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We study semileptonic Ab decays where the A b originates from Z0 decays into b quarks. The differential decay 
distributions are calculated using the heavy quark effective theory. We investigate the energy distribution of the decay 
leptons. In A b decays the lepton energy distribution is sensitive to the standard model parameters via the nontrivial A b 
polarization. We also discuss a possibility to study b quark fragmentation into baryons using the semileptonic decays. 

I. Introduction 

Heavy quarks provide a useful tool to look into the 
s tandard model  and beyond. In particular,  the deter- 
minat ion of  the CKM matrix elements V~b and Vub 
from b quark decays *1 and the observation of  mixing 
in the neutral B meson system [2] have been impor-  
tant benchmarks in establishing the s tandard model. 

F rom the theoretical point  of  view heavy quark sys- 
tems may be described systematically within QCD by 
means of  the heavy quark effective theory (HQET)  
[3,4]. It exploits the fact that the masses of  the heavy 
quarks m are large compared to the scale parame- 
ter AQCD associated with the light QCD degrees of  
freedom. In the l imit  AQCD/m ~ 0 new symmetries  
arise above those already present in QCD. These lead 
to considerable simplif ications in the descript ion of  
heavy quark systems. Corrections to the heavy quark 
l imit  are of  the order  AQCD/m and a s ( m ) / n .  Thus 
one expects corrections less than ten percent for sys- 
tems with bot tom quarks and about three t imes larger 
corrections for the ones involving charm quarks. 

There have been many beautiful and impor tant  re- 

i Supported by Bundesministerium f'tir Forschung und 
Technologie, 05 4HH 92P/3 Bonn, FRG. 

#l A review of the present status was given by M. Danilov 
in ref. [1]. 

sults on the spectroscopy of  charmed mesons and 
baryons and their  hadronic and semileptonic decays 
[5]. In the bot tom sector most data  so far are on 
b mesons: In e+e  - cont inuum product ion and in 
hadroproduct ion b baryons are very difficult to ob- 
serve. On the other hand, fixed target experiments as 
well as e+e  - resonance product ion on the T(4s) are 
below the b baryon threshold. Yet, we expect impor tant  
advances in b baryon physics from LEP, HERA and 
p ~  colliders. In fact, first evidences for these baryons 
were already reported by the ALEPH Collaborat ion 
[6]. Theortically, the lowest lying b baryon, Ab, is 
part icularly challenging since it is here where HQET 
has its largest predictive power. The light degrees of  
freedom are in a spin zero state for a Ab. Thus the 
spin of  the baryon is the spin of  the heavy quark due 
to the decoupling of  the heavy quark spin in HQET. 

We shall focus on the exclusive semileptonic de- 
cays Ab -~ Acgv and discuss its differential decay 
distributions.  We shall exploit the fact that there are 
three widely separated mass scales in the problem: 
s >> m >> AQco where x/s is the CMS energy of  the 
collider, s = Mz 2 for LEP. Note that we have to cal- 
culate the decay distr ibutions in the LEP lab frame 
rather than in the rest frame of  the heavy bot tom 
hadron as it is needed for resonance product ion o f  
B mesons at the T(4s).  
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The process which creates the heavy quark is in the 
present case governed by the large scale s and hence 
may be treated in a perturbative way. In particular, 
this provides a definite prediction for the b quark po- 
larization. The subsequent fragmentation of the heavy 
quark into a heavy hadron involves the light QCD de- 
grees of freedom. Thus it is governed by the small scale 
A << m and the symmetries of the heavy quark limit 
are present already in the hadronization process with 
corrections being of the order of A / m .  This means in 
particular that the spin of the heavy quark decouples 
from the hadronization process and has the interesting 
consequence that for the heavy ground state baryons 
(Ac and Ab ) the spin of the baryon is given by the spin 
direction of the heavy quark. Thus in systems with 
heavy baryons there is the unique chance to measure 
the polarization of the quarks created for instance in 
Z0 decays at LEP. 

In the following we shall argue that the energy dis- 
tribution of the charged decay lepton depends on the 
polarization of the b quark and can thus be used to 
extract the vector and axial vector couplings gv and 
gA for the b quark from such a measurement. The de- 
pendence of the decay lepton energy distribution on 
the b quark polarization is analogous to the z polar- 
ization case z ~ u~ + g + Y. 

There are two reasons to focus on the semileptonic 
decays Ab ---, Acgu and Ab ---, X~gv with ~ = e,/t. 
The first reason is that we expect them to consti- 
tute a substantial fraction of the total decay rate of 
the bottom baryons, namely to be close to the one 
given by the free b quark decay which yields branch- 
ing fractions of about 12%. Furthermore, we shall ar- 
gue that the inclusive decay is dominated by the chan- 
nel Ab ~ Aceu. With these estimates one can obtain 
some information on the fragmentation process of b 
quarks in particular on the number of baryons created 
per number of fragmenting b quarks. 

The second reason is that the semileptonic decays 
are relatively easy to reconstruct, in particular the en- 
ergy distribution of the charged lepton is accessible. 
As is well known from the polarization analysis of 
Z0 ~ z+r - ---, v~V-Te-X, the polarization of the z lep- 
ton may be inferred from the energy spectrum of the 
electron in the lab frame. In the present paper we give 
the corresponding formulae for a polarization analy- 
sis of Ab baryons created from a Z0 decay. Similarly 
to the r case the lepton energy spectrum in the lab 

frame contains the information on the baryon polar- 
ization, although matters become more complicated, 
since care has to be taken of the hadronic matrix el- 
ement for which we shall apply HQET. 

2. Exclusive semileptonic decay: Ab --* Acev 

We first discuss the exclusive decay Ab ~ Acgv 

where the decaying Ab is assumed to be polarized. We 
give the energy distribution in the laboratory frame 
in which the Ab has a momentum large compared to 
its mass. The dependence of the energy distribution 
on the polarization of the Ab is studied and the pos- 
sibility to extract gA and gv for the b quark from this 
polarization measurement is discussed. 

We employ the heavy quark limit [3 ] to write down 
the current for the weak transition from Ab to Ac. This 
current is in general given in terms of six independent 
form factors [4]: 

(A~(vc, s¢)l-(Tu(l - ys)b IAb(Vb,Sb) 

= ~A~ ( V .  Sc)[F~ (Vb" Vc)~'~, + F2(vb" V~)Vb~, 

+ F3 (Vb " Vc ) Vcu ] UA b (Vb, Sb ) 

---UAc (Vc, Sc ) [ G l (Vb " Vc ) 7~ + G2 (Vb • Vc ) Vbu 

+ G3 (Vb " Vc )Vcu ] 75 UA b (Vb, Sb ), ( 1 ) 

where vc, Vb are the velocities of the heavy baryons 
which are related to the momenta Pc, Pb by Pc = 
mcvc, Pb = m b V b  and Sb, Sc denote the spin vectors 
of the two baryons. 

In leading order of HQET these six form factors 
reduce to only one independent form factor F: 

F ( V b ' V c )  = FI (Vb 'Vc)  = Gl (Vb 'Vc)  

F2(Vb'Vc)  = F3(Vb'Vc)  = G2(Vb'Vc) 

= G3(Vb'Vc) = O. 

(2) 

(3) 

In addition, due to heavy quark symmetries this sin- 
gle form factor is normalized at maximum momen- 
tum transfer, i.e. at Vb • Vc = 1, to 

F(Vb.Vc = 1) = 1. (4) 

The Vb • Vc dependence of the form factor contains 
nonperturbative informations on the matrix element 

195 



Volume 279, number 1,2 PHYSICS LETTERS B 9 April 1992 

and may not be calculated from first principles. For 
the numerical estimates we shall use the simple form 

F ( w )  - w2 (5) 
Wo 2 - 2 + 2w" 

We shall take the value w0 = 0.89 which was ob- 
tained from fitting the lepton spectrum of  exclusive 
semileptonic B decays [7]. In paper of  Mannel et 
al. [7] several different parametrizations were fitted 
to the lepton spectrum. It turns out that the results 
for the semileptonic B -* D or B ~ D* decays do 
not strongly depend on the specific parametrization. 
This is mainly due to the fact, that the normalization 
of  the form factor at the point Vb • Vc = 1 is known 
and extrapolation off this point is not critical, since 
vb • v~ ranges only between 1 and 1.6. We expect that 
the parametrization (5) is of  similar quality for the 
baryonic decays discussed here. 

From this form of  the hadronic current we obtain 
the rate for the exclusive semileptonic decay 

Ab (Pb = mbVb, Sb ) 

---* A~(pc = mcv~,sc) + g (Pe ,&)  + 7~ (P~,&), (6) 

summed over the spins of  the final state particles 

2 1 
d F  = 64GF~-~b dp .  dp e dpc(2n)  4 

×6 (Pb -- Pc -- P~ -- Pu )I F (Vb  • vc )12 

x (pc  "pe)[ (p. "Pb) -- m b ( S b - p . )  ]. (7) 

Here Eb = Pbo is the energy of  the decaying Ab and 
dp = dap / [2E(2n)3 ] .  We shall express the rate dou- 
bly differential in the momentum transfer to the lep- 
tonic system q2 = (p~ + p,)2 = 2(& -p , )  and the 
energy of  the lepton Et = &0 in the laboratory frame. 
Note that vb • Vc = ( m  E + m2c - q 2 ) / ( 2 m b m c ) .  

The phase space integration may be performed by 
standard methods to yield the doubly differential rate 
d2 F / ( dq 2 d x  ) , where x = E~ / Eb is the scaled lepton 
energy. We first give the result for the unpolarized 
piece F~. It may be expressed in terms of  the function 

f ( s )  = (d + q 2 ) s -  IS2 - qZdlns,  (8) 

where we have defined d = m 2 - m 2 + q2. The un- 
polarized doubly differential rate is then given by 

d2Fu G~ 1 IF(vb"  vc)l 2 
dq2dx - 16~ 3Ebfl 

× [ f  (&nax) - f (Stain) ], (9) 

where the integration limits Smax and Smin are func- 
tions of  q2 and x: 

Smax = min ( l ( A  + V / A - 4 m ~ q 2 ) ,  2xrn~'~ 1 - p J '  ¢10) 

( 2 x m 2 ~  
Stain ----- max ½ ( 3 - V / d - 4 m E q 2 ) , l + f l ] ,  (11) 

and fl = LpoI/Eb. 
The polarized piece Fp, i.e. the piece containing the 

polarization vector Sb, is given in terms of  the func- 
tion g: 

g ( s )  = - l s 2  + l s ( 2 m E x  + 3 + q2) 
1 2 2 _ l n s [ m 2 x ( 3  + q2) + ~q (2mb + a ) ]  

1 -1- ,d) -1- (m6q2) 2] q- l , x (m2q2)2 .  [mExqZ (Zrn 2 
s S ~ - 

(12) 

We obtain 

d2G 
dq2dx 8 n 3 E  2[F(Vb 'Vc)[  2 

× [g(Smax) - g(Smin) ]. (13) 

Finally, the rate F for the decay of  the polarized Ab 

baryons with a degree of  polarization 

d F ( + s ) -  d F ( - s )  
7 9 -  (14) 

d F ( + s )  + d F ( - s )  

is given by 

d2F - d2fu + 79 d2Fp (15) 
dq 2 dx dq 2 dx dq 2 dx" 

We note that the A6 decay rate depends on fl = 
LPbl/E6. Taking carefully the limits fl = 0 in (9) and 
(13) and a constant form factor F (w) = 1 we re- 
cover the well known formula for the semileptonic 
decay width of  a free b quark [8]. Neglecting higher 
order corrections the energy of  the b quark at LEP is 
half the Z0 mass. In the heavy quark limit the Ao 
becomes degenerate with the mass of  the b quark 
and we shall take Eb = EA b = 1 M z  = 45 GeV 
( 1 - fl = 1.2%) for our numerical estimate. This cor- 
reponds to a hard fragmentation function for b -~ Ab 
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which is expected to be similarly hard as the one for 
b --* B. We have explicitly checked that the energy 
distribution is very insensitive to the precise value of  
Eb as long as Eb >> mb and thus we do not expect 
large effects from the fragmentation function. 

We now concentrate on the lepton energy distribu- 
tion which is arrived at by integrating over q2. We 
show in fig. 1 the resulting x shapes for three differ- 
ent cases. (5). The two pieces Fu and Fp of  the rate 
are plotted separately for m b =  5.2 GeV. The solid 
line is the case of  constant form factor F (w) -- 1 
and mc = 0. In this limit the q2 integration may be 
performed analytically. It yields 

1 dF  -- ½(5 - 9x 2 + 4x 3) - P ½ ( 1  - 9x 2 + 8X3). 
F d x  

(16) 

the well known result for the lepton energy spectrum 
obtained for the process Zo --* z+z  - ~ g u X  [9]. 

The dashed curve is the lepton energy spectrum 
for finite charm quark mass but still F ( w )  = 1. 

We have taken the value m ¢ =  1.8 GeV. Including 
the finite charm quark mass has the effect that the 
var iab lex  has the upper l i m i t x  < ½(fl + 1 ) ( l -  

2 2 m c / m  b) ~ 0.88. Furthermore, small values of  x are 
enhanced and large values become suppressed in the 
unpolarized rate. Similarly the polarized piece de- 
pends stronger on x than in the case mc = 0. 

Finally, the dashed dotted curve includes the form 

2 . 5  . . . .  , . . . .  i . . . .  i . . . .  

2.0 ..... --Z-_...~ 1 dr. 
~,,. P dz  

1.5 - A ~  1 . 0 \ , ,x~\ 

O, 5 ~:\ 

0.0 

- 0 . 5  / /  I d r p  

7 P idz 

- 1 . 0  . . . . .  , , I . . . .  I , , , , 

O. O. 25 O. 50 O. 7 5  . O0 
= = E , / E ~  

Fig. 1. The energy distribution of the lepton in the labora- 
tory frame split into the polarized and unpolarized piece. 
solid curves: constant form factor and mc = 0, dashed 
curves: constant form factor and me = 1.8 OeV, dashed 
dotted curves: form factor as in (5) and rnc = 1.8 GeV. 

factor as given in (5). For the unpolarized piece this 
reduces the x dependence compared to the case with 
constant form factor, while the x dependence of  the 
polarized piece gets strongly enhanced. In particular 
for small lepton energies the polarized contribution 
gets enlarged by about a factor of  two. 

As remarked already before, the heavy quark spin 
decouples in the heavy quark limit and the spin of  the 
heavy baryon is the spin of  the bound b quark. The 
hadronization process is soft and thus HQET predicts 
that the polarization of  the heavy baryon is the po- 
larization of  the heavy quark as it was produced in 
the Z0 decay. The polarization of  the b quark is given 
by the vector and axial vector couplings gv and gA of  
the b quark to the Z0. Thus a measurement of  the po- 
larization of  the Ab gives a possibility to measure gA 
and gv for the b quark. The standard model predic- 
tion for the polarization 7:' of  a A b or, equivalently, 
of  a b quark from a Z0 decay is quite large: 

7 : ,_  2gAgv 0.94. (17) 
g Z + g ~  - 

In order to investigate the sensitivity of  the lepton 
spectrum to the polarization P we plot in fig. 2 the 
x distribution d F / d x  = d G / d x  + 7' dFp/dx  for 
the case of  an unpolarized Ab (dashed curve) and 
for a polarized Ab (solid curve) with a polarization 
as given in (17). The shapes of  the two curves are 
quite different. In particular for small values of  x the 
sensitivity to the polarization (and thus to ga and 
gv) is very large, since in the region 0 ~< x ~< 0.3 the 

2 . 0  

- \  

1 . 5  

\ 

!ar 1.0 " "  
F de  \ \'\ 

0 . 5  \ \ \ , , \  \ 

0 . 0  

O.  O.  2 5  O.  5 0  O.  75 1 . O0  

• = E , / E ,  

Fig. 2. The energy distribution of the lepton in the labora- 
tory frame for unpolarized A b decay (dashed curve) and 
the standard model prediction (solid curve). 
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spectrum is a monotonically increasing function of x 
while the unpolarized one decreases. 

3. Inclusive decay: At, ---* X c l v  

Heavy quark methods are not directly applicable 
to inclusive processes. On the other hand it is known 
from the semileptonic B meson decays that the ma- 
jor contribution to the total semileptonic branching 
fraction comes from the two lowest lying D meson 
states; the D and the D* meson saturate the inclusive 
semileptonic rate to a large extent. 

This saturation is expected in the heavy quark pic- 
ture: At the point of maximum momentum transfer 
Vb • Vc = 1 the only possible final states are the low- 
est spin symmetry doublett, namely the D and the 
D*, since in the heavy quark limit the light degrees 
of freedom do not change in the weak transition of 
the heavy quark. As remarked before, in a B ~ D or 
B --. D* transition the maximum value of vb • vc is 
about 1.6 and thus there is no strong change in the 
light degrees of freedom over the whole kinmatically 
allowed range. 

We expect a similar behaviour for the Ab. Since 
the two polarization directions of the Ac are the low- 
est baryonic spin symmetry doublett with a charm 
quark the decay Ab ---, Aceu alone should saturate 
the inclusive rate A~ ---, Xceu to the same extend like 
B ~ Deu and B ~ D*eu saturate B ~ X,.eu. 

The dominance of the lowest spin symmetry dou- 
blett is in fact seen in the B meson decays. Taking 
the values from ref. [10] we have a saturation of 
(95+~5% of the inclusive semileptonic rate from these 
two channels. Although recent CLEO data indicate, 
that the value of [10] for B ~ D*eu could be a fac- 
tor of two too large [ 1 1 ], the dominance of these two 
channels is still at a level of 70%. However, even such 
a low saturation percentage will not invalidate any of 
our arguments. 

In addition, Ab ~ 27ceu transitions are suppressed 
by at least one power of AQCD/mc [4] and thus we 
expect that the above lepton spectrum should also be 
a reasonable approximation to the inclusive lepton 
spectrum. This is of some importance since at the 
present stage the semileptonic Ab decays are not fully 
reconstructed and thus only the inclusive rate is ac- 
cessible [ 1 2 ]. 

4. Fragmentation of a b quark into baryons 

Baryon production at colliders is usually described 
as a two step process, the production of a heavy quark 
occurring at a short time scale ,-, 1/Q where Q is of 
the order of the heavy quark mass, and a subsequent 
fragmentation occurring at much smaller scale, of the 
order of AQCD. While heavy quark production can 
reliably be calculated in perturbation theory, quark 
fragmentation into mesons and baryons can so far 
only be modelled and is thus subjected to rather large 
uncertainties. In the LUND string model [ 13 ], for ex- 
ample, it is assumed that antidiquark-diquark (colour 
triplet-antitriplet) pairs are produced in the chromo- 
electric field in a way similar to the production of quark 
antiquark pairs. The production can be treated as a 
tunneling phenomenon and its probability is therfore 
proportional to exp(-~m2/~c) where t¢ ~ 0.2 GeV 2. 
Thus the relative probability for diquark to quark pro- 
duction is about qq : q = 0.09 : 1 which corresponds 
to a nonstrange diquark mass of about 420 MeV. This 
assumption also implies that strange diquarks will be 
much suppressed compared to nonstrange diquarks. 
Furthermore, spin 1 diquarks will have about the same 
probability since the relative heavier mass compared 
to the spin 0 diquarks is (roughly) compensated by 
an extra factor of 3 from counting the different spin 
states. 

Although the s quark is certainly not heavy we expect 
from comparison with the strange baryons that the 
spin 3 b baryons will decay strongly into either Ab or 
Zb. The neutral 27 ° will decay electromagnetically into 
a Ab; this leaves us with the Ab and the charged 27b ± 
as possible candidates for weak decays. In the strange 
baryon systems the phase space is not sufficient to allow 
for the strong decay 27 + -~ A~z ~: and hence the charged 
27 hyperons decay weakly. Since one expects that the 
27-A mass splitting does not scale with the heavy quark 
mass one may argue that one should expect a similarly 
small splitting in the b baryon system. Thus one would 
conclude that the charged Z~ will decay weakly. 

However, one may as well argue that the charged 27b 

decays strongly. In the corresponding systems involv- 
ing charm quarks the phase space is just sufficient 
for the strong decay Zc --* Acg. In addition, quark 
model calculations for b baryons [ 14] yield a 27b-Ab 
mass difference between 140 and 330 MeV, which is 
sufficient for a strong decay. 
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We shall not try to settle this issue in the present 
paper but rather assume that only the Ab will decay 
weakly. From this assumption we expect that the elec- 
tron spectrum from the semileptonic b baryon decays 
is given by the one for the Ab decays. If this assump- 
tion were wrong the spectrum would look different 
due to the different x shape of the semileptonic -Y~: 
decays. 

From our above discussion of semileptonic decays 
we propose a measurement of the fragmentation b 
Ab in e+e - annihilation at LEP. The method is based 
on the decay chain 

Ab---~ Ac + g- +-~l + X---* A + g- + X (18) 

and the experimental ability to distinguish between A 
and A [6]. Consider first the inclusive semileptonic 
decay Ab ~ Xc + g- + -ff ~. Since the free quark de- 
cay formula works reasonably well in the B and the 
D system we shall take this branching ratio equal to 
the one for a free b quark decay. The same argument 
holds for the B mesons and we expect that the inclu- 
sive semileptonic brancing fraction of Ab should be 
very close to the one for the inclusive semileptonic B 
meson decays. Thus we expect 

Br(Ab --~ Xcgv) = (10-13)%. (19) 

Consider now Xc ~ A + X. Since Vbc >> Vbu we 
may neglect possible b ~ u transitions. Furthermore, 
as argued in the last section we expect the exclusive 
decay Ab ~ Aceu to saturate the inclusive semilep- 
tonic rate to about 90 %. 

Thus we have Br(Ab ---* AcXgv) >! 90%. Br(Ab --, 
Xcg u ), where X may be empty and we may take this 
branching fraction to be one for the estimates pre- 
sented here. The decay Ac ---, AX  is known to have 
a branching fraction of 27 ~ 9% and may be used to 
identify the Ac through the Ag- combination. 

5. Conclusions 

Heavy flavor physics at colliders is an interesting 
way to obtain information on those heavy hadrons 
which may not be investigated at e+e - machines run- 
ning on the T(4s) resonance. In particular bottom 

baryons may be accessible only in this way in the near 
future. 

Theoretically heavy hadrons may be consistently 
described by HQET, which is a systematic expansion 
of QCD in powers of AQCD/m. This framework has 
been sucessfully used to describe heavy flavor decays 
in an environment of an e+e - machine running on 
the T(4s) resonance. 

Aside from the mass scales involved in HQET AQCD 
and rnu a third scale is involved at a collider, namely 
the cms energy of the collider vq. Since s >> mn >> 
AQco, the creation of the heavy quarks may be treated 
in perturbative QCD from which also a prediction for 
the heavy quark polarization is obtained. The frag- 
mentation of the heavy quarks into hadrons is gov- 
erned by a small scale of the order of AQco and thus 
heavy quark symmetries are present already in the 
hadronization process. From this and from the pre- 
dictions for the decays of the heavy hadrons from 
HQET one may extract additional information from 
heavy quark decays at colliders. 

In the present note we have presented a detailed 
analysis of how to extract information on standard 
model parameters from the semileptonic Ab decays 
at an e+e - collider. Our results may be easlily trans- 
ferred to other types of colliders, since only the en- 
ergy spectrum of the b quarks enters the analysis. 
We pointed out that one can do polarization mea- 
surements of the heavy quarks created in Z0 decays, 
since the heavy quark spin decouples from the soft 
hadronization process and the polarization of the Ab 
baryons is the same as for the bottom quarks. The 
polarization of the Ab baryon may be measured from 
the energy distribution of the lepton in the laboratory 
frame and yields direct access to the vector and ax- 
ial vector couplings of the bottom quark. Since the 
exclusive decay Ab ~ Acev is expected to saturate 
a large fraction of the inclusive semileptonic rate of 
the Ab it will be possible to obtain some information 
from the inclusive lepton spectra. 

Finally we discussed a way to obtain some infor- 
mation on the fragmentation process of a b quark 
into bottom baryons. From the analysis we have pre- 
sented it should be possible to measure the number 
of A b baryons created per fragmenting b quark in the 
near future. 
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