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1. Introduction

Many features of QCD can be understood by studysifN;) non-Abelian gauge theory in
the limit N; — oo [1]. For N; large and finite, the expansion parameter away from the-lsgdinit
is 1/Nc. This nonperturbative expansion parameter is small in Q@BresI/N; = 1/3.

The 1/N; expansion is particularly useful for studying the intei@ts and properties of large-
N¢ color-singlet hadrons at low energies. In this energy regigiuons and quarks are strongly
coupled, but the interactions of hadrons have an expansibhiN. LargeN. mesons are weakly
coupled to one another in the¢M; expansion, and become non-interacting and stable in tio¢ str
largeN; limit. Large-N. baryons do not decouple from mesons in the ladgdimit, but their
interactions with mesons are determined up to a normadizgtctor. Away from theN; — o
limit, these interactions are modified by subleadiri§idcorrections.

The purpose of this talk is to review the formulation of thé&\Nd expansion and to highlight
important results for QCD mesons and baryons. For otheewnesisee References [2, 3, 4].

2. Large-N; QCD

An SU(N.) gauge theory of gluons and quarks describes the interaaiogiuon fields(A“)A,
A=1,---,N2—1, in the adjoint representation 8tJ(N;) and quark fields|', i = 1,---, N, in the
fundamental representation. Since there @(bl;) more gluon degrees of freedom than quark
degrees of freedom, gluons dominate the Ia¥gegCD dynamics. At leading order in the/l;
expansion, ‘t Hooft showed that quark-gluon Feynman diagrgrow with arbitrarily large powers
of N¢ unless the limif\N; — o is taken withg2N, held fixed. This constraint can be implemented by
rescaling the coupling constamt— g/+/N¢ in the largeN. QCD theory. After this rescaling, Feyn-
man diagrams of given topology scaleNyd, where the Euler charactgr= 2 — 2h— b, andh and
b are the number of handles and (quark loop) boundaries, ctaggy. The leading ifN; diagrams,
which grow asN¢?, are pure glue vacuum diagrams with the topology of a spefe= 0, b =0).
The leading diagrams with a single quark logp= 0, b = 1) grow asN.'. These diagrams can
be flattened into a plane bounded by a gluon loop or by the doafk respectively, and are called
planar diagrams. Each set of leading diagrams containsfiamitémumber of diagrams with arbi-
trary numbers of planar gluon exchanges. Subleading disgyc@ntain nonplanar gluon exchange
or additional quark loops. Each nonplanar gluon exchange diagram is suppressed byN?
relative to the leading planar diagrams, and each addlitoprerk loop is suppressed byN..

The one-loop beta function for the rescatsld(N;) gauge coupling is given by

d 11 2N 3
uﬁz—( F) 9L o). (2.1)

Notice that the contribution from diagrams with a quark lassuppressed by/N. relative to
the contribution from gluon-loop diagrams. As the limif — oo is taken, the rescaled coupling
becomes large at a fixetll{-independent) scal&. At low energiesE < O(A), it is assumed that
largeN; QCD becomes confining, so that the strongly interactingrthebgluons and quarks can
be rewritten as an Effective Field Theory (EFT) of colorgdirt hadrons. The expansion parameter
of the hadronic interactions in the EFT ig\/Nc.
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3. Large-N; Mesons

LargeN; mesons consist of color-singlet quark-antiquark bounekstarhe composite meson
operator
1

creates a meson with amplitude of order unity. Ngalependence of meson amplitudes is obtained
by studying the leadin@(N.!) planar diagrams with a single quark loop boundary. The teadi
n-meson amplitude contaimsmeson operator insertions on the quark loop and is dxgkr/2.
From thisNc-counting, it follows that a meson decay constar®is,/N¢), a meson mass (1),
a 3-meson coupling vertex 8(1//N¢), a 4-meson coupling vertex 3(1/N.), etc. A number
of other important results follow. A meson decay width inteotother mesons scales Bs~
|23 _mesol ~ 1/N¢, SO largeN. mesons are narrow states which are weakly coupled to onkeanot
in the nonperturbative expansion parametéy/l.. Indeed, in the limifN; — o, mesons are non-
interacting and stable, but for large finitl, it is important to note that meson widths can become
large for highly excited mesons, i.e. with excitations adem\.. In addition, there are an infinite
number of meson states in any givéft channel.

The effective Lagrangian for largé: mesons takes the simple form

Ne
; Gq (3.1)

EFT Q@
<z N. .¥ <\/N_C> , (3.2)
where each of the interaction terms#iis polynomial in the meson fieldg. The overall factor of

Ne multiplying .Z reflects theN.! dependence of the leading planar diagrams with a singlekquar
loop. The ¥+/N; accompanying each meson fighdn .# is the normalization factor for the meson
operator given in Eq. (3.1).

There is an extra flavor symmetry for mesons in le— oo limit, sometimes called nonet
symmetry. For finite largél,, the leading diagrams which contain mesons aredfé;!) planar
diagrams with a single quark loop. Diagrams involving addil quark-antiquark pair creation or
annihilation are absent to leading order, since each additiquark loop is suppressed byNk.
Consequently, there is@(Ng)q x U (Nr)q flavor symmetry [5] on théNr flavors of quarks and
antiquarks at leading order which conserves quark numigtaatiquark number separately. For
Nr = 3 light flavors, largaN. mesons transform as a nine—dimensio(rBa[?) representation under
theU (3)q x U (3)q flavor symmetry. Under the diagonal subgrdsig(3)q, g (the usual Gell-Mann
flavor SU(3) group), this nonet representation breaks to a fl&kd(3) octet and singlet;3, §) —

8@ 1. Thus, largeN; mesons form nonet representations consistin§W(3) octets and singlets.
For example, the pion octet K, n and the singlefy’ form a nonet. Another important consequence
of nonet flavor symmetry is Zweig’s rule.

An example of a meson EFT is provided by the chiral Lagranépathe pseudoscalar Gold-
stone bosons. The chiral Lagrangian is written in terms effittldU = e™/f where the pion
nonetln = ™TA+ n’1//6. The leadingd(p?) chiral Lagrangian is

2 2
2 _ fZTr DHUD,UT + fZB Tr (20 +.20U7), (3.3)
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LEC Value YN
2L;—L, (-0.6+0.6)x102 1
Ly (-0.3+0.5) x10°3 1
Le (-0.2+0.3) x1073 1
L, (-0.4+0.2) x10°3 1
Lo (L44+0.3) x10°3 Ne
L3 (-35+1.1) x10°8 Ne
Ls (L4+05) x10°3 Ne
Lg (0.9+0.3) x10°3 Ne
Lo (6.9+0.7) x10°3 Ne
L1o (-5.5+0.7) x10°8 Ne

Table 1: Experimentally extracted values of the Low Energy ConstafhtheO(p?) chiral Lagrangian and
their order in the IN; expansion [7].

where.# = diag(m,,mg,ms) is the quark mass matrix. This chiral Lagrangian is of thenfor
Eq. (3.2) since the pion decay constant O(,/N;). TheO(p*) chiral Lagrangian [6] is parametrized
traditionally in terms of ten low-energy constants (LHG)- L1o:

#® = 1y [TrDU'DHU]% 4L, TrDLUTDLU Tr DFUTDYY
+Ls TrDL,UDHUD,UTD U + Ly TrDLUTDHU Tr (Ut +.4™0)
+Ls Tr DU DU (Ut +.'0) + Lg [Tr (Ut +.2'0))?
+Ly [Tr(UTa — 'O+ L Tr (0.0 + U0 )
—iLe Tr (FY'DUDWT +FF'DUTDLU) 4 Lo TrUTFE U TR Ly (3.4)

The Nc-dependence of these LECs is naiv€lyN.) for terms with a single trace and(1) for
terms with two traces since each additional trace corredptm an additional quark loop. It has
been shown, however, that only the linear combinatiofn-2L, is O(1), wheread ; andL, are each
O(N). TheNc-power counting for the LECs is given in Table 1, togethehwiteir experimental
values extracted at renormalization scale- m, [7]. The Nc-scaling of the coefficients is evident,
although errors are large.

The LECs can be predicted in terms of the couplings of I&g@reson resonances to the
pion nonet and the masses of the meson resonances. It hastmeen that the LECs are well
approximated by the matching obtained from integratingtbetlightest 0, 0-*, 1-~ and 1"
meson nonet resonances [8]. B{N;) in this single-resonance saturation approximation, theze
only two independent LECs, which can be taken td.pandLs. TheO(N,) relations are

2l1 =Ly, Lo=4ly, Ljo=—-3Ly,

3
ols, La=Le=L7=0, (3.5)

1
Lz = —3L2—|——L57 Lg = 8

2

which do provide a good fit @(N¢) to the values quoted in Table 1.
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Figure 1: Two tree diagrams contributing to baryon + pienbaryon + pion scattering. Each diagram gives
anO(Nc) contribution to the scattering amplitude, but the #@@N\;) contributions must exactly cancel since
the overall scattering amplitude @(1).

4. Large-N; Baryons

LargeN; baryons are color-singlet bound statedNpf/alence quarks in a completely antisym-
metric color state [9]

Eirigis-in, 010202 - qNe. (4.1)

The baryon mass is ord&iA whereas the baryon size is ordef/AL Since the number of quarks
inside a baryon grows ax, but the size of the baryon remains fixed, the density of cuaréide
a baryon becomes infinite in the limil, — co. At large finiteN, the wavefunction of ground state
baryons is given by the product Nf identical quark wavefunctions combined inswave. Since
the baryon wavefunction is completely antisymmetric ind¢bkor indices of the quarks, it is totally
symmetric in the spin-flavor wavefunctions of the quarks.

The N.-dependence of baryon-meson scattering amplitudes argdiregsi can be determined
by studying quark-gluon diagrams. Armeson-baryon-antibaryon vertex is ordet "2, which
implies that baryon + meson> baryon + meson scattering amplitudes &¢l) in the large-
N limit, and meson-baryon-antibaryon vertices &6,/N;) and grow with N.. Consistency of
largeN. power counting rules for baryon-meson scattering ampéitichplies that meson-baryon-
antibaryon vertices simplify in the lardé- limit. The leadingO(1/N.) meson-baryon-antibaryon
couplings are determined up to overall hormalization [1&dditional consistency constraints re-
strict the form of ¥ N, corrections to larg®N; baryon matrix elements [10, 11].

Consider baryon-pion scattering at energies of order uritye baryon mass is ord&iA,
so the baryon acts as a heavy static source withNaimdependent propagator. TS 1T vertex
is order/N;, and takes the formy/N (X‘a) B,Bd‘na. Herei = 1,2,3 is a vector spin index and
a=1,2,3 is a vector isospin index. There are two tree diagrams withBB' 17 vertices contribut-
ing to the baryon-pion scattering amplitudeGii\;), see Fig. 1. Although the two diagrams are
individually orderNc, the sum of the two diagrams is at most order unity byNheounting rules,
so the baryon-antibaryon-pion matrix elements must gatisf

Ne [xia,xib} <0(1). (4.2)

This constraint implies that there is an exact cancellalietween theO(N;) contributions of the
two diagrams in Fig. 1. This cancellation determines alhaefBB' T matrix elements in terms of a
single coupling in the larg®k limit. Defining X(‘,a =Ilim Nﬁwxia, Eqg. (4.2) becomes

X x| =0 (4.3)
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The X(‘,a operators of the larghk limit extend the spin and flavor algebras for baryons to a con-
tracted spin-flavor algebra whéMy — oo [10, 12]. The usual spin and flavor algebras for baryons
are given by the commutators

[JI7JJ:| — igijk‘]k7 [|a7|b} — igabC|C7 [Ji7|a] :o7 (44)

for Ne = 2 flavors. The additional operato)éé,a whenN; — c commute with one another and
transform as vectors under spin and flavor

I =g, [1m x| = ieexg (4.5)
The above set of commutators defines the exact contractedlapor algebra for largé&¥ baryons.

This contracted spin-flavor algebra is related to the uSui#) spin-flavor algebra of the quark
model

[9,91) =ighka, 1m0 =ie®ae, 312 <o,

[Ji Gja] —jelikka [|a Gib} _ jgabegic

[Gia Gjb} _ i_5abgiijk+ i_5ijgabc|c (4.6)

) 4 4 )
by performing the rescaling lifg_.. GN—T — X2 of the spin-flavor generatof3?.
The spin-flavor generators of the lariye-baryon spin-flavor symmetry can be used to con-

struct complete and independent operator bases for tNe dxpansion of static baryon matrix
elements. The operators can be constructed using é(g'ﬁerr G /N for the spin-flavor genera-

tors since these two choices differ at subleading ordey M 1The form of the operator expansion
is given by [13, 14, 15, 16]

ﬁmfbody_ N i 1\" 0, 4.7
oco  — Ne Cn Oh, 4.7)
n= Ne

where the operatorg}, include all independent-body operators in the same sginflavor rep-
resentation as the QCD operator. Since the operators ofkfansion are constructed out of the
spin-flavor generators, the matrix elements of éheare known. In addition, the order iry i of
each operator is known. The coefficietsare unknown, but ar®(1) at leading order in ANc.
These uncalculable coefficients of th&\L expansion contain dynamical information of QCD be-
yond the constraints of largé: spin-flavor symmetry and the spin-flavor structure of itsakineg
in the 1/N; expansion. Note that for baryons at large fitg the 1/N. operator expansion only
extends td\;-body operators in the baryon spin-flavor generators.

Two simple examples fd¥r = 2 flavors suffice to illustrate the usefulness of thidldoperator
expansion. FoN. = 3, the ground state baryons consist of two baryons, the on®eand theA.
The operator expansion for the baryon mass is

2

J

NG (4.8)

which contains two operators with different orders N4 [11]. These two operators parametrize
the two baryon masses. Th&— N) mass splitting is produced by tlé operator and is estimated
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Method Theory Experiment

OnNa Skyrme Model 12 203
OnNN Skyrme Model 5 ¢] 135
gma/9mn  LargeN: QCD 15 148

Table 2: Values for the pion couplings from Adkins, Nappi and Wittd7]. The values o§;na andgmnn

in the Skyrme model are model-dependent predictions. Ti®gdaua/dmn Obtained in the Skyrme model
is model-independent and is the same as in |Mg&CD. The largeN; QCD prediction for the ratio is
corrected at order/N? [10].

to be a factor of IN? times the difference of théJ?) matrix elements of th& and theN, or
(15/4 — 3/4), times the ordeN:/A mass of approximately 1 GeV. This estimate yiglds- N) ~
300 MeV, which implies that the coefficient, is order unity as expected. A second application is
to the isovector axial vector currents. ThéNL expansion is given by

. . 1 . 1 .
AR = aG? + bN—CJ'Ia+ CN_g {37,621 (4.9)

The three operators in thelll; expansion parametrize the three baryon-pion coupliRgs, 9ma
andgma for the ground state baryons. Since the matrix elements'dare order\;, whereas
the matrix elements od' and1? are order unity, the /N, expansion can be truncated after the
first operatorG'2 up to corrections of relative order/N2. This truncation implies that the ratios
Oma/9mn @and gman /gman @re given bySU(4) spin-flavor symmetry up to corrections of order
1/N2, or approximately 10% for QCD [10].

It is worth emphasizing that the/l; expansion yields model-independent predictions which
follow only from the spin-flavor structure of the/lll. expansion. These predictions are the same in
the largeN. Skyrme Model and largdk. quark model which both implement the laryg-baryon
spin-flavor symmetry [18]. The models, however, often madkditional model-dependent predic-
tions, which are not well-satisfied experimentally, as shawTable 2. Only the ratio of couplings
gma/9mun IS predicted by the AN expansion. This model-independent prediction agrees with
experiment at the 10% level, as expected. The Skyrme Modkésnine additional prediction of
the absolute normalization of the baryon-pion couplings,this model-dependent prediction is
not in good agreement with data.

The 1/N; expansion for baryons can be extende&th3) flavor symmetry. Th&U(3) flavor
symmetry analysis is considerably more complicated thamsibspinNg = 2 flavor analysis, since
SU(3) flavor symmetry breaking is comparable tgNL = 1/3 and cannot be neglected. It is
useful to define a®U(3)-flavor symmetry breaking parameter- ms/Ay. In the case of baryons
containing a single heavy quatk= corbin HQET, there is a third expansion parameter describing
heavy quark spin-flavor symmetry breaking\qcp/mo.

The masses of the ground state baryonsNpre= 3 flavors provides the most impressive ex-
ample of /N; suppression factors. Thg¢N. expansion of the baryon mass operator is a combined
expansion in IN; andSU(3) flavor-symmetry breaking. The leadingSU(3)-singlet mass oper-
ator is the 0-body quark operatbk1; the most suppressed flavwd-operator is third ordeg? in
SU(3) flavor-symmetry breaking and suppressed B3 relative to the leading singlet operator.
The flavor-singlet, flavor-octet, flav@¥ and flavor64 mass splittings with definite orders in the
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Mass Splitting ¥N; Flavor Expt.
S(AN+3E+NA+22) - H(AA+35+2=+Q) N 1 *
TON43Z+A+22) - &(4A+35*+2=*+Q) 1/No 1  1821+0.03%

S(BN—3=+A—4=)— (2A—="-Q) 1 £ 2021+0.02%
F(N-3Z+A+3) 1/Ne ¢ 5.94+ 0.01%
2(-2N—95+3A+82) + (2A— =" - Q) /N2 € 1.11+0.02%

(3]

(2N—Z—3A+25)—7(4A—55*—2=*+3Q) 1/N; 2 0.37+0.01%
(N—Z—3A+23)—3(4A—55"—2=*+3Q) 1/N2 €  0.17+0.02%
3(A-35"+32"-Q) 1/N2 & 0.09+0.03%

5
il
1
2

Table 3: SU(3) flavor analysis of ground state baryon masses in fidy &xpansion.
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Figure 2: Experimental accuracies of the mass splittings of the gitetate baryons, given in the same order
as Table 3. The accuracies of the mass combinations arefidgre/Ne, /N2, £/NS, €2 /N2, €2 /NS and

3 /N3
3 /NZ.

1/N. expansion are listed in Table 3 [19], together with theireorih flavor-symmetry breaking
and ¥N;. These same mass combinations are plotted in Fig. 2. TNe duppressions of the
various mass combinations are clearly evident in the exparial data. Moreover, the additional
1/N; suppression factors explain why varioB8(3) baryon mass relations work as well as they
do. Flavor27 mass relations such as the Gell-Mann—-Okubo formula andeabepdet equal spac-
ing rule have an extra/N2 suppression factor, and the fla@4-Okubo mass combination has an
additional /N3 suppression factor. Flavor-octet mass combinations getigrhave an additional
1/N. suppression factor. The/lll. expansion analysis shows that the three flavor-octet mass co
binations split into specific mass combinations supprebyetyN;, 1/N2 and I/NZ, respectively.
The two flavor27 mass combinations split into specific mass combinationpresged by AN?
and /N3, respectively.

Baryons containing a single heavy qu&k= c,b have a light-quark spin-flavor symmetry in
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Theory (/N Expansion) Experiment (Year)
=, =25808+2.1 MeV 25765+ 2.3 MeV (1999)
Q¢ =27605+4.9 MeV 27683+ 3.0 MeV (2006)
=p =58057+8.1 MeV 5774+ 11+ 15 MeV (2007)
57929+ 25+ 1.7 MeV (2007)
>p =58242+9.0 MeV 58115+ 1.7 MeV (2007)
= 58400+ 8.8 MeV 58327+ 1.8 MeV (2007)

Table 4: Theory predictions of Refs. [20, 21] in 1996-7 and subseti@gperimental discoveries.

Operator Mass Splitting ExpQ=c Expt.Q=Db
(Mo + NoA)1 Ag 228646+0.14 56202+ 16
32/N }(S+25) ~Nq 2100405  2054+21
3+ Jo/Nemo 55— 2g 644+08 212425
(Mo + NoA)1 =0 24695+ 0.3 57929+3.0
/N }(24+2%) -2 1537409
3 Jo/NeMo =524 69.5+2.3
(Mo +NA)L+IZ/N, 1 <QQ + ZQ*Q) 27447+2.2
Jr- JQ/NCFTQ QE — QQ 708+1.5

Table 5: Qqgbaryon masses for baryons with a fixed strangeBes$, —1 and—2. Themg-independence
of theJ€2 hyperfine mass splittings and th¢rio dependence of thé - Jo hyperfine mass splittings are seen
for the strangeness= 0 baryons.

the largeN limit and a heavy-quark spin-flavor symmetry in the heavyriuag — o limit and
in the largeN, limit. Heavy-quark spin-flavor symmetry works better @gqbaryons than foQq
mesons because it also results from the laigémit for baryons.

Many of the masses of baryons containing a single heavy (Qaslere predicted based on
light quark and heavy quark spin-flavor symmetry in thi&ldexpansion prior to their experimen-
tal discovery. Table 4 gives the mass predictions of Ref3, 4] and the experimental masses
discovered afterwards. The most recently discovered imobiaryon masses were measured one
decade after the theory predictions. ThéNd expansion analysis predicted the central values of
the masses, as well as the uncertainty of these predictigitsy mass combinations highly sup-
pressed in the /N; expansion and experimentally observed masses as inpust.1/i expansion
analysis gave more precise predictions than any otherdtieakr method. In all cases, the predic-
tions of the ¥N; expansion analysis were successful at the level of stated lesrs. TheNg = 2
flavor analysis of the heavy baryon mass splittings witmgtemes$S= 0, —1, and—2 are given in
Table 5; interesting mass combinations involving bQilig andgggbaryons are listed in Table 6;
and theNr = 3 flavor analysis is given in Table 7. Tidymg operator of Table 6 gives a defi-
nition of the heavy quark maseg. The experimental accuracies in Table 7 were computed with
themg mass contribution subtracted off in order to produce a dsweress quantity which can be
compared directly to the product of i, &£, and/A/mq suppressions. Tables 5-7 are taken from
Ref. [22]. Once again, there is clear evidence fdddsuppression factors in the experimental data.
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Operator Mass Splitting ExpQ=c Expt.Q=Db

Nomo Ng—3 (BN -1) 14209+0.2 47546+ 1.6
NoJ2/N2mg 14 (Zo+25) ~Ao| ~3(a-N) 144408 98422

Nomo Zo-3[3(BE+N) -5 13484+0.3 46718+3.0

NoJ?/NZmg [% (EQ + 255) - EQ] —2[z-1(32+N)] 132+09

Table 6: Mass splittings oRQqgqandgqqbaryons. ThéNomg operator mass splittings, whelg, is heavy
qguark number, give a determination of the heavy quark r’rm;ssTheJ[2 hyperfine mass splittings @qq
andqqgbaryons are simply related up to a correction which is suggee by IN2 andA/mg.

Mass Splitting ¥mg 1/Nc  Flavor Expt.Q=c Expt.Q=b

J? 1 N2 1 1455+ 0.04%

T8 1 1N ¢ 17.2240.03% 16224+ 0.32%
JG® 1 1/N2 ¢ 3.18+0.05%
{1878} 1 1/N2 &  020+011%
Ji-Jo 1/mg 1/N2 1 5.36+0.07%
(J-3)T®  1/mg 1/Nd &  —-0.07+£0.05%

Table 7: Mass hierarchy of baryons with a single heavy quark c or b in a triple expansion in AN,
SU(3) breakinge, and heavy-quark symmetry breakingmg.

The flavor-octet axial vector current couplings of the grebstate baryons is another interest-
ing application of the IN; expansion. The octet axial currents for the ground statgobarhave
the 1/N. expansion

. . 1 . 1 .
A? = alG'a—l—szcJ'Ta—i— b3N_CZ {J',{JJ,GJa}}
1 . 1. .
Ha ({JZ,G'a}—E{J',{JJ,GJ""}}> . (4.10)

in the SU(3) flavor symmetry limit. The four coefficients;, by, bz andds parametrize the four
pion couplingsD, F, C andH of the heavy baryon chiral Lagrangian [24]. Th&\i expansion in
Eq. (4.10) can be truncated to the first two operators up tections of order INZ, yielding the
coupling relation<C = —2D andH = 3D — 9F at this order. Both of these predictions work very
well.

The pattern oBU(3) flavor symmetry breaking in the flavor-octet axial vector glings also
can be analyzed in the/l; expansion. A new feature of the/ld; analysis is that the axial cou-
plings obtained from hyperon beta decays are studied tegefith the strong decay pion couplings
of a decuplet baryon to an octet baryon, since both the ootetlacuplet baryons are ground state
baryons in the same representation of lagespin-flavor symmetry. Fig. 3 plots the pattern of
SU(3) breaking of the baryon flavor-octet axial vector couplinglere is a clear pattern &U(3)
breaking predicted by the/lN; expansion of an equal spacing rule linear in strangeneds.pal
tern is seen in the decuplet octet pion couplings for baryons with differing strangendhe first
four points in Fig. 3. The situation for the hyperon beta gegsal couplings is the well-known

10
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Figure 3: SU(3) breaking of the axial vector couplings for the ground stateybns. TheSU(3) symmetric

fit to the couplings has been subtracted off. The order of thuplings isA — N, Z* - A, 2* -3 =* —
=n-p I->NAN->p Z—n =—A =— 2 The open points with error bars are the experimental
data, and the filled points are a fit to théNt symmetry-breaking pattern. Figure taken from Ref. [23].

Figure 4: Baryon diagram which violatds (3)q x U (3)g flavor symmetry at relative order/INe.

problem that the data is consistent with 80(3) breaking. Thus, a good fit to the data can be
obtained, but there is no real explanation for why $#3) breaking should be so small.

The U (3)q x U (3)g flavor symmetry of largéN. QCD also has important implications for
baryons. At leading order in/N, the diagrams involving a large: baryon contairN\; valence
guarks with planar gluon exchange and no sea quarks andiarkey Diagrams such as Fig. 4 with
an extra quark loop are suppressed Bidrelative to the leading diagrams witly valence quark
lines. This planar QCD flavor symmetry implies that baryowdtaoctet and singlet amplitudes
form flavor nonets at leading order infld; [25]. For example, the baryon flavor octet axial vector
currentsA? and the flavor singlet axial vector curreat form a nonet at leading order, which
implies thatA' = A® +- O(1/N,). The flavor singlet axial current has théNe expansion

. . 1 .
A =c.J +Ca5 {323 (4.11)
C

11
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which parametrizes the tw' couplingsSs andSr of the baryon octet and decuplet, respectively.
Truncating the IN; expansion of the singlet axial current to the first operatgslies the coupling
relation St = 3Ss up to a correction of relative order/l2. The planar QCD flavor symmetry
constraintA’ = A'® + O(1/N;) implies the further coupling relatiofis = 3(3F — D) up to a cor-
rection of order IN.. Similar remarks hold for the terms of the baryon chiral lzaggian which
are linear in the quark mass matri#. The three flavor-octet couplindgs, b= andc satisfy the
relation (bp 4+ bg) = —c/3 to order JZNCZ, whereas the two flavor-singlet couplings and oy sat-
isfy or = o to order ¥/N2. Nonet symmetry relates the flavor-singlet and flavor-octeiplings

at leading order in AN, implying thatog = br + O(1/N¢).

5. Conclusions

The 1/N; expansion is useful and predictive for QCD hadrons and dyecgarit is a systematic
expansion which yields model-independent results. Hmeeson couplings of largi: mesons
decrease afl//N;)"2. LargeN, baryons do not decouple from larég-mesons in thé, — c
limit, since the meson-baryon-antibaryon coupling grows/&.. In the largeN, limit, all of the
O(v/N¢) couplings of largeN; baryons to largeNc mesons are determined up to normalization by
the requirement that exact cancellations occur betwee®¢thk) contributions to baryon-meson
scattering amplitudes. This cancellation relates all efgtound state baryon pion couplings to one
another up to an overall normalization constant. These lowupelations determine the baryon
axial vector flavor-octet matrix elemen¥? in the largeN, limit. This additionalX}® operator
extends the baryon spin and flavor algebras to a contrachedlapor algebra in the largbk limit.

The consequences of contracted spin-flavor symmetry fdic dfaryon quantities and the spin
x flavor structure of IN.-suppressed breakings of spin-flavor symmetry have beemnndieted.
There is ample evidence for the¢N; hierarchy and spin-flavor pattern in the baryon sector. The
pattern of spin-flavor symmetry breaking is particularlyrizate sinceSU(3) flavor breaking is
comparable to AN. = 1/3 for QCD. The ¥N. expansion has yielded numerous insights for the
interactions and properties of hadrons and holds much gefor the future.
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