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On baryon semileptonic decays
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We make comments on baryon semileptonic decays motivated by recent work on quark models. We find the decay

rate of A, ~Ace to be reduced by a factor of 2 from its naive value due to wave-function distortion and form-factor

effects. Configuration mixing implies the value of +0,04 for the vector-to-axial-vector ratio in X —+AP decay.

Small changes in SU, predictions due to configuration mixing are also discussed, The Appendix describes a very

simple method of evaluation of the axial-vector-to-vector ratio in the symmetric quark model with static quarks.

A small but positive progress has occurred in
our understanding of the spectrum and strong de-
cays of baryons following ideas conjectured from
quantum chromodynamics. ' Two ideas received
special emphasis: (a) the effects of different
quark masses in a universal, flavor-independent,
confining potential, ' and (b) the effects of config-
uration mixing induced by quark hyperfine inter-
actions. ' The purpose of this paper is to discuss
some simple consequences of these ideas on bary-
on semileptonic decays. Thus, we discuss cor-
rections to Cabibbo theory. ' Since Cabibbo theory
is known to work well, many of the corrections
we discuss are small and will require very ac-
curate measurements for their confirmation. We
emphasize that this paper does not give a com-
plete description of any of the topics it deals with,
but only comments on the few features suggested
by the quark-model work alluded to above.

We start by discussing a mass effect. Several
authors' have noted that the assumption of flavor-
independent confining forces leads to a distortion
of the orbital wave function of a hadron containing
a heavy quark Q relative to the orbital wave func-
tion of a hadron composed of light quarks only.
This can change, for example, the expectation
value of the hyperfine interaction in one hadron to
a different value in the other one. In the present
context, we recall that the transition amplitude for
the semileptonic decay of a heavy baryon into a
light baryon contains, at low momentum transfer,
the overlap integral of the orbital wave functions
of the two hadrons:

I= d7' 4 ~ ~ 4. „ i

and this overlap will be smaller than unity if the
two wave functions are not identical. ' The overlap
integral can be estimated in a harmonic-oscillator
model where it is
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The numerical value of this factor can be quite
small —for example, for very energetic or very
slow electrons —as small as about 0.33. We have
taken here M,.=2.2 GeV, M& -—1.1 GeV, m, =m„=O.
'This loss of probability of producing a final baryon in
its ground state is compensated by producing or-
bitally excited baryons; these will give rise to ad-
ditional pions in the final state. On the other hand,

Here n, and a2 are parameters describing the rel-
evant oscillators in the initial and final states:
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The quantity I' is one of the factors in the decay
rate of the initial hadron into the final hadron.
The parameters n, and n2 depend on the quark
masses and the only case in which I differs per-
ceptibly from unity is that of a baryon containing
a charmed or a heavier quark (b, f). In the approx-
imation of neglecting the light-quark mass rela-
tive to the heavy-quark mass we find

I' = 2'8'i (1+vY) ' = 0.894

and therefore a diminution of the semileptonic de-
cay rate of a charmed baryon by about 10' from
its value predicted on the assumption of undis-
torted wave functions.

It should be remembered that the integral (1) is
itself an approximation which holds only in the
limit of low momentum transfer Ii to the hadron
from the electron neutrino system. More gener-
ally the integrand (1) contains an additional factor
e "'where r is the coordinate of the quark under-
going weak decay. The momentum transfer Q can
be quite appreciable in charmed-hadron decays
and so we have to retain this momentum depen-
dence. If we work again in the harmonic-oscillator
approximation the result (2) is modified by a
multiplicative factor:
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if the hadronic system is produced at low momen-
tum transfer, the form factor e ' will be of
order unity. The next generation of experiments
on charmed baryons should be capable of observing
this effect.

To estimate the effect of the form factor (4) on
the overall semileptonic decay rate one will have
to integrate this expression with the three-body
phase space appropriate for the decay. We have
approximated this integration by taking incorrectly
the phase-space volume element appropriate to a
static final hadron but a correct maximal momen-
tum transfer q =E =W—= 0.82 GeV as follows
from the values M(A, ) = 2.2 GeV, M(A)= 1.1 GeV.
Then the average value of the rate is given by

,'& W'

=0.894 x ~, ~jP(AW)~ —16 '&I
15 (~

~a~a(AW A W

&8 6 &-

=0.894 x—( ~ir ) -]
4

—0.528.15 t P(1)~ (e'
(5)

Here we have taken &~'= 1 as follows from a,'
=0.17 GeV' and the value Q~' =0.68 GeV' noted
above. It is implicitly assumed that (G„/G ~) =1
as appropriate for A, -Ae+ v (this is derived in

the Appendix); otherwise there would be an ad-
ditional correlation between the electron and neu-
trino angle 8, neglected in the integral (5). We
have checked numerically that the approximation
(5) is reasonably good.

Therefore, we find that the semileptonic decay
rate of ~, into ~ and N is diminished by about a
factor of 2 from its value computed without taking
form factors into account. On the other hand, if
one has used form factors normalized. to unity at
low-momentum transfer one has-to apply only the
overlap integral (2). This is the case with the very
thorough estimate of auras' from which we de-
duce

1'(A, -A, NW)=I I' =0 894 x1.1.8 x10 sec

=1.05 x10~3 s

We now discuss some effects which are due to
configuration mixing through hyperfine interac-
tions. The most interesting case is that of the
decays of Z -Ae v. Cabibbo and Gatto' pointed out

in the context of conserved vector theory. that Z'
decays into & only through the axial-vector cur-
rent. The strangeness- conserving vector current
is an isospin generator and cannot change the iso-
spin of. the initial state. The same result contin-

ues to hold in Cabibbo theory. ' The experimental
data' available so far agrees, with large errors,
with this prediction. Larger samples of decaying
Z's are available with hyperon beams. We dis-
cuss the leading nonvanishing contribution to the
matrix element of the vector current in Z-A P
decay.

This contribution arises when we recall that the
physical state ~" is a linear superposition of the
I =0 (A) and the I=1 (Z) states:

~A ) = cosa ~A) + sin& ~Z') . (6'

The mixing (6) has been noted very early' in the
context of SU„and the mixing (angle) sins has
been predicted from the observed electromagnetic
mass differences of baryons and simple assump-
tions about the transformation properties of the
mass operator. More recently, Isgur" has shown
that this mixing is mainly a consequence of the
color hyperfine interaction between quarks and the
mass difference between u and d quarks. All the
estimates in the literature give sin&=+ 0.014 to
+0.02; we shall take the value+0. 02. The sign
implies a choice of relative phase between the ~
and Z'.

%'ith a small Z' component in the physical ~
state the vector current can now connect Z' to this
physical state. If we compute the matrix elements
using static quarks, as shown in detail in the Ap-

pendix, we find for Z decay

= —~3 tan& =—0.035 . (7)

The convention we use (as seen in the Appendix)
has G„/0 „positive (+ &) in neutron P decay. As in

neutron p decay we expect that the static estimate
of G„ is too large, probably because of relativistic
effects. This might increase the ratio (7) to —0.04.
In the decay Z'-AFv the ratio should have op-

posite sign +0.04. Though small, these ratios
should be accessible to experimental measure-
ment with sufficiently large samples of decaying
hyperons. 'The best value available in the Particle
Data Group tables at the moment is 0.1+ 0.22 for
Z -A. This has the sign we expect, since the
tables have the opposit convention to the one we

use. However, the errors are far too large for
a meaningful comparison. The precise measure-
ment of these ratios will constitute direct experi-
mental evidence for the isospin mixing (6).

The mixing of A and Z' also affects the axial-
vector-to-vector ratio of other semileptonic de-
cays which start from or end in the A particle, for
example, A-Pev, -" -Aev. The same ratios will

also change when we allow in addition isospin-con-
serving configuration mixing in all ground- state
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baryons. The situation is analogous to that of the
magnetic moments of ground-state baryons. " As
in that case we shall only consider the effect of
mixing the configuration 'S„ into the ground state
2$

For example, the proton and neutron have a
small admixture (of -0.27 in amplitude" ) of a 5'„
state. This small mixing changes the ratio GJG «:
(G~/G «)& ~

=&(1——', sin28„) = 1.57 from the value
of —,

' corresponding to 'Sz (see the Appendix). We
assume that the remaining discrepancy is due to
relativistic effects. '3

We have computed the corrections due to con-
figuration mixing using the mixing angles of Ref.
11, and listed the results in Table I for some
cases of experimental interest. We have included
relativistic effects on all static results by simply
multiplying with the ratio (1.25/1. 57) appropriate
to neutron P decay. A more sophisticated calcula-
tion would distinguish between the case of strange-
quark decay and nonstrange-quark decay, which
have different masses. In the bag model the
strange-quark decay would be less affected by
relativistic corrections. Our results are com-
pared to the experimental data available as given
in the Particle Data Group tables. It is clear that
more experimental data would be rather useful.

There is one other interesting case not discussed
here, the vector coupling in 0 semileptonic de-
cay. This is sensitive to D-wave admixtures in
Q and "'. We hope to discuss this case in a future
report.

Clearly the axial-vector-to-vector ratios are
very sensitive to configuration mixing and their
accurate determination will help in understanding
the properties of ground-state baryons.

Note added in P«oof. The discussion of overlap
integrals was anticipated in A. Amer et al. , Phys.
Lett. 81B, 48 (1979), for charmed-hadron pro-
duction and M. B. Gavela, Phys. Lett. 83B, 367
(1979), for charmed-hadron decay. The formulas
(2) and (4) differ from these references which
include Lorentz- contraction lac tors.

We have had the benefit of conversations with
N. Isgur and J. M. Gaillard. One of us (A.F.)
wishes to acknowledge the hospitality of the De-
partment of Physics, University of Guelph.

y,', =~ (nP n+ Pnn —2nnP) . (A1)

Let us assume that the second down quark is P de-
caying. Then the proton state so obtained has the
form duu and its spin wave function has to be sym-
metric between quarks 2 and 3:

X» = .—(nP n+ nnP - 2Pnn) .33 Q6

In the static limit the value of G„/G « is the ratio
of expectation values:

(y23 I
o'z" ly. i2) —

~ 5
(A3)

It should be emphasized we only want here the ra-
tio G„/G «. If we were to add the contribution of
both down quarks 1 and 2 then both the denomina-
tor and numerator would double. The sign of the
denominator in (A3) is also unusual; it results
from a phase convention in (A1) and (A2).

A somewhat simpler example is the decay Z-Z'ev. If we choose dds for Z the spin wave

APPENDIX: THE COMPUTATION OF G~ /Gp
WITH STATIC, SYMMETRIC QUARKS

In the body of this paper we used several values
of G JG « for transitions between ground-state
baryons: 56-piet in SU, . Although these values
are well known we discuss their computation with
a method which is rather simple. We do not use
SU, but rather construct states which satisfy the
requirements of the symmetric quark model. '

We start with the decay n-Pev. The neutron has
the composition duu, and we choose the up quark
to be the third one. From the requirement of the
symmetric quark model for the two down quarks
1 and 2 (Greenberg statistics), the spin wave func-
tion of the neutron (with spin up) will be'

TABLE I. Ratio of axial-vector to vector amplitudes {G&/G z) for semileptonic decays.

Process SU& value

+ && mixing
+ configuration

mixing
+ relativistic

effects Experiment

N Pev
A Pev
Z nev

0 Z'e v

~Ae v
woN e v

1.67
1.00

-0.33
1.67
0.33

-0.33

1.57
0.99

-0.30
1.63
0.31-

-0.32

1.25
0.79

-0.24
1.30
0.25

-0.25

1.254 + 0.007
0.62 + 0.05

y {0.38 + 0.07)
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function is X» and after p decay to Z' = 2 '~'(ud+ du)s
the same spin state results, so that

(GA/G V)E «c
~X&2 Xi2/

=g (-1+1+4) = ~2 .

Considering now Z -A and recalling A =2 ' '(ud
—du)s the spin wave function Xf, of the A has to be
antisymmetrized in quarks 1 and 2:

(aPa —Paa)
1

(A5)

and therefore

( / (Xgg I e,"'
IXi2& -le 3

A vc A (XP IXi (A6)

a purely axial-vector transition, as noted in the
text. With A, Z' mixing we have for the inverse
ratio

sine&x» IX»&
F/ A)c «A —cosy/ PI a„f2)

Ia» g Xiat
(A7)

which is Eg. (7) of the main text. The phase change
between Z' and Z comes from the denominator
which changes sign between the two components of
the ~:uds and dus.

Finally we list briefly other possible values of
the ratio G„/G ~:

(Xxa I o."'IXg2& 1
XX12 X121

1

(G /G )
( f2lag"IX's&

A FAP . ( &
I x& y

&X» I o!"IXaw&
(G /G ) =

&
o

I & 2
~

Xia X~3

(As)

(A9)

(A10)

The value -3 ' holds more generally for any de-
cay of the type ddQ ddQ' (with Q, Q'ed); the
value 1 is also relevant for the decay &,-~ as
mentioned in the main text after Eg. (5); and the
value —,

' also holds more generally for decays like
QQq-Qqq (with Qtq), as, for example, in -'-Z'
or the yet to be discovered ccs- css.

As noted in the main text all these values are
computed in the static limit and should be cor-
rected for relativistic effects" which are believed
to be responsible for shifts like 1.57-1.25. The
method we used here is very simple for states be-
longing to SU, 56-piete (or 20-piete); this is im-
portant in practice since ground-state baryons be-
long here. In the case of 70-plets of SU, the ratio
G„/G ~ is more complicated to deduce with the
present procedure.
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