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We demonstrate that the two major complementary pictures of Mgd®ryon resonances—as single-quark
orbital excitations about a closed-shell cgéving SU(2Ng) X O(3) multipletd, and as resonances in meson-
baryon scattering amplitudes—are completely compatible in a specific sense: Both pictures give rise to a set of
multiplets of degenerate states, for which any complete spin-flavor multiplet within one picture fills the
quantum numbers of complete multiplets in the other picture. This result is demonstratedtbgightforward
computation of the lowest multiplets in both picturés) a study of the nature of quark excitations in a
hedgehog picture, an(i) direct group-theoretical comparison of the constraints in the two pictures.

DOI: 10.1103/PhysRevD.68.056003 PACS nuniderll.15.Pg, 12.39:x, 13.75.Gx, 14.20.Gk

[. INTRODUCTION mass degeneracies. The purpose of the present paper is to
show that the previous result is in fact general and applies to
The quark model has historically served as the paradignexcited states oiny angular momentum, parity, or symme-
for understanding the general patterns of excited baryonitry. For simplicity and clarity of presentation, we restrict our
states. In important ways, however, this picture is unsatisfacattention to the nonstrange sector.
tory. In particular, it is entirely unclear how to obtain the  The operator methof constructing the baryon Hamil-
guark model as a direct consequence of fundamental QCEbnian in the largeN, quark-shell picture(i.e., as a linear
interactions. At a more mundane level, while the quarkcombination of operators constructed from the spin and fla-
model describes only bound states of an unchanging numbeor degrees of freedom of the individual quark interpolating
of confined quarks, all of the excited baryons observed irfields [10]) was originally applied to the ground-state spin-
nature appear as resonances in scattering experiments, whitdvor multiplet containindN andA [the largeN. analogue to
are not comprehensible without an understanding of quarkhe SU6) symmetric56-plet] [11-14. References to a num-
production and annihilation dynamics. Thus, in order to com-ber of other applications to the ground-state band are listed
pare quark model predictions to experimental data one mush Ref. [15]. Subsequent work extended the method to ex-
make additionabd hocassumptions about the strength andcited baryons, in particular thé=1 multiplet[the largeN,
mechanism of such quark processes. analogue of the S(6) mixed-symmetry70-plet] [8,9,16—
Recently, we arguefll] that largeN. QCD provides in-  19], and even higher multiple{0,21].
sights into both of these issues. In particular, we showed that On the other hand, theonsistency condition method
the “contracted” spin-flavor symmetryj2—-5] known to  originating directly from the contracted spin-flavor symme-
emerge for ground-state baryons directly from lakgeQCD  try, tends to be less represented in the literature, even though
imposes important constraints on the resonance positiorthe method is obtained directly from considerations of
(masses and widthsof excited baryons. These constraints meson-baryon scattering processes and thus is closely inter-
imply that various resonances with distincandJ quantum  twined with the phenomenon of baryon resonances. The first
numbers become degenerate Nys becomes large. On the such work on excited baryorj§] studied resonances by de-
other hand, treatments using a lafdgquark picture exhibit riving quark-picture operators that satisfy the contracted
precisely the same degeneracy pattéing,7], and thus cap- spin-flavor symmetry, and then used the operators to obtain a

ture at least some nontrivial QCD dynamics. Hamiltonian, from which matrix elements describing the
Specifically, in Ref[1] we demonstrated these degenera-spectrum and decays of these states were obtained.
cies for the case of the mixed-symmetfy=1 negative- One may, however, question the validity of the operator

parity states in the simple quark-shell model, whérele-  picture in describing intrinsically unstable systems such as
notes the orbital angular momentum of a single quark excitetbaryon resonances within a Hamiltonian formalism, since the
with respect to a “core” ofN.—1 quarks symmetrized in states in the bra and ket of its matrix elements must be as-
spinx flavor. Explicit diagonalization of the largd. quark-  sumed to exist for a sufficiently long time in order to be
picture Hamiltonian for these stat¢8,9] manifests these described as eigenstates of a Hamiltor(i@ther than simply
as bumps in a scattering amplitydéor example, generic
large N. counting shows that meson-baryon scattering am-
*Electronic address: cohen@physics.umd.edu plitudes scale aBl?, suggesting that true baryon resonances
"Electronic address: Richard.Lebed@asu.edu have masses above those in the ground-state [vetmridh are
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O(Ni)] by an amount of (](qg), as well as widths that also €Xistence pf linear relations among tSmatrices of various

scale asN?. On the other hand, Ref6] suggests that the Channels in meson-nucleon scatteri@ more generally,

¢=1 excited baryons can have widths of Q). Whether ~ Scattering of mesons off ground-state band bary¢ag—

there exist baryon resonances exhibiting this propétyd ~ 26)- Here we need only study the scatteringmbr 7 me-

therefore rendering them stable in the lahelimit) remains ~ SONS off a ground-state band baryon; these cases are suffi-

an open question. cient to connect to all quantum numbers pf_mterest. Note Fhat
In this paper, however, we adopt the starting point that ali” the physical world the notion of descrlbl_ng the scattt_arlng

baryon resonances arise from generic poles in meson-bary@ unstable mesons such ag off baryons is problematic.

scattering amplitudes with energies above the ground state {OWeVer, it is sensible to talk about such scattering in large

O(N‘C)) and widths of O(\lg)- Work along these ling@2—26 N, since these mesons are stable in the I&tgevorld. The

long predates the operator method papers, and was original§/matrlces are related by

derived not from a quark picture, but from a chiral soliton

picture. In the largeéN, limit it was shown that the results of - B R'_R ;

this approach may be derived from a simple prescription SLL’RR’IJ_; (=1) V2R+1)(2R'+1)(2K+1)

[24]: In treating the scattering as tachannel process, the

isospin exchanged equals the angular momentum exchanged, K1 J K 13

the so-called = J, rule. In Ref.[1], this rule was shown to R L' 1llr L 1[%vr:

be equivalent to the scattering consistency conditions derived

from the contracted spin-flavor symmetry, which again is a

ggzgéquence of largd. without additional model assump- SE]RJ:; Sk S(LRJ)S. 2.1
One therefore expects that, if the operator method is

physically valid, it must generate a spectrum of states coMrpg notation is as follows: In the case of scattering, the
patible with the resonances obtame’d from the J; rule. It incoming baryon spirwhich equals its isospin for the non-
turns out that such resonance multiplets may be labeled bytrange members of the ground-state baadienoted aR
non-negative integer&, which correspond to the “grand 5| paryon spinisospin is denotecR’; the incident(final)
spin” of the Skyrme and other chiral soliton models. Thew is in a partial wave of orbital angular momentur{L’),

“compatibility” of this paper’s title refer_s to the fad] that dl andJ represent théconservejitotal isospin and angu-
the spectrum of resonant states obtained in the quark-shqﬂ; momentum, respectively, of the initial and final states.

model mixed-symmetry =1 multiplet consists of one mem- ST a1, 1S the (isospin- and angular-momentum-reduced

ber, for each allowed and J quantum number, from pre- 3 . . .
q b matrix for this channel reduced in the sense of the Wigner-

cisely three complete degenerate multipléabeledK=0, ) . .
1, and 2 in the scattering “resonance” picture. In other Eckart theorem, the factors in braces ajec6efficients, and

words, in that multiplet thecompley mass parameter for Sk are universal amplitudes that are independent &R,
each one of the 13 distinct states equals either o, my_1, andR’. In the case ofy scattering, the fact that the meson
or mg_,. This remarkable correspondence between two verji@sl =0 more tightly constrains many of the quantum num-
different physical pictures is the motivation for the presentders. The isospin= spin) R of the baryon is unchanged and
work. As suggested above, we show that eaunstrange ~ Moreover equals the total isosfimf the intermediate state.
quark-picture multiplet is filled by a collection of resonance- The orbital angular momenturh of the » remains un-
picture K multiplets, one mas&and width value from each changed in the process due to the J; rule, andJ denotes
resonance-picturd multiplet appearing for each allowed the total angular momentum of the state, which is con-
value ofl andJ in the quark-picture multiplet. strained by the triangle rulé(LRJ). S, is the reduced
This paper is arranged as follows: In Sec. Il, we discuss irscattering amplitude angl{ are universal amplitudes inde-
greater detail the resonance picture, the significanc& of pendent of). The linear relations among the scattering am-
spin, and linear relations betwe&matrix amplitudes. Sec- plitudes can be seen from the structure of Egsl). The key
tion 11l lays out all relevant baryon spin-flavor multiplets for point is simply that there are mo%rL’RR’IJ amplitudes than
arbitrary.NC, their decomposition into separate spin and fla-yere ares? ,, amplitudes. Thus at leading order inNL/,
vor multiplets, and relations between quantum numbers of i traints bet & litud
their nonstrange members. In Sec. IV we exhibit explicitly ere are inear constraints be Ween UE RRY19 amp! udes.
the compatibility of quark-shell and resonance picture states! Nére are also mor&y; amplitudes tharsy amplitudes,
Section V explains why this compatibility occurs, first using Yielding more nontrivial relations.
a general description in terms of Skyrme model hedgeho Equations(2.1) were first derived in the context of the

configurations, and second using explicit group-theoreticaPkyrme model[22—-26. In this picture, as in other chiral
counting. Discussion and conclusions appear in Sec. VI. Soliton models, the soliton at the classical or mean-field level

(which dominates abl.— ) breaks both the rotational and
isospin symmetries but is invariant undée=1+J. Accord-
ingly, the intrinsic dynamics of the soliton commutes with
We begin with a brief review of the origin of degeneraciesthe “grand spin” of | +J, and excitations can be labeled by
among baryonic resonances. The key to the analysis is tH€. This is theK of Egs.(2.1). Note that the physical states

Il. MESON-NUCLEON SCATTERING PICTURE
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are projected from the hedgehogs, so tKadf the physical 1YL
state isnot just | +J, but rather represents the grand spin of B FLT I I ‘|

the underlying intrinsic state.
The derivation of Eqs(2.1) from the Skyrme model has N.—2
the advantage of suggesting a clear physical picture in which . AN -
the K quantum number has a simple interpretation. Of J l . | I
course, it has the disadvantage of being based on a model
rather than directly on larghl. QCD. However, these rela- L
tions are, in fact, exact results in largg QCD and do not N.—3
depend on any additional model assumptions. A direct deri- —_ A -
vation based on largd. consistency ruleg5] and exploiting D . | l
the famoud = J; rule [24] is given in the Appendix of Ref.
[1]. -
Equations(2.1) can be obtained from a more general re- L
lation [24]—again equivalent to th& =J, rule—describing
meson-baryon scattering of nonstrange particles, FIG. 1. Young tableaux for the SU&) S, MS, and A spin-
flavor representations, respectively. B¢=3 these are the famil-
m+B—m’'+B’, (2.2 iar 56, 70, and20, respectively.
wherem (m’) is a meson of spirs (s') and isospini (i’),  Parts of the complex pole position. Note that with this defi-

B (B') is a baryon in the ground-state multiplet with spin nition degeneracies automatically follow. In order for one of
=isospinR (R’), and the total spin angular momentnot  the S{ g, amplitudes to diverge, one of thsg, ,, ampli-
including relative orbital angular momentyiraf the meson  tudes must diverge. However, since tgg ,, amplitudes

and baryon is denoted (S"). Adopting the remainder of the contribute to multiple channels, all of these channels must
symbols from Egs(2.1) and abbreviating the multiplicity have resonances at the same position, which means that the
2X+1 of an SU2) representation of quantum numbéby  masses and widths of certain resonances in different channels
[X], then Eq.(3) of Ref.[24] reads must be degenerate. As seen in Rif, the observed pattern

of degeneracies for the low-lying negative-pafdity 1 bary-

ons obtained for the resonances is identical to that obtained

— ’ I Irw 11\ 1/2
Stirssn= Z~ [KIRIIRYILSILSILKIEK D) in the largeN, quark-shell picture. Below we show that the

KKK’ S .
~ ~ coincidence between the pattern of degeneracies for baryon
L i K L" i" K’ resonances in large, QCD and states in the lardé;, quark-
«x{S R s S RS} koL shell picture holds far more generally.
J | K J | K

Ill. STATES IN THE QUARK-SHELL MODEL PICTURE

23 The analysis of spin-flavor multiplets in the quark-shell

In the cases considered here, the mesons are both spinléggture Is a straightforward, albeit tedious, extension of

o T . methods familiar fromN;=3. For N,=3 only three spin-
(S_ s'=0), which implies the /coIIaE)se othheLnymbols 0 flavor representations occufi) Completely symmetri¢S),
6j symbols, and forceS—R, S'—R’, andK.=.K.’=K. The  \which is a56 for Ne.=3 or a20 for Ne=2; (i) mixed-
first of Eqgs.(2.1) is then obtained by taking=i'=1 and symmetry(MS), which is a70 for Ng=3 or a20 for N

st =(—1)" " ek, while the second of Eq§2.) is  =2: and(iii) completely antisymmetri¢A), which is a20
obtained by taking=i'=0 [which further collapses thej6 for Nc.=3 or a4 for Nc=2. For N.>3 many other spin-
symbols, leaving onlyd, | g 6r0(LRJ)] and by taking flavor representations are possible, but these do not interest
SP= TKKKLL - us since they decouple in the physical lilNig=3. It should

The pattern of degeneracies of the masses and widths 6f noted that the A representation is only fully antisymmetric
resonances falls out immediately from the structure of Egsfor No=3, but we maintain the label A fal.>3. TheN,
(2.1), provided one defines the resonance position to be at3 generalizations of the S, MS, and A representations are
the pole. Since resonances are broad, there is some ambiguesented in Fig. 1. One may assufas done hepethat the
ity in defining precisely what one means by the mass of thedditional (N.—3) quarks in the lowest-energy multiplets
resonance. Moreover, since generically baryon resonances appear in a completely symmetric spin-flavor combination,
the largeN,, limit need not be narrow, these ambiguities canand examine whether this ansatz gives a phenomenologically
be large. Perhaps the cleanest theoretical way to define thiable 1N, expansion. Alternately, although baryon spin-
resonance position is via analytic continuation of the scatterflavor representations with more than one pair of antisymme-
ing amplitude in the complex energy plaeith three- trized indices exist foN.>3, such states do not exist in the
momentum fixed to zejand to define a resonance as occur-physicalN.= 3 universe and are thus ignored in the follow-
ring at the point at which the amplitude develops a pole. Thang analysis.
resonance mass and width are then the real and imaginary The first step in the analysis is to decompose SUKPR
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spinx flavor representations into separate (3Uspin and the representation: The number of boxes in rowf the
SU(Ng) flavor representations. This is a fairly straightfor- Young diagram exceeds the number in row1 by n,. In

ward but tedious exercise in pairing spin and flavor represerthis notation, the S multiplet igN.,0,0, ...,0, MS is[N.
tations with the correct overall spin-flavor transformation—-2,1,0,Q...,0], and A is[N.—3,0,1,0,0...,0]. SU(2)
properties. To illustrate the results, we employ the BE)(  spin representations can also be represented in this way, but
Dynkin label, which is anilg—1)-plet[n;,n,, . .. ,nNF_l] it is more convenient to use the quantum nunbas a label.

of non-negative integens, describing the Young diagram of ~ One then finds théflavor, S) representations

(Ne—1)2/ T 1 1
S=[N.,0,0,...0= ©& ( 2n+1,—(NC—l)—n,O,O,...,(*n-i—— , (3.1
n=0 ‘L 2 2
(N -5)/2 1
MS=[N.—2,1,0,Q. 69 ( 2n+2, (N -5)-n,1,0,Q. n+2
(Ne—3)/2/ T 1
69 ( (N -3)—n,1,0,Q. n+2
(Ne=3)2/ [ 1 1 3
GB ( 2n+1,§(NC—1)—n,0,O,...,O,n+§
(Nc—3)72[ 1 T 1
69 ( 2n+1,§(NC—1)—n,O,O,...,O,n-l—z
(Ne—3)2/ T 1 1
69 ( 2n+3,§(Nc—3)—n,0,0,...,O,n+§ , (3.2

_ (Ng5)2 I 1 ] 3
A=[N.-3,0,1,0,0.. 69 ( 2n+1,§(NC—5)—n,0,1,0,0...,0,n+§>
(Ne—5)/2/ [ 1 ] 1
69 ( 2n+1,§(NC—5)—n,0,1,0,0...,O,n+z>
(Ne=T7)12/ | 1 ] 1
EB ( 2n+3,§(Nc—7)—n,0,1,0,0...,0,n+§)
(Ne=5)12( [ 1 3
@® 2n+2,=(N;—5)—n,1,0,Q...,0|,n+ =
n=o0 'l 2 2
(N.—5)/2 1 1
2 @ 2n+2,=(N;-=5)—n,1,0,Q. N+ =
n=0 2 2
(Ne—5)/2/ T 1
® ( (N -3)—n,1,0,Q. n+2
n=0
(Ng—=7)12/ T 1 1
@ ( 2n+4,=(N;,—7)-n,1,09...,0/,n+ =
n=o0 'l 2 2
(Ne=7)12 [ 1 1
&) ( 2n+1,=(N.~7)—n,2,0,Q...,0/,n+ =
n=0 ‘l 2 2
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(Ne=5)12( [ 1 3
S 2n+1,-(N,—1)—n,0,0,...,0,n+ 5
n=0 \l 2 2
(Ng—5)/2/ T 1 1
@ 2n+3,5(N;—3)—n,0,0,...,0,n+ =
n=0 ‘L 2 2
(Ne=3)72( [ 1 3
@ 2n,=(N;—3)—n,1,0,Q...,0/,n+ =
n=0 '\l 2 2
(Nc—3)72[ T 1 1
@ ( 2n+1,—(Nc—l)—n,0,O,...,%,nJr— ) (3.3
n=0 ‘L 2 2
|
For example, in theNg=3, N.=3 case[the familiar Ne=5
SU(6)—SU(3)x SU(2) decompositio any sum with an . ’
upper limit smaller than N.—3)/2 vanishes, as does any MS: Nip®N3p®A1p9 450045, 3.5
multiplet with a nonzero value in the fourtbr highey entry
of a flavor multiplet Dynkin symbol, since this would require
four quark flavors among which to antisymmetrize. All that
remains in this case is the=0 and 1 members of S56, N.=5 N.=7
which are 8,1/2) and (0,3/2), respectively; thea=0 mem- N o ON. oA A T
ber of each of the last four sums in MS0, which are A Nip@N3p@A1p®BR3p0 Asp. (3.6)

(1,1/2), 8,3/2), (8,1/2), and 0,1/2), respectively; and the
n=0 member of each of the last two sums ir=20, which |t is interesting to note that the A representation is, for large

are (1,3/2) and 8,1/2), respectively. N., much larger than the MS representation; however, for
More generally, we are interested only in those states witlany N.=>7 they contain exactly the same nonstrange}
guantum numbers that appear fihi,=3, in particular| and? states(a fact to be explained in Sec)Wet, even for

=1/2 or 3/2, since isospin is a good quantum number for anyhe nonstrange states the MS and A multiplets differ for the

N.. Furthermore, in this work we consider for simplicity highest values of isospin: By comparing E¢&2) and(3.3),

only the nonstrange states; the strange states are more diffine finds MS contains states,$)=(N./2—1, N,/2) and

cult only for technical group-theoretical reasons, and are detN¢/2, No/2—1) that A does not.

ferred to future work27]. Another interesting fact, to be used later, is thatkhand
These restrictions dramatically simplify the list of multip- A states in the MS or A representations in E(s4)—(3.6)

lets that must be considered. The tallest column of the Youn%efore.excited quark angular momentufhis added have

diagram(with a number of boxes equal to tpesitionof the ~ (€ curious property that their total quark spiisre pre-

last nonzero entry of the Dynkin labéhdicates the number cisely those obtained from vectorially adding one unit of

of distinct quark flavors that must be present for each state gngular momentum to thB values of theN,A in the S rep-
resentation beforé is added Eqg. (3.4)]; this fact was noted

the multiplet for the diagram to be allowed. For our pur-, N :
; : ; Ref. [6]. We shall see why this occurs in Sec. V. Let us
hen, one m iscard any multiplet with a nonzer ; .
poses, then, one may discard any multiplet with a nonze abel this effective angular momentusn, so that each value

entry inng, ny, etc., and consider only Young diagrams with o - ;
. 4 of Syga satisfying 6(Ss,Sus/a,A=1) occurs. Then, since
at most two rows. The first entry of the Dynkin lalgl then the multiplets for €0 (given in Table } are obtained

indicates the maximum number of quarks of one flawgrd, through the vector additiod= S+ ¢, and since the same to-

etc) that may be symmetrized in any state of the mlJItIIOIeF‘tal angular momentum quantum numbers are obtained

rt°f1rough any order of vector addition, it follows that tiie

antisymmetrized in flavor. Since the nonstrange states, Iying&0 MS/A J eigenvalues may be obtained through vector
in the top row of the weight diagram, are singly degenerateaddition ofA to those of S. Thus, each value &g, sat-

the isospinl of the multiplet equals the maximum alloweg . - ; L
T o isfying 6(Js,Jus/a,A=1) occurs, with the same multiplic-
value; this, in turn, is jusén;. Thus, onlyn,;<3 need be ity as given by the vector addition

included.
The multiplets of interest, using the notatibg and the
shorthand = —N, 1=23—A, then read Jvsia=Swsiat €vsia
=JstA (effectively
S: Nl/2@A3/21 (34) :SS+€S+A ESS+€eff' (37)
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TABLE |. Nonstrange states df=3 and 3 in the largeN, S, Thus, for example, each state in the MS 2 multiplet in
MS, and MA spin-flavor representations and various values of theTable | assumes one of three possible mass eigenvalues de-
excited quark orbital angular momentufn generate to QY2): m;, m,, or ms. On the other hand, one

can see by referring to Tables Il and 11l that all states given in

the next-to-last line of Table | appear as poles vidth 1, 2,

Ny A or 3, with precisely the right multiplicities as predicted by
v e Tables Il and Ill. Thus only a single M8=2 N, state

N1/2® N3o® A 100 A 3P Ao L y 9 2

occurs, despite the fact that Tables Il and Il allow for two

poles withN;,, quantum numbersnf, andm;), simply be-

cause then, pole (from aK=0 amplitude does not appear

Representation ¢ States

S

0
1
2 Ngpp®Nsp®A1p0Azp®Ag®Ag,
3 Ng®N7po® Ago® Agi® AP Agpy
0
1

MS or A N1/2® Ngjo® A 1,8 Ago® Agyp in the MS €¢=2 multiplet. On the other hand, the quark-
2N /2® 2N3/0® Ngjo® 2A 1150 3A 5/5P 2A 510 picture multiplet contains ndlg, state, while the scattering
®A7p amplitudes withNg, quantum numbers contain no contribu-
2 NyjpP2N3® 2Ng® N7p®2A 1,8 3A 5, tion K=1, 2, or 3, and hence nm;, m,, or msz pole.

© 30502070 Agp We hasten to add two comments. The first is that we have
3 Ng®2Ng/ 0P 2N 7,8 Ngio® A 1,8 2A 55 demonstrated only thecompatibility of quark-picture

© 34503070209 A1y SU(2Ng) X O(3) and meson-baryon scattering-picture de-

generacies among baryon resonances; we have not proved
that the two pictures are the same, but rather only that they
This implies that the MS/A states of a givéroccur with the  can be assumed simultaneously correct in their descriptions
same quantum numbers and multiplicities as appear in agf the multiplet patterns without contradictions or the neces-
effective collection of S multiplets, each with its own value sity of imposing strong constraints on any configuration mix-
e that assumes all values satisfyingl o, €,A=1). ing between multiplets. Indeed, no explicit proof of state-
What remains is to add an orbital angular momentuto  ments regarding the degeneracy of mass eigenvalues in the
the total quark spirsin order to obtain the total spihof the  quark-shell picture has been given thus fexcept for pre-
state. For the conventional states in which all quarks havgjous results for the symmetri€=0 ground-state multiplet
positive parity, the overall parity of the baryon is that con-[4,5 11], the MS ¢=1 excited multiplet[8], and the S¢
tributed by the orbital excitatiorP=(—1)€. However, we =2 multiplet [21]), but a general argumentusing a
shall see that all of our results are blindRoexcept that it hedgehog-based analysiappears in Sec. V. Second, we
must be conserved in strong interactiprend thus one may have carried out this demonstration explicitly only up#o

classify quark-picture states in Table | by their S8  =3. While one might suspect that the chances of the result
X O(3) representation without the need of specifyihg not being generic is exceedingly small, it is still of great
value to see a general proof, as well as to understand the
IV. COMPATIBILITY underlying symmetry reason for this remarkable compatibil-

It
The multiplicities of quark-picture states in Table | may

be compared immediately with those in the meson-nucleon

scattering results presented in Tables Il and Ill, which in turn

are obtained via Eqg2.1). Simply note first that thé am- The previous three sections provide a rather circuitous

plitudes appearing for a resonance of given spin and flavolemonstration of what appears to be a simple result: Namely,

quantum numberge.g.,A ;) are the same regardless of the the spectrum of states fany SU(4)x O(3) multiplet (of

parity P: Thel;=J; rule makes no reference B Of course, eitherP) consists of a small set of eigenvalugs}. Here,

one should not expect the poles fomamplitudes with+ and K refers toK-spin value of the meson-barydreduced scat-

— parities to be equal, hence the tilde on each mass in thgring amplitudes that can accommodate thé& quantum

P=+ case. Nevertheless, this “parity blindness” mirrors numbers of states in the multiplet possessing the particular

that found in the SU(R)XO(3) multiplets in the quark eigenvaluemy . Thereforemy gives the position of &com-

picture. plex) pole in an amplitude with thi&-spin value. On the
The principal result of this work is illustrated by the fact other hand, scattering amplitudes with gived quantum

that the quark-picture multiplet structures listed in Table | arenumbers donot contain amplitudes of a particuldt, and

found to be completely compatible with those listed in Tableshence have no pole ahy, unlessa state with thesé,J

Il 'and Ill. To be precise, for all valueé=0,1,2,3, one sees values appears in an SU(4)O(3) multiplet possessinmy

that an S multiplet of giverf contains only a single mass as one of its mass eigenvalues.

eigenvaluem,, degenerate among all states in the multiplet In review, there are two basic pictures for baryon reso-

up to and including effects of (), the order of meson- nancesii) the SU(4)x O(3) classification derived from the

baryon scattering. This mass eigenvalue is seen to occur foguark-shell picture of orbital single-quark excitations about a

and only for states that can accommodateKaamplitude  spin-flavor symmetric coréthe quark or operator picture),

with K= €. Furthermore, a MS or an A multiplet of giveh  and (ii) the meson-baryon scattering classification derived

contains precisely those mass eigenvalogssuch thatKk  from symmetry features shared by all chiral soliton models

assumes all values satisfying the triangle ré{&¢1). (the resonanceor scatteringpicture. We now show that the

V. A GENERAL DEMONSTRATION
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TABLE II. Negative-parity mass eigenvalues in the quark-shell model picture, corresponding partial
waves, and their expansions in termskoAmplitudes. The superscriptNN, 7NA, wAA, 7NN, andyAA
refer to the scattered meson and the initial and final baryons, respectively. The partial-wave amplitudes are
derived from Egs(2.1). Note that these states are those appropriate to a Nygeorld (as discussed in the
text, some do not occur faX.=3). We only list states with total isospin 3/2 or less, and diagonal in the
scattered meson and orbital angular momentursI(").

State Masses accommodated Partial w&emplitudes
NN
Ny Mo, My 11 = S100
NN _
STy =s{
TAA _
DiT " =s12
NN,
Ay my, My 3 S100

DI = 15(Shhat 955,

WAA —
DIAA—gy

WAA —_
N3/2 my, My leO

NN_
D3 =3 (5122+ S320)

NA _
D3 =3 (5122 S320)

AA_
Di3°=3 (5122+ S320)

DvNN s7

WAA
Azp My, My, My, Mg =S{oo

spt=sy

D= 20(5122+ 587,51 14s3,))

7NA _
= 2s7,,+5s5,,— 7S

8 g \/—( 122585~ 7535)
D33 = 35(85Tpst 10555+ 75%,)
DI =57

Ns/2 my, Mg DIIN=§(287,,+ 75Ty
4

D7 #NA = (5322_ S320)

D7 #M (75222+ 2s3)
D/AN=s7

TAA _ 7
Gis " =Sz

Agp mg, My, Mz, My D INN= 35(275T,,+ 3553,,+ 2853,,)

DR =455 \/—(27571722+ 587,5— 3253,
DItA = 755(18%7,,+ 5STy,+ 25657,,)

DWAA_SW

TAA _
G =12 (5344Jr 3444

nAA _
Gl =s/
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TABLE Il. (Continued.

State Masses accommodated Partial wéemplitudes

D’?TAA

— T
N7i2 ms, My S322

GII'N=15(7S544+ 55740

G‘n’NA \/3—5

= 12 =5 (8344~ S4ad)
GI7*= 15(55%4t 7574

7NN_ o7
Gi7 "=s/

AA_ 1
Az my, Mz, My, Ms D377 =5(2855,+ 353
DﬂAA:

G‘n’NN

sJ

%(35S§44+ 335244*‘ 225%744)
GINA = & \JL(58T, 65T, 115T,)
GIAA = S1(100sT, ,+ 4857, ,+ T7ST,)

nAA _ o7
Gg7 " =84

N/ my, Ms GIN= (48T, +11sT,)
WNA =15 \/—1(5444 S544)
Gle"=15(11s],4+4sL,)

GIN=s7

TAA _
[To ™ =Sges

Agp m3, My, M5, Mg G35™N=g5(355344T 335741 2255,,)
o= L \/%(35537447 3s7,4— 3258,
GJo™ = 555(38563,+ 3574+ 515,
Gl =si

156 = 15(3SZe6T 7S%60)

153 =s7
AA
Aqap My, Ms, Mg, My G311 = 25(12s7,,+ 1357,

AA
Giii=s/
1301 = 768 (556755 14367551 2705750)

1307 =117 \/;( 1485561 135566~ 275760

13 11 = 575(392556+ 13055561 29757¢)

7AA
1317 =5¢

underlying reason for the compatibility of the two pictures isbaryon scattering. These relations were first obtained in the
simply that they obey essentially the same symmetry comontext of the Skyrme modgR2-26. In this picture, the
straints. quantum numbeK has a simple physical interpretation: The
Two different routes lead to this general result. To seeSkyrmion is a chiral soliton at the classical or mean-field
them, consider the derivation of Ed2.1), or more generally level, which at leading order in largd. has a hedgehog
Eqg. (2.3), to describe the symmetry constraints on mesonstructure. Thus it breaks both the rotational and isospin sym-
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TABLE lll. The positive-parity amplitudes. The notation is as in Table II.

State Masses accommodated Partial wé&amplitudes

-~ -~ NN__ 1
N1 My, My PTNN=3(sT,1+2sT,)

2

NA
P71~ == (8011~ S110)

AA_
P =3 (25011+ 119

pINN=g7
-~ o~ NN_ 1
A my, m, P3 = 5(stit 5510
WNA \/—
P3 -y (ST11—S219)
ﬂAA _ l T T
P31~ =5(5S1111 5310
AA_
P =g
N My, prN= +5
32 m;, m, =5(STy1+ 53,

PT{NA \/—

6 — (STii—=S719)
PWM %(55111"'5211)

7NN_ o7
Py =s]

77 — T
F13 =S233

~ o~~~ NN_

Azp My, My, My, Mg P = @(253114‘ 58711+ 58319
NA _

P = \/—(Sgll+ ST11~25711)

AA_
P33 = £5(55g11+ 2571, + 855;)
PIt=sy

e {C A

Frid—sy
Nsjo m,, My PWAA =S31
FraN= %(53233"' 4s339)
FRa= 55 5(S3335~ 5339
Flat=35 (43233+ 55339
Py
Asgpp my, My, Mg, My P;’,ﬁﬁ_ 19(3371711"‘ 75319

F BN= 126 ( 105;33_{_ 355;33"‘ 815471733)

FrNA - 3257, .+ 4957, .— 81s
35 26\/—( 233 333 43?)

FIdA = 125(51250, 5+ 34BTa+ 40567,

F7;AA
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TABLE Ill. (Continued.

State Masses accommodated Partial wéemplitudes

~ ~ aNN_ 1
N7.2 Mg, My Fi7" = 7(S3ast 35439

&‘

NA
Fi7 —7(5333 Si3d

TIAA 3 T
Fi7°=2(3S333+ 5439
7NN _ o7
Fi7 =s{

TAA _ 7
H1i7 " =Ssss

Ap m,, Mg, My, Mg FINN= (2087, 5+ 21555+ 15570

NA_1 [15
F37 (5233 S439)

FIr4 =7 (3sTa5+ 4575

7AA _ o7
Fi7°=s]

Hz7 A= 25(75455+ 18s)59)

H nAA _

FTrAA

Noj2 m,, Ms =Sj33

HioN=5 (35455+ 2559

H 7NA _ \/6

=75 = (Siss— Sgs9)
’TTAA
Hio" = 5(257ssT 35Z50)

7AA _ o7
Hig~=sd

-~~~ AA_ 1
Aor Mg, My, Ms, Mg F3o = 20(9S335H 115433

FnAA

s3
H3o™N = 175(125755+ 335755+ 655750

H3"“ =110 \/—(325455+ 33sg55— 655659
HIs* = 555(2568s5+ 99755+ 195650

nAA _
H 5

A Fn4, Fns, %e, %7 Hg’ﬂ\l 396(1625455"' 143555+ 91sgse)

H ngA 295 \/—(815455 11s%s5— 70sgs50)
HZ, %lA 2475( 105355+ 2255551 14006559
HiAs=s2

TAA _
K31 = 35(115677+ 24s777)

nAA _
K3 11 7

metries separately, but does not break the grand Ispite-  low from projecting such states, consisting of an excitation
fined byK=1+J. The soliton’s intrinsic dynamic&hat not  characterized b¥X on top of the hedgehog, onto channels of
associated with collective zero modleis governed by a goodl andJ.

Hamiltonian that commutes witK, so that excitations and An alternative, more formal, derivation of these results is
scattering states can be labeledKyThe full relations fol-  given in the Appendix of Ref[1]. One uses the fact that

056003-10



COMPATIBILITY OF QUARK AND RESONANT PICTURE . .. PHYSICAL REVIEW D 68, 056003 (2003

matrix elements in baryon states are fixed by the contractedith

SU(2Ng) spin-flavor symmetry, which in turn requires that,

in order to contribute at leading order inNY/, the operator R T +

must have =J. Writing the meson-baryon scattering ampli- ah§C=E(al/2r 12:c ™ A 12,4 1/2:0) (5.2
tude as a matrix element of a scattering operator in a space of

asymptotic baryon- meson states, one sees that this operawherec represents the quark color aaﬁls,mi . is the cre-

tor implies|,=J;, wheret indicates the angular momentum ation operator for a quark in the lowest s-wave orbital with

and isospin exchanged in thechannel. Using standard . N : : T :
group-theoretical identities to cross from thehannel to the spin projectionms and isospin projectiomy ;;r his state has
the (somewhat unfortunateproperty that(h|1%|h)=0O(N,).

s channel gives the relation®.3). The K quantum number . ol Lo .
then emerges as a summation variable in an identity involySince excitation energies in the ground-state band are given
by I (1 +1)/2Z, whereZ=3(M,—My) " 1=0(N,), one sees

ing 6] coefficients, and labels the fundamental underlying - -
scattering amplitudes, independent! adr J. that the (h|H|h)—(groundH|groung=0(NJ). Thus one

In a similar way we can understand the compatibility dis-cannot treat the hedgehog state as degenerate with the
cussed above in terms of either a simple physical picturg@round state at larg&\. since the physically interesting
involving excitations of hedgehogs, or in terms of a morequantities—the excitation energies of other bands—are also
formal group-theoretical treatment. We include both treat-O(N‘c)). It is simple to finesse this problem: Consider instead
ments here. eigenstates of the modified Hamiltonian

Ny~ i2 T4 76
A. Physical (hedgehog demonstration H'=H-Col"~ el " cel ’ (5.3

We begin with the hedgehog-based analysis. The proowhere the coefficients,, c,, etc. are fixed to ensure that all
exploits some simple operator relations. Assume a Hamilstates in the ground-state band are made degenerate. Note
tonianH possessing an eigenstate,) with eigenvalueE,.  that each eigenstate ¢1' is an eigenstate oH with its

Furthermore, assume an operafomwith the property eigenvalue shifted by-— Col?—cyl*—cgl®~--- . Finding
A R the eigenspectrum dfl’ is therefore equivalent to finding
[HA]=AA. GD  the eigenspectrum dfi. By construction|h) is degenerate
with the ground state with respect to the opera?ﬂdr
It is straightforward to see from the commutator thet) We first consider the case of a single quark excited above

=Al|y,) either has zero norm or is an eigenstateHofvith ~ the lowest s-wave orbital. Recall that in the quark-shell
eigenvalueE,+\. Thus if |#,) is the ground state of the model the number of excited quarks is well defined. Now the

system, then\ serves as an excitation operator creating arflémonstration that this degeneracy pattern is compatible
excited state. with the scattering picture consists of two parts. First, we

Now let us apply this to the case of a laye version of  note thatif we can show that an operatdt satisfying
the quark-Sheu model. This model is based on nonrelatiViSti(EH ! 7]\] :)\]\ can be written as a One-body operator that an-
quark degrees of freedom, and has the standard Ibige nihilates a ground-state hedgehog quark and creates a quark
scaling rules. The model has rotational and isospin Symmen an excited orbital with gool (whereK =1+J), then this
tries (with possible small isospin breaking, which we ne- gperator acting on the stalie) creates an excited eigenstate
glecd, so thatl* and J* are good quantum numbers of the state of the Hamiltonian with well defined (but generally
phySica| states. In addition, thIS m0de| in |tS Simp|est formnot Of good| or J) Projecting Such a State onto states Of
has no configuration mixing, so that the number of quarks itygod| andJ then produces a set of degenerate stéatesss
a given orbital is also a good quantum number. Our approaggigenvaluemK) of distinct! andJ. Moreover, in the larg\,
is to use excitation operators of the torm discussed above Ofjmit the projection onto physical states for this problem is
this system, i.e., to find some operatorwith the commuta- identical to that done in the Skyrme model for scattering
tor property in Eq.(5.1) that produces excited states when stateg23]: In that case one finds scattering states with good
acting on the ground state. However, to leading order in th& on top of the hedgehog and uses a semiclassical projection
1/N. expansion the ground state is highly degenefetm- method with Skyrmion wave functions to obtain channels
sisting of states with=J=1/2,3/2 .. .), andthus one can with goodl andJ. In the present context, the same projection
use any superposition of these states as the ground state. Qsimeeded, only now for bound states of fixiéd Since the
strategy is to use a hedgehog state as the appropriate supprejections in the two cases are the same, one can reach
position. This approach has the advantage of putting thetates of the same quantum numbers in both cases. Thus,
analysis in close parallel to the scattering treatment based omithout further computation, one sees that degenerate reso-

the Skyrme model. nances with distinck andJ but labeled by the same intrinsic
The hedgehog statd) (which hask =0) is given by K in the scattering case in the Skyrme model are mapped one
to one onto degenerate bound states in the quark-shell model.
N¢ Note moreover that, as discussed in R28], the relations of

1

- t
\/N—C!Eclcz- . .CNci];[l ah;ci|0>

scattering amplitudes in the Skyrme model are in fact exact

Ih)=
largeN, results, and thus we see that the degeneracy patterns
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in large N, scattering are also seen in single-quark excita- e(O)Egi(g)gia,
tions in the largeN. quark model.

Before proceeding, it is useful to make a technical remark
about the projection. In the case of the Skyrmion, a semiclas- GO= 562‘3,
sical projection was used. In the present context, there is an
explicit many-body wave function, for which the standard 1
Peierls-Yoccoz-type projectiof28] familiar from many- ei(;vZ)E(i(jZ)gia__ 5,69,
body theory is applicable. At finit&., the two types of 3
projection may differ. However, in the largd; limit, the _
relevant overlap functions become narrow and the results of Gi(é}'z)EGLa_ 5G1?, (5.9
explicit projection agree with the semiclassical result. The . . .
key to this result is that the overlap of @ll baryonic and the superscripts (0) and (1,2) refer _to the wreduqble
hedgehog with a rotated hedgehog goes like the overlap giPherical tensor structure under=I+J. This decomposi-
single-quark hedgehogs to tinéh power, wheren is in the tion is useful fqr acting upon th_e class of states in \_/vhlch_all
number of quarks in the hedgehog configuration. Since th@f the quarks in the core are in a hedgehog configuration.

single-quark overlap always has a norm of less than or equatUPPOSe one has a stg) in this class. Writing compo-
to unity andn~N,, one sees that a,—= the overlap nents ofG in terms of ladder operators, it is straightforward
[oR) C

approaches zero unless the two hedgehogs are aligned. THifsSe€ that
yields narrow overlap functions and implies the validity of 1
the semiclassical apprqximation. N_G(O)l py=— N l4), N_Gi(;,2)| #y=0(n¥2/N,),
Now to complete this argument, we need to prove the "¢ c c c
claim that the excitation operatoh satisfying [H’,A] (5.9

=\A can, in fact, be written as a one-body operator thatwheren,,,is the number of quarks in the core; for the case
annihilates a ground-state hedgehog quark and creates quaska single excited quark.,.=N.—1. Thus, operating on a
in an excited orbital with good, and that all excitations state of this form it is apparent that

with a single quark in an excited orbital can be projected

from operators of this general form. To do this, consider the 1 (@ Gl g — IN—1 O(N-12

form of the leading-order Hamiltoniafor more precisely N 9iaLc |‘/’>__ZN—ce | )+ O(Ng ™).

H') from the quark-shell model. From Ref&,9] we know (5.6
that the leading-order operators that can contribute to single- ) _

quark excitations are of the form ofl,¢-s, and We see thatll of the leading-order operators in theNL/
ei(jZ)gianca/Nc’ wheres' is the matrix element oo for the expansion acting upon states in the clags are K=0 op-

excited quark and s its orbital excitation,€-(-2)5%{€‘,€j} erators acting on the excited quark or core. This essentially

€ i ) : Lo
—151¢2 is the traceless, symmetric tensor obtained SOIeI)}:_ompletes the demonstration since it implies that there are

from the orbital part of the excited quafky construction it ~€igenstates o’ with single-quark excitations of gooll
is a rank-2 spherical tensor under rotatioms? is the matrix §ct|ng above a core with all states in the hedgehog; one-body
element of3o'® 372 for the excited quark, andsif" is the A transition operators that destroy a core hedgehog quark
matrix element of o' ® 3 7 2 summed over all of the “core” and create an excited quark of fixéd[i.e., of the formA
quarks in the lowest orbital. In these expressions repeatedlal (AK=0)a.,{AK=0)] satisfy Eq.(5.1). While the
indices are implicitly summed. Note that these are one- an@receding argument was given explicitly for the case of a
two-body operators. All higher-body operators withNdf  single quark excited outside the core, it is apparent that an
matrix elements reduce to these forms using the reductioanalogous argument holds generally for excitations with
rules of Refs[8,9,11]. The operators and<¢ - s clearly do not O(NS) excited quarks outside the core.
depend on the state of the core, nor do they change&kthe  Finally, we note that the hedgehog picture provides a very
value of the excited quark since bothand €-s commute  simple physical interpretation of the various spin-flavor sym-
with j=€+s. The only one of these operators that mixesmetries(S, MS, A. Again, for simplicity consider first the
core and excited quarksféjz)g'aG{:a/Nc. To proceed further case of a single quark outside a core composed entirely of
we must analyze the effect of this operator in some detail. quarks in a spin-flavor hedgehog. As noted above, these ex-
The operatofi(]-z)gi""G{f‘/NC acts on both the excited quark citations can be labeled by the grand sgirof the excited
and the core. It is useful to express each component in ternguark With K ox.=l exct Jexe. OF course Je,c has both a spin
of pieces that transform under irreducible representations géart and an orbital part. It is useful to decomp#sg, in the
K. Accordingly, we write following way: Kg=€+k where k=1,+s is purely a
spin-flavor construction independent of the orbital angular
o momentum. It is clear thak can be either O or 1, which
t?gaGr=e0GO+elIGH?, together saturate the four possible spin-flavor states of the
excited quark. Ak=0 quark is in a spin-flavor hedgehog,
while ak=1 quark is orthogonal to the hedgehog. It is trivial
where to see that a state consisting of a single excited quark in the

} ncore
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k=0 (hedgehog configurationabove the hedgehog core any of these triangle rules. The constraints in the second of
must be purely symmetric under spin-flavor since all theEgs.(2.1) consist of §(LRJ), but alsol =R (because they
quarks are in an identical spin-flavor std@though radial carries zero isospjrandK=L. Now, | =R always satisfies
excitations may be presgntNext consider a state corre- 5(R11) becaus&R#0. On the other han& =L always sat-
sponding to a singlé=1 quark outside the hedgehog core; isfies 5(L1K) unlessk=L=0. It follows that 7-baryon
since the core alone haS,e=0, we may denote such a scattering allows different amplitudes thansrbaryon scat-
state combined with the core fs=1) (noting that the fulK tering only if K=L=0, I=R, and hence[because of

of the state still requires the inclusion of orbital angular mo-5(|_RJ)], I =J. On the other hand, it is clear thatbaryon

mentuméz._ Itis ;trwghtfc:jrward to td.eco_mpo.se this state INt0 e attering allows many amplitudes with quantum numbers
a symmetric and a mixed-symmetric piece: not allowed in scattering.

1 N_1 Now, given thel,J quantum numbers of a scattering
[k=1)= /N_|k: 1)s+ / Ic\l lk=1)us. (5.7 _channel, what values d&f appgar? From Tables Il and IlI, it
c c is clear for all channels considered that the full 86tIK),
hat in the | limi h b | |l —J|<K=I+J, appears. However, Eq$2.1) give addi-
Note that in the largd\, limit such a state becomes purely yi,5| constraints o that must be taken into account: One

MS. Thus for Iarge.NC the following interpretation of the must check that values f& andL exist[satisfying (LR J),
symmetry emerges: The S states are those that may be prg(—Rll) and S(L1K) for the 7 case, ol =R andK =L for

jected from states with e=0 (hedgehogquark outside the eﬁ]e 7 casq that allow the full range oK for arbitrary half-

core, while the MS states are those that may be project . )
y brol integrall andJ. P conservation places no constraints on the

from states with k=1 quark outside the core. A similar .
analysis can be extended to cases with more than one qanIQOUp theory except that it must be conserved throughout any

—(_ L+1 H
outside the core. For example, the A symmetry arises fronk'0¢€SS, andD—(. 1) for the resonant state since the
two non-hedgehog quarkantisymmetrized with respect to scattered meson is pseudoscalar; therefore, we wish to prove

each other in spin-flavpoutside a hedgehog core. the parity blindness of the scattering picture by showing that

The patterns seen in Table | may be simply understood irt\here existan even and an odd valud dfoth satisfying the
above constraints.

terms of this picture. Since the symmetric configurations . . -
_ . . _ ) Consider the valu&=1, which always satisfie$(R1I)
havek=0, one sees immediately thit=¢, and the sym jnce 1#0. Further, letL=K, which always satisfies

metric representations are precisely those one obtains o .
adding? to thel =J states in a hedgehog. The MS states are (L1K) unlessk =0 (a case we handle in a momgnthen

; o _ . o the final § symbol §(LRJ) becomes the same #KIJ),
&b\tgﬂii ?r)llagc;g]t?smf;(?(?g Sﬁ?nﬁ?rtli \?,:Itizeé az;\/nggutgéaelr_ which is satisfied by assumption. This means that a scattering

stand the fact that the MS and A configurations have th&mPlitude of any,J contains ar scattering amplitudeg,  ,
same spectrum of nonstrange states for Iafge The reason  WNereK is any nonzero value satisfying(1JK), for which

is simply that A is obtained by adding two antisymmetkic the scattered baryon h&fl and for WhIChLZK.. Further,
—1 quarks outside the hedgehog core. However, the antié(L1K) for K#0 is satisfied by_ three consecutive values of
symmetric combination of twk=1 states has a nétof L namelyK—1,K, andK+1. SinceRandJ are nonzero, at
unity since the symmetric combination must yidle¢t0 and ~ '€ast two consecutive values of satisfy 5(LRJ), one of

k=2. Since only the overak of the quarks outside the core Which, we have seen, is=K. Thus, fork+0, this proves
matters, A and MS look the same. that at least two consecutive values lofsatisfy all con-

straints, allowing both paritid29]. As forK=0, the# scat-
tering constraintd(L1K) is satisfied solely by.=1, while
the » scattering constrainby, is satisfied solely by =0,
Now let us turn to the more formal group-theoretical giving the required two consecutive values.oatisfying all
treatment. The strategy here is to enumerate explicitly theonstraints. We conclude that scattering amplitude with
particular representations seen in both the scattering pictur@ny choice of JJ,P contains a reduced amplitude with every
and in the quark-shell model and to show explicitly that theyvalue K that satisfie$(1JK).
are compatible. To proceed, we first note that the angular Now consider the spin-flavor multiplets S, MS, and A
momentum quantum numbkris integral, as are the spin and discussed in the previous two sections, and in particular the
isospin of thelbosoni¢ 7 and  mesons. On the other hand, nonstrangeN and A multiplets listed in Table I. We begin
the baryons involved in the scattering are of course fermiwith the S multiplet, anticipating that the proof for MS and A
onic, and therefordk and hencel andJ are half-integral, requires little additional effort. The S multiplet fér=0 con-
while K is integral. This is significant because we use fRat sists of states with=S, where S again is the total quark
[, andJ are nonzero. spin, and thus the total baryon spin is given by values al-
We now return to the scattering-picture constraints, Eqgslowed byJ= S+ ¢, which of course imposes the triangle rule
(2.2), that refer torr and » scattering. Note that thejeésym-  §(1J¢). Any such triad of valued,J,¢ (plus P) gives a
bols of Eq.(2.1)—considering only quantum numbers of the unique state in a particul&® multiplet, as may be seen from
initial state—imply the four triangle rule§(LRJ), §(R1l), the decomposition of S in Eq3.1) and the nondegeneracy
6(L1K), and 8(1JK). First we ask whether amplitudes for of resultant multiplet quantum numbers under angular mo-
7 Scattering can ever possess quantum numbers violatingentum addition. The claim of compatibility of the two pic-

B. Group-theoretical demonstration
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tures for the S multiplet consists of the following necessarypositive-parity mesons with=0 and 1 would have worked

and sufficient conditions: just as well.
(1) If a state with given values df,J,P appears in an S
multiplet with a given allowed value df, then the scattering V1. DISCUSSION
amplitude withl,J,P quantum numbers contains a reduced .
amplitude withK =¢. We have compared two populdand often competing

(2) If a scattering amplitude with given values bfJ,P pictures fo_r baryon resonances _in the laigg limit. Bqth
contains an amplitude with a particular allowed valuekof ~have physical probative value since both explore different
then a state with these quantum numbers appears in anasPects of hadronic physics. On one hand, the quark-shell
multiplet with € =K. picture certainly is the most successful model in existence

The first statement is proved simply by noting that everyfor predicting much of the observed spectrum of baryon
value of ¢ satisfying 5(1J¢) gives precisely one state ap- States, but there is no known good reason that quarks should
pearing in a particular S multiplet for each valueRyfwhile play the role of the defining degrees of freedom in the highly
we have just proved that each valuekoBatisfying 5(1JK) confining regime of the hadronic environment. On the other
(including K=¢€) appears in an amplitude with the given Nand, baryon resonances truly are observed as *burfs’
1,J,P quantum numbers for at least omeor 7 scattering €Ven more obscure featujés meson-baryon scattering am-
process. plitudes, but the scattering picture gives no hints as to which

The second statement is proved by noting that an amp"amplitudes should even possess resonances, much less where
tude with a given value oK occurs if it satisfiess(1JK), e pole positions should lie. , ,
regardless oP. Letting K=¢, we see thai(1J¢) is also The fact that each of the two pictures respects the spin-
satisfied. IncludingP, this specifies(as we have segra flavor multiplet structure of the other is certainly good news
unique state in an S multiplet. The proof for S multiplets is 0f Phenomenology. It implies the existence of a sensible
thus complete. way to perform the M. expansion for l(:))aryon resonances.

Now we return to the MS and A multiplets. Our task is Namely, these broad statpsidths of O(N;)] can be treated
simplified by the fact that we are interested onlyNrand A in a Hamiltonian formalism, just as was done so successfully
states, which appedfable ) with precisely the same mul- for the ground-statg ba.m.d,.and this treatment respects the
tiplicities in these two representations. Moreover, we havéymmetries (;=J;) implicit in the states’ origins as reso-
seen(Eq. (3.7)] that MS or A multiplets with giverf contain ~Nances in scattering amplitudes.
the sameN andA multiplets as given by an effective collec- ~ However, we caution the reader that what has been pre-
tion of S multiplets, with value< . being all those that sented here is no more than an existence proof of a unified
satisfy 8(£q,¢,A=1). The proof is thus reduced to one of 1/N. expansion; the full treatment awaits an analysis of al-
showing the compatibility between the scattering picture andoWed 1N, effects[27]. _ _ o
the quark-shell picture states for a collection of effective S FOr example, consider the status of configuration mixing
multiplets with ¢ values given byl.;. But this is accom- N light of our results. The fact that precisely the same non-
plished simply by recourse to the proof we have just comStrange multiplets arise for MS and A flavor representations
pleted: Compatibility is achieved for these effective S mul-in 1arge N implies that each of the states in one of these
tiplets by placing a pole in each amplitude satisfyiKg multiplets is, in principle, free to mix with its partner in the
— ¢ 4. The proof for MS and A multiplets is thus complete. other multiplet. Detailed quark models tend to disfavor the

We arrive at a simple result. Compatibility between the@PPearance of A multiplets, chiefly because they require the
meson-baryon scattering and quark-shell pictures is achievegcitation of two quarkgsee Fig. 1, which is usually sup-
in the following way: If the orbital excitation of the excited Pressede.g., in one-gluon exchange modelslowever, the
quark in the quark-shell SU(4O(3) multiplet is given by cpmplnatorlcs of théN.—2 core quarks negates this suppres-
¢, then for states in S multiplets there exists a scatteringion in largeN.. Moreover, if 1N effects are properly in-
partial wave with the quantum numbers of the given stat&'uded, they must eventually be sensitive to the differences
containing aK amplitude withk = ¢, and for states in MS or Petween the MS and A multiplets whéi,<7. _ _

A multiplets there exist scattering amplitudes containifig Conflgurat|on mixing need not be limited to entlre.spm-
amplitudes for each value ¢f satisfying5(K¢1). Further-  flavor multiplets. For example, the¢=2 polem, appearing
more, reduced amplitudes with these value&afo not ap-  in the S multiplet 2 is precisely the same one as appearing
pear in scattering amplitudes with quantum numbers correin the K=2 MS (or A) multiplet 1*, 2%, or 3". Detailed
sponding to states not appearing in the given SL(®)3)  dynamics may suppress some c_)f thes_e_spln—flavor.muIt|pIets,
multiplet. The fact that the masses and widths of resonancddut some degree of configuration mixing may still be ex-
may be labeled by and correspond to poles in tiieam-  pected at largeN., such as betweerN;(S,2") and
plitudes completes the demonstration of compatibility. N3»(MS,2%). Indeed, such mixing is common even in the

It is especially interesting to note that full compatibility N.=3 quark mode[31].
would not occur without the possibility of resonance creation As suggested above, a full phenomenological analysis of
both via scattering withz’s and z’s. On the other hand, the higher baryon multiplets must await an accounting of the
while it may be tempting to believe that the required inclu-1/N. corrections. From the theoretical side, this is clearly
sion of the pion is an indication of chiral symmetry, the necessary not only because operators corresponding to im-
parity blindness of the group theory implies that using lightportant physical effects might first arise at Q{g), but be-
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cause the resonance spectrum itself is differentNgr-3,

PHYSICAL REVIEW D 68, 056003 (2003

pictures, but rather as a baseline of symmetry constraints,

and such states must be consistently decoupled before omgon which new ideas for dynamics can be studied.

has a fully usable formalism for studying tid,=3 case.

From the experimental side, a quick glance at the status of

the higher baryon statd$82] indicates a number of reso-
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