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We show that the symmetnc quark model calculation of charmed baryon pair creation m e+e--anmhdation has an 
Incorrect threshold structure. The c~--pair creation model possesses the correct s-wave threshold behaviour, if the c~- 
pair and diquark pair are created m orbital s-waves. We show that the two models become identical for a specific orbi- 
tal configuration and discuss implications for the relative production rates of Ae~. c : Ze~e : ~ e ~  + Z*~e : ~;e ~e • 

The discovery of  the charmed baryon S. c (2.24) in the Fermilab photo production experiment [ 1 ] has given 
rise to expectations that the observation of  charmed baryon pairs in e+e --annihilation is imminent. The produc- 
tion rate of  charmed baryon pairs can be expected to be reasonably large due to form factor enhancement effects 
of  close-by c~--vector mesons [2, 3], and, in fact, the authors of  ref. [3] have argued that the SPEAR data is al- 
ready showing some evidence of  charmed baryon pair production around X / ~  ~ 4.8 GeV. In addition to the 
A c (2.24) the Fermilab data also shows some circumstantial evidence of strongly decaying charmed baryon states 
~c (2.41) and E*(2.48) [4] as predicted in the charmonium picture [5]. 

Neglecting mass difference effects the authors of  ref. [3] have suggested that one can expect production rates of  

OAc/ke : O ~ c ~ c  " O'r-c-c~-~+ Y*~-c-c : Ov*~-c -e  = 3 " 1 : 16 : 10 ( I )  

for the e+e - -product ion of  charmed baryon pairs. Their model is based on a picture in which the electro-magnetic 
current first creates a free pair of  charmed quarks c~- which then pick up the missing light quarks from a diquark 
pair created independently from the vacuum. Subsequent authors generalized this result using the same basic pro- 
duction picture, allowing, however, for more general orbital configurations [4, 6]. 

In the case of  the creation of  charmed meson pairs the results of  using such a c~--pair creation model were basi- 
cally corroborated by an analysis based on a SU(2) w quark model approach [7]. 

We shall in this note use the same SU(2) w approach to calculate production rates of  charmed baryon pairs. We 
find that the SU(2) w model results are not applicable in the threshold region of  baryon pair production since they 
do not have the correct threshold structure. We then demonstrate that the c~-pair creation model has the correct 
threshold structure provided the charmed quark pair and the light dlquark pair are created in s-wave states. Finally 
we show how the SU(2) w model results are recovered for a specific orbital configuration of  the c~--palr creation 
approach. 

Helicity amplitudes and helicity state counting. In order to enumerate the helicity amplitudes which contribute 
to the e+e - pair creation processes considered here we define as usual [8, 9] c.m. helicity amplitudes F xx' labelled 
by the particle helicities X and X'. The differential cross section is given by 
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(2) 

where pe is the magnitude of the c.m. momenta. 
For the three cases one has the followmg contrrbutions 

(3) 

II* 
F-r? 

I* 1 1 *I =.._Fi i=F-+ 7, 

(4) 

(5) 

where we have starred the J = $ helicities in eq. (4). The relations (3)-(5) follow from discrete symmetries [8,9 1. 
We note in passing that a tally of the accessible helicity and charge states results m the ratio 4 . 12 : 36 : 30, 

where the transverse and longitudinal parts contribute as (2 : 6 : 24 : !8), and (2 : 6 : 12 : 12),. None of these 
ratios agree wrth the result of eq. (1). This is contrary to the case of charmed meson pair production, where the 
naive counting of helicity states gives the same result as the free G-creation approach [7]. In fact, we shall see in 
the next section that threshold conditions preclude equal weighting of the helicity population at least in the limit 
q-+ 1 (?J=q2/(?7z+Vz~2). 

LS-amplitudes and threshold conditions. In order to discuss the threshold properties of two-particle production 
it is convenient to define amplitudes rLs that correspond to two-particle states of definite spin S (S = (S1 + 

S,)) [lOI. 
In the i’i’ case one obtains for the matrix connecting (I’ol, r,,) with (&i, d-4) * 

213 413 

( ) -413 213 

and for++:+ for the matrix connecting (I’ol, r21, r2,) with (Fiq, Fi-:, &:) 

/ 1 l/3 213 1 

l/2 l/6 -413 

-l/2 312 0 , 

(6) 

(7) 

and finally for the matrix connecting (I’01 , rzl, F23, r,,) with (Fiq, F&-i, Fi ;, Fb$ in the $+-F case one has 

815 -S/l5 315 -l/l5 \ 

415 -4/15 -615 2115 
(8) 

32135 24135 3135 27135 ’ 

24135 18135 4135 361351 

We have normalized the LS-amplitudes such that the total cross section is given by the sums of squares of the 

LS-amplitudes. 

* In the next three matrlces we omit square root signs; thus e.g. -: reads -m The matrlces are unitary when the dlmension- 

ality of the heliclty base is taken into account. 
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In the limit ~ -+ 1 one has the threshold behaviour 

rL+2,s/rLs(s, ) (1 (9) 

which follows either from using the general results of refs. [9, 10] or more directly by expanding the FLS in terms 
of constraint free from factors (see e.g. ref. [2, 1 1 ]). And thus, at threshold r/= 1, the helicity amplitudes have to 
conspire to satisfy 

- -  1 1 O+3--g ~ , ~ /2-- ~3 (½+½+) g~-~- = X/CfF~ ~ F ~ -  ~ = 

:~ ~- ) F~-v  = -X/-~ F ~  = - x / ~ F ~  = x / 8 F ~ .  

This verifies the assertmn made in the foregoing section. The above set of constraint equations can of course also 
be satisfied by evasion if all hehcity amplitudes are identically zero at threshold. 

We should mention that in the case of the charmed meson pair production discussed in ref. [7] one is dealing 
only with p-wave production, except for the D 'D*  where there is also one L = 3 amplitude. Thus there is alto- 
gether only one constraint at threshold compared to the many constraints of eq. (10) in the charmed baryon case. 

Multipole amplitudes and symmetric quark model The results of the symmetric quark model are simple when 
expressed in terms of multipole amplitudes rather than in terms of helicity amplitudes. In analogy to the forma- 
lism developed in ref. [9] we define multlpole amplitudes by 

l+ i -~  

1+3 

1 1 

F E =x/~F}~ ; F M = -F~--~-; at rl = 1 F E = - P  M, 

= 1 t a  1 1 1 1 3  1 t 1 1  

PM -~-x/~F~-¢ + ~-F~-~, FQ = ½F 2 ~ ÷ ½X/~-F~-~-; F C = X/~-Fr~-, 

at r~ = 1 FQ -X/ '3F M = ~qrSFc,  

L 3 + ~ . ¥ .  ~ 1 1 3 3 + I 3 1 1 3 3 1 I ] ~ -  1 3 / / ~  1 1 

= - F ~  PO = x / ~ F ~ -  - X/~b-~--~-, ~.g g , F E = F r ~ - + F r ~ - ,  F M =~X/~F~ +X/~-~F~--~, FQ F ~ 

s F a t r t = l  o ,  (13a. b) 

(1 la, b) 

(12a, b) 

where the PE, FM, I'Q, PC and F O denote charge, magnetm dipole, electric quadrupole, Coulombic quadrupole 
and magnetic octupole couplings, respectively. In eqs. (11 b), (12b) and (13b) we have written down the threshold 
conditions for the multipole amplitudes. The total annihilation cross section is given by twice the sum of squares 
of transverse multipole and once the sum of squares of longitudinal multipole amplitudes. 

The results of an SU(2) w quark model analysis based on the transformation between current and constituent 
quarks [12] can now be expressed in a very concise way. Setting all baryon masses equal one obtains in the c~--sec- 
t o t  

1-,~XcXc(q2) ~ c ~ - ~  2- 1 n : g ~ - ~  2- 2X/~ 
= 3 

= IE  %q ) = ~ - / E  ( q )  GE (q2) '  

FAcX c, 2. - = 3 pZc ~ 3 rz~z--~=2X,'~X/,-~GM(q2), M tq)=3r~cZc(q2) 2X/2 M = ~ - M  3 

and 

rZc  ~ 2 .  ~ : e ~  -~ = r ~ * Z - ~ ( q 2 )  = ~ ( q 2 )  = 0 ,  Q t,q ) = ~c 

(14) 

(15) 

(16) 

where GE(q 2) and GM(q 2) denote longitudinal and transverse SU(2)w photon couplings which are in general inde- 
pendent functions o f q  2. For the I = 1 cases, eqs. (14) - (16)  apply to any one of the charge states. Barring the 
trivial case that all multipole amplitudes are zero at threshold (evasion), it is clear that the results of the SU(2) w 

457 



Volume 67B, number 4 PHYSICS LETTERS 25 April 1977 

quark model eqs. (14) - (16) are in contradiction to the threshold relations (11 b), (12b) and (13b). This seems to 
be a manifestation of the basic non-relativistic nature of  the quark model which does not exhibit the threshold 
structure following from relativistic invariance. Let us briefly remark that relativistic formulations of  SU(6) [ 13] 
and the quark model [14] get around this impasse by predicting an evasive solution for the threshold constraints, 
i.e. all multipole amplitudes have dynamical zeros at threshold. We shall not further advocate this possibility, 
which could, however, be checked directly e.g. in the case of  £c  ~* production by measuring the angular distribu- 
tion close to threshold. Whereas s-wave dominance gives a flat cos 0-distribution, eq. (16) predicts a (1 + cos20)-dis - 
tribution right down to threshold. Away from threshold there is no a priori reason to discard the quark model re- 
suits eqs. (14) - (16) .  For the ratio eq. (1) one obtains 

3~TIGM 12 + a l G E  12 : ~TIGM 12 +9IGE[2: 16771GM 12 : 107/IGM [2 + 9IGE 12 . (17) 

One notes the agreement of  the transverse contributions with the result of  eq. (1). Before continuing with the 
discussion of  eq. (17) we briefly recapitulate and extend the results of  refs. [3, 6]. 

cO--creation mode l  In the cGcreation model the photon creates a &--pair with longitudinal and transverse polar- 
ization amplitudes a and b (lal 2 + Ibl 2 = 1) and a light diquark pair is created from the vacuum with s- and d-wave 
amplitudes c s and c d (Icsl 2 + Icdl 2 = 1) [6]. Alternatively one can also describe the &--creation by s- and d-wave 
amplitudes a s = X/x~ + X/-~-2~ b and a d = -X/~-~a +x/~b and the diquark creation by helicity + 1 and helicity 0 ampli- 3 3 3 a 

tudes c = X/-~c s + Vr{-~Cd and d = -V~-gc s + N/~~c d . Then, by assuming the c-quark and the diquark to be in a baryon 
s-wave state one considers matrix elements of  various angular momentum components and mrives at (AcS.c-produc. 
tion is not directly related in this approach) 

' 1 __ a -Ji- (Zc c) F;r-v  (c s x/Sq) 

a 8 c d) 

(Z*•-•) C e ~ 

1, a 2 
• = - ( V % s  - 5 q )  

a s  a + q) 
I , 

1 1 b . 

F~-2-~: ~ I.c s --X/~Cd), (18) 

F ¥ - ~  = - b (c s - V'2Cd) 

(19) 
, 3  

F~ ~" = - I  b (X/2c s + Cd), 

2 - (q  - V % d )  
(2o) 

1 3 _  b + 
• q ) .  

, s 
Note that the transverse transitions F ~ - r  and F ~ i  go only via the helicity + 1 and helicity 0 components c and 

d, respectively, of  the diquark pair. For pure s-wave production of  the cG and diquark pair, i.e. a d = c d = 0, the 
above helicity amplitudes satisfy the appropriate particle threshold conditions and also one recovers the I = 1 part 
of  the prediction eq. (1). In a dynamical picture this situation obtains if the combined threshold of  the constituent 
production coincides with particle threshold. One should thus be careful in arguing for the presence of  substantial 
cE d-wave components close to particle threshold. 

A clue as to how one obtains correspondence with the SU(2)w results can be read off  eq. (19) by demanding 
that Y, eZ--~ is purely transverse, i.e. setting c s = ~ and c d = - ~ .  The same s- and d-wave admixture is arrived at by 
direct construction using quark model wave functions. Then by fixing the s- and d-wave mixture of  the cGpair at 
b/a = x/~?GMJG E, i.e. the transverse-longitudinal coupling ratio of  a free spin ~ particle, one has complete corre- 
spondence between the two schemes as can be seen by comparing eqs. ( 1 4 - 1 6 )  and eqs. (18-20) .  

In the cGcreation model the relative Ace, c-production rate is usually determined by using SU(6) arguments in 
addition. From the above it is clear that this prediction of  eq. (1) must be treated with caution, since SU(6) real- 
izes only m a situationwhere the d-wave production of  diquark pair dominates (Ic d 12/Icsl 2 = 8) which is presuma- 
bly far above threshold, whereas the result eq. (1) has been derived assuming s-wave dominance of  diquark pro- 
duction. 
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in  conclusion we have shown that the SU(2)w symmetric quark model is too restrictive to be applicable in the 
threshold region of charm baryon pair production, unless one is willing to accept extra dynamical zeros of all form 
factors at threshold. This could be checked experimentally by measuring differential cos 0-distributions close to 
threshold in particular for EcE*-production. The c~--pair creation model is less restrictive and possesses correct 
threshold behaviour if the threshold for constituent pair creation coincides with the particle threshold. In the 
threshold region the predicted AcA c rate, which uses extra SU(6) input, must be viewed with caution. At higher 
q2, the c~--pair creation model becomes less predlctwe, since one does not know the q2-dependence of the various 

s- and d-wave admixtures. 
We have shown that the SU(2) w model corresponds to a specific orbital configuration of the c~--palr creation 

model. If this specific SU(2)w choice of s- and d-wave admixture is valid in the higher q2-region, and if GE(q2)/ 
kg ,...~ o o  q2GM (q2) q > 0 as expected m the quark parton model, the (transverse) production cross sections can be ex- 

pected to be in the ratio 3 " 1 : 16 : 10. 
Finally we would like to mention that the above conclusions could be considerably altered if form factor effects 

due to the coupling of ~b, if' ... resonances strongly affect the calculated quark model rates [15]. Hopefully experi- 

ments will soon provide an answer to this question. 

We would like to thank Professor G. Kramer for an instructive discussion. 
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