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Why Large Ne QCD ?

* 1/Nc is a useful perturbative expansion.

* |n the Ne — oo limit baryons fall into

irreps of the contracted spin-tlavor
algebra SU(2 Nqle .

* Relates properties of states in different
SU(2) multiplets.

* The breaking of spin-flavor symwmetry
can he studied order by order in 1/N¢ as
an operator expansion.

Wednesday, April 28, 2010



Baryons in large Ne QCP

Witten 79
Large N¢ counting rules nueleon
1 F
g~ =
v IV, E
m-body operator : E
C
1
& 5

N
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Quark operator expansion

Ground state baryons:
R.EDashen, EJenkins and A.V.Manohar, PRP%1, 2697 (1995)

Excited baryons:

J.L. Goity, PLB414 140 (1997)
C.E. Carlson, C.0. Carone, J.L. Goity and R.F. Lebed , PRP99, 114008 (1999)

Mass operator : Hmass = Z Ci Oi
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Excited baryons:

J.L. Goity, PLB414 140 (1997)
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Mass operator : Hmass = Z Ci Oi

where ¢; are numbers that must be fitted to data.
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Quark operator expansion

Ground state baryons:
R.EDPashen, E.Jenkins and A.V.Manohar, PRP%1, 3697 (1995)

Excited baryons:

J.L. Goity, PLB414 140 (1997)
C.E. Carlson, C.0. Carone, J.L. Goity and R.F. Lebed , PRP99, 114008 (1999)

power counting

Mass operator : Hmass = 2 ci Oi natural size

where ¢; are numbers that must be fitted to data.
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The N* spectrum for L=1

Nz2 (1700)
Ns2 (1675)
Ni2 (1650)
Q) 3
orbital spin-flavor
Niz2 (1535)

Ns/2 (1520) 8=1/2 ,3/2 wixing
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Example: The masses for L=1

Building blocks for the mass operator:

SU(4) generators acting on the core

N.—-1 N.—-1 N.—-1

S = Z 'S%a)’ I = Z t(a): G = Z Sz&a)t((za)

a=] a=1 a=1

and on the excited quark

s',t*, g spin-tlavor i orbital degrees of freedom
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The leading order

CCGL operators
e 1 T :

@R=—"1\. 1" O, = l's', 0 — ﬁz@)wgwaga.
Wi =

fh [(2)ij — {l' l]} l25zJ
and

ja
<Gc > = Nc M = (101 + 505 + C305 + O(l/NC)
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The leading order

CCGL operators
o 1 e :
@R=—"1\. 1" @k — et 0 — ﬁz@)wgwaga.
with I
[(ij U, U} — L1260
= 31V} flavor exchange

and

(G?*) < N,

]ﬁk-ZZZ C101 + C705 + C305 —F-(C)(]w/]\ﬁc)
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Mixing matrices

" CyNe — 3C —ﬁ(_, W(*
,\r —
1/2 B ¥ 3 5 ~
m(/B (_/11\?’(_7 — "6-C/2 — Té'(/3
iy CiNe%C5 ~ Y50, + Y203
,\r —_—
S
3/ \/_Cv + \/_C‘Y C]_A‘V(: 62 + 1(1
MN5/2 — Cll\'(_j+ —(2 . 1—6(3

two mixing angles 01,2 ,03/> .
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We expect § but we only get 3 different masses !

C.S, DPirjol, Phys.Rev.067 096009 (2003)
T.Cohen, R.Lebed, Phys.Revlett. 91,012001,(2003)

5
1 5
My =C{N,. - =C —
1 1 5 2 16C3

1 1
AOE—RC N O ECS

AT 2 v 1 - 5
M C1lNe = 502 F( * F( -
/ \ ’ —_— = = ’
i l )
7 1 v 5 ' v y 5/ S
— i Cp — —2( CyNe — 205 — 2=
3vV2 ¢ 82 S ! G eSS

N+ Lo Y50, 4+ Yo

My - C1Ne + 3C2 g 2+ 1503
*.) \‘b(v',+ \b(!_ C \' l(',)+_1_(~.
6 < 16 3 kel C 43

MNe,, = CiNe+ 52— 3893 -
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The N* spectrum for L=1
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The N* spectrum for L=1

Spectrum in the N, — oo  [imit

Nz2 (1700)
Ns/2 (1675) e K=0
Ni2 (1650)
J=1+K
(1/2,3/2)
{ K=1
Niz2 (1535)

N2 (1520) ; 35/252)  K=2
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The N* spectrum for L=1

N2 (1700) (3/2,5/2) K=2
Ns2 (1675) e difzsss
Ni2(1650) K=0
(1/2,3/2)
Ni2(1935) -1

Nz (1520)

Wednesday, April 28, 2010



The N* spectrum for L=1

(1/2,3/2)
N2 (1700) e K1
Nos (1650
1/2
(1/2) (=0
(3/2,5/2) K=2

Niz2 (1535) /
Nz (1520)
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SU(4) algebra

[Siv Sj]
[Taa Tb]

[Siv Gja]
[Ta7 sz]

[Giaa Gjb]

1€45k Ok
ieabcTc

1€:ikGra
ieachic

() 1
ZéijeabcTc + Zez’jkéabsk




SU(4)e¢ algebra

G.
X)) = lim =—=
N(¢—>OO NC
[S:, S5] = €Sk
[T(u Tb] = 2€ghclc
:Sz', X;)a: — ’I:Ez'ij,?a
_Taa XZC(),_ — Zeab(‘XO
0 ol -
X0, X5 = 0
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G

SU(4)e¢ algebra

- G
X = lim —
N(¢—>OO Nc
[.S;, Sj] = iei]’k-Sk
[Taa Tb] = ‘%€gbede
i Do - . 0
Siy Xjo| = t€ipXg,
E ol - . 0
Ta, X?,b — 'I,Cachzc
0 0 i
[Xia’ ij_ = 0
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Consistency relations
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Consistency relations

Awplitudes are finite !
Ta 4L, Ta Uy

N /
e /{//NC u VAN e

X5 Xib Xib Xin
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Consistency relations

Awplitudes are finite !
Ta Uy Ta Uy
m\\A ///NC + \ﬁc/\/v:\ /NC
X; Xib Xib Xia
0 0 e 1
X0, X5 = 0 (=)
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Consistency relations

Awplitudes are finite !
Ta Tp Ta 4y
\\ /’ ~ S E - -
m\\A ///NC + \ﬁc/\/v:\ /NC
X5 Xib Xib Xin
0 O 1
‘ [Xim ij] = 0 (Q’J _>
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Consistency relations

Awplitudes are finite!
Ta 4y Ta Uy
\.\‘ ‘/ 1 ~ 4 = -
/ ~ 2 I ”~
/jiiZ:\ \‘A t /'/lNJ;: + /lNJéjl’ ’,'sf I A /]\]é
Xiin Xz'b Xib Xia

) (X X5 = 0 (m Ni(.)

R.EDPashen, E.Jenkins and A.V.Manbhal:
PRV49 4713 (1994).
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Including 1/Ne and SU(3)

1900 - -

ORI
RRRLRELN
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BOSGSHXREHKR XXX
plaiedsleletolelodeleds!

ST
0.0.0.0.0.9:9.9!
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Including 1/Ne and SU(?)

1900

1800

1700

1600

1500

1400

N*i2  N¥32p N5 A%p  A¥p
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C.S., J.L.Goity and N.N.Scoccola, PRL8S, 102002 (2002).

Vi3 <
breaking

Operator Fitted coef. [MeV]
01 - NC 1 Cl1 = 449 + 2
02 — lh Sh Cy — ) ey I 19

2
O3 = N% lék) rE LCx o

4
= N1 it Gza

Gal=1 1611
ce = 110 £ 16

5=t 1555

Os = NC Sh Sh

O7 = N% sy Sp

Os = & U2, S5
Oy = 57 Un gra{SE,
O10 = wzta{Sh, G0}

@ t= N%z A Rk

hat

cs= T4+ 30
ce= 480 + 15
cr= -159 £ 50
cs= 6+ 110
cg= 213 & 153
clo=-168 + 56
c11 = -133 & 130

By =tg — 57O

By = Tg NTAL

B3 = - dsab Gha Gfp + IGINQ
e

\— Bi=1lngns — 5,502

did =443 SIILE LI36
do = -194 + 17

ds = -150 + 301

dat =1+ 1824 ==+ BH
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Pasic questions

* [s this operator basis general enough ?

* What is the physics hidden in the
coeff. ?

* How can we match quark models to
the 1/Nc expansion ?

C.S and Pan Pirjol, Phys.Rev. 078, 034026 (2008)
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* Theory: Matching the quark wmodel fo
the 1/Nc expansion
L.Galeta, D.Pirjol, C.S., Phys.Rev.D80, 116004 (2009).

* Phenomenology: Two new relations for L=1

excited baryons
D.Pirjol, C.S., Phys.Rev.Lett.102:152002(2009).
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The Isgur-Kar| model
revisited

L.Galeta, D.Pirjol, C.S., Phys.Rev. 080, 116004 (2009
Hrx = Ho + Hiyp

confining potential + hyperfine interaction:

1
Hugp = A ) {—8% 50 )i 3
1<J J

Matching: find c;and 0;

(353 - Pij 5 - Fig — i+ 55))

(B Hys1B)-= ZCZ (JST)|O;|®(JST))
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K model interactions

Huyp = D_Rij - Oy

spatial S spin-flavor
R;; = 2L A® (7)), Q=5 +185
Q= 5 (377 — 6, O = 2(s7s% + sbst)
Using the permutation group Ss
(BlHayo| B) = 5 (REHO%) + 2 (RMHOM)
(B|Huyp|B) = %<Rs>(%§2 e 2) + %(RM@( -5 +35 - S+ 3)

+ tensor intferaction
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IK model matching

(B|Hpyp|B) = ZCZ (JST)|O;|P(JST))

The result of the ma’rchmg is

A

M = co +aS? + bL§*{S?, 82} + cL{st, S}

Sagk %< o for a contact interaction:
(Rus) = —(Rs)

Il 1
b = E<QS> T 6<QMS>7

c = é<QS> 4 é<QMS> :
The operators that appear are 01, 06, 03, 017
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IK mass matrix
Mia = ( bi cﬁibj (b+ >) |

2 Co + a Aii:b i __lQ

89—+ )
/ */_b AU +2a—2(b+¢)
M5/2 — Co+2a+3(b‘|— )

Al/g — Ag/g :CO—I—QG,.

The spatial integrals can be computed explicitly in the
original IK model with harmonic confinement:

1 1 1
=rr = — = ——9.
a 25, b 205, c z

6 = M — My ~ 300 MeV ground states
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1K-V(r) vs. 1K-h.o.

1750

MeV.

1700 -

1650

1600 -

1550 ~

1500 -

1450

'N(1535) N(1650) 'N(1520) N(1700) 'N(1675) A(1620) ' A(1535)
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One gluon exchange model

The QCD Breit-Wigner interaction

HZZV@' V =Veo + Vi +Veo
1<J
Vs = 167;&8 m@-lmj Si » 80(T%5) Spin-spin
Vao = 555 [ ot X B8~ 25 (3 % Bi) 5 spin-orbit
b iy X By = Py X ) - 5
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One gluon exchange

more general

N
A — ()5 S

i<j=1

V= falris) |3(7s; - 5:)(Fij - 5;) — (5 - 5))]

Vie = 3 fulry) |(Fiy X Bi) - 5 — (7 x 7)) - 5]
i<j=1

— — — — —

+2(755 X Bi) - 85 — 2(55 X Fy) - 8]
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One pion exchange
Z go(7i5)8; - jt?t?

1<g=1

" galrig) 3y - 5y - ) — G- )] et
==l

N

Z gi\Tij |:T’L] sz) (T’LJ ij) Sj
e
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The permutation group Sy

L=1 states = 18> = IMS> x IMS>

orbital Z\ /\

A A

0=0x0 spin-flavor
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The permutation group Sy

L=1 states = IS = IM$> x IMS> <S10x01%
S

——
orbital ’/\ /\

0=0x0 spin-flavor

<MS 101 M$> - MSxMS=8+MS+E+A




The permutation group Sy

L=1 states = IS = IM$> x IMS> <S10x01%

——
orbital ’/\ /\ S

0=0x0 spin-flavor

<MS 101 MS$S> > MSxMS=e+MS+E+A'j
Y

A

0
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The permutation group S

L=1 states = IS = IM$> x IMS> <S10x01%

i §
orbital TS \
0=0x0 spin-flavor

<MS 101 MS$S> > MSxMS=S+MS+E+A'J

=

Name| Partition Dim Characterxif?zﬁm’m 6
S [N] 1 1

MS | [N—-1,1] N -1 a—1

E | [N-272] IN(N-3) |a—1)(a—2)+p4-1
A |[N=211]|3(N-1)(N=-2)| s(a-1)(a—2)-0
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The permutation group S

im=4

L=1 states = IS> = IMS? x IMS> <S10XO0IS
\Sngms)
= g
0=0x0 spin-flavor
<MS 101 MS$S> - MSXMS=S+MS+E+A
O
Name| Partition Dim Characterxif?zﬁm’.__ 0
S [N] 1 1
MS .‘EI!’ N —1 a—1
E | [N-272] IN(N-3) |a—1)(a—2)+p4-1
A |[N=211]|3(N-1)(N=-2)| s(a-1)(a—2)-0

Wednesday, April 28, 2010



Two body operators

Example: the spin-spin interaction  £lry) si. s
“Symwetric” two body operators.

0 =S+ MS+E dim = N1

2

X 018>
\ S=8xS+MSxMS+ExE

<s/
S

f(r) Si. S

Wednesday, April 28, 2010



Matching

Example: the spin-spin interaction 0y =f,(ry) si.s

1 2 S
(@R 5 (08D - SN G Nl (SD))

= N (T T O L
To extract the leading order , we use the Hartree picture

Is == <88|f0|88>
Tair = {sp|folsp) Overlap integrals
Ie:vc — <Sp|f()|g;9>
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Gluon exchange model

M = cpl — 92 (a§2 + bs7y - §C + LY S'SI 4+ dLY

i Eaenil geeat asnegt
e 4o
o mmE 9 S B E dir
3 1
b = Zgir—1s Crrer §jdsir+§jc£r
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Pion exchange model

% T
col g ¥\ 72 (aS2 SRRy me e ST LA e dL(2)gl GI* + eL(Z){Sé o e

Wit

+fL- S+ gLiteGi® 4 hL giaTg)

Sanmam _ZIS fo = O/ N
1 S
oHr=tet= —Zz.dz'r,« S §jdir i §jdi’l"
3 1
d = —2Ka i ST = s T
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Pion exchange model

/RssSageenN geY % (asg + b3y - S,/ ctTE + ALY, gi*GI™ eL, {5t 57
IAELES) UG hLigiaTg)
S~ favor index
1
Sanmam _ZIS fo = O/ N
1 3 s S8y
oHr=tet= —Zz.dir,« S §jdir i 5 dir
3 S 1 A
di= 2IC 4ir h = 5 Adut i §~7dir
ert— 1 OL/N)
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A different approach:
Consider all possible 2-body
inferactions




The most general 2-body
quark interaction

Complete list of 2-body spin-flavor quark operators, and their
projection onto irreps of Sgp—ﬂ

Operator Oyt Og Ons
Scalar Ik 1 &
tetd T? — 3Cy(F) Te=34.T — 3C,(F)
5 -3, B CAR T
5i - ;L0 G? — 2Cy(F) 3g1Ge — G? + 205(F)
Vector (symm) S Aoy LS SIS
(5 + 5)tete | LLHG, T} — Co(F)L'S' | —LLiSE + LigieTe + Lit3Gin
Vector (anti) L — 3L-§—L-S
(5: — §5)tit 5 B91"1¢ LG
Tensor (symm) {s¢, st Ly{S*, S} 3By sh ST B850 57 }
{sf, s}t5t5 Ly{G", G} L7 g\*Gl® — L5 {S;, S}
Tensor (anti) [s¢, s°] - 0
[s¢, sB]estS - 0
F?2 -1 i ;
Co(F) = [Contribute on S, MS states] [Contribute on MS states]

2F
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Basis of operators induced by 2-body quark operators

spin-spin spin-orbit tensor
O) = T? Os=1L-8. Os = Ly {S, 51}
Oy = 52 O Og = LY s 57
Os =51 - S, Qs — 147G O =LY gie@ic
O7 = L'gi*T¢

Hadronic mass matrix (L=1 states) N = ZMijCj

Ni* == <N1/27N{/27N1/2—N{/2,N3/2,Né/2,NS/Q_Né/27N5/27 A1/27A3/27A1/27A3/2)

Valid for any model with only 2-body quark interactions.
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Two new mass relations

#] requires only isospin symwmetry

1 1
5 (V(1535) + N(1650)) + 5 (N (1535) — N(1650))(3 cos 201 + sin 20x1)

7 3 g 9
—=(IV(1520) + N(1700)) + (N (1520) ~ N(1700)) [ — 7 cos 203 + \/;Sln 29N3] = —201/+ 2852 — =Nsj3

#2 includes SU(?) breaking

A = %(N(1535) + N(1650)) + %(N(1520) + N(1700)) — §N5/2(1675) — Ay 5(1620)

1 1 1
_E(N(1535) — N(1650))(cos 201 + sin 20x1) + (N (1520) — N(1700))(1—§ cos 203 — §\/§Sin 20N73)
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First universal relation

Correlation between mixing angles in the J=1/2 and 3/2 sectors
Requires only isospin symwmetry

N* — N data

e hep-ph /9812440
mm_ #7771 O hep-ph/0411092
2 90| ’ .
60__ l < OGE model
301 .
036" %60 00 120 136" 0

0

N1
* Compare with direct determinations of the wmixing angles -> test for the
presence of 3-body quark interactions

o Tests for specific models of Z-body quark interactions, e.g. 0GE model
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Second universal relation

Expres.ses the spin-weighted SU(3) singlet mass  j _ % TEpar: % Aiia
Takes into account SU(3) symmetry breaking

1800 (A)SP = 1481 + 3.1 MeV

1700 ® (A)— (AP =100 + 30 MeV

1600

[MeV]

| 1500

A

1400

130003060 90 120 150 180

Combining the two universal relations gives a determination of the
mixing angles from hadron masses alone
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Sumwary




Sumwary

* The coefficients of the 1/Nc expansion
can be matched to spatial integrals in
quark wmodels
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* The coefficients of the 1/Nc expansion
can be matched to spatial integrals in
quark wmodels

* Flavor dependent interactions are
required.
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Sumwary

* The coefficients of the 1/Nc expansion
can be matched to spatial integrals in
quark wmodels

* Flavor dependent interactions are
required.

* Two new mass relations for N*'s that
constrain the mixing angles and test for
3-body forces
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