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We study the strong interactions of the=1 orbitally excited baryons with one heavy quark in the frame-
work of the heavy hadron chiral perturbation theory. To leading order in the heavy mass expansion, the
interaction Lagrangian describing the couplings of these states among themselves and with the ground state
heavy baryons contains 45 unknown couplings. We derive sum rules analogous to the Adler-Weisberger sum
rule which constrain these couplings and relate them to the couplings efwlaae heavy baryons. Using a
spin-3/2 baryon as a target, we find a sum rule expressing the deviation from the quark model prediction for
pion couplings tes-wave states in terms of couplings of thevave states. In the constituent quark model these
couplings are related and can be expressed in terms of only six reduced matrix elements. Using recent CLEO
data on>} andAJ; strong decays, we determine some of the unknown couplings in the chiral Lagrangian and
two of the six quark model reduced matrix elements. Specific predictions are made for the decay properties of
a few otherL =1 charmed baryon$S0556-282(97)01521-X]

PACS numbdss): 11.55.Hx, 12.39.Fe, 13.30.Eg

[. INTRODUCTION lowest-lying baryons. For the strong decay amplitudes these
sum rules can be derived in analogy with the Adler-
Baryons containing one heavy quark offer an importantWeisberger(AW) sum rule familiar from current algebra.
testing ground for the ideas and predictions of heavy quarkVith a spin-3/2 baryon as a target, the two spin projections
spin-flavor SW4) and light flavor SW3) symmetries. These 3/2 and 1/2 along the incident pion’s momentum give rise to
symmetries become manifest in QCD in the limits of infinite W0 sum rules. One of these can be used to parametrize the
heavy quark masses),,m.— and identical light quark deviation from the quark model relation among the two pion
massesn,=my=m;. Although implications of these sym- couplingsg, ,g, to the s-wave heavy baryons, expressing it

metries for the spectroscopy and decay properties of thi& t€rms of the pion couplings of the-wave baryons.
heavy baryons are well know(for a review see, e.gf1]), S0 In Sec. V we derlve_ pred|ct|on§ for the strong couplings
far very few predictions, if any, can be compared with eX_of the p-wave baryons in the constituent quark model. Many

periments due to lack of both data and theoretical knowledggf these coupling constants can be computed in the quark
of the unknown parameters. model whereas others can be related in a simple way. In fact

This is the first of a series of papers in which we will all but six of the 45 coupling constants are determined in the

. . ._quark model. Furthermore, four of these six couplings are
study the properties of the excited heavy baryons, focusin Ping

. ) o ; onstrained to satisfy an AW sum rule.
on the first orbital excitations, the-wave baryons with one In Sec. VI we discuss a few phenomenological applica-

heavy quark. In a sequel we will consider the radiative desjons of our results. We extract one of the pion couplings to

cays of these states. the s-wave baryongy, from recent CLEO measurements on
The spectroscopy of these states is reviewed in Sec. I i'EheE;‘ width. The extracted value fay, is consistent with

the language of the constituent quark model. The constrainige quark model prediction. This is used in turn to determine

imposed by heavy quark symmetry on the possible structurghe S-wave andD-wave couplings of twg-wave charmed

of these couplings can be automatically incorporated by debaryonsAc+1 from their two-pion widths. Taken together with

scribing them in the framework of heavy hadron chiral per-y,e quark model relations in Sec. V, these couplings can be

turbation theory2,3]. The resulting chiral Lagrangian is pre- ;sed to estimate the strong couplings of some of the other

sented in Sec. lll. We include all possible strong interactionp_v\,ave charmed baryons. A few specific predictions are pre-

couplings among and betwesnvave andp-wave baryons  sented for some decay modes of these states. We conclude
to leading order in Thg and chiral expansion. There are a yith some comments in Sec. VII.

total of 45 independent coupling constants up to and includ-
ing D-wave interactions, which, in principle, have to be ex-

tracted from experiment. Recent data from Fermilaly] Il. SPECTROSCOPY OF HEAVY BARYONS
and CLEO[6] make it possible to test and constrain the _ _ _
parameters of the theory. The heavy baryons fall into th& and6 representations of

We derive in Sec. IV model-independent sum rules whichflavor SU3), into which the producB® 3 = 336 is decom-
constrain these couplings and relate them to properties of th@osed, corresponding to the two light quarks in the baryon.
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TABLE I. The p-wave charmed baryons and their quantum with their quantum number’sThey can be classified into two
numbersS (the total spin of the two light quarkss a good quan-  distinct groups, corresponding in the constituent quark model
tum number only in the constituent quark model. In the quarkto symmetric and antisymmetric orbital wave functions, re-
model, the firstlast four multiplets have evefodd orbital wave spectively, under a permutation of the two light quarks

functions under a permutation of the two light quarks. [9,10]. We will refer to them as symmetric and antisymmet-
ric states. Potential mod€]9,11] indicate that the former lie
SUB) S s;’ about 150 MeV below the latter.
AL ) 3 0 1- The lowest-lyingp-wave states arise from combining the
ez 6 1 o heavy quark spin with light constituents in afy' =1~ sym-
Zeo(2) B metric state. The corresponding heavy baryon states have
Sci(3.3) 6 1 1 spin and parityd®=1/2",3/2". Thel=0 members of these
Sa(3,3) 6 1 2 multiplets have been observed experimentpdiy 7] and are
. 5 0 - known asA (1/2,3/2). Their fields can be combined again
2al(z:2) - into a superfield af12]
Ao(3) 3 L o
Au(3.3 3 1 L Riu=i(yu+vﬂ)y5Ri+RZ' (2.4
Nol3.9) 3 1 2 V3
with
The lowest-lying states transform as @rand can be repre- _ 1+9 0 _gH At
sented either as an antisymmetric ma®ix[3] or as a vec- T Ve T Cl)i '
tor T [8]:
o 1+9
1+ RZ'=T(E§13L—E§1;A§JL%- (2.5

. 1
T'ZT(ES_ESADiIEEijk(B?)jk- (2.1
Above these states lie three othgiwave 6 symmetric

We have taken as a heavy quark a charm quark. This mumultiplets with quantum numbers of the light degrees of
tiplet contains an isospin doubleEf—=.) and a singlet freedoms}“=0",1",2". Their |=1 members will be de-

AJ . In the heavy quark limit, the angular momentum andnoted asY o(2),3c1(3.3) andS,(,3). The Sf/f/:o— mul-

parity of the light constituents in a heavy baryon become;pjet will be represented as a symmetric matrld)(; de-
good quantum numbers and the multipi2tl) hass;*=0".  fined as in Eq.(2.3 and thes’”=1" multiplet will be

Above this multiplet lie othes-wave states Wit|$;/=1+ represented as a lsuperfield similar to Eg14) but with a
which transform as & under light SWU3). When combining  symmetric matrixV', :
the spin 1 of the light degrees of freedom with the heavy
qguark spin 1/2, one almost degenerate doublet is obtained, i 1 i
with total spinsJ=1/2,3/2. Both these states can be grouped Vu:ﬁ(VM“LUu)VSV +VL (2.6
together into one superfield &3]

The superfield corresponding to tbjé/z 27 baryons is con-

+4 .. 1+d structed ag13]

ij *ij

I 1
S:li:ﬁ(’yﬂ‘l'vﬂ)’)/FJTBG‘FTBGM . (22)

) 1 )
X, =X5 +—={(7,Tv) Y5900t (7,7 0,) ¥69,ua} Xa
The matricesB¢ andB},, are defined irf3] N T #

(2.7
St i2+ iEJr' with X7 a spin-5/2 Rarita-Schwinger field and, its spin-
27 27° 3/2 heavy quark symmetry partner.
The antisymmetrigp-wave states are constructed in com-
_ i + 0 i:o' plete analogy to the symmetric ones. There is a sextet
(Bg)ij= 3¢ pIp S (2.3 . o :
V2 V2 3.¢4(3,3) with quantum numbers} = 1", which will be rep-
1 o1 , resented again by a superfieFRjL" constructed in analogy to

—g5 —=g° Q2 Eg. (2.2). In addition to this, there are three antitriplets,

V2 V2 i whosel =0 members are denoted By, ,Al, AL, . Their

superfields will be denoted a$/,V,/ X'/, .
and analogously for the sextet of spin-3/2 Rarita-Schwinger
baryon fieldsBg,, .
The spectroscopy of thp-wave heavy baryons is more The terminology adopted here is particularly suggestive, with the
complex. There are altogether eight heavy quark symmetrgubscript labeling the angular momentum of the light degrees of
multiplets ofp-wave baryons, represented in Table | togetherfreedom.
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Ill. STRONG COUPLINGS OF THE HEAVY BARYONS

The couplings of the heavy baryons to the Goldstone bosons are described most compactly when expressed in terms of their
superfieldg2.2), (2.4), (2.6). The leading terms descrillewave couplings among thewave baryons an8-wave couplings
between thes-wave andp-wave baryons:

3 _ _ _ __ ) —
Lin=>5191€,4,011( S "A’S") - \3g,tr(B3A#S, + S*A,B3) +hyf € R, Al S + € Sk v A/ R, 1 + hstr(B30 ,A*U
+Uv#A,B3)+hatr{V,v,A’S,+ S0, AV, } + hstr(Rjv ,A"S*+ SPu A'R! ) +he(Tv, Al U/ + U] v, Al T))

+h7{€ijkV_,'LiUvAjV|S{f|+fijkgkﬂvuAﬁVLi}- (3.

The Goldstone bosons couple to the matter fields through the nonlinear axia fiedfined as
i
Au=5(£10,6- 60,80, (3.2

with £=exp(M/f,), M =(1/\2)7®\?, andf,=132 MeV[2,3].

The couplingsy; ,g, are definelas in[3] and the coupling of th& p-wave baryon#, is chosen as ifil2]. We introduced
new constantyi;—h; describing all theS-wave pion couplings of the-wave to thes-wave baryons which are allowed by
heavy quark symmetry.

The D-wave couplings of th@-wave baryons ts-wave baryons are described by dimension-five terms in the effective
Lagrangian

2 : — 2
i okl .
ED—IhgeiijM(D#A,ﬁ—D,,AM-i- EQ#V(U'D)(U -A))”R'V—thtr { S#(D#A,,—i- DA, + §gM,,(v-D)(v-A)>V,,]

+ih lOeijkT_i( DMAV—'_ DVAM)]| XII:IV—’— hlle,u,vo')\tr {g,u(IDVAa—’— DaAv)XatJ’}v A

. — 2 1 2 y
+|h12tr [ SM(DMAV‘l‘DyAM‘I‘ §gl“’(v D)(U A)) RV +Ihl3€ijk§5| D#Ay‘l‘ DVA,M‘}' §gw,(v D)(U A)) |_VV|
]
+ih1aTi(D A, + DA X+ N15€ o €k Sk (DUA L+ DA, X0 - 3.3

The covariant derivative of the axial fied, is defined asD, A,=d,A,+[V,,A,] with
1 4 t
Vu=5(£19,8+80,80), 39

and satisfies the relatio®,A,—D,A,=0. The structurel)MAV+DVAM+%gw(v-D)(v-A) appearing in theSR and SV
couplings projects out a pui@ wave.

In addition to the couplings described by the Lagrangiéh$), and (3.3, the p-wave baryons can couple also among
themselves and to the Goldstone bosons. The most general Lagrangian allowed by heavy quark symmetry describing the
P-wave couplings of the symmetrjg-wave states has the form

Lopr=if 16" RLu AR +if €47 Mr(V 0 ,A,V)) +if 3647 MI(X 100 A Xy ) + o€ RHAL UM
+if 5t € R¥v ANV + ey (RAM + RVAN XK 4+ Ftr(UARV,,) + ftr[ (VA +V,A,)X,, ]+ H.c.
(3.9

We note that the Goldstone bosons do not couple to the tfiellone, as the only possible coupling@(-AU) does not
conserve parity.
The couplings of the antisymmetrj-wave states to the Goldstone bosons are described by a Lagrangian similar to Eq.

(3.5:

2The couplings i8] are related to the ones in E@®.1) by (g,) che=3/201 and ©s)che= — 395
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XL+ e RMATU

g Nak

Lorp ,T—Ifle/“"”‘tr(R v, AR +if; GMVU)\V”U A“V;\J-Hf 6‘“’”)‘X" v, AllX
+ifse* e R klpUyAl(iV)’\I"'féeijk(R Klspri + R k'VA“")X" +f5U AJI#V'J+f (VL'A’V'+V’ViA£)X,'JV+ H.c.
(3.6

Finally, the couplings of the symmetric to antisymmefrievave states are given by a Lagrangian containing 13 additional
couplings:

Lo »=1T1 €00 €k RLU ALRK+ FA(UA, R +if5€,,mtr(V 0, AR + 4T X, (AR, + AR+ iR, ALY
+1gei VEALU T ithe,,m R0 ANV + e UNAIVI i ge,, o e Vv ALV + e XS ATV, + AV
+ 1 (RLAL+RIAI X+ e (VAT + VEAD X 411 g€k € 4 X0  ARXL - (3.7)
We neglected in Eq$3.5—(3.7) interaction terms describing-wave couplings, as they are expected to be highly suppressed

on dimensional grounds.
The Lagrangiar(3.1) gives the following typical decay widths:

g2 M, + g2 ME*
F(E’(J:r+ +A )_ 2 | 7T|3 2++* +2 )_ 2 : |pﬂ'|3’
27 f Mz 167 f Mz++
1 ha Mxo 1 h2 Mar
I A+<—)—>’7T+20 E2 - ( )—)77+A+ = ¢ E721' =l
€1\ 2 ¢ 27Tf2 MA |p | CO 2 c wafr M2:0+ |p |
1 h? Ms: 1 2 My
I ++(_)—>7T+2+ E2 . r++ —)HW+2+ _ —CEZ i (38)
cl 2 4’7Tf2 M2++ |p| cl 2 c 47Tf37 Mzé;"* 7r|p|
1 h2 Mz; 1 2 My
T ErO(_) —=+ E2 . A/+(_) +20 C 2 -
[ c0| o - c 27Tf2 ”’8 |p | clio — T & 27Tf2 MAH- |p |

IV. ADLER-WEISBERGER SUM RULES FOR HEAVY BARYONS
A. Narrow width sum rules

One can derive an analog of the Adler-Weisberger sum rule involving the couplibhy considering a dispersion relation

for pion scattering on as-wave 3 baryon(similar sum rules have been discusseilia—18 for the heavy meson caséne
possible derivation, which will prove most convenient in the following, is based on the use of the fqsparehveragexd
matrix element of the retarded commutator:

Fe0(s) =i f d'x&*8(xo)( P, [[D3(x),D(0) | P,)
_F(+) E a _b _’_F(*) E a _b 41
= (V)Z{T :T}ji (V)Z[T ,T]ji, 4.7)

whereD?= a”“[q_yﬂ(ra/Z)q] andv=q" is the pion energy in the baryon rest frame. Usual manipulations with current density
commutators give the relatidri 9]

J
5F<_)(V)|q=o:|3 4.2

with |5 the isospin of the target. The states in E41) are normalized according ;| P;)=(E; /m)(2m)38(P;—P)).
Inserting a complete set of states in E4.1) gives

3The derivation presented here is a slightly modified version of the one givir®]n
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<P |Da(0)|F><F|Db(0)IP.>

—E+Er—ie 8(q+P=Pr)

Fao(v) = 277)32 fd (T)

b '
—(2m)%> | du(T’ )<P DO (IID® 0)|P'> q—P+Pr). 4.3
r’ _V+E El"r 6

Assuming that the target has isospitk=+1/2, the isospin-odd componenE(")(v) can be extracted as
FO)(v) =14 FLH121712(3) — F17121412(0) ] Furthermore, noting from E4.3) thatF2°(v) has no singularities in the upper
half-planev, the Cauchy theorem can be applied on a closed contour extending along the real axis and closed in the upper
half-plane. This gives the dispersion relatfbassumed to require no subtraction

2v_ (> ImF)(Q)
(=) )= — -
(v) WPJO d¢ 2 (4.9
By adding the imaginary part &&(~)(») to both sides, Eq(4.4) can be rewritten as
2v ImF()(¢)
(V)— — d(w, (4.5

wherev is understood to have a small positive imaginary part.

The imaginary part of(7)(v) can be obtained from E@4.3). For »>0 only the first term will contributébecause the
target is the lowest-lying stgteand the result can be expressed in terms of inclusive cross sectioms doattering on an
antitriplet baryon as

1 : 1 )
ImF () =g (2m)*) fdmr>|<P|D”'2|r>|25<q+P—Pr>—§<2w>“2 fdu(r'>|<Plle'zlr'>|26<q+P—Pm
l"/

f2
Z—[Uo( TEe—=X)—ao(m T E—X)]. (4.9

The cross sections, correspond to off-shell incident pions of momentamwith g?=0. This value ofy? is needed in order
to be able to make use of relatiéd.2) on the left-hand sidéLHS) of the fixedg? dispersion relatior{4.5).

Inserting Egs.(4.5 and (4.6) into (4.2 one obtains the well-known result for the Adler-Weisberger sum rule on an
antitriplet baryon target

2 (= dv
1=? . —[00(77 El—=X)—oo(m EL—X)]. 4.7
Let us assume in the following that the resonances dominate the integral i .Bg.that is, the contribution of the
continuum states can be neglected. We will estimate the error induced by this approximation later in this section. Then
ao(m " E{ —X) vanishes as this state has isospin 3/2 and there are no heavy baryons with this quantum number. Furthermore,
the remaining cross section in E@.7) can be expressed in terms of the pionic widtito off-shell pions withg?=0) of the
respective excited state as

Fo(Xpes— 7 ‘:'c)

oo(m B —X)=272), (2J+1) .

res 14

S(v— M gy . (4.9
Thus, the Adler-Weisberger sum rule orS_ebaryon target reads, when only resonances are retained,

[(Xyres =& 7~ Z7)

c

1=nf2> (20 +1)

res 3
P wave S wave D wave
3. 01, 1 8
— 2.2 _h2 h2 . i 2 h a 2
292 ‘|'2 3+ g+ 0|P | + Shiddpx " + 4.9

“We used here the relatida{~)(— v) = — F{=)* (») which can be obtained from a simple examination of &).
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where we have accounted explicitly for the contribution of the sexteave baryons and of the-wave baryons. The ellipsis

stands for contributions from higher states which can decay to the grounddiatgons with emission of one pion. The pion
momenta in Eq(4.9) are independent of the heavy quark mass in the infinite mass limit, so the sum rule holds for any species
of heavy quark.

In a completely analogous way one can derive a sum rule involving the couplifrgm the scattering amplitude of pions
off a sextet baryon. We define the corresponding retarded commutator averaged over the baryon spin@slinad.take
the baryon to be a member of an isospin doublet With 1/2 and spin 1/2. There is, however, a difference when compared

with the previous case, due to the fact that now there exist states lighter than the targetathe3 baryons. As a result the
two cuts of the functior(7)(v) along the real axis touch each other and partly overlap. However, the dispersion reldgjon
remains valid, due to our deliberate choice of working with the retarded commutator instead of the more usual time-ordered
product(see, e.g[20]). In the case of the time-ordered product, the left-hand dué to the second term in E(4.3)] sits
above the real axis. This is no problem as long as the two cuts do not touch, as the contour can be taken to run above and
below the cuts and close on a circle in the upper and lower half-planes. When the cuts touch and overlap, such a choice of the
contour is not possible anymore. The method adopted here avoids these complications, as the cuts are always under the rea
axis and they never get to pinch the contour.

Because of the presence of states lighter than the target, the second ternfdrBEstarts to contribute to Ik~ (v) for
positive v. For this case, relatiof¥.6) is modified and read€or »>0)

1 . .
ImF () =g (2m)* ) f du(D){[(PIDY2T-)[25(q+ P~ Pp_)+[(PID2|T)|?8(q— P+ Pr-_)}

1 ) .
—52m'E fdM(F/){|<P|Dl_'2|r,>>|25(q+P_Pr’>)+|<P|D1_'2|F,<>|25(Q_P+Pr<)}- (4.10

We denoted here bl-. (I'.) the states lying abovébelow) the target mass. The sum odér can be expressed as before in
terms of inclusive cross sections far scattering, and the one ovEL. can be computed in terms of the decay width for the
process “target—>I" 7" (summed over the spin df, s,)

1
Po(T—Tom®)= 72 v[(m T|T)[?. (4.1
T

The contribution of the statds which are degenerate with the target will be extracted explicitly. There are two such states, the

6 baryons with spins 1/2 and 3(2or the sum rule on & baryon this contribution vanished as pions do not couple taBthe
state$. Their contributions on the left-hand side of Hg.2) can be obtained from Ed4.3) and are

2 2 2
J _._ g1 91 301

5FEOOI29(V)|V=O:§+1_6:E- (4.12

The total contribution of all states which are not degenerate with the target t@HB@. can be written as
1, 1 f2v
ImF)(v)= Efﬂ.WZE {To(T=7"T)=To(T—a T)}— s(mr—v—mp)+ Z=[oo(m T—T)=og(7" T-T)],
<
(4.13

Keeping, as before, just the one-body states as intermediate states, dtakimgsinto account the fact that we have chosen
the targefT to havel ;= +1/2) thatl' (T— 7 I')=0 ando (7" T—TI)=0. Inserting Eqs(4.13 and(4.5) into Eq.(4.2) and
keeping explicitly the contributions of the-wave 3 and p-wave baryons, one obtains the following form for the Adler-
Weisberger sum rule on a targgébaryon:

P wave S wave
NN

1= 2L 92 4 2, 4 6, T 4,
8+2+2+4+4+2+

D~wave

)
"hs’Pw|2+ hlpw|2+ *h2 1B 1* + 5 2R, 17 +3 2 P 4 = Fhislie P+ (a4
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The ellipses stand again for contributions from higher excited states which can deca$ tmatlyens with emission of a single
pion.

Taking as target a polarized spin-3/2 sextet baryon gives new sum rules. For spin prajggtienl/2 along the incident
pion direction we obtain

P wave S ﬂave
A A
1—16+92+2+4+4+2+
D wave
2 . 1 . 1 . 1 . 2 - 1 -
+ ghglpw * + ghglpvr I* + ‘éhﬂlpw * + ghfzh?w I* + ghfsh?n I* + ghfslpw 2400, (419
and form,= +3/2
P wave S wave
9 R R R A2
b UL L L L AT
=36 Tt tatat
D wave
22-»212~212~212~222~2 2 1= 42
+§hslpr| +§h9|pw| +§h11|Pwl ‘|‘§h12|Pwl ‘|‘§h13|P7r] +h15|P1r| + (4.1

In fact only one of these sum rules is new: by taking theirthe baryon(the factor of 1f . gives an additional suppression
average the unpolarized sum ruk.14 is recovered. We of 1/\/N,). This gives that, andg, scale aN.. The simi-
will take as the new independent sum rule the difference Ofar s-wave top-Wave Coup"ngs are however On|y of order 1,
Egs.(4.15 and(4.16 written as because the Goldstone boson can only couple to the quark in
2 ap-wave state. This implies that the couplings of fhevave
&_92:fh2|5 |2+ Eh2|5 |2— EhZ |p.|2+ Ehz e statesh; scale like\N..
g T2 g 8Fm gieFm griFm T g Aty On the other hand, the amplitude for the process pion
4 > s-wave baryon— pion + s-wave baryon is also of order 1
+—hia|5w|2——h§5|5w|2+ . (4.17  [21,22. This means that the two-body states, (s-wave
9 3 baryon contribute to the sum rule at the same order N 1/
o ) as the one-body states withwave baryons. This fact could
One can see that the contributions of Bevave couplings  pntentially upset the resonance saturation approximation of

have canceled out in taking the difference. The phenomengne sym rules made above. Therefore an estimate of the con-
logical consequences of this sum rule will be discussed iR, um contribution is necessary.

Sec. V. We will restrict ourselves to the study of the continuum

) o contributions to the sum rule onZbaryon(4.9). Even with-
B. Continuum contributions out an explicit calculation it can be argued, as in the heavy
We have neglected in the above considerations the contrmeson cas¢l7], that the continuum contribution must be
butions to the sum rule from continuum states. This is likelypositive since there are more states containing one heavy
to be a good approximation in nature, where the heavy baryquark with isospin 1/2 than 3/2. Our explicit calculations will
ons are seen as narrow states with widths much smaller tha@nfirm this conjecture, at least for the low-energy region
their mass separation. A similar approximation has been jusvhere we can compute the continuum contribution. This im-
tified in the meson casglL7] by using largeN. arguments: plies that the sum rule@.9) and(4.14—(4.17) should in fact
the contribution of two-body states to the sum rule is supbe considered as inequalities.
pressed relative to the one of the resonances by.1The In the absence of experimental data, the only reliable in-
situation in the baryon case is, however, completely differformation we have about the continuum contribution comes
ent. In the following we will enumerate the contributions of from chiral perturbation theoryxPT). Unfortunately its va-
a few intermediate states to the sum rule in the lavge- lidity is restricted to the low-energy region in the vicinity of
limit, following [21,22. the threshold forr — 3 scattering. In this subsection we com-
The coupling of ars-wave heavy baryon to the Goldstone pute the continuum contribution from threshold up to the
bosons scales adN., which can be understood by recalling cutoff A =345 MeV, which will be shown to mark the limit
that the pion can couple to each of tNge—1 light quarks in  of validity of xPT in this system. In the next secti¢tv C)
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we go beyondyPT and use unitarity to bound the total con- @ e NEAO TS N
tributions of theS-wave andP-wave channels to the AW [N
sum rule. o . —3—\—6’—3,6 5—%3,6
The contribution of the £, s-wave baryoh continuum to
the AW sum rule on & baryon(4.9) is expressed in terms of
the cross sections appearing in E4.7). In accordance with
our previous discussion we keep only the contributions of the . .
following channels: T @ @
3 — 4
_ —-=+ o —-=+ o
o (v)=og(m" E = (m3)1)+oo(m B¢ —(73)3p) FIG. 1. Feynman diagrams for the continuum contribution to the
+oo(m EL —(m6) 1)+ oo(m B —(76)3p), AW sum rule on a3 baryon.

(4.18 e = 1 00
M(m B —=(73) )= \/§M(’7T El—w
2
- \éM(ﬂ'EJ—m’E; ,
o (v)=ao(mE] H('rr3)3,2)+0'0(7r 2l —(76)3p). (4.20
(4.19
M(m B —(73)3)= M(w Ec—7°EQ)
We have separated ior_(v) the contributions of the con- 1 . Cet
tinuum states with isospins=1/2 and 3/2. The correspond- +ﬁM(W Ec—m Ec). (42D
ing amplitudes are given by the usual rules for isospin addi-
tion as The evaluation of the diagrams shown in Fig. 1 gives

= i 31— 8 )
M(m"Ee = (m31)=~5 2f2U(v sy zu q+g3(v-q)*~p-q]

—0-q—A+iTg/2
° ) (v,s) (4.22
e — u(v,s), .
v-g-A+iTer2) |
_ = iV3— 2 (v-9)°—p-q
M(m B 3)ap)=— —U(v,5' )| =v-q+g> u(v,s 4.2
(n B¢ = (1)) =~ Ul >{3vq O ot (423
R L , (v-a)?-pg
M@ E; —(m3)3p)= 2ffru(v,s) 2U'q+3gz—v-q—A+iF6/2 u(v,s). (4.29

Note that, as explained above, the incoming piondfas0; however, the final one is on the mass spékm?2 . We have

denoted herd = Mg— M3, the mass splitting between tBeand6 multiplets. The widths in the denominators include both the
charged and neutral pion channels and correspond to on-shell final pions. In the heavy mass limit they are equal and are given

by

393

Fe=Tgx= - (A%2—m?)3?2, (4.2

The amplitudes4.22—(4.24) give, after squaring and integrating over the phase space of the final pion, the following cross
sections:

128 . 2 1 3

2
E"IT P g E’ I_)’ : + —A+il 2‘

(4.26

— L _
oo(m B, %(73)1/2)—?&
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TABLE Il. Continuum contributions to the AW sum rule on@baryon corresponding to different partial waves.

Cutoff energy(MeV)

345 370 395 420 445 470 495
(3_+7T)s 0.117 0.141 0.167 0.195 0.225 0.257 0.290
(3_+ e 0.020 0.033 0.045 0.057 0.068 0.078 0.089
(6+m)p 0.000 0.000 0.000 0.001 0.001 0.002 0.003
Total 0.137 0.174 0.213 0.253 0.294 0.337 0.382
(7 Ed—(73)5) ° 8E|*|+2“E|*l3 ! (4.27)
ool Z.— (7 == = ) .
0 [ 3/ 327Tf;:_ 9 ar pTT 392 T p7T (EW+A)2+F2*/4
0'0(7T+:+—’(7T3_)3/2):; 8E.,|p,|+693E,|p |3; (4.289
¢ 3onfh| T T AT (B 4 A) 24 T4

An important point which must be taken into account is that expresdi@®) contains a resonant piece. Upon insertion in
the AW sum rulg(4.7), it reproduces, in the narrow width approximation, the contribution of the one-body states with a sextet
baryon shown in Eq(4.9). Therefore, to avoid double counting of this term, the true continuum contribution to the sum rule
is obtained by explicitly subtracting it. To see this explicitly, we insert the resonant term i@ E2€) into the integral on the
right-hand sidgRHS) of the AW sum rule. We obtain in the narrow width approximation

f2 [ dv 995 (v2-m2)%2 3
law=—| —o™(v)= J p———" s — g3 (4.29
=] s 32n212) G a)2ira 2%

asI'—0. In the last step we used the well-known representation obthaction

r 1
E(V_A)—zwzm_us(v—m (I'—0). (4.30

The remaining cross sections needed for the continuum corrections to the sui#.9uleorrespond to final states with a
sextet baryon of spin 1/2 and 3/2 plus one pion. They can be computed analogously with the result

2.2 2 2.2 12 2\3/2
1 3 E7T E77 _m'n')
128mf* —E.-A+iTg2 E.~A+iTe/2]  64nf’ (EL+A)2+T24
E =E,—A, (4.3D)
|
39593 E (E’2— m2)3?2 charmed baryons’ case. The quark model valge} for the
oo(mTEl - m6)= . — 5 “——, (432  couplingsg; andg, will be used(with g,=0.75). We obtain
64mf (E.+A)°+ 1G4 for the continuum contribution to the AW sum rué.9) for

s o a few values of the upper limit of integration the numbers
oo(m B —m6")=200(m E;—m6), (433  shown in Table II. Especially for larger values of the upper
cutoff, these corrections appear as being significant when
oo(mTE{—m6*)=20o(m"E;—>76). (434  compared with the one-body sextet contribution to the sum
rule 3/2y5=0.562.
The first (second term in Eq.(4.31) corresponds to final In reality we will see that these large contributions are
states with isospin 1/23/2). simply an effect of the limited applicability of chiral pertur-
These cross sections are inserted in the AW sum(®ul®  pation theory for the particular process of pion scattering on
and the integration is done numerically. We included also thgy static heavy baryon. It will be shown in the following sec-
first term in the elastic cross sectidd.26 although it is  tion that unitarity gives an upper bound on the elastic pion
forma”y of hlgher order in jMC than the contributions we Scattering Ccross Sectionsl which is exceeded in uhﬁ),
are interested in. In fact it will be seen to dominate the coni=1/2 channel already abo\®_= 345 MeV. Therefore the
tinuum contribution. The mass splitting between thand6  only trustworthy values in Table Il are those corresponding
multiplets will be takenA =225 MeV, corresponding to the to the lowest value of the cutoff.
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C. Unitarity constraints From Eg.(4.41) one can derive an upper bound on the
The amplitude for elastic pion scatteringT,— 7°T: on partial wave amplitudes, valid both in the elastic and inelas-
i j : .
a static targefl with isospin 1/2 can be written as in Eq. UC Cases:
(4.1) in terms of two functionsT*) A
1 If.“i)lsle 5 (4.43
TR=T 600t TSI~ ). (435 Pa

We will use unitarity to derive an upper bound on the
Each of these functions can be expressed in terms of twiclusive cross sections into all possible final states. The
amplitudesf*) andg‘™), corresponding to spin-nonflip and, Method makes use of the optical theorem which expresses an
respectively, spin-flip transitions, defined by inclusive cross section in terms of the imaginary part of a
forward scattering amplitude. Explicitly this gives the fol-
TENE,, cod)=u'(v,s)[f*)E,,cod)+ig =) (E . ,cod) lowing expressions for the inclusive cross sections for pions
o incident on the 3=+ 1/2 member of an isospin doublet:
Xo-(q'Xqg)]u(v,s). (4.39

_ 1
We denoted here b, and cod the pion energy and scat- (7 T—=X)= B ||mM(7T T—-mT)
tering angle in the rest frame of the targgtq’ are unit i

vectors along the directions of the initial and final pions and 1 2 7
u(v,s) are nonrelativistic two-spinors in the rest frameTof = 3—Im[T '(E,1)+2TH2(E,,1)],
The functionsf(*) andg‘™) have partial wave expansions [P

of the form (see, e.9.[23]) (4.49

1
“)(E,,co8) = 2 [(1+ D) FE(E,) +1f(2(E )] o T—X)= r—llmM(w+T—>w+T)
P
X P(cod), (4.37
G2(E_1). (4.45

Pl

() - (i)
9" (Eq,co9) 21 [fi="(En) = f (E”)]P (cosp). Inserting here the partial wave expansidds37) and(4.38
(4.39 gives

From a physical point of view it is more transparent to _ 32 12
work instead of the amplitudé&™) with amplitudes of well- o(m T—=X)= 3|p.| £ 2 [(1+1)Im(f{39+2f{12)
defined isospin, given by Pa

+1Im(f{¥2+ 2f{Y? 4.4
T2 — T(H) T, (4.39 m(f;= i~ )1 (4.49
1 oo
TER=TH+ 70, (4.40 a(mt T—X)= ﬁz [(1+1)Imf{32+ [Imf (2],
Pl 1=0
These amplitudes have partial-wave expansions similar to (4.47)

those in Egs(4.37 and (4.38. The corresponding ampli-

. ) Taking the difference we obtain
tudes will be calledf}X(E,), with 1=1/2,3/2 and have

physical interpretation of scattering amplitudes in channels 0'(7T_T—>X)—a'(7T+T—>X)
with total angular momentum=1= 3, parity —(—1)' and
isospi.nl.. _ . _ +1)Im(f(1’2 (3/2))
Unitarity imposes a well-known constraint on the partial 3| ﬁ|
wave amplitudes
+||m(f,<£’2>—f.<i’2>)]. (4.48
Imf(!)= |§—7||f|(2| , (4.41) From Eq.(4.41) one can see that Iffl} is positive and
+ g L E=

bounded from above by E¢4.43. Therefore our strategy in

For small energies where only elastic scattering is aIIowedthe following will be to set an absolute upper bound on the
g y g difference(4.48 by using Eq.(4.43 for Imf(¥? and taking

the inequality turns into an equality. The partial wave ampli-
qualty quatty P P mf(3¥?=0 everywhere outside the domain of applicability

tudes are usually parametrized in this region in terms o ¢ chiral bati h
e sh|ﬁ55(') of chiral perturbation theory.

Strictly speaking the cross sections appearing in the AW
Ao sum rule are not the physical on-shell cross secti@n$4)
f|(+): |6|+)' (4.42 and(4.45 but rather, cross sections with a massless incident

- |p,T| pion. Let us explicitly write the dependence of the partial
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wave amplitudest(?)(E, ;m.¢,m,;) on the masses of the f2 dv 8
initial and final pions. Then the correct amplitudes to be used |<512’2> j Ty w n=0.212. (4.55
in Eq. (4.48 would bef(')(E. ;0,0). Unfortunately, no uni- As 3(v2—m7)

tarity bound can be written for the absolute value of this
amplitude. To see this, we write the inequali/41) keep-
ing explicit the pion mass dependence:;

Adding these two contributions we obtain an upper limit on
the contribution of this channel to the AW sum rule:

152 =15"2+1§%<0.368. (4.56
Imf{Y(E..;0, 0)>M|f('>(Ew,mw,0)|2 (4.49 (b) 1=1/2, P wave. The contribution of this channel to
the AW sum rule can be split up as in the previous case into
The quantities on the two sides of this inequality are differ- two terms. The low-energy part contains contributions from
ent and thus no useful information can be extracted abouhe both possible final statesr8) and (6):
them. We will use nevertheless the physical on-shell partial

waves in Eq(4.48, as the pion mass effects can be expected (12 _ 2 j pady (ool 7T (7T)yale
to be less important in the high-energy region where this 1 TJm, V
relation will be applied.

At low energies we will use the lowest order chiral per- tool 7 T—(7S) y5lp}
turbation theory result obtained from an evaluation of the 3
graphs in Fig. 1. Performing a partial wave decomposition = Eg§+ 0.072+0.001

we find that only thd =0,1 waves are present at this order.
Furthermore, there is no spin-flip, which gives =f,_=f,. 3
We obtain = Eg§+ 0.073. (4.57

The contribution of the one-body state with a sexatave
baryon has been extracted explicitly, as discussed alzmee
the paragraph following Eq4.28]. Above E,. =A% we
use again the unitarity limit

2
fo/2(E,) = 2Em (4.50

2 1 3
(1/2)( E )= | |2 - - : 2
m P —E,—A+il'¢/2 E,—A+il'¢/2)’ I 1/2)<f ©odv 38—77 0.362. (4.58
(4.5 P2 A2V 32— me) |
1 Taking the sum gives
fO2(E )= — —E,, (4.52
2 IE2 =10 4 1/2>< 92+O 435 (4.59
2
(92— g_22|57|2 (4.53 (c) 1=3/2, S wave. For thd =3/2 channel we include, as
2f2 ~—A+iTg/2 discussed above, only the contribution of the low-energy re-

gion, so as to maximize the integral appearing in the AW
From these expressions one can compute the pion energym rule. TheS-wave contributes
(E.)max= A" at which the unitarity boun.43 is reached

in each channel. We obtain{’?=345 MeV, A{P=449 |32 _ EJ 3/2)ﬂ{0 [T (7T)a]

MeV, A&P=477.8 MeV, andA$?=1189.5 MeV. We s 7 Jm, ° yzs

used in Egs(4.51) and(4.53 the same values fak andg, +

as in our previous estimates. We will consider in the follow- —oolm T (7T gpls)

ing these values as marking the limits of validity of chiral —_0.089. (4.60

perturbation theory in each channel.

We can compute now the contributions to the right-hand (d) I =3/2, P wave. This channel receives significant con-
side of the AW sum rule for each channel, following the triputions only from the ¢3) final states:
prescription outlined above.

(@ 1=1/2, S wave. Below the unitarity limitA$"? we PO L ONECT I
insert theyPT results for the cross sectio®s26) and(4.31) Ip™7=— ;Jm — loolm T=(7T)zple
into the AW sum rule. We obtain i
— oo T T—=(7T)gplp}
f2 112dp
|(Sll/2) mes _0'0[77 T—(@T)q]s=0.156. =—0.039. (4.61)

T

(454  The states £6) give a very small contribution of- 0.0004.
The quantity on the LHS of the bound.56 includes,
Above A$? we use the unitarity limit4.43 just as in Eq(4.57), also contributions from one-body states.
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These states are heavy baryons which can decay to theith g,=0.75 the constituent pion-quark coupling. The

s-wave 3 baryon byS-wave pion emission. Their contribu- Strong and electromagnetic decays of the charmed baryons
tion to the sum rule has been given in £4.9). Combining have been also studied in the quark model with(@l$ym-

Eq. (4.9 with the limit (4.56) gives the constraint metry in[24].
We will show in the following that th&s-wave couplings

1 of the p-wave baryons are also related in the quark model as
=h3+hZ+ (S wave, | =1/2 continuum=0.368. P y a

2
(4.62 |hs|_\/§ lho| 1 |hs| 2 [|hgl

Taken alone, this inequality tells us absolutely nothing lhal 27 |hy| 2" [he| 3" [hl
about the couplingb; andhg. To do so, it must be supple-
mented with additional information about the continuum. For
example, assuming that the continuum contribution is posi-
tive, Eq. (4.62 gives an upper bound on these couplifgs.
Experience with the lowest ordgrPT results shows that this
is very likely the case.

A similar prediction can be made about tliewave
| =1/2 channel. Relatiof4.59 limits the contribution of this
channel to the sum rule:

=1. (5.2

One possible way of deriving these relations is by com-
paring the matrix elements of the axial current between
s-wave andp-wave baryons computed in two different ways.
First, the axial vector current in the effective theory is given
by the Noether theorem. To the lowest order in the pion field,
it is given by the coefficient of—(\/flfﬂ)&ﬂwa in the inter-
action Lagrangian. For Eq3.1) this gives

_ okl i B =
|<P1/2)$29§+0-396- (4.63 J5 =hy€ij S, v 1R, + hatr(B3v ,t2U) + hytr(S v ,t7V,)

+hstr(S,v ,,t°R]) + heTiv ,t3U] +hy€ij Sy L5V}

The only bound statetesides thes-wave 6 whose contri- o
bution is made explicjitcontributing in this channel are ra-
dial excitations ofs-wave baryons. Expressidd.63 gives

an upper bound on their contribution plus continuum to the
sum ru_Ie. Note, however, that in con_trast to the_bo(m62) We denoted heré?=\?/2, the generators of the diagonal
which is parameter-free, the numerical bound in Ej63  f4y0r SU3) group. One can see that only the matrix ele-

has been obtained with the quark model valuedar ments of thew=0 component are nonvanishing in the had-
Unfortunately, not much can be said with the help of o rest frame.

these methods about tHg-wave contributions to the sum

rule. We do not have any control over the low-energy behavy, yoq petween the corresponding constituent quark model

lor of these partial waves, which would require a Next-10-g10q |y the nonrelativistic limit, the matrix elementJf
leading calculation in chiral perturbation theory. Also, the can be written as

use of unitarity for the high-energy region gives an upper
bound which is too large to be useful.

+ pion terms. (5.3

On the other hand, the matrix elementsl§fcan be com-

QL
'CM
QL

2 =
a, — a
V. CONSTITUENT QUARK MODEL PREDICTIONS <f| q7o¥st q| I > o < Z ( 2mu 2md )thI’ I > !

FOR STRONG DECAYS OF HEAVY BARYONS (5.4

So far everything has been completely general and the
sum rules(4.9) and (4.14—(4.17 are model independent. Wherem,,my are the constituent quark masses, assumed for
We specialize now to the case of the constituent quarlsimplicity equal in the following. Theg summation runs
model, where some of the couplings are related. For exover the two light quarks in the baryon. The structure of this
ample, the couplings of thewave baryons are given in the matrix element in the quark model is different for symmetric
quark model by[3] and antisymmetri@-wave statesh) Writing explicitly the
dependence on spatlalﬁ(rl,rz)] and spin-flavof x(1,2)]
B f 95| = \ﬁ (5.1) variables of the wave function, the matrix elemé¢btd) is
9a: 192 9a . given by

< bs(r1,2)xs(1, 2 t2 ¢.:<F1,F2>XP<1,2>> =(xs(1,2|(01-a)t8= (a5 a)t3 xp(1,2). (5.5

5A similar reasoning applied to pion-heavy meson scattering gives the inegbality (S wave, | =1/2 continuum <0.368 (with the
notations off 17]). In this case however we can invoke laf§g-arguments to argue that the continuum is suppressed.
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The upper(lower) sign on the RHS corresponds to a sym-with | an unknown reduced matrix element. Comparing
metric (antisymmetri¢ decaying p-wave state[for which  these relations with Eq45.7)—(5.9) gives immediately the
dp(r2,11)=+(=)dp(ry,r»)]. The spatial part of the matrix first two relations(5.2).

element is encoded into the constant veetpdefined by The other relations in Eq(5.2) can be obtained in an
analogous way by starting with the matrix elements

<¢s(r1 ra)

g | )
$p(r1,r2) (5.6 _
(2”‘ “om <2:Tdyoy5u

Although the notation used in E@5.5 does not make this
apparent, one must keep in mind tiaais in general different
for symmetric and antisymmetric states. — 0|7 i1
Y Y <~°T dyoysu :CJ(—)T>:—h5, (5.19

/++(1) _ 1
e |t ——Ehs, (5.19

The first two relations in Eq(5.2) are obtained by con-
sidering the following matrix elements in the lingt—0:

04l 4 A r+ 1
1 2T dyoysu|Agy > T)=—hs. (5.19

< dyoysu A:l(E)T>:_h21 (5.7
They can be also computed in the quark model with the help
of Eq. (5.5). Picking the lower sign in this relation we obtain
for the quark model counterparts of these matrix elements

— 1
<A§T’ dyoysu Eéo*(E)T> =hs, (5.8

1 2
< éf+(§)T>=—\[§lé, (5,17

dyoysu

<2§T

One expects the matrix elemerti&s7)—(5.9) to be related
in the quark model, as the baryon states on the LHS have the
same orbital wave functiotas do the baryons on the RHS <
set

1 1
2§1+(—)T>=——h4- (5.9
2 2

1
Eé5(§>T>=|'s, (5.18

The flavor-spin wave functions of the baryon states shown
are given in the Appendix. The-wave states are represented
as linear combinations of basis vectors
|c(mg)L(m,)a(m;)q(m,)) with mg the z projection of the
heavy quark spinm, the projection of the total orbital an-
gular momentum, andn,, the projections of the light
guarks’ spins. The operators in E(.5 can be written in
terms of spin-raising, spin-lowering operators arglas

O'a

/+ 1) _ 2 !
(2 T —_ﬁk‘,’ (5.19

with I another reduced matrix element. Comparison with
Eqgs.(5.14—(5.16) gives the last two coupling constant ratios
(5.2.

Similar relations can be derived in the quark model
among theD-wave amplitudes produced by the interaction

o-a=\20.a_—\20_a,+osa,, (5.10 Lagrangian(3.3), for which we obtain

where @_ ,a,,a,) form the components of &= 1 spherical
tensor. The matrix elemerts.5 can be then simply evalu-

ated with the help of the Wigner-Eckart theorem. Using the Ihid |hi
wave functions(A1)—(A5) one obtains |hg|=|ho|=hyq|, Tha =2, m=2 ,
13|
<2°T 7 *A+(1)¢> \ﬁ (5.11)
cl |08 Agy| 5 =~ \3als: .
2 3 h h
| 14| :1, | 15| Z\/E. (5.2@
L lhig ™ [hyg
<A<:+T o-a +o+(§)T>=_\/§|s, (5.12
The derivation proceeds analogously as in the case of Eq.
1 5 (5.2). The Noether axial current associated with the terms
S 1lo-a +1+(_)T> e — (5.13 (3.3) in the chiral Lagrangian is given bigp to terms con-
¢ 12 J3 taining pion field
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2 2
Jz=—ih85”k[aa[§f)t R,1+3,[ SR ARSURE (7[_R't|JR']}—ih9tr{ 0ol StV ]+ d,[ SV, 1+ VLl [ S t2V,]
—2ih 060, [ Titd XK, 1= hyo{ €4, S 12K, Joy + €79, St o Tv, }

_ _ 2 _
- ihlztr( Dol SutPR1+ 0 SAR]+ 50,0l sataR;]]

—ihlgeijk[ 9L SEAV.1+4,[ SEt v”]+ FUuV" [ Ska v"]] 2ih 149, [ Tit3X )]

hlseljk{ea/uf)\av[_m axll ]U)\+€HV”)\(?V[_RI |] MU]U)\} (521)

For this case it is the matrix elements of the space componed@wﬁich are nonvanishing. In the quark model they can be
expressed as

> + higher multipoles,
(5.22

— e . i . . 2L
<f|qy'ystaq|i>~<f|a'tae'q-'|i>=<f|cr'tali>+z<f |GG ) 2 e

Where& denotes the momentum of the current. The first term vanisheamrdf have different orbital angular momenta. The
second one is nonvanishing and will produce the terms proportional tb-tvave couplings in Eq(5.21). Separating again
the contributions from the spatial and spin-flavor components of the wave function, this matrix element can be written as

. N . -
<¢s(r11r2)Xs(1:2) q§—:1 (a'(q-r)+r'(q-a)—§q'(a'-r)) tg ¢P(rl!r2)XP(112)>
N q

2

qZl(i)l‘q(cr'(q~<':\)+a'(0|-<r)—§q'(<r~a)

Xp(1,2)> : (5.23

=<nga 2
q

The uppen(lower) sign on the RHS corresponds again to symme#ittisymmetrig¢ initial p-wave states. We denoted here
with a the constant vector

a=(g(r1,12)|11]pp(r1,r2)). (5.24
From Eq.(5.21) we read off the following expressions for a few typical matrix elements:
(583« Jrat =0 3] 3) = Dot 20). 525
<2§ 1) T § o %> = %hg(qiwé—ZQE), (5.26
<A: = 1q*‘J’-'2 Y ;.+%>=—;%?M&Q?Hﬁ—ZQQ, (5.27
<2: 1q%ﬂ Y g,+%>=;%BMﬂq?Hﬁ—ZQ§- (5.28

The quark model counterpart of these matrix elements can be computed with the help & Esand (5.23 and using
the wave functions in the Appendix. We obtain

1
of =
<2C 2)’+

1
+ —_—
<2c 2 ’+

+
Acl

1 :
1-i2
24

1\ 1
+5>=§Imq?Hﬁ—2q@, (5.29

Jl i2

1 3 1 T,
EQM o > :‘*’E :_E|D(Q1+Q2_2qs), (5.30
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1 3 1 2
+ wnl—i2 = NV _ 2 2_ 2
<AC 2 q ‘J C2 (2)7+ 2> \/@ID(ql—’_qZ 2q3)= (531)
1 3 1 1
+ pnl-i2 _ N 2 2_ 2
<20( q ‘] c2 (2)'+ 2> \/1—0|D(q1+q2 2q3) (532

I 5 is the reduced matrix element of tle=1 spherical tensora_ ,az,a,). Comparing Eqs(5.25-(5.28 with Egs.(5.29-
(5.32 gives relationg5.20 among theD-wave couplingshg—hy;.

The ratios among the couplings of the antisymmetric stée) can be computed in a similar way by considering the
matrix elements

<28(% ,+%q”31 "2 5), +%>=%hlz(qi+QE—2fﬁ>, (5.33
<22(% ,+%q“3,1,,“2 Aéf(g),+%> =§h13<q§+q§—2q§>, (5.34
(23] + grai (3] 4 ) -~ oo a2, 5.35
<22 % ,+%q“~1}[‘2 Aé?(g),+%> =%h15<q§+q§—2q§>. (5.36

The same matrix elements can also be computed in the quark model in terms of a new common reduced matrikjelement

<22 = q“Jl 2 01(3) +3> Ip(a7+ 05— 203), (5.3
2 2 3\/—

<22 %)ﬁ%qmtiz Agf(g),+%>=—3b— b(a3+0a5—203), (5.39

<Ec % ,+% q“d, " :5(2),@:% (qi+03-203), (5.39

<22 % &%q*ﬂ}f‘z Ag;(é),+§> =- J%I’D(q%q%—m%). (5.40

Comparing these expressions with E45.33—(5.36 gives the remaining relations in E@5.20 among the couplings

h12_ h15-6
The coupling constants of the symmetpiavave baryons among themselves appearing in the Lagraf@@mcan be also
estimated in the constituent quark model. We obfainunits of g,)

2
f1=0, f2=_1, f3=2, |f4|= \/;,

=1, ltd= 5, =22 =
5 ’ 6 \/E, 7 31 8 \/E

The values taken by the couplings of the antisymmetrigave state$3.6) in the constituent quark model af&so in units

of ga)
1 , , 2
2 f3=1, |f4|: 3

8Similar relations among pion couplings in the quark model have been obtairfiag]in

(5.41

f1=0, fh=—
(5.42
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=1 1= 1= I1gl=
5 ’ 6 \/E’ 7 37 8 2\/5

The couplings of the symmetric to antisymmetpewave states contained in the interaction Lagrandi®&i) can be

computed also by considering the matrix elements of the space component of the axial@héql.t In the quark model, the
matrix elements of this operator are given by a nonrelativistic expansion

— . p’+p’? | (o-p)o'(a-p)| . il
<f|q7'taq||>=<f ot3|>+<f|§( o Ot T i)+ 0(pm*) —( f| > ol
q
p'(a-p) . e = -
+1{ f >t ) +O(p*/m*), (p'—p). (5.43
q

The first term in this expansion vanishes as a consequence of the orthogonality of the spatial wave functions of the two
different types op-wave states. Therefore the leading contribution to these couplings arises from the next term and is formally
of order p?/m2.

Writing explicitly the dependence of the wave functions on the orbital and spin-flavor degrees of freedom, the matrix
element(5.43 can be expressed as

Ep(

(flay'tqli)= < bp(r1.T2)xp(1,2) 2 dpr(ry,r2)xpr (1, 2)>

=(xp(1,2|(Tjjoht]+ Koo‘lti‘>—<T”o£t2+ ko023 xpr(1,2), (5.44
|
where J5 1
fe=—Kko— —=ko, (5.47¢
1 3 \/5
<¢P(r11r2) (pp] 5ijp2> ‘¢P'(r1,r2)>, \/_
1 5 2
(5.49 a=— 3 K2~ EKO, (5.47%
< > 2
¢’P(r11r2) ¢P'(r1 r2) (5.46 , 1 /5 1
fr=-3 gKZ—EKO, (5.479
The tensofT;; and the scalak, parametrize the orbital part
of the matrix element and correspond to the two irreducible fr— V5 2 547
tensors withJ= 2,0 into which the operatgp'p’ can be de- 8=~ 3 Ko— ﬁ"o’ (5.47h
composed. It is a simple matter to compute the remaining
matrix elements over the spin-flavor coordinates, using the
wave functions in the Appendix. As a result, all 13 couplings n_ E _ i
. . 9— Ko Ko, (547D
f;’ can be expressed in terms of two reduced matrix elements 6 V2
Ko, Ko:
, 1 1
f1=0, (5.473 flo=—15kz— 7 Ko (5.47)
14 1
fo= J—Kﬁ fKo' (5479 fr=— 4J_K2+ Ko, (5.47K
i 2 2 1 1
f5= €K2+ 2kg, (5.479 f’lrzz\/TBKz_ > Ko, (5.47)

1 2
fi=——kK>— Ko, 5.47 Y B
PN (5.47d fis K2 V2kq. (5.47m
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To summarize, in the constituent quark model, the 45 couNeglecting the radiative decay width associated with the de-
pling constants introduced in Sec. Il can be expressed igays>} — 3.y, the total width of these states is given by
terms of seven reduced matrix elements. Among thgsés

of order unity,Is, lg, Ip, andlj are of order(formally) g2 MAC+ , ,
> > - 1.
O(|p|/m), andk,, kg are of order(formally) O(p%/m?). ry )= pyre] v p.|3=0g5(47.97115) MeV,
=\ Mss
VI. PHENOMENOLOGICAL APPLICATIONS (6.8
The sum rules presented in this paper can be used to pro- 92 Ma+)
vide model-independent constraints on the pion couplings of I'(3*%)= —22 = |p.I°=05(46.268 119 MeV.
the heavy baryons which will have to be satisfied by model 277\ Myxo
computations or phenomenological determinations. For ex- (6.9

ample, the sum rul¢4.9 gives the upper bound o
The CLEO data6.5 and (6.6) thus offer the possibility of

extracting the couplingy,. From Eq.(6.8) we obtain the
6D value [g,/=0.6119%7 and from Eq. (6.9
|g,|=0.530"31%. Averaging these two values we obtain our
This inequality is satisfied by the $2) Skyrme model cal- final result
culation of[26] who find

Wl N

2
go=

|9,/ =0.570" 3137 (6.10
1 1
|gs]= —=Gp— —=0g=0.717-0.813 (6.2  which [especially the one following from E(6.8)] is in
V2 3\2 good agreement with the constituent quark model prediction
with G,=1.25 the nucleon axial charge amgdthe BB* |g,|=0.612. Similar determinations aj, have been pre-
A_ .

- ; sented recently ih32,33. Our result comes closer to the one
coupling. The numerical values shown correspond to the exg, [33].

perimental bounds fog given in [27], g=0.09-0.5 (at One can use Eq6.10 to predict the widths of th& .
90% confidence limjt The constituent quark model predic- baryons. The fit of31] gives the mass values

tion (5.2) [3] for g,=0.612(with ga=0.75) also satisfies Eq.

(6.1), saturating it in the limigy— 1. Agr+=Ms++—M,+=167.95-0.25 MeV, (6.1)
One can also derive an upper bound on the couming ¢ ¢

from the AW sum rule(4.14). It can be made stronger by Ago=Mso—M ,+=167.2£0.4 MeV. 6.12

assuming thag, is known c c

The 3, widths are

2.8 4.,
913 3% (6.3
[(E:5)= % | T ) s g 6.232° 0039 MeV
The calculation of26] gives (2¢ )= 2mf2| My |P|”=92(6.232 5 059 Me
Cc
91| =Ga— %g=1.014— 1.150 6.4 =2.025' 5537 MeV, 6.13
which satisfies Eq(6.3). The constituent quark model with 0 95 MAJ I 0.14
ga=0.75 predicts a somewhat smaller valgg|=1 (5.1). A 2712\ Myo [PI*=05(5.969'5 159 MeV
The CLEO Collaboration recently measured the masses ¢
and widths of the&* ** and2§° baryonq 28] (for an earlier = 1_9'3,9_*(1)-&%;‘1 MeV. (6.14
measurement of the masses of these state$288e They '
find These states are significantly narrower than their spin-3/2
counterparts, which explains why their widths have not been
A2:++=M2:++—MA:=234.5i 1.36 MeV, yet measured.
We also present predictions for the=1/2 spin-3/2
[(3*"H)=17.9"2% Mev, (6.5  charmed baryon&*° and ¥ * . The latter has only been

recently discovere@34]. Their measured parameters are

Asx0o=Mgxo—M,+=232.6-1.28 MeV,
c c c Mzxo=Mz:+(178.2:1.1) MeV,
I'(2*%=13.0"24° MeV. 6.6
(3¢9 50 66 I'(E*%<5.5MeV[35], (6.15

The mass of\ is given by the Particle Data Grojp1] to
be Mzx+=Mz0+(174.31.1) MeV,

M, ;=2284.950.6 MeV. (6.7) I'(E¥")<3.1 MeV[34]. (6.16
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The masses of the ground stale=1/2 baryons are 2
Mz =2465.6- 1.4 MeV andM z0=2470.3-1.8 MeV/[31]. |91/=2/3l02 = 0.9317 32247 0.093 (6.19

We shall neglect the small admixture of @Ysextet into the
ground states as the corresponding mixing angle is small, oFhe possibility of determining in this way is particularly
the order of a few degreg$6,37,32. Including both the welcome as the decay; — 3 . is kinematically forbidden,

charged and neutral pion channels we obtain making a direct extraction af, impossible(for an alterna-
0 ) tive method se¢33,39).
['(Ec")=03(7.712-0.436 MeV=1.230-4.074 MeV, In contrast tog; and g,, the couplings of theg-wave

(6.17 baryons are not completely predicted by the simple constitu-
=%y _ 2 _ B ent quark model. To do so, it must be supplemented with
T'(2¢7)=05(7.4960.446 MeV=1.191-3.971 Mg\i’ additional dynamical assumptions, which in turn will have to
(6.18 be used to determine the wave function of the constituent
which are consistent with the boun&15 and (6.16). quarks. The AW sum rules discussed in this paper could be
It is interesting to note that the difference of couplings onused to set constraints on the parameters of the quark model
the LHS of the polarized AW sum rul@.17) vanishes when calculatlon.. Inserting the quark model relatioftsl), (5.2),
the constituent quark model relatiof&1) are used; so does and(5.20 into the sum ruleg4.9) and(4.14 one common
the RHS of Eq.(4.17) when the constituent quark model relation is obtained
relations (5.20 are inserted in this relation. If the quark 3 4 8
model relationg5.20 are not used, the sum ruié.17) can 1=g2+ §h§+ h2+ §h§0| 5w|2+§h§4| P2+
be employed to give a model-independent proof of the con-
stituent quark model relationgs.1) in the largeN, limit. (6.20

Recalling the scaling relations of the couplings discussed ifrpig result demonstrates the consistency of the constituent
Sec. IV B one can see that in the laiyg-imit the RHS is quark model with the AW sum rule@.9) and (4.14.
suppressed by one power oNl/relative to the LHS. In the following we present an extraction of the couplings
It is, of. course, a well-known fact thqt the predictions of h, andhg of the lowest-lyingp-wave baryons from experi-
the constituent quark model for low-lying-wave baryon  mental data. These will be subsequently used, together with
states become exact in the laiygdimit [38]. What is new  he quark model relationé5.2) and (5.20, to predict the
here is that the relatiofd.17) also gives the corrections to couplings of all the other symmetriz-wave baryons.
this result, expressed in terms of couplings of the higher \ve will determine the aliowed range of values forand

states. hg by using two different measurements. The first is the
As a matter of fact, the sum rulg.17 suggests that the CLEO measurement of the " (2593) width[6]
quark model relationg5.1) might work better than one !

Wpuld expect fr_om larg®N. alone. First, o.nly13.—wave cou- F(A:(2593))=3.9f§'§ MeV. (6.21)
plings appear in Eq(4.17), whose contributions are sup- 1 :
pressed by factors QXZ/A)Z(, with A the excit{ition energies The stateAC* (2593) is theJP=1/2" member of the
of the p-wave states and,=1 GeV the chiral symmetry w4 1 i
breaking scale. An explicit calculation using the upper limitS,” =1~ P-wave heavy quark doublet. Its general properties
on hg determined below6.44) shows that the contribution of have been discussed already by Ch2| (see als¢30)). Itis
theh2 term on the RHS of the sum ruld.17) is under 0.06. known that it decays predominantly in the two-pion mode,
Second, the alternating signs of the terms on the RHS of EqVhich is enhanced by resonant effects due to the proximity
(4.17 could enhance further the above-mentioned suppre@f the 3. pole. These theoretical expectations have been con-
sion. firmed by experimen{6,7].

We can expect therefore the quark model relation between The decay rate for the process; (2593)—Ag 7w~
g; and g, to be valid at the order of 10% or better. We has been computed [12]. To lowest order in chiral pertur-
obtain in this way the following prediction fay;: bation theory and in the heavy mass limit it is given by

dl'(A1(2593 A 7w (Ey) 7 (E,)) > R .
= - = —— M (P27 A1+ Pi2|BI2+ 2[EsE,— py - poIREABF )} (6.22

dE,dE; _16ar3ffr
with
h,E 2 hgp,? 2hg[E,E,—py-
A(EL )= = S
AR_AES_E1+IF22/2 AR_AZEO_E].—’—II‘E:O/Z AR_A2:++_E2+|F2:++/2
B(El,E2;A2<C*>0,AE<C*)++)=A(E2,El;AE<CM++,Ag(C*>0). (6.29

The boundaries of the Dalitz plot for these decays are given by
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FIG. 2. Boundaries of the Dalitz plots for the decays
AL (2593) A 7w (lower) and A (2625) A 77 (uppe).
A =(E§— m,ZT)[(M i+ —2M,+E1— Mi+)2—4Mi+mi]. The continuous lines correspond to charged pions and dashed lines
¢l ot ¢ ¢ (6.26 to neutral pions in the final state, respectively.

caying baryonM AL the phase space degenerates to the line
The boundaries of the Dalitz plots for the two-pion decays ofg, + E,= Ay and the decay rate reduces to the expression

the A, states are shown in Fig. 2. In the limit when the originally derived in[12] (we included here also the contri-
energy releasdy is much smaller than the mass of the de-bution of theD-wave couplings which was neglected i2])

dl (A (2593 — A 7t (Ey) 7w (E 2 [ My
( ( 3 ( 1) ( 2)) 92 c \/(E2 (E2 2) h%
dE,; 8 3fi M+ M
Cy

EXES—m?)
(Ar—A30—Ey)*+5T 50

E3(Ef—m?)
+
(Ap=Ay;+—Ep)’+4T5

8
)+§h§(ei—mi>(E§—mi>

X

(6.27

E5—m? EZ—m?
(Ag— Az*++—|52)2+ T;*H (AR Agxo— E))?+3 T;*o

We denoted by\; the excitation energies of the respective states with respett toWe will use in our analysis below the
value[31]

Ar=M,; =M, +=308.6:0.8 MeV. (6.28

The widths in the propagator denominators are given by

g5 Mal

Pyo0= Ipﬁls (6.29

¢ 27Tf2 ME

The rate forA§1(2593pA:w°w0 is given by formulas identical to Eq&6.22 and(6.27) with an additional factor of 1/2
due to the identity of the pions in the final state. In addition, the substitutions

Azg*)*ﬂAz(c*)O—’Azg*” (6.30

have to be made. We will use in our calculations the numerical values

As+=My+—M,+=168.5:0.7 MeV[31], (6.31)

Agr+=Mys+—M,+=233533 MeV. (6.32
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The state>* * has not yet been observed so we will use for its mass the average of its two isospin gérBeasd (6.6).
The second experimental input we will use is an upper bound on the wid],¢2625) also obtained by CLE@]:

F(A§1(2625))< 1.9 MeV. (6.33

A§1(2625) is the spin-3/2 heavy quark symmetry partneA@I(2593). To leading order in the heavy mass expansion, the
two-pion decay rate of this state is given by

dr(A;(2625—A! 7t (En 7 (Ep) 63
dE,dE, 167%

MA:{512|C|2+ Po2|E|?+2[E;E,— p; - p2]RE(CE*)

+[P12p2%— (E1Eo—p1- P2)21[p4% D |2+ p,?|F|?— Re(CF*) + Re(DE*)
+2(E1E>;—py-po)RE(DF*)]} (6.39

with

1
AR*—AEZH—EZHFE:H/Z

1
Ags— AES_ E,+i FES/Z

2 . 2
C(E1.Ep= ( h,E,— §h8p22) + §h8(E1E2— Py Pz)(

2

+ , , (6.39
AR* _AEZO_ E1+|F2:0/2

2 1 1
D(E;,Ey) = =hg| — + , 6.3
(EvE)=3 8( Age —Ayo—Eg+il's0/2 AR*—AE:o—EﬁiFE:o/z) (639

E(E;.E, ;Azg*>0,A2<c*)++) = C(Ez,El;Az(c*)H,Az(cHO), (6.37
F(El,Ez;AE(C*>o,AE<C*)++): — D(Ez,El;AE(C*)H,AE(C*)o). (6.39

In analogy to the previous case, this decay rate simplifies in the heavy mass limit and is given by

dr(A{ (2629 — A7 (EN7 (E)) g2 [ My 1l v E25,2
= h
dE; gty | My PullP2ly T2 (AR*—AE:o—El)ZvL%F;:o
E2p,2 4 .. . |. 1
n + ~h25.26.2 B.2
(Ape—Ags++—Ep2+3T2, 0] O sP1 Pz 1 (Ape—Ago—Ep)?+ 1T %0

+ ! — | +p2? ! >
(AR*—AE:()—E:L)Z"'%F (AR*—A23+—E2)2+%F2;—+

* 0
Ec

1
N , (6.39
(AR*—Az;++—Ez>2+%r§*++> ”
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FIG. 3. Constraints on the pion couplings of the; p-wave
baryonsh,, hg from data on their decay widths. The continuous
lines give central values and the dashed lines shovddviations.

FIG. 4. Allowed region for the couplinggg,h,) from the de-
cay width of A;(2593) and the Adler-Weisberger sum r&30
(curveA). The dash-dotted linB shows the constraint imposed by

The rate for the neutral pions channel can again be obtainetae constituent quark model AW sum ru(@.33).

by adding a symmetry factor 1/2 and making the substitu- ) ) N
tions (6.30 in this formula. The excitation energy of this Cl0se to thresholdand in the total widths of\;;(2593) and
state is[31] A [1(2625). The error due to the unknown relative sigrgf
andhyg arising from the last terms in Eq&.41) and(6.42) is
Ape=M,+(32~M,+=341.5:0.8 MeV. (6.40  negligible. The upper bound on the ratiny/h,<10"?
! MeV "1 is one order of magnitude above the naive dimen-

We will assume the widths of the twd;; baryons to be ~ Sional analysis estimates /h,=1/A = 10~° MeV ~*. The

dominated by their two-pion decay modes and neglect th@nalogous couplings in the strange hyperons’ system have
contribution of the multipion and radiative\j;—A;y  Peen used in30] to obtain an estimate for the charm case.
modes. The latter approximation is supported by model com]Neir results|h,[=0.54,|hg[=0.55/A , are compatible with
putations of the partial width for this modé0] which gave the values6.43 and(6.44 and suggest that the upper bound

the small vaIuesF(Agl(2593)—>A;’y)=0.016 MeV and (6-44 onhg overes_timates_ the real value of this coupling by
N 4 a factor of 10. For illustration we quote also the values of the
I'(A¢ (2625 A 7)=0.021 MeV.

couplings obtained when the simplified formul&?27) and
The total widths of the\ /; states obtained by integrating (6.39 are used instead of Eqgs(6.22 and (6.34):
Egs.(6.22 and(6.34 (including also ther®w® channel can  h,=0.553"33%0 |hy|<3.63x 1073 MeV ~ 2.
be represented, for givegy, as two ellipses in thehj,hg) Our results show that the width of the;(2625) state is
plane. For example, the decay widths of the thg, states  possibly dominated by thB-wave term proportional tt2
are given, for the central values 9§ and hadron masses, by which can become resonant. TBavave contribution to the

F(A§1(2593)=11.9021§+13.81h§—0.04212h8 (MeV), width proportional toh; accounts for 0.096—0.250 MeV of

6.41) the total.
' In Fig. 4 we show the allowed region for the couplings in
+ -0 2.0 2 the (g,,h,) plane, together with the constraints imposed by
I'(Ac1(2629)=0.518h;+(0.148< 1) hg the model-independent AW sum rulé.15
—5.22%,hg (MeV). (6.42
1
The constraints onh,hg) are plotted in Fig. 3 for the 1=g5+ Ehg (6.49

interval of values forg, (6.10. At the scale of the plot the
two ellipses appear very elongated, the vertical lines corre; . .
sponding to the limits orF(Agl(2593)) in Eq. (6.21) and the and the constituent quark model versi@?20 of the AW

sum rule
horizontal line giving an upper bound dhg| arising from
Eq. (6.33. From Fig. 3 we read off the following values: 3, 3,
0.322 1= Eg2+ Ehz. (6.46
|hy|=0.5727 3357, (6.43
|hg|<(3.50-3.68x 103 MeV 1. (6.449  We neglected the contribution of tlig-wave couplings on

the RHS of these sum rules.
The errors shown are mainly due to the uncertainties in the The inequality (6.49 is satisfied for all values of the
massedas the resonant decay_, —3 .7 takes place very (g,,h,) parameters following from the constraint on the
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width of A J;(2593). On the other hand the constituent quarkment[7,41]). These sidebands are introduced to eliminate the

sum rule(6 46) is more restrictive. It favors smaller values
for hy: |h,|=0.375-0.705.
We can use the extracted values figrandhg (6.43 and

background and have been chosen such tha(&§0 van-
ishes for a completely nonresonant process.
We do not know the sideband parameters for the CLEO

(6.449 to compute the resonant branching ratios of theexperimen{6] so we will neglectY sigepandin Eq. (6.50. We
A J1(2593) baryon. These quantities have been measured mptain, with the help of the theoretical express{6r27),

the CLEO and E687 Collaboratiof6,7,41). The CLEO re-
sults are

B(A(, (2593 —3( "7)

fy++=— — =0.36+0.13,
c B(/\C1(2593—>AC ataT)
(6.47
B(A(,(2593—30m")
fyo=—— - =0.42+0.13,
c B(Acl(2593—>/\C ata7)
(6.48

whereas the E687 Collaboratip,41] only quotes the total
resonant branching ratio cummulated over the typ& of

B(A( (2593 3 cm™)

_ ————=0.90:0.25
B(A01(2593—>AC1T 7T)

(>51% at the 90% confidence leyel (6.49

0.055
0.074»

0.054

f2§*20-37 0.061

for the individual branching fractions. For the cumulated
branching fraction we use the E687 sideband parameters

quoted above to obtain

fs =0.860"00gs

0.086"

(6.52

These valueiexceptfzg which is off by 1) are in good

agreement with the experimental d&€47)—(6.49. The er-

rors in (6.51) and (6.52 depend almost exclusively ogy,

and the hadron masses and are insensitive to the precise
value ofh,. This is due to the negligibly small contribution
made by the term proportional tb§ to the total rate of

A5 (2593).

The CLEO Collaboration recently reported evidence for
another p-wave charmed baryon which decays into
Elm w" via an intermediat&*° [42]. The measured ex-
citation energy of this state, which is identified with the
strangec[s,u] J°=2" counterpart of theAcl,

The experimental procedure for determining the resonant

branching fraction$6.47) and(6.48 is based on measuring
the ratio

B(A*(2593—>2 )
B(A+(2593—>A+7T+7T )

YE cregion Ysideband

fs =
¢ Ytotal

(6.50

HereYECregionis the number of events for which the invariant

mass of a pion and th& ! is within =4 MeV from the mass
of the corresponding.. state.YgepandiS the number of
events for whichg; (the energy of the positively charged

ME&—ME:=349.4¢0.7¢1.0 MeV. (6.53
There exists at present only an upper bound on the decay
width of this statel'(E},;")<2.4 MeV (90% confidence
level) [42]. The dominant decay modes for this state are
expected to be, as in the case of thg,, into =, plus two
pions. In addition, the single pion mo@&; — = .7 with the
pion emitted in aD wave is also allowed at order h, in
the heavy mass expansion. However, this mode can be ex-
pected to be very much suppressed and will be neglected in
the following.

Assuming SUW3) symmetry we can make some predic-

pion) is contained in the sidebands (150.7, 155.1) MeV for aions for the decay properties of this state. The decay rates

39 and (153.7, 158.1) MeV for &} * (for the E687 experi- are given by
|
dr (B —E n" (Enm (Ep)  g5h} E1p,° 654
dE,dE, TB4ATIE Fe (Apkrr— Ago— Ep)Ptt Toxyo '
dl'(EG) " —Edn" (E)) 7m(Ey)
dEldEz
_ 92h2 M iﬁzz 3512
= 7 M=o
12877 (At )+ — Agro— Eq)?+ 3T 5w (AR<*)+—AS(*>+—E2)2+%F;*H
(AR(*)+—AS<*)0—E1)(AR(*)+—AS(*)+—E2)+%FS(*)0FS(*)+
+2E1E(E1Eo—p1-p2)

[(Ag*)+—Ag*)o—

E;)2+1T

2
g0l [(AR*)+ —Agk)+ — E,)2+ 4lF5(*)+]

(6.59
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dr (X" =2 #%E) 7°%E,)

o E1p,”
“ocp_3¢4 VIE
2567731:77 c (AR(*)+—AS{*)+—E1)2+%Fg(*)+

+(12)+2E,Ex(E1Eo—p1- p2)

(At~ Ags—Ep) (Mgt — Ag s — Ep) + 2120,

X .
[(Aret )+ — Ag e —Eq)2+ 2T gn ) I (Apet )+ — Ag*ys — Ep) >+ 3T s . ]

(6.56

We neglected in these expressions the contributions of théme being we will limit ourselves to illustrating this appli-
D-wave coupling. This is justified in this case as f#wave cation by using the results of the model calculatj@n for
contribution can become resonant for both possible initiathe baryon masses.
statesEg” and is thus dominant. The next excitations abova ), are expected to be the
Numerical integration of the rate formul#6.54—(6.56 3 .,(3) baryons, which have the light degrees of freedom in a
gives [after adding a factor of 1/2 to the decay rate ofsﬂ/f/zo— state. Their excitation energy is estimated to@p
NES T —ES 7°7% due to the identity of the piofs '
Ay=Ms++—M,+=500 MeV. (6.60
.t =+ +0.448 1 2 €0 ¢
T(EY —Elntm)=(7.948372%h3 MeV, (6.57
This state can decay directly o] 7" in an S-wave with a
T(EY —Edrt70)=(7.301'3109h3 MeV, (6.589  width

M(EY —En%7%=(2.550"313)h5 MeV, (6.59 2 My

++y_ _ 3
F(Ze0')= 272 Myt +
= Mst

EZIpa- (6.6
so that we obtain for the total decay rate(E%"
=(16.79-18.77h5 MeV=(2.37-15.00 MeV. This re- ) i
sult is marginally compatible with the upper limit quoted by USing the quark model relatiofh| = y3|hy| (5.2 together
CLEO [42] T'(E*")<2.4 MeV. The finite width of thes*  With the value(6.43 for h, we obtairf
in the intermediate state suppresses the decay rate by about by 2 - 0.975
10% compared to its value in the narrow-width approxima- P(3go")=h3(2.066 GeV=0.676 335 GeV. (6.62
tion.

As mentioned previously, our result6.43 and (6.44) This state is so broad that it might be very difficult to ob-

can be used in conjunction with the quark model relationsS€"Ve It ,

(5.2 and (5.20 to predict the couplings of all symmetric 1€ next symmetric baryons ab&.;, represented by the
p-wave baryons. Unfortunately, except for model calcula-SUPerfieldV in Eq.(3.1. Their dominant decay mode is ex-
tions [9,11], the masses of these states are not yet knowrP€cted to be, as in the case Af;, into two pions. The

Eventually they will be measured experimentally. For thedecay rate of th& ;" (3) is

a4 ()—Al 7" (ED7(E)) gl . ]
T = MBI+ Pi?|BI2 +2[EsE,— py-poIRAABS )} (6.63

dE,dE, 32734
with
h,E; % hgpy? 2hg[E1E2— Py P2]
A(Eq,Ep)= : - , - : : (6.69
AV—AE:— E1+|l"2c+/2 AV_AE’C**_ E1+|F2: +/2 AV_AE*C”*_ E2+|F2§++/2
B(El,EZ;AEE:*)+,A2£:*)++): —A(EZ,El;AE(C*)++,AE£:*)+), (665

"This estimate folh, is compatible, within its error bounds, with the unitarity boudds2 |h;|<0.858.
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The decay rates for the isospin partnerSdf™ are related a&' (3% " "0 A 707 ) =T (E&)* S A 7" 77). The decay
zg?uAgw%O is forbidden in the limit of exact isospin symmetry, due to the fact that the two neutral pions cannot have
isospin 1.

The decay rate of th& ;" (3) state is given by a formula analogous to Eg}.34):

dre4 —A{m (E7%(E)) g3
dE,dE; 32734

M {P1?ICI?+ P2? | E|*+ 2[E4E,— py - p,]RE(CE?)

+[P12p22— (E1Eo— p1- P2)21[p1%| D]+ p,2|F|?— Re(CF*) + Re(DE*)

+2(E;E;—p1-p2)REDF*)]} (6.66)
with
C(Eq,Ep)= (hE 2h*2) ! +2h(EE ) !
v =27 3Pz Aye—Agrrs—Ep+ilgref2 30 00 P1P2 Aye—Ay:—Ey+ily /2
2

+ : , (6.67

Av*_A2:+_E1+|F2:+/2
D(E;,E )—2h ! + ! (6.68

VB A=A —E +ils 2 Ays—Assr—E+iTss+/2] '

E(Elsz;Az(c*”aAE(C*”*):_C(EerliAz(c*”*,AE(c*”): (6.69
F(E1,E2;AE£*)+,AE<C*>++)=D(E2,E1;A2<C*>++,AE<C*>+). (6.70

In addition tos-wave sextet baryons, ti¥,, can appear also in the intermediate state. The contribution of these diagrams
can be expected to be suppressed due to the large width of these states. Neglecting them wiemthtainentral values of
g, andX . masses

1

F<Ec1(§) ) =81.%3+ (1.4xX 10°)hZ—33.4h,hg (MeV)=106.4"33°MeV, (6.70)
3

F<Ec1(§) ) =72.2h3+(2.5x 10°)h3+617.1,hg (MeV)=94.7" 3% MeV (6.72

for Ayx)=465.1 MeV (corresponding tMy  =2750 MeV) and

1
r( 201(5) ) =65.5n;+ (5.1x 10°)h§— 87.1n4hg (MeV) = 85.8" ;2% MeV, (6.73
3
r( 2C1< > ) =132.53+ (4.7x 1(P)h3+ 1765.h,4hg (MeV)=173.4" 2% MeV (6.74

for Ay+)=515.1 MeV (corresponding tMs  =2800 MeV), respectively{9]. In the last equality the quark model relations
|h4|=2]h,| and |hg|=]|hg| have been used together with E¢6.43 and (6.44. The terms proportional thg have been
neglected, as they are of the order of a few MeV. These states appear to be considerably broatlgrcﬂhanto the larger
available phase space.

On the other hand, thE ., baryons have onl{p-wave couplings. Their dominant decay mode is expected to be two-body
decay toA . 7+
4hZ, My;

c

1572 M shF

(35

r( o E,E)HAJHF |p.|5=12 MeV, (6.75

where we usedly =2800 MeV[9] and the naive dimensional analysis estimiitg) =0.4x 10 2 MeV ~1. In addition to
this mode, theX ., baryons can also decay E:)‘C*)w. The corresponding partial widths are
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3 3 hz, Ms: | h2, Msx+
F( ++<—)—>2+7T+ +F( ++<—)—>2*+7T+): c 71-5 71-5 (676}
c2 2 c c2 2 c 107Tf3., M§:2+|p | 10’1Tf2 M2 |p |
5 5 2h?, Ms: 7h2, Msx+
F( ++<—)*>2+’7T+ +F ++(—)*>2*+7T+) 71-5 71-5 (677}
c2 2 c 2 2 c 457_”2 ME |p | 4577_]‘2 ME | |
|
and identical formulas for th&*)* * 7° final states. Adding (1 i
together the contributions of all possible final states we ob- Aco| 5| —[ND]s,[ND*]s, (6.80
tain
/ (1) Al (1) [ND]s,[ND*] (6.81)
3 115 Neal 51— S S .
F( C*;(§>—>zg*>w):(9.86><10S)h'j‘lzs.le MeV, “l2)me2
(6.79 JEIME
Acl —[ND*]s, (6.82
5
++( (%) _ 6
F( c2 (2>HE° ) (6.88x10"*)hfy=2.20 MeV, which can proceed by S waves. The decay

6.79 AL, (3)—[ND*]s, although allowed by angular momentum
and parity conservation, is forbidden in the heavy mass limit.
Heavy quark symmetry predicts the following typical de-

where we used the quark model relatibfy=2h?, and the .
cay rate ratios:

above-mentioned dimensional analysis estimatehfgy. It
must be mentioned that even a small mixingSQh(3) with

the broade ;;(3) could enhance its decay width. r
The strong couplings of the antisymmetpewave bary-

onsX(;,Aly, Al A, cannot be related in the quark model

to h,,hg, as the corresponding reduced matrix elements are
different. Therefore we are not able, at this stage, to maker
guantitative predictions about their decay properties. We
mention here only one possible effect of these states on our
predictions for symmetrigp-wave baryons, connected with
the possible mixing among states with identical quantum

!
c0

1 . ! 1 *
E)H[ND]S).F(Aco(E)H[ND ]S)=

3wl

numbers. This could be an important effect with the close (6.84)
pairs of stategX.¢1(3),2¢1(3)) and (¢ (3),2¢1(3)), which
can mix even in the heavy mass limit. On the other hand, 1 A 1 . (3
mixing between states belonging to heavy quark doubletd | A 2 —[ND]p |:T'| Ay 2 —[ND*]p |: 1| 2
with different values for the quantum numbers of the light

W i i 3 35
degrees of fre_e(_jorg/ is a 1ig effect. Still, experimental —>[ND]D) :F(Ag (—>—>[ND*]D) 0:1io,
evidence of mixing in the system of charmgdvave mesons 2 88
[31] shows that such fig effects can be significant in the (6.85

case of the charm heavy quark.

Another possible decay mode for the antisymmetric 3
p-wave baryons is to the channdlsiD] and[ND*]. The F(A’ (—)H[ND]D):F(A’ (—)H[ND*]D):F<A’ <_)
threshold for the first one is at 2810 MeV and for the second | %\ 2 °2\2 °2\2
one at 2950 MeV. Quark model calculatiofgs11] suggest 5
that the p-wave baryons must be lighter than 3 GeV with —
some of the states lying above these thresholds such that 2
these modes may well turn out to be significant. Unfortu-
nately, at the present time it is not possible to treat these
processes in a chiral perturbation theory framework, as donkinematical effects such as mass splittings within the heavy
in the pion decay case. There are, nevertheless, a few mode&uark symmetry doublets and mixings among different states
independent predictions which can be made about these deill certainly modify these results. After accounting for these
cays, following[43]. corrections, the width ratia®.83—(6.86 can be expected to

The dominant decays can be expected tqibkinemati-  be useful in identifying the heavy quark symmetry assign-
cally allowed ments of these states.
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VIl. CONCLUSIONS proaches such as QCD sum ruleee the references cited in

. . é33]). It is therefore of great importance to measure the width
In this paper we have made a systematic study of th * . : . )
of D* to give a direct measurement @f It will also confirm

strong interactions of the- ?‘”dp'Wa"e baryons containing a or reject the hypothesis of environmental independence of
heavy quark. The dynamics of these baryons are very rich,

The richness is reflected by the large number of multig2ts 9a- i
for s wave and 8 forp wave, and the large number of By heavy quark symmetry the bottom baryons are de

coupling constants necessary to describe all the interactionscriPed by the same interactions and the same coupling con-

. . 1ONStants as those studied in this paper. In fact, heavy quark
We he}ve found that thg constituent quark modgl n ConJunC'symmetry should work even better for the heavier bottom
tion with the Adler-Weisberger sum rules provides a power-

ful tool to handle the system. The quark model reduces th paryons. With more forthcoming data on charmed baryons
number of couplin conystants. from 25 to 7 which are further(ﬁom Fermilab(FOCUS and CLEO and a wealth of data on
. piing hottom baryons expected from the CERNe ™ collider LEP
constrained by an AW sum rule. One of the seven parameters . o
) . ) . o and theB factories under construction in a few years, we
is the axial vector coupling, for the single quark transition - . :
A . hope that many of our predictions will be tested experimen-
u—d. If we assume thag, is independent of the light quark :
. . : - tally in the near future.
environment, then its value is known to lgg=0.75 from
the nucleonB decay. The recent data on charmed baryons
from Fermilab and CLEO are consistent with this value of
ga and give strong constraints on two of the other four un-  We thank Chi-Keung Chow for participating in the initial
knowns as discussed in Sec. VI. phase of this work and for suggesting the application to
Through the common value gfy the single coupling con- [ND] decays discussed in Sec. VI and Hai-Yang Cheng for
stant which is needed to describe thavave heavy mesons useful comments on the manuscript. We are grateful to Luca
is related to many of the coupling constants in the heavyCinquini and John Yelton for enlightening discussions about
baryons. The choice aj,=0.75 gives a satisfactory rendi- the E687 and CLEO experimental results. D.P. is indebted to
tion of the branching ratios d* [44] and the decay widths Jirgen Kaner for communicating the results [#5] before
of the charmed baryons as we have seen in the last Sectiopublication and discussions. The research of D.P. was sup-
However, this value ofy, implies a value for theDD* = ported by the Ministry of Science and the Arts of Israel. The
coupling constanyg to be order of 0.733] which is much  work of T.M.Y. was supported in part by the National Sci-
larger than the values around 0.3 obtained by other apence Foundation.
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APPENDIX: QUARK MODEL WAVE FUNCTIONS FOR HEAVY BARYONS

|1& |C ~ | | I~ | | Al
3 /6 /2

For thep-wave baryons our phase convention corresponds to combining the tot&=sgint s, with the orbital momen-
tumL in the orderS®L.
p wave (symmetric)

A, 3) +1>—( \E|L +1)c —i|L 0)c )i 111)—] L lud)—1d (A3)
o2 +£>—(—l_| L(+1 +\ﬁ| L(O )—1_| = —l_| dy—|d (A4)
‘ ++(3 +1>——1 le)| IL(+1 L IL(0) L IL(O +|L(-1 (A5)
0 |3/t3 —@CD (+1ulul) N (O)utul) 2 (O)uluT)+[L(=L)utuT) |,
e[ L +3>——i L(+1 + = L(O + X L(+1 L L(—1
|3 t3)= JEICL (+D))(utul)y+]uluT)) @ICL (O)uTut) JEICT (+Dulul) JEICT (=1utut),

(A6)
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L3 1 1 1 1
sS4 (§>,+§>—%|cl)(|L(O)uTuT)—EIL(+1)>(|UTU1>+|ULUT>)>+E|CT>[|L(—1)UTUT>_|L(+1)Ulul>],

(A7)
3) 1 3 3 1
2&*(5 ,+§>=ICL>< \E)IL(O)UTUTVr \&JL(H»(IUTUUHMUD))—EICD[IL(—l)uTuw
+2[L(0))(JuTul)+|ulut)) +|L(+1)ulul)], (A8)
p wave (antisymmetric)
++ 1
) 2) >=(\[IL(+1CU J—IL(OCT>)J—(IUTUL> lulut)), (A9)
++ 3 1
DI (5 ,+2>=(\[IL(+1)CL>+ \[IL 0)cT>)f luTul)—lulut)), (A10)
=23 ( ).+ 3} =len)| I 0dutsy-Istuny - Sioputsn-tuty+ s
S|zt 3 —@CD (=1)(uTsT)—[sTuT)) 2 (0N (luTsl)—Istul)+|ulsT)—[sluT))
+|L(+1)>(IULSL>—|SLUL>)>, (A11)
A2 +3>—i| <|L 0) —i|L +1))(| 1)+ )i| dy—|d —i| IL(=1)17)—|L(+1
1
xﬁ(lud)—ldu)), (A12)

A'+(§) +E>=i|ci>(|L(0)TT>—i|L(+1)>(|Tl>+|lT>)>i(|Ud>_|dU>)
12)""2/ 76 2 V2

+T|CT>[|L( DT~ IL( +1)ll>]J—(|Ud> du)), (A13)

=23+ 3= Vb Lo Sicrnarn i | Sius-tsn- e

X[|L(~= 1m+f|L<0>><m>+|u>)+|L<+1>>|u>]f<|us> |su)). (A14)
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