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Expansions in QCD

pQCD _
pert: ay, 1/Q?, 1/N. qQ: HQET
Low energy QCD: xPT n-pert: PDFs, GPDs pert: 1/mq, mq, 1/N.

pert: /A, my, 1/N n-pert: IW FFs, ECs
: x1 Mg, @

n-pert: LECs \ T ’ QQ: NRQCD
pert: ag, v 1/N,

1 ’ITL ’

Q C D n-pert: effectlve pots

!

Hadron Resonances
pert: mq, 1/mgq, 1/N,.
n-pert: ECs, FFs
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Introduction to 1/Nc

@ Introduced in Stat. Mech. in 1968 (Stanley): expansion in
1/N, N: number of internal degrees of freedom.

@ Applied to many field theory models to study non-perturbative
dynamics.

@ Introduced in gauge theories in 1974 ('tHooft): SU(N,.)
gauge theory admits expansion in 1/N..

@ One “solved”case: QCDs. Full analysis of meson sector to
leading order in 1/N,.. Sub-leading order still open problem.
Too simple to shed light on real world QCD.

QCD: 1/N, expansion still an open theoretical problem.
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1/N. Expansion in QCD

Two general cases: 'tHooft expansion: Ny fixed, Veneziano
expansion: Ny /N, fixed.
@ 'tHooft expansion:

dg 11N, — 2N
/t?—ﬁ() = _ng O(1/v/N.

as = O(1/N.) Agep fixed
Keeps main non-perturbative features:
= O(Ny) (q9) = O(Ne) (GuG"™) = O(N?)

@ Quantitative 1/N, expansion still unsolved problem for QCD
after 35 years!.

@ Key observation: 1/N, expansion can be identified at
hadronic level and built into effective theories.

@ Two essentially different sectors: glueballs+mesons, and
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Mesons and Glueballs in 1/N.
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® Main facts about 1/N, in mesons and glueballs

Mesons Glueballs

M = O(N?) M = O(N?)

I =0O(1/N,) I' = O(1/N?)

Fy = O(VN) Fyp = O(N,)

OZl rule: Tozr = O(1/N3) | OZI rule: Toz; = O(1/N?)
o= 0O(1/N?) G-meson mixing= O(1/y/N.)

nonet symmetry
M} = O(Ng/N,) in x limit

@ Phenomenological evidence:
widths O(100 MeV)

multiple excited mesons with

@ OZI: in ¢ meson and quarkonia for instance

@ Test of 1/N? corrections to mg/+/o in Lattice gluodynamics

@ 1/N, suppression of certain LECs in ChPT
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Baryons in 1/N,

Yy

@ Need for N, valence quarks to form a color singlet
@ Mp=0O(N,), rg = O(N?)

@ Hartree picture of baryons sufficient to figure out 1/N,
countings

@ m-baryon couplings: %—i(‘)ﬂaGm
@ Axial currents G'* have O(N,.) MEs = g.55 = O(v/N,)
*] FB = O(NCO)

@ Model realizations of all of the above: QM, Skyrme model JefferSon Lab
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Contracted spin-flavor dynamical symmetry

. o (B | [GI°,G*] | B) = O(NY?)

Contracted spin-flavor symmetry: [Gervais & Sakita; Dashen & Manohar]

Si, T4, X' = G /N,: generators of contracted SU(2N¢)c

.
. . . NO
e SU(2Ny) group with generators S*, T, G"* _f(_
can be used to build effective theory N,
e Justifies SU(6) symmetry introduced
in 1960’s as dynamical symmetry in large N, 1

Jeffégon Lab
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Spin-flavor multiplets

D ——
Ne¢
Ne Ne—1
——N— ————
: MS:
ST ST 111

Known states seem to fit into 56 and 70 plets of SU(6)
No evidence for 20-plet
Approximate O(3) symmetry

Baryons seem to show approximate O(3) symmetry (small
spin-orbit effects)

O(3) x SU(2Ny) a more convenient
classification of states than SU(2Ny)c

Jeffégon Lab
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® Effective operators in the 1/N, expansion

o Effective operators at baryon level
R . 1 \"W) )
Oqcp = O =) (F) ¢j Oj
C

v(j) =n; —1 for n; —body operator

c; effective constants or form factors: determined by the QCD
dynamics
Operator basis can be ordered in powers of 1/N..

@ Matrix elements
(Blss | O; | Bas) = O(N®0)) . (Bas | 0; | BY) = O(No ++0))
k(j) coherence factor of operator

Jeffégon Lab
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@ General form of effective operators

~

O;=R;®G;

R;: O(3) tensor operator

G;: spin-flavor tensor operator made out of product of n;
generators of SU(2Ny)

K?(Oj) = #G, or T® generators in g;

@ Systematic way of building basis of G; operators; numerous
“reduction rules”

Jeffégon Lab
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BARYON MASSES
® GS baryon mass formula

Write most general scalar, parity even operator with generators of
SU(6) and apply various reduction rules valid for MEs in the S
representation

Up to O(1/N.) and O(my): Glrsey-Radicati mass formula (1964)

c 3 Mg — My d
Mgs = ¢y N+ HE (§2 — ZN,) — cg————22 S
N, 4 A
Mass relations: deviations O(1/N2;m?/N,)
GMO Zg —Ug = 1(BA —3g) — N 128 vs 141 MeV
ES Y10 — A=E109 — S0 153 vs 145
" Q~ —E10 = Z10 — Z10 142 vs 145
8-10 S0 — B8 = Z10 — Zs 212 vs 195
BA+ g —2(N +Eg) =E10+ 210 -2~ —A 26 vs 11
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® Excited baryon mass formulas: [70,17]
[JLG; Carlson et al.; JLG, Schat & Scoccola]

——
[T > O

T a ia T a ia
SC7TC7GC s’t7g

Ocrp =D MexXg= XX Mro= D cnOn +) duBnm

—— ———
SU(3) singlet SU(3) octet

@ States in 70-plet:
2 8/_1/2, 2 832, 18575, 11015, 110375, 1 11/, 1 13/
o Operators:
SU(3) singlets: 1 O(N,) (SU(6) singlet), 4 O(N?) and 7
O(1/N)
SU(3) octets: 3 O(m4N?) JefferSon Lab

José L. Goity Hampton University/Jefferson Lab The 1/Nc Expansion for Baryons



Mass operators for 70-plets

O1 =N, 1 O(N,)
02 = f S

O3 =2 1) g* G O(N?)
O4 = N’+1 0 t“ G

O5 = 5-t"T¢ = 5401

O = 1 ¢ S,

O7 = ‘ Sz

Os = N—S S

09 = = z@)” i 5 O(1/N,)
om: L 0 7S], Gy

On = 2 108 Gied
012:Nigfi ia{Sj GZa}

R 8 T
By =T - 3750

BQ — % dSab gza sz

+2\/_(N
B3 =3 Z’L 8 23 02

5(N2-9)
mol O(ms)

06+6\/_O
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Masses [MeV]

Fit to 70-plet masses to NLO Expt.  1/No QM [Isgur-Karl]

T538 £ 18 1541 T490

1670 £ 10 1667 1650

(1620) 1637 1650

1779 1780

T523 £8 1532 1535

GMO: 3346 £ 10 vs 3373 £ 10 1690 £5 1676 1690

o) 1675 + 10 1667 1675

= 1823 5 1815 1800

1660 £ 20 1660 1655

T B T 1785 + 65 1806 1800
. ER 3 ER, 1765 & 35 17 17

- = e 192§ 1922

gl o) | E ] 1700 £ 50 1699 1745

£ - — FRL - EEE mm

e - 1769 1815

o 1 1500 fo = 1 1980 1985

i E——— ] T678 £8  T671 670

S S 1820 + 10 1836 1815

N Mo Ner B dor N T e T A T 1775 +£5 1784 1760

= 1974 1930

R 1645 £ 30 1645 1685

b ] 1784 1810

] ] 1922 1930

2061 2020

gt [ ; T720 £50 1720 1685

P b —_— ] . 1847 1805

—— g7, 1973 1920

] 2100 2020

— 1407 £ 4 1407 1490 ofrerdon Lab

. 1520 £ 1 _ 1520 1490
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Main results

)

Parameter free mass relations: true to O(1/N2;m?2/N,)
5 GMO, 2 ES, 4 new relations involving 8's, 10's and 1's
Predict masses of several as yet unknown states in 70-plet

Mixing angles
N, — 00 Masses Strong decays  Helicity Amplitudes
01 54.4° 30 + 15° 22+ 7° -
65.9° 175+ 15° 161 or 136 £ 7° 161 +7°

Hyperfine terms S? dominate spin-flavor breaking

All O(N?) operators in 70-plets have small coefficients: three
spin-orbit type and one of pure flavor type: approximate O(3)
symmetry

All O(1/N.) operators other than S? give small corrections

SU(3) breaking dominated by strangeness operator Jefferon Lab
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A new take on baryon Regge trajectories M;(¢)? vs /
[JLG & Matagne]

Spin-flavor singlet component of baryon masses from analyses of all well
and not so well known 56-plets and 70-plets:

o MZ[56,£] = [(1.18 & 0.003) + (1.05 + 0.01) £] GeV?

o MZ[70,£] = [(1.13 4 0.02) + (1.18 + 0.02) £] GeV?
o (Mo[70, €] — M([56, €))% ~ (5.7 + 4.2£) x 10”4 GeV?

o Splitting between trajectories O(NS) due to exchange interaction.

(Gev?)

In magnitude smaller than expected.

M,

o Regge trajectories with physical masses include contributions which
do not have linear behavior.

o Strong indication of small 56-70 configuration mixings and good

approximate O (3) symmetry

Jeffégon Lab
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STRONG TRANSITIONS

mkn

® Strong partial wave amplitudes —;—-—»B—
_ Lr Nc Cnln *
M(ly, I) = (=1)'" /2Mp~ (Bas | Bizl7 | BY)
® 1/N. expansion
Expand B in effective operators
ol k) Lol
BT:Lr,r}r,rB = (T) ;C'n Onm.’;;;'g.

Onlﬂ'lﬂ' — [gf gzbnf-n-}[fmf-:r]

iT .
Gn'™  are spin-flavor tensor operators

¢ the O(3) quantum number of excited baryon

José L. Goity Hampton University/Jefferson Lab The 1/Nc Expansion for Baryons
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Operator v

[0,1] [0,1] _
o ¢ 0
0%0,1] 1 (6((823 )[1,1])[0,1] ° [70, 1 ] decays

2 e ‘ [JLG, Schat & Scoccola]
olo-1l 3+ (6 ts )[1*1])[0’1] 1

3 Ne c
ol = (5 (g sc)[lwl])[o’l] 1

- ° Toeff o N[O
ol 1] (€ )2 1] 0 L0 3143 23+ 3
ol = (6Tt ) &1 1 CIEO’” - (7.4,32.5) + (27, 41)

B 0,1] .

2.1 (2,1] c - (20.7,26.8) + (12, 14)
o = (e st ) ! CEO’” - (—26.3, —66.8) & (39, 65)
o = (g(g 501 ) 2] 1 LT 4e+os 3.4+0.3

2.1) N 2y 2.1 21 - —45+24
05" No (‘5 g Se) ) ! c%’l] - (—0.01,0.08) + 2
o1 = (e o= ) (2.1] o 5?2*1] - 5.744.0

2,1 1 . (2,17} [2:11) 2] el - 3.0+ 2.2
O7" ~NZ (5( ({8e, G} ) 5%2*1371 86, —2.25) + 0.4 —1.73 £ 0.26

3,11\ [2:1] 2,1] R R

of "y ((ssecenE )T Ty ) )
oo & 500 0 c[%z’zj 11+4 1744

0,0 e’ - -
o 2 (85 sl 1 0 IEETT 089 £0.11
Ol € =0 5 Z (3.00, 2.34;) £0.07 (2.8, 2.3:3) Toil
o 2 (e s s0y01) 20 1 cd 10 3 -

Jefferdon Lab
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Results from fit at NLO

Transition PDG LO NLO
[MeV] [MeV] [MeV]
21535; — N 68 £ 27 62 (58,68)
N(1520) — wA 10+4 9.7 9.5
wS N(1650) — =N 121 £40 144 122
wave N(1700) — 7A  unknown 175 (259,156)
A(1620) — 7N 38+13 35 38
A(1700) — A 112453 81 (135,112)
N§1535; — A 1£1 .01 0.5
N(1520) - N 67+9 70 65
N(1520) — mA 15+3 2.8 13
N(1650) — A T+5 0.12 8
D  N(1700) —» 7N 1047 10 (11,9)
wave N(1700) — 7A  unknown 4 (4,9)
N(1675) — N 72+12 85 76
N(1675) — 7A  unknown 45 79
A(1620) — wA 68 £ 26 30 87
A(1700) — 7N 45+£21 49 32
A(1700) — wA 12 £10 15 18
S  N(I535) >N 64L28 17 (57,61)
wave  N(1650) >N  11£6 14 12

Jefferdon Lab
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® Summary of [70,17] decays
@ Accurate LO fit to m S-wave: only one parameter
@ 7w D-wave requires NLO operators

@ 71 modes controlled by 6;: enhances N*(1535) — nNV,
suppresses N*(1650) — nN.
Maximum effect for 6; = 61 (N, — 00).

@ Mixing angles 61 and 0 very different from large N. limit.
Reason: LO spin-flavor breaking smaller than NLO!

/

@ NLO coefficients of natural size but have large errors due to
uncertainties in input widths

.Jeffégon Lab
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PHOTOPRODUCTION HELICITY AMPLITUDES
[JLG, Schat & Scoccola; Scoccola, JLG & Matagne]

® Helicity amplitudes (PDG) !

27'('0{ y N B*=N*, AD
A= /== 0B (B" Al e - Tpar [ NoA-1)

n(B*) sign of strong transition reduced amplitude: determined by 1/N. analyses of
strong decays

® 1 /N, expansion

Represent EM current operator in terms of effective operators

ey = \/Ech<kL,LI]O£LL’I]>[1’I]
ol = (siggnn) =

Jeffégon Lab
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® [70,17] Helicity Amplitudes

Operator Order

51" = (g5)1,0] 1 Amplitude PDG Lo NLO*
£1{® = + (5 (s S¢)[0:0] )[1'01 +~ [MeV] [MeV] [MeV]
El(SO) _ NLF (5 (s SC)[I,O])“'O] NLF 5[N(1535)] 90 £ 30 76(0.2)  111(0.5)

© _ ! o (2,00 (1) | S[N(1535)] —46+27 —54(0.1) —78(1.4)
Bl = o (5 (s Se) ) e JIN(1520)] —24£9 —25(0.0) —20(0.2)
E]ED _ (¢6)[11] 1 4” LIN(1520)] —594+9  —6(8.8) —46(1.9)
E121) = ()21 1 1” ,[N(1520)] 166 + 5 66(4.0) 163(0.4)
e1{) = = (5(3 G2 )[1 1 1 4" L[N (1520)] —139 £ 11 —55(4.0) —143(0.1)
B _ o ( 1, 1]) [1,1] 1 ,[N(1650)] 53 £ 16 45(0.3) 52(0.0)

241) - Nec [1 1] o Ne A” [N(1650)] —154+21 —12(0.0) —20(0.1)
B1{" = 3= (¢(s oyl ) + f B §; AP, [N(1700)] —18£13 —18(0.0) —20(0.0)
El[(jl) _ % (5“ Gyl )[ 1] + 51 1<1) \% A;L/Q[N(noo)] 0+ 50 41(0.7) 47(0.9)
VRO e 1 L,[N(1700)]  —2424 1(0.0)  —10(0.1)
. (10) - L (1,03 [2:0] . S[N(1700)]  —3 %44 47(1.3) 47(1.3)
M2;7 = o (5 (s So)t ) o 2[N(1675)] 19L8 15 (0.3) 8(2.0)
m2(” = = (5 (s S¢)[2:0] ) 0 NLC 7 IN(1675)]  —43 412 —45(0.0)  —50(0.4)
2D — &1 T Ar 2[ (1675)]  15+9 10(0.3) 11(0.2)

' — 2 — 54 —
o) = + (56 Goyl21] >[ 1] ) 3 ,[N(1675)] —58+13 —53(0.1) 71(1.0)
c [A(1620)] 27+ 11 53(5.7) 32(0.2)

Mo — 1( T, 11) 1 Yz

30 = ~ (6G [)2 . ~ %2@(1700)] 104 £ 15 80(0.6) 108(0.1)
M2 =2k (¢(s Go)) T 4 Lol L AN [A(1700)] 85+ 22 70(0.3)  112(1.5)

3,0

EB(lO) - g7 (5 (s SC)[Q 0])[ ] NL” Jeffégon Lab
B3 = = (¢ 6ol 1])[3*” 1 [Scoccola, JLG & Matagnel.  ~°
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® Summary of [70,1~] Helicity Amplitudes

o LO OK, but misses n1/273/2(1520), p3/2(1520), A1/2(1620)

@ LO fit lifts ambiguity in #3: 161 £ 7°, and fixes relative signs
between S and D wave strong amplitudes

@ LO results similar to “single quark transition model”

@ NLO: LO coefficients remain stable. One NLO 2-body E'1
operator sufficient to have consistency

@ Both E1 and M2 multipoles crucial and of similar magnitude

@ Example where QM fails: A;/5(1620) too big: NLO operator
takes care of problem

@ For a more accurate picture of NLO effects empirical helicity
amplitudes need improvement to 10% level

Jefferdon Lab
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COMMENTS and OUTLOOK

@ Phenomenology of excited baryons indicates consistency of the 1/N. expansion.
One exception: [56,07] Roper multiplet where large 1/N. corrections are
necessary in strong decays and in helicity amplitudes.

@ QCD dynamics simplifies the picture: LO spin-flavor symmetry breaking and
numerous 1/N. corrections are dynamically suppressed.

@ Many mass predictions of yet undiscovered excited baryons: e.g. ='s.

@ Further applications possible: electro-production; 1/N. and baryon ChPT; 1/N,
analysis of lattice baryon results.

@ Important open theoretical issues: to consistently treat the finite width of
excited baryons; understand the physics behind the effective coefficients of the
expansion.

@ Important empirical issues: more accurate masses, helicity amplitudes and
partial widths.

@ 1/N. expansion is clearly useful as organizing principle for the physics of excited
baryons.
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