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PerÐlhyh

O stìqoc aut c thc ergasÐac eÐnai na d¸sei mia saf  eikìna gia to ka-
jierwmèno prìtupo twn stoiqeiwd¸n swmatidÐwn. Perilamb�nei mia eisagwg 
ston Path Integral formalismì kai stic JewrÐec BajmÐdac, ¸ste met� na gÐnei
katanoht  mia pl rhc parousi�sh tou Kajierwmènou ProtÔpou.

Sto Kajierwmèno prìtupo parousi�zontai analutik�: to kajierwmèno prìtu-
po twn hlektrasjen¸n allhlepidr�sewn, to opoÐo eÐnai kai to kalÔtera ori-
smèno komm�ti thc jewrÐac mac, h kbantik  qrwmodunamik  kaj¸c kai to au-
jìrmhto sp�simo summetrÐac, to je¸rhma Goldstone kai o mhqanismìc Higgs
-pou apoteleÐ kai th basikìterh ex ghsh sto p¸c ta swmatÐdia apoktoÔn maza
sto KP-. 'Epeita periorÐzetai jewrhtik� h anaz thsh gia th maza tou Higgs
kai perigr�fetai o trìpoc pou apoktoÔn m�za ta fermiìnia. To kef�laio autì
kleÐnei me ta probl mata pou parousi�zei to KP kai thn an�gkh pou up�rqei
gia mia megaloenopoihmènh jewrÐa.

Sthn anaz thsh protÔpwn pèra apì to kajierwmèno, gÐnetai mia eisagw-
gik  parousÐash thc jewrÐac epanakanonikopoÐhshc kai tou montèlou SU(5)
kai ta apotelèsmata thc efarmog c tou, ìpwc h kb�ntwsh tou hlektrikoÔ
fortÐou kai h enopoi sh twn stajer¸n zeÔxhc.EpÐshc anafèretai sunoptik�
kai o pur nac twn upersummetrik¸n montèlwn.

'Eqontac d¸sei arket� efìdia ston anagn¸sth me ta parap�nw melet�tai
jewrhtik� h baruonik  asummetrÐa tou sÔmpantoc, dhlad  h epikr�thsh sto
sÔmpan thc Ôlhc ènanti thc antiÔlhc kai trìpoi me touc opoÐouc ja mporoÔse
na exhghjeÐ.
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Kef�laio 1

Eisagwg 

Me thn ekjetik  exèlixh thc teqnologÐac kai thc episthmonik c gn¸shc, èqou-
me ft�sei plèon sto shmeÐo jèmata thc fusik c pou mporoÔsan na �ggiqjoÔn'
mìno jewrhtik�, na eÐmaste se jèsh peiramatik� na ta epibebai¸noume   na ta
aporrÐptoume. Gia ton kl�do thc fusik c stoiqeiwd¸n swmatidÐwn h perÐodoc
pou dianÔoume eÐnai exairetik� shmantik  mia kai oi peiramatikèc parathr seic
ston LHC ja epibebai¸soun   ìqi, polÔ shmantikì mèroc tou Kajierwmènou
ProtÔpou, kai twn Jewri¸n Meg�lhc EnopoÐhshc kai praktik� ja jèsoun thn
kateÔjunsh sthn opoÐa ja prèpei na kinhjoÔme, sth dhmiourgÐa miac enopoih-
mènhc JewrÐac.

Sthn ergasÐa aut  o stìqoc  tan na gÐnei mia �rtia parousÐash tou Ka-
jierwmènou ProtÔpou kai thc basik c mÐnimoum Megaloenopoihmènhc JewrÐac
BajmÐdac pou den eÐnai �llh apì thn SU(5), afoÔ pr¸ta gÐnei mia basik  pa-
rousÐash tou formalismoÔ kai twn jewri¸n pou emplèkontai sth jemelÐwsh
twn parap�nw. AnagnwrÐzontac thc elleÐyeic kai tic asumfwnÐec twn pa-
rap�nw montèlwn gÐnetai mia polÔ eisagwgik  parousÐash tou pur na thc
upersummetrÐac, wste na mporèsoume na proswr soume sto deÔtero skèloc
thc ergasÐac pou den eÐnai �llo apì thn parousÐash thc Baruonik c Asumme-
trÐac sto sÔmpan kai pijanèc exhg seic pou dÐnontai apì up�rqonta jewrhti-
k� montèla -dÐnontac èmfash perissìtero sthn parousÐash twn diaforetik¸n
proseggÐsewn, par� sthn ektetammènh an�lush mìno enìc-.

'Einai nomÐzw safèc, pwc o trìpoc me ton opoÐo ja katal xoume mellontik�
se k�poia GUT eÐnai mèsw thc zÔmwshc kai sÔnjeshc jewrhtik¸n montèlwn
apì touc emplekìmenouc kl�douc, dhlad  ton sunduasmì thc fusik c stoi-
qeiwd¸n swmatidÐwn kai kosmologÐac.

KleÐnontac thn eisagwg  aut  ja  jela na euqarist sw idiaÐtera ton epi-
blèponta thc ergasÐac, KÔrio Zoup�no, gia thn empistosÔnh kai thn upomon 
pou mou èdeixe kat� thn ekpìnhs  thc.
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Kef�laio 2

Path Inegral formalismìc kai
JewrÐec BajmÐdac

O trìpoc me ton opoÐo per�same apì thn klasik  mhqanik  sthn kbanti-
k  mhqanik  eÐnai me thn antistoÐqish twn fusik¸n megej¸n me telestèc pq
p⃗ → −i~∇ oi opoÐoi droun se klasik� pedÐa. SuneqÐzontac autìn ton trìpo
skèyhc kai antistoiqÐzwntac ta pedÐa me telestèc me dr�sh p�nw se dianÔsma-
ta pern�me sthn kbantik  jewrÐa pedÐou. Gia na proqwr soume parak�tw
eÐnai apar�ithtoc o antÐstoiqoc formalismìc pou eis qjh gia thn perigraf 
twn kbantik¸n susthm�twn, autìc twn Path Integrals. Ed¸ de ja analÔsou-
me se b�joc, all� ja parousi�soume sunoptik� ton formalismì kai k�poia
apotelèsmata pou ja qrhsimopoi soume parak�tw.

2.1 Path Inegral formalismìc

Sthn kbantik  mhqanik  prokeimènou na upologÐsoume to pl�toc met�bashc
apì mia arqik  kat�stash qi se mia telik  qf mèsa se qrìno T gr�foume:⟨

qf |e−iHT |qi
⟩

(2.1)

QwrÐzoume ton qrìno T se N diast mata di�rkeiac dT ètsi ¸ste:⟨
qf |e−iHT |qi

⟩
=
⟨
qf |e−iHδT e−iHδT ...e−iHδT |qi

⟩
(2.2)

kai me dedomèno ìti:
∫
∂q|q ⟩⟨ q| = 1 mporoÔme na gr�youme:

⟨
qf |e−iHT |qi

⟩
= (

N−1∏
j=1

∫
∂qj
⟨
qf |e−iHδT |qN−1

⟩ ⟨
qN−1|e−iHδT |qN−2

⟩
...

...
⟨
q2|e−iHδT |q1

⟩ ⟨
q1|e−iHδT |qi

⟩
)

(2.3)

9
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An t¸ra asqolhjoÔme mìno me ènan tuqaÐo par�gonta:
⟨
qj+1|e−iHδt|qj

⟩
kai

jewr soume thn perÐptwsh tou eleÔjerou swmatidÐou me Qamiltonian : H =
p̂2

2m
kai me dedomènou ìt ⟨q|p⟩ = eipq paÐrnoume:

< qj+1|e−iδt( p̂2

2m
)|qj > =

∫
∂p

2
< qj+1|e−iδt( p̂2

2m
)|p > ⟨p|qj⟩ =

=

∫
∂p

2π
e−iδt( p2

2m
)eip(qj+1−qj)

(2.4)

ìpou antikatast same ston telest  p̂ thn idiotim  tou. SuneqÐzoume, k�nontac
qr sh tou GkaousianoÔ oloklhr¸matoc:∫ +∞

−∞
∂xe−

1
2
αx2+iJ(x) =

√
2π

α
eJ

2/2α (2.5)

kai antikajist¸ntac sth (2.4) afoÔ oloklhr¸soume wc proc p èqoume:

⟨
qf |e−iHT |qi

⟩
= (

−i2πm
δt

)
N
2

N−1∏
j=0

∫
∂qje

iδt(m/2)
∑N−1

j=o [(qj+1−qj)/δt]
2

(2.6)

an t¸ra jewr soume to ìrio dt→ 0 profan¸c [(qj+1−qj)/δt] = q̇ kai
∑N−1

j=o →∫ T

0
∂t. Sto antÐstoiqo ìrio N −→ ∞ orÐzoume:∫

Dq(t) = lim
N→∞

(
−i2πm
δt

)

N
2

N−1∏
j=0

∫
∂qj (2.7)

SÔmfwna me ta parap�nw kai eis�gwntac thn Langkranzian  tou eleÔjerou
swmatidÐou h (2.7) gÐnetai:⟨

qf |e−iHT |qi
⟩
=

∫
Dq(t)ei

∫ T
0 L∂t (2.8)

AntÐstoiqo apotèlesma paÐrnoume an jewr soume to swmatÐdio se dunamikì

V (q). To
∫ T

0
L∂t eÐnai h dr�sh S. Kai gnwrÐzoume fusik� oti h klasÐkh

diadrom  pou ja akolouj sei to sÔsthma metaxÔ dÔo katast�sewn, dÐnetai
apì thn arq  thc el�qisthc dr�shc, dhlad :

δ

δq(t)
(S(q(t))) = 0 (2.9)

Gia na kleÐsoume to mètro thc olokl rwshc se antÐstoiqec thc (2.4) loipìn
eÐnai apl� to suneqèc ìrio tou ginomènou twn oloklhrwm�twn:∏

i

∫
∂pi∂qi

2π~
(2.10)
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2.2 Kb�ntwsh miac bajmwt c jewrÐac

Ac jewr soume èna bajmwtì pedÐo f kai dunamikì V. Tìte ìpwc eÐdame isqÔei:⟨
ϕf (x)|e−iHT |ϕi(x)

⟩
=

∫
∂ϕei

∫ T
0 L∂t (2.11)

ìpou ìmwc t¸ra L eÐnai h antÐstoiqh Langkranzian  tou sust matoc pou su-
noyÐzei ìla ta qarakthristik� tou sust matoc:

L =
1

2
(∂ϕµ)

2 − V (ϕ) (2.12)

H sqèsh pou mac dÐnei thn jemeli¸sh kat�stash thc Qamiltonian c < 0|0 > an
eis�goume ton sumbolismì T: qronodiatetagmèno ginìmeno twn sunart sewn:

⟨0|Tϕ(x1)ϕ(x2)ϕ(x3)...ϕ(xn)|0⟩ =
T→∞
lim

∫
Dϕϕ(x1)ϕ(x1)ϕ(x2)...ϕ(xn)e

i
∫ T
−T ∂4xL∫

Dϕei
∫ T
−T ∂4xL

(2.13)
'Opwc eÐnai anamenìmeno den mporoÔme polÔ suqn� na upologÐsoume tètoia

oloklhr¸mata opìte gia na k�noume qr sh diataraktik¸n mejìdwn ja gr�you-
me thn pl rh Langkranzian  wc: L = L0 − V (ϕ) me V (ϕ) ton ìro tou duna-
mikoÔ. An orÐsoume ton sunarthsioeid  genn tora wc mia sun�rthsh reÔmatoc
thn opoÐa an paragwgÐsoume paÐrnoume sunart seic susqètishc:

Z(J) =

∫
Dϕei

∫
∂x4(L+J(x)ϕ(x)) (2.14)

Kai wc arqikèc mac sqèseic:

δ

δJ(x)
J(y) = δ4(x− y) (2.15)

kai
δ

δJ(x)

∫
δ4J(y)ϕ(y) = ϕ(x) (2.16)

Katal goume èukola sthn èkfrash:

⟨0|Tϕ(x1)ϕ(x1)ϕ(x2)...ϕ(xn)|0⟩ =
1

Z0

(−i δ

δJ(x1)
)(−i δ

δJ(x2)
)...(−i δ

δJ(xn)
)Z0

(2.17)
Exairetik� shmantikì gia th jemelÐwsh thc jewrÐac mac eÐnai to je¸rhmaWick
to opoÐo gia na mac d¸sei to qronodiatetagmèno pl�toc met�bashc epib�lei
�jroish ana dÔo se ìlouc touc dunatoÔc sunduasmoÔc twn pedÐwn.:
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⟨0|Tϕ(x1)ϕ(x1)ϕ(x2)...ϕ(xn)|0⟩ = ⟨0|ϕ(x1)ϕ(x2)|0⟩ ... ⟨0|ϕ(xn−1)ϕ(xn)|0⟩
+ ⟨0|ϕ(x1)ϕ(x3)|0⟩ ... ⟨0|ϕ(xn−2)ϕ(xn)|0⟩+ ...

(2.18)

AfoÔ gia th jewrÐa diataraq¸n orÐzoume L = L0 + Lint to eleÔjero su-
narthsioeidèc mac eÐnai to:

Z(J) =

∫
Dϕei

∫
∂x4(L0+J(x)ϕ(x)) (2.19)

en¸ gia thn sugkekrimènh bajmwt  jewrÐa gr�fetai:

Zfree(J) = Z0e
− 1

2

∫
∂4x∂4yJ(x)DF (x−y)J(y) (2.20)

ìpou:

DF (x− y) =
i

∂2 −m2 + iϵ
(2.21)

apì to je¸rhma Wick kai mia kai èqoume dÔo mìno shmeÐa eÔkola kata-
l goume:

⟨0|Tϕ(x1)ϕ(x)ϕ(y)|0⟩ = DF (x− y) (2.22)

H parap�nw èkfrash eÐnai o diadìthc Feynman gia èna bajmwtì pedÐo (pq.
fwtonikìc diadìthc) kai eÐnai telest c, en¸ o ìroc iϵ èqei eisaqjeÐ gia na
exaleifjeÐ o pìloc tou diadìth. O fermionikìc diadìthc me thn antÐstoiqh
diadikasÐa dÐnetai apì thn èkfrash:⟨

0|Tψ(x1)ψ(x2)|0
⟩
= SF (x1 − x2) =

i

γµ∂µ −m+ iϵ
(2.23)

Gia th dieukìluns  mac kai mia kai mporoÔme me an�logo trìpo na upologÐsou-
me kai ìrouc allhlepÐdrashc - dhlad  touc kìmbouc pou emfanÐzontai- gia na
upologÐsoume ta pl�th met�bashc k�noume qr sh twn diagramm�twn kai twn
kanìnwn Feynman, ìpou ousiastik� fti�qnoume ìla ta dunat� diagr�mmata
pou mporoÔn na suneisfèroun sto pl�toc kai èpeita antÐstoiqouc kanìnec ta
upologÐzoume. Sto par�rthma up�rqoun k�poia paradeÐgmata basik¸n dia-
gramm�twn kai twn antÐstoiqwn kanìnwnFeynman.
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2.3 JewrÐec BajmÐdac

2.3.1 Abelianèc JewrÐec BajmÐdac

Oi metasqhmatismoÐ thc genik c morf c: ψ(x) → ψ
′
(x) = e−iαψ(x) kai sune-

p¸c ψ(x) → ψ′(x) = e−iαψ(x) eÐnai gnwstoÐ wc �mh topikoÐ�   �ektetamènoi�
metasqhmatismoÐ bajmÐdac. K�tw apì autoÔc touc metasqhmatismoÔc oi Lan-
gkrazianèc apì tic opoÐec prokÔptoun oi eleÔjerec jewrÐec Klein-Gordon kai
Dirac eÐnai analloÐwtec. 'Omwc autoÐ oi metasqhmatismoÐ eÐnai antÐjetoi me to
pneÔma thc sqetikìthtac -sÔmfwna me thn opoÐa mia plhroforÐa den matadÐde-
tai akariaÐa- kai sunep¸c prèpei na anazht soume metasqhmatismoÔc stouc
opoÐouc h par�metroc a ja exart�tai apì to qwroqrìno. Oi metasqhmatismoÐ
autoÔ tou tÔpou, eÐnai oi topikoÐ metasqhmatismoÐ bajmÐdac kai sqhmatÐzoun
thn om�da U(1).

ψ(x)∂µψ(x) → ψ′(x)∂µψ
′
(x) = ψ(x)eiα(x)ψ(x)∂µ(e

−iα(x)ψ(x))

= ψ(x)∂µψ(x)− iψ(x)∂µα(x)ψ(x)
(2.24)

pou profan¸c den eÐnai analloÐwth.

To pio aplì pou mporoÔme na k�noume arqik� eÐnai na doulèyoume p�nw
sth Lagkranzian  tou elèujerou hlektronÐou:

Le = ψ(x)(iγµ∂µ −m)ψ(x) (2.25)

OrÐzoume th sunalloÐwth par�gwgo:

Dµ = ∂µ + ieAµ (2.26)

en¸ antÐstoiqa metasqhmatÐzoume kai to pedÐo Aµ:

Aµ(x) → A
′

µ(x) = Aµ(x)−
1

e
∂µα(x) (2.27)

Antikajist¸ntac th sunalloÐwth par�gwgo pragmatik� blèpoume pwc h Lan-
gkranzian  eÐnai analloÐwth kai ìti gia na gÐnei autì apaiteÐtai h parousÐa
enìc anusmatikoÔ pedÐou Aµ. All� me dedomèno pwc den emfanÐzetai k�poioc
dunamikìc ìroc thc morf c ∂µAµ, ja prèpei na prosjèsoume k�poion ìro pou
na eÐnai analloÐwtoc k�tw apì metasqhmatismoÔc Lorentz kai na mhn kata-
strèfei th summetrÐa, prokeimènou na prosd¸soume sto pedÐo dunamikì rìlo.
AÔtoc eÐnai o:

FµνF
µν , me Fµν = ∂µAν − ∂νAµ (2.28)



14KEF�ALAIO 2. PATH INEGRAL FORMALISM'OS KAI JEWR'IES BAJM'IDAS

o opoÐoc eÐnai o aploÔsteroc dunatìc kai den katastrèfei thn epanakanoniko-
poihsimìthta thc jewrÐac. Sunep¸c h telik  Langkranzian  thc QED eÐnai h:

L = ψ(x)iγµDµψ(x)−mψ(x)ψ(x)− 1

4
FµνF

µν (2.29)

  alli¸c:

L = ψ(x)iγµ∂µψ(x)−mψ(x)ψ(x)− eψ(x)γµψ(x)Aµ −
1

4
FµνF

µν (2.30)

ParathroÔme ta ex c:

1) To fortÐo e èqei to rìlo miac stajer�c zeÔxhc metaxÔ tou hlektronÐou
kai tou pedÐou bajmÐdac. Den up�rqei k�ti pou na mac epib�lei oti to fortÐo
ja eÐnai Ðdio gia ìla ta stoiqei¸dh swmatÐdia.
2) To pedÐo Aµ den èqei m�za afoÔ den emfanÐzetai sthn Langkranzian  ìroc
thc morf c 1

2
m2AµA

µ kai sunep¸c to mpozìnio bajmÐdac tou hlektromagnh-
tikoÔ pedÐou (fwtìnio) eÐnai �mazo. An kai tÐpota de mac empodÐzei na pro-
sjèsoume ènan tètoio ìro m�zac, mporoÔme eÔkola na apodeÐxoume pwc den
eÐnai analloÐwtoc.(bl. Kef�laio 4)
3) To fwtìnio den allhlepidr� me ton eautì tou mia kai den emfanÐzetai tètoioc
ìroc sth Langkranzian . Profan¸c autì ofeÐletai sthn abelianìthta thc o-
m�dac.
4) H morf  thc Langkranzian c kai kat' epèktash oi allhlepidr�seic, kajo-
rÐsthkan pl rwc apì thn apaÐthsh thc analloi¸thtac kai epanakanonikopoi-
hsimìthtac.

2.3.2 Mh abelianèc jewrÐec BajmÐdac

An genikeÔsoume ta parap�nw gia thn aploÔsterh perÐptwsh thc mhc abelian 
summetrÐa SU(2) kai metèpeita gia k�je abelian  om�da èqoume:
To fermionikì pedÐo eÐnai mia isospin diplètta

ψ =

(
ψ1

ψ2

)
(2.31)

to opoÐo k�tw apì ènan SU(2) metasqhmatismì gÐnetai:

ψ → ψ
′
= e−iϵi(x)

τi
2 ψ (2.32)
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me thn antÐstoiqh sunalloÐwth par�gwgo:

∂µ → Dµ = ∂µ − ig2
τi
2
W i

µ (2.33)

ìpou g2 h stajer� zeÔxhc, τi
2
oi treic genn torec thc om�dac SU(2) kai τi oi

treic pÐnakec tou Pauli:

τ1 =

(
0 1
1 0

)
, τ2 =

(
0 −i
i 0

)
, τ3 =

(
1 0
0 −1

)
kai ϵijk oi stajerèc dom c.

(2.34)

DouleÔontac antÐstoiqa me thn abelian  perÐptwsh apaitoÔme h sunalloÐwth
par�gwgoc na metasqhmatÐzetai ìpwc kai h ψ dhlad 

Dµψ → (Dµψ)
′
= U(θ)Dµψ (2.35)

kai sunep¸c ìti:

(∂µ − ig2
τi
2
W i

µ

′
)(U(θ)ψ) = U(θ)(∂µ − ig2

τi
2
W i

µ)ψ. (2.36)

kai telik� gia polÔ mikrèc allagèc θ(x) ≪ 1

U(θ) ∼= 1− i
τθ(x)

2
(2.37)

paÐrnoume:

W i
µ → W i′

µ = W i
µ +

1

g2
∂µθi − ϵijkθjW

k
µ (2.38)

DouleÔontac akrib¸c me ton Ðdio trìpo mporoÔme na genikeÔsoume gia k�je
mh abelian  om�da. Kat' antÐstoiqÐa gia th summetrÐa SU(3) paÐrnoume:

ψ → ψ
′
= eiαi(x)

λi
2 ψ (2.39)

∂µ → Dµ = ∂µ − ig3
λi
2
Gi

µ (2.40)

Gi
µ → Gi′

µ = Gi
µ +

1

g3
∂µαi − fijkαjG

k
µ (2.41)
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kai t¸ra mporoÔme na gr�youme thn antÐstoiqh pl rh Langkranzian  thc mh
Abelian c JewrÐac BajmÐdac gia thn SU(3) kai na genikeÔsoume gia k�je mh
abelian  jewrÐa:

L = ψ(iγµ∂µ −m)ψ

− 1

4
(∂µG

i
ν − ∂νG

i
µ)(∂

µGiν − ∂νGiµ)

+ g3G
i
µψγ

µψ

− g3fijk∂µG
i
µG

jµGkν

− 1

4
g23fijkfilmG

j
µG

k
νG

lµGmν

(2.42)

Sthn parap�nw Langkranzian  kai se ìlec tic Yang Mills jewrÐec mporo-
Ôme na parathr soume ta ex c:
1) H morf  thc Langkranzian c kajorÐsthkan kai p�li pl rwc apì thn apl 
arqik  apaÐthsh topik c summetrÐac bajmÐdac.
2) Ta mpozìnia bajmÐdac eÐnai �maza afoÔ den emfanÐzetai ìroc GµG

µ

3) H stajer� zeÔxhc eÐnai h Ðdia gia allhlepidr�seic twn mpozonÐwn bajmÐdac
metaxÔ touc(3   4 boson couplings)   me thn Ôlh.
4) Sthn perÐptwsh thc SU(3) ta mpozìnia bajmÐdac eÐnai ta gklouìnia kai ta
antÐstoiqa fermiìnia eÐnai ta kou�rk.



Kef�laio 3

StoiqeÐa JewrÐac
EpanakanonikopoÐhshc

An jewr soume peript¸seic mh mhdenik c t�xhc thc jewrÐac diataraq¸n, em-
fanÐzontai brìqoi sta diagr�mmata Feynman kai kat' epèktash apeirismoÐ sta
antÐstoiqa oloklhr¸mata. O stìqoc tou parìntoc kefalaÐou eÐnai na d¸sei
k�poia sunoptik� stoiqeÐa gia to pwc akrib¸c mporoÔme na apofÔgoume auto-
Ôc touc apeirismoÔc kai tèloc na eis�gei thn ènoia twn metablht¸n stajer¸n
zeÔxhc kai thc om�dac epanakanonikopoÐhshc pou ja sunant soume parak�tw.
JA asqolhjoÔme apokleistik� me apeirismoÔc pou aforoÔn stic polÔ uyhlèc
ormèc (UV ).

3.1 ApoklÐnonta diagr�mmata kai apeiri-

smoÐ

Gia na k�noume mia eisagwg  me paradeÐgmata ja anaferjoÔme sthn Kbantik 
hlektrodunamik  thc opoÐac ta mìna swmatÐdia/ diadìtec eÐnai ta hlektrìnia
kai ta fwtìnia. Qarakthristik� apoklÐnonta diagr�mmata eÐnai:
To self energy di�gramma tou hlektronÐou:

17
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To self energy di�gramma tou fwtonÐou:

To di�gramma diìrjwshc enìc brìqou ston kìmbo thc QED

Parak�tw ja doÔme sugkekrimèna p¸c na epanakanonikopoioÔme mèqri t�xhc
enìc brìqou. PrÐn proqwr soume ìmwc ja doÔme mia an�lush gia to p¸c upo-
logÐzoume ton epifaneiakì bajmì apìklishc enìc diagr�mmatoc Feynman. H
genik  sqèsh eÐnai:

D = dL− 2Pi − Ei (3.1)

ìpou èqoume orÐsei:

d = Oi diast�seic tou qwroqrìnou

L = Arijmìc brìqwn

Pi = Arijmìc eswterik¸n fwtonik¸n gramm¸n

Ei = Arijmìc eswterik¸n fermionik¸n gramm¸n

(3.2)

'Opwc eÐnai profanèc autì isoÔtai me th diafor� twn dun�mewn thc orm c ston
arijmht  kai ton paronomast . Ac jumhjoÔme pwc k�je di�gramma Feynman
gr�fetai genika:

A =

∫
∂4k1...∂

4kn
γµki...k2jk

2
l

(3.3)

An eÐs�goume ènan UV cut off ìro sto p�nw ìrio thc olokl rwshc wste na
katano soume kalÔtera mporoÔme èukola na doÔme ìti gia:

D > 0 ⇒ A ∝ ΛD kai sunep¸c to A apoklÐnei

D = 0 ⇒ A ∝ log(Λ) kai sunep¸c to A apoklÐnei logarijmik�

D < 0 ⇒ to A suklÐnei

(3.4)
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All� h parap�nw an�lush apotugq�nei arqik� na perigr�yei me akrÐbeia th
sumperifor� enìc diagr�mmatoc, me qarakthristikìtèro par�deigma, autì enìc
qwrÐc brìqouc kai diadìtec stic 4 diast�seic, gia to opoÐo dÐnei mhdèn en¸ to
di�gramma den apoklÐnei. An loipìn eis�goume:

n = Arijmìc kìmbwn

Pe = Arijmìc exwterik¸n fwtonik¸n gramm¸n

Ee = Arijmìc exwterik¸n fermionik¸n gramm¸n

(3.5)

JewroÔme ton arijmì twn anex�rthtwn orm¸n pou lìgw diat rhshc se k�je
kìmbo eÐnai:

L = Ei + Pi − n+ 1 (3.6)

Kai afoÔ k�je kìmboc dÐnei gia ta hlektrìnia dÔo grammèc pou an eÐnai exw-
terik� metroÔntai mia, en¸ an eÐnai eswterik� dÔo:

2n = 2Ei + Ee (3.7)

Kai antÐstoiqa gia ta fwtìnia:

2n = 2Pi + Pe (3.8)

PaÐrnoume telik� antikajist¸ntac sthn 3.1:

D = d+ n(
d

2
− 2)− (

d− 1

2
)Ee − (

d− 2

2
)Pe (3.9)

An t¸ra jewr soume oti douleÔoume stic 4 diast�seic paÐrnoume:

D = 4− 3Ee

2
− Pe (3.10)

An efarmìsoume sto self energy diagram tou hlektronÐou Ee = 2, Pe =
0 ⇒ D = 1 kai epalhjeÔoume apì touc kanìnec tou Feynman ìti to �jroisma
ìlwn twn 1 loop PI diagramm�twn tou eÐnai:

−i
∑

(p) = (−ie)2
∫

∂4k

(2π)4
γµ

i

γµpµ − γµkµ −m

−igµν
k2

γν , (3.11)

me 4 dun�meic tou k ston arijmht  kai 3 ston paronomast  �ra D = 1. An-
tÐstoiqa gia to self energy diagram tou fwtonÐou paÐrnoume D = 2 pou epa-
lhjeÔetai apì touc kanìnec tou Feynman:

−i
µν∏

(k) = −(−ie)2
∫

∂4p

(2π)4
Tr(γµ

i

γµpµ −m
γν

i

γµpµ − γµkµ −m
). (3.12)
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3.2 Diastatik  omalopoÐhsh

Oi diadikasÐec omalopoÐhshc eÐnai mèjodoi apomìnwshc twn apoklÐsewn sta
oloklhr¸mata Feynman, ¸ste na dieukolÔnjei metèpeita h diadikasÐa thc epa-
nakanonikopoÐhshc. Up�rqoun arketèc tètoiec mèjodoi, ìpwc gia par�deigma
h eisagwg  enìc cut off ìrou ston fwtonikì diadìth:

1

k2
−→ 1

k2
− 1

k2 − Λ2
=

Λ2

k2(k2 − Λ2)
(3.13)

stic opoÐec metèpeita paÐrnoume to ìrio L → ∞. Parìmoia eÐnai kai h oma-
lopoÐhsh Pauli-Villars sthn opoÐa eis�getai èna fantastikì mazikì pedÐo M.
Par'ìla aut� kai oi dÔo autèc mèjodoi eÐnai exairetik� problhmatikèc stic mh
abelianèc jewrÐec.

Sth diastatik  omalopoÐhsh upologÐzoume ìla ta antÐstoiqa oloklhr¸ma-
ta Feynman se d diast�seic, opìte kai ja èqoume ìlo kai pio sugklÐnonta
diagr�mmata. Tèloc, p�irnoume to ìrio d → 4 kai paÐrnoume èna apotèlesma
pou eÐnai peperasmèno kai xeqwrist� ton apeirismì. An gr�youme th Lan-

gkranzian  thc Kbantik c Hlektrodunamik  me ton par�gonta µ
4−d
2 wste ìloi

oi ìroi na èqoun tic swstèc diast�seic m�zac, paÐrnoume:

L = ψ(x)iγµ∂µψ(x)−mψ(x)ψ(x)− eµ
4−d
2 Aµψ(x)γ

µψ(x)− 1

4
FµνF

µν (3.14)

Ac to efarmìsoume t¸ra se èna apì ta basik� apoklÐnonta diagr�mmata autì
tou SELF ENERGY diagr�mmatoc tou e:∑

(p) = ie2µ4−d

∫
∂dk

(2π)d
γµ(p− k +m)

[(p− k)2 −m2]k2
=

= ie2µ4−d

∫ 1

0

∂z

∫
∂dk

(2π)d
γµ(p− k +m)

[(p− k)2z −m2z + k2(1− z)]2

(3.15)

ìpou k�name qr sh tou

1

[(p− k)2 −m2]k2
=

∫ 1

0

∂z

[(p− k)2z −m2z + k2(1− z)]2
(3.16)

K�nontac tic pr�xeic kai jètontac e=4-d sth sun�rthsh G -me pìlo sto 0
paÐrnoume telik�:∑

(p) = − e2

16π2
Γ(ϵ/2)

∫ 1

0

∂z(2p(1− z)− 4m− ϵ[p(1− z) +m])

× (
−m2z + p2z(1− z)

4pµ2
)−ϵ/2 =

=
e2

8π2ϵ
(−p+ 4m) + peperasmenouc ìrouc

(3.17)
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ìpou qrhsimopoi same apì th sun�rthsh G�mma:

Γ(−n+ ϵ) = −(−1)n

n!
[
1

ϵ
+ ψ1(n+ 1) +O(ϵ)] =⇒

Γ(1− d/2) = Γ(−1 + ϵ/2) = −2

ϵ
− 1 + γ +O(ϵ)

(3.18)

me
γ = −ψ1(1) = 0.577 (3.19)

kai

ψ1(n+ 1) = 1 +
1

2
+ ...+

1

n
− γ (3.20)

Oi peperasmènoi ìroi �n kai polÔplokoi den ephre�zontai apì th di�stash
tou q¸rou kai thn par�metro e, all� exart¸ntai apì thn aujaÐreth m�za m
pou eis�game arqik� sthn Langkranzian  (kai plèon ja agnooÔntai).

Me thn Ðdia akrib¸c -epÐponh- mèjodo to mporoÔme na katal xoume se
antÐstoiqa apotelèsmata kai gia �llec peript¸seic diagramm�twn.

3.3 EpanakanonikopoÐhsh

Se sunèqeia thc parap�nw mejìdou prèpei na broÔme trìpo na xanagr�youme
thn Langkranzian  me k�poio trìpo wste na exafanÐsoume touc ìrouc pou
apeirÐzontai eis�gontac nèouc ìrouc (counter terms). H mèjodoc aut  ono-
m�zetai Minimal Subtraction Scheme.

Γ2(p) = SF (p)
−1 −

∑
(p) = γµpµ −m− e2

8π2ϵ
(−γµpµ + 4m)

= γµpµ(1 +
e2

8π2ϵ
)−m(1 +

e2

8π2ϵ
)

(3.21)

ìpou antikatast same profan¸c thn 3.17 kai parathroÔme ìti oi counter termc
pou ja eis�goume ja prèpei epÐshc na eÐnai mh peperasmènoi. H gumn  Lan-
gkranzian  ja prèpei na grafeÐ b�sh twn kanonikopoihmènwn pedÐwn me thn
prosj kh enìc èxtra ìrou ¸c:

Lbare
1 = i(1 +B)ψ∂µψ − (m+ A)ψψ (3.22)

opìte arkeÐ na epilegìÔn ta A, B (gia thn pio apl  perÐptwsh se t�xh e2 ¸ste
na dÐnoun peperasmèno propagator:

e2

8π2ϵ
(γµpµ + 4m) + A−Bγµpµ (3.23)
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kai profan¸c:

A = −me2

2π2ϵ

B = − e2

8π2ϵ

(3.24)

OrÐzoume t¸ra th gumn  kumatosun�rthsh:

ψbare =
√
1 + Bψr =

√
Z2ψr (3.25)

kai gr�foume thn Langkranzian : iψbγ
µ∂µψb −mbψbψb

ìpou:

mb =
m+ A

Z2

= m(1− 3e2

8π2ϵ
) = m+ δm (3.26)

ParathroÔme oti h gumn  m�za eÐnai diaforetik  apì th fusik  k�ti pou den
perimènoume na sumbaÐnei sthn perÐptwsh pq tou vacuum polarization. Sthn
perÐptwsh aut  o fwtonikìc diadìthc tropopoieÐtai wc ex c:

Dµν(k) = −gµν
k2

(1− e2

6π2ϵ
− e2k2

60π2m2
)− e2kµkν

6π2ϵk4
+ ... (3.27)

H gumn  Langkranzian  sthn perÐptwsh aut  ja gr�fetai:

Lb = −(
1

4
+
C

4
)FµνF

µν + ... = −Z3

4
FµνF

µν (3.28)

en¸ sthn perÐptwsh thc sun�rthshc kìmbou:

Lb = −(1 +D)eµϵ/2Aµψγµψ = −Z1eµ
ϵ/2Aµψγµψ (3.29)

MporoÔme èukola na doÔme ìti Z3 = Z1 kai sunep¸c sundu�zontac ìlec tic
parap�nw paÐrnoume thn olik  Langkranzian :

L =iψbγ
µ∂µψb

−mbψbψb

− eµϵ/2Z
−1/2
3 Aµ

bψbγµψb

− 1

4
(∂µAνb − ∂νAµb)

2

(3.30)
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3.4 Metablhtèc stajerèc zeÔxhc kai su-

nart seic b

Gia na k�noume mia eisagwg  stic metablhtèc stajerèc zeÔxhc arkeÐ na sug-
krÐnoume thn arqik  morf  miac apl c QEDallhlepÐdrashc pou eÐnai h:

L = −ψγµeAµψ kai thc antÐstoiqhc gumn c posìthtac

L = −eµϵ/2Z
−1/2
3 Aµ

bψbγµψb

(3.31)

Profan¸c oi posìthtec pou èqoun k�poio fusikì nìhma apì pleur�c allh-
lepidr�sewn kai diergasi¸n eÐnai oi kanonikopoihmènec kai ìqi oi arqikec po-
sìthtec thc Langkranzian c. Opìte kai to fusikì fortÐo ìpwc ja to lème,
ousiastik� perigr�fei thn èntash me thn opoÐa allhlepidroÔn duo fortismèna
swmatÐdia. Autì pou gÐnetai safèc apì thn parap�nw exÐswsh eÐnai oti to for-
tÐo autì plèon den eÐnai stajerì, all� metab�letai an�loga me ton par�gonta
m pou eis�game aujaÐreta kai anaparist� thn energeiak  klÐmaka sthn opoÐa
briskìmaste.

En olÐgoic, oi metablhtèc stajerèc zeÔxhc eÐnai oi stajerèc zeÔxhc al-
lhlepidr�sewn metaxÔ dÔo swmatidÐwn twn opoÐwn h tim  exart�tai apì thn
energeiak  klÐmaka sthn opoÐa exet�zontai. Gia thn perÐptwsh tou hlektriko-
Ô fortÐou pio sugkekrimèna an paragwgÐsoume thn prohgoÔmenh exÐswsh kai
antikajist¸ntac e=0 paÐrnoume:

µ
∂e

∂µ
=

e3

12π2
(3.32)

me lÔsh:

e2(µ) =
e2(µ0)

1−
e2(µ0)ln

µ
µ0

6π2

(3.33)

sthn opoÐa profan¸c to e aux�nei kaj¸c aux�nei to m, dhlad  h energeiak 
klÐmaka.

Oi sunart seic b H sun�rthsh b sthn perÐptwsh thc Kbantik c hle-
ktrodunamik c orÐzetai wc h diaforik  exÐswsh tou fortÐou pou parousi�same
parap�nw, dhlad :

β(e) = µ
∂e

∂µ
(3.34)

AntÐstoiqa isqÔoun kai gia thn perÐptwsh twn mh Abelian¸n jewri¸n kai twn
upìloipwn stajer¸n zeÔxhc me th diafor� oti sth mh abelian  perÐptwsh, oi
stajerèc zeÔxhc mei¸nontai me thn aÔxhsh thc energeiak c klÐmakac teÐnontac
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asumptwtik� proc to mhdèn. Oi sunart seic b pou perigr�foun autèc tic
stajerèc èqoun th morf :

β(g) = − g3

(4π)2
[
11

3
C2(G)−

4

3
nfC(r)] (3.35)

ìpou C oi telestèc Casimir kai nf o arijmìc twn fermionik¸n geÔsewn.



Kef�laio 4

To kajierwmèno prìtupo

Gia na perigr�youme ta stoiqei¸dh swmatÐdia kai tic allhlepidr�seic pou
gnwrÐzoume mèqri s mera qreiazìmaste treic eswterikèc summetrÐec kai ka-
t� sunèpeia treic antÐstoiqec jewrÐec bajmÐdac. To eujÔ ginìmeno twn dÔo
aploÔsterwn om�dwn U(1), SU(2) apoteleÐ to kajierwmèno prìtupo twn Hle-
ktrasjen¸n allhlepidr�sewn, to opoÐo eÐnai kai to kalÔtera orismèno komm�ti
thc jewrÐac mac kai perigr�fei tic hlektrasjeneÐc kai asjeneÐc purhnikèc du-
n�meic. Sunduazìmeno me thn om�da SU(3) pou perigr�fei thn kbantik  qrw-
modunamik  -isqurèc purhnikèc dun�meic- mac dÐnei telik� autì pou apokaloÔme
Kajierwmèno Prìtupo (KP) sth swmatidiak  fusik .

4.1 To kajierwmèno prìtupo twn hlektra-

sjen¸n allhlepidr�sewn

SÔmfwna me ta prohgoÔmena oi om�dec SU(2) kai U(1) apì mìnec touc, den
eÐnai se jèsh na perigr�youn enopoihmèna tic hlektrasjeneÐc allhlepidr�seic.
Me dedomèno oti qreiazìmaste tèssereic genn torec èqei endiafèron na mele-
t soume to eujÔ ginìmenì touc. H om�da pou dhmiourgeÐtai eÐnai h SU(2)×U(1)
kai ìpwc ja doÔme, katafèrnei na perigr�yei me exairetik  akrÐbeia tic hle-
ktrasjeneÐc allhlepidr�seic.

Ja arqÐsoume k�nontac mia parousÐash ìlwn twn ulik¸n pedÐwn kai twn
pedÐwn bajmÐdac thc jewrÐac:

Ta ulik� pedÐa eÐnai oi treic genièc leptonÐwn kai kou�rk.Oi dexiìstrofec
sunist¸sec touc sqhmatÐzoun anaparast�seic me asjenèc isotopikì spin I = 0
se singlets. Oi aristerìstrofec p�li sqhmatÐzoun anaparast�seic me asjenèc
isotopikì spin I = 1

2
se doublets. H epilog  twn antÐstoiqwn sunistws¸n

25
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gÐnetai me:

ψL =
1− γ5

2
ψ

ψR =
1 + γ5

2
ψ,

(4.1)

en¸ akoloujeÐtai p�nta h sqèsh pou sundèei to uperfortÐo me th probol  tou
asjenoÔc isotopikoÔ spin kai tou hlektrikoÔ fortÐou:

Y = 2Q− 2I3 (4.2)

Sugkentrwtik� loipìn èqoume:

liL =

(
νe
e

)
L

,

(
νµ
µ

)
L

,

(
ντ
τ

)
L

(4.3)

Qi
L =

(
u
d

)
L

,

(
c
s

)
L

,

(
t
b

)
L

(4.4)

liR = eR , µR , τR (4.5)

υiR = υR , cR , tR (4.6)

diR = dR , sR , bR (4.7)

Sta pedÐa bajmÐdac t¸ra, èqoume èna pedÐo Bµ pou antistoiqeÐ ston gen tora
thc U(1) kai afor� stic hlektromagnhtikèc allhlepidr�seic. AntÐstoiqa h
om�da SU(2) èqei tria pedÐa pou antistoiqoÔn se treic genn torec. 'Ola ta
pedÐa bajmÐdac eÐnai mpozìnia me spin èna kai ìpwc eÐdame se prohgoÔmeno
kaef�laio dÐnontai apì:

Bµν = ∂µBν − ∂νBµ (4.8)

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g2ε

abcW b
µW

c
ν (4.9)

Pio sugkekrimèna ta pedÐa pou sundèontai me touc SU(2) topikoÔc metasqh-
matismoÔc bajmÐdac sqhmatÐzoun thn anapar�stash:

Wµ =

W 1
µ

W 2
µ

W 3
µ

 (4.10)

OrÐzontac t¸ra tic pio �bolikèc� gia em�c katast�seic pou aforoÔn stic for-
tismènec kai afìrtistec antÐstoiqa:

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ) , W

o
µ = W 3

µ (4.11)
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mporoÔme na melet soume touc ìrouc thc Langkranzian c pou aforoÔn stic
U(1) kai SU(2) allhlepidr�seic:

L = −
∑
f

fiγµ(ig1
Y

2
Bµ + ig2

τi
2
W i

µ)f (4.12)

AnaptÔssontac th, gia na melet soume arqik� thn hlektromagnhtik  al-
lhlepÐdrash paÐrnoume qwrist� ta komm�tia thc Lagkranzian c pou aforoÔn
stic U(1) kai SU(2) allhlepidr�seic:

Lf (U(1)) =
g1
2
[YL(νLγ

µνL + eLγ
µeL) + YReRγ

µeR + Y
′

L(uLγ
µuL+

dLγ
µdL) + Y

′

RuRγ
µuR + Y ”

RdRγ
µdR]Bµ

(4.13)

Lf (SU(2)) =
g2
2
[νLγ

µνLW
o
µ +

√
2νLγ

µeLW
+
µ

√
2eLγ

µνLW
−
µ −

eLγ
µeLW

o
µ + uLγ

µuLW
o
µ +

√
2uLγ

µdLW
+
µ +

√
2dLγ

µuLW
−
µ − dLγ

µdLW
o
µ ]

(4.14)

sugkrÐnoume touc ìrouc allhlepÐdrashc tou hlektronÐou kai tou antÐstoiqou
netrÐnou me th Langkranzian  thc hlektromagnhtik c allhlepÐdrashc tou h-
lektronÐou:

LEM = −e(eLγµeL + eRγ
µeR)Aµ (4.15)

,ìpou Aµ to pedÐo tou fwtonÐou.
EpÐshc sundu�zontac tic dÔo exis¸seic paÐrnoume touc ìrouc allhlepÐdra-

shc gia to hlektrìnio kai to netrÐno:

eLγ
µeL(

g1
2
YLBµ −

g2
2
W o

µ) + eRγ
µeR(

g1
2
YRBµ) (4.16)

νLγ
µνL(

g1
2
YLBµ −

g2
2
W o

µ) (4.17)

'Eqontac apait sei orjogwniìthta paÐrnoume ta nèa kanonikopoihmèna pedÐa:

Zµ =
g2W

o
µ − g1YLBµ√
g22 + g21Y

2
L

= cos(θW )W o
µ − sin(θW )Bµ (4.18)

Aµ =
−g1YLW o

µ + g2Bµ√
g22 + g21Y

2
L

= sin(θW )W o
µ + cos(θW )Bµ (4.19)

sta opoÐa antikatast same tic timèc tou uperfortÐou gia ta fermiìnia kai
eisag�game th gwnÐac meÐxhc θW twn hlektrasjen¸n allhlepidr�sewn:

sin θW =
g1√
g22 + g21

, cos θW =
g2√
g22 + g21

(4.20)
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Ta nèa pedÐa gr�fontai t¸ra wc:(
Aµ

Zµ

)
=

(
cos θW sin θW
− sin θW cos θW

)
=

(
Bµ

W o
µ

)
(4.21)

AnaptÔssontac peretaÐrw wc proc ta pedÐa Zµ kai Wµ telik� paÐrnoume
tic ekfr�seic:

Gia ta oudètera reÔmata paÐrnoume apì thn Langkranzian , mèsw thc
allhlepÐdrashc tou pedÐou Z me ta fermiìnia th genik  èkfrash:

g2
cos θW

[fLγ
µfL(T3f −Qf sin

2 θW ) + fRγ
µfR(−Qf sin

2 θW )] (4.22)

Gia ta fortismèna reÔmata h antÐstoiqh èkfrash pou paÐrnoume eÐnai:

g2√
2
[(νLγ

µeL + υLγ
µdL)W

+
µ + (eLγ

µνL + dLγ
µuL)W

−
µ ] (4.23)

Tèloc èqei endiafèron na anafèroume pwc lìgw thc mh abelianìthtac thc
om�dac SU(2) ta mpozìnia bajmÐdac eÐnai dunatì na allhlepidr�soun metaxÔ
touc mia kai emfanÐzontai ìroi zeugar¸matoc trÐthc kai tètarthc t�xhc sth
Langkranzian .

Sq ma 4.1: W boson
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4.2 Kbantik  Qrwmodunamik 

H trÐth eswterik  summetrÐa twn stoiqeiwd¸n swmatidÐwn mporeÐ na perigra-
feÐ apì thn om�da SU(3) pou afor� sto nèo bajmì eleujerÐac pou eÐnai to
�qr¸ma�. K�je kou�rk mporeÐ na up�rxei se mia apì treic katast�seic qr¸ma-
toc: KìkkinoR, Pr�sino G   Mplè B .Oi katast�seic qr¸matoc eÐna dèsmiec,
dhlad  den mporoÔn na up�rxoun eleÔjerec sth fÔsh. Oi sunduasmoÐ pou
emfanÐzontai eÐnai qqq   qq, ¸ste na eÐnai p�nta qwrÐc qr¸ma.

Oi foreÐc thc isqur c aut c allhlepÐdrashc eÐnai ta 8 �maza gklouìnia ta
opoÐa sundèontai me touc genn torec thc ìm�dac, touc 3x3 pÐnakec Gell-Mann:

λ1 =

0 1 0
1 0 0
0 0 0

 , λ2 =

0 −i 0
i 0 0
0 0 0

 , , λ3 =

1 0 0
0 −1 0
0 0 0

 , λ4 =

0 0 1
0 0 0
1 0 0


(4.24)

λ5 =

0 0 −i
0 0 0
i 0 0

 , , λ6 =

0 0 0
0 0 1
0 1 0

 , , λ7 =

0 0 0
0 0 −i
0 i 0

 , λ8 =
1√
3

1 0 0
0 1 0
0 0 −2


(4.25)

AntÐstoiqa me touc pÐnakec tou Pauli oi pÐnakec Gell-Mann eÐnai ermitianoÐ
kai èqoun Ðqnoc mhdèn. IkanopoioÔn thn �lgebra thc om�dac SU(3)

[λi

2
,
λj

2
] = ifijk

λk

2
kai,

f123 = 1, f147 =
1
2
, f516 =

1
2
, f246 =

1
2
, f257 =

1
2
, f345 =

1
2
, f637 =

1
2

f458 =
√
3
2
, f678 =

√
3
2
.

To komm�ti thc Langkranzian c pou afor� -sÔmfwna me ta prohgoÔmena-
sthn Kbantik  Qrwmodunamik  eÐnai:

LQCD =

nf∑
col

q(iγµDµ −m)q − 1

2
tr[GµνG

µν ] (4.26)

me nf tic 6 geÔseic twn kouark kai ton deÐkth “col” na trèqei p�nw se ìla.

Ga
µν = ∂µG

a
ν − ∂νG

a
µ + g3f

abcGb
µG

c
ν (4.27)

Dµ = (∂µ − i
g3λ

aGa
µ

2
) (4.28)

H QCD eÐnai mia mh abelian  jewrÐa kai sunep¸c sth Langkranzian 
emfanÐzontai ìroi allhlepÐdrashc metaxÔ twn gklouonÐwn -kìmboi 3 kai 4-.
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En antijèsei ìmwc me tic hlektrasjeneÐc allhlepidr�seic pisteÔoume pwc ta
gklouìnia eÐnai �maza ìpwc problèpetai arqik� apì th jewrÐa kai sunep¸c den
up�rqei h an�gkh na prosjèsoume aujaÐreta ìrouc m�zac   na jewr soume
pwc èqoume aujìrmhto sp�simo thc summetrÐac.

Tèloc gia na kleÐsoume eqei endiafèron na anafèroume oti ta kou�rk se
polÔ mikrèc apost�seic (uyhlèc enèrgeiec) allhlepidroÔn asjen¸c, en¸ ìso
oi apost�seic aux�nontai oi allhlepidr�seic gÐnontai exairetik� isqurèc. Au-
t  h sumperifor� anafèretai wc �asumptwtik  eleujerÐa� kai lìgw aut c ta
kouark emfanÐzontai se dèsmiec katast�seic. Dhlad  me morf  (R)(G)(B)  
(color)(color).

Mia endiafèrousa parat rhsh Sthn wc t¸ra perigraf  tou mon-
tèlou ìla ta pedÐa eÐnai �maza. GnwrÐzoume ìmwc -peiramatik�-, pwc autì
den isqÔei gia ta mpozìnia bajmÐdac twn Hlektrasjen¸n allhlepidr�sewn kai
fusik� den isqÔei gia ta fermiìnia. An apopeirajoÔme na prosjèsoume auja-
Ðreta ìrouc m�zac, ja parabiasteÐ h summetrÐa SU(2)xU(1). 'Oso afor� sta
fermiìnia kai tic antÐstoiqec m�zec touc èqoume sugkekrimèna:

mfff = mf (
1

2
(1− γ5) +

1

2
(1 + γ5)) = mf (fRfL + fLfR) (4.29)

analÔontac apl� stic probolèc touc. Autìc o ìroc eÐnai mh analloÐwtoc mia
kai oi aristerìstrofec sunist¸sec eÐnai doublets , en¸ oi dexiìstrofec sin-
glets. Gia ton lìgo autì qreiazìmaste èna mhqanismì pou ja dÐnei �fusik��
m�zec sta W± kai Z, en¸ ja af nei ta gklouìnia kai to fwtìnio �maza.

4.3 To je¸rhma Goldstone

Wc eisagwg  gia ton mhqanismì Higgs sto Kajierwmèno Prìtupo ja xeki-
n soume jewr¸ntac èna pragmatikì bajmwtì pedÐo f me Langkranzian :

L =
1

2
∂µϕ∂

µϕ− 1

2
µ2ϕ2 − 1

4
λϕ4 (4.30)

ìpou µ o ìroc m�zac kai l h stajer� zeÔxhc. 'Oroi me dun�meic megalÔte-
rec tou tèssera eÐnai mh epanakanonikopoi simec.

'An l kai µ2 eÐnai jetik� tìte to el�qisto tou dunamikoÔ eÐnai ⟨0|ϕ2|0⟩ = 0
kai h Langkranzian  perigr�fei apl� èna swmatÐdio m�zac m kai spin mhdèn.
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All� an µ2 < 0, tìte to dunamikì èqei el�qisto:

⟨
0|ϕ2|0

⟩
= −µ

2

λ
= υ2 ⇒ υ =

√
−µ2

λ
(4.31)

H tim  υ tou f onom�zetai anamenìmenh tim  tou f wc proc to kenì.

Gia na melet soume ti sumbaÐnei sthn perioq  tou elaqÐstou orÐzoume
ϕ(x) = υ + η, ìpou to h parist�nei kbantikèc diegèrseic gÔrw apì to ke-
nì. Epeid  h arqik  Langkranzian  eÐnai analloÐwth ston metasqhmatismì
ϕ −→ −ϕ, mporoÔme epÐshc na gr�youme ϕ(x) = −υ + η. Eis�gwntac to nèo
pedÐo sthn Langkranzian  paÐrnoume:

L =
1

2
∂µη∂

µη − µ2η2 −
√

−µ2λη3 − 1

4
λη4 + const. (4.32)

Arqik� parathroÔme pwc èqei qajeÐ h arqik  summetrÐa ϕ −→ −ϕ mia kai
plèon emfanÐzontai kubikoÐ ìroi,afou h arqik  eklog  tou kenoÔ f=u, antÐ
gia f=-u thn èqei èqei sp�sei. H parap�nw Langkranzian  perigr�fei èna
fusikì bajmwtì pedÐo m�zac m2 = −2µ2 kai dÔo ìrouc autozeugar¸matoc:
ènan kubikì me èntash u

√
2λ kai ton η4 me èntash 1

4
λ.

Sq ma 4.2: Sp�simo summetrÐac - Goldstone
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AntÐstoiqa ja exet�soume kai thn lÐgo pio sÔnjeth perÐptwsh to enìc mi-
gadikoÔ bajmwtoÔ pedÐou:

ϕ = (ϕ1+iϕ2)√
2

me Langkranzian :

L =
1

2
(∂µϕ1)

2 +
1

2
(∂µϕ2)

2 − [
1

2
µ2(ϕ1

2 + ϕ2
2) +

1

4
λ(ϕ1

2 + ϕ2
2)

2
] (4.33)

me ektetamènh U(1) summetrÐa. Me parìmoio trìpo h basik  kat�stash brÐske-
tai sto el�qisto dunamikì kai p�li èqoume tic peript¸seic:
a) gia µ2 > 0 tìte èqoume el�qisto sto ϕ = ϕ∗ = 0 me to µ na parist�nei th
m�za twn pedÐwn

b) gia µ2 < 0 tìte èqoume el�qisto sto |ϕ|2 = −µ2

2λ
= υ2

2
to opoÐo grafik�

brÐsketai kat� m koc thc perifèreiac tou kÔklou |ϕ| = υ√
2
. GÔrw apì autì to

shmeÐo loipìn efarmìzoume diataraqèc me th morf :

ϕ(x) = η(x)eiθ(x), kai sunep¸c ϕ(x) = [
υ + h(x)√

2
]eiθ(x), (4.34)

me h kai j ta duo fusik� pedÐa gia ta opoÐa: ⟨0|h|0⟩ = 0, ⟨0|θ|0⟩ = 0.

Sq ma 4.3: Sp�simo summetrÐac migadikoÔ bajmwtoÔ pedÐou -El�qista
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H Langkranzian  t¸ra paÐrnei th morf :

L =
1

2
∂µh∂

µh− (
υ + h√

2
)2∂µθ∂

µθ − (λυ2h2 + λυh3 +
1

4
λh4) + const. (4.35)

kai parathroÔme ìti to pedÐo h èqei m�za Ðsh me m2
h = 2λυ2, en¸ to pedÐo j

eÐnai �mazo. 'Ara apì to sp�simo thc summetrÐac èqoun prokÔyei èna �mazo
kai èna mazikì bajmwtì pedÐo.
Sunep¸c katal goume pwc �Gia k�je aujìrmhta spasmènh summetrÐa, h jew-
rÐa perièqei �maza bajmwt� swmatÐdia pou onom�zontai mpozìnia Goldstone. O
arijmìc touc eÐnai Ðsoc proc ton arijmì twn spasmènwn gennhtìrwn�.(Je¸rhma
Goldstone)

Thn Ðdia akrib¸c diadikasÐa mporoÔme na akolouj soume sth perÐptwsh
miac doublet bajmwt¸n migadik¸n pedÐwn, h opoÐa eÐnai kai h perÐptwsh tou
mhqanismoÔ Higgs.



34 KEF�ALAIO 4. TO KAJIERWM'ENO PR'OTUPO

4.4 O mhqanismìc Higgs sto kajierwmèno

prìtupo

'Opwc anafèrame kai parap�nw up rqe h an�gkh sth jewrÐa tou kajierwmènou
protÔpou na apodojoÔn m�zec sta W± kai Z mpozìnia, af nontac ìmwc tau-
tìqrona to fwtìnio �mazo. Sunep¸c jèloume na sp�soume treic apì touc
tèsseric genn torec thc U(1) × SU(2), h opoÐa ìmwc se antÐjesh me ta para-
p�nw paradeÐgmata, eÐnai mh abelian  kai perimènoume oti to fwtìnio telik� ja
prokÔptei mèsa apì k�poio sunduasmì apì ta arqik� �maza mpozìnia bajmÐdac.
Tèloc de mac endiafèrei na sp�soume thn SU(3) summetrÐa mia kai apoteleÐ
ìpwc anafèrame mia akrib  summetrÐa bajmÐdac.

Gia na xekin soume eis�goume thn SU(2) du�da bajmwt¸n pedÐwn, mia kai
qreiazìmaste toul�qiston treic bajmoÔc eleujrÐac:

ϕ =

(
ϕ+

ϕo

)
kai Υϕ = +1 (4.36)

me ta ϕ+ kai ϕo na eÐnai antÐstoiqa:

ϕ+ =
1√
2
(ϕ1 + iϕ2), kai ϕ

o =
1√
2
(ϕ3 + iϕ4) (4.37)

kai to antÐstoiqo dunamikì:

V (ϕ) = µ2ϕ+ϕ+ λϕ+ϕ, (4.38)

AntÐstoiqa me ta prohgoÔmena gia µ2 < 0 to el�qisto sumbaÐnei gia:

ϕ+ϕ = −µ
2

2λ
=
υ2

2
. (4.39)

AnaptÔssontac thn oudèterh sunist¸sa tou f, epilègoume:

ϕ1 = ϕ2 = ϕ4 = 0 kai sunep¸c:

⟨0|ϕ|0⟩ = ϕo =

(
0
υ√
2

)
(4.40)

AnaptÔsoume gÔrw apì to kenì kai gr�foume to ϕ(x):
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ϕ(x) = ei
τiθi(x)

υ

(
0

υ+H(x)√
2

)
=

1√
2

(
θ2 + iθ1

υ +H − iθ3

)
(4.41)

Antikajist¸ntac t¸ra sth Langkranzian :

L =
1

2
(Dµϕ)

+(Dµϕ)− 1

2
µ2ϕ+ϕ− 1

4
λϕ+ϕ

2
(4.42)

me

Dµ = ∂µ −
1

2
ig1Bµ − ig2

τi
2
Wµ

i (4.43)

kai k�nontac qr sh twn pedÐwn W±
µ , Zµ kai Aµ, pou orÐsame prohgou-

mènwc:

W± =
1√
2
(W 1

µ ∓ iW 2
µ) (4.44)

Zµ =
g2W

o
µ + g1YLBµ√
g22 + g21Y

2
L

(4.45)

Aµ =
−g1YLW o

µ + g2Bµ√
g22 + g21Y

2
L

(4.46)

paÐrnoume telik�:

LH =
1

2
(∂µH)2 +

1

4
g2

2υ2W+
µ W

µ− +
1

4
υ2(g21 + g22)Zµ − λυ2H2 +

g22υH

2
W+

µ W
µ−

+
g22H

2

4
W+

µ W
µ− +

υ(g22 + g21)

4
ZµZ

µ − λυH3 − λH4

4
(4.47)

'Opwc mporoÔme eÔkola na parathr soume, oi m�zec twn mpozonÐwn eÐnai:

MW± =
g2υ

2
, MZ =

υ
√
g22 + g21
2

(4.48)

en¸ to fwtìnio èqei parameÐnei �mazo mia kai den emfanÐzetai ìroc thc morf c
AµA

µ.Sunep¸c katafèrame me to aujìrmhto sp�simo thc SU(2)xU(1) summe-
trÐac na d¸soume m�za sta mpozìnia bajmÐdac Z kai W, pou aporrìfhsan ta
tria Goldstone mpozìnia, en¸ to fwtìnio paramènei �mazo.
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4.4.1 M�zec fermionÐwn

Autì pou akoloujeÐ logik� eÐnai to na exet�soume an me ton parap�nw mhqani-
smì mporoÔme na d¸soume m�za kai sta fermiìnia tou kajierwmènou protÔpou.
Gia na to k�noume autì eis�goume èna komm�ti sth Langkranzian  pou afor�
stic allhlepidr�seic twn fermionÐwn kai twn pedÐwn f, analloÐwto k�tw apì
metasqhmatismoÔc bajmÐdac SU(2)xU(1).(Ed¸ ja anaferjoÔme mìno sta fer-
miìnia thc pr¸thc oikogèneiac. An�loga douleÔoume kai gia ta upìloipa.)
Eis�goume to pedÐo

ϕc = iτ2ϕ
∗ =

(
ϕo∗

−ϕ−

)
me U=-1 (4.49)

¸ste na mporèsoume na d¸soume m�za sto u kouark. Oi ìroi ge, gd, gu eÐnai oi
legìmenoi ìroi Yukawa. Sunep¸c:

L = −ge(lϕeR + eRϕ
+l)− gd(qϕdR + dRϕ

+q)− gu(qϕ
cuR + uRϕ

c+q) (4.50)

Antikajist¸ntac ìpwc kai ston mhqanismì Higgs sth Langkranzian  me
ta pedÐa:

ϕ =

(
0

υ+H(x)√
2

)
kai ϕc =

(
υ+H(x)√

2

0

)
antÐstoiqa paÐrnoume telik�: (4.51)

L = −geυ√
2
(eLeR + eReL)−

gdυ√
2
(dLdR + dRdL)−

guυ√
2
(uLuR + uRuL)

− geH√
2
(eLeR + eReL)−

gdH√
2
(dLdR + dRdL)−

guH√
2
(uLuR + uRuL)

(4.52)

me profaneÐc ìrouc m�zac:

me =
geυ√
2
,md =

gdυ√
2
,mu =

geυ√
2

(4.53)

To shmantikì prìblhma se autì to komm�ti thc jewrÐac eÐnai pwc oi stajerèc
Yukawa, ìpwc kai o ìroc zeÔxhc l eÐnai aujaÐretec stajerèc kai kat' epèktash
de mporoÔn na upologistoÔn jewrhtik� oi m�zec twn fermionÐwn kai aut  tou
Higgs.
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4.4.2 Ta swmatÐdia Z, W

'Eqoume sunep¸c katal xei stic ekfr�seic pou mac dÐnoun tic m�zec twn en-
di�meswn dianusmatik¸n mpozonÐwn Z, W kai se ekfr�seic gia tic m�zec twn
fermionÐwn kai tou Higgs. 'Opwc ìmwc anafèrame kai prohgoumènwc oi sta-
jerèc gf Yukawa ìpwc kai h stajer� zeÔxhc l tou ìrou ϕ4 tou Higgs eÐnai
aujaÐretec kai sunep¸c oi m�zec twn swmatidÐwn den mporoÔn na problefjoÔn
jewrhtik�, par� mìno na perioristoÔn se k�poia ìria apì apait seic kai/ 
peiramatik� dedomèna.

Sthn perÐptwsh twn dianusmatik¸n mpozonÐwn ìmwc, me b�sh peiramatik�
dedomèna pou èqoume apì th di�spash tou muonÐou gia th stajer� tou Fermi

G =
g22

4
√
2M2

W

=
1

2
√
2
υ2 (4.54)

mporoÔme na upologÐsoume thn anamenìmenh timh u wc proc to kenì:

υ ≃ 246 GeV (4.55)

kai kat' epèktash mporoÔme na problèyoume jewrhtik� tic m�zec twn:

MW = 78, 6 GeV, MZ = 89, 3 GeV (4.56)

pou fusik� èqoun epibebaiwjeÐ peiramatik� me meg�lh akrÐbeia. AxÐzei ed¸ na
anafèroume oti oi asjeneÐc allhlepidr�seic anafèrontai wc �asjeneÐc�, akri-
b¸c epeid  to GFermi eÐnai polÔ mikrì. AntÐstoiqa mporoÔme na poume pwc
oi m�zec twn W , Z eÐnai meg�lec kai autèc eÐnai pou mei¸noun shmantik� thn
èntash twn asjen¸n allhlepidr�sewn.

4.4.3 To swmatÐdio Higgs

Mèqri t¸ra melet same touc mhqanismoÔc m�zac ìlwn twn swmatidÐwn sto KP
ektìc apì tou Higgs. Ed¸ ja asqolhjoÔme apokleistik� me to mpozìnioHiggs,
ìpwc mporoÔme na to ermhneÔsoume b�sh twn prohgoÔmenwn kai tautìqrona na
jèsoume apì aplèc apait seic touc periorismoÔc gia thn perioq  ìpou mporeÐ
na brÐsketai h m�za tou.

An parathr soume thn 7.2 ja broÔme �mesa ton ìro pou ekfr�zei th m�za
tou Higgs apì ton tetragwnikì ìro:

M2
H = 2λυ2 (4.57)
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en¸ gia touc ìrouc allhlepÐdrashc tou Higgs me ton eautì tou èqoume sÔm-
fwna me touc kanìnec tou Feynman:

gH3 = (3!)iλυ =
3iM2

H

υ
, gH4 = (3!)iλ =

3iM2
H

υ2
(4.58)

Sth Langkranzian  aut  epÐshc emfanÐzontai oi stajerèc zeÔxhc me ta
mpozìnia bajmÐdac kai apì thn antÐstoiqh twn fermionÐwn me ta fermiìnia! E-
Ôkola mporoÔme na p�roume t¸ra:

gHV V = i
g22υ

2
= −2i

MW

υ

gHHV V = i
g22
4

= −2i
MW

υ2

gHff = i
mf

υ

(4.59)

4.4.4 JewrhtikoÐ periorismoÐ sth m�za tou Higgs

Pèra apì touc periorismoÔc pou èqoun tejeÐ apì peirm�mata pou diex qjhsan
h m�za tou Higgs mporeÐ na periorÐsteÐ apì dÔo apait seic:
•H JewrÐa na mhn eÐnai tetrimmènh
•Stajerìthta tou kenoÔ.

An exet�soume tic diorj¸seic aktinobolÐac enìc brìgqou lamb�nontac
mìno up' ìyin tic suneisforèc tou mpozìnÐou Higgs h metabol  tou l me thn
energeiak  klÐmaka Q pou prokÔptei perigr�fetai apì tin exÐswsh thc om�dac
epanakanonikopoÐhshc:

∂λ(Q2)

∂logQ2
=

3λ2(Q2)

4π2
+ ìroi an¸terhc t�xhc (4.60)

An jèsoume wc klÐmaka th fusik  klÐmaka anafor�c u, paÐrnoume:

λ(Q2) = λ(υ2)[1− 3λ(u2)

4π2
log

Q2

υ2
]−1 (4.61)

Sthn perÐptwsh pou jewr soume ìti h enèrgeia eÐnai polÔ qamhlìterh thc
u, Q2 << υ2, tìte λ(Q2) ∼ λ(υ2)/ log(∞) → 0+. kai h jewrÐa mac eÐnai
tetrimmènh qwrÐc allhlepidr�seic. Sthn antÐjeth perÐptwsh ìpou
Q2 >> υ2, tìte h λ(Q2) ∼ λ(υ2)/ log(1 − 1) → ∞. To shmeÐo apeirismoÔ
onom�zetai πoλoςLandau kai eÐnai:

Λc = ue
4π2υ2

M2
H (4.62)
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Qrhsimopoi¸ntac thn parap�nw èkfrash mporoÔme na upologÐsoume gia poièc
timèc thc m�zac tou Higgs, to l paramènei peperasmeno. Dhlad  gia Q2 < Λc

kai tìte èqoume ton periorismì:

M2
H . 8π2υ2

3 log Λc

υ2

(4.63)

Gia par�deigma sthn klÐmaka energei¸n enopoÐhshc, Λc ∼ 1016GeV =⇒
MH 6 200GeV , en¸ gia enèrgeiec thc t�xhc tou 1TeV =⇒MH 6 750GeV .

Sth perioq  ìpou to l eÐnai arket� meg�lo eÐnai logikì na jewr soume mìno
tic suneisforèc tou Higgs, all� sth genik  perÐptwsh ja prèpei na sumperi-
l�boume kai tic suneisforèc fermionÐwn kai mpozonÐwn. Mia kai oi stajerèc
zeÔxhc tou Higgs eÐnai an�logec thc m�zac, mìno oi m�zec tou kouark top kai
twn mazik¸n mpozonÐwn ja lhfjoÔn up'ìyh. Me dedomèno ìti:λt =

√
2mt/υ

h exÐswsh thc om�dac epanakanonikopoÐhshc gia diorj¸seic enìc brìgqou kai
λ≪ lt.g1, g2 dÐnetai proseggistik�:

∂λ

∂ logQ2
≃ 1

16π2
[12λ2 − 12

m4
t

u4
+

3

16
(2g42 + (g21 + g22)

2)] (4.64)

Sq ma 4.4: higgs mass constraints
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Jewr¸ntac xan� wc anafor� thn hlektrasjen  klÐmaka u, èqei lÔsh:

λ(Q2) = λ(υ2) +
1

16π2
[−12

m4
t

u4
+

3

16
(2g42 + (g21 + g22)

2)] log
Q2

υ2
(4.65)

an to l eÐnai t¸ra polÔ mikrì h suneisfor� thc m�zac tou top kou�rk
epikrateÐ kai èqei ¸c apotèlesma λ(Q2) < 0 pou odhgeÐ se dunamikì V (Q2) <
V (υ) kai sunep¸c se kenì pou den èqei el�qisto kai ara den eÐnai stajerì.
Autì jètei ènan isqurì periorismì thc m�za tou Higgs pou dÐnetai apì:

M2
H >

υ2

8π2
[−12

m4
t

u4
+

3

16
(2g42 + (g21 + g22)

2)] log
Q2

υ2
(4.66)

Gia enèrgeiec thc klÐmakac ∼ 103GeV ⇒ MH > 70GeV , en¸ gia enèrgeiec
thc klÐmakac enopoÐhshc ∼ 1016GeV ⇒MH > 130GeV . Touc dÔo parap�nw
periorismoÔc mporoÔme na doume sto di�gramma.

4.5 MÐxeic fermionÐwn

Gia na oloklhrwjeÐ to Kajierwmèno Prìtupo mènei mono na parousi�soume
ton mhqanismì GIM kai thn an�mixh twn fermionÐwn mèsw tou pÐnaka CKM pou
eÐnai kai upeÔjunoc gia thn CP violation stic hlektrasjeneÐc allhlepidr�seic.
JewroÔme kai p�li arqik� mìno duo oikogèneiec kou�rk kai met� ja genike-
Ôsoume. Tìte kai sumfwna me tic prohgoumena gia ta fortismèna reÔmata pou
aforoÔn sth met�bash apì th mia oikogèneia sthn �llh ja èqoume:

JforJµ
ϕoρ = υγµ

1− γ5

2
d+ cγµ

1− γ5

2
s (4.67)

Me dedomèno ìti ta peiramatik� dedomèna deÐqnoun oti oi idiokatast�seic m�zac
den tautÐzontai me tic asjeneÐc idioktast�seic, mporoÔme na gr�youme tic a-
sjeneÐc idiokatast�seic wc sun�rthsh twn idiokatast�sewn m�zac:(

d′

s′

)
= V

(
d
s

)
(4.68)

me pÐnaka mÐxhc

V =

(
cos(θ) sin(θ)
− sin(θ) cos(θ)

)
(4.69)

Sunep¸c h ?? gÐnetai:

Jµ
ϕøρ = υγµ

1− γ5

2
d cos(θ) + cγµ

1− γ5

2
s sin(θ)

− cγµ
1− γ5

2
d sin(θ) + cγµ

1− γ5

2
s cos(θ)

(4.70)
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kai parathroÔme ìti pleon oi dunatèc metab�seic den eÐnai dÔo all� tèssereic,
ìlec an�logec miac gwnÐac mÐxhc j, thc gwnÐac Cabibbo h opoÐa èqei metrhjeÐ
peiramatik� perÐpou stic 13 moÐrec.

An k�noume thn Ðdia diadikasÐa gia ta oudètera reÔmata ja anakalÔyoume
pwc eÐnai diag¸nia kai proc tic idiokatast�seic thc m�zac kai proc tic asjene-
Ðc idiokatast�seic. 'Ara, telik�, ta swmatÐdia pou summetèqoun stic asjeneÐc
allhlepidr�seic eÐnai swmatÐdia me m�zec oi opoÐec eÐnai grammikoÐ sunduasmoÐ
twn idiokatast�sewn tou pÐnaka m�zac.

GenikeÔontac t¸ra gia ìlec tic oikogèneiec twn kou�rk mporoÔme na gr�you-
me gia ta fortismèna reÔmata:

Jµ
ϕ = (uct)γmuPLV

ds
b

 (4.71)

katal goume ston pÐnaka V, Kobayashi - Maskawa o opoÐoc eÐnai 3 × 3
orjog¸nioc kai sunep¸c èqei 3 pragmatikèc paramètrouc (gwnÐec mÐxhc) oi o-
poÐec ìmwc eÐnai eleujerec kai upologÐzontai peiramatik� kai mia f�sh h opoÐa
k�tw apì thn anastrof  sto qrìno eιδ −→ e−ιδ eis�gei parabÐash thc sum-
metrÐac T,   isodÔnama thc summetrÐac CP. Ed¸ axÐzei na shmeiwjeÐ pwc autì
sumbaÐnei akrib¸c epeid  up�rqoun 3 oikogèneiec kouark. Sth perÐptwsh pou
up rqan mìno dÔo, h sqetik  f�sh de ja  tan aparaÐthth kai de ja up rqe
kamÐa apolÔtwc parabÐash summetrÐac.

Sq ma 4.5: KobayashiMaskawa

4.6 H an�gkh gia mia megaloenopoihmènh

jewrÐa

'Eqontac oloklhr¸sei thn parousÐash tou kajierwmènou protÔpou èqei nìhma
na k�noume mia axiolìghs  tou kaj¸c kai twn apotelesm�twn pou mac dÐnei.
To kajierwmeno prìtupo kat�fere na d¸sei èna koinì plaÐsio mèsa sto opoÐo
mporoÔme na perigr�youme me meg�lh akrÐbeia tic asjeneÐc, hlektromagnhtikèc
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kai isqurèc allhlepidr�seic perilamb�nontac ìla ta mèqri t¸ra gnwst� ulik�
pedÐa. Ta peiramatik� dedomèna èqoun mèqri s mera epibebai¸sei to montèlo
me exairetik� uyhl  akrÐbeia kai to mìno to opoÐo perimènoume enagwnÐwc e-
Ðnai h telik  epibebaÐwsh (  ìqi) thc Ôparxhc tou �swmatidÐou Higgs� kai thc
mazac tou apì to LHC. Se autì to shmeÐo ja anarwtiètai kaneÐc oti afoÔ to
montèlo eÐnai tìso apodotikì giatÐ y�qnoume gia k�poio na to antikatast sei.

Oi lìgoi eÐnai arketoÐ kai xekin�ne apì thn Ðdia th fÔsh tou KP. Me lÐgh
prosoq  mporeÐ na parathrhjeÐ pwc to KP perilamb�nei 18(!) anex�rthtec
paramètrouc pou eÐte prèpei na prosdioristoÔn peiramatik�, eÐte na eisaqjoÔn
�aujaÐreta� apì �llec jewrÐec. Autèc oi par�metroi eÐnai: oi 9 ìroi Yukawa,
oi treic stajerèc zeÔxhc, oi 4 par�metroi ston pÐnaka KM kai ta l, m tou
Higgs.

Akìmh, me dedomèno oti y�qnoume gia mia enopoihmènh jewrÐa èqei endia-
fèron na broÔme thn aploÔsterh dunat  om�da pou ja perigr�fei tautìqro-
na tic allhlepidr�seic. H paroÔsa SU(3)xSU(2)xU(1) eÐnai m�llon k�pwc
polÔplokh, en¸ to SU(3) komm�ti thc jewrÐac eÐnai praktik� autìnomo, en
antijèsei me ta �lla dÔo. Tèloc h ìm�da aut  ja ofeÐlei na parèqei mia koin 
stajer� zeÔxhc gia ìlec tic allhlepidr�seic, h opoÐa ja exart�tai apì thn
energeiak  klÐmaka sthn opoÐa ja exet�zetai.

Pèra ìmwc apì aut� ta probl mata tou montèlou, an to sugkrÐnoume me
kosmologik� peiramatik� apotelèsmata paÐrnoume mia diafor� sthn upologi-
zìmenh puknìthta enèrgeiac sto sÔmpan thc t�xhc tou 1053 me th tim  pou
upologÐsame gia to υ. To prìblhma autì thc enèrgeiac tou kenoÔ anafèretai
wc to prìblhma thc kosmologik c stajer�c.

EpÐshc to KP den katafèrnei na exhg sei to prìblhma thc baruonik c a-
summetrÐac -pou ja melet soume parak�tw-, den problèpei upoy fia swmatÐdia
gia th skotein  Ôlh kai mazik� netrÐna kai fusik� den perilamb�nei kajìlou
th barÔthta.

Gia touc parap�nw loipìn lìgouc kai èqontac wc b�sh to KP mac endia-
fèrei na anazht soume eurÔterec jewrÐec pou ja enopoioÔn ìlec tic allhle-
pidr�seic kai ja lÔnoun me �fusiko� trìpo ta parap�nw problhmata...



Kef�laio 5

Pèra apì to kajierwmèno
prìtupo

5.1 To montèlo SU(5)

Gia to enopoihmèno montèlo eÐdame pwc qreiazìmaste k�poio, pou na mporeÐ na
perigr�yei ìla ta up�rqonta fermiìnia kai mpozìnia tou Kajierwmènou Pro-
tÔpou, en¸ tautìqrona na enopoieÐ tic allhlepdr�seic -dhlad  tic stajerèc
zeÔxeic- se mia koin . 'Eqoun protajeÐ poll� montèla pou ja mporoÔsan na
perigr�youn ta parap�nw to pio aplì ìmwc eÐnai to SU(5). Autì giatÐ eÐnai
epark¸c meg�lo gia na perièqei tic summetrÐec tou SU(3) × SU(2) × U(1)
mia kai eÐnai t�xhc tèssera, ìso kai to KP kai tautìqrona den eis�gei nea
fermiìnia.

Ja xekin soume parousi�zontac th basik  dom  tou montèlou. K�je ana-
par�stash k�tw apì metasqhmatismoÔc SU(5) mporeÐ na grafeÐ wc:

ψij...
kl... → U i

mU
j
nU

s
kU

t
l ...ψ

mn...
st... , (5.1)

me ìlouc touc deÐktec na trèqoun apì to èna mèqri to pènte kai touc 5 × 5
pÐnakec na dÐnontai apì:

[U ]im = [eia
aλa/2]im (5.2)

Oi λa gia a= 0,1,2,...,23, eÐnai oi genikeumènoi 5 × 5 pÐnakec Gell-Mann
(bl. par�rthma) pou eÐnai ermitianoÐ kai èqoun Ðqnoc mhdèn, ¸ste oi U na eÐnai
monadiaÐoi. Gia na apokt sei h anapar�stash to SU(3)× SU(2) perieqìmneo
tou Kajierwmènou protÔpou orÐzoume touc treic pr¸touc deÐktec wc deÐktec
qr¸matoc kai tou upìloipouc duo wc SU(2) deÐktec. Sunep¸c mporoÔme na
gr�foume ton k�je deÐkth ¸c

i = (a, r), a = 1, 2, 3, r = 4, 5 (5.3)

43
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5.1.1 Fermiìnia

Sto kajierwmèno SU(3)×SU(2)×U(1) montèlo up�rqoun 15 aristerìstrofa
fermionik� pedÐa dÔo sunistws¸n gia k�je geni�. 'Opwc k�name antÐstoiqa kai
sthn parousÐash tou KP, ja melet soume mìno thn pr¸th geni�. H jewrÐa
loipìn èqei ¸c ex c:

(νe, e
−)L : (1, 2)

(ua, da)L : (3, 2)

e+L : (1, 1)

ucaL : (3∗, 1)

dcaL : (3∗, 1)

(5.4)

gia tic idiìthtec metasqhmatismoÔ twn fermionÐwn k�tw apì thn SU(3) ×
SU(2). Ta parap�nw gr�fontai ètsi me dedomèna ta ìsa gnwrÐzoume apì
tic allhlepidr�seic twn swmatidÐwn apì to KP. Ta leptìnia pou de summe-
tèqoun stic isqurèc allhlepidr�seic topojetoÔntai se singlet anapar�stash
thc SU(3), en¸ antÐjeta ta kouark se triplet. Gia tic isqurèc allhlepidr�seic
den èqoume diafor� ston metasqhmatismì aristerìstrofwn kai dexiìstrofwn,
all� k�tw apì th dr�sh thc SU(2) ta dexiìstrofa den ephre�zontai. Me ton
deÐkth c anaferìmaste sth suzugÐa fortÐou:

ψc = Cγoψ = iγ2ψ∗ , (ψR)
c = (ψL)

c = ψc
L. (5.5)

To antÐstoiqo perieqìmeno twn aploÔsterwn SU(5) anaparast�sewn loi-
pìn eÐnai:

jemeli¸dhc anapar�stash : 5 = (3, 1) + (1, 2)

migadik  suzug c anapar�stash : 5∗ = (3∗, 1) + (1, 2∗)

antisummetrik  5Q5 anapar�stashψij = −ψij : 5 = (3∗, 1) + (3, 2) + (1, 1)

(5.6)

Sunep¸c mia fermionik  geni� mporeÐ na anaparastajeÐ apì mia anag¸gimh
anapar�stash SU(5): 5∗ + 10   5 + 10:

5∗ : (ψi)L = (dc1dc2dc3e− − νe)L, (5.7)

5 : (ψi)R = (d1d2d3e
+ − νce)R, (5.8)
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10 : (Xij)L =
1√
2


0 uc3 −uc2 u1 d1

−uc3 0 uc1 u2 d2
uc2 −uc1 0 u3 d3
−u1 −u2 −u3 0 e+

−d1 −d2 −d3 e+ 0


L

(5.9)

Sth perÐptwsh thc miac geni�c oi idiokatast�seic bajmÐdac eÐnai Ðdiec me au-
tèc tic m�zac. 'Otan ìmwc eisaqjoÔn kai oi upìloipec genièc, antÐstoiqa me thn
perÐptwsh tou KP oi idiokatast�seic bajmÐdac ja dÐnontai apì kat�llhlouc
grammikoÔc snduasmoÔc twn idiokatast�sewn m�zac.

5.1.2 Kb�ntwsh tou hlektrikoÔ fortÐou

Mia akìmh �mesh sunèpeia thc epibol c tou montèlou eÐnai h kb�ntwsh tou h-
lektrikoÔ fortÐou pou parathroÔme peiramatik�. Autì sumbaÐnei apl� giati oi
idiotimèc twn mh abelian¸n om�dwn eÐnai diakritèc en¸ thc U(1) suneqeÐc. Mia
kai to hlektrikì fortÐo eÐnai ajroistikìc kbantikìc arijmìc ja prèpei na einai
k�poioc grammikìc sunduasmìc twn diag¸niwn gennhtìrwn thc om�dac.apì thn:

Q = T3 +
Y

2
= T3 + cT0 (5.10)

Sunolik� up�rqoun tèssereic diag¸nioi genn torec thc SU(5) apì touc
opoÐouc mac endiafèroun autoÐ pou anaparistoÔn to T3 kai to T0. AutoÐ eÐnai
antÐstoiqa oi:

λ3 =
1

2


0

0
0

1
−1

 , λ0 =
1

2
√
15


2

2
2

−3
−3

 (5.11)

UpologÐzoume th stajer� c mèsw thc exÐswshc tou uperfortÐou:

Y (5) = (−2

3
,−2

3
,−2

3
, 1, 1) = cλ0 (5.12)

h opoÐa mac dÐnei

c = −
√

5

3
. (5.13)

ParathroÔme ìti sthn exÐswsh 5.10 to fortÐo den èqei �llec suneisforèc
pèra apì autèc pou sunant same sto KP, en¸ lìgw tou c profan¸c den eÐnai
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kanonikopoihmèno kat�llhla wste na apoteleÐ genn tora thc SU(5). Gia na
epalhjeÔsoume ta parap�nw upologÐzoume:

Q(ψi) =


−1

3

−1
3

−1
3

1
0

 = Qiδij. (5.14)

Profan¸c gia th migadik  suzug  anapar�stash isqÔei:

Q(ψi) = −Qiδij (5.15)

kai apì tic idiìthtec twn tanust¸n (bl. 5.1) èqoume:

Q(ψij) = Qi +Qj (5.16)

Q(ψj
i ) = Qi −Qj (5.17)

Autèc ìmwc oi posìthtec eÐnai ta diag¸nia stoiqeÐa tou Q gia tic 10 kai 24
multiplets. Kai ìpwc faÐnetai apì thn 5.14 mac dÐnetai h sqèsh metaxÔ qr¸ma-
toc kai fortÐou, mia kai èqoume apait sei Ðqnoc mhdèn:

3Qd +Qe+ = 0 (5.18)

Sunep¸c blèpoume pwc ta kou�rk èqoun fortÐo to 1/3 tou leptonÐou akrib¸c
epeid  emfanÐzontai se trÐa qr¸mata. H enopoÐhsh SU(5), loipìn mac dÐnei mia
apl  kai ìmorfh ex ghsh gia to fainìmeno.

5.1.3 Mpozìnia BajmÐdac

H SU(5)adjoint anapar�stash eÐnai di�stashc 52 − 1 = 24 me mia SU(3) ×
SU(2) an�lush:

24 = (8, 1) + (1, 3) + (1, 1) + (3, 2) + (3∗, 2). (5.19)

K�nontac qr sh thc 5.3 sÔmbashc mporoÔme eÔkola na antistoiqÐsoume ta
mpozìnia tou Kajierwmènou ProtÔpou apì tic exis¸seic 4.45, 4.46 , 4.44:

Aa
b , (8, 1) : ta gklouìnia Ba

b , τηςSU(3)

Ar
s, (1, 3) : ta dianusmatik� mpozìnia W : W± = W 1∓W 2

√
2

−
√

1
15
Aa

a+−
√

3
20
Ar

r, (1, 1) : to pedÐo B thcU(1)pou antistoiqeÐ sto diag¸nioAi
j

to opoÐo den an kei oÔte sthn SU(3), oÔte sthn SU(2)
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Blèpoume oti mac apomènoun 12 pedÐa bajmÐdac pou den emfanÐzontai ka-
jìlou sto Kajierwmèno Prìtupo kai èqoun tautìqrona SU(3) × SU(2) pe-
rieqìmeno. Aut� ta anafèroume wc Q, U mpozìnia:

Ar
a : (3, 2) = (Xa, Ya) , A

a
r : (3

∗, 2) =

(
Xa

Ya

)
twn opoÐwn ta fortÐa eÐnai antÐstoiqa:

QX = −4

3
kai QY = −1

3
. (5.20)

Aut� antall�sontai se metab�seic kou�rk - leptonÐwn kai gi autì ton lìgo
onom�zontai leptokou�rkc. EÐnai ta mpozìnia me ta opoÐa jewrhtik� mporeÐ na
exhghjeÐ h di�spash tou prwtonÐou kai pijan¸c h baruonik  asummetrÐa sto
sÔmpan.

An topojet soume ìla ta SU(5) mpozìnia pou emfanÐzontai se ènan 5× 5
pÐnaka:

A =
23∑
a=0

Aaλ
a

2
=

1√
2


X1 Y1

[G− 2B/
√
30]ab X2 Y2

X3 Y3
X1 X2 X3

W 3
√
2
+ 3B√

30
W+

Y1 Y2 Y3 W− −W 3
√
2
+ 3B√

30


(5.21)

T¸ra, profan¸c, to aujìrmhto sp�simo summetrÐac sto montèlo autì ja
prèpei na gÐnetai se dÔo st�dia me teleÐwc diaforetik  klÐmaka m�zac lìgw twn
upèrbarwn maz¸nMX,Y >> MW,Z kai sunep¸c ja qreiastoÔme dÔo multiplets
pedÐwn Higgs me u1 >> u2. Parastatik� ja èqoume:

SU(5)
u1−→ SU(3)× SU(2)× U(1)

u2−→ SU(3)× U(1)

5.1.4 Aujìrmhto sp�simo summetrÐac

SÔmfwna me ta ìsa melet same sto fainìmeno Higgs , eÐdame oti dÐnei m�zec sta
mpozìnia bajmÐdac kaj¸c stoiqei¸dh bajmwt� pedÐa anaptÔssoun mh mhdenik 
anamenìmenh tim  sto kenì. Gia na èqoume sth jewrÐa mac dÔo diaforetikèc
klÐmakec m�zac ja prèpei na jewr soume dÔo bajmwt� pedÐa pou na dÐnoun
diaforetikèc anamenìmenec timèc wc proc to kenì. JewroÔme loipìn ta dÔo
pedÐa Hj

i sthn adjoint kai dianusmatik  ϕi anapar�stash:

SU(5)
<H>−→ SU(3)× SU(2)× U(1)

<ϕ>−→ SU(3)× U(1) (5.22)
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To SU(5) analloÐwto dunamikì tètarthc t�xhc eÐnai:

V (H,ϕ) = V (H) + V (ϕ) + λ4(trH
2)(ϕ†ϕ) + λ5(ϕ

†H2ϕ). (5.23)

V (H) = −m2
1(trH

2) + λ1(trH
2)2 + λ2(trH

4), (5.24)

V (ϕ) = −m2
2(ϕ

†ϕ) + λ3(ϕ
†ϕ)2. (5.25)

ìpou jèsame thc diakritèc summetrÐec H → −H kai ϕ → −ϕ gia na
apallagoÔme apì touc ìrouc trÐthc t�xhc. O H eÐnai ermitianìc pÐnakac me
Ðqnoc mhdèn.

Gia na sp�soume dÔo forèc th summetrÐa y�qnoume arqik� timèc tou H
diaforetikèc tou mhdèn gia dunamik� me ϕ = 0. 'Epeita y�qnoume gia bajÔtera
ken� tou dunamikoÔ gia polÔ mikrèc timèc tou ϕ. ApodeiknÔetai oti gia λ2 > 0
kai λ1 > − 7

30
λ2, to V (H) èqei akrìtato gia H = ⟨H⟩ me:

⟨H⟩ = υ1


2

2
2

−3
−3

 (5.26)

me

υ21 =
m2

1

(60λ1 + 14λ2)
. (5.27)

AntÐstoiqa me thn pÐnaka pou dhmiourg same sthn 5.21 orÐzoume:

H ′ = H − ⟨H⟩ =


HX1 HY1

[H8]
a
b − 2H0/

√
30 HX2 HY2

HX3 HY3

H†
X1

H†
X2

H†
X3

H†
Y1

H†
Y2

H†
Y3

[H3]
r
s +

3H0√
30


(5.28)

To f�sma maz¸n t¸ra dÐnetai apì th deÔterh par�gwgo tou dunamikoÔ sto
H =< H >. Mia kai h H eÐnai adjoint anapar�stash h sunalloÐwth paragw-
goc gr�fetai:

DµH = ∂µH + ig[Aµ, H] = ∂µH
′ + ig[Aµ, ⟨H⟩] (5.29)

O kinhtikìc ìroc |DµH|2 kat� ta gnwst� tou KP ja perièqei ènan ìro thc
morf c g2|[Aµ, ⟨H⟩]|2 , pou ja eÐnai o ìroc m�zac gia ta mpozìnia bajmÐdac.
Apì thn 5.26 blèpoume ìti o H metatÐjetai me touc genn torec thc upoom�dac
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SU(3)× SU(2)× U(1) kai sunep¸c den emfanÐzontai ìroi m�zac gia ta pedÐa
G,W,B. Ta Q, U mpozìnia ìmwc apoktoÔ m�za afoÔ �aporrof soun� ta
dunhtik� goldstoneHX , HY kai telik� paÐrnoume:

MX =MY =

√
25

2
gυ1. (5.30)

To gegonìc oti h H anaptÔssei mh mhdenik  anamenìmenh tim  sto kenì
ephre�zei kai ta bajmwt� pedÐa F mèsw twn λ4, λ5 (bl.5.23). Ta (ϕa, ϕr) (tri-
plètta qr¸matoc, diplètta geÔshc) ja apoktoÔn sunep¸c ìrouc m�zac:

m2
t = −m2

2 + (30λ4 + 4λ5)υ
2
1 (5.31)

m2
d = −m2

2 + (30λ4 + 9λ5)υ
2
1 (5.32)

dhlad  met� to pr¸to st�dio tou aujìrmhtou spasÐmatoc summetrÐac ìlec oi
mh mhdenikèc m�zec ja eÐnai thc t�xhc tou υ1 ∼MX . Gia to deÔtero st�dio, sth
klÐmaka twn 250GeV qreiazìmaste mia SU(2) diplètta bajmwt¸n pedÐwn(ϕd).
Upojètoume oti isqÔei m2

d << M2
X kai sunep¸c ta pedÐa ϕd ja epibi¸noun,

en¸ ta polÔ baru� swmatÐdia ja paÔoun na zeugar¸noun me ta upìloipa sw-
matÐdia. Sto kef�laio thc baruonik c asummetrÐac exhgoÔme analutik� to p¸c
h diastol  tou sÔmpantoc, odhgeÐ se pt¸sh thc jermokrasÐac kai mei¸nei to
rujmì paragwg c twn Q, U, etsi ¸ste met� apì k�poio qronikì di�sthma na
paÔoun na up�rqoun kai praktik� na epibi¸noun mìno ta elafr� swmatÐdia thc
jewrÐac mac. Gia aut� ja èqoume èna dunamikì thc morf c:

Veff (ϕd) = −m2
dϕ

†ϕ+ λ3(ϕ
†ϕ)2 (5.33)

pou den eÐnai �llo apì to klassikì dunamikì Higgs tou Kajierwmènou Pro-
tÔpou.Sunep¸c:

⟨ϕd⟩ =
1√
2

(
0
υ2

)
(5.34)

υ2 =

√
m2

d

λ3
≃ 250GeV (5.35)

'Opwc ja doÔme to prìblhma sta parap�nw eÐnai ìti to montèlo autì me ta
dÔo diadoqik� spasÐmata summetrÐac apaiteÐ:

υ1 & 1012υ2 (5.36)

!
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5.1.5 EnopoÐhsh twn stajer¸n zeÔxhc

Mia apì tic apait seic mac gia mia enopoihmènh jewrÐa eÐnai h Ôparxh miac
koin c stajer�c zeÔxhc,   pio apl� h enopoÐhsh twn gnwst¸n allhlepidr�se-
wn se mia. Ap' ìti eÐdame prohgoumènwc gia na gÐnei k�ti tetoio prèpei na
melet soume katast�seic se enèrgeiec polÔ uyhlìterec apì autèc tou kajie-
rwmènou protÔpou to opoÐo, ìpwc eÐdame, perigr�fei tic isqurèc, asjeneÐc kai
hlektromagnhtikèc allhlepidr�seic sthn perioq  energei¸n twn ∼ 102GeV me
diaforetikèc stajerèc zeÔxhc gia k�je om�da SU(3), SU(2), U(1), me g3, g2, g1
antÐstoiqa. Ed¸ èqei endiafèron na sqoli�soume pwc sta mèqri t¸ra peir�ma-
ta pou èqoun gÐnei se uyhlèc enèrgeiec kai basizìmenoi stic exis¸seic thc
om�dac epanakaonikopoÐhshc den problèpetai koinì shmeÐo tom c twn staje-
r¸n zeÔxhc , par� mìno an eis�goume upersummetrikèc proekt�seic sth jewrÐa
mac.

Par'ìla aut� h paroÔsa an�lush jewreÐ pwc up�rqei mia koin  stajèra
g gia to SU(5) kai tic upoom�dec tou kai h dunatìthta na up�rqoun diafo-
retikèc stajerèc zeÔxhc gia k�je om�da se qamhlèc enèrgeiec ofeÐletai sto
aujìrmhto sp�simo summetrÐac.

Sq ma 5.1: coupling constant unification SU(5)
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Prin proqwr soume parapèra sthn an�lush ja k�noume k�poiec poiotikèc
parathr seic gia thn enopoÐhsh:
• H energeiak  analogÐa twn stajer¸n zeÔxhc eÐnai logarijmik  kai su-
nep¸c sthn energeiak  perioq  tou kajierwmènou protÔpou oi stajerèc eÐnai
diaforetikèc. Gia na up�rxei enopoÐhsh perimènoume h MQ na eÐnai pollèc
t�xeic megalÔterh apì auth.
• Apì tic exis¸seic thc om�dac epanakanonikopoÐhshc eÐdame oti ìso au-
x�netai h enèrgeia o rujmìc meÐwshc twn stajer¸n zeÔxhc aux�netai se me-
galÔterec mh abelianèc om�dec, en¸ stic abelianèc om�dec h stajer� zeÔxhc
aux�netai me thn enèrgeia. Sunep¸c, se enèrgeic mikrìterec thc MQ ana-
mènoume g3 > g2 > g1 k�ti to opoÐo èqei ìpwc gnwrÐzoume epalhjeuteÐ kai
peiramatik�.
• H paradoq  oti oi treÐc stajerèc zeÔxhc èqoun koinì shmeÐo, sunep�ge-
tai oti oi sqetikèc touc ent�seic se enèrgeic mikrìterec thc MQ upìkeintai se
polÔ austhr� periorismènec sqèseic. To apotèlesma aut¸n eÐnai h prìbleyh
thc gwnÐac mÐxhc twn hlektrasjen¸n allhlepidr�sewn.

Oi sunalloÐwtec par�gwgoi tou kajierwmènou protÔpou kai thc SU(5)
antÐstoiqa eÐnai:

Dµ = ∂µ + ig1
Y

2
Bµ + ig2

3∑
r=1

τr
2
Wµ

r + ig3

8∑
1

λa
2
Gµ

a (5.37)

Dµ = ∂µ + ig
23∑
a=0

Aa
µλ

a

2
(5.38)

Gia na melet soume tic stajerèc zeÔxhc prèpei pr¸ta na doÔme thn kanoni-
kopoÐhsh twn gennhtìrwn thc k�je om�dac. Gia tic mh abelianèc SU(5), SU(3), SU(2)
èqoume antÐstoiqa:

tr(λaλb) = 2δab = tr(λaλb) = 2δab kai tr(τ rτm) = 2δrm

'Eqoume apait sei g = g1 = g2 = g3 kai gia thn abelian  U(1) to pedÐo thc
Bµ prin th mÐxh me thn SU(2) tautopoieÐtai me to pedÐo A0

µ:

ig1λ
0A0

µ = ig
′
Y Bµ (5.39)

Se antÐjesh me thc mh abelianèc om�dec h U(1) den èqei k�poio periorismì
sthn kanonikopoÐhsh tou genn tor� thc kai ètsi oi Y kai l eÐnai arqik� ane-
x�rthtec. An ìmwc se autì to shmeÐo apait soume gia thn anapar�stash:

5 : (ψi)R = (d1d2d3e
+ − νce)R, (5.40)
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na èqei telest  uperfortÐou:

Y =


−2

3

−2
3

−2
3

1
1

 (5.41)

All� gnwrÐzoume to:

λ0 =
1

2
√
15


2

2
2

−3
−3

 (5.42)

kai sunep¸c prokÔptei h sqèsh:

g1λ
0 = g

′
Y (5.43)

apì thn opoÐa mporoÔme na upologÐsoume �mesa:

Y = −
√

5

3
λ0 kai g

′
= −

√
3

5
g1 (5.44)

Antikajist¸ntac sth gwnÐa mÐxhc twn hlektrasjen¸n allhlepidr�sewn pro-
kÔptei:

sin2(θW ) =
g

′2

g′2 + g2
=

3

8
(5.45)

Profan¸c ta parap�nw isqÔoun sthn energeiak  perioq  µ > MX . Se
aut  th perioq , ìpwc eÐpame, de mporoÔme na diastaur¸soume me peiramatik�
dedomèna, opìte èqei endiafèron na k�noume problèyeic gia µ < MX . 'Opwc
eÐdame stic metablhtèc stajerèc zeÔxhc oi stajerèc zeÔxhc twn SU(N) om�dwn
dÐnontai apì tic exis¸seic thc om�dac epanakanonikopoÐhshc:

∂gi
∂(lnµ)

= −bng3n (5.46)

ìpou:

bn =
(11n− 2NF )

48π2
, b1 = − 2NF

48π2
kai sunep¸c: bn − b1 =

11n

48π2
(5.47)

An agno soume tic suneisforèc Higgs kai jètontac ìpou NF = 6 gia treÐc
genièc quark gia g1, g2, g3 paÐrnoume:
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1

g21(µ)
=

1

g21µ(0)
+ 2b1ln(

µ

µ0

) (5.48)

1

g22(µ)
=

1

g22µ(0)
+ 2b2ln(

µ

µ0

) (5.49)

1

g23(µ)
=

1

g23µ(0)
+ 2b3ln(

µ

µ0

) (5.50)

kai mia kai briskìmaste se perioq  qamh¸n energei¸n mporoÔme na antikata-

st soume kat� ta gnwst� tan(θW ) = g′

g
, e = sin(θW ) kai g

′
= −

√
3
5
g1. Oi

parap�nw exis¸seic me th bo jeia twn:

g21(µ)

4π
=

5α(µ)

3 cos2(θW )

g22(µ)

4π
=

α(µ)

sin2(θW )

g23(µ)

4π
= αs(µ)

(5.51)

kai tou ìriou µ0 → MX sto opoÐo isqÔoun g1 = g2 = g3 = g kai g2/4π = a5
metatrèpontai stic pio oikeÐec:

3

5α(µ)
cos2(θW ) =

1

a5
+ aπb1ln(

µ

MX

) (5.52)

1

α(µ)
sin2(θW ) =

1

a5
+ aπb2ln(

µ

MX

) (5.53)

1

αs(µ)
=

1

a5
+ aπb3ln(

µ

MX

) (5.54)

An t¸ra gia na broÔme mia èkfrash mìno me ta θW , α(µ) p�roume ton grammikì
sunduasmì: 5.52 - 2× 5.53 + 3 × 5.54 èqoume:

2
1

αs(µ)
− 3

α(µ)
sin2(θW ) +

3

5α(µ)
cos2(θW ) = 0 (5.55)

afoÔ apì 5.47: [2(b3 − b1) − 3(b2 − b1)] = 0 Apì to pr¸to mèloc loipìn thc
exÐswshc paÐrnoume gia th gwnÐa θW thn èkfrash:

sin2(θW ) =
1

6
+

5α(µ)

9αs(µ)
(5.56)
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Me antÐstoiqo grammikì sunduasmì paÐrnoume epÐshc mia ektÐmhsh gia thn
klÐmaka enopoÐhshc MQ:

ln(
MX

µ
) =

π

11
[

1

α(µ)
− 8

3αs(µ)
] (5.57)

. An t¸ra sumperil�boume tic suneisforèc kai met� apì pio akribeÐc upolo-
gismoÔc oi opoÐoi perilamb�noun kai tic suneisforèc uyhlìterhc t�xhc higgs
katal goume stic ektim seic:

MX ≃ 4× 1014GeV (5.58)

sin2(θW ) ≃ 0.21 (5.59)

pou brÐsketai se kal  sumfwnÐa me ta peiramatik� apotelèsmata.
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5.2 Mia basik  eisagwg  sthn Upersum-

metrÐa

To montèlo SU(5) an kai sÐgoura eÐnai polÔ elpidofìro, me thn ènoia oti
mac dÐnei ta ergaleÐa ta opoÐa ja mporoÔsan na exhg soun shmantik� shme-
Ða sta opoÐa den apant� to KP, tautìqrona dustuq¸c dhmiourgeÐ èna polÔ
meg�lo prìblhma pou afor� sthn ter�stia diafor� stic klÐmakec maz¸n gia
ta spasÐmata summetrÐac. EpÐshc, toul�qiston sto minimoum montèlo tou, den
katafèrnei na petÔqei enopoÐhsh twn stajer¸n zeÔxhc kai na problèyei swst�
ton qrìno zw c tou prwtonÐou. Opìte anoÐgei ton drìmo se nèec jewrÐec. Oi
pio 'komyec' apì autèc -kai poll� uposqìmenec- eÐnai oi JewrÐec Upersumme-
trÐac stic opoÐec ja k�noume ed¸ mia polÔ basik  eisagwg .

O pur nac skèyhc thc upersummetrÐac eÐnai oti epekteÐnei tic proanafer-
j sec summetrÐec, ètsi wste se mia pollaplìthta na mporoÔn na sunup�rxoun
kai swmatÐdia me diaforetikì spin. K�je energeiakì epÐpedo eÐnai dipl� ekfu-
lismèno kai k�je mpozonik  kat�stash èqei thn Ðdia enèrgeia me thn antÐstoiqh
fermionik  pou th sunodeÔei.

Gia na to doÔme lÐgo pio sugkekrimèna ac jewr soume touc mpozoniko-
Ôc kai fermionikoÔc telestèc katastrof c kai dhmiourgÐac kai antÐstoiqa tic
Qamiltonianèc touc.

[a, a+] = 1 , [a, a] = [a+, a+] = 0, Hb =
1

2
ωb(aa

+ +
1

2
) (5.60)

[b, b+] = 1 , [b, b] = [b+, b+] = 0, Hf =
1

2
ωf (bb

+ − 1

2
) (5.61)

Gia thn olik  Qamiltonian  me th summetrÐa ωf = ωb = ω paÐrnoume telik�:

E = ω(nb + nf ) (5.62)

OrÐzontac t¸ra touc telestèc:

Q =
√
ωa+b kai Q+ =

√
ωb+a (5.63)

PaÐrnoume èukola to Mhqanismì metatrop c fermionÐwn se mpozìnia kai an-
tÐstrofa:

[Q,H] = [Q+, H] = 0{
Q,Q+

}
= H

Q|nb, 1 >=
√
nb + 1|nb + 1, 0 >

Q+|nb + 1, 0 >=
√
nb + 1|nb, 1 >

(5.64)



56 KEF�ALAIO 5. P'ERA AP'O TO KAJIERWM'ENO PR'OTUPO

Gia na kleisoume thn �lgebra thc UpersummetrÐac kai se antistoiqÐa me tic
5.64 jewroÔme tèssereic telestèc Qa pou sqhmatÐzoun ènan Majorana spÐno-
ra pou perigr�fetai apì:

[Qa,Mµν ] =
1

2
(σµν)αβQβ

[Qa, Pµ] = 0

{Qα, Qβ} = 2(γµ)αβPµ

(5.65)

MporoÔme loipìn  dh me b�sh aut  thn �lgebra na poume ta ex c: Gia k�je
fermiìnio èqoume ènan antÐstoiqo upersummetrikì sunodì me spin mhdèn sthn
Ðdia pollaplìthta kai gia k�je mpozonikì diadìth bajmÐdac èqoume ton an-
tÐstoiqo upersummetrikì me spin 1/2. Me autì ton trìpo diplasi�zontai ta
swmatÐdia tou KP en¸ to MSSM prèpei na èqei toul�qiston dÔo du�dec apì
swmatÐdia Higgs me antÐjeta uperfortÐa.

To upersummetrikì kajierwmèno prìtupo se analogÐa me ta prohgoÔmena
montèla èqei ènan diathroÔmeno pollaplasiastikì arijmì, thn R omotimÐa pou
orÐzetai:

R = (−1)L+3B+2S (5.66)

kai paÐrnei timèc +1 gia ta gnwst� mac swmatÐdia kai -1 gia ta upersummetrik�.
'Opou L o leptonikìc airjmìc, B o baruonikìc kai S to spin. Profan¸c h R
omotimÐa diathreÐtai ìso diathroÔntai h B kai L.

Me dedomèno ìmwc to gegonìc ìti den èqoun parathrhjeÐ ta uperswmatÐdia
sunodoÐ twn gnwst¸n mac swmatidÐwn ja prèpei na jewr soume pwc kai h
upersummetrÐa eÐnai mia spasmènh summetrÐa. Mia èndeixh gia thn klÐmaka
sthn opoÐa sp�ei h upersummetrÐa mac dÐnetai apì tic kbantikèc diorj¸seic
sth m�za tou swmatidÐou Higgs. Stic upersummetrikèc jewrÐec oi suneisforèc
apì thn mpozonik  kai thn fermionik  diìrjwsh allhloanairoÔntai kai ètsi
paÐrnoume mia t�xh megèjouc:

δM2
H ≈ g22(m

2
B −m2

F ) ≈M2
W ⇒MY Σ ≤ 1TeV (5.67)

O fusikìteroc trìpoc, ja  tan kat' analogÐa me to KP, to aujìrmhto
sp�simo thc upersummetrÐac, all� se èna krummèno tomèa se polÔ uyhlèc
enèrgeiec kai me th zeÔxh me ta swmatÐdia tou tomèa autoÔ metafèretai sta
swmatÐdia tou KP thc upersummetrÐac dhmiourg¸ntac me autì ton trìpo touc
ìrouc m�zac pou parabi�zoun thn UpersummetrÐa kai odhgoÔn sto aujìrmhto
sp�simo thc summetrÐac tou KP mèsw tou mhqanismoÔ Higgs.
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EnopoÐhsh twn stajer¸n zeÔxhc sto MSSM Sto upersummetrikì
kajierwmèno prìtupo oi exis¸seic exèlixhc twn stajer¸n zeÔxhc mèqri thn
klÐmaka enopoÐhshc eÐnai Ðdiec me thn perÐptwsh tou montèlou SU(5) me timèc
suntelest¸n:

b1 = −nf −
3

10
nH

b2 = 6− 2nf −
1

2
nH

b3 = 9− 2nf

(5.68)

all� t¸ra nf = 3 kai nH = 2 oi opoÐec prosfèroun pr�gmati th dunatìthta
enopoÐhshc gia MΥΣ ≈ 1TeV kai klÐmaka enopoÐhshc MG ≈ 2× 1016GeV me
tim  thc koin c stajer�c zeÔxhc αg ≈ 1

25

Sunoptik� oi SUSY jewrÐec:
• EÐnai h monadik  pijan  epèktash twn gnwst¸n summetri¸n tou qwroqrìnou
kai twn allhlepidr�sewn twn swmatidÐwn
• Prosfèroun poll� upoy fia swmatÐdia gia thn skotein  Ôlh
• 'Eqoun th dunatìthta enopoÐhshc twn stajer¸n zeÔxhc
• LÔnei to prìblhma thc ierarqÐac
• Perilamb�nei anagkastik� thn barÔthta
Ta mèqri s mera arnhtik� twn SUSY jewri¸n eÐnai:
• Den èqoun epibebaiwjeÐ peiramatik� me thn anak�luyh k�poiou upersumme-
trikoÔ swmatÐdiou
• 'Eqoun pollèc aujaÐretec paramètrouc kai prèpei na perioristoÔn fainome-
nologik�.
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Kef�laio 6

Baruonik  AsummetrÐa

6.1 H Baruonik  AsummetrÐa sto sÔmpan

Ta teleutaÐa qrìnia èqei arqÐsei kai anaptÔssetai èntona o episthmonikìc
kl�doc thc kosmologÐac mia kai mèqri polÔ prìsfata stic jewrÐec pou up r-
qan, den up rqe antistoÐqhsh me peiramatik� dedomèna. EÐnai de plèon profa-
nec oti gia na apokt sei k�poioc mia pragmatik  eikìna gia thn kat�stash tou
sÔmpantoc s mera kai thn exèlix  tou, apaiteÐtai pr¸ta na èqei mia sumpag 
b�sh apì tic jewrÐec thc swmatidiak c fusik c.

To Kajierwmèno prìtupo pou afor� sth swmatidiak  fusik  ìmwc èqei,
ìpwc eÐdame sobar� ken� kai sthn perÐptwsh pou sundejeÐ me thn kosmìlogÐa
asumfwnÐec. Qarakthristik� anafèrjhkan: to prìblhma thc kosmologik 
stajer�c, h fÔsh thc skotein c Ôlhc kai enèrgeiac kai fusik� h baruonik 
asummetrÐa tou sÔmpantoc me thn opoÐa kai ja asqolhjoÔme ektenèstera.

Gia na k�noume mia stoiqei¸dh eisagwg  sto ti eÐnai baruonik  asummetrÐa,
ac fantastoÔme kat� thn pr¸imh f�sh exèlixhc tou sumpantoc oti up rqe su-
neq c paragwg  swmatidÐwn kai antiswmatidÐwn. To prìblhma ègkeitai akri-
b¸c sto gegonìc oti s mera, sÔmfwna me tic diapist¸seic twn kosmolìgwn, o
arijmìc twn baruonÐwn eÐnai polÔ megalÔteroc apì autìn twn antibaruonÐwn.
Sto epÐpedo tou hliakoÔ sust matoc jewroÔme pwc den up�rqei sugkentrw-
mènh antiÔlh, mia kai an up rqe ja antidroÔse proc paragwg  g, me touc
hliakoÔc anèmouc kai sunep¸c ja  tan entopÐsimh. Sto epÐpedo tou galaxÐa
mac èqoun entopisteÐ antiprwtìnia se kosmikèc aktinobolÐec me:

np

np

≃ 10−4, (6.1)

pou par�gontai apì tic antidr�seic:

p+ p→ 3p+ p. (6.2)

59
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Se clusters galaxi¸n epÐshc den èqei entopisteÐ aktinobolÐa pou na ofeÐletai
stic:

p+ p→ πo...→ γγ. (6.3)

Sunep¸c h parat rhsh katadeiknÔei oti to sÔmpan èqei asummetrÐa metaxÔ
Ôlhc kai antiÔlhc kai m�lista thn apèkthse arket� nwrÐc. H ex ghsh oti apl�
h asummetrÐa aut  antanakl� asummetrikèc arqikèc sunj kec eÐnai el�qista
ikanopoihtik .

To mètro pou anaferìmaste sto jèma thc baruonik c asummetrÐac eÐnai
o baruonikìc arijmìc tou sÔmpantoc. H arijmhtik  baruonik  puknìthta o-
rÐzetai wc nB = nb − nb, ìpou nb, nb oi arijmhtikèc timèc baruonikoÔ kai
antibaruonikoÔ arijmoÔ antÐstoiqa. Oi shmerinèc metr seic mac dÐnoun:

nB = 1.13× 10−5(Ωh2)cm−3 (6.4)

me endeÐxeic oti ta antibaruìnia sto sÔmpan eÐnai el�qista kai ta mìna baruìnia
eÐnai noukleìnia. H arijmhtik  baruonik  puknìthta proc thn entropÐa mac
dÐnei ton kajarì baruonikì arijmì tou sÔmpantoc:

B =
nB − nB

s
= 3.81× 10−9ΩBh

2 =
nB − nB

7.04nγ

∼ 6× 10−10 (6.5)

o arijmìc autìc apousÐa allhlepidr�sewn pou parabi�zoun ton baruonikì
arijmì kai me stajer  entropÐa diathreÐtai kat� th di�rkeia thc diastol c tou
sÔmpantoc. An jèloume na ton ekfr�soume sunart sei tou arijmoÔ fwtonÐwn
ja prèpei na eis�goume th shmerin  sqèsh metaxÔ entropÐac kai nγ

To sumpèrasma to opoÐo bgaÐnei �mesa apì aut  thn tìso meg�lh asum-
metrÐa, eÐnai pwc to sÔmpan thn apèkthse apì polÔ nwrÐc. Aut   tan kai o
lìgoc pou sthn ousÐa empìdise th dhmiourgÐa enìc �kenoÔ� sÔmpantoc, sto o-
poÐo ìlh h Ôlh ja eÐqe exaôlwjeÐ me thn antÐstoiqh antiÔlh. To opoÐo shmaÐnei
oti stic polÔ uyhlèc arqikèc jermokrasÐec -megalÔterec thc t�xhc tou GeV
up rqan zeug�ria kouark-antikou�rk thc t�xhc thc puknìthtac aktinobolÐac
kai se ekeÐnec tic sunj kec up rqe perÐpou èna parap�nw kou�rk gia kaje
1010 zeug�ria kouark - antikou�rk.

6.2 Oi proôpojèseic gia Baruonik  Asum-

metrÐa

Oi treic aparaÐthtec proôpojèseic gia na epiteuqjeÐ baruonik  asummetrÐa ka-
ta thn arqègonh baruogènnesh eÐnai:
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1) H parabÐash tou baruonikoÔ arijmoÔ. Qreiazìmaste diadikasÐec pou ja
metatrèpoun thn antiÔlh se Ôlh. Sunep¸c, ja prepei na diereun soume peri-
pt¸seic pèra apì to SU(3)xSU(2)xU(1) montèlo thc swmatidiak c fusik c.
Oi diadikasÐec autèc ja prèpei na katal goun se nB ̸= 0

2) H parabÐash twn summetri¸n C kai CP mia kai qwrÐc autèc o rujmìc
paragwg c baruonÐwn kai antibaruonÐwn ja  tan o Ðdioc kai �ra o sunolikìc
baruonikìc arijmìc kai kat' epèktash h asummetrÐa ja  tan mhdèn. Prèpei na
up�rqei mia diadikasÐa pou ja �protim�� thn Ôlh, ènanti thc antiÔlhc

3) To sÔmpan na eÐqe per�sei k�poia perÐodo mh jermik c isorropÐac, mia
kai sth jermik  isorropÐa oi puknìthtec baruonÐwn kai antibaruonÐwn exar-
t¸ntai mìno apì th jermokrasÐa kai th m�za touc kai sunep¸c eÐnai Ðsec. Se
jermik  isorropÐa k�je diadikasÐa pou ja katastrèfei ton baruonikì arijmì
ja antistajmÐzetai apì mia antÐstoiqh pou ja ton dhmiourgeÐ.

Oi parap�nw proôpojèseic anafèrontai wc Sakharov Conditions.

6.3 Pijanèc exhg seic pou prosfèroun ta

jewrhtik� montèla

Oi parap�nw proôpojèseic eÐnai aparaÐthtec gia na epiteuqjeÐ h zhtoÔmenh
baruonik  asummetrÐa. Sto Kajierwmèno Prìtupo den eÐnai dunatì na ika-
nopoihjoÔn ìlec kai tautìqrona na exhghjeÐ   tìso meg�lh asummetrÐa pou
dhmiourgeÐtai. Opìte h anaz thsh mac odhgeÐ se GUTs kai upersummetrik�
montèla ta opoÐa mporoÔn na epitrèyoun asuumetrÐec kai tautìqrona eis�goun
kai nèa swmatÐdia pou mporeÐ na eÐnai upoy fia gia th skotein  Ôlh. Ja dwjeÐ
perissìterh èmfash sto montèlo SU(5) kai èpeita ja parousiastoÔn kai o
mhqanismìc thc Leptogèneshc kai p¸c aut  mporeÐ na katal xei se asumme-
trÐa tou BaruonikoÔ arijmoÔ, en¸ tèloc ja doÔme pwc me thn paradoq  oti h
skotein  Ôlh fèrei baruonikì fortÐo isostajmÐzetai h up�rqousa asummetrÐa.

6.3.1 H parabÐash tou BaruonikoÔ ArijmoÔ sto

montèlo SU(5)

SÔmfwna me ta ìsa parousi�same sto prohgoÔmeno kef�laio blèpoume pwc
sto montèlo tou diastellìmenou sÔmpantoc kai twn enopoihmènwn jewri¸n sth
swmatidiak  fusik  oi Sakharov Conditions mporoÔn na pragmatopoihjoÔn.
Sugkekrimèna, to SU(5) montèlo èqei akrib¸c tic idiìthtec pou qrei�zontai
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gia na dhmiourgjeÐ h zhtoÔmenh baruonik  asummetrÐa . Mèsw tou mpozonÐou
Q up�rqei parabÐash twn summetri¸n B, C, CP. Sunoptik� o mhqanismìc ba-
ruogènneshc b�sh tou SU(5) eÐnai:

γ1 ≡ BR(X → qq) ≡ r(B =
2

3
)

γ2 ≡ BR(X → ql) ≡ 1− r(B = −1

3
)

γc1 ≡ BR(X → qq) ≡ r(B = −2

3
)

γc1 ≡ BR(X → ql) ≡ 1− r(B =
1

3
)

(6.6)

oi mèsoi kajaroÐ baruonikoÐ arijmoÐ pou prokÔptoun apì th di�spash enìc Q
kai X antÐstoiqa eÐnai:

BQ = (
2

3
)r + (−1

3
)(1− r) , BQ = (−2

3
)r + (

1

3
)(1− r)

kai sunep¸c o mèsoc kajarìc baruonikìc arijmìc pou prokÔptei apì th di-
�spash enìc zeugarioÔ XX kai ekfr�zei to mètro thc parabÐashc thc CP
summetrÐac eÐnai:

ϵ = BQ −BQ = r − r (6.7)

Sq ma 6.1: X boson decay
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To krit rio gia jermik  isorropÐa eÐnai o rujmìc twn antidr�sewn na eÐnai
megalÔteroc apì ton rujmì diastol c tou sumpantoc. Kai en¸ autì de sumba-
Ðnei gia allhlepidr�seic 2 swmatidÐwn me to Q na eÐnai endi�meso dianusmatikì
mpozìnio, sumbaÐnei gia diasp�seic tou Q mia kai èqoun energeiakì kat¸fli
prokeimènou na pragmatopoihjoÔn. Gia kT > MQ ta Q mpozìnia ja up rqan
se antÐstoiqec posìthtec me ta kanonik� swmatÐdia. Ta zeug�ria Q , X dia-
sp¸ntai ìpwc parap�nw me protÐmhsh sth paragwg  kouark antÐ antikou�rk
dhlad :

γ1 − γc1 = γc2 − γ2 ̸= 0 (6.8)

Apì th stigm  pou to sÔmpan yÔqetai k�tw apì th MQ praktik� o para-
p�nw mhqanismìc stamat� na eÐnai dunatìc kai h el�qisth asummetrÐa pou èqei
prohgoÔmenwc dhmiourghjeÐ den antistajmÐzetai apì antÐstrofec diadikasÐec.
Bèbaia akìmh kai aut  h diadikasÐa jewrhtik� sto minimal SU(5) odhgeÐ se
e arketèc t�xeic qamhlìterh apì thn 10−9 pou apaitoÔme. H èreuna se k�je
perÐptwsh se autì to komm�ti eÐnai akìmh se brefikì st�dio mia kai o upolo-
gismìc tou jewrhtikoÔ e eÐnai akìmh abèbaioc.

6.3.2 H parabÐash tou BaruonikoÔ ArijmoÔ sthn

Hlektrasjen  JewrÐa - Sphaleron effect

Sto KP h Langkranzian  tou diathreÐ touc BaruonikoÔc kai LeptonikoÔc a-
rijmoÔc. All� ìpwc èdeixe o ’t Hooft to 1967 kai to B kai to L parabi�zontai
apì kbantik� fainìmena mia kai se autì to epÐpedo oi summetrÐec parousi-
�zoun anwmalÐec kai ta antÐstoiqa reÔmata Noether den diathroÔntai alla
ikanopoioÔn th sqèsh:

∂µJ
µ
B = ∂µJ

µ
L = nf (

g22
32π2

Wα
µνW

αµν − g21
32π2

FµνF
µν) (6.9)

H SU(2) × U(1) jewrÐa èqei diakrit� sundedemèna metaxÔ touc ken� me diafo-
retikoÔc B kai L arijmoÔc kai h lÔsh sto shmeÐo thc mègisthc enèrgeiac metaxÔ
aut¸n twn shmeÐwn eÐnai statik  all� astaj c kai onom�sthke sphaleron kai
anaparist� to energeiakì kat¸fli pou qwrÐzei dÔo 'ken�' shmeÐa me diaforeti-
koÔc B kai L arijmoÔc. Se jermokrasÐec kont� sto mhdèn oi diadikasÐec autèc
eÐnai exairetik� mikrèc -thc t�xhc tou 10−170 all� se jermokrasÐec kont� sta

100GeV h katastol  lìgw tou ìrou e
− 16π2

g22 paÔei na eÐnai ekjetik . Opìte oi
sunolikèc diaforèc se baruìnia kai leptìnia eÐnai ∆B−∆λ = nf kai sunep¸c
o orjog¸nioc sunduasmìc B -L diathreÐtai, en¸ o B + L ìqi. UpologismoÐ
èdeixan ìti o rujmìc sphaleron xepern� autìn tou Hubble gia jermokrasÐec
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mikrìterec twn 1012GeV kai sunep¸c brÐsketai se jermik  isorropÐa ìtan:

100GeV ≤ T ≤ 1012GeV (6.10)

Mèsw tou parap�nw mhqanismoÔ sthn perÐptwsh thc Leptogèneshc ìpou
èqoume parabÐash tou B -L paÐrnoume mia baruonik  asummetrÐa

nB = C(nB − nL) (6.11)

me to C na dÐnetai apì th sqèsh:

C =
8Nf + 4Nϕ

22Nf + 13Nϕ

(6.12)

pou sthn perÐptwsh tou KP dÐnei C = 28/79

6.3.3 Leptogenesis

Genikìtera, o leptonikìc arijmìc parabi�zetai stic GUTs pou epekteÐnoun
to Kajierwmèno prìtupo. En¸ ta kou�rk kai ta leptìnia ìpwc eÐdame dh-
miourgoÔn SU(5) anaparast�seic sto sugkekrimèno montèlo ta dexiìstrofa
netrÐna den eÐnai aparaÐthta (ìpwc �llwste kai sto KP), all� an ta eis�goume
apoktoÔn Majorana m�zec pou eÐnai anex�rthtec tou mhqanismoÔ Higgs.

O mhqanismìc tramp�lac, ìpwc apokaleÐtai, sunoptik� afor� sto pwc
mporoÔn ta netrÐna na apokt soun m�za gr�fwnt�c ta wc pedÐa Majorana
qrhsimopoi¸ntac mìno ta aristerìstrofa pedÐa wc ex c:

(Ψc)R =
1

2
(1 + γ5)Ψ

c =
1

2
(1 + γ5)iγ2Ψ

∗ = iγ2
1

2
(1− γ5)Ψ

∗ = (Ψ)L
c (6.13)

Opìte to fermionikì pedÐo Majorana -orÐzetai apì thn idiìtht� tou na tau-
tÐzetai me to suzugèc tou- mporeÐ na perigr�fei èna oudètero, qwrÐc qr¸ma
swmatÐdio ìpwc to netrÐno.

X = (Ψ)L
c +ΨL (6.14)

me ìro m�zac:

mLXX = mL((Ψ)L
cΨL +ΨL(Ψ)L

c) (6.15)

  sunart sei tou ΨR:

mLωω = mL((Ψ)R
cΨR +ΨR(Ψ)R

c) (6.16)

An prosjèsoume kai dexiìstrofa netrÐna mporoÔme na p�roume kai ìro m�zac
Dirac

mD = (νRνL + νLνR) (6.17)
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kai sunolik� ìloi oi ìroi m�zac mporoÔn na grafoÔn sth morf 

(
νL, νcL

)(mL,mD

mD,mR

)(
νR
νcR

)
(6.18)

me ton mhqanismì tramp�lac na sumbaÐnei gia mD << mR kai mL = 0 ìpou se
aut  th perÐptwsh exhgeÐtai to gegonìc oti èqoume polÔ mikrec m�zec netrÐnwn
mia kai èqoume polÔ meg�lh majorana m�za kai problèpontai 3 bari� kai 3
elafri� majorana netrÐna

N ≈ νR + νcR,mN ≈ mR

ν ≈ νL + νcL,mν = −mD
1

mR

mD

(6.19)

Sthn perÐptwsh montèlwn ìpwc to SU(10) kaj¸c kai �llwn upersummetrik¸n
ta dexiìstrofa netrÐna perilamb�nontai sth basÐk  anapar�stash.

Sto mhqanismì thc Leptogènneshc t¸ra pio sugkekrimèna arkeÐ èna barÔ
swmatÐdio na diaspasteÐ me parabÐash thc CP ektìc jermik c isorropÐa, wste
na ikanopoioÔntai oi Sakharov Conditions.. O pio pijanìc upoy fioc eÐnai
ta dexiìstrofa netrÐna pou diasp¸ntai se zeug�ria Higgs- leptonÐwn ìpwc
faÐnetai kai sto parak�tw sq ma kai parabi�zoun thn L kai CP summetrÐa h
opoÐa asummetrÐa metatrèpetai en mèrei se baruonik  mèsw tou sphaleron effect
kai eÐnai an�logh twn maz¸n twn baraÐwn netrÐnwn, pou mporeÐ na ft�sei:

ϵ =
Γ(N1 → lϕ)− Γ(N1 → lϕ)

Γ(N1 → lϕ)− Γ(N1 → lϕ)
≈ 0.1

M1

M3

≈ 10−6 (6.20)

Sq ma 6.2: RH Neutrino Decay
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6.3.4 Pangenesis kai o mhqanismìc Affleck- Dine

To sÔmpan èqei diapistwjeÐ oti apoteleÐtai kat� 0, 05 apì orat  Ôlh kai kat�
0,23 apì skotein  Ôlh. H Baruonik  asummetrÐa me thn opoÐa asqoloÔmaste
afor� sthn orat  Ôlh kai dhmiourgeÐtai apì diadikasÐec pou ìpwc eÐdame mac
eÐnai akìmh �gnwstec. EÐnai ìmwc pijanì h skotein  Ôlh pou up�rqei na pa-
rousi�zei kai aut  mia an�logh asummetrÐa swmatidÐwn-antiswmatidÐwn. To
epiqeÐrhma eÐnai oti an oi mhaqnismoÐ dhmiourgÐac thc orat c kai skotein  Ôlhc
 tan entel¸c anex�rthtoi de ja up rqe tìso meg�lh omoiìthta sthn puknìth-
t� touc. Opìte an deqtoÔme èna mhqanismì pou na mporeÐ na sundèei aut� ta
dÔo mporeÐ antÐstoiqa na exhghjeÐ kai h BA   gia na eÐmaste pio sunepeÐc na
exaleifjeÐ. O mhqanismìc autìc onom�sthke PANGENESIS kai ousiastik� h
asummetrÐa sthn orat  Ôlh antistajmÐzetai apì thn an�logh thc skotein c.

Ousiastik� qwrÐzoume to baruonikì arijmì se dÔo 'tomeÐc' gia thn orat 
kai skotein  Ôlh. H diathroÔmenh summetrÐa gia thn orat  Ôlh eÐnai h (B−L)1
kai èstw oti gia ton tomèa thc skotein c orÐzoume to B2. OrÐzoume loipìn ta:

B − L ≡ (B − L)1 −B2

X ≡ (B − L)1 +B2

(6.21)

Kat� thn exèlixh tou sÔmpantoc h summetrÐa (B−L)1 diathreÐtai en¸ h Q se
k�poia uyhl  energeiak  klÐmaka sp�ei. An oi diadikasÐec pou parabi�zoun thn
Q summetrÐa sumbaÐnoun ektìc jermik c isorropÐac ikanopoioÔntai oi Sakharov
Conditions kai dhmiourgeÐtai mh mhdenikì Q fortÐo kai sunep¸c

(B − L)1 = B2 (6.22)

Opìte se k�je tomèa af netai èna m  mhdenikì fortÐo

n(B−L)1 = nB2 =
nX

2
(6.23)

ìpou metèpeita mèsw tou Sphalleron effect h (B−L)1 asummetrÐa metatrèpetai
en mèrei se B. Apì touc basikoÔc upoy fiouc mhqanismoÔc gia thn parap�nw
Q asummetrÐa pou dhmiourgeÐtai eÐnai o mhqanismìc Affleck- Dine. Sta uper-
summetrik� montèla up�rqoun sto bajmwtì dunamikì (superpotential) shmeÐa
tou q¸rou- (p�nw stic legìmenec flat directions) - p�nw sta opoÐa to bajmwtì
dunamikì exafanÐzetai. Se aut� ta shmeÐa to kenì apokt� polÔ meg�lh aname-
nìmenh tim  kat� thn pr¸imh perÐodo exèlixhc tou sÔmpantoc h opoÐa enisqÔei
kata polÔ tic B kai L asummetrÐec oi opoÐec se metèpeita st�dio katal goun
se fermiìnia mèsw diasp�sewn.

Akìmh up�rqoun GUT montèla sta opoÐa h BA exhgeÐtai apì pijanèc
diasp�seic Q se baruìnia kai skotein  Ôlh (pou eik�zetai oti mporeÐ na eÐnai kai
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dexiìstrofo netrÐno pou koubal� baruonikì arijmì)   kai montèla sta opoÐa
h eisagwg  nèwn diast�sewn mporeÐ na exhg sei thn Baruonik  asummetrÐa
qwrÐc na up�rxei parabÐash BaruonikoÔ   LeptonikoÔ arijmoÔ. Blèpoume me
ta parap�nw k�poiec prosp�jeiec pou gÐnontai apì tic enopoihmènec jewrÐec na
exhg soun parathroÔmena fainìmena mèsa apì touc mhqanismoÔc pou èqoun, me
èmfash ìlo kai perissìtero, sto na exhgeÐtai tautìqrona ìlo kai megalÔtero
f�sma fainomènwn. EÐnai polÔ pijanì loipìn na eÐnai mèsa apì autèc pou met�
apì thn peiramatik  epibebaÐws  touc ja èqoume apant seic sta basikìtera
erwt mata pou èqoume gia to sÔmpan.
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Kef�laio 7

Parart mata

7.1 H pl rhc Langkranzian  tou KP kai

tou Higgs

H pl rhc Langkranzian  tou KP

L = −1

4
BµνB

µν − 1

4
W i

µνW
iµν − 1

4
Ga

µνG
aµν

+
∑

fiγµ∂µf +
∑

eQf (fγ
µf)Aµ

+
g2

cos θw

∑
[fLγ

µfL(T3f −Qf sin
2 θW ) + fRγ

µfR(−Qf sin
2 θW )]Zµ

+
g2√
2
[(uLγ

µdL + νeLγ
µeL)W

+
µ + (dLγ

µuL + eLγ
µνeL)W

−
µ ]

+
g3
2

∑
qαγ

µλαβ
aqβGµ

a

(7.1)

H Langkranzian  me tic allhlepidr�seic tou Higgs sto KP

LH =
1

2
(∂µH)2 +

1

4
g2

2υ2W+
µ W

µ− +
1

4
υ2(g21 + g22)Zµ − λυ2H2 +

g22υH

2
W+

µ W
µ−

+
g22H

2

4
W+

µ W
µ− +

υ(g22 + g21)

4
ZµZ

µ − λυH3 − λH4

4
(7.2)

7.2 Diagr�mmata Feynman
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7.3 Genn torec thc SU(5)
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