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Ne interaguju sa W±, Z0Interakcija sa W±, Z0

Narušena simetrija
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Leva hiralnost (≈helicitet) Desna hiralnost (≈helicitet)

νe 
< 2 eV

νμ 
< 0.19 MeV

ντ 
< 18.2 MeV

νe 
< 2 eV

νμ 
< 0.19 MeV

ντ 
< 18.2 MeV

e 
.511 MeV

μ 
106 MeV

τ 
1.78 GeV

e 
.511 MeV

μ 
106 MeV

τ 
1.78 GeV

u,u,u 
1.8–3.0 MeV

c,c,c 
1.25–1.3 GeV

t,t,t 
173–174 GeV

u,u,u 
1.8–3.0 MeV

c,c,c 
1.25–1.3 GeV

t,t,t 
173–174 GeV

d,d,d 
4.5–5.3 MeV

s,s,s 
90–100 MeV

b,b,b 
4.15–4.69 GeV

d,d,d 
4.5–5.3 MeV

s,s,s 
90–100 MeV

b,b,b 
4.15–4.69 GeV

Glashow-Weinberg-Salam



Narušena simetrija

Kako mogu slabe interakcije da razlikuju čestice sa levim 
helicitetom od čestica sa desnim helicitetom…
…kada helicitet nije Lorentz-invarijantan?

Setimo se Dirac-ove jednačine:  [iℏ γμ∂μ − mc1]Ψ(x) = 0
Multiplikativna grupa:  { 1, γμ, γ[μν], γ[μνρ], γ5 := iεμνρσγμ⋯γσ }

i projektori  , koji jesu Lorentz-invarijatniγ± := 1
2 [1±γ5]

Kako    i   {γμ, γν}=2ημν {γμ, γ5}=0
Onda  ,  a    Ψ± :=(γ±Ψ) γμAμ Ψ− = 1

2 γμ(Aμ − (γ5Aμ))Ψ

Takav se tip interakcije zove “V–A interakcija”, 
 — jedinstven je za slabe interakcije!

a  , jer u ultra-relativističkom limesu (  )Ψ− ≈ΨL E ≫mc2

…hiralnost → helicitet

Glashow-Weinberg-Salam
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( := ̂p⋅ ⃗S /ℏ



Helicitet zavisi od izbora posmatrača
Putuje čestica sa spinom… 
 
 
 
 
 

Dakle, predznak heliciteta zavisi od posmatrača 
pa nije Lorentz-invarijantan  ( hiralnost    jeste)1

2 [1 ± γ5]
Međutim, česticu koja se kreće brzinom svetlosti u vakumu, 
nikakav posmatrač ne može ni da stigne ni da pretekne

⃗p

Digresija
Helicitet i hiralnost
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⃗S

(= +| ⃗S | /ℏ (′ = −| ⃗S | /ℏ

⃗p′ ⃗S
KS′ 

“pretiče u formuli-1”“stacionarni”

KS

( := ̂p⋅ ⃗S /ℏ



Narušena simetrija

SU(2)w × U(1)y kalibraciona teorija
Slabi izospin je  SU(2)w  naboj, a    i    su 4-vektorski potencijaliW±

μ W3
μ

Slabi hipernaboj je  U(1)y  naboj, a    je 4-vektorski potencijalBμ

Glashow-Weinberg-Salam
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242 Poglavlje 4. Standardni Model

čija je amplituda proporcionalna sumi ⇥ f Iw( f )
�
Q( f )

⇥2. Sumirajući po fermionima samo prve poro-
dice [v. tablicu (4.60)]

⇥
f

Iw( f )
�
Q( f )

⇥2
= 3
⇤�

+1/2

⇥�
+2/3

⇥2
+
�
�1/2

⇥�
�1/3

⇥2
⌅
+
�
+1/2

⇥�
0
⇥2

+
�
�1/2

⇥�
�1
⇥2,

= 3
⇤
+2/9 � 1/18

⌅
+ 0 � 1/2 = 3

⇤
+3/18

⌅
� 1/2 = 0. (4.59)

Kompletan račun pokazuje da su doprinosi Feynman-ovih dijagrama (4.58) zapravo divergentni. Da-
kle, doprinosi Feynman-ovih dijagrama (4.58) matričnim elementima koji sadrže Z0 ⇥ 2� faktor su
konačni (i ǐsčezavaju) onda i samo onda kada virtuelni fermioni predstavljeni trouglastom petljom
uključuju kompletne porodice {u, d; ⇥e, e�}, {c, s; ⇥µ, µ�} itd. Bez potiranja kao u (4.59), Feynman-ov
dijagramatski račun naprosto nema smisla.

4.2.4 Weinberg-ov ugao

Mada su W±- i Z0-čestice kalibracioni bozoni slabih interakcija, njihove mase nisu iste [v. ta-
blicu B.2, str. 287]. To je posledica činjenice da su Z0-bozon i foton linearne kombinacije SU(2)w-
partnera W±-bozona i U(1)y-kalibracionog bozona. Za objašnjenje ovog efekta moramo razmo-
triti Glashow-Weinberg-Salam-ov model elektro-slabih interakcija.

Zaključci iz odeljaka 4.2.1–4.2.3 ukazuju na finiju strukturu čestice u tablici 0.3, str. 62, koje
čine supstanciju. Naime, slabe interakcije se mogu opisati nekomutativnim (ne-abelovskim) kali-
bracionim modelom u kome zbog relacije (4.39) moramo posebno tretirati leve i desne fermione:

porodica fermiona
1 2 3 Q Iw Yw

�� = ������

⌃
 �

 ⌥

⌦
u
d

↵

L

⌦
c
s

↵

L

⌦
t
b

↵

L

+2/3

�1/3

+1/2

�1/2

+1/3

+1/3
⌦

⇥e

e�

↵

L

⌦ ⇥µ

µ�

↵

L

⌦ ⇥⇤

⇤�

↵

L

0
�1

+1/2

�1/2

�1
�1

�+ = ����+�

⇧ uR cR tR +2/3 0 +4/3

dR sR bR �1/3 0 �2/3

e�R µ�
R ⇤�

R �1 0 �2

Slabi izospin, slabi hipernaboj i naelektrisanje su vezani relacijom
Q = Iw + 1

2 Yw, po ugledu na NNG formulu (0.45b).

(4.60)

Mora se naglasiti da su slabi izospin i slabi hipernaboj definisani po ugledu na prethodno de-
finisane veličine sličnih imena, i tako da zadovoljavaju poznatu formulu (0.45b). Medutim, iz
tablice (4.60) se vidi da se te veličine poklapaju sa ”starim“ vrednostima samo za ”leve“ svoj-
stvene funcije hiralnosti a ne i za ”desne“—koje nemaju slabi izospin pa su invarijante u odnosu
na SU(2)w. Na taj način slabi izospin i SU(2)w igraju ulogu, respektivno, naboja i simetrije za
kalibracioni model slabih interakcija.

4.2.5 Feynman-ova pravila za slabe interakcije



σ± := 1
2 [σ1 ± iσ2]

Narušena simetrija

Interakcioni član u lagranžijanskoj gustini je 
∝ , gde je(gw-μ⋅.μ

w + 1
2 gy BμJμ

y )
 ,   W+

μ ⋅Jμ
w+ =W+

μ {[ū γμ d]+…} W−
μ ⋅Jμ

w− =(W+
μ ⋅Jμ

w+)†

 ;   W3
μ Jμ

w3 Jμ
w3 ={ 1

2 [ū γμ u] − 1
2 [d̄ γμ d] + …}=∑q Iw(q) [q̄ γμ q]

i BμJμ
y =Bμ{ 1

3 [ūL γμ uL] + 4
3 [ūR γμ uR] + …}=∑q Yw(q) [q̄ γμ q]

Higgs polje interaguje sa    i sa  -μ Bμ

te meša    i    tako da su    i    “normalni modovi”W3
μ Bμ Aμ Z0

μ

Glashow-Weinberg-Salam

6

SU(2)w × U(1)y kalibraciona teorija 
Slabi izospin je  SU(2)w  naboj, a    i    su 4-vektorski potencijali 

Slabi hipernaboj je  U(1)y  naboj, a    je 4-vektorski potencijal

W±
μ W3

μ

Bμ

  &  -μ :=Wi
μ σi .μ

w :=Jμ i
w σi

-μ⋅.μ
w :=Wi

μ Jμ j
w

1
2 Tr[σiσj]



Glashow-Weinberg-Salam

Naime, lagranžijanska gustina za Higgs-ovo polje je

gde je  matrica-kolona sa dva kompleksna, skalarna Higgs-
ova polja. Kvadratni član ima obratni predznak.

ℍ

Minimumi se nalaze u  :S3 ⊂ ℂ2 ≈ℝ4

na kojoj sistem mora da odabere jednu tačku.
Simetrija “vakuma” je rotacija oko ose kroz tu tačku.
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Narušena simetrija
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LH =

⇧⇧⇧
�
 µ � igwWa

µ�a � igy
⇥
H
⇧⇧⇧

2
+ 1

2

⌃µc
h̄

⌥2
|H|2 � 1

4⌅
2|H|4

H 2
1r + H 2

1i + H 2
2r + H 2

2i =
⌃ µc
⌅h̄

⌥2
⇥ H =

µc
⌅h̄

�
1
0

 

Aµ = cos(⌃w)Bµ + sin(⌃w)W3
µ, (0.0.24)

Zµ = � sin(⌃w)Bµ + cos(⌃w)W3
µ, (0.0.25)

cos(⌃w) :=
gw⌦

g2
w + g2

y

Jµ
w+ = ⇤g

⇤
ugL⇤⇤⇤⇤

µdgL + ⇧gL⇤⇤⇤⇤
µ�gL

⌅
, (0.0.26)

Jµ
em = ⇤g

⇤2
3 ugL⇤⇤⇤⇤

µugL � 1
3 dgL⇤⇤⇤⇤

µdgL � �gL⇤⇤⇤⇤
µ�gL

⌅
, (0.0.27)

Jµ
w3 = ⇤g

⇤1
2 ugL⇤⇤⇤⇤

µugL � 1
2 dgL⇤⇤⇤⇤

µdgL + ⇧gL⇤⇤⇤⇤
µ⇧gL � �gL⇤⇤⇤⇤

µ�gL

⌅
, (0.0.28)

Jµ
Z = 1

cos(⌃w)

⇤
Jµ
w3 � sin2(⌃w)Jµ

em

⌅
. (0.0.29)

DµFa µ⇧ = ja ⇧
(q) , ja ⇧

(q) := gc ⇤n ⇥n�A(⇤
⇧)A

B(⌅
a)�⇥⇥�A

n (0.0.30)

 µFa µ⇧ = ja ⇧
(q) �

gc
h̄c fbc

a Ab
µFc µ⇧ (0.0.31)

⇥⇤·⇥Ea = j a 0
(q) �

gc
h̄c fbc

a ⇥Ab·⇥Ec (0.0.32)

Rµ⇧⌥
� =

�
[Dµ, D⇧]

⇥
⌥
� =  [µ��

⇧]⌥ + ��
[µ|⌅�⌅

|⇧]⌥ (0.0.33)

Fµ⇧�
⇥ =

�
[Dµ, D⇧]

⇥
�
⇥ =  [µ A⇥

⇧]� + A[µ|⇤
⇥A|⇧]�

⇤ (0.0.34)

(0.0.35)
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LH =

⇧⇧⇧
�
↵µ � igwWa

µ�a � igyBµ
⇥
H
⇧⇧⇧

2
+ 1

2

⌃µc
h̄

⌥2
|H|2 � 1

4⇧
2|H|4

H 2
1r + H 2

1i + H 2
2r + H 2

2i =
⌃ µc
⇧h̄

⌥2
⇥ H =

µc
⇧h̄

�
1
0

 

Aµ = cos(�w)Bµ + sin(�w)W3
µ, (0.0.24)

Zµ = � sin(�w)Bµ + cos(�w)W3
µ, (0.0.25)

cos(�w) :=
gw↵

g2
w + g2

y

Jµ
w+ = ⇤g

⇤
ugL⌅⌅⌅⌅

µdgL + ⌃gL⌅⌅⌅⌅
µ�gL

⌅
, (0.0.26)

Jµ
em = ⇤g

⇤2
3 ugL⌅⌅⌅⌅

µugL � 1
3 dgL⌅⌅⌅⌅

µdgL � �gL⌅⌅⌅⌅
µ�gL

⌅
, (0.0.27)

Jµ
w3 = ⇤g

⇤1
2 ugL⌅⌅⌅⌅

µugL � 1
2 dgL⌅⌅⌅⌅

µdgL + ⌃gL⌅⌅⌅⌅
µ⌃gL � �gL⌅⌅⌅⌅

µ�gL

⌅
, (0.0.28)

Jµ
Z = 1

cos(�w)

⇤
Jµ
w3 � sin2(�w)Jµ

em

⌅
. (0.0.29)

DµFa µ⌃ = ja ⌃
(q) , ja ⌃

(q) := gc ⇤n ⇥n�A(⌅
⌃)A

B(⇧
a)�⇥⇥�A

n (0.0.30)

↵µFa µ⌃ = ja ⌃
(q) �

gc
h̄c fbc

a Ab
µFc µ⌃ (0.0.31)

⇥⇤·⇥Ea = j a 0
(q) �

gc
h̄c fbc

a ⇥Ab·⇥Ec (0.0.32)

Rµ⌃ 
⌦ =

�
[Dµ, D⌃]

⇥
 
⌦ = ↵[µ�⌦

⌃] + �⌦
[µ|⇧�⇧

|⌃] (0.0.33)

Fµ⌃�
⇥ =

�
[Dµ, D⌃]

⇥
�
⇥ = ↵[µ A⇥

⌃]� + A[µ|⌅
⇥A|⌃]�

⌅ (0.0.34)

(0.0.35)

� =
S

2h̄mA

⌦
|M|2(2⌥)4⇤4(pA � pB � pC)

c d3⇥pB

2(2⌥)3E(⇥pB)
c d3⇥pC

2(2⌥)3E(⇥pC)

⇤4(pA � pB � pC) = ⇤(mAc � EB/c � EC/c) ⇤3(⇥0 � ⇥pB � ⇥pB)

� =
S

2(4⌥)2 h̄mA

⌦
d3⇥pB |M|2

⇤(mAc �
↵

m2
Bc2 + ⇥p2

B �
↵

m2
Cc2 + (�⇥pB)2)

↵
m2

Bc2 + ⇥p2
B

↵
m2

Cc2 + (�⇥pB)2
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Taj pravac,  , odredjuje da je 
 
 

⟨ℍ⟩ ∈ S3 ⊂ ℂ2 ≈ℝ4

polje fotona (  ) je kalibraciono polje očuvane “dijagonalne” 
 simetrije

Aμ
U(1)Q ⊂ SU(2)w×U(1)y

polje  čestice je kalibraciono polje komplementarnog 
dijagonalnog dela narušene  simetrije

Z0

SU(2)w

Stoga mase    i   bozona nisu iste: prva ima doprinos 
samo od  -   interakcije, dok druga ima doprinose i od 
mešanja  -   i  -   interakcije.

W± Z0

W± ℍ
W3 ℍ B ℍ
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Narušena simetrija
4

LH =
⇤⇤⇤
�
⇤µ � igwWa

µ�a � igy
⇥
H
⇤⇤⇤

2
+ 1

2

⌅µc
h̄

⇧2
|H|2 � 1

4 �|H|4

H 2
1r + H 2

1i + H 2
2r + H 2

2i =
⌅µc

h̄

⇧2
⇥ H =

µc
h̄

⌃
1
0

⌥

Aµ = cos(⇥w)Bµ + sin(⇥w)W3
µ, (0.0.24)

Zµ = � sin(⇥w)Bµ + cos(⇥w)W3
µ, (0.0.25)

4
LH =

⇤⇤⇤
�
⇤µ � igwWa

µ�a � igy
⇥
H
⇤⇤⇤

2
+ 1

2

⌅µc
h̄

⇧2
|H|2 � 1

4 �|H|4

H 2
1r + H 2

1i + H 2
2r + H 2

2i =
⌅µc

h̄

⇧2
⇥ H =

µc
h̄

⌃
1
0

⌥

Aµ = cos(⇥w)Bµ + sin(⇥w)W3
µ, (0.0.24)

Zµ = � sin(⇥w)Bµ + cos(⇥w)W3
µ, (0.0.25)

cos(⇥w) :=
gw�

g2
w + g2

y
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Kombinacija naboja   (Gell-Mann-Nishijima) 
opisuje interakciju sa fotonskim poljem,  .

Q= Iw+ 1
2 Yw

Aμ

Fermionske struje koje interaguju su

i   .MW =MZ cos(θW)
9

Narušena simetrija

4
LH =

⇧⇧⇧
�
⇧µ � igwWa

µ�a � igy
⇥
H
⇧⇧⇧

2
+ 1

2

⌃µc
h̄

⌥2
|H|2 � 1

4 ⇥|H|4

H 2
1r + H 2

1i + H 2
2r + H 2

2i =
⌃µc

h̄

⌥2
⇥ H =

µc
h̄

�
1
0

 

Aµ = cos(⌅w)Bµ + sin(⌅w)W3
µ, (0.0.24)

Zµ = � sin(⌅w)Bµ + cos(⌅w)W3
µ, (0.0.25)

cos(⌅w) :=
gw⌦

g2
w + g2

y

Jµ
w+ = �g

⇤
ugL����µdgL + ⇤gL����µ�gL

⌅
, (0.0.26)

Jµ
em = �g

⇤2
3 ugL����µugL � 1

3 dgL����µdgL � �gL����µ�gL

⌅
, (0.0.27)

Jµ
w3 = �g

⇤1
2 ugL����µugL � 1

2 dgL����µdgL + ⇤gL����µ⇤gL � �gL����µ�gL

⌅
, (0.0.28)

Jµ
Z = 1

cos(⌅w)

⇤
Jµ
w3 � sin2(⌅w)Jµ

em

⌅
. (0.0.29)

eksperimentalno potvrdjeno!!
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Standardni Model
Sadržaj

Mase fundamentalnih fermiona
Fenomenologija 
Yukawa interakcije sa Higgs-ovom česticom

Mešanje neutrina
Solarni neutrini i spektar 
Fenomen mešanja 
Neutrini i mehanizam klackalice

Standardni Model, opet
Ono što znamo da znamo

Program
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(ono što znamo da ne znamo, posle pauze)

Petak 20. V 2022 

posle pauze: 

— Zoom-foto —



Sadržaj
Standardni Model
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Fundamentalni fermioni

5.2. Slaba nuklearna interakcija i posledice 259

su normalni modovi pre narušenja SU(2)w ⇥ U(1)y simetrije) sa Z0-česticom, što je
jedan od dva normalna moda posle SU(2)w ⇥ U(1)y ! U(1)Q narušenja simetrije.

U opštem slučaju važi da anomalija bilo koje simetrije mora ostati očuvana kroz
svaki fazni prelaz, pa i je elektro-slabo narušenje simetrije SU(2)w ⇥ U(1)y ! U(1)Q.
Anomalije kalibracionih simetrija naravno moraju da budu jednake nuli, no očuvanje
anomalija ostalih (i aproksimativnih, i egzaktnih ali globalnih) simetrija je korisno

” pravilo sume“ (sum rule) u proučavanju faznih prelaza.

5.2.4 Slabi (Weinberg-ov) ugao
Mada su W±- i Z0-čestice kalibracioni bozoni slabih interakcija, njihove mase nisu iste [v. ta-
blicu B.2, str. 462]. To je posledica činjenice da su Z0-bozon i foton linearne kombinacije
SU(2)w-partnera W±-bozona i U(1)y-kalibracionog bozona. Za objašnjenje ovog efekta mo-
ramo razmotriti Glashow-Weinberg-Salam-ov model elektro-slabih interakcija.

Zaključci iz odeljaka 5.2.1–5.2.3 ukazuju na finiju strukturu čestice u tablici 0.3, str. 64,
koje čine supstanciju. Naime, slabe interakcije se mogu opisati ne-abelovskim (nekomutativ-
nim) kalibracionim modelom u kome se, zbog relacije (5.45), levi i desni fermioni različito
tretiraju. Po ugledu na GNN formulu (0.46b), slabi izospin Iw i slabi hipernaboj Yw su

porodica fermiona naboji
1 2 3 Q Iw Yw

Y� = gggg�Y

8
><

>:

h u

d

i

L

h c
s

i

L

h t

b

i

L

+2
/3

�1
/3

+1
/2

�1
/2

+1
/3

+1
/3

h ne

e�

i

L


nµ

µ�

�

L

h nt

t�

i

L

0

�1

+1
/2

�1
/2

�1

�1

Y+ = gggg+Y

8
>><

>>:

uR cR tR +2
/3 0 +4

/3

dR sR bR �1
/3 0 �2

/3

e�R µ�
R t�

R �1 0 �2

neR nµR ntR 0 0 0

Tablica 5.1: Slabi izospin, slabi hipernaboj i naelektrisanje su vezani relacijom (5.69). Vrednosti
su, medutim, različite za fermione leve i desne hiralnosti.

definisani tako da zadovoljavaju relaciju

Q = Iw + 1

2
Yw. (5.69)

Mora se naglasiti da su slabi izospin i slabi hipernaboj definisani po ugledu na pret-
hodno definisane veličine sličnih imena, i tako da zadovoljavaju poznatu formulu (0.46b).
Medutim, iz tablice 5.1 se vidi da se te veličine poklapaju sa ”starim“ vrednostima (0.46a)
samo za ”leve“ svojstvene funkcije hiralnosti a ne i za ”desne“—koje nemaju slabi izospin
pa su invarijante u odnosu na SU(2)w. Na taj način slabi izospin i SU(2)w igraju ulogu,
respektivno, naboja i simetrije za kalibracioni model slabih interakcija.

U kalibracionom SU(2)w ⇥ U(1)y modelu (Glashow, Weinberg i Salam) se uvode ka-
libracioni bozoni W±

µ , W3
µ za SU(2)w faktor, a Bµ za U(1)y faktor. S obzirom da slabi izo-
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analize simetrija, što će se kasnije razviti u vrlo moćni teorijski metod i omogućiti izvesne
egzaktne (ne-perturbativne) rezultate u teoriji polja. C-kvark je eksperimentalno otkriven
četiri godine kasnije. Medutim, za detaljniju analizu su nam potrebni detalji kako kalibraci-
onih teorija, tako i levo-desno asimetrija slabih interakcija, pa ćemo se na ovu temu vratiti
u odeljcima 5.2.2 i 5.2.3.

Konačno, 1973. godine su Makoto Kobayashi i Toshihide Maskawa pokazali da se tzv.
posredno CP-narušenje—koje su James W. Cronin i Val L. Fitch opazili još 1964. godine (a
Nobel-ovu nagradu dobili tek 1980.), u neravnomernosti K0 $ K̄0 transmutacija—može do-
goditi samo ako postoji bar šest kvarkova. Neposredno CP-narušenje je opaženo tek 1990.
godine, saglasno Kobayashi-Maskawa predlogu; do tada je peti, b-kvark već bio i eksperi-
mentalno proizveden a šesti, t-kvark je proizveden tek 1995. godine. Vrste kvarkova

u (up), d (down), s (strange), c (charm), b (bottom), t (top), (0.45)

se nazivaju i ukusima (flavor), tako da se grupe simetrija koje potiču od približnog poi-
stovećivanja tih kvarkova: SU(3), SU(4), SU(5) i SU(6) obično označavaju indeksom ” f “.
No, važno je primetiti da su te SU(n) f approksimativne simetrije ”ukusa“, sve manje i manje
praktične za veće i veće n, pošto su mase kvarkova sve različitije, pa su simetrije sve manje
precizne:

Ime q Masa⇤
(MeV/c2) Q I3 B S C B0 T Y

Up u : 1.5–3.3 +2
/3 +1

/2
1
/3 0 0 0 0 +1

/3

Down d : 3.5–6.0 �1
/3 �1

/2
1
/3 0 0 0 0 +1

/3

Strange s : 105{+25

�35
�1

/3 0
1
/3 �1 0 0 0 �2

/3

Charm c : 1 270{ +70

�110
+2

/3 0
1
/3 0 +1 0 0 +4

/3

Bottom b : 4 200{+170

�70
�1

/3 0
1
/3 0 0 �1 0 �2

/3

Top t : 171 300{+1 100

�1 200
+2

/3 0
1
/3 0 0 0 +1 +4

/3

⇤ inerciona masa bez vezivne energije, koja zavisi od hadrona

(0.46a)

Q = I3 +
1

2
(Baryon + Strange + Charm + B0eauty + Truth| {z }

=Y, tzv. (jaki) hipernaboj [v. takode odeljak 5.2.1]

) (0.46b)

U periodu 1964–1974. godine je poverenje u kvark-model bilo vrlo mešovito. Dok su
eksperimentalci s pravom negodovali oko činjenice da je kvarkove izgleda nemoguće izdvo-
jiti slobodne—za šta nije bilo teorijskog objašnjenja—čak je i kvantni broj boje, uveden da se
kvark-model ”izmiri“ sa Pauli-jevim principom isključenja, izgledao vǐse kao mnemotehnička
poštapalica nego kao realna fizička osobina: kao što je kvarkove izgleda bilo nemoguće iz-
dvojiti, tako je i boju bilo nemoguće detektovati. Naime, u barionima tri kvarka imaju svaki
različitu boju, crveno-plavo-žuto, tako da je barion ”bezbojan“. U mezonima kvark i an-
tikvark imaju suprotne boje (crveno-zeleno, plavo-naradžasto, ili žuto-ljubičasto), pa su i
mezoni ”bezbojni“. Kao klasifikacioni sistem, to je pravilo savršeno korektno predvidelo
hadronska stanja [v. poglavlje 2]. No, skeptični fizičar se nije mogao oteti utisku da je for-
malizam boje ”izmǐsljen“ tako da ”objasni“ inače neobjašnjene činjenice: formalizam nije
davao razloga da hadroni budu ”bezbojni“ [v. odeljak 4.1].
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dvojiti, tako je i boju bilo nemoguće detektovati. Naime, u barionima tri kvarka imaju svaki
različitu boju, crveno-plavo-žuto, tako da je barion ”bezbojan“. U mezonima kvark i an-
tikvark imaju suprotne boje (crveno-zeleno, plavo-naradžasto, ili žuto-ljubičasto), pa su i
mezoni ”bezbojni“. Kao klasifikacioni sistem, to je pravilo savršeno korektno predvidelo
hadronska stanja [v. poglavlje 2]. No, skeptični fizičar se nije mogao oteti utisku da je for-
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davao razloga da hadroni budu ”bezbojni“ [v. odeljak 4.1].



Interakcije fundamentalnih fermiona

Setimo se, medjutim, u opštem slučaju:
Čestice/talasi = kvanti fluktuacije polja
Klasična polja = kondenzati/srednja vrednost ∞ mnogo (bozonskih) kvanta

Fundamentalni fermioni/supstancija

Yukawa interakcija sa Higgs-ovim poljem ⇒ Higgs-ov tenzor ranga 0

Gravitaciona kalibraciona interakcija ⇒ metrički tenzor ranga 2

13

Yang-Mills kalibraciona interakcija ⇒ kalibr. tenzor ranga 1
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Tablica 0.3: Sadržaj Standardnog Modela fizike elementarnih čestica; v. (0.46a)

Supstancija (spin-1
/2 fermioni)

Gen. Leptoni Kvarkovi

1. ne e� u d
2. nµ µ� c s
3. nt t� t b

Interakcije (bozoni)

g
W±

, Z0

onelektromagnetne
slabe nuklearne

o
interakcije (spin-1)

gluoni jake nuklearne interakcije (spin-1)

dgµn gravitacija (spin-2)

Higgs-ov bozon (spin-0): daje masu česticama sa kojima interaguje

da nemaju masu pa dakle imaju po dve polarizacije: to je onda 8 ⇥ 2 = 16 čestica. Ta-
blica 0.3 navodi i gravitaciju, mada ona, strogo uzev, nije deo Standardnog Modela; kvanti
gravitacionog polja su predstavljeni fluktuacijama metrike, pa stoga tenzorom ranga 2. No,
te fluktuacije propagiraju brzinom svetlosti i nemaju masu, tako da opet imaju samo dve
polarizacije [v. podlavlje 7].

Najzad, integralni deo Standardnog Modela je i Higgs-ov skalar, koji još nije eksperi-
mentalno opažen, i čije opažanje je jedan od ciljeva LHC (Large Hadron Collider) postroje-
nja u CERN-u. Videćemo u poglavlju 5 da se očekuje jedna jedina realna, skalarna (spin-0)
elementarna Higgs čestica, koja onda mora da bude i svoja sopstvena antičestica. Dok su
g, W±, Z0, gluoni pa i gravitoni kvatni posrednici fundamentalnih interakcija, Higgs-ova
čestica za koju se očekuje da će biti detektovana je ostatak: videćemo u poglavlju 5 da
Higgs-ovo polje ima četiri realna stepena slobode, uključujući po jedan Goldston-ov mod
za svaku kontinualnu simetriju koja je spontano narušena. Praktična uloga Higgs-ovog po-
lja je da posreduje u davanju mase česticama, uključujući i kalibracione bozone posrednike
W±

, Z0—kao da Higgs-ovo polje usporava sve čestice koje sa njim interaguju, što podseća
na pojavu i odlike viskoznosti u materijalima.

Goldston-ovi modovi Higgs-ovog polja se ne mogu detektovati kao posebne čestice,
ali mogu da se identifikuju kao dodatne, longitudinalne polarizacije kalibracionih bozona
W±

, Z0: U fazi bez narušenja simetrije imamo dva kompleksna stepena slobode Higgs čestice
(što možemo računati kao 2⇥ 2 realne čestice) i tri kalibraciona bozona slabe interakcije bez
mase—pa, dakle sa samo dve polarizacije svaki (što daje 3 ⇥ 2 realne čestice); ukupno, to
je 10 realnih čestica. U fazi sa narušenom simetrijom imamo samo jednu realnu Higgs-ovu
česticu i tri kalibraciona bozona sa neǐsčezavajućom masom, pa dakle tri polarizacije svaki
(što daje 3 ⇥ 3 realne čestice); ukupno, to je opet 10 realnih čestica.

Konačna suma sa ovako detaljnim brojanjem je:

fermioni = (3 ⇥ 2 ⇥ 2 ⇥ 2) + (3 ⇥ 2 ⇥ 2 ⇥ 2)⇥ 3 = 96,

bozoni = 1 ⇥ 2 + 3 ⇥ 3 + 8 ⇥ 2 + (1 ⇥ 2) + 1 = 30,

= 126.

(0.63)

U neku ruku, to jeste korektno brojanje—i videćemo u kasnijem tekstu u kojem smislu zbilja
valja razlikovati sve te stepene slobode, budući da postoje fizički merljivi detalji koji zavise
od tog razlikovanja. No, nadam se da je Čitaocu takode jasno da primedba da ”sistem od 126
čestica uopšte ne izgleda elementarno“ nije fer: presudno je da je tih 126 stepeni slobode
sistematizovano u vrlo jednostavnoj tablici 0.3, str. 64. Najzad, čestice navedene u toj kratkoj
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Electromagnetna kalibr./lokalna U(1)Q interakcija
Supstancije (elektroni i kvarkovi): kompleksne talasne funkcije
Faza (talasne funkcije supstancije) se ne može opaziti/meriti
Faza slobodno varira u prostor-vremenu ⇒ lokalna simetrija

Operator koji meri “brzinu promene” talasnih funkcija 
mora da se prilagodi ⇒ kalibr. 4-vektor potencijala, Aμ(x).

Komutator kovarijantnih izvoda:

Elektromagnetno polje:  ,   , 
predstavnik klasičnog dejstva na daljinu (= sila/jedinici naelektr.)

F0i =Ei Fjk =− εi
jkcBi

Jednačine 
kretanja:

Kvantna teorija: Feynman-ov integral i perturbativni dijagrami

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne
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Kromodinamička kalibr./lokalna SU(3)c interakcija
Kvarkovi: kompleksna 3-komponentna talasna funkcija
Matrične faze kvarkova se ne mogu opaziti/meriti
Matrična faza slobodno varira u prostor-vremenu ⇒ lokalna simetrija

Operator koji meri “brzinu promene” talasnih funkcija 
mora da se prilagodi ⇒ kalibr. 4-vektor potencijala, 8μ(x).

Komutator kovarijantnih izvoda:

Kromo-elektromagnetno polje:  ,  , 
predstavnik klasičnog dejstva na daljinu (= sila/jedinici boje)

Fa
0i =Ea

i Fa
jk =− εi

jkcBa
i

Jednačine 
kretanja:

Kvantna teorija: Feynman-ov integral i perturbativni dijagrami

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�
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J
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µYj] ∂µ J
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ij = 0 iff mi = mj.

bJµ
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µ
ij = 0 iff mi = mj = 0.
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Standardni Model
Sadržaj



Slaba kalibr./lokalna SU(2)w interakcija
Neabelovska, ~ kromodinamička kalibr./lokalna SU(3)c inter.
Samo sa fermionima leve hiralnosti 
tj. interakcija V–A tipa (samo ) — QED & QCD su V-tipaΨL

Maks. narušenje parnosti(1:<10–10 ν sa levom:desnom hiral.)
iz 2-čestičnog raspada  π− → μ− + ν̄μ

gde su  -spin i  -spin u 100% korelacijiμ ν
GIM mehanizam (FCNC) & ABJ anomalija ⇒ 4. kvark

Slaba svojstvena stanja ≠ slobodno propagirajuća svojstvena stanja
Cabibbo + Kobayashi & Maskawa “rotacija” (d, s, b) kvarkova

Higgs-ovo narušenje simetrije SU(2)w ×U(1)y →U(1)Q
 ,    mase:  W± =W1+iW2 Z0 =cos(θW)W3−sin(θW)B μc

2 λℏ
, μc

2 λℏ
gw2 + gy2

   ostaje bez maseγ =sin(θW)W3+cos(θW)B
Specifični koeficijenti u Feynman-ovim dijagramima
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Standardni Model
Sadržaj



Fenomenologija
Mase fundamentalnih fermiona
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Mase fundamentalnih fermiona
Efektivne 
mase u hadro- 
nima, tj. 
“sastavne” 
mase
“(Strujne) 
mase,” tj. 
inercijalne 
mase u “duboko elastičnim sudarima”

 ,  ,  me =0.551 MeV/c2 mμ =106 MeV/c2 mτ =178 GeV/c2

Jednake za fermione leve i desne hiralnosti, spin-gore/dole

Mase neutrina    (šest reda veličine majušnije!)<2 eV/c2

MeV/c2

144 Poglavlje 2. Kvark model: kombinatorika i grupe

očitava i u efektivnim masama kvarkova12: videti tablicu 2.1 Osnovna ideja u primeni ovako

Tablica 2.1: Mase kvarkova u MeV/c2-ima; [v. sliku 0.1, str. 72]

Efektivne mase u
Kvark Masa Mezonima Barionima

Laki
u 4.2

310 363d 7.5

s 150 483 538

Teški
c 1 100 1 500

b 4 200 4 700

t 174 200 & 174 200

fenomenološki definisane SU(n) f -simetrije je jednostavna: Neka je G grupa približnih sime-
trija sa izvesnom tolerancijom, a H ⇢ G podgrupa približnih simetrija sa finijom toleranci-
jom. Onda se doprinosi hamiltonijanu koji su H-invarijantni ali nisu G-invarijantni tretiraju
kao ”popravke“ osnovnom hamiltonijanu koji je G-invarijantan. Pod većom tolerancijom se
prihvata veća grupa približnih simetrija, a manja (finija) tolerancija smanjuje grupu opera-
cija koje prihvatamo kao simetrije.

Najpoznatiji primer za ovo je tzv. Zeeman-ov efekat: ne-relativistički tretman vodoni-
kovog atoma sa zanemarenim spinovima (2.1)–(2.8e) podvrgnemo uticaju spoljašnjeg mag-
netnog polja ~B, što hamiltonijanu dodaje ”popravku“

HZ = �~µ · ~B = µB~B ·
�

g`L + gsS
�
, g` = 1, gs = 2

�
1 +

a

2p
+ . . .

�
. (2.99)

Osnovni hamiltonijan, bez ove popravke, ima SO(4) simetriju [v. odeljak 2.1.1], dok ha-
miltonijan sa Zeeman-ovim dodatkom ima samo SO(2) ⇢ SO(4) simetriju. U čestičarskom
žargonu bi rekli da Zeeman-ovska interakcija sa spoljašnjim magnetnim poljem—pa onda
dakle upravo to spoljašnje magnetno polje—eksplicitno narušava SO(4) simetriju vodoni-
kovog atoma. Po analogiji, a zbog hierarhije masa kvarkova kao u tablici 2.1, članove u
hamiltonijanu, odnosno doprinose masi mezona i bariona možemo organizovati kao:

1. SU(6) f -simetrični, osnovni hamiltonijan;
2. SU(5) f -simetrične ”popravke“, gde je t-kvark izdvojen doprinosima reda veličine mt ⇡

174.2 GeV/c2;
3. SU(4) f -simetrične ”popravke“, gde je i b-kvark izdvojen doprinosima reda veličine

mb ⇡ 4.7 GeV/c2;
4. SU(3) f -simetrične ”popravke“, gde je i c-kvark izdvojen doprinosima reda veličine

mc ⇡ 1.5 GeV/c2;
5. SU(2)I-simetrične ”popravke“, gde je i s-kvark izdvojen doprinosima reda veličine

ms ⇡ 0.5 GeV/c2;

12 Masa je, po definiciji, mera inercije objekta. Pošto kvarkove ne možemo izolovati, ni inerciju im ne možemo
meriti kao slobodnim česticama. Efektivna masa je mera njihove inercije unutar vezanih stanja (mezona i bari-
ona), pa je, naravno, uvek uplivisana interakcijama sa ”ostatkom“ tog vezanog stanja, tj. ostalim kvarkovima i
gluonima i zavisi od konkretnog vezanog stanja. Stoga se kao ”efektivna masa“ uvek navode prosečne vrednosti.



Mase fundamentalnih fermiona… na logaritamskoj skali:

1. generacija

2. generacija

3. generacija
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(q q) bound states, their quark number is zero. Since quarks cannot be extracted, it remains
a convention to count baryons, and quarks have 1

3
of the baryon number.

The baryon number conservation law is also strict—in that it holds in all processes.
However, just as the (separate) lepton number conservation laws, this too is a phenomeno-
logical and not a fundamental law.

0.4.3 Approximate Conservation Laws

Besides strict conservation laws, there also exist approximate conservation laws, that are
nevertheless useful precisely because of their approximate validity, whereby they help in
estimates and computations.

Flavor

Table (0.47a) shows that the differences between the consecutive quark masses grow with
these masses, as seen on the plot 0.1. In experiments done at the average energy of LQCD =

ln(m/LQCD)

e�
0.511 MeV/c2

u
2.4 MeV/c2

d

4.75 MeV/c2

s

105 MeV/c2

µ�

106 MeV/c2

c

1.27 GeV/c2

t�

1.78 GeV/c2

b

4.2 GeV/c2

t

174.2 GeV/c2

Figure 0.1: Quark (N) and charged lepton (�) masses plotted on a logarithmic scale

200 MeV/c2 per process and with the experimental error at about 10%—so about 20 MeV/c2,
it is not possible to distinguish u- and d-quarks purely by their masses; within experimental
error, their masses are the same. On the other hand, there is enough energy to produce an
s-quark, which indeed can be distinguished from the u- and the d-quarks purely by its mass:
105 ± 20 MeV/c2 cannot be confused for mu, md even when identified within the ±20 MeV/c2

experimental error.

Nevertheless, Gell-Mann proposed to:

1. First consider mu, md, ms as sufficiently near in masses to be distinguished;
this indicated an SU(3) f symmetry.

2. Then take into account the difference between ms vs. mu ⇡ md;
this breaks the symmetry SU(3) f ! SU(2)u,d.
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Mase fundamentalnih fermiona… CKM matrica:

Daje vrlo specifičnu matricu:

sa netrivijalnim fazama u 2×2 delu dole levo.
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as well as all related processes obtained using the crossing symmetry and the principle of
detailed balance (0.17), and by replacing the u, d quarks with the heavier pair c, s (and also
t, b), as well as by replacing the e�, ne lepton pair with µ�

, nµ (and also t�
, nt) might seem

amply sufficient to describe all known examples of weak interaction. However, that is not
true: from the observed decay

K0 = (d s) ! p+ + p� = (ud) + (d u) (0.53)

it follows that the weak elementary processes

s + u ! W�
, s + u ! W+ (0.54)

must also exist, which then also explains the decay

L0 = (u d s) ! (u d W� u) ! (u u d) + W� ! (u u d) + (d u) = p+ + p�
, (0.55)

and so on. Comparing the elementary processes (0.51) and (0.54), it follows that the weak
decays “mix” the d- and the s-quark and so violate the conservation of strangeness. That is,
the u, d, s, . . . quarks are not the eigenstates of the perturbation term26 in the Hamiltonian
that is responsible for weak interactions, but

|ui, |dwi := cos(qc)|di+ sin(qc)|si, |swi := cos(qc)|si � sin(qc)|di, . . . (0.56)

as proposed in 1963—before the discovery of the c-quark—by Nicola Cabibbo and after
whom the angle qc was named. In 1973, Kobayashi and Maskawa generalized this paramet-
rization by proposing

2

4
|dwi
|swi
|bwi

3

5 :=

2

4
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

3

5

2

4
|di
|si
|bi

3

5 , (0.57a)

=

2

4
c12c13 s12c13 s13 e�id13

�s12c23 � c12s23s13 eid13 c12c23 � s12s23s13 eid13 s23c13

s12s23 � c12c23s13 eid13 �c12s23 � s12c23s13 eid13 c23c13

3

5

2

4
|di
|si
|bi

3

5 ,

(0.57b)

where cij := cos(qij), sij := sin(qij), i, j = 1, 2, 3 = d, s, b,

where in the second row the now standard parametrization is given in terms of Euler angles
in the (d, s, b)-space. The general form and parametrization of non-Hermitian matrices were
known back in 1939 [120], from where it follows that a non-Hermitian n⇥ n matrix has
(n�1

2
) complex phases. It follows that one needs at least three quarks of �1

/3 electric charge
for the CKM matrix to be able to contain one non-removable complex phase, which then can
parametrize CP-violation, as observed back in 1964. The elements Vij are denoted (0.57) to
indicate their application:

Probability
�
d + W+ ! u

�
=

��hu|W+|di
��2 µ |Vud|2, (0.58a)

26 The Student is expected to remember how one computes with a Hamiltonians of the form H = H0 +H 0 in quan-
tum mechanics, where the eigenstates and eigenvalues for H0 are known, and H0 is treated as a perturbation,
and where the eigenstates of H0 need not be the eigenstates of H 0, i.e., [H0, H 0] 6= 0.
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as well as all related processes obtained using the crossing symmetry and the principle of
detailed balance (0.17), and by replacing the u, d quarks with the heavier pair c, s (and also
t, b), as well as by replacing the e�, ne lepton pair with µ�

, nµ (and also t�
, nt) might seem

amply sufficient to describe all known examples of weak interaction. However, that is not
true: from the observed decay

K0 = (d s) ! p+ + p� = (ud) + (d u) (0.53)

it follows that the weak elementary processes

s + u ! W�
, s + u ! W+ (0.54)

must also exist, which then also explains the decay

L0 = (u d s) ! (u d W� u) ! (u u d) + W� ! (u u d) + (d u) = p+ + p�
, (0.55)

and so on. Comparing the elementary processes (0.51) and (0.54), it follows that the weak
decays “mix” the d- and the s-quark and so violate the conservation of strangeness. That is,
the u, d, s, . . . quarks are not the eigenstates of the perturbation term26 in the Hamiltonian
that is responsible for weak interactions, but

|ui, |dwi := cos(qc)|di+ sin(qc)|si, |swi := cos(qc)|si � sin(qc)|di, . . . (0.56)

as proposed in 1963—before the discovery of the c-quark—by Nicola Cabibbo and after
whom the angle qc was named. In 1973, Kobayashi and Maskawa generalized this paramet-
rization by proposing

2

4
|dwi
|swi
|bwi

3

5 :=

2

4
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

3
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4
|di
|si
|bi

3

5 , (0.57a)

=

2

4
c12c13 s12c13 s13 e�id13

�s12c23 � c12s23s13 eid13 c12c23 � s12s23s13 eid13 s23c13

s12s23 � c12c23s13 eid13 �c12s23 � s12c23s13 eid13 c23c13

3

5

2

4
|di
|si
|bi

3

5 ,

(0.57b)

where cij := cos(qij), sij := sin(qij), i, j = 1, 2, 3 = d, s, b,

where in the second row the now standard parametrization is given in terms of Euler angles
in the (d, s, b)-space. The general form and parametrization of non-Hermitian matrices were
known back in 1939 [120], from where it follows that a non-Hermitian n⇥ n matrix has
(n�1

2
) complex phases. It follows that one needs at least three quarks of �1

/3 electric charge
for the CKM matrix to be able to contain one non-removable complex phase, which then can
parametrize CP-violation, as observed back in 1964. The elements Vij are denoted (0.57) to
indicate their application:

Probability
�
d + W+ ! u

�
=

��hu|W+|di
��2 µ |Vud|2, (0.58a)

26 The Student is expected to remember how one computes with a Hamiltonians of the form H = H0 +H 0 in quan-
tum mechanics, where the eigenstates and eigenvalues for H0 are known, and H0 is treated as a perturbation,
and where the eigenstates of H0 need not be the eigenstates of H 0, i.e., [H0, H 0] 6= 0.
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= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Fµn := h̄ c
igc

⇥
Dµ , Dn

⇤
= (∂µAn � ∂nAµ) +

igc
h̄ c [Aµ An] ()

Bianchi Gauss-Ampère

#µnrs(DnFrs) = 0 (∂µFµn) =
�
J

µ
(q) �

igc
h̄ c [Aµ, Fµn]

�

µcp
2lh̄

, µcp
2lh̄

q
g2

w + g2
y

q12 = qds = (13.04 ± 0.05)�, q13= qdb= (0.201 ± 0.011)�, ()

q23 = qsb = (2.38 ± 0.06)� , d13= ddb = (1.20 ± 0.08)�. ()
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Probability
�
s + W� ! u

�
=

��hu|W+|si
��2 µ |Vus|2, (0.58b)

and so on. Present-day observed values are q12 = qds = (13.04 ± 0.05)�, q13 = qdb =
(0.201 ± 0.011)�, q23 = qsb = (2.38 ± 0.06)�, and d13 = ddb = (1.20 ± 0.08)�, giving

2

4
|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

3

5 ⇡

2

4
0.974 0.226 0.004

0.226 0.973 0.041

0.009 0.041 0.999

3

5 . (0.59)

To estimate the W± particle mass, we need an estimate for the range of weak nuclear
forces, and such a direct estimate does not exist. It is known, however, that the weak nuclear
interaction does occur within the atomic nucleus in the form of the b-decay, but it is not
known how close the particles must be for the scattering to also include weak interactions.
For example, in antineutrino-proton scattering, the contribution of the weak interaction
would be seen also as the inelastic collision (0.25), which the quark model represents as the
consequence of two alternative collisions:

ne + p+ = ne + (u u d) ��*

HHj

(e+ + W�) + (u u d)

ne +
�
W+ + (u d d)

�
HHj

��*
e+ + (u d d) = e+ + n0

. (0.60)

the range of the weak nuclear interaction mediated by W± thus probably is not larger
than the diameter of the nucleus where the process takes place, and may well be (much)
smaller than the proton and neutron diameter. Taking R < 10

�15 m for the range, produces
mW > h̄

R c ⇠ 200 MeV/c2, which is a lower limit, and very weak as an estimate: it was known
already by the late 1940’s that no appropriate particle of such a mass exists. As the exper-
iment energies grew, it was expected that the scatterings will begin to show traces of the
intermediary bosons W±, but such data was obtained ony in January of 1983 (and by mid-
1983 the Z0 particle was also detected), for which Carlo Rubbia and Simon van der Meer
received the 1984 Nobel prize.

By about 1958, the possibility was noted that there might exist weak neutral processes
of the type

q + q0 $ Z0
, and `+ ` $ Z0

, (0.61)

where q and q0 are any two quarks of the same electric charge—revealing the “mixing”
parametrized by the CKM matrix (0.57). Such processes would produce also a correction of
the electromagnetic interactions based on the elementary processes

q + q $ g, and `+ ` $ g, (0.62)

without the CKM mixing and which, of course, do not include the neutrinos as they are
electrically neutral. In the processes where q and q0 are not the same quark, such as

s ! Z0 + d, (0.63)

the quark-“flavor” changes, and such hypothetical processes were dubbed “flavor-changing
neutral currents” (FCNC). The experimental detection of such processes was crucial for con-
firming the Glashow–Weinberg–Salam model of electro-weak interaction unification based
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Kalibr. interakcije putem “minimalne sprege,” promenom 
operatora “brzine promene”:

gde je g parametar interakcije a Qa operator a-tog “naboja”, pa je 
sami “naboj” svojstvena vrednost a-te svojstvene funkcije.
Iz dimenzionih razloga, Lagranžijanska gustina za fermione mora 
da ima (iħc-umnožak)

To odgovara elementarnom (virtuelnom) procesu
ulazni fermion Ψ

emituje/apsorbuje kalibr. vektor Aaμ

i postaje izlazni fermion Ψʹ.

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Fµn := h̄ c
igc

⇥
Dµ , Dn

⇤
= (∂µAn � ∂nAµ) +

igc
h̄ c [Aµ An] ()

Bianchi Gauss-Ampère

#µnrs(DnFrs) = 0 (∂µFµn) =
�
J

µ
(q) �

igc
h̄ c [Aµ, Fµn]

�

µcp
2lh̄

, µcp
2lh̄

q
g2

w + g2
y

q12 = qds = (13.04 ± 0.05)�, q13= qdb= (0.201 ± 0.011)�, ()

q23 = qsb = (2.38 ± 0.06)� , d13= ddb = (1.20 ± 0.08)�. ()

Dµ := 1∂µ + ig
h̄ c Aa

µQa

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Fµn := h̄ c
igc

⇥
Dµ , Dn

⇤
= (∂µAn � ∂nAµ) +

igc
h̄ c [Aµ An] ()

Bianchi Gauss-Ampère

#µnrs(DnFrs) = 0 (∂µFµn) =
�
J

µ
(q) �

igc
h̄ c [Aµ, Fµn]

�

µcp
2lh̄

, µcp
2lh̄

q
g2

w + g2
y

q12 = qds = (13.04 ± 0.05)�, q13= qdb= (0.201 ± 0.011)�, ()

q23 = qsb = (2.38 ± 0.06)� , d13= ddb = (1.20 ± 0.08)�. ()

Dµ := 1∂µ + ig
h̄ c Aa

µQa

· · ·+ Y0ggggµ(∂µ + ig
h̄ c Aa

µQa)Y + · · · = · · ·+ ig
h̄ c (Y

0ggggµ
QaY)Aa

µ + . . .

Aaμ

Ψ

Ψʹ
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Naelektrisano skalarno polje (kao Higgs-ovo polje) interaguje 
sa kalibr. vektorom zahvaljujući minimalnoj sprezi:

uključuje fundamentalne 
procese predstavljene 
Feynman-ovim dijagramima:

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Fµn := h̄ c
igc

⇥
Dµ , Dn

⇤
= (∂µAn � ∂nAµ) +

igc
h̄ c [Aµ An] ()

Bianchi Gauss-Ampère

#µnrs(DnFrs) = 0 (∂µFµn) =
�
J

µ
(q) �

igc
h̄ c [Aµ, Fµn]

�

µcp
2lh̄

, µcp
2lh̄

q
g2

w + g2
y

q12 = qds = (13.04 ± 0.05)�, q13= qdb= (0.201 ± 0.011)�, ()

q23 = qsb = (2.38 ± 0.06)� , d13= ddb = (1.20 ± 0.08)�. ()

Dµ := 1∂µ + ig
h̄ c Aa

µQa

· · ·+ Y0ggggµ(∂µ + ig
h̄ c Aa

µQa)Y + · · · = · · ·+ ig
h̄ c (Y

0ggggµ
QaY)Aa

µ + . . .

· · ·+
��(∂µ + ig

h̄ c Aa
µQa)f

��2
+ . . .

= · · ·+ 2g
h̄ c =m

⇥
(Qaf⇤)(∂µf)

⇤
Aa

µ + g2

h̄2c2

��(Qaf)Aa
µ

��2
+ . . .

To uvodi procese u kojima 
fermioni i scalari interaguju:

Mase fundamentalnih fermiona
Yukawa interakcije sa Higgs-ovom česticom
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Ako skalar stekne vakumski očekivanu vrednost, to uvodi 
procese:

efektivnu amplitudu da funda- 
mentalni fermion emituje/ 
apsorbuje scalarno polje,
efektivnu masu za 
fundamentalne fermione.
Oba su reda ~O(g2).

Pošto se te amplitude ionako pojave (kroz kalibr. interakcije), 
uvode se u samu Lagranžijansku gustinu.
U opštem, članovi oblika

sprežu fermione leve i desne hiralnosti.

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL]

⌘

� 1
2

⇣
[neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘

+ 2
3

⇣
[uR ggggµ uR] + [cR ggggµ cR] + [tR ggggµ tR]

⌘
� 1

3

⇣
[dR ggggµ dR] + [sR ggggµ sR] + [bR ggggµ bR]

⌘

�
⇣
[e�R ggggµ e�R ] + [µ�

R ggggµ µ�
R ] + [t�

R ggggµ t�
R ]
⌘o

.

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Bianchi Gauss-Ampère

#µnrs(∂nFrs) = 0 (∂µFµn) = 1
4pe0

4p
c jne

Fµn := h̄ c
iq
⇥

Dµ , Dn
⇤
= ∂µ An � ∂n Aµ

Fµn := h̄ c
igc

⇥
Dµ , Dn

⇤
= (∂µAn � ∂nAµ) +

igc
h̄ c [Aµ An] ()

Bianchi Gauss-Ampère

#µnrs(DnFrs) = 0 (∂µFµn) =
�
J

µ
(q) �

igc
h̄ c [Aµ, Fµn]

�

µcp
2lh̄

, µcp
2lh̄

q
g2

w + g2
y

q12 = qds = (13.04 ± 0.05)�, q13= qdb= (0.201 ± 0.011)�, ()

q23 = qsb = (2.38 ± 0.06)� , d13= ddb = (1.20 ± 0.08)�. ()

Dµ := 1∂µ + ig
h̄ c Aa

µQa

· · ·+ Y0ggggµ(∂µ + ig
h̄ c Aa

µQa)Y + · · · = · · ·+ ig
h̄ c (Y

0ggggµ
QaY)Aa

µ + . . .

· · ·+
��(∂µ + ig

h̄ c Aa
µQa)f

��2
+ . . .

= · · ·+ 2g
h̄ c =m

⇥
(Qaf⇤)(∂µf)

⇤
Aa

µ + g2

h̄2c2

��(Qaf)Aa
µ

��2
+ . . .

Y0fY, Y0
±fY⌥ = Y0gggg⌥gggg⌥Yf 6= 0.

= �(m1cY1)Y2 + Y1(m2cY2) = (m2�m1)cY1Y2, ()

ih̄∂µ[Y1bggggggggµY2] =
�
ih̄∂µY1(�ggggµbgggg)

�
Y2 + Y1bggggggggµ(ih̄∂µY2) = (ih̄ /∂Y1)bggggY2 + Y1bgggg(ih̄ /∂Y2),

= (m1cY1)bggggY2 + Y1bgggg(m2cY2) = (m1+m2)cY1bggggY2. ()

J
µ
ij := [Yigggg

µYj] ∂µ J
µ
ij = 0 iff mi = mj.

bJµ
ij := [YibggggggggµYj] ∂µ bJ

µ
ij = 0 iff mi = mj = 0.

LGWS 3 gw
�
W+

µ Jµ
+ + W�

µ Jµ
� + W3

µ Jµ
3
�
+ gyBµ Jµ

y ,

Jµ
+ :=

�
[uL ggggµ dwL] + [cL ggggµ swL] + [tL ggggµ bwL]

 
,

Jµ
� :=

�
[dwL ggggµ uL] + [swL ggggµ cL] + [bwL ggggµ tL]

 
,

Jµ
3 :=

n
1
2

⇣
[uL ggggµ uL] + [cL ggggµ cL] + [tL ggggµ tL] + [neL ggggµ neL] + [nµL ggggµ nµL] + [ntL ggggµ ntL]

⌘

� 1
2

⇣
[dL ggggµ dL] + [sL ggggµ sL] + [bL ggggµ bL] + [e�L ggggµ e�L ] + [µ�

L ggggµ µ�
L ] + [t�

L ggggµ t�
L ]
⌘o

,

Jµ
y :=

n
1
6

⇣
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U Standardnom Modelu
levo-hiralni fermioni su SU(2)w-doubleti
desno-hiralni fermioni su SU(2)w-singlets (invarijante).

U SU(2), 2⊗2 ⊃ 1, tj. (spin-½)×(spin-½) ⊃(spin-0).

Stoga,    i  ΨL ℍ ΨR ΨR ℍ ΨL

su SU(2)w-invarijante, pa ih možemo dodati u Lagranžijan kao 

Onda je
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Slično za donje kvarkove:

Pošto
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= <e
�
hehH2i⇤

� �
e�R e�L + e�L e�R

�
+ . . . (5.108)

are SU(2)w ⇥ U(1)y-invariant and produce the electron mass, me = h̄ <e
�
hehH2i

�
/c. Sim-

ilarly, for d-quarks one has

hd dR H†
⇥ u

d
⇤

L
+ h.c. = hd dR

�
H⇤

1
uL + H⇤

2
dL
�
+ h.c.

= <e
�
hdhH2i⇤

� �
dR dL + dL dR

�
+ . . . (5.109)

which is also SU(2)w ⇥ U(1)y-invariant and produce md = h̄ <e
�
hdhH2i

�
/c, the d-quark

mass. For u-quarks, an additional definition [+ discussion of the relation (A.49)] is needed:

C : H =
h

H1

H2

i
7�! Hc := �#### H⇤ =

h
0 �1

1 0

ih
H⇤

1

H⇤
2

i
=

h �H⇤
2

H⇤
1

i
, (5.110)

which transforms, under SU(2)w, the same as H. We can therefore add to the Lagrangian
density also the terms

�hu uR (H
c)†

⇥ u
d
⇤

L
+ h.c. = �hu uR

�
� H2uL + H1dL

�
+ h.c.

= <e
�
huhH2i

� �
uR uL + uL uR

�
+ . . . (5.111)

which are also SU(2)w ⇥ U(1)y-invariant and produce mu = h̄ <e
�
huhH2i

�
/c, the u-quark

mass.

The structure of the Standard Model neither requires nor prohibits adding the neutrino
of the right-handed chirality, which is noted in table 5.1, p. 291: niR (with i = e, µ, t) are
included in the table but are separated from the other fermions. If one includes these right-
handed neutrinos, one can include in the Lagrange density also the terms

�hn neR (H
c)†

⇥ ne
e�

⇤
L
+ h.c. = �hn neR

�
� H2neL + H1e�L

�
+ h.c.

= <e
�
hnhH2i

� �
neR neL + neL neR

�
+ . . . (5.112)

which are also SU(2)w ⇥ U(1)y-invariant and produce mn = h̄ <e
�
hnhH2i

�
/c, the neutrino

mass.

The quantities defined by the relations (5.108), (5.109), (5.111) and (5.112) are the
so-called Dirac masses, since the variation of the Lagrangian density by fermion fields pro-
duces the Dirac equation (3.34), with the indicated masses. In addition, terms that were
omitted in the expressions (5.108), (5.109), (5.111) and (5.112) are of the general form

hi <e
�

H2

� �
YiR YiL + YiL YiR

�
, (5.113)

which define interactions of the Higgs particle, <e(H2), with the Standard Model fermions.
The remaining components of the complex Higgs doublet, H1 = H+, H⇤

1
= H� and =m(H2)

have become the longitudinal components of the W±- and the Z0-bosons; see section 5.1.3,
conclusion 5.5, p. 280 and Eq. (5.47).

The so-obtained fermion masses (5.108), (5.109), (5.111) and (5.112) as well as
the masses of the Z0- and the W±-bosons (5.81)–(5.86) are all proportional to the mass
h̄ <e

�
hH2i

�
/c. The Yukawa parameters he, hd, hu, hn (and similarly for the remaining two

families) are however completely arbitrary parameters of the Standard Model and, besides
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Slično za neutrine: 
 
 
 
 

Parametri  , ,  i ,   kontrolišu kako mase fermiona 
tako i Yukawa interakcije sa Higgs-ovim poljem.

hU hD hℓ hν

Otkad je Higgs-ova čestica eksperimentalno nadjena, 
eksperimenti mere te Yukawa-interakcione parametre.

Osim toga,  , ,  i ,   podležu i (računskim) 
ograničenjima tako da bi Standard Model bio perturbativan. 

hU hD hℓ hν

isto SU(2)w-invarijante
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Neutrini se proizvode u atmosferi:

To implicira dvaput više mionskih (anti)neutrina nego 
elektronskih…
…ali odnos u stvari zavisi od pravca njihovog kretanja!

~vertikalno, blizu 2:1,
~horizontalno, blizu 1:1.

Neutrini se takodje proizvode i u zvezdama kao što je Sunce
Velike zvezde: katalizator je ugljenik, azot i kiseonik
manje zvezde (kao Sunce): “pp-proces”
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in the fermion masses, appear only in the terms of the type (5.113) that describe the Yukawa
interactions of the fermions with the Higgs particle. This then links the intensity of this in-
teraction with the fermion masses. Of course, until the experimental confirmation of the ex-
istence of the Higgs particle and a measurement of its interaction with the Standard Model
fermions, the choice of the parameters he, hd, hu, hn, etc., is determined only in terms of the
measured fermion masses—except for the neutrinos; see the next section.

Since the Standard Model fermion masses [+ tables 2.1, p. 161 and B.2, p. 521] differ
significantly from the masses of the W± and the Z0-bosons, it follows that the parameters
he, hd, hu, hn, etc., are quite far from numbers of order 1, and the structure represented by
this list of parameters ought to be explained somehow. However, that is a task beyond the
Standard Model+ .

Digression 5.4: Let us mention a nonstandard version of the Standard Model [135], where one
introduces a Higgs field that is SU(2)w ⇥ U(1)y-invariant, but has Yukawa interactions (Y eH Y)
with the Standard Model fermions. Shifting eH ! eH0 + h eHi, the fermions acquire a mass just as
by the previously described standard method (5.113). As SU(2)w ⇥ U(1)y gauge bosons do not
interact directly with this Higgs boson, their masses stem from perturbative corrections of the
type

! (5.114a)

where the shaded oval in the right-hand side diagram represents the resulting effective (indirect)
interaction between SU(2)w ⇥ U(1)y gauge bosons and the Higgs field eH that sinks into the
vacuum, i.e., h eHi 6= 0; compare with the illustration (5.41). Effectively, the so-obtained mass
for the gauge bosons produces a model that differs from the standard Standard Model only
at energies significantly larger than mW , mZ ⇠ 100 GeV/c2. For example, in this version, the
Higgs particle mass may be larger than 100 GeV/c2, which may become very popular if the LHC
experiment at CERN does not detect anything that could be identified as the Higgs particle.

5.3.2 Neutrino Mixing

It was noted already in the early 1990’s that amongst the neutrinos that arrive to the Earth’s
surface there are fewer nµ than expected. That is, neutrinos are produced in the atmosphere
mainly through the decay of pions and muons:

p+ ! µ+ + nµ, ! (e+ + ne + nµ) + nµ, (5.115)
p� ! µ� + nµ, ! (e� + ne + nµ) + nµ. (5.116)

Evidently, one expects about twice as many muon (anti)neutrinos than electron (anti)neu-
trinos to reach the Earth’s surface. However, experimental results of the KamiokaNDE instal-
lation showed that the atmospheric muon-to-electron (anti)neutrino number ratio depends
on the direction of their arrival: Among the (anti)neutrinos arriving to the Earth’s surface
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well-nigh vertically, the ratio was really close to 2:1. However, amongst the neutrinos arriv-
ing at a large angle from the vertical, this ratio is closer to 1:1. This indicates to the fact that
the muon (anti)neutrinos somehow vanish during passing through the atmosphere, much
faster than the electron (anti)neutrinos, and certainly much faster than would be expected
from the known fact that the effective cross section of the interaction between neutrinos
and other matter is extremely small. These experimental results were later confirmed in the
super-KamiokaNDE installation.

In turn, the mechanisms that produce the enormous energy of a star such as our Sun
had been subject to research from the beginning of the 19th century, when Lord Rayleigh
showed that—with the then generally accepted assumption that the Sun’s energy stems from
gravitational contraction—the Sun could not be as old as the geological finds indicate (of
Earth) and as needed for the process of evolution. However, Becquerel discovered radioac-
tivity in 1896 and by about 1920 the atomic weights were measured sufficiently precisely to
make it possible for Arthur Eddington to notice that four hydrogen atoms are a little heavier
than the Helium atom. According to Einstein’s relation E0 = mc2, the difference (4mH�mHe)
indicates that fusing four hydrogen atoms into an atom of Helium should release energy.

When Chadwick discovered the neutron in the 1930’s, Pauli postulated the existence
of the neutrin and Fermi described the basic process of weak nuclear interaction, n0 !
p+ + e� + ne. This opened the possibility for a realistic description of the nuclear processes
that produce most if the radiation energy of the Sun. By 1938, Hans Bethe worked out the
details of the so-called Carbon cycle where the process of fusion is catalyzed by Carbon,
Nitrogen and Oxygen, and which is the dominant process in very large stars. In the Sun,
which is a relatively smaller and lighter star, the basic mechanism is the so-called pp-process:

1. : p+ + p+ ! d+ + e+ + ne, (5.117a)
p+ + p+ + e� ! d+ + ne, (5.117b)

2. : d+ + p+ ! 3
He

++ + g, (5.117c)

3. :
3
He

++ + p+ ! a++ + e+ + ne, (5.117d)
3
He

++ + 3
He

++ ! a++ + p+ + p+, (5.117e)
3
He

++ + a++ ! 7
Be

4+ + g, (5.117f)

4. :
7
Be

4+ + e� ! 7
Li

3+ + ne, (5.117g)
7
Li

3+ + p+ ! a++ + a++
, (5.117h)

7
Be

4+ + p+ ! 8
B

5+ + g, (5.117i)
8
B

5+ ! (8
Be

4+)⇤ + e+ + ne, (5.117j)
8
B

5+ + e� ! (8
Be

4+)⇤ + ne, (5.117k)

(8
Be

4+)⇤ ! a++ + a++
. (5.117l)

The processes (5.117a), (5.117d) and (5.117j) produce neutrinos with a continuous dis-
tribution of energies, while the neutrinos produced in the processes (5.117b), (5.117g)
and (5.117k) have a fixed energy [+ section 1.2: when a collision or a decay produces only

D
R

A
FT

—
co

nt
ac

td
ir

ec
tly

Tr
is

ta
n

H
üb
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Model igračka: 

Onda 
 
 

Počev od ortogonalnog  , 
 
 

−sin(α) |1⟩+cos(α) |2⟩

dva stanja nisu degenerisana (  ),E1 ≠E2
system je izvorno u netrivijalnoj linearnoj kombinaciji  (  ).α≠0
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two particles, their energies are completely determined]. Although most of the neutrinos
are created in the process (5.117a) as the concentration of input “ingredients” (protons) is
much larger than the concentration of input “ingredients” in the other processes, the energy
of the so-produced neutrinos is not larger than about 400 keV, which makes their detection
harder. In turn, neutrinos produced in the processes (5.117d) and (5.117j) have energies
reaching over 1 MeV, where the detectors are far more sensitive.

John Bahcall’s additional and detailed computations of the resulting distribution and
total neutrino flux were finally verified in 1968: Ray Davis’s group monitored a giant tank
(4,850 feet underground, in the Homestake gold mine in South Dakota) a dry-cleaning fluid
with a large content of chlorine, seeking the results of the reaction

ne + n0 ! p+ + e�, by way of ne +
37

Cl! 37
Ar + e� (5.118)

The detection of Argon-37 indicated that only about 1
/3 of electron neutrinos that the Sun

emits really arrives to the surface of the Earth. This discrepancy in the number of solar
electron neutrinos was dubbed the “neutrino problem.”

A little earlier, in 1967, Bruno Pontecorvo proposed (following up on a decade-earlier
proposal) a simple solution of the neutrino problem, by postulating that the electron neu-
trinos produced in the Sun at least partially transform during their flight to the Earth into
another type (muon and tau) neutrinos or even antineutrinos. As the Davis experiment
could detect only electron neutrinos, the transformed neutrinos would turn up “missed.”
This mechanism is, in general, called “neutrino oscillation,” as it is based on an essentially
simple quantum-mechanical effect.

To wit, with two eigenstates of the Hamiltonian

H|1i = E1|1i and H|2i = E2|2i, (5.119)

the evolution of a linear combination of these two stationary states is described as

|“1+2
00

; ti = C1e�iE1t/h̄ |1i+ C2e�iE2t/h̄ |2i, (5.120)

where the constants C1, C2 are determined from the initial condition. The probability that
this linear combination is after the amount of time t in the state cos(a)|1i+ sin(a)|2i equals

Pa :=
���
⇥

cos(a)h1|+ sin(a)h2|
⇤
|“1+2

00
; ti

���
2

= |C1|2 cos
2(a) + |C2|2 sin

2(a) + sin(2a)<e
⇥
C1C⇤

2
e�i(E1�E2)t/h̄⇤

. (5.121)

If the system was originally in the “opposite” linear combination, cos(a)|2i � sin(a)|1i pa
C1 = � sin(a) and C2 = cos(a), we have that

P|a+ p
2
i!|ai = sin

2(2a) sin
2( 1

2
w12t), w12 := E1�E2

h̄ (5.122)

Therefore, the system oscillates
�
|a+p

2
i = � sin(a)|1i+ cos(a)|2i

�
 !

�
|ai = cos(a)|1i+ sin(a)|2i

�
(5.123)

under the conditions that
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two particles, their energies are completely determined]. Although most of the neutrinos
are created in the process (5.117a) as the concentration of input “ingredients” (protons) is
much larger than the concentration of input “ingredients” in the other processes, the energy
of the so-produced neutrinos is not larger than about 400 keV, which makes their detection
harder. In turn, neutrinos produced in the processes (5.117d) and (5.117j) have energies
reaching over 1 MeV, where the detectors are far more sensitive.

John Bahcall’s additional and detailed computations of the resulting distribution and
total neutrino flux were finally verified in 1968: Ray Davis’s group monitored a giant tank
(4,850 feet underground, in the Homestake gold mine in South Dakota) a dry-cleaning fluid
with a large content of chlorine, seeking the results of the reaction

ne + n0 ! p+ + e�, by way of ne +
37

Cl! 37
Ar + e� (5.118)

The detection of Argon-37 indicated that only about 1
/3 of electron neutrinos that the Sun

emits really arrives to the surface of the Earth. This discrepancy in the number of solar
electron neutrinos was dubbed the “neutrino problem.”

A little earlier, in 1967, Bruno Pontecorvo proposed (following up on a decade-earlier
proposal) a simple solution of the neutrino problem, by postulating that the electron neu-
trinos produced in the Sun at least partially transform during their flight to the Earth into
another type (muon and tau) neutrinos or even antineutrinos. As the Davis experiment
could detect only electron neutrinos, the transformed neutrinos would turn up “missed.”
This mechanism is, in general, called “neutrino oscillation,” as it is based on an essentially
simple quantum-mechanical effect.

To wit, with two eigenstates of the Hamiltonian

H|1i = E1|1i and H|2i = E2|2i, (5.119)

the evolution of a linear combination of these two stationary states is described as

|“1+2
00

; ti = C1e�iE1t/h̄ |1i+ C2e�iE2t/h̄ |2i, (5.120)

where the constants C1, C2 are determined from the initial condition. The probability that
this linear combination is after the amount of time t in the state cos(a)|1i+ sin(a)|2i equals

Pa :=
���
⇥

cos(a)h1|+ sin(a)h2|
⇤
|“1+2

00
; ti

���
2

= |C1|2 cos
2(a) + |C2|2 sin

2(a) + sin(2a)<e
⇥
C1C⇤

2
e�i(E1�E2)t/h̄⇤

. (5.121)

If the system was originally in the “opposite” linear combination, cos(a)|2i � sin(a)|1i pa
C1 = � sin(a) and C2 = cos(a), we have that

P|a+ p
2
i!|ai = sin

2(2a) sin
2( 1

2
w12t), w12 := E1�E2

h̄ (5.122)

Therefore, the system oscillates
�
|a+p

2
i = � sin(a)|1i+ cos(a)|2i

�
 !

�
|ai = cos(a)|1i+ sin(a)|2i

�
(5.123)

under the conditions that
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two particles, their energies are completely determined]. Although most of the neutrinos
are created in the process (5.117a) as the concentration of input “ingredients” (protons) is
much larger than the concentration of input “ingredients” in the other processes, the energy
of the so-produced neutrinos is not larger than about 400 keV, which makes their detection
harder. In turn, neutrinos produced in the processes (5.117d) and (5.117j) have energies
reaching over 1 MeV, where the detectors are far more sensitive.

John Bahcall’s additional and detailed computations of the resulting distribution and
total neutrino flux were finally verified in 1968: Ray Davis’s group monitored a giant tank
(4,850 feet underground, in the Homestake gold mine in South Dakota) a dry-cleaning fluid
with a large content of chlorine, seeking the results of the reaction

ne + n0 ! p+ + e�, by way of ne +
37

Cl! 37
Ar + e� (5.118)

The detection of Argon-37 indicated that only about 1
/3 of electron neutrinos that the Sun

emits really arrives to the surface of the Earth. This discrepancy in the number of solar
electron neutrinos was dubbed the “neutrino problem.”

A little earlier, in 1967, Bruno Pontecorvo proposed (following up on a decade-earlier
proposal) a simple solution of the neutrino problem, by postulating that the electron neu-
trinos produced in the Sun at least partially transform during their flight to the Earth into
another type (muon and tau) neutrinos or even antineutrinos. As the Davis experiment
could detect only electron neutrinos, the transformed neutrinos would turn up “missed.”
This mechanism is, in general, called “neutrino oscillation,” as it is based on an essentially
simple quantum-mechanical effect.

To wit, with two eigenstates of the Hamiltonian

H|1i = E1|1i and H|2i = E2|2i, (5.119)

the evolution of a linear combination of these two stationary states is described as

|“1+2
00

; ti = C1e�iE1t/h̄ |1i+ C2e�iE2t/h̄ |2i, (5.120)

where the constants C1, C2 are determined from the initial condition. The probability that
this linear combination is after the amount of time t in the state cos(a)|1i+ sin(a)|2i equals

Pa :=
���
⇥

cos(a)h1|+ sin(a)h2|
⇤
|“1+2

00
; ti

���
2

= |C1|2 cos
2(a) + |C2|2 sin

2(a) + sin(2a)<e
⇥
C1C⇤

2
e�i(E1�E2)t/h̄⇤

. (5.121)

If the system was originally in the “opposite” linear combination, cos(a)|2i � sin(a)|1i pa
C1 = � sin(a) and C2 = cos(a), we have that

P|a+ p
2
i!|ai = sin

2(2a) sin
2( 1

2
w12t), w12 := E1�E2

h̄ (5.122)

Therefore, the system oscillates
�
|a+p

2
i = � sin(a)|1i+ cos(a)|2i

�
 !

�
|ai = cos(a)|1i+ sin(a)|2i

�
(5.123)

under the conditions that
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Nešto ranije, 1967. godine je Bruno Pontecorvo predložio (tragom svog deceniju ra-
nijeg predloga) jednostavno razrešenje problema neutrina, postulirajući da se elektronski
neutrini proizvedeni u Suncu, u toku leta do Zemlje, bar delom transformǐsu u neku drugu
vrstu (mionske i tauonske) neutrine ili čak antineutrine. Kako je Davis-ov eksperiment u sta-
nju da opazi samo elektronske neutrine, ti transformisani neutrini bi bili ”izgubljeni“. Ovaj
mehanizam se, uopšteno, zove ”oscilacija neutrina“, pošto se zasniva na suštinski jednostav-
nom kvantno-mehaničkom efektu.

Naime, ako imamo dva svojstvena stanja hamiltonijana

H|1i = E1|1i i H|2i = E2|2i, (5.114)

onda je evolucija linearne kombinacije ova dva stacionarna stanja opisano kao

|”1+2“; ti = C1e�iE1t/h̄ |1i+ C2e�iE2t/h̄ |2i, (5.115)

gde se konstante C1, C2 odreduju iz početnog uslova. Verovatnoća da je ova linearna kom-
binacija posle t vremena u stanju cos(a)|1i+ sin(a)|2i je jednaka

Pa :=
���
⇥

cos(a)h1|+ sin(a)h2|
⇤
|”1+2“; ti

���
2

= |C1|2 cos
2(a) + |C2|2 sin

2(a) + sin(2a)<e
⇥
C1C⇤

2
e�i(E1�E2)t/h̄⇤

. (5.116)

Ako je sistem izvorno bio u ”suprotnoj“ linearnoj kombinaciji, cos(a)|2i � sin(a)|1i pa C1 =
� sin(a) i C2 = cos(a), imamo da je

P|a+ p
2
i!|ai = sin

2(2a) sin
2( 1

2
w12t), w12 := E1�E2

h̄ (5.117)

Imamo dakle da sistem osciluje
�
|a+p

2
i = � sin(a)|1i+ cos(a)|2i

�
 !

�
|ai = cos(a)|1i+ sin(a)|2i

�
(5.118)

pod uslovom da

1. dva stacionarna stanja nisu degenerisana: E1 6= E2, tako da w12 6= 0, i
2. da je sistem izvorno netrivijalna (a 6= 0) linearna kombinacija dva stacionarna stanja.

Evidentno, konceptualno se isto može dogoditi i sa sistemom od tri nedegenerisana stacio-
narna stanja, ali će oscilacije biti komplikovanije.

Za slučaj relativističkih čestica, imamo da je (koristeći da je ~p1 = ~p2 = ~p)

E1�E2 =
q
|~p|2c2 + m 2

1
c4 �

q
|~p|2c2 + m 2

2
c4 ⇡ |~p|c

h
1

2

(m 2

1
�m 2

2
)c2

|~p|2 + . . .

i
,

⇡
(m 2

1
�m 2

2
)c3

2|~p| + . . . ⇡
(m 2

1
�m 2

2
)c4

2E
, (5.119)

gde je E srednja vrednost energija E1 i E2.
Slično kao što |di, |si i |bi nisu svojstvena stanja slabih interakcija, pretpostavimo da

su

|nei = � sin(qn)|n1i+ cos(qn)|n2i, |nµi = cos(qn)|n1i+ sin(qn)|n2i. (5.120)

Mešanje neutrina
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Relativistički: 
 
 

   i    su svojstvene vrednosti slabih interakcija 
(koje ih stvaraju), ali ne i slobodnog kretanja. 
 
 
 

|νe⟩ |νμ⟩

Na razdaljini  ,  gde je    sa  (2n+1)z* z* = 2πĒℏ
(m 2

1 −m 2
2 )c3 n=0, 1, 2,…

imamo  100% ,   dok između,  @ , imamo 100% .|νμ⟩ 2nz* |νe⟩

E1�E2 =
q
|~p|2c2 + m 2

1 c4 �
q
|~p|2c2 + m 2

2 c4 ⇡ |~p|c
h 1

2
(m 2

1 � m 2
2 )c2

|~p|2 + . . .
i
,

⇡
(m 2

1 � m 2
2 )c3

2|~p| + . . . ⇡
(m 2

1 � m 2
2 )c4

2E
,
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1. the two stationary states are not degenerate: E1 6= E2, so that w12 6= 0, and
2. the system is initially in a nontrivial (a 6= 0) linear combination of the two stationary

states.

It is evident that the conceptually same phenomenon occurs in a system with three non-
degenerate stationary states, but the oscillations are more complicated.

For relativistic particles, we have that (using that ~p1 = ~p2 = ~p )

E1�E2 =
q
|~p|2c2 + m 2

1
c4 �

q
|~p|2c2 + m 2

2
c4 ⇡ |~p|c

h
1

2

(m 2

1
� m 2

2
)c2

|~p|2 + . . .

i
,

⇡
(m 2

1
� m 2

2
)c3

2|~p| + . . . ⇡
(m 2

1
� m 2

2
)c4

2E
, (5.124)

where E is the average value of energies E1 and E2.

Just as |di, |si and |bi—eigenstates of the free, kinetic Hamiltonian and thus character-
ized by their well-defined masses—are not the eigenstates of weak interactions, suppose that
the electron,- muon- and tau-neutrinos (identified as the eigenstates of weak interactions)
are not the eigenstates of the free Hamiltonian, |nii. Then,

|nei = � sin(qn)|n1i+ cos(qn)|n2i, |nµi = cos(qn)|n1i+ sin(qn)|n2i, (5.125)

neglecting the 3rd family. From this,

Pne!nµ ⇡ sin
2(2qn) sin

2

⇣
(m 2

1
�m 2

2
)c4

4Eh̄ t
⌘
= sin

2(2qn) sin
2

⇣
(m 2

1
�m 2

2
)c3

4Eh̄ z
⌘

, (5.126)

where z = ct is approximately equal to the distance that neutrinos traverse (the masses
m1, m2 are very small, so the neutrinos propagate with speeds that are close to c). This
shows that after a traversed distance of

(2n+1) z⇤, where z⇤ =
2pEh̄

(m 2

1
� m 2

2
)c3

, n = 0, 1, 2, . . . (5.127)

all electron neutrinos converted into muon neutrinos, and at distances 2n z⇤ are all electron
neutrinos turned back into their initial state.

Of course, there do exist three types of neutrinos, and the oscillations are more compli-
cated. Besides, traversing matter additionally changes the parameters of neutrino mixing.
This was first described by Lincoln Wolfenstein, Stanislav Mikheyev and Alexei Smirnov, and
this additional effect is named after their names, the MSW-effect. In 2001, the first results
were published from super-KamiokaNDE, that uses water in the detector, and which can
detect all three types of neutrinos, albeit with different levels of efficiency. Independently,
in the same year, the first results were published also from SNO (Sudbury Neutrino Obser-
vatory), that uses heavy water in the detector. Because of the presence of the neutron in the
deuterium nuclei, SNO detects two additional processes with neutrinos that are not detected
in super-KamiokaNDE.

By April 2002, the combination of these experimental results unambiguously shows
that the neutrino oscillations exist and solve the so-called “neutrino problem,” showing
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1. the two stationary states are not degenerate: E1 6= E2, so that w12 6= 0, and
2. the system is initially in a nontrivial (a 6= 0) linear combination of the two stationary

states.

It is evident that the conceptually same phenomenon occurs in a system with three non-
degenerate stationary states, but the oscillations are more complicated.

For relativistic particles, we have that (using that ~p1 = ~p2 = ~p )

E1�E2 =
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2
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2
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2E
, (5.124)

where E is the average value of energies E1 and E2.

Just as |di, |si and |bi—eigenstates of the free, kinetic Hamiltonian and thus character-
ized by their well-defined masses—are not the eigenstates of weak interactions, suppose that
the electron,- muon- and tau-neutrinos (identified as the eigenstates of weak interactions)
are not the eigenstates of the free Hamiltonian, |nii. Then,

|nei = � sin(qn)|n1i+ cos(qn)|n2i, |nµi = cos(qn)|n1i+ sin(qn)|n2i, (5.125)

neglecting the 3rd family. From this,

Pne!nµ ⇡ sin
2(2qn) sin
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⇣
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)c4
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⌘
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2(2qn) sin
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⌘

, (5.126)

where z = ct is approximately equal to the distance that neutrinos traverse (the masses
m1, m2 are very small, so the neutrinos propagate with speeds that are close to c). This
shows that after a traversed distance of

(2n+1) z⇤, where z⇤ =
2pEh̄

(m 2

1
� m 2

2
)c3

, n = 0, 1, 2, . . . (5.127)

all electron neutrinos converted into muon neutrinos, and at distances 2n z⇤ are all electron
neutrinos turned back into their initial state.

Of course, there do exist three types of neutrinos, and the oscillations are more compli-
cated. Besides, traversing matter additionally changes the parameters of neutrino mixing.
This was first described by Lincoln Wolfenstein, Stanislav Mikheyev and Alexei Smirnov, and
this additional effect is named after their names, the MSW-effect. In 2001, the first results
were published from super-KamiokaNDE, that uses water in the detector, and which can
detect all three types of neutrinos, albeit with different levels of efficiency. Independently,
in the same year, the first results were published also from SNO (Sudbury Neutrino Obser-
vatory), that uses heavy water in the detector. Because of the presence of the neutron in the
deuterium nuclei, SNO detects two additional processes with neutrinos that are not detected
in super-KamiokaNDE.

By April 2002, the combination of these experimental results unambiguously shows
that the neutrino oscillations exist and solve the so-called “neutrino problem,” showing
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Naravno, postoji  tri  tipa neutrina,
…interakcija sa supstancijom menja parametre…
…prema modelu Wolfenstein, Mikheyev i Smirnov
Od 2002, oscilacije neutrina rešavaju “neutrino problem”

Najopštije mešanje neutrina je kao mešanje donjih kvarkova
Maki, Nakagawa i Sakata (1962), Pontecorvo (1967): 
PMNS matrica (kao CKM matrica mešanja donjih kvarkova)
Eksperimentalni rezultati:

razlika izmedju kvadrata masa: tahioni?
kakva je razlika:

MSW efekt304 Chapter 5. The Standard Model

clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:

412(m2

n) ⇡ 8⇥10
�5 (eV/c2)2

, 423(m2

n) ⇡ 3⇥10
�3 (eV/c2)2

, (5.128)

but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H1) = +1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn

�
diag.7�! m± =

1

2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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31

Pošto neutrini nemaju ni naelektrisanje ni boju, 
a  simetrija je narušena,SU(2)w×U(1)y

…   bi bila  -invarijantna tvrdnja.ν ?= ν̄ SU(3)c×U(1)Q

Onda  Ψ±(Ψ±)C = Ψ γ∓(γ∓)< ΨC = Ψ γ∓ ΨC

…je dozvoljen (Majorana) maseni član.
Dirac-ova + Majorana-ina masa 

daje
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clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:
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but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H1) = +1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn

�
diag.7�! m± =

1

2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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E1�E2 =
q
|~p|2c2 + m 2

1 c4 �
q
|~p|2c2 + m 2

2 c4 ⇡ |~p|c
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2
(m 2

1 � m 2
2 )c2

|~p|2 + . . .
i
,

⇡
(m 2

1 � m 2
2 )c3

2|~p| + . . . ⇡
(m 2

1 � m 2
2 )c4

2E
,
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mn Mn

�
diag.7�! m± =

1
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����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.
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1 � m 2
2 )c4

2E
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2

����Mn ±
q
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���� ⇡
⇢ Mn,

m2
n/Mn.
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clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:

412(m2

n) ⇡ 8⇥10
�5 (eV/c2)2

, 423(m2

n) ⇡ 3⇥10
�3 (eV/c2)2

, (5.128)

but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H1) = +1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn

�
diag.7�! m± =

1

2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.

D
R

A
FT

—
co

nt
ac

td
ir

ec
tly

Tr
is

ta
n

H
üb
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clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:

412(m2

n) ⇡ 8⇥10
�5 (eV/c2)2

, 423(m2

n) ⇡ 3⇥10
�3 (eV/c2)2

, (5.128)

but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H1) = +1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn
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diag.7�! m± =
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⇢ Mn,
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(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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üb

sc
h,

th
ub

sc
h@

ho
w

ar
d.

ed
u,

w
ith

an
y

co
m

m
en

ts
/

su
gg

es
tio

ns
/

co
rr

ec
tio

ns
;t

ha
nk

yo
u!

—
D

R
A

FT

E1�E2 =
q
|~p|2c2 + m 2

1 c4 �
q
|~p|2c2 + m 2

2 c4 ⇡ |~p|c
h 1

2
(m 2

1 � m 2
2 )c2

|~p|2 + . . .
i
,

⇡
(m 2

1 � m 2
2 )c3

2|~p| + . . . ⇡
(m 2

1 � m 2
2 )c4

2E
,


0 mn

mn Mn

�
diag.7�! m± =

1
2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

()

m� . 10�11
GeV/c2 = 10�2

eV/c2

304 Chapter 5. The Standard Model

clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:
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but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H1) = +1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn

�
diag.7�! m± =

1

2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:
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but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H2) = �1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
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�
+ 1

2
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e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix


0 mn

mn Mn
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diag.7�! m± =

1

2

����Mn ±
q

4m2
n + M2
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⇢ Mn,
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(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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clearly that the neutrino stationary states, n1, n2, n3 have nonzero and different masses, and
that the weak interaction eigenstates, the particles ne, nµ, nt, are linear combinations of the
stationary states n1, n2, n3. Experiments also give the difference of the squares of masses:

412(m2

n) ⇡ 8⇥10
�5 (eV/c2)2

, 423(m2

n) ⇡ 3⇥10
�3 (eV/c2)2

, (5.128)

but cannot show if the pattern of masses is two similar masses significantly smaller from
the third one, or two similar masses significantly larger from the third one [+ book [299],
and [300] for a recent and thorough review].

Finally, section 0.3.10 discussed the research of R. Davis and D.S. Harmer, who con-
cluded that ne and ne are distinct particles. However, a detailed analysis of the non-occurring
process (0.27), i.e., ne + n0 6! p+ + e�, shows that it may well be possible for ne and ne to be
the same particle—that the neutrino is its own antiparticle—but that this process (0.27) is
forbidden by helicity/chirality: whereas ne + n0 ! p+ + e� could happen with a left-handed
neutrino, the absence of a left-handed antineutrino would then prevent (0.27).

A more direct consequence of the logically possible that ne = ne would be the neutrino-
less double b-decay:

2d ! 2u + 2e� + (2ne ! ne + ne ! 0) ! 2u + 2e�, (5.129)

which has never been observed. Nevertheless, the logical possibility that ne = ne still attracts
considerable interest as it is necessary for the so-called see-saw mechanism. This mechanism
uses the fact that the (left-handed) neutrinos are the Iw = +1

/2 components of the lepton
doublets that interact by means of weak interactions, and so also with the doublets of Higgs
fields. In turn, one may always add to the Standard Model the right-handed neutrino, which
has no weak charge (isospin):

Iw(ne L) = +1
/2, Iw(H2) = �1

/2, Iw(ne R) = 0. (5.130)

The Standard Model Lagrangian density then may contain the terms15

mn
�
ne R ne L + ne L ne R

�
+ 1

2
Mn ne R nc

e R (5.131a)

where m is the mass that stems from the (so-called Yukawa) interaction term (5.112),
where H2 ! eH2 + hH2i produces mn = hnhH2i. In the basis (ne L, ne R), the Lagrangian
terms (5.131a) produce the mass matrix
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(5.131b)

One expects that mn ⇠ 10
2 GeV/c2, so that if Mn & 10

15 GeV/c2, one obtains that m� .
10

�11 GeV/c2 = 10
�2 eV/c2; experiments indicate that the neutrino masses are mn,exp <

2 eV [306].

15 The term 1

2
Mn ne R nc

e R is possible exclusively because all the charges of a right-handed neutrino vanish, so that
nc

e R := C(ne R) transforms identically to ne L with respect to all Standard Model symmetries.
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i
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2E
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⇢ Mn,
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n/Mn.

()

m� . 10�11
GeV/c2 = 10�2

eV/c2

2d ! 2(u + e� + ne) ! 2u + 2e� + 2ne

! 2u + 2e� + (ne + ne ! 0) ! 2u + 2e�

hnhH2i =: mn

Mešanje neutrina
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Ako su neutrini stvarno svoje sopstvene antičestice

je poznato kao “bez-neutrinski dvostruki beta-raspad”…
…koji nikada nije detektovan.

Osim toga, Davis & Harmer-ov 1956 zaključak da  ν̄e ≠νe

pošto    ali  (νe+n0 → p++e−) (ν̄e+n0 ↛ p++e−)
je pretpostavljao parnost! Ovaj process može takodje da je 
zabranjen otsustvom (vrlo velika masa?) levog antineutrina.

Za mehanizam klackalice, treba masa  ,Mν >1013 GeV/c2

koja ne može da potiče iz Standardnog Modela,
…gde je karakteristična masa  .⟨ℍ⟩∼100 GeV/c2

E1�E2 =
q
|~p|2c2 + m 2

1 c4 �
q
|~p|2c2 + m 2

2 c4 ⇡ |~p|c
h 1

2
(m 2

1 � m 2
2 )c2

|~p|2 + . . .
i
,

⇡
(m 2

1 � m 2
2 )c3

2|~p| + . . . ⇡
(m 2

1 � m 2
2 )c4

2E
,


0 mn

mn Mn

�
diag.7�! m± =

1
2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

()

m� . 10�11
GeV/c2 = 10�2

eV/c2

2d ! 2(u + e� + ne) ! 2u + 2e� + 2ne

! 2u + 2e� + (ne + ne ! 0) ! 2u + 2e�

E1�E2 =
q
|~p|2c2 + m 2

1 c4 �
q
|~p|2c2 + m 2

2 c4 ⇡ |~p|c
h 1

2
(m 2

1 � m 2
2 )c2

|~p|2 + . . .
i
,

⇡
(m 2

1 � m 2
2 )c3

2|~p| + . . . ⇡
(m 2

1 � m 2
2 )c4

2E
,


0 mn

mn Mn

�
diag.7�! m± =

1
2

����Mn ±
q

4m2
n + M2

n

���� ⇡
⇢ Mn,

m2
n/Mn.

()

m� . 10�11
GeV/c2 = 10�2

eV/c2

2d ! 2(u + e� + ne) ! 2u + 2e� + 2ne
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Mešanje neutrina
Neutrini i mehanizam klackalice

“neprirodno”
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Lagranžijanska gustina Standardnog Modela:

5.3. The Standard Model 305

This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:

LSM = LF +LG +LH +LY +LMn , (5.132a)

LF = ih̄ c Â
n

h
YnL /DYnL + YnR /DYnR

i
, (5.132b)

Dµ := ∂µ + igc
h̄ c Ga

µQc a +
igw
h̄ c Wa

µ V�1

w Iw aVw +
igy
h̄ c BµYw, (5.132c)

LG = � 1

4

8

Â
a=1

Ga
µnGa µn � 1

4

3

Â
a=1

Wa
µnWa µn � 1

4
BµnBµn

, (5.132d)

LH =
��[∂µ � igwWa

µsa � igy1]H
��2

h
� {

2

� µc
h̄
�2�

H†H
�
� 1

4
l
�
H†H

�2
, (5.132e)

LY = Â
n

�
hnYnR(H

†YnL) + h⇤n(YnLH)YnR
�
, (5.132f)

LMn = 1

2
Mn ne R nc

e R. (5.132g)

Here, the summands in (5.132d) were written akin to (3.118) and (4.25), but the gauge
field tensors were denoted:

Ga
µn = ∂µGa

n � ∂nGa
µ � gc

h̄ c f a
bcGb

µGc
n, a, b, c = 1, 2, · · · , 8, (5.133)

for the SU(3)c gluon field,

Wa
µn = ∂µWa

n � ∂nWa
µ � gw

h̄c e a
bgWb

µ Wg
n , W± = W1 ± iW2

, a, b, g = 1, 2, 3, (5.134)

for the SU(2)w gauge field, and

Bµn = ∂µBn � ∂nBµ, (5.135)

16 Since the mass scale of the GWS-model is of the order of magnitude of W±- and Z0-bosons, ⇠ 10
2 GeV/c2, a

mass of the order of magnitude ⇠ 10
15 GeV/c2 would require a numerical coefficient of the order ⇠ 10

13, the kind
of which never occurs in typical computations. That is, although the Standard Model contains dimensionless
coefficients such as he, hd, hu, hn in the expressions (5.108), (5.109), (5.111) and (5.112), all these dimension-
less coefficients are smaller than 1 and there is no systematic computation where a combination of them would
emerge to be of the order ⇠ 10

13. This situation here is very similar to the discussion of the hydrogen atom
in sections –1.2.5 and 2.1, where negative powers of the fine structure constant (and so also of dimensionless
coefficients larger than 1) do not occur.
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This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:

LSM = LF +LG +LH +LY +LMn , (5.132a)

LF = ih̄ c Â
n

h
YnL /DYnL + YnR /DYnR

i
, (5.132b)

Dµ := ∂µ + igc
h̄ c Ga

µQc a +
igw
h̄ c Wa

µ V�1

w Iw aVw +
igy
h̄ c BµYw, (5.132c)

LG = � 1

4

8

Â
a=1
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µnGa µn � 1

4

3

Â
a=1

Wa
µnWa µn � 1

4
BµnBµn

, (5.132d)

LH =
��[∂µ � igwWa

µsa � igy1]H
��2

h
� {

2

� µc
h̄
�2�

H†H
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� 1

4
l
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H†H

�2
, (5.132e)

LY = Â
n

�
hnYnR(H

†YnL) + h⇤n(YnLH)YnR
�
, (5.132f)

LMn = 1

2
Mn ne R nc

e R. (5.132g)

Here, the summands in (5.132d) were written akin to (3.118) and (4.25), but the gauge
field tensors were denoted:

Ga
µn = ∂µGa

n � ∂nGa
µ � gc

h̄ c f a
bcGb

µGc
n, a, b, c = 1, 2, · · · , 8, (5.133)

for the SU(3)c gluon field,

Wa
µn = ∂µWa

n � ∂nWa
µ � gw

h̄c e a
bgWb

µ Wg
n , W± = W1 ± iW2

, a, b, g = 1, 2, 3, (5.134)

for the SU(2)w gauge field, and

Bµn = ∂µBn � ∂nBµ, (5.135)

16 Since the mass scale of the GWS-model is of the order of magnitude of W±- and Z0-bosons, ⇠ 10
2 GeV/c2, a

mass of the order of magnitude ⇠ 10
15 GeV/c2 would require a numerical coefficient of the order ⇠ 10

13, the kind
of which never occurs in typical computations. That is, although the Standard Model contains dimensionless
coefficients such as he, hd, hu, hn in the expressions (5.108), (5.109), (5.111) and (5.112), all these dimension-
less coefficients are smaller than 1 and there is no systematic computation where a combination of them would
emerge to be of the order ⇠ 10

13. This situation here is very similar to the discussion of the hydrogen atom
in sections –1.2.5 and 2.1, where negative powers of the fine structure constant (and so also of dimensionless
coefficients larger than 1) do not occur.
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This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:

LSM = LF +LG +LH +LY +LMn , (5.132a)

LF = ih̄ c Â
n

h
YnL /DYnL + YnR /DYnR

i
, (5.132b)

Dµ := ∂µ + igc
h̄ c Ga

µQc a +
igw
h̄ c Wa

µ V�1

w Iw aVw +
igy
h̄ c BµYw, (5.132c)
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LY = Â
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hnYnR(H

†YnL) + h⇤n(YnLH)YnR
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, (5.132f)

LMn = 1

2
Mn ne R nc

e R. (5.132g)

Here, the summands in (5.132d) were written akin to (3.118) and (4.25), but the gauge
field tensors were denoted:

Ga
µn = ∂µGa

n � ∂nGa
µ � gc

h̄ c f a
bcGb

µGc
n, a, b, c = 1, 2, · · · , 8, (5.133)

for the SU(3)c gluon field,

Wa
µn = ∂µWa

n � ∂nWa
µ � gw

h̄c e a
bgWb

µ Wg
n , W± = W1 ± iW2

, a, b, g = 1, 2, 3, (5.134)

for the SU(2)w gauge field, and

Bµn = ∂µBn � ∂nBµ, (5.135)

16 Since the mass scale of the GWS-model is of the order of magnitude of W±- and Z0-bosons, ⇠ 10
2 GeV/c2, a

mass of the order of magnitude ⇠ 10
15 GeV/c2 would require a numerical coefficient of the order ⇠ 10

13, the kind
of which never occurs in typical computations. That is, although the Standard Model contains dimensionless
coefficients such as he, hd, hu, hn in the expressions (5.108), (5.109), (5.111) and (5.112), all these dimension-
less coefficients are smaller than 1 and there is no systematic computation where a combination of them would
emerge to be of the order ⇠ 10

13. This situation here is very similar to the discussion of the hydrogen atom
in sections –1.2.5 and 2.1, where negative powers of the fine structure constant (and so also of dimensionless
coefficients larger than 1) do not occur.
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This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:

LSM = LF +LG +LH +LY +LMn , (5.132a)

LF = ih̄ c Â
n

h
YnL /DYnL + YnR /DYnR

i
, (5.132b)

Dµ := ∂µ + igc
h̄ c Ga

µQc a +
igw
h̄ c Wa

µ V�1

w Iw aVw +
igy
h̄ c BµYw, (5.132c)
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, (5.132d)
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LY = Â
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hnYnR(H

†YnL) + h⇤n(YnLH)YnR
�
, (5.132f)

LMn = 1

2
Mn ne R nc

e R. (5.132g)

Here, the summands in (5.132d) were written akin to (3.118) and (4.25), but the gauge
field tensors were denoted:

Ga
µn = ∂µGa

n � ∂nGa
µ � gc

h̄ c f a
bcGb

µGc
n, a, b, c = 1, 2, · · · , 8, (5.133)

for the SU(3)c gluon field,

Wa
µn = ∂µWa

n � ∂nWa
µ � gw

h̄c e a
bgWb

µ Wg
n , W± = W1 ± iW2

, a, b, g = 1, 2, 3, (5.134)

for the SU(2)w gauge field, and

Bµn = ∂µBn � ∂nBµ, (5.135)

16 Since the mass scale of the GWS-model is of the order of magnitude of W±- and Z0-bosons, ⇠ 10
2 GeV/c2, a

mass of the order of magnitude ⇠ 10
15 GeV/c2 would require a numerical coefficient of the order ⇠ 10

13, the kind
of which never occurs in typical computations. That is, although the Standard Model contains dimensionless
coefficients such as he, hd, hu, hn in the expressions (5.108), (5.109), (5.111) and (5.112), all these dimension-
less coefficients are smaller than 1 and there is no systematic computation where a combination of them would
emerge to be of the order ⇠ 10

13. This situation here is very similar to the discussion of the hydrogen atom
in sections –1.2.5 and 2.1, where negative powers of the fine structure constant (and so also of dimensionless
coefficients larger than 1) do not occur.
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This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:

LSM = LF +LG +LH +LY +LMn , (5.132a)

LF = ih̄ c Â
n

h
YnL /DYnL + YnR /DYnR

i
, (5.132b)

Dµ := ∂µ + igc
h̄ c Ga

µQc a +
igw
h̄ c Wa

µ V�1

w Iw aVw +
igy
h̄ c BµYw, (5.132c)
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, (5.132f)

LMn = 1

2
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e R. (5.132g)

Here, the summands in (5.132d) were written akin to (3.118) and (4.25), but the gauge
field tensors were denoted:

Ga
µn = ∂µGa
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µGc
n, a, b, c = 1, 2, · · · , 8, (5.133)

for the SU(3)c gluon field,

Wa
µn = ∂µWa

n � ∂nWa
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µ Wg
n , W± = W1 ± iW2

, a, b, g = 1, 2, 3, (5.134)

for the SU(2)w gauge field, and

Bµn = ∂µBn � ∂nBµ, (5.135)

16 Since the mass scale of the GWS-model is of the order of magnitude of W±- and Z0-bosons, ⇠ 10
2 GeV/c2, a

mass of the order of magnitude ⇠ 10
15 GeV/c2 would require a numerical coefficient of the order ⇠ 10

13, the kind
of which never occurs in typical computations. That is, although the Standard Model contains dimensionless
coefficients such as he, hd, hu, hn in the expressions (5.108), (5.109), (5.111) and (5.112), all these dimension-
less coefficients are smaller than 1 and there is no systematic computation where a combination of them would
emerge to be of the order ⇠ 10

13. This situation here is very similar to the discussion of the hydrogen atom
in sections –1.2.5 and 2.1, where negative powers of the fine structure constant (and so also of dimensionless
coefficients larger than 1) do not occur.
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This means that Mn > 10
13 GeV/c2, which must stem from effects that are beyond

the Glashow-Weinberg-Salam theory of the electroweak interactions16, and also beyond the
Standard Model, but are probably related to the so-called Grand Unification or some other
phenomena, expected to occur at such high characteristic energies.

It is worth mentioning that Ziro Maki, Masami Nakagawa and Shoichi Sakata proposed
already in 1962 a general neutrino mixing, akin to the Cabbibo-Kobayashi-Maskawa mixing
of the “lower” quarks and extending a similar proposal by Bruno Pontecorvo [287]. The
analogous general neutrino mixing matrix is thus called the PMNS-matrix [299, 300].

5.3.3 The Standard Model, Summarized

We are finally ready to summarize the Lagrangian density for the Standard Model, using the
list 1–8, on p. 297:
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←…extra! “neprirodno”   Mν /⟨ℍ⟩∼1011
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