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We investigate possibilities of obtaining information on the chirality of the charm-changing current ~s)  by measuring the 
helicities of hadrons with spin in exclusive hadronic charmed particle decays. 

As more data on charmed particle decays are be- 
coming available, it is desirable to obtain more detailed 
information on the decays than is obtainable from 
measurements of rates alone. In particular, since the 
charm changing current ~s) is believed to be left- 
handed, it would be interesting to find out whether 
this helicity information is being handed down to ha- 
drons with spin in the final state. 

For semileptonic charmed particle decays this, has 
been answered in the affirmative [1,2]. However, in 
semi.leptonic decays useful helicity information can 
only be collected in a limited q2.range (qu being the 
momentum transfer to the leptons) due to angular 
momentum constraints at the kinematic boundaries. 
Compared to these the hadronic two-body decay modes 
are concentrated at a "fixed" q2 = m 2 which is more 
favourable to a helicity analysis from rate considera- 
tions alone. 

We start our considerations with charmed meson 
decays [3,4]. The AC = AS = 1 transitions are gener- 
ated by an effective hamiltonian [3 ], 

~ e f f  = (GIN/~) cOs20c {} ( f+  + j e  ) (~S)L(~U)L 

+ i ( f+  -- f - )  (C-U)L(dS)L} " (1) 

1 This work was supported in part by the U.S. Department of 
Energy. 

2 Permanent address: Tufts University, Medford, M A 02155, USA. 

~ e f f  is the usual GIM current-current form renormal- 
ized at short distances by gluon exchange effects [5]. 
Without renormalization one has f+ = f _  = 1. The renor- 
malized values for charmed particle decays have been 
calculated in ref. [3] and are given by] '_ = f+-2 = 2.15. 

The effective hamiltonian (1) leads to the quark 
transitions shown in the inset of fig. 1. These can be 
calculated in the quark model since the local form of 
(1) allows one to relate the diagrams of fig. 1 to one- 
meson current matrix elements and the meson wave- 
function at the origin [3,4]. 

To save on generality of notation we discuss the spe- 
cific process D 0 ~  K * - p  + (there is only one p.c. helicity 
amplitude in D O ~ K*-lr+(K-p+)) .  Our subsequent 

H.o H-- H++ 

Fig. 1. Leading helicity diagrams for D ~ K*p. Arrows denote 
helicities. Inset shows corresponding quark line diagrams where 
arrows denote direction of quarks. X denotes chirality suppres- 
sion and ~g helicity flip. Double line is charmed quark. Cur- 
rent-current vertices denoted by circles. 
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conclusions are, however, general. From the helicity 
diagrams in fig: 1 we expect the longitudinal helicity 
transition H00 to dominate. For H _ _  to occur quark 
spin has to be flipped. The (flip/nonflip) factor is 
x/~MJM c on the quark level and ~/~klp/M D at the 
particle level [6]. ForH++ to occur one has a chirality 
suppression in addition to the spin flipl The chirality 
suppression is ..~(Ms/Mc) at the quark level and 
~(MK[MD) at the particle level [6]. Thus one expects 
IH0012 >~ IH__I  2 > IH++I 2 (IH0012 >~ In++l 2 > 
I H _ _  12 for (V+A) currents) independent of the details 
of  the quark model. For example, using U(2 ,2)  quark 
model wavefunctions as in ref. [6] one has IH0012 : 
IH__I  2 : IH+÷[ 2 = 0 .78:0 ,65:0 .26 for DO ~ K * - 0  +. 

It is clear that the ratio IH0012/½ ( IH__I  2 + IH++I 2) 
tests the quark model dynamics whereas IH++I2/ 
I H _ _  12 tests the chirality of  the (6s) current. Com- 
pared to the semileptonic decay D O ~ K * -  + e + +v the 
hadronic decay is concent rated at a q 2 (= m 2).value 
which is maximally sensitive to this chirality effect. 

It is, of  course, a different question whether one 
can define an experimental measurement which is sen- 
sitive to this ratio. In order to be able to answer this 
question we write down the full double decay distribu- 
tion for D -+ K*(~  KTr)p (~  rt~r). In terms of  the double 
decay density matrix P~,u,xu = H~.xHuu one has 

W(O'tp', 0¢) = P00,00COS20 cos20 ' 
1 

+ ~ (,°11,I1 + 0 - 1 - 1 , - 1 - 1 )  sin20 sin20' 

+ sin 0 cos 0 sin 0' cos 0' 

X [ c o s ( ~ + ¢ ' )  Re(Pl0,10 + O-10,-10) 

+ sin (¢ + ¢' ) Im ~10,10 - P-10,-10)]  
1 + ~ sin 20 sin 20' [cos 2 (~v + ¢' ) Re p 1-1,1 - 1 

+ sin 2(~ + ¢ ' )  I m O l - l , l - 1  ] ,  (2) 

where 0¢ and 0 '~ '  are the polar and azimuthal angles 
of  K* ~ Krt and p -~ lrn in their respective rest systems. 

The only terms in the double differential decay dis- 
tribution (2) that change sign under parity reflections 
can be seen to be proportional to the imaginary parts 
of  the double decay density matrix. Equivalent to this 
statement is the observation that only the elements 
(PlO,10- P-10, -10)  and P l - I , I - 1  contain interferences 
between the p.v. amplitudes/-/~.v. = (H++ + H _  _)[X/2- 
and H00,  and the p.c. amplitude H~  "e'= ( H + + -  H _  _) /  
V~-. However, within the factorizing approach of fig. 1 

and from CP-invariance one predicts that the p.v. and 
p.c. amplitudes are all relatively real. This means that 
the information contained in the naive quark model 
prediction H++ < H _ _  cannot be measured unless the 
model is extended to include final state interactions. 
Turning the argument around, measurements on p.v. 
azimuthal correlations in the decays D ~ K*(~Krt) 
p ( ~  mr) would test the viability of  the factorization 
approach which is at the basis of  all present-day phe- 
nemenology of  the hadronic D-decays. 

Only qualitative estimates can be given at present for 
the strength of  the final state interactions. In fig. 2a 
we have drawn the t- and s-channel representation of 
the final state interaction in the particle picture. The 
two descriptions are related by duality and should be 
considered complementary. In the s-channel picture 
the presence of 0 -  and 0 + resonances with masses 
m ~ m D coupling weakly to D and strongly to K*p 
could in principle lead to a strong final state interac- 
tion. However, the quark model predicts that high 
mass, low spin recurrences practically decouple from 
channels containing ground state mesons due to the 
presence of  nodes in the wave functions of  the recur- 
rences [7]. Also the weak matrix elements coupling 
the D to these recurrences are not expected to be strong. 
This means that one does not expect any substantial 
final state interaction effects in the particle picture* 1. 
In the quark picture imaginary parts could result from 
additional gluon final state interactions as depicted in 
fig. 2b. However, these are believed to be suppressed 
since they can be shown to correspond to non-leading 
contributions in the 1IN c expansion [8]. 

Needless to say, it is important to check the strength 
of the imaginary contributions. If  these turn out to 
be small and if their phase can be calculated reliably 

,1 This is particularly true for D O (~o) decays since the relevant 
s-channel is exotic in this case and thus there will be no 
s-channel resonance contributions. 

(a) (b) 
Fig. 2. (a) s- and t-channel diagrams responsible for f'mal state 
interaction. (b) Representative final state interaction diagram 
from QCD. 
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from theory, the p.v. azimuthal correlations in eq. (2) 
can then in principle be utilized to separate H++ and 
H _ _ .  Apart from this, measurements on the polar angle 
distribution would reveal information on the strength 
of H00 compared to (H÷+ + H _ _ ) .  As remarked earlier, 
this separation is also useful, since it provides a further 
test of the dynamics of the quark model. 

The absence of p.v. azimuthal correlations in the 
factorizing quark model approach can also be understood 
from a simple heuristic argument. One is trying to meas- 
ure p.v. correlations of the (Pl X P2)"P3 type, which, 
from time reversal invariance, must receive contributions 
only from the imaginary parts of  the transition ampli- 
tudes. The conclusion is the same as drawn from eq. 
(2). In this respect charmed baryon decays offer an ad- 
vantage. The p.v. correlations can now be obtained 
from (a-p)-type measurements from the spin orienta- 
tion of the final baryon which can usually be recon- 
structed from its subsequent weak decay ,2.  The angular 
analysis is quite standard (see e.g. ref. [9]) and we can 
concentrate on dynamical aspects. 

Our analysis is based again on quark model helicity 
diagrams. Unfortunately the number of quark line 
diagrams is larger in the baryon case than in the meson 
case which makes the extraction of information on the 
~s)-chirality more difficult in this case. 

Before turning to the charmed baryon decays we 
justify our approach by briefly discussing the corre- 
sponding non-leptonic hyperon decays. Usually these 
are treated in the framework of the PCAC-current- 
algebra approach of ref. [10] where the main features 
of the data can be successfully accounted for (see e.g. 
ref. [11 ]). Since the latter approach can be seen to be 
equivalent to an analysis based on quark model dia- 
grams [12-14] the quark model approach can be 
used as an alternative description of the hyperon de- 
cays. Also, experiments have shown that the hyperon 
decay amplitudes are very near to being relatively real. 
This means that for hyperon decays the quark model 
results are valid without having to include final state 
interaction effects. 

From the above considerations we feel confident 
that the quark model approach can be extended to the 

,2  For  the same reason the transverse helicity separation is 
possible in the  semfleptonic decay D ~ K* + e + v, where 
spin informat ion on the (off-shell) W-boson is obtained from 
its subsequent  weak "decay" .  

charmed baryon case. We shall concentrate on the 
(1/2 + -~ 1/2 + + 0 - )  decays of the three lowest ground 
state charmed baryon states C~(2.26) [15] and A0, ÷ 
(~2.47 [13]) with flavour content c [du], c [su] and 
c [sd]. These and the T0(c(ss), ~ 2.73 [13]) are the 
stable members of the charmed baryon family. 

The helicity diagram analysis is simplified by the ob- 
servation that the non-charmed quarks in C~ and A 0,+ 
are flavour-antisymmetric (a.s.) which implies that the 
two non-charmed quarks are also in an a.s. helicity con- 
figuration (see fig. 3). Further, no two quarks of the 
same baryon with the same helicity should end (or  
originate) in the weak vertex. This follows from the 
fact that coloured quarks effectively behave as bosons 
in baryons [16] and thus, from the ( V - A )  ( V - A )  
structure, the ground state quarks may only have the 
a,s. spin and a.s. flavour configuration in this case. 

One now has the necessary ingredients to draw the 
leading helicity diagrams (see fig. 3). The respective 

' J. I 

H- 

H. H- 

jti 
H- H. 

H* H- 

Fig. 3. Leading helicity diagrams for C~ ~ 1/2 + + 0- .  Quark 
line diagrams are shown in inset. Nota t ion as in fig. 1. V de- 
notes  pair creation from vacuum.  H± denote  helicity o f  f'mal 
baryon  in c.m. system. 
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diagrams have the following dominant helicity structure. 
The final baryon has: (I) negative helicity, (IIa) negative 
or positive helicity depending on the relative weight of  
the two contributions, ( l ib )  negative helicity, (III)  ne- 
gative and positive helicity with equal weights, i.e. a 
purely p.c. transition following from CP-invariance. 
Transitions l ib  and III are chirality suppressed , a  

Apar t from the helicity coefficients, which are given 
later, the relative weights of  the 4 diagrams cannot be 
fixed in a model independent way. Except for diagrams 
IIa and l ib ,  which, from CP4nvariance, contribute 

,3 In ref. [17] it was argued that contributions from diagrams 
IIa and III should be neglected since they involve quark pair 
creation from the vacuum. Since the momenta of the charmed 
baryon decay products are not very high we do not believe 
that this suppression is already operative. Corresponding 
strong decays involving quark pair creation with similar final 
state momenta do not appear to be suppressed. 

equally in the equal mass limit,  the quark dynamics is 
different in each diagram. Diagram I is of  the factoriz- 
able form which allows an absolute estimate in terms 
of  the meson wavefunction at origin and the normalized 
baryon current matr ix element. Diagrams IIa and IIb 
test the baryon wavefunction at the origin once ,  

whereas diagram III tests the baryon wavefunction at 
the origin twice. From these remarks it should be clear 
that model  independent (~s) chirality tests can only 
be expected from decay modes where only as few as 
possible diagrams contribute. 

The spin-flavour content of  diagrams I - I I I  can easily 
be computed either by  using the explicit quark model  
wavefunctions as listed e.g. in ref. [18] or else by  using 
the closed expressions in terms of  SU(4) invariants as 
derived in ref. [13]. The results of  the spin-flavour 
contractions are listed in table 1. 

From the entries of  table 1 it is clear that there is 
only one candidate for C~ decays, namely C~ ~ p~-0, 

Table 1 
Leading helicity coefficients for charmed baryon decays. Coefficients are calculated from the SU (4) invariants I i and ~" as defined 
in ref. [ 13 ]. ~ 1 and ~a are SU (3) singlet and octet states as in ref. [ 13 ]. The relative normalization of different diagrams ;is given by 
the leading Ml-coefficient of the explicit quark model expressions in ref. [ 13]. Contributions from diagrams IIb and III are chirality 
suppressed (x). 

H I H I HIIa H+IIa Hl_Ib x H+IlbX HIII x HIII x 

- 5 1 1 -  412 I 1 - I 2  - 3 ( / 3 - / 4 )  23-(21a +I4) - 2a- (/3 - £ )  2a-(213+h) 181s 18Is 

6C~ ~ An + 18 
v ' ~ c ;  -- ~On+ o 
, , / ~ c ;  -, : , , o  o 

6C~ ~ Z~+rls 0 

xf6C; =" p~O 9 
c ;  --, ~o I<. o 

v ~ A  +-'+ Z*I( 0 9 
x/-gA +._, -.o ~+ -9 

6 A 0 -"* AK,, ° - 9  

, , , ~ A  ° ~ z ° ~  ° -9 

x/-~'A ° --, ~.+K- 0 
x ~ A  0 "-* -~°nO 0 

6A ° ~ -~°n8 0 
x / ~ A  ° ~ ~-°~l 0 
x/6A 0 ~ "--~t + 9 
T O ~z°~ o -I 

6C~ --+ AK + 18 
J~c; -+ ~+K ° o 

0 9 0 9 0 18 18 
0 3 -6  -9  0 -18 -18 
0 -3  6 9 0 18 18 
0 9 0 - 9  0 18 18 
0 -9  9 - 9  0 18 18 
0 6 - 3  0 0 0 0 
0 3 3 0 0 18 18 
0 0 0 9 0 0 0 
0 0 0 -9  0 0 0 
0 -9  9 9 0 18 18 
0 - 3  -3  -9  0 -18 -18 
0 3 3 0 0 18 18 
0 - 6  3 9 0 0 0 
0 0 -9  -9  0 -36 -36 
0 - 9  9 -9  0 18 18 
0 6 -3  0 0 0 0 
2 0 0 - 3  6 0 0 
0 0 9 - 9  0 36 36 
0 0 -9  9 0 0 0 
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in which the (~s) chirality is directly transmitted to the 
final baryon. The decay is dominated by diagram IIa 
since diagram I is strongly suppressed in this case due 
to the colour-flavour factor X_ = (2f+ - f _ ) / 3  = -0 .26 
multiplying it. The proton is thus predicted to emerge 
with dominant negative helicity, i.e. ct = (IH+I 2 - 
I H  12)/(IH+I 2 + IH_ 12) = negative. Unfortunately, 
measurements of the proton's polarization require 
double scattering and are very difficult. 

The situation improves for the A ÷,0 decays. A + ~  
Z+K 0 decays predominantly via lib and thus the asym- 
metry ot is predicted to be negative. This would not be 
too difficult to measure in the maximally (a ~ - 1 )  p.v. 
decay mode Z + ~ pTr 0. The decay A + ~ .~07r + occurs 
via I and lib with a predicted negative asymmetry. 
Again there is enough asymmetry in the E0 decay 
modes to detect this. 

For the sake of completeness we have also included 
in table 1 the Cabibbo-suppressed decay modes. Of 
these C~ ~ ~+K 0 is predicted to marginally have a 
positive asymmetry since lib is chirality suppressed 
relative to IIa. We have also calculated the only T O de- 
cay mode T O ~ -'-°K°. The corresponding helicity dia- 
grams are not included in fig. 3 but can easily be drawn. 
In this case, the quark symmetries differ. We predict a 
positive asymmetry in this case. 

All other decay modes obtain (coherent!) contribu- 
tions from several diagrams and model independent pre- 
dictions on their decay asymmetries are no longer pos- 
sible. Asymmetry measurements on these decay modes 
would nevertheless be important since they would pro- 
vide further information on the details of the quark 
model dynamics. A good example is the decay C~ 
Art + which is predicted to be purely p.c. (a = 0) in the 
SU(4) symmetry limit [13,19]. An asymmetry measure- 
ment in this decay would thus provide information on 
the mechanism of SU(4) breaking. Similarly C~ ~ -OK+ 
is predicted to be purely p.c. in the quark model ap- 
proach of ref. [13] which includes SU(4) breaking ef- 
fects. It would be interesting to check this prediction. 

A similar helicity analysis can be done on the decay 
channels 1/2+~ 1/2 + + 1 - ,  3/2 + + 0 - ,  3/2 + + 1- .  
These decays provide some additional information on 
the helicity structure. However, there are no princi- 
pally new features. They will be treated in a separate 
publication. Among these there are the two interesting 
decay modes A 0 -+ ~2-K + and T 0 ~  g2-1r + which, in 
models with ( V -  A) (V - A) structure, are predicted 

to be purely p.c. [13]. Unfortunately this will be hard 
to confirm since the same dynamics also predicts the 
I2-  decay modes to be purely p.c. ,4 and thus the ~ - -  
polarization cannot be reconstructed. 

Apart from the above-mentioned asymmetry measure- 
ments it is of course quite important to check on the 
relative phase of p.v. and p.c. amplitudes by measuring 
the ~-parameter [91 (fl = Im (H+H*)/(IH+I 2 + In_12)). 
Similar to the meson case discussed earlier, nonvanishing 
relative phases would indicate that final state interac- 
tions are present. If  these should turn out to be strong 
and strongly influence the helicities of the final state 
particles, the present approach based on simple quark 
transitions would have to be modified. 

To summarize, we have used simple quark transition 
diagrams and a left-handed (~-s)-current in an attempt 
to make model-independent predictions for the helicity 
structure of charmed meson and charmed baryon de- 
cays into channels with spins. We have discussed possi- 
bilities of measuring the predicted helicity structure. 
For charmed meson decays the proposed angular cor- 
relation measurements should not be too difficult using 
the clean sample of D-mesons from the decay of the 
4"(3.77). For charmed baryon decays definite helicity 
predictions were obtained only for a few decay chan- 
nels. For C~-decays there is only the decay C~ ~ p~0 
where the proton's helicity is hard to measure. Some 
good and measurable candidates were found among 
A +,0 decays. Since A ÷,0 are not likely to be produced 
copiously in neutrino interactions the proposed meas- 
urements would have to be done in e+e - -interactions. 
These measurements will have to wait for the early 80's 
when the ARGUS and MARK III detectors become 
operative at DORIS and SPEAR, respectively. 

J.G.K. acknowledges the hospitality of the Ruther- 
ford Laboratory where this work was initiated. We 
would like to thank M. Fugukita and J. Kiihn for help- 
ful discussions. 

,4 This has recently been confirmed in the decay 12-~ AK- 
|2ol. 

References 

[1] R. Nabavi, X.Y. Pham and W.N. Cottingham, J. Phys. G3 
(1978) 1485. 

[2] A.J. Buras and J. Ellis, Nucl. Phys. Bll l  (1976) 341; 
G. K6pp, L.M. Sehgal and P.M. Zerwas, Nucl. Phys. B123 
(1977) 61; B123 (1977) 77. 

109 



Volume 89B, number 1 PHYSICS LETTERS 31 December 1979 

[3] N. Cabibbo and L. Maiani, Phys. Lett. 73B (1978) 418. 
[4] D. Fakirov and B. Stech, Nucl. Phys. B133 (1978) 315. 
[5] G. AltareUi and L. Maiani, Phys. Lett. 52B (1974) 351; 

M.K. Galliard and B.W. Lee, Phys. Rev. Lett. 33 (1974) 
108. 

[6] A. All, J.G. K~Srner, G. Kramer and J. Willrodt, Z. Phys. 
C1 (1979) 269. 

[7] M. B~hm, H. Joos and M. Krammer, Nucl. Phys. B69 
(1974) 349; 
E. Eichten, K. Gottfried, T. Kinoshita, K.D. Lane and 
T.M. Yan, Phys. Rev. D17 (1978) 3090; 
A. Le Youanc, L. Oliver, O. Pene and J.C. Roynal, Phys. 
Lett. 71B (1977) 397. 

[8] M. Fukugita, T. Inami, N. Sakai and S. Yazaki, Phys. Lett. 
72B (1977) 237. 

[9] R.E. Marshak, Riazuddin and C.P. Ryan, Theory of weak 
interactions (Wiley - Interscience). 

[101 L.S. Brown and C.M. Sommerfield, Phys. Rev. Lett. 16 
(1966) 751; 
Y. Hara, Y. Nambu and J. Schechter, Phys. Rev. Lett. 16 
(1966) 380. 

[11] H. Galic, D. Tadic and J. Trampetic, Zagreb preprint 
IRB-TP-1-79 (1979). 

[12] J.G. Kbrner and T. Gudehus, Nuovo Cimento I1A (1972) 
597. 

[13] J.G. KiSrner, G. Kramer and J. Willrodt, Z. Phys. C2 
(1979) 117. 

[14] B. Desplanques, J.F. Donoghue and B.R. Holstein, MIT 
Preprint CTP 754 (1979). 

[15] E.G. Cazzoli et al., Phys. Rev. Lett. 34 (1975) 1125; 
B. Knapp et al., Phys. Rev. Lett. 37 (1976) 882; 
C. Baltay et al., Phys. Rev. Lett. 42 (1979) 1721. 

[16] K. Miura and T. Minamikawa, Prog. Theor. Phys. 38 
(1967) 954; 
J.G. Kbrner, Nucl. Phys. 25B (1970) 282; 
J.C. Pati and C.W. Woo, Phys. Rev. D3 (1971) 2920. 

[17] L. Maiani, INFN preprint, Rome (1978). 
[18] W. Thirring, in: Proc. Schladming Winter School (1965), 

ed. P. Urban (Springer, 1965). 
[19] H.R. Rubinstein, L. Stodolsky, F. Wagner and U. Wolff, 

Phys. Lett. 73B (1978) 433. 
[20] M. Bourquin et al., CERN preprint (1978). 

110 


