[1l. Kvantna kromodinamika

QCD KAO NEABELOVA
BAZDARNA TEORIJA

s ZATOCENJE KVARKOVA | GLUONA svodi se na
ZATOCENJE BOJE

= OPCENITE LOKALNE SU(N) TRANSFORMACIJE
= BOJNI FAKTORI | PRIVLACNI KANALI



KVANTNA KROMODINAMIKA
MIKROSKOPSKA TEORIJA JAKE
SILE (dinamika boje kvarkova,
i=1,2,3)

Spin- —- quarks: ¢/ =/, &' §', ...(flavor)

s with new quantum number— color

» oauge principle leads to eight new

Spin- 1 gluons: A® with a=1l,..., 8}
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PRINCIP LOKALNE SIMETRIJE
- za QED, FEC 3.2, STR.127
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QCD DJELOVANJE SLICNO
ELEKTRODINAMICKOM

Saco = [d*x | 70+ gh=m )y - (Fy, )

But there 1s a gluonic self coupling

a a a abc ADb pc
Fyv_ayAv_avAy_l_gf AyAV

and the interaction strength 1s different: ,
: e
o = & O(l) instead of Xppp =—=1/137
' Arx 47
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PRINCIP LOKALNE SIMETRIJE
- za tri "bojna naboja” QCD
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GLUONSKE
SAMOINTERAKCIJE

* Two new vertices (no QED analogues)

triple-gluon quartic-gluon
vertex }‘w—l :% vertex

* In addition to quark-quark scattering, therefore can have gluon-gluon scattering

LED

< ‘

e.g. possible - X A
way of arranging 1’

the colour flow \ ' ¥ X
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= TRANSFORMACIJA BOJE SE
DOGABA U KVARKOVSKO-
GLUONSKOM VRHU
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In QCD quarks interact by exchanging virtual massless gluons, e.qg.

P dr dy r Qp
I = 8/l b+
qr qb qr qb

Gluons carry colour and anti-colour, e.g.

g \u/ qr

Gluon colour wave-functions _ _

dr

qr qb

C
(colour + anti-colour) are the same gb,-' """""""" '-.__rb T Y
as those obtained for mesons S (17— g7) - (rr+gg+bb)
(also colour + anti-colour) gr. Vv 78
. s e =
L L(Frgg—ab) . 1§ 15
= OCTET + TS 3

“COLOURLESS” SINGLET P i ........ o3
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DAJE 6 BOINO NABIJENIH
GLUONA

OAO) ¢ Qf\.c,

Ep IV (7\(,*\7\'}) = °°‘2)
m 2 BOINO NEUTRALNIH
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FEYNMANOVA PRAVILA QCD -a

External Lines ( incoming quark u(p)
outgoing quark u(p) o—}—
spin1/2 N . : : 7
incoming anti-quark v(p) —<—
. outgoing anti-quark V(p) r——
g g incoming gluon e (P) Q00,4
spin 7 outgoing gluon ek (p)” 00200

Internal Lines (pr}:pagators)

. —1 1%
spin 1 gluon ‘g;“"' 5ab m
q a b

a,b=1,2,...,8 are gluon colour indices

W,a

'Vertex Factors
spin 1/2 quark ——zgsl“}"“

i, j =1,2,3 are quark colours,
la a=1,2,..8 are the Gell-Mann SU(3) matrices

+ 3 gluon and 4 gluon interaction vertices
Matrix Element -iM = product of all factors



BOJNI FAKTORI KVARKA

‘Look at the QCD vertex factors in more detail. Representing the colour
part of the fermion wave-functions by:

) o) ol

)

Particle wave-functions u(p) — Cill

*The QCD qqg vertex can then be written:
i(p3)ci{—3igsA"y* yeiu(p1)

*For which the colour part is

A
tra,. T al _1a
CJ-?L Ci =C; ;? —ﬂ.ﬁ
[
Hence

(p3)c{—3igsA Y beu(p1) = u(p3){ —Sig Sy bu(pr)



& ANTI- KVARI(A

* Now consider the anti-quark vertex q Uu,a P3 (TI
‘The QCD qqg vertex is: - -
l J
f a
T(p1)e; {—3igsA P yev(ps)
Note that the incoming anti-particle now enters
on the LHS of the expression
. , : a
For which the colour part is }LU i.e indices ij swapped
cjl“cj = c;r lfj = PL;'} compared compared
er‘ to quark case
J

‘Hence (p1) T{ lgsla}’”}cj (p3)—V(P1){ glgs '?’”}V(PS)

*x Finally we can consider the annihilation vertex
g Pl QCD vertex: V(pz)cz{—%igsla}ﬂ”}ciu(pl)

with ¢, A%; = Al

Ol

V(p2)ef{—Ligs Ay Yeu(pr) =V(pa){—LigsA&y* Ju(pr)
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RASPRSENJE KVARKOVA U
QCD-u

* Consider QCD scattering of an up and a down quark

U Pl ] P3 *The incoming ?n_d out-going quark colours are
H,a u labelled by i, j,k,l ={1,2,3} (or {r,g,b})
* In terms of colour this scattering is
ik — jl
* The 8 different gluons are accounted for by
the colour indices a,b =1,2,...,8

d *‘NOTE: the 3-function in the propagator ensures
[ a = b, i.e. the gluon emitted at a is the
same as that absorbed at b/

* Applying the Feynman rules: .
. _ ) — 18 — :
—iM = [, (p3){—%igs A5y buu(p1)] q;w 8% [ud(m){—%tgslﬁ}"’}ud(pz)]

where summation over ¢ and 5 (and p and v) is implied.

* Summing over a and b using the d-function gives:

2
M~ _%mﬁm;—zgw[uu<pg)wuu<pl)][ud(pm*’ud(pz)}
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USPOREDBA QCD i QED

QCD vs QED D 2
e . i e~

QED B
—iM = [a(ps)ieY*u(p1)] ‘;;“" [#(pa)iey’u(pa)

M= _ezq_lzguv[ﬁ(pa)i’“ u(p1)|[@(pa)y  u(p2)] D P

QCD

2
v=-5% ;,.m%gw[mpgwuu (p1))[a(ps) V' ea(p2)]

* QCD Matrix Element = QED Matrix Element with:

2 2 _
e” — &5 |orequivalently |0t = — — O, = —

+ QCD Matrix Element includes an additional “colour factor”

. - [ anya
C(ik — jl) = 1 Z Ak
a=1




RACUN BOJNIH FAKTORA

QCD colour factors reflect the gluon states that are involved

010 001 000 1 00
Al=1100 AY=1000 Ab=1001 AP=10-10
000 100 010 0 00
0—-i0 00 —i 00 O
A= i 00 A=100 0 AT=100 —i A8
0 00 10 O 0i O

© Configurations involving a single colour
*Only matrices with non-zero entries in 11 position are involved

8
Clrr—rr) = Z;Lll =y 111/111‘5‘111111)

Sk
oo ==
o= O
OO

4 4
1
4

Similarly find |C(rr — rr) =C(gg — gg) = C(bb — bb) = -




@® Other confiqurations where quarks don’t change colour egd. rb —rb

r I +Only matrices with non-zero entries in 11 and 33 position
j=1 are involved 1S, .,
C(rb—rb) = 1 Y AR = 3(11811383)
a=1
1 —2 1
b3 =5 b - 1(1'7)__8

1
Similarly  C(rb—rb)=C(rg —rg) =C(gr— gr) =C(gh — gb) =C(br — br) =C(bg — bg) = &

© Configurations where quarks swap colours e.g. rg — gr

r 9 .Only matrices with non-zero entries in 12 and 21 position

j=2  areinvolved 13 1
Clrg—gr) = 4 Z/Lfllflz = A—r(;{lellllz + A5 A%)
a—1

1 1
: = —(i(—i 1) = —
9% =2 /=17 7" U=+ =3

C(Fb —}b?’) = C(rg—>gr) :C(gr—> rg) :C(gb —}bg) :C(br—} rb) :C(bg—ngb) — %
© configurations involving 3 colours e.g. rb — bg

b

*Only matrices with non-zero entries in the 13 and 32 position

But none of the A matrices have non-zero entries in the
13 and 32 positions. Hence the colour factor is zero

g * colour is conserved
2




TRI TIPA BOJNIH FAKTORA

« Consequently the colour factors for the different diagrams are:

i j e.g.
9
: ] C(rr—>rr):%
Clik — jI) Ezz C(rg—rg) = —¢
a7 C(rg—gr) = 3
A |
g q
] C(rF—17) =1
Cik — jI) :ZZ ity | Clrg—rg) =1
g —=% q C(rf—gg)=1
a7 S (17— 88) = 3
1 C(rF— 17) =%
C(ik — jl) EZZM; C(rg—rg)=1
C(r7F— g8) = —¢

Colour index of adjoint spinor comes first
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TRAZENJE PRIVLACNIH
KONFIGURACIJA

QED "< 7 <,
€~ "¢ e e’ +e et

Repulsive Potential Attractive Potential

QCD * by analogy with QED expect potentlals of form

I—}V —I—C— I = V(r) ——C—

* Whether it is a attractive or repulsive potential depends on 5|gn of colour factor



PRIVLACENJE U SINGLETU

* Consider the colour factor for a qq system in the colour singlet state:
Y = == (17 +gg +bb)
with colour potential (qu}> = (y|Vocp | W)
1 B B B —
- (Vyg) = 3 ((rr]VQCD|rr) + ...+ (rr|[Vocp | bb) + )

r r
‘Following the QED analogy:
_ _ _ _\ &s
(rf|Vocp|r7) = —=C(r7 — r7)—
r
which is the term arising from rr — rr - _
I I

-Have 3 terms like r7 — I'F, bb — bb, ... and 6 like 17— gg, rF — bb, ...

B 1 o B B B — I ag 1 1
(qu)_—§7[3xC(rr rr)+6 X C(rr — gg)| = 3 3><3—|-6><2]
- (v, = _2% NEGATIVE = ATTRACTIVE
r

‘The same calculation for a colour octet state, e.g. rg gives a positive
repulsive potential: C(rg — rg) — _%




KRATKO- & DUGO-DOSEZNI DIO

* Combining the short-range QCD
potential with the linear long-range
term discussed previously:

4 o
Voep = — = — + Ar
Q 3 r
* This potential is found to give a good
description of the observed charmonium (cc)
and bottomonium (bb) bound states.

—_—

o,

T y-decay Y(10575) —
— 60 PPy .
cC :iw:;ao: ‘ » (1] M, bb —NOTE
Hadronic Y(10355) .
I ol e decay ST e oase) (0270 c, b are heavy qu?r.ks.
. — 7 T sapprox. non-relativistic
[ T ooz s -orbit close together
o . 3686 =~~~ [11v] St
§ n(3580)- f’s"s\*~;ﬁ£@~xcasss: 1 p 0875) (9895) (19) *probe 1/r part of V.,
= 35 ~ ! N ra /I,
' x(3415) -
! /"' /’,/ .
/ ;f,;’/ Agreement of data with
' idd - - "
[ w(3097) 9.5, 5100 prediction provides strong
aop "8 evidence that VQcD has the
I R ORI i R B Expected form
0= 1 o*+ 1 2+ 1 0 1 2




