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Konkretni QCD računi
Feynman-ova pravila 
Gluonske petlje i interakcije 
nelinearnost 
kalibracioni uslovi 

Kvark-kvark interakcija 
Računanje faktora boje 
   i   

  

Kvark-antikvark interakcija 
Računanje faktora boje 
   i   

  

Zaključak: SU(3)c formalizam

[qq]3̄ [qq]6
fc(3̄ | 3̄), fc(3̄ | 3̄′ ), fc(6 | 3̄), fc(3̄ |6), fc(6 |6), fc(6 |6′ )

[qq̄]1 [qq̄]8
fc(1 |1), fc(1 |8), fc(8 |8), fc(8 |8′ )



Konkretni QCD računi

1. Notacija: 
4-momenti: eksterni = , interni =  
Orijentacija: 
Za spin-½ česticu, sa 4-momentom 
Za spin-½ antičesticu, nasuprot 4-momenta 
Gluonske linije: realne uz vreme, interne (virtuelne) = proizvoljne 

Polarizacije:

p1, p2, … q1, q2, …

Feynman-ova pravila

3

220 Poglavlje 4. Ne-abelovske kalibracione simetrije i interakcije

1. Notacija:

(a) Energija-impuls: Označiti ulazne i izlazne 4-vektore energije-impulsa p1, p2, . . . ,
a spinove s1, s2, . . . Označiti ” unutrašnje“ 4-vektore energije-impulsa (pripisane
linijama koje vezuju dva čvora unutar grafa) q1, q2,. . .

(b) Orijentacija: Za čestice spina 1

2
je orijentacija linija u smeru 4-vektora energije-

impulsa, a za antičestice obratno. Spoljne fotonske linije usmeriti u pravcu pro-
toka vremena (u ovoj knjizi, nagore). Za unutrašnje fotonske linije je smer proi-
zvoljan, ali jednom odabran, mora da bude dosledno korǐsćen.

(c) Polarizacija: Svakoj spoljašnjoj liniji pripisati polarizacione faktore:

Spin- 1

2
kvark ulazni us

f ca s = projekcija spina = ", #
a = boja kvarka = c, ž, p
f = vrsta kvarka: u, d, s, . . .izlazni u f ,s c†

a

Spin- 1

2
antikvark ulazni v f ,s c†

a (⇠= spin-1
/2 kvark, putuje

unazad u vremenu)izlazni vs
f ca

Gluon ulazni eµca eµ pµ = 0 i e0 = 0

izlazni eµ⇤ca⇤

(4.42)

2. Čvorovi: Čvorovima pripisati faktore prema tipu.

(a) Kvark-gluonski čvor8:

µ
i, a, f2

j, b, f1 a
�! �igcgggg

µ d
f1

f2
( 1

2
la)

b
a. (4.43)

I bez izvodenja, ovaj faktor jasno korespondira sabirku �gcYaggggµ Aa
µ(la)a

bYb

u (4.24), i predstavlja elementarnu interakciju gluona sa kvarkom.
(b) 3-gluonski čvor:

a, µ

b, n

r

c
�!

�gc f abc[hµn(k1�k2)r

+hnr(k2�k3)µ

+hrµ(k3�k1)n].
(4.44)

Ovaj faktor korespondira sabircima u (3.117) koji su 3-linearni po Aa
µ, pa pred-

stavlja elementarnu interakciju tri gluona.
(c) 4-gluonski čvor:

a, µ

b, n c, r

d, s

�!
�ig2

c [ f abe f cd
e(hµshnr � hµrhns)

+ f ace f db
e(hµshnr � hµnhrs)

+ f ade f bc
e(hµnhrs � hµrhns)].

(4.45)

Ovaj faktor korespondira sabircima u (3.117) koji su 4-linearni po Aa
µ, pa pred-

stavlja elementarnu interakciju četiri gluona.

8 U tradicionalnoj normalizaciji, baš kao što polovine Pauli-jevih matrica generǐsu grupu SU(2), tako i polovine
Gell-Mann-ovih matrica (A.71) generǐsu grupu SU(3).
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2. Verteksi 
Kvark-gluon: 

3-gluonski: 

4-gluonski:

4

12
p 2

tot \= M2c2, and E0 \= E
1 + (2E/Mc2) sin2(q/2)

.

W1(q2, x) ⇠ 1
M F1(x), and W2(q2, x) ⇠ �2Mc2x

q2 F2(x),

LQCD = Â
n

Tr
⇥
Yn(x) [ih̄ c /D�mnc2]Yn(x)

⇤
� 1

4 Tr
⇥
FµnFµn⇤,

= Â
n

Ya n(x)
h
iggggµ�h̄ cda

b∂µ+igc Aa
µ( 1

2 la)
a

b
�
�mnc2da

b

i
Yb

n(x)

� 1
4 Fa

µnFµn
a .

(DµFµn = ∂µFµn) = geYA(g
n)A

BYA, (1.107)

Dn ja n
(q) = Dn Dµ Fa µn = � 1

2 [Dµ, Dn]Fa µn = � 1
2 f a

bcFb
µnFc µn = 0,

0 = Dµ ja µ
(q) = ∂µ ja µ

(q) �
gc
h̄ c f a

bc Ab
µ jc µ

(q) ,

) d
dt

⇣ Z

V
d3~r ja 0

(q)

⌘
= �

I

∂V
d2~r ·~ja

(q) +
gc
h̄ c f a

bc

⇣ Z

V
d3~r Ab

µ jc µ
(q)

⌘
,

DµFa µn = ja n
(q) ) ∂µFa µn = Ja n

(c) , ) ∂n Ja n
(c) = 0,

Spin-1/2 quark incoming us
f ca s = spin projection = ", #

a = quark color = c, y, b
f = quark flavor: u, d, s, . . .outgoing u f ,s c†

a

Spin-1/2 antiquark outgoing v f ,s c†
a (⇠= spin-1/2 quark, travels

backwards in time)izlazni vs
f ca

Gluon outgoing eµca eµ pµ = 0 and e0 = 0

izlazni eµ⇤ca⇤

(1.108)

µ
i, a, f2

j, b, f1 a
�! �igcgggg

µ d
f1
f2
( 1

2 la)
b

a (1.109)

a, µ

b, n

r

c
�!

�gc f abc[hµn(k1�k2)r

+hnr(k2�k3)µ

+hrµ(k3�k1)n]
(1.110)

a, µ

b, n c, r

d, s

�!
�ig2

c [ f abe f cd
e(hµshnr � hµrhns)

+ f ace f db
e(hµshnr � hµnhrs)

+ f ade f bc
e(hµnhrs � hµrhns)]

(1.111)
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3. Propagatori = interne linije 
Kvarkovi: 

Gluoni: 

Interne linije predstavljaju virtuelne čestice (van masene ljuske). 
4. Očuvanje 4-momenta 

Svakom verteksu pripisati ,   

5. Integral po svakom internom 4-momentu:  

6. Očitati: 

(2π)4δ(4)(∑ k) k=pi, qj
1

(2π)4 ∫ d4qj

−iℳ(2π)4δ(4)(∑i pi)
5

4.2. Concrete Calculations 239

(c) Polarization: Assign every external line the polarization factor:

Spin-1/2 quark incoming us
f ca s = spin projection = ", #

a = quark color = c, y, b
f = quark flavor: u, d, s, . . .outgoing u f ,s c†

a

Spin-1/2 antiquark outgoing v f ,s c†
a (⇠= spin-1/2 quark, travels

backwards in time)izlazni vs
f ca

Gluon outgoing eµca eµ pµ = 0 and e0 = 0

izlazni eµ⇤ca⇤

(4.42)

2. Vertices: To each vertex assign the factor according to type:

(a) Quark-gluon vertex8:

µ
i, a, f2

j, b, f1 a
�! �igcgggg

µ d
f1
f2
( 1

2 la)
b

a. (4.43)

This factor clearly corresponds to the term �gcYaggggµ Aa
µ(la)a

bYb in (4.24) even
without a derivation, and represents the elementary gluon-quark interaction.

(b) 3-gluon vertex:

a, µ

b, n

r

c
�!

�gc f abc[hµn(k1�k2)r

+hnr(k2�k3)µ

+hrµ(k3�k1)n].
(4.44)

This factor corresponds to the terms in (4.24) that are 3-linear in Aa
µ, and repre-

sents the elementary interaction of three gluons.
(c) 4-gluon vertex:

a, µ

b, n c, r

d, s

�!
�ig2

c [ f abe f cd
e(hµshnr � hµrhns)

+ f ace f db
e(hµshnr � hµnhrs)

+ f ade f bc
e(hµnhrs � hµrhns)].

(4.45)

This factor corresponds to the terms in (4.24) that are 4-linear in Aa
µ, and repre-

sents the elementary interaction of four gluons.

3. Propagators: To each internal line with the jth 4-momentum assign the factor:

quark: qjn, a n0, b �! idn,n0
d

b
a

/qj � mjc
= idn,n0

d
b
a

/qj + mjc1

q2
j � m2

j c2 , (4.46)

gluon: µ, a n, bqg
�! � i

hµn

q2
g

dab (4.47)

As internal lines depict virtual particles, /qj \=mjc and q2
g \= 0, respectively [+ table B.6,

p. 478]. Up to multiplicative coefficients, these factors also stem from (4.24); these
are Fourier transforms of the Green functions for the differential operators /D and D

µn
ab

in Y /DY := �Ân Yn,a[ih̄ c /∂�mc2]Ya
n and Aa

µD
µn
ab Ab

n :' � 1
4 F̊µn F̊µn, respectively, where

F̊µn := (∂µ Aa
n � ∂n Aa

n) is the so-called linearized field Fa
µn.

8 In traditional normalization, just as halves of Pauli matrices generate the SU(2) group, so do halves of Gell-Mann
matrices (A.72) generate the SU(3) group.
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7. Za svaku fermionsku petlju = jedan  faktor 
8. Amplitude za parcijalne procese koji su povezani razmenom 
neparnog para fermiona imaju relativni “ ” predznak. 
Organizujemo Feynman-ove dijagrame: 

po stepenu jačine interakcije,  ,   kao i  po broju petlji. 

Ove amplitude se ne mogu koristiti kao u elektromagnetizmu, 
… jer kvarkove ne možemo izdvojiti kao slobodne čestice. 
Ipak, one mogu ukazati na relativne verovatnoće, 
…pomalo nalik na primenu Wigner-Eckardt-ove teoreme:

(−1)

−

gc

6

σproces 1

σproces 2
= |ℳ1 |2

|ℳ2 |2 = | (spin)1 ⋅ (izospin)1 ⋅ (boja)1 ⋅ (ostalo)1 |2

| (spin)2 ⋅ (izospin)2 ⋅ (boja)2 ⋅ (ostalo)2 |2

Feynman-ova pravila
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Gluonski Lagranžijan sadrži 

čiji kvadrat daje:

Gluonske petlje i interakcije

7
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+hnr(k2�k3)µ
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quark: qjn, a n0, b �! idn,n0
d

b
a

/qj � mjc
= idn,n0

d
b
a

/qj + mjc1

q2
j � m2

j c2 , (1.116)

gluon: µ, a n, bqg
�! � i

hµn

q2
g

dab (1.117)

upamtiti, za kasnije…



Konkretni QCD računi

Posmatrajmo konkretan proces, kao što je . 

Analiziramo kao , 
gde je jaka interakcija dominantna 
pa posmatramo kvark-kvark interakciju 
   
Pa onda i:  
…po Heisenberg-ovom izvornom uvodjenju izospina. 

Npr.

p++n0 → p++n0

[duu]+[ddu] → [duu]+[ddu]

(d+d → d+d) ≈ (d+u → d+u) ≈ (u+u → u+u)
(p++p+ → p++p+) ≈ (p++n0 → p++n0) ≈ (n0+n0 → n0+n0)

Kvark-kvark interakcija
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kromodinamičku interakciju nismo u stanju da finalizujemo račun. Pošto kvarkovi ne mogu
da se izdvoje iz hadrona, detektori ne mogu da registruju pojedine kvarkove, tako da, na
primer, elastični sudar u + d ! u + d ne može da se detektuje nezavisno od hadronskih
vezanih stanja čiji su ti kvarkovi gradivni deo. Stoga (diferencijalni) efikasni presek za taj
sudar nema pravog fizičkog smisla, pošto ga nije moguće uporediti sa eksperimentima.

Medutim, već matrični element za kromodinamičke procese ima fizičkog smisla i vrlo
lako može da se koristi za poredenje sa konkretnim eksperimentima, pomalo po ugledu na
Wigner-Eckard-ovu teoremu A.3, str. 442. Naime, u hadronskom procesu poput elastičnog
sudara

⇥
p+ = (u, u, d)

⇤
+

⇥
n0 = (u, d, d)

⇤
!

⇥
p+ = (u, u, d)

⇤
+

⇥
n0 = (u, d, d)

⇤
, (4.50)

vodeći doprinos, reda O(g2
s ), je kromodinamički i potiče od kvark-kvark interakcije: domi-

nantni doprinosi amplitudi hadronskih procesa potiču od interakcije po jednog kvarka iz
svakog od dva hadrona; ti se doprinosi onda sabiraju algebarski, prema simetrijama datih
vezanih stanja (4.50). Kako su u- i d kvark približno iste mase, i mogu da imaju bilo koje
od istih spinskih stanja (| 1

2
,+ 1

2
i i | 1

2
,� 1

2
i) i bilo koju od istih boja (crvenu, žutu, plavu),

kromodinamička interakcija ne pravi razliku izmedu izmedu u-u, u-d i d-d interakcije, pa je

M(QCD)
u+u!u+u ⇡ M(QCD)

u+d!u+d ⇡ M(QCD)
d+d!d+d (4.51a)

do na popravke reda O(mu�md
mu+md

) i O(g4
c ), pa onda i

M(QCD)
p++p+!p++p+ ⇡ M(QCD)

p++n0!p++n0
⇡ M(QCD)

n0+n0!n0+n0
, (4.51b)

u istoj aproksimaciji. Ovaj rezultat (4.51), da kromodinamička interakcija (do na popravke
sledećeg reda u intenzitetu) ne razlikuje izmedu protona i neutrona, se odlično slaže sa
konkretnim eksperimentalnim podacima u nuklearnoj fizici. Stoga se razlike u vezivnoj
energiji protona i neutrona unutar jezgra mogu svesti na razlike u spinskim vrednostima9,
u prostornom faktoru koji uključuje i orbitalne ugaone momente, te u izospinskim fakto-
rima [v. odeljak 2.3.1].

4.2.1 Kvark-kvark interakcija
Za interakciju dva kvarka, pretpostavimo da su različiti, tako da postoji samo jedan O(g2

s )
dijagram:

u-kvark
boja: a

p1

u-kvark
boja: g

p3

q
(la)a

g (lb)b
d

dab

d-kvark
boja: b

p2

d-kvark
boja: d

p4

(4.52)

za koji se amplituda dobija sledenjem postupka 4.1, str. 219

Mu+d!u+d = � g2
s

2

1

q2

⇥
u3 ggggµ u1

⇤⇥
u4 ggggµ u1

⇤�
c†

3
lllla c1

��
c†

4
lllla c2

�
, (4.53)

što je analogno amplitudi (3.130), samo što je
9 U barionima je (anti)simetrizacija prilično složena: setimo se argumenta za relacije (2.122) i (2.124).

do na korekcije 

O(|mu−md|

mu+md
) ≈ 33 %



elektrodinamika novo

Konkretni QCD računi

Računanje amplitude se razlikuje od elektrodinamike samo u 
faktoru boje: 

Koristeći se elektrodinamičkim računom, 
uz zamenu , 
Izračunamo faktor boje, 
…za sve moguće slučajeve. 
Pošto bi elektrodinamička amplituda dala 
…QCD amplituda će dati

ge → gc

9

13= ∂[µAn]∂
[µAn] + 2igc

h̄ c ∂[µAn][A
µ, An]� g2

c
h̄2c2 [Aµ, An][A

µ, An] (1.115)

quark: qjn, a n0, b �! idn,n0
d

b
a

/qj � mjc
= idn,n0

d
b
a

/qj + mjc1

q2
j � m2

j c2 , (1.116)

gluon: µ, a n, bqg
�! � i

hµn

q2
g

dab (1.117)

1
4pe0

e2

r
=

ae h̄ c
r
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2. the color factor, fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)

=
n

1p
2

�
da

1 d
b
2 � d

b
1 da

2
�
, 1p

2

�
da

1 d
b
3 � d

b
1 da

3
�
, 1p

2

�
da

2 d
b
3 � d

b
2 da

3
�o

,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3

 
, (4.58)

=
n�

da
1 d

b
1
�
,
�
da

2 d
b
2
�
,
�
da

3 d
b
3
�
, 1p

2

�
da

1 d
b
2 + d

b
1 da

2
�
, 1p

2

�
da

1 d
b
3 + d

b
1 da

3
�
, 1p

2

�
da

2 d
b
3 + d

b
2 da

3
�o

.

10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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2. the color factor, fc(3, 4|1, 2) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(3, 4|1, 2) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)

=
n

1p
2

�
da

1 d
b
2 � d

b
1 da

2
�
, 1p

2

�
da

1 d
b
3 � d

b
1 da

3
�
, 1p

2

�
da

2 d
b
3 � d

b
2 da

3
�o

,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3

 
, (4.58)

=
n�

da
1 d

b
1
�
,
�
da

2 d
b
2
�
,
�
da

3 d
b
3
�
, 1p

2

�
da

1 d
b
2 + d

b
1 da

2
�
, 1p

2

�
da

1 d
b
3 + d

b
1 da

3
�
, 1p

2

�
da

2 d
b
3 + d

b
2 da

3
�o

.

10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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c
q
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Kvark-kvark interakcija



ulazizlaz

Konkretni QCD računi

Stoga, računamo 

…za sva moguća dvo-kvarkovska ulazna i izlazna stanja. 
Koristimo tenzorsko—matrični prevod notacije za boju: 

kao i da je

10
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2. the color factor, fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)

=
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3
�
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2

�
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b
3 � d

b
2 da

3
�o

,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3

 
, (4.58)

=
n�

da
1 d

b
1
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,
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da

2 d
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,
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b
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b
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b
3 + d

b
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3
�
, 1p

2

�
da
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b
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b
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3
�o

.

10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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2. the color factor, fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)

=
n

1p
2

�
da

1 d
b
2 � d

b
1 da

2
�
, 1p

2

�
da

1 d
b
3 � d

b
1 da

3
�
, 1p
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2 d
b
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b
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3
�o

,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3

 
, (4.58)

=
n�
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1 d
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1
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,
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b
3
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.

10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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2. the color factor, fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)
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,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3
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10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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2. the color factor, fc(3, 4|1, 2) = 1
4 (c

†
3llllac1)(c†

4llllac2), is inserted.

The fact that Feynman calculus from quantum electrodynamics is fairly easy to adapt to
quantum chromodynamics as well as other kinds of non-abelian gauge interactions has con-
tributed to the popularity of the technique10.

Since the electromagnetic interaction of two charged particles of the type (3.127) is
known to lead to the Coulomb potential ah̄ c

r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(3, 4|1, 2) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)

From the SU(3) group representation theory result (A.77a) [+ appendix A.4.2], we know
that the color factors for two (incoming) quarks, ca

1c
b
2 , must belong to one of two vector

spaces:

1. 3⇤, the antisymmetric triple of states, i.e., the 3-dimensional vector space spanned by
two-quark color factors:

�
c12

[ab] := 1p
2
(ca

1
cb

2
� cb

1
ca

2
), a, b = red, yellow, blue = 1, 2, 3

 
, (4.57)
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b
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b
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3
�o

,

where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
�

c12
(ab) := 1p

(1+dab)
(ca

1
cb

2
+ cb

1
ca

2
), a, b = r, y, b = 1, 2, 3

 
, (4.58)
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.

10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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Since the electromagnetic interaction of two charged particles of the type (3.127) is
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r = 1
4pe0

e2

r and since (4.53) differs from (3.130)
only in ge ! gc and the inserted factor fc, we conclude that the quantum-chromodynamics
interaction of the type (4.52) also leads to a Coulomb-like potential

Vqq(r) = fc
as h̄ c

r
, (4.54)

and it only remains to determine the color factor:

fc(1, 2|3, 4) = 1
4 (c

†
3llllac1)(c

†
4llllac2) =

1
4 c†

3g c†
4d (l

a)a
g (la)b

d ca
1 c

b
2 . (4.55)

Use the relation between the index- and matrix-notation:

cr $ da
1 $

h 1
0
0

i
, cy $ da

2 $
h 0

1
0

i
, cb $ da

3 $
h 0

0
1

i
. (4.56)
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where the black subscripts 1 and 2 in the first row indicate the first and second quark,
respectively. In the second row, we dispensed with these subscripts11, so as not to
confuse them with the color labels 1 = r, 2 = y and 3 = b, which were needed in the
second row.

2. 6, the symmetric 6-tuple of states, i.e., the 6-dimensional vector space spanned bu
two-quark color factors:
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10 The insolubility of quantum chromodynamics stems from the fact that as varies with energy much faster than
the electrodynamics fine structure parameter, ae, and oppositely: as diminishes with energy [+ chapter 4.2.4].
Moreover, perturbative computations indicate that below about 200 MeV, as becomes larger than one, so the
perturbative approach to quantum chromodynamics where as is the perturbative parameter makes neither
practical nor conceptual sense when the interaction energy is less than about 200 MeV [+ section 4.3]. Here
we then focus on sufficiently high energies.

11 We imply that the first factor in every monomial—whether formally ca or the Kronecker symbol—refers to the
fist quark, and the second factor to the second quark.
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Kvark-kvark interakcija



Konkretni QCD računi

Fundamentalna reprezentacija 
u oznaci “3”, za kompleksni 3-dimenzioni vektorski prostor, 
…razapeta (t1, t2, t3):  c1t1+ c2t2+ c3t3, tj.  ℂ3={c1, c2, c3} 
…koje SU(3)c transformiše jedan u drugi. 

Antisimetrični proizvod = antisimetrični tenzor ranga 2 
se identifikuje sa 3*: 
predstavljen linearnom kombinacijom  t[12],  t[13]  i  t[23], 
…koje SU(3)c transformiše jedan u drugi. 

Simetrični proizvod = simetrični tenzor ranga 2 
se identifikuje sa 6: 
predstavljen linearnom kombinacijom 
t(11),  t(22),  t(33),  t(12),  t(13)  i  t(23), 
… koje SU(3)c transformiše jedan u drugi.

Neke SU(3)c reprezentacije

11

13= ∂[µAn]∂
[µAn] + 2igc

h̄ c ∂[µAn][A
µ, An]� g2

c
h̄2c2 [Aµ, An][A

µ, An] (1.115)

quark: qjn, a n0, b �! idn,n0
d

b
a

/qj � mjc
= idn,n0

d
b
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/qj + mjc1

q2
j � m2

j c2 , (1.116)

gluon: µ, a n, bqg
�! � i

hµn

q2
g

dab (1.117)

1
4pe0
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r
=

ae h̄ c
r

(3⌦3)A = 3 c
[a
1 c

b]
2 := 1p

2
(da

gd
b
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b
gda

d ) cg
1 cd

2 a 6= b, a, b = 1, 2, 3

(3⌦3)S = 6 c
(a
1 c
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2 := 1p

2
(da

gd
b
d + d

b
gda

d ) cg
1 cd

2

n a 6= b,
a = b, a, b = 1, 2, 3

ta = #abg t[bg]



Konkretni QCD računi

Slučajevi  fc(3,4|1,2) koje nam je ispitati 
gde (1,2) i (3,4) predstavljaju slučajeve: 

dve kopije istog elementa iz :  , npr. [13]|[13]; 

dva različita elementa iz :  , npr. [12]|[13]; 

jedan element iz v i jedan iz 6:  , npr. 
 (11)|[12],   (33)|[12],   (13)|[13]  i  (12)|[13]; 

dve kopije istog elementa iz 6:  , npr. (11)|(11); 

dva različita elementa iz 6:  , npr. (11)|(33). 

Ima još ostalih izbora, ali delovanje SU(3)c-transformacije 
ih sve prevode u jedan od ovih osam slučajeva. 
Stoga je dovoljno proveriti ovih osam primera.

3̄ fc(3̄ | 3̄)
3̄ fc(3̄ | 3̄′ )

fc(6 | 3̄)

fc(6 |6)
fc(6 |6′ )

12

Kvark-kvark interakcija



Konkretni QCD računi

Razmotrimo jedan primer za  :fc(3̄ | 3̄)
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Konkretni QCD računi

Stoga: , predstavljen  fc([13]|[13]), = –⅔ (privlačan!) 
Slično,   predstavljen  fc([12]|[13]), 

fc(6|3*), predstavljen  fc((11)|[12]), = 0 

fc(6|3*), predstavljen  fc((33)|[12]), = 0 

fc(6|3*), predstavljen  fc((13)|[13]), = 0 

fc(6|3*), predstavljen  fc((12)|[13]), = 0 

fc(6|6), predstavljen  fc((11)|(11)), = +⅓ (odbojan!) 

fc(6ʹ|6), predstavljen  fc((11)|(33)), = 0

fc(3̄ | 3̄)
fc(3̄ | 3̄′ )

14

4.2. Concrete Calculations 243

The quantum-mechanical normalization12 of the color factors was used (so that kc12
[ab]k2 =

1 as well as kc12
(ab)k2 = 1 for every choice of a, b) and the numerical identification a, b =

r, y, b = 1, 2, 3 for the basis in which the Gell-Mann matrices (A.72) are given. For outgoing
quarks the Hermitian conjugate factors (4.57)–(4.58) must be used, but note that Hermitian
conjugation preserves the (anti)symmetry of the two-particle color factors.

That is, in the process (4.52), the color factor for the incoming quarks (with colors
a and b) may be in any linear combination of either the antisymmetrized elements (4.57),
or the symmetrized elements (4.58). The color factor for the outgoing quarks (with colors
g and d) may be—independently of the incoming quarks—in any one of the Hermitian
conjugates of those states. In principle then, one must compute the color factors (4.55) for
each of the combinations:

fc(1, 2|3, 4) = fc(3⇤A|3⇤A), fc(3⇤A 0|3⇤A), fc(6S|3⇤A), fc(3⇤A|6S), fc(6S|6S), fc(60S|6S), (4.59)

where 3⇤A denotes some concrete antisymmetrized state, 6S denotes some concrete sym-
metrized state, and prime simply indicates some other such concrete state.

Example 4.2: A concrete computation fo the first type (4.59) is
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The sums over Gell-Mann matrices, a = 1, · · · , 8 simplify, as there is only one matrix for which
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Similarly, the type fc(3⇤A 0|3⇤A) computation yields:
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since there is no Gell-Mann matrix for which (la1
1 6= 0 6= la3

2) or (la3
1 6= 0 6= la1

2). Also, for
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12 In mathematical sources, if such explicit constructions are given at all, one mostly finds combinatorial functions,
the normalization of which refers to their use in probability theory. However, wave-functions are not probabil-
ities but probability amplitudes, so the desired normalization mostly requires factors of the type 1/p2 (for the
probability amplitude) instead of 1/2 (for probability), etc.
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(4.60c)

since there is no Gell-Mann matrix for which (la1
1 6= 0 6= la3

2) or (la3
1 6= 0 6= la1

2). Also, for
the fc(6S|3⇤A) type, one checks four characteristic cases:
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1⇤ = 0, (4.60d)
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12 In mathematical sources, if such explicit constructions are given at all, one mostly finds combinatorial functions,
the normalization of which refers to their use in probability theory. However, wave-functions are not probabil-
ities but probability amplitudes, so the desired normalization mostly requires factors of the type 1/p2 (for the
probability amplitude) instead of 1/2 (for probability), etc.
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The quantum-mechanical normalization12 of the color factors was used (so that kc12
[ab]k2 =

1 as well as kc12
(ab)k2 = 1 for every choice of a, b) and the numerical identification a, b =

r, y, b = 1, 2, 3 for the basis in which the Gell-Mann matrices (A.72) are given. For outgoing
quarks the Hermitian conjugate factors (4.57)–(4.58) must be used, but note that Hermitian
conjugation preserves the (anti)symmetry of the two-particle color factors.

That is, in the process (4.52), the color factor for the incoming quarks (with colors
a and b) may be in any linear combination of either the antisymmetrized elements (4.57),
or the symmetrized elements (4.58). The color factor for the outgoing quarks (with colors
g and d) may be—independently of the incoming quarks—in any one of the Hermitian
conjugates of those states. In principle then, one must compute the color factors (4.55) for
each of the combinations:

fc(1, 2|3, 4) = fc(3⇤A|3⇤A), fc(3⇤A 0|3⇤A), fc(6S|3⇤A), fc(3⇤A|6S), fc(6S|6S), fc(60S|6S), (4.59)

where 3⇤A denotes some concrete antisymmetrized state, 6S denotes some concrete sym-
metrized state, and prime simply indicates some other such concrete state.

Example 4.2: A concrete computation fo the first type (4.59) is
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⇥
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The sums over Gell-Mann matrices, a = 1, · · · , 8 simplify, as there is only one matrix for which
(la1

1 6= 0 6= la3
3), and only two matrices for which (la3

1 6= 0 6= la1
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⇥
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since there is no Gell-Mann matrix for which (la1
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2). Also, for
the fc(6S|3⇤A) type, one checks four characteristic cases:
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12 In mathematical sources, if such explicit constructions are given at all, one mostly finds combinatorial functions,
the normalization of which refers to their use in probability theory. However, wave-functions are not probabil-
ities but probability amplitudes, so the desired normalization mostly requires factors of the type 1/p2 (for the
probability amplitude) instead of 1/2 (for probability), etc.
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— ne može!

— ne može!

— ne može!

Kvark-kvark interakcija



Konkretni QCD računi

Rezimirano: 
Kvark-kvark interakcija 1-gluonskom razmenom je 

privlačna ako su boje kvarkova antisimetrizovane 
— i ostaju u istom konkretnom stanju, 
odbojne ako su boje kvarkova simetrizovane 
— i ostaju u istom konkretnom stanju, 
zabranjene u svim ostalim slučajevima. 

Interakcija više-gluonskom razmenom prati ovaj format. 
Barione čine tri kvarka. 

Da bi boje svakog para bile antisimetrizovane, 
…boje sva tri kvarka moraju da se antisimetrizuju. 
(3⊗3⊗3)A = 1, t.j. (tα tβ tγ)A ∝ εαβγ , što je SU(3)-invarijanta. 

Ψbarion = [Ψ(prostor-vreme)·χ(spin)·χ(ukus)]S · χA(boja)

15

Barioni moraju da budu SU(3)c-invariante.
Kvark-kvark interakcija

U elektrodinamici se 

istoimena naelektrisanja 

uvek odbijaju!



Konkretni QCD računi

1-gluonska razmena: 

proizvodi amplitudu 

sa faktorom boje

16
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The amplitude of a single-gluon exchange has a contribution from only one Feynman
diagram:

u-quark
color: a

p1

u-quark
color: g

p3

q
(la)a

g (lb)d
b

dab

d antiquark
color: anti-b

p2

d antiquark
color: anti-d

p4

(4.65)

Following procedure 4.1, p. 238 and analogously to the result for the first part of (3.146b),
we have

Mu+d!u+d = � g2
c

4q2 [u3ggggµu1][v2ggggµv4]
�
c†

3 lllla c1
��

c†
2 lllla c4

�
, (4.66)

where q = (p1�p3) is the 4-momentum exchange, and the result differs from the electrody-
namics one only in that

1. ge is replaced by gc,
2. the color factor, fc(3, 4|1, 2) = 1

4 (c
†
3llllac1)(c†

2llllac4), is inserted.

The color factor for the incoming quark-antiquark pair again may belong to one of the two
vector spaces:

1. 8, Hermitian octet of states, i.e., the 8-dimensional vector space spanned by the color
factors

�
c12

a
b =

q
1+ 1

2 da
b(c

a
1c†

2b � 1p
3
da

b c̊ccc), a, b = red, yellow, blue = 1, 2, 3
 

, (4.67)

=
np

3
2 (d

a
1 d1

b�c̊ccc),
p

3
2 (d

a
2 d2

b�c̊ccc),
p

3
2 (d

a
3 d3

b�c̊ccc),

(da
1 d2

b), (d
a
1 d3

b), (d
a
2 d1

b), (d
a
2 d3

b), (d
a
3 d1

b), (d
a
3 d2

b)
o

,

which form a traceless Hermitian matrix, where c̊ccc := 1p
3

Tr(c1 c†
2
) = 1p

3
(ce

1
c†

2e).
2. 1, where (c1c†

2)
a

b = da
b c̊ccc is a multiple of the unit matrix, i.e., the SU(3)c-invariant.

Normalization is again quantum-mechanical, so kc12
a

bk2 = 1 for every choice a, b.

Similarly to (4.59), for u + d ! u + d we have

fc(3, 4|1, 2) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Also, just as in electrodynamics, the gluon exchange gives rise to a potential of the form

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

where the sign is now negative, since the color charges of a quark and an antiquark are
“opposite”: one is the (chromodynamics) “color” the other the “anti-color”14.
14 In electrodynamics, of course, there is only one kind of charge—electric—and the opposite charge is simply

the negative charge. For chromodynamics colors, “anti-color” is not simply negative “color”, but the opposite
“color”—i.e., the color which with the original one together produces a colorless, i.e., an SU(3)c-invariant
whole. This we may write, e.g., (ca (red))

† = (c†)a (green). We will not use this notational possibility, as it
additionally complicates the tensor algebra rules and necessitates printing in color; with the current convention,
computations may be followed even in monochromatic printout.
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226 Poglavlje 4. Ne-abelovske kalibracione simetrije i interakcije

Takode, kromodinamička interakcija izmedu dva SU(3)c-invarijantna vezana stanja ne
može da se dogodi putem razmene jednog gluona [v. primer 4.3, str. 227], već zahteva
istovremenu razmenu bar dva gluona, pa je reda bar O(g4

s ). Naime, ako je barion koji
emituje bilo kakvu česticu SU(3)c-invarijantan i pre i posle emitovanja, sledi da i emitovani
posrednik mora da bude SU(3)c-invarijantna. Kako nijedan od osam gluona nije SU(3)c-
invarijantan, posrednik mora da bude SU(3)c-invarijantno stanje sazdano od bar dva gluona,
ako ne i kvark-antikvark para.

Iz ovoga sledi da je jedno-gluonska kromodinamička interakcija izmedu dva nukleona
u atomskom jezgru oko O(g2

c ) puta slabija od jake interakcije izmedu dva kvarka. (Ovo
pomalo podseća na činjenicu da je dipol-dipol interakcija izmedu dva atoma vodonika slabija
od Coulomb-ovske interakcije izmedu elektrona i protona unutar jednog atoma.)

Digresija 4.3: SU(3)c-invarijantna stanja sazdana od samih gluona se zovu ”glueballs“ i u prin-
cipu ih možemo opaziti, ali još ni jedno takvo stanje nije pouzdano detektovano. Medutim, svi
kvantni brojevi takvih čisto gluonskih SU(3)c-invarijantnih vezanih stanja su potpuno jednaki
kvantnim brojevima električno neutralnih mezona poput p0

, r0, itd. pa ih je teško razlučiti ek-
sperimentalno—dok kvantno-kromodinamički teorijski računi ne budu u stanju da nezavisno
odrede mase svih neutralnih mezona i svih ”glueballs“-a u odredenom rasponu.

4.2.2 Kvark-antikvark interakcija
Mezoni su u mnogome jednostavniji za istraživanje nego barioni, pošto su vezana stanja
jednog kvarka i jednog antikvarka. No, sa tim pojednostavljenjem dolazi i komplikacija—bar
kada je mezon neutralan u odnosu na sve interakcije, pa je vezano stanje tipa

u u + d d + s s + . . . (4.64)

Naime, tada kvark i antikvark mogu medusobno i da se anihiliraju. U ovom odeljku ćemo
razmotriti mezone gde su kvark i antikvark različitog ukusa, pa anihilacije nema ni virtuelno,
a sledeći odeljak ćemo posvetiti mogućoj anihilaciji sistema tipa (4.64).

Amplituda jedno-gluonske razmene ima doprinos od samo jednog Feynman-ovog dija-
grama:

u-kvark
boja: a

p1

u-kvark
boja: g

p3

q
(la)a

g (lb)d
b

dab

d antikvark
boja: anti-b

p2

d antikvark
boja: anti-d

p4

(4.65)

Sledeći postupak 4.1, str. 219 a analogno rezultata za prvi deo (3.146b), imamo da je

Mu+d!u+d = � g2
c

4q2
[u3ggggµu1][v2ggggµv4]

�
c†

3
lllla c1

��
c†

2
lllla c4

�
, (4.66)

gde je q = (p1�p3) razmena 4-vektora energije-impulsa, i opet se rezultat razlikuje od
elektrodinamičkog samo po tome što je

1. ge zamenjeno sa gc,
2. dopisan je faktor boje, fc(1, 2|3, 4) = 1

4
(c†

3
llllac1)(c†

2
llllac4).
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The amplitude of a single-gluon exchange has a contribution from only one Feynman
diagram:

u-quark
color: a

p1

u-quark
color: g

p3

q
(la)a

g (lb)d
b

dab

d antiquark
color: anti-b

p2

d antiquark
color: anti-d

p4

(4.65)

Following procedure 4.1, p. 238 and analogously to the result for the first part of (3.146b),
we have

Mu+d!u+d = � g2
c

4q2 [u3ggggµu1][v2ggggµv4]
�
c†

3 lllla c1
��

c†
2 lllla c4

�
, (4.66)

where q = (p1�p3) is the 4-momentum exchange, and the result differs from the electrody-
namics one only in that

1. ge is replaced by gc,
2. the color factor, fc(3, 4|1, 2) = 1

4 (c
†
3llllac1)(c†

2llllac4), is inserted.

The color factor for the incoming quark-antiquark pair again may belong to one of the two
vector spaces:

1. 8, Hermitian octet of states, i.e., the 8-dimensional vector space spanned by the color
factors

�
c12

a
b =

q
1+ 1

2 da
b(c

a
1c†

2b � 1p
3
da

b c̊ccc), a, b = red, yellow, blue = 1, 2, 3
 

, (4.67)

=
np

3
2 (d

a
1 d1

b�c̊ccc),
p

3
2 (d

a
2 d2

b�c̊ccc),
p

3
2 (d

a
3 d3

b�c̊ccc),

(da
1 d2

b), (d
a
1 d3

b), (d
a
2 d1

b), (d
a
2 d3

b), (d
a
3 d1

b), (d
a
3 d2

b)
o

,

which form a traceless Hermitian matrix, where c̊ccc := 1p
3

Tr(c1 c†
2
) = 1p

3
(ce

1
c†

2e).
2. 1, where (c1c†

2)
a

b = da
b c̊ccc is a multiple of the unit matrix, i.e., the SU(3)c-invariant.

Normalization is again quantum-mechanical, so kc12
a

bk2 = 1 for every choice a, b.

Similarly to (4.59), for u + d ! u + d we have

fc(3, 4|1, 2) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Also, just as in electrodynamics, the gluon exchange gives rise to a potential of the form

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

where the sign is now negative, since the color charges of a quark and an antiquark are
“opposite”: one is the (chromodynamics) “color” the other the “anti-color”14.
14 In electrodynamics, of course, there is only one kind of charge—electric—and the opposite charge is simply

the negative charge. For chromodynamics colors, “anti-color” is not simply negative “color”, but the opposite
“color”—i.e., the color which with the original one together produces a colorless, i.e., an SU(3)c-invariant
whole. This we may write, e.g., (ca (red))

† = (c†)a (green). We will not use this notational possibility, as it
additionally complicates the tensor algebra rules and necessitates printing in color; with the current convention,
computations may be followed even in monochromatic printout.
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ℳd̄+u→d̄+u

Kvark-antikvark interakcija



Konkretni QCD računi

Ulazni i izlazni (anti-)kvarkovi sada mogu da imaju boje u 
(SU(3)c-invariantnom) stanju singleta boje 
ili u stanju (ermitske matrice bez traga) za oktet boje: 

Simbolično: 
3⊗3* = 1 ⊕ 8 
 tα⊗s̄β = [ 1

3 δa
β (tγs̄γ)] + [tαs̄β − 1

3 δa
β (tγs̄γ)]

17
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q
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color: anti-b

p2

d antiquark
color: anti-d

p4
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Following procedure 4.1, p. 238 and analogously to the result for the first part of (3.146b),
we have

Mu+d!u+d = � g2
c

4q2 [u3ggggµu1][v2ggggµv4]
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where q = (p1�p3) is the 4-momentum exchange, and the result differs from the electrody-
namics one only in that

1. ge is replaced by gc,
2. the color factor, fc(3, 4|1, 2) = 1

4 (c
†
3llllac1)(c†

2llllac4), is inserted.

The color factor for the incoming quark-antiquark pair again may belong to one of the two
vector spaces:

1. 8, Hermitian octet of states, i.e., the 8-dimensional vector space spanned by the color
factors

�
c12

a
b =

q
1+ 1

2 da
b(c

a
1c†

2b � 1p
3
da

b c̊ccc), a, b = red, yellow, blue = 1, 2, 3
 

, (4.67)

=
np

3
2 (d

a
1 d1

b�c̊ccc),
p

3
2 (d

a
2 d2

b�c̊ccc),
p

3
2 (d

a
3 d3

b�c̊ccc),

(da
1 d2

b), (d
a
1 d3

b), (d
a
2 d1

b), (d
a
2 d3

b), (d
a
3 d1

b), (d
a
3 d2

b)
o

,

which form a traceless Hermitian matrix, where c̊ccc := 1p
3

Tr(c1 c†
2
) = 1p

3
(ce

1
c†

2e).
2. 1, where (c1c†

2)
a

b = da
b c̊ccc is a multiple of the unit matrix, i.e., the SU(3)c-invariant.

Normalization is again quantum-mechanical, so kc12
a

bk2 = 1 for every choice a, b.

Similarly to (4.59), for u + d ! u + d we have

fc(3, 4|1, 2) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Also, just as in electrodynamics, the gluon exchange gives rise to a potential of the form

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

where the sign is now negative, since the color charges of a quark and an antiquark are
“opposite”: one is the (chromodynamics) “color” the other the “anti-color”14.
14 In electrodynamics, of course, there is only one kind of charge—electric—and the opposite charge is simply

the negative charge. For chromodynamics colors, “anti-color” is not simply negative “color”, but the opposite
“color”—i.e., the color which with the original one together produces a colorless, i.e., an SU(3)c-invariant
whole. This we may write, e.g., (ca (red))

† = (c†)a (green). We will not use this notational possibility, as it
additionally complicates the tensor algebra rules and necessitates printing in color; with the current convention,
computations may be followed even in monochromatic printout.

D
R

A
FT

—
co

nt
ac

td
ir

ec
tly

Tr
is

ta
n

H
üb
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4.2. Konkretni računi 227

Faktor boje za ulazni kvark-antikvark par opet može da pripada jednom od dva vektorska
prostora:

1. 8, ermitska osmorka stanja odnosno 8-dimenzioni vektorski prostor razapet faktorima
boje

�
c

12

a
b =

q
1+ 1

2
da

b(c
a
1
c†

2b � 1p
3
da

b c̊ccc), a, b = c, ž, p = 1, 2, 3
 

, (4.67)

=
np

3

2
(da

1
d1

b�c̊ccc),
p

3

2
(da

2
d2

b�c̊ccc),
p

3

2
(da

3
d3

b�c̊ccc),

(da
1

d2

b), (d
a
1

d3

b), (d
a
2

d1

b), (d
a
2

d3

b), (d
a
3

d1

b), (d
a
3

d2

b)
o

,

koji čine ermitsku matricu bez traga, gde je c̊ccc := 1p
3

Tr(c
1
c†

2
) = 1p

3
(ce

1
c†

2e).
2. 1, gde je (c1c†

2
)a

b = da
b c̊ccc umnožak jedinične matrice, odnosno SU(3)c-invarijante.

Normalizacija je opet kvantno-mehanička, tako da kc
12

a
bk2 = 1 za svaki izbor a, b.

Slično mogućnostima (4.59), za u + d ! u + d imamo

fc(1, 2|3, 4) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Takode, kao i u elektrodinamici, razmena gluona daje potencijal oblika

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

gde je predznak sada negativan, pošto su naboji kvarka i antikvarka ”suprotni“: jedan je
(kromodinamička) ”boja“ a drugi je ”anti-boja“14.

Primer 4.3: Izračunaćemo po jedan primer vrednosti fc(8|8), fc(80|8) i fc(1|1), i biramo najjed-
nostavije slučajeve; vredan Student će se uveriti neposrednim računom da svi slučajevi daju
kvantitativno slične rezultate.

Za fc(8|8), ulazni i izlazni kvark-antikvark par imaju istu kombinaciju boje-antiboje; uz-
mimo da je to, na primer, crveno-antiplava (8 7! (d1

gdd
3
)) kombinacija:

�
1

4
(c†

3g cd
4
)8 (l

a)a
g (la)d

b (ca
1

c†

2b)8
 
� 1

4
(d1

gdd
3
) (la)a

g (la)d
b (da

1
d3

b),

= 1

4
la

1
1 la3

3 = 1

4
l8

1
1 l83

3 = 1

4

1p
3

�2p
3
= � 1

6
, (4.70)

pošto jedino osma Gell-Mann-ova matrica ima la
1

1 6= 0 6= la3
3. Za fc(80|8) imamo, na primer,

8 7! (d1
gdd

3
) a 80 7! (d3

gdd
1
):

�
1

4
(c†

3g cd
4
)80 (l

a)a
g (la)d

b (ca
1

c†

2b)8
 
� 1

4
(d3

gdd
1
) (la)a

g (la)d
b (da

1
d3

b),

= 1

4
la

1
3 la1

3 = 1

4
(l4

1
3 l41

3 + l5
1

3 l51
3) = 1

4
(1·1 + (�i)·(�i)) = 0, (4.71)

Pošto reprezentacija 1 ima samo jednu dimenziju, za fc(1|1) imamo jedan jedini doprinos:

1

4
(c†

3g cd
4
)1 (l

a)a
g (la)d

b (ca
1

c†

2b)1

14 U elektrodinamici, naravno, postoji samo jedna vrsta naboja—naelektrisanje—pa je suprotan naboj naprosto
negativno naelektrisanje. Za kromodinamičke boje, ”anti-boja“ nije negativna ”boja“, nego suprotna ”boja“—to
jest, ona boja koja sa prvom bojom zajedno daje bezbojnu, odnosno SU(3)c-invarijantnu celinu. Stoga možemo
pisati, na primer, (ca)† = (c†)a. Ovde nećemo koristiti tu notacionu mogućnost, jer dodatno komplikuje pravila
tenzorskog računa i iziskuje štampanje u boji; ovako se račun može pratiti i u jednobojno ǐstamapanom tekstu.

 
trag

 
bez traga kao kvadrupolni moment 

u elektrodinamici

Kvark-antikvark interakcija



Konkretni QCD računi

Pošto je naboj boje antikvarka suprotan 
od naboja boje odgovarajućeg kvarka, 
…1-gluonska razmena proizvodi potencijal 

Treba izračunati   za: 
fc(8|8), predstavljen  fc(13|13), 
fc(8ʹ|8), predstavljen  fc(31|13), 
fc(8|1), predstavljen  fc(13|1), 
fc(1|1), predstavljen  fc(1|1). 

Računamo opet:

fc(3,4̄ |1,2̄)
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The amplitude of a single-gluon exchange has a contribution from only one Feynman
diagram:

u-quark
color: a

p1

u-quark
color: g

p3

q
(la)a

g (lb)d
b

dab

d antiquark
color: anti-b

p2

d antiquark
color: anti-d

p4

(4.65)

Following procedure 4.1, p. 238 and analogously to the result for the first part of (3.146b),
we have

Mu+d!u+d = � g2
c

4q2 [u3ggggµu1][v2ggggµv4]
�
c†

3 lllla c1
��

c†
2 lllla c4

�
, (4.66)

where q = (p1�p3) is the 4-momentum exchange, and the result differs from the electrody-
namics one only in that

1. ge is replaced by gc,
2. the color factor, fc(3, 4|1, 2) = 1

4 (c
†
3llllac1)(c†

2llllac4), is inserted.

The color factor for the incoming quark-antiquark pair again may belong to one of the two
vector spaces:

1. 8, Hermitian octet of states, i.e., the 8-dimensional vector space spanned by the color
factors

�
c12

a
b =

q
1+ 1

2 da
b(c

a
1c†

2b � 1p
3
da

b c̊ccc), a, b = red, yellow, blue = 1, 2, 3
 

, (4.67)

=
np

3
2 (d

a
1 d1

b�c̊ccc),
p

3
2 (d

a
2 d2

b�c̊ccc),
p

3
2 (d

a
3 d3

b�c̊ccc),

(da
1 d2

b), (d
a
1 d3

b), (d
a
2 d1

b), (d
a
2 d3

b), (d
a
3 d1

b), (d
a
3 d2

b)
o

,

which form a traceless Hermitian matrix, where c̊ccc := 1p
3

Tr(c1 c†
2
) = 1p

3
(ce

1
c†

2e).
2. 1, where (c1c†

2)
a

b = da
b c̊ccc is a multiple of the unit matrix, i.e., the SU(3)c-invariant.

Normalization is again quantum-mechanical, so kc12
a

bk2 = 1 for every choice a, b.

Similarly to (4.59), for u + d ! u + d we have

fc(3, 4|1, 2) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Also, just as in electrodynamics, the gluon exchange gives rise to a potential of the form

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

where the sign is now negative, since the color charges of a quark and an antiquark are
“opposite”: one is the (chromodynamics) “color” the other the “anti-color”14.
14 In electrodynamics, of course, there is only one kind of charge—electric—and the opposite charge is simply

the negative charge. For chromodynamics colors, “anti-color” is not simply negative “color”, but the opposite
“color”—i.e., the color which with the original one together produces a colorless, i.e., an SU(3)c-invariant
whole. This we may write, e.g., (ca (red))

† = (c†)a (green). We will not use this notational possibility, as it
additionally complicates the tensor algebra rules and necessitates printing in color; with the current convention,
computations may be followed even in monochromatic printout.
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4.2. Concrete Calculations 247

Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:

� 1
4 (c†

3g cd
4)8 (l

a)a
g (la)d

b (ca
1 c†

2b)8
 
� 1

4 (d1
gdd

3) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
4 la

1
1 la3

3 = 1
4 l8

1
1 l83

3 = 1
4

1p
3

�2p
3
= � 1

6 , (4.70)

since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
� 1

4 (c†
3g cd

4)80 (l
a)a

g (la)d
b (ca

1 c†
2b)8

 
� 1

4 (d3
gdd

1) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
4 la

1
3 la1

3 = 1
4 (l

4
1

3 l41
3 + l5

1
3 l51

3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:

1
4 (c†

3g cd
4)1 (l

a)a
g (la)d

b (ca
1 c†

2b)1

= 1
4

1p
3
(d1

gdd
1 + d2

gdd
2 + d3

gdd
3) (l

a)a
g (la)d

b 1p
3
(da

1 d1
b + da

2 d2
b + da

3 d3
b),

= 1
12 la

a
g lag

a = 1
12 dab Tr(lllla llllb) = 1

12 dab 2dab = 1
6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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4.2. Concrete Calculations 247

Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:

� 1
4 (c†

3g cd
4)8 (l

a)a
g (la)d

b (ca
1 c†

2b)8
 
� 1

4 (d1
gdd
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= 1
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3 = 1
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1 l83

3 = 1
4
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3

�2p
3
= � 1

6 , (4.70)

since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
� 1

4 (c†
3g cd

4)80 (l
a)a

g (la)d
b (ca

1 c†
2b)8

 
� 1

4 (d3
gdd
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a)a

g (la)d
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1 d3
b),

= 1
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1
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3 = 1
4 (l

4
1

3 l41
3 + l5

1
3 l51

3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:

1
4 (c†

3g cd
4)1 (l

a)a
g (la)d

b (ca
1 c†

2b)1

= 1
4

1p
3
(d1

gdd
1 + d2

gdd
2 + d3

gdd
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3 d3
b),

= 1
12 la

a
g lag

a = 1
12 dab Tr(lllla llllb) = 1

12 dab 2dab = 1
6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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privlačan!

Konkretni QCD računi

Dobijemo: 
fc(8|8), predstavljen  fc(13|13), = –⅙ 
fc(8ʹ|8), predstavljen  fc(31|13), = 0 
fc(8|1), predstavljen  fc(13|1), = 0 
fc(1|1), predstavljen  fc(1|1): 

Kvark-antikvark potencijal od 1-gluonske razmene je: 
privlačan za ulazna i izlazna stanja singleta boje, 
odbojan za ulazna i izlazna stanja (istih!) okteta boje, 
zabranjen inače.

19
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:

� 1
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3g cd
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6 , (4.70)

since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
� 1
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3g cd
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4 (d3
gdd

1) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
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1
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3 = 1
4 (l

4
1

3 l41
3 + l5

1
3 l51

3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:

1
4 (c†

3g cd
4)1 (l

a)a
g (la)d

b (ca
1 c†

2b)1

= 1
4

1p
3
(d1

gdd
1 + d2

gdd
2 + d3

gdd
3) (l

a)a
g (la)d

b 1p
3
(da

1 d1
b + da

2 d2
b + da

3 d3
b),

= 1
12 la

a
g lag

a = 1
12 dab Tr(lllla llllb) = 1

12 dab 2dab = 1
6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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4.2. Concrete Calculations 247

Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:

� 1
4 (c†

3g cd
4)8 (l

a)a
g (la)d

b (ca
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gdd
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= 1
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1
1 la3
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3

�2p
3
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6 , (4.70)

since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
� 1

4 (c†
3g cd

4)80 (l
a)a

g (la)d
b (ca

1 c†
2b)8
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4 (d3
gdd

1) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
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Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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4.2. Concrete Calculations 247

Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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3). For fc(80|8) we take, e.g.,
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Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1
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(4.73)

15 See footnote 13, p. 244.
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:

� 1
4 (c†

3g cd
4)8 (l

a)a
g (la)d

b (ca
1 c†

2b)8
 
� 1

4 (d1
gdd

3) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
4 la

1
1 la3

3 = 1
4 l8

1
1 l83

3 = 1
4

1p
3

�2p
3
= � 1

6 , (4.70)

since only the eighth Gell-Mann matrix has (la
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1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,
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Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =
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15 See footnote 13, p. 244.
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
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3) = 1
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Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1
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15 See footnote 13, p. 244.
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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since only the eighth Gell-Mann matrix has (la
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1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,
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gdd

3) and 80 7! (d3
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1):
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4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =
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(4.73)

15 See footnote 13, p. 244.
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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

246 Chapter 4. Non-Abelian Gauge Symmetries and Interactions

The amplitude of a single-gluon exchange has a contribution from only one Feynman
diagram:

u-quark
color: a

p1

u-quark
color: g

p3

q
(la)a

g (lb)d
b

dab

d antiquark
color: anti-b

p2

d antiquark
color: anti-d

p4

(4.65)

Following procedure 4.1, p. 238 and analogously to the result for the first part of (3.146b),
we have

Mu+d!u+d = � g2
c

4q2 [u3ggggµu1][v2ggggµv4]
�
c†

3 lllla c1
��

c†
2 lllla c4

�
, (4.66)

where q = (p1�p3) is the 4-momentum exchange, and the result differs from the electrody-
namics one only in that

1. ge is replaced by gc,
2. the color factor, fc(3, 4|1, 2) = 1

4 (c
†
3llllac1)(c†

2llllac4), is inserted.

The color factor for the incoming quark-antiquark pair again may belong to one of the two
vector spaces:

1. 8, Hermitian octet of states, i.e., the 8-dimensional vector space spanned by the color
factors

�
c12

a
b =

q
1+ 1

2 da
b(c

a
1c†

2b � 1p
3
da

b c̊ccc), a, b = red, yellow, blue = 1, 2, 3
 

, (4.67)

=
np

3
2 (d

a
1 d1

b�c̊ccc),
p

3
2 (d

a
2 d2

b�c̊ccc),
p

3
2 (d

a
3 d3

b�c̊ccc),

(da
1 d2

b), (d
a
1 d3

b), (d
a
2 d1

b), (d
a
2 d3

b), (d
a
3 d1

b), (d
a
3 d2

b)
o

,

which form a traceless Hermitian matrix, where c̊ccc := 1p
3

Tr(c1 c†
2
) = 1p

3
(ce

1
c†

2e).
2. 1, where (c1c†

2)
a

b = da
b c̊ccc is a multiple of the unit matrix, i.e., the SU(3)c-invariant.

Normalization is again quantum-mechanical, so kc12
a

bk2 = 1 for every choice a, b.

Similarly to (4.59), for u + d ! u + d we have

fc(3, 4|1, 2) = fc(8|8), fc(80|8), fc(8|1), fc(1|8), fc(1|1). (4.68)

Also, just as in electrodynamics, the gluon exchange gives rise to a potential of the form

Vqq(r) = � fc
ac h̄ c

r
, (4.69)

where the sign is now negative, since the color charges of a quark and an antiquark are
“opposite”: one is the (chromodynamics) “color” the other the “anti-color”14.
14 In electrodynamics, of course, there is only one kind of charge—electric—and the opposite charge is simply

the negative charge. For chromodynamics colors, “anti-color” is not simply negative “color”, but the opposite
“color”—i.e., the color which with the original one together produces a colorless, i.e., an SU(3)c-invariant
whole. This we may write, e.g., (ca (red))

† = (c†)a (green). We will not use this notational possibility, as it
additionally complicates the tensor algebra rules and necessitates printing in color; with the current convention,
computations may be followed even in monochromatic printout.
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— odbojan!

Kvark-antikvark interakcija
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Da li (virtuelna) anihilacija + re-kreacija doprinosi?
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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since only the eighth Gell-Mann matrix has (la
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1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
� 1

4 (c†
3g cd

4)80 (l
a)a

g (la)d
b (ca

1 c†
2b)8

 
� 1

4 (d3
gdd

1) (l
a)a

g (la)d
b (da

1 d3
b),

= 1
4 la

1
3 la1

3 = 1
4 (l

4
1

3 l41
3 + l5

1
3 l51

3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:

1
4 (c†

3g cd
4)1 (l

a)a
g (la)d

b (ca
1 c†

2b)1

= 1
4

1p
3
(d1

gdd
1 + d2

gdd
2 + d3

gdd
3) (l

a)a
g (la)d

b 1p
3
(da

1 d1
b + da

2 d2
b + da

3 d3
b),

= 1
12 la

a
g lag

a = 1
12 dab Tr(lllla llllb) = 1

12 dab 2dab = 1
6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3
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(4.73)

15 See footnote 13, p. 244.
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248 Chapter 4. Non-Abelian Gauge Symmetries and Interactions

where the relative minus sign follows from the fact that the amplitude for the second sub-
process (the virtual annihilation and re-creation of the u u pair) equals the first, upon ex-
changing the incoming antiquark, 2, and the outgoing quark 3 [+ discussion of the Bhabha
scattering and procedure (3.144)]. Adapting the result (3.146b), we have that the ampli-
tude of this process equals:

Mu+u!u+u = � g2
c

4(p1 � p3)2 [u3ggggµu1][v2ggggµv4](c
†
3llllac1)(c

†
2llllac4)

+
g2

c
4(p1 + p2)2 [v2ggggµu1][u3ggggµv4](c

†
2llllac1)(c

†
3llllac4),

(4.74)

where we used that the color factor, fc, for the first diagram is identical to the factor
in (4.66), and the factor for the second diagram, efc, is obtained by swapping 2 $ 3.

Example 4.4: We’ll compute one sample value of each of efc(8|8), efc(80|8) and efc(1|1), and we
choose the simplest cases to this end; the dilignet Student shall verify by direct computation
that all cases produce quantitatively the same results. Alternatively, this may also be proven by
SU(3)c group action from the results presented herein [+ exercise 4.2.2].

For efc(8|8), the incoming and outgoing quark-antiquark pair have the same color-anticolor
combination; fix this to be the red-antiblue combination:
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2 , (4.75)

since only llll4 and llll5 have (la
1

3 6= 0 6= la3
1). For efc(80|8) we have, e.g.:
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Since the representation 1 has only one dimension, for efc(1|1) there is a single case
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3 d3
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= 1
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a
a lag

g = 1
12 Tr(lllla)Tr(lllla) = 0, (4.77)

which is very similar to the reasoning in conclusion 4.5, at the end of section 4.2.1: an SU(3)c-
invariant state cannot turn into a single gluon, as SU(3)c-invariant gluons do not exist.

Using the direct computations from example 4.3, we have that

Mu+u!u+u = � g2
c

(p1 � p3)2

⇢
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6

+ 4
3

�
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n 1
2
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o
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⇢
cccc

12
⇢ 8,

cccc
12
= 1.

(4.78)

If a concrete incoming quark-antiquark pair in fact form a meson, the color factors
cccc

12
= cccc

34
must be SU(3)c-invariant, so that the second diagram (4.73) in fact contributes
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Konkretni QCD računi

Da li (virtuelna) anihilacija + re-kreacija doprinosi? 
Faktori boje su sada: 

fc(8|8): 

fc(8ʹ|8): 

fc(1|1):
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where the relative minus sign follows from the fact that the amplitude for the second sub-
process (the virtual annihilation and re-creation of the u u pair) equals the first, upon ex-
changing the incoming antiquark, 2, and the outgoing quark 3 [+ discussion of the Bhabha
scattering and procedure (3.144)]. Adapting the result (3.146b), we have that the ampli-
tude of this process equals:

Mu+u!u+u = � g2
c

4(p1 � p3)2 [u3ggggµu1][v2ggggµv4](c
†
3llllac1)(c

†
2llllac4)

+
g2

c
4(p1 + p2)2 [v2ggggµu1][u3ggggµv4](c

†
2llllac1)(c

†
3llllac4),

(4.74)

where we used that the color factor, fc, for the first diagram is identical to the factor
in (4.66), and the factor for the second diagram, efc, is obtained by swapping 2 $ 3.

Example 4.4: We’ll compute one sample value of each of efc(8|8), efc(80|8) and efc(1|1), and we
choose the simplest cases to this end; the dilignet Student shall verify by direct computation
that all cases produce quantitatively the same results. Alternatively, this may also be proven by
SU(3)c group action from the results presented herein [+ exercise 4.2.2].

For efc(8|8), the incoming and outgoing quark-antiquark pair have the same color-anticolor
combination; fix this to be the red-antiblue combination:
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since only llll4 and llll5 have (la
1

3 6= 0 6= la3
1). For efc(80|8) we have, e.g.:
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4 (1·1 + (�i)·(�i)) = 0, (4.76)

Since the representation 1 has only one dimension, for efc(1|1) there is a single case
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g = 1
12 Tr(lllla)Tr(lllla) = 0, (4.77)

which is very similar to the reasoning in conclusion 4.5, at the end of section 4.2.1: an SU(3)c-
invariant state cannot turn into a single gluon, as SU(3)c-invariant gluons do not exist.

Using the direct computations from example 4.3, we have that

Mu+u!u+u = � g2
c

(p1 � p3)2

⇢
� 1

6

+ 4
3

�
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o
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⇢
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⇢ 8,

cccc
12
= 1.

(4.78)

If a concrete incoming quark-antiquark pair in fact form a meson, the color factors
cccc

12
= cccc

34
must be SU(3)c-invariant, so that the second diagram (4.73) in fact contributes
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where the relative minus sign follows from the fact that the amplitude for the second sub-
process (the virtual annihilation and re-creation of the u u pair) equals the first, upon ex-
changing the incoming antiquark, 2, and the outgoing quark 3 [+ discussion of the Bhabha
scattering and procedure (3.144)]. Adapting the result (3.146b), we have that the ampli-
tude of this process equals:

Mu+u!u+u = � g2
c

4(p1 � p3)2 [u3ggggµu1][v2ggggµv4](c
†
3llllac1)(c

†
2llllac4)

+
g2

c
4(p1 + p2)2 [v2ggggµu1][u3ggggµv4](c

†
2llllac1)(c

†
3llllac4),

(4.74)

where we used that the color factor, fc, for the first diagram is identical to the factor
in (4.66), and the factor for the second diagram, efc, is obtained by swapping 2 $ 3.

Example 4.4: We’ll compute one sample value of each of efc(8|8), efc(80|8) and efc(1|1), and we
choose the simplest cases to this end; the dilignet Student shall verify by direct computation
that all cases produce quantitatively the same results. Alternatively, this may also be proven by
SU(3)c group action from the results presented herein [+ exercise 4.2.2].

For efc(8|8), the incoming and outgoing quark-antiquark pair have the same color-anticolor
combination; fix this to be the red-antiblue combination:

� 1
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1 = 1
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1
3 l43
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3 l53
1) = 1

4 (1·1 + (�i)·(i)) = 1
2 , (4.75)

since only llll4 and llll5 have (la
1

3 6= 0 6= la3
1). For efc(80|8) we have, e.g.:
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3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.76)

Since the representation 1 has only one dimension, for efc(1|1) there is a single case
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= 1
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g = 1
12 Tr(lllla)Tr(lllla) = 0, (4.77)

which is very similar to the reasoning in conclusion 4.5, at the end of section 4.2.1: an SU(3)c-
invariant state cannot turn into a single gluon, as SU(3)c-invariant gluons do not exist.

Using the direct computations from example 4.3, we have that

Mu+u!u+u = � g2
c

(p1 � p3)2

⇢
� 1

6

+ 4
3

�
[u3ggggµu1][v2ggggµv4]

+
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⇢
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⇢ 8,
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= 1.

(4.78)

If a concrete incoming quark-antiquark pair in fact form a meson, the color factors
cccc

12
= cccc

34
must be SU(3)c-invariant, so that the second diagram (4.73) in fact contributes
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where the relative minus sign follows from the fact that the amplitude for the second sub-
process (the virtual annihilation and re-creation of the u u pair) equals the first, upon ex-
changing the incoming antiquark, 2, and the outgoing quark 3 [+ discussion of the Bhabha
scattering and procedure (3.144)]. Adapting the result (3.146b), we have that the ampli-
tude of this process equals:

Mu+u!u+u = � g2
c

4(p1 � p3)2 [u3ggggµu1][v2ggggµv4](c
†
3llllac1)(c

†
2llllac4)

+
g2

c
4(p1 + p2)2 [v2ggggµu1][u3ggggµv4](c

†
2llllac1)(c

†
3llllac4),

(4.74)

where we used that the color factor, fc, for the first diagram is identical to the factor
in (4.66), and the factor for the second diagram, efc, is obtained by swapping 2 $ 3.

Example 4.4: We’ll compute one sample value of each of efc(8|8), efc(80|8) and efc(1|1), and we
choose the simplest cases to this end; the dilignet Student shall verify by direct computation
that all cases produce quantitatively the same results. Alternatively, this may also be proven by
SU(3)c group action from the results presented herein [+ exercise 4.2.2].

For efc(8|8), the incoming and outgoing quark-antiquark pair have the same color-anticolor
combination; fix this to be the red-antiblue combination:

� 1
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1 = 1
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1) = 1

4 (1·1 + (�i)·(i)) = 1
2 , (4.75)

since only llll4 and llll5 have (la
1

3 6= 0 6= la3
1). For efc(80|8) we have, e.g.:
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3) = 1
4 (1·1 + (�i)·(�i)) = 0, (4.76)

Since the representation 1 has only one dimension, for efc(1|1) there is a single case
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g = 1
12 Tr(lllla)Tr(lllla) = 0, (4.77)

which is very similar to the reasoning in conclusion 4.5, at the end of section 4.2.1: an SU(3)c-
invariant state cannot turn into a single gluon, as SU(3)c-invariant gluons do not exist.

Using the direct computations from example 4.3, we have that

Mu+u!u+u = � g2
c

(p1 � p3)2
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6
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�
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⇢
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(4.78)

If a concrete incoming quark-antiquark pair in fact form a meson, the color factors
cccc

12
= cccc

34
must be SU(3)c-invariant, so that the second diagram (4.73) in fact contributes
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4.2. Concrete Calculations 247

Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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6 , (4.70)

since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
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3 l41
3 + l5

1
3 l51
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4 (1·1 + (�i)·(�i)) = 0, (4.71)

Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:
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3g cd
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a)a
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b (ca
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g (la)d

b 1p
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1 d1
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3 d3
b),

= 1
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a = 1
12 dab Tr(lllla llllb) = 1

12 dab 2dab = 1
6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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Konkretni QCD računi

Da li (virtuelna) anihilacija + re-kreacija doprinosi? 
Algebarska suma (u stvari razlika) ove dve amplitude je 

SU(3)c-invariantan kvark-antikvark par ne može da se pretvori u 
jedan gluon —ni virtuelno— nema SU(3)c-invariantnih gluona. 
Slično, (SU(3)c-invariantni) hadroni niti emituju niti apsorbuju 
jedan gluon—zbog očuvanja boje. 
Svim hadron-hadronskim interakcijama posreduju SU(3)c-
invariantni objekti: (n≥2)-gluona i/ili kvark-antikvark parovi.

22

13= ∂[µAn]∂
[µAn] + 2igc

h̄ c ∂[µAn][A
µ, An]� g2

c
h̄2c2 [Aµ, An][A

µ, An] (1.115)
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dab (1.117)
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ℳu+ū→u+ū
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Example 4.3: To compute the functions fc(8|8), fc(80|8) and fc(1|1), we pick the simplest partic-
ular cases for each; the diligent Student will convince themselves by direct computation that all
cases give the same quantitative results.

For fc(8|8), the incoming and the outgoing quark-antiquark pair have the same combina-
tion of color-anticolor; take, e.g., red-antiblue (8 7! (d1

gdd
3)) combination:
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since only the eighth Gell-Mann matrix has (la
1

1 6= 0 6= la3
3). For fc(80|8) we take, e.g.,

8 7! (d1
gdd

3) and 80 7! (d3
gdd

1):
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Since the representation 1 has only one dimension, for fc(1|1) there is a single contribution:

1
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6 8 = 4

3 , (4.72)

where we used the relation (A.73). This coefficient, fc(1|1) = 4/3, has shown up in the rela-
tion (2.102).

Direct computation shows also that fc(8|1), fc(1|8) = 0, and we have that:

Conclusion 4.6 These results show the single-gluon exchange
15

between a quark and

an antiquark preserves the color state: incoming and outgoing quark-antiquark pairs

have the same color combination. Besides, the chromodynamics force (4.69) between

a quark and an antiquark is:

1. attractive when both the incoming and the outgoing pair is in the SU(3)c-

invariant state, and

2. repulsive otherwise.

4.2.3 Quark-Antiquark Annihilation

The single-gluon exchange amplitude now has two contributions, corresponding to the two
Feynman diagrams:

Mu+u!u+u =

1

3

2

4

�

1

3

2

4

(4.73)

15 See footnote 13, p. 244.
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Stoga, u    rasejanju, 1-gluonska razmena bi 
mogla da se dogodi: 

…osim što dva SU(3)c-invariantna hadrona ne mogu da 
razmene SU(3)c-varijantni gluon a ostanu SU(3)c-invariantni. 
Stoga, procesi ilustrovani u (a) moraju dodatno da uključe i 
razmenu makar još jednog gluona, ili d-kvarka…

n0+π− → n0+π−

23
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nothing because of color conservation. However, in hadronic elastic collisions of the type
n0 + p� ! n0 + p�, both diagrams contribute:

(a) (b)

(d,d,u)

(d,d,u)

u
d

u
d

3⇥ 2 = 6
combinations

d

d u

d
d u

u
d

u
d

(4.79)

The left-hand side diagram contributes in six ways (either of the three quarks in the neutron
may exchange a gluon with either the u antiquark, or the d quark within the pion); the
right-hand side diagram contributes in only one way. Except, the processes depicted in
diagram (a) are prohibited by conclusion 4.5, i.e., either at least one more gluon and/or a d
quark must be exchanged, as for example in:

(d,d,u)

(d,d,u)

u
d

u
d

2⇥ 3⇥ 2 = 12
combinations

(4.80)

and which is still of order O(g 2
c ); additional gluon exchanges would increase the order.

4.2.4 Renormalization and Asymptotic Freedom

Finally, section 3.3.3 produced the relation (3.200),

ae,R(|q2|) ⇡ ae,R(0)

1 � ae,R(0)
3p ln

⇣
|q2|

m2
e c2

⌘ , |q2| � m2
e c2, (3.200)

that indicates the electromagnetic fine structure constant to in fact be a variable, and to
depend on the transfer 4-momentum q at which the measurement takes place.

In the analogous analysis of amplitude corrections of order O(g4
s ) for the collision (4.52)

new diagrams appear, precisely because of the non-abelian (non-commutative) nature of
the chromodynamics interaction. Ignoring diagrams the contributions of which renormalize
only the parameters of the incoming and outgoing particles, for contributions of order O(g4

s )
we have:
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Stoga, u   rasejanju, 1-gluonska razmena 
mora da ima 

…koji je još uvek , ali je bitno zakomplikovan 
razmenom d-kvarka. Posredna čestica efektivno postane 
hadron ( , ili neka njegova orbitalna ekscitacija, kao  ili…).

n0+π− → n0+π−

O(g 2
c )

π0 ρ0

Kvark-antikvark interakcija

“hadronizacija”



Uopšte uzev, 
QCD interakcije moraju da teku tako da 
…ne menjaju hromo-invarijantnost hadrona učesnika 
…ni bilo kojeg drugog (realnog) posrednog stanja.

Zaključci

25

QCD QCD QCD

SU(3)c formalizam
“hadronizacija”



QCD interakcije favorizuju antisimetrizaciju boje: 
U barionima, tri kvarka se privlače QCD silom tačno onda kada 
čine SU(3)c-invarijantno stanje. 

Tj. faktor boje mora da bude totalno antisimetričan. 

U mezonima, kvark-antikvark par se privlači QCD silom tačno 
onda kada čine SU(3)c-invariantno stanje. 
Dva SU(3)c-invariantna hadrona ne mogu da razmene SU(3)c-
varijantan gluon a ostanu SU(3)c-invariantni. 
Stoga dva hadrona mogu da interaguju samo razmenom 

SU(3)c-invariantnih objekata, sazdanih od 2 ili više 
…gluona i/ili kvark-antikvark para. 
Hadron-hadronska sila je stoga (van der Waals-ovski) “ostatak”.
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Zaključci
SU(3)c formalizam



1-gluonska razmena daje indikativnu kvalitativnu procenu 
(antisimetrizacija ⇔ privlačenje). 

Indikativna jeste, ali nije dovoljna kao dokaz: 
ni za zarobljavanje (kvarkovi se ne razdvajaju ≥10–15m) 
ni za (≪ 10–15m) asimptotsku slobodu 

Zarobljavanje je odlika za velike (≥ 10–15 m) razdaljine 
tipa Coulomb-ovog (statičnog) polja u elektromagnetizmu 
…formiranog kao kondenzata beskonačno mnogo kvanta 
…što je suštinski neperturbativan fenomen 

Asimptotska sloboda je perturbativan rezultat 
1973, David Gross i Frank Wilczek, i nezavisno David Politzer 
…godinu dana pre “novembarske (1974) revolucije.”
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