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Introduction to Large Nc¢ QCD

1
o Why N Expansion?

@ No perturbative expansion of QCD at low
energies with respect to as

03 | ¢ Generalized QCD from 3 colors to N, colors:

Gauge group change SU(3) — SU(N.)
('t Hooft, 1974)

J02
@ There exists a systematic expansion in
01 F powers of 1/N,
o Lagrangian for Large N,
o | L

Lo Lo Ny
‘ 0 v 0 L=—5TrG" G+ 3 G (i) —mys)ay
=

o In general two limits are used
@ 't Hooft : N. — oo, Ny fixed

N
@ Veneziano : N. — o0, Nf fixed

c

@ N, — oo limit expected to be qualitatively similar to N, = 3
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Introduction cont..

@ Feynman diagrams for large N,

00000000
* 't Hooft double line notation: i -
j
* Interaction vertices:
quark-gluon vertex: 3-gluon vertex: 4-gluon vertex:

XX

i Ad guoavk i Ad kgvl
A -A{,ka’Ai AujAf/kAr Aj

¥

L Y Y

i

4" A; L a"

g0

VN

@ Scaling of strong coupling: ¢’ =

limit N, — oco;  go is fixed

= Remove the divergence & diagrams are O(1)
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Introduction cont..

@ Feynman diagrams for large N,
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Introduction cont..

@ Feynman diagrams for large N,

s (==

Gluon loops are O(1)

Planar gluon insertions don’t
change order

Strong Decays in 1/Nc C.P.Jayalath Hampton University

5 / 23



Introduction cont..

@ Feynman diagrams for large N,

Gluon loops are (1) Quark loops are O(1/N.)

Planar gluon insertions don’t

change order Non-planar diagrams are O(1/N2)
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Introduction cont..

@ Feynman diagrams for large N,

Gluon loops are O(1)

Quark loops are O(1/N.)

Pl 1 insertions ’
anar gluon insertions don’t Non-planar diagrams are O(1/N2)
change order

@ The leading Feynman diagrams are planar diagrams with minimum
number of quark loops
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Introduction cont..

@ Feynman diagrams for large N,

Gluon loops are O(1)

Quark loops are O(1/N.)

Pl 1 insertions ’
anar gluon insertions don’t Non-planar diagrams are O(1/N2)
change order

@ The leading Feynman diagrams are planar diagrams with minimum
number of quark loops

o N. Counting: (Witten, 1979)

¢ Mesons: ¢ Baryons:
Mmass O(l) Bimass O(Nc)
fTr O(VNC) B.size 0(1)
FM—»MM 0(1/\/ Nc) gBM O(VNC)
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Baryons in Large Nc

@ Baryon has N, valence quarks

o Hartee approximation is exact in N, — oo limit (IWitten)

@ each quark moves in average potential generated by (N. — 1) quarks
o total potential experienced by each quark is O(1)
@ interaction between any pair of quarks is O(1/N.)

@ Ground State:
Ne
VET en, (@1 BN = XE ey I o(@) NN N

@ Excited States:

Ve ey, (@1 ang) =
%\Tc’% en, 2 O(@1) (i) BT N,) [
VS ey (@ ey, =
m;xﬁf-"'swc¢>(m(,1)....¢(mwcﬂ)¢/(%NC) E\:D:\j:,,m
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Spin-Flavor Symmetry

@ Baryon-meson coupling

C fed
C C
vertices meson
/—1/% /—/IH
2
N, N, = O(VN
= oW & (V)
sum over C sum over C’/
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r Symmetry

@ Baryon-meson coupling

vertices meson
/—1/% /—/IH
2
N, N, = O(VN.
= oW & (V)
sum over C sum over C’/

@ m— nucleon coupling:
o,
——=((Blgy*vsT*q|B))

™

N. ;
/\ = gAf—WBma<B|Xm\B) = O(v/Ng)

|
|
|
1
|
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r Symmetry

@ Baryon-meson scattering amplitude

Baryon + Meson — Baryon + Meson

vertices mesons

—— ——

() Ne (P (NP = o)
N ~~ Nc N——

sum over C sum over C/,C//
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r Symmetry

@ Baryon-meson scattering amplitude

Baryon + Meson — Baryon + Meson

vertices mesons

—— ——

() Ne (P (NP = o)
N ~~ Nc N——

sum over C sum over C/,C//

@ m— nucleon scattering amplitude:

N g .
N .
N A K . A

N2((B'lyvi®yia| B i ~ O(N.,
L , FNZB B =~ O(Ne)
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Spin-flavor cont....

@ 7m— nucleon scattering amplitude:

\ k / \\ //,
X . Fo e Tk
\ A + // \\
g i i
A 2 ’ ib_ ia ’ ib_ ia
A N21((B'|x? B))— — ((B'|x’ B))—
< HUB X x| >)k0 (B’ Ix*"x*| >)k[,)
2
g% o
= TQENE(<B/\[XJva1a]|B> + O(1/N2)) since kfy = ko + O(1/Ne¢)
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Spin-flavor cont.

@ 7m— nucleon scattering amplitude:

\ k / ~ R /,
X . Fo e Tk
\ VA + = ~

2
g by
xS NHUBIXX|B))— -

(BB )
0]

12 ko
9% i
= TQENS((B'\[XJ}’7X”]|B> + O(1/N2)) since k{, = ko + O(1/Nc)

@ Consistancy condition  [\/*, x*] = O(1/N..)

Gervais-Sakita-Dashen-Manohar
= Contracted spin-flavor symmetry

o Generators of contracted SU(2Ny) :

St=
; o _ G o g
ST Xt =T T = ¢' S
c .

; AP N

Giae — qT i q
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Operator Analysis

o Effective operators

QCD operator Q = gl'q

Effective operator at baryon level
n
Q= Z (n 1) CnO

O" is the n-body operator acting on baryon degree of freedom
@ General form of effective operator

O=Rx¢§G
R is an O(3) tensor

G is a spin flavor tensor made of product of n generators of SU(2Ny)
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Excited Baryons

o Convenient basis of states are multiplets of SU(6) x O(3)

@ Low excitations

o Baryons composed of O(N.) ground state quarks (core) and O(1) excited
quarks

@ Core is spin flavor symmetric state as ground state baryon

@ SU(6) generators:

\ /
Core states (A.) Excited states (\) \ /
Se T2 G sttt gt \eers/

N4

° Spin—ﬂavor operator:

L (")
G Nn)\HA
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Excited Baryons

o Excited state :
‘ J  Ipdl > _

J. Y, I,I,
s( 5 J s° 1/2 s ° i I
S. L| J. S s, S. ° i, | I

(69 521 %I 5 ik ol 2 0
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(P, q
ve 1

! J s° 1/2 s ° i
L se s, S. I i

S; Y, I° I

o Wigner-Eckart theorem :

s [p.al | plna | S [p.d] _
s, v, o1 |Cleel| S, YL L
1 1 < s J ‘ s’ ) ( I I~
25"+ 1 \/dim(p',q¢") \ 5= J= S’ I, Ig
2 gl [1,1] ', d] ', d'] 17,8]
X 21 ( Y, Yo I® v, s’ ©
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@ Mass operator:

_ Ot .BI
M = > ;0" + > d;B
K J
O% : Symmetric operators BJ : SU(3) breaking operators

o Ground state masses [ Dashen & Manohar,ete...]

SQ
+* Mass operator: M =CoNe + Cz2 + eChT®
c

parameter free mass relations

(E-2)=3BA-%2)-N GMO
(310 — A) = (E10 — Z10) EQS
(E10 — 310) = (2 — E10) EQS

(10 — X)) = (BE10 — E) 8 —10

BA+E—2(N+E)=(E10+J10—Q—A4) 8-10

o Excited state masses [ Goity,Schat,Scoccola,etc...]

o Symmetric states: [56",01],[56,2%], [56,47]

o Mixsymmetric states: [70,17]
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o Excited baryon decays into ground state baryon & pseudoscalar meson

PSmes,

@ The most general form of the invariant amplitude

1! R () 2 ( 00

Le [1 1]

7r

‘Puw 8]

[p,e]

mesonic operator

J  Ip,dl >

S 4] | plin s
><< A B J3 a;

Sy ar (= —al

baryonic operator
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@ The general form of the baryonic operator

Bl = <—>l" 3 en (k) (OF )

[l [l

o Effective operator
0(3) operator
~~

-/
Oy, = 5 (m, gl € (G
SU(2Ng) operators

@ Decay width
2

@r +1) an (Ip',d'], 8" [p,als I

r= —= T
Fons 27+ DEI+1)

A2

k‘(’r2l7r+1) Mg

Jphs = SrTATE M
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Positive Parity Excited Baryon D

@ [56,0"] P-wave decays
«  All independent operators up to O(1/N,) :

01 = 7 (D

i,a)

Oz = gz (€8, G} )7}
B, = Nic(ds{lbéoa){;,i]]
By = 5 (/%" €°G)i )

*  Matrix elements :

Channel O Oo B1
T O(1) O(1/N.) O(1)
_ 1 1 1
K(K) O(M) O(W) O(M)
n O(1/Nc)  O(1/NZ)  O(1/N.)
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Positive Parity Excited Ba

@ [56,0"] P-wave decays: A= il("()’ + j)l d; B,
i= =
LO
(Mev)
Xaof 2.23
dof 6
e 1043 £ 1.5
c2
d1
N* = Nmx  211.25+87.5 89.9
N* = Ar  81.25+35.2 12.2
A* - NK 33754252 0
A =S 5254513 72.4
¥ NK 24420 0
A* = Nr  61.25+315 92.1
A — Ax 192.5 £ 76 54.8
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Positive Parity Excited Ba

@ [56,0"] P-wave decays:

LO NLO
(Mev) Sym (Mev)
Xaof 2.23 0.70
dof 6 5
c1 10.43 £+ 1.5 9.34 £+ 1.02
[ —10.66 £ 3.74
d1
N* — N 211.25 £ 87.5 89.9 200.6
N* — Am 81.25 + 35.2 12.2 60
A* - NK 33.75 + 25.2 0 51.6
A — 37 52.5 + 51.3 72.4 103.5
»* - NK 24 + 20 0 7.1
A* — Nm 61.25 + 31.5 92.1 54.8
A — Ar 192.5 £ 76 54.8 122.4
@ NLO corrections are considerable (> 20%)
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Positive Parity Excited Ba

@ [56,0"] P-wave decays:

A= ¢0,+ 3 d;B,

j=1

LO NLO NLO
(Mev) Sym (Mev) Sym.Bk(Mev)
Xiof 2.23 0.70 0.77
dof 6 5 4
c1 10.43 £ 1.5 9.34 £1.02 9.66 & 1.11
ca —10.66 +3.74 —11.26 +3.73
dy 20.4 +3.29
N* — N« 211.25 £ 87.5 89.9 200.6 214.5
N* — Ar 81.25 + 35.2 12.2 60 65
A" — NK 33.75 + 25.2 0 51.6 37.9
A — Zr 52.5 +51.3 72.4 103.5 110.6
T - NK 24 + 20 0 7.1 5.2
A* — N7 61.25 + 31.5 92.1 54.8 56.2
A" — Am 192.5 £ 76 54.8 122.4 130.8
@ SU(3) breaking is considerable
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Positive Parity Excited Ba

o [56,27"] P-wave decays:

01 = (€O
02 = ({5, a3 N{ Y
0s = 33 (€°(5, G110

By = NLC(dSQbEZG)[LB]

[i:0]

Bs N#L(fSaI)£2G){71’(8y]]

3

A= ¢;0i+ 3 d;B;
j=1

i=1
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Positive Parity Excited Baryon Decays

o [56,2"] P-wave decays:

LO
(Mev)
Xgof 1.6
dof 6
c1 4.20 £ 0.51
c2
c2
dy
N§/2 — N7 34 + 16 20.2
N§/2 — AK 18 + 17 0
N;‘/2 — AT 13+5 7.9
A§/2 — NK 36 + 22 0
A§/2 — =7 85+6 18.4
A’{/Q — Nm 52 4 19 30.5
A§/2 — N 28 £+ 19 16.6
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Positive Parity Excited Baryon D

o [56,2"] P-wave decays:

LO NLO
(Mev) Sym(Mev)
Xgof 1.6 1.2
dof 6 4
c1 4.20 + 0.51 2.96 + 0.32
co 0.10 £ 1.09
co 0.38 £+ 2.34
dy
*
Nijp— N 34 + 16 20.2 27.8
*
N3/2 — AK 18 £ 17 0 0.67
Ng/2 — Am 13+5 7.9 10.4
. _
A3yp — NK 36 + 22 0 8.9
*
1\3/2 — 3 8.5+ 6 18.4 16.2
*
A1/2 — N 52 + 19 30.5 45.9
*
Afjg — N 28 + 19 16.6 22
@ NLO corrections are negligible (< 1%)
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Positive Parity Excited Baryon Decays

o [56,27"] P-wave decays:

LO NLO NLO
(Mev) Sym(Mev) Sym.Bk(Mev)
2 1.6 1.2 1.0
Xdof . . .
dof 6 4 3
c1 4.20 + 0.51 2.96 + 0.32 2.92 4+ 0.32
co 0.10 £ 1.09 0.10 £+ 1.12
cg 0.38 4+ 2.34 0.44 £+ 2.38
dy 3.68 & 2.03
*
N3/2 — N 34 + 16 20.2 27.8 27
*
N3/2 — AK 18 £ 17 0 0.67 2.9
*
N5/2 — A 13+ 5 7.9 10.4 10.1
. _
A3/2 — NK 36 + 22 0 8.9 37.9
*
A3/2 — X7 8.5+ 6 18.4 16.2 15.7
AT/Q — N 52 4+ 19 30.5 45.9 45.2
*
A3/2 — N 28 + 19 16.6 22 21.3
@ Considerably large SU(3) breaking
Strong Decays in 1/Nc C.P.Jayalath Hampton University

19 / 23



Positive Parity Excited Ba

@ [56,27"] F-wave decays:
01 = (O

02 = 25 ({5, a3

Os = 33 (€°(5, G}

oS
I

NLC(dSQb({_QG)[S,B]

[i,0]

S
I

ﬁ( (fS{zbEz G) {73’5]]

3

A= ¢;0i+ 3 d;B;

i=1 j=1
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Positive Parity Excited Baryon Decays

o [56,2"] F-wave decays:

LO
(Mev)
2
Xdof 3.4
dof 8
cy 0.5 £ 0.04
c2
c3
dy
Ni‘/Q — N= 88 + 8 26.3
A:;/2 — N 40 + 13 14.6
A;/Q — Nm 114 + 25 83.5
2;/2 — NK 35+ 7 0
2;/2 — AT 35+ 7 47.6
E;/Q — X7 13.1 £ 4.8 16
E;/z — Zjo7 17.5 £ 9.1 12.7
2;,/2 — NK 1247 0
E;/2 — EK 1.75 + 1.75 0
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Positive Parity Excited Baryon Decays

o [56,2"] F-wave decays:

LO NLO
(Mev) Sym (Mev)
Xiof 3.4 2.1
dof 8 6
c1 0.5 +0.04 0.5 £ 0.02
co —0.28 + 0.05
c3 0.18 £ 0.1
dy
p
Ny — Nx 88 + 8 26.3 71.5
«
Afp = Nm 40 £ 13 14.6 38.1
x
AZp = N 114 + 25 83.5 118.6
N _
0%,y = NK 35+ 7 0 53.1
*
D%,y — Aw 35+ 7 47.6 35.3
*
2%,y — B7 13.1 4+ 4.8 16 11.9
2;/2 — Zygm 17.5 £ 9.1 12.7 14.7
J _
D%, = NK 1247 0 4.5
* =
0%, = EK 1.75 4 1.75 0 0.7
@ C2 effects are < 10% and C3 effects are < 5%
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Positive Parity Excited Ba

yon Decays

o [56,27"] F-wave decays:

LO NLO NLO
(Mev) Sym(Mev) Sym.Bk(Mev)
Xﬁof 3.4 2.1 0.5
dof 8 6 5
cq 0.5 £ 0.04 0.5 £ 0.02 0.55 + 0.02
co —0.28 + 0.05 —0.39 + 0.05
c3 0.18 + 0.1 0.2+ 0.1
dy 0.16 + 0.05
*
N1/2 — N« 88 + 8 26.3 71.5 87.4
Ar)/Q — N 40 + 13 14.6 38.1 40.6
*
A7/2 — N« 114 £+ 25 83.5 118.6 123
. _
27/2—>NK 35+ 7 0 53.1 36
*
27/2 — AT 35+ 7 47.6 35.3 34.3
*
27/2 — X7 13.1 + 4.8 16 11.9 11.5
=%, — Tio7 17.5 £ 9.1 12.7 14.7 18.3
M _
ZS/Q—VNK 124+ 7 0 4.5 3
* =
27/2 — EK 1.75 £ 1.75 0 0.7 0.5
@ SU(3) breaking effects are < 10%
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Conclusions

@ 1/N, is successfully applied to excited baryon decays
o Clear dominance of one-body LO operator G as in chiral quark model
@ 1/N. order of decay channels:

Channel Amplitude Width

7 o) o(1)
K(K)  O(1/VN.)  O(1/N,)
n O(1/N.) O(1/N2)

@ NLO coefficients poorly determined due to the large errors in input
widths

@ More precise inputs needed to determine significance of NLO corrections
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@ Negative parity excited baryon decays: [70,17]

o There are 7 symmetric operators
o There are more than 20 SU(3) breaking operators at the LO

@ There are two mixing angles

@ Same method can be applied to excited baryon EM decays
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