PHYSICAL REVIEW D VOLUME 57, NUMBER 9 1 MAY 1998

Semileptonic A}, decay to excitedA . baryons at order Agcp/Mg
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Exclusive semileptonid\, decays to excited charmey, baryons are investigated at ordegcp/mg in the
heavy quark effective theory. The differential decay rates are analyzed faf"thé@/2~ A.(2593) and the
JT=3/2" A.(2625). They receive fi; ,, corrections at zero recoil that are determined by mass splittings and
the leading order Isgur-Wise function. With some assumptions, we find that the branching fractibp for
decays to these states is 2.5-3.3%. The decay rate to the hetidi®y states, which vanishes farg— o,
remains small at ordek ocp/mg since 1/, corrections do not contribute. Matrix elements of weak currents
between aA, and other excited\; states are analyzed at zero-recoil to ordejcp/mg. Applications to
baryonic heavy quark sum rules are explored.
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[. INTRODUCTION along the decay axis is consenigl]. For natural decays the
hadronic matrix elements do not vanish identically rag
The use of heavy quark symmetfy] resulted in a dra- —o, and at zero recoil these matrix elements have a value
matic improvement in our understanding of exclusive semiwhich is fixed by heavy quark symmetry. For initial and final
leptonic decays of hadrons containing a single heavy quarlstate doublets with the same light degrees of freedom this
In the infinite mass limit, the spin and parity of the heavy determines the normalization of the leading order Isgur-Wise
quarkQ and the strongly interacting light degrees of freedomfunction. If the light degrees of freedom for the two states
are separately conserved, and can be used to classify tluffer, then the matrix elements vanish at zero recoil, and the
particle spectrum. Light degrees of freedom with spin-paritynormalization of the leading order Isgur-Wise function is not
s/ yield a doublet with total angular momentud=s;=3  determined.
and parityP=, (or a singlet ifs;=0). This classification ~ In general forA,, decays, these infinite mass limit predic-
can be applied to thé\o baryons whereQ=c,b. For the tions are corrected at ordé&rgcp/Mg . An unnatural transi-
charmed baryons some of the spin multiplets are summarizeliPn can have a non-zero decay rate at this order. For the
in Table I, with masses given for the observed parti€®iys  natural transition to the ground statk, (s|"'=0+), the
HereA?andA ¥? are the observed ((2593) andA((2625) A cp/Mg corrections vanish at zero recfil]. However, for
with total spin 1/2 and 3/2 respectively. a natural transition to an excited, the zero recoil hadronic
For mg— the semileptonic decay of A, into eitherA,  matrix elements need not be zero at this order. These correc-
in a heavy doublet are described by one universal form factions can substantially effect the decay rate into excited
tor, the leading order Isgur-Wise functi¢8]. This function  states since they dominate at zero recoil and the available
will vanish identically if the parity of the final state doublet phase space is quite small. In the heavy quark effective
is unnatural4—6]. A semileptonic baryonic transition is un- theory(HQET), it is useful to write form factors as functions
natural if (Am)(—1)*%=—1, whereAs, is the change in of w=v-v’, wherev is the four-velocity of theA, baryon
the spin of the light degrees of freedom, abhd,=—1 ifthe  andv’ is that of the recoiling charmed baryon. Zero recoll
sign of r; changes, and-1 if it does not. This rule follows then corresponds te=v’, wherew=1.
from parity considerations along with the fact that fog, For a spin symmetry doublet of hadrohk. with total
—oo the angular momentum of the light degrees of freedonspin J.. =s,* 5 the HQET mass formula is

TABLE |I. Isospin zero charmed baryon spin multiplets with

sl”'<2. Masses are given for the observed parti¢ids _ )\? n;)x?
mH+=mQ+AH—Hi > +0(1mg). (1.1

s Particles Jm m(GeV) - Q Q

o* Ac i+ 2.284

1~ AY2, A32 i-, 3 2.594, 2.627 Heren.=2J.+1 is the number of spin states in the hadron

0~ A* i- H. and A" denotes the energy of the light degrees of free-

1* AYZ AT i+ 3+ dom in themg—oe limit. \, , are the usual kinetic and chro-

momagnetic matrix elements
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ference,A’' — A, occurs and furthermore some form factors
do not receiveA ocp/m, corrections.
In this paper decays of,, to excitedA .'s are investigated
1 g to order A gcp/Mmg .in the hea_vy qua_rk effective theofyin
?\§=2—(Hi(v)|ﬁg®ES%BG“'Bh(UQ”Hi(U)% Sec. Il we examine the differential decay rates fbp
My N+ —AY%v, and A,— A ¥, to order Agcp/mg. There is
(1.2 large model dependence away from zero recoil due to un-
) ) Q) ) ) known Aqcp/Mg corrections, but there is less uncertainty
written in terms ofh,’, the heavy quark field in HQET, \yhen therates to these two states are combined. Note that
using a relativistic nomlahzgtmn for the states, yhen baryonic decays are considered in the It it is
(H(p")[H(p))=(2m)%2E,16*(p' — p). possible to predict the leading order Isgur-Wise function
The excited charmed baryonst? and A2, which be- [11,17 as well as some of the sub-dominant Isgur-Wise
long to the doublet witls'=1", have been observed. We functions. The largeN, results which are relevant for the
decays considered in Sec. Il are summarized in the Appen-
_ . . . ; dix. In Sec. lll theA ocp/Mmg corrections to zero recoil ma-
=1 doublet. For semlleptonla\b_decays to exmtecfxc S trix elements for weQaCchuSrents betweemg state and all
the members of the charmeff'=1" doublet are special. At ¢ excitedA . states are investigated. The effect of these
zero recoil and order ocp/Mg their hadronic matrix ele-  excited states on baryonic heavy quark sum rules is dis-
ments are determined by the leading order Isgur-Wise funccyssed in Sec. IV. In Sec. V we summarize our results. This
tion and the differencé’— A (as will be seen explicitly in  extends the analysis of semileptoriic decay into excited
Sec. l). This is analogous to the case of semileptoBic charmed mesons in Reff8,9] to the analogous baryonic
decays to excited charmed mesons wifi=1/2",3/2%  decays.
[8,9].
The differenceA’ — A can be expressed in terms of mea- II. DECAY RATES FOR A,—AY%er, AND A,—A¥%er,
surable baryon masses. From Ef.1) A, can be eliminated
by taking the helicity weighted average mass for the double

1 .
)\T:W <Hi(v)|HI(,Q)(|D)2h£;Q)|Hi(v»*
H.

will use A for the ground state\, and A’ for the s/

t The matrix elements of the vector and axial currents
(V#=cy*b andA“=cy*ysh) between the\, and A? or
_on_my +n.my, A¥2 baryon states can be parametrized as

my= " (1.3

n,+n_
i (AYAv',s")|VHAy(v,S))

=u(v’,8")[dy, 7 +dy,p*

If my, is known in both theb andc sectors them,, can be VAMa LM,
calculated in terms ofm;, by eliminating AL with
m,, =5.623 GeV[2], m, =2.284 GeV[2], and m,—m, +dy,v"*]ysu(v,s),

=3.4 GeV|[10], taking m.=1.4 GeV givesA=0.8 GeV.
While this value ofA depends sensitively on the value of  (AY4v',s")|A¥|Ay(v,9))

m., the difference [4m, vamy
c

:U_(U’,S')[dAﬂ“"'dAzU“

o mp(m —my ) —m(my —my ) Adco +dav' #u(v,s), (2.0
A'=A= +O| —5—/, ?
Mp— M, mg
AF(v' 8| V¥ Ap(v,8)) —
as A N T R
is less sensitive ten,. Baryons withs™=1" in the bottom \AMysamy

sector have not yet been observed, so the mass splitting
AmAb=rﬁ’\b—mAb is not known. In the limitN;— this

mass splitting is predicted to mamAb:o.zg GeV, as shown oo ,
in the Appendix. We will see that sum rules imply that (A (w',s)]

Tl #)+1y,g*]u(v,s),

A*Ap(v,s)) —
N R R eI

AmAb< 0.24 GeV (for m,=1.4 Ge\j. Taking AmAb:O.24 /4mA3/zmAb

gives A’~A=0.20 GeV as a rough estimate. Since

A'/(2 m;)=0.36 the Aqcp/Mg corrections may be large Flagp ) +1a,9%1ysu(v.s),
and the effective theory might not be a good description for 2.2

these excited states. However, near zero recoil only the dif-

_ 2Corrections of orden ocp/m, were previously considered i6].
The notationA is commonly used in the mass formula for the we disagree with the statement made there that\the,/m, cur-
mesonsB™*) andD®*), however in this papeA will be used ex-  rent and chromomagnetic corrections to the matrix elements vanish
clusively for the baryons. at the zero recoil point for decays to all but the ground stgte
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wheres ands’ are for spin, andl; andl; are dimensionless _ 1+49)
functions ofw. The spinomu(v,s) and Rarita-Swinger spinor |sgl/2 u*(v,s)uP(v,s)= 7
u,(v’,s’) are normalized so that(v,s)u(v,s)=1 and _
U,(v',s")u*(v’,s")=—-1, and satisfypu=u, ¥'u,=u,, —iy5€P70 (2,430 )],
v, u*=0, andy,u*=0. At zero recoil {=v') these prop-
erties, along withu,ysu=uysu=0, imply that onlydvl,
da,+da,+da, andly, can contribute to the matrix ele-
ments in Egs(2.1) and(2.2).

In the infinite mass limit decays to excited.’s with he-
licity A= *x3/2 are forbidden by heavy quark spin symmetry 0123 .
since the light helicity), , is conserved in the transitiqa].  Where e _,1' In%,the,rAe,st frame of thf’}b the auxnh';}rly
For theA,, s™=0" so\;=0, and the final state excitetl, ~ VECtOr_ n)=(v'lvev")=(Ww*~1,wo"), where v
can only havex=+1/2. It is useful to consider separately =v'/[v’|. _ o
decay rates to the different helicities to see what effect cor- The differential decay rates are expressible in terms of the
rections of orderA ocp/Mq have on this infinite mass limit form factors in Eqs(2.1) and(2.2), and the kinematic vari-
prediction. For a massive particle with 4-velocitythe po- ~ablesw=v-v’ and 6. Here ¢ is the angle between the
larization sums over individual helicity levels can be done bycharged lepton and the charmed baryon in the rest frame of
introducing an auxi“ary four Vectona(v) such thatn-v the virtual W boson, i.e., in the_center of momentum frame
=0 andn?=—1. For the spin 3/2 Rarita-Swinger spinors of the lepton pair. FoAb—>Aé’2I v the differential decay rate
u#(s) the spin sums are thén is

[—9*f+v*P+3n*nP

(1+9)

; u*(v,s) uB(v,s)= ——— [ —g*+v*B—nnh
|s[=3/2 4

+iy5€*Py N ], 2.3

2
Az

m=61“orf\/w2—l(sin20{(w+ DI(ry=1)dy, +(W=1)(dy,+r1dy,)]*+(W=1)[(r;+1)da,
+(WH1)(da,+110a) 13+ (1= 2r wHr{(1+coSO)[(W—1)di +(w+1)dy ]—4 cogl\\w?—1dj dy.}),
(2.4)

while for A,— A% v the rates are

2 (N|=1/2)
d 1—‘/\3/2

~Gwdcos =Tor3yw?—1[(—4 cogyw?— 1A, —2(w+D)la Iy, —2(w=1)ly, ]+ (1+coS O){(W—1)[Ia,— 2(W
+ D)l 1P+ (W D[y, = 2(w= 1)y, 1P (1= 2rgw+r5) +4 sirf of (w+ D)[(W—1)(rz+1)ly +(W?—1)

X (I, +13ly,) +(W=rg)ly, P+ (W=D)[(W+1)(rg= 1)l o +(W?=1)(In,+T3la) +(W=T3)l 5 J%}],

dzrg\\x|=3/2)
/.
m=3l“or§\/w2—1(1—2r3W+r§){(1+co§6)[(w+ DIG,+(W=1)I13 ]+4 coW? =11yl }. (2.5
|
Here FO=G§|Vcb|2mEA’b/(1927r3), r1=mAg/2/mAb, andr; In HQET the form factord; andl; are parametrized in

—mys2/m, . dl/dw is found by integrating over dcés terms pf one unive_r_sal Isgur-Wise_ function in_ the infinite
e b o mass limit and additional sub-leading Isgur-Wise functions
which amounts to the replacements®gin4/3, (1+C0S6)  which arise at each order i oep/mg. The form of this

—8/3, and cog—0. Note that near zero recoilM=1) the  parametrization is most easily found by introducing interpo-

form factorsdy, andly, determine the rates in Eq&.4) and  |ating fields which transform in a simple way under heavy

(2.5). The electron energy spectrum may be found by changquark symmetry[14]. The ground state spinor fieldy,,

ing the variable co8 to Ee=(m,/2)(1-rw  destroys the\ baryon withs™=0" and four-velocity, and

—r\Ww?—1 cod). furthermore satisfie6 A, = A, . For thes™=1" doublet, the
fields with four-velocityv are in

3This agrees with Ref13], although there is a sign mistake in Eq. Pl= g2 r i( yEt+uH) ysiptl?, (2.9
(24) of that papei(the fourth plus sign should be a minus 3
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where the spinor fields'? and Rarita-Schwinger fielg which enables us to eliminate the® . Combining Eq.

destroy the spin 1/2 and spin 3/2 members of this doublet2.14 with Eq. (2.11 allows two more form factors to be
respectively. The field defined in Eq2.6) satisfiesé !  eliminated,
=y, andv ,¢*=0. Note also thaty, y¥**=0.

32
v

When evaluated betweensﬁ'=1‘ excitedA . state and a(2°)= _Wa(lc)
the Ay, ground state thé—c flavor changing current is
cTb=h{Th®=a(w)v,y" TA,, (2.7) ¥ =(A—wA")o+(W>—1)oi, (2.15

at leading order inAgcp/Mmg and as. Here o(w) is the
dimensionless leading Isgur-Wise function for the transitionleaving only one unknown current form facter; =o', at
to this excited doublet. The matrix element in ER.7) van-  orderAgcp/mc . At zero recoil we see from Eq&2.9) and
ishes at zero recoil, and leads to the infinite mass prediction@.10 that onlyo(sQ) can contribute, and from Eq2.14) and
of Ref. [5]. _ _Eq.(219 thato(1)=—oP(1)= (A"~ A) (1)

At order Aqcp/mq, there are corrections originating  There are also corrections from the ordegcp/mg ef-
from the matching of thé&— c flavor changing current onto fective Lagrangian,éﬁgQ)=(Oﬁ%?v+ OET%)Q,\)/(zmQ)' Here

the effective theory and from ordérocp/mg corrections to . . L

the effective Lagrangian. The curre%t cor?ections modify theo(k%),v: vQ)('D)zhl(fQ) is the heavy quark kinetic energy and

first equality in Eq.(2.7) to O, =N (g4/2)0,zG**h{Vis the chromomagnetic term.
The kinetic energy operators modify the infinite mass states

i [ giving corrections to the matrix elements of Eg.7) of the

Thh©|T_ >y R ot 9 PR ()
clb=h7|T T DI+ 2me rp|h>. (2.8 form
For matrix elements betweensﬁ' =1" excitedA . state and -
the A, ground state, the ordek ocp/mg operators in Eq. i f d*X {0, (O[NTh(P1(0)} = ¢l 4" T A, ,

(2.8 are

ch,)ilj)\l“ h(yb):bﬁ@'r/\v' . 4 b) P! b b) o
|J d"XT{O ()N ITh{P](0)} = i 5 T A, .

h9TiD,h®=bB Y% TA, . 2.9 (2.16
The most general sub-leading current form factors that can _ ) _ )
be introduced are These corrections do not violate spin symmetry, so their con-
tributions enter the same way as thg,—c« Isgur-Wise
b'Y =0\ Vv )+ v v+ 09, (210  function o and vanish at zero recoil. The chromomagnetic

operator, which violates spin symmetry, gives contributions
where theo(? are functions ofv and have mass dimension of the form
1. Using the heavy quark equation of motiom,- D)h(?®
=0, gives two relations among these form factors
; 4 (c) Ko Kb
woldh+ ol =0, [ aTiopy oo

!

o+ wol + o) =0, (2.1 = (Bl Puav I T TA

v

When evaluated between the states destroyeaﬂv’byindAU
translational invariance gives f ®) S—
o i | d**xT{Omg(X)[h,7Th”1(0)}
i9,(h°Th®)=(Av,~A'v)hOTh® , (212 e
o ) B
which implies that =(bma@uat ) ¥, T - ioc""A, . (2.1
biyc)z-i-b(c,[l))\):(/?v)\—x’v)’\)vao. (2.13
] ] ) At zero recoil these chromomagnetic corrections vanish
Equation (2.13 gives three relations between the currentgince, (1+#)o®#(1+#)=0. Thus the onlyA oep/Mg cor-

form factors in Eq(2.10, rections that contribute at zero recoil are determined by mea-
© 1 (b)_ T surable baryon mass ;plittings and th_e value of the leading
oy’ toy =Ao, order Isgur-Wise function at zero recoil.
_ Using Egs.(2.10—(2.17), it is straightforward to express
U(2°)+ tr(zb)= —A'o, the form factorsd; andl; parametrizing these semileptonic

oL o decays in terms of Isgur-Wise functioms o;, ¢, and
o3+ o3 =0, (2.14 ¢ Leteg=1/(2mg). For decays to\}? we have
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V3da =(W+1)o+e3(WA'—A)o—2(W?—1)0y

+(WH1)(diir— 21— e[ (A’ —wWA) o
—(w+1)¢21,
V3da,= — 20— 2&c(piin— 2080+ 2e[(A'—A)o

—(W=1)o1~ dign+ Bimagls
V3da,=2ep[ (A"~ A)o—(W—1)o1— Binld,

V3dy, =(W—1)o+e[3(WA'~A)o—2(W'~1)0;

+(W=1)($i— 20 1 —eol (A —wWA)o
_(W_1)¢kin]!
V3dy,= — 20— 28(pifr—2¢\) — 2ep[ (A + A) o

—(WH D)oyt G+ bl

V3dy,=2ep[ (A" +A)o—(W+1)o;—

bing-
(2.18

The analogous formulae fox%? are
Ia,= ot el (W=1)o1+ i+ dinagd — sl (A= Ao
—(W=1)a1= Biin+ Bimgl,

|A2= —2¢&.0q,
|A3=2£b(/T'a—Wa'1+ d)Er?;g),

Ia, =~ 26,[ (WA = R)o— (W?— 1) oy + (W+1) $2)

ly,=o+ed (W+1)oi+ g+ dimg +epl (A +A)o
—(W+1)oy+ dior+ d22 ],

IV2: _2800'1,
A b
Iv3: _28b(A,0'_W0'1+ (i)l(,n;

v, =2e[(WA' = A)o— (W2 — 1) oy + (W—1) $EA].

(2.19

The form factors which occur for the helicity| = 3/2 rate in
Eq. (2.5), IA4 andIVA, only receive corrections proportional

to &y, so this rate remains small at ord&icp/mg. The

form factorsd\,1 andl\,4 which determine the rates near zero

recoil have the values

V3dy,(1)=(3ec— ) (A= A) (1),

lv,(1)=28,(A’ = A)o(1). (2.20
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The Isgur-Wise functions that appear in E¢2.18 and
(2.19 have unknown functional forms, so to predict the de-
cay rates some assumptions must be made. The functions
#(Q can be absorbed by replacigwith
(2.21

~ (©
0'_0-_'—80 k|n+8b¢k|n

This introduces higher order terms of the formm(/T’

—A)O(sé). These terms are small for the spin 3/2 form
factors since they are always suppressed by at least pne
but could be large for the spin 1/2 form factors simL%
occurs. However, in the limiN.—oo we have¢k,)(1) 0

(as discussed in the Appendligo the latter contributions are
also small. Hereafter, unless explicitly stated otherwise, we

will use . The chromomagnetic functionsh{s,, are ex-

pected to be small relative tdocp and will therefore be
neglected. This is supported by the sm’ﬂ=1‘ doublet
mass splitting, the fact that at ordekgcp/mg spin-
symmetry violating effects are sub-dominant in fig—x
limit [12], and that the members of this doublet are P-wave
excitations in the quark model. Following R¢8] we note
that since the available phase space is smafi\Wk1.3), it

is useful to consider the differential rates treatimg1) as
orderA gcp/Mg and expanding in these parameters. This has
the advantage of showing explicitly at what order various
unknown factors appear. Expanding the differential rates in
powers of (W—1) gives

T,
12 n (n)
Sdcos =4T ya?(1)r3w?— E (w—1)"{sir?gs]

+(1-2r;w+r?)[(1+coga)t"

—4 cog\yw?—1u{"]},
Ty
_ ~2 3 2 — 1\Nfaj (n)
“ddeog ~ 8Too?(1) riwi—1 ; (w—1)"{sir?gsy

+(1—-2raw+r3)[(1+cogo)ty"
— 4 cog\w?—1u§"1}, (2.22

wheres{™, t{V andu(™ are expansion coefficients. The
entire rate for spin-3/2\|=3/2 is suppressed byﬁ soitis
not useful to consider th&v—1 expansion. Corrections of
orders? to the form factorsy, andl,, in Eq.(2.19 have not
been considered and may give terms of similar order in this
rate. Even so, a conservative estimate puts the contribution
from the|\|=3/2 states to the totak>? rate as at least 30
times smallet than that of thg\|=1/2 states.
Treating (v— 1) as ordek we keep the coefficients™

andt™ to ordere£™" . Since the coefficients™ are mul-

tiplied by an addmonalx/ Z—1 we keep them to order

“This estimate is made using E(.25H and the method de-

scribed below. Varyingfr1 over the range—1 GeV<frl<1 GeV
gives 3X 10’4<FAxsx/\z:a/z/FAgx/\Z:uz<0.02. The bound is taken to be

1/30 rather than 1/50 to be conservative.
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2" Recall that these latter coefficients do not contribute - o

to the single differential B/dw rates. It is straightforward to o4 o
derive these coefficients using Eq2.4), (2.5), (2.18), and AR AR
(2.19 so only a few will be displayed here for illustrative
purposes. The coefficients® and t© are ordere3(A’
—A)2

0.3 a 0.3

@r/dwy/(w-n'?
@r/dwy/w*-1)'"

sP¥=(1-11)%(Bec—ep) (A —A)?,

(10)=(3£c—8b)2(/T’ —/T)Z.

=4(1-13)%sh(A' —A)?, _
FIG. 1. The spectrum foA,—AY? ev,, in Fig. 1a, and the
td _sb(A/ NG (2.23  spectrum forA,— A2 ev,, in Fig. 1b, are shown in units of
I'yo(1)2. The dashed curves are the prediction of the expansions in
while the u® coefficients are ordeso(A’—A). The coef-  Eq. (2.22 with ¢'=—1.6 and include M, effects. The dotted
f|C|entSS(l) andt® have terms W|th;0 and Wltth The CLfrves are themg—co pred_ictions with no expansiqn and with
Q contributions do not |ﬂVO|VeJ'1, and for the spin 3/2 o'(1)/o(1)=—1.4. The solid curves are the results with no expan-

. . ~ o _ H H ~ p—
coefficients there are ne. contributions. For example, we S'On Usingo = 1.6 and include g, effects witho;=0. The
have shaded regions show the range the solid curves cover when

varied through the range 1 GeVv< (}1<1 GeV.
tM=2+4(3e,—ep) (A —A),
@ _ parameter’ [or o’ (1)/o(1) for mg—]. The contribution
ty'=2—4ep(A' = A). (2.24  from the helicity +3/2 states to the\¥? rate in Fig. 1b is

. - ) +) (1) invisible on the scale shown.
Finally, the coefficients'®, ', andu’"’ are kept to order The spectra in Fig. 1 have uncertainty associated with the

eq, and depend on’ =o' (1)/o(1) (a caret will be used o yaues of A’ — A and A Changing the value ok’ — A by

denote normalization with respect . With these assump- +0.1 GeV has a large effect for tma_g/Z (=30% for a given
tions the coefficients are determined at this order in terms ofoint on the curve in Fig. Jabut a small effect forA3?

A’ A ando’, while terms witha; and more derivatives of (<3%). A measurement of the mass ofslgl 1~ bottom
o come in at higher orders in the double expansion. Thearyon will substantially reduce this uncertainty. Changing
value of o, (1) [whereo;(w)=o4(w)/a(w)] gives smaller  the value of A has a small effect for bothY? and A3?
uncertainties than might naively be expected for this reason.<5% and<1% respectively To estimate the uncertainty
_Itis also possible to estimate the rates withomt axpan- j, predicting the rates associated with the valuergfwe
sion by inserting the form factors in EqR.18 and(2.19  ae it to bew independent and vary it over the range
ggle f;[{)één\t,\?eiztgiéztﬁé ?:%g'a'rez?cgg;esrmme the differen- —1 GeV<a;<1 GeV. This gives the shaded regions shown
cP in Fig. 1. It is important to note that the lower bound comes

o(w)=1.41-1.4w—1)], (2.255 from o,=1 GeV for theA?, but from oy,=—1 GeV for
N the A2, Thus the sum of these rates is less sensitiveto
oc(w)=1.71-1.6w—1)], (2.25H  than theA X rate alone.

_ _ o o The Ag lifetime 7=1.11 ps and 10% branching fraction
using the former in the infinite mass limit and the latter Whenfor A A epX [2] give an inclusive rate of 0.28,. We
Aqcp/mg effects are included. The derivation of Egs. b tctre 9 o

@ can estimate what percentage of this rate is made up of de-
(2.253 and(2.25D are given in the Appendix. Tmmagw il cays toA, and A 55, by taking the largeN. normalization,

be ngg_lected for the reasons given above, Ieaynpgis th_e o(1)=1.2, and integrating the differential rates in E(&4)

remaining unknown form factor needed to predict the dlffer-and (2.5) over the ranges €w<1.31 and Xw<1.30 re-

ential rates at ordeAoop/Mo- —  spectively. Varyingo; in the range—1 GeV<o,<1 GeV
With r,=0.461, rs=0.467, A'~A=0.2GeV andA  pergives ! !

=0.8 GeV, our results for thelddw spectrums are shown

in Fig. 1. Plotted are the infinite mass limit predictions with-

out expansior(dotted line$, the predictions with Mg ef- Ty,

fects using the expansions in E§.22 (dashed lines and 0.024<

the predictions including fid, effects without expansion and To

taking o, =0 (solid lineg. A factor of I'ya(1)2yW?—1 has

been scaled out of the decay rates making the displayed r,

curves independent of the normalization. Therefore, the only 0.023«—"-0.048. (2.26

large N. input for these curves is the value of the slope Lo

<0.072,
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The FA1/2 rate is enhanced compared to the infinite mass TABLE Il. Contributions to the zero recoil matrix elements in
predictionFAl/2/F0=0.020. Adding the rates in E42.26 Eg. (3.1) to order Agcp/Mg . An asterisk denotes that the corre-

and comparing with the inclusive rate 0129 we find that sponding contribution to the matrix element is identically zero for
- any value ofw. Here 0" refers only to the radially excited™

decays to these states contribute between 25% to 33% of th:eg+ states Y Y !

semileptonicA , branching fraction. This range corresponds '

to —1 GeV<a;<1 GeV and has less uncertainty than that inslﬁl o* 1- 0~ 1*

Eq.(2.26 since varyingr; changes the two rates in opposite

ways. To test the dependence of this prediction on the shaﬂlﬂl‘?HOC . 00 _ 0_ g: Og
- ~ ~ Mg currents r—
of a(w) we takeo,(1)=0 and varyo;(1) over the range Q" #(A'=A)a(1) .
—1 GeV<c)(1)<1 GeV. This has a small effect on the pre- Limq kin T-products — nonzero 0 0 0
91 . P 1/mg mag T-products V] 0 0 nonzero

diction giving a range from 26% to 28%.

Factorization should be a good approximation Agy de-
cay into charmed baryons and a charged pion. Contributions = ~
that violate factorization are suppressedAwcp divided by predictions depend on the unknowr . A measurement of
the energy of the pion in th rest frame[15] or by a(my). any of th_ese guantities will constrain the normalization of
Furthermore, for these decays, factorization holds in théhIS function.
largeN. limit. Neglecting the pion mass, the two-body decay
rate,I" ., is related to the differential decay rat€ g/dw at IIl. ZERO RECOIL MATRIX ELEMENTS
maximal recoil for the analogous semileptonic de¢ayth FOR EXCITED TRANSITIONS

the 7 replaced by thezs;e pair). This relation is independent
of which charmed baryon appears in the final state:

In this section matrix elements for semileptomig tran-
sitions to other excited\ ; states are investigated. In particu-
lar we are interested in matrix elements of the form

P 3™V €717

-
ms r
Ay

(2.27

W] e (Ao(S™ 0" )34 Ap(0))or s (3.

dFS|)
W

Herer is the mass of the charmed baryon dividedrbyb, at order Agcp/Mg. (Some statements about the form of
Wina=(1+12)/(2r), andf ,=132 MeV is the pion decay con- these matrix elements away from zero recoil will also be
stant. C is a combination of Wilson coefficients of four- made) In Eq.(3.1) J* refers to the vector or axial-vector part
quark operatorgl6], and numericallyC| V4| is very close to  of a weak current. At zero recoil it is sufficient to consider
unity. o . _ excited states withs=0",1" (the states summarized in
Using the largeN. pret_jlctlon for the Isgur-Wise function, Table ), since forsl”'>2 the matrix element in Eq(3.1)

Eq. (225D, and evaluating Eqd2.4) and (2.5 atw=1.31 vanishes at ordeA ocp/Mp. With J=5/2 the matrix ele-
and 1.30 respectively, it is possible to obtain predictions for ents vanish by c%anser\?étion of a/ngular momentum. For
these nonleptonic decays. Since these predictions depend M sitions tod=23/2 wheres,= 2 they vanish at zero recoi

dFS,{dw At Winax there is a large uncertainty due to,.  gpqg orderA ocp/Mg since the effective fields are transverse
Varying o in the range—1 GeV<o;<1 GeV gives to v (we agree with the proof of this fact given 6], but
only for 5;=2). For eachs there is a tower of particle
Xl,z excitations with increasing mass. The states in this tower will
0.003< T, <0.014, be referred to as radial excitations, and tile such state will
be denoted with a superscript)( In general the properties
- of the A, transition to a radially excited charmed state can be
FA3/2 directly inferred from those of the lowest excited state with
Ty <0.009. (2.28 the samesI’T'. The exception is radial excitations of the

ground stateslw'=0+, where a separate analysis is required.
Adding these rates and using=1.11 ps for theA lifetime A summary of how the various states receive order
gives 0.4-0.6 % for the branching fraction for these decaysA qcn/Mq corrections at zero recoil is given in Table Il. The
Here again the uncertainty in the total branching fraction isesults in the previous section fsf'=1" are included for
smaller than the individual rates. Varying the slopecaf  easy reference. For theg— o matrix elements, recall that
again makes only a small difference for this prediction. the leading order Isgur-Wise function for decays to radial
In this section the decaysAqug/zeZ and A, excitations withs™'=0" vanishes at zero recoil, while for
—>A§’2eZWere considered. Predictions were given for thethe unnatural parity transitions these matrix elements vanish
differential decay distributions, and the total decay ratesidentically. For the unnatural transitions $8'=0" and 1*
Factorization was also used to make a prediction for the norene can use the same effective fields,and* , introduced
leptonic Ap— AY?7 and A, — A7 decay rates. The deter- in Sec. I, but the form factors must be pseudoscalar and
mination of the Isgur-Wise function in th¥.—oe limit was  therefore involve an epsilon tensfd7]. For the leading or-
used to make these predictions. At ordescp/mq, all these  der current in Eq(2.7) there are not enough vectors available

0.003<
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to contract with the indices of the epsilon tensor so thes@anish at zero recoil. These corrections can be written in

unnatural parity matrix elements vanigsi. terms of local matrix elements by inserting a complete set of
The matrix elements of the i, current corrections in  states between the leading ordep—o currents and the

Eq. (2.8 vanish at zero recoil for excitations wit™  operatorsO(Q) or Of,. Working in the rest frame =o'

=0%,07,1". Between as;=0 excitedA. state and aA\,  =(1,0) and performmg the space-time integral gives

state the corrections in E¢R.9) are

OSSR — p(OR (AL AL ANYSLINAG) . (AL I| Ap)er
h7iD,I'h®”=bYA, TA,, = —
o TN A /mALmAb | Z(AI_KL)
horin. h—pb) A~
o TIOANT= 0 A T 62 | AIAD . (AYSEPIAY.
For s"'=0%, the most general form i{?=a{®v, 2(A—A) ,
(ZQ)U),\ The equations of motion,u¢ D)h{Q=0, imply 3.4

wa(°)+a(°)—0 anda{®+wa®=0; so the current correc-

tions vanish at zero recoil Using in addition E&.12 one  whereJ=h{Th{? . The subscript is used to denote states
can easily show thaa:(Q) are determined in terms of(™, A, in the effective theory, which are normalized so
and the Ieadlng order Isgur-Wise function for the transition...(H(p')|H(p))..= (277)32v°b\°’(p —p) for p=myv. Since

For s”l— , b(Q) must include an epsilon tensor, but there the zero recoil weak currents are charge densities of heavy
are not enough vectors to contract with the indicesp@  duark spin-flavor symmetry, only one state from this sum

. . T At i
=0. Fors™'=1" the current corrections are given by Eq. contnbute's. For the rgdlglly exqtaf =0" states we find
(2.9 with bgg\)_g(lg) o0’ and therefore vanish at the following non-vanishing matrix elements

i i (b) - -

zer_oor((ca)con. Note that from Eq2.12) it follows that o7, (AM(8)|AlAL(S)) - ( 1 1 )
- 1x - = — — R —

Next consider the\ ocp/Mg contributions to the matrix mammy (AM—A) \2m;  2m,
elements coming from time ordered products of the correc- ¢
tions to the Lagrangianf£(Q = (O{@ +02)/(2mg), with X A AM(5)|0E(0)|Ac(S))r,
the leading order currentTh{” . For the unnatural tran- e

n

sitions (57'=0",1") corrections from the kinetic energy op- ~ {Ac (9)[VIAp(s))  —1 1 1
erator do not break the spin symmetry and therefore vanish mymm, B (/T(n)_x) 2m, 2m,

for the same reason that the leading form factor vanished
(i.e., AN;=0 and parity. For s;=0 the time ordered prod-

(n) (c)
ucts involving the chromomagnetic operator are X {A"(8)|Oin(O)| Acl8)):c

(3.9
4 heTR(b) . — -
fd XT{Omagv(X)[hv'Fhv 10) } where s=u(s) yysu(s). For the spin 1/2 member of the

, s/'=1" doublet we have

=REA, " T'A

v

(AY2 V()| A|Ay(S))

m % ()M
i f d*xT{OR), (X)[N'Th{P](0)} \Mayammy,

mag,
-s 1 1

e 1+9 Y = |t —
:R/_LVAU’F TIO”“’ Av! (33) (A/*(n)_A) 2mc 6mb

1/2% (n) (c)
where the indicesu and v are anti-symmetric. Fosf" XA (S)|Oma9(0)|Ac(s)>w’

—0" RO=cQ(p v'—v v’ -
_O , Ry =ci¥(v,v, vyv#),. anquv_ A, so these (A2 () [VO[ A (5))
time ordered products vanish identically sinae,(1

+4)o*”(1+8)=0. Fors"=0", RY=c¢,, v"v” ) NORETN
Cc

the time ordered products in EB.3 vanish at zero recoil.

For slw'= 1* chromomagnetic Lagrangian corrections have a -1 1 1

form similar to Eq.(2.17), but we must have a tensor involv- - (A* A 2m,  2m,

ing epsilon multiplying possible form factors. At zero recoil

we find a nonzero contribution from the tenSQ[vaB as D% OO(A%/Z*(n)(S)|O§§;9(0)|AC(S)>w. (3.6)

indicated in Table II.
The kinetic Lagrangian correction fa, "l=0" and the For the spin 3/2 member of thg "I=17% doublet only the
chromomagnetic Lagrangian correction E;’le* do not axial current gives a nonzero matrix element
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(AT M ()| AT[AK(S))
R /mA:C%/Z*(n)mAb
uu

(A=) V3m,

1

X (AT ()01 0)[Ac(S))e 3.7
In Egs. (3.6) and (3.7) heavy quark spin-flavor symmetry
was used to write the effects @5 and () in terms of
matrix elements oD{) and O{%) . This neglects the weak
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3(w—1)2 — (—g*"+v*?)
= E, —E
o 5 E 2 (Ex"Ex)
><<Ab<v,s>|VL|><c><><c|vy|Ab<v,s>>
Awmy my '
(4.3

Here the excited charmed stafe&) have four-velocityv’

and spins’. Spin symmetry will enable us to determine
which baryonic states contribute to this sum rule since
only matrix elements which vanish as € 1)? asw— 1 give

a nonzero contribution. States with unnatural parity cannot

logarithmic dependence on the heavy quark mass in the maontribute since their matrix elements vanish identically in

trix elements ofO,,,4. At zero recoil and orden gcp/ Mg

the infinite mass limit. For radial excitations of the ground

this completes the classification of all nonzero hadronic mastate, the Isgur-Wise function must vanish at zero recoil and

trix elements for semileptonid , to excitedA; decays.

IV. SUM RULES

using spin symmetry we find that summed over spins
a* (A VIIATYAPIV, | Ap)~ (w—1)3. We also find that
states withs;=2 go at least asw—1)°, so only thes™

~ states can contribute. Using the matrix elements and

In this section we consider baryon sum rules that relatq;,rm factors from Egs(2.1), (2.2, (2.18 and(2.19 we find

the inclusive decaya ,— X.ev, to a sum of exclusive chan-

nels[18]. The starting point is a time ordered product of the

form

T a‘”f d4xe 19°%

B 4my,

X (Ao(0,9)[T(IL00. 3,0} Ap(v.5)), (4.0

»=CcI'b, anda*” is chosen to project out
the desired part of the current correla{d9]. (The extra
factor of 1/2 compared to thH®) case is for the average over
initial spin.) Suitable moments of ,, may then be compared
making use of an OPE on the inclusive s[@] and insert-
ing a complete set ok . states on the exclusive side. Usually

where the curreni

a hard cutoff is introduced so that only hadronic resonances

up to an excitation energf~1 GeV are included in these
moments.

In [5,21] a Bjorken sum rule was considered which
bounds the slope- p? of the ground state Isgur-Wise func-
tion Z(w)=1—(w—1)p%+--- . It was determined that only
excited states with;f'z 1™ can contribute to the exclusive
side of this sum rule and that

p?=2 |o™(1)|?+: - (4.2

(neglecting perturbative QCD correctign§he sum is over
s/'=
scaleA and the ellipses here and below refer to non-resona
contributions. In the largdl, limit p? is determined11] and
this sum rule is saturated Qy(1)|? alone.

A similar statement about which excited states contribut
can be made for the Voloshin typ22] “optical” sum rule
for A. Taking the first moment of the vector-vectod (
=V,=cy,b) sum rule anca*’=—g*"+v*v"* we find

1™ radial excitations with excitation energies up to the

that Eq.(4.3) gives

/T=22 (/T'(“)—/T)|a<“>(1)|2+--- (4.4

This agrees with the result which was found in R¢12, 23
using different methods.

A sum rule that bounds; can be derived by considering
the vector current at zero recoil and working to order
Adcp/m on both the inclusivé24] and exclusive sides. For
this case, following 18] we take a vector current and sum
over the spatial components usiag,=—g*"+v*v". Re-
calling that for the ground state baryons=0 we have

M1t 2

4\mZ mj 3mgmy

:l E E |<xc(UvS’)|Vi|Ab(UvS)>|2
6 %X oy 4m><cmAb '

(4.5

T

For any state withs, 0* the spatial component of the
vector matrix element vanishes at zero recoil in therest
frame. The same is true for states wﬁiﬁ=1+. In Sec. Il
we pointed out that for states Wiﬂ;]”':O* or sl”'>2 the
matrix elements vanish at ordigcp/mg . Therefore, again

only states withs" =1~ can contribute and we find

—N=32 (A=A ocM(1)|2+-- . (4.9

"Fhis agrees with the result of Ref25], even though the

derivation there relied on orbital angular momentum being a

egood guantum numbewwhich is true for largeN.) [26].

These sum rules can be used to place an interesting bound
on A’ and hence on the mass of the unobsers@e-1"
excited baryon muItipIetﬁ’Ab. Since the mass of the light



57 SEMILEPTONICA, DECAY TO EXCITED A, BARYONS.. .. 5629

degrees of freedom’ ™ increases witn Egs. (4.4 and baryons at order ocp/mg . Our results are summarized in

(4.6) can be combined to give Table II. For excitations whers™=0",1" these matrix el-
ements are nonzero. Only corrections to the states contribute,
A= 3 AN —A) (4.7  and these corrections were expressed in terms of matrix ele-
5 . .

ments of local operators.
Heavy quark sum rules fok,, decays have contributions

This assumes there is a negligible contribution from non,m excited charmed baryons. The Bjorken sum rule as well
resonant states with excitation energies less than A. An

upper bound om’ can then be obtained by using the mass
formula, Eq.(1.1), andm,=m.+3.4 GeV[10] to write A;

and A in terms of measured masses and. For m.=1.4
GeV we haveA’'<1 GeV. Using Eq.(1.4) this translates
into an upper bound om,’\b

as sum rules forA and N1 have contributions only from
excited states witls,”'= 17. Combining sum rules foA and

N1, and using the HQET mass formula for heavy baryons, an
upper bound on the spin-averaged mass fosﬂ‘le 1"~ dou-

blet of beautiful baryons was obtained in £4.8).
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the bound tdF’Ab< 6.01 GeV. Note that perturbative correc-

tions to the sum rulef27] have not been included here and b — b —
could also give a sizeable correction to these bounds. APPENDIX: Ap—A%ev. AND Ap—A¥%er, FOR N —o

In this appendix we review the simplified description that
V. CONCLUSIONS occurs forA o baryons in theN.— o limit [11,12, focusing

At zero recoil, the weak vector and axial-vector currentson the part relevant for the decays,—A>%wv, and A,
for A, decay to a charmed baryon correspond to charges of, A 3%, Using as input the observed mass splitting,
the heavy quark spin-flavor symmetry. Therefore, in the —
Mmg—oe limit, the zero recoil matrix elements of the weak ) e
current between &, and any excited charmed baryon van- sponding Sp|ltt|rlg in the bottom sector, as well as the func-
ish. At order Aqcp/mg, however, these matrix elements tions o(w) and gb(kfﬁ)(w) discussed in the text. In the large
need not be zero. Thesegcp/Mg corrections can play an N limit the A, states are described as bound states of a
important role, since most of the phase space is near zefiucleonN (viewed as a soliton of the nonlinear chiral La-
recoil for these decays. grangian and a heavy meson*) or B®*). The bound state

In this paper we studied the predictions of HQET for thedynamics are governed by the harmonic oscillator potential
Ap—AY%erv, and A,—A¥%er, decays including order
Aqcp/Mmg corrections to the matrix elements of the weak
currents. HereAX? and A3 are excited charmed baryons
with s|"'= 17. At zero recoil these corrections can be written
in terms of the leadingmg—©°, Isgur-Wise function, and
measured baryon masses. In the lakgdimit of QCD, it is
possible to calculate the Isgur-Wise function for heavy tognd the reduced mang:(m;lJr mgl)‘l whereH=B or
heavy baryon decays, using the bound state soliton picturgy, The parameters and w, then determine the mass spec-
Using this calculation, the shape of the differentiespectra, trum, with splittingsAm= yx/uq between excited multip-

shown in Fig. 1, and the total decay rates were predicted 3hts Using the experimental valugem, =0.33 GeV, m
orderAQCD/mg. The contribution from the helicity: 3/2 ' AT 11D
/2

states to the\>? rate remains negligible at this order. We =Mp=1.971 GeV andmy=0.939 GeV[2] determinesx
found that the total branching fraction far, decays to these =(0.411 GeV¥. With mg=mg=5.313 GeV the prediction
states is 2.5-3.3%. Also, factorization was used to predicfor the mass splitting in the bottom sector is th&m,
the decay rates fok,— A Y27 andA,— A 3?7 giving atotal  =0.29 GeV.
branching fraction of 0.4-0.6%. The uncertainty from the As the wave functions for the system are determined,
unknownA ocp/Mg form factoro; was found to be smaller  form factors for the weak heavy-heavy baryon transition can
in total branching fractions to th:q”'=1‘ states than in the be found by calculating the hadronic matrix element as an
individual rates toAi’z and Afg/Z_ overlap integral. For instance, in the rest frame of Aheand

We considered the zero recoil matrix elements of weakor excited A, velocity v’ such thaty’2< NC’?”4 we have
currents between &, baryon and other excited charmed [12]

m, =mj, —m, , it is possible to determine the corre-
AC AC AC

R 1 .
V(x)=Vy+ > kX2, (A1)
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(AY35" m )|ﬁ(°,)y0h(b)|Ab(m ) that breaks spin symmetry are sub-leadin@Nin[11]. In Eq.
¢ AN v ° (A2) the mg dependence in the wave functions does not
\/4mAg’2mAb break the spin symmetry, and the part goingAascp/mg
L 1 therefore corresponds () . Expanding the expression in
= —i(l,O;—,ms _,ms) j d3qe (q)en(q—myo’),  EQ.(A5) about the infinite mass limit and taking?=w?-1
2772 gives themg— o result of Ref[12]:°

(A2)

A 1 /A
wheremy is the magnetic fpin guantum number with projec- o(w)= 7) N expg — 2 Vo (W?=1) .
tion on the axis defined by’ which we take to be the z axis.

Here ¢y, is the ground state harmonic oscillator wave func-

tion in momentum space, Plotting this function over the phase spacesw<<1.3, we

. . see that the shape differs from that of the straight line,
eu(0) =7 (k) " exp(— Vupka?/2),  (A3)

(A6)

o(w)=1.165-1.683w—1), (A7)
and ¢ is the wave function for thé=1 orbitally excited )
state withz projectionm;=m.—m¢=0: by less than 3%. At ordek ocp/mg we find
- _ B ~ . — =
ec(@) = —iv2Z7 ¥ per) "5, exp(— Vuckg?2). A A
i . T g Saw)=—g \— (W -1)o(w),
Doing the integral in Eq(A2) gives - =
g g q(A2) g o A \/F -
(AY" mo R yoh®) Ap(m) (W=7 75 Vo (Dot

Amyemy (A8)

This allows a determination of the rescaled Isgur-Wise func-

:_4(1,0;;ms %,ms)erlmmN tiOflE(W)ZO'-i- ecdO+e,60) . For 1<w<1.3 the shape
of o(w) differs from that of the straight line,
5/8 3/8 2,12 72 _
o« He Kb 5/zeXF{ M = v o) o(w)=1.214-1.974w—1), (A9)
(Vi Vo) (Vpot+ Vo) 2

AS by about 2%, except near= 1.3 where it differs by 4%. The
(AS) N. power counting of Refl11] restricts the range of validity
We wish to consider corrections at ord&gcp/mg so we  Of equations EqstA6) and (A8) to w?<1+Ng *?. Despite
take the leading term in the mass formula in E§1), my  this we will use Eqgs(A7) and (A9) for the entire phase
=mq. Furthermore, a heavy baryon Hes—1 light quarks, —Space with the qualification that we expect less predictive
which generate the dominant contribution to the color fieldPoOWer in the region further from zero recoil in any case.
felt by the light degrees of freedom &§—c. Therefore

replacing the heavy quark by a light quark has a negligible

effect on the light degrees of freeddih2], so we takemy SUnlike [12] in writing the expression foe-(w) we have not used
=A. In the largeN, limit Aqgcp/mq corrections from the  approximations that are appropriate near zero recoil such’'s
current and from the part of the effective Lagrangiad, =2(w—1).
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