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1 O Abelianìc Mhqanismìc Higgs

Sthn lagkrantzian  je¸rhsh oi exis¸seic kÐnhshc kajistoÔn thn dr�sh st�-
simh. Gia na apofÔgoume k�poia tetrimènh lÔsh thc jewrÐac mac h dr�sh
den mporeÐ na antistoiqeÐ se mègisto. H apaÐthsh aut  isodunameÐ me thn a-
paÐthsh h antistoiqoÔsa qamiltonian  puknìthta na èqei olikì el�qistì. Ac
doÔme pwc efarmìzetai o sullogismìc autìc sthn perÐptwsh enìc bajmwtoÔ
(mpozonikoÔ) pedÐou.

H lagkrantzian  puknìthta enìc pedÐou m�zac m eÐnai

L = −∂µφ ∂µφ∗ −m2|φ|2. (1)

Pr�gmati h exis¸sh Euler - Lagrange dÐnei

∂L
∂φ∗
− ∂µ

∂L
∂∂µφ∗

= 0⇒ ∂µ∂
µφ−m2φ = 0. (2)

H antistoiqoÔsa qamiltonian  puknìthta eÐnai

H =
∂L
∂∂0φ

∂0φ+
∂L
∂∂0φ∗

∂0φ
∗ − L ⇒ H =

∣∣∣φ̇∣∣∣2 + |∇φ|2 +m2|φ|2. (3)

Blèpoume ìti h qamiltonian  puknìthta eÐnai jetik� orismènh kai h kat�stash
kenoÔ antistoiqeÐ sto

φ = 0. (4)

MporoÔme na eis�goume sthn jewrÐa mia allhlepÐdrash, gr�foume ètsi
thn lagkrantzian  puknìthta

L = −∂µφ ∂µφ∗ −m2|φ|2 − λ

2
|φ|4. (5)

P�li h fusik  apaÐthsh h jewrÐa mac na mhn èqei tetrimèno el�qisto sto
meÐon �peiro upagoreÔei

λ > 0. (6)

To dunamikì sthn kat�stash kenoÔ eÐnai

V (|φ|) = m2|φ|2 +
λ

2
|φ|4, (7)

opìte to el�qisto antistoiqeÐ sto |φ| = 0.
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An xefÔgoume apì thn swmatidiak  ermhneÐa mporoÔme na all�xoume to
prìshmo tou ìrou m�zac, gr�fontac

L = −∂µφ ∂µφ∗ +m2|φ|2 − λ

2
|φ|4. (8)

Plèon to dunamikì gÐnetai

V (φ) = −m2|φ|2 +
λ

2
φ4. (9)

T¸ra ìmwc èqei all�xei rizik� h sumperifor� thc kat�stashc tou kenoÔ.
To φ = 0 antistoiqeÐ se topikì mègisto, mia kat�stash pou mporoÔme na er-
mhneÔsoume wc yeudokenì (false vacuum). To olikì el�qisto èqei metaferjeÐ
ston kÔklo

|φ|2 =
m2

λ
. (10)

Plèon ìmwc metasqhmatismoÐ bajmÐdac den af noun thn kat�stash tou kenoÔ
analloÐwth. Aut  h diaforopoÐhsh all�zei rizik� thn sumperifor� thc jew-
rÐac. En¸ h lagkrantzian  puknìthta emfanÐzei mia summetrÐa, h kat�stash
tou kenoÔ den thn emfanÐzei me apotèlesma na epèrqetai r xh thc summetrÐac
me aujìrmhto trìpo.

'Eqontac kat� nou ìti ja melet soume ton mhqanismì Higgs sthn jewrÐa
thc HlektrasjenoÔc AllhlepÐdrashc, prèpei na esti�soume sthn r xh topik c
summetrÐac bajmÐdac. Stic jewrÐec bajmÐdac oi allhlepidr�seic ermhneÔontai
wc sunèpeia thc aujìrmhthc r xhc thc topik c summetrÐac bajmÐdac. H afe-
thrÐa autoÔ tou sullogismoÔ eÐnai h apaÐthsh ta pedÐa pou antiproswpeÔoun
thn Ôlh na eÐnai analloÐwthta se topikoÔc metasqhmatismoÔc f�shc. Gia na
mporèsoume na enswmat¸soume sthn jewrÐa mac topik  summetrÐa metasqhma-
tism¸n f�shc gia to pedÐo φ

φ(x) → φ(x)eıα(x) (11)

prèpei na antikatast soume tic merikèc parag¸gouc me sunalloÐwtec. 'Etsi
orÐzontac thn sunalloÐwth par�gwgo eis�goume sthn jewrÐa mac èna anusma-
tikì pedÐo Aµ.

∂µφ(x) → Dµφ(x) = ∂µφ(x)− ıeAµ(x)φ(x) (12)

Me ton trìpo autì h analloi¸thta se topikoÔc metasqhmatismoÔc f�shc
pragmat¸netai an apait soume to anusmatikì pedÐo Aµ na èqei thn summetrÐa
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bajmÐdac

Aµ(x) → Aµ(x) +
1

e
∂µα(x). (13)

Kataqrhstik� anaferìmaste sthn summetrÐa tou zeÔgouc twn anwtèrw meta-
sqhmatism¸n, wc topik  summetrÐa bajmÐdac{

φ(x) → φ(x) eıα(x)

Aµ(x) → Aµ(x) + 1
e
∂µα(x).

(14)

H lagkrantzian  puknìthta an eis�goume kai ton kinhmatikì ìro tou dianu-
smatikoÔ pedÐou Aµ gÐnetai

L = −Dµφ (Dµφ)∗ − 1

4
FµνF

µν +m2|φ|2 − λ

2
|φ|4. (15)

'Opwc  dh anafèrame, sthn morf  aut  den mporoÔme na èqoume swmati-
diak  ermhneÐa gia to pedÐo φ. Prèpei na metafèroume to el�qisto thc jewrÐac
mac sto mhdèn. Sthn kat�stash kenoÔ to pedÐo Aµ èqei sb sei, opìte ìpwc
prin èqoume to dunamikì

V (φ) = −m2|φ|2 +
λ

2
|φ|4. (16)

me to el�qisto na brÐsketai ston kÔklo

|φ|2 =
m2

λ
. (17)

MporoÔme na ekfr�soume to pedÐo φ wc

φ(x) =
1√
2

(
h(x) +

√
2m2

λ

)
Exp

(
ı

√
λ

m2
π(x)

)
(18)

An ekmetalleutoÔme thn analloi¸thta se topikoÔc metasqhmatismoÔc bajmÐ-
dac mporoÔme na epilèxoume thn bajmÐda sthn opoÐa to π(x) exaleÐfetai. H
bajmÐda aut  lègetai unitarity gauge kai to mpozìnio π would be Goldstone
boson. Ac doÔme ti sumbaÐnei me touc bajmoÔc eleujerÐac. Prin thn r xh thc
summetrÐac èqoume èna migadikì bajmwtì pedÐo φ me 2 bajmoÔc eleujerÐac kai
èna �mazo anusmatikì pedÐo Aµ epÐshc me 2 bajmoÔc eleujerÐac. Met� thn
r xh thc summetrÐac èqoume èna pragmatikì bajmwtì pedÐo h me 1 bajmì e-
leujerÐac kai èna anusmatikì pedÐo me m�za to opoÐo antistoiqeÐ se 3 bajmoÔc
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eleujerÐac. O yeÔtikoc bajmìc eleujerÐac pou faÐnetai na antistoiqeÐ sto
pedÐo π, isodunameÐ me thn epilog  bajmÐdac (gauge fixing).

Antikajist¸ntac

φ(x) =
1√
2

(
h(x) +

√
2m2

λ

)
(19)

h lagkrantzian  puknìthta gÐnetai

L = −1

2

(
∂µh− ıeAµ

(
h+

√
2m2

λ

))(
∂µh+ ıeAµ

(
h+

√
2m2

λ

))

−1

4
FµνF

µν +
1

2
m2

(
h+

√
2m2

λ

)2

− λ

8

(
h+

√
2m2

λ

)4

.

(20)

Met� apì tic pr�xeic kai afoÔ anadiat�xoume touc ìrouc prokÔptei h lag-
krantzian  puknìthta

L =−
[

1

2
∂µh∂

µh+
1

4
FµνF

µν

]
−
[
m2h2 + e2

m2

λ
AµA

µ

]
−

[
e2

2
AµA

µh2 + e2
√

2m2

λ
AµA

µh

]
−

[
λ

8
h4 +

√
m2λ

2
h3

]
.

(21)

MporoÔme na anagnwrÐsoume touc kinhmatikoÔc ìrouc, touc ìrouc m�zac kai
tic allhlepidr�seic. Plèon h analloi¸thta se metasqhmatismoÔc bajmÐdac
èqei qajeÐ. To mpozonikì pedÐo h kai to anusmatikì pedÐo Aµ apoktoÔn m�za

mh =
√

2m mA =

√
2e2m2

λ
. (22)

AxÐzei na parathr soume ìti h m�za tou pedÐou h prokÔptei apì thn autoal-
lhlepÐdras  tou. Sthn perÐptwsh mhdenismoÔ thc stajer�c zeÔxhc λ to pedÐo
h paramènei �mazo. Fusik� tìte kai to anusmatikì pedÐo den apokt� m�za.

2 Mh Abelianìc Mhqanismìc Higgs

Oi genn torec ta miac mh abelian c om�dac summetrÐac SU(N) ikanopoioÔn mia
�lgebra Lie [

ta, tb
]

= ıfabctc, (23)
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ìpou fabc eÐnai oi stajerèc dom c, oi opoÐec eÐnai pragmatikoÐ arijmoÐ. Oi gen-
n torec mporoÔn na anaparastajoÔn me �iqnouc ermhtianoÔc pÐnakec di�stashc
N ×N .

MporoÔme na ekfr�soume to pedÐo φ wc mia st lh N pedÐwn. Me pio
austhr  orologÐa, anaparistoÔme to pedÐo wc èna spÐnora N sunistws¸n.
ApaitoÔme apì thn Ôlh mac na eÐnai analloÐwth se genikìterouc topikoÔc
metasqhmatismoÔc f�shc

φ(x)→ Exp (ıaa(x)ta)φ(x). (24)

Prèpei na genikeÔsoume thn sunalloÐwth par�gwgo wc

Dµφ(x) = ∂µφ(x)− ıgAaµ(x)taφ(x). (25)

Blèpoume ìti h kataskeu  perièqei èna dianusmatikì pedÐo gia k�je genn tora,
opìte h jewrÐa mac perièqeiN2−1 dianusmatik� pedÐa. Upì thn dr�sh topik¸n
metasqhmatism¸n thc morf c (24), o orismìc thc sunalloÐwthc parag¸gou
aposkopeÐ sthn exasf�lish tou akìloujou nìmou metasqhmatismoÔ

Dµφ(x)→ Exp (ıaa(x)ta)Dµφ(x). (26)

H apaÐthsh aut  ja mac d¸sei ton nìmo metasqhmatismoÔ twn anusmatik¸n
pedÐwn Aaµ, ètsi kataskeu�zoume thn dr�sh thc metasqhmatismènhc sunalloÐ-
wthc parag¸gou sto metasqhmatismèno pedÐo

(Dµφ)′ =
(
∂µ − ıg

(
Aaµt

a
)′)

Exp (ıaata)φ (27)

Ektel¸ntac prosektik� tic pr�xeic prokÔptei ìti to pedÐo prèpei na metasqh-
matÐzetai ¸c

Aaµ(x)ta → Exp (ıaa(x)ta)Aaµ(x)taExp (−ıaa(x)ta)+
1

g
∂µExp (−ıaa(x)ta) .

(28)
Oi topikoÐ metasqhmatismoÐ bajmÐdac genikeÔontai wc{

φ(x) → Exp (ıaa(x)ta)φ(x).

Aaµ(x)ta → Exp (ıaa(x)ta)
(
Aaµ(x)ta + 1

g
∂µ

)
Exp (−ıaa(x)ta) .

(29)

O tanust c tou pedÐou orÐzetai wc

[Dµ,Dν ] = −ıgF a
µνt

a, (30)
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ètsi èqoume
F a
µν = ∂µA

a
ν − ∂νAaµ + gfabcAbµA

c
ν (31)

H met�bash apì thn abelian  sthn mh abelian  perÐptwsh eÐnai arket�
anamenìmenh, arkeÐ na genikeÔsoume thn abelian  lagkrantzian  puknìthta
wc

L = − (Dφ)† (Dφ)− 1

4
F a
µνF

aµν +m2φ†φ− λ

2

(
φ†φ
)2
. (32)

To kenì thc jewrÐa mac brÐsketai ston kÔklo

φ†φ =
∑
i

|φi|2 =
m2

λ
(33)

Up�rqeÐ mia eleujerÐa sthn pragm�twsh tou kenoÔ, afoÔ up�rqoun polloÐ
sunduasmoÐ pou mporoÔn na antistoiqhjoÔn sto Ðdio kenì. Melet¸ntac k�-
poia sugkekrimènh jewrÐa mporeÐ na anazht sei kaneÐc �llouc fusikoÔc pe-
riorismoÔc pou na prosdiorÐzoun thn akrib  pragm�twsh tou kenoÔ. To anu-
smatik� mpozìnia Aaµ apoktoÔn m�zec

g2φ†tatbφAaµA
bµ (34)

'Hdh apì thn abelian  perÐptwsh gnwrÐzoume ìti h m�za twn anusmatik¸n
pedÐwn bajmÐdac prokÔptei apì ton kinhmatikì ìro tou pedÐou φ, sthn mh
abelian  perÐptwsh èqoume

− (Dφ)† (Dφ) = −∂µφ†∂µφ− 2igAaµφ
†ta∂µφ− g2AaµA

bµ (taφ)†
(
tbφ
)

(35)

Met� thn r xh thc summetrÐac to pedÐo apokt� thn anamenìmenh tim  kenoÔ
φ0 o teleutaÐoc ìroc apokt� dom  ìrou m�zac

m2
abA

a
µA

bµ (36)

ìpou o pÐnakac m�zac eÐnai

m2
ab = (taφ0)

† (tbφ0

)
= φ†0t

atbφ0 (37)

kai eÐnai hmijetik� orismènoc afoÔ

m2
aa = |taφ0|2 (38)
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Sthn perÐptwsh pou gia k�poion sugkekrimèno genn tora isqÔei

taφ0 = 0 (39)

to sugkekrimèno mpozìnio paramènei �mazo.
Prèpei na èqoume kat� nou ìti den eÐnai fusik� ìla ta pedÐa pou emplè-

kontai, afoÔ me kat�llhlouc metasqhmatismoÔc bajmÐdac mporoÔme na exaleÐ-
youme poll� apì aut�.

O arqikìc kinhmatikìc ìrouc dÐnei tic allhlepidr�seic an�mesa sta pedÐa
bajmÐdac.

LA = −1

4

(
∂µA

a
ν − ∂νAaµ

)
(∂µAaν − ∂νAaµ) +

g

2
(∂µAaν − ∂νAaµ) fabcAbµA

c
ν

− g2

4
fabcfadeAbµAcνAdµA

e
ν

(40)

2.1 Prosarthmènh Anapar�stash

Ektìc apì thn sun jh anapar�stash miac om�dac up�rqei h dunatìthta na
epilèxoume thn prosarthmènh anapar�stas  thc. Kataskeu�zoume touc pÐna-
kec pou ja apotelèsoun thn prosarthmènh anapar�stash apì tic stajerèc
dom c, wc ex c (

tbG
)
ac

= ıfabc (41)

'Etsi h �lgebra pou ikanopoieÐtai eÐnai([
tbG, t

c
G

])
ae

= ıf bcd
(
tdG
)
ae

(42)

AnaptÔssontac blèpoume ìti aut  h �lgebra den eÐnai tÐpota �llo par� h
tautìthta Jacobi pou ikanopoioÔn oi stajerèc dom c

fabdf cde + f cadf bde + f bcdfade = 0 (43)

Apì thn kataskeÔh thc h prosarthmènh anapar�stash eÐnai mia pragmatik 
anapar�stash, dedomènou ìti oi stajerèc dom c eÐnai pragmatikoÐ arijmoÐ.
FaÐnetai xek�jara kai mèsw thc isodunamÐac thc �lgebrac me thn tautìthta
Jacobi. Sthn prosarthmènh anapar�stash to pedÐo φ analÔetai se N2 − 1
sunist¸sec φa. To pedÐo φ mporeÐ na anaparastajeÐ upì morf  pÐnaka wc

Φ = φa(x)ta (44)

9



H isodunamÐa thc sun jouc kajpwc kai thc prosarthmènhc anapar�stashc
eÐnai èkdhlh, afoÔ sthn prosarthmènh anapar�stash èqoume to pedÐo wc è-
nan pÐnaka N × N o opoÐo mporeÐ na diagwnopoihjeÐ kai na apomeÐnoun N
fusik� pedÐa. Sthn prosarthmènh anapar�stash h topik  analloi¸thta se
metasqhmatismoÔc f�shc ekfr�zetai wc

φa(x)ta → Exp (ıaa(x)ta)φa(x)ta. (45)

AntÐstoiqa, h sunalloÐwth par�gwgoc gÐnetai

Dµφa(x) = ∂µφ
a(x)− ıgAbµ(x)

(
tb
)
ac
φc(x)

= ∂µφ
a(x) + gfabcAbµ(x)φc(x)

(46)

Gia eukolÐa ac jewr soume tic sunist¸sec tou pedÐou φ pragmatikèc. 'Etsi

−1

2
DµφaDµφa = −1

2
∂µφ

a∂µφa − gfabcAbµφc∂µφa −
1

2
g2fabcfadeAbµA

dµφcφe

(47)
Oi m�zec twn anusmatik¸n pedÐwn prokÔptoun apì ton teleutaÐo ìro, o opoÐoc
mporeÐ na grafeÐ sthn morf 

g2Tr
([
tb,Φ

] [
td,Φ

])
AbµA

dµ (48)

2.2 Aujìrmhth R xh Topik c SummetrÐac SU(2)

Ac melet soume thn topik  summetrÐa SU(2) gia tic dÔo anaparast�seic. E-
pilègontac thn sun jh anapar�stash to pedÐo mac eÐnai ènac spÐnorac dÔo
sunistws¸n. H sunalloÐwth par�gwgoc eÐnai

Dµφ =
(
∂µ − ıgAaµτa

)
φ (49)

O kinhtikìc ìroc thc jewrÐac ja eÐnai

−Dµφ†Dµφ = −∂µφ†∂µφ−ıgAaµτa
(
φ†∂µφ− φ∂µφ†

)
−g2AaµAbµτ

aτ bφ†φ (50)

MporoÔme na summetrikopoi soume ton teleutaÐo ìro ekmetalleuìmenoi thn
idiìthta

{τa, τ b} =
1

2
δab (51)

10



ètsi katal goume sthn èkfrash

−Dµφ†Dµφ = −∂µφ†∂µφ− ıgAaµτa
(
φ†∂µφ− φ∂µφ†

)
− g2

4
AaµAaµφ

†φ (52)

Met� thn r xh thc summetrÐac to pedÐo ja apokt sei mia anamenìmenh tim 
kenoÔ

< φ >=
1√
2

(
0
v

)
(53)

'Etsi o teleutaÐoc ìroc ja metatrapeÐ se ìro m�zac

−g
2

4
AaµAaµφ

†φ⇒ −g
2v2

8
AaµAaµ (54)

opìte kai ta trÐa anusmatik� pedÐa ja apokt soun thn Ðdia m�za

mA =
gv

2
(55)

Sthn prosarthmènh anapar�stash thc om�dac SU(2) to pedÐo φ èqei treic
sunist¸sec oi opoÐec metasqhmatÐzontai san dianÔsmata. H sunalloi¸th pa-
r�gwgoc sthn perÐptwsh aut  eÐnai

Dµφa = ∂µφ
a + gεabcAbµφ

c (56)

opìte o kinhmatikìc ìroc eÐnai

−1

2
DµφaDµφa = −1

2
∂µφ

a∂µφa−gεabc∂µφAbµφc−g2
(
AbµA

bµφcφc − AbµAcµφbφc
)

(57)
Met� thn r xh thc summetrÐac ac upojèsoume ìti to pedÐo apokt� anamenìmenh
tim  kenoÔ se k�poia dieÔjunsh, ètsi gia par�deigma

< φc >= V δc3 (58)

tìte o teleutaÐoc ìroc apokt� dom  ìrou m�zac kai to deÔtero komm�ti tou
mhdenÐzetai afoÔ proôpojètei b 6= c

Lmass = −g
2V 2

2

(
A1µA1

µ + A2µA2
µ

)
(59)

opìte ta dÔo anusmatik� pedÐa apoktoÔn m�za.

m1 = m2 = gV (60)
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To trÐto pedÐo paramènei �mazo lìgo thc enapomeÐnousac summetrÐac strof¸n
gÔrw apì thn dieÔjunsh r xhc thc summetrÐac. Sto par�deigma mac h r xh
thc summetrÐac ja mporoÔse na gÐnei se opoiad pote tuqaÐa kateÔjunsh. Tì-
te o grammikìc sunduasmìc twn pedÐwn pou ja  tan se aut  thn dieÔjunsh
ja parèmene �mazoc, en¸ dÔo opoioid pote orjog¸nioi grammikoÐ sunduasmoÐ
pedÐwn sto k�jeto epÐpedo ja apoktoÔsan m�za.
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3 O Mhqanismìc Higgs sthn Hlektrasje-

n  JewrÐa

H hlektrasjen c jewrÐa basÐzetai sthn summetrÐa bajmÐdac SU(2)L×U(1)Y .
Oi aristerìstrofec qeiralikèc sunist¸sec twn swmatidi¸n katat�ssontai se
diplètec tou asjenoÔc isotopikoÔ spin, en¸ oi dexiìstrofec qeiralikèc su-
nist¸sec den èqoun asjenèc isotopikì spin, fèroun ìmwc uperfortÐo. De-
xiìstrofa netrÐna den up�rqoun1. To swmatidiakì perieqìmeno thc jewrÐac
eÐnai

• Aristerìstrofa Quarks:

Q′αL ≡
(
u′αL
d′αL

)
, α = 1, 2, 3 (61)

• Dexiìstrofa Quarks tÔpou up:

u′αR, α = u, c, t (62)

• Dexiìstrofa Quarks tÔpou down:

d′αR, α = d, s, b (63)

• Aristerìstrofa Leptìnia:

L′αL ≡
(
ν ′αL
`′αL

)
, α = e, µ, τ (64)

• Dexiìstrofa Fortismèna Leptìnia:

`′αR, α = e, µ, τ (65)

Oi tìnoi sumbolÐzoun ìti ta pedÐa den èqoun kajorismènh m�za, all� eÐnai
epallhlÐa pedÐwn me kajorismènh m�za. Oi kbantikoÐ arijmoÐ twn pedÐwn dÐ-
nontai apì ton pÐnaka 1. H �lgebra twn telest¸n tou asjenoÔc isotopikoÔ
spin den eÐnai par� h �lgebra thc stroform c

[Ia, Ib] = εabcIc (66)

1
Οι ταλαντώσεις νετρίνων υποδεικνύουν ότι τα νετρίνα έχουν μάζα, αλλά ακόμα δεν είναι

σαφής ο μηχανισμός που δίνει μάζα στα νετρίνα. Στην περίπτωση που αποδειχτεί ότι τα

νετρίνα είναι σωματίδια Dirac τότε η εισαγωγή δεξιόστροφων νετρίνων θα είναι απαραίτητη.
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opìte h anapar�stash twn telest¸n ja eÐnai oi pÐnakec Pauli:

Ia =
σa

2
(67)

To uperfortÐo kai to asjenèc isotopikì spin sundèontai me to fortÐo mèsw
thc sqèshc Gell-Mann – Nishijima, h opoÐa eÐnai

Q = I3 +
Y

2
. (68)

H sunalloÐwth par�gwgoc thc jewrÐac eÐnai

Dµ = ∂µ − ıgAaµ(x)Ia +
ı

2
g′Bµ(x)Y (69)

H Lagrangian thc hlektrasjenoÔc allhlepÐdrashc tou Kajierwmènou Pro-
tÔpou sÐgoura prèpei na èqei kinhmatikoÔc ìrouc gia ta swmatidÐwn kai dedomè-
nou ìti ta swmatÐdia èqoun m�za prèpei na up�rqoun kai ìroi m�zac. Wstìso
den eÐnai tìso aplì na kataskeu�soume touc ìrouc m�zac giatÐ oi ìroi thc
morf c

f̄f = f̄LfR + f̄RfL (70)

den eÐnai analloÐwth k�tw apì metasqhmatismoÔc bajmÐdac. Arqik� prèpei me
k�poio trìpo na aporrof soume touc kbantikoÔc arijmoÔc twn ìrwn f̄f ¸ste
oi ìroi na eÐnai analloÐwtoi k�tw apì metasqhmatismoÔc bajmÐdac. MporoÔ-
me na eis�goume thn allhlepÐdrash me k�poio swmatÐdio. Dedomènou ìti to
swmatÐdio prèpei na èqei asjenèc isotopikì spin h pio apl  kataskeu  pou
mporoÔme na èqoume eÐnai na eis�goume sthn jewrÐa dÔo swmatÐdia ta opoÐa
na apoteloÔn diplèta tou asjenoÔc isotopikoÔ spin. H diplèta aut  eÐnai h
diplèta Higgs tou Kajierwmènou ProtÔpou

Φ(x) =

(
φ+(x)
φ0(x)

)
, (71)

Oi kbantikoÐ arijmoÐ thc diplètac Higgs dÐnontai ston pÐnaka 2.
An exet�soume ènan leptonikì ìro m�zac, autìc anamènetai na perièqei

to ginìmeno L
′`
αL`
′
βR. O ìroc autìc eÐnai diplèta tou asjenoÔc isotopikoÔ

spin me sunolikì uperfortÐo Y = −1, opìte an sunduasteÐ me thn diplèta
Higgs, h opoÐa èqei Y = 1 apoktoÔme ènan ìro o opoÐoc eÐnai analloÐwtoc
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stouc metasqhmatismoÔc bajmÐdac. Autìn ton ìro ton qrhsimopoioÔme sthn
Lagrangian thc zeÔxhc twn leptonÐwn me to pedÐo Higgs, ètsi

LH,L = −
∑

α,β=e,µ,τ

Y ′`αβL
′
αLΦ`′βR +HC. (72)

O pÐnakac Y ′`αβ eÐnai ènac stajerìc pÐnakac o opoÐoc perièqei tic zeÔxeic Yukawa
tou pedÐou Higgs me ta fortismèna leptìnia.

Me ton Ðdio trìpo ja kataskeu�soume touc ìrouc m�zac twn quarks. Sta
quarks prèpei na kataskeu�soume dÔo ìrouc m�zac apì touc ìrouc

Q
′
αLq

′D
βR, α = 1, 2, 3, β = d, s, b (73)

kai
Q
′
αLq

′D
βR, α = 1, 2, 3, β = d, s, b (74)

To ginìmeno (73) èqei uperfortÐo Y = −1, opìte h zeÔxh tou me thn diplèta
Higgs pou èqei uperfortÐo Y = 1 dhmiourgeÐ ènan analloÐwto ìro, akrib¸c
ìpwc sthn perÐptwsh twn leptonÐwn,

−
∑

α=1,2,3

∑
β=d,s,b

Y ′DαβQ
′
αLΦq′DβR. (75)

To ginìmeno (74) èqei uperfortÐo Y = 1, opìte mìno h zeÔxh me mia diplèta
Higgs h opoÐa èqei uperfortÐo Y = −1 mporeÐ na mac d¸sei analloÐwto ìro.
Me ton metasqhmatismì

Φ̃ = iσ2Φ
∗ (76)

mporoÔme na kataskeu�soume aut  thn diplèta, opìte o analloÐwtoc ìroc
eÐnai

−
∑

α=1,2,3

∑
β=u,c,t

Y ′UαβQ
′
αLΦ̃q′UβR, (77)

Ac sunoyÐsoume ti èqoume sthn di�jes  mac: èqoume kinhmatikoÔc ìrouc gia
ta swmatÐdia, mporoÔme na prosjèsoume �foba kinhmatikoÔc ìrouc gia ta
anusmatik� pedÐa bajmÐdac kai to pedÐo Higgs, èqoume kataskeÔasei k�poiouc
perÐergouc ìrouc pou moi�zoun me ìrouc m�zac kai mporoÔme na gr�youme ènan
ìro m�zac gia to pedÐo Higgs kai mia allhlepÐdrash F tet�rthc, opìte h pio
genik  Lagrangian pou na sèbetai th summetrÐa pou jèloume na epib�lloume
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PÐnakac 1: Oi kbantikoÐ arijmoÐ twn fermionÐwn.

I I3 Y Q

u′αL 1/2 +1/2 +1/3 +2/3
d′αL 1/2 -1/2 +1/3 -1/3
u′αR 0 0 +4/3 +2/3
d′αR 0 0 -2/3 -1/3
ν ′βL 1/2 +1/2 -1 0
`′βL 1/2 -1/2 -1 -1
`′βR 0 0 -2 -1

eÐnai

LEW = ı
∑

α=e,µ,τ

L
′
αL
/DL′αL + ı

∑
α=1,2,3

Q
′
αL
/DQ′αL

+ ı
∑

α=e,µ,τ

`
′
αR

/D`′αR + ı
∑

α=d,s,b

q′DαR /Dq
′D
αR + ı

∑
α=u,c,t

q′UαR /Dq
′U
αR

− 1

4
AaµνA

aµν − 1

4
BµνB

µν

+ (DµΦ)† (DµΦ)− µ2Φ†Φ− λ(Φ†Φ)2

−
∑

α,β=e,µ,τ

(
Y ′`αβL

′
αLΦ`′βR +

(
Y ′`αβ
)∗
`
′
βRΦ†L′αL

)
−
∑

α=1,2,3

∑
β=d,s,b

(
Y ′DαβQ

′
αLΦq′DβR +

(
Y ′Dαβ

)∗
q′DβRΦ†Q′αL

)
−
∑

α=1,2,3

∑
β=u,c,t

(
Y ′UαβQ

′
αLΦ̃q′UβR +

(
Y ′Uαβ
)∗
q′UβRΦ̃†Q′αL

)
.

(78)

Mèqri stigm c èqoume katafèrei na gr�youme mia jewrÐa h opoÐa na sèbetai thn
summetrÐa bajmÐdac, all� exakoloujoÔme na èqoume probl ma. Ta swmatÐdi�
mac kaj¸c kai ìla ta mpozìnia bajmÐdac eÐnai �maza, to opoÐo antibaÐnei me thn
fusik  pragmatikìthta. Oi tìnoi upodhl¸noun ìti ta pedÐa pou emfanÐzontai
den èqoun kajorismènh m�za.

3.1 O Mhqanismìc Higgs

Eis�game sthn jewrÐa thn diplèta Higgs prokeimènou na mporoÔme na gr�you-
me k�poiouc ìrouc oi opoÐoi na moi�zoun me ìrouc m�zac, prèpei me ènan èxupno

16



PÐnakac 2: Oi kbantikoÐ arijmoÐ thc diplètac Higgs.

I I3 Y Q

φ+(x) 1/2 1/2 +1 1
φ0(x) 1/2 -1/2 +1 0

trìpo na metatrèyoume touc ìrouc autoÔc se ìrouc m�zac. O trìpoc autìc
den eÐnai par� h aujìrmhth r xh summetrÐac. Ac exet�soume ton ìro Higgs
thc Lagrangian tou Kajierwmènou ProtÔpou

LH = (DµΦ)† (DµΦ)− µ2Φ†Φ− λ(Φ†Φ)2, (79)

O ìroc perilamb�nei to dunamikì

V (φ) = µ2Φ†Φ + λ(Φ†Φ)2 (80)

Profan¸c gia na up�rqei k�tw fr�gma prèpei λ > 0. An µ2 > 0 to el�qisto
thc jewrÐac mac eÐnai sto mhdèn kai den katafèrnoume k�ti. Afenìc to kenì
eÐnai summetrikì se metasqhmatismoÔc bajmÐdac, opìte den èqoume r xh thc
summetrÐac bajmÐdac, en¸ sthn fÔsh den parathroÔme aut  thn summetrÐa.
Afetèrou an k�noume èna an�ptugma gÔrw apì to el�qistì tou dunamikoÔ
tìte ta swmatÐdi� mac ja parameÐnoun �maza. An jewr soume µ2 < 0 èqoume
thn aujìrmhth r xh thc summetrÐac

SU(2)L × U(1)Y → U(1)Q (81)

Ja doÔme stic grammèc pou akoloujoÔn ton tìso èxupno, an kai kajar� fai-
nomenologikì, trìpo pou epitugq�netai h aujìrmhth r xh thc summetrÐac.

OrÐzoume

v ≡
√
−µ

2

λ
, (82)

tìte to dunamikì Higgs mporeÐ na grafeÐ

V (φ) = λ

(
Φ†Φ− v2

2

)2

. (83)

EÐnai profanèc ìti to dunamikì parousi�zei el�qisto gia

Φ†Φ =
v2

2
. (84)
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'Opwc gnwrÐzoume to el�qisto tou dunamikoÔ antistoiqeÐ sto kenì. Fermiìnia
kai dianusmatik� mpozìnia den mporoÔn na up�rqoun sto kenì, afoÔ to kenì
ofeÐlei na eÐnai analloÐwto se strofèc. AntÐstoiqa fortismèna swmatÐdia
den mporoÔn na up�rqoun sto kenì, afoÔ to kenì ofeÐlei na eÐnai hlektrik�
oudètero. Mìno oudètera bajmwt� pedÐa mporoÔn na èqoun tim  sto kenì,
h opoÐa onom�zetai anamenìmenh tim  kenoÔ (V EV ). Apì thn sqèsh (84) h
anamenìmenh tim  kenoÔ tou pedÐou Higgs prèpei na pragmatopoieÐtai mèsw thc
sunist¸sac φ0, opìte sto kenì

〈Φ〉 =
1√
2

(
0
v

)
. (85)

H anamenìmenh tim  kenoÔ 〈Φ〉 sp�ei aujìrmhta thn summetrÐa SU(2)L ×
U(1)Y , afoÔ

I1 〈Φ〉 =
σ1

2
〈Φ〉 =

1

2
√

2

(
0
v

)
6= 0 (86)

I2 〈Φ〉 =
σ2

2
〈Φ〉 = − ı

2
√

2

(
0
v

)
6= 0 (87)

I3 〈Φ〉 =
σ3

2
〈Φ〉 = − 1

2
√

2

(
0
v

)
= −1

2
〈Φ〉 6= 0 (88)

Y 〈Φ〉 = 〈Φ〉 6= 0 (89)

all�

Q 〈Φ〉 =

(
I3 +

Y

2

)
〈Φ〉 = 0 (90)

H enapomeÐnousa summetrÐa thc diat rhshc tou fortÐou eÐnai o lìgoc pou to
fwtìnio den apokt� m�za.

H arqik  summetrÐa antistoiqeÐ se metasqhmatismoÔc thc morf c

φ→ eıa
a σa

2 eı
b
2φ (91)

gia a1 = a2 = 0 kai a3 = b o metasqhmatismìc gÐnetai

φ→
(
eıb0
00

)
φ (92)

To kenì thc jewrÐac eÐnai analloÐwto se metasqhmatismoÔc aut c thc morf c
kai h antÐstoiqh diathroÔmenh posìthta eÐnai to hlektrikì fortÐo.
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Oi diegermènec katast�seic sthn kat�llhlh bajmÐda mporoÔn na grafoÔn
sth morf 

Φ(x) =
1√
2

(
0

v +H(x)

)
. (93)

ìpou to pedÐoH(x) eÐnai pragmatikì bajmwtì pedÐa. To pedÐoH(x) perigr�fei
to swmatÐdio Higgs. Arqik� up�rqoun dÔo bajmwt� migadik� pedÐa, ta opoÐa
antistoiqoÔn se 4 bajmoÔc eleujerÐac. 'Opwc ja doÔme sthn telik  kat�sta-
sh èqoume èna pragmatikì bajmwtì pedÐo kai 3 anusmatik� mpozìnia èqoun
apokt sei m�za, opìte èqoun apokt sei diam kh pìlwsh, ètsi p�li èqoume 4
bajmoÔc eleujerÐac.

3.2 Allhlepidr�seic twn FermionÐwn

'Olec oi allhlepidr�seic twn anusmatik¸n mpozonÐwn me ta fermiìnia emperiè-
qontai ston ìro

LI = −1

2

∑
α=e,µ,τ

L
′
αL

(
g /A

a
σa − g′ /B

)
L′αL −

1

2

∑
α=1,2,3

Q
′
αL

(
g /A

a
σa +

1

3
g′ /B

)
Q′αL

+ g′
∑

α=e,µ,τ

`
′
αR
/B`′αR −

2

3
g′
∑

α=d,s,b

q′DαR /Bq
′D
αR +

1

3
g′
∑

α=u,c,t

q′UαR /Bq
′U
αR

(94)

MporoÔme na qwrÐsoume tic allhlepidr�seic se dÔo kathgorÐec, stic allhle-
pidr�seic ìpou metafèretai fortÐo (charged current) kai stic allhlepidr�seic
ìpou den metafèretai fortÐo (neutral current). Gia ta leptìnia èqoume

LI,L = −1

2

∑
α=e,µ,τ

(
ν ′αL `

′
αL

) g /A
3 − g′ /B g

(
/A

1 − ı /A2
)

g
(
/A

1
+ ı /A

2
)
−g /A3 − g′ /B

( ν ′αL
`′αL

)
+g′

∑
α=e,µ,τ

`
′
αR
/B`′αR

(95)

Oi mh diag¸nioi ìroi apoteloÔn thn Lagrangian thc CC allhlepÐdrashc

LCCI,L = −g
2

∑
α=e,µ,τ

[
ν ′αL

(
/A

1 − ı /A2
)
`′αL + `

′
αL

(
/A

1
+ ı /A

2
)
ν ′αL

]
(96)
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OrÐzoume to pedÐo, to opoÐo exaôl¸nei mpozìnia W+ kai dhmiourgeÐ mpozìnia
W−, wc

W µ =
1√
2

(
A1µ − ıA2µ

)
(97)

'Etsi h allhlepÐdrash gÐnetai

LCCI,L = − g√
2

∑
α=e,µ,τ

[
ν ′αL /W`′αL + `

′
αL
/W
†
ν ′αL

]
(98)

OrÐzontac to reÔma wc

jµW,L = 2
∑

α=e,µ,τ

ν ′αLγ
µ`′αL =

∑
α=e,µ,τ

ν ′αγ
µ
(
1− γ5

)
`′α (99)

H Lagrangian gÐnetai

LCCI,L = − g

2
√

2
jµW,LWµ +H.C. (100)

An ekmetaleutoÔme thn anapar�stash twn telest¸n tou asjenoÔc isotopikoÔ
spin me touc pÐnakec Pauli mporoÔme na orÐsoume touc telestèc pou aneb�zoun
kai kateb�zoun to asjenèc isotopikì spin wc

I± =
1

2

(
σ1 ± ıσ2

)
(101)

'Etsi mporoÔme na ekfr�soume to reÔma thc CC allhlepÐdrashc wc

jµW,L = 2
∑

α=e,µ,τ

L
′
αLγ

µI+L′αL (102)

opìte antÐstoiqa èqoume

jµ†W,L = 2
∑

α=e,µ,τ

L
′
αLγ

µI−L′αL (103)

Oi zeÔxeic twn leptonÐwn me to anusmatikì mpozìnio W faÐnontai sto sq ma
(5).

Oi diag¸nioi ìroi thc (95) apoteloÔn thn Lagrangian thc NC allhlepÐ-
drashc

LNCI,L = −1

2

∑
α=e,µ,τ

[
ν ′αL

(
g /A

3 − g′ /B
)
ν ′αL − `

′
αL

(
g /A

3
+ g′ /B

)
`′αL − 2g′`

′
αR
/B`′αR

]
(104)
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Sq ma 1: Oi zeÔxeic twn leptonÐwn me to anusmatikì mpozìnio W .

AfoÔ h jewrÐa mac jèloume na anaqjeÐ sthn kbantik  hlektrodunamik  to h-
lektromagnhtikì dunamikì Aµ prèpei na eÐnai ènac grammikìc sunduasmìc twn
pedÐwn A3µ kai Bµ, par�llhla ja sqhmatisteÐ kai èna pedÐo Zµ to opoÐo ja
eÐnai k�jeto sto hlektromagnhtikì pedÐo. O grammikìc sunduasmìc parame-
tropoieÐtai mèsw thc gwnÐac Weinberg

Aµ = sin θWA
3µ + cos θWB

µ

Zµ = cos θWA
3µ − sin θWB

µ (105)

Ekfr�zontac thn Lagrangian sunart sei tou hlektromagnhtikoÔ dunamikoÔ
èqoume

LNCI,L =− 1

2

∑
α=e,µ,τ

[
ν ′αL

(
(g cos θW + g′ sin θW ) /Z + (g sin θW − g′ cos θW ) /A

)
ν ′αL

− `′αL
(
(g cos θW − g′ sin θW ) /Z + (g sin θW + g′ cos θW ) /A

)
`′αL

− 2g′`
′
αR

(
− sin θW /Z + cos θW /A

)
`′αR

]
(106)

Xèroume ìti ta netrÐna den allhlepidroÔn hlektromagnhtik� opìte gia na è-
qoun nìhma ìsa èqoume anafèrei prèpei na mhdenÐzetai h zeÔxh twn netrÐnwn
me to hlektromagnhtikì dunamikì, gegonìc pou upodeiknÔei ìti

tan θW =
g′

g
(107)
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'Etsi h Lagrangian gÐnetai

LNCI,L =− g

2 cos θW

∑
α=e,µ,τ

[
ν ′αL /Zν

′
αL − `

′
αL

(
1− 2 sin2 θW

)
/Z`′αL + 2 sin2 θW `

′
αR
/Z`′αR

]
+ g sin θW

∑
α=e,µ,τ

`
′
α
/A`′α

(108)

Apì ton teleutaÐo ìro anagnwrÐzoume ìti

g sin θW = e (109)

antÐstoiqa
g′ cos θW = e (110)

opìte metaxÔ twn stajer¸n zeÔxhc kai tou e isqÔei h sqèsh

1

g2
+

1

g′2
=

1

e2
(111)

H NC allhlepÐdrash mporeÐ na sp�sei se hlektromagnhtik  allhlepÐdrash
kai se asjen  allhlepÐdrash mèsw tou mpozonÐou Z

LγI,L = −ejµγ,LAµ jµγ,L = −
∑

α=e,µ,τ

`γµ` (112)

LZI,L = − g

2 cos θW
jµZ,LZµ (113)

To NC reÔma ekfr�zetai wc

jµZ,L = 2
∑

α=e,µ,τ

[
gνLν

′
αLγ

µν ′αL + g`L`
′
αLγ

µ`′αL + g`R`
′
αRγ

µ`′αR

]
(114)

ìpou oi stajerèc zeÔxhc gia ta fermiìnia orÐzontai wc

qfL = If3 − qf sin2 θW qfL = −qf sin2 θW (115)

MÐa �llh morf  tou reÔmatoc eÐnai

jµZ,L =
∑

α=e,µ,τ

[
ν ′αγ

µ
(
gνV − gνAγ5

)
ν ′α + `

′
αγ

µ
(
g`V − g`Aγ5

)
`′α

]
(116)
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Oi anusmatikèc kai yeudobajmwtèc zeÔxeic twn fermionÐwn dÐnontai apì tic
sqèseic

gfV = gfL + gfR = If3 − 2qf sin2 θW gfA = gfL − g
f
R = If3 (117)

Oi zeÔxeic twn leptonÐwn me ta anusmatik� mpozìnia W kai Z faÐnontai sta
sq mata (5) kai (6), antÐstoiqa, en¸ oi zeÔxeic twn leptonÐwn sto hlektroma-
gnhtikì pedÐo faÐnontai sto sq ma (7). Gia ta quarks akoloujeÐ kaneÐc thn

Sq ma 2: Oi zeÔxeic twn leptonÐwn me to anusmatikì mpozìnio W .

Sq ma 3: Oi zeÔxeic twn leptonÐwn me to anusmatikì mpozìnio Z.

Sq ma 4: H zeÔxh twn leptonÐwn me to hlektromagnhtikì pedÐo.
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Ðdia diadikasÐa me ta reÔmata na dÐnontai apì tic sqèseic

jµW,Q = 2
∑

α=1,2,3

Q
′
αLγ

µI+Q′αL =
∑

α=1,2,3

Q
′
αγ

µ
(
1− γ5

)
I+Q′α (118)

jµγ,L =
2

3

∑
α=u,c,t

q′Uα γ
µq′Uα −

1

3

∑
α=d,s,b

q′Dα γ
µq′Dα (119)

jµZ,Q =
∑

α=u,c,t

q′Uα γ
µ
(
gUV − gUAγ5

)
q′Uα +

∑
α=d,s,b

q′Dα γ
µ
(
gDV − gDAγ5

)
q′Dα (120)

Oi zeÔxeic twn quarks me ta anusmatik� mpozìnia W kai Z faÐnontai sta sq -
mata (5) kai (6), antÐstoiqa, en¸ oi zeÔxeic twn quarks sto hlektromagnhtikì
pedÐo faÐnontai sto sq ma (7).

Sq ma 5: Oi zeÔxeic twn quarks me to anusmatikì mpozìnio W .

Sq ma 6: Oi zeÔxeic twn quarks me to anusmatikì mpozìnio Z.
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Sq ma 7: Oi zeÔxeic twn quarks me to hlektromagnhtikì pedÐo.

3.3 Oi M�zec twn Anusmatik¸n MpozonÐwn

H dr�sh thc sunalloÐwthc parag¸gou sthn diplèta Higgs eÐnai

DµΦ(x) =

[
∂µ +

i

2
gAaµ(x)σa +

i

2
g′Bµ(x)

]
Φ(x)

=
1√
2

(
i g√

2
Wµ(x)[v +H(x)]

∂µH(x)− ı
2

g
cos θW

Zµ(x)[v +H(x)]

)
,

(121)

opìte o ìroc Higgs thc Lagrangian tou Kajierwmènou ProtÔpou gÐnetai

LH =
1

2
∂µH∂

µH+
g2

4
(v +H)2W †

µW
µ+

g2

8 cos2 θW
(v +H)2 ZµZ

µ−λ
4

(
H2 + 2vH

)2
.

(122)
AnaptÔssontac thn anwtèrw èkfrash katal goume

LH =
1

2
∂µH∂

µH − λv2H2 − λvH3 − λ

4
H4 +

g2v2

4
W †
µW

µ +
g2v2

8 cos θW
ZµZ

µ

+
g2v

2
W †
µW

µH +
g2v

4 cos θW
ZµZ

µH

+
g2

4
W †
µW

µH2 +
g2

8 cos θW
ZµZ

µH2

(123)

O pr¸toc ìroc eÐnai o kinhtikìc ìroc tou swmatidÐou Higgs. O deÔteroc ìroc
eÐnai o ìroc m�zac tou swmatidÐou Higgs, apì ton opoÐo blèpoume ìti

mH =
√

2λv2 =
√
−2µ2. (124)
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AfoÔ h par�metroc µ èqei eisaqjeÐ sto Kajierwmèno Prìtupo aujaÐreta h
tim  thc den mporeÐ na sqetisteÐ me k�poia �llh posìthta pou na èqei  dh
metrhjeÐ, opìte to Kajierwmèno Prìtupo den mporeÐ na mac d¸sei k�poia
prìbleyh gia thn m�za tou swmatidÐou Higgs. O trÐtoc kai tètartoc ìroc
antistoiqoÔn se autozeÔxeic tou pedÐou Higgs kai faÐnontai sto sq ma (8). O
pèmptoc kai èktoc ìroc eÐnai idiaÐtera shmantikoÐ, kaj¸c eÐnai oi ìroi m�zac
twn mpozonÐwn W kai Z, oi m�zec twn opoÐwn eÐnai

mW =
gv

2
mZ =

gv

2 cos θW
. (125)

H par�metroc ρ orÐzetai wc

ρ =
m2
W

m2
Z cos2 θW

(126)

kai se epÐpedo tree level diagramm�twn èqei thn tim  ρ = 1, en¸ se diagr�mmata
an¸terhc t�xhc h tim  thc paramètrou exart�tai apì ton trìpo epanakanoni-
kopoÐhshc.

Oi tèssereic teleutaÐoi ìroi antistoiqoÔn se zeÔxeic tou pedÐou Higgs me
ta mpozìnia W kai Z kai faÐnontai sto sq ma (9).

Sq ma 8: Oi autozeÔxeic tou pedÐou Higgs.

Sto Kajierwmèno Prìtupo mporoÔn na eisaqjoÔn epiplèon pedÐa Higgs,
ta opoÐa ìmwc ja sumb�lloun sthn m�za twn W kai Z. Gia ènan aujaÐreto
arijmì pedÐwn Higgs, sumperilambanomènhc thc diplètac tou Kajierwmènou
ProtÔpou

ρ =

∑
k

[
Ik(Ik + 1)−

(
Ik3
)2]

v2
k∑

k

(
Ik3
)2
v2
k

, (127)
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Sq ma 9: Oi zeÔxeic anusmatik¸n mpozonÐwn me to pedÐo Higgs.

ìpou Ik eÐnai to isospin tou pedÐou Higgs kai Ik3 eÐnai h trÐth sunist¸sa tou
isospin thc sunist¸sac tou pedÐou Higgs, h opoÐa èqei mh mhdenik  anamenìmenh
tim  kenoÔ. Sunèpeia aut c thc sqèshc eÐnai ìti an perioristoÔme se diplètec
Higgs, tìte upoqrewtik� ρ = 1. Peiramatik� èqei brejeÐ

ρ = 0.9998+0.0008
−0.0005, (128)

opìte up�rqei perij¸rio mìno gia Ôparxh peraitèrw diplètwn Higgs2.

3.4 Oi M�zec twn FermionÐwn

Gia na kataskeu�soume ìro m�zac gia ta leptìnia eÐqame eis�gei sthn jewrÐa
mac ton ìro

LH,L = −
∑

α,β=e,µ,τ

Y ′`αβL
′
αLΦ`′βR +HC. (129)

An qrhsimopoi soume thn èkfrash thc sqèshc (93) o ìroc autìc gÐnetai

LH,L = −v +H√
2

∑
α,β=e,µ,τ

Y ′`αβ`
′
αL`
′
βR +HC. (130)

O ìroc pou eÐnai an�logoc thc anamenìmenhc tim c kenoÔ v dhmiourgeÐ ènan ìro
m�zac gia to leptìnio en¸ o ìroc pou eÐnai an�logoc tou pedÐouH eÐnai h zeÔxh
tou leptonÐou me to pedÐo Higgs. O pÐnakac Y ′` en gènei den eÐnai diag¸nioc,
opìte ta pedÐa `′ den èqoun kajorismènh m�za. Mèsw enìc metasqhmatismoÔ(

V `
L

)†
Y ′`V `

R = Y `, Y `
αβ = y`αδαβ y`α > 0, (131)

2
Αν εξαιρέσουμε περιπτώσεις υπερβολικά μικρών αναμενόμενων τιμών κενού, οι οποίες

δεν θα προέκυπταν με φυσικό τρόπο
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ìpou oi pÐnakec V `
L kai V `

R eÐnai unitary , o pÐnakac diagwnopoieÐtai, opìte h
Lagrangian apokt� thn morf 

LH,L = −v +H√
2

∑
α=e,µ,τ

y`α`αL`αR +HC. (132)

Ta �tona pedÐa plèon èqoun kajorismènh m�za.

`L =
(
V `
L

)†
`′L =

 eL
µL
τL

 (133)

Mia �llh morf  thc Lagrangian eÐnai

LH,L = −
∑

α=e,µ,τ

y`αv√
2
`α`α −

∑
α=e,µ,τ

y`α√
2
`α`αH, (134)

ìpou faÐnetai xek�jara ìti oi m�zec twn leptonÐwn dÐnontai apì thn sqèsh

mα =
y`αv√

2
. (135)

AfoÔ sto Kajierwmèno Prìtupo oi suntelestèc y`α eÐnai �gnwstec par�metroi,
h m�za twn leptonÐwn den mporeÐ na problefjeÐ, opìte prosdiorÐzetai mìno
peiramatik�.

To leptonikì reÔma thc CC asjenoÔc allhlepÐdrashc gÐnetai

jkW,L = 2
∑

α=e,µ,τ

ν ′Lγ
k`′L = 2ν ′Lγ

kV `
L`L. (136)

Ekmetalleuìmenoi thn isodunamÐa twn pin�kwn γ se metasqhmatismoÔc omoiì-
thtac kai orÐzontac ta netrÐna wc

νL =
(
V `
L

)†
ν ′L =

 νeL
νµL
ντL

 (137)

katal goume ìti

jkW,L = 2
∑

α=e,µ,τ

νLγ
k`L. (138)
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Ta netrÐna thc sqèshc (137) eÐnai netrÐna kajorismènhc geÔshc afoÔ orÐzontai
mèsw thc zeÔxhc touc me ta antÐstoiqa fortismèna leptìnia. Sto Kajierwmèno
Prìtupo ta netrÐna kajorismènhc geÔshc, èqoun kai kajorismènh m�za afoÔ oi
katast�seic kajorismènhc geÔshc eÐnai grammikìc sunduasmìc �mazwn pedÐwn.

H zeÔxh mèsw tou mpozonÐou W diathreÐ touc leptonikoÔc arijmoÔc k�je
geÔshc Lα, opìte kat� epèktash diathreÐtai kai o leptonikìc arijmìc

L = Le + Lµ + Lτ . (139)

H diat rhsh twn leptonik¸n arijm¸n k�je geÔshc sqetÐzontai me thn anal-
loi¸thta thc Lagrangian se metasqhmatismoÔc

ναL → eıφaναL, `αL → eıφa`αL, `αR → eıφa`αR, (140)

en¸ h diat rhsh tou leptonikoÔ arijmoÔ sqetÐzetai me touc metasqhmatismoÔc

ναL → eıφναL, `αL → eıφ`αL, `αR → eıφ`αR. (141)

Ta antÐstoiqa diathroÔmena reÔmata eÐnai

jkα = ναLγ
kναL + `αLγ

k`αL, (142)

me diathroÔmena fortÐa

Lα =

∫
d3xj0

α(x). (143)

To leptonikì reÔma thc NC asjenoÔc allhlepÐdrashc metasqhmatÐzetai
wc ex c

jkZ,L = 2gνLν
′
Lγ

kν ′L + 2g`L`
′
Lγ

k`′L + 2g`R`
′
Rγ

k`′R

= 2gνLνL
(
V `
L

)†
γkV `

LνL + 2g`L`L
(
V `
L

)†
γkV `

L`L + 2g`R`R
(
V `
R

)†
γkV `

R`
′
R

= 2gνLνLγ
kνL + 2g`L`Lγ

k`L + 2g`R`Rγ
k`R

(144)

To leptonikì reÔma thc hlektromagnhtik c allhlepÐdrashc diathreÐ thn
morf  tou

jkγ,L = −`′γk`′ = −`γk`. (145)
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3.4.1 Quarks

Gia ta quarks eÐqame kataskeu�sei touc ìrouc

−
∑

α=1,2,3

∑
β=d,s,b

Y ′DαβQ
′
αLΦq′DβR. (146)

−
∑

α=1,2,3

∑
β=u,c,t

Y ′UαβQ
′
αLΦ̃q′UβR, (147)

Qrhsimopoi¸ntac thn sqèsh (93) h Lagrangian thc zeÔxhc twn quarks me
to pedÐo Higgs gÐnetai

LH,Q = −v +H√
2

∑
α,β=d,s,b

Y ′Dαβ q
′D
αLq

′D
βR−

v +H√
2

∑
α,β=u,c,t

Y ′Uαβ q
′U
αLq

′U
βR+HC. (148)

Oi pÐnakec Y ′D kai Y ′U en gènei den eÐnai diag¸nioi, opìte ta tonoÔmena pedÐa
den èqoun kajorismènh m�za. Mèsw twn metasqhmatism¸n(

V D
L

)†
Y ′DV D

R = Y `, Y D
αβ = yDα δαβ, y

D
α > 0, (149)

(
V U
L

)†
Y ′UV U

R = Y `, Y U
αβ = yUα δαβ, y

U
α > 0, (150)

ìpou V D
L , V D

R , V U
L kai V U

R eÐnai kat�llhloi unitary pÐnakec oi pÐnakec Y
diagwnopoioÔntai. OrÐzontac ta pedÐa

qDL =
(
V D
L

)†
q′DL =

 dL
sL
bL

 , qDR =
(
V D
R

)†
q′DR =

 dR
sR
bR

 , (151)

qUL =
(
V U
L

)†
q′UL =

 uL
cL
tL

 , qUR =
(
V U
R

)†
q′UR =

 uR
cR
tR

 , (152)

èqoume

LH,Q =−
∑

α=d,s,b

yDα v√
2
qDα q

D
α −

∑
α=u,c,t

yUα v√
2
qUα q

U
α

−
∑

α=d,s,b

yDα√
2
qDα q

D
αH −

∑
α=u,c,t

yUα√
2
qUα q

U
αH.

(153)
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Oi m�zec twn quarks apì thn sqèsh aut  eÐnai

mα =
yDα v√

2
, α = d, s, b mα =

yUα v√
2
, α = u, c, t. (154)

AfoÔ sto Kajierwmèno Prìtupo oi suntelestèc yDα kai yUα eÐnai �gnwstec
par�metroi, h m�za twn quarks den mporeÐ na problefjeÐ, opìte prosdiorÐzetai
mìno peiramatik�.

To reÔma thc asjenoÔc allhlepÐdrashc fortismènou reÔmatoc gia ta quarks
eÐnai

jkW,Q = 2q′UL γ
kq′DL , (155)

opìte an antikatast soume ta tonoÔmena pedÐa me ta �tona èqoume

jkW,Q = 2qUL
(
V U
L

)†
γkV D

L q
D
L = 2qULγ

k
(
V U
L

)†
V D
L q

D
L . (156)

Blèpoume ìti to reÔma exart�tai apì tic idiokatast�seic m�zac mèsw tou pÐ-
naka

jkW,Q = 2qULγ
kVCKMq

D
L VCKM =

(
V U
L

)†
V D
L . (157)

O pÐnakac VCKM eÐnai o pÐnakac mÐxhc twn quarks kai èqei epikrat sei na
onom�zetai pÐnakac Cabbibo - Kobayashi - Maskawa. Blèpoume ìti lìgw thc
mÐxhc den up�rqei nìmoc diat rhshc twn geÔsewn gia ta quarks. To mìno pou
diathreÐtai eÐnai o baruonikìc arijmìc, o opoÐoc eÐnai 1/3 gia ta quarks kai
−1/3 gia ta antiquarks.

To reÔma thc NC asjenoÔc allhlepÐdrashc gia ta quarks eÐnai

jkZ,Q = 2gDL q
′D
L γ

kq′DL + 2gDR q
′D
R γ

kq′DR + 2gUL q
′U
L γ

kq′UL + 2gURq
′U
R γ

kq′UR , (158)

opìte an antikatast soume ta tonoÔmena pedÐa me ta �tona èqoume

jkZ,Q =2gDL q
D
L

(
V D
L

)†
γkV D

L q
D
L + 2gDR q

D
R

(
V D
R

)†
γkV D

R q
D
R

+ 2gUL q
U
L

(
V U
L

)†
γkV U

L q
U
L + 2gURq

U
R

(
V U
R

)†
γkV U

R q
U
R

=2gDL q
D
L γ

kqDL + 2gDR q
D
Rγ

kqDR + 2gUL q
U
Lγ

kqUL + 2gURq
U
Rγ

kqUR

(159)

H diat rhsh thc morf c tou reÔmatoc den epitrèpei thn allag  geÔshc se NC
asjeneÐc allhlepÐdraseic. Autìc eÐnai o mhqanismìc GIM.

To reÔma thc hlektromagnhtik c allhlepÐdrashc gia ta quarks diathreÐ
thn morf  tou

jkγ,Q =
2

3
qUγkqU − 1

3
qDγkqD. (160)

31



O pÐnakac mÐxhc VCKM analutik� èqei tic sunist¸sec

V =
(
V U
L

)†
V D
L =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (161)

Oi peiramatikèc timèc gia ta mètra twn sunistws¸n tou se epÐpedo empistosÔ-
nhc 90% eÐnai

|V | =

 0.9739− 0.9751 0.221− 0.227 0.0029− 0.0045
0.221− 0.227 0.9730− 0.9744 0.039− 0.044
0.0048− 0.014 0.037− 0.043 0.9990− 0.9992

 (162)

AntÐstoiqa mporeÐ na kataskeuasteÐ o pÐnakac mÐxhc twn leptonÐwn

U =
(
V `
L

)†
V `
L =

 Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 (163)

Gia istorikoÔc lìgouc èqei epikrat sei o pÐnakac mÐxhc twn quarks na sun-
dèei quarks pou èqoun I3 = 1/2 sta arister� me quarks pou èqoun I3 = −1/2
sta dexi�, en¸ o pÐnakac mÐxhc twn leptonÐwn sundèei fortismèna leptìnia pou
èqoun I3 = −1/2 sta arister� me netrÐna pou èqoun I3 = 1/2 sta dexi�.

3.5 Allhlepidr�seic twn MpozonÐwn BajmÐdac

An ekfr�soume touc kinhtikoÔc ìrouc twn mpozonÐwn Aaµ kai Bµ sunart sei
twn W , Zµ kai Aµ ja prokÔyoun oi allhlepidr�seic metaxÔ twn mpozonÐwn
bajmÐdac. Pr�gmati apì thn èkfrash

Lgauge = −1

4
AaµνA

aµν − 1

4
BµνB

µν (164)

antikajist¸ntac

A1µ =
1√
2

(
W µ +W µ†) (165)

A2µ =
ı√
2

(
W µ −W µ†) (166)

A3µ = sin θWA
µ + cos θWZ

µ (167)
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Bµ = cos θWA
µ − sin θWZ

µ (168)

èqoume

Lgauge =− 1

2
F †WµνF

µν
W −

1

4
FZµνF

µν
Z −

1

4
FµνF

µν

+ ıe cot θW

(
F µν
W ZµW

†
ν − F

†
WµνZ

µW ν + F µν
Z W †

µWν

)
+ ıe

(
F µν
W AµW

†
ν − F

†
WµνA

µW ν + F µνW †
µWν

)
+ e2 cot2 θW

(
(WµZ

µ)
(
W †
νZ

ν
)
−
(
W µW †

µ

)
(ZνZν)

)
+ e2

(
(WµA

µ)
(
W †
νA

ν
)
−
(
W µW †

µ

)
(AνAν)

)
+ e2 cot θW

(
(WµZ

µ)
(
W †
νA

ν
)

+
(
W †
µZ

µ
)

(WνA
ν)− 2

(
W µW †

µ

)
(ZνAν)

)
+

e2

2 sin2 θW

(
(WµW

µ)
(
W †
µW

µ†)− (W †
µW

µ
)2)

(169)

AnagnwrÐzoume touc kinhmatikoÔc ìrouc twn pedÐwn sthn pr¸th gramm  kai
akoloujoÔn trigrammikèc zeÔxeic W+W−Z, trigrammikèc zeÔxeic W+W−A,
tetragrammikèc zeÔxeic W+W−ZZ, tetragrammikèc zeÔxeic W+W−AA, te-
tragrammikèc zeÔxeic W+W−AZ kai tetragrammikèc zeÔxeic W+W−W+W−.
Oi zeÔxeic faÐnontai sto sq ma (10).

33



Sq ma 10: Oi zeÔxeic twn anusmatik¸n mpozonÐwn bajmÐdac sta anusmatik�
mpozìnia bajmÐdac.

Par�rthma

4 Sumb�seic

DouleÔoume sto fusikì sÔsthma mon�dwn.

c = 1 ~ = 1 (170)

kai qrhsimopoioÔme thn metrik 

nµν =


−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 . (171)

Me aut  thn metrik  h exÐswsh Klein Gordon(
∂2

∂t2
−∇2

)
φ+m2φ = 0. (172)

gr�fetai
∂µ∂µφ−m2φ = 0 (173)
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5 ApodeÐxeic

H idiìthta thc sqèshc (48) apodeiknÔetai wc ex c: Gia �iqnouc ermhtianoÔc
pÐnakec pou apoteloÔn thn jemeli¸dh anapar�stash miac om�dac SU(N)isqÔei

Tr
(
tatb
)

=
1

2
δab. (174)

'Etsi èqoume

fabcfade = f bcafdefδaf = 2Tr
(
f bcatafdef tf

)
= 2Tr

([
tb, tc

] [
td, te

]) (175)
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