +

m2
µ

m2
π

)
. (5.42)

Èç ïîñëåäíåãî óðàâíåíèÿ âèäíî, ÷òî èìïóëüñ pj òåïåðü çàâèñèò îò ìàññû mj. Â îá-

ùåì ñëó÷àå âèäíî, ÷òî â ïðîèçâîëüíîì ïðîöåññå ðàñïàäà íà íåéòðèíî, ýíåðãèÿ ýòîãî

íåéòðèíî â j-îì ìàññîâîì ñîñòîÿíèè áóäåò èìåòü âèä

Ej = E +
m2
j

2E
ξ, (5.43)
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à èìïóëüñ

pj = E − m2
j

2E
(1− ξ), (5.44)

ãäå E åñòü ýíåðãèÿ â ñëó÷àå, åñëè ñ÷èòàòü íåéòðèíî áåçìàññîâûì, à ξ � áåçðàçìåðíûé

ïàðàìåòð. Ìîæíî ïîêàçàòü, ÷òî è â òàêîì ñëó÷àå13 ýôôåêòèâíî ýòî ñâîäèòñÿ ê óæå

ðàññìîòðåííîìó ñëó÷àþ.

13Ïî ñóòè ýòî ðàññìîòðåíèå âîëíîâîãî ïàêåòà íåéòðèíî.
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6 Ëåêöèÿ �6. Ìàéîðàíîâñêèå íåéòðèíî. Ìåõàíèçì

seesaw

6.1 Â êàêîì èìåííî ìàññîâîì ñîñòîÿíèè ðîæäàþòñÿ

íåéòðèíî?

Â êàêîì èìåííî ìàññîâîì ñîñòîÿíèè ðîæäàþòñÿ íåéòðèíî? Äëÿ ýòîãî ìû äîëæíû

èìåòü òî÷íîñòü èçìåðåíèÿ èìïóëüñà ëó÷øóþ, ÷åì

∆p ≲ |pk − pj|, (6.1)

ãäå pk, pj � èìïóëüñû ñîñåäíèõ ìàññîâûõ ñîñòîÿíèé. Íàïîìíèì, ÷òî âåêòîð ñîñòîÿíèÿ

ôëåéâîðíîãî ñîñòîÿíèÿ α åñòü

|να⟩ =
∑

k

U∗
αk |νk⟩ . (6.2)

Åñëè ìû õîòèì èìåòü ñîîòâåòñòâóþùóþ ðàçðåøàþùóþ ñïîñîáíîñòü, òî ïî ïðèíöèïó

íåîïðåäåë¼ííîñòè Ãåéçåíáåðãà,

∆p∆x ≳ 1, (6.3)

òîãäà

∆x ≳
1

∆p
∼ E∣∣m2

k −m2
j

∣∣ ∼ λjkosc, (6.4)

ãäå λjkosc � äëèíà îñöèëëÿöèé. Òàêèì îáðàçîì, êàê òîëüêî óëó÷øàåòñÿ òî÷íîñòü èç-

ìåðåíèÿ èìïóëüñà, òåì áîëüøå ìû òåðÿåì èíôîðìàöèè î ëîêàëèçàöèè íåéòðèíî,

ñëåäîâàòåëüíî, ðàçðóøàåòñÿ êîãåðåíòíîñòü íåéòðèííîãî âîëíîâîãî ïàêåòà.

6.2 Î âîëíîâîì ïàêåòå íåéòðèíî

Íåéòðèíî ñ êîíå÷íûìè ìàññàìè, äâèæóùèåñÿ êîãåðåíòíî â âîëíîâîì ïàêåòå, èìå-

þò êàæäóþ ñâîþ ñêîðîñòü. Ìàññîâàÿ j�êîìïîíåíòà èìååò ñêîðîñòü

vj =
pj
Ej
, (6.5)

ãäå pj = |pj|. Òàê êàê íåéòðèíî ðåëÿòèâèñòñêàÿ ÷àñòèöà, òî

vj ≈ 1− m2
j

2E
, (6.6)

ãäå E � ýíåðãèÿ íåéòðèíî â ïðèáëèæåíèè áåçìàññîâûõ íåéòéðèíî (òàêæå ýòî ìîæíî

èíòåðïðåòèðîâàòü êàê ñðåäíþþ ýíåðãèþ íåéòðèíî â âîëíîâîì ïàêåòå). Â ðåàëüíîé
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ν1 ν2 ν1 ν2 ν1 ν2

Ðèñ. 6.1: Ðàñïîëçàíèå âîëíîâîãî ïàêåòà

ñèòóàöèè èç-çà ðàçíûõ ñêîðîñòåé ìàññîâûõ ñîñòîÿíèé ïðîèñõîäèò ðàñïîëçàíèå âîëíî-

âûõ ïàêåòîâ (ñì. èëëþñòðàöèþ 6.1). Êîãäà äâà ñîñòîÿíèÿ ðàçîéäóòñÿ íà ðàññòîÿíèå

ïîðÿäêà øèðèíû âîëíîâîãî ïàêåòà, îñöèëëÿöèè íåéòðèíî ïðåêðàòÿòñÿ.

Ïîñ÷èòàåì, íà êàêîì ðàññòîÿíèè ïðåêðàòÿòñÿ íåéòðèííûå îñöèëëÿöèè. Îñöèëëÿ-

öèè åñòü, ïîêà âîëíîâûå ïàêåòû íå ðàçîøëèñü, ïîýòîìó ïîñ÷èòàåì äëèíó êîãåðåíòíî-

ñòè (ðàññòîÿíèå, ïîñëå êîòîðîé ïðîïàäàåò êîãåðåíòíîñòü). Ýòà äëèíà êîãåðåíòíîñòè

åñòü

L ≲ Ljkcoh ∼
σx

vj − vk
∼ E2σx∣∣∆m2

jk

∣∣ , (6.7)

ãäå σx � øèðèíà âîëíîâîãî ïàêåòà.

Â ðåàëüíûõ çåìíûõ ýêñïåðèìåíòàõ óñëîâèå L ≲ Ljkcoh âûïîëíÿåòñÿ, îäíàêî íà àñò-

ðîôèçè÷åñêèõ ìàñøòàáàõ L ≫ Ljkcoh, ïîýòîìó íåéòðèíî ¾îòîñöèëëèðóþò¿ (âîëíîâûå

ïàêåòû ðàçîéäóòñÿ). Îäíî èç ïåðâûõ ýêñïåðèìíåòàëüíûõ íàáëþäåíèé òàêîé ñèòóà-

öèè áûëî ïðè äåòåêòèðîâàíèè íåéòðèíî îò SN 1987A. Èç-çà ðàçíîãî âðåìåíè ïðèë¼òà

íåéòðèíî áûëî äàíî ïåðâîå îãðàíè÷åíèå íà ìàññû íåéòðèíî.

Òàêèì îáðàçîì, åñëè ó÷åñòü ýôôåêòû, ñâÿçàííûå ñ êîíå÷íîñòüþ øèðèíû âîëíîâî-

ãî ïàêåòà è ýôôåêòîì äåêîãåðåíöèè ïó÷êà, òî ôîðìóëû ìîäèôèöèðóåòñÿ ñëåäóþùèì

îáðàçîì,

P (να → νβ;L) =
∑

j

∣∣U2
βjU

2
αj

∣∣

+2
∑

k>j

Re

[
U∗
αkUαjUβkU

∗
βj exp

(
2πi

L

Ljkosc

)]

× exp

(
−
(

L

Ljkosc

)2
)
exp

(
−2π2ξ2

(
σx

Ljkosc

)2
)
,

(6.8)

ãäå êîýôôèöèåíò ξ ó÷èòûâàåò ýôôåêò ðàçëè÷èÿ èìïóëüñà pj è ýíåðãèè Ej. Êàê âèäíî,

â ðåàëüíûõ çåìíûõ ýêñïåðèìåíòàõ ýêñïîíåíöèàëüíûå ìíîæèòåëè áëèçêè ê åäèíèöå.
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6.3 Ìàéîðàíîâñêèå íåéòðèíî

Äî ñèõ ïîð ðàññìàòðèâàëèñü íåéòðèíî êàê äèðàêîâñêèå ôåðìèîíû. Îäíàêî äî

ñèõ ïîð íåèçâåñòíî, ÿâëÿþòñÿ ëè íåéòðèíî ñîáñòâåííîé àíòè÷àñòèöåé. Òàêèå ÷àñòè-

öû íàçûâàþòñÿ ìàéîðàíîâñêèìè. Ñäåëàåì íåáîëüøîå íàïîìèíàíèå. Ëåâûé è ïðàâûé

ñïèíîðû åñòü

ψL =
1− γ5

2
ψ, (6.9)

ψR =
1 + γ5

2
ψ. (6.10)

Ìàññîâûé ÷ëåí ëàãðàíæèàíà ìîæíî ïðåäñòàâèòü êàê

ψ̄ψ = ψ̄RψL + ψ̄LψR. (6.11)

Â Ñòàíäàðòíîé ìîäåëè ëåâûå êîìïîíåíòíû ïðåîáðàçóþòñÿ ïî ôóíäàìåíòàëüíîìó

ïðåäñòàâëåíèþ ãðóïïû SU(2), à ïðàâûå ÿâëÿþòñÿ ñèíãëåòàìè ïî ýòîé ãðóïïå, ïîýòîìó

ÿâíî íàïèñàòü ìàññîâîå ñëàãàåìîå â ëàãðàíæèàí íå ïîëó÷èòñÿ. Íàïîìíèì, ÷òî

ψ̄ = ψ†γ0 (6.12)

è

ψ̄L,R = PL,Rψ = ψ̄PR,L (6.13)

Ìîæíî ïîêàçàòü, ÷òî

ψ̄γµ∂µψ = ψ̄Lγ
µ∂µψL + ψ̄Rγ

µ∂µψR, (6.14)

ïîýòîìó â áåçìàññîâîì ïðåäåëå ëàãðàíæèàí ôàêòîðèçóåòñÿ ïî ëåâûì è ïðàâûì ñïè-

íîðàì. Èíà÷å ãîâîðÿ, ðàçíûå êèðàëüíûå êîìïîíåíòû â áåçìàññîâîì ñëó÷àå âçàèìî-

äåéñòâóþò íåçàâèñèìî ñ êàëèáðîâî÷íûìè ïîëÿìè.

Íà ñàìîì äåëå, ìû ìîæåì ââåñòè äðóãîé òèï ìàññîâîãî ñëàãàåìîãî, êîòîðîå ââî-

äèò ïîíÿòèå ìàéîðàíîâñêîãî íåéòðèíî. Åñëè íåò ïðàâûõ íåéòðèíî, òî ìû áû ìîãëè

ââåñòè ìàññîâîå ñëàãàåìîå, êîòîðîå îïåðèðóåò òîëüêî ñ ëåâûìè ïîëÿìè,

LML = −1

2
mL

(
ν̄Lν

C
L + νCL νL

)
, (6.15)

ïðè÷åì νL ïðåîáðàçóåòñÿ ïî çàêîíó

νL −→ eiανL. (6.16)

Èòàê, ðàññìîòðèì òåïåðü âñ¼ áîëåå äåòàëüíî. Âåêòîðû ψL è ψR ñóòü ñîáñòâåííûå

44

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

âåêòîðû îïåðàòîðà γ5,

γ5ψL = −ψL, (6.17)

γ5ψR = +ψR. (6.18)

Ââåä¼ì çàðÿäîâî ñîïðÿæ¼ííûé ñïèíîð,

ψC = Cψ̄⊤, (6.19)

ãäå îïåðàòîð çàðÿäîâîãî ñîïðÿæåíèÿ åñòü

C = iγ2γ0. (6.20)

Ìîæíî ïðîâåðèòü, ÷òî

C† = C−1, (6.21)

C⊤ = −C. (6.22)

Âñïîìíèì òàêæå ïîëåçíûå ñâîéñòâà îïåðàòîðà çàðÿäîâîãî ñîïðÿæåíèÿ,

Cγµ⊤C−1 = −γµ, (6.23)

Cγ⊤5 C
−1 = γ5. (6.24)

Ïî îïðåäåëåíèþ

ψCL ≡ (ψL)
C =

1

2
(1 + γ5)ψ

C =
(
ψC
)
R
, (6.25)

îòêóäà âèäíî, ÷òî

ψCR =
(
ψC
)
L
. (6.26)

Ðàññìîòðèì òîãäà ôåðìèîí, äëÿ êîòîðîãî ñïðàâåäëèâî, ÷òî

ψ = ψC . (6.27)

Òîãäà ìàññîâûå ÷ëåíû äëÿ ëåâûõ è ïðàâûõ êîìïîíåíò åñòü

LML = −1

2
mL

(
νCL νL + ν̄Lν

C
L

)
, (6.28)

LMR = −1

2
mR

(
νCRνR + ν̄Rν

C
R

)
. (6.29)

Ðàñêëàäûâàÿ ñïèíîð íà ëåâûå è ïðàâûå êîìïîíåíòû,

ψ = ψL + ψR = ψCL + ψCR = ψL + ψCL = ψC , (6.30)
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ðàññìîòðèì îáúåäèíåíèå òð¼õ òèïîâ ìàññîâûõ ñëàãàåìûõ íà ïðèìåðå îäíîãî òèïà

íåéòðèíî14,

LD+M = LD + LML + LMR = −1

2
NC
LMNL + h.c., (6.31)

ãäå

NL =

(
νL
νCR

)
(6.32)

è

M =

(
mL mD

mD mR

)
. (6.33)

Ïðîâåä¼ì ïðîöåäóðó äèàãîíàëèçàöèè ìàòðèöûM ñ ïîìîùüþ óíèòàðíîé ìàòðèöû U ,

U⊤MU =

(
m1 0

0 m2

)
, (6.34)

ïðè÷¼ì

NL = U

(
ν1L
ν2L

)
(6.35)

è

mk ≥ 0. (6.36)

Ýòî ÷àñòíûé ñëó÷àé òåîðåìû, ÷òî ëþáóþ ñèììåòðè÷íóþ ìàòðèöó ìîæíî äèàãîíàëè-

çîâàòü ñ ïîìîùüþ óíèòàðíîé ìàòðèöû òàê, ÷òî ïîëó÷åííàÿ äèàãîíàëüíàÿ ìàòðèöà

áóäåò èìåòü íåîòðèöàòåëüíûå ñîáñòâåííûå ÷èñëà. Ìàòðèöà U èìååò âèä

U =

(
cos θ sin θ

− sin θ cos θ

)(
ρ1 0

0 ρ2

)
, (6.37)

ãäå ρk ∈ C, ïðè÷¼ì |ρk| = 1. Ñîîòâåòñòâåííî,

U⊤MU =

(
m1 0

0 m2

)
=

(
ρ21m

′
1 0

0 ρ22m
′
2

)
, (6.38)

ïðè÷¼ì âûïîëíåíî òîæäåñòâî

tan 2θ =
2mD

mR −mL

, (6.39)

14Îáîáùåíèå íà òðè òèïà íåéòðèíî áóäåò ñäåëàíî äàëüøå.
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à ìàññû ñóòü

m′
1,2 =

1

2

[
mL +mR ∓

√
(mL −mR)2 + 4m2

D

]
. (6.40)

Âèäíî, ÷òî â îáùåì ñëó÷àå îäíî èç ñîáñòâåííûõ çíà÷åíèé ìîæåò ÿâëÿòüñÿ îòðèöà-

òåëüíûì, ïîýòîìó ìîæíî äîêóðèòü òàê, ÷òî

ρ22 = 1, (6.41)

ρ21 = 1 ïðè m′
1 > 0 èëè ρ21 = −1 ïðè m′

1 < 0. (6.42)

Òàêèì îáðàçîì,

LD+M = −1

2

2∑

k=1

mk

(
νCkLνkL + ν̄kLν

C
kL

)
. (6.43)

Ââåä¼ì ñëåäóþùåå îáîçíà÷åíèå,

νk = νkL + νCkL = νCk , (6.44)

òîãäà ìàññîâîå ñëàãàåìîå ëàãðàíæèàíà ìîæíî ïåðåïèñàòü êàê

LD+M = −1

2

2∑

k=1

mkν̄kνk, (6.45)

òî åñòü ìû ïîëó÷èëè ìàéîðàíîâñêîå ìàññîâîå ñëàãàåìîå. Òàêèì îáðàçîì, åñëè â òåî-

ðèè èìåþòñÿ êàê äèðàêîâñêèå, òàê è ìàéîðàíîâñêèå ôåðìèîíû, òî ôèçè÷åñêèìè ìàñ-

ñèâíûìè ñîñòîÿíèìè ÿâëÿþòñÿ ìàéîðàíîâñêèå ïîëÿ.

6.4 Ìàéîðàíîâñêèå íåéòðèíî â Ñòàíäàðòíîé ìîäåëè.

Ìåõàíèçì seesaw

Êàê ïîëó÷èòü ìàéîðàíîâñêèå íåéòðèíî â Ñòàíäàðòíîé ìîäåëè? Ìû äîëæíû ïðè-

äóìàòü ìåõàíèçì, ëåæàùèé çà ïðåäåëàìè Ñòàíäàðòíîé ìîäåëè, êîòîðûé ãåíåðèðóåò

ìàéîðàíîâñêèå ñëàãàåìûå. Åñëè ìû íå õîòèì ðàñøèðÿòü õèããñîâñêèé ñåêòîð, òî ìû

ìîæåì ðàññìîòðåòü Seesaw�ìåõàíèçì.

Ïðåäïîëîæèì, ÷òî ñóùåñòâóåò ôèçèêà çà ïðåäåëàìè Ñòàíäàðòíîé ìîäåëè, êîòî-

ðàÿ ëåæèò äàëåêî ïî ýíåðãèè, ÷åì õèããñîâñêîå âàêóóìíîå ñðåäíåå,

v =
(√

2GF

)−1/2

≃ 246 ÃýÂ. (6.46)
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Ïîñòóëèðóåòñÿ15, ÷òî ìàññîâîå ñëàãàåìîå èìååò ñëåäóþùèé âèä,

M =

(
0 mD

mD mR

)
, (6.47)

ò.å. mL = 0. Ýòî ñâÿçàíî ñ òåì, ÷òî ïîñòðîåíèå òåîðèè ñ mL ̸= 0 áóäåò ñâÿçàíî ñ

ðàñøèðåíèåì õèããñîâñêîãî ñåêòîðà (ïðèä¼òñÿ ââåñòè òðèïëåò õèããñîâñêîãî áîçîíà).

Ñ÷èòàåòñÿ, ÷òî â òåîðèè åñòü ìàñøòàá,

mR ≫ mD, (6.48)

à ìàñøòàá mD ñîîòâåòñòâóåò ìàñøòàáó ìàññ êâàðêîâ è çàðÿæ¼ííûõ ëåïòîíîâ,

mD ∼ ml ∼ mq. (6.49)

Òàêèì îáðàçîì, â òåîðèè âîçíèêëî ìàññèâíîå ïðàâîå íåéòðèíî. Â ìîäåëÿõ òåîðèé

Âåëèêîãî îáúåäèíåíèÿ âîçíèêàþò òàêîãî ðîäà ãåíåðàöè, ïðè÷¼ì ýòà ãåíåðàöèÿ ñîîò-

âåòñòâóåò ìàñøòàáó òåîðèè Âåëèêîãî îáúåäèíåíèÿ,

mR ∼ ΛGUT ∼
(
1015 − 1016

)
ÃýÂ≫ mD (6.50)

Ñ÷èòàÿ, ÷òî mD/mR ≪ 1, ïîëó÷èì, ÷òî â ïåðâîì ïðèáëèæåíèè ïî ìàëîìó ïàðà-

ìåòðó,

U⊤MU =

(
m1 0

0 m2

)
, (6.51)

ãäå

m1 ≃
m2
D

mR

≪ mD. (6.52)

Òàê êàê m1 åñòü ìàññà íåéòðèíî, òî âîçíèêàåò åñòåñòâåííîå îáúÿñíåíèå, ïî÷åìó ìàñ-

ñà íåéòðèíî ìíîãî ìåíüøå ìàññû çàðÿæåííûõ ëåïòîíîâ. Áîëåå òîãî, òîãäà ñóùå-

ñòâîâàíèå ìàëîé ìàññû íåéòðèíî åñòü ñâèäåòåëüñòâî íàëè÷èÿ ôèçèêè çà ðàìêàìè

Ñòàíäàðòíîé ìîäåëè. À äðóãàÿ ìàññà íåéòðèíî åñòü

m2 ≃ mR ≫ mD. (6.53)

Ñîîòâåòñòâåííî ïîëÿ òåîðèè ñóòü

νL = iν1L cos θ + ν2L sin θ, (6.54)

νCR − iν1L sin θ + ν2L cos θ. (6.55)

15Íå êîíêðåòèçèðóÿ êîíêðåòíûé ìåõàíèçì.
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Â òàêîì ïðèáëèæåíèè

tan 2θ ≃ 2mD

mR

≪ 1. (6.56)

Òàêèì îáðàçîì, îäíî íåéòðèíî νL ë¼ãêîå, íî ñ ìàëîé ïðèìåñüþ òÿæ¼ëîãî íåéòðèíî,

à ïðàâîå íåéòðèíî åñòü òÿæ¼ëàÿ ÷àñòèöà ñ ïðèìåñüþ ë¼ãêîé ìàññèâíîé ÷àñòèöåé.

6.5 Seesaw ìåõàíèçì êàê ýôôåêòèâíàÿ òåîðèÿ ïîëÿ

Ìåõàíèçì seesaw åñòü ÷àñòíûé ñëó÷àé ýôôåêòèâíîé òåîðèè ïîëÿ. Ìîæíî ïîëó-

÷èòü ìàññó íåéòðèíî â ôîðìàëèçìå ýôôåêòèâíîé òåîðèè ïîëÿ,

LEFT = LSM +
∑

n>4

On
Λn−4

, (6.57)

ãäå On � îïåðàòîðû ñòàðøåé ðàçìåðíîñòè, Λn−4 � êîíñòàíòû. Ìîæíî ïîêàçàòü, ÷òî

ìîæíî ñêîíñòðóèðîâàòü èç ïîëåé Ñòàíäàðòíîé ìîäåëè îïåðàòîð, ãåíåðèðóþùèé ìàñ-

ñîâîå ñëàãàåìîå òèïà LML. Òàêîé îïåðàòîð åñòü

O5 = zαβ
(
L̄αLφ̃

) (
φ̃†LCβL

)
+ h.c.. (6.58)

Âèäíî, ÷òî îïåðàòîð O5 íàðóøàåò ëåïòîííîå ÷èñëî. Òîãäà

LML = −1

2
(ML)αβ ν̄

C
aL + h.c., (6.59)

ãäå ìàòðèöà ML åñòü

(ML)αβ =
v2

Λ
zαβ. (6.60)

Òàêèì îáðàçîì, ìàññà íåéòðèíî ïî ïîðÿäêó âåëè÷èíû åñòü mν ∼ v2/Λ16. Òàêèì îá-

ðàçîì,

mν ∼
v2

Λ
= 6× 10−3

(
1016 ÃýÂ

Λ

)
ýÂ. (6.61)

16Þêàâñêèå êîíñòàíòû âûáðàíû zαβ ∼ 1.
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7 Ëåêöèÿ �7. Ýôôåêòèâíûé ëàãðàíæèàí äëÿ

êà÷åëüíîãî ìåõàíèçìà

7.1 Î êà÷åëüíîì ìåõàíèçìå

Ìàëîñòü ìàññû íåéòðèíî ïî ñðàâíåíèþ ñ ìàññàìè çàðÿæåííûõ ëåïòîíîâ è êâàð-

êîâ îáúÿñíÿåòñÿ ñ ïîìîùüþ êà÷åëüíîãî ìåõàíèçìà. Â ðåçóëüòàòå ñïîíòàííîãî íàðó-

øåíèÿ ñèììåòðèè íà áîëüøîì ìàñøòàáå ãåíåðèðóåòñÿ áîëüøàÿ ìàññà òÿæ¼ëûõ ìàé-

îðàíîâñêèõ íåéòðèíî. Çà ñ÷¼ò èõ âçàèìîäåéñòâèÿ ñ ë¼ãêèìè íåéòðèíî: ìàññîâûìè

ñîñòîÿíèÿìè îêàçûâàþòñÿ ë¼ãêèå è òÿæåëûå íåéòðèíî. Òî åñòü êà÷åëüíûé ìåõàíèçì

ïðåäñêàçûâàåò ñóùåñòâîâàíèå äâóõ òèïîâ íåéòðèíî, îáà ýòèõ òèïà � ìàéîðàíîâñêèå.

Ðàññìîòðèì ôëåéâîðíûå íåéòðèíî, íàáëþäàåìûå â ýêñïåðèìåíòàõ, ýëåêòðîííûå,

ìþîííûå è òàîííûå, îíè ïðåäñòàâëÿþò ñîáîé ñóïåðïîçèöèþþ ìàññîâûõ ñîñòîÿíèé.

Ë¼ãêèå ôëåéâîðíûå íåéòðèíî â îñíîâíîì ñîñòîÿò èç ë¼ãêèõ ìàññîâûõ ñîñòîÿíèé ñ

ìàëîé ïðèìåñüþ òÿæ¼ëûõ, à òÿæ¼ëûå � ñîñòîÿò â îñíîâíîì èç òÿæ¼ëûõ ìàññîâûõ

ñîñòîÿíèé ñ ìàëîé ïðèìåñüþ ë¼ãêèõ.

7.2 ×èñëåííûå îöåíêè ìàññ íåéòðèíî

Ïðèâåä¼ì ÷èñëåííûå îöåíêè ìàññû íåéòðèíî. Êà÷åëüíûé ìåõàíèçì � ÷àñòíûé

ñëó÷àé ýôôåêòèâíîé òåîðèè ïîëÿ, ìàññó ë¼êîãî íåéòðèíî íà ìàñøòàáå òåîðèè Âåëè-

êîãî îáúåäèíåíèÿ ìîæíî îöåíèòü:

mL ∼
v2

Λ
= 6 · 10−3

(
1016 ÃýÂ

Λ

)
ýÂ, (7.1)

ãäå v � âàêóóìíîå ñðåäíåå õèããñîâñêîãî ïîëÿ, Λ � ýíåðãåòè÷åñêèé ìàñøòàá íîâîé

ôèçèêè.

Èç ýêñïåðèìåíòàëüíûõ äàííûõ ñàìûé áîëüøîé îòíîñèòåëüíûé õàðàêòåðíûé ìàñ-

øòàá äëÿ àòìîñôåðíûõ íåéòðèíî:

m3 >
√
∆m2

àòì = mà ≃ 5 ∗ 10−2 ýÂ, (7.2)

ãäåm3 � ñàìîå òÿæ¼ëîå ìàññîâîå ñîñòîÿíèå èç ë¼ãêèõ ôëåéâîðíûõ íåéòðèíî,∆m2
àòì =

∆m2
32 = 2.5 · 10−3 ýÂ2 � ðàçíîñòü êâàäðàòîâ ìàññ àìîñôåðíûõ íåéòðèíî, mà � áîëåå

êðàòêîå îáîçíà÷åíèå ìàññû àòìîôñåðíûõ íåéòðèíî.

Ïî ôîðìóëå êà÷åëüíîãî ìåõàíèçìà:

mà ∼
m2
D

mR

, (7.3)
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ãäå mD � äèðàêîâñêàÿ ìàññà, mR � ìàññà òÿæ¼ëîãî íåéòðèíî. Äëÿ ãðóáîé îöåíêè

âîçüì¼ì çà mD ìàññó t�êâàðêà mt = 174 ÃýÂ, òîãäà mR ≃ 6 · 1014 ÃýÂ. Åñëè çà mD

âçÿòü ìàññó ýëåêòðîíà me = 0.511 ÌýÂ, òî mR ≃ 5 ÒýÂ.

Èç ïðåäûäóùåé ëåêöèè: ìàññîâîå ñëàãàåìîå äëÿ íåéòðèíî ïðåäñòàâëÿåò ñîáîé â

îáùåì ñëó÷àå ñóïåðïîçèöèþ äèðàêîâñêîãî ìàññîâîãî ÷ëåíà è äâóõ ìàéîðàíîâñêèõ

÷ëåíîâ. Ðàññìîòðèì ìîäåëü äëÿ òÿæ¼ëûõ íåéòðèíî:

LνN = N̄Riγ
µ∂µNR −

1

2
mR(N̄

c
RNR + N̄RN

c
R)− yν(L̄Lφ̃NR + N̄Rφ̃

+LL), (7.4)

ãäå NR � ïðàâàÿ êîìïîíåíòà ïîëÿ, yν � þêàâñêàÿ êîíñòàíòà, LL =

(
νL
eL

)
� ëåâûé

äóáëåò.

7.3 Ýôôåêòèâíûé ëàãðàíæèàí äëÿ êà÷åëüíîãî ìåõàíèçìà

Åñëè ïðîèçîéä¼ò ñïîíòàííîå íàðóøåíèå ñèììåòðèè, òî ãåíåðèðóåòñÿ äèðàêîâñêîå

ìàññîâîå ñëàãàåìîå φ̃ −→ φ̃0 =

(
v/
√
2

0

)
, òàê êàê ïîñëå ñïîíòàííîãî íàðóøåíèÿ õèãã-

ñîâñêîãî ïîëå ôëóêòóèðóåò îêîëî âàêóóìà. Ïîñëå ïîäñòàíîâêè âàêóóìíîãî âåêòîðà,

ïîëó÷èì äèðàêîâñêóþ ìàññó:

mD = yν
v√
2
. (7.5)

Ïîñëå äèàãîíàëèçàöèè ìàòðèöû, ëàãðàíæèàí äèðàêîâñêîãî òèïà D, ìàéîðàíîâ-

ñêîãî òèïà M:

LDM = −1

2

2∑

k=1

mkν̄kνk. (7.6)

Èç âûðàæåíèÿ: (
νL
N c
R

)
= U

(
ν1L
ν2L

)
, (7.7)

ãäå U � ìàòðèöà ñìåøèâàíèÿ, âûðàçèì ëåâóþ êîìïîíåíòó ïîëÿ:

νL = −iν1L cos θ + ν2L sin θ, (7.8)

Èç ýòîãî æå âûðàæåíèÿ ëåâàÿ êîìïîíåíòà, ïîëó÷àåìàÿ èç ïðàâîé êîìïîíåíòû ñ

çàðÿäîâûì ñîïðÿæåíèåì:

N c
R = iν1L sin θ + ν2L cos θ. (7.9)

Òàê êàê ìû ñ÷èòàåì, ÷òî mD/mR << 1 î÷åíü ìàëûé ïàðàìåòð, â ýòîì ïðèáëè-

æåíèè óãîë θ ≈ mD/mR << 1 òîæå ìàë, ïîýòîìó â ãëàâíîì ïðèáëèæåíèè ïî ýòîìó
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ìàëîìó ïàðàìåòðó ïåðâîå è âòîðîå ìàññîâûå ñîñòîÿíèÿ:

m1 ≈
m2
D

mR

<< mD,

m2 ≈ mR.

(7.10)

Áîëåå îáùàÿ òî÷êà çðåíèÿ îñíîâàíà íà ýôôåêòèâíîé òåîðèè ïîëÿ: âåðí¼ìñÿ ê

ëàãðàíæèàíó (7.4), êîòîðûé âêëþ÷àåò òÿæ¼ëûå è ë¼ãêèå ïîëÿ è ïðîèíòåãðèðóåì åãî

ïî òÿæ¼ëûì ñòåïåíÿì ñâîáîäû:

exp(iSeff ) =

∫
[dN ][dN̄ ] exp

(
i

∫
d4xLνN

)
. (7.11)

Òîãäà âîçíèêàåò ýôôåêòèâíûé ëàãðàíæèàí, â êîòîðîì ôèãóðèðóþò òîëüêî ë¼ãêèå

ïîëÿ. Óäîáíî ñäåëàòü çàìåíó ïåðåìåííîé, âûðàçèâ âñ¼ ÷åðåç ïîëå N = NR+N
c
R = N c.

Ïåðåïèøåì ëàãðàíæèàí â òåðìèíàõ ýòèõ ïîëåé:

LνN = N̄ k̂N − N̄J − J̄N, (7.12)

ãäå k̂ = 1
2
(iγµ∂µ−mR) � îïåðàòîð èç óðàâíåíèÿ Äèðàêà äëÿ ñâîáîäíîãî ïîëÿ N, òîêè

J = 1
2
yν(φ̃

+LL + φ̃TLcL), J̄ = 1
2
yν(L̄Lφ̃ + LcLφ̃

∗). Íàïèøåì óðàâíåíèå äâèæåíèÿ äëÿ

ïîëÿ N, ïðåíåáðåãàÿ ïðîèçâîäíûìè:

∂LνN
∂N

= N̄ k̂ − J̄ = 0,
∂LνN
∂N̄

= k̂N − J = 0, (7.13)

îòñþäà

N̄ = J̄ k̂−1, N = k̂−1J. (7.14)

È òîãäà ïîäñòàíîâêà (7.14) â (7.12) � îäèí èç ñïîñîáîâ ïîëó÷åíèÿ ýôôåêòèâíîãî

Ëàíãðàíæèàíà.

Ãàóññîâ èíòåãðàë ïî òÿæ¼ëûì ïîëÿì � ýòî ôàêòè÷åñêè ôóíêöèîíàëüíîå îáîáùå-

íèå ãàóññîâîãî èíòåãðàëà äëÿ îáû÷íûõ ïåðåìåííûõ. Åñëè ìû ïðîèíòåãðèðóåì ãàóññîâ

èíòåãðàë ïî N, òî ìû ïîëó÷èì ýôôåêòèâíîå äåéñòâèå. Ðåçóëüòàò ãàóññîâîãî èíòåãðè-

ðîâàíèÿ:

expiSeff = det k̂ exp

(
−i
∫
d4xJ̄k̂−1J

)
. (7.15)

Òàêèì îáðàçîì, ïîëó÷èëè âûðàæåíèå äëÿ ýôôåêòèâíîãî Ëàãðàíæèàíà:

Leff = J̄ k̂−1J. (7.16)

Ïîñëå ïîäñòàíîâêè ÿâíûõ âûðàæåíèé äëÿ òîêîâ ýôôåêòèâíûé Ëàãðàíæèàíà áóäåò

52

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

èìåòü âèä:

Leff =
y2ν

2mR

(L̄Lφ̃φ̃L
c
L + L̄cLφ̃

∗φ̃TLL). (7.17)

Ýòî ÷àñòíûé ñëó÷àé îïåðàòîðà O5, êîòîðûé ââ¼ë Âàéíáåðã â ýôôåêòèâíîé òåîðèè

ïîëÿ. Ïîñëå ïîäñòàíîâêè äèðàêîâñêîé ìàññû, ïîëó÷èì ìàéîðàíîâñêîå ìàññîâîå ñëà-

ãàåìîå:

LM =
y2νv

2

4mR

(ν̄Lν
c
L + ν̄cLνL). (7.18)

Ïåðåïèøåì ìàéîðàíîâñêîå ìàññîâîå ñëàãàåìîå ÷åðåç ïîëÿ χ = νL + νcL = χc è χ′ =

iχ = −χ′c:

LM =
1

2
mχ̄χ = −1

2
mχ̄′χ′, (7.19)

ãäå m = m2
D/mR.

7.4 Îáîáùåíèå êà÷åëüíîãî ìåõàíèçìà íà òðè ëåïòîííûõ

ïîêîëåíèÿ

Ðàññìîòðèì 3 ïîêîëåíèÿ íåéòðèíî. Ââåä¼ì òð¼õìåðíûå âåêòîðû â ïðîñòðàíñòâå

ñîñòîÿíèé: 3 òÿæ¼ëûõ ïðàâûõ ïîëÿ NR = (NjR), ìàòðèöà þêàâñêèõ êîíñòàíò Y ν =

(yναj), ãäå α � ôëåéâîðíûé èíäåêñ, j � èíäåêñ, íóìåðþùèé òÿæ¼ëûå ïîëÿ. Â ìàò-

ðè÷íûõ îáîçíà÷åíèÿõ ïîëó÷àåì ëàãðàíæèàí:

LlN = N̄Riγ∂NR −
1

2
(N̄ c

RMRNR + N̄RM
∗
RN

c
R)− L̄Lφ̃Y νNR − N̄RY

ν+φ̃+LL, (7.20)

ãäåMR = (MRjk =MRkj)� ñèììåòðè÷íàÿ êîìïëåêñíàÿ ìàòðèöà, ñ ïîìîùüþ äèàãîíà-

ëèçàöèè Òàêàãè ïðèâîäèì ýòó ìàòðèöó ê äèàãîíàëüíîìó âèäó UTMRU = diag(M1,M2,M3),

U+U = I,MR = U∗MU+, íà äèàãîíàëÿõ áóäóò ñòîÿòü íåîòðèöàòåëüíûå ÷èñëà � ìàñ-

ñû òÿæ¼ëûõ ìàéîðàíîâñêèõ íåéòðèíî.

Çàìå÷àíèå: óïðîù¼ííîå äîêàçàòåëüñòâî òîãî, ÷òî äèðàêîâñêîå ôåðìèîííîå ïîëå �

ýòî ñîâîêóïíîñòü äâóõ ìàðàíîâñêèõ ïîëåé (E. Majorana, Teoria simmetrica dell'elettrone

e del positrone, Nuovo Cim. 14 (1937)).

Óðàâíåíèå Äèðàêà:

(iγ∂ −m)ψ = 0 (7.21)

Ââåä¼ì çàðÿäîâîå ñîïðÿæ¼ííîå:

ψc = Cψ̄T (7.22)

Ïî ñâîéñòâó ìàòðèöû çàðÿäîâîãî ñîïðÿæåíèÿ C = iγ2γν , CγµC−1 = −γµ, CT = −C,
òîãäà:

ψ =
1√
2
(χ1 + iχ2), (7.23)
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ãäå χ1 = (ψ + ψc)/
√
2, χ2 = (ψ − ψc)/i

√
2 � ìàéîðàíîâñêèå ïîëÿ, óäîâëåòâîðÿþùèå

óðàâíåíèþ Äèðàêà:

(iγ∂ −m)χk = 0, k = 1, 2, (7.24)

è óñëîâèÿì χck = χk. Ïðîâåðèì âçàèìîäåéñòâèå ñ ýëåêòðîìàãíèòíûì ïîëåì−eψ̄γµψAµ:

γµk = χ̄kγ
µχk = −χTk (γµ)T χ̄Tk = −χ̄kγµχk. (7.25)

Òàêèì îáðàçîì, ïîëå ψ ïðåäñòàâëåíî â âèäå êîìáèíàöèè äâóõ ìàéîðàíîâñêèõ ïî-

ëåé χ1, χ2 ñ îäèíàêîâîé ìàññîé.

7.5 Ãåíåðàöèÿ ìàññ íåéòðèíî â Òåîðèè âåëèêîãî îáúåäèíåíèÿ

ñ ãðóïïîé SO(10)

Â ðåàëüíûõ òåîðèÿõ, îáîáùàþùèõ ñòàíäàðòíóþ ìîäåëü, ìîæíî ïðåäëîæèòü êîí-

êðåòíûé ìåõàíèçì ãåíåðàöèè mR çà ñ÷¼ò èäåè î ñïîíòàííîì íàðóøåíèè ñèììåòðèè.

Ðàçíîâèäíîñòü òåîðèè Âåëèêîãî îáúåäèíåíèÿ � ãðóïïà SO(10), êîòîðàÿ îáúåäèíÿ-

åò âñå òèïû âçàèìîäåéñòâèÿ. Ïåðâîíà÷àëüíàÿ ñèììåòðèÿ ýòîé òåîðèè íà áîëüøîì

ìàñøòàáå Λ ìîæåò áûòü íàðóøåíà ïóò¼ì íåñêîëüêèõ ôàçîâûõ ïåðåõîäîâ.

Ïðè ââåäåíèè äîïîëíèòåëüíûõ ñòåïåíåé ñâîáîäû, òî â îáùåì ñëó÷àå:

−LD+MR = ν̄LMDνR +
1

2
ν̄cLMDνR + h.c., (7.26)

ãäå ðàçìåðíîñòè ìàòðèö MD : 3 × nS,MR : nS × nS. Â ðåçóëüòàòå ñïîíòàííîãî íà-

ðóøåíèÿ ñèììåòðèè âîçíèêàåò óíèòàðíàÿ ìàòðèöà ðàçìåðíîñòè: (3 + nS)× (3 + nS),

ïîñëå äèàãîíàëèçàöèè ïîëó÷àåòñÿ êîìáèíàöèÿ:

ναL =
3∑

k=1

Vαkν
light
kL +

nS+3∑

k=4

Vαkν
heavy
kL . (7.27)

Â ðåàëüíûõ ñîâðåìåííûõ ýêñïåðèìåíòàõ ðàçëè÷èå ìåæäó äèðàêîâñêèìè è ìàé-

îðàíîâñêèìè ÷àñòèöàìè ïðàêòè÷åñêè íå ïðîÿâëÿåòñÿ. Ïðè÷èíà çàêëþ÷àåòñÿ â òîì,

÷òî ÷èñëî ñòåïåíåé ñâîáîäû ó äèðàêîâñêèõ íåéòðèíî â 2 ðàçà áîëüøå, ÷åì ó ìàéîðà-

íîâñêèõ, íî îíè ïîäàâëåíû, íî ïðè ïðîâåäåíèè ýêñïåðèìåíòà, ñâÿçàííîãî ñ ðàñïàäîì

òÿæ¼ëûõ ÿäåð, âîçíèêàåò áåçíåéòðèííûé áåòà�ðàñïàä 7.1:

Â îáû÷íîé òåîðèè â ýòîé ðåàêöèè äîëæíî ïðèñóòñòâîâàòü äèðàêîâñêîå íåéòðè-

íî, ýòî íå ñîãëàñóåòñÿ ñ êîëè÷åñòâîì ýëåêòðîíîâ è ñîõðàíåíèåì ëåïòîííîãî ÷èñëà.

Çíà÷èò, íåéòðèíî ïðîÿâëÿåò ñâîþ ìàéîðàíîâñêóþ ïðèðîäó.
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Ðèñ. 7.1: Äèàãðàììà Ôåéíìàíà áåçíåéòðèííîãî áåòà�ðàñïàäà.

8 Ëåêöèÿ �8. Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ìîäåëè

Âàéíáåðãà � Ñàëàìà

8.1 Áåçíåéòðèííûé äâîéíîé áåòà�ðàñïàä

Äî ñèõ ïîð ýêñïåðèìåíòàëüíî íåèçâåñòíà ïðèðîäà ìàññû íåéòðèíî: ìàéîðàíîâ-

ñêàÿ èëè äèðàêîâñêàÿ. Ãëàâíîå ýêñïåðèìåíòàëüíîå íàïðàâëåíèå â ýòîì âîïðîñå �

ðàñïàä òÿæ¼ëûõ ÿäåð � áåçíåéòðèííûé äâîéíîé áåòà�ðàñïàä.

Ïðîöåññ áåçíåéòðèííîãî äâîéíîãî áåòà�ðàñïàäà âûãëÿäèò êàê

(A,Z) −→ (A,Z + 2) + e− + e−. (8.1)

Íà ôóíäàìåíòàëüíîì óðîâíå ýòîìó ïðîöåññó ñîîòâåòñòâóåò äèàãðàììà Ôåéíìàíà,

â êîòîðîé d�êâàðêè, âõîäÿùèå â ñîñòàâ íóêëîíîâ, ïðåîáðàçóþòñÿ â u�êâàðêè çàñ÷¼ò

îáìåíà W�áîçîíîì (ñì. èëëþñòðàöèþ 8.1).

8.2 Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà Ñòàíäàðòíîé ìîäåëè

Ñòàíäàðòíàÿ ìîäåëü, îñíîâàííàÿ íà êàëèáðîâî÷íûõ ãðóïïàõ SU(2)L × U(1)
ÑÍÑ−→

U(1)Q, ïðåäñêàçûâàåò, íàïðèìåð, ðàñïàäû ÷åðåç çàðÿæåííûå òîêè (ñìîòðè èëëþñòðà-

öèþ 8.2a è 8.2b),

µ− −→ e− + ν̄e + νµ, (8.2)

n −→ p+ e− + ν̄e, (8.3)

îòêóäà ôåíîìåíîëîãè÷åñêè ñëåäóåò êîíñòàíòà Ôåðìè GF , à òàêæå è ïðîöåññû,

ïðîòåêàþùèå ÷åðåç íåéòðàëüíûå òîêè. Îòêðûòûå â íà÷àëå 1970�õ ãîäîâ íåéòðàëüíûå

òîêè ïîçâîëèëî ïåðåéòè îò ïåðâîíà÷àëüíîé òåîðèè ñëàáûõ âçàèìîäåéñòâèé òîëüêî ñ
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d u
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Ðèñ. 8.1: Äèàãðàììà, îòâå÷àþùàÿ áåçíåéòðèííîìó äâîéíîìó áåòà�ðàñïàäó. Êðåñòèê
íà ôåðìèîííîé ëèíèè ýëåêòðîííîãî íåéòðèíî ïîêàçûâàåò, ÷òî íåéòðèíî ÿâëÿåòñÿ
ìàéîðàíîâñêîì, ïîýòîìó â ïðîöåññå íå ñîõðàíÿåòñÿ ëåïòîííîå ÷èñëî. Ñïåêòàòîðíûå
êâàðêè, ðàñïîëîæåííûå â íóêëîíàõ, íå óêàçàíû.

µ− e−

ν̄e

νµ

W−

(a) Äèàãðàììà Ôåéíìàíà ðàñïàäà äëÿ

ìþîíà.

d
e−

ν̄e

u

W−

(b) Äèàãðàììà Ôåéíìàíà ðàñïàäà äëÿ

áåòà-ðàñïàäà íà êâàðêîâîì óðîâíå.

çàðÿæåííûìè òîêàìè ê ñîâðåìåííîé òåîðèè, ïðåäñêàçûâàþùåé Z�áîçîí,

LN = LeZ + LνZ =
g

2 cos θW
jNµ Z

µ, (8.4)

ãäå ââåäåíî îáîçíà÷åíèå

γLα = γα
1− γ5

2
. (8.5)

Íåéòðàëüíûé òîê âûãëÿäèò ñëåäóþùèì îáðàçîì,

jNµ = ν̄eγ
L
µ νe − ēγLµ e+ 2 sin2 θW (ēγµe) . (8.6)

Âûÿñíèì, êàê â ïðèíöèïå ìîæíî ýêñïåðèìåíòàëüíî îïðåäåëèòü ïàðàìåòðû g,

sin2 θW , mW , mZ .
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8.3 Ýêñïåðèìåíòàëüíîå èçìåðåíèå êîíñòàíòû g

Ðàññìîòðèì ïðîöåññ ðàñïàäà ìþîíà (ñìîòðè èëëþñòðàöèþ 8.2a). Çàïèøåì ìàò-

ðè÷íûé ýëåìåíò ýòîãî ïðîöåññà,

Mfi =

(
g√
2

)2 (
ūeγ

L
αvνe

)
×Dαβ(q)× (ūνµγ

L
β uµ), (8.7)

ãäåDαβ(q) � ïðîïàãàòîð âåêòîðíîãî áîçîíà ñ 4-èìïóëüñîì q. Â óíèòàðíîé êàëèáðîâêå

äëÿ âåêòîðíîé ÷àñòèöå ïðîïàãàòîð â èìïóëüñíîì ïðåäñòàâëåíèè èìååò âèä

Dαβ(q) =
−gαβ + qαqβ/m2

W

q2 −m2
W + i0

. (8.8)

Åñëè æå ìû ðàññìàòðèâàåò ïðîöåññ ðàñïàäà ìþîíà â îáëàñòè ìàëûõ ïåðåäà÷ èìïóëü-

ñà, ò.å. |q|2 ≪ m2
W , òî ìîæíî èñïîëüçîâàòü ÷åòûð¼õôåðìèîííîå ïðèáëèæåíèè,

Dαβ(q) =
gαβ

m2
W

, (8.9)

òîãäà ìàòðè÷íûé ýëåìåíò ïåðåõîäèò â

Mfi ≃
4GF√

2

(
ūeγ

L
αvνe

)
× (ūνµγ

αLuµ), (8.10)

ãäå âîçíèêëà êîíñòàíòà Ôåðìè,

4GF√
2

=
g2

2m2
W

. (8.11)

Âðåìÿ æèçíè ìþîíà õîðîøî ýêñïåðèìåíòàëüíî èçìåðåíî. Èç òåîðèè ñëåäóåò, ÷òî

âðåìÿ æèçíè ìþîíà17 åñòü
1

τµ
=
G2
Fm

5
µ

192π3
, (8.12)

îòêóäà ìîæíî èçâëå÷ü êîíñòàíòó Ôåðìè. Äëÿ òî÷íîãî ñðàâíåíèÿ òåîðèè ñ ýêñïåðè-

ìåíòîì íåîáõîäèìî ó÷èòûâàòü òàêæå ðàäèàöèîííûå ïîïðàâêè.

8.4 Ýêñïåðèìåíòàëüíîå èçìåðåíèå óãëà Âàéíáåðãà

Óãîë Âàéíáåðãà θW âõîäèò â ñòðóêòóðó ëàãðàíæèàíà ñëàáîãî òîêà. Ïîýòîìó ðàñ-

ñìîòðèì ïðîöåññ, âûçâàííûé íåéòðàëüíûì òîêîì, íàïðèìåð, ïðîöåññ ðàññåÿíèÿ ìþ-

îííîãî íåéòðèíî íà ýëåêòðîíå, èçîáðàæ¼ííûé íà èëëþñòðàöèè (8.3).

17Â ïðèáëèæåíèè ìàëûõ ïåðåäà÷ èìïóëüñà è â ïðèáëèæåíèè, ÷òî me/mµ ≪ 1.
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νµ

e−

νµ

e−

Z

Ðèñ. 8.3: Äèàãðàììà ðàññåÿíèÿ ìþîííîãî íåéòðèíî íà ýëåêòðîíå íà äðåâåñíîì
óðîâíå.

Ìàòðè÷íûé ýëåìåíò ýòîãî ïðîöåññà â ïðèáëèæåíèè |q|2 ≪ m2
Z åñòü

Mfi =

(
g

2 cos θW

)2 (
ūνµγ

L
αuνµ

)
× 1

m2
Z

× (ūeγ
α (gV − gAγ5)ue) , (8.13)

ãäå

gV = −1

2
+ 2 sin2 θW , gA = +

1

2
. (8.14)

Òîãäà
g2

8m2
Z cos

2 θW
=
GF√
2
. (8.15)

Òàê êàê mZ cos θW = mW , òî âîñïðîèçâîäèòñÿ ïðåäûäóùèé ðåçóëüòàò.

Èçìåðåíèå ñå÷åíèÿ ðàññåÿíèÿ σ (νµe −→ νµe) ïîçâîëÿåò ïîýòîìó íåçàâèñèìî îïðå-

äåëèòü sin2 θW (âõîäèò â gV ).

8.5 Ýêñïåðèìåíòàëüíîå èçìåðåíèå ìàññ êàëèáðîâî÷íûõ

áîçîíîâ

Èññëåäóÿ ÷èñòî ýëåêòðîìàãíèòíûå ïðîöåññû (íàïðèìåð, êîìïòîíîâñêîå ðàññåÿ-

íèå), íàõîäèì ïîñòîÿííóþ òîíêîé ñòðóêòóðû,

α =
e2

4π
= (137.036)−1. (8.16)

Ýëåêòðîñëàáàÿ òåîðèÿ ïðåäñêàçûâàåò ñâÿçü ìåæäó êîíñòàíòîé ñëàáîãî âçàèìî-

äåéñòâèÿ è ïîñòîÿííîé òîíêîé ñòðóêòóðû,

g sin θW = e, (8.17)
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îòêóäà

4πα = g2 sin2 θW =⇒ g =

√
4πα

sin θW
. (8.18)

Òåïåðü ìàññà W�áîçîíà åñòü

mW =
1

2
gv =

(
πα√
2GF

)1/2
1

sin θW
. (8.19)

Ïîñëåäíÿÿ ôîðìóëà ïðèìå÷àòåëüíà òåì, ÷òî íàõîäÿñü â îáëàñòè íèçêèõ ýíåðãèé ïðè

ýêñïåðèìåíòàëüíîì èçìåðåíèè êîíñòàíò òåîðèè, ìû ìîæåì ïðåäñêàçàòü ìàññó W�

áîçîíà, õîòü îí â ïðîöåññå ïðîÿâëÿåòñÿ òîëüêî âèðòóàëüíî. Ýòî ñòàëî âàæíûì ìî-

ìåíòîì ïðè ïëàíèðîâàíèè ýêñïåðèìåíòîâ ïî îáíàðóæåíèþ W�áîçîíà, îòêðûòîãî â

1983 ãîäó.

Òàêæå òåîðèÿ ïðåäñêàçûâàåò ìàññó Z�áîçîíà,

mZ =
mW

cos θW
. (8.20)

Çàìåòèì, ÷òî òàêæå â òåîðèè ïðåäñêàçûâàåòñÿ õèããñîâñêîå âàêóóìíîå ñðåäíåå,

v =
(√

2GF

)−1/2

. (8.21)

Èòàê, òåîðèÿ Âàéíáåðãà � Ñàëàìà ïðèâîäèò ê ýêñïåðèìåíòàëüíî ïðîâåðÿåìûì

ñëåäñòâèÿì:

� ïðåäñêàçûâàåòñÿ ñóùåñòâîâàíèå íåéòðàëüíîãî òîêà, êîíñòàíòîé ñâÿçè â êîòîðîì

îïðåäåëÿåòñÿ åäèíñòâåííûì ïàðàìåòðîì sinθW ;

� ïðåäñêàçûâàåòñÿ ñóùåñòâîâàíèå òÿæ¼ëûõ ïðîìåæóòî÷íûõ âåêòîðíûõ áîçîíîâ

W±, Z, ìàññû êîòîðûõ îïðåäåëÿþòñÿ ýêñïåðèìåíòàëüíûìè äàííûìè ïðè íèç-

êèõ ýíåðãèÿõ;

� ïðåäñêàçûâàåòñÿ êîíñòàíòà ñâÿçè W�, Z�áîçîíîâ ñ äðóãèìè ÷àñòèöàìè;

� òåîðèÿ Âàéíáåðãà � Ñàëàìà îñíîâàíà íà ïðåäïîëîæåíèè î ñóùåñòâîâàíèè ôóí-

äàìåíòàëüíûõ ñêàëÿðíûõ ÷àñòèö (õèããñîâ), ïðåäñêàçûâàåò èõ ñâîéñòâà è âçàè-

ìîäåéñòâèÿ.

8.6 Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ïàðàìåòðîâ ìîäåëè

Âàéíáåðãà � Ñàëàìà

Óïîìÿíåì, ÷òî ìàññà õèããñîâñêîãî áîçîíà òåîðåòè÷åñêè íå ïðåäñêàçûâàåòñÿ, òàê

êàê îíà ñâÿçàíà ôîðìóëîé

mH =
√
2λv (8.22)
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ñ êîíñòàíòîé λ. Áîçîí Õèããñà áûë îòêðûò â 2012 ãîäó êîëëàáîðàöèÿìè ATLAS è

CMS íà ïðîòîí�ïðîòîííîì êîëëàéäåðå LHC. Ïî äàííûì PDG (2022),

mH = 125.25± 0.17 ÃýÂ. (8.23)

Òîãäà

λ =
1

2

(mH

v

)2
=
GF√
2
m2
H ≃ 0.13, (8.24)

òî åñòü êîíñòàíòà ñâÿçè ÿâëÿåòñÿ êîíñòàíòîé ðåæèìà ñëàáîé ñâÿçè.

Ìàññó êàëèáðîâî÷íûõ áîçîíîâ ìîæíî ïîñ÷èòàòü18 è ïîëó÷èòü

mth
W =

(
πα√
2GF

)1/2
1

sin θW
= 77.57 ÃýÂ. (8.25)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå W�áîçîíà åñòü

mexp
W = 80.377(12) ÃýÂ. (8.26)

Ìåðà ðàñõîæäåíèÿ ñîñòàâëÿåò

mexp
W −mth

W

mexp
W

≃ 3%. (8.27)

Ó÷èòûâàÿ ðàäèàöèîííûå ïîïðàâêè ÷åðåç ïàðàìåòð r, ìîæíî çàïèñàòü, ÷òî

m2
W sin2 θW =

πα√
2GF

1

1− r , (8.28)

ãäå r = r(e,mW ,mZ ,mf ).

Ïîñêîëüêó ÷àñòèöû W� è Z�áîçîíû íåñòàáèëüíû, òî èõ ìàññû îïðåäåëåíû ñ òî÷-

íîñòüþ äî øèðèíû ðàñïàäà. ×òî íóæíî çíàòü, ÷òîáû ýêñïåðèìåíòàëüíî îáíàðóæèòü

W�áîçîí. Äëÿ ýòîãî íåîáõîäèìî äîéòè äî ýíåðãèé, ïîðÿäêà ìàññûW�áîçîíà, à òàêæå

â ñèëó åãî íåñòàáèëüíîñòè íåîáõîäèìî íàáëþäàòü åãî õàðàêòåðíûå êàíàëû ðàñïàäà.

Ëåïòîííûå êàíàëû ðàñïàäà W�áîçîíà:

� W −→ e− + ν̄e;

� W −→ µ− + ν̄µ;

� W −→ τ− + ν̄τ ;

� W −→ q̄1 + q1
19.

18Îòìåòèì, ÷òî ìû ñ÷èòàëè íà äðåâåñíîì óðîâíå è â ðåæèìå ìàëûõ ïåðåäàííûõ èìïóëüñîâ.
19Ïðè îáîáùåíèè ìîäåëè íà êâàðêîâûé ñåêòîð, êðîìå òîãî ñóùåñòâóþò àäðîííûå êàíàëû ðàñïàäà

W�áîçîíà. Íàïðèìåð, W+ −→ u + d, ïðè÷¼ì çíàíèå î ïåðâîíà÷àëüíî ðîæä¼ííûõ êâàðêàõ ìîæíî
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Êàê âèäíî, ñóùåñòâóþò êàíàëû ëåïòîííûõ ðàñïàäîâ è àäðîííûõ, íî íåò ¾ïîëó-

ëåïòîííûõ¿ ðàñïàäà.

8.7 Ðàñïàä W −→ e− + ν̄e

Ðåøèì ñëåäóþùóþ çàäà÷ó. Ïîñ÷èòàåì âåðîÿòíîñòü ðàñïàäà W −→ e− + ν̄e, êîòî-

ðûé â äðåâåñíîì ïðèáëèæåíèè ìîæíî ïðåäñòàâèòü êàê íà èëëþñòðàöèè ??.

Äëÿ ðåøåíèÿ ýòîé çàäà÷è íåîáõîäèìî ðàñïèñàòü ìàòðè÷íûé ýëåìåíò ïðîöåññà,

Mfi =
g√
2
εµūe(p)γ

µ
Lvν(k). (8.29)

W−

e−

ν̄e

q
p

k

Ðèñ. 8.4: Äèàãðàììà êàíàëà ðàñïàäà W− −→ e− + ν̄e.

Âåðîÿòíîñòü ðàñïàäà åñòü

Γ =

∫
(2π)4δ(4)(p+ k − q) |Mfi|2

2mW

d3p

(2π)32p0

d3k

(2π)32k0
, (8.30)

ãäå êâàäðàò ìîäóëÿ ìàòðè÷íîãî ýëåìåíòà ïðîöåññà áûë óñðåäí¼í. Äëÿ ýòîãî íåîáõî-

äèìî âîñïîëüçîâàòüñÿ ñëåäóþùèì ñîîòíîøåíèåì,

εµεν = −
1

3

(
gµν −

qµqν
m2
W

)
. (8.31)

Óäîáíî òàêæå âîñïîëüçîâàòüñÿ ñëåäóþùèì ñîîòíîøåíèåì,

d3p

2p0
−→ d4p θ(p0)δ(p

2 −m2). (8.32)

Îòâåò çàäà÷è â ïðèáëèæåíèè áåçìàññîâîñòè êîíå÷íûõ ôåðìèîíîâ:

Γe ≡ Γ(W −→ e−νe)
th =

g2mW

48π
=
GF√
2

m3
W

6π
= 0.227 ÃýÂ. (8.33)

âîññòàíîâèòü íà ýêñïåðèìåíòå ïî âòîðè÷íûì àäðîííûì ñòðóÿì.
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Ñðàâíèì ïîëó÷åííûé îòâåò ñ ïîëíîé øèðèíîé ðàñïàäà Γexp,

Γexp(W −→ all) = Γexptot = 2.085± 0.042 ÃýÂ. (8.34)

8.8 Îöåíêà ïîëíîé øèðèíû ðàñïàäà W�áîçîíà

Îöåíèì ïîëíóþ øèðèíó ðàñïàäàW�áîçîíà, ïðåíåáðåãàÿ ìàññàìè ëåïòîíîâ ñ ìàñ-

ñîé W�áîçîíà. Èòàê, óìíîæèì Γe íà ÷èñëî êàíàëîâ ðàñïàäà,

Γtot = ΓeN, (8.35)

ãäå N = Nl+Nq, Nl = 3 � ÷èñëî ëåïòîííûõ êàíàëîâ, Nq � ÷èñëî êâàðêîâûõ êàíàëîâ.

Îäíàêî êâàðêè îáëàäàþò äîïîëíèòåëüíûì êâàíòîâûì ÷èñëîì, êîòîðûå íå íåñóò ëåï-

òîíû, à èìåííî öâåò. Êâàðêè îáëàäàþò 3 öâåòîâûìè ñîñòîÿíèÿìè, ïîýòîìó ñäåëàåì

ñëåäóþùóþ ìîäèôèêàöèþ,

N = Nl +NqNc. (8.36)

Ðàññìîòðèì èåðàðõèþ ìàññ êâàðêîâ. Ñàìûé òÿæ¼ëûé êâàðê � t�êâàðê ñ ìàññîé

mt ≃ 174 ÃýÂ, ÷òî áîëüøå mW , ïîýòîìó, ïðåíåáðåãàÿ ýôôåêòàìè ñìåøèâàíèÿ êâàð-

êîâ, îñòàíåòñÿ ëèøü äâà êâàðêîâûõ êàíàëà, Nq = 2. Òàêèì îáðàçîì, N = 9 è

Γtot = 9Γe = 2.045 ÃýÂ. (8.37)

Ðàçíèöà ìåæäó òåîðèåé è ýêñïåðèìåíòîâ ñîñòàâëÿåò

∆Γ

Γexp
≃ 2%. (8.38)

Ìû îòáðîñèëè êàíàë ñ t�êâàðêîì. Åñëè áû t�êâàðê áûë ë¼ãêèì, òî åãî êàíàë

âûãëÿäèë áû êàê

W+ −→ t+ b̄, (8.39)

÷òî çàïðåùåíî çàêîíîì ñîõðàíåíèÿ ýíåðãèè, ïîýòîìó òàêîãî êàíàëà ðàñïàäà íå ñó-

ùåñòâóåò.

8.9 Êàíàëû ðàñïàäà Z�áîçîíà

Ðàññìîòðèì êàíàëû ðàñïàäà Z�áîçîíà:

� Z −→ l+l−,

� Z −→ νlν̄l,

� Z −→ qq̄,

62

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

Â ýêñïåðèìåíòå ðåãèñòðèðîâàëè ïåðâûé êàíàë ðàñïàäà, ðàñïàä íà çàðÿæåííûå

ëåïòîíû. Åñëè ïîñ÷èòàòü ïîëíóþ øèðèíó, ñîñòàÿþøóþ èç êàíàëîâ ðàñïàäîâ íà âñå

çàðÿæåííûå è íåçàðÿæåííûå ëåïòîíû è íà êâàðêè, íå âêëþ÷àÿ t�êâàðêà, òàê êàê åãî

ìàññà áîëüøå ìàññû Z�áîçîíà, òî

Γtot(Z) =
GF√
2

m3
Z

12π

(
21− 40 sin2 θW +

160

3
sin4 θW

)
, (8.40)

÷òî ñïðàâåäëèâî â ïðèáëèæåíèè áåçìàññîâîñòè êîíå÷íûõ ôåðìèîíîâ. Èòàê,

Γthtot = 2.423 ÃýÂ. (8.41)

Ýêñïåðèìåíòàëüíî èçâåñòíî, ÷òî

Γexptot = 2.4952(23) ÃýÂ, (8.42)

à ðàçíèöà ñîñòàâëÿåò
∆Γ

Γexptot

≃ 3%. (8.43)

8.10 Êàê ýêñïåðèìåíòàëüíî èçâëå÷ü èíôîðìàöèþ î ÷èñëå

òèïîâ íåéòðèíî?

Çàäàäèìñÿ ñëåäóþùèì âîïðîñàì: êàê ýêñïåðèìåíòàëüíî èçâëå÷ü èíôîðìàöèþ î

÷èñëå òèïîâ íåéòðèíî? Ïîñ÷èòàííàÿ øèðèíà ðàñïàäà Γ(Z −→ νlν̄l) (ñìîòðè èëëþ-

ñòðàöèþ ??) åñòü

Γ(Z −→ νlν̄l) =
GF√
2

m3
Z

12π
. (8.44)

Z

νl

ν̄l

Ðèñ. 8.5: Äèàãðàììà êàíàëà ðàñïàäà Z −→ νl + ν̄l.

Åñëè âçÿòü ïîëíóþ øèðèíó ðàñïàäà Γtot è ðàññìîòðåòü øèðèíó Γvis òîëüêî òåõ

êàíàëîâ, êîòîðûå äåòåêòîð ìîæåò óâèäåòü, ðàçíèöà ìåæäó íèìè, äåë¼ííóþ íà øè-

ðèíó ðàñïàäà ïî íåéòðèííîìó êàíàëó, êîòîðûé ïîñ÷èòàí âûøå, äà¼ò ïîëíîå ÷èñëî

íåéòðèíî,
Γtot − Γvis

Γ(Z −→ νlν̄l)
= Nν (8.45)
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Ýêñïåðèìåíòàëüíî âûõîäèò, ÷òî

Nν = 2.92± 0.05. (8.46)

Åñëè ó÷åñòü âñþ ñîâîêóïíîñòü ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûå íàáèðàëè

ýëåêòðîí-ïîçèòðîííûå êîëëàéäåðû (óñòàíîâêè LEP è SLAC), òî è òî÷íîñòü îöåíêè

Nν óëó÷øèòñÿ,

Nν = 2.996± 0.007. (8.47)
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9 Ëåêöèÿ �9. Èçó÷åíèå W� è Z�áîçîíîâ

9.1 Îáíàðóæåíèå W�áîçîíà

Èçó÷èì êàê ýêñïåðèìåíòàëüíî ïðîâåðÿëàñü Ñòàíäàðòíàÿ ìîäåëü, à èìåííî ýêñïå-

ðèìåíòàëüíîå ïîäòâåðæäåíèå ñóùåñòâîâàíèå ìàññèâíûõ âåêòîðíûõ W� è Z�áîçîíîâ.

Èç ñòðóêòóðû Ñòàíäàðòíîé ìîäåëè ìû ïîëó÷èëè îöåíêó íà êîíñòàíòû, êîòîðûå âõî-

äÿò â ôîðìóëû äëÿ ìàññ êàëèáðîâî÷íûõ áîçîíîâ è êîòîðûå áûëè ïîëó÷åíû â ýêñïå-

ðèìåíòàõ ïðè íèçêèõ ýíåðãèÿõ.

Z�áîçîí ðîæäàåòñÿ, êàê ýòî áûëî ðàññìîòðåíî, ïðè ñòîëêíîâåíèÿõ ýëåêòðîí-ïîçèòðîííûõ

ïó÷êîâ, îäíàêî íà ìîìåíò ýêñïåðèìåíòàëüíîãî ïîäòâåðæäåíèÿ ýíåðãèé íà òàêèõ êîë-

ëàéäåðàõ áûëî íåäîñòàòî÷íî (ë¼ãêèå çàðÿæåííûå ÷àñòèöû, êàê ýëåêòðîíû, äâèæó-

ùèåñÿ ïî êðóãîâûì îðáèòàì ñèíõðîòðîííî èçëó÷àþò, ÷òî ïðèâîäèò ê ñóùåñòâåííîé

ïîòåðè ýíåðãèè). Äëÿ ýòîãî áûëè ðàññìîòðåíû ïðîöåññû ðîæäåíèÿ êàëèáðîâî÷íûõ

áîçîíîâ íà àäðîííûõ êîëëàéäåðàõ. Îäíàêî ïðîöåññû ðîæäåíèÿ êàëèáðîâî÷íûõ áî-

çîíîâ, ñâÿçàííûå ñ àäðîííûìè ñòîëêíîâåíèÿìè, îñëîæíåíû òåì, ÷òî íå âñÿ ýíåðãèÿ

ïó÷êîâ èä¼ò íà ýíåðãèþ ðîæäåíèÿ, òàê êàê íà ôóíäàìåíòàëüíîì óðîâíå àäðîíû ñî-

ñòîÿò èç êâàðêîâ, êîòîðûå íåñóò ëèøü äîëþ èìïóëüñà. íà ìîìåíò îáíàðóæåíèÿ áûëà

äîñòèãíóòà ýíåðãèÿ â ñèñòåìå öåíòðà ìàññà

√
s

2
≈ 270 ÃýÂ. (9.1)

Ïðîöåññ ðîæäåíèÿ W�áîçîíà ÷åðåç ïðîòîí�ïðîòîííûå ñòîëêíîâåíèÿ âûãëÿäèò êàê

íà äèàãðàììå 9.1, êîòîðûé çàòåì ðàñïàäàåòñÿ íà ëåïòîííóþ ïàðó20.

Õàðàêòåðíûì ñèãíàëîì ðîæäåíèÿ W�áîçîíà â ïðîöåññå 9.1 ÿâëÿåòñÿ òî, ÷òî W�

l

ν̄l

p p

p̄ p̄

W

qi

q̄j

Ðèñ. 9.1: Äèàãðàììà ðîæäåíèÿ W�áîçîíà â ïðîòîí�ïðîòîííûõ ñòîëêíîâåíèÿõ ñ ïî-
ñëåäóþùèì ðàñïàäîì â ëåïòîííóþ ïàðó. Â îáëàñòè ýíåðãèé, äîïóñêàþùåé ðîæäå-
íèå W�áîçîíà, îñíîâíîé âêëàä äàþò òîëüêî âàëåíòíûå êâàðêè. Ïðîòîíû îáîçíà÷åíû
äâóìÿ ëèíèÿìè, òàê êàê ÿâëÿþòñÿ ñîñòàâíûìè ÷àñòèöàìè. Îòìåòèì, ÷òî ïàðà êâàðê�
àíòèêâàðê ðàçíîãî òèïà (íàïðèìåð, ūd −→ W−).

20Ðàññìîòðåíèå àäðîííîé ìîäû ýêñïåðèìåíòàëüíî ñëîæíåå, ÷åì ðàññìîòðåíèå ëåïòîííîé ìîäû
ðàñïàäà.

65

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

W (q)

ν̄e(k)

e−(p)

Ðèñ. 9.2: Ïðîöåññ ðàñïàäà W�áîçîíà íà ëåïòîííóþ ïàðó. Â ñêîáêàõ óêàçàíû èìïóëüñû
÷àñòèö.

áîçîí ðîæäàåòñÿ ïî÷òè â ïîêîå, òîãäà èç êâàíòîâîé òåîðèè èçâåñòíî, ÷òî äâóõ÷à-

ñòè÷íîå ðîæäåíèå áóäåò ñ ðàñïðåäåëåíèåì ïî óãëàì âèäà 1 + cos2 θ, ãäå θ � óãîë

ðàññåÿíèÿ. Ïîýòîìó â òàêîì ïðîöåññå áóäåò ñóùåñòâåííàÿ äîëÿ ñîáûòèé ñ áîëüøèìè

ïîïåðå÷íûìè èìïóëüñàìè ïî îòíîøåíèþ ê îñÿì ïó÷êîâ.

W� è Z�áîçîíû îòêðûëè ãðóïïû UA1 è UA2 (CERN) â ìîäå ðàñïàäàW− −→ e−ν̄e
ñî ñëåäóþùèìè çíà÷åíèÿìè:

mW = 80.9± 1.5 ÃýÂ (UA1), (9.2)

mW = 81.0± 2.5 ÃýÂ (UA2). (9.3)

Òàêæå ãðóïïû UA1 è UA2 íàáëþäàëè ìîäó ðàñïàäà W− −→ µ−ν̄µ, îäíàêî ÷èñëî

ìþîííûõ ñîáûòèÿ ê ÷èñëó ýëåêòðîííûõ ñîáûòèé áûëî ñëåäóþùèì:

Nµ

Ne

= 1.24+0.6
−0.7 (UA1). (9.4)

Èç ìþîííîé ìîäû ðàñïàäà ìàññà W�áîçîíà áûëà èçìåðåíà êàê

mW = 81+6
−7 ÃýÂ (UA1). (9.5)

Ðàññìîòðèì ïîïåðå÷íûé èìïóëüñ 9.2 â ïðîöåññå ðàñïàäà W�áîçîíà. Ïî çàêîíó

ñîõðàíåíèÿ ýíåðãèè-èìïóëüñà äëÿ ðîæä¼ííîãî íà ìàññîâîé ïîâåðõíîñòè W�áîçîíà,

ïðåíåáðåãàÿ ìàññîé íåéòðèíî è ýëåêòðîíà,

q2 = m2
W = (k + p)2 ≃ 2k · p. (9.6)

Ïîïåðå÷íàÿ ñîñòàâëÿþùàÿ èìïóëüñà ýëåêòðîíà â ýòîì ïðîöåññå (ñìîòðè ??) åñòü

|p| = pT
sin θ

, (9.7)
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p

k

θ

pT

Ðèñ. 9.3: Êèíåìàòèêà ïðîöåññà ðàñïàäà W�áîçîíà. Íà ðèñóíêå óêàçàí ïîïåðå÷íûé
èìïóëüñ, îáîçíà÷åííûé êàê pT .

ãäå θ � óãîë ìåæäó íàïðàâëåíèåì ïðîòîííîãî ïó÷êà è ýëåêòðîíà. Òîãäà

m2
W sin2 θ ≃ 4p2. (9.8)

Äèôôåðåíöèàëüíîå ñå÷åíèå ïî ïåðå÷íîìó èìïóëüñó åñòü

dσ

dpT
=

dσ

d cos θ
· d cos θ

dpT
, (9.9)

ãäå

cos θ =

√
1−

(
2pT
mW

)2

. (9.10)

Ïðåîáðàçîâûâàÿ, ïîëó÷èì, ÷òî

dσ

dpT
=

dσ

d cos θ
. (9.11)

Îòñþäà âèäíà ¾êîðíåâàÿ îñîáåííîñòü¿ äèôôåðåíöèàëüíîãî ñå÷åíèÿ, à èìåííî,

d cos θ

dpT
=

2pT
mW

[(mW

2

)2
− p2T

]−1/2

. (9.12)

Íà ýêñïåðèìåíòå íàáëþäàåò ðàçìàçàííûé ïèê (ñìîòðè èëëþñòðàöèþ 9.4).

Êàê ïðèìåðíî ïîñ÷èòàòü, ñêîëüêî ñîáûòèé áóäåò çàðåãèñòðèðîâàíî? Äëÿ ýòîãî

íàäî îöåíèòü ñå÷åíèå â òàê íàçûâàåìîé ïàðòîííîé ìîäåëè, êîòîðàÿ, íà ñàìîì äåëå,

áûëà ñêðûòà â äèãðàììå 9.1. Äëÿ ýòîãî íåîáõîäèìî óçíàòü, êàêóþ äîëþ èìïóëüñà

óíîñÿò êâàðêè èç ïðîòîíîâ. Äëÿ ýòîãî òåîðåòè÷åñêè ìîæíî âû÷èñëèòü ôóíêöèþ ðàñ-

ïðåäåëåíèÿ êâàðêîâ ðàçíûõ òèïîâ ïî èìïóëüñàì. Ìîæíî ïîêàçàòü, ÷òî ïðè âûñîêèõ

ýíåðãèÿõ ìîæíî ñ÷èòàòü, ÷òî êâàðêè ëåòÿò âäîëü îñè ïó÷êîâ. Ýòî ìîæíî çàïèñàòü
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mW/2

pT

d
σ

d
co

s
θ

Ðèñ. 9.4: Ñõåìàòè÷íûé ãðàôèê çàâèñèìîñòè dσ
d cos θ

â ðàéîíå ¾êîðíåâîé îñîáåííîñòè¿.
Íà ýêñïåðèìåíòå íàáëþäàåòñÿ ðàçìàçàííûé ïèê, òàê êàê pW ̸= 0, è W�áîçîí èìååò
êîíå÷íóþ øèðèíó ðàñïàäà ΓW ̸= 0.

òàê: äîëÿ èìïóëüñà êâàðêà qi åñòü

pi = xiP, (9.13)

ãäå P � ïîëíûé èìïóëüñ, 0 ≤ xi ≤ 1. Ñòðóêòóðíóþ ôóíêöèþ u(x), íàïðèìåð, äëÿ u�

êâàðêà ìîæíî çàïèñàòü êàê u(x) dx, ðàâíîé ÷èñëó u�êâàðêîâ, íåñóùèõ äîëþ èìïóëüñà

â äèàïàçîíå (x, x+ dx). Êàæåòñÿ, ÷òî âûïîëíÿåòñÿ î÷åâèäíîå ñîîòíîøåíèå

∑

i

1∫

0

xiqi(xi) dxi = 1, (9.14)

îäíàêî â ðåàëüíîñòè ýòî âûðàæåíèå ðàâíî ïðèìåðíî 0.5, òàê êàê åù¼ ïðèìåðíî ïî-

ëîâèíó ïîëíîãî èìïóëüñà íåñóò ãëþîíû, ïåðåíîñ÷èêè ñèëüíîãî âçàèìîäåéñòâèÿ. Îñ-

íîâíîé âêëàä â ðîæäåíèå W�áîçîíà èìåþò u� è d�êâàðêè, êîòîðûå çàïèñûâàþòñÿ â

êà÷åñòâå ¾ïîäïðîöåññà¿,

u+ d̄ −→ W+ −→ e+ + νe, (9.15)

ū+ d −→ W− −→ e− + ν̄e. (9.16)

Ðàññìîòðèì äëÿ îïðåäåë¼ííîñòè ñå÷åíèå ¾ïîäïðîöåññà¿ ñ ðîæäåíèåì W+,

∫
dx1 dx2 up(x1)d̄p̄(x2)σ̂(ud̄ −→ W+) = σ, (9.17)
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ãäå up(x) � ñòðóêòóðíàÿ ôóíêöèÿ u�êâàðêà â ïðîòîíå, d̄p̄(x) � ñòðóêòóðíàÿ d̄�êâàðêà

â àíòèïðîòîíå.

Òàê êàê W�áîçîí íåñòàáèëüíàÿ ÷àñòèöà, òî ôàêòè÷åñêè ìû èìååì ïðîöåññ âèäà

A+B −→ R −→ C +D + . . . êàê íà äèàãðàììå 9.5.

A

B

C

D

. . .

R

Ðèñ. 9.5: Èëëþñòðàöèÿ ê ðåçîíàíñíîìó ðîæäåíèþ. Çà R îáîçíà÷åí ¾ðåçîíàíñ¿, â
äàííîì ñëó÷àå W�áîçîí.

Êâàíòîâàÿ òåîðèÿ ïðåäñêàçûâàåò òî÷íóþ ôîðìóëó (ôîðìóëà Áðåéòà�Âèãíåðà21)

äëÿ ðåçîíàíñíîãî ðîæäåíèÿ,

σ(A+B → R→ C +D + . . .) ≃ π

κ2
(2sR + 1)CR

(2sA + 1)(2sB ++1)

×Γ(R→ A+B)Γ(R→ C +D + . . .)

(ER − E)2 + Γ2
R/4

,

(9.18)

ãîäÿùàÿñÿ â ïðèáëèæåíèè, ÷òî (pA + pB)
2 ≃ m2

R. Ïðè÷¼ì â ôîðìóëå (9.18) êîýôôè-

öèåíò (2sR + 1) � ñóììà ïî ñïèíîâûì ñîñòîÿíèÿì, CR � ÷èñëî öâåòîâûõ ñîñòîÿíèé,

êîòîðîå ìîæåò íåñòè ðåçîíàíñ (â èíòåðåñóþùåì íàñ ðàñïàäå W�áîçîíà CR = 1),

çíàìåíàòåëü (2sA + 1)(2sB + 1) åñòü êîýôôèöèåíò, áåðóùèéñÿ èç ñóììèðîâàíèÿ ïî

êîíå÷íûì ñîñòîÿíèÿì, Γ(R → A + B) è Γ(R → C + D + . . .) ñóòü ñîîòâåòñòâóþùèå

âåðîÿòíîñòè ðàñïàäà, ΓR � ïîëíàÿ øèðèíà ðàñïàäà.

Ôîðìóëó Áðåéòà�Âèãíåðà (9.18) ìîæíî ïåðåïèñàòü êàê

σ(A+B → R→ C +D + . . .) ≃ 4πs

κ2
(2sR + 1)CR

(2sA + 1)(2sB ++1)

×Γ(R→ A+B)Γ(R→ C +D + . . .)

(s−m2
R)

2 +m2
RΓ

2
R

,

(9.19)

ãäå s� ìàíäåëüñòàìîâñêàÿ ïåðåìåííàÿ,mR � ìàññà ðåçîíàíñà. Â ôîðìóëàõ (9.18), (9.19)

ïåðåìåííàÿ κ åñòü

κ =
[s− (mA +mB)

2] [s− (mA −mB)
2]

4s
. (9.20)

21Äåòàëè âûâîäà ñìîòðè Ñ. Âàéíáåðã ¾Êâàíòîâàÿ òåîðèÿ ïîëÿ¿, ò. 1.
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9.2 Çàìå÷àíèå: ôîðìóëà Áðåéòà�Âèãíåðà â êâàíòîâîé

ìåõàíèêå

Ïîÿñíèì, ïî÷åìó ôîðìóëû (9.18), (9.19) èìåþò òàêîé âèä, àïåëëèðóÿ ê ÷èñòî

êâàíòîâîìåõàíè÷åñêèì ðàññóæäåíèÿì. Ðàññìîòðèì ÷àñòèöó â îäíîìåðíîì ïîòåíöè-

àëå ñëåäóþùåãî âèäà,

U(x) =





+∞, x < 0,

0, 0 < x < a,

const ̸= 0, a < x < b,

0, x > b,

(9.21)

èçîáðàæ¼ííîãî íà ðèñóíêå 9.6.

0 a b
x

U
(x
)

Ðèñ. 9.6: Âèä ïîòåíöèàëà U(x) ¾íåïðîíèöàåìàÿ ñòåíêà è áàðüåð¿ ê êâàíòîâîìåõàíè-
÷åñêîé çàäà÷å î âûâîäå ôîðìóëû Áðåéòà�Âèãíåðà.

Åñëè áû ïîòåíöèàëüíûé áàðüåð áûë áåñêîíå÷íî âûñîêèì, òî ìû áû ïîëó÷èëè

äèñêðåòíûé ñïåêòð, íî â ñëó÷àå êîíå÷íîãî áàðüåðà ìû èìååì òóííåëüíûé ýôôåêò.

Âîëíîâàÿ ôóíêöèÿ ýâîëþöèîíèðóåò âî âðåìåíè â áåñêîíå÷íî âûñîêîì áàðüåðå êàê

ψ(t) = ψ(0)e−
i
h
Et, (9.22)

îäíàêî â ñëó÷àå êîíå÷íîãî áàðüåðà ìû èìååì ñîîòíîøåíèå íà âåðîÿòíîñòü îáíàðó-

æèòü ÷àñòèöó â 0 < x < a,

|ψ(t)|2 = |ψ(0)|2e−t/τ . (9.23)

Ôîðìóëà (9.22) íàõîäèòñÿ â î÷åâèäíîì ïðîòèâîðå÷èè ñ (9.23), ïðè ýòîì ïðîòèâîðå÷èå
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ñíèìàåòñÿ, åñëè ñ÷èòàòü E êîìïëåêñíîé âåëè÷èíîé. Ïîýòîìó ïðåäïîëîæèì, ÷òî

E = E0 −
i

2
Γ, (9.24)

ãäå E0 ∈ R, Γ ∈ R, òî åñòü ôàêòè÷åñêè ìû îòêàçûâàåìñÿ îò ýðìèòîâîñòè ãàìèëüòî-

íèàíà (H† ̸= H). Òîãäà ïîëó÷èì, ÷òî ïåðèîä ïîëóðàñïàäà τ ñâÿçàí ñ Γ êàê

Γ =
ℏ
τ
. (9.25)

Îñóùåñòâëÿÿ Ôóðüå�ïðåîáðàçîâàíèå âîëíîâîé ôóíêöèè, ïîëó÷èì, ÷òî

ψ̃(ε) =
1√
2π

∞∫

−∞

dt e
i
ℏ εtψ(t) =

iℏψ(0)√
2π

1

ε− E0 + iΓ/2
. (9.26)

Îòñþäà âèäíî, ÷òî ∣∣∣ψ̃(ε)
∣∣∣
2

∼ 1

(ε− E0)2 +
Γ2

4

, (9.27)

÷òî ïî ñóòè ÿâëÿåòñÿ àíàëîãîì ôîðìóëû Áðåéòà�Âèãíåðà (9.18) â êâàíòîâîé ìåõà-

íèêå.

Èòàê, âåðí¼ìñÿ ê ñëó÷àþ ïðîöåññà ñ ðîæäåíèåì W�áîçîíà. Ôîðìóëà (9.19) åñòü

σ̂(u+ d̄→ W+ → f) =
4πŝ

κ̂2
3 · 1

2 · 2 · 3 · 3 ×
Γ(W → u+ d̄)Γ(W → f)

(ŝ−m2
W )2 +m2

WΓ2
W

, (9.28)

ãäå s = (Pp+Pp̄)
2. Ïðè ýòîì áûëî ó÷òåíî, ÷òî sW = 1, à êâàðêè ÿâëÿþòñÿ ôåðìèîíàìè

ñî ñïèíîì sq = 1/2, íåñóùèå öâåòîâîé çàðÿä (òðè öâåòà). Â îáëàñòè èíòåðåñóþùèõ

íàñ ýíåðãèé

κ̂2 =
ŝ

4
. (9.29)

Ïðè ýòîì

ŝ = (pu + pd̄)
2 = (x1Pp + x2Pp̄)

2. (9.30)

Â ïðèáëèæåíèè áåçìàññîâîñòè ïðîòîíà,

P 2
p = P 2

p̄ = m2
p = 0, (9.31)

ïîëó÷èì, ÷òî

s ≃ 2Pp · Pp̄, (9.32)

òîãäà

ŝ = x1x2s = m2
W , (9.33)

÷òî ñâèäåòåëüñòâóåò î òîì, ÷òî íå âñÿ ýíåðãèÿ ïðîòîíà è àíòèïðîòîíà èä¼ò íà ðîæ-
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äåíèå W�áîçîíà.

Âñïîìíèì ïîëó÷åííûå íàìè îöåíêè,

mW ≃ 81 ÃýÂ, ΓW ≃ 2.05 ÃýÂ, (9.34)

ñëåäîâàòåëüíî, ΓW/mW ≪ 1. Òîãäà ìû ìîæåì ïåðåéòè îò êîëîêîëîîáðàçíîé êàðòè-

íû 9.4 ê äåëüòà-ôóíêöèîíàëüíîé àïïðîêñèìàöèè,

σ̂ =
4π2

3

Γ
(
W → u+ d̄

)
Γ (W → f)

mWΓW
δ
(
ŝ−m2

W

)
. (9.35)

Äåëüòà-ôóíêöèþ ìîæíî ðàñêðûòü ñëåäóþùèì îáðàçîì,

δ
(
ŝ−m2

W

)
= δ

(
x1x2s−m2

W

)
=

1

s
δ

(
x1x2 −

m2
W

s

)
. (9.36)

Îòñþäà ìîæíî ãðóáî îöåíèòü äîëþ èìïóëüñîâ x1x2,

√
x1x2 =

mW√
s
≃ 80 ÃýÂ

540 ÃýÂ
≃ 0.15. (9.37)

Ââåä¼ì ïîëåçíóþ âåëè÷èíó, áðåí÷èíã ïðîöåññà, ÿâëÿþùåéñÿ îòíîñèòåëüíîé øè-

ðèíîé ðàñïàäà,

Bi =
Γi
Γ
, (9.38)

òîãäà

σ =
4π2

3s

ΓWBiBf

mW

∫
dx1 dx2 u(x1)d(x2)δ

(
x1x2 −

m2
W

s

)
, (9.39)

îòêóäà ïðè ÷èñëåííîé îöåíêå ìîæíî ïîëó÷èòü, ÷òî íåîáõîäèìà ýíåðãèÿ
√
s ∼ 500 ÃýÂ.

9.3 Îáíàðóæåíèå Z�áîçîíà

Â ñëó÷àå æå Z�áîçîíà äèàãðàììà ðîæäåíèÿ âûãëÿäèò êàê 9.7. Ïðîöåññ ðîæäåíèÿ

Z�áîçîíà âêðàòöå ìîæíî îïèñàòü êàê p + p̄ −→ Z + X, ãäå X � íåðåãèñòðèðóåìûå

÷àñòèöû, íàïðèìåð, àäðîíû. Îøèáêà èçìåðåíèÿ òóò ìåíüøå, òàê êàê Z�áîçîí ðàñïà-

äàåòñÿ íà äâå çàðÿæåííûå ÷àñòèöû, êîòîðûå ðåãèñòðèðóþòñÿ äåòåêòîðîì.

Íà ýêñïåðèìåíòå íàáëþäàåòñÿ ðàñïàä Z�áîçîíà ïî ñëåäóþùèì êàíàëàì: Z −→
e+e−, Z −→ e+e−γ, Z −→ µ+µ−. Íà ìîìåíò îòêðûòèÿ áûëè ïîëó÷åíû ñëåäóþùèå

çíà÷åíèÿ:

mZ = 93.9± 2.9 ÃýÂ (UA1), (9.40)

mZ = 92.7± 3.1 ÃýÂ (UA2). (9.41)
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l

l̄

p p

p̄ p̄

Z

qi

q̄i

Ðèñ. 9.7: Äèàãðàììà ðîæäåíèÿ Z�áîçîíà â ïðîòîí�ïðîòîííûõ ñòîëêíîâåíèÿõ ñ ïî-
ñëåäóþùèì ðàñïàäîì â ëåïòîííóþ ïàðó. Â îáëàñòè ýíåðãèé, äîïóñêàþùåé ðîæäåíèå
Z�áîçîíà, îñíîâíîé âêëàä äàþò òîëüêî âàëåíòíûå êâàðêè. Ïðîòîíû îáîçíà÷åíû äâó-
ìÿ ëèíèÿìè, òàê êàê ÿâëÿþòñÿ ñîñòàâíûìè ÷àñòèöàìè. Îòìåòèì, ÷òî ïàðà êâàðê è
àíòèêâàðê îäíîãî òèïà (íàïðèìåð, uū −→ Z èëè dd̄ −→ Z) â îòëè÷èå îò 9.1.

Ñîâðåìåííîå çíà÷åíèå ñîñòàâëÿåò mZ = 91.1876±0.0021 ÃýÂ. Òàêîé ïðîãðåññ áûë

äîñòèãíóò áëàãîäàðÿ ñîçäàíèþ ýëåêòðîí�ïîçèòðîííûõ óñêîðèòåëåé, ýíåðãèè êîòîðûõ

áûëè óæå äîñòàòî÷íî äëÿ ðîæäåíèÿ Z�áîçîíà (ñìîòðè äèàãðàììó 9.8).

e+

e−

Z

Ðèñ. 9.8: Ïðîöåññ ðàñïàäà Z�áîçîíà.

Ñå÷åíèå ïðîöåññà 9.8 åñòü

σ ≃ 12π

4m2
Z

ΓeΓf
(E −mZ)2 + Γ2

tot/4
. (9.42)

Ñòåïåíü ìîíîõðîìàòè÷íîñòè (¾ðàçìàçêè¿ ïó÷êà) íå äîëæíà ïðåâûøàòü ∆E ≲

100 ÌýÂ, ÷òî áûëî äîñòèãíóòî. Êàê áûëî îöåíåíî, ΓZ ∼ 2 ÃýÂ. Òîãäà âûïîëíÿåòñÿ,

÷òî ∆E/ΓZ ≪ 1.

9.4 Çàìå÷àíèå: î ïîèñêå íîâûõ ÷àñòèö ÷åðåç ðåçîíàíñíûå

ïðîöåññû

Ñ ïîìîùüþ ðåçîíàíñíûõ ïðîöåññîâ ìîæíî èñêàòü ¾íîâûå¿ ÷àñòèöû. Íàïðèìåð,

òàê áûë íàéäåí ÷åòâåðòûé c�êâàðê ïðè ðîæäåíèè J/ψ�ìåçîíà (ñâÿçàííîå ñîñòîÿíèå

ïàðû êâàðê�àíòèêâàðê cc̄).

73

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

e+

e−

W+

W−

ν

(a) Íåéòðèííûé êàíàë.

e+

e−

W+

W−

γ

(b) Ôîòîííûé êàíàë.

e+

e−

W+

W−

Z

(c) Z�êàíàë.

Ðèñ. 9.9: Âñå òðè äèàãðàììû îïèñûâàþò ïðîöåññ e+e− −→ W+W−. Äèàãðàì-
ìû 9.9b, 9.9c óêàçûâàþò íà íåàáåëåâóþ ïðèðîäó ñëàáîãî âçàèìîäåéñòâèÿ.

9.5 Çàìå÷àíèå: èññëåäîâàíèå W� è Z�áîçîíîâ

Ýëåêòðîí�ïîçèòðîííûå êîëëàéäåðû â äàëüíåéøåì ñòàëè èñïîëüçîâàòü äëÿ äå-

òàëüíîãî èçó÷åíèÿW�áîçîíîâ. Êîãäà ýíåðãèè êîëëàéäåðîâ ñòàëî õâàòàòü äëÿ ðîæäå-

íèÿ ïàðW�áîçîíîâ (9 èþëÿ 1996 ãîäà, LEP2), òî ñòàëî äîñòóïíî èçó÷åíèå ñëåäóþùèõ

ïðîöåññîâ (ñìîòðè äèàãðàììû íà ðèñóíêå 9.9). Èìåííî ó÷¼ò âñåõ äèàãðàìì 9.9a, 9.9b, 9.9c

äà¼ò ñîãëàñèå ñ ýêñïåðèìåíòîì.
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10 Ëåêöèÿ �10. Ýêñïåðèìåíòàëüíîå

ïîäòâåðæäåíèå îòêðûòèÿ W� è Z�áîçîíîâ.

Áîçîí Õèããñà

10.1 Îòêðûòèå W� è Z�áîçîíîâ

Êàê ãîâîðèëîñü â ïðåäûäóùåé ëåêöèè, äëÿ èçìåðåíèÿ ìàññ W�áîçîíîâ è Z�

áîçîíîâ ìîãëè áû èñïîëüçîâàòüñÿ ýëåêòðîí�ïîçèòðîííûå êîëëàéäåðû, íî âî âðåìÿ

èõ îòêðûòèÿ òàêèõ ìîùíûõ êîëëàéäåðîâ åù¼ íå áûëî,

e−

e+

W−

W+

νe

Ðèñ. 10.1: Ïðîöåññ ðîæäåíèÿ ïàðû W�áîçîíîâ íà ýëåêòðîí�ïîçèòðîííûõ êîëëàéäå-
ðàõ.

e−

e+

f

f̄

Z

Ðèñ. 10.2: Ïðîöåññ ðîæäåíèÿ ïàðû ff̄ ÷åðåç Z�áîçîí íà ýëåêòðîí�ïîçèòðîííûõ êîë-
ëàéäåðàõ.

ïîýòîìó áûë âûáðàí äðóãîé ñïîñîá ðîæäåíèÿ W�áîçîíîâ � ñòîëêíîâåíèå ïðîòî-

íîâ è àíòèïðîòîíîâ çà ñ÷¼ò àííèãèëÿöèè ñîîòâåòñòâóþùèõ ïàð êâàðêîâ. Ïðè ýòîì

ðåãèñòðèðóåòñÿ ïàðà çàðÿæåííûõ ëåïòîíîâ � ýëåêòðîí è ìþîí ñ áîëüøèì ïîïåðå÷-

íûì èìïóëüñîì. Ýòî ðåçóëüòàò òîãî, ÷òî W�áîçîí ðîæäàåòñÿ ïðè òåõ ýíåðãèÿõ, êî-

òîðûå áûëè äîñòóïíû íà êîëëàéäåðû ïðàêòè÷åñêè â ïîêîå, ïîýòîìó ðàñïðåäåëåíèå

ïî óãëàì øèðîêîå, äîâîëüíî ìíîãî ñîáûòèé ñ áîëüøèì ïîïåðå÷íûì èìïóëüñîì.

Äëÿ ðîæäåíèÿ Z�áîçîíà èñïîëüçóåòñÿ ïîõîæèé ïðîöåññ, êîòîðûé òàêæå ðåàëèçó-

åòñÿ â ïðîòîí�àíòèïðîòîííûõ ñòîëêíîâåíèÿõ.

Ïðè ýòîì íóæíî îòìåòèòü, ÷òî ðåãèñòðàöèÿ W� è Z�áîçîíîâ íà ýêñïåðèìåíòàõ

ñ íåïîäâèæíîé ìèøåíüþ âîçìîæíî ëèøü ïðè çíà÷èòåëüíîì óâåëè÷åíèè ýíåðãèè â

ÑÖÌ: √
s =
√
2Em = 25 ÃýÂ≪ m(Z/W ). (10.1)
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l

l̄

p p

p̄ p̄

Z

qi

q̄i

Ðèñ. 10.3: Äèàãðàììà ðîæäåíèÿ Z�áîçîíà â ïðîòîí�ïðîòîííûõ ñòîëêíîâåíèÿõ ñ ïî-
ñëåäóþùèì ðàñïàäîì â ëåïòîííóþ ïàðó. Â îáëàñòè ýíåðãèé, äîïóñêàþùåé ðîæäåíèå
Z�áîçîíà, îñíîâíîé âêëàä äàþò òîëüêî âàëåíòíûå êâàðêè. Ïðîòîíû îáîçíà÷åíû äâó-
ìÿ ëèíèÿìè, òàê êàê ÿâëÿþòñÿ ñîñòàâíûìè ÷àñòèöàìè.

l−

ν̄l

p p

p̄ p̄

W−
ū

d

Ðèñ. 10.4: Äèàãðàììà ðîæäåíèÿ W�áîçîíà â ïðîòîí�ïðîòîííûõ ñòîëêíîâåíèÿõ ñ ïî-
ñëåäóþùèì ðàñïàäîì â ëåïòîííóþ ïàðó. Â îáëàñòè ýíåðãèé, äîïóñêàþùåé ðîæäåíèå
Z�áîçîíà, îñíîâíîé âêëàä äàþò òîëüêî âàëåíòíûå êâàðêè. Ïðîòîíû îáîçíà÷åíû äâó-
ìÿ ëèíèÿìè, òàê êàê ÿâëÿþòñÿ ñîñòàâíûìè ÷àñòèöàìè.

10.2 Áîçîí Õèããñà

×òî èçâåñòíî î áîçîíå Õèããñà? Åãî ìàññà (ïî äàííûì íà 2023 ã.) ñîñòàâëÿåò

mH = 125.25± 0.17 ÃýÂ. (10.2)

Åãî ïîëíàÿ øèðèíà åñòü

ΓH = 3.2+2.4
−1.7 ÌýÂ. (10.3)

Ñóùåñòâóåò òàêæå îáîáù¼ííûé ïàðàìåòð, íàçûâàåìûé ñèëîé êàíàëà:

µ =
σexpBrexp
σSMBrSM

. (10.4)

Ïðè ñîâïàäåíèè òåîðèè ñ ýêñïåðèìåíòîì µ = 1. Èòàê, ðàññìîòðèì êàíàëû ðàñïàäà

H è ñîîòâåòñòâóþùèå ñèëû ñèãíàëà.

� µ(WW ∗) = 1.00± 0.08;

� µ(ZZ∗) = 1.02± 0.08;

� µ(γγ) = 1.10± 0.07.
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Ïî äàííûì CMS (2023 ã.) ñîãëàñèå òåîðèè ñ ýêñïåðèìåíòîì ñîñòàâëÿåò

µ = 1.002± 0.057. (10.5)

Èòàê, õèããñîâñêèé ñåêòîð Ñòàíäàðòíîé ìîäåëè åñòü

LH =
1

2
∂µH∂

µH − 1

2
m2
HH

2 − m2
H

2v
H3 − m2

H

8v2
H4

+

(
m2
WW

+
µ W

−µ +
1

2
m2
ZZµZ

µ

)(
1 +

H

v

)2

−
∑

f

mf f̄f

(
1 +

H

v

)
,

(10.6)

ãäå

mW =
1

2
gv, (10.7)

mZ =
1

2

√
g2 + g′2v =

mW

cos θW
, (10.8)

à ôåðìèîííàÿ ìàññà ãåíåðèðóåòñÿ ñëåäóþùèì ñïîñîáîì:

mf =
yf√
2
v. (10.9)

Ìàññà õèããñîâñêîãî áîçîíà åñòü

mH =
√
2λv. (10.10)
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11 Ëåêöèÿ �11. Ñâîéñòâà áîçîíà Õèããñà

11.1 Àíàëèç ìîä ðàñïàäà áîçîíà Õèããñà

Íàïîìíèì îñíîâíûå ìîäû ðàñïàäà áîçîíà Õèããñà. Áîçîí Õèããñà âçàèìîäåéñòâóåò

ñ ôåðìèîíàìè âçàèìîäåéñòâèåì òèïà Þêàâû, ïîýòîìó ðàññìîòðèì ïðîöåññ ðàñïàäà

õèããñîâñêîãî áîçîíà íà òÿæ¼ëóþ ôåðìèîííóþ ïàðó 11.1. Òàêîé ðàñïàä ìîæåò èäòè

H

f

f̄

Ðèñ. 11.1: Ìîäà ðàñïàäà õèããñîâñêîãî áîçîíà íà ôåðìèîííóþ ïàðó.

òîëüêî íà f = b, c, τ, µ. Âñïîìíèì, ÷òî þêàâñêàÿ êîíñòàíòà âçàèìîäåéñòâèÿ â ýòîì

ïðîöåññà åñòü

yf =
mf

v
. (11.1)

Êðîìå òîãî õèããñîâñêèé áîçîí ìîã ðàñïàñòüñÿ íà ïàðó êàëèáðîâî÷íûõ áîçîíîâ W è

Z 11.2. Îäíàêî òàêîé ïðîöåññ íåâîçìîæåí, òàê êàêmH < 2mV , ïîýòîìó òàêîé ïðîöåññ

H

V

V

Ðèñ. 11.2: Íåâîçìîæíàÿ ìîäà ðàñïàäà õèããñîâñêîãî áîçîíà íà êàëèáðîâî÷íûå âåêòîð-
íûå áîçîíû V = W,Z.

íåâîçìîæåí.

Åñëè ìàññà õèããñîâñêîãî áîçîíà ëåæèò â èíòåðâàëå

mV < mH < 2mV , (11.2)

òî âîçìîæåí ïðîöåññ, êîãäà îäèí èç êàëèáðîâî÷íûõ áîçîíîâ ÿâëÿåòñÿ âèðòóàëüíûì,

êîòîðûé äàëüøå ðàñïàäàåòñÿ íà ëåïòîííóþ ïàðó 11.3. Ýòîò ïðîöåññ ñîîòâåòñòâóåò

ðåàëüíîñòè.
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H

V

V ∗

Ðèñ. 11.3: Ìîäà ðàñïàäà õèããñîâñêîãî áîçîíà íà êàëèáðîâî÷íûå âåêòîðíûå áîçîíû
V ïðè óñëîâèè, ÷òî îäèí èç âåêòîðíûõ áîçîíîâ ÿâëÿåòñÿ âèðòóàëüíûì. Äàëüíåéøèé
ðàñïàä âèðòóàëüíîãî âåêòîðíîãî áîçîíà V ∗ ïðîèñõîäèò íà ëåïòîííóþ ïàðó.

Åñëè áû ìàññà õèããñîâñêîãî áîçîíà áûëà áû â äèàïàçîíå

mH < mV , (11.3)

òî áûë áû âîçìîæåí ïðîöåññ ñ ðîæäåíèåì äâóõ âèðòóàëüíûõ êàëèáðîâî÷íûõ âåêòîð-

íûõ áîçîíîâ, êîòîðûå áûëè ðàñïàäàëèñü áû íà ëåïòîííóþ ïàðó 11.4.

H

V ∗

V

Ðèñ. 11.4: Ìîäà ðàñïàäà õèããñîâñêîãî áîçîíà íà êàëèáðîâî÷íûå âåêòîðíûå áîçîíû V
ïðè óñëîâèè, ÷òî äâà âåêòîðíûõ áîçîíà ÿâëÿþòñÿ âèðòóàëüíûì. Äàëüíåéøèå ðàñïà-
äû âèðòóàëüíûõ âåêòîðíûõ áîçîíîâ V ∗ ïðîèñõîäèò íà ëåïòîííûå ïàðû.

Äðóãîé ñóùåñòâåííûé ïðîöåññ äëÿ ðàñïàäà õèããñîâñêîãî áîçîíà � ðàñïàä íà ïàðó

ãëþîíîâ, êîòîðûå â äàëüíåéøåì ïðåâðàùàþòñÿ â àäðîííûå ñòðóè.

H

g

g

Ðèñ. 11.5: Ðàñïàä õèããñîâñêîãî áîçîíà íà ôîòîííóþ ïàðó.

Ìîäà ðàñïàäà, êîòîðàÿ áûëà èñïîëüçîâàíà äëÿ ðåãèñòðàöèè áîçîíà Õèããñà íà

ýêñïåðèìåíòå, � ìîäà ðàñïàäà íà ôîòîíû 11.6. Ìåíåå âåðîÿòíîé, íî òàêæå âàæíîé,
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H

γ

γ

Ðèñ. 11.6: Ðàñïàä õèããñîâñêîãî áîçîíà íà ãëþîíû ÷åðåç ïåòëþ èç t�êâàðêà.

ÿâëÿåòñÿ ìîäà ðàñïàäà ÷åðåç âèðòóàëüíûå W áîçîíîâ 11.7.

H

γ

γ/Z

Ðèñ. 11.7: Ðàñïàä õèããñîâñêîãî áîçîíà íà ãëþîíû ÷åðåç ïåòëþ èç t�êâàðêà.

Ïîñòðîåííûå äèàãðàììû íåñóò íàèáîëüøèé âêëàä â ðàñïàä õèããñîâñêîãî áîçîíà.

Òàêèå äèàãðàììû â ëèòåðàòóðå íàçûâàþòñÿ LO äèàãðàììàìè (leading�order). Äàëü-

íåéøèå ïîïðàâêè, íàïðèìåð, ñ ãëþîííûìè ïîïðàâêàìè â äèàãðåììå 11.6 íàçûâàþò-

ñÿ NLO äèàãðàììàìè (next�to�leading�order). Åñëè ó÷åñòü ñëåäóþùèé ïîðÿäîê ïî

òåîðèè âîçìóùåíèé, òî òàêàÿ äèàãðàììà (äèàãðàììû) áóäåò óæå NNLO è ò.ä. Íà

ñåãîäíÿøèé ìîìåíò èññëåäîâàíû N3LO ïîïðàâêè.

Êàêèå íàèáîëåå ïðåäïî÷òèòåëüíåå ìîäû ðàñïàäà õèããñîâñêîãî áîçîíà íà ýêñïå-

ðèìåíòå? Åñëè õèããñîâñêèé áîçîí èìååò ìàññó mH < 130 ÃýÂ, òî îñíîâíîé âêëàä â

ïîëíóþ âåðîÿòíîñòü ðàñïàäà äà¼ò äèàãðàììà 11.1 ñ ðîæäåíèåì ïàðû b̄b. Íà óðîâíå

mH = 125 ÃýÂ ïîëíàÿ øèðèíà ðàñïàäà áûëà îöåíåíà êàê

ΓH = 4 ÌýÂ. (11.4)

×òî áûëî áû, åñëè áû õèããñîâñêèé áîçîí áûë òÿæ¼ëûì? Â òàêîì ñëó÷àå äîìè-

íèðóåò ðàñïàä íà ïàðó W�áîçîíîâ. Îöåíêè ïîêàçûâàþò, ÷òî øèðèíà ðàñò¼ò êàê

ΓH ∼ m3
H . Åñëè áû ìàññà õèããñîâñêîãî áîçîíà áûëà mH ∼ 1 ÒýÂ, òî ýòî äà¼ò øèðèíó

ΓH ∼ 0.5 ÒýÂ (òàêóþ ÷àñòèöó áû áûëî òðóäíî íàáëþäàòü). Â òàêîì ñëó÷àå êîíñòàíòà

ñàìîäåéñòâèÿ áûëà áû î÷åíü áîëüøîé, è òåîðèÿ áûëà áû íåïåðòóðáàòèâíîé.

Ñ äðóãîé ñòîðîíû ïàðöèàëüíàÿ øèðèíà ðàñïàä íà ïàðó ôîòîíîâ 11.6 ôîòîíîâ ïî

îòíîøåíèþ ê ïîëíîé øèðèíå ΓH êðàéíå ìàëà (ïîðÿäêà 1/1000), îäíàêî èìåííî òàêóþ

ìîäó ðàñïàäà âûáðàëè äëÿ ðåãèñòðàöèè õèããñîâñêîãî áîçîíà. Âñ¼ äåëî â òîì, ÷òî

â ýêñïåðèìåíòå ïðè âûñîêèõ ýíåðãèÿõ âîçíèêàþò ôîíîâûå ñîáûòèÿ, èìèòèðóþùèå

èçó÷àåìûé ñèãíàë; â ñëó÷àå ðàñïàäà áîçîíà Õèããñà íà ïàðó b̄b (mb ≃ 5 ÃýÂ) ôîíîâûå

ñîáûòèÿ ñóùåñòâåííû. Ðàñïàä õèããñîâñêîãî áîçîíà íà ïàðó ôîòîíîâ 11.6 äà¼ò óäîáíîå
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äëÿ ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ îòíîøåíèå ôîíîâûõ ñèãíàëîâ ê èçó÷àåìîìó.

11.2 Êàíàëû ðîæäåíèÿ õèããñîâñêîãî áîçîíà íà ÁÀÊ

Ðàññìîòðèì êàíàëû ðàñïàäû õèããñîâñêîãî áîçîíà, êîòîðûå áûëè èñïîëüçîâàíû

íà LHC. Ãëàâíûå êàíàëû ðîæäåíèÿ õèããñîâñêîãî áîçîíà ïðåäñòàâëåíû íà äèàãðàì-

ìàõ 11.8 è 11.9.

g

g

H

q

q

H

W

W

Ðèñ. 11.8: Êàíàëû ðîæäåíèÿ õèããñîâñêîãî áîçîíà, èçó÷àåìîãî íà ÁÀÊ.

q

q̄

V

H

V

Ðèñ. 11.9: Êàíàë ðîæäåíèÿ õèããñîâñêîãî áîçîíà, èçó÷àåìîãî íà ÁÀÊ.

Ñóùåñòâóåò òàêæå àññîöèàòèâíîå ðîæäåíèå õèããñîâñêîãî áîçîíà, ïðåäñòàâëåí-

íîãî íà äèàãðàììå 11.10.

g

g

t̄

H

t

Ðèñ. 11.10: Àññîöèàòèâíîå ðîæäåíèå õèããñîâñêîãî áîçîíà.

Áîëåå ïîëíàÿ ñõåìà ðîæäåíèÿ è ðàñïàäà õèããñîâñêîãî áîçîíà, íî òîëüêî ëèøü

îäíà èç ìíîãî÷èñëåííûõ, ìîæåò áûòü ïðåäñòàâëåíà íà ñëåäóþùåé äèàãðàììå 11.11.

Íàðÿäó ñ ýòîé ìîäîé ðàñïàäà ìîæíî èçîáðàçèòü òàêæå ñëåäóþùóþ ìîäó ñ ðàñïàäîì

íà êîððåëèðîâàííóþ ïàðó çàðÿæåííûõ ëåïòîíîâ, êîòîðàÿ èçó÷àëàñü íà ÁÀÊ 11.12.

81

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

γ

γ

g

g

t

t̄

H

t

t̄

p

p

Ðèñ. 11.11: Îäèí èç ïðîöåññîâ ðîæäåíèÿ è ðàñïàäà õèããñîâñêîãî áîçîíà.

l−

l+

l+

l−

g

g

t

t̄

H

Z

Z

p

p

Ðèñ. 11.12: Îäèí èç ïðîöåññîâ ðîæäåíèÿ è ðàñïàäà õèããñîâñêîãî áîçîíà íà êîððåëè-
ðîâàííóþ ïàðó çàðÿæåííûõ ëåïòîíîâ.

Íà ãðàôèêå 11.13 ïðåäñòàâëåí ðåçóëüòàò ïîèñêà õèããñîâñêîãî áîçîíà â ðàñïàäå

H → γγ, ãäå m2
γγ ≡ (k1 + k2)

2, k1 è k2 � 4-èìïóëüñû ôîòîíîâ. Ñå÷åíèå ðîæäåíèÿ

áîçîíà Õèããñà íà ýíåðãèè mγγ ñîñòàâëÿåò

σ(125.5 ÃýÂ) = 15.2 ïá, (11.5)

îòêóäà ÷èñëî ñîáûòèé N th
events â òàêîì ðàñïàäå âû÷èñëÿåòñÿ êàê

N th
events(pp→ H → γγ) = σ(gg → H)Br(H → γγ)

∫
L dt

= (15.13× 103)× (2.28× 10−3)× 4.8 = 165.6,

(11.6)

ãäå L � ñâåòèìîñòü,
∫
L dt = 4.8 ôá−1, ÷òî ñîîòâåòñòâóåò ãðàôèêó 11.13, â êîòîðîì
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N exp
events, ñëåäîâàòåëüíî, ∣∣N th

events −N exp
events

∣∣
N exp
events

≃ 10%. (11.7)

Â ïðåäåëàõ îøèáîê èçìåðåíèÿ ñîãëàñèå òåîðèè ñ ýêñïåðèìåíòîì íà ìîìåíò îòêðûòèÿ

áîçîíà Õèããñà áûëî íåïëîõèì.

11.3 Òåîðåòè÷åñêèå îãðàíè÷åíèÿ íà ìàññó õèããñîâñêîãî

áîçîíà

Âûÿñíèì, ïî÷åìó ìàññó õèããñîâñêîãî áîçîíà èñêàëè èìåííî â òàêîì äèàïàçîíå?

Íà ñàìîì äåëå, ñóùåñòâóþò òåîðåòè÷åñêèå îãðàíè÷åíèÿ íà ìàññó õèããñîâñêîãî áîçî-

íà.

Ìû çíàåì, ÷òî âñå ôèçè÷åñêèå ïðîöåññû îïèñûâàþòñÿ S�ìàòðèöåé, êîòîðûé ïî

ïîñòðîåíèþ ÿâëÿåòñÿ óíèòàðíûì,

S†S = I. (11.8)

Èç óñëîâèÿ óíèòàðíîñòè S�ìàòðèöû â êâàíòîâîé òåîðèè ïîëÿ ñëåäóåò îïòè÷åñêàÿ

òåîðåìà, ñâÿçûâàþùàÿ ïîëíîå ñå÷åíèå ïðîöåññà ñ àìïëèòóäîé ðàññåÿíèÿ âïåð¼ä:

σ =
1

s
ImA(θ = 0) =

16π

s

∞∑

l=0

(2l + 1)|al|2, (11.9)

ãäå al � àìïëèòóäà ïàðöèàëüíîé âîëíû. Òîãäà

Im al = |al|2. (11.10)

Ñóùåñòâóåò òàêæå îãðàíè÷åíèå íà äåéñòâèòåëüíóþ ÷àñòü àìïëèòóäû ïàðöèàëüíîé

âîëíû:

|Re al| <
1

2
, (11.11)

êîòîðîå ñëåäóåò èç ñëåäóþùåãî ñîîòíîøåíèÿ:

|Re al|2 +
(
Im al −

1

2

)2

=
1

4
. (11.12)

Èç îïòè÷åñêîé òåîðåìû íàèáîëåå ñóùåñòâåííîå îãðàíè÷åíèå íà ìàññó õèããñîâ-

ñêîãî áîçîíà ìîæíî ïîëó÷èòü ïðè ðàññìîòðåíèè ïðîöåññîâ ñ ó÷àñòèåì ìàññèâíûõ

âåêòîðíûõ W� è Z�áîçîíîâ.

Ðàññìîòðèì W�áîçîí ñ ÷åòûð¼õèìïóëüñîì qµ è âåêòîðîì ïîëÿðèçàöèè ϵµ, òî

qµεµ = 0, ε2 ≡ εµε
µ = −1. (11.13)
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Òàêèì îáðàçîì, ó êàëèáðîâî÷íîãî âåêòîðíîãî áîçîíà òðè ñòåïåíè ñâîáîäû. Ïóñòü äëÿ

îïðåäåë¼ííîñòè q ∥ Oz, òîãäà
qµ = (q0, 0, 0, qz). (11.14)

Çàïèøåì òðè íåçàâèñèìûå ïîëÿðèçàöèè:

εµt1 = (0, 1, 0, 0) (ïåðâàÿ ïîïåðå÷íàÿ ìîäà), (11.15)

εµt1 = (0, 0, 1, 0) (âòîðàÿ ïîïåðå÷íàÿ ìîäà), (11.16)

εµl =

(
qz
mW

, 0, 0,
q0
m2
W

)
(ïðîäîëüíàÿ ìîäà). (11.17)

Âèäíî, ÷òî â îáëàñòè âûñîêèõ ýíåðãèé ïðîäîëüíàÿ ìîäà âåä¼ò ñåáÿ êàê

εµ ≃ qµ

mW

+O
(
m2
W

q2

)
. (11.18)

Òîãäà àñèìïòîòèêà àìïëèòóäû W+W → W+W (ñìîòðè äèàãðàììû 13.7) çàïèñûâà-

åòñÿ êàê

a0(s≫ m2
H) −→ −

m2
H

8πv2
. (11.19)

Îòñþäà âèäíî, ÷òî èç òðåáîâàíèé îïòè÷åñêîé òåîðåìû, ìû èìååì ñëåäóþùåå îãðà-

íè÷åíèå íà ìàññó õèããñîâñêîãî áîçîíà:

mH < 870 ÃýÂ. (11.20)

Â îáëàñòè ìàëûõ
√
s àñèìïòîòèêà àìïëèòóäû åñòü

a0(s≪ m2
H) −→ −

s

32πv2
, (11.21)

îòêóäà ïîëó÷àåì ñëåäóþùåå ñëåäñòâèå:

√
s < 1.7 ÒýÂ. (11.22)

Òîãäà èç òðåáîâàíèÿ óíèòàðíîñòè S�ìàòðèöû ñëåäóåò, ÷òî ìàññà õèããñîâñêîãî áî-

çîíà äîëæíà áûòü mH < 870 ÃýÂ (870 ÃýÂ ñ ó÷¼òîì âñåõ êàíàëîâ VLVL�ðàññåÿíèÿ).

Åñëè ó÷èòûâàòü ëèøü äèàãðàììû 13.7, òî ïðè äîñòàòî÷íî âûñîêèõ ýíåðãèÿõ áóäåò

âûõîä çà ïðåäåëû óíèòàðíîñòè, îäíàêî â ÑÌ ñóùåñòâóåò áîçîí Õèããñà, êîòîðûé òàê-

æå äà¼ò âêëàä â àìïëèòóäó (ñìîòðè äèàãðàììû 13.8), êîòîðûé âîññòàíàâëèâàåò óíè-

òàðíîñòü S�ìàòðèöû.

Äåòàëüíûé àíàëèç ïîêàçûâàåò, ÷òî ïðè ðîæäåíèè ôåðìèîííîé ïàðû ðîëü áîçîíà

Õèããñà î÷åíü âàæíà. Ðàññìîòðèì ïðîöåññ tt̄ → ZZ. Ïðè
√
s ≫ mt, òî äèôôåðåíöè-
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àëüíîå ñå÷åíèå áåç ó÷¼òà Õèããñà (äèàãðàììà 13.9) âåä¼ò ñåáÿ êàê

dσ

dΩ
= α2m

2
t

m4
Z

+O
(
1

s

)
, (11.23)

÷òî ïðîòèâîðå÷èò óñëîâèþ óíèòàðíîñòè.

Îäíàêî åñëè ó÷åñòü âêëàä õèããñîâñêîãî áîçîíà (äèàãðàììà 13.10), òî âîññòàíàâ-

ëèâàåòñÿ óíèòàðíîñòü.

Ðàññìîòðèì åù¼ îäèí ïðèìåð. Ðàññìîòðèì ïðîöåññ e+e− → W+W− (äèàãðàì-

ìû 13.11). Â îáëàñòè ýíåðãèé, êîòîðûå áûëè äîñòóïíû â 1990-õ � íà÷àëå 2000-õ ãî-

äîâ, ñóùåñòâåííû ëèøü äèàãðàììû äâå äèàãðàììû 13.11a è 13.11b, îäíàêî ïðè ðîñòå

ýíåðãèè òàêæå äà¼ò âêëàä äèàãðàììà 13.11c, êîòîðàÿ âîññòàíàâëèâàåò óíèòàðíîñòü.

Áåç ñóùåñòâîâàíèÿ áîçîíà Õèããñà ïðîöåññ ðàññåÿíèÿ WZ → WZ òàêæå áûë áû

ïàòîëîãè÷åí, à èìåííî, ÷òî áåç õèããñîâñêîãî áîçîíà ñå÷åíèå ïðîöåññà áû ðîñëî êàê

σ ∼ s (âêëàä òîëüêî ?? è ??), à ïðè ó÷¼òå íåäîñòàþùåé äèàãðàììû ?? è ïðè íå

ñèëüíî òÿæ¼ëîì õèããñîâñêîì áîçîíå, óñëîâèå óíèòàðíîñòè âîññòàíàâëèâàåòñÿ.

Ðàññìîòðèì áåçìàññîâóþ ÷àñòèöó, òî å¼ ïðîïàãàòîð âåä¼ò ñåáÿ êàê 1
q2
. Õèããñîâñêèé

êîíäåíñàò âíîñèò âêëàä êàê íà äèàãðàììàõ 13.13. Òîãäà

1

q2
+
∑

n

1

q2

[(gv
2

)2 1

q2

]n
=

1

q2 −m2
V

, (11.24)

ñëåäîâàòåëüíî,

mV =
1

2
gv. (11.25)

Àíàëîãè÷íî ìîæíî ïîêàçàòü, êàê ìåíÿåòñÿ ôåðìèîííûé ïðîïàãàòîð.

Ñóùåñòâóåò òàêæå îãðàíè÷åíèå èç ðàññìîòðåíèÿ ðåíîðìãðóïïû äëÿ ýâîëþöèè

êîíñòàíòû ñàìîäåéñòâèÿ áîçîíà Õèããñà:

dλ

dt
=

3

8π2

[
λ2 + λyt − y4t

]
, (11.26)

dyt
dt

=
1

32π2

[
9

2
y3t − 8ytg

2
s

]
. (11.27)

ãäå

t = ln
µ2

v2
. (11.28)

Â êà÷åñòâå íà÷àëüíûõ óñëîâèé âîçüì¼ì yt(v
2) =

√
2mt

v
è λ(v2) =

m2
H

v2
. Âèäíî, ÷òî â

ïðåíåáðåæåíèè ìàññîé t�êâàðêà,
dλ

dt
∼ λ2, (11.29)

òîãäà

λ(µ2) =
λ(v2)

1− 3λ(v2)
8π2 ln µ2

v2

(11.30)
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Êàê âèäíî, íà äîñòàòî÷íî áîëüøèõ ýíåðãèÿõ âîçíèêàåò ¾íóëü¿ Ëàíäàó (äîñòèãà-

åòñÿ ïîëþñ Ëàíäàó).Ýòî äà¼ò îãðàíè÷åíèå íà ìàññó õèããñîâñêîãî áîçîíà:

m2
H <

8π2v2

3 ln Λ2

v2

, (11.31)

ãäå Λ� ìàñøòàá ýíåðãèè, íà êîòîðîì ðåøàåòñÿ ïðîáëåìà ¾íóëÿ¿ Ëàíäàó. Ðàññìîòðèì

äâà õàðàêòåðíûõ ìàñøòàáà, à èìåííî Λ = 1 ÒýÂ è Λ = MPl = 1019 ÃýÂ. Òàê ìîæíî

ïîëó÷èòü îãðàíè÷åíèå ñâåðõó íà ìàññó õèããñîâñêîãî áîçîíà.

Îãðàíè÷åíèå ìàññû áîçîíà Õèããñà ñíèçó ñëåäóåò èç óñëîâèÿ, ÷òî êîíñòàíòà λ âñå-

ãäà ïîëîæèòåëüíà. Îòñþäà ñëåäóåò îãðàíè÷åíèå ñíèçó íà ìàññó õèããñîâñêîãî áîçîíà.

Èòàê,

60 ÃýÂ ≲ mH ≲ 700 ÃýÂ (Λ = 1 ÒýÂ), (11.32)

à äëÿ âòîðîãî ìàñøòàáà êàê

130 ÃýÂ ≲ mH ≲ 190 ÃýÂ (Λ = 1019 ÃýÂ). (11.33)

Òàêæå ìàññà õèããñîâñêîãî áîçîíà ñëåäóþò èç ðàäèàöèîííûõ ïîïðàâîê ê õîðîøî

èçìåðÿåìûì âåëè÷èíàì.
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The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to±(0.2−4.6) and±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons fromZ decays and
photons fromZ → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%,±0.5%) and luminosity (±1.8%,±3.6%).
Uncertainties due to the modelling of the underlying
event are±6% for VBF and±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.

The uncertainty on the expected fractions of signal
events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is±2%. The uncertainty from the jet energy
scale (JES) amounts to up to±19% for the 2-jet cate-
gory, and up to±4% for the other categories. Uncertain-
ties from the JVF modelling are±12% (for the 8 TeV
data) for the 2-jet category, estimated fromZ+2-jets
events by comparing data and MC. Different PDFs and
scale variations in theHqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.

The total uncertainty on the mass resolution is±14%.
The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined fromZ→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residualsof the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass,mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed tomH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.

The statistical analysis of the data employs an un-
binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weightwi for events in categoryi ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1+ Si/Bi),

10

Ðèñ. 11.13: Ãðàôèê ÷èñëà ñîáûòèé â çàâèñèìîñòè îò ìàññû ôîòîííîé ïàðûmγγ. Õèãã-
ñîâñêèé áîçîí íàáëþäàåòñÿ â ðàéîíå 125 ÃýÂ. Èñòî÷íèê: https://inspirehep.net/
literature/1124337.
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(a) Äèàãðàììû ñ ÷åòûð¼õáîçîííîé âåð-

øèíîé.

W

W

W

W

Z

(b) s�êàíàë.

W

W

W

W

(c) t�êàíàë

Ðèñ. 11.14: Äèàãðàììû ðàññåÿíèÿ äâóõ W�áîçîíîâ áåç áîçîíà Õèããñà.

W

W

W

W

H

(a) s�êàíàë.
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W

W

W

H

(b) t�êàíàë

Ðèñ. 11.15: Äîïîëíèòåëüíûå äèàãðàììû ê 13.7 ðàññåÿíèÿ äâóõ W�áîçîíîâ ñ áîçîíîì
Õèããñà.

t

t̄

Z

Z

Ðèñ. 11.16: Ïðîöåññ tt̄→ ZZ ÷åðåç âèðòóàëüíûé t�êâàðê.

t

t̄

Z

Z

H

Ðèñ. 11.17: Ïðîöåññ tt̄→ ZZ ÷åðåç õèããñîâñêèé áîçîí.
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W+

ν

(a) ×åðåç íåéòðèíî.

e−

e+

W+

W−

γ, Z

(b) ×åðåç âèðòóàëüíûå γ è Z.

e−

e+

W+

W−

H

(c) ×åðåç õèããñîâñêèé áîçîí.

Ðèñ. 11.18: Äèàãðàììû ïðîöåññà e+e− → W+W−.
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(a) Äèàãðàììû ñ ÷åòûð¼õáîçîííîé âåð-

øèíîé.

Z

W

Z

W

W

(b) s�êàíàë.
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W

H

(c) t�êàíàë

Ðèñ. 11.19: Äèàãðàììû ðàññåÿíèÿ WZ → WZ.

1

q2

Ðèñ. 11.20: Ïåðâûå òðè âêëàäà â ïðîïàãàòîð áåçìàññîâîé ñêàëÿðíîé ÷àñòèöû îò õèãã-
ñîâñêîãî êîíäåíñàòà.
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12 Ëåêöèÿ �12. CP�íàðóøåíèå â Ñòàíäàðòíîé

ìîäåëè

12.1 CP�íàðóøåíèå è ñìåøèâàíèå ÷àñòèö�àíòè÷àñòèö

Îáñóäèì CP�íàðóøåíèå â Ñòàíäàðòíîé ìîäåëè. Íàïîìíèì, ÷òî C�÷¼òíîñòü �

èíâàðèàíòíîñòü îòíîñèòåëüíî çàðÿäîâîãî ñîïðÿæåíèÿ, P�÷¼òíîñòü � ÷¼òíîñòü îòíî-

ñèòåëüíî ïðîñòðàíñòâåííûõ îòðàæåíèé (x→ −x).
Â 1957 ã. íàðóøåíèå ïðîñòðàíñòâåííîé ÷¼òíîñòè â ýêñïåðèìåíòàõ Âó áûëî îòêðû-

òî â ñëàáûõ âçàèìîäåéñòâèÿõ, ÷òî áûëî èñïîëüçîâàíî äëÿ ïîñòðîåíèÿ Ñòàíäàðòíîé

ìîäåëè ñëàáûõ âçàèìîäåéñòâèé. Òàêèì îáðàçîì, Ñòàíäàðòíàÿ ìîäåëü àñèììåòðè÷íà

ïî îòíîøåíèþ ê ëåâûì è ïðàâûì êîìïîíåíòàì ôåðìèîííûõ ïîëåé (ëåâûå êîìïîíåí-

òû îáðàçóþò äóáëåòû ïî SU(2), à ïðàâûå êîìïîíåíòû � ñèíãëåòû ïî SU(2)). Êàê

òîëüêî áûëî îòêðûòî íàðóøåíèå P�÷¼òíîñòè â ñëàáûõ âçàèìîäåéñòâèÿõ, áûë ïîñòàâ-

ëåí âîïðîñ: ñîõðàíÿåòñÿ ëè CP�÷¼òíîñòü (êîìáèíèðîâàííàÿ ÷¼òíîñòü) â ñëàáûõ âçà-

èìîäåéñòâèÿõ? Â 1964 ã. â ýêñïåðèìåíòå Êðîíèíà è Ôèò÷à22 áûë îáíàðóæåí ïðîöåññ

ðàñïàäà K�ìåçîíà, êîòîðûé ÿâíî íàðóøàåò CP�÷¼òíîñòü. Ìû óâèäèì, ÷òî íàðóøå-

íèå CP�÷¼òíîñòè çàëîæåíî â Ñòàíäàðòíóþ ìîäåëü, à èìåííî: ìàòðèöà ñìåøèâàíèÿ

êâàðêîâ Êàáèááî�Êîáàÿøè�Ìàñêàâû (CKM�ìàòðèöà) êîìïëåêñíà. Ïðè ñòàíäàðòíîé

ïàðàìòåðèçàöèè CKM�ìàòðèöû îíà çàâèñèò îò òð¼õ óãëîâ ñìåøèâàíèÿ è îäíîé êîì-

ïëåêñíîé ôàçû δ,

VCKM = VCKM(θ12, θ13, θ23, δ). (12.1)

Îòìåòèì, ÷òî òîëüêî â ñëó÷àå òð¼õ ïîêîëåíèé CKM�ìàòðèöà êîìïëåêñíà, â ïðîòèâ-

íîì ñëó÷àå ìîæíî áûëî áû èçáàâèòüñÿ îò ôàçû ïðîöåäóðîé ðåïàðàìåòðèçàöèè.

12.2 Ôåíîìåíîëîãèÿ CP�íàðóøåíèÿ

Äëÿ íà÷àëà ðàññìîòðèì ôåíîìåíîëîãè÷åñêèå àñïåêòû CP�íàðóøåíèÿ. Êàê áûëî

îòìå÷åíî âûøå, íàðóøåíèå CP�÷¼òíîñòè áûëî îáíàðóæåíî â ðàñïàäå K�ìåçîíîâ, à

òî÷íåå â îñöèëëÿöèÿõ ñèñòåìû K0K̄0�ìåçîíîâ (ñì. 12.1). Ýòè ìåçîíû âêëþ÷àþò â

ñåáÿ s�êâàðê: K0 = ds̄, K̄0 = sd̄.

Èòàê, ÷åì âûäåëåíû îñöèëëÿöèèK0K̄0�ìåçîíîâ ïî îòíîøåíèþ ê CP�íàðóøåíèþ?

Ýòè ìåçîíû íåñóò êâàíòîâîå ÷èñëî ¾ñòðàííîñòü¿ (êîòîðîå â ýòîì ïðîöåññå íå ñîõðà-

íÿåòñÿ), òàê êàê âêëþ÷àþò â ñåáÿ s(s̄)�êâàðê. Êàê âèäíî, ïðîöåññ îñöèëëÿöèé K0K̄0

ìîæåò áûòü ðåàëèçîâàí ÷åðåç äèàãðàììó òèïà ¾box¿ 12.1. Ýôôåêò ñìåøèâàíèÿ K�

ìåçîíîâ ìîæåò áûòü îïèñàí ñëåäóþùèì îáðàçîì.

Ñíà÷àëà ïðåäïîëîæèì, ÷òî CP�÷¼òíîñòü â òî÷íîñòè ñîõðàíÿåòñÿ è íåéòðàëüíûå

êàîíû � ñîáñòâåííûå ñîñòîÿíèÿ CP�îïåðàòîðà. ×òîáû íàéòè ïðîÿâëåíèÿ ýòîãî îïå-

22The Fitch�Cronin experiment.
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s
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u, c, t

ū, c̄, t̄

W+ W+K0 K̄0

Ðèñ. 12.1: Îñöèëëÿöèè ñèñòåìû K0K̄0�ìåçîíîâ.

ðàòîðà, çàìåòèì, ÷òî C�îïåðàòîð ìåíÿåò êâàðê íà ñîîòâåòñòâóþùèé àíòèêâàðê:

C
∣∣K0,p

〉
= −

∣∣K̄0,p
〉
, (12.2)

C
∣∣K̄0,p

〉
= −

∣∣K0,p
〉
, (12.3)

ãäå p � èìïóëüñ êàîíà.

Òàê êàê êàîíû èìåþò îòðèöàòåëüíóþ ÷¼òíîñòü, òî ïðè äåéñòâèè îïåðàòîðîì P�

÷¼òíîñòè ïîëó÷èì:

P
∣∣K0,p = 0

〉
= −

∣∣K0,p = 0
〉
, (12.4)

P
∣∣K0,p = 0

〉
= −

∣∣K0,p = 0
〉
. (12.5)

Òàêèì îáðàçîì, ïðè äåéñòâèè îïåðàòîðîì êîìáèíèðîâàííîé ÷¼òíîñòè ïîëó÷èì,

÷òî

CP
∣∣K0,p = 0

〉
=
∣∣K̄0,p = 0

〉
, (12.6)

CP
∣∣K̄0,p = 0

〉
=
∣∣K0,p = 0

〉
. (12.7)

Òîãäà â îòñóòñòâèè CP�íàðóøåíèÿ ñîáñòâåííûìè ñîñòîÿíèÿìè îïåðàòîðà CP�

÷¼òíîñòè ÿâëÿåòñÿ êîìáèíàöèÿ K0 è K̄0, à èìåííî

∣∣K0
1 ,p = 0

〉
=

1√
2

[∣∣K0,p = 0
〉
+
∣∣K̄0,p = 0

〉]
, (12.8)

∣∣K0
2 ,p = 0

〉
=

1√
2

[∣∣K0,p = 0
〉
−
∣∣K̄0,p = 0

〉]
. (12.9)

Ïî ïîñòðîåíèþ òîãäà

CP
∣∣K0

1 ,p = 0
〉
=
∣∣K0

1 ,p = 0
〉
, (12.10)

CP
∣∣K0

2 ,p = 0
〉
= −

∣∣K0
2 ,p = 0

〉
. (12.11)

91

https://vk.com/teachinmsu


Òåîðèÿ

ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé

Áîðèñîâ Àíàòîëèé Âèêòîðîâè÷

ÊÎÍÑÏÅÊÒ ÏÎÄÃÎÒÎÂËÅÍ ÑÒÓÄÅÍÒÀÌÈ, ÍÅ ÏÐÎÕÎÄÈË
ÏÐÎÔ ÐÅÄÀÊÒÓÐÓ È ÌÎÆÅÒ ÑÎÄÅÐÆÀÒÜ ÎØÈÁÊÈ

ÑËÅÄÈÒÅ ÇÀ ÎÁÍÎÂËÅÍÈßÌÈ ÍÀ VK.COM/TEACHINMSU

Åñëè ñîõðàíÿåòñÿ êîìáèíèðîâàííàÿ ÷¼òíîñòü, òî âîçìîæíû ñëåäóþùèå ïðîöåññû:

K0
1 → π+π−, π0π0, (12.12)

K0
2 → π+π−π0, π0π0π0, (12.13)

îäíàêî ïðîöåññû âèäà

K0
1 → π+π−π0, π0π0π0, (12.14)

K0
2 → π+π−, π0π0, (12.15)

çàïðåùåíû.

Ýêñïåðèìåíòàëüíî íàáëþäàþòñÿ êîðîòêî æèâóùåå ñîñòîÿíèå (K0
S) è äîëãî æèâó-

ùåå (K0
L), êîòîðûå ìîæíî îòîæäåñòâèòü èõ ñëåäóþùèì îáðàçîì:K

0
S = K0

1 èK
0
L = K0

2 .

Îäíàêî â 1964 ãîäó â ýêñïåðèìåíòàõ Êðîíèíà, Ôèò÷à è Ò¼ðëýÿ áûë îáíàðóæåí ïðî-

öåññ ðàñïàäà K0
L → π+π− ñ îòíîñèòåëüíîé âåðîÿòíîñòüþ ê ïîëíîìó êàíàëó ðàñïàäà

ïîðÿäêà 10−3, ÷òî ïîêàçûâàåò ÿâíî íàëè÷èå íàðóøåíèÿ CP�÷¼òíîñòè.

Òàêèì îáðàçîì, ÷òîáû îáúÿñíèòü íà ôåíîìåíîëîãè÷åñêîì óðîâíå ýòîò ýôôåêò,

íåîáõîäèìî ïðåäïîëîæèòü, ÷òî K0
S è K0

L íå ÿâëÿþòñÿ ñîñòîÿíèÿìè ñ îïðåäåë¼ííîé

CP�÷¼òíîñòüþ, ÷òî ìîæíî ôîðìàëèçîâàòü ñëåäóþùèì îáðàçîì:

∣∣K0
S,p = 0

〉
=

1
(
1 + |ε|2

)1/2
[∣∣K0

1 ,p = 0
〉
+ ε

∣∣K0
2 ,p = 0

〉]
, (12.16)

∣∣K0
L,p = 0

〉
=

1
(
1 + |ε|2

)1/2
[
ε
∣∣K0

1 ,p = 0
〉
+
∣∣K0

2 ,p = 0
〉]

(12.17)

ò.å. êàêK0
S, òàê èK

0
L ñîäåðæàò ¾ïðèìåñè¿ ñîñòîÿíèéK

0
1 èK

0
2 , ïðè ýòîì ýòà ¾ïðèìåñü¿

ìàëà, ÷òî îçíà÷àåò ìàëîñòü ïàðàìåòðà |ε| ≪ 1.

12.3 Òèïû íàðóøåíèÿ CP�÷¼òíîñòè

Ðàçëè÷àþò äâà òèïà íàðóøåíèÿ CP�÷¼òíîñòè.

� Ïðè ïðÿìîì íàðóøåíèè CP�÷¼òíîñòè êîìïîíåíòà K0
2 â K

0
L ðàñïàäàåòñÿ íà ïè-

îííûå ïàðû ÷åðåç ðåàêöèè âèäà K0
2 → π+π−, π0π0;

� ïðè íàðóøåíèè CP�÷¼òíîñòè ïóò¼ì ¾ñìåøèâàíèÿ¿ êîìïîíåíòà K0
1 â K

0
L ðàñïà-

äàåòñÿ ÷åðåç K0
1 → π+π−, π0π0.
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Îïðåäåëèì ñëåäóþùèå êîýôôèöèåíòû:

η00 =
M(K0

L → π0π0)

M(K0
S → π0π0)

, (12.18)

η+− =
M(K0

L → π+π−)

M(K0
S → π+π−)

. (12.19)

Àíàëèç äàííûõ ïî CP�íàðóøåíèþ ïðîèçâîäèòñÿ ÷åðåç òèï íàðóøåíèÿ ïóò¼ì

¾ñìåøèâàíèÿ¿, òàê êàê îí äîìèíèðóåò, ïîýòîìó ïðåíåáðåãàÿ ýôôåêòîì ïðÿìîãî CP�

íàðóøåíèÿ, ìîæíî ââåñòè ñëåäóþùèé êîýôôèöèåíò:

η+− = η00 = ε. (12.20)

Ýêñïåðèìåíòàëüíî äàííûå ïîêàçûâàþò, ÷òî

|η00| = (2.220± 0.007)× 10−3, (12.21)

|η+−| = (2.232± 0.007)× 10−3. (12.22)

Òàêèì îáðàçîì, â ãëàâíîì ïîðÿäêå ïî ýôôåêòó, èìååì, ÷òî

|ε| = (2.228± 0.011)× 10−3. (12.23)

Èç îáùèõ ïðèíöèïîâ ïîñòðîåíèÿ êâàíòîâîé òåîðèè ïîëÿ ñëåäóåò, ÷òî èìååò ìåñòî

CPT�òåîðåìà. Òàê êàê íàðóøàåòñÿ CP�÷¼òíîñòü â ñëàáûõ âçàèìîäåéñòâèÿõ, òî èìååò

ìåñòî è íàðóøåíèå T�èíâàðèàíòíîñòè â òàêèõ ïðîöåññàõ.

12.4 CP�íàðóøåíèå â Ñòàíäàðòíîé ìîäåëè

Â Ñòàíäàðòíîé ìîäåëè CP�íàðóøåíèå îáúÿñíÿåòñÿ ïîñðåäñòâîì ñìåøèâàíèÿ êâàð-

êîâ, êîòîðîå îïèñûâàåòñÿ ñ ïîìîùüþ CKM�ìàòðèöû,

VCKM =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


 . (12.24)

Â îòëè÷èå îò PMNS�ìàòðèöû, CKM�ìàòðèöà áëèçêà ê åäèíè÷íîé, ïîýòîìó ñóùå-

ñòâóåò óäîáíàÿ ïàðàìåòðèçàöèÿ CKM�ìàòðèöà, ñîáëþäàþùåé èåðàðõèþ óãëîâ ñìå-
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øèâàíèÿ: s12 ≫ s23 ≫ s13, íàçûâàåìîé ïàðàìåòðèçàöèåé Âîëüôåíøòåéíà:

VCKM =




1− 1
2
λ2 − 1

8
λ4 λ Aλ3(ρ− iη)

−λ+ 1
2
A2λ5[1− 2(ρ+ iη)] 1− 1

2
λ2 − 1

8
λ4(1 + 4A2) Aλ2

Aλ3
[
1−

(
1− 1

2
λ2
)
(ρ+ iη)

]
−Aλ2 + Aλ4[1− 2(ρ+ iη)] 1− 1

2
A2λ4


+O

(
λ6
)
,

(12.25)

êîòîðàÿ çàâèâèñèò îò îòð¼õ ïàðàìåòðîâ: A, λ, ρ, η. Âåëè÷èíà λ = |Vus| ≈ 0.225

èãðàåò ðîëü ìàëîãî ïàðàìåòðà ðàçëîæåíèÿ. Îñòàëüíûå ïàðàìåòðû ýêñïåðèìåíòàëüíî

èçâåñòíû:

A ≈ 0.81, (12.26)

ρ ≈ 0.12, (12.27)

η ≈ 0.37. (12.28)

12.5 Ðîëü CP�íàðóøåíèÿ â ýâîëþöèè Âñåëåííîé

Íàø ìèð àñèììåòðè÷åí îòíîñèòåëüíî ÷àñòèö è àíòè÷àñòèö. Ýòà àñèììåòðèÿ âîç-

íèêëà íà ðàííèõ ñòàäèÿõ ýâîëþöèè Âñåëåííîé. Â êîñìîëîãèè òàê íàçûâàåìàÿ áà-

ðèîííàÿ àñèììåòðèÿ, ò.å. ýôôåêòèâíàÿ ðàçíèöà ìåæäó áàðèîíàìè è àíòèáàðèîíàìè,

èçâåñòíà äîñòàòî÷íî õîðîøî. Åñëè ñ÷èòàòü, ÷òî ýòà àñèììåòðèÿ ïðîèñõîäèò èç-çà CP�

íàðóøàþùåé ôàçû, òî ðàñ÷¼òû ïîêàçûâàþò, ÷òî å¼ çíà÷åíèÿ íà íåñêîëüêî ïîðÿäêîâ

ìåíüøå, ÷åì òî, ÷òî ñëåäóåò èç êîñìîëîãè÷åñêèõ äàííûõ. Ýòî ìîæíî òðàêòîâàòü

ñëåäóþùèì îáðàçîì: íåîáõîäèìû äîïîëíèòåëüíûå èñòî÷íèêè CP�íàðóøåíèÿ, îòñóò-

ñòâóþùèå â Ñòàíäàðòíîé ìîäåëè, ÷òî ÿâëÿåòñÿ âàæíûì êîñâåííûì ñâèäåòåëüñòâîì

íåïîëíîòû Ñòàíäàðòíîé ìîäåëè.

Ïðîáëåìà áàðèîííîé àñèììåòðèè ìîæíî ñõåìàòè÷åñêè îïèñàòü ñëåäóþùèì îáðà-

çîì.

1. Ïðåäïîëàãàåòñÿ, ÷òî íà ðàííèõ ñòàäèÿõ ýâîëþöèè Âñåëåííîé áûëî îäèíàêîâîå

÷èñëî áàðèîíîâ è àíòèáàðèîíîâ. Âûñîêî ýíåðãè÷íûå ôîòîíû ïîñòîÿííî ïîðîæ-

äàëè ïðîòîí�àíòèïðîòîííûå ïàðû, êîòîðûå â äàëüíåéøåì àííèãèëèðîâàëè:

γγ ⇌ pp̄. (12.29)

2. Ïîòîì íàñòàëî âðåìÿ, ïðè êîòîðîì òåìïåðàòóðà ñðåäû (ñëåäîâàòåëüíî, è ôî-

òîíîâ, êîòîðûå íàõîäèëèñü ñî ñðåäîé â òåðìîäèíàìè÷åñêîì ðàâíîâåñèè) óïàëà,

ïîýòîìó ýòîé ýíåðãèè óæå íå õâàòàëî íà ðîæäåíèå ïàð ÷àñòèö�àíòè÷àñòèö.

3. Òàê êàê ïëîòíîñòü áàðèîíîâ è àíòèáàðèîíîâ ïðè ðàñøèðåíèè Âñåëåííîé óìåíü-

øàëàñü, òî ïðîöåññ àííèãèëÿöèè ñòàíîâèëñÿ âñ¼ áîëåå ðåäêèì.
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4. ×èñëî áàðèîíîâ è àíòèáàðèîíîâ ñâÿçàíî ñ ÷èñëîì ôîòîíîâ:

nB = nB̄ ∼ 10−18nγ. (12.30)

5. Îäíàêî ýêñïåðèìåíò ïîêàçûâàåò, ÷òî âî Âñåëåííîé äîìèíèðóåò ìàòåðèÿ íàä

àíòèìàòåðèåé:

nB − nB̄ ∼ 10−9nγ. (12.31)

Ýòî îçíà÷àåò, ÷òî ÷òîáû ñîçäàòü ýòó àñèììåòðèþ, íåîáõîäèìî, ÷òîáû ïðè àí-

íèãèëÿöèè 109 + 1 ñ 109 àíòèáàðèîíàìè ¾âûæèâàë¿ 1 áàðèîí.

Êàê âîçíèêàåò áàðèîííàÿ àñèììåòðèÿ âî Âñåëåííîé?

� Ïðåäïîëîæèì, ÷òî èìååòñÿ îäèíàêîâîå êîëè÷åñòâî ìàòåðèè X è àíòèìàòåðèè

X̄. Ïóñòü X ðàñïàäàåòñÿ íà

� A (áàðèîííîå ÷èñëî NA) ñ âåðîÿòíîñòüþ p,

� B (áàðèîííîå ÷èñëî NB) ñ âåðîÿòíîñòüþ (1− p);

à X̄ ðàñïàäàåòñÿ íà

� Ā (áàðèîííîå ÷èñëî −NA) ñ âåðîÿòíîñòüþ p̄,

� B̄ (áàðèîííîå ÷èñëî −NB) ñ âåðîÿòíîñòüþ (1− p̄).

� Âû÷èñëèì áàðèîííîå ÷èñëî ïîñëå ýòèõ ðàñïàäîâ:

Ntot = NAp+NB(1− p) + [−NAp̄−NB(1− p̄)] = (p− p̄)(NA −NB). (12.32)

Åñëè X èìååò B = 0, òî ëþáîé ðàñïàä â êîíå÷íîå ñîñòîÿíèå ñ íåíóëåâûì áà-

ðèîííûì ÷èñëîì áóäåò ãåíåðèðîâàòü áàðèîííóþ àñèììåòðèþ. Òàêèì îáðàçîì,

åñëè Ntot ̸= 0, òî p ̸= p̄ è NA ̸= NB.

Òàêèì îáðàçîì, òðåáóåòñÿ ïðîöåññû áàðèîíîâ â àíòèáàðèîíû, ÷òî íå íàáëþäàåòñÿ â

ëàáîðàòîðíûõ ýêñïåðèìåíòàõ. Àíäðåé Ñàõàðîâ â 1967 ã. ñôîðìóëèðîâàë íåîáõîäèìûå

óñëîâèÿ äëÿ íàëè÷èÿ áàðèîííîé àñèììåòðèè âî Âñåëåííîé.

� Äîëæåí ñóùåñòâîâàòü ïðîöåññ, íàðóøàþùèé ñîõðàíåíèå áàðèîííîãî ÷èñëà.

� C� è CP�÷¼òíîñòè äîëæíû íàðóøàòüñÿ.

� Íà ðàííèõ ñòàäèÿõ Âñåëåííîé äîëæíî íàðóøàòüñÿ òåðìîäèíàìè÷åñêîå ðàâíî-

âåñèå.
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13 Ëåêöèÿ �13. Ïîèñê õèããñîâñêîãî áîçîíà è

îñíîâíûå êàíàëû åãî ðàñïàäà

Îáñóäèì, êàêèå ñâîéñòâà áîçîíà Õèããñà áûëè èçâåñòíû äî åãî îòêðûòèÿ, à òàêæå

äåòàëè åãî îòêðûòèÿ.

Íà ðèñóíêå 13.1 ïîêàçàí ãðàôèê, ïîëó÷åííûé â ýêñïåðèìåíòå ATLAS, íà êîòîðîì

èçîáðàæåíî ðàñïðåäåëåíèå èíâàðèàíòíîé ìàññû â äèôîòîííîì ïðîöåññå (H → γγ) âî

âðåìÿ åãî îòêðûòèÿ. Äèôîòîííûé ïðîöåññ ðàñïàäà õèããñîâñêîãî áîçîíà èçîáðàæ¼í

íà ðèñóíêå 13.2. Åñëè èñòî÷íèêîì ðîæäåíèÿ äâóõ ôîòîíîâ ÿâëÿåòñÿ îäíà è òà æå

÷àñòèöà (â äàííîì ñëó÷àå � áîçîí Õèããñà), òî áóäåò íàáëþäàòüñÿ ïèê íà ýíåðãèÿõ,

ñîîòâåòñòâóþùèé ìàññå ýòîé ÷àñòèöû (ñì. 13.1). Êàê âèäíî èç ïðîöåññà, èçìåðÿÿ

âåëè÷èíó m2
γγ ≡ (k1 + k2)

2 � êâàäðàò èíâàðèàíòíîé ìàññû, ãäå k1, k2 � 4�èìïóëüñû

ôîòîíîâ, ìîæíî ïîëó÷èòü çíà÷åíèå ìàññû õèããñîâñêîãî áîçîíà.

Íà ñàìîì äåëå, ñóùåñòâóåò åù¼ ðÿä ïðîöåññîâ, êîòîðûå ñâÿçàíû ñ êàëèáðîâî÷-

íûìè áîçîíàìè â ðîæäåíèè õèããñîâñêîãî áîçîíà. Îäíàêî èìåííî äèàãðàììà ÷åðåç

t�êâàðê (ñì. ðèñ. 13.2) äà¼ò íàèáîëüøèé âêëàä.

Ñå÷åíèå ðîæäåíèÿ áîçîíà Õèããñà íà ýíåðãèè mγγ ñîñòàâëÿåò

σ(125.5 ÃýÂ) = 15.2 ïá, (13.1)

îòêóäà ÷èñëî ñîáûòèé N th
events â òàêîì ðàñïàäå âû÷èñëÿåòñÿ êàê

N th
events(pp→ H → γγ) = σ(gg → H)Br(H → γγ)

∫
L dt

= (15.13× 103)× (2.28× 10−3)× 4.8 = 165.6,

(13.2)

ãäå L � ñâåòèìîñòü,
∫
L dt = 4.8 ôá−1, ÷òî ñîîòâåòñòâóåò ãðàôèêó 13.1, â êîòîðîì

N exp
events, ñëåäîâàòåëüíî, ∣∣N th

events −N exp
events

∣∣
N exp
events

≃ 10%. (13.3)

Â ïðåäåëàõ îøèáîê èçìåðåíèÿ ñîãëàñèå òåîðèè ñ ýêñïåðèìåíòîì íà ìîìåíò îòêðûòèÿ

áîçîíà Õèããñà áûëî íåïëîõèì.

Ê ñåãîäíÿøíåìó ìîìåíòó (ëåòî 2022 ã.) èçâåñòíî23, ÷òî â äèôîòîííîì ïðîöåññå

ïîèñêà õèããñîâñêîãî áîçîíà ïðè ýíåðãèè öåíòðà ìàññ
√
s = 13 ÃýÂ è ñîîòâåòñòâóþùåé

ïîëíîé ñâåòèìîñòüþ â 137 ôá−1, ïîëíîå ñå÷åíèå åñòü σ�d = 73.4+5.4
−5.3(stat)

+2.4
−2.2(syst) ôá,

÷òî íàõîäèòñÿ â ñîãëàñèè ñ ïðåäñêàçàíèÿìè Ñòàíäàðòíîé ìîäåëè â 75.4 ± 4.1 ôá

(ñì. 13.3).

23Ñì. arXiv:2208.12279 äëÿ äåòàëåé.
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13.1 Îñíîâíûå êàíàëû ïîèñêà õèããñîâñêîãî áîçîíà

Ìàññà õèããñîâñêîãî áîçîíà íå ïðåäñêàçûâàåòñÿ Ñòàíäàðòíîé ìîäåëüþ â îòëè÷èå

îò W� è Z�áîçîíîâ. Âàêóóìíîå ñðåäíåå õèããñîâñêîãî ïîëÿ v òîæå íå ïðåäñêàçûâàåòñÿ,

îäíàêî ýòà âåëè÷èíà ñâÿçàíà ñ êîíñòàíòîé Ôåðìè GF .

Ïàðöèàëüíûå âåðîÿòíîñòè áîçîíà Õèããñà ïî ðàçíûì êàíàëàì ðàñïàäà ñóùåñòâåí-

íî çàâèñÿò îò åãî ìàññû: íàïðèìåð, ïðè ìàññå õèããñîâñêîãî áîçîíà ∼ 100 ÃýÂ äîìè-

íèðóåò ìîäà H → bb̄, à äèôîòîííûé ðàñïàä ïîäàâëåí ïî ñðàâíåíèþ ñ H → bb̄ íà

∼ 103, îäíàêî îí áîëåå óäîáåí ñ òî÷êè çðåíèÿ îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ

(õîðîøåå ñîîòíîøåíèå ñèãíàëà è ôîíà).

Îñíîâíûå êàíàëû ðîæäåíèÿ áîçîíà â ñëó÷àå LHC:

� ãëþîí�ãëþîííîå ñëèÿíèå gg → H 13.4a,

� ñëèÿíèå âåêòîðíûõ áîçîíîâ qq → qqH 13.4b,

� àññîöèàòèâíîå ðîæäåíèå qq → V H 13.5,

� àññîöèàòèâíîå ðîæäåíèå gg → tt̄H 13.6.

Îñíîâíîé âêëàä â ñå÷åíèå ðîæäåíèÿ äà¼ò ãëþîí-ãëþîííîå ñëèÿíèå 13.4a.

13.2 Òåîðåòè÷åñêèå îãðàíè÷åíèÿ íà ìàññó õèããñîâñêîãî

áîçîíà

Íà ìîìåíò îòêðûòèÿ áûëî èçâåñòíî, â êàêîì äèàïàçîíå ýíåðãèé íàäî áûëî èñêàòü

áîçîí Õèããñà. Îáñóäèì äåòàëè.

Ìû çíàåì, ÷òî âñå ôèçè÷åñêèå ïðîöåññû îïèñûâàþòñÿ S�ìàòðèöåé, êîòîðûé ïî

ïîñòðîåíèþ ÿâëÿåòñÿ óíèòàðíûì,

S†S = I. (13.4)

Èç óñëîâèÿ óíèòàðíîñòè S�ìàòðèöû â êâàíòîâîé òåîðèè ïîëÿ ñëåäóåò îïòè÷åñêàÿ

òåîðåìà, ñâÿçûâàþùàÿ ïîëíîå ñå÷åíèå ïðîöåññà ñ àìïëèòóäîé ðàññåÿíèÿ âïåð¼ä:

σ =
1

s
ImA(θ = 0) =

16π

s

∞∑

l=0

(2l + 1)|al|2, (13.5)

ãäå al � àìïëèòóäà ïàðöèàëüíîé âîëíû. Òîãäà

Im al = |al|2. (13.6)
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Ñóùåñòâóåò òàêæå îãðàíè÷åíèå íà äåéñòâèòåëüíóþ ÷àñòü àìïëèòóäû ïàðöèàëüíîé

âîëíû:

|Re al| <
1

2
, (13.7)

êîòîðîå ñëåäóåò èç ñëåäóþùåãî ñîîòíîøåíèÿ:

|Re al|2 +
(
Im al −

1

2

)2

=
1

4
. (13.8)

Èç îïòè÷åñêîé òåîðåìû íàèáîëåå ñóùåñòâåííîå îãðàíè÷åíèå íà ìàññó õèããñîâ-

ñêîãî áîçîíà ìîæíî ïîëó÷èòü ïðè ðàññìîòðåíèè ïðîöåññîâ ñ ó÷àñòèåì ìàññèâíûõ

âåêòîðíûõ W� è Z�áîçîíîâ.

Ðàññìîòðèì W�áîçîí ñ ÷åòûð¼õèìïóëüñîì qµ è âåêòîðîì ïîëÿðèçàöèè ϵµ, òî

qµεµ = 0, ε2 ≡ εµε
µ = −1. (13.9)

Òàêèì îáðàçîì, ó êàëèáðîâî÷íîãî âåêòîðíîãî áîçîíà òðè ñòåïåíè ñâîáîäû. Ïóñòü äëÿ

îïðåäåë¼ííîñòè q ∥ Oz, òîãäà
qµ = (q0, 0, 0, qz). (13.10)

Çàïèøåì òðè íåçàâèñèìûå ïîëÿðèçàöèè:

εµt1 = (0, 1, 0, 0) (ïåðâàÿ ïîïåðå÷íàÿ ìîäà), (13.11)

εµt1 = (0, 0, 1, 0) (âòîðàÿ ïîïåðå÷íàÿ ìîäà), (13.12)

εµl =

(
qz
mW

, 0, 0,
q0
m2
W

)
(ïðîäîëüíàÿ ìîäà). (13.13)

Âèäíî, ÷òî â îáëàñòè âûñîêèõ ýíåðãèé ïðîäîëüíàÿ ìîäà âåä¼ò ñåáÿ êàê

εµ ≃ qµ

mW

+O
(
m2
W

q2

)
. (13.14)

Òîãäà àñèìïòîòèêà àìïëèòóäû W+W → W+W (ñìîòðè äèàãðàììû 13.7) çàïèñûâà-

åòñÿ êàê

a0(s≫ m2
H) −→ −

m2
H

8πv2
. (13.15)

Îòñþäà âèäíî, ÷òî èç òðåáîâàíèé îïòè÷åñêîé òåîðåìû, ìû èìååì ñëåäóþùåå îãðà-

íè÷åíèå íà ìàññó õèããñîâñêîãî áîçîíà:

mH < 870 ÃýÂ. (13.16)

Â îáëàñòè ìàëûõ
√
s àñèìïòîòèêà àìïëèòóäû åñòü

a0(s≪ m2
H) −→ −

s

32πv2
, (13.17)
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îòêóäà ïîëó÷àåì ñëåäóþùåå ñëåäñòâèå:

√
s < 1.7 ÒýÂ. (13.18)

Òîãäà èç òðåáîâàíèÿ óíèòàðíîñòè S�ìàòðèöû ñëåäóåò, ÷òî ìàññà õèããñîâñêîãî áî-

çîíà äîëæíà áûòü mH < 870 ÃýÂ (870 ÃýÂ ñ ó÷¼òîì âñåõ êàíàëîâ VLVL�ðàññåÿíèÿ).

Åñëè ó÷èòûâàòü ëèøü äèàãðàììû 13.7, òî ïðè äîñòàòî÷íî âûñîêèõ ýíåðãèÿõ áóäåò

âûõîä çà ïðåäåëû óíèòàðíîñòè, îäíàêî â ÑÌ ñóùåñòâóåò áîçîí Õèããñà, êîòîðûé òàê-

æå äà¼ò âêëàä â àìïëèòóäó (ñìîòðè äèàãðàììû 13.8), êîòîðûé âîññòàíàâëèâàåò óíè-

òàðíîñòü S�ìàòðèöû.

Äåòàëüíûé àíàëèç ïîêàçûâàåò, ÷òî ïðè ðîæäåíèè ôåðìèîííîé ïàðû ðîëü áîçîíà

Õèããñà î÷åíü âàæíà. Ðàññìîòðèì ïðîöåññ tt̄ → ZZ. Ïðè
√
s ≫ mt, òî äèôôåðåíöè-

àëüíîå ñå÷åíèå áåç ó÷¼òà Õèããñà (äèàãðàììà 13.9) âåä¼ò ñåáÿ êàê

dσ

dΩ
= α2m

2
t

m4
Z

+O
(
1

s

)
, (13.19)

÷òî ïðîòèâîðå÷èò óñëîâèþ óíèòàðíîñòè.

Îäíàêî åñëè ó÷åñòü âêëàä õèããñîâñêîãî áîçîíà (äèàãðàììà 13.10), òî âîññòàíàâ-

ëèâàåòñÿ óíèòàðíîñòü.

Ðàññìîòðèì åù¼ îäèí ïðèìåð. Ðàññìîòðèì ïðîöåññ e+e− → W+W− (äèàãðàì-

ìû 13.11). Â îáëàñòè ýíåðãèé, êîòîðûå áûëè äîñòóïíû â 1990-õ � íà÷àëå 2000-õ ãî-

äîâ, ñóùåñòâåííû ëèøü äèàãðàììû äâå äèàãðàììû 13.11a è 13.11b, îäíàêî ïðè ðîñòå

ýíåðãèè òàêæå äà¼ò âêëàä äèàãðàììà 13.11c, êîòîðàÿ âîññòàíàâëèâàåò óíèòàðíîñòü.

Áåç ñóùåñòâîâàíèÿ áîçîíà Õèããñà ïðîöåññ ðàññåÿíèÿ WZ → WZ òàêæå áûë áû

ïàòîëîãè÷åí, à èìåííî, ÷òî áåç õèããñîâñêîãî áîçîíà ñå÷åíèå ïðîöåññà áû ðîñëî êàê

σ ∼ s (âêëàä òîëüêî ?? è ??), à ïðè ó÷¼òå íåäîñòàþùåé äèàãðàììû ?? è ïðè íå

ñèëüíî òÿæ¼ëîì õèããñîâñêîì áîçîíå, óñëîâèå óíèòàðíîñòè âîññòàíàâëèâàåòñÿ.

Ðàññìîòðèì áåçìàññîâóþ ÷àñòèöó, òî å¼ ïðîïàãàòîð âåä¼ò ñåáÿ êàê 1
q2
. Õèããñîâñêèé

êîíäåíñàò âíîñèò âêëàä êàê íà äèàãðàììàõ 13.13. Òîãäà

1

q2
+
∑

n

1

q2

[(gv
2

)2 1

q2

]n
=

1

q2 −m2
V

, (13.20)

ñëåäîâàòåëüíî,

mV =
1

2
gv. (13.21)

Àíàëîãè÷íî ìîæíî ïîêàçàòü, êàê ìåíÿåòñÿ ôåðìèîííûé ïðîïàãàòîð.

Ñóùåñòâóåò òàêæå îãðàíè÷åíèå èç ðàññìîòðåíèÿ ðåíîðìãðóïïû äëÿ ýâîëþöèè
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êîíñòàíòû ñàìîäåéñòâèÿ áîçîíà Õèããñà:

dλ

dt
=

3

8π2

[
λ2 + λyt − y4t

]
, (13.22)

dyt
dt

=
1

32π2

[
9

2
y3t − 8ytg

2
s

]
. (13.23)

ãäå

t = ln
µ2

v2
. (13.24)

Â êà÷åñòâå íà÷àëüíûõ óñëîâèé âîçüì¼ì yt(v
2) =

√
2mt

v
è λ(v2) =

m2
H

v2
. Âèäíî, ÷òî â

ïðåíåáðåæåíèè ìàññîé t�êâàðêà,
dλ

dt
∼ λ2, (13.25)

òîãäà

λ(µ2) =
λ(v2)

1− 3λ(v2)
8π2 ln µ2

v2

(13.26)

Êàê âèäíî, íà äîñòàòî÷íî áîëüøèõ ýíåðãèÿõ âîçíèêàåò ¾íóëü¿ Ëàíäàó (äîñòèãà-

åòñÿ ïîëþñ Ëàíäàó).Ýòî äà¼ò îãðàíè÷åíèå íà ìàññó õèããñîâñêîãî áîçîíà:

m2
H <

8π2v2

3 ln Λ2

v2

, (13.27)

ãäå Λ� ìàñøòàá ýíåðãèè, íà êîòîðîì ðåøàåòñÿ ïðîáëåìà ¾íóëÿ¿ Ëàíäàó. Ðàññìîòðèì

äâà õàðàêòåðíûõ ìàñøòàáà, à èìåííî Λ = 1 ÒýÂ è Λ = MPl = 1019 ÃýÂ. Òàê ìîæíî

ïîëó÷èòü îãðàíè÷åíèå ñâåðõó íà ìàññó õèããñîâñêîãî áîçîíà.

Îãðàíè÷åíèå ìàññû áîçîíà Õèããñà ñíèçó ñëåäóåò èç óñëîâèÿ, ÷òî êîíñòàíòà λ âñå-

ãäà ïîëîæèòåëüíà. Îòñþäà ñëåäóåò îãðàíè÷åíèå ñíèçó íà ìàññó õèããñîâñêîãî áîçîíà.

Èòàê,

60 ÃýÂ ≲ mH ≲ 700 ÃýÂ (Λ = 1 ÒýÂ), (13.28)

à äëÿ âòîðîãî ìàñøòàáà êàê

130 ÃýÂ ≲ mH ≲ 190 ÃýÂ (Λ = 1019 ÃýÂ). (13.29)

Òàêæå ìàññà õèããñîâñêîãî áîçîíà ñëåäóþò èç ðàäèàöèîííûõ ïîïðàâîê ê õîðîøî

èçìåðÿåìûì âåëè÷èíàì: ìàññû W�áîçîíà è ìàññû t�êâàðêà.

Ïðîñòåéøèå ìåõàíèçì Õèããñà Ñòàíäàðòíîé ìîäåëè îáëàäàåò îäíîé ñóùåñòâåííîé

ïðîáëåìîé: îí íåñòàáèëåí ïî îòíîøåíèþ ê êâàíòîâûì ïåòëåâûì ïîïðàâêàì ê ìàñ-

ñå ñàìîãî áîçîíà (ïðîáëåìà èåðàðõèé, èëè ¾íàòóðàëüíîñòè¿ Ñòàíäàðòíîé ìîäåëè).

Ïîïðàâêè ê ìàññàì âñåõ îñòàëüíûõ ÷àñòèö ÑÌ, êðîìå ñêàëÿðíîãî áîçîíà Õèããñà ,

çàâèñÿò îò Λ ëîãàðèôìè÷åñêè, ò.å. ñëàáî, ÷òî ãàðàíòèðóåòñÿ ñèììåòðèÿìè òåîðèè, êè-

ðàëüíîé äëÿ ôåðìèîííîé è êàëèáðîâî÷íîé äëÿ áîçîíîâ. Òàêîé ñèììåòðèè, êîòîðàÿ
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çàïðåùàëà áû ñòîëü ñèëüíóþ çàâèñèìîñòü ìàññû îò ìàñøòàáà, â ñëó÷àå ñêàëÿðíîãî

áîçîíà Õèããñà íåò.
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The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to±(0.2−4.6) and±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons fromZ decays and
photons fromZ → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%,±0.5%) and luminosity (±1.8%,±3.6%).
Uncertainties due to the modelling of the underlying
event are±6% for VBF and±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.

The uncertainty on the expected fractions of signal
events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is±2%. The uncertainty from the jet energy
scale (JES) amounts to up to±19% for the 2-jet cate-
gory, and up to±4% for the other categories. Uncertain-
ties from the JVF modelling are±12% (for the 8 TeV
data) for the 2-jet category, estimated fromZ+2-jets
events by comparing data and MC. Different PDFs and
scale variations in theHqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.

The total uncertainty on the mass resolution is±14%.
The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined fromZ→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residualsof the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass,mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed tomH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.

The statistical analysis of the data employs an un-
binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weightwi for events in categoryi ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1+ Si/Bi),

10

Ðèñ. 13.1: Ãðàôèê ÷èñëà ñîáûòèé â çàâèñèìîñòè îò ìàññû ôîòîííîé ïàðû mγγ. Õèãã-
ñîâñêèé áîçîí íàáëþäàåòñÿ â ðàéîíå 125 ÃýÂ. Èñòî÷íèê: https://inspirehep.net/
literature/1124337.
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Ðèñ. 13.2: Îäèí èç ïðîöåññîâ ðîæäåíèÿ è ðàñïàäà õèããñîâñêîãî áîçîíà.
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Figure 7: Diphoton invariant mass distribution with combining all categories used for the inclu-
sive fiducial cross section measurement. The displayed mγγ histogram and signal+background
hypothesis (red line) represent their sums across all categories weighted by their respective
S/(S + B) ratio. In the lower panel, the mγγ histogram subtracting the background compo-
nent, as estimated by the background pdf, is shown.

several additional predictions. The HX component, denoting the sum of the Higgs boson pro-
duction cross sections from the VBF, VH, and ttH production processes, is taken from the
MADGRAPH5 aMC@NLO simulation and is common to the different SM predictions shown.
The predicted cross section for the gluon-fusion production mode is taken from the MAD-
GRAPH5 aMC@NLO simulation, with and without NNLOPS reweighting, and the POWHEG event
generator [72–75], and added to the HX component to obtain the total per-bin predictions
shown. The uncertainty in the theoretical predictions only takes into account the variation
in the predicted differential cross section shape coming from varying the set of PDF replicas,
the renormalization and factorization scales, and αS. The uncertainty in the total Higgs boson
production cross section and branching fraction is not taken into account for the results on the
differential cross sections.

Overall, the differential cross section results agree within uncertainties with the nominal SM
prediction. For each observable, a p-value is calculated using the test statistic given in Eq. (7)
evaluated at the SM point, where the H → γγ cross section is set to the nominal SM value in all
particle-level bins, extracted using the MADGRAPH5 aMC@NLO simulation with the NNLOPS

reweighting for ggF. The p-value is then computed on the χ2 pdf with the number of degrees
of freedom set to the number of particle-level bins for the respective observable. The cross
section measured for the underflow bin is not reported on the results figure if not specified
otherwise, but always taken into account for the calculation of the p-value. The observed p-
values for the SM point are from 0.004 to 0.96, with the cross section measured as a function of
pγγ

T having a p-value of 0.24, and as a function of njets a p-value of 0.69. For the fiducial cross
section a p-value of 0.73 is observed for the SM point. The lowest p-value of 0.004 is seen for the
difference between the η coordinate of the leading and subleading jet |∆ηj1j2 |, shown in Fig. 14.
The per-bin uncertainties for observables of the diphoton system range from 10% to 40%. For
observables that involve the leading-pT jet, uncertainties reach around 100%.

Ðèñ. 13.3: Ãðàôèê ÷èñëà ñîáûòèé â çàâèñèìîñòè îò ìàññû ôîòîííîé ïàðû mγγ. Õèãã-
ñîâñêèé áîçîí íàáëþäàåòñÿ â ðàéîíå 125 ÃýÂ. Èñòî÷íèê: https://arxiv.org/abs/
2208.12279.
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Ðèñ. 13.4: Êàíàëû ðîæäåíèÿ õèããñîâñêîãî áîçîíà, èçó÷àåìîãî íà ÁÀÊ.
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Ðèñ. 13.5: Êàíàë ðîæäåíèÿ õèããñîâñêîãî áîçîíà, èçó÷àåìîãî íà ÁÀÊ.
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Ðèñ. 13.6: Àññîöèàòèâíîå ðîæäåíèå õèããñîâñêîãî áîçîíà.
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Ðèñ. 13.7: Äèàãðàììû ðàññåÿíèÿ äâóõ W�áîçîíîâ áåç áîçîíà Õèããñà.
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Ðèñ. 13.8: Äîïîëíèòåëüíûå äèàãðàììû ê 13.7 ðàññåÿíèÿ äâóõ W�áîçîíîâ ñ áîçîíîì
Õèããñà.
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Ðèñ. 13.9: Ïðîöåññ tt̄→ ZZ ÷åðåç âèðòóàëüíûé t�êâàðê.
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Ðèñ. 13.10: Ïðîöåññ tt̄→ ZZ ÷åðåç õèããñîâñêèé áîçîí.
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Ðèñ. 13.11: Äèàãðàììû ïðîöåññà e+e− → W+W−.
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Ðèñ. 13.12: Äèàãðàììû ðàññåÿíèÿ WZ → WZ.

1
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Ðèñ. 13.13: Ïåðâûå òðè âêëàäà â ïðîïàãàòîð áåçìàññîâîé ñêàëÿðíîé ÷àñòèöû îò õèãã-
ñîâñêîãî êîíäåíñàòà.
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14 Ëåêöèÿ �14. Ñòàáèëüíîñòü è ìåòàñòàáèëüíîñòü

âàêóóìà Ñòàíäàðòíîé ìîäåëè

14.1 Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ñâîéñòâ õèããñîâñêîãî

áîçîíà

Îáñóäèì âàæíûå ýêñïåðèìåíòàëüíûå äàííûå ïî ïðîâåðêå ñâîéñòâ õèããñîâñêîãî

áîçîíà. Êàê èçâåñòíî, ìàññà çàðÿæåííûõ ëåïòîíîâ è êâàðêîâ ãåíåðèðóåòñÿ çàñ÷¼ò

þêàâñêîãî âçàèìîäåéñòâèÿ ôåðìèîíîâ ñ êîíäåíñàòîì õèããñîâñêîãî ïîëÿ. Åñëè æå

ìû èññëåäóåì îòäåëüíûå êàíàëû õèããñîâñêîãî áîçîíà, òî ìû ìîæåì èçìåðèòü âåëè-

÷èíó ýòèõ þêàâñêèõ ñâÿçåé, êîòîðàÿ ÷èñëåííî ðàâíà îòíîøåíèþ ìàññû ôåðìèîíà ê

âàêóóìíóþ ñðåäíåìó õèããñîâñêîãî ïîëÿ v ≈ 246 ÃýÂ. Ìàññû ôåðìèîíîâ áûëè èçâåñò-

íû äî îòêðûòèÿ õèããñîâñêîãî áîçîíà; êîíñòàíòà v òàêæå áûëà èçâåñòíà äî îòêðûòèÿ

õèããñîâñêîãî áîçîíà, òàê êàê ñâÿçàíà ñ êîíñòàíòîé Ôåðìè GF ñëåäóþùèì îáðàçîì:

v =
1√√
2GF

. (14.1)

Äëÿ ïðîâåðêè Ñòàíäàðòíîé ìîäåëè ýòè þêàâñêèå êîíñòàíòû yi ìîæíî ïåðåîïðå-

äåëèòü êàê yi → kiyi, ãäå ki = 1 â Ñòàíäàðòíîé ìîäåëè. Òàêîå ðàññìîòðåíèå ïîçâîëÿåò

óâèäåòü ïîòåíöèàëüíîå îòêëîíåíèå èçìåðåíèé îò Ñòàíäàðòíîé ìîäåëè (ñì. 14.1). Êàê

âèäíî èç 14.1, îòêëîíåíèé îò Ñòàíäàðòíîé ìîäåëè íå îáíàðóæåíî.

14.2 Âàêóóì â Ñòàíäàðòíîé ìîäåëè

Îáñóäèì äåòàëè ïðîáëåìû ñòàáèëüíîñòè âàêóóìà â Ñòàíäàðòíîé ìîäåëè24.

Õèããñîâñêèé áîçîí ñ ìàññîé mH ≃ 125 ÃýÂ îáíàðóæåí íà Áîëüøîì àäðîííîì

êîëëàéäåðå. Èíòåðïðåòèðóÿ ýòó ÷àñòèöó êàê õèããñîâñêèé áîçîí Ñòàíäàðòíîé ìîäåëè

è ïðåäïîëàãàÿ, ÷òî íåò íèêàêîé íîâîé ôèçèêè ìåæäó ýëåêòðîñëàáûì è ïëàíêîâñêèì

ìàøñòàáàìè, ìû èìååì, ÷òî òàêîé âàêóóì ñòàíîâèòñÿ ìåòàñòàáèëüíûì, ÷òî ÿâëÿåòñÿ

ïðîáëåìîé.

Õèããñîâñêèé äóáëåò ïîñëå ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè SU(2)L × U(1)Y →
U(1)em ìîæíî çàïèñàòü êàê

Φ =

(
G+

1√
2
(v +H + iG0)

)
, (14.2)

ãäå H � ôèçè÷åñêîå õèããñîâñêîå ïîëå, G+ è G0 � ãîëäñòîóíîâñêèå ìîäû, êîòîðûå

¾ïîåäàþòñÿ¿W±� è Z�áîçîíàìè, ñîîòâåòñòâåííî. Ïîñëå ñïîíòàííîãî íàðóøåíèÿ ñèì-

24Ñì. äåòàëè â https://arxiv.org/abs/1301.5812.
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(a) Èçìåðåííûå ìîäèôèêàòîðû ñâÿçè áî-

çîíà Õèããñà ki ñ âåêòîðíûìè áîçîíàìè è

ôåðìèîíàìè êàê ôóíêöèÿ ìàññû ÷àñòèö.

(b) Èçìåðåíèå ìîäèôèêàòîðîâ ñâÿçè ki,
âêëþ÷àÿ ïåòëåâûå ïîïðàâêè îò áîçîíà

Õèããñà.

Ðèñ. 14.1: Èëëþñòðàöèÿ ê ïðîâåðêå ìîäèôèöèðîâàííûõ þêàâñêèõ êîíñòàíò yi → yiki.
Èñòî÷íèê: https://arxiv.org/abs/2401.07650.

ìåòðèè ôåðìèîíû è êàëèáðîâî÷íûå áîçîíû ïîëó÷àþò ìàññó,

mf =
yf√
2
v, (14.3)

mW =
1

2
gv, (14.4)

mZ =
1

2

√
g2 + g′2v, (14.5)

ãäå g = 0.6519 and g′ = 0.3575 � SU(2)L è U(1)Y êîíñòàíòû, ñîîòâåòñòâåííî, îïðåäå-

ëåííûå íà ìàñøòàáå mZ .

Â óíèòàðíîé êàëèáðîâêå, äî ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè, ñêàëÿðíûé õèãã-

ñîâñêèé äóáëåò ìîæíî çàïèñàòü òàê:

Φ =
1√
2

(
0

φ

)
. (14.6)

Â òàêîé êàëèáðîâêå â òåîðèè ïîÿâëÿåòñÿ òîëüêî îäíî ôèçè÷åñêîå ïîëå; ãîëäñòîóíîâ-

ñêèå ìîäû, äóõè íå ïðîÿâëÿþòñÿ ñ ñàìîãî íà÷àëà. Òîãäà ïîòåíöèàë ñòàíîâèòñÿ ôóíê-
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öèåé òîëüêî îäíîé ïåðåìåííîé:

Vφ = −1

2
µ2φ2 +

1

4
λφ4. (14.7)

Ïîñëå òîãî êàê ïîëå φ ïðèîáðåòàåò âàêóóìíîå ñðåäíåå, φ = v + H, âñå ÷àñòèöû

Ñòàíäàðòíîé ìîäåëè ïðèîáðåòàþò ìàññó è äëÿ áîçîíà Õèããñà:

m2
H = 2λv2, (14.8)

v2 =
µ2

λ
. (14.9)

Òàêèì îáðàçîì, ïîñëå îòêðûòèÿ õèããñîâñêîãî áîçîíà (îòêðûòèÿ åãî ìàññû) ñòàëà

èçâåñòíà λ � òåì ñàìûì âñå ïàðàìåòðû Ñòàíäàðòíîé ìîäåëè áûëè èçìåðåíû.

Îäíàêî äëÿ ðåàëèñòè÷íîãî ðàññìîòðåíèÿ íåîáõîäèìî ó÷åñòü êâàíòîâûå ïîïðàâêè

ê ïîòåíöèàëó V . Êâàíòîâûå ïîïðàâêè ñäåëàþò ìàññîâûé ïàðàìåòð µ è êîíñòàíòó

ñàìîäåéñòâèÿ λ, çàâèñÿùèìè îò ìàñøòàáà ýíåðãèè Λ,

Ve� = −1

2
µ(φ)2φ2 +

1

4
λ(φ)φ4. (14.10)

Äëÿ îáñóæäåíèÿ âàêóóìíîé ñòàáèëüíîñòè ìîæíî îïóñòèòü ïåðâîå ñëàãàåìîå Ve�, òàê

êàê çíà÷åíèå ïîëÿ φ≫ v. Áåãóùàÿ êîíñòàíòà λ îïèñûâàåòñÿ áåòà�ôóíêöèåé:

β(λ) =
∂λ

∂ ln Λ
. (14.11)

Íà îäíîïåòëåâîì óðîâíå çíà÷åíèå áåòà�ôóíêöèè åñòü

β(λ) =
1

(4π)2

[
24λ2 − 6y2t +

3

8

(
2g4 +

(
g2 + g′2

)2)
+
(
−9g2 − 3g′2 + 12y2t

)
λ

]
, (14.12)

ãäå ÷ëåí 24λ2 ïðèõîäèò îò õèããñîâñêîãî ñàìîäåéñòâèÿ, ÷ëåí −6y4t � îò t�êâàðêîâîé

ïåòëè, ÷ëåí 3
8

(
2g4 + (g2 + g′2)

2
)
� îò ïåòëè ñ êàëèáðîâî÷íûìè áîçîíàìè, à ïîñëåäíèé

÷ëåí � îò ïåðåíîðìèðîâêè õèããñîâñêîãî ïîëÿ. Ðåøàÿ óðàâíåíèå íà áåòà�ôóíêöèþ,

ïîëó÷èì, ÷òî

λ(Λ) =
λ(v)

1− 24
(4π)2

λ(v) ln Λ
v

. (14.13)

Ïîëþñ Ëàíäàó äîñòèãàåòÿ íà ìàñøòàáå

Λ∞ = v exp
2π2

3λ(v)
= v exp

4π2v2

3m2
H

≃ v ×
(
5× 105

)(v/mH)2

. (14.14)

Äëÿ ðàçëè÷íûõ ìàññ áîçîíà Õèããñà mH èìååì äîñòèæåíèå ïîëþñà Ëàíäàó ïðè ñëå-

äóþùèõ Λ∞: mH = 700 ÃýÂ, òî Λ∞ ≃ 103 ÃýÂ; mH = 246 ÃýÂ, òî Λ∞ ≃ 108 ÃýÂ;
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mH = 125 ÃýÂ, òî Λ∞ ≃ 1024 ÃýÂ.

Åñëè ìû ïîëîæèì λ(Λx) = x, òî

Λx = v exp

[
4π2

3

((
v

mH

)2

− 1

2x

)]
. (14.15)

Òî åñòü, λ(Λ) < x, åñëè Λ < Λx. Ñ òî÷êè çðåíèÿ òåîðèè âîçìóùåíèé ìû èìååì ¾õî-

ðîøóþ¿ òåîðèþ âïëîòü äî Λ4π. Â ñëó÷àå ë¼ãêîãî õèããñîâñêîãî áîçîíà, Ñòàíäàðòíàÿ

ìîäåëü ïåðòóðáàòèâíà âïëîòü äî ïëàíêîâñêèõ ýíåðãèé, à íåïåðòóðáàòèâíîé ñòàíî-

âèòñÿ óæå íà ýíåðãèÿõ O(10 ÒýÂ), åñëè mH > 400 ÃýÂ.

Òåïåðü îáðàòèìñÿ ê ïðîáëåìå ñòàáèëüíîñòè âàêóóìà. Êàê áûëî ïîêàçàíî âûøå,

áîëåå ëåãêèé áîçîí Õèããñà îçíà÷àåò áîëüøèé íåïåðòóðáàòèâíûé ìàñøòàá. Îäíàêî

åñëè îí ñëèøêîì ëåãêèé, òî òåîðèÿ ñòàëêèâàåòñÿ ñ äðóãîé ïðîáëåìîé � íåóñòîé÷è-

âîñòüþ âàêóóìà, ÷òî ñâÿçàíî ñ âêëàäîì òÿæåëîãî t�êâàðêà â áåòà�ôóíêöèþ.

Èññëåäóåì îòäåëüíî âêëàä îò ôåðìèîííîé ïåòëè â áåòà�ôóíêöèþ. Åñëè ìû ïðî-

èãíîðèðóåì èçìåíåíèå yf â áåòà�ôóíêöèè β(λ), òî

β(λ) =
1

(4π)2
[
−6y4f

]
, (14.16)

òîãäà

λ(Λ) = λ(v)− 6y4f ln
λ

v
, (14.17)

ò.å. λ(Λ) óìåíüøàåòñÿ ñ ðîñòîì ìàñøòàáà ýíåðãèè!

Ó÷èòûâàÿ âñ¼ âìåñòå, ïîëó÷èì, ÷òî λ(µ) óáûâàåò è ê çíà÷åíèÿì µ ∼ 1010 ÃýÂ

ñòàíîâèòñÿ îòðèöàòåëüíîé âåëè÷èíîé! Òàêèì îáðàçîì, ýòî ïðÿìîå óêàçàíèå íà íåñòà-

áèëüíîñòü âàêóóìà.

14.3 Ñòàáèëüíîñòü âàêóóìà è ýôôåêòèâíûé ïîòåíöèàë

Óñòîé÷èâîñòü âàêóóìà çàâèñèò îò ïîâåäåíèÿ ýôôåêòèâíîãî ïîòåíöèàëà 14.2. Ðàñ-

ñìîòðèì êàê áóäåò ìåíÿòüñÿ ñèòóàöèþ ñ âàêóóìîì ïðè äîáàâëåíèè ¾íîâîé ôèçèêè¿

(íîâûå âêëàäû â áåòà�ôóíêöèþ).

Åñëè ïîòðåáîâàòü, ÷òîáû âàêóóì áûë ñòàáèëüíûì âïëîòü äî ïëàíêîâñêèõ ìàñ-

øòàáîâ, òî ìîæíî ïîëó÷èòü îãðàíè÷åíèå íà ìàññó õèããñîâñêîãî áîçîíà:

mH [GeV] > 129.6 + 1.4

(
mt[GeV]− 173.1 GeV

0.7

)
− 0.5

(
αs(MZ)− 0.1184

0.0007

)
. (14.18)

Êàê ¾ñïàñòè¿ ýëåêòðîñëàáûé âàêóóì îò íåñòàáèëüíîñòè? Äëÿ ýòîãî ìîæíî äîáà-

âèòü ¾íîâóþ ôèçèêó¿, ÷òîáû èçìåíèòü ïîâåäåíèå ýôôåêòèâíîãî ïîòåíöèàëà Ve�.

Ñóùåñòâóåò ìíîæåñòâî ïðîñòûõ ñïîñîáîâ ñîõðàíèòü ñòàáèëüíîñòü ýëåêòðîñëàáîãî
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j
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(a) stable
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(b) stable

j
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(c) metastable

j
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(d) metastable

j

Veff

(e) unstable

j

Veff

(f) unstable

FIG. 3: Various configurations of the effective potential. Local minimum near the original

is the electroweak vacuum.

Vacuum stability up to Planck scale put constraint for the mass of the Higgs boson

[16–18],

mH [GeV] > 129.5 + 1.4

(
mt[GeV]− 173.1

0.7

)
− 0.5

(
αs(MZ)− 0.1184

0.0007

)
. (4.1)

Complexity emerges when another local minimum at large field is as the same as or deeper

than the EW one(c, d and e). Then quantum tunneling effects from EW vacuum to the

deeper one could make vacuum decay. If the life time is larger than the age of our universe,

then the vacuum is metastable(c and d) [19, 20]. If not, we have an unstable vacuum(e). The

last one(c) the potential basically is unbounded from below, the vacuum then is definitely

unstable.

The formalism that quantitatively determines the decay rate of the false vacuum and

the calculation procedures in general field theory was first developed semi-classically in [21]

and quantum mechanically in [22]. The calculation in the SM is well described in [19] and

meta-stability in detail for 125GeV SM Higgs boson is discussed in [18] .

Save stability : There exists many and easy ways to save the electroweak vacuum stability up

to Planck scale [23–35]. All of them are involved with changes on the standard model, based

on different well-motivated considerations. For instance, adding a higgs portal singlet scalar

will modifies the βλ with an extra bosonic contribution and this term can serve to stablize the

8

Ðèñ. 14.2: Ðàçëè÷íûå êîíôèãóðàöèè (ñòàáèëüíîãî è íåñòàáèëüíîãî) ýôôåêòèâíîãî
ïîòåíöèàëà.

âàêóóìà âïëîòü äî ïëàíêîâñêèõ ìàñøòàáîâ. Âñå îíè ñâÿçàíû ñ èçìåíåíèÿìè â Ñòàí-

äàðòíîé ìîäåëè, îñíîâàííûìè íà ðàçëè÷íûõ õîðîøî ìîòèâèðîâàííûõ ñîîáðàæåíè-

ÿõ. Íàïðèìåð, äîáàâëåíèå ïîðòàëüíîãî ñèíãëåòíîãî ñêàëÿðà Õèããñà ìîäèôèöèðóåò

áåòà�ôóíêöèþ äîïîëíèòåëüíûì áîçîííûì âêëàäîì, è ýòîò ÷ëåí ìîæåò ñëóæèòü äëÿ

ñòàáèëèçàöèè âàêóóìà íà áîëüøèõ ìàñøòàáàõ.

Ìîæíî òàêæå ââåñòè íîâûå ïîëÿ ìàòåðèè, çàðÿæåííûõ ïî êàëèáðîâî÷íîé ãðóïïå

Ñòàíäàðòíîé ìîäåëè, è â ýòîì ñëó÷àå êàëèáðîâî÷íàÿ ñâÿçü ìîæåò ñòàòü áîëüøå íà

áîëüøèõ ìàñøòàáàõ, ÷òî êîñâåííî ïîâëèÿåò íà áåòà�ôóíêöèþ êàê äîïîëíèòåëüíûé

áîçîííûé âêëàä.

14.4 Êîñìîëîãè÷åñêèå àñïåêòû ìåòàñòàáèëüíîñòè

õèããñîâñêîãî âàêóóìà

Ìåòàñòàáèëüíîñòü õèããñîâñêîãî âàêóóìà îñîáåííî âàæíà äëÿ êîñìîëîãèè, ïîñêîëü-

êó ñóùåñòâóåò ìíîæåñòâî ìåõàíèçìîâ, êîòîðûå ìîãëè áû âûçâàòü ðàñïàä ýëåêòðî-

ñëàáîãî âàêóóìà â ðàííåé Âñåëåííîé25.

Ñöåíàðèè ïåðåõîäà èç îäíîãî âàêóóìà â äðóãîé (èç ëîæíîãî â èñòèííûé âàêóóì):

� òóííåëèðîâàíèå,

� òåïëîâûå ôëóêòóàöèè,

� òåïëîâûå ôëóêòóàöèè è òóííåëèðîâàíèå îäíîâðåìåííî.

25Ñìîòðè äåòàëè â https://arxiv.org/abs/1809.06923.
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Â êàæäîì èç íèõ ïåðåõîä ïðîèñõîäèò ñíà÷àëà ëîêàëüíî â íåáîëüøîì îáúåìå, çà-

ðîæäàÿ ìàëåíüêèé ïóçûðü èñòèííîãî âàêóóìà. Çàòåì ïóçûðü íà÷èíàåò ðàñøèðÿòüñÿ,

î÷åíü áûñòðî äîñòèãàÿ ñêîðîñòè ñâåòà.

Åñëè áû Âñåëåííàÿ áûëà áåñêîíå÷íî ñòàðîé, äàæå ïðîèçâîëüíî íèçêàÿ ñêîðîñòü

ðàñïàäà âàêóóìà áûëà áû íåñîâìåñòèìà ñ íàøèì ñóùåñòâîâàíèåì. Ñëåäîâàòåëüíî,

ïîñëåäñòâèÿ ìåòàñòàáèëüíîñòè âàêóóìà ìîæíî ðàññìàòðèâàòü òîëüêî â êîñìîëîãè-

÷åñêîì êîíòåêñòå, ïðèíèìàÿ âî âíèìàíèå êîíå÷íûé âîçðàñò è êîñìîëîãè÷åñêóþ èñ-

òîðèþ Âñåëåííîé. Õîòÿ ñêîðîñòü ðàñïàäà âàêóóìà â íàñòîÿùåå âðåìÿ ÷ðåçâû÷àéíî

ìåäëåííàÿ, ýòî íå îáÿçàòåëüíî áûëî òàê â ðàííåé Âñåëåííîé. Âûñîêèå çíà÷åíèÿ ïà-

ðàìåòðà Õàááëà âî âðåìÿ èíôëÿöèè è âûñîêèå òåìïåðàòóðû ïîñëå íåå ìîãëè çíà÷è-

òåëüíî óâåëè÷èòü ñêîðîñòü ðàñïàäà. Ïîýòîìó òîò ôàêò, ÷òî ìû âñå åùå íàáëþäàåì

Âñåëåííóþ â åå ýëåêòðîñëàáîì âàêóóìíîì ñîñòîÿíèè, ïîçâîëÿåò íàì íàêëàäûâàòü

îãðàíè÷åíèÿ íà êîñìîëîãè÷åñêóþ èñòîðèþ, íàïðèìåð, íà òåìïåðàòóðó ïåðåãðåâà è

ìàñøòàá èíôëÿöèè, à òàêæå íà ïàðàìåòðû Ñòàíäàðòíîé ìîäåëè, òàêèå êàê ìàññû

÷àñòèö è âçàèìîäåéñòâèå ìåæäó ïîëåì Õèããñà è êðèâèçíîé ïðîñòðàíñòâà�âðåìåíè.
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