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Threshold effects in excited charmed baryon decays
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Motivated by recent results on charmed baryons from CLEO and FOCUS, we reexamine the couplings of
the orbitally excited charmed baryons. Because of its proximity t&the threshold, the strong decays of the
A (2593) are sensitive to finite width effects. This distorts the shape of the invariant mass spectxgm in
— Al 7" 7~ from a simple Breit-Wigner resonance, which has implications for the experimental extraction of
the A (2593) mass and couplings. We perform a fit to unpublished CLEO data which Mi¢&g (2593))
—M(AJ)=305.650.3 MeV andh3=0.24"323 with h, the A,,—3 .7 strong coupling in the chiral La-
grangian. We also comment on the new orbitally excited states recently observed by CLEO.
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The charmed baryon system is a convenient testingvith the L=1 orbital momentum gives 7A-type and 7
ground for the ideas and predictions of heavy quark symmes -type states without strangend§s8] (see Table )L In the
try. This is due to the rich mass spectrum and the relativelyconstituent quark model, these states fall into two distinct
narrow widths of the resonances. The properties of thesgroups, corresponding to the symmetric and antisymmetric
states are the subject of active experimental study at botireducible representations &. The symmetric(antisym-
fixed target experiment§FOCUS, SELEX, E-791 and metric states are denoted in Table | with unprimg@dimed
e*e” machines(CLEO, BaBar, Bellg For a recent review symbols. Quark model estimates for the masses of these
of the experimental situation, see REf]. stateq 7,8] suggest that symmetric states are lighter than the
In addition to the usual quantum numbensJf), the  antisymmetric ones. Although the permutation symmé&yy
charmed baryon states can be labeled also by the spinparity not a true symmetry of QCD beyond the quark model, we
of the light degrees of freedohj’“, which are good quantum Will continue to refer to the higher mass charm baryon states
numbers in the limit of an infinitely heavy charm quark. This 8 “antisymmetric,” as opposed to the lower “symmetric”
property leads to nontrivial selection rules for the strong couStates. The properties of these states were studied in the
plings of these states to light hadrof®. These predictions guark model in Refs|6-9] and using largeN, methods in
are automatically built into an effective Lagrangian describ-{10—-12. _
ing the couplings of the heavy baryon states to Goldstone The CLEO, ARGUS and E687 Collaboratiops3] ob-
bosond 3]. served two negative parity charm baryors, (2593) and
The lowest lying charmed baryons ate=0 states and A (2625). In accordance with the expectations from the

nient to group them together into superfields defined as i\ ¢1(3,3) states in Table I. Their average masses and widths

Ref.[4], a vectorT;=(1+4)/2(E%,—- 2 ,A}), for the3,  are[14]

. ~ o
J. ij *ij
?_F]d a tenso;_S#ld—(l/\/t.§)(y€h+vﬂ)y5t8 '+tB/:‘ forhthe 6. TABLE I. The quantum numbers of the expect@ewave
ese superfields satisfy the constraints from heavy quargtrangeless charmed baryons. The corresponding states with strange

symmetry $T=T, #S,=S, and the condition (1 quarks can be constructed by completing the(3Unultiplets to
+¥)/12y*S,=0, which can be used to restrict the form of \ ich these states belong.

their Lagrangian interactiorj§]. The strong couplings of the

lowest lying heavy baryons are described by the effective  gstate (.J) K
Lagrangian containing two couplings, , [4] (we use here
the normalization of Ref.6] for these couplings Aa(3.2) 0.3),(03) 1:
3 3.co(3) (13) 0
Lint=51918 o (S "ATS)) — V3026 (TALSE), Ecl(éé) (1’3)'(15) 17
) Yeo(2:2) (1.2),(12) 2
’ lyg 171 , 1’§ 1~
where A,=(i12)(£'0,6— 0,6 =—(Uf ya M+ is o) (12).(12) .
the usual nonlinear axial current of the Goldstone bosons, Aco(2) (0.2) -
defined in terms of= exp({M/f,) with f =132 MeV. Au(3.3) (0.3).(0.3) 1
In this paper we focus on the negative pality 1 orbit- AL(3.3) 0.3),(02) 2-

ally excited charmed baryons. Combining the quark spins
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M(A7(2593)—M(A)=308.9-0.6 MeV (2 ")=(2.055%+0.39 MeV,
T'(A}(2593)=3.6"29 MeV, M(2)—M(AS)=166.4-0.4 MeV,
(2) (4)
M(A; (2629)—M(AS)=341.7-0.6 MeV, I'(37)<4.6 MeV (90% C.L),

0 +y
T'(A](2629)<1.9 MeV (90% C.L). M(Zc)=M(Ac)=167.32-0.15 MeV,

Motivated by these data, the lowest lying states(%,3 I'(29)=(1.55"3%+0.39 MeV.
were studied in a chiral Lagrangian approach in R&§],
where their couplings to Goldstone bosons were first derivedn the heavy quark limit, the only allowed resonant channels
These states can be grouped together into a supeRigld are Aa(3)—[Zemls, [BE7]p, and Ag(3)—[2cmlp,
=(IN3) (7, +v,) ysR+RE with R®=(E2,-E),, [Zfw]sp, where the subscript denotes the orbital angular
AZ)i, subject to the same constraints as the superigild  momentum. From Eq€2) and(4) it follows that the domi-

At leading order in the heavy quark expansion, the pionnantS-wave decays of thd ;;,(2593) proceed very close to
couplings of these states to the sextet ground state baryotisreshold. Furthermore, the available energy in the decay is
S, are given by two terms, correspondingSoandD-wave  comparable to or less than the width of the decaying state
pion emission, respectively,

(32(2459 + )
AC1(2593_ ++ _
i 2455 +
‘Cint:hzfijkgilvyAGRLL-HhSEijkgil(D’MAV-FDVA'U‘ (3¢ (2459 +77)
( 2 Mev) F(A%(2583)
2 | ~ < 593).
+§g‘“’(v-D)(v~A)> R,+H.c. €©)] 1.7 MeV, el o
1j 5

with the covariant derivativeD,A,=4d,A,+[V,,A,] and On the other hand, the decay into the #° chgnnel takes
VM:%(gT,;Mg.;_ g(gﬂgT)_ This formalism was extended to the place~7.5 MeV above threshold, such that it turns out to
other p-wave charmed baryons in Table | in Ref§,16],  dominate the width of the\ .;(2593).
where prospects were given for their discovery. A total of 6 The situation with the spiri-stateA (2625) is somewhat
S-wave and &-wave couplings are required for a complete different. For this case, the decay is dominated by the
description of the strong couplings of the states in Table I. D-wave channe[X 7]y, which is well above threshold
Knowledge of the pion coupling,, hg of the lowest (~45 MeV), while theS-wave accessible modg&.g 7]
orbital excitationsA .;(3,2) will provide information about lie about 30 MeV below threshold and are thus nonresonant.

the other excited baryons, and could thus help guide the This suggests that finite.wid'gh effects are importqn'g in the
search for the missing states. For example, assumin@)Su Ac(2593) decays_. The situation is some\(vha_t S'm'lf”“ to
symmetry, the widths of the orbitally excited charm baryonse’ e~ —tt production close to threshold, which is mediated
- =/ (13 ; by a very broad toponium resonance. The net effect is a

containing strange quark&.,(3,3) can be predictef6,16], ) X , ) .
with results in good agreement with the CLEO data Ondlstortlon of tlle fha_pe of the _|nvar|ant mass spectrum in
— 1 ) 3 . ) A1(2593)y— A, w7 w~ from a simple Breit-Wigner shape.
E4(3) [17] and E ,(3) [18]. Furthermore, in the constitu- P

cl\2 cli2 . o _ The resulting line shape depends both on the unknown cou-
ent quark model, the couplings of all unprimed states inyjingsh, ; and on the masses and widths of the intermediate
Table | can be shown to be relateditg, hg [6,9]. ASsuming s states. This should be taken into account for the extrac-
that the masses of these states are known, these relations Gaf), o the mass and width of the 1(2593). The purpose of

c .

be therefore used to predict the decay modes and widths s haper is to present a detailed calculation of these effects.

all these states. Finally, once determined in the charm sys- Consider the amplitude for producing the, resonance
tem, the same couplings would also give the properties of th}e ! '

. . e ollowed by its decay to a 3-body state;—AJ mm, of
excited bottor_n baryons.. Clearly, a precise determination %otal  momentum p.=M,<v,+k, and invariant mass
the two couplingsh,, hg is of great interest. N “ o M TH . _

There are a few issues which complicate such a determM (A¢ 7m)=yp“(Acmm). This is written in the factorized

nation, following from the peculiarities of the actual massform

spectrum. The stated.,(3,3) are observed through their i

3-body decays in tha [ 7+ 7~ channel. These are resonant A('—’AclxﬁASWWX)ZA_AA T, (A2

decays, proceeding through intermediafg) = states. The ol ot

masses, and recently the widths of Eagbaryons, have been — 1+

measured by the FOCUR9] and CLEO[20] Collabora- XIU(A) —=V(AX) ], (6)
tions. The average results of these measurementsldfe

. N whereA=v-k=M(A] 77)—M(A]) is the residual energy
M(Z¢ ") —M(A;)=167.67:0.15 MeV, of the propagating resonande,(2593) andA ,_ =M (Acy)

074033-2



THRESHOLD EFFECTS IN EXCITED CHARMED BARYON . .. PHYSICAL REVIEW B7, 074033 (2003

—M(AJ). U,(A) and V,(A,X) are spinor amplitudes pa- e.g.,A; " 7, while the width in the denominatdt, (A)
rametrizing the decaj\;;—AJ 77 and its production, re- sums over all allowed channels. These decay widths are
spectively.U ,(A) depends on the momenta and spins of thegiven explicitly by[6]
A7 state, and is calculable in heavy hadron chiral pertur-
bation theory for values of the residual enemyyc1 GeV.

On the other hand, not much is known about the production

I, =[(AL—=Al7"7)

spinor V,(A,X), which depends on all the details of the
production process.

Squaring the amplitudés), adding the phase space fac-
tors, and summing over the unobserved stéesne finds
the following expression for the\ w7 production cross
section as a function of the invariant mass

do(A) 1
dA (A-A, )+, (A)%4

— 1+%9 1+9
U(A)Tw(A)TU(A)

X

X dLipS(Ag—AJ 7). (7)

We have introduced here the density matix;(A) param-

etrizing the production of &, resonance in the process
HACIX

0up0)=3 f OV (A X)V4(A X) (27
X 8(Pi—Px—Pa,,)- )

The matrixe depends on the resonance momenfym and

2
gZ f -2 2
=———M,+ | dEjdE A(Eq E
16757% Al 1dEx{p2*|A(E1,Ey)|
+p1%|B(E1,Ep)|?

+2p;- p,REA(E,,E»)B* (Ey Ex) ]} (11)

whereE, E, are the pion energies in the rest frame of the
A1 resonance and we have defined

h,Eq
A(E; Ep)= .
A— AES_ E1+ | FES/Z
2.
§p12

+h8 - .
A_AZ:O_ E1+IF2§0/2

. 2p1-p;
A—Ag:++—E2+iF2:++/2

. (12

B(E,, Ez?Azg*)O,Azg*)**) =A(E2,El;Azg*)H,AE(C*)O).
(13

details of the experimental setup such as the total beam mo-
mentum and polarization. Fortunately, the spin structure offhe decay ratd’(A;— A} #%7°) is given by a similar re-
the matrixw is not required if one sums over the spins andjation, with an additional factor of 1/2 to account for the

momenta of the final decay productsAn; — A . Ifthis  identical pions in the final state, and with the replacements
is done, the amplitudes in E(7) can be written as As)++, A (6)0— As (6)+.
c Cc c

2 f In these expressions we work at leading order in time. 1/

dLipS(Agi—Ad 777 )UL(A)U(A) expansion in matrix elements, but we use the exact 3-body

SA. phase space. This procedure includes formally subleading
144 contributions in the 1h, expansion, which are, however, en-
=|——| T(AL—=Al7 7). (99  hanced by kinematics and are required for reproducing the
2 B data in other similar situatiof®1]. We neglect the radiative

. o ] ] decay channeh ;— A/ y, which is expected to contribute
Inserting this into Eq(7) one finds that the production cross ghout 20 keV to the total widtfL0].

section as a function of invariant mass takes the factorized Aafter integration over the Dalitz plot, the decay widt)
form can be written as
do(A
() ~Tr
dA

1+4
2

F(AZJ_HA:W-F T )
(A=A, )?+TF (A)/4

(10 A similar result is obtained for the rate inth, 707 with

The dependence oA introduced by the production factor Coefficientsagg,boo,Coo. The couplingg, appears here both
Tr{[(1+#)/2]w(A)]} is unknown, and it can be expected to explicitly, and implicitly through thex*) widths in the de-
introduce a slow variation with a characteristic scalenominators ofA(E;,E;) andB(E;,E;). These are given by
~Aqcp- This can be neglected when compared with the

much faster variation of the denominator. The wilitffd\) in g5
the numerator is equal to the spin-averaged partial width of a F(EE:*)):
A, resonance of mass+M(A/) into a specific channel,

', _(A)=g5{h5a, (A)+hgb, (A)+2hhgc, (A)}.
(14)

w(A)

C

2mf2 M)

R (15)
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300 302 304 306 308 310 304 306 308 310 312 314
A (MeV) A (MeV)
(a) (b)

FIG. 1. (a) The partial mass-dependent width of thg(2593) in theA 7" 7~ channel[g3a, _(A)—solid ling] and in theA [ 7°#°
channe[g%aoo(A) — dashed lingas a function oA =M (A 7a) —M(A[), with g§= 0.34; the curves with sharp thresholds are computed
in the narrow width approximatiofEgs. (16) and (17)] and are independent ap. (b) The A} (2593) resonance shape as seen in the
Af#w" 7~ channel(solid curvg and in theA ] #%#° channel(dashed curve The results in(b) correspond tad, =309 MeV andhj

=0.3.

Using the observed masses this giva¥(S: " "%  wherep, is the pion momentum itk o, — 3 . decays. Ne-
={6.15,7.06,6.0g5 MeV, and LS %) glecting isospin violation in th& ; masses, tha() param-
={47.9,47.4,46.}g§ MeV. The extracted values fgy, from  eters are given in the heavy quark limit by

the3, andX? experimental widths are somewhat different:

(93)s,=0.25+0.17 and<g§>2:=0.33t0.15, which can be 2 M .
attributed to an Ih, effect. Although the uncertainty in this a(m*)= —22 N “E2, a(n%)= Ea(wi). (18
coupling is rather Iargag§=0.29i 0.23, the resulting effect mie Mag

on our predictiong14) is very small because they are very

close to the narrow-width case for the [see the discussion | the limit g,—0, the exact resultll) reduces to the nar-

around Egs(16), (17)]. . row width approximation in Eqs(16) and (17), that isT
Our main interest here is in the functional dependence of_,FNW_ As one can see from Fig.(d, the narrow width

a, _ of4), which dominates numerically the rat€s. _ o0.  results give a good approximation to the exact widthem-

These cqefficients are plotted in Figalas functions ofA; puted withg§=0.34), forA not too close to threshold.
the qualitative features of these curves can be understood |, Fig. 1b) we show invariant mass distributions

without a detailed computation, as follows. The coefficients_ n = o + :

a(A) give the partial widths into thgS, . 7]5 channel, which =M(Ag mm) = M(Ag) in A (2593) decays, in both
start at thresholdA =2M(#"), and rise slowly up to the
threshold for production of 227" ]g and[3/ "7 ]s at A
=306.9 MeV andA =307.2 MeV, respectively. Above this
threshold, the rate rises much faster, which explains th
“kink” seen in Fig. 1(a) in the " 7~ channel. On the other
hand, the threshold in the neutral pion channel lies lower,
A=301.4 MeV, corresponding to the opening of the
[3 & m°]s channel. Since the central value of the, mass
lies around 307 MeV, the rapid variation af. _(A) in this closer to a pure Breit-Wigner resonance.

region will likely affect the extraction o, . The first observation of thd ; 7%7° mode has been pre-

It is instructive to compare these results with those obsented in unpublished CLEO dafa2], where the corre-
tained in the narrow width approximation, where the masssponding invariant mass distribution was used to extract the
dependent partial widths in Eql1) are approximated with  mass of the\ / (2593). The result is lower than that obtained
two-body widths[16] from the Agw*w* channel(2), in agreement with our ex-

charged and neutral pions channels. The shape of the invari-
ant mass distribution in the charged pions cham‘r@h*w‘

is distorted towards larger values &fcompared to a simple
Breit-Wigner curve. In particular, extractions of the
?\:(2593) parameters from the charged pions channel alone
a(fould overestimate the mass of this resonance by a few MeV,
which is larger than the presenwtrluncertainty(2) on this
parameter. These effects are not present in the neutral pions
channel, for which the shape of the mass spectrum comes

ectations,
FNW(A§1—>A:7T+777) P
=T(AG—=30m ) +T(AG—3 ") [M(A{ (2593)~M(A )]y _n0,0=306.3-0.7 MeV.
P 19
=a(7*)|p.] (16) (19
Tawl(Ad— AL 7070 Experimental difficulties connected with the low? detec-
. ‘o oul = tion efficiency could limit the precision of such a determina-
=I(Ag—2c 7)) =a(m")|p,| (17 tion. We propose therefore that the shape of Ajer* ™
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P I'(X;1)=20.9-2.6 MeV,
ol (21)
- M(X,)—M(A})=595.8-0.8 MeV,
< i
S -
= L I'(X;)=4.2+0.7 MeV.
I
. 10l The higher narrow pealk, has been identified ifi24]
i with the antisymmetric statd /(3), while the lower broad
L peak X; has been interpreted as the overlap of the peaks
e S enain 2. S I B B corresponding to the twl .,(3,3) states in Table I, which
2580 259 2.600 2610 can both decay tdA. 7]p and [2) 7] . In the heavy

A+M . _ (GeV -
My (GeV) quark limit, the A ,(3) does not decay to any of the lower

FIG. 2. Fit to the invariant mass spectrum ik} (2593) lying charmed baryons. The only such mode allowed by iso-
— A 7" 7™ as explained in the text. spin and heavy quark symmetry is Ex.K, which is, how-
ever, kinematically forbidden. According to the interpretation
invariant mass spectrum be fit to the distributidi®) with  of [24], it can be seen in thE . channel through its mixing
parameters £, ,h,) instead of a Breit-Wigner curve with with the A/;(3) at subleading order in . This is consis-
parametersAAcl,F). tent with the experimental observation {7 resonant sub-

In Fig. 2 we show the results of such a fit, performedstructure(which is accessible i ,(3)—[Z.m]s), but not
using the CLEO data presented[@2] (see Fig. 5.5 in this
referencg, including detector resolution effects. The param-
eters of theA .(2593) resonance extracted from this fit are

of 2%, which can only proceed through wave A/,(3)
—[2¥7]p and is therefore expected to be suppressed.
The mass measuremef@l) of the X, state shows that it

[23] lies above the threshold fgIND] (A=524 MeV fornD™"
M (A (2593)—M(A.)=305.6-0.3 MeV, and A=518 MeV for pD°). Both the A/o(3) and A,(3)
can decay to this mode in an orbit8lwave in the heavy
h3=0.24'023, (200 quark limit (which would give thus the dominant decay

) mode in the absence ofry effecty. Therefore, we would
and correspond to a resonance mass in reasonably gogge to suggest that one search for thgstate also in thélD
agreement with Ec(lg) A conventional fit of this same data Channe'y where it should show up as well. Observing such a

using a Breit-Wigner function yields a mass difference ofsignal would definitely rule out alternative interpretations of
around 308 MeV, in agreement with the published measure;

H 3 5 r (3 r (3 5 H
ments[13]. Note that the threshold effects effectively lower thlsl\ls[,)tatela§c|2:§2,2) or Aca(2),Aca(2,2), which can decay
the resonance ma$20) compared with the previous deter- to only in L wave. . L :
minations(2). Our treatment also leads to a reduction in the In conclusion, we have dlscussepl |n-th|s paper the impact
uncertainties connected with the poorly meastEedvidths, ~ ©f threshold effects on the determination of the (2593)

The result for the coupling? is somewnhat lower than pre- Parameters from its strong decays i@ 77, and we have
0.2} presented theory motivated fits of the mass and couplings of

vious determinations of this couplind.6] (h2=0.30" . N
pling 6] (hz —01 this state. Our results suggest that the excitation energy of

and[6] (h5=0.33"529. . : e
Finally, we comment on the recent evidence by the CLEOthe Z.XC (2593) IS abput 2-3 MeV lower than obtained in
previous determinations.

Collaboration[24] for new charmed baryon states, lying

above theA (2593) andA(2625). The lower signaX; is This research was supported by the U.S. NSF Grant PHY-
relatively broad, while the higher peak, is narrow, with 9970781 (A.E.B., A.F.F. and D.P.and by the DOE grant
masses and widths DE-FG02-97ER41029J.M.Y.). A.F.F. and D.P. were also
supported by the Research Corporation through grant No.
M(X1)—M(A})=480.1-2.4 MeV, CS0362.
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