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×åòûðåõìåðíûé ìèð
Åñòåñòâåííàÿ ñèñòåìà åäèíèö

c = ~ = 1

4-ìåðíûé âåêòîð êîîðäèíàò

xµ = (x0, ~x) = (t, ~x), µ = 0, 1, 2, 3

Èìïóëüñ:
pµ = (p0, ~p)

4-ìåðíûé ýëåêòðîìàãíèòíûé ïîòåíöèàë

Aµ = (ϕ, ~A), Aµ = (ϕ,− ~A)

Êâàäðàò 4-âåêòîðà:

p2 = pµp
µ = gµνpµp

ν = (p0)2 − ~p 2

Êîðîòêîå îáîçíà÷åíèå äëÿ ïðîèçâîäíîé

∂µ =
∂

∂xµ



Ýëåêòðîäèíàìèêà

Ñòðîèòñÿ òåíçîð íàïðÿæåííîñòè

Fµν = ∂µAν − ∂νAµ

Ãðàäèåíòíîå ïðåîáðàçîâàíèå 2-ãî ðîäà

ϕ→ ϕ′ = ϕ+
∂f

∂t
, ~A→ ~A′ = ~A− grad f

â 4-ìåðíûõ îáîçíà÷åíèÿõ:

Aµ → A′µ = Aµ + ∂µ f(x)

Íàïðÿæåííîñòü íå ìåíÿåòñÿ:

Fµν = F ′µν



Ôåðìèîíû, êàëèáðîâî÷íîå ïðåîáðàçîâàíèå

Óðàâíåíèå Äèðàêà äëÿ ñïèíîðà

(i∂µγ
µ −m)ψ(x) = 0

Ãàììà-ìàòðèöû Äèðàêà 4× 4:

γµγν + γνγµ = 2gµν , γ5 = iγ0γ1γ2γ3

Ñâîáîäíûé ëàãðàíæèàí ôåðìèîííîãî ïîëÿ

L0 = ψ̄(i∂̂ −m)ψ = ψ̄(i∂µγ
µ −m)ψ, ãäå ψ̄ = ψ† γ0

î÷åâèäíî èíâàðèàíòåí îòíîñèòåëüíî ãëîáàëüíûõ ïðåîáðàçîâàíèé
U(1)

ψ(x)→ ψ′(x) = eiαψ(x)

À ÷òî, åñëè ñäåëàòü ëîêàëüíîå ïðåîáðàçîâàíèå?

ψ(x)→ ψ′(x) = eiα(x)ψ(x)



Ëîêàëüíàÿ êàëèáðîâî÷íàÿ ñèììåòðèÿ

Êàê ñïàñòè èíâàðèàíòíîñòü? Íàäî ââåñòè áåçìàññîâîå âåêòîðíîå
ïîëå

∂µ → Dµ = ∂µ − ieAµ(x)

Ëàãðàíæèàí

L = ψ̄(iD̂ −m)ψ − 1

4
FµνF

µν − m2

2
AµA

µ

Ïðåîáðàçîâàíèÿ ïîëåé:

ψ(x)→ ψ′(x) = eiα(x)ψ(x)

Aµ → Aµ +
1

e
∂µα(x)

îñòàâëÿþò ëàãðàíæèàí èíâàðèàíòíûì. Ýòî íàçûâàåòñÿ U(1)
ëîêàëüíîé ñèììåòðèåé.



Ëîêàëüíàÿ êàëèáðîâî÷íàÿ ñèììåòðèÿ

U(1) ëîêàëüíàÿ ñèììåòðèÿ

SU(2) ñèììåòðèÿ (ÝÑÒ)

ψ(x)→ ei
σa

2 α
a(x)ψ(x), a = 1, 2, 3

3 ïàðàìåòðà ⇒ 3 áåçìàññîâûõ (ïîêà) ïåðåíîñ÷èêà (W±, Z)

SU(3) ñèììåòðèÿ (ÊÕÄ)

ψ(x)→ eit
aαa(x)ψ(x), a = 1, . . . , 8

8 ïàðàìåòðîâ ⇒ 8 áåçìàññîâûõ ïåðåíîñ÷èêîâ (ãëþîíû)



Ôåðìèîíû: ëåâûå è ïðàâûå

Åùå ðàç:

L0 = ψ̄(i∂̂ −m)ψ = ψ̄(i∂µγ
µ −m)ψ, ãäå ψ̄ = ψ† γ0

Ââåäåì òàêèå ìàòðèöû

PL =
1− γ5

2
, PR =

1 + γ5

2
, γ5 = iγ0γ1γ2γ3

Ýòî ïðîåêòîðû

(
1± γ5

2

)2

=
1± γ5

2
, PL + PR = 1

Ñâîéñòâà γ5

(γ5)2 = 1, γ5γµ + γµγ5 = 0



Ôåðìèîíû: ëåâûå è ïðàâûå

Ôåðìèîííîå ïîëå:

ψ(x) = (PL + PR)ψ(x) = ψL + ψR, ψL =
1− γ5

2
ψ(x)

Äëÿ äèðàêîâñêè ñîïðÿæåííûõ:

ψ̄L = ψ̄
1 + γ5

2
, ψ̄R = ψ̄

1− γ5

2

Â òåðìèíàõ ëåâûõ è ïðàâûõ:

L0 = ψ̄Li∂̂ψL + ψ̄Ri∂̂ψR −m(ψ̄LψR + ψ̄RψL)

Äëÿ ïðèäàíèÿ ìàññû ïîëþ íóæíû îáà !



Ââåäåíèå
Ñòàíäàðòíàÿ Ìîäåëü:
Ýòî åñòü: SM = QCD + EWT, SU(3)C ⊗ SU(2)L ⊗ U(1)

Ìû áóäåì â îñíîâíîì ãîâîðèòü î ýëåêòðîñëàáîé òåîðèè(ÝÑÒ),
ò.å. SU(2)L ⊗ U(1).

ÝÑÒ óñïåøíî îïèñûâàåò ñëàáûå ïðîöåññû ïðè íèçêèõ ýíåðãèÿõ â
âèäå 4-ôåðìèîííîãî âçàèìîäåéñòâèÿ òîê ⊗ òîê.
Ýôôåêòèâíûé ñëàáûé ëàãðàíæèàí äëÿ ìþîííîãî ðàñïàäà
µ− → e−ν̄eνµ:

Leff =
GF√

2
Jα(x)× Jα(x) =

GF√
2
ν̄µγ

α(1− γ5)µ× ēγα(1− γ5)νe,

ãäå GF = 1.1663787(6)× 10−5 GeV −2(RPP − 2020) ≈ 10−5

m2
p

Ðàçìåðíîñòü GF åñòü (mass)−2, ïîýòîìó èíòåíñèâíîñòü ñëàáîãî
ïðîöåññà õàðàêòåðèçóåòñÿ ïàðàìåòðîì GFE

2, E ýòî òèïè÷íàÿ
ýíåðãèÿ äàííîãî ïðîöåññà.
Äëÿ ðàñïàäà ìþîíà E ∼ mµ.



Ââåäåíèå
Ïîñêîëüêó

GFE
2 ∼ 10−5 × (

E

mp
)2,

òî ïðè íèçêèõ ýíåðãèÿõ E ∼ mp èíòåíñèâíîñòü (àìïëèòóäà)
ñëàáîãî ïðîöåññà õàðàêòåðèçóåòñÿ âåëè÷èíîé 10−5. Äàâàéòå
ñðàâíèì ...

Weak interactions Electromagnetic Strong

10−5 α =
e2

4π
≈ 1

137

g2

4π
∼ 10

Êâàäðàòè÷íûé ðîñò íå ìîæåò ïðîäîëæàòüñÿ äîëãî: ýòî ïðèâåäåò ê
íàðóøåíèþ óíèòàðíîñòè. Êàëèáðîâî÷íûå áîçîíû îñòàíàâëèâàþò
ýòîò ðîñò ïðè E ∼MW . Ïðè áîëåå âûñîêèõ ýíåðãèÿõ
èíòåíñèâíîñòü ñëàáûõ âçàèìîäåéñòâèé îïðåäåëÿåòñÿ êîíñòàíòîé
ñâÿçè gW èëè αW = g2

W /4π.
Â Ñòàíäàðòíîé Ìîäåëè:

αW =

√
2

π
GFM

2
W =

α

sin θW
≈ 1

30

Ïðè âûñîêèõ ýíåðãèÿõ ñëàáûå âçàèìîäåéñòâèÿ ïåðåñòàþò
áûòü ñëàáûìè !



Ââåäåíèå

Ðàäèóñ ñëàáûõ âçàèìîäåéñòâèé î÷åíü ìàë:

rW =
~c
MW

≈ 2.5 · 10−16 cm

Ìàññû ïåðåíîñ÷èêîâ:

mW ≈ 80 GeV, mZ ≈ 91 GeV, mγ < 1 · 10−18 eV

mW ≈ m(Rb37), mZ ≈ m(Mo42)

Ïåðåíîñ÷èêè âçàèìîäåéñòâóþò ñ êèðàëüíûìè êîìïîíåíòàìè:

ψL ≡ (
1− γ5

2
)ψ, ψR ≡ (

1 + γ5

2
)ψ, ψ̄L = ψ̄(

1 + γ5

2
), ψ̄R = ψ̄(

1 + γ5

2
)



Ýëåêòðîñëàáàÿ òåîðèÿ

Îñíîâíûå ÷åðòû:

ÝÑÒ îñíîâàíà íà íåàáåëåâîé ëîêàëüíîé êàëèáðîâî÷íîé
ñèììåòðèè SU(2)L ⊗ U(1). Â ëàãðàíæèàíå ñóùåñòâóþò 4
êàëèáðîâî÷íûõ áîçîíà.

Ïðîèñõîäèò ñïîíòàííîå íàðóøåíèå ñèììåòðèè (SSB). Â
ðåçóëüòàòå SSB êàëèáðîâî÷íûå áîçîíû ñòàíîâÿòñÿ
ìàññèâíûìè: ìàññèâíûé çàðÿæåííûé áîçîí W± è
íåéòðàëüíûé Z. Îäíî ïîëå îñòàåòñÿ áåçìàññîâûì � ýòî
ýëåêòðîìàãíèòíîå ïîëå Aµ.

Õèããñîâñêèé ìåõàíèçì ñïîíòàííîãî íàðóøåíèÿ: ãëàâíóþ ðîëü
èãðàåò íàáîð ñêàëÿðíûõ ïîëåé ϕi. Êàê ìèíèìóì îäíî èç ýòèõ
ïîëåé äîëæíî îñòàòüñÿ â âèäå ìàññèâíîé áåññïèíîâîé
÷àñòèöû.

Íà ãðóïïîâîì ÿçûêå:

SU(2)L ⊗ U(1)Y
SSB−→ U(1)EM



Èäåÿ ñëàáîãî ïåðåíîñ÷èêà

Èäåÿ äîâîëüíî î÷åâèäíàÿ è äîâîëüíî ñòàðàÿ (Ý.Ôåðìè)
Ðàññìîòðèì β - ðàñïàä íåéòðîíà: n→ pe−ν̄e, (V −A)µ(V −A)µ.

n

p

e−

ν̄e

GF ⇒
n

p

e−

ν̄e

g

g

Àìïëèòóäà:

g2

4
ūeγ

λ(1− γ5)vν ×
[
gλµ − qλqµ/M2

M2
W − q2

]
× 〈p|Jµ(0)|n〉

Ñëàãàåìîå
qλqµ

M2
â ïðîïàãàòîðå íå èñ÷åçàåò (â îòëè÷èå îò ÊÝÄ),

ò.ê. àêñèàëüíûé òîê íå ñîõðàíÿåòñÿ: ∂µA
µ 6= 0. Ýòî ïðèâîäèò ê

ïëîõèì ïîñëåäñòâèÿì ïðè âûñîêèõ ýíåðãèÿõ, à òàêæå â ïåòëåâûõ
âêëàäàõ. Òàêàÿ òåîðèÿ ÿâëÿåòñÿ íå-ïåðåíîðìèðóåìîé.
Íåâîçìîæíî ââåñòè W± ïðîñòûì ñïîñîáîì.



SU(2)L ⊗ U(1)Y (1)

Îãðàíè÷èìñÿ îäíèì ïîêîëåíèåì è ââåäåì îáîçíà÷åíèå:

ψ1(x) =

(
u
d

)

L

, ψ2(x) = uR, ψ3(x) = dR.

Â ëåïòîííîì ñåêòîðå àíàëîãè÷íî:

ψ1(x) =

(
νe
e−

)

L

, ψ2(x) = νeR, ψ3(x) = e−R.

Ñâîáîäíûé áåçìàññîâûé ëàãðàíæèàí:

L0 = ū(x)i∂̂u(x) + d̄(x)i∂̂d(x) =

3∑

j=1

ψ̄j(x)i∂̂ψj(x)



SU(2)L ⊗ U(1)Y (2)

L0 èíâàðèàíòåí ïðè ãëîáàëüíûõ ïðåîáðàçîâàíèÿõ:

ψ1(x)→ ψ′1(x) = eiy1βULψ1(x),

ψ2(x)→ ψ′2(x) = eiy2βψ2(x),

ψ3(x)→ ψ′3(x) = eiy3βψ3(x).

Çäåñü UL åñòü SU(2)L ïðåîáðàçîâàíèå

UL = exp

(
i
σi

2
αi
)

Ðàññìîòðèì ãðóïïó ëîêàëüíûõ ïðåîáðàçîâàíèé: αi → αi(x),
β → β(x). ×òîáû ñîõðàíèòü ñèììåòðèþ, íàì íóæíî èìåòü 4
áåçìàññîâûõ êàëèáðîâî÷íûõ áîçîíà. Óäîáíî ââåñòè ïîíÿòèå
êîâàðèàíòíîé ïðîèçâîäíîé.

Dµψ1(x) ≡ [∂µ − igWµ(x)− ig′y1Bµ(x)]ψ1(x),

Dµψ2(x) ≡ [∂µ − ig′y2Bµ(x)]ψ2(x),

Dµψ3(x) ≡ [∂µ − ig′y3Bµ(x)]ψ3(x).

Çäåñü Wµ(x) � ìàòðèöà 2× 2: Wµ(x) = W a
µ (x)σa/2.



SU(2)L ⊗ U(1)Y (3)

Ëîêàëüíàÿ ñèììåòðèÿ òðåáóåò, ÷òîáû Dµψi èìåëà áû òîò æå çàêîí
ïðåîáðàçîâàíèÿ, êàê ψi. Ýòî ôèêñèðóåò ñâîéñòâà êàëèáðîâî÷íûõ
ïîëåé:

Bµ(x)→ B′µ(x) = Bµ(x) +
1

g′
∂µβ(x)

W (x)→W ′(x) = UL(x)W (x)U†L(x)− i

g
∂µUL(x)U†L(x)

Ëàãðàíæèàí, ñèììåòðè÷íûé îòíîñèòåëüíî ëîêàëüíûõ
SU(2)L ⊗ U(1)Y ïðåîáðàçîâàíèé:

L =

3∑

j=1

ψ̄j(x)iD̂ψj(x).

Îñòàëîñü äîáàâèòü â ëàãðàíæèàí êèíåòè÷åñêèé âêëàä
êàëèáðîâî÷íûõ ïîëåé. Äëÿ ýòîãî íàì íóæíà íàïðÿæåííîñòü ïîëÿ
è åå àíàëîã â íå-àáåëåâîì ñëó÷àå.



SU(2)L ⊗ U(1)Y (4)

Bµν = ∂µBν − ∂νBµ,

Wµν =
i

g
[Dµ, Dν ] = ∂µWν − ∂νWµ − ig[Wµ,Wν ],

W i
µν = ∂µW

i
ν − ∂νW i

µ + εijkW j
µW

k
µ .

Ïðåîáðàçîâàíèå íàïðÿæåííîñòè:

Bµν → Bµν , Wµν → UL(x)WµνU
†
L(x)

Ëàãðàíæèàí ïîëíîñòüþ (íî ïîêà áåçìàññîâûé!):

L =

3∑

j=1

ψ̄j(x)iD̂ψj(x)− 1

4
BµνB

µν − 1

2
Tr[WµνW

µν ].



Ëàãðàíæèàí â ïîäðîáíîñòÿõ (1)
Çàðÿæåííûå òîêè
Çàðÿæåííûå âåêòîðíûå ïîëÿ: Wµ = (W 1

µ + iW 2
µ)/
√

2,

W †µ = (W 1
µ − iW 2

µ)/
√

2
Âçàèìîäåéñòâèå ñ ôåðìèîíàìè:

LCC =
g

2
√

2
W †µ [ūγµ(1− γ5)d+ ν̄eγ

µ(1− γ5)e] + h.c.

Íåéòðàëüíûå òîêè
Åñòü äâà íåéòðàëüíûõ ïîëÿ: W 3

µ è Bµ. Ôèçè÷åñêèå ïîëÿ ñ
îïðåäåëåííîé ìàññîé Z è γ � ýòî èõ ëèíåéíûå êîìáèíàöèè.

(
W 3
µ

Bµ

)
=

(
cos θW sin θW
− sin θW cos θW

)
·
(
Zµ
Aµ

)

Ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé:

LQED = eAµ
∑

j

ψ̄j(x)γµQjψj(x) ≡ eAµJµem

LZNC =
e

2 sin θW cos θW
Zµ
∑

f

f̄γµ(vf − afγ5)f,



Ëàãðàíæèàí â ïîäðîáíîñòÿõ (2)

ãäå af = T f3 è vf = T f3 (1− 4|Qf | sin θW 2).

e Q
f

γ

f f

2 θ θs  c
e

f f(v  − a      )γ5

Z

f f

Âåðøèíû íåéòðàëüíîãî òîêà:

u d νe e

2vf 1− 8
3 sin2 θW −1 + 4

3 sin2 θW 1 −1 + 4 sin2 θW
2af 1 -1 1 -1



Ëàãðàíæèàí â ïîäðîáíîñòÿõ (3)

Ñàìîäåéñòâèå âåêòîðíûõ áîçîíîâ
Íàïîìíèì íàïðÿæåííîñòü ïîëÿ :

W i
µν = ∂µW

i
ν − ∂νW i

µ + εijkW j
µW

k
µ

Ýòî ïðèâîäèò ê ñàìîäåéñòâèþ êàëèáðîâî÷íûõ áîçîíîâ.

W+

W−

γ, Z

W+

W−

W+

W−

γ, Z

γ, Z

W+

W−

Ñïåöèôèêà SU(2)L: îòñóòñòâèå íåéòðàëüíûõ âåðøèí ñ ó÷àñòèåì
òîëüêî γ è Z.



Ñïîíòàííîå íàðóøåíèå ñèììåòðèè (1)

Ïåðåíîñ÷èêè ñëàáûõ âçàèìîäåéñòâèé äîëæíû áûòü ìàññèâíûìè,
ïîýòîìó ìû äîëæíû íàðóøèòü êàëèáðîâî÷íóþ èíâàðèàíòíîñòü.
Íî íàì íóæåí ïîëíîñòüþ ñèììåòðè÷íûé ëàãðàíæèàí, ÷òîáû
ñîõðàíèòü ïåðåíîðìèðóåìîñòü òåîðèè. Ìîæíî ëè ïîëó÷èòü
íåñèììåòðè÷íûé îòâåò äëÿ ñèììåòðè÷íîãî ëàãðàíæèàíà?
Ïðåäïîëîæèì, ÷òî ìû èìååì ëàãðàíæèàí, êîòîðûé

ßâëÿåòñÿ èíâàðèàíòîì ïðè ïðåîáðàçîâàíèÿõ èç ãðóïïû G.

Èìååò âûðîæäåííûé íàáîð ñîñòîÿíèé ñ ìèíèìàëüíîé
ýíåðãèåé, êîòîðûå ïðåîáðàçóþòñÿ îòíîñèòåëüíî G.

Åñëè êàêèì-òî îáðàçîì îäíî èç ýòèõ ñîñòîÿíèé âûáðàíî â
êà÷åñòâå îñíîâíîãî ñîñòîÿíèÿ, ìû ãîâîðèì, ÷òî ñèììåòðèÿ
ñïîíòàííî íàðóøåíà.
Õîðîøî èçâåñòíûé ïðèìåð � ôåððîìàãíåòèê.



Ñïîíòàííîå íàðóøåíèå ñèììåòðèè (2)

Ðàññìîòðèì êîìïëåêñíîå ñêàëÿðíîå ïîëå φ(x)

L = ∂µφ
†∂µφ− V (φ), V (φ) = µ2φ†φ+ h(φ†φ)2

Ëàãðàíæèàí èíâàðèàíòåí îòíîñèòåëüíî ãëîáàëüíûõ ôàçîâûõ
ïðåîáðàçîâàíèé

φ(x)→ φ′(x) = exp{iθ} · φ(x)

|φ|

V(φ)

2
ϕ

|φ|
ϕ
1

V(φ)

Íåòðèâèàëüíûé ñëó÷àé âîçíèêàåò ïðè µ2 < 0. Ìèíèìóì âîçíèêàåò
äëÿ âñåõ ïîëåé, óäîâëåòâîðÿþùèõ óñëîâèþ



Ñïîíòàííîå íàðóøåíèå ñèììåòðèè (3)

| φ0 |=
√
−µ2

2h
≡ v√

2
, V (φ0) = −h

4
v4

Òàêèì îáðàçîì, ìû èìååì íàáîð âûðîæäåííûõ ñîñòîÿíèé ñ

ìèíèìàëüíîé ýíåðãèåé φ0(x) =
v√
2
exp{iθ}. Âûáðàâ θ = 0, ìû

ïîëó÷èì ñïîíòàííîå íàðóøåíèå ñèììåòðèè.
Íîâûå "êîîðäèíàòû":

φ(x) =
1√
2

[v + φ1(x) + iφ2(x)]

"Ïîòåíöèàë":

V (φ) = V (φ0)− µ2φ2
1 + hvφ1(φ2

1 + φ2
2) +

h

4

(
φ2

1 + φ2
2

)2

φ1 � ìàññèâíîå ïîëå m
2
φ1

= −2µ2, à φ2 ÿâëÿåòñÿ áåçìàññîâûì.
Íàëè÷èå áåçìàññîâîé ìîäû âèäíî èç êàðòèíêè è ýòî ïðîÿâëåíèå
òàê íàçûâàåìîé òåîðåìû Ãîëäñòîóíà.
Ñïîíòàííîå íàðóøåíèå íåïðåðûâíîé ñèììåòðèè ñ

íåîáõîäèìîñòüþ ïðèâîäèò ê ïîÿâëåíèþ

ñêàëÿðíûõ áåçìàññîâûõ ÷àñòèö.



Ìåõàíèçì Õèããñà (1)

Ïóñòü êàëèáðîâî÷íàÿ ñèììåòðèÿ ÿâëÿåòñÿ ëîêàëüíîé.
SU(2)L äóáëåò ñêàëÿðíûõ êîìïëåêñíûõ ïîëåé:

φ(x) =

(
φ(+)(x)
φ(0)(x)

)

Êàëèáðîâî÷íûé ëàãðàíæèàí ìîäåëè Ãîëäñòîóíà:

L = (Dµφ)†Dµφ− µ2φ†φ− h(φ†φ)2, (µ2 < 0, h > 0)

Dµφ = [∂µ − igWµ − ig′yφBµ]φ, yφ = Qφ − T3 =
1

2

Âûðîæäåííûå ìèíèìóìû:

| 〈0 | φ(0) | 0〉 |=
√
−µ2

2h
≡ v√

2

Íîâàÿ ïàðàìåòðèçàöèÿ äóáëåòà:

φ(x) = exp

{
i
σi

2
θi(x)

}
1√
2

(
0

v +H(x)

)



Ìåõàíèçì Õèããñà (2)

Äàâàéòå âûáåðåì ôèçè÷åñêóþ êàëèáðîâêó θi(x) = 0

(Dµφ)†Dµφ −→ 1

2
∂µH∂

µH + (v +H)2

[
g2

4
W †µW

µ +
g2

8 cos2 θW
ZµZ

µ

]

Ìàññû:

mZ cos θW = mW =
1

2
vg, mγ = 0

Òðè èç ÷åòûðåõ ñêàëÿðíûõ ïîëåé áûëè �ñúåäåíû� âåêòîðíûìè
áîçîíàìè, ÷òîáû ñäåëàòü ìàññó (èëè äîáàâèòü ïðîäîëüíóþ
ïîëÿðèçàöèþ ïîëþ). Îäíî ïîëå èç ÷åòûðåõ îñòàëîñü â âèäå
ôèçè÷åñêîãî ñêàëÿðíîãî ïîëÿ � Õèããñîâñêîãî ïîëÿ.



P. Higgs et al

Spontaneous symmetry breaking

Higgs    Kibble      Guralnik        Hagen       Englert    Brout† 

stone theorem doesn’t apply to gauge theories!

Each would-be massless NGB joins with a would-be 

sless gauge boson to form a massive gauge boson,

ltiplet of massive scalar bosons.
44



Ôèêñàöèÿ EW ïàðàìåòðîâ

Äèàãîíàëèçàöèÿ ìàññîâûõ ÷ëåíîâ íåéòðàëüíûõ
êàëèáðîâî÷íûõ ïîëåé:

g

ḡ
= cos θW ,

g′

ḡ
= sin θW , ḡ =

√
g2 + g′2.

Ìàññû:
mW

mZ
= cos θW .

Çàðÿä ýëåêòðîíà:

e2 =
g2g′2

g2 + g′2
.

Ôåðìèåâñêàÿ ñëàáàÿ êîíñòàíòà:

g2

8m2
W

=
GF√

2
.

Âåëè÷èíà âàêóóìíîãî êîíäåíñàòà âû÷èñëÿåòñÿ:

v = (
√

2GF )−1/2 = 246 GeV



Íàèáîëåå òî÷íûå EW èçìåðåíèÿ (1)

Ïîñòîÿííàÿ òîíêîé ñòðóêòóðû α = α(0)
Íàèëó÷øåå ìåñòî äëÿ �èçìåðåíèÿ� α � ýòî àíîìàëüíûé
ìàãíèòíûé ìîìåíò ýëåêòðîíà

α−1 = 137.035999084(21)

Äëÿ ýòîãî íóæíû ðåêîðäíûå òåîðåòè÷åñêèå âû÷èñëåíèÿ
(4 ïåòëè â ÊÝÄ) , Davier, Marciano

aSMe =
α

2π
− 0.328478444

(α
π

)2

+ 1.181234
(α
π

)3

− 1.7502
(α
π

)4

+

+1.6× 10−12

è ðåêîðäíî òî÷íûå èçìåðåíèÿ:

aexpe− = (1159.65218091± 0.00000026) · 10−6



Íàèáîëåå òî÷íûå EW èçìåðåíèÿ (2)

Ôåðìèåâñêàÿ ñëàáàÿ êîíñòàíòà GF
Èç âðåìåíè æèçíè ìþîíà:

τµ = 2.1969811(22)× 10−6 s

ïîëó÷åíî (ñ ó÷åòîì ðàäèàöèîííûõ ïîïðàâîê)

GF = 1.1663787(6)× 10−5 GeV −2

mZ and mW

Ìàññà Z áîçîíà èçìåðÿåòñÿ â e+e− → γ, Z → hadrons(leptons)
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Íàèáîëåå òî÷íûå EW èçìåðåíèÿ (3)

Íàèëó÷øåå ìåñòî äëÿ èçìåðåíèÿ ìàññû W ýòî
e+e− →W+W−ðåàêöèÿ.
Èòàê,

mz = 91.1876(21) GeV (LEPII)

mW = 80.379(12) GeV (LEPII + Tevatron)

Ïåðåíîðìèðîâàííûé ñëàáûé óãîë sin2 θW

sin2 θW
R = sin2 θW

0 + δs2

δs2 ýòî êîíòð÷ëåí, çàâèñÿùèé îò îïðåäåëåíèÿ.
Ýêñïåðèìåíòàëüíî, íàèëó÷øåå ìåñòî äëÿ èçìåðåíèÿ
ýôôåêòèâíîãî óãëà sin2 θW

eff èç ðåàêöèè e+e− → µ+µ−:
àñèììåòðèÿ �âïåðåä-íàçàä� íà Z ïèêå.
Ñ òåîðåòè÷åñêîé òî÷êè çðåíèÿ ëó÷øå èñïîëüçîâàòü äðóãóþ
âåëè÷èíó: sin2 θW

MS
.



Íàèáîëåå òî÷íûå EW èçìåðåíèÿ (4)

Ëåïòîííàÿ àñèììåòðèÿ äàåò: sin2 θW (mZ)leptonic = 0.23121(4),
sin2 θW (mZ)MS = 0.23121(4)).
Ñïèñîê íàèáîëåå òî÷íûõ EW âåëè÷èí (0.1 % level or
better)

α−1 = 137.035999084(21)

GF = 1.1663787(6)× 10−5 GeV −2

mz = 91.1876(21) GeV

mW = 80.379(12) GeV

sin2 θW (mZ)leptonic = 0.23146(12)

ΓZ = 2.4952± 0.0023 GeV

Γ(Z → l+l−) = 83.984± 0.08 MeV

Γ(Z → invisible) = 499.0± 1.5 MeV

Èç ïîñëåäíåé âåëè÷èíû ìîæíî íàéòè

Nν = 2.9841± 0.0083



e+e− → (γ, Z)→ ff̄ at Z peak

Äëÿ íåïîëÿðèçîâàííûõ e+, e−:

dσ

dΩ
=
α2

8s
Nf
{
A(1 + cos2 θ) +B cos θ − hf [C(1 + cos2 θ) +D cos θ]

}

Çäåñü hf � çíàê ñïèðàëüíîñòè ôåðìèîíà f, θ � óãîë ìåæäó e
− è f−

â ÑÖÌ,

A = 1 + 2vevfRe(χ) + (v2
e + a2

e)(v
2
f + a2

f ) | χ |2

B = 4aeafRe(χ) + 8veaevfaf | χ |2

C = 2aeafRe(χ) + 2(v2
e + a2

e)vfaf | χ |2

D = 4aeafRe(χ) + 4veae(v
2
f + a2

f ) | χ |2

χ =
GFm

2
Z

2
√

2πα

s

(s−m2
Z + isΓZ/mZ)



e+e− → (γ, Z)→ ff̄ at Z peak (cont.)

Êîýôôèöèåíòû A,B,C,D ìîãóò áûòü îïðåäåëåíû èç ýêñïåðèìåíòîâ
ðàçëè÷íûõ òèïîâ
Ïîëíîå ñå÷åíèå

σ(s) =
4πα2

3s
NfA

Àñèììåòðèÿ �âïåðåä-íàçàä�

AFB ≡
NF −NB
NF +NB

=
3B

8A

Ïîëÿðèçàöèîííàÿ àñèììåòðèÿ

APol ≡
σhf=+1 − σhf=−1

σhf=+1 + σhf=−1
= −C

A

�Âïåðåä-íàçàä� ïîëÿðèçàöèîííàÿ àñèììåòðèÿ

AFB,Pol(s) ≡
N
hf=+1
F −Nhf=−1

F −Nhf=+1
B +N

hf=−1
B

N
hf=+1
F +N

hf=−1
F +N

hf=+1
B +N

hf=−1
B

= −3D

8A



e+e− → (γ, Z)→ ff̄ at Z peak (cont.)

Ñ ïîëÿðèçîâàííûìè ïó÷êàìè e+, e− (SLD) ìû ìîæåì òàêæå
èçó÷àòü

A0
LR ≡ ALR(m2

Z) =
σL(m2

Z)− σR(m2
Z)

σL(m2
Z) + σR(m2

Z)
= −Pe,

A0,f
FB,LR ≡ AFB,LR(m2

Z) = −3

4

Íà Z ïèêå A0
LR èçìåðÿåò ñðåäíþþ ïîëÿðèçàöèþ íà÷àëüíûõ

ëåïòîíîâ Pe, à A
0,f
FB,LR îïðåäåëÿåò ïîëÿðèçàöèþ êîíå÷íûõ

ôåðìèîíîâ Pf .



Àñèììåòðèÿ �âïåðåä-íàçàä�

Measuring resolves ambiguity

Forward-backward asymmetry
dz dσ/dz dz dσ/dz

dz dσ/dz
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Ñàìîäåéñòâèå êàëèáðîâî÷íûõ áîçîíîâ
Äèàãðàììû ïðîöåññîâ e+e− →W+W− è e+e− → ZZ:

e−

e+

W−

W+

νe

W−

W+e+

e−

γ, Z

e−

e+

Z

Z

e−

Âçãëÿíåì íà äàííûå LEP:

0

10

20

30

160 180 200

√s (GeV)

σ W
W

 (
pb

)

YFSWW/RacoonWW
no ZWW vertex (Gentle)
only νe exchange (Gentle)

LEP
PRELIMINARY

02/08/2004

0
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1

180 190 200
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σ Z
Z
 (

pb
)

ZZTO and YFSZZ
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11/07/2003

Ïðåêðàñíîå ñîãëàñèå.



Î ðàäèàöèîííûõ ïîïðàâêàõ

Ïîëÿðèçàöèÿ âàêóóìà â ÊÝÄ:

α−1(0) = 137.035999074(44) > α−1(m2
Z) = 128.95± 0.05

γ , Z
 γ , Z


f


-f


γ , Z
 γ , Z


f


-f


γ γ
f

f
-

+      –

+      –

+      – +      –

+      –

+     
 –

+ 
   

  –

+ 
   

  –

– q q

Äðóãîé çíàìåíèòûé ïðèìåð èç ÊÕÄ: �áåãóùàÿ� ñèëüíàÿ êîíñòàíòà
ñâÿçè αS(q2).
Âñå ýëåêòðîñëàáûå èçìåðÿåìûå âåëè÷èíû ñîäåðæàò ðàäèàöèîííûå
ïîïðàâêè âñåõ òèïîâ: ýëåêòðîìàãíèòíûå, ñèëüíûå è
ýëåêòðîñëàáûå. Ó÷åò ýòèõ ïîïðàâîê àáñîëþòíî íåîáõîäèì ïðè
èìåþùåéñÿ òî÷íîñòè ýëåêòðîñëàáûõ èçìåðåíèé.
Ïëîäîòâîðíàÿ èäåÿ: ïîèñê íîâûõ ýôôåêòîâ íåïðÿìûì
ìåòîäîì: ÷åðåç ðàäèàöèîííûå ïîïðàâêè (ïåòëåâûå âêëàäû).
Õîðîøèé ïðèìåð: èñòîðèÿ t-êâàðêà.



Îá ýëåêòðîñëàáûõ ðàä. ïîïðàâêàõ
Òî÷íîñòü èçìåðåíèÿ ìàññ MW MZ åñòü ∼ 0.1%.
Îöåíêà EW ïîïðàâîê:

δ ∼ g2

16π2
=
αW
4π

=
α

4π sin θW
≈ 0.2%.

Îäíîïåòëåâûå âû÷èñëåíèÿ â ÊÝÄ:

e = e0

[
1 + ce

α

π
ln

Λ2

m2
e

]
, m = m0

[
1 + cm

α

π
ln

Λ2

m2
e

]
.

Äàâàéòå íàéäåì çàòðàâî÷íûå âåëè÷èíû

e0 = f(e,Λ), m0 = g(m,Λ)

è ïîäñòàâèì èõ â âû÷èñëåííûå àìïëèòóäû. Ïîñëå ýòîãî Λ
èñ÷åçàåò â äàííîì ïîðÿäêå.
Â ÝÑÒ ñèòóàöèÿ ñëîæíåå:

Åñòü äâà çàðÿäà g, g′, êîòîðûå íå èçìåðÿþòñÿ ïðÿìî. Èõ
âåëè÷èíû èçâåñòíû èç ýêñïåðèìåíòà, íî íå ñëèøêîì õîðîøî.

Ìàññû ïåðåíîñ÷èêîâ MW MZ íå ÿâëÿþòñÿ ïàðàìåòðàìè
èñõîäíîãî ëàãðàíæèàíà.



Î EW ðàäèàöèîííûõ ïîïðàâêàõ

Åñòü ïîïðàâêè îò âèðòóàëüíîãî t-êâàðêà, êîòîðûå çàâèñÿò
êâàäðàòè÷íî îò åãî ìàññû. Ïîýòîìó ýòè ïîïðàâêè ÿâëÿþòñÿ
÷óâñòâèòåëüíûìè ê mt.
Ïðèìåð ïåòëåâûõ âû÷èñëåíèé (Ferroglia et. al.):

mW /(GeV ) = 80.409− 0.507

(
∆α5

h

0.02767
− 1

)
− 0.542

[( mt

178 GeV

)2

− 1

]
−

− 0.05719 ln
( mH

100 GeV

)
− 0.00898 ln2

( mH

100 GeV

)

Ïðèìåð èç àíàëèçà äàííûõ:



Ãëîáàëüíûé ôèò3 The SM fit
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Figure 1: Differences between the SM
prediction and the measured parameter, in
units of the uncertainty for the fit includ-
ing (color) and without (grey).

The SM electroweak fit is performed in three scenar-
ios [10]. In the first scenario all input parameters are
used, allowing to test the validity of the SM. The re-
sults are compared to the second scenario, where the fit
is performed without the inclusion of to assess the
effect of knowing in the electroweak fit. In the third
scenario individual observables are removed one by one
from the fit which allows for an indirect determination
of these with an accurate uncertainty calculation.

The SM fit including all input data converges with a
minimum value of the test statistics of min = 21 8, ob-
tained for 14 degrees of freedom. Calculating the näıve
-value gives Prob(21 = 0 The smallness of

the -value with respect to previous results [ ] is not
due to the inclusion of , but rather due to the new
calculation of which has a very small dependence on

, as described below.

Performing the fit without as input parame-
ter, the fit converges at a minimum of min = 20
for 13 degrees of freedom, corresponding to a -value
of 0 In this case the fit converges for a value of

= 94+25
22 GeV, in good agreement with the direct

measurement.

The result of the fit is shown in Fig. in terms of the
pull value, which is defined as deviation between the SM
prediction and the measured parameter in units of the
measurement uncertainty. The fit results are shown for
both scenarios, including the measurement (colored
bars) and without (grey bars), where in general the
result of the fit does not change significantly between
the two scenarios. Very small pull values, as for example
observed for the light quark masses but also for , indicate that the input accuracy exceeds
the fit requirements. No single pull value exceeds 3 , showing an overall satisfying consistency
of the SM.

The largest deviations between the SM prediction and the measurements are observed in
the b-sector. Both observables directly sensitive to , the forward-backward asymmetry

,b
FB and the partial width , show large deviations of 2 and , respectively. While

the effect in ,b
FB has been known for a long time, the large deviation in is new, owing to

the improved two-loop calculation which exhibits an unexpected large negative correction [16].
Using the one-loop result for only, the pull value is . Both parameters show only very
little dependence on the inclusion of , with deviations of 2 and in the fit scenario
without including

In order to assess the validity of the fit we use Monte Carlo simulation to generate pseudo
experiments. For each simulation we generate SM parameters according to Gaussian distributed
values around their expected values with standard deviations equal to the full experimental
uncertainty. The obtained min distribution for all toy datasets is shown in Fig. (a). Good

eement between the MC simulation and the idealized distribution for 14 degrees of freedom

It is intriguing to observe that an increase of the right-handed coupling of the vertex of 25%, while
leaving the left-handed coupling unchanged, can resolve both deviations.

0

1

2

3

4

5

6

10030 500

mH [GeV]

∆χ
2

Excluded

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty



Î ìàññå ôåðìèîíîâ

Êàê ôåðìèîíû ïðèîáðåòàþò ìàññó?

L =

(
νe
e−

)

L

, eR, νR.

Äóáëåò ñêàëÿðíûõ ïîëåé è çàðÿäîâî-ñîïðÿæåííûé

φ =

(
φ+

φ0

)
, φC =

(
φ̄0

−φ−
)
.

Êîâàðèàíòíàÿ ïðîèçâîäíàÿ

Dµ = ∂µ − igtiAiµ(x)− ig′Y
2
Bµ(x)

Íàïèñàòü ìàññîâûé ÷ëåí â ëàíðàíæèàíå �ðóêàìè�

Lm = −meēe = −me(ēLeR + ēReL)

íåëüçÿ � íàðóøèòñÿ SU(2)L ñèììåòðèÿ.



Î ìàññå ôåðìèîíîâ

Ìàññà âîçíèêàåò èç âçàèìîäåéñòâèÿ ôåðìèîíîâ ñî ñêàëÿðíûì
ïîëåì

∆L = −fe(L̄eR · φ+ φ† · ēRL) + (ν)

Ïîëüçóÿñü êàëèáðîâî÷íîé èíâàðèàíòíîñòüþ, ìîæíî ñäåëàòü

φ =
1√
2

(
0

η +H(x)

)
.

Òîãäà

∆L = −fe
1√
2

(η +H(x))(ēLeR + ēReL) + (ν)

Ìàññà:

me = −fe
η√
2
,

fe√
2

=
me

η

Ñâÿçü ñ ëåïòîíàìè ïðîïîðöèîíàëüíà ìàññå ëåïòîíà.
À êàê áûòü ñ íåéòðèíî?
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Fig. 13: Perspectives for Standard Model precision tests at future colliders

Higgs bosons

The minimal model with a single scalar doublet is the simplest way to implement the electroweak sym-

metry breaking. The Higgs potential of the Standard Model given in (113) involves two independent

parameters and , which can equivalently be replaced by the vacuum expectation value and the

Higgs boson mass , as done in (118). The vacuum expectation value is determined by the gauge

sector, as explained in (129) and (143); is independent and cannot be predicted but has to be taken

from experiment. Thus in the Standard Model the mass of the Higgs boson appears as the only free

parameter that is still undetermined as yet. Expressed in terms of , the Higgs part of the electroweak

Lagrangian in the unitary gauge reads as follows:

LH =
1

2

(
∂µH

)(
∂µH

)
− M2

H

2
H2 − M2

H

2v
H3 − M2

H

8v2
H4

+

(
M2

W W+
µ W

−µ +
M2

Z

2
ZµZ

µ

)(
1 +

H

v

)2

−
∑

f

mf ψfψf

(
1 +

H

v

)
, (157)

involving interactions of the Higgs field with the massive fermions and gauge bosons, as well as Higgs

self interactions proportional to

8.1 Empirical bounds

The existence of the Yukawa couplings and the couplings to the vector bosons and is the basis

for the experimental searches that have been performed until now at LEP and the Tevatron. At

colliders, Higgs bosons can be produced by Higgs-strahlung from bosons and by vector boson fusion

(mainlyWW ) as displayed in Fig. 14.

Fig. 14: Processes for Higgs boson production in collisions
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Âåðøèíû ñ êàëèáðîâî÷íûìè áîçîíàìè:
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Fig. 13: Higgs couplings to the gauge bosons.

Âåðøèíû ñ ôåðìèîíàìè: êîíñòàíòû ñâÿçè ïðîïîðöèîíàëüíû ìàññå
ôåðìèîíà gHff̄ = mf/η

For completeness we list the (lowest-order) expressions for the dominant Higgs decay rates into fermion

and vector-boson pairs,

Γ(H → f f̄) = NC

GFMH m2
f

4π
√
2

√
1−

4m2
f

M2
H

with NC = 3 for f = q, N = 1 for ℓ,

Γ(H → V V ) =
GFM

3
H

16π
√
2
RV (xV ), xV =

M2
V

M2
H

, (V =W,Z) (160)

with

, R = 2 , R ) = (1 + 12 (161)

As an exercise, these formulae can easily be derived from the Hff and HV V vertices in (157) with the help of

the Feynman rules of Section 2 and the general expression for the width in (70).

8.4 Supersymmetric Higgs bosons

Among the extensions of the Standard Model, the Minimal Supersymmetric Standard Model (MSSM) [37]

is a theoretically favoured scenario as the most predictive framework beyond the Standard Model. A light

Higgs boson, as indicated in the analysis of the electroweak precision data, would find a natural expla-

nation by the structure of the Higgs potential. For a review on MSSM Higgs bosons see Ref. [38].
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Fig. 20: Example of the Higgs boson mass spectrum in the MSSM

The five physical Higgs particles of the MSSM consist of two CP -even neutral bosons ,H , a

CP -odd boson, and a pair of charged Higgs particles . At tree level, their masses are determined

by the boson mass, , and the ratio of the two vacuum expectation values, /v = tan

,h cos (162)

These relations are sizeably modified by higher-order contributions to the Higgs boson vacua and prop-

agators. A typical example of a spectrum is shown in Fig. 20, based on the FEYN IGGS code [39]. In

particular the mass of the lightest Higgs boson is substantially influenced by loop contributions; for
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For completeness we list the (lowest-order) expressions for the dominant Higgs decay rates into fermion
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Γ( V V ) =
16

, x W,Z (160)
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RZ = R(xZ), RW = 2R(xW ), R(x) =
√
1− 4x (1− 4x+ 12x2) . (161)
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CP -odd boson, and a pair of charged Higgs particles . At tree level, their masses are determined

by the boson mass, , and the ratio of the two vacuum expectation values, /v = tan

,h cos (162)

These relations are sizeably modified by higher-order contributions to the Higgs boson vacua and prop-

agators. A typical example of a spectrum is shown in Fig. 20, based on the FEYN IGGS code [39]. In

particular the mass of the lightest Higgs boson is substantially influenced by loop contributions; for
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Äâóõôîòîííûé ðàñïàä:

V V threshold the decays into virtual particles is important: V V and . Note in

particular the dip of the ZZ branching ratio just below the ZZ threshold: this is due to

the fact that the is lighter than the Z and the opening of its threshold depletes all other

branching ratios. When the ZZ threshold is also passed then the ZZ branching fraction

comes back to the ratio of approximately 1:2 with the WW channel (just the number of

degrees of freedom: two hermitian fields for the , one for the ).

W
H H

f

Figure 54: Typical one-loop diagrams for Higgs decay into γγ Zγ and, for only the quark loop, to gg

The decay channels into γγ Zγ and gg proceed through loop diagrams, with the

contributions from W (only for γγ and Zγ ) and from fermion loops (for all) (Fig. 54).

We reproduce here the results for Γ( γγ) and Γ( gg) [313], [314]:

Γ( γγ) =
128

) + (351)

Γ( gg) =
64

(352)

where and:

) = + ( 1) )]

) = [2 + 3 + 3(2 1) )] (353)

with:

) = arcsin for

) = [log
1 +

iπ for τ > (354)

For γγ (as well as for Zγ) the W loop is the dominant contribution at small

and moderate . We recall that the γγ mode is a possible channel for Higgs discovery

only for near its lower bound (i.e for 114 < m 150 GeV). In this domain of we

have Γ( γγ 23 KeV. For example, in the limit << , or 0, we have

(0) = 7 and (0) = 4 3. The two contributions become comparable only for

650 GeV where the two amplitudes, still of opposite sign, nearly cancel. The top loop is

dominant among fermions (lighter fermions are suppressed by /m modulo logs) and,

as we have seen, it approaches a constant for large . Thus the fermion loop amplitude for

132
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Ñìåøèâàíèå êâàðêîâ

Êâàðêîâûå ïîëÿ, âçàèìîäåéñòâóþùèå ñ çàðÿæåííûì òîêîì ýòî íå
åñòü ïîëÿ ñ îïðåäåëåííîé ìàññîé.

a smaller cross-section at LEP2 energies but would become important, even dominant at

higher energy colliders, like the ILC or CLIC (the corresponding ZZ fusion process

has a much smaller cross-section). The analytic formulae for the cross-sections of both

processes can be found, for example, in [216]. The direct experimental limit on from

LEP2 was 114 GeV at 95% c.l.. The phenomenology of the SM Higgs particle and

its production and detection at hadron colliders will be discussed in Sects. 3.13 3.16

Figure 41: Higgs production diagrams in Born approximation for annihilation: (a) The Higgs-

strahlung process ZH, (b) the WW fusion process Hν

3.6 The CKM Matrix

Weak charged current vertices are the only tree level interactions in the SM that change

flavour: for example, by emission of a an up-type quark is turned into a down-type

quark, or a neutrino is turned into a charged lepton (all fermions are letf-handed).

If we start from an up quark that is a mass eigenstate, emission of a turns it into

a down-type quark state d’ (the weak isospin partner of u) that in general is not a mass

eigenstate. The mass eigenstates and the weak eigenstates do not coincide and a unitary

transformation connects the two sets:

D′ =




d′

s′

b′


 = V




d

s

b


 = V D (291)

where V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [221]. In analogy with we

can denote by the column vector of the 3 up quark mass eigenstates. Thus in terms of

mass eigenstates the charged weak current of quarks is of the form:

Uγ (1 V D (292)

where

(293)

Here and are the unitary matrices that operate on left-handed doublets in the

diagonalization of the and quarks, respectively (see Eq.(269)). Since V is unitary (i.e.

V V = 1) and commutes with and Q (because all d-type quarks have the
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Çäåñü V ýòî óíèòàðíàÿ ìàòðèöà ñìåøèâàíèÿ
Cabbibo-Kobayashi-Maskawa (CKM). Ñòàíäàðòíàÿ
ïàðàìåòðèçàöèÿ:

11. CKM quark-mixing matrix

11. THECKMQUARK-MIXINGMATRIX

Revised March 2012 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

11.1. Introduction

The masses and mixings of quarks have a common origin in the Standard Model (SM).
They arise from the Yukawa interactions with the Higgs condensate,

ij Li φ dRj ij Li ǫ φ Rj + h ., (11 1)

where u,d are 3 3 complex matrices, is the Higgs field, i, j are generation labels, and
is the 2 2 antisymmetric tensor. are left-handed quark doublets, and and

are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When acquires a vacuum expectation value, = (0, v/ 2), Eq. (11 1) yields
mass terms for the quarks. The physical states are obtained by diagonalizing u,d

by four unitary matrices,
u,d
L,R, as diag v/ 2), u, d. As a result,

the charged-current interactions couple to the physical Lj and Lk quarks with
couplings given by

CKM + h ., VCKM

ud us ub

cd cs cb

td ts tb
(11 2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

VCKM =




c12c13 s12c13 s13e
−iδ

−s12c23−c12s23s13e
iδ c12c23−s12s23s13e

iδ s23c13
s12s23−c12c23s13e

iδ −c12s23−s12c23s13e
iδ c23c13


 (11 3)

where ij = sin ij ij = cos ij , and is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles ij can be chosen to lie in
the first quadrant, so ij , cij 0.

It is known experimentally that 13 23 12 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

12
us

ud us

, s23 Aλ cb

us

13
iδ

ub Aλ iη) =
Aλ (¯

[1 (¯ )]
(11 4)

These relations ensure that ¯ ud ub cd cb) is phase-convention-independent,
and the CKM matrix written in terms of λ, A, , and ¯ is unitary to all orders in
The definitions of ρ̄, reproduce all approximate results in the literature. For example,

(1 2 + . . .) and we can write CKM to ) either in terms of ρ̄, or,
traditionally,

CKM

λ Aλ iη
Aλ

Aλ (1 iη Aλ
(11 5)

J. Beringer et al.(PDG), PR D86, 010001 (2012) and 2013 update for the 2014 edition (http://pdg.lbl.gov)
December 18, 2013 11:58

ñîäåðæèò ÷åòûðå ïàðàìåòðà θ12, θ13, θ23 and δ.
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Â ôàêòîðèçîâàííîì âèäå:

same isospin and charge), the neutral current couplings are diagonal both in the primed

and unprimed basis (if the down-type quark terms in the current are written in terms of

weak isospin eigenvectors as , then by changing basis we get DV V D and V and

Γ commute because, as seen from eq.(248), Γ is made of Dirac matrices and of and Q

generator matrices). It follows that . This is the GIM mechanism [16] that

ensures natural flavour conservation of the neutral current couplings at the tree level.

For N generations of quarks, V is a NxN unitary matrix that depends on real

numbers ( complex entries with unitarity constraints). However, the 2 phases

of up- and down-type quarks are not observable. Note that an overall phase drops away

from the expression of the current in eq.(292), so that only 2 1 phases can affect V. In

total, V depends on + 1 = ( 1) real physical parameters. A similar counting

gives 1) 2 as the number of independent parameters in an orthogonal NxN matrix.

This implies that in V we have 1) 2 mixing angles and ( 1) 1) 2 =

1)( 2) 2 phases: for = 2 one mixing angle (the Cabibbo angle ) and no

phases, for = 3 three angles ( 12 13 and 23) and one phase etc.

Given the experimental near diagonal structure of V a convenient parametrization is the

one proposed by Maiani [222]. It can be cast in the form of a product of three independent

2x2 block matrices ( ij and ij are shorthands for sin ij and cos ij):

V =



1 0 0

0 c23 s23
0 −s23 c23







c13 0 s13e
iϕ

0 1 0

−s13e−iϕ 0 c13







c12 s12 0

−s12 c12 0

0 0 1


 (294)

The advantage of this parametrization is that the 3 mixing angles are of different orders of

magnitude. In fact, from experiment we know that 12 23 ) and 13 ),

where = sin is the sine of the Cabibbo angle, and, as order of magnitude, ij can be

expressed in terms of small powers of . More precisely, following Wolfenstein [223] one

can set:

12 λ, s23 Aλ , s13
iφ Aλ iη (295)

As a result, by neglecting terms of higher order in one can write down:

ud us ub

cd cs cb

td ts tb

λ Aλ iη

Aλ

Aλ (1 iη Aλ

(296)

It has become customary to make the replacement ρ, η ρ, with:

iη (¯ )(1 + 2 + . . . (297)

The best values of the CKM parameters as obtained from experiment are continuously

updated in refs. [224 225] (a survey of the current status of the CKM parameters can also
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Óãëû θij çàìåòíî îòëè÷àþòñÿ

same isospin and charge), the neutral current couplings are diagonal both in the primed

and unprimed basis (if the down-type quark terms in the current are written in terms of

weak isospin eigenvectors as , then by changing basis we get DV V D and V and

Γ commute because, as seen from eq.(248), Γ is made of Dirac matrices and of and Q

generator matrices). It follows that . This is the GIM mechanism [16] that

ensures natural flavour conservation of the neutral current couplings at the tree level.

For N generations of quarks, V is a NxN unitary matrix that depends on real

numbers ( complex entries with unitarity constraints). However, the 2 phases

of up- and down-type quarks are not observable. Note that an overall phase drops away

from the expression of the current in eq.(292), so that only 2 1 phases can affect V. In

total, V depends on + 1 = ( 1) real physical parameters. A similar counting

gives 1) 2 as the number of independent parameters in an orthogonal NxN matrix.

This implies that in V we have 1) 2 mixing angles and ( 1) 1) 2 =

1)( 2) 2 phases: for = 2 one mixing angle (the Cabibbo angle ) and no

phases, for = 3 three angles ( 12 13 and 23) and one phase etc.

Given the experimental near diagonal structure of V a convenient parametrization is the

one proposed by Maiani [222]. It can be cast in the form of a product of three independent

2x2 block matrices ( ij and ij are shorthands for sin ij and cos ij):

1 0 0

23 23

23 23

13 13
iϕ

0 1 0

13
iϕ

13

12 12

12 12

0 0 1

(294)

The advantage of this parametrization is that the 3 mixing angles are of different orders of

magnitude. In fact, from experiment we know that 12 23 ) and 13 ),

where = sin is the sine of the Cabibbo angle, and, as order of magnitude, ij can be

expressed in terms of small powers of . More precisely, following Wolfenstein [223] one

can set:

s12 ≡ λ, s23 = Aλ2, s13e
−iφ = Aλ3(ρ− iη) (295)

As a result, by neglecting terms of higher order in one can write down:

ud us ub

cd cs cb

td ts tb

λ Aλ iη

Aλ

Aλ (1 iη Aλ

(296)

It has become customary to make the replacement ρ, η ρ, with:

iη (¯ )(1 + 2 + . . . (297)

The best values of the CKM parameters as obtained from experiment are continuously

updated in refs. [224 225] (a survey of the current status of the CKM parameters can also

102

Ïàðàìåòðèçàöèÿ Âîëüôåíñòåéíà:

same isospin and charge), the neutral current couplings are diagonal both in the primed

and unprimed basis (if the down-type quark terms in the current are written in terms of

weak isospin eigenvectors as , then by changing basis we get DV V D and V and

Γ commute because, as seen from eq.(248), Γ is made of Dirac matrices and of and Q

generator matrices). It follows that . This is the GIM mechanism [16] that

ensures natural flavour conservation of the neutral current couplings at the tree level.

For N generations of quarks, V is a NxN unitary matrix that depends on real

numbers ( complex entries with unitarity constraints). However, the 2 phases

of up- and down-type quarks are not observable. Note that an overall phase drops away

from the expression of the current in eq.(292), so that only 2 1 phases can affect V. In

total, V depends on + 1 = ( 1) real physical parameters. A similar counting

gives 1) 2 as the number of independent parameters in an orthogonal NxN matrix.

This implies that in V we have 1) 2 mixing angles and ( 1) 1) 2 =

1)( 2) 2 phases: for = 2 one mixing angle (the Cabibbo angle ) and no

phases, for = 3 three angles ( 12 13 and 23) and one phase etc.

Given the experimental near diagonal structure of V a convenient parametrization is the

one proposed by Maiani [222]. It can be cast in the form of a product of three independent

2x2 block matrices ( ij and ij are shorthands for sin ij and cos ij):

1 0 0

23 23

23 23

13 13
iϕ

0 1 0

13
iϕ

13

12 12

12 12

0 0 1

(294)

The advantage of this parametrization is that the 3 mixing angles are of different orders of

magnitude. In fact, from experiment we know that 12 23 ) and 13 ),

where = sin is the sine of the Cabibbo angle, and, as order of magnitude, ij can be

expressed in terms of small powers of . More precisely, following Wolfenstein [223] one

can set:

12 λ, s23 Aλ , s13
iφ Aλ iη (295)

As a result, by neglecting terms of higher order in one can write down:

V =



Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 ∼




1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


+ o(λ4). (296)

It has become customary to make the replacement ρ, η ρ, with:

iη (¯ )(1 + 2 + . . . (297)

The best values of the CKM parameters as obtained from experiment are continuously

updated in refs. [224 225] (a survey of the current status of the CKM parameters can also
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same isospin and charge), the neutral current couplings are diagonal both in the primed

and unprimed basis (if the down-type quark terms in the current are written in terms of

weak isospin eigenvectors as , then by changing basis we get DV V D and V and

Γ commute because, as seen from eq.(248), Γ is made of Dirac matrices and of and Q

generator matrices). It follows that . This is the GIM mechanism [16] that

ensures natural flavour conservation of the neutral current couplings at the tree level.

For N generations of quarks, V is a NxN unitary matrix that depends on real

numbers ( complex entries with unitarity constraints). However, the 2 phases

of up- and down-type quarks are not observable. Note that an overall phase drops away

from the expression of the current in eq.(292), so that only 2 1 phases can affect V. In

total, V depends on + 1 = ( 1) real physical parameters. A similar counting

gives 1) 2 as the number of independent parameters in an orthogonal NxN matrix.

This implies that in V we have 1) 2 mixing angles and ( 1) 1) 2 =

1)( 2) 2 phases: for = 2 one mixing angle (the Cabibbo angle ) and no

phases, for = 3 three angles ( 12 13 and 23) and one phase etc.

Given the experimental near diagonal structure of V a convenient parametrization is the

one proposed by Maiani [222]. It can be cast in the form of a product of three independent

2x2 block matrices ( ij and ij are shorthands for sin ij and cos ij):

1 0 0

23 23

23 23

13 13
iϕ

0 1 0

13
iϕ

13

12 12

12 12

0 0 1

(294)

The advantage of this parametrization is that the 3 mixing angles are of different orders of

magnitude. In fact, from experiment we know that 12 23 ) and 13 ),

where = sin is the sine of the Cabibbo angle, and, as order of magnitude, ij can be

expressed in terms of small powers of . More precisely, following Wolfenstein [223] one

can set:

12 λ, s23 Aλ , s13
iφ Aλ iη (295)

As a result, by neglecting terms of higher order in one can write down:

ud us ub

cd cs cb

td ts tb

λ Aλ iη

Aλ

Aλ (1 iη Aλ

(296)

It has become customary to make the replacement ρ, η ρ, with:

ρ− iη =
ρ̄− iη̄√
1− λ2

(¯ )(1 + 2 + . . . (297)

The best values of the CKM parameters as obtained from experiment are continuously

updated in refs. [224 225] (a survey of the current status of the CKM parameters can also
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be found in ref. [14]). A Summer 2012 fit [224] led to the values (compatible values, within

stated errors, are given in ref. [225]):

λ = 0.2254± 0.0006

A = 0.824± 0.013

ρ̄ = 0.139± 0.021; η̄ = 0.352± 0.016 (298)

1-

V Vtb ub V Vtb ud

V Vtb us

Figure 42: The unitarity triangle corresponding to eq.( ).

In the SM the non vanishing of the ¯ parameter (related to the phase in Eqs. 294 and

295) is the only source of CP violation in the quark sector (we shall see that new sources

of CP violation very likely arise from the neutrino sector). Unitarity of the CKM matrix

V implies relations of the form ba ca bc. In most cases these relations do not imply

particularly instructive constraints on the Wolfenstein parameters. But when the three

terms in the sum are of comparable magnitude we get interesting information. The three

numbers which must add to zero form a closed triangle in the complex plane (unitarity

triangle), with sides of comparable length. This is the case for the t-u triangle shown in

Fig. 42 (or, what is equivalent in first approximation, for the d-b triangle):

td ud ts us tb ub = 0 (299)

All terms are of order . For =0 the triangle would flatten down to vanishing area.

In fact the area of the triangle, J of order ηA , is the Jarlskog invariant [227

(its value is independent of the parametrization). In the SM, in the quark sector, all CP

violating observables must be proportional to J, hence to the area of the triangle or to

. Its experimental value is J (3 1) 10 224]. A direct and by now very solid

evidence for J non vanishing has been first obtained from the measurements of and in

K decay. Additional direct evidence has more recently been collected from experiments on

B decays at beauty factories, at the Tevatron and at the LHC (in particular by the LHCb

experiment). Very recently some evidence for CP violation in D decays has also been

reported by the LHCb experiment [226]. The angles (the most precisely measured),

and have been determined with fair precision. The angle measurements and the available

information on the magnitude of the sides, taken together, are in good agreement with the

predictions from the SM unitary triangle (see Fig. 43) [224] [225]. Some alleged tensions
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= 0 348± 014 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =




0.97427± 0.00015 0.22534± 0.00065 0.00351+0.00015
−0.00014

0.22520± 0.00065 0.97344± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046


 (11 27)

and the Jarlskog invariant is = (2 96+0.20
16 10

Figure 11.2 illustrates the constraints on the ρ̄, plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region. This consistency gets noticeably worse if is included in the fit.

11.5. Implications beyond the SM

The effects in , and decays and mixings due to high-scale physics ( in
the SM, and new physics particles) can be parameterized by operators made of SM fields,
obeying the SU(3) SU(2) (1) gauge symmetry. The beyond SM (BSM) contributions
to the coefficients of these operators are suppressed by powers of the scale of new physics.
At lowest order, there are of order a hundred flavor-changing operators of dimension-6,
and the observable effects of BSM interactions are encoded in their coefficients. In the
SM, these coefficients are determined by just the four CKM parameters, and the
, and quark masses. For example, ∆ , Γ( ργ), and Γ( ) are all

proportional to td tb in the SM, however, they may receive unrelated contribution
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2 in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130]
by ( ij )( (for recent reviews, see [131,132]). It is only known since the

measurements of and that the SM gives the leading contribution to
mixing [6,133]. Nevertheless, new physics with a generic weak phase may still contribute
to neutral meson mixings at a significant fraction of the SM [134,127]. The existing

data imply that Λ ij has to exceed about 10 TeV for mixing, 10 TeV for

mixing, 500TeV for mixing, and 100TeV for mixing [127,132].
(Some other operators are even better constrained [127].) The constraints are the
strongest in the kaon sector, because the CKM suppression is the most severe. Thus, if
there is new physics at the TeV scale, ij | ≪ 1 is required. Even if ij are suppressed

by a loop factor and ti tj (in the down quark sector), similar to the SM, one expects
percent-level effects, which may be observable in forthcoming flavor physics experiments.
To constrain such extensions of the SM, many measurements irrelevant for the SM-CKM

fit, such as the CP asymmetry in semileptonic d,s decays,
d,s
SL , are important [135]. A
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be found in ref. [14]). A Summer 2012 fit [224] led to the values (compatible values, within

stated errors, are given in ref. [225]):

= 0 2254 0006

= 0 824 013

= 0 139 021; ¯ = 0 352 016 (298)

a

r bg

h

1- r

V Vtb ub
* V Vtb ud

*

V Vtb us
*

Figure 42: The unitarity triangle corresponding to eq.( ).

In the SM the non vanishing of the ¯ parameter (related to the phase in Eqs. 294 and

295) is the only source of CP violation in the quark sector (we shall see that new sources

of CP violation very likely arise from the neutrino sector). Unitarity of the CKM matrix

V implies relations of the form ba ca bc. In most cases these relations do not imply

particularly instructive constraints on the Wolfenstein parameters. But when the three

terms in the sum are of comparable magnitude we get interesting information. The three

numbers which must add to zero form a closed triangle in the complex plane (unitarity

triangle), with sides of comparable length. This is the case for the t-u triangle shown in

Fig. 42 (or, what is equivalent in first approximation, for the d-b triangle):

td ud ts us tb ub = 0 (299)

All terms are of order . For =0 the triangle would flatten down to vanishing area.

In fact the area of the triangle, J of order ηA , is the Jarlskog invariant [227

(its value is independent of the parametrization). In the SM, in the quark sector, all CP

violating observables must be proportional to J, hence to the area of the triangle or to

. Its experimental value is J (3 1) 10 224]. A direct and by now very solid

evidence for J non vanishing has been first obtained from the measurements of and in

K decay. Additional direct evidence has more recently been collected from experiments on

B decays at beauty factories, at the Tevatron and at the LHC (in particular by the LHCb

experiment). Very recently some evidence for CP violation in D decays has also been

reported by the LHCb experiment [226]. The angles (the most precisely measured),

and have been determined with fair precision. The angle measurements and the available

information on the magnitude of the sides, taken together, are in good agreement with the

predictions from the SM unitary triangle (see Fig. 43) [224] [225]. Some alleged tensions
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Abstract
In this article the stability of the Standard Model (SM) vacuum in the presence of
radiative corrections and for a Higgs boson with a mass in the vicinity of 125 GeV
is discussed. The central piece in this discussion will be the Higgs self-interaction
and its evolution with the energy scale of a given physical process. This is described
by the -function to which we recently computed analytically the dominant three-loop
contributions [ ]. These are mainly the QCD and top-Yukawa corrections as well a
the contributions from the Higgs self-interaction itself. We will see that for a Higgs
boson with a mass of about 125 GeV the question whether the SM vacuum is stable
and therefore whether the SM could be valid up to Planck scale cannot be answered
with certainty due to large experimental uncertainties, mainly in the top quark mass.

1 The Higgs potential and the stability of the SM
vacuum

In the SM the Higgs potential at tree-level appears as part of the Lagrangian for a
scalar SU(2)-doublet field:

LΦ = ∂µΦ†∂µΦ−
(

m2Φ†Φ + λ
(
Φ†Φ

)2)

︸ ︷︷ ︸
V (Φ)

, Φ =
(

Φ1
Φ2

)
. (1)

This doublet aquires a non-zero vacuum expectation value (VEV) under spontaneous
symmetry breaking (SSB) and we get the Higgs field, three Goldstone bosons and the

email: max.zoller@kit.edu
In [1] we also give the dominant contributions to the -functions for the top-Yukawa coupling, the

strong coupling and the anomalous dimensions of the scalar, gluon and quark fields in the unbroken
phase of the Standard Model at three-loop level.

These Goldstone bosons can be absorbed by the massive W and Z bosons.

Ó÷òåì ðàä. ïîïðàâêè:with the -function dominated by the contributions from and the top-quark Yukawa coupling in the

loop contributions to the quartic interactions,

H

H H

H

λ

H

H

H

H

H

H

H

t

H

H

Owing to the second diagram, the first term in (158), increases with and diverges at a critical

scale, the Landau pole, which moves towards lower values for increasing mass . The requirement

of a perturbative, small coupling up to a scale thus yields an upper bound for . In order to

avoid unphysical negative quartic couplings from the negative top-loop contribution, a lower bound on

the Higgs mass is derived. In combination, the requirement that the Higgs coupling remain finite and

positive up to a scale yields constraints on the Higgs mass , which have been evaluated at the

2-loop level [27, 28]. These bounds on are shown in Fig. 17 [28] as a function of the cut-off scale

up to which the standard Higgs sector can be extrapolated. The allowed region is the area between the

lower and the upper curves. The bands indicate the theoretical uncertainties associated with the solution

of the renormalization group equations [28]. It is interesting to note that the indirect determination of the

Higgs mass range from electroweak precision data via radiative corrections is compatible with a value of

where can be extended up to the Planck scale.

Fig. 17: Theoretical limits on the Higgs boson mass from the absence of a Landau pole and from vacuum stability

8.3 Future searches

For the coming experimental searches at the LHC, it is important to have precise and reliable predictions

for the production and decay rates. Higgs bosons can be produced through various mechanisms at the

partonic level. The main partonic processes for Higgs boson production are depicted in Fig. 15, and the

corresponding production cross sections are shown in Fig. 18 [35]. The largest cross section arises from

gluon–gluon fusion. The experimental signal, however, is determined by the product

AB BR (159)

of the production cross section AB from initial-state partons A,B and the branching ratio

BR for the decay of the Higgs boson into a specific final state (see Fig. 19 for the branching

33
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V → Veff (Φ) ≈ λ(Φ)Φ4
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At LEP energies, Higgs-strahlung is the relevant process. The lower limit at 95% C.L. resulting

from the search at LEP is 114.4 GeV [8]. From searches at the Tevatron [25] (see Fig. 15 for various

mechanisms) the mass range from 162 GeV to 166 GeV has been excluded (95% C.L.).

Fig. 15: Processes for Higgs boson production at hadron colliders

Indirect determinations of from precision data yield an upper limit and have already bee

discussed in Section 7.4. As a general feature, it appears that the data prefer a light Higgs boson.

8.2 Theoretical bounds

There are also theoretical constraints on the Higgs mass from vacuum stability and absence of a Landau

pole [26–28], and from lattice calculations [29,30]. Explicit perturbative calculations of the decay width

for , ZZ in the large- limit, Γ( V V ) = (0) V V up to 2-loop

order [31] have shown that the 2-loop contribution exceeds the 1-loop term in size (same sign) for

930GeV (Fig. 16 [32]). This result is confirmed by the calculation of the next-to-leading order correction

in the /N expansion, where the Higgs sector is treated as an symmetric -model [33]. A similar

increase of the 2-loop perturbative contribution with is observed for the fermionic decay width [34],

Γ( )) = (0) )), but with opposite sign leading to a cancellation of the 1-loop

correction for 1100 GeV (Fig. 16). The lattice result [30] for the bosonic Higgs decay in Fig. 16

for = 727 GeV is not far from the perturbative 2-loop result; the difference may at least partially be

interpreted as missing higher-order terms.

Fig. 16: Correction factors ,K from higher orders for the Higgs decay widths V V W,Z and

in 1- and 2-loop order

The behaviour of the quartic Higgs self-coupling , as a function of a rising energy scale

follows from the renormalization group equation

dλ

dt
=

1

16π2
(12λ2 + 6λ g2t − 3 g4t + · · · ), t = log

Q2

v2
, (158)
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Figure 2: The effective Higgs potential

which means that the stability of the SM vacuum is approximately equivalent to the
question whether stays positive up to the scale Λ (see also [ ]). Fig. shows the
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Figure 3: The behaviour of ) for different Higgs mass values

evolution of for different Higgs mass values. For a large enough Higgs mass diverges
quickly and for a small Higgs mass would become negative at a relatively low scale
before eventually reaching a Landau pole. The interesting region is around 125 GeV
where is very close to zero at the Planck scale! As the minimal stability bound has
been estimated to be about 129 3 GeV [ 10], which is very close to the mass of
the boson recently descovered at the LHC, the question of vacuum stability in the SM

We find a Landau pole below the Planck scale for > mmax 175 GeV (see also [5, 7–9]).
The reason for the fact that becomes positive again and diverges is the evolution of the gauge

couplings and . At large scales (above 1016 GeV) the electroweak couplings, especially the (1)
coupling , start to be the dominant contributions. In contrast , which is responsible for the
decrease of at lower scales, becomes small. This is also the reason why the effective potential goes
up again at large field strengths Φ beyond the second minimum.



Çàêëþ÷åíèå

Ñòàíäàðòíàÿ Ìîäåëü � ðåàëüíî ðàáîòàþùàÿ òåîðèÿ. Îíà
ïðîâåðåíà êàê Êâàíòîâàÿ Òåîðèÿ Ïîëÿ, â íåêîòîðûõ
ýêñïåðèìåíòàõ íà 2-ïåòëåâîì óðîâíå. Îòêðûòèå Õèããñîâñêîãî
áîçîíà � ïîñëåäíèé ýëåìåíò ïîëíîé êàðòèíû.

Â íàñòîÿùåå âðåìÿ Ñòàíäàðòíàÿ Ìîäåëü âî ìíîãîì
ñòàíîâèòñÿ ôèçèêîé ðàäèàöèîííûõ ïîïðàâîê. Ýòî îáùàÿ
òåíäåíöèÿ: òî÷íûå èçìåðåíèÿ òðåáóþò ïîâûøåíèÿ òî÷íîñòè
òåîðåòè÷åñêèõ ðàñ÷åòîâ.

Ïîñëå âñåõ óñïåõîâ ÑÌ ó íàñ åñòü ìíîãî âîïðîñîâ áåç îòâåòîâ:
âåëè÷èíû êîíñòàíò ñâÿçè, ñîîòíîøåíèÿ ìåæäó ìàññàìè, èõ
âåëè÷èíû, ïàðàìåòðû ñìåøèâàíèÿ è ò.ä. Ñòàíäàðòíàÿ Ìîäåëü
íå îòâå÷àåò íà ïîäîáíûå âîïðîñû.



Çàìå÷àíèå î ìàññå è øèðèíå
Íåñòàáèëüíàÿ ÷àñòèöà àññîöèèðóåòñÿ ñ ôîðìóëîé Áðåéòà-Âèãíåðà

1

m2 − p2 − iε ⇒ 1

m2 − p2 − iΓm

Åñëè ìû õîòèì ïîëó÷èòü ïîäîáíóþ ôîðìóëó â ÊÒÏ, íàì íàäî
ðåøèòü óðàâíåíèå Äàéñîíà-Øâèíãåðà äëÿ ïðîïàãàòîðà ñ ó÷åòîì
ïîïðàâîê

S(p2) = S0(p2) + S(p2)J(p2)S0(p2)

S−1
0 (p2) = m2 − p2, J(p2) � ïåòëåâîé âêëàä.

Â ðåçóëüòàòå:

1

m2
0 − p2 − iε ⇒ 1

m2
0 − p2 − J(p2)

Íàèâíîå îïðåäåëåíèå ìàññû è øèðèíû (íà âåùåñòâåííîé îñè):
Re(S−1)p2=m2 = 0, Im(S−1)p2=m2 = −Γm .

Ïîëþñíàÿ ìàññà è øèðèíà (â êîìïëåêñíîé ïëîñêîñòè)

(S−1)p2=s0 = 0 (íà âòîðîì Ðèìàíîâîì ëèñòå s ≡ p2 ïëîñêîñòè)
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s0 = m2 − iΓm
Êðîìå òîãî, â ÊÒÏ âñå ïàðàìåòðû ñ ó÷åòîì ðàä. ïîïðàâîê
ïðèîáðåòàþò çàâèñèìîñòü îò ýíåðãèè.

1

m2(s)− s− iΓ(s)m

Ýòî îòíîñèòñÿ êî âñåì ïåðåíîðìèðîâàííûì ïàðàìåòðàì: ìàññàì,
øèðèíàì, óãëàì, ...
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Ñâîéñòâà Z áîçîíà èç Review of Particle Physics - 2020:
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