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ABSTRACT

Radiative weak decays are investigated in the context of
the quark model assuming the basic transition is an s quark
decaying to a d quark plus a photon. This assumption, which
encompasses a number of more detailed models, is used to pre-
dict relative rates and angular distributions for radiative
weak decays of baryons. The measured decay rate for Z+ + pY
and upper limit on that for E = % y are in disagreement with

the predictions and appear to rule out such models.
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I. INTRODUCTION

With the advent of high energy hyperon beams at Fermilab and the
CERN SPS, it will be possible to study even relatively rare hyperon
decays in great detail. Among these decays are the radiative weak de-
cays, which are naively expected to occur at the few tenths of a percent
level in branching ratio. The decays Z+ = pY and £° > Ay are indeed
observed at just this 1evel.1’2’3

Such weak decays have also been of theoretical interest for some

4,5,6,7

time. Much of the early work tended to try and describe the de-

' where the initial hyperon is changed

cays in terms of 'pole models,'
into an intermediate baryon of increased strangeness by the weak non-
leptonic interaction, followed by radiation of a photon, in that order
or vice versa. While the predicted rate for A py (the only measured
such decay at the time) was more or less of the right order, the cor-
responding asymmetry parameter was more difficult to predict correctly
(although the experimental uncertainties are large).

Such models of the decays have been superceded in recent years by

8,9,10 usually within the context of the quark

short distance analyses,
model for hadron structure and for the weak currents. While sometimes
disguised in the language of the operator product expansion, much of the
short distance analysis boils down in the end to finding the local oper-
ators which correspond in a particular model to the amplitude for the
transition of an s quark to a d quark plus photon. Some diagrams
typically included in analyses of this kind for baryon decays are shown

in Fig. 1. Other possible diagrams involve Higgs bosons in place of

some or all the W boson lines. Without invoking right-handed charged
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current couplings of the quarks, such analyses find it difficult to get
‘the asymmetry parameter in Z+ -+ py to come out correctly.8’9’10

In the present paper we do not attempt to explore further particular
models of the underlying interactions responsible for radiative weak
decays. Instead, we make the rather general assumption that they origi-
nate from a strange quark decaying into a down quark with emission of a
photon: s = dy as in Fig. 2. The "black-box" for s > dy includes as a
particular case the diagrams in Fig. 1, typical of the short distance
analyses. The most general form of the amplitude for s - dy is used to
calculate relative rates and angular distributions for different hyperon
decays.

In the next section we state the theoretical assumptions in more
detail and indicate how the parameters of s + dy at the quark level are
reflected at the hadron level. Then in Section III predictions for
relative decay rates (or equivalently branching ratios) and angular
distributions for possible hyperon radiative weak decays are presented.
Normalizing to the observed decay Z+ -+ pY, the most surprising predic-
tion is that § - E vy should occur with a rather large branching ratio
of several percent. However, we find that the predicted rate for
E - I y.is many times larger than the present experimental upper limit.

This apparently rules out the general class of models included in the

"black-box" of Fig. 2. Some comments are stated in Section IV,
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II. CONNECTION BETWEEN QUARK AND BARYON RADIATIVE
WEAK DECAY AMPLITUDES

-

The decay s - d+y corresponds to a Feynman amplitude which may be

written very generally as11

M = Ge G(d)(a+by5) icuqu u(s) EéY) s (1)

where q is the four-momentum of the outgoing photon. If quarks were
observable as free particles, the amplitude in Eq. (1) would result in

the decay width

2 2
s+ an) = £ (al?+ D 3P, @)

and an angular distribution relative to the s quark spin of the form

1+ 2Re (ab*) . A
|al*+]b|®

where 8 and P are unit vectors along the directions of the spin of the
s quark and the three-momentum of the d quark, respectively. - The pos—
sible presence of both a ("parity-conserving") and b ("parity-violating")
amplitudes is a consequence of the parity violating nature of weak inter-
actions, which must be involved in addition to electromagnetism in order
to obtain the decay s - dy.

At the hadron level, one has decays of the form B1 -> Bzy, where B1

and B, are baryons which differ in strangeness by onme unit. It is con-

2

venient to describe these decays in terms of helicity coupling constants

& 2 labelled by the helicities of the outgoing baryon and photon.12
27y

The coupling constant 8y 1 is just the Feynman amplitude in the situa-

tion where the initial baryon has spin component Al = AZ—AY along the

direction of the final baryon three-momentum. When Bl has spin component
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Al along a given axis (labelled the z axis) the resulting decay angular

distribution is

-

+
M, |ql J 2
ar M 2] J1

d cos 6  4m M, }\E}\ [g)\_x | |d)\ ’)\_;\(e)l > (3

277y
so that

lal m, > )

F(By > Byv) = 2n (2T +DM, &, 'gA2AY| ’ (%)

2>y

where 6 is the angle between the given axis and the direction of the
outgoing baryon.

It is relatively simple now to relate the helicity coupling con-
stant g}\zkY at the hadron level to the amplitude at the quark level in
Eq. (1) if the quark model of hadron structure is employed. In other
words we use quark model SU(6) wave functions for the initial and final
baryons and the interaction in Eq. (1) to calculate thedmatrix elements
which correspond to the.gley.

The helicity coupling constants gkzk will then contain several
factors: first, a function which dependsYon the overlap of the initial
and final wave functions (as well as the photon momentum), F(g); second,

a spin dependent factor C which is essentially a Clebsch-Gordon

Ao
coefficient arising from tﬁquuark spin wave function of the baryons;
and third, a factor linear in the amplitudes a and b of Eq. (1).

This last factor is proportional to Gelal (a-b) when iY = +1 (in
which case the initial s quark spin is parallel to the photon three

momentum) and proportional to Gelgl (atb) when AY = -1 (in which the

initial s quark spin is antiparallel to the photon three momentum) .



Therefore we have

= /2 Gelq| (a-b) F@) c, (52)

2,+l

and

1= Y2 Gelq] (atb) F@) c, (5b)

2? 22

aq
P
|

~1 .

The spin dependent factor from the quark model wave functions of the
baryons is the same when all helicities are reversed in sign, i.e.
Grprtl T Con -t N

The overlap function F(q) is normalized so that in the nonrelati-
vistic quark model F(0)=1. However, the magnitude of F(E) is not needed
for the calculations in this paper and hence it is not necessary to
assume a nonrelativistic regime for the quarks inside baryons. Only
relative magnitudes of baryon decay amplitudes will be of interest to us,

and they follow solely from the factors |3[~CA N providéd that: (1) (aib)F(a),
' Y

as already implicitly assumed, is the same forzall initial and final
baryons in the quark model ground state; and (2) (atb)F(a) varies slowly with
IZ] over the range of photon momentum under consideration. As will be
discussed further in Section IV, similar assumptions lead to a very
successful comparison of theory and experiment when used in the related
computation of baryon static and transition magnetic moments and axial-
vector coupling constants.

Substituting Eqs. (5) in Eq. (3) and Eq. (4) we find ‘

2 2

dar ) Ge M2 |+
d cos 6 2% M1 q

S E@|?

J 2 J

2 2| 71 2| .1
x E :|c [“{]a-b] ld (e)’ + |atb| ld (9)
% Agstl { Apshy=1 Aps=Agtl

|

(6)



and

- 2G2e2|3|3 M

F -~ E@1 T e Pdal? s b o
2

The case where the initial and final baryons have spin 1/2 is par-

ticularly simple. There is only one independent C since

AZAY
01/2’+1 = C—l/2,-1’ and without loss of generality the initial baryon

may be taken as having spin component Al=l/2 along the z axis (i.e., spin
pointing in the +z direction). Equations (6) and (7) then simplify to

2 2

GeM
2 3
T lal” Ir@

dr
d cos 6

2

* IC‘1/2,+1[2{’&'b|2 sin” 0/2 + |atb|? cos® 9/2§
2 21+13
c“e”lq]| M, ) ) ) ,
= o M]_ IF(Z)I IC1/2,1! (la‘ + Ibl )
x 1 ERELD o , -
2
lal® + ||
and
2 2:+:3
¢“elal” M, , ) , )
Do @17 18y ™ el 1D @

Aside from some overall factors coming from the baryon wave functions,
the expressions for the angular distribution and width at phe baryon
level, Eqs. (8) and (9), are the same as those at the quark level dis-
cussed after Eq. (1). 1In particular the asymmetry parameter,

a = 2Re (ab*)/(]a]2 + Iblz), expressing the correlation between the
parent baryon's spin direction and the final baryon's three momentum,

is the same at the quark and baryon level.
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III. PREDICTIONS FOR RADIATIVE WEAK DECAYS OF BARYONS

We are now in a position to calculate the radiative weak decay
amplitudes for all baryons in the quark model ground state for which
all the quarks are in a relative s-wave. As noted in the last section
we agsume that the functions (aib)F(E) are the same for all baryons
in the quark model ground state and that they vary slowly with the
photon momentum over the range available in these decays. Thus, in
Eq. (7), the main kinematic dependence of the width is the factor of
lal3, which reflects the magnetic dipole nature of all these transitions.
The quark model dynamics enters through the factors CAZAY.

The predictions for radiative weak decays of baryons in the quark
model ground statel3'are listed in Table I. The column of predicted
branching ratios for B1 - BZY follows from Eq. (7) using the measured
width for Z+ + py, a factor of IEIB Mz/{k2J1+l)M£} from'kinematics, the

Cy 5 » and the parent baryon total Widths.la’15

: YThere is a large disagreement between the predicted rate for
g > Z~y and the experimental upper limit on this decay mode.3 This
alone appears to rule out single quark transitions, as in Fig. 2, as an
explanation of radiative weak decays. In addition, a large branching
ratio (v 4%) is predicted for § - E y. This should be readily testable
with the high energy hyperon beams now becoming available and may even
be critically tested with data already in hand.16

With this in mind, the predictions for angular distributions are

of secondary importance, but we state them for completeness. Decays of

the form 1/2+ > 1/2+y have an angular distribution 1 + acos 6 where the



asymmetry parameter

- o = 2Re (ab¥*) . (10)

|a]? + [b]?
As noted already in the last séction, all such decays then have the same
angular distribution as the quark decay s > dy. For the decay @ - Ey,

when the @ has spin component A, along the z axis, we have

1
1 _4ar 3 2
T Teos s " 8 [1 + cos” 0 + 2a cos 6] (11a)
when A1=3/2, and
1 dar 1 2 ]
T T cos 8 -8 [5 - 3 cos” 6 + 20 cos 0 (11b)

when A,=1/2. The corresponding distributions for Q > E*Ty are

1l dr _ 3 2
T d cos 8 - 16'[2 - cos” 8 + o cos é} (12a)
for A1=3/2, and

1 ar 1 2

T deoss =10 [4 + 3 cos” 0 + o cos GJ (12b)

when A1=1/2. The quantity o in Eqs. (11) and (12) is given by Eq. (10).
The only measured asymmetry parameterl is that for Z+ ~» pYy which has the
+.52

value -1.03 — 42

IV, COMMENTS AND CONCLUSION
We have calculated radiative weak baryon decays in the quark model
assuming that the basic transition is of the form s quark - d quark plus
photon. Such a single quark transition encompasses a number of different
detailed models which specify the weak interaction dynamics underlying
the s » dy amplitude. In particular, weak interaction amplitudes corre-
sponding to the diagrams in Fig. 1 are certainly included. Our results,

calculated on this basis, for the relative radiative weak decay rates of
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ground state baryons are in disagreement with experiment. Normalizing
to the rate for Z+ + pYy we predicted a rate for & - I y which is many
times larger than the experimental upper limit. In addition, a branch-
ing ratio of 4% is predicted for Q - E_Y, something which is likely
to be ruled out by high energy hyperon beam experiments in the near
future.

What could be wrong with the theoretical pfedictions? If we stick
with the assumption of a single quark transition as being responsible,
the other main ingredient of our calculation is that of using the quark
model for the initial and final baryons. We consider this unlikely to
be at fault in light of the success of closely related calculations of
the ratios of baryon axial-vector current couplings (i.e., F/D ratio)
and of the baryon magnetic moments, the I - Ay transition moment, and
the A+ -+ py transition moment. The successful prediction of the ratios
of the axial-vector couplings or of all the moments reliés on exactly the
same assumptions of a single quark operator transforming like a component
of the quark spin and the quark model wave functions for the baryons
involved. Furthermore, the magnitude of the photon momentum, [a], ranges
from zero for the static baryon moments up to ~260 MeV/c for the transi-
tion from the A+ to the proton. The agreement of predicted moments17
to better than 307 argues strongly that the gross disagreement between
the experimental and theoretical rates for it py and £ -+ I y cannot
be explained in this manner.

The other main assumption involved is that only the single quark
transition s -+ dy contributes to radiative weak decays. There are in

fact other diagrams which could contribute to such decays and which are



- 11 -

not included in Fig. 2. Some examples are found in Fig. 3. Diagrams
with EFrong interaction gluons connecting the quark line(s) inside the
W boson loop with the other "spectator" quark lines in Fig. 1 provide
another possible example., Presumably it is the presence of these other
diagrams which is responsible for the disagreement of the predictions
based on single quark transitions with experiment. Note that the par-

ticular diagrams in Fig. 3 cannot contribute to decays such as' E = I vy

(1)

or @ - ¥ y. But they can contribute to the amplitude for decays such
as Z+ + pY, interfering constructively or destructively with the ampli-
tude arising from the process in Fig. 2 which has been the main focus of
this paper.

The results of this paper indicate that an important part of radia-
tive weak decay amplitudes arises from diagrams other than those included
in Fig. 2. Inasmuch as Fig. 2 includes the principal contribution arising
from the analysis of the short distance behavior of the weak currents,
these contributions cannot be dominant in all the amplitudes for radia-
tive weak decays. In particular, drawing strong conclusions from com-

parison of either the overall rate or the asymmetry parameter with the

predictions of such analyses would not seem justified.
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TABLE I

Predictions for Radiative Weak Baryon Decays

IQI Predicted Measured
Decay (MeV) CAZ’AY Branching Ratioa) Branching Ratio )
+ -3 -3
LI - py 225 Cp ' +1/3 1.24%x10 (input) (L.24 = .18)x 10
29
A > ny 162 C, 4 = v6/2 2.2 x 1072
23
_0 o -3 -2
B0 > 1y 17 ¢ = 5/2/6 9.1 x 10 <7 x 10
»
o -3 -3
50 > Ay 184 ¢, =-/6/6 4.0x 10 (5 + 5)x 10
2
R -2 -3
B > 2y 118 ¢, =5/3 1.1 x 10 <1.2 x 10
29 .
QO =+ 5y 314 C, 4= —/6/3 4.1 x 1072
29
C 1™ 72
- - -3
ek 3
Q - 5% vy 132 C3/2,1 1 4.5 x 10
Cy = 2/3/3
=1
C"l/z’l
a) Ref. 14,

b) Particle Data Group, Ref. 15 and Refs. 1, 2, 3. The branching ratio

for 2° » A% is given as (2.3 % .7)x 10_3 in Ref. 2.
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FIGURE CAPTIONS
Some diagrams typically included in short distance analysis of
radiative weak decays of baryons.
General diagram for radiative weak baryon decays involving the

single quark transition s - dy.

Some diagrams for radiative weak decays not included in Fig. 2.
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Fig. 2
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Fig. 3



