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Fundamentalni fermioni Standardnog Modela:

Primetiti vrednosti slabog hipernaboja!

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
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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-



“sterilan”

S obzirom na SU(3)c × SU(2)w × U(1)y kalibracionu grupu
levo-hiralni kvarkovi  čine (3, 2)⅓(d, u)L
levo-hiralni leptoni  čine (1, 2)–1(e−, νe)L

desno-hiralni kvarkovi čine: =(3, 1)⁴∕₃ ⊕ =(3, 1)–²∕₃uR dR

desno-hiralni leptoni čine: =(1, 1)–2 ⊕ =(1, 1)0e−
R νe,R

Reprezentacija kalibracione grupe odredjuje interakciju
SU(3)c 3 interaguju sa gluonima, 1 ne

SU(2)w 2 interaguju sa  i , 1 neW± W3

U(1)y   interaguje sa hyper-fotonima,  neqy ≠0 qy =0
Svaki faktor kalibr. grupe ima poseban interakcioni parametar/naboj i 
“parametar fine strukture”: αc, αw, αy

Pored fundamentalnih fermiona, u Standardnom Modelu je još jedino 
kalibr. bozoni i Higgs-ov bozon, (1, 2)+1. I’ll be back
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Sugestivan grafikon:
320 Chapter 6. Unification: the Weft of Understanding Nature
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Figure 6.2: The convergence of the SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge interaction strengths in
the Standard Model. The slope changes indicate energy thresholds where new real quarks may
be produced. The shaded area indicates the SU(2)w ⇥ U(1)y ! U(1)Q phase transition.

really merge in one point include an increasing precision of the measurements of the “ini-
tial” values, as well as the assumption of possible new particles with masses between mt ⇠
174.2 GeV/c2 and the energy where the functions (6.11) acquire the same value.

The simplest assumption—that in this enormous span of energies nothing new will be
found—in fact does not lead to a precise merging of all three functions. In turn, in some of
the possible and explored extensions of the Standard Model, this agreement is much bet-
ter. One of such extensions is the so-called minimally (extended) supersymmetric Standard
Model (MSSM), where this “grand desert” is populated by new particles, a superpartner for
each Standard Model particle.

Of course, only concrete experiments may decide and provide the ultimate conclu-
sion about the best model of unification of gauge interactions—as well as weather such a
unification even takes place at all. As it is known from even the popular literature and
daily newspapers, the installations that such experiments require have in the 20th century
grown ever larger and more complex, and so are subject to both financial and political
difficulties—now already of international proportions. A glance into the past and and the
much more modest requirements of epoch-making experiments at the turn of the 19th into
the 20th century implies the practical impossibility of continuing one of the two pillars of
experimental physics (and Rutherford’s legacy): colliders (where beams of particles are ac-
celerated and then collided, and where real collision processes are observed to happen) are
becoming prohibitively expensive and complex.

The other conceptual type of experiments is based on the quantum essence of natural
processes: even if the energy in a system is insufficient for the interaction mediator in the
process is produced as a real particle, the process may nevertheless occur by exchanging
virtual mediating particles. Although this significantly diminishes the probability for the ob-
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0.3. A Historical Inventory of the Fundamental Ingredients of the World 63

rather unusual: K0
, K±

, L0—and soon several more were discovered—were all produced in
very fast (⇠ 10

�23 s) reactions, but their half-life, i.e., their lifetime was relatively long:
⇠ 10

�10–10
�8 s.

It soon turned out that these new particles were created in pairs, so Abraham Pais
proposed the concept of “associated production.” In 1953, Kazuhiko Nishijima and Tadao
Nakano transformed this proposal into a concept of the “eta charge,” and in 1965, Murray
Gell-Mann independently introduced the “strangeness” charge. Under that name, the idea
was finally adopted: When “strange” particles are created, they are created in “strange-
antistrange” pairs, which indicates a strangeness conservation law. Thereafter, the decay of
a “strange” (S0 6= 0) particle into a collection of particles the total strangeness of which is
Âi Si 6= S0 would be forbidden by this strangeness conservation law, and so could happen
only via an interaction that this law explicitly violates. This then establishes that strange
particles are created by one (strong) interaction, and decay by another (weak). In addition,
this proposal also contained the so-called GNN formula:

Q = I3 +
1

2
(B + S), (0.33)

after the initials of Gell-Mann, Nishijima and Nakano. Here, Q is the electric charge,
I3 isospin [+ discussion around relations (0.9)–(0.14)], B the baryon number and S de-
notes the strangeness. The fact that these quantum numbers may be consistently assigned
to a growing number of particles (both mesons and hyperons18) while satisfying the rela-
tion (0.33) indicates a regularity that needed an explanation.

0.3.12 The Eightfold Way

In the early 1930’s, the list of elementary particles was short and really simple: Substance
consists of electrons, protons and neutrons. These particles interact via electromagnetic
forces, mediated by photons, weak nuclear forces formulated by Fermi as a so-called contact
interaction (with no mediator), and strong nuclear forces for which Yukawa’s theory was a
good candidate with pions as mediators. The fourth fundamental interaction, gravitation,
had by then already been described by Einstein’s general theory of relativity.

However, by 1960, this list of elementary particles was joined by so many new particles
that a systematization became necessary, somewhat akin to Mendeleev’s periodic table of
elements. Murray Gell-Mann noticed that a 2-dimensional plot of the first eight pseudo-

18 The word “hyperon” was initially used for particles heavier than the neutron; nowadays, it is used for strange
baryons with neither charm, nor beauty nor truth [+ table in display (0.47a)].
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Elektroslaba kalibraciona grupa ima dva faktora

…i dve posebne interakcione konstante/naelektrisanja

I dalje imamo:
kvarkove & leptone, SU(3)c 
tripleti & singleti — posebno
SU(2)w dublete (levo-h.) & 
singlete (desno-h.) — posebno

Modeli velikog ujedinjenja
Opšte napomene



Unifikacija kvarkova i leptona
Pati-Salam model

6

Struktura fundamentalnih fermiona u svakoj generaciji, 
zanemarujući hiralnost je

Leptonstvo (ne-kvarknost) leptona se identifikuje sa 4. bojom, 
“lila” (ili “lavanda”) veće, SU(4)c kalibracione grupe
…koja onda mora da se naruši u 
 SU(4)c → SU(3)c × U(1)yʹ  kalibracionu grupu

…pomoću nekog Higgs-ovog skalara.
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q
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Dodajući hiralnost, imamo

“Ogledalska” kalibraciona grupa SU(2)R slabog izospina
i diskretna (konačna) simetrija parnosti, ℤ2.

Pati-Salam grupa: SU(4)c × SU(2)L × SU(2)R ⋊ ℤ2 .

ℤ2
{

286 Poglavlje 6. Ujedinjenje: potka razumevanja Prirode

brojanja) parametara Standardnog Modela, i jedino radikalno novi tip eksperimenata će to
promeniti.

6.2 Modeli velikog ujedinjenja
U sledećih nekoliko odeljaka ćemo prelistati neke od mogućih šema ujedinjenja elektro-slabe
i jake interakcije.

6.2.1 Pati-Salam SU(4)c ⇥ SU(2)L ⇥ SU(2)R model
U seriji radova [295, 294, 296] su 1973–’74. godine Jogesh C. Pati i Abdus Salam predložili
šemu ujedinjenja zasnovanu na dve jednostavne ideje:

1. da je ”leptonstvo“ (nadovezujući se na tri boje kvarkova) četvrta boja, i
2. da postoji faza u kojoj je narušena simetrija parnosti očuvana, tj. povraćena.

Ove dve ideje se daju prikazati vrlo efektivno u vidu tablice:

hi
ra

ln
os

t SU(4)celektro-slaba
interakcija SU(3)c

c ž p `

SU(2)L
+1

/2 L uc už up n`e
�1

/2 dc dž dp e�`

SU(2)R
+1

/2 R uc už up n`e
�1

/2 dc dž dp e�`

plus još dve ”porodice“
fundamentalnih fermiona, sa
istovetnom strukturom.

(6.12)

U potpuno simetričnoj fazi, kalibraciona simetrija modela čini SU(4)c ⇥ SU(2)L ⇥ SU(2)R

grupu, koja svakako sadrži SU(3)c ⇥ SU(2)L ⇥ U(1)y kalibracionu simetriju Standardnog
Modela kao podgrupu. Ref. [296] opisuje i nekoliko varijanti ovog ujedinjanja, ali se u
sledećim godinama ovaj konkretan model izvdojio kao najuspešniji. 16 fermionskih stanja
u tablici (6.12) opisujemo standardno kao

(4, 2, 1)L � (4, 1, 2)R (6.13)

reprezentacija grupe
�

SU(4)c ⇥ SU(2)L ⇥ SU(2)R
�
o Z2, gde je Z2 = {1, P} a P operacija

parnosti; simbol ”o“ onačava poludirektan proizvod [v. leksikon žargona C.1]. So obzi-
rom na ovu kompletnu simetriju Pati-Salam-ovog modela, reprezentacija (6.13) je ireduci-
bilna, tj. ne postoji pravi podskup fermiona u tablici (6.12) koji kompletna simetrija modela,�
SU(4)c ⇥ SU(2)L ⇥ SU(2)R

�
o Z2, transformǐse tačno u taj isti podskup. S druge strane,

pošto je parnost simetrija modela, interakcioni parametri SU(2)L i SU(2)R faktora moraju da
budu jednaki, ali je interakcioni parametar SU(4)c-simetrije nezavisan.

S obzirom na podgrupu SU(3)c ⇥ SU(2)w ⇥ U(1)y ⇢ SU(4)c ⇥ SU(2)L ⇥ SU(2)R o
Z2, ireducibilna reprezentacija (6.13) se razlaže:

⇥
(4, 2, 1) ! (3, 2) 1

3

� (1, 2)�1

⇤
L
�

⇥
(4, 1, 2) ! (3, 1) 4

3

� (3, 1)� 2

3

� (1, 1)�2
� (1, 1)

0

⇤
R
.

(6.14)

Pati-Salam model
Unifikacija kvarkova i leptona



Pati-Salam model

Fundamentalni fermioni: (4, 2, 1)L⊕(4, 1, 2)R

Pod SU(4)c → SU(3)c × U(1)yʹ: 4 →3⅓⊕1–1 (“q”⊕ “ℓ ”)

Pod SU(2)R → U(1)R: 2 →(+½)⊕(–½) (“spin-↑”, “spin-↓”)

Tako, (4, 2, 1)L →[(3⅓, 2)0⊕(1–1, 2)0]L i 
     (4, 1, 2)R →[(3⅓, 1)+½⊕(3⅓, 1)–½⊕(1–1, 1)+½⊕(1–1, 1)–½]R

Isto, U(1)yʹ × U(1)R → U(1)y , prema qy = qyʹ + 2I3R , tako da je

(4, 2, 1)L⊕(4, 1, 2)R → [(3, 2)⅓ ⊕ (1, 2)–1]L⊕ 

 [(3, 1)⁴∕₃ ⊕ (3, 1)–⅔ ⊕ (1, 1)0 ⊕ (1, 1)–2]R

…U(1)y hipernaboji reprodukuju Standardni Model
I samo Higgs-ovo polje mora da je (4, 1, 2), tako da
… 〈(4, 1, 2)〉 = …+〈(1, 1)0〉 ≠ 0 . Ovo simultano narušava 
SU(4)c × SU(2)R ⋊ ℤ2 → SU(3)c × U(1)y i ostavlja SU(2)w.

Struktura fermionskih masa 

8

ireducibilno pod ℤ2
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Šta? Vi niste sve to memorisali?!
OK: 
 
 
 
 
 

Setimo se:  Ψ[iℏcγμ+μ− mc
ℏ 1]Ψ= ⋯ − mc

ℏ (Ψ−Ψ++Ψ+Ψ−)
Stoga -invariantna masa potičeSU(4)c×SU(2)L×SU(2)R⋊ℤ2

Table 1.1: Conceptual similarities and differences between the unification of the electric and the magnetic fields into

the electromagnet (EM) one, and the electromagnetic and weak fields into the electroweak (EW) field. Po(1, 3) is the

Poincaré group of linear transformations of spacetime: Lorentz transformations and translations.

United regime Separated regime

E
le

c
tr

o
m

a
g
n

e
ti

s
m

The relative speed between at least two

subsystems is not negligibly small, vij/c 6⌧ 1.

The relative speed between at least two

subsystems is negligibly small, vij/c ⌧ 1.

The transition demarcation is specified by a convention in resolution.

Separation and differentiation between the

~E- and the ~B-fields depends on the choice of

the coordinate system; see example ??, p. ??,

and relations (??) and (??).

In a system where the free charges are static

and the idealized currents stationary, the

electric and the magnetic fields are static

and perfectly separated.

The symmetries of the Maxwell equations

form the Lorentz group, together with space-

time translations, i.e., the Poincaré group,

Po(1, 3).

The symmetries of electro- and magneto-

static systems are limited to rotations in

space, Galilean boosts and translations in

space and time, Ga(1, 3)  Po(1, 3).

E
le

c
tr

o
w

e
a
k

in
t.

Particles in a process have energies Ei >
h̄ c

p
lhHi|{<0 ⇠ MW± c2

.

particles in a process have energies Ei <
h̄ c

p
lhHi|{<0 ⇠ MW± c2

.

The transition demarcation (the order parameter critical value) is determined by the system.

W±, W3
µ and Bµ are normal modes, all mass-

less.

Bµ and W3
µ are not normal modes;

Aµ (massless) and Zµ (massive) are;

see rel. (??)–(??).

Local (gauge) symmetries of electroweak

interactions form the SU(2)w ⇥ U(1)y group.

Local (gauge) symmetries of electroweak in-

teractions reduce U(1)Q ⇢ SU(2)w ⇥ U(1)y.

ch
ir

al
it

y SU(4)celectroweak
interaction

SU(3)c
r y b `

SU(2)L
+1/2 L ur uy ub n`e
�1/2 dr dy db e�`

R ur uy ub n`e
dr dy db e�`

()

p+ = (u + u + d) !
�
u + u + (X + e+)

�
!

�
u + (u + X) + e+

�
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u + u + e+

�
! p0 + e+ ! 2g + e+.
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⇠⇠: SU(4)c ⇥ SU(2)L ⇥ SU(2)R,

XXXz SU(5)⇥ U(1)0,
16L

⇠⇠⇠: (4, 2, 1)L � (4⇤, 1, 2)L,

XXXz
(10�1)L � (5⇤3)L � (1�5)L.

“P-S 4-2-2” “3y0 -2-1(R)” “S.M. 3-2-1”
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3
, 2)0 � (1�1, 2)0 (3, 2) 1

3
� (1, 2)�1

(4, 1, 2) (3 1
3
, 1) 1

2
� (1�1, 1) 1

2
� (3, 1) 4

3
� (1, 1)0 �

(3 1
3
, 1)� 1

2
� (1�1, 1)� 1

2
(3, 1)� 2

3
� (1, 1)�2

U(1)y0 ⇥ U(1)R ! U(1)y : qy = qy0 + 2I3,R

jedna od četiri  komponente ima vev

Pati-Salam model

(4, 1, 2)⟨ℍ⟩(4, 2, 1) ⇒ ℍ∼ (1, 2, 2) ⇒ ⟨ℍ⟩∼ (1, 2)±1

Struktura fermionskih masa 

SU(4)c×SU(2)L×SU(2)R⋊ℤ2

SU(3)c×SU(2)L×U(1)y

SU(3)c×U(1)y′ ×SU(2)L×U(1)R

⇒ ℍ∼ (10, 2, ± 1
2 )



Pati-Salam model

Fundamentalni fermioni:  se razlažu pri 
 kao

(4, 2, 1)L⊕(4, 1, 2)R
SU(4)c×SU(2)L×SU(2)R⋊ℤ2 → SU(3)c×SU(2)L×U(1)y

Hijerarhija i struktura fermionskih masa
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These two ideas may be presented rather effectively in the form of a table:

ch
ir

al
it

y SU(4)celectroweak
interaction

SU(3)c
r y b `

SU(2)L
+1

/2 L ur uy ub n`e
�1

/2 dr dy db e�`

SU(2)R
+1

/2 R ur uy ub n`e
�1

/2 dr dy db e�`

plus two more
“families” of
fundamental fermions,
each with an identical
structure.

(6.12)

In the fully symmetric phase, the “Pati-Salam” group SU(4)c ⇥ SU(2)L ⇥ SU(2)R specifies
the gauge symmetries of the model, and this certainly contains the Standard Model gauge
symmetry group SU(3)c ⇥ SU(2)L ⇥ U(1)y as a subgroup. Ref. [337] describes several vari-
ants of this unification, but over the subsequent years this concrete model became singled
out as the most successful. The sixteen fermion states in table (6.12) are denoted typically
as the

(4, 2, 1)L � (4, 1, 2)R (6.13)

representation of the SU(4)c ⇥ SU(2)L ⇥ SU(2)R o Z2 group, where Z2 = {1, P} and P
is the operation of parity; the symbol “o” denotes the semidirect product [+ lexicon of
jargon C]. With respect to this complete symmetry of the Pati-Salam model, the representa-
tion (6.13) is irreducible, i.e., there is no proper subset of the fermions in table (6.12) that all
elements of the complete symmetry,

�
SU(4)c ⇥ SU(2)L ⇥ SU(2)R

�
oZ2, transform into that

same subset only. In turn, since parity is a symmetry of the model, the SU(2)L and SU(2)R

coupling parameters must be equal, but the SU(4)c coupling parameter is independent.

With respect to the SU(3)c ⇥ SU(2)w ⇥ U(1)y ⇢ SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ2 sub-
group, the representation (6.13) decomposes into:

⇥
(4, 2, 1) ! (3, 2) 1

3

� (1, 2)�1

⇤
L
�

⇥
(4, 1, 2) ! (3, 1) 4

3

� (3, 1)� 2

3

� (1, 1)�2
� (1, 1)

0

⇤
R
.

(6.14)
This is the “physicist-standard” notation, where the group representations are denoted by
their dimensions [+ appendix A]5. In particular, (m, n, p) denotes the representation of
the SU(4)c ⇥ SU(2)L ⇥ SU(2)R group, which is the tensor product of the m-dimensional
representation of the SU(4)c group, the n-dimensional representation of the SU(2)L group
and the p-dimensional representation of the SU(2)R group. Thus, (4, 2, 1) is a SU(4)c-quartet
of SU(2)L-pairs of quark-leptons, which decompose (6.14) into:

(4, 2, 1) =
⇢

ur
, uy

, ub
, n`e

dr
, dy

, db
, e`�

�

L

!

(3, 2) 1

3

=

⇢
ur

, uy
, ub

dr
, dy

, db

� �

L

�

(1, 2)�1

=

⇢
n`e

e`�

� �

L

,

(6.15a)

5 In the general case, this is not sufficiently precise, as all Lie groups except SU(2) ' Spin(3) have distinct
representations of equal dimensions, but this ambiguity turns up very rarely within the examples of interest,
and in those exceptional cases those distinct representations of equal dimensions are distinguished by additional
decorations such as 15 and 150 u SU(3).
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These two ideas may be presented rather effectively in the form of a table:

ch
ir

al
it

y SU(4)celectroweak
interaction

SU(3)c
r y b `

SU(2)L
+1

/2 L ur uy ub n`e
�1

/2 dr dy db e�`

SU(2)R
+1

/2 R ur uy ub n`e
�1

/2 dr dy db e�`

plus two more
“families” of
fundamental fermions,
each with an identical
structure.

(6.12)

In the fully symmetric phase, the “Pati-Salam” group SU(4)c ⇥ SU(2)L ⇥ SU(2)R specifies
the gauge symmetries of the model, and this certainly contains the Standard Model gauge
symmetry group SU(3)c ⇥ SU(2)L ⇥ U(1)y as a subgroup. Ref. [337] describes several vari-
ants of this unification, but over the subsequent years this concrete model became singled
out as the most successful. The sixteen fermion states in table (6.12) are denoted typically
as the

(4, 2, 1)L � (4, 1, 2)R (6.13)

representation of the SU(4)c ⇥ SU(2)L ⇥ SU(2)R o Z2 group, where Z2 = {1, P} and P
is the operation of parity; the symbol “o” denotes the semidirect product [+ lexicon of
jargon C]. With respect to this complete symmetry of the Pati-Salam model, the representa-
tion (6.13) is irreducible, i.e., there is no proper subset of the fermions in table (6.12) that all
elements of the complete symmetry,

�
SU(4)c ⇥ SU(2)L ⇥ SU(2)R

�
oZ2, transform into that

same subset only. In turn, since parity is a symmetry of the model, the SU(2)L and SU(2)R

coupling parameters must be equal, but the SU(4)c coupling parameter is independent.

With respect to the SU(3)c ⇥ SU(2)w ⇥ U(1)y ⇢ SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ2 sub-
group, the representation (6.13) decomposes into:

⇥
(4, 2, 1) ! (3, 2) 1

3

� (1, 2)�1

⇤
L
�

⇥
(4, 1, 2) ! (3, 1) 4

3

� (3, 1)� 2

3

� (1, 1)�2
� (1, 1)

0

⇤
R
.

(6.14)
This is the “physicist-standard” notation, where the group representations are denoted by
their dimensions [+ appendix A]5. In particular, (m, n, p) denotes the representation of
the SU(4)c ⇥ SU(2)L ⇥ SU(2)R group, which is the tensor product of the m-dimensional
representation of the SU(4)c group, the n-dimensional representation of the SU(2)L group
and the p-dimensional representation of the SU(2)R group. Thus, (4, 2, 1) is a SU(4)c-quartet
of SU(2)L-pairs of quark-leptons, which decompose (6.14) into:

(4, 2, 1) =
⇢

ur
, uy

, ub
, n`e

dr
, dy

, db
, e`�

�

L

!

(3, 2) 1

3

=

⇢
ur

, uy
, ub

dr
, dy

, db

� �

L

�

(1, 2)�1

=

⇢
n`e

e`�

� �

L

,

(6.15a)

5 In the general case, this is not sufficiently precise, as all Lie groups except SU(2) ' Spin(3) have distinct
representations of equal dimensions, but this ambiguity turns up very rarely within the examples of interest,
and in those exceptional cases those distinct representations of equal dimensions are distinguished by additional
decorations such as 15 and 150 u SU(3).
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(4, 1, 2) =
⇢

ur
, uy

, ub
, n`e

dr
, dy

, db
, e`�

�

R

!
(⇥

(3, 1) 4

3

=
�

ur
, uy

, ub ⇤
R
�

⇥
(1, 1)�2

=
�

e`�
 ⇤

R⇥
(3, 1)� 2

3

=
�

dr
, dy

, db 
R

⇤
R
�

⇥
(1, 1)

0
=
�

n`e
 ⇤

R

(6.15b)

In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-
ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-
metry is universal. That is, already table (6.12) makes it clear that this model unavoidably
predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-
deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.
The right-handed neutrinos are invariant under the action of the Standard Model gauge
symmetries and those symmetries do not link them with no other particles. In fact, all right-
handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant
under its gauge symmetry SU(2)L. In stark contrast, the left-right symmetric gauge group
SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the
SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-
versal (and not restricted to left-handed particles only) and where the symmetry of parity is
restored.

In turn, this model then also makes it possible to describe the spontaneous breaking of
the parity symmetry.

In the early 1970’s, one could only suppose that there should exist a method of endow-
ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called
see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much
later, and this model—the only one known—it is necessary that there exist a mass parameter
Mn & 10

15 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the
consequence of some symmetry breaking in the diagram (6.16); the critical energy of such
symmetry breaking must be many orders of magnitude larger than mW± c2

, mZ c2 ⇠ 10
2 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-
served phenomena, still remains insufficiently understood+ in left-right symmetric construc-
tions such as the Pati-Salam model. In principle, one expects to be able to come up with
some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the
explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains
(at least) the five regimes (“phases”):

SU(4)c ⇥ SU(2)L ⇥ SU(2)R o Z2 SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ SU(2)R o Z2

SU(4)c ⇥ SU(2)L ⇥ U(1)R SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y

(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-
sitions between them) depends on the choice of the Higgs field(s) that control the symmetry
breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is
characterized by the breaking of the right-handed copy of the weak isospin gauge group,
SU(2)R ! U(1)R as well as the parity Z2. The “horizontal” transition is characterized by
the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y0 . Finally, the phase
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(4, 1, 2) =
⇢
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, uy

, ub
, n`e

dr
, dy

, db
, e`�

�

R
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(3, 1) 4

3

=
�
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, uy

, ub ⇤
R
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(1, 1)�2
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e`�
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(3, 1)� 2

3
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�

dr
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R
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⇥
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0
=
�

n`e
 ⇤

R

(6.15b)

In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-
ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-
metry is universal. That is, already table (6.12) makes it clear that this model unavoidably
predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-
deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.
The right-handed neutrinos are invariant under the action of the Standard Model gauge
symmetries and those symmetries do not link them with no other particles. In fact, all right-
handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant
under its gauge symmetry SU(2)L. In stark contrast, the left-right symmetric gauge group
SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the
SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-
versal (and not restricted to left-handed particles only) and where the symmetry of parity is
restored.

In turn, this model then also makes it possible to describe the spontaneous breaking of
the parity symmetry.

In the early 1970’s, one could only suppose that there should exist a method of endow-
ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called
see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much
later, and this model—the only one known—it is necessary that there exist a mass parameter
Mn & 10

15 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the
consequence of some symmetry breaking in the diagram (6.16); the critical energy of such
symmetry breaking must be many orders of magnitude larger than mW± c2

, mZ c2 ⇠ 10
2 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-
served phenomena, still remains insufficiently understood+ in left-right symmetric construc-
tions such as the Pati-Salam model. In principle, one expects to be able to come up with
some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the
explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains
(at least) the five regimes (“phases”):

SU(4)c ⇥ SU(2)L ⇥ SU(2)R o Z2 SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ SU(2)R o Z2

SU(4)c ⇥ SU(2)L ⇥ U(1)R SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y

(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-
sitions between them) depends on the choice of the Higgs field(s) that control the symmetry
breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is
characterized by the breaking of the right-handed copy of the weak isospin gauge group,
SU(2)R ! U(1)R as well as the parity Z2. The “horizontal” transition is characterized by
the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y0 . Finally, the phase
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stoga moramo da biramo 
〈ℍ〉⊂(1, 2)+1

11

Tako:
Na primer
potiče od Pati-Salam 
masenog člana 
 
 
 
 

A očekivana vrednost je u donjoj komponenti, tako da

  je neutralno prema .⟨ℍ⟩ = (1, − 1
2 )+1 =10 Q= I3+ 1

2 Y
Maseni član sa (1, 2, 2) sadrži sve fermione jedne generacije!

5.3. The Standard Model 299

= <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 = <e
�
hehH2i

�
/c2. Simi-

larly, 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 = <e
�
hdhH2i

�
/c2, 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 = <e
�
huhH2i

�
/c2, 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 (5.107), (5.108), (5.110) and (5.111) 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 (5.107), (5.108), (5.110) and (5.111) 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. 281 and Eq. (5.46).

The so-obtained fermion masses (5.107), (5.108), (5.110) and (5.111) as well as
the masses of the Z0- and the W±-bosons (5.80)–(5.85) are all proportional to the mass
<e

�
hH2i

�
/c2. 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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(3⇤, 1)� 4
3

· (1, 2)±1 ·(3, 2)+ 1
3

" " "
(3⇤� 1

3
, 1)� 1

2
·(10, 2)± 1

2
· (3 1

3
, 2)0

" " "
(4, 2, 1) · (1, 2, 2) · (4, 1, 2)

čini hU =hD =hℓ =hν
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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
><
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h c
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/3
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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-

Pati-Salam model
Hijerarhija i struktura fermionskih masa



12

Pošto “elektroslabi” Higgs  daje svim fundamentalnim 
fermionima    iste generacije istu masu

(1, 2, 2)
(4, 2, 1)L⊕(4, 1, 2)R

…hijerarhija masa unutar generacije mora da se dobije
spregom sa dodatnim Higgs-ovim poljem, koje se spreže drugačije sa 
raznim komponentama u  i u  (4, 2, 1)L (4, 1, 2)R
kao što je  i/ili  i/ili .(15, 1, 2) (15, 2, 2) (1, 1, 2)
Razloženo u SU(3)c × SU(2)L × U(1)y bazisu, ova nova Higgs-ova polja 
uvode (tri) nova parametra,
…koji onda mogu da proizvedu strukturu u hijerarhiji masa.

Ovo prikazuje GUT reorganizaciju problem hierarhije masa.
Hijerarhija i struktura masa je ograničena GUT simetrijom
…čak i kada je broj parametara jednak.
Ovo zahteva mnogostruko više Higgs-ovih polja.

Pati-Salam model
Hijerarhija i struktura fermionskih masa



SU(4)c kalibracioni bozoni

…osim gluona i L-R “hiper-fotona,” SU(4)c takodje sadrži i 
“lepto-kvark” bozone.

Kao što  , tako   omogućuje da 
kvarkovi predju u leptone, ali čuvajući “ ” broj.

qr →qb+gr
b qr →ℓℓ+Xr

ℓ
B+3L

Stoga je najjednostavniji protonski raspad
 p+ → 3νe + (mezoni+, fotoni)
 p+ → 4νe + e+ + (mezoni0, fotoni)

gluoni

lepto- 
kvark

U(1)y’
SU(4)c[ ] ]SU(3)c=[

Posledice: raspad protona, faze

13

-raspad još nikada 

nije detektovan…
p+

(mora da uključi i Higgs-ovo polje)

Pati-Salam model
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Prostor faza modela je prilično komplikovan…

Parametri SU(4)c i SU(2)L × SU(2)R interakcija ostaju 
nezavisni:    i   .αc αw
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In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-

ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-

metry is universal. That is, already table (6.12) makes it clear that this model unavoidably

predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-

deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.

The right-handed neutrinos are invariant under the action of the Standard Model gauge

symmetries and those symmetries do not link them with no other particles. In fact, all right-

handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant

under its gauge symmetry SU(2)L . In stark contrast, the left-right symmetric gauge group

SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the

SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-

versal (and not restricted to left-handed particles only) and where the symmetry of parity is

restored.
In turn, this model then also makes it possible to describe the spontaneous breaking of

the parity symmetry.In the early 1970’s, one could only suppose that there should exist a method of endow-

ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called

see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much

later, and this model—the only one known—it is necessary that there exist a mass parameter

Mn & 1015 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the

consequence of some symmetry breaking in the diagram (6.16); the critical energy of such

symmetry breaking must be many orders of magnitude larger than mW± c2
, mZ c2 ⇠ 102 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-

served phenomena, still remains insufficiently understood+ in left-right symmetric construc-

tions such as the Pati-Salam model. In principle, one expects to be able to come up with

some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the

explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains

(at least) the five regimes (“phases”):
SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ

2 SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ SU(2)R oZ
2

SU(4)c ⇥ SU(2)L ⇥ U(1)R
SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y
(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-

sitions between them) depends on the choice of the Higgs field(s) that control the symmetry

breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is

characterized by the breaking of the right-handed copy of the weak isospin gauge group,

SU(2)R ! U(1)R as well as the parity Z
2 . The “horizontal” transition is characterized by

the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y 0 . Finally, the phase
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In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-

ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-

metry is universal. That is, already table (6.12) makes it clear that this model unavoidably

predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-

deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.

The right-handed neutrinos are invariant under the action of the Standard Model gauge

symmetries and those symmetries do not link them with no other particles. In fact, all right-

handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant

under its gauge symmetry SU(2)L . In stark contrast, the left-right symmetric gauge group

SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the

SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-

versal (and not restricted to left-handed particles only) and where the symmetry of parity is

restored.
In turn, this model then also makes it possible to describe the spontaneous breaking of

the parity symmetry.In the early 1970’s, one could only suppose that there should exist a method of endow-

ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called

see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much

later, and this model—the only one known—it is necessary that there exist a mass parameter

Mn & 1015 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the

consequence of some symmetry breaking in the diagram (6.16); the critical energy of such

symmetry breaking must be many orders of magnitude larger than m
W± c2

, mZ c2 ⇠ 102 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-

served phenomena, still remains insufficiently understood+ in left-right symmetric construc-

tions such as the Pati-Salam model. In principle, one expects to be able to come up with

some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the

explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains

(at least) the five regimes (“phases”):
SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ

2 SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ SU(2)R oZ
2

SU(4)c ⇥ SU(2)L ⇥ U(1)R
SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y
(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-

sitions between them) depends on the choice of the Higgs field(s) that control the symmetry

breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is

characterized by the breaking of the right-handed copy of the weak isospin gauge group,

SU(2)R ! U(1)R as well as the parity Z
2 . The “horizontal” transition is characterized by

the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y 0 . Finally, the phase
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In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-

ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-

metry is universal. That is, already table (6.12) makes it clear that this model unavoidably

predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-

deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.

The right-handed neutrinos are invariant under the action of the Standard Model gauge

symmetries and those symmetries do not link them with no other particles. In fact, all right-

handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant

under its gauge symmetry SU(2)L. In stark contrast, the left-right symmetric gauge group

SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the

SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-

versal (and not restricted to left-handed particles only) and where the symmetry of parity is

restored.

In turn, this model then also makes it possible to describe the spontaneous breaking of

the parity symmetry.

In the early 1970’s, one could only suppose that there should exist a method of endow-

ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called

see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much

later, and this model—the only one known—it is necessary that there exist a mass parameter

Mn & 10
15 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the

consequence of some symmetry breaking in the diagram (6.16); the critical energy of such

symmetry breaking must be many orders of magnitude larger than mW± c2, mZc2 ⇠ 10
2 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-

served phenomena, still remains insufficiently understood+ in left-right symmetric construc-

tions such as the Pati-Salam model. In principle, one expects to be able to come up with

some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the

explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains

(at least) the five regimes (“phases”):

SU(4)c ⇥ SU(2)L ⇥ SU(2)R o Z2
SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ SU(2)R o Z2

SU(4)c ⇥ SU(2)L ⇥ U(1)R
SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y

(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-

sitions between them) depends on the choice of the Higgs field(s) that control the symmetry

breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is

characterized by the breaking of the right-handed copy of the weak isospin gauge group,

SU(2)R ! U(1)R as well as the parity Z2. The “horizontal” transition is characterized by

the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y0 . Finally, the phase
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In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-

ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-

metry is universal. That is, already table (6.12) makes it clear that this model unavoidably

predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-

deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.

The right-handed neutrinos are invariant under the action of the Standard Model gauge

symmetries and those symmetries do not link them with no other particles. In fact, all right-

handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant

under its gauge symmetry SU(2)L . In stark contrast, the left-right symmetric gauge group

SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the

SU(2)R-doublets, and thus provides the system a phase with a weak interaction that is uni-

versal (and not restricted to left-handed particles only) and where the symmetry of parity is

restored.
In turn, this model then also makes it possible to describe the spontaneous breaking of

the parity symmetry.In the early 1970’s, one could only suppose that there should exist a method of endow-

ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called

see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much

later, and this model—the only one known—it is necessary that there exist a mass parameter

Mn & 1015 GeV/c2 that therefore cannot stem from the Standard Model but may easily be the

consequence of some symmetry breaking in the diagram (6.16); the critical energy of such

symmetry breaking must be many orders of magnitude larger than m
W± c2

, mZ c2 ⇠ 102 GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-

served phenomena, still remains insufficiently understood+ in left-right symmetric construc-

tions such as the Pati-Salam model. In principle, one expects to be able to come up with

some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the

explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains

(at least) the five regimes (“phases”):
SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ

2 SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ SU(2)R oZ
2

SU(4)c ⇥ SU(2)L ⇥ U(1)R
SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y
(6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-

sitions between them) depends on the choice of the Higgs field(s) that control the symmetry

breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is

characterized by the breaking of the right-handed copy of the weak isospin gauge group,

SU(2)R ! U(1)R as well as the parity Z
2 . The “horizontal” transition is characterized by

the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y 0 . Finally, the phase
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In distinction of the left-right asymmetric interactions in the Standard Model [+ ta-

ble 5.1, p. 291] the extended electroweak interaction with the SU(2)L ⇥ SU(2)R gauge sym-

metry is universal. That is, already table (6.12) makes it clear that this model unavoidably

predicts the existence of the right-handed neutrino. The right-handed neutrinos were in-

deed listed in table 5.1, p. 291, but the Standard Model does not mandate their existence.

The right-handed neutrinos are invariant under the action of the Standard Model gauge

symmetries and those symmetries do not link them with no other particles. In fact, all right-

handed fermions in table 5.1, p. 291 do not partake in weak interactions and are invariant

under its gauge symmetry SU(2)L . In stark contrast, the left-right symmetric gauge group

SU(4)c ⇥ SU(2)L ⇥ SU(2)R in the Pati-Salam model includes right-handed neutrinos in the

SU(2)R -doublets, and thus provides the system a phase with a weak interaction that is uni-

versal (and not restricted to left-handed particles only) and where the symmetry of parity is

restored.
In turn, this model then also makes it possible to describe the spontaneous breaking of

the parity symmetry.
In the early 1970’s, one could only suppose that there should exist a method of endow-

ing the left- and the right-handed neutrino with masses non-symmetrically. The so-called

see-saw model [+ discussion of the relation (5.131a)–(5.131b)] was discovered only much

later, and this model—the only one known—it is necessary that there exist a mass parameter

M
n &

10 15GeV/c 2 that therefore cannot stem from the Standard Model but may easily be the

consequence of some symmetry breaking in the diagram (6.16); the critical energy of such

symmetry breaking must be many orders of magnitude larger than m
W ± c 2

, m
Z c 2 ⇠

10 2GeV.

The technical method for parity breaking, and so as to reproduce the experimentally ob-

served phenomena, still remains insufficiently understood+ in left-right symmetric construc-

tions such as the Pati-Salam model. In principle, one expects to be able to come up with

some variant of spontaneous symmetry breaking à la section 5.1.1–5.1.2, but none of the

explored models seems to be able to reproduce all experimental details.

The complete phase diagram—that in the ’70’s was not discussed in detail—contains

(at least) the five regimes (“phases”):

SU(4)c ⇥ SU(2)L ⇥ SU(2)R oZ
2 SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ SU(2)R oZ

2

SU(4)c ⇥ SU(2)L ⇥ U(1)R

SU(3)c ⇥ U(1)y 0 ⇥ SU(2)L ⇥ U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)y (6.16)

and the existence, i.e., absence of these (and possibly many other) regimes (and phase tran-

sitions between them) depends on the choice of the Higgs field(s) that control the symmetry

breaking process. In (6.16), the “vertical” phase transition (between the first two rows) is

characterized by the breaking of the right-handed copy of the weak isospin gauge group,

SU(2)R ! U(1)R as well as the parity Z
2 . The “horizontal” transition is characterized by

the breaking of the extended color symmetry, SU(4)c ! SU(3)c ⇥ U(1)y 0 . Finally, the phase
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P-S

Pati-Salam model
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Najmanja Lie-jeva grupa koja sadrži SU(3)c × SU(2)w × U(1)y 
je SU(5).

Pošto su generatori SU(5), SU(3)c i SU(2)w bez traga, SU(5) 
sadrži takodje jedan diagonalan element: U(1)y.
Pošto su svi generatori ujedinjeni 
u istu algebru, postoji jedan jedini 
interakcioni parametar,  .α5
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Figure 6.2: The convergence of the SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge interaction strengths in
the Standard Model. The slope changes indicate energy thresholds where new real quarks may
be produced. The shaded area indicates the SU(2)w ⇥ U(1)y ! U(1)Q phase transition.

really merge in one point include an increasing precision of the measurements of the “ini-
tial” values, as well as the assumption of possible new particles with masses between mt ⇠
174.2 GeV/c2 and the energy where the functions (6.11) acquire the same value.

The simplest assumption—that in this enormous span of energies nothing new will be
found—in fact does not lead to a precise merging of all three functions. In turn, in some of
the possible and explored extensions of the Standard Model, this agreement is much bet-
ter. One of such extensions is the so-called minimally (extended) supersymmetric Standard
Model (MSSM), where this “grand desert” is populated by new particles, a superpartner for
each Standard Model particle.

Of course, only concrete experiments may decide and provide the ultimate conclu-
sion about the best model of unification of gauge interactions—as well as weather such a
unification even takes place at all. As it is known from even the popular literature and
daily newspapers, the installations that such experiments require have in the 20th century
grown ever larger and more complex, and so are subject to both financial and political
difficulties—now already of international proportions. A glance into the past and and the
much more modest requirements of epoch-making experiments at the turn of the 19th into
the 20th century implies the practical impossibility of continuing one of the two pillars of
experimental physics (and Rutherford’s legacy): colliders (where beams of particles are ac-
celerated and then collided, and where real collision processes are observed to happen) are
becoming prohibitively expensive and complex.

The other conceptual type of experiments is based on the quantum essence of natural
processes: even if the energy in a system is insufficient for the interaction mediator in the
process is produced as a real particle, the process may nevertheless occur by exchanging
virtual mediating particles. Although this significantly diminishes the probability for the ob-
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transition from the regime in the right-hand side region in the second row into the regime
in the last row is characterized by the breaking of the abelian (commutative) symmetries
U(1)y0 ⇥ U(1)R ! U(1)y. The original work on this model [337] indicated that there exists
a choice of (by now reduced to eight) Higgs fields that can describe the required symmetry
breaking SU(4)c ⇥ SU(2)L ⇥ SU(2)R ! SU(3)c ⇥ SU(2)L ⇥ U(1)y.

Besides, this model predicts also the possibility of proton decay! Namely, the symme-
try SU(4)c also contains transformations of any one quark into a corresponding lepton, such
as ur,y,b ! ne and dr,y,b ! e�. The gauge bosons that mediate such a interactions, collec-
tively named X, must violate the baryon and the lepton number, but preserve the fermion
(i.e., “baryon+lepton”) number. Nevertheless, the decay of the proton into lighter parti-
cles—electrons, positrons, (anti)neutrinos and pions—is not possible in this model by way
of exchanging only the gauge bosons, but requires also the exchange of some Higgs field(s).
Owing to the conservation of the fermion number, the simplest such proton decay could be
of the form p+ ! 3ne + p+ or p+ ! 4ne + e+.

The possibility that the proton is not stable was first seriously considered within this
Pati-Salam model, but proton decay has not been experimentally confirmed to date.

6.2.2 The Georgi-Glashow SU(5) Model

Almost a the same time, Howard Georgi and Sheldon Lee Glashow suggested a competing
unification model, based on the gauge group SU(5) [162]. This model explicitly contains
the left-right asymmetry of the Standard Model. Also, the Standard Model fermions appear
within two distinct representations of the gauge group, SU(5). However, Since the gauge
group has a single factor, unlike the Pati-Salam group, there is only one coupling parameter
and this model explains the relative ratio of the coupling parameters as, aw and ay (i.e., ae).

The Standard Model fermions of each family are herein grouped:

( f10)
[AB] =

2

666664

0 e+ ur uy ub

0 dr dy db

0 ub uy
anti-
symmetric
rank-2 tensor

0 ur
0

3

777775

L

, ( f 5⇤)A =

2

666664

e�
ne

dr
dy
db

3

777775

L

, f1 = (ne)L, (6.17a)

10 ! (3, 2) 1

3

� (3⇤, 1)� 4

3

� (1, 1)
2
, 5⇤ ! (3⇤, 1) 2

3

� (1, 2)�1
, 1 ! (1, 1)0, (6.17b)

where only the left-handed fermions are listed; clearly, (ne)L = ne,R, so the anti-fermions
of left-handed chirality represent fermions of right chirality. The indices A, B = 1, 2, 3, 4, 5

here count the components of the fundamental, 5-dimensional representation of the SU(5)
group, and ( f10)[AB] denotes the components of the antisymmetric matrix that represents the
10-dimensional representation. f 5⇤ represents the conjugate fundamental, 5-dimensional
representation but is here shown as a column-matrix rather than a row-matrix to save space.

The SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge subgroup representations (6.17b) are identified
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transition from the regime in the right-hand side region in the second row into the regime
in the last row is characterized by the breaking of the abelian (commutative) symmetries
U(1)y0 ⇥ U(1)R ! U(1)y. The original work on this model [337] indicated that there exists
a choice of (by now reduced to eight) Higgs fields that can describe the required symmetry
breaking SU(4)c ⇥ SU(2)L ⇥ SU(2)R ! SU(3)c ⇥ SU(2)L ⇥ U(1)y.

Besides, this model predicts also the possibility of proton decay! Namely, the symme-
try SU(4)c also contains transformations of any one quark into a corresponding lepton, such
as ur,y,b ! ne and dr,y,b ! e�. The gauge bosons that mediate such a interactions, collec-
tively named X, must violate the baryon and the lepton number, but preserve the fermion
(i.e., “baryon+lepton”) number. Nevertheless, the decay of the proton into lighter parti-
cles—electrons, positrons, (anti)neutrinos and pions—is not possible in this model by way
of exchanging only the gauge bosons, but requires also the exchange of some Higgs field(s).
Owing to the conservation of the fermion number, the simplest such proton decay could be
of the form p+ ! 3ne + p+ or p+ ! 4ne + e+.

The possibility that the proton is not stable was first seriously considered within this
Pati-Salam model, but proton decay has not been experimentally confirmed to date.

6.2.2 The Georgi-Glashow SU(5) Model

Almost a the same time, Howard Georgi and Sheldon Lee Glashow suggested a competing
unification model, based on the gauge group SU(5) [162]. This model explicitly contains
the left-right asymmetry of the Standard Model. Also, the Standard Model fermions appear
within two distinct representations of the gauge group, SU(5). However, Since the gauge
group has a single factor, unlike the Pati-Salam group, there is only one coupling parameter
and this model explains the relative ratio of the coupling parameters as, aw and ay (i.e., ae).

The Standard Model fermions of each family are herein grouped:

( f10)
[AB] =

2

666664

0 e+ ur uy ub

0 dr dy db

0 ub uy
anti-
symmetric
rank-2 tensor

0 ur
0

3

777775

L

, ( f 5⇤)A =

2

666664

e�
ne

dr
dy
db

3

777775

L

, f1 = (ne)L, (6.17a)

10 ! (3, 2) 1

3

� (3⇤, 1)� 4

3

� (1, 1)
2
, 5⇤ ! (3⇤, 1) 2

3

� (1, 2)�1
, 1 ! (1, 1)0, (6.17b)

where only the left-handed fermions are listed; clearly, (ne)L = ne,R, so the anti-fermions
of left-handed chirality represent fermions of right chirality. The indices A, B = 1, 2, 3, 4, 5

here count the components of the fundamental, 5-dimensional representation of the SU(5)
group, and ( f10)[AB] denotes the components of the antisymmetric matrix that represents the
10-dimensional representation. f 5⇤ represents the conjugate fundamental, 5-dimensional
representation but is here shown as a column-matrix rather than a row-matrix to save space.

The SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge subgroup representations (6.17b) are identified
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transition from the regime in the right-hand side region in the second row into the regime
in the last row is characterized by the breaking of the abelian (commutative) symmetries
U(1)y0 ⇥ U(1)R ! U(1)y. The original work on this model [337] indicated that there exists
a choice of (by now reduced to eight) Higgs fields that can describe the required symmetry
breaking SU(4)c ⇥ SU(2)L ⇥ SU(2)R ! SU(3)c ⇥ SU(2)L ⇥ U(1)y.

Besides, this model predicts also the possibility of proton decay! Namely, the symme-
try SU(4)c also contains transformations of any one quark into a corresponding lepton, such
as ur,y,b ! ne and dr,y,b ! e�. The gauge bosons that mediate such a interactions, collec-
tively named X, must violate the baryon and the lepton number, but preserve the fermion
(i.e., “baryon+lepton”) number. Nevertheless, the decay of the proton into lighter parti-
cles—electrons, positrons, (anti)neutrinos and pions—is not possible in this model by way
of exchanging only the gauge bosons, but requires also the exchange of some Higgs field(s).
Owing to the conservation of the fermion number, the simplest such proton decay could be
of the form p+ ! 3ne + p+ or p+ ! 4ne + e+.

The possibility that the proton is not stable was first seriously considered within this
Pati-Salam model, but proton decay has not been experimentally confirmed to date.

6.2.2 The Georgi-Glashow SU(5) Model

Almost a the same time, Howard Georgi and Sheldon Lee Glashow suggested a competing
unification model, based on the gauge group SU(5) [162]. This model explicitly contains
the left-right asymmetry of the Standard Model. Also, the Standard Model fermions appear
within two distinct representations of the gauge group, SU(5). However, Since the gauge
group has a single factor, unlike the Pati-Salam group, there is only one coupling parameter
and this model explains the relative ratio of the coupling parameters as, aw and ay (i.e., ae).

The Standard Model fermions of each family are herein grouped:

( f10)
[AB] =

2

666664

0 e+ ur uy ub

0 dr dy db

0 ub uy
anti-
symmetric
rank-2 tensor

0 ur
0

3

777775

L

, ( f 5⇤)A =

2
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e�
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dr
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, f1 = (ne)L, (6.17a)
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, 5⇤ ! (3⇤, 1) 2
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, 1 ! (1, 1)0, (6.17b)

where only the left-handed fermions are listed; clearly, (ne)L = ne,R, so the anti-fermions
of left-handed chirality represent fermions of right chirality. The indices A, B = 1, 2, 3, 4, 5

here count the components of the fundamental, 5-dimensional representation of the SU(5)
group, and ( f10)[AB] denotes the components of the antisymmetric matrix that represents the
10-dimensional representation. f 5⇤ represents the conjugate fundamental, 5-dimensional
representation but is here shown as a column-matrix rather than a row-matrix to save space.

The SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge subgroup representations (6.17b) are identified
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transition from the regime in the right-hand side region in the second row into the regime
in the last row is characterized by the breaking of the abelian (commutative) symmetries
U(1)y0 ⇥ U(1)R ! U(1)y. The original work on this model [337] indicated that there exists
a choice of (by now reduced to eight) Higgs fields that can describe the required symmetry
breaking SU(4)c ⇥ SU(2)L ⇥ SU(2)R ! SU(3)c ⇥ SU(2)L ⇥ U(1)y.

Besides, this model predicts also the possibility of proton decay! Namely, the symme-
try SU(4)c also contains transformations of any one quark into a corresponding lepton, such
as ur,y,b ! ne and dr,y,b ! e�. The gauge bosons that mediate such a interactions, collec-
tively named X, must violate the baryon and the lepton number, but preserve the fermion
(i.e., “baryon+lepton”) number. Nevertheless, the decay of the proton into lighter parti-
cles—electrons, positrons, (anti)neutrinos and pions—is not possible in this model by way
of exchanging only the gauge bosons, but requires also the exchange of some Higgs field(s).
Owing to the conservation of the fermion number, the simplest such proton decay could be
of the form p+ ! 3ne + p+ or p+ ! 4ne + e+.

The possibility that the proton is not stable was first seriously considered within this
Pati-Salam model, but proton decay has not been experimentally confirmed to date.

6.2.2 The Georgi-Glashow SU(5) Model

Almost a the same time, Howard Georgi and Sheldon Lee Glashow suggested a competing
unification model, based on the gauge group SU(5) [162]. This model explicitly contains
the left-right asymmetry of the Standard Model. Also, the Standard Model fermions appear
within two distinct representations of the gauge group, SU(5). However, Since the gauge
group has a single factor, unlike the Pati-Salam group, there is only one coupling parameter
and this model explains the relative ratio of the coupling parameters as, aw and ay (i.e., ae).

The Standard Model fermions of each family are herein grouped:

( f10)
[AB] =

2

666664

0 e+ ur uy ub

0 dr dy db

0 ub uy
anti-
symmetric
rank-2 tensor

0 ur
0

3

777775

L

, ( f 5⇤)A =

2

666664

e�
ne

dr
dy
db

3

777775

L

, f1 = (ne)L, (6.17a)
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, 5⇤ ! (3⇤, 1) 2
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� (1, 2)�1
, 1 ! (1, 1)0, (6.17b)

where only the left-handed fermions are listed; clearly, (ne)L = ne,R, so the anti-fermions
of left-handed chirality represent fermions of right chirality. The indices A, B = 1, 2, 3, 4, 5

here count the components of the fundamental, 5-dimensional representation of the SU(5)
group, and ( f10)[AB] denotes the components of the antisymmetric matrix that represents the
10-dimensional representation. f 5⇤ represents the conjugate fundamental, 5-dimensional
representation but is here shown as a column-matrix rather than a row-matrix to save space.

The SU(3)c ⇥ SU(2)w ⇥ U(1)y gauge subgroup representations (6.17b) are identified
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very similarly to (6.15), and was already indicated in (6.17):

(1, 1)
2
$

�
e+
 

L
, (3, 2) 1

3

$
⇢

ur
, uy

, ub

dr
, dy

, db

�

L

, (3⇤, 1)� 4

3

$
�

ur, uy, ub
 

L
,

(6.18a)

(1, 2)�1
$

⇢
ne
e�

�

L

, (3⇤, 1) 2

3

$
�

dr, dy, db
 

L
, (1, 1)

0
$

�
ne
 

L
. (6.18b)

The SU(5) gauge bosons in this model contain the SU(3)c ⇥ SU(2)L ⇥ U(1)y Standard
Model gauge bosons, but also six additional gauge bosons, that form an SU(2)L-symmetry
doublet, and an SU(3)c-symmetry triplet:

⇢
Xr

Yr

�
,

⇢
Xy

Yy

�
,

⇢
Xb

Yb

�
:

I3(X) = +1
/2,

I2(Y) = �1
/2,

Q(X) = 4
/3,

Q(Y) = 1
/3.

(6.19)

It is easy to find X- and Y-mediated processes in this model whereby the proton decays; for
example,

p+ = (u + u + d) !
�
u + u + (X + e+)

�
!

�
u + (u + X) + e+

�
!

�
u + u + e+

�

! p0 + e+ ! 2g + e+.
(6.20)

Estimates of the proton lifetime then gives the basic bounds for the X and Y gauge boson
masses, and thus also the critical energy of the SU(5) ! SU(3)c ⇥ SU(2)L ⇥ U(1)y phase
transition. Conversely, using the results MX , MY ⇠ 10

15 GeV/c2 from estimates such as
figure 6.2 it follows that the proton lifetime is tp ⇠ 10

28–10
29 years, which is too short:

Experiments have by now raised the lower bounds to about 6.6⇥ 10
33 years [306].

In turn, although the right-handed neutrino may be added to the fermions f10 � f 5⇤ , as
in (6.17), it is an SU(5)-invariant, i.e., neutral (chargeless) with respect to all SU(5)-gauge
interactions. Thus, the right-handed neutrino may only have interactions of the Yukawa
type (a product of two fermions and a scalar in the Lagrangian density), the coefficients of
which are completely free parameters.

6.2.3 More Complex Models

Since the Pati-Salam SU(4)c ⇥ SU(2)L ⇥ SU(2)R model and the Georgi-Glashow SU(5) uni-
fication model leave some of the Standard Model questions unanswered, it is reasonable to
seek models with a gauge group that contain both the Pati-Salam and the Georgi-Glashow
gauge group. It is interesting that the model built using the SO(10) gauge group6 contains
both:

SO(10) ⇠
⇠⇠: SU(4)c ⇥ SU(2)L ⇥ SU(2)R,

XXXz SU(5)⇥ U(1)0,
16L

⇠⇠⇠: (4, 2, 1)L � (4⇤, 1, 2)L;
XXXz

(10�1)L � (5⇤3)L � (1�5)L.
(6.21)

In this model, all Standard Model fermions of one family—together with the right-handed
neutrino—for the 16-dimensional irreducible spinor representation of the gauge group. The

6 To be precise, this in fact is the Spin(10) group, the double covering of the SO(10) group, so that the spinor
representations are faithful, i.e., single-valued. However, in the physics literature one usually writes SO(10),
implicitly understanding the single-valuedness requirement.
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288 Poglavlje 6. Ujedinjenje: potka razumevanja Prirode

Kompletni fazni dijagram—koji u ’70-im godinama nije bio detaljno diskutovan—može
da poseduje (bar) pet režima (”faza“):

SU(4)c ⇥ SU(2)L ⇥ SU(2)R SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ SU(2)R

SU(4)c ⇥ SU(2)L ⇥ U(1)R SU(3)c ⇥ U(1)y0 ⇥ SU(2)L ⇥ U(1)R

| ! SU(3)c ⇥ SU(2)L ⇥ U(1)y

(6.16)

a postojanje odnosno odsustvo ovih (i mogućih drugih) režima (i faznih prelaza izmedu
njih) zavisi od izbora Higgs-ovih polja koji kontrolǐsu proces narušenja simetrije. Ovde je

”vertikalni“ fazni prelaz (izmedu prva dva reda) okarakterisan narušenjem desne kopije
kalibracione grupe slabog izospina, SU(2)R ! U(1)R, dok je ”horizontalni“ prelaz oka-
rakterisan narušenjem proširene simetrije boja, SU(4)c ! SU(3)c ⇥ U(1)y0 . Najzad, fazni
prelaz iz režima u desnoj oblasti u drugom redu u režim u poslednjem redu je okarak-
terisan narušenjem abelovskih (komutativnih) simetrija U(1)y0 ⇥ U(1)R ! U(1)y. Izvorni
rad na ovom modelu [296] je već ukazao da postoji izbor (do sada smanjen na 8) Higgs-
ovih polja koji mogu da opǐsu potrebno narušenje simetrija SU(4)c ⇥ SU(2)L ⇥ SU(2)R !
SU(3)c ⇥ SU(2)L ⇥ U(1)y.

Osim toga, ovaj model predvida i mogućnost raspada protona! Naime, simetrija SU(4)c
sadrži i transformacije bilo kojeg kvarka u odgovarajući lepton, npr. uc,ž,p ! ne i dc,ž,p !
e�. Kalibracioni bozoni koji posreduju ovakve interakcije, kolektivno nazvani X, moraju
da narušavaju barionski i leptonski broj, ali čuvaju fermionski (tj. ”barionski+leptonski“)
broj. Uprkos tome, u ovom modelu raspad protona u lakše čestice—u elektrone, pozitrone,
(anti)neutrina i pione—nije moguć putem razmene samo kalibracionih bozona, već iziskuje
razmenu Higgs-ovih polja. Zbog očuvanja fermionskog broja, najjednostavniji takav raspad
protona bi mogao da bude ili p+ ! 3ne + p+ ili p+ ! 4ne + e+.

Mogućnost da proton nije stabilan je prvi put ozbiljno razmatrana u okviru ovog Pati-
Salam-ovog modela, ali do danas raspad protona još nije eksperimentalno potvrden.

6.2.2 Georgi-Glashow SU(5) model
Skoro u isto vreme su Howard Georgi i Sheldon Lee Glashow predložili konkurentski model
ujedinjenja, zasnovan na kalibracionoj grupi SU(5) [141]. Ovaj model eksplicitno zadržava
levo-desno asimetriju Standardnog Modela. Takode, fermioni Standardnog Modela se poja-
vljuju u različitim reprezentacijama kalibracione grupe, SU(5). Medutim, pošto je kalibraci-
ona grupa jedinstvena, za razliku od Pati-Salam-ove grupe, postoji samo jedan interakcioni
parametar i ovaj model objašnjava relativni odnos intenziteta as, aw i ay (odnosno ae).
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0 dc dž dp
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gde su dati samo levo-hiralni fermioni; jasno, (ne)L = ne,R, pa anti-fermioni leve hiralno-
sti predstavljaju fermione desne hiralnosti. Indeksi A, B = 1, 2, 3, 4, 5 ovde broje kompo-
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razmenu Higgs-ovih polja. Zbog očuvanja fermionskog broja, najjednostavniji takav raspad
protona bi mogao da bude ili p+ ! 3ne + p+ ili p+ ! 4ne + e+.
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parametar i ovaj model objašnjava relativni odnos intenziteta as, aw i ay (odnosno ae).
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SU(5) lepto-kvarkovi neposredno daju protonov raspad:

…čuvajući “B–L” broj.
Sa MX, MY ~1015 GeV/c2, τp ~ 1028–1029 godina
Eksperimenti čekanja: τp > 6.6 ×1033 godina
Higgs: 24 of SU(5) ima SU(3)c × SU(2)w × U(1)y-invarijantnu 
komponentu: diagonalni generator U(1)y.

Ali, 24 ima i SU(4)×U(1)-invarijantnu komponentu…
…pa ima bar tri faze.
Ili, 75 of SU(5) ima SU(3)c × SU(2)w × U(1)y-invarijantnu komponentu, 
nema SU(4)×U(1)-invarijantnu komponentu, 
ali ima jednu SO(5)-invarijantnu komponentu…

Table 1.1: Conceptual similarities and differences between the unification of the electric and the magnetic fields into

the electromagnet (EM) one, and the electromagnetic and weak fields into the electroweak (EW) field. Po(1, 3) is the

Poincaré group of linear transformations of spacetime: Lorentz transformations and translations.
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The Georgi-Glashow Model
Posledice: raspad protona, faze
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Ujedinjenje kvarkova i leptona predvidja raspad protona

…čuvajući neki “ ” broj.αB + βL
“B+3L” u slučaju Pati-Salam modela
“B–L” u slučaju Georgi-Glashow modela

Faze/režimi modela zavise od
Lie grupa velikog ujedinjavanja
Lanci podgrupa u Lie-jevinm grupama — clasični rezultati, rekurzivno

Higgs-ova polja
Reprezentaciona razlaganja u odnosu na podgrupe

Hijerarhija mase:
Tipično zahteva hijerarhiju Higgs-ovih polja
Jedno sa 〈ℍ1〉~1015 GeV
jedno sa 〈ℍ2〉~102 GeV (elektroslaba interakcija)

…zumirano

Detalji ujedinjenja 
kvarkova i leptona

— mase iza Standardnog Modela
— Standard Model masses

Modeli velikog ujedinjenja
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Pošto P-S model ujedinjuje fermione ali ne i kalibr. polja
A G-G model ujedinjuje kalibraciona polja ali ne i fermione
…treba nam veći model koji ujedinjuje i jedno i drugo.
“Sledeći” po veličini:

Nema “ekstra” fermiona (osim νeR), ali ima ekstra kalibr. 
bozona: 45 = ((8+3+1)+ 6+3)+24 = ((8+3+1)+12)+20+1
…ipak, još uvek ne ujedinjuje sve tri generacije fermiona.

6.2. Grand Unified Models 325

very similarly to (6.15), and was already indicated in (6.17):
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The SU(5) gauge bosons in this model contain the SU(3)c ⇥ SU(2)L ⇥ U(1)y Standard
Model gauge bosons, but also six additional gauge bosons, that form an SU(2)L-symmetry
doublet, and an SU(3)c-symmetry triplet:

⇢
Xr

Yr

�
,

⇢
Xy

Yy

�
,

⇢
Xb

Yb

�
:

I3(X) = +1
/2,

I2(Y) = �1
/2,

Q(X) = 4
/3,

Q(Y) = 1
/3.

(6.19)

It is easy to find X- and Y-mediated processes in this model whereby the proton decays; for
example,

p+ = (u + u + d) !
�
u + u + (X + e+)

�
!

�
u + (u + X) + e+

�
!

�
u + u + e+

�

! p0 + e+ ! 2g + e+.
(6.20)

Estimates of the proton lifetime then gives the basic bounds for the X and Y gauge boson
masses, and thus also the critical energy of the SU(5) ! SU(3)c ⇥ SU(2)L ⇥ U(1)y phase
transition. Conversely, using the results MX , MY ⇠ 10

15 GeV/c2 from estimates such as
figure 6.2 it follows that the proton lifetime is tp ⇠ 10

28–10
29 years, which is too short:

Experiments have by now raised the lower bounds to about 6.6⇥ 10
33 years [306].

In turn, although the right-handed neutrino may be added to the fermions f10 � f 5⇤ , as
in (6.17), it is an SU(5)-invariant, i.e., neutral (chargeless) with respect to all SU(5)-gauge
interactions. Thus, the right-handed neutrino may only have interactions of the Yukawa
type (a product of two fermions and a scalar in the Lagrangian density), the coefficients of
which are completely free parameters.

6.2.3 More Complex Models

Since the Pati-Salam SU(4)c ⇥ SU(2)L ⇥ SU(2)R model and the Georgi-Glashow SU(5) uni-
fication model leave some of the Standard Model questions unanswered, it is reasonable to
seek models with a gauge group that contain both the Pati-Salam and the Georgi-Glashow
gauge group. It is interesting that the model built using the SO(10) gauge group6 contains
both:

SO(10) ⇠
⇠⇠: SU(4)c ⇥ SU(2)L ⇥ SU(2)R,

XXXz SU(5)⇥ U(1)0,
16L

⇠⇠⇠: (4, 2, 1)L � (4⇤, 1, 2)L;
XXXz

(10�1)L � (5⇤3)L � (1�5)L.
(6.21)

In this model, all Standard Model fermions of one family—together with the right-handed
neutrino—for the 16-dimensional irreducible spinor representation of the gauge group. The

6 To be precise, this in fact is the Spin(10) group, the double covering of the SO(10) group, so that the spinor
representations are faithful, i.e., single-valued. However, in the physics literature one usually writes SO(10),
implicitly understanding the single-valuedness requirement.
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Ujedinjenje generacija fundamentalnih fermiona
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Najjednostavnije: dodati SU(3)g kalibr. grupu koja “rotira” bilo 
koju generaciju u linearnu kombinaciju sve tri
Simetrije se narušavaju postepeno

Svih 48 fermiona → tri generacije po 16
Narušenje (levo-desno) parnosti
elektroslaba → slaba + elektrodinamika

SU(3)g je ad hoc [“za ovo”], a nema nikakvih eksperimentalnih 
indikacija za tako neku generacijsku kalibr. interakciju.
“Generacijska simetrija” bi, medjutim, mogla da bude

narušena globalna (ne lokalna) simetrija
simetrija koja je narušena na jako visokoj energiji
slučajni “ostatak” strukture neke veće GUT simetrije

Zahteva hierarhiju Higgs 
polja, da reprodukuje 
fermionsku hijerarhiju

Kompleksniji modeli
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Trinifikacija (Georgi, Glashow i de Rujula)
Kalibraciona grupa: SU(3)c × SU(3)L × SU(3)R ,

sa fermionima (3, 3̄, 1)⊕(3̄, 1, 3)⊕(1, 3, 3̄) →27
i Higgs poljem  + možda konjugovano(1, 3, 3̄)
jedna od maksimalnih podgrupa grupe  ,  sa fermionima u “ ”E6 27

Stvarno velika: SO(18) ⊃ SO(10) × [SO(8) = “generacijska”]
Fundamentalni fermioni:  256=(16, 8s)⊕(16, 8c)
Georgi-Bagger “no-go” teorema: “ne mogu ostati 3 lake generacije”
u ortogonalnim podgrupama, fermioni se uvek dele na dva

D.Chang, T.H., R.Mohapatra: SO(8) ima trijalnost: ⟨8v, 8s, 8s⟩
:   ,   SO(8)⊃SO(5)×SO(3) 8s →8v =(5, 1)⊕(1, 3) 8c →8s =(4, 2)

Higgs:    za  ,(16, 8s)⋅⟨ℍ⟩⋅(16, 8c)≠0 (16, (5, 1))
…ostave   bez mase, zajedno sa 3 (16, (1, 3)) ⊂ (16, (4, 2))
…naruše generacijsku    kalibracionu simetrijuSO(8)→SO(5)×SO(3)

— (string teorija)

kv
ak

a — masivni!
— ogledalski!

do SU(2)

Kompleksniji modeli



Kompleksniji modeli

Da bi ujedinili kako sve fundamentalne fermione (jedne 
generacije) i sve (Yang-Mills) kalibr. interakcije: SO(10)

33 ekstra kalibracionih bozona!
Treba na stotine Higgs-ovih polja!

Da ujedinimo tri generacije jednom grupom, treba SO(18)
141 ekstra kalibracionih bozona!!
ogledalski fermioni!!
Treba na (desetine) hiljada Higgs-ovih polja!!

Dodate strukture (Higgs-ova polja, ekstra kalibracioni bozoni)
su ad hoc [“za ovo”, nema eksperimentalnih indikacija]
postanu komplikovaniji i obilniji
…od struktura koje navodno “objašnjavaju” — Standard Model

— tipično, ekstra aktivna U(1)

— i masivni i bez mase

Napomene i uspomene

22
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