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%ithin the context of current algebra, we analyze the possibility of observing the elusive A, meson (J"& =
1++ ) in the heavy-lepton decay v

'-~ p, po n'*. In our model the form factors for the decay amplitude are
then completely determined in terms of the A, mass and width so that we are able to predict both the
branching ratio and pn mass spectrum for this decay. %e find that the data are compatible with a wide

range of A, parameters including the possibility that there is no A, contribution at all to this decay mode.
Only a modest increase in experimental precision, however, would provide a stringent test of the current-
algebra model and, if successful, yield an accurate determination of the parameters of the A, .

I. INTRODUCTION

As has been noted by several authors, ' the re-
cently observed heavy lepton v' should have some
interesting semihadronic decay modes. One mode
of particular intex est is the decay

where we expect the p~ system to exhibit the
resonant structure of the elusive A, meson (Z~c
=1"). To say the least, the attempts of meson
spectroscopists to observe the A, in purely hadx onic
processes have been fx aught with difficulties. '
Recent phenomenological analyses' of hadronic
collisions have been more encouraging although
they tend to favor an A, of both larger mass and
width than those expected from either quark or
current-algebra models. Very recently, strongex
evidence for A, production has been reported by
various groups. %6 cite, for example, the
published report of Gavillet et al. , 4 who find an
A, bump in E p-Z v v'v' (backward production).
They require for a fit to their 3g mass spectrum
an A, with M„=i.041 + 0.013 GeV and I'„=230
+50 MeV. On the face of it, this seems like
a very large width for so small an A, mass but
it must be remembered that the A, decay param-
eter"8 can be quite distorted ln hadronic production
Px'OC68868.

In this paper we return to the current-algebra
IQodels of R decRde Rgo Rnd Rpply theIQ to Rn

analysis of reaction (1). Using current-algebra
sum r'ules previously derived by several authors, s

including one of us (D. G.), we find that we are
abl.e to completely describe reaction (1) in terms
of known constants and two free parameters, which
we can take to be M„and 1"„,the mass and the
decay width of the A, . (In our analysis the case
of a nonexistent A, corresponds to the I'~-0
limit. )

Measurements of the branching ratio and pm

mass spectrum of reaction (1) are now available
but of still limited statistical accuracy. Con-
sequently, while in principle this information will
provide R stringent test of the current-algebra
predictions and the existence of the A» the px es-
ent data can only provide some constraints on
M„and I'„,but, as we shall show, do not yet
establish the existence of the A, .

In the next section we present the current-alge-
bra calculations relevant to reaction (1). In
Sec. DI, we compare our current-algebra results
with the data fx'om SLAC and DESY. Finally, in
Sec. IV we give R SI1ox't summary Rnd discuss
Our l'esultS,

We begin by assuming that the interaction which
produces 1'eactio11 (1) ls glvell by

~ v, y„(I—y,)rA',

where A„is the hadronic weak axial-vector cur'-
rent. The matrix element of interest is just

(&(q),p"0, e,) lf~: Io&= fe„g.,
where a, 5, and e are isospin indices. q is the
momentum of the m; and p and &, are the momentum
Rnd polarization of the p. The most general
Lorentz-covariant fox'm of I'

„

is

E„=e,„E,—(&,q)(p —q)„E,—(&,q)(P+q)„E . (4)

%6 take the I",- to be functions of q' and O', A

=P+q. After some mildly tedious algebx a we
find that the differential decay rate can be written
ln the form
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dr G„'

" ( '3g ) ( l~, i* ™~'*I&. I')

lead to the expressions for E,
F,(k ) = F-„g„/D„(k2),

F (k') =-2y„,E,/(m, '-k')

F„(M„'-I,')f„+(I,' —I,')g„

Eo(k ) = Co+ Eg~~(M~ —m p )/D~(k ) .

with

Gi=Eo

k'+ m, 2 —m, 2 ~(k')'
2 2~ 2 0 2~ 2 +&

(6)

The various coupling constants in Eq. (7) are
given in Table I. D„'(k')is the A, propagator.
Co is the constant approximating the higher-mass
1"contributions to Eo. The PCAC condition that
k"E„=(vp I

s "A „10)is dominated by the pion pole
requires

G~ =Eo —(m~ —m, ')F, —k F
In Eels. (5) and (6} (k')'i' is the invariant mass of
the pv system; and X(k') = [(k'+ nz, ' —m, ')'
—4k'm 2]'~'. X(k')/2(k2)'i2 is the p momentum in
the pm rest frame. %e have assumed here that the
v neutrino is massless. G, represents the con-
tribution from the Z~~= 0 ' part of the axial-
vector current, while G, and G, measure the J~c
=1"parts. Thus, G, will contain a pion pole,
and Gy and G2 will contain A, poles.

The current-algebra model we use to obtain
E„E,assumes that the E, are dominated by their
lowest-mass poles, 4, and m and that 0"E„is given
by the pion pole according to partial conservation of
axial-vector current (PCAC). We further assume
that E, can be extrapolated, with negligible change,
to zero pion mass. It then follows that, in addition
to the 4, pole, we must expect F,(k') to have con-
tributions from higher-mass 1"states, which we
approximate by a constant. These assumptions

C =2y' Q,

M 2

E m'EE ' (10)

The first factor in Eti. (10), which we call 5, can
be determined from the experimental values
given in Table I:

6 = 1 —2y, F,'/E, = 0.06 + 0.06.

[(M„'—m, ')f„+(m, ' —m, ')g„].
A

(6)

Finally, the soft-pion limit q-0 of E„implies

F,(m,') =F,/F,
if we can neglect any change in E, in extrapolating
it from q' = m, ' to q' = 0. Eiluations (I), (8), and

(9) yield the well known current-algebra sum rule'

TABLE I. Definitions of the coupling constants used in our analysis. The experimental val-
ues listed in the right-hand column are the values gotten by considering the following mea-
surements: (a) 1 (p-~7r), (b) I'(~- pv), and (c) r (p -e'e ). The experimental in-
puts are from Ref. 7.

Coupling
constant Definition Exper iment

8'Apr

(p'(P, ~,) l.~.b I Af(~, ~A) &

abC~( A P)fAPg(
P

A) +Am( P )( A~)t

(+(q) I i.'I p'(I, &)&=2i&.g.(&q)y .
(0 I iA~ I ~~(qj) = s,~F,q~

(o I &; I i'v. ~&) s.,F,~, =

(0 t A ) Ag (k, e) ) = 6 bEAs
„

6.05 + 0.06 (a)

0,094 + 0.001 GeV (b)

0.113+ 0.007 GeV2 (c)
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In a, similar manner, a second sum rule is ob-
tained by interchanging the roles of the p and A,
and treating the matrix element (v

~
V, iA, ) to

obtain

FA

A P

(12)

Combining the two sum rules and Eqs. (6) and (7)
yields for the G,.

F k'- m, ''a V*) i-)

pose the current-algebra requirements of PCAC
and Eq. (9) to Eq. (3). For simplicity, we can
take 5 =0 and then F„F,can be obtained from
Eqs. (7) and (8) by setting f„=g„=0(5 =0 im-
plies 2y +,=FJF,) F,.vanishes, F is given
by the pion pole, and F,=FJF, is constant. This
represents the simplest choice for the F„con-
sistent with current-algebra constraints and the
notion that only F, gets important contributions
from higher-mass 1"states. The G,. become

G, =FJF, ,

k2

2m 2 D (k2) Arr

k'+m '
P

(13')

(k' —m ')'
2m 'D„(k') g"" '

m2
G, =a (1 —5)

(13)

with

K=F„F,/F, =F, (f~ +g„)M„/m,

f, =(g, '+5/F, ')'".
Note that G, is negligible compared to G, and G,
since k'» m, ' in reaction (1).

The relative size of the A, contribution to the

G, in Eq. (13) is controlled by the factors Kf„
and KgA . By its definition K is related to the
ratio F„/F,. This ratio is usually assumed to be
-1. If this is the case then we do not expect
the A, contribution to dominate over the non-
resonant contributim. Thus, if the A, resonance
is present in the data we should expect to find
it along with some non-negligible "background. "

Our expressions for the G,. along with the sum
rules (10) and (12) are the simplest that can be
constructed compatible with current algebra.
However, higher-mass 1'+ contributions to Fp
and high-mass 1 contributions to its counterpart
in (v

~
V„~A,) turn out to be substantial. It is

therefore conceivable that similar contributions
must be included in F, as well. We expect these
higher-mass contributions to couple less strongly
to F, so that our neglect of such terms in F,
remains the most reasonable assumption to make
at this stage. The reader should keep in mind,
therefore, that our results come from the simplest
current-algebra model but not necessarily the
correct one.

So far we have assumed the existence of a low-
lying axial-vector meson that couples significantly
to the p7t channel. We now need to consider, as a
basis for comparison, the case when the A, is
not present or decouples from p~. We still im-

(14)

with X(M ') —[(M '+m ' —m ')' —4M 'm 'j' ' A
k' dependence for I'„is required by unitarity. We
find that our results are insensitive to the details
of I'„(k')provided that (1) it has a threshold fac-
tor in the proper position i.e. , at k' =(m, + m.)'
and (2) it obeys the following integral condition

1
dk'Im [M„'—k' —iM„I'„(k')7 ' = 1 .

7r

We have chosen to use the form

(k2) —Io ( 4 0

"X(M ') k'+k ' (16)

G3 =0.

When 5 is nonzero, we have F, proportional to
6, and it can easily be neglected. Reaction (1} is
now dominated by Fo =F/Fr. This implies that
even in the absence of an A, contribution, the
J = 1"channel is still the dominant one.

Note that the G, in Eq. (13'}are now completely
determined by experiment so they give both the
rate (or branching ratio) and the spectrum.

Finally, to compare our predictions with ex-
periment, we need an expression for D„'(k'),
the A, propagator. For large A, widths, the form
for D~(k') can differ considerably from a simple
Brett-Wigner form. In general D„(k')will be
model dependent. ' For our purposes, however,
it is sufficient to choose a simple form,

D„(k')= M„'—k' —iM~ I'„(k'),
with

X(M„')( „'-,')'
1 27t A

m, 2 M„+mx f +
2M 2 2mA - p
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with k,' chosen to satisfy Eq. (15).
We have now completely specified reaction (1)

in terms of known constants and the two param-
eters M„andg„.We can use Eq. (14) to eliminate

g~~ ln fRvor of l ~y Rnd so we use M~ Rnd F~ Rs
the two parameters we vary to fit the data. ' In
the next section we compare these current-
algebra predictions with experiment.

The data on reaction (1) come from experiments
done Rt SLAC 'o Rnd at DESY, 'x which detect the
reaction

I.O

rnid~ (GeV)

I

l.8

e'e -l'm'm m'+ undetected neutrals.

The three pions are assumed to be the hadronic
decay products" of reaction (1), while the lepton
is presumably the pr oduct of R purely leptonic
decay. Each experiment has so fa detected about
40 such events, and so the errors are still rather
large. The measured branching ratios are

SLAC: B(r' —v,m'v m') =0.060 +0.045

DESY: B(r'- v, m'w w')=0. 050+0.015.

In the DESY data there is an additional 20% sys-
tematic erI or. The three-pion mass spectra Rre
shown in Figs. 1 and 2. %'e note that the spectra
appear to be rather broad with perhaps some en-

FIG. 2. The DESY pa~' mass spectrum along with
the theoretical curve for Ig= 0.

hancement in the neighborhood of 1.1 QeV. Owing
to the large errors we treat the analyses of the
spectrum Rnd the branching ratio separately. Vfe
begin by considering the latter.

A convenient way to treat the branching ratio is
to consider the I'elRtlve brRnchlng 1'Rtlo

It = I'(r —v,pox')/ I'(~ —v,l v) .
The denominator of this fraction is simply

G~'m, '
I'(7 —v,l„)= I~

Combining Eqs. (5) and (20) we find

(21)

with

I.o
m~ (Gev)

FIG. 1. The SLAC p x~ mass spectrum with the
following theoretical curves normalized to give the best
y2 fit: (a) I&0=0 (noA&), X2=10.8; (b) F&=0.27 GeV,

M~
-—1.15 GeV, y = 9; (c) I'~= O.l GeV, M„=l.l GeV,

= 14.9.

The DESY experiments'~ find that B(r- v, Iv)
=0.182 +0.028. Combining this number with the
SLAC "three-pion br anching ratio we find

R, = 0.32+ 0.24.

Given the experimental value" nz, = 1.807 +0.020,
Eqs. (21) and (22) put some constraints on I and
hence on M~ Rnd F~.

To see how the rather loose experimental con-
straints on I restrict our analysis we plot our
theoretical value for R vs Fo„for M~ =1.1, 1.2,
and 1.3 GeV in Figs. 3-5. The curves for two
values of 6 (6 = 0 and 0.12) are shown in order to
give some idea of the uncertainty in our theoretical
predictions. In each of the three 6 =0 curves the
value of R at Fo„=0 is tPe same. This is simply
a reflection of the fact that F'„=0corresponds to
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FIG. 7. Graph of the values of MA and I'A allowed by
the SLAC data.

A 1'1 0 ~ I A
= 400 MeV is a very good fit

This is not the case, however, because I'A

=400 MeV gives a very bad fit to R. Both the
shape and the branching ratio must be fitted simul-
taneously. A summary of our findings with these
dual constraints is shown as an "allowed" region
in M„—r„spacegiven in Fig. 7. The upper curved
line is the constraint we get from the branching
ratio, i.e. , Eg. (22). The second forbidden region
is determined by the constraint y'/IQ DF &14.
X' of 14 for 10 degrees of freedom corresponds to
a confidence level of 0.15.

The large area of the allowed region in Fig. 7 is
a reflection of the large statistical and systematic
errors in the experiments. Indeed, the constraints
chosen to define the allowed region are somewhat
arbitrary and should not be taken as ironclad.
However, the constraints do define regions of
"good" or "bad" fits. So that the reader can judge
for himself, we have included in Fig. 1 two good
fits (I'„=0;I'„=0.27 GeV, M„=1.15 GeV, 5=0.12}
and one bad fit (I„=0.1 GeV, M„=1.1, 5 =0)
normalized to fit the data. %e have also included
the LA=0 curve'5 with the DESY data of Fig 2 %e
once more point out that the data are entirely con-
sistent with the no-A, case in addition to a wide

range of parametrizations for a strongly coupled

A,. However, a glance at Figs. 3-5 shows that a
modest reduction in the error in the branching-
ratio measurement would begin to decrease this
range considerably.

IV. DISCUSSION

The major results of our analysis are sum-
mar ized in Fig. 7. The allowed region for small
or zero A, width leads to the clear conclusion that

the available data for 7- vga gives no evidence
for the existence of the A, . %'e emphasize that
our model with no 4, predicts both an aeeeptable
mass dist~ibution and sate for this decay mode.

This, of course, does not rule out the A„
which we believe does exist. The evidence for
the quark-antiquark structure of mesons has be-
come increasingly convincing. The observation of
the X multiplet in charmonium almost certainly
confirIns the presence of a charmonlum analog
to the A, . Since for light-quark systems the
'P, (A.„f,) and 'P, (B) states are well established
and almost degenerate, it is hard to imagine a
dynamical mechanism suppressing the 'P, (A,)
state. For example, a recent relativistic light-
quark model for mesons" finds an A, appearing
as a ehiral partner to the p with a mass in the
1-GeV region.

Reaction (1}still remains the cleanest known

way to establish the A, and fix its parameters.
Our results show, however, that Inore precise
data will be required in order to do this. That
this is so follows from our second major con-
clusion: unless the relative branching ratio R is
larger than present limits indicate, the A, cannot
completely dominate this w decay mode.

The possibility remains, of course, that theA, ex-
ists but does not conform to our predictions. Most
current-algebramodels predietA, widths of less than
200 MeV for M„=1.1 GeV. The SU(6)~ approach, "
which is quite successful, also yields similar px'edic-
tions. From Fig. 7we seethat this rangeof param-
eters is not completely ruled out but has become less
likely. In addition, we note that the recent baekward-
production experiment alluded to in the Introduction~
gives values for M„and 1'A which lie somewhat
outside our allowed region. Thus, we are led to
consider where our approach might break
down

First, we remind the reader that current-al-
gebra calculations are typically good only to about
20%, and so we should probably allow some lee-
way in fitting the parameters. In addition, our
model makes certain assumptions about the dom-
inance of the vertex function by low-lying mesons
which may or may not be correct. In particular
we have assumed that only Eo needs a subtraction,
so that there is only one subtraction constant, Co, in
Eqs. (2). If P, and/or P also have significant high-
mass contributions, then additional constants may
be needed, and one or both of our sum rules, Eqs.
(10) and (12), may be invalidated. If that is the case,
then the predictive power of our model is greatly
reduced.

To end on a more positive note we point out that
if our predictions do fit the data then we will know
all the important physical parameters of the.4»
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including M~, I„,and I„.On the other hand,
even if our particular model is not successful
we can turn our arguments around and learn some-
thing about the higher-mass contributions to the
vector and axial-vector currents. %'e emphasize
again that in order to do this good measurements
of both the mass spectrum and the branching ratio
aI'e reqMred.
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visable to treat these first relatively few events con-
servatively.
The 1"z =0 euxves for SLAC (Fig. 1) and DESY (Fig.
2) differ slightly because there is a p-mass eut (0.70
GeV ~m, + ~- ~ 0.84 GeV) on the DESY data but not on
the SLAC data.
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(1977).
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