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Qutline

1) Why would anyone consider Ne#3

2) Does it give usul ]ﬂ'awonardoqq?

3) What does it Soy obost N¥s?




The Rise of QCD

194%: Discovery of Strangeness (K, /)
{952 Discovery of A resonance

1961: Discorny of new mesons (P, w, M, RY)
Eigrtfold Way
19¢4: Quack Madel
Greenberg conjecture (3 colors)
Roblem: AW (J;= +3) D () () s o fermion with a warehuctio
Solution! Fech fylork possesmes color Quuuntura i, and $e unwburdicn

IS onfisymro@irle U excrange induding cdor
1965-19%8: Diswovery of many N¥*s

1o8- 1972 3 Deep Tnehstic Scoltering on Nudleens /Scaling
1969: Porton medel

1973: QCD develaed oS o renormalitable gouge Fidld theoryy with
3 cor changes, incorparafing guarks as its fundarmentol matier ik
and xhikiting OSymptic §reedan o @Pdin Scaling and the
parton model

o RUT—Itis instartly (eagnited thot A 1S not perturiedive
in ItS Coupling at low Vergies ¢ olg = O(1)
Clossical probereg of hadtren BwSice — macses, Spehial wovetunchicns,
electfomagnetic Uplings —~ Rmoin relativdy Untouched! by ab intio
QD Shudiec ; with, the Acepten of lathice Sirulationg



1974 Gerord 't Hooft pévis outthat allawing the numken N of
colors in QWD to be. treated as o lomge parameter wreateg
a perurbokive pursion, Of QM at all erergy Scales
[T\‘ﬂ- e Mm]

. To ths day, no aftermale way s known da~ trecding the
Srdomentd QD Hiol Hreony ferturbceively of ollscakes




e s

Why congderthe lorge Ne. fimit of QCD?

1) A pe.cbucbotive BCD expongion
Compore QEL = Why does it ork Sowell?

~Because it hot 0 pechurbolive expantion pacometer,  Yen ™ %
But Olgtrong™O0) st hodronic, energy Scales = rok pecturbestive !
Doss Q0D possess ooy perturbotive parameer, even i qecerlize’
Orly one IS 0w i (% Hooty [1974])

2) Simgiication of ghysios in the largeNe i

Coripin Clagges oF FRyaman dagroms doviinale, o ofrers it Physical
MP\‘.&M
2> |oaug o rmany InfReeshing Splificodions

et A cro- singiek $p Pov- alwnus appears
Sigla meson

ok \eading orde- in ¢ os a1

3) Exglonotion of phescmena, hand o umpessible, 1 @glain in Field, theory
©q. OLL sgpresson (Be Sugpression of §F Foie annikilation);
Dominance, of diagrams with @Sonantes ofer diograms With multporticly Shate




4) Tt seees to work , ven foc Ne=3

Bk isnt 4/Nc=1/3 too lome on expanSion Pammgte;?

Aswer A Witten's “Wisecrock” (S- Colemon)
I 1’“(.-"-" I{3 i two ‘Qﬂﬂ'@ O Q)(_P_‘,Jﬁﬂn Pc“u"\gw_.

conSicle,r~ N
= & ~ 2
4 13F

= e~ 03

Wiy cont we. Sy 4. Same. $hing obout QED?

Turning the, Grgusent around, Suppose, SParSIOn oramete.-
in prockice. fums cut to b, 4/NZ y Say

Ansure B Frogmalism
Tre ulsmege, juS‘flgimt'm OFf Ony approcon 1S Whethe

tt suressfully explang Prysical oservationS and Can '

tested n hew SHualong




How Con increasing the, numble of degrees of freeclom (N,
Singhty the strong interaction prodemS

On one hand, detailed. iferoctions OF Gny particular guack. Or Quon
wach wore, complicsiea i Wo Sdve theory exediy

Andogy 4t Pasticle moving In Coroplicated pobenfial
Analoq y 2 Many~kody problem in rmechanic.s

However, if increasing the number Of deqrees of freedan permits
ane, 1o consicter only colleckve, couplings I O Sygtematic way,
Hen the fom of dynamics Umplifies
Analogy 1 Decomposition OF pokentio) into Senpe, dominash Pece
and, Sulleading perbwrecdions

Andlogy 2 Stasistical mecranics



Nature, of (valence) hadrong n lorge Ne QCD

ASSUMPTION: For arkitrasy Ne, assune confirement Still ocaurs
Oﬁﬂﬁnﬂ&&i the, lm‘g% Nl;, uf{‘.mi?_; lS' rﬂﬂ‘“ﬁa hk@ ours
Mesons w arbitrary No

&'WJ Llajor WaRtusdion of megon IS Q,%

Then nomrolined WoNeSustiion ncuding cdor Indices O, B8 ig
Lgpe S ynomup
The. wpﬁ.ﬂl' poirt:
Ever, uidh Ne, cdor€, MESHNS
R ot
Boryons in ackitrary Ne
Budlt in amloq-.i to N33
i) Ne %lwr\ts still in Wﬂltj ol ool G %:’l\‘“?hur woyef unction
(ols> SyrwneTIc. in Spoial WA indlices fo- qrounds STt bpn&mg“)
2) Color WanefunChion Comgeiviy anbiSymmeiniG ho Safisy Paul principle,
o= fermions
SW‘E- ‘HW Mmm 04 &ﬂ‘o\ -'IE %1$llli%“t'
Tren normalizea Novefungtion, indud,'m& wo~ indives d"dhmldﬂg is

i 1 2 Ne
I L0 L el Wiy
3) Foc bargong ® te formions, Since Guarks hove Sin o, No st be, odal

il o, ﬁ)'m";utm pnkesg of Su Sem, un,

g% tug



How do we, know Ne=37?

{) The Greenberq enjecture and Spin- stotigtics of karyons

2) Results frow the, osympiotic freedom requme !
e R2 O lee > hadns (F)) /T (€'e7 Sputi)
esseriolly CountS number of porticl deqeees of Jreedom
I coom IS igrored, 3¢ a. result o fuctor 30 scalier Hhon expeiwent

e The rumning of otg Btween 18 Gev (o) onat 1 GO (Mg)
o Mony, mony th*mfdwh A processe

3) TO>%T: t ol Eocn color of quack tan
3 P Amglitude o< Ne.

Width calouofion @arees bam:l:ifu“\! with xperirent Onlu W Nf;

4) Chiral anomaly cancellation 0F Stordard. Model
> Aromalies” are o Kind, OF infRracton (loosly speaking) appRacing In fhe,
quorhum buk ot clagsical e
¢ In o.couge theory, ey st all conce) out, o the. theory connot ke renocmalited |

e Tre amomalies in e, Standord Model (BCD + QEp + Weak fernctions )
dlegend on Formion drarges, asd corce) Only i€ Ne=2




Does phusics ‘allow’ N¢# 37

* (Greenberg conpctuce = Satistiect by Ne Wln bm:pn

* Ratio R, hiﬁh “woenlatum QUD processes , > Vi
change, cumecically but not qualitotively

* (Chral Mﬂl% ConcRllation

il woks # Q= Nt Q,=Q = - N
2Ne 2,

An MI*"'t‘ﬂ*‘-Pﬂt:!ﬂﬂr-l henus!
With thege dwau, hadrens Taen oud 10 have Md@-%e.? af in N¢>8

Q’: “"ij Qh= D,} efe.



The essentia| predictive power of
e, longe, Ne, limit just comes from

trop doors  ondl  Mircorg
(topology) LQroup Hecry)



Double-line nototion

The SU(N¢) 9auge qroup OF large N QD olws the flow of colo
to be depicted Grughically:

SIS

O O

Key poit A colon logp allows for all N, colors

t Hoof¥'s accomplishment ! In order that Green funckions hove,
Smocth, finite limits o8 N0, must take 95 1

1 color toopt Ne 2 cdlor boops, 2 puork-gluon verkices
2 N ( Y = wd



Thg%q;uol proof that Qg ©¢ '-l/ﬁ is most ensily done, by
burming double~line, dlogrars into Solidl figues , and then Using
topology (Eule~ character theorem)

“T have, o truly remackoble proof which the margin is oo Small to Contaiy”
Fun with one particulas result:
Compoare. internal quack loops T interna) gluon (00pS

«
— &L\w,r}

= N o NE

Quork leops are, Glways sukieading by o focdor N,

THERE FORE *
Hapﬁnthucﬂaﬁmtofﬁeunm ii&mw in '*'/M,;,

THERE FORE -
Hoving §f mesong decay into ™ore, 43 mesons is Supprested. n iy,




THEREFORE True for N3 7

* Mesors s lrge. Ne don't ke to decay V4
« They i Stakie, lorg~ liveat reSonances v/
. wh%nmsoxdnudemﬂ,itmdmes as
L1 “doughte” mesons oS possible , even when v/
phose. space, foors more, (rRSonance. dlomihated )
'w&mmmi,w;m&,m /
propaaod from the, initial fo Firal Shote,, rother
thon onnihilete (OZT cule)

Other nsults con be, proved almost as easily !

* Mesong have mosses of O(NG) (Bey propageie freely) ana
desauy consterkt of O (VL)

o Inferacions batwesn rsons Qe Suppressed, by poveers of 1/,
* Rybrid, (norvalenCR Gliarek) mekons @ASE In large, Ne

What lorge, N, really does:

The, infinite number of QD Feynmon, diograme is  dividey
\nt> closges hased on the N focton in each

Less wppression n /e, powers &> Greater physical Significonce




A simple. picture for the. large, Ne baryon

Recall from pr'e.viouﬂq : Bmdcns in lﬂrga. Ne have Gt numbers
of N, quorks

How mMM‘SﬁﬂMMSiGSGFaWWH\NL—)mW?

Witten (10191 A mean- field Hartree - Fock ficbure

To lowwst ordee in N, , 2ach quack moves in the stutie £iold
solsed by the, otrer (N-1) Quarks acting together

> MWMNMLW mechanical) wove, equedion
[Hmmwwmwbwm &bmﬁon]

=—9 &&Whﬁwww%ﬂmwm Warfunction ¢(ﬂ,
ahck is o« N

For the last stotement 1o be seasible , the poteatial due to (Ne-1) Puarks
oust be, o NG ) or equivelently baryon dlagrams must neser give
interodion erarqies mare Shan © Ng

Ts #is true? How does lacge, N, couting work. for baryons?




Foc more, d2imils, o,
AT . Buthentnn + REL (2000)

A “fuok” is rally an inlerpdting Fied, With e Same, Guontur,

hmhlﬁ' oS +the, Cravert ‘-)_.ru;.rL

5 ore. 0SSunes thot phygioal baryons are memiers OF Some
Semengiry alipek Witk given Giastum NS, then there i€ an
urasqueu Weiy 10 Chop i up o pieces rarsfomming urder e
Sundamertal tepresriation of  SULN)

2., Tt hac Some, Gt tumbers 0S G O Guornk, and v Gerer.,

3
corsigrs OF many Fock. component(s

ol R TAR L RS



Ground'stn.\:e, boigcmg in Iou-ge. Ne

Ne Quorks canpletely
Symenetnized in Spin X Houg.

e —

Orbitally-excited. boryons in large N

Relative, rguiar m ot

S

“Excitea Cg.;.c.rk”

N %un-k‘i CG*P‘Q*EJLJ
Sﬂm{'ﬂw n SPin&-Flm
i core, “']




The, 1/N. Expansion and SU(6)

With 3 guark Pavors, alloperators inthe. 1/N¢ expension
et breok, SU(O) SinFlovor Symmeéiry Ore Suppressed by
powers of 1/Ne
Thus, 19€0's -yintage, SV(©) arises os o Gigorous conseguerce
Of large Ne, perturbodively broken by powers of 1

[Doshen ard Monchor-, PLB 35,425 (1993)]

= The, ground ~gtate multiglet is the. 56 | containing N, A, Z, 2, ...

The first excited multiget is the 70, Cm‘hir\ing the. Negative
parity N¥'s 1 N(1S3S), A(tdos), ...



Locge~ Ne flavoe reps for =3

& “Prysical Borgms

. & % & % & £ 4
=1
J 2
— L1 . 8
1 17 = P'ijlCnl bﬁﬂjbﬁf
2 27
/
3, 2 1




Opesator 000.\553; Jor- baryons

* Tt is possible to write down an “effective” Homiltonlan Jor any
wultitlet of lorge Ne, buryonS in which each operadior, cJassified oy
Sin and Flavor propecties | hos o urll-defined Y, Power Suppression

Corore,, Grorg, OS0Fsky 3 Dashen, Jenking, Mangrar 3 [uby §
Luky and March-Russel] [1994]
o Ttig possible to make Hhig expanSion UG , reeoving all redundant

operolrs. Systemaltically
Dagren, Reaking, Manchoe [1995] 5
Carlson, Corend, &)’t’ﬂﬁ, RFL 11999']

. Goer, by IS are finite, S IS e Sek of digtied Spin~Flower Oferators

WHN nonVaniShing rofrix elernts
Jerkins, RFL [1995]

PN
e The uhq\.;ﬁg'g IS eSentially o wnplw wecSion of e Wign&-‘Edcarl- Beorem
O opervkors ity coloulaile madrix Sleents (“CAebsth- Gordon cofs)
Ci b “reduced moatrix eoerdt” inchud® all duynamics , Some, known,
(6.q., Syrweiry fsealing due 1D strongeness tpically £ 2% ),
Soma usknawn © What reging s due, to ueccoleulated Strong
dupoemic8, Ond Should &2 of arder unity (Naturalness)




e

Emn?h of a mass relation

Consider cperalor 6= i AN

= has relahve Sie 1(“3 compased 1o Commron Lnﬂjm mass of 9(“:.')
~ because of o axplict D=8 indices, breaks SUB) at secod order
D Gives wefficien e 025" ~ 00l in madriy, Slemers due o SUR) weay

= Should gwe O(e fNr.) reSult
OF ol operslors in Hig basis, only O cotibubes & mass combinadion
as(an-z-3A*22) - 4 (4A-85%-2E4430)

Compare. 1 common mast of baryons by dividing by % of Same expression,
Wiy all Sgns eharged tot Leemove absolude, nomalizd on) *

L[35(aNr 243N 42T) 4 (484554 4254430)]

ohtain, expRrmental RSt _0,3?: 0.01%,

EM“\& ) allow Seoeieal predliction B have uncertointy Fron unkhoun R \ciod
between +and 2

= 034 to 1,399,




Combined N. ond flaver wpansions VS. xpeciment

T

L —— ]

=3
E=0.15

1. ¢
- l’"L. glag= i/35 "
—— 'ﬁh‘ urek, (.A.n‘tl‘:,& al, * {”1.

e
e Ing — == Exgh, unch. ie

e+ Ef"t

- [
E".--% b i — = = - - ——
NS
i i
0 1 2 3 4 5

-(Log_10) of relative accuracy




Sare nputs @5 tefere,
L]
L
-
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—Ay—
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~(Log_10) of relative accuracy




The N, expansion, induding SUG) oral isaSpin breaking
IS necessary Onch ufficien to understong e ground -state

bosyon NasS hierandy
Additiona) ok, on Groundl~Stede, baryene includes worke on'’
e Awol couplings
Moqd‘c



Masses of N in 1/Nc

e Building on #& round-stote, results, o, expeds every eoefficent in the,
N* Momittonian to ke OF “naturdl’ size

BUT N FACT, most tum ot o ke smaller thap @¥pecied, o feud ore
of @xpecied Size, 0Nk Pore, ore, > eupected

B> 1N S werking, but theee is oddibiong] diqromicg ak work

Cordsen, Corore, G0ty Leked *
PLB 439, 337 (1998)

PRD 59, |14008 (1999)
Goity, Sched, Scoccala s

PRL. 88, 100002 (2002)
hep-ph/0203174

Sagle, of results:

1) Tt is perfeckly natural that A(140s) is the lighest N, degpite having 4
Strasge. Quore — The hyperfine, qRrofer does nat Contritufe & it masg
but pushes up the Mast of nonSinglar buryens by 2-300 MeV

2) The N(I535)~N¥{1bS0) anct N*(1520)=N*(1300) mixing angles can ke,
obteined Fram pion produdion decays, Photoprodustion, O MOSTES, Ond
all fver ogree numerically

3) Operakrs with Flaer dagerderte (iSospin echanoe) A Vit 1o ol
9"“'-'- mh‘g& a'g'sb M “",‘E&'

4) The, Spe-orbit cugling i relatively srall, but everthelecs @xlaing
A(1520)~ /Aoy Slitting



TABLE [: List of operators and the coefficients resulting from the best fit to the known T0-plet

masses and mixings [11].

Operator Fitted coef. [MeV)]
O1=N.1 o= 40+% 2
Or=1 & = B2+ 15
O3 = g 1Y gia G54 eg= 16+ 44
Oy = iy b ta GF, cq= 110% 16
Os = - L S s= Tdx 30
Og = # SF 5% co= 480 % 15
Or = 3 & 8§ cr= 160 % 80
Oy = & 1f's, 87 = 3% 85
O = gy ki 940{5]. G} o= Tl 5l
Gm-ﬁgh{sﬂaﬁ} eln= -84+ 28
Ou = g7 b 955, G5 ) el = -44 £ 43
=
By = ta — 57470 di= -81+ 36
By = T§ - 10 dg= -194 £ 17
By = 4 daas 010 G% + sty O+

+5va ;% + 7O dy= -15+ 30
By= 3k gis ~ $0 dy= 214 19
e

Xt/ dof. = 129

\

Expecled Size !
[~ 150-200 MY




NG Fit bo N¥* boryon mosses




Excted bargon production ond. decays

exparsian [ Colson ¢ Corone, PRD S8, 053005 (1998) |
There. axe. i‘%-lﬂ"l. MZ—W«WS&MMQM{“NL

€9. ng (Z Q-ls‘) Sev.r.: Eetc. Ezt)

olfelc,
(exc= excited %.m-k)
As tefoe,all of the coefficients turm out o be. b most Of expecket 22

BUT o defailed fit Shous thet the S-guork. Cfsatars’ R wudh lese
relevant

= 1/ works, bt additional diynaics 1S eviden

o Using this emgrical ceRrveion, thab 1-3mcwmmum
OrR oy now redlick VoSt s (24) o N> AT amplitude
[ Corlgon+ Carone,, PLB 441, 363 (19%)]

arpiitudes and test the ore-guark ansh

* One. may al> shudy the, 56" §6+meson decuus using YN ond e
i- quork Onst? [%*&MJPLE&,MM)]
IS the Roper o 399 rodial excitation Oc Soreihing olw!
Meosuring the. decay modes and. USing e, 1N, expangion Mg Sort this oub



* What Next?

i) Tre I/Nc &parSion is monifest in baryong
Tt works teowtifully Jor qround~ stete haryens
HOWEVER, |

2) There is additioal dgnamics at work, as cleody inclicedeq in N
So 1N, will ke o Starting poit For fdue odels

o I heliow that Be. ey missing ingrediert & chiral Symmetny
Models that tesped. koth pias of physics Shauld, ke very Successhy

A complete aralygis of the, larqe amount of availoble, anal
Sorthcoming Aoty buildlig ugon $he Success of the

INe. exqorsion, Shauldt illuminate Sor us e precise, rodure
of te N resenances




