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We discuss polarization effects in semi-leptonic decays of polarized and unpolarized heavy A-type baryons into heavy and into 
light A-type baryons. We use the non-leptonic decay of the daughter baryon and the leptonic decay of the Woff-shen into a lepton 
pair as polarization analyzers to analyze the polarization of the daughter baryon and the Worf_shen. Technically this is done by 
writing down joint angular decay distributions. We calculate the values of the various asymmetry parameters that characterize the 
angular dependence of the angular decay distributions where we use the predictions of the heavy quark effective theory (HQET) 
supplemented by simple ans~itze for the q2-dependence of the form factors. 

Recently the ARGUS Collaboration has reported on the observation of semi-leptonic (s.1.) charm A-baryon 
decays A + --,AsX~+v~ [ 1 ]. A major fraction of these decays is expected to consist of the exclusive s.1. decay 
mode A + -~A~+v~ [ 1 ]. Also, the ALEPH Collaboration has recently seen an excess of correlated As~- pairs 
over A~ + pairs (with high PT leptons) from Z decays [2 ]. The A~ + excess is readily interpreted as evidence 
for s.l. decays of bottom A-baryons via the chain Ab--*Ac-~As [2 ]. Again, from the experience with s.1. bottom 
meson decays, one expects a significant fraction of the s.1. A b ~ A  + X transitions to consist of the exclusive mode 
A b - ~ A +  ~-9~. 

Experimental results on exclusive s.1. decays of heavy baryons are eagerly awaited by the theoretical commu- 
nity as there has been significant progress in the description of current-induced transitions involving heavy 
hadrons in the last two years [ 3-8 ]. In the baryon sector there exist results for heavy baryon to heavy baryon 
transitions [9-15] including 1/m corrections [16,17], and on heavy baryon to light baryon transitions 
[12,13,18]. A-type heavy baryons are particularly simple in this regard as they consist of a heavy quark and a 
spin-isospin zero light diquark system. 

In this letter we address the question of how to extract information on the structure of hadronic transition 
form factors from angular decay distributions using polarized and unpolarized exclusive s.1. Ab~A + ~-9~ and 
A + ~A~+v~ decays. In our analysis we use helicity amplitudes and polarization density matrix methods to 
analyze the joint decay distributions in these decays. This analysis complements and generalizes the analysis of 
ref. [ 19 ] where similar results were obtained in the language of spin and momenta correlations. We discuss the 
limiting behaviour of the joint angular decay distributions at the phase space boundaries 2 qmin --~-0 and 

2 (M1 - M2  )2. By further integrating the general multi-differential joint decay distributions we extract sin- qmax ----- 
gle angle decay distributions. We present theoretical predictions for the decay distributions using results of the 
heavy quark effective theory (HQET) supplemented by simple power behaved ans~itze for the qZ-dependence 
of the transition form factors. 
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Let us begin our discussion by defining a s tandard  set of  invar iant  form factors for the weak current- induced 
baryonic ~ + ~ ½ + transit ions.  One has 

(A2 (P2)I jV+A I A, (P , )  ) =/2(P2) [ v , ( F  v + F ~ ? 5 )  + i ~ , , q ~ ( F  v + F A ? 5 )  ]U(P~ ) ,  ( 1 ) 

where j v and J~ are vector and axial vector  currents and qu= ( P j - P 2 ) u  is the four -momentum transfer. The 
form factors F v'~' are functions of  q2. In the following we shall always work in the zero-lepton-mass limit.  Thus 
we have d ropped  invariants  mult iplying q,. ~ 

For  our purpose it is convenient  to regard the s.l. decay AI-~A2 + ~ + v~ as a quasi two-body decay AI-~A2 + 
Won:~ho. followed by the leptonic decay Woff-~,e,-~ + v~. To save on notat ion we shall drop the "off-shell" label 
in the following. In the zero-lepton-mass approximat ion  only the j e =  1 , 1 + component  of  the W part ic ipate  in 
the decay ( 1 - vector current; 1 + axial vector  current) .  Accordingly we define helicity ampl i tudes  HV~w where 
2 2 and 2 w are the helicities of  the daughter  baryon and the W-boson ()~w = 0 longitudinal;  2 w = +- 1 transverse ). 
They are related to the invariant  form factors through 

9 V x ~ q S H , / z o = x / ~ _ [ ( M l  + M 2 ) F V - q 2 F V ] ,  HV/2~= 2 x f ~ _ [ - F V + ( M l + M z ) F  v ] ,  

x/~H1A/2 o = x/Qf+ [(M~-M2)Fj '  +q2F) ] ,  H ~ / 2 1  = 2x/~+ [ - F  A - ( M ,  - M 2 ) F  A ] , (2) 

where we use the abbrevia t ion Q± = (MI + _ M 2 ) 2  q2. The remaining helicity ampl i tudes  can be obta ined with 
the help of  the pari ty relat ions 

HV(~ A) a w = +  ( ~ V ( A )  
_ _ - -  } 1 1 2 2 A W  . (3) 

One notes from eqs. (2)  and (3)  that  the helicity ampl i tudes  possess a simple structure at the kinematical  
boundar ies  qZlin = 0  and q~,ax = (M1-2142) 2. In the l imit  q2~O the longitudinal  helicity ampl i tudes  are domi-  
nant. At the zero recoil l imit  q2m, X = (MI - M 2 ) 2  the longitudinal  and transverse axial vector  helicity ampl i tudes  
become dominant .  They become related by 

x/2 2 H/~/2, = - H~/2 o, q --*q[nax- (4)  

The behaviour  of  the helicity ampl i tudes  at q~ax can easily be unders tood from a part ia l  wave analysis of  the 
final state in the decay A I ( ½ + ) -~ A2 ( ½ + ) + W ( 1 - ,  1 + ). As the phase space closes only the axial vector s-wave 
contr ibut ion survives. 

Polar izat ion effects in the decays arise from the fact that  the populat ion of  helicities in the final state and 
thereby the corresponding density matrices are in general non-trivial .  Let us first analyze the s.1. decay of  an 
unpolar ized parent  A~. The relevant (unnormal ized)  correlat ion density matr ix is given by 

H • (5) 

The correlat ion density matr ix  (5)  may be probed by analyzing the angular decay dis t r ibut ion of  the decay 
products  of  the W and the daughter baryon A2. What  is needed is a knowledge of  the decay structure of  the 
respective cascade decays. The decay W ~ v ~  is specified by the usual ( V - A )  charged current interact ion and 
provides 100% analyzing power. In case of  the A t l A s  transi t ions the s tandard  nonleptonic  (n.l .)  hyperon de- 
cays A s ~ p ~ - ,  nn ° are well suited for this purpose since their  decay structure is experimental ly  well measured.  

~ Muon mass effects have been investigated in mesonic s.l. D-~K(K*) decays and have been found to be ~< 5% in the total rate [20]. 
The biggest effect occurs for the partial rate into the longitudinal current component, where the effect of the muon mass amounts to 
O(10%), and is largest at small q2. The muon mass effects in charm baryon decays are of similar small size [21 ]. This is different in 
s.1. b~c meson and baryon decays where lepton mass effects can be conveniently probed in the z-channel [20-23]. 
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In addition these decays provide good analyzing power in as far as the respective asymmetry parameters O~A are 
large ( C~As~p~- = + 0.64; C~A . . . .  o ---- + 0.66 [ 24 ] ). First measurements (and some theoretical prejudice [ 25-27 ] ) 
exist on the corresponding asymmetry parameter in the n.1. decay A + ~ A s + n  + (aAc = -- 1.0 +°4-o.o [28] ; aAc ----- 
--0.96--+0.42 [29] ). In principle one could also use other decays of  the A + as polarization analyzers in s.l. 
A b ~ A  c transitions (as e.g. A + ~ A s +  p+ ) once their decay structures become known. For the present purpose, 
however, we limit our discussion to the n.l. two-body decays A2 ( ½ + ) ~ a ( ½ + ) + b ( 0 -  ) as analyzers. 

Using standard methods (see e.g. ref. [30] ) one then obtains the normalized four-fold joint angular decay 
distribution for the two-sided cascade decay A~ ( ½ + ) ~A2 ( ½ + ) [ -- a ( ~ + ) + b ( 0 )  ] + W ( -~v~) :  

dE  G 2 
d q  2 d cos O dz d cos OA ----B(A2 - * a + b )  ½ ~ I VQ,Q~ 12 q2p 24M 2 

X ( 3 ( I  ++-C0S0)2[H1/21 ]2(I+O~ACOS~A)+3(ITcosO)2]H_I/2_112(l --OgA COS ~A) 

+ 3 sin20[ ]HI/20 ] 2 ( 1 + O~A COS OA) + ]H_ 1/20 ] 2 ( 1 - -  Og A COS HA) ] 

3 H* ) ~- ~O~ACOsZsinOsinOA[(1-+cosO)Re(H_l/2oHT/21)+(1-T-cosO)Re(Hl/2o -J/2 l ) ]  • (6) 

The polar angles O and OA and the azimuthal angle Z are defined in fig. 1. In order to be more explicit fig. 1 was 
drawn for the specific cascade process A~ + ---, A~ ( ~ p~ ) + W ÷ ( ~, ~ + v~ ). B (A2--, a + b ) and O~A are the branching 
ratio and asymmetry parameter, respectively, of  the daughter 's A2 decay into the channel a + b. G is the Fermi 
coupling constant and VQ.Q2 is the Kobayashi-Maskawa matrix element for the weak transition Q~ ~Q2. The 
upper and lower signs in eq. (6) hold for the ~-9~ and ~+v~ leptonic final states, respectively. The CM momen- 
tum p is given by P=x~++ Q-/2Ml. 

In writing down eq. (6) we have assumed that the invariant amplitudes (and thereby the helicity amplitudes) 
are relatively real. This is well justified in the decay region where one is below the particle production threshold 
q2= (Ml +M2)  2. Thus we have omitted so-called T-odd contributions proportional to sin ~9 s inz  sin ~9A and 
sin (2 O) sin Z sin Oa. We note in passing that the presence of  such contributions could signal possible CP-viola- 
tions in the s.1. decay process [ 31 ]. 

The structure of  the decay distribution eq. (6) is quite similar to the corresponding four-fold decay distribu- 
tion for the cascade decay D ~ K * ( - - K n )  +~+ +v~ [20,32-34]  which has been proven so useful in disentangling 
the form factor structure in the s.l. D ~ K *  decays [35] (using an event sample of  ~ 2 0 0  events). A similar 
analysis for s.l. B-~D* transitions based on an event sample o f  ~ 360 events is in progress [36].  

/ 

i ÷ / 

Fig. 1. Definition of polar angles ~A and O and azimuthal angle Z in the double "cascade" decay A~ + - As ( - pn- ) + W + ( ~ ~ + v~ ). 
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The angular distribution eq. (6) defines a set of eight observables which are bilinears in the four independent 
q2-dependent real form factors. A measurement of these eight observables would considerably overdetermine 
the form factors. Note though that the complexity of the problem is reduced close to phase space boundaries as 
discussed earlier. At the phase space boundaries the large parentheses in eq. (6) simplify to 

( )q2=o=3Sin20[[HI/2Ol2(I+OtACOSOA)+IH_I/2OI2(1--O~ACOSOA)] (7) 

and 

( )q2x=3(I+OeACOSOcOSOA-T-C~ASinOsinOAcosz)IHA/2o[2. (8) 

The relevant dynamical information contained in the three-fold angular decay distribution eq. (6) may be 
extracted by either one of the following methods: (i) moment analysis, (ii) analysis of suitable defined asym- 
metry ratios as in ref. [ 20 ], or (iii) angular fits to the data as in ref. [ 35 ] depending on the quantity and quality 
of the data. 

Instead of analyzing the full three-fold angular dependency one can also look at two-fold and single angle 
decay distributions. For example, single angle decay distributions may be obtained from eq. (6) by doing two 
angular integrations. For the polar angle distributions of the cascade decay A2-~a+b one has 

dF  
oc 1 +aaA cos OA, (9) 

dq 2 d cos OA 

where the asymmetry parameter a is defined by 

12 _ 12-IH_ [2+1H1/2 0 IH_l/20[ 2 1 9 1 =  [HI~2 1 1/2--1 ( 1 0 )  
]HI/2 i 121- [H-I /2-112+ ]HI~2 0 [ 2"1- [H_l/2 012 " 

For the polar angle distribution in the cascade decay W--+~ + v~ one finds 

dF 
oc 1 _+ 2 a '  cos O+ a "  cos20, ( 11 ) 

dq 2 d cos O 

where 

a '= [H1/2 112- 1H-1/2 -1 [2 
[Hl/2 112+ [H_l/2 - i  12+2( [H-l/2 012-{- ]HI/2 ol 2 ) (12) 

and 

1 ]2~_ ]Hi/2 12) a"= IHI/2 [2+]H-l /2-112-2( lH- l /20  o 
[HI/2 1 [2+ ]H_I/2_112+2( 1H1/2 o ] 2+ 1H1/2 o 12 ) " (13) 

The upper and lower signs are for (~ -9~) and (£ +v~), respectively. The azimuthal angle distribution, finally, is 
given by 

dF 37~ 2 
< 1 T ~ ~)O/a COS Z ,  (14) dq2d~z 

where the azimuthal asymmetry parameter y is defined by 

2 Re(H_ 1/2 oHT/2 1 +nl/eoH*-l/2-1) [2 ' ( 1 5 )  
Y= ]H1/2 II 201- [H-1/2-1 [2+ 1H_1/2 0[2+ ]HI/2 0 

All asymmetry parameters have been defined such that they range between - 1 and + 1. 
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D u e  to the fact  that  only  the  axial  vec to r  s -wave con t r i bu t ion  surv ives  in the  zero recoi l  l imi t  the  a s y m m e t r y  
pa rame te r s  possess wel l -def ined  l imi t s  2 2 as q ~ q r ,  ax. The  po la r  a s y m m e t r i e s  all van i sh  in this l imit ,  and  the azi- 

mu tha l  a s y m m e t r y  y tends  to ~ 2x/~ (see table  1 ). These  l imi t ing  va lues  can e i ther  be d i rec t ly  read  f rom the 

d i s t r ibu t ion  (8 )  or  c o m p u t e d  using the  de f in i t ions  (10 ) ,  (12 ) ,  ( 13 ) and  ( 15 ). At  q2 = 0, only  a ' ,  a "  and  ~ have  

a def in i te  l imi t ing  behav iour :  a '  and  ~, t end  to zero,  and  o( '  t ends  to - 1. The  l imi t ing  b e h a v i o u r  o f  the ba ryon  

side po la r  a s y m m e t r y  p a r a m e t e r  a at q2 = 0, however ,  i nvo lves  the  dynamics  o f  the s.1. t r ans i t ion  AQ, - ,  AQ2 and  

the re fore  is a m o d e l  d e p e n d e n t  quant i ty .  We shall, however ,  see in the fo l lowing that  one  can rel iably pred ic t  

a ( q 2 = 0 )  = - 1 in the  con tex t  o f  the H Q E T .  This  result  o f  the  H Q E T  has been  inc luded  in brackets  in table  1. 

Turn ing  to d y n a m i c s  let us br ief ly  recap i tu la te  the  p red ic t ions  o f  the  H Q E T  concern ing  cu r r en t - induced  t ran-  

s i t ions i n v o l v i n g  A- type  heavy  baryons .  A heavy  A- type  ba ryon  is ra ther  s imple  since it is m a d e  out  o f  a scalar 

l ight d iqua rk  sys tem and  a heavy  spin ½ quark.  Thus  one  can ident i fy  the  heavy  quark  sp inor  wi th  the ba ryon ' s  

sp inor  when  wri t ing  d o w n  t rans i t ion  ma t r ix  e lements .  F o r  a heavy  to heavy  t rans i t ion  A1 ~ A 2  there  is no spin 

in teract ion on the heavy  quark  legs in the heavy mass l imi t  except  for the current  in teract ion itself. F r o m  Lorentz-  

inva r i ance  one  then  f inds 

(A2 /V+A _,, [A,  )=a2[F(rn)yu(1--75)]ul, (16 )  

where  the single f o r m  fac tor  F(~o)  depends  on the ve loc i ty  t ransfer  va r iab le  re = v~'v2 and  is no rma l i zed  to 1 at 
2 qmax or  equiva len t ly ,  at o )=  l [ 9 - 1 4 ]  ~2. In eq. (16 )  we have  used the  conven t i ona l  B j o r k e n - D r e l l  state nor-  

ma l i z a t i on  wi th  sp inor  n o r m a l i z a t i o n  Uu = 2M. In  t e rms  o f  the  s t andard  fo rm factors  ( 1 ) one  has 

FV(q2)=-FA(q2), FV(q2)=FA(q2)=O, (17 )  

~2 Renormalization effects on the current vertex can easily be included via leading log resummation techniques as discussed in ref. [6] 
( see also ref. [ 37 ] ). These renormalization effects need not concern us here since they cancel out in the polarization asymmetries that 
we are studying in this paper. 

Table 1 
Values of asymmetry parameters as defined in the main text. Column 1: allowed range; column 2: value at phase space boundary q2=0. 
For o~, ap and Ye "the HQET result appears in brackets; column 3: value at phase space boundary q2ma~; Column 4: mean value of asym- 
metry parameters for Ac-,As transitions for five values offz/fi =0.5, 0.25, 0, -0.25, -0.5 (top to bottom); Column 5: the same for 
Ab-,Ac transitions. 

Range Limiting values Mean values Range Limiting values Mean values 

q2=0 q2ma x ( O/, y) < OL, y) q2=0 qmax 2 < O~, ~) <a, ~)) 
Ac---,A~ Ab~A¢ A¢--*A~ Ab-*Ac 

a [ - 1 ,  1] 0 -0.53 -0.55 y [ - 1 ,  1] 0 +2x/2/3 0.77 0.75 
( - 1 )  -0.60 -0.64 0.71 0.68 

-0.70 -0.75 0.62 0.57 
-0.82 -0.87 0.47 0.39 
-0.94 -0.97 0.21 0.09 

a '  [ - 1 ,  1] 0 0 0.04 0.05 otp [ - 1 ,  1] - 0 0.41 0.39 
0.07 0.08 ( + 1 ) 0.40 0.38 
0.10 0.12 0.39 0.38 
0.13 0.15 0.39 0.37 
0.17 0.18 0.39 0.38 

a" [ - 1 ,  1] - 1  0 -0.41 -0.42 Ye [ - 1 ,  1] - - 1 / 3  -0.22 -0.22 
-0.45 -0.46 (0) -0.21 -0.21 
-0.50 -0.51 -0.18 -0.17 
-0.56 -0.57 -0.14 -0.12 
-0.62 -0.62 -0.07 -0.03 
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with the normalization condition F v 2 (qm,x)= 1. 
For a heavy to light A~ -~A2 transition there is more structure due to the fact that the light active quark q2 can 

undergo spin interactions. The most general form factor structure allowing for a light side spin interaction is 
now [12,13] 

(A2 I JV+A I A, ) = U2 [J] (q2)y,(  1 --75) +f2 (q2)~, Y,,(1-7s) ]UL (18) 

with no normalization condition for the form factors f (q2) at  q2~a x. In terms of  the standard form factors ( 1 ) 
one finds 

FV(q2)=_FA(q2)=fl(q2)+ ~ f 2 ( q 2 )  FV(q2) A 2 ~ , = - F 2 ( q  ) =  f2(q2) • (19) 

Note that the heavy to heavy structure equation ( 16 ) is recovered by setting f2 (q2) = 0. 
The form factors f (q 2) can be further specified at O ( 1/m2) by studying the 1/m2 expansion on the daughter 

baryon's side [ 16]. One finds 

( 1 A 1 ) 2m2 1+~o 1 A l G(~°) (20) .fj(og)= l + ~ 2 1 _ ~ o j  G(og) ,  f2(o9)= 

where, quite remarkably, a normalization condition on the form factors is retained at O ( 1 / m 2 )  in that 
G (o9 = 1 ) = 1 [ 16,17,38-40 ]. The expansion pa ramete r / I  in eq. (20) is of  the order of  the mass difference of  
the baryon and the active quark, i.e./r_~ M 2 -  rn2-~ 700 MeV. 

Returning to the asymmetry parameter c~ one notes that the HQET predicts F v (q2) A 2 = - - F ~ ( q  ) a s l o n g a s  
the decaying A-type baryon is treated as heavy. Turning to the helicity amplitudes eq. (2) this means that the 
daughter baryon will emerge 100% negatively polarized from the decay at q2= 0. Equivalently, the asymmetry 
parameter c~ has the value c~ = - 1 at  q 2 =  0. This prediction of  the HQET should certainly be very reliable for 
the A b ~ A  c transition and quite reliable for the Ac-~As transition as it only depends on the assumption that the 
decaying parent A-type baryon is heavy ~3. In the latter decay, the prediction c~A = - 1 would not even be spoiled 
by treating the decaying Ac at O ( 1 / mc). 

Away from the phase space boundaries the q2-dependence of  the various asymmetry parameters depend on 
the details of  the form factor structure. However, it is quite reasonable to assume a common qZ-dependence of  
the two form factors f~ (q2) and f2 (q2) in eq. ( 19 ). In this case the q2-dependence of  the asymmetries depend 
only on the constant ratiofz(q2)/f~ (q2) where the ratio r=f2/f~ is expected to be smaller than 1 even for the 
transition Ac-.As. Let us again concentrate on the q2-dependence of  the asymmetry parameter c~ in Ac-,A~ 
transitions as it will certainly be the first to be measured experimentally. 

Fig. 2a shows the qZ-dependence of  the asymmetry parameter ~ for the five form factor ratiosf2/f~ =0.5,  0.25, 
0, - 0 . 2 5  and - 0 . 5 .  The O(1/m~)  prediction eq. (20) corresponds to the form factor ratio r-~ - 0 . 2 5  using 
ms=450  MeV and A = 7 0 0  MeV. All five curves slowly rise from their q : = 0  value of  ( - 1 ) and then quickly 
increase to their limiting value c~ = 0  at the end of  the physical q2-range. In particular one has a monotonic  

2 increase of  all five curves from - 1 at q2=0  to 0 at q ~ .  On the one hand this means that such a measurement 
is not very sensitive to the form factor ratio fz/f~. On the other hand this implies that one should be able to 
extrapolate reliably the experimental data from q2> 0 into q2= 0 where the model independent HQET predic- 
tion exists. 

In fig. 2b we show mean values of  the asymmetry parameter c~ for the above five cases. The averaging is done 
in the range q2= 0 to a given nominal maximal q2-value qZ(max). As the averaging implies separate integration 
of  the numerator and denominator  in eq. (10) this introduces a (mild) dependence on the assumed q2-behav- 

~3 Equivalent statements can be made about the polarization of the daughter baryon for the Cabibbo suppressed s.1. transitions Ab-~P 
and Ac~n. However, besides being rate suppressed, these transitions cannot be used to test the polarization prediction of HQET as 
the polarization of the daughter baryon cannot be measured, 
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Fig. 2. Asymmetry parameter c~ in s.l. A + ~A=+~ + +v~ transi- 
tions for five different form factor ratios r=fz/f~ (see main text ): 
(a) asymmetry parameter c~ as function of q 2; (b) mean value of 
the asymmetry parameter as function of upper cut off value 
qZ(max). Averaging is done between q2=0 and qZ(max). 

iour of the form factorsf~ (q2),f2(q2) and G(q2). In order to be definite we have chosen a dipole form for their 
q2-dependence. Thus we take 

F(q~,=x ) ( ,  2 2 

g(q2)  = ( l _ q 2 / m v v ) 2 \  l -  rnavvJ (21) 

forf~ (q2) , f2(q2)  and G(q 2) where we use the mass of the D* as form factor mass, i.e. mvv=2.11 GeV. Note 
that the asymmetries do not depend on the normalizat ion of the form factors F(qZax ) in eq. (21).  Even though 
the differential decay rate is predicted to be weighted towards the larger q2-values [ 9,14 ] the mean asymmetries 
{c~>q2( ... .  ) do not significantly deviate from the q2=0  value over most of the q2(max)  range. We do not show 
the corresponding curves for the Ab-->Ac transit ions as the results are very similar to the Ac-,As case. 

In table 1 we also list the mean values <c~, 7> of all the four asymmetry parameters c~, od, c~" and 7 where the 
averaging is over the full qZ-range. The sensitivity to the input  form factor ratio r=f2/f~ can be judged by in- 
specting the variations of the means in table 1. The mean asymmetries < c~ > and < ee"> can be seen to have the 
least model dependence. 

Table 1 also contains the corresponding mean asymmetries for Ab-,A~. transitions. We have used MAb = 5.6 
GeV for the mass of the A b. The form factor mass in the dipole form factors is taken as MB* = 6.34 GeV. The 
mean asymmetries for A b ~ A  c do not differ much from the corresponding A t l A s  values. Note that the O (1 /  
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mc) prediction eq. (20) for Ab~Ac decays corresponds to the form factor ratio r-~ - 0 . 1 0  using mc = 1.45 GeV 
and A = 7 0 0  MeV. For this preferred value one has < a )  = - 0 . 8 0 ,  < a ' >  =0.13,  <a"> = - 0 . 5 4  and <7> =0.51.  

Although we concentrate on predictions of  the asymmetry parameters in this paper let us also list nominal 
rate values. For example, for Ac-~ As we obtain F =  15.7 [ 101° s -  l ] and F =  19.0 [ 10~° s-  i ] for r = 0 and our 
preferred value r =  - 0 . 2 5 ,  respectively. These rates are higher than the inclusive rate A + ~A~X~+v~ measured 
in ref. [ 1 ] ( F =  (8.0+_2.6+_ 2.6) × 101° s -1 for the e-mode and F =  (7.5 +_4.1 +_2.6) × 101° s-1 for the ~t-mode 
using a total width F =  (0.5 +_ 0.045 ) × 10 t3 s -  1 ). As discussed in ref. [ 15 ] this is a common feature of  all present 
theoretical models which all tend to overestimate the rate for exclusive s.1. Ac-~A~ decays. At present this re- 
mains an unsolved puzzle which awaits resolution. Although our rate predictions tend to be too high we believe 
that our asymmetry predictions are still reliable. For the Ab-~Ac transition we find F =  5.34 [ 10 l° s -  ~ ] using the 
heavy to heavy result ~ (q2 )=  0 and F =  5.72 [ 10 j° s - i ]  for our preferred value r = -  0.10. The value for the 
Kobayashi-Maskawa matrix element is Vbc=0.045. 

An additional set o f  polarisation observables can be defined for the decay of  a polarized charm baryon. For 
example, hadronically produced A's have been observed to be polarized where the polarization necessarily has 
to be transverse to the production plane because of  parity invariance in the production process. It may well be 
that hadronically produced A + 's show a similar polarization effect, Also, charm baryons from weak decays of  
bot tom baryons are expected to be polarized. Finally, charm and bot tom quarks from Z-decays are polarized. It 
is quite likely that there will be a polarization transfer when the charm and bot tom quarks from Z-decays frag- 
ment into charm and bot tom A-baryons. 

For the density matrix of  the daughter baryon one now has 

Pl/2 1/2 = [HIt2 112( 1 - P c o s  Op)+  [HI/2 012( 1 + P c o s  Op) , 

Pl/2-1/2 =P-I/2 1/2 = - P s i n  Oe Re(HI/2 oH*-1/2 o) , 

P-1/2-1/2 = [H-t/2_~ 12(1 + P c o s  Op)+  I H - I / z o l Z ( 1 - P C O S O p )  , (22) 

where P denotes the degree of  polarization of  the parent baryon A~, and Op is the polar angle between the 
polarization direction of  At and the momentum direction of  A2 as shown in fig. 3 for the specific case 
A + --,A~( -~p~- ) + W + ( -~+v~) .  Again we have assumed that the helicity amplitudes are relatively real. We thus 
neglect possible T-odd effects in the decay distribution. 

As in the unpolarized case the cascade decay Az--*a( ½ + ) + b ( 0 - )  is used to analyze the daughter baryon's  
polarization. One then has the four-fold decay distribution 

XI "Z 

~c 

Fig. 3. Definition of polar angles OA and Oe and azimuthal angle 
Xe in the decay of a polarized A~ ~As(--*pn-)- + X. The left 
plane is determined by the polarization vector PAt of the A~. 
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G 2 -~ q2p 
dV(Al - ,  A2(--, ½ + + 0 -  ) + 2 +  v~ ) = B ( A  2 -~a+b)½ ~ I Vo,Q2 l- 48M 2 

dq 2 d cos Oe dze d cos OA 

X {IH_,/2012+ IHI/2012+ IHi/2 l l2+ IH_I/2_I ]2 

--~- oL A COS OA(  [HI/20 [2_ iHi /2012+ [H,/2 I 12- I H - l / 2 - I  1 2) 

+ P c o s  Oe( IHj/2012- ]H-I /20 [2_ IHI/2 1 [ 2-1- ]H-l /2-112)  

+PO~A COS 0a COS Op( [Hi~2012+ ]H- l /2012_  IHI/2 , 1 2  ]H-i/2-112) 

30January1992 

--POgA sin OA sin Op coszp 2 Re(HI/2 oH'1/2 o)} , (23) 

where the orientation angles Oe, OA and Ze are defined in fig. 3. As the lepton side angular distribution goes 
unanalyzed the distribution (23) holds for both the Ab-+Ac and Ac-+As transitions without any sign change. If  
the lepton-side information contained in the decay W--,~+v~ were kept one would have a six-fold differential 
distribution. 

The decay distribution (23) simplifies at the phase space boundaries. For the curly brackets in eq. (23) one 
finds 

{ }q2=O=(IHI/2Ol2"k-IH-I/20[2)(I-I-POgACOSOpCOSOA) 

+ (IHI/2 o 12- [g_, /2  012 ) (O~a COS OA+Pcos  Op) 

+ 2 Re (HI/2 o H*~I/2 o) ( -POLA sin O1, sin OA COS ZP) , (24) 

which further simplifies to 

{ }q2=o=IH_I/2oIX(I+-POgACOSOpCOSOA--OLACOSOA--PcosOp) (25) 

when the HQET prediction H~/2o(q2=O) = 0  is used. At 2 qmax one has 

{ }q~m,=2lH~/2ol2(3--Po~acosOAcosOe+Po~AsinOesinOACOSZe) . (26) 

Integrating eq. (23) w.r.t. Op and Ze one recovers the cos OA distribution eq. (9). An integration over OA and 
Ze yields 

dF(A I ) 
dq2d cos Op oc 1 - c~eP cos Op, (27) 

where 

- -  12--IHl/2 12+ IH_I/2 ol 2 Igl/2112 ]H-I /2-1  o 
a e =  (28) 

1H1/2112+1H I/2-112-t- [H-I/2 012"k lHI/2 012 " 

Finally integrating eq. (23) w.r.t. OA and Oe yields the distribution 

dF(A])  
dq2d---- ~ oc 1 - ~67/2pOgAyP COS Z ,  (29) 

where 

2 Re(Hi/2 oH*_l/2 o) (30) 
~t'= [HI~2 I ] 2+ ]H- l /2_ l  ]2+ ]H_I/20 [ 2-1- ]HI/20 ]2 " 

The asymmetries o~+. and yp have been defined such that they range between + 1 and - 1. Their values at the 
phase space boundaries are listed in table 1. We have added the q2= 0 HQET prediction in brackets. Their mean 
values are listed in column 5 ( A t l A s )  and column 6 (Ab-+Ac) again for the five form factor ratios r=0.5,  0.25, 
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0, - 0 . 2 5  and - 0 . 5 .  The  m e a n  va lue  o f  the po la r  a s y m m e t r y  p a r a m e t e r  (C~p) is qui te  stable against  va r i a t ions  

o f  the input  fo rm fac tor  ra t io  and does  not  change m u c h  when  going f rom the A~- ,As case to the A b ~ A c  case. 

The  m e a n  va lue  o f  the az imutha l  a s y m m e t r y  p a r a m e t e r  ( T e ) ,  however ,  is qui te  sens i t ive  to the inpu t  fo rm 

fac tor  ra t io  r. Again there  is not  m u c h  change going f rom A t l A s  to A b ~ A c .  Fo r  the Ab--,A c t rans i t ions  our  

prefer red  m e a n  va lues  are (o~p) = 0 . 3 7  and ( y p )  = - 0 . 1 5  using r =  - 0 . 1 0 .  

In conc lus ion  we have  p r o v i d e d  the tools  that  are needed  to analyze  po la r iza t ion  effects in exclusive s.1. A- 

type baryon  decays,  We have  wr i t ten  down  jo in t  angular  decay d i s t r ibu t ions  in t e rms  o f  the t rans i t ion  fo rm 

factors  that  descr ibe  the decay. The  f o r m  fac tor  s t ructure  is severely cons t ra ined  by H Q E T ,  The  suggested asym- 

met ry  m e a s u r e m e n t s  are an ideal i n s t rumen t  to test the pred ic t ions  o f  the H Q E T  in the baryon  sector.  

Decay  fo rmulae  are g iven  for the s.1. cascade decays  ~ + ~ 1  + ( ~ ~ + + 0 -  ) + W ( - ,  ~ + v~) i nvo lv ing  po la r ized  

and unpo la r i zed  decaying  baryons .  C o r r e s p o n d i n g  d i s t r ibu t ions  for 1 + 3 + --, 5 t rans i t ions  re levant  for e.g. the s.1. 

3 + ) + ~ +  +v~ can be found  in ref. [41 ]. Ref.  [41 ] also con ta ins  a d iscuss ion o f  o ther  bar-  decay f~c( ½ + ) -~E~- ( 
yon side n.1. cascade m o d e s  as e.g. 1 + 1 + + 1 - .  

The  decay d i s t r ibu t ions  o f  an t iba ryon  decays are ob ta ined  f rom the baryon  decay fo rmulae  discussed in this 

paper  by no t ing  that  the t ransverse  and longi tud ina l ly  hel ic i ty  ampl i t udes  o f  the baryon  and an t iba ryon  transi-  

t ions are re la ted th rough  CP- invar iance .  O n e  has H~.,::~ ( Q I ~  Q2 ) = H-~2-~w ( Q ~  Q2 ) where  again the  hel ic i ty  

ampl i tudes  have  been  taken to be real. 

References 

[ 1 ] ARGUS Collab., H. Albrecht et al., DESY preprint DESY 91-055 ( 1991 ). 
[2 ] ALEPH Collab., contributed paper, Lepton Photon Symp. (Geneva, 1991 ). 
[3] E. Eichten, Nucl. Phys. B (Proc. Suppl.) 4 (1988) 170; 

G.P. Lepage and B.A. Thacker, Nucl. Phys. B (Proc. Suppl.) 4 (1988) 199; 
E. Eichten and B. Hill, Phys. Lett. B 234 (1990) 511; 
B. Grinstein, Nucl. Phys. B 339 (1990) 253. 

[4] N, lsgur and M.B. Wise, Phys. Lett. B 237 (1990) 527. 
[5] F. Hussain, J.G. K6rner, K. Schilcher, G. Thompson and Y.L. Wu, Phys. Lett. B 249 (1990) 295. 
[6] A.F. Falk, H, Georgi, B, Grinstein and M.B. Wise, Nucl. Phys. B 343 (1990) 1. 
[7] H. Georgi, Phys. Len. B 240 (1990) 447. 
[8] J.D. Bjorken, Invited talk at Les Recontre de Physique de la Vallee de Aosta (La Thuile, Italy ), to be published. 
[ 9 ] F. Hussain, J.G. K6rner and R. Migneron, Phys. Len. B 248 (1990) 406. 

[ 10] N. lsgur and M.B. Wise, Nucl. Phys. B 348 ( 1991 ) 276, 
[ 11 ] H. Georgi, Nucl. Phys. B 348 ( 1991 ) 293. 
[ 12 ] F. Hussain, J.G. K6rner, M. KrS, mer and G. Thompson, Z. Phys. C 51 ( 1991 ) 321. 
[ 13 ] T. Mannel, W. Roberts and Z. Ryzak, Nucl. Phys. B 355 ( 1991 ) 38. 
[ 14 ] F. Hussain and J.G. KiSrner, Z. Phys. C 51 ( t 991 ) 607. 
[ 15] J.G. K6rner and H.W. Siebert, Ann. Rev. Nucl. Part. Sei. 41 ( 1991 ) 511. 
[ 16] H. Georgi, B. Grinstein and M.B. Wise, Phys. Lett. B 252 (1990) 456. 
[ 17 ] C.G. Boyd and D.E. Brahm, Phys. Lett. B 254 ( 1991 ) 468. 
[ 18 ] F. Hussain, J.G. K6rner, M. Kr~imer, D.S. Liu and S. Tawfiq, Trieste preprim IC/91 / 133 ( 1991 ), 
[19] J.D. Bjorken, Phys. Rev. D 40 (1989) 1513. 
[ 20 ] J.G. K6rner and G.A. Schuler, Z. Phys. C 46 (1990) 93. 
[21 ] M. Kr~imer, diploma thesis (Mainz 1991 ). 
[22 ] J.G. K6rner and G. Schuler, Phys. Lett. B 231 ( 1989 ) 306; 

C.A. Dominguez, J.G. K6rner and K. Schilcher, Phys. Len. B 248 (1990) 399. 
[23] K. Hagiwara, A.D. Martin and M.F. Wade, Z. Phys. C 46 (1990) 299. 
[24 ] Particle Data Group, J.J. Hern~indez et al., Review of particle properties, Phys. Len. B 239 (1990) 1. 
[25 ] S. Pakvasa, S.F. Tuan and S,P. Rosen, Phys. Rev. D 42 (1990) 3746. 
[26] T. Mannel, W. Roberts and Z. Ryzak, Phys. Lett. B 255 ( 1991 ) 593. 
[27] J.G. K6rner and M. Kr~imer, Mainz preprint MZ-TH/91-07. 
[28] CLEO Collab., P. Avery et al., Phys. Rev. Lett. 65 (1990) 2842. 

504 



Volume 275, number 3,4 PHYSICS LETTERS B 30 January 1992 

[29 ] ARGUS Collab., H. Albrecht et al., DESY preprint DESY 91-091 ( 1991 ). 
[30] J.D. Jackson, in: High energy physics, eds. C. de Witt and R. Gatto (Gordon and Breach, New York, 1965) p. 325; 

A.D. Martin and D. Spearman, Elementary particle theory (North-Holland, Amsterdam, 1970); 
H. Pilkuhn, The interactions of hadrons (North-Holland, Amsterdam, 1967). 

[ 31 ] J.G. K6rner, K. Schilcher and Y.L. Wu, Phys. Lett. B 242 (1990) 119, 
[32] K. Hagiwara, A.D. Martin and M.F. Wade, Phys. Lett. B 228 (1989) 144; Nucl. Phys. B 327 (1989) 569. 
[33] F.J. Gilman and R.L. Singleton, Phys. Rev. D 41 (1990) 142. 
[34] G. K6pp, G. Kramer, W.F. Palmer and G.A. Schuler, Z. Phys. C 48 (1990) 327. 
[35] J.C. Anjos et al., Phys. Rev. Lett. 65 (1990) 2630. 
[36] K. Reim (ARGUS Collab.), private communication. 
[ 37 ] K, Schilcher and Y.L. Wu, Mainz preprint MZ-TH/91-19 ( 1991 ). 
[38] C.G. Boyd and D.E. Brahm, Phys. Lett. B 257 ( 1991 ) 393. 
[39] J.K. K6rner and G. Thompson, Phys. Lett. B 264 ( 1991 ) 185. 
[40] R.F. Lebed and M. Suzuki, Phys. Rev. D 44 ( 1991 ) 829. 
[41 ] J.G. K6rner, M. Kr~imer and K. Zalewski, Mainz preprint MZ-TH/91-06. 

505 


