
pou antistoiqe� sthn koruf  Fermi

GF√
2

[
ū(µ)γµ (1− γ5)u(νµ)

]
gµν
[
ū(νe)γν (1− γ5)u(e)

]

Opìte, gia q2 << M 2
W ,

GF√
2

=
g2

8M 2
Wkai autì apotele� ton orismì tou GF .Gr�fonta
 to

ū1γ
µ 1− γ5

2
u2 = ū1

1 + γ5

2
γµ 1− γ5

2
u2 = ū1PRγ

µPLu2 = (u1L
)γµu2Lshma�nei ìti mìno to aristerìstrofo (L) tm ma th
kumatosun�rthsh
 pa�zei rìlo sti
 asjene�
 allhlepidr�sei
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Jumìmaste ìti sthn KHD èqoume

ūγµu = uLγ
µuR + uRγ

µuLTi g�netai gia ta dexiìstrofa tm mata?A
 doÔme ti sumba�nei sthn apa�thsh h Lagkrantzian  naparamènei anallo�wth ìtan h kumatosun�rthsh ψmetasqhmat�zetai k�tw apì dÔo metasqhmatismoÔ


ψ → e−iα(x)Qψ, kai ψ → e−iβ(x)Y ψTìte, ja prèpei na eisag�goume thn sunallo�wth par�gwgo w


Dµ = ∂µ − ig1QA
µ − ig2Y B

µ
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ìpou ta ped�a bajm�da
 metasqhmat�zontai w


Aµ → Aµ − 1

g1Q
∂µα(x)

Bµ → Bµ −
1

g2Y
∂µβ(x)

Oudètera reÔmataH di�spash n→ p+ e− + νe, sto ep�pedo twn kou�rk antistoiqe�sthn d→ u+W− kai me th seir� tou to W− → e− + νe. Opìte,h allhlep�drash tou asjenoÔ
 reÔmato
 twn kou�rk me to W−gr�fetai

(uLγ
µdL)W−

µ =
(
ū d̄
)

L
γµτ+




u

d





L

W−
µ
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ìpou
τ+ =

1

2
(τ1 + iτ2) =

1

2




0 1

0 0





Kai bèbaia, gia thn diadikas�a u→ d+W+ ja èqoume ant�stoiqa

(
dLγ

µuL

)
W+

µ =
(
ū d̄
)

L
γµτ−




u

d





L

W+
µ

me

τ− =
1

2
(τ1 − iτ2) =

1

2




0 0

1 0




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Perimènoume (?) loipìn kai thn parous�a tou τ3
(
ū d̄
)

L
γµτ3




u

d





L

=
(
uLγ

µuL − dLγ
µdL

)

ìpou bèbaia to ant�stoiqo W (3)
µ prèpei na e�nai hlektrik�oudètero.To Kajierwmèno PrìtupoDouleÔonta
 se mia geni� mìno (u, d, e, νe), ja èqoume

uL, uR, dL, dR, eL, eR, νeLOi asjene�
 allhlepidr�sei
 ma
 odhgoÔn se aristerìstrefe
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diplète
 kai dexiìstrofe
 ��mon�de
�� (singlets)




u

d





L

,




νe

e





L

, uR, dR, eR

Ta aristerìstrofa ��blèpoun�� mia summetr�a SU(2) kai mia U(1)en¸ ta dexiìstrofa ��blèpoun�� mìno thn U(1). Dhlad , oant�stoiqo
 metasqhmatismì
 e�nai
Ψ

(i)
L → exp

(

−iα(x) · τ/2− iβ(x)Y
(i)
L /2

)

Ψ
(i)
L

Ψ
(i)
R → exp

(

−iβ(x)Y
(i)
R /2

)

Ψ
(i)
R
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opìte, oi ant�stoiqe
 sunallo�wte
 par�gwgoi ja e�nai

Dµ
(L) = ∂µ + ig

τ

2
·Wµ + ig′

Y

2
Bµ, gia ta L ped�a

Dµ
(R) = ∂µ + ig′

Y

2
Bµ, gia ta R ped�a

kai h Lagkrantzian  ja gr�fetai
L = (ū d̄)L iγ

µD(L)
µ




u

d





L

+ (ν̄e ē)L iγ
µD(L)

µ




νe

e





L

+

+ uRiγ
µD(R)

µ uR + dRiγ
µD(R)

µ dR + eRiγ
µD(R)

µ eR−

− 1

4
W µν ·W µν − 1

4
BµνB

µν

Gia na doÔme p¸
 parousi�zetai to hlektromagnhtikì reÔma, p.q.313



ēγµe. A
 p�roume to reÔma th
 SU(2) pou antistoiqe� sto τ3
j(3)
µ = (ν̄e ē)L γµ

1

2




1 0

0 −1








νe

e





L

=
1

2
νeL

γµνeL
− 1

2
eLγµeL

Gia thn �dia diplèta, to reÔma pou antistoiqe� sthn U(1) ja e�nai

j(YL)
µ = (ν̄e ē)L γµ

1

2
YL




νe

e





L

=
1

2
YLνeL

γµνeL
+

1

2
YLeLγµeL

An, loipìn, epileqje� gia thn leptonik  diplèta YL = −1, jap�roume

j(3)
µ + j(YL)

µ = −eLγµeL
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To reÔma gia to dexiìstrofo eR e�nai, bèbaia, mìno apì thn U(1)

j(YR)
µ = eRγµ

1

2
Y ′

ReREpilègoume Y ′
R = −2, opìte

j(3)
µ + j(YL)

µ + j(YR)
µ = −eLγµeL − eRγµeR = −ēγµepou e�nai to hlektromagnhtikì reÔma. Dhlad , to fort�o k�je ψja d�netai apì th sqèsh

Q = t3 +
Y

2ìpou

t3 =







±1
2

gia ti
 p�nw kai k�tw sunist¸se
 th
 L diplèta


0 gia ti
 R 315



Autì anamenìtan, mia
 kai k�je kat�stash èqei kajorismènofort�o. Opìte, o telest 
 tou fort�ou ja prèpei na e�naidiag¸nio
 p�naka
, �ra grammikì
 sunduasmì
 tou t3 kai tou Y .A
 epalhjeÔsoume ìti o sunduasmì
 Q = t3 + Y
2

d�nei to swstìfort�o se k�je swmat�dio.
gia to νeL

: +
1

2
+
−1

2
= 0gia to eL : − 1

2
+
−1

2
= −1gia to eR : 0 +

−2

2
= −1

Ant�stoiqa, br�skoume thn tim  tou Y gia thn diplèta twn
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kou�rk kai twn dexiìstrofwn ped�wn

Y =
1

3
, gia to  u

d





L

, Y =
4

3
, gia to uR, Y = −2

3
, gia touR

Ef' ìson to fort�o e�nai grammikì
 sunduasmì
 tou t3 kai tou Y ,to fwtìnio ja e�nai grammikì
 sunduasmì
 tou W µ
3 kai tou Bµ

W µ
3 = sin θWA

µ + cos θWZ
µ

Bµ = cos θWA
µ − sin θWZ

µ

ìpou θW h gwn�a Weinberg pou ma
 phga�nei apì to zeug�ri

(W µ
3 , B

µ) sto (Aµ, Zµ). T¸ra, oi ìroi allhlep�drash
 twn
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reum�twn j(3)
µ kai j(Y )

µ g�nontai

− igj(3)
µ W µ

3 − ig′
1

2
j(Y )
µ Bµ =

= −i
[

g sin θW j
(3)
µ + g′

1

2
cos θW j

(Y )
µ

]

Aµ−

− i
[

g cos θW j
(3)
µ − g′

1

2
sin θW j

(Y )
µ

]

Zµ =

= −ig sin θW

[

j(3)
µ +

g′

g

1

tan θW

1

2
j(Y )
µ

]

Aµ−

− i g

cos θW

[

cos2 θW j
(3)
µ −

1

2

g′

g
sin θW cos θW j

(Y )
µ

]

Zµ
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An g′

g
= tan θW , tote, o pr¸to
 ìro
 g�netai

− ig sin θW

[

j(3)
µ +

g′

g

1

tan θW

1

2
j(Y )
µ

]

Aµ =

− ig sin θW

[

j(3)
µ +

1

2
j(Y )
µ

]

Aµ ≡ −iej(em)
µ Aµ

ìpou

e = g sin θW , kai j(em)
µ = j(3)

µ +
1

2
j(Y )
µO deÔtero
 ìro
, an�logo
 tou Zµ, g�netai

− i g

cos θW

[

cos2 θW j
(3)
µ −

1

2

g′

g
sin θW cos θW j

(Y )
µ

]

Zµ =

= −i g

cos θW

[

cos2 θW j
(3)
µ − sin2 θW

1

2
j(Y )
µ

]

Zµ =
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= −i g

cos θW

[
cos2 θW j

(3)
µ − sin2 θW

(
j(em)
µ − j(3)

µ

)]
Zµ =

= −i g

cos θW

[
j(3)
µ − sin2 θW j

(em)
µ

]
Zµ =

O mhqanismì
 HiggsJa prèpei t¸ra na efarmìsoume ton mhqanismì Higgs ¸ste ta

W± kai Z na apokt soun m�za, en¸ to fwtìnio na parame�nei�mazo. Eis�goume mia diplèta φ me Y = 1

φ =




φ+

φ0



 =
1√
2




φ1 + iφ2

φ3 + iφ4





Bèbaia, ja prosjèsoume sth Lagkrantzian  tou
 kat�llhlou
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ìrou
, kinhtikì kai dunamikoÔ, gia to φ
Lφ =

[(

∂µ + ig
τ

2
·W µ + ig′

1

2
Bµ

)

φ

]2

− µ2φ†φ− λ(φ†φ)2

me µ2 < 0 kai λ > 0. Epilègoume gia

φ0 =

√

1

2




0

v





me v2 = −µ2/λ. Giat� aut  h epilog : mia diplèta migadik¸nped�wn me Y = 1 kai th sugkekrimènh epilog  tou kenoÔ, e�nai hkat�llhlh gia thn per�ptws  ma
? K�je tim  tou φ0 pouparabi�zei mia summetr�a ja dhmiourg sei ìro m�za
 gia toant�stoiqo mpozìnio bajm�da
. All�, an to φ0 paramèneianallo�wto apì k�poia upoom�da twn metasqhmatism¸n bajm�da
,321



to mpozìnio bajm�da
 pou antistoiqe� s' aut n thn upoom�da japarame�nei �mazo. H epilog  tou φ0 = v parabi�zei thn SU(2) kaithn U(1). All�, to hlektrikì fort�o tou φ0 e�nai

Q = t3 + Y/2 = −1/2 + 1/2 = 0, dhlad 

Qφ0 = 0kai bèbaia
φ0 → eiα(x)Qφ0 = φ0Dhlad , to kenì paramènei anallo�wto sto metasqhmatismì

U(1)em kai to fwtìnio paramènei �mazo. Apì tou
 tèsserei
gen tore
 tou SU(2)× U(1), τ/2 kai Y , mìno o sunduasmì
 QupakoÔei thn sqèsh Qφ0 = 0. Oi �lloi trei
 parabi�zounthnsummetr�a kai dhmiourgoÔn ìrou
 m�za
. Me �lla lìgia, lìgwth
 diat rhsh
 tou fort�ou, mìno afìrtista bajmwt� ped�a322



mporoÔn na apokt soun anamenìmenh tim  sto mhdèn di�forh toumhdenì
.Oi m�ze
 twn mpozon�wn bajm�da
Oi m�ze
 ja proèljoun apì ton kinhtikì oro th
 Lagkrantzian 
tou φ, epilègonta
 thn anamenìmenh tim  tou kenoÔ φ0

∣
∣
∣
∣

(

ig
τ

2
·Wµ + i

g′

2
Bµ

)

φ

∣
∣
∣
∣

2

=

=
1

8

∣
∣
∣
∣
∣
∣




gW

(3)
µ + g′Bµ g(W

(1)
µ − iW (2)

µ )

g(W
(1)
µ + iW

(2)
µ ) −gW (3)

µ + g′Bµ








0

v





∣
∣
∣
∣
∣
∣

2

=

=
v2g2

8

[
(W (1)

µ )2 + (W (2)
µ )2

]
+
v2

8

(
g′Bµ − gW (3)

µ

) (
g′Bµ − gW µ(3)

)
=
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=
(vg

2

)2

W+
µ W

−µ +
v2

8

(
W (3)

µ Bµ

)




g2 −gg′

−gg′ g′2








W (3)µ

Bµ





ìpou W± = (W (1) ∓ iW (2))/
√

2. Blèpoume �mesa apì ton pr¸toìro ìti h m�za twn W±

MW =
1

2
vgO deÔtero
 ìro
 ja prèpei na diagwnopoeije�. Ta idiodianÔsmatakai oi ant�stoiqe
 idiotimè
 e�nai




1

g2

gg′



 me idiotim  0,




1

−g′2

gg′



 me idiotim  g2 + g′2
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Epomènw
, o grammikì
 sunduasmì
 twn W (3) kai B pouantistoiqoÔn sti
 idiotimè
 e�nai

1
√

g′2 + g2




1 g2

gg′

1 −g′2

gg′








W (3)

B



 =
1

√

g′2 + g2




g′W (3) + gB

gW (3) − g′B





'Etsi

Aµ ≡
g′W

(3)
µ + gBµ

√

g′2 + g2

me mA = 0

Zµ ≡
gW

(3)
µ − g′Bµ
√

g′2 + g2

me m2
Z =

v2

4
(g2 + g′2)
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Epeid  g′/g = tan θW , opìte

cos θW =
g

√

g′2 + g2
, sin θW =

g′
√

g′2 + g2mporoÔme na gr�youme
Aµ = sin θWW

(3)
µ + cos θWBµ

Zµ = cos θWW
(3)
µ − sin θWBµìpw
 akrib¸
 kai sta reÔmata.To ìti to fwtìnio paramènei �mazo, e�nai dik  ma
 kataskeu ! Olìgo
 twn maz¸n tou W kai

MW

MZ

=
vg/2

v
√

g2 + g′2/2
= cos θW
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e�nai prìbleyh pou axart�tai apì to ìti to H e�nai diplèta.Dhlad , sto prìtupì ma
 h par�metro
 ρ e�nai

ρ ≡ M 2
W

m2
Z cos2 θW

= 1

Apì ti
 sqèsei

g2

8M 2
W

=
GF√

2
, M 2

W =
1

4
g2v2

kai me gnwst  thn tim  tou GF , pa�rnoume
v = 246 GeV
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Opìte
MW =

1

2
gv =

1

2

e

sin θW
∼ 37.3 GeV

sin θW

MZ ∼
74.6 GeV

sin 2θWTo 1982 parathr jhkan W kai Z se antidr�sei


pp̄→ ZX → (e+e−)X kai pp̄→ W±X → (e±ν)X, me MW ∼ 81

GeV kai MZ ∼ 93 GeV.M�ze
 fermion�wnO ìro
 m�za
 gia ta fermiìnia e�nai mψ̄ψ = m(ψ̄LψR + ψ̄RψL).T¸ra ìmw
 ta aristerìstrofa ped�a e�nai an koun se diplèta th


SU(2), ant�jeta me ta dexiìstrofa pou blèpoun mìno thn U(1).Epomènw
, o ìro
 th
 m�za
 den paramènei anallo�wto
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