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We review the problem of the apparent experimental absence of the A meson. Al-
though it is required to exist, with rather definite properties, by both the quark model
and chiral symmetry, it has not been found. We give a unified set of cross-section predic-
tions for its production in forward and backward non-diffractive #N and KN reactions,
ete = rtr uiAT + neutrals, and vN — u + A + X. Most predictions are comparable
to or exceed current sensitivity limits, so a signal could have been seen. Recent indirect
evidence about the Ay, such as the relevance of other axial vector particles, is discussed.
In particular recent measurements with polarized beam and target imply that A4 reggeon
exchange in pp — pp does occur with the strength expected from meson dominance of
the axial vector weak current. All our results are summarized in table 1.

1. Introduction

Both the quark model and chiral symmetry provide compelling reasons why an
A, meson should exist **. Nevertheless, it has not yet been discovered. If the most
straightforward predictions for production cross sections had correctly described the
A, properties, it would already have been seen in existing data [2,3].

In any quark model, dq states with orbital angular momentum L = O give = (spin
singlet) and p (spin triplet). With L = 1 one has B (spin singlet, J*€ = 1*~), and
triplet states A,(2*"), A, (1), and €(0*™). Since B and A, are well established, and
s-wave resonances and strong scattering occur, it is hard to imagine how the A,
could not appear. With the spin-spin and spin-orbit mass splittings typical of quark
model meson and baryon spectra, one expects m 4, not large and relations between
the A,, B, and A; widths. For example, if the scalar meson states below the A, in
mass are connected with the 0% quark model states, or if the spin-spin splitting is
related to that for p-m, then may < mp,.

Chiral symmetry suggests that vector and axial vector currents will behave in
similar ways. There is evidence (see sect. 3.1) that for coupling strengths to baryons
this occurs. The isovector vector current is seen to couple to the p meson. Similarly,

* Research supported in part by USERDA.
** See ref. {1] for more detail.
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the axial current should require a discrete A state. Current algebra arguments give
predictions for A, mass and width, and p7, NN, and NA couplings. Regardless of
the details, an A, state should be seen.

Historically, a signal was seen in 7*N= (37)*N diffractive reactions. Then the
three-body phase-shift analysis of Ascoli and collaborators [4] was carried out, and
it was found that the phase shift did not have a resonance variation in the 1% partial
wave. Of course, when the large Deck effect background is present [5] in 1% it is
quite difficult to show no resonance is present [6]; but diffractive reactions cannot
be used to establish a resonance unless a clear phase variation happens to be present.
The moral is that 7N - A}N data simply is not able to help decide whether or not
there is an A; state.

Non-diffractive reactions, on the other hand, can provide a clean test [7]. Basi-
cally, although there is still a (charge exchange) Deck effect, it is small enough so
the resonant signal should dominate [1]. Then no matter what the form of the am-
plitude or the phase variation, the signal cannot be hldden If the A, pm vertex or the
AINN vertex exists, the A; must be produced in 7°p > AJA*™ by p exchange, or in
7" p— pA] by N exchange. Present-day two-body reaction technology is good enough
to estimate fairly accurately (say better than a factor of two) the expected cross sec-
tions. We give estimates for a number of forward and backward two-body reactions,
and a detailed discussion of our assumptions and techniques, in sects. 2.1--2.3.

The recent discovery and confirmation of what appears likely to be a heavy
lepton [8,9] (denoted by 7) allows another approach to finding an A, as discussed
in detail by a number of authors [10] some years ago. We give numerical values in
sect. 2.4 for these results which suggest that this is a good place to find an A, .
Basically, one should find

efe” > 11T > A
L ytos L= atn,

which is not too hard to identify experimentally. Approximately one A, event
should be found for every three ue events.

Another way to produce an A, is in » reactions, diffractively [11,12]. In essence,
the axial vector current materializes into an A ;. Since this is known to occur for the
electromagnetic current in ep > ep®p, it is very hard to imagine that vp - u~AJp
would not occur, with a calculable cross section. We summarize existing predictions
in sect. 2.5. When the analysis of data already in hand is completed the statistics
should suffice to show a signal if one is present.

There are two kinds of experimental results which are indirectly relevant to the
A, problem. The first comes from hadron reactions where an exchange with the quan-
tum numbers of the A, can be isolated, a kind of hadronic axial-vector current.
There are two places where such evidence appears to exist, in 7N = pN with polarized
target [13], and in pp = pp with polarized beam and target [14]. The latter allows a
particularly clean test. We find that the recently measured total cross-section differ-
ence, Aoy, = oT(z, -H- oT(%, 1) [15] for longitudinally polarized protons [14],
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Table 1a
A results
Reaction agot (theory) Otot (exp.) Comment
Forward
1r+p - A?A++ (i) 1.7 <2 [22] The theory numbers are
Plap =7 GeV/e (i) 16 the p-exchange contribu-
(iii)y 72 tions only; we expect
the complete results to
ntp— A%a*tt i 07 <0.5 [3} be larger. Note that
Pap = 15 GeV/e (ii) 6 see fig. 1 hypothesis (i) is a lower
(iii) 28 limit for oy4¢ no matter
what the A jpn couplings
nTp—> A?n @) 2 see fig. 2 [2] are for fixed I'(A{— pw).
Pap =84 GeVje (i) 16 At 15 GeV/e about 0.5
(iii) 69 ub of Deck effect back-
ground is expected [1].
K~p— A9A0 o(K7p—~>AJA0) 0.04
Pap =4.2GeV/e  G—p— A%n) e
Backward
K p— X‘AT 2.7 see ref. [31] The theory numbers are

Piap =4.2GeV/e

K p—z*Ay 2.7
Plap=4.2GeV/e

mp—pA] 3.9 <5 [29]
Plab =4.0 GCV/C
Lepton beams
e*e‘+—>$7+1'—> o(e"‘e*—>AfuI + u’s): 04
A +v's olete— = etp¥+us)
vp U(VPQM_ATP) > 10—3
o1(vp)
Other
Asp =0}, —p)  09mb 1.0 % 0.1
_a(%’%) mb [14]
pp — pp at
Ppap =6 GeV/e

normalized to o(n " p—
pr 7). Note that if an A,
signal is seen in any one
of these three reactions,
consistency requires
that it be seen in the
other two (see sect. 2.3).

First Weinberg sum rule
used

See sect. 2.5 for vp and
inclusive

See sect. 3.1

We present a summary of our calculations for may = 1.1 GeV/c2 and T(A| — pm) = 200 MeV.
For other choices of widths, multiply the total cross section by I'(MeV)/200. In the forward

reactions we consider three hypotheses for the A pn couplings:
(i) No D wave in Ay ~ pm;
(ii) broken SU(6)wy result;
(iii) current algebra result.

All total cross sections are in units of ub.
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has a magnitude given surprisingly accurately by an A, NN coupling normalized to
the strength of the axial vector weak current from neutron $-decay. This is what
would be expected if an axial vector meson.dominated the isovector weak axial vec-
tor current just as the p dominates the electromagnetic and weak vector currents.
This result (derived in sect. 3.1) both reinforces expectations for an A; to exist, and
gives us confidence in our estimates of production in backward hadron reactions,
which are normalized by the same coupling used in the estimates which work for
AUTL .

The second kind of indirect evidence comes from the existence of other axial
vector states, both D(1285) and Q mesons which might be in an A, SU(3) multiplet
116], and the charmonium L = 1 state analogous to the A; {17]. The existence of .
the 17 charmonium state has helped to reaffirm the faith of any faint-hearted among

Table 1b
Summary of our calculations for ma, = 1.3 GeV/c2 and T(A{ — pn) = 200 MeV (see comments
made in table 1a)

Reaction G40t (theory)

Forward

ntp— Aatt @ 08

Pjap = 7 GeV/e (i) 2.4
(iii) 23

atp—Adatt @ 03

Plab =15 GCV/C (ll) 1.1
(iii) 10

_ 0 .

7 p—> Aln (i) 0.9

Plap = 8.4 GeV/c Gi) 2.8
(iii) 26

Backward

K~p— ZTA] 0.5

Plab =4.2 GeV/c

K p—z*AT 1.7
Piap = 4.2 GeV/e

7~ p— pAT 34
Plab =40 GeV/c

Lepton beams
ete -1t > o(ete™ — Afy— +v’s)
Afu*+ s a(efe= > e uF+ %)

0.3
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Table 1c
Summary of our calculations for ma ; = 1.5 GeV/c2 and T'(A; — pm) = 200 MeV (see comments
made in table 1a)

Reaction oot (theory)
ntp—Adatt i 04
Plap = 7 GeVJe iy 0.9
(i) 9
ntp— A%t i 0.2
Piap = 15 GeV/e () 0.5
(i) 4.7
77p—A%n G 06
Plap = 8.4 GeV/e (ii) 1.2
(i) 12
K"p—7A} 0.4

Plap=4.2GeV/c

K p—z*tAT] 1.3
Plap = 4.2 GeVe

n p—>pA] 3.3

Pap =4.0GeV/e

Lepton beams

ete™ —>I+‘r_ - o(e+e_ - Apr: +v’s)
Afu® +vs o(ete™ —eteF+17%)

0.2

us who might have doubted the existence of the A ; witness the admonition [17]:
“Don’t let anyone tell you there is no A; when its Cc analogue x(3508) exists.” We
agree that this is the proper attitude with which to view the A; problem. However,
the argument is not compelling. For example, the charmonium states have isospin
zero, while the A, is an isovector. Further, arguments have been given [18] that
SU(3) breaking could take the form of missing members of multiplets. An approach
based on the Q and D (mixed with E) [16] puts the A; mass at about 1470 MeV and
its width over 300 MeV; if such an A, were found it would be almost as uncomfort-
able for serious quantitative predictions of the quark model and chiral symmetry as
if no A, were found. We discuss these points in more detail in sect. 3.2. Basically,
we feel that the existence of other axial vector states is probably not relevant to the
existence of the A;. However, if a situation with apparently magic mixing and an A,
predicted by mass formulas to be at the chiral symmetry position and width should
occur, then it would strengthen the argument for the A, to exist,

If the A, is not found it is important to know when we can be confident that it
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is missing. Our predicted numbers depend mainly on coupling constants used to set
scales. These coupling constants are determined by symmetry arguments and by
comparison with other cross sections. We give, in appendices, detailed descriptions
of how we obtain our couplings and of various consistency requirements on them.

Our only conclusion is that it should be possible, through the combined effect of
experiments now in progress or recently completed, either to find the A; or to be
confident that the A, needed by the theories is absent. At present it appears that a
good A, signal should have already been seen if it existed, but soon the experimen-
tal situation will become much more compelling. If there is no A, state, we do not
know whether something complicated and hadronic is happening, such as unitariza-
tion effects of insufficient strength [1,18] or whether there will be a basic modifica-
tion required in our understanding of quark models and chiral symmetry.

Our results are summarized in table 1; the rest of the paper explains how table 1
is obtained.

2. Production cross sections for an A; meson

We have every reason to expect the A; to be produced in various reactions. The
major question before us is whether the lack of experimental confirmation of the
A, is cause for alarm. To answer this question, we must be able to present reliable
estimates of cross sections for the production of the A; . The procedure required to
obtain these estimates is rather involved and is discussed thoroughly in this section.
Before getting into the details, we would like to present a brief overview. The key to
estimating cross sections is to obtain reliable coupling constants. Then, if one takes
ratios with known cross sections, one minimizes the error resulting in an incomplete
knowledge of the form of the strong interaction amplitudes. As an illustration, con-
sider the relative production of A, and A, in 7" p—~> A**(A, or A,) at pjp = 15
GeV/c. Experimentally [3], 0(A;)/0(A,) <0.03. If we believe that the A; will be
produced in this reaction, say, by p exchange, then we obtain severe constraints on
the A pm coupling. However, these constraints are incompatible with the couplings
predicted by the standard symmetry arguments. In this section, we intend to show
how compatible the “theoretical A is with present data and what experimental
sensitivities are required if a definite conclusion is to be made on the existence of
the A;.

2.1. Forward non-diffractive reactions

For reasons stated in the introduction, it is crucial to study non-diffractive reac-
tions to ascertain whether an A is being produced in meson-baryon collisions. We
now examine the case of small angle scattering of mesons off baryons to see at what
levels the A; should be produced.

It is essential to have a reliable model which can predict a large number of differ-
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ent meson-baryon scattering cross sections. However, we wish to keep our ampli-
tudes as simple as possible so that we can understand clearly what factors are caus-
ing the predicted cross sections to be of a certain size. We restrict ourselves to a
straightforward procedure which can predict the density matrix elements and differ-
ential cross section of many types of reactions with few free parameters. We ignore
subtleties such as amplitude phases so that we do not expect to calculate correctly
quantities which crucially depend on these phases. Our goal is to end up with a pro-
cedure that can predict correctly to (say) within a factor of two: the total cross sec-
tion of a given channel; approximately predict the main features of the differential
cross section for |¢'| < 1 (GeV/c)?;and give a rough estimate of the size of those
density matrix elements not sensitive to the phases of the amplitude.

We base our amplitudes on a reggeized absorption model [19]. The phenomeno-

Table 2
Strong interaction vertices

pOntnt Eonn @+ Py
oOn* AT malglsuy + 3@8Im% ) @0+ D@+ Ol ")
On+B+ Bs o+ LgB/m2 + + *(p)
wm mples b+ 3(8q/mp) @+ @)y 0+ Pyl ep(p
Ort At 2 £ (p!
PYT Ay EA20m/MAZ) Gv,uaﬁpa‘wkpup(l’ YDy
©9pp o
wopp} @) [Gvyy + (GT/2my) oyl u(@)
Afpp iga NNU@) Yur5u@)
«Opp EaNNU(P) v5u@)
ppatt Gona Uu@) [8uy — gy /(my + ma)]vsu®)
Al_pA++ GAlNAUu(p,) 8t (p)
npatt [Grnal/tmN+ ma)] Up,(p’)Qyu(P)

We obey the following conventions: Vertex ABC consists of particles of momenta q, p, and p’
respectively, where ¢ = p—p’ (p is incoming, p’ is outgoing). The coupling constants are dimen-
sionless and are defined for the charge states specified. (For other charge states, one needs to
use the appropriate Clebsch-Gordan coefficient). The Lorentz property of the vertex depends on
the spin of A. To obtain a Lorentz scalar, multiply the vertex by the appropriate spin polariza-
tion tensor for particle A. All coupling constants are real as determined by time reversal invari-
ance [32].
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logical amplitudes and our basic procedure are summarized in appendix B. Note that
the amplitudes are simple enough so that observables can be calculated with an elec-
tronic hand calculator and a table of Bessel functions. We remark that since we are
only concerned with non-diffractive reactions, the complications of the pomeron

do not enter. The key to our procedure, then, is as follows. Once we are satisfied
with the way our amplitudes work in the production of known resonances, we need
only to know the value of A; coupling constants to predict the expected cross sec-
tions of A; production.

We now briefly describe the reactions we have studied to obtain the parameters
listed in tables 3 and 4. The first step is to study the reactions 7*p > 7°A** and
77 p—~7n (for 4 <P o < 15 GeV/c) which proceed by p exchange only. This
allows us to fix the parameters sg, R, and B in our amplitudes [see eq. (B.4)]. Con-

Table 3
Coupling constants

Constant Value Where obtained
fn 0.133 GeV m — uv decay
fo 0.147 GeV? eq. (A.2) and p — e*e™ decay
fa see table 5
Spmm 6 I'(p — nm)
8Agpm 34 "(Ay — pm)
g? 3 I'(B — wn) and the angular
gg _18 { distribution of ntp - B*p
gé\ }see table §
g3
G‘\)/ 1.6 { either eq. (C.2)
G4 11 orn p—n%n
G$ 13 either vector dominance,
cw 1 { #tp— B+p. or backwards
T w production
EnNN 13.5 @N dispersion relations
ZA1NN see table 5
GaNaA 33 (A — Nm)
GoNa 27 either eq. (C.4) or from n*p —» n0A*+
GAjNA see table 5

All coupling constants are dimensionless with the exception of fy (x =, p, A1)
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Table 4
Forward and backward scattering parameters

Exchange Re B ag ag S0 re
I3 5.3 1.5-2.0 0.5-0.56 0.9 1.0

w 5.3 1.5-2.0 0.4 1.1 1.0

A 0.0 1.0

K* 5.3 1.5-2.0 0.35 0.9 1.5

A 4.4 0.7 0.05 0.9 0.95 0.11
N 5.5 0.3 -0.39 1.0 0.28 1.37

These parameters are assumed to be approximately valid in reactions where 4 < P, < 15 GeV/e.
In some cases a range of values are given; which either is attributed to different external particles
or an energy dependence. As an example, the effective p intercept g decreases slowly as the
energy increases. All quantities are in units of GeV.

sider the coupling constants involved. In7 p non;gpm,, Gy, and Gt enter (see
table 2). We get the value of g, from the decay width of the p: I'(p - 7m)

= gf,m,q3/67rmf, (g is the magnitude of the three-momentum of the pion in the p-
rest frame). Estimates of Gy and G are obtained by vector dominance arguments
(see appendix C). To settle on the exact numbers to use, we make use of the shape
of do(m~p — 7°n)/dr which leads to the results in table 3. At this point we note
that the coupling constants obtained in eq. (C.2) are fairly consistent with the num-
bers allowed by the data. Next, in considering 7" p > 79A**, we use g, obtained
above and we only need to know G,y 5. We may obtain this by either data fitting
or by a vector dominance argument in appendix C. These two methods give consis-
tent values.

Next, we consider 7" p - B*p. Both w and A, exchange are allowed. For our
purposes here, we neglect the A, exchange. Relevant data at present suggests that
this is not a bad approximation (for a contrary opinion, see ref. [20]). The w coup-
ling constants to nucleons are obtained the same way as the p couplings. However,
this time there are two independent couplings at the 7wB vertex, g2 and g§. The
width of B — wm adds one constraint. The shape of dg/dr do(n*p > B p)/dt adds a
second constraint which gives us g5 and g4 listed in table 3. Note that by studying B
decay carefully to discover the ratio of S to D wave emission of the 7, one gets num-
bers in fair agreement with the numbers we have obtained [21].

Finally, let us look at 77 p—~ A9n and 7*p > AJA*™. There is better data on the
latter [3,22] so we concentrate on that reaction. Both p and B exchange contribute;
it is known that the B exchange is not negligible [23]. Let us calculate the p-exchange
contribution to A, production. Note that the only coupling constant needed is
&a,pm this is obtained from the partial width of the A,: T'(A, — pn) = gi2pﬂq5/201rm4Az.

Since we expect to find both an A; and A, in a pm mass plot, it is useful to discuss
our A results as the ratio of A; and A, production in a given reaction. So, we were
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Table §

Ay couplings

N fa ZA NN GaiNa g gh

1.1 0.15 6.9 16.3 (i) 3.2 -4.4
(i) 3.0 7.0
(iii) 2.8 223

1.3 0.18 8.1 19.2 (i) 2.5 -39
(i) 2.4 0.3
(iii) 1.9 15.1

1.5 0.21 9.3 221 i 2.2 -3.8
(i) 2.1 -13
(i) 1.4 11.3

fa is calculated from the first Weinberg sum rule [eq. (A.3)]. g4 NN and G N are obtained
from eqs. (C.7) and (C.15) respectively.

The A pr couplings g5 and gq assume I'(A — pm) = 200 MeV. For fixed gg/g4, they are pro-
portional to /T. The following three hypotheses are considered:

(i) No D wavein Ay — pm;

(i) broken SU(6)w result;

(iii) current algebra result.

ma and fa are in units of GeV; all other coupling constants are dimensionless.

careful in checking our predictions for A, production in order that we would have
confidence in our A; results.

There are experimental results for 7~ p > A**A9 at 7 [22] and 15 GeV/c [3]. As
discussed in ref. [19], the effective intercept decreases with increasing energy, so we
use &g = 0.5 at 15 GeV/c. It is worth noting that the A, predictions depend mainly
on amplitudes with net helicity flip O or 1, whose behavior under absorption is well
checked, while the A, is sensitive to (n, x) = (0, 2) and (2, 0). The A, amplitudes
are not so common in other reactions and could be less reliable. So the A; predic-
tions should be less model-dependent than those for the A,.

At this point, we have obtained a set of parameters which can describe p-exchange
of a large class of non-diffractive reactions. Sample results are displayed in table 6.
We now turn to the remaining ingredient needed to predict A; production: The A;pm
coupling. There are two independent couplings: g2 and g4 (see table 2). Consider
the A; decay and choose a coordinate system such that the A; at rest has helicity A’
and decays into pr. The p is emitted at angle 9 to the z-direction with helicity A.
Then the helicity amplitude for the decay is

My = ma, Fadix (0), (1
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Table 6
Results for other meson resonances

Reaction atot (theory) atot (€Xp.) Comment

Forward

ntp~ A(Z)AJr+ 25 76 [22] We remind the reader

Plap = 7GeV/e (p exchange) that we give only the
p-exchange contribution

ntp— A(Z)A++ 11 16 [3] in the theory column. It

Pap = 15 GeV/e  (p exchange) is known that B exchange
is important in A produc-

nTp— Agn 27 see fig. 2 tion [23]. All A, cross

Plab = 8.4 GeV/c  (p exchange) sections are corrected for
unseen decay modes [28].

K p-B =zt 5 14 [33] See sect. B.3

Plap =4.2 GeV/c  (K* exchange)

Backward

nTp->pp~ 7 8 [29] Normalized ton " p—

Plap = 4.0 GeV/e pn cross section

Lepton beams

ete o7t > olete ™ > u’ +v'%) 04
atut + s — T R
o(eTe” —>eu” tu’s)
_ _ _ .z
ete= >t~ o(eTe™ = p*ut + ) L1
PO = =1.
pru Vs slete > etu™ + ')

We have calculated these numbers to serve as comparison with the results of table 1. Cross sec-
tions are in units of ub.

where
Fl =gsA’

F _g?mAl(qz + mg)l/z * %gquz
0o~ .

Mg

mAl

Parity invariance requires #, = F_,. The S and D wave amplitudes are related to F
by:

D=i(F,-Fp),
S=YFo +2F)). ®)

Hence, no D wave corresponds to Fy = F;. The width of the A is easily calculated
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from eq. (1) to be I'(A; = pm) = q(2F? + F3)/127, where q is the magnitude of the
three-momentum of the p in the rest frame of the A,. If we fix I', then we have to
specify one more relation between g and g4.

First, we consider the current algebra prediction (see appendix C). Suppose we
use egs. (C.16) and (C.17) to get g2 and g4 . If we pick § = 0, (so that &pnm given by
eq. (C.18) is reasonable) we find (A ~ pm) = 50 MeV. This corresponds to g2/g4
= !g. The quark model can also lead to a constraint on g2 and g4 . Colglazier and
Rosner [24] have used broken SU(6)y to obtain:

2(F1/F0)A1_,p,,=(F0/F1)Bﬂ,w,,+ L. (3)

Fo/F; for B decay can be obtained by using our numbers for g2 and g5. We get
(Fo/F1)g = 0.75; for ma, = 1.1 GeV/c?, this gives g2 /g4 = 0.41. The measurements
of (Fy/F)p obtained from B decay have varied from 0.5 to 0.75 with large errors
[25]. We only note that (Fo/F;)g = 0.5 corresponds to g2 /g4 = 0.13 (which is the
current algebra result with § = 0).

We therefore proceed as follows: we calculate A; production assuming I'(A| —
pm) = 200 MeV for three hypotheses of g2 /g4 :

(i) No D wave emission of the 7 in A, decay;
(ii) Broken SU(6)y result [eq. (3)];

(iii) g /g4 = L & (current algebra result).

We list the A, couplmgs for these three hypotheses (and various possible A; masses)
in table 5.

We have included hypothesis (i) because if one fixes I" and varies g;/g4, one essen-
tially minimizes the cross section when g /g4 corresponds to no-D-wave. One can
therefore take the results of hypothesis (i) as an absolute lower bound for A, pro-
duction.

The results for A; production are displayed in table 1a (for ma, =1.1 GeV)
along with the quoted experimental upper limits, if any. Let us consider as an
example 7*p > AYA*™ at 15 GeV/c. The upper limit quoted for o is 0.5 ub at
mp, = 1.1 GeV/c?. We note in passing that the charge-exchange Deck effect would
give a cross section on the order of 0.5 ub [1]. On the other hand, our calculations
(displayed in table 1a) show that for “reasonable” values of I'(A; = p7), e.g. cur-
rent algebra (with I = 50 MeV) or broken SU(6)y, (with " = 200 MeV), predict an
A signal over ten times larger than is seen. If one throws away these expectations
and assumes that the A; decays with no D wave into pm, then one may just barely
avoid significant disagreement with experiment. Notice that one should take the no-
D-wave predicted cross section as an absolute lower bound. So, if the upper limit
for A; production were reduced even more, then we would have a contradiction
independent of the g2 /gd ratio (for a fixed width). Of course, one might argue that
['(A; = pm) £ 20 MeV but why this should be so would be another puzzle.

Suppose that we agree that the A, exists with no D wave decay into pw. Let us
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see what this implies for the current algebra results. Putting in g2 /g4 = -0.72, and
assuming that my | =~ \/imp and I'(A, = pm) = 200 MeV, we obtain [using eqgs.
(C.16) and (C.17)] & = —0.35. [Note that although § is fixed in ref. [26], Weinberg
[27] obtains eqs. (C.16) and (C.17) without any restrictions on §. We take this
attitude here.] Inserting into eq. (C.18), one obtains g,,, = 3.8 which leads to

I'(p »> nw) = 60 MeV. This is to be compared with 150 MeV in the particle data
tables [28].

Before concluding this section, we should make some remarks about the A, at
other masses. A standard hypothesis, once people began to imagine ma | # \/2mp
was that maybe mpa | ~ mgu, [6]. This would then hide the A; under the more
copiously produced A,. What is needed here, of course, is sufficiently high statistics
to separate out the two effects. If one works at separating out the partial wave con-
tributions in the 37 system, then the 1* contamination of the A, mass can be
separated. We present [3] fig. 1 as an illustration. If a partial wave analysis is not
possible, there are other ways to determine whether there is an A, hiding under an
A, . For example, we have no reason to assume that the ratio of unnatural parity
exchange (UPE) to natural parity exchange (NPE) is the same in A; and A, produc-
tion. Since UPE will die out faster than NPE as the energy increases, one should
compare the ratio of UPE/NPE as a function of energy at the A, mass in nm and p7.
No A, is possible in n7 so that a difference would suggest an unnatural parity ob-
ject in pm at the A, mass. Such a technique could also be used by studying the p7
final state alone. Since A; and A, production will have different ¢'-distributions,
one can investigate UPE/NPE ratios as a function of energy, cutting on intervals of
r.

Masses for the A, as high as 1.5 GeV/c? [6,15] have been proposed. We repeated
our calculations for ma, =1.3 and 1.5 GeV/c? and display the results in table 1b
and lc.

Fig. 1 [3] has shown the absence of A; in 7*p > A?A** with a partial wave
analysis employed to separate out the 1* partial wave. One expects about %ub of
charge-exchange Deck effect which should be subtracted. Over a wide mass range,
no signal is seen.

Fig. 2 shows one recent preliminary result [2], which will soon be available in

150
3 ™ (pms
,8 100t on < v, ub
> +
= 50+ R
=z
2 ++_, +  +

0 1 , R N N .+ N :

1.0 1.2 14 16 18 GeVv

Fig. 1. The 1% partial wave of the pw system in a7 p — p*n* A** at piup, = 15 GeV/e, from ref.
[3]. No resonant signal is seen. See table la and sect. 2.1.
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Fig. 2. nta~n mass spectrum in n~p — ntn~a%n at 8.4 GeV/e, with acceptance corrected
events indicated by large dots (arbitrarily normalized at 0.9 GeV/c?), from ref. [2]. The w-signal
corresponds to 40 ub. We estimate the A, signal to be 30 ub. If one takes mp, =1.1 GeV/c2
then we estimate an upper limit allowed by the data is 0(A1)/0(A3) < 5 See table 1a and sect.
2.1.

final form, for 7~ p > A%n. Again, no signal is seen. We predict that about % of the
A, peak is due to p exchange, and that 6(A;)/0(A,) = 0.6 (for hypothesis (ii) so an
A, peak of about 0.3 of the A, peak was expected.

2.2. Backward reactions

All the logic used in sect. 2.1 can be repeated in the case of backward A; produc-
tion. The amplitude is more complicated as discussed in appendix B, but the proce-
dure is the same. The key observation is that coupling constants obtained in the ana-
lysis of forward reactions can be used in the backward direction analysis. We begin
by studying 7N backward scattering. Since g,yn and G,y are known, we can ob-
tain all other parameters by fitting to the three reactions mp-oprt,mTp nm®.
By making some simplifying assumptions (see appendix B), we can immediately cal-
culate cross sections for the production of resonances. Unfortunately, the data of
resonance production in the backward direction is less precise than in the forward
production. At this point, since we know the p and w coupling constants best, we
considern” p=>pp~,m p—> np® and 77 p — nw®. Having reproduced cross sections
to within a factor of two, we calculate A; production in the backwards direction.
Note that we have used A; NN and A;NA couplings obtained from current algebra
calculations (appendix C) which are displayed in table 5.

Experimental results to date [29] are not quite sensitive enough for any claims
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of non-existence to be made. But, we note that experiments are not far from the
required sensitivity. Backwards scattering experiments are notoriously difficult, but
we would like to reinforce the notion that they are a useful way to study the exis-
tence of resonant states. Some effort to push the current limits by a factor of five
or so would be well worthwhile.

2.3. Production of Ay in K~ beams

We briefly look at the possibility of A; production in K beams. If we consider
forward reactions, we see that hypercharge exchange is required to produce non-
strange meson resonances. As an example, we compare the K* exchange contribu-
tion to K~ p > A9A® with the p exchange contribution to 7~ p > A%n. We use
SU(3) symmetry to relate the couplings * and a K* Regge intercept of 0.35. Both
the couplings and the lower Regge intercept lead to decreasing o(K—p > AYA%)
with respect to o(m~p — A{n); putting in the kinematics, we find, e.g. a ratio of
0.04 at Py, = 4.2 GeVl/e.

Let us consider backwards production. Here, one still has N and A exchange,
and it turns out that one has as good a chance to see A‘l) production in backward
K™ p scattering as in backward 7N scattering. To see this, first consider the com-
parison of 7*p > pn* and K™ p > Z*7*. Using eq. (B.10), we see that exact SU(3)
symmetry implies that o(7 " p - pr~) = o(K~p > £*77) which is approximately
satisfied by the data [30]. In the reactions where N exchange is allowed, SU(3)
symmetry gives relations which depend on the D/F ratio. We can use data from
these reactions to fix this ratio as discussed at the end of appendix B. Although the
angular distributions are different, integrating over the backwards peak, we find
oK p=>EZ n")= oK p—~> "1 )at 4 GeV/c [30]. We now apply factorization
in regard to A, production. This immediately leads to 6(K"p >~ A}) ~ o(K p—
Z*A7) =~ o(m"p—> pAT) at 4 GeV/c. When we put in the kinematics, we obtain the
results listed in table 1. Preliminary results by the Amsterdam-CERN-Nijmegen-
Oxford Collaboration [31] report an A; signal in K~p - £~ A}. An important con-
sistency check on this result is the detection of an A; signal at the same level in
K p—>Z*A7 and 77 p— pA7.
24.ete” »117

There is now fairly good evidence for the existence of a lepton 7 with mass
m, =~ 1.95 GeV/c* [9]. This gives us a unique opportunity to test current algebra
predictions by studying the decays r — meson + v.. In particular, one can compare
the two decays 7° - n*v, and 7° - Ajv,;if at the same time 7* decays leptonically,
then the signal for 7* decay should be fairly clean. We regard this as a viable test for
the existence of the A, since the signal is easily seen by studyinge*e™ - "7 7 p*
+ neutrals. The predictions of these decays have been worked out by a number of
authors [10].

* The two K*NA couplings, Gy and G, have different DJF ratios. SU(6) suggests that Gy is
pure F, while Gy + G has D/F = % We use these for our calculations.
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Let us review some of the results obtained. First, the cross section fore*e™ -
7477 at c.m. energy /s is (in the one y approximation):

4 2 2 4 1/2
o(s) = . (1 + 2'"7)(1 - m’) : (4)
3s s

M

where we have neglected the mass of the electron. Let us then consider the branching
ratios of the decays of 7. Neglecting the mass of the muon,
2.5

+ - _utme 12 _
I'(r —>u+VTv”)—1927TT3~10 sec” L. (5)

We also need to know the total decay rate of 7. This can be estimated quickly by
arguing that the total decay rate for 7 is n times (7" — u* v,v,) where n is the num-
ber of fermion weak isospin doublets into which 7 decays. Taking three colors into
account, and noting that 7 decay into a charmed hadron is negligible (due to phase
space), we find that n = 5. Thus the total rate of 7 is predicted to be 5 X 101% sec™!;
this estimate is confirmed by a more detailed calculation. Next, consider the result:

_ _ szﬁ COSZG 3 mgsl 2 2m.§1
F(T ‘)VT+A1)=WC n; 1— % 1+ m12, . (6)

If we take mp | = 1.1 GeV/c?, then we find (using the numbers given in tables 3 and
5):
T~ > v, + A7) = 04T~ > u v, 9,). 7

Experimentally, e*e™ = 7' 7~ events are seen by looking for e*e™ - e*u* + neu-
trals. Using the result that each leptonic decay mode of 7* is one fifth its total decay
rate, we obtain:

o(e*e™ — e*u” + neutrals)

=0.08. 8
oete > 7717) (3)
Egs. (7) and (8) allow us to conclude that approximately one out of every 30 Ak
events will consist of an A7 produced opposite a " .

It is crucial to see other mesons produced from a decaying 7 in order to draw any
conclusions if no A, is seen. For example,

It~ = v, +77)=040(1" > u v, py), (92)
I~ =, +p )= LI > u" v, 5,). (9b)

Thus, if p and 7 are seen produced opposite a u in ete™ collisions, then one must
expect to see A; produced at an observable level.

We should remark that I'(7~ = v, + A7) decreases as mp | is increased. But, e.g.
ma, =15 GeV/c? leads to I'(7™ = v, + A7)~ 0.2I'(r~ = u~v,v,). We conclude
that for “reasonable” A; masses we expect to see as many A, ’s as 7’s (to within a
factor of 2) from 7 decays.
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2.5.vp>u"Alp, u~ A5 +anything

This process and other vector meson production has been discussed in detail in
refs. [11,12]. Here we just include the results for completeness.

The basic method is to take the data for ep > ep®p, where the electromagnetic
current diffracts into a p. Then use CVC to go to » reactions, and the V—A theory
to get the axial vector current prediction. In so doing one assumes A; dominance of
the axial vector current. Previously this did not have directly relevant tests, but the
analysis of sect. 2.1 explicitly implies that the numbers used in ref. [11] to estimate
the A, contribution should be valid.

To within about a factor of two, in the energy range £,, 2 10 GeV, one expects
from ref. [11]:

o(vp > u~ Ajp)/or(vp) ~ 1073 . (10)

For pp the numerator is unchanged in a vector dominance model, while the de-
nominator is 2—3 times smaller so the ratio is correspondingly increased. If it is
possible experimentally to look inclusively one should essentially multiply by
or(A;p)/ogL(Ap) == 5 if a quark model estimate could be trusted. Thus several
thousand events are needed to look at the exclusive process, somewhat less if it can
be inclusive.

The predictions for A; production from ref. [12] are somewhat larger, about
8 X 1073 for the ratio of eq. (10). Such a large rate should surely be observable in
data which will be available this summer.

The A9 could also be produced in neutral current » reactions, with a cross sec-
tion ratio of about 1073 relative to the total neutral current cross section. Amusing-
ly, it is the only neutral vector meson not suppressed by some other mechanism.

The kinematic region where production occurs is clear from the physics. In the
exclusive case the momentum transfer at the hadronic vertex () must be small in
order to have had a diffractive scattering. Similarly, g? will not be too large. Con-
sequently the production peaks at low x. A significant energy loss to hadrons is
required, so at lower energies the production peaks at high y. But for A; the extra
mass is not too large, so at higher energies the y peak moves in and is near y =0.2
at 50 GeV/c. Further details are available in refs. [11,12].

3. Indirect evidence relevant to the A,
3.1. Evidence for A; exchange

NN elastic scattering gives a unique opportunity to extract evidence for A; ex-
change. Consider pp elastic scattering; there are five independent helicity amplitudes.

Using the notation My x j:a,n, foratb—>c+d, welook at oy =Mys 1/2;1/2,1/2
and w3 = M3 _1/2;172,—1/2- Both amplitudes are n = 0, x = 0. In a Regge-pole



446 H.E. Haber, G.L. Kane [ The search for the A} meson

model including pomeron, p, A,, f, w, 7, and B exchange, ¢, = ¢5. This result is not

changed by absorption. However, for A| exchange, ¢; = —p3 (as can be seen from

the rules in table 7). Thus, any observable that is sensitive to ¢; —p; will measure

the presence of an unnatural parity exchange which does not flip nucleon helicity.
One can show that [15]

1
or(3,3) = mlm%ltzo, (11a)
1 oy !
OT(E,_E)‘—mIm 03l g > (11b)

where o1(X,, Ap) is the total cross section for the scattering of protons in a definite
initial helicity state and ¢ is the c.m. momentum. Therefore,

AULEOT(%,“%) UT(2,2
1
~4q\/—“s Im (o, =3, (12)

Suppose that we take A; exchange to be the major contribution to Aay . If we take
mp, =~ \/fmp, ag =~ 0 and 5o = 1 for the trajectory, we can use eq. (B.4) to obtain:

4Cy8A NN
Im(p; — ¢3)l,_q = —=gi—.
Al
We have Cy = 0.32 [see eq. (B.5); this accounts for the effects of absorption accord-
ing to our general procedure] and &a,NN is listed in table 5. The result is

Im(g; — ¢3)ls=0 = 50,

which should be approximately valid for 4 £ Py, € 15 GeV/c. This gives at Py, = 6
GeV/c:

Aop, =0.9 mb,

which is to be compared with the experimental result [14] Aoy, = 1.0+ 0.1 mb. Our
calculation is admittedly crude, but we expect that a result obtained more carefully
won’t be much different. Note the following two ingredients in obtaining this result.
First is the value of g4 ;NN Obtained from current algebra arguments (see appendix
C). Second is the value of ag which was estimated by supposing mp | = V2m o and
a typical Regge slope for the A trajectory. The validity of the above calculation
suggests that using £a NN to estimate backward A production should be reliable.

3.2. The existence of other axial vector states

Two other kinds of axial vector states have been found whose existence might be
taken to be relevant to the A;. One is the equivalent charmonium state [17],
x(3508), identified as a 17 meson. Since the &c system binds in this state, presum-
ably the id system does also.
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The second kind are the isoscalar (D(1285)) and strange 17 statés. The latter may
have been found recently [34]. Two strange axial vector mesons have been reported,
presumably the Q, and Qp associated with A; and B multiplets. Because they are
produced diffractively other interpretations are possible, and Basdevant and Berger
[35] have argued that only one resonance is needed to explain the data, the Qg.

In our view, as we remarked in the introduction, the existence of the above states
is not to be interpreted as directly relevant to the existence of the A;. The quantum
numbers of the A, channel are different. If it should happen that binding forces or
unitarization effects are relevant to the existence of the state, then it would be easy
to have quite different effects in the A; channel from the others.

Indeed, while it is less often emphasized than the A; case, there is another missing
axial vector state, the isoscalar partner of the B (often called H). It is also supposed
to have mainly a pm decay, and every experiment that did not observe an A(I’ (such
asm p > AYA* or 17 p— A9n) also has not observed an H. From the quark model
point of view, its absence would be as mysterious as that of the A;.

The basic reasons for expecting to find an A, (and an H) remain the quark model
and chiral symmetry arguments. Given A, and B, no stronger arguments are needed.
Information on other axial states should of course be explored [16] for any hints as
to where A might be found and with what properties, but all such results should be
interpreted as suggestive rather than compelling.

4. Discussion

Let us review the evidence. The existence or non-existence of the A; has implica-
tions both for the quark model and current algebra. If we assume the standard re-
sults, then we obtain a set of couplings of the A; in various situations. This allows
us to predict the expected A, signal ine*e™ - 77—, 7> A, », forward non-diffrac-
tive and backward resonance production, neutrino production of A, and the level
of A; exchange in various reactions. The predicted magnitude of A, exchange is
indeed observed, but so far the A, is not produced. The limits set by recent experi-
ments continue to provide evidence that the A, is not being produced for reasons
that seem not to apply to the well established meson resonances.

It is natural then to question the “standard results” of the quark model and cur-
rent algebra. An interesting hypothesis has been advanced by Caldi and Pagels [36]
in regard to the standard current algebra approaches. They set out to put vector
meson dominance on the same footing as PCAC (i.e. a result of the spontaneously
broken symmetry). They put the p in a (3, 3) @ (3, 3) representation of SU(3) X
SU(3) which makes the chiral partner of the p a 17~ meson (i.e. the B). With this
the case, the A, is not needed (though not precluded, of course) in the current
algebra calculations; and the results for A, couplings obtained in appendix C no
longer follow.

As far as the quark model is concerned, there are two possibilities. One is that
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the A, couples very weakly to pm, although one is at a loss to explain how this can
be made consistent in light of, for example, broken SU(6)y, calculations. The other
possibility is that for some reason, the A; doesn’t exist as a particle state; this could
have extremely important consequences in our future dealings with the quark
model. Contrary to the situation with quarks, it would not make theories more
attractive if the A; were confined.

Appendix A

Notation and convention

{a) Metric. We use the Pauli metric [37]. Note that we take e? /47 ~ %,

(b) Scattering. We consider meson-baryon scattering where a, ¢ are mesons and
b, d are baryons. One defines s-channel helicity amplitudes My , ,; Xalb [38].
(i) Forward scatteringa+b—>c+d

My =Ae — Ag,
My =Aq — Ap-

Then n = |my, — m,| is the net helicity flip. We also define:
x=[mpl+m,|—n.

In general x is an even non-negative integer. If x # 0 then the pole term is evasive
(i.e. vanishes faster than (—¢'Y"/? at t' = 0).
(ii) Backward scatteringa+b—~>d+c¢

my = )\d - )\a ,
my = 7\c — >\b'

Then n = |my, — my,| is the net helicity flip in the backward direction. We also define
x={mpl +imyl —n - 1.

In general, x = —1, O for the non-evasive case and x > O for the evasive case (vanishes

faster than (—u')"? at u' = 0).
One useful relation is the parity relation:

SatsSp—$c—Sd

M_)\c__)\d;_)\a —Ap = nanbncnd(_l)

Ae—Ag)~(Ag—2Ap)
X(—l)( ¢ d= b M}\C?\d;ka?\b s

where s,  are the spin and parity of an external particle.



H.E. Haber, G.L. Kane [ The search for the A meson 449

(c) Normalization. Our spinors are normalized:

i(p) u(p) = 2m.
Thus, for any process a+b—>c¢+d,

do. 1 : M. 2
dr (2s,+ D2 +1) 647'rq23 AeAdAalb AcAdiraAp!

E]

where g is the magnitude of the incoming c.m. three-momentum and s = —(p, +p;,)?.
(d) Current algebra. We define the following matrix elements of the vector and
axial vector currents.

OIALT2O) T = ifnqy (A.1a)
IV 2(0) 1 p7) = freu(a), (A.1b)
(01420141 =fa€u(q) , (A.1¢)

where g is the four-momentum of the meson and €, is its spin-1 wave function.
When one states the vector meson dominance hypothesis, one writes the current
field identity [39]
2

01 V3(0)] p° = % o3, (A.1d)

0
where pﬁ is the neutral p field. We then identify:

2
:\/imp.

Yo

Finally, let us recall the first Weinberg sum rule [40]. If we saturate the sum rules
with p, 7, and A, we obtain:

f (A2)

o fi

2
= - =fa. A3
mg mil I (A-3)
Appendix B

Phenomenological amplitudes for forward and backward scattering

Ref. [19] gives a rather complete description of the absorption model approach
to the two-body hadron reactions. We use here an approximation to that model
which we expect will give cross sections correctly to within a factor of two. Since
we ignore subtleties of amplitude phases [by simply using the phases predicted by a
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strict Regge pole approach] we don’t expect to reproduce characteristics of the data
which crucially depend on these phases (e.g. polarizations).

B.1. Forward non-diffractive scattering

Consider the pole term of reggeon exchange of spin J and mass m,. Then the
amplitude is:

R} x(s,8) = IR}, | e im0 =J1/2 (B.1)
We take:
e 1 _ N(n+x) /2 s \a(?) s(J,
|Rn,x| - (_t) Eeac8ebd (— 2 s (B.Z)
SO me —

which has the correct form at a(f = m2) = J. 54 is taken to be a free parameter.
At ¢ =0, we define:

RS (5,1) | ZeacBepas Osy 0
Re(s) = lim n,’x s _ Seacdebd 0 ) B3
() t'-—>0 (*t )(n+x)/2 mg ( . )

To simulate the absorption correction, the complete amplitude used in sect. 2.1 was
taken to be:

Cp 2" (n+x)!
Cy x sets the scale for the effect of the absorption with C = 1 indicating no decrease
in |M,, .| at ' = 0 from the pure Regge-pole result.
By studying the full absorption model, we have noted a phenomenological for-
mula for C,, 4:
_ E[l 4An+1]
x+1

Mg (s,0)=+ BT T (RV/—T) RE(s) e Im@D-D)2 (B 4)

Cn,x , (B.5)

where

m
Az__._;___
e +0.515 GeV

£=—1forx >0andn=0;§=+1 otherwise. This seems to work well in the energy
range we have been considering.

In table 4, we present the values we have used for meson-baryon scattering in the
Prap, = 415 GeV/c range. We now make a brief remark about the parameters. R, is
determined by the zero structure of the various amplitudes since M,, ~ J,,(R.\/—1).
Sg is determined in order that we obtain correct absolute cross sections. We antici-
pate that it is constant for a given exchange, but it might vary from exchange to
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Table 7
SCHA factors in the forward direction

ANA SCHA factor
pnm 0 V2 Epmm
pmA Y 1 g9/4mA1
1 A, A, 2, 2
0 *\—/3 &5 +&4 (mp+mA1—m,21.)/4m/2\1]
-1 ~g§/4mA1
wnB 1 gdB/4mB
1
0 -7 (g8 +gBm2, + m§ — m2)/am3)
-1 —gB/amg
oA,y +2 gA2p7r/2\/§ m/2;2
2 p—
+1 ~gA2pﬂ(miz + mg — mp/A2 mgn
0 0
2 2 5
-1 ~EAzpm [MAy +mp — mD)/a/2mR,)
= 2
-2 —gAszr/2\/2 ma»,
11 =
{PPP } 55 -V2Gy
wpp _
-y ~V2Grl2my
ppA 23 GoNal(mN +ma)
31
273 0
11
22 0
% % mNGoNa/N3 ma(my +mp)
11 -
Aqpp 33 V2gA 1NN
11 0
33

We list the rules for forward scattering which express g, £epg in terms of the basic coupling
constants defined in table 2. All expressions are calculated to leading order in s. We give the two
vertices separately with the following conventions: vertex ABC indicates incoming B and out-
going C with the exchange of A. We define A” to be the helicity of the outgoing meson and A’, A
to be the outgoing and incoming baryons. We assume a c.m. coordinate system for the scattering
where the baryon is moving forward. The charge states above are the same as those in table 2.
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exchange (cf. backward results). B represents the fact that hadrons have rounded
edges in impact parameter space. We find that by allowing B to vary within the
range given in table 4, we get reasonable results for our calculations. We should also
point out that ¢y is the effective Regge trajectory intercept which is expected to be
higher than the one obtained from the Chew-Freutschi plot due to effects of absorp-
tion. Since absorption effects will decrease with increasing energy, &, should also be
considered a mildly energy-dependent parameter which will decrease with increasing
energy.

We now say some words about g.,.g.pq. Note that this product has dimensions
of [m]2~2/~"=* Starting from phenomenological Lagrangians for the various ver-
tices of interest [see table 2], we derive expressions for g.pcgena at the pole £ = m?2
in terms of basic coupling constants to leading order in s. Note that we use s-channel
helicity amplitudes so that g.,.8.pq Will depend on the helicities of the vertex. We
will call these expressions SCHA factors; they are listed in table 7. To get values for
these coupling constants, there are three methods:

(i) From decays; for example g, is obtained from p - 77,

(ii) From vector meson dominance and current algebra;see appendix C.

(iii) From using eq. (B.4) and requiring consistency with experimental cross sec-
tions.

Note that since we fix our coupling constants and sg by using many reactions
the numbers we get are often very well constrained and in some cases overdeter-
mined.

B.2. Backward scattering

The pole term of fermion reggeon exchange is more complicated. We parametrize
the pole couplings away from the pole as linear functions of \/u and take [41]

Re = O (i)"“”( 50_)’
nx m2+x—1 2

So me

% ll:(\/u)x(/ll + B1\u) (4, + By\/u) +
2 me, —\u
We can write this as (with y defined below):

[V~ —/u] ] . (B.6)

IRG x| =

So

m;

(_u')(nw)/zgeadgebc ( S )a(t)(so )J fx(u) (B.7)
n+y—2 2 > .
my mé—u

where f,.(m2) = 1. Note that ge,qgepc is dimensionless.
If we take r; = (4; — B;m)/(A; + B;me), i=1,2, then for example:

fo@) =3B +ritry —riry +u(l—r) (1 —r)/m?],

fo) =3 +r)(L+r)+u@B—ry—ry — rir)/ml] . (B.8)
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Now since non-evasive amplitudes correspond to x = —1 or 0, we define

x if x is even

y_{x+1 if x is odd,

then we take

C, 2" Y (n+y)! ,
M,ix(s, ll) =+ ﬂ_Rn’fy— eBan(Re\/_u )
e
g g Saos.lwao
X % f(0) emime=D1z (B.9)
e

C,,y is the same as the one that appears in eq. (B.5). Actually, r, and r, can be
regarded as free parameters for each different vertex and exchange. We make a sim-
plifying assumption that

rl=r2Ere3

which could be different for each possible exchange. In practice we only consider N
and A exchange for the reactions we have studied. See table 4 for the backwards
parameters. As in the forward direction, we derive expressions for the SCHA factors
Zeaceba at the pole u = m?2 in terms of basic coupling constants to leading order in s
(see table 8).

B.3. Strange particles

All the rules in tables 2 and 3 are for the scattering of non-strange mesons and
baryons. Note that the derivation of the rules depends only on the spin and parity
of the particles involved, so that the same rules can be used in the case of strange
particles. We will need to obtain coupling constants of strange particles. These may
be obtained by the techniques already mentioned. Alternatively, we may use SU(3)
symmetry to express strange particle couplings in terms of non-strange particle
couplings. There is an ambiguity in how one applies SU(3) to the rules in tables 2
and 3 when one takes the mass differences within an SU(3) multiplet into account.
We take the following approach: We use SU(3) symmetry to obtain coupling con-
stants and use the actual particle masses when using the rules.

We briefly discuss the relations between couplings in the SU(3) limit. Vertices
involving three octet mesons are simple since charge conjugation invariance always
requires that either the F or D coupling vanish. We concentrate on baryon-baryon-
meson vertices where all hadrons are members of an octet. Then, the D/F ratio is
needed. We use the following notation « = F/(D + F).

We obtain the following results:

gkNz =8k—px0 = (2a—1)grnN » (B.10a)
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gkNA =8k —pa0 =VE2a+ 1) gonn (B.10b)
gxkza =&k—attst =Gana s (B.10c)

where the couplings on the right are defined in table 2. We obtained a value for a by
fitting the backward cross sections K™ p - Z*7* and K~ p > A%z [30]. The cross
section most sensitive to a is K™ p > T~ 7" which crucially depends on ggns . We
find that a = 0.3 gives a reasonable fit to the data and is in fair agreement with
other determinations of « {42].

Table 8
SCHA factors in the backward direction

N exchange
(a) Vertex ead
A SCHA factor
7 n % \/i SaNN
n a0 3 GanamN/ING (mN +mp)
2 2
my+ma—m
3 V2 Ganamn [1 + ":| [6(mn +mp)
MNMA
(b) Vertex ebc
AN
0 1 0
pm 2 EnNN
*% 0 —8nNN
ppo % +1 (2GV + GT)/\/E
Lo m,, G/2mN
1 e 2 YNG
vi— +1 GtIN2
4% 0 mp GT/2mN
-1 QGy + GIV2
pAg % 1 —V28a NN
% 0 2mNg A NN/MAY
31 0
I 0
~30 —2mNgA NN/MA Y
-1 +v/2 gA NN
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Table 8 (continued)

A exchange
(a) Vertex ead

A
_ 1 1 m G
mn 2 Te mu rmy CTNA
(b) Vertex ebc
AN
1 ma
0 1 _
p7 20 \/3 my+ma TNA
1 1 ma
2 \/3 mytma mNA
0 1 2 __Ma
pe 51 \/73 e —— pNA
1
50 0
1
5 -1 0
1
51 0
1
-3 0 0
1 7 Ma
L JE —2__ ¢
31 3 gt my CoNa
0 1
PAY 51 0
1 ~
50 mAGAlNA/\/3mA1
1
5 -1 0
1
-3 1 0
1 e
30 maGa NaN3Ma,
1
-3 ~1 0

We list the rules for backward scattering which express gq,q gope in terms of the basic coupling
constants defined in table 2 to leading order in s. Conventions are as follows: we choose the c.m.
coordinate system where the initial baryon, b, is in the forward direction. Let A" be the meson
helicity and let A’, X be the final and initial baryon helicities.
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Appendix C
Coupling constants from vector meson dominance and current algebra

We begin by investigating the couplings of the p-meson. The statement of p-vector
meson dominance of the neutral isovector current is [39]:

2

m e
BEY Y14 = —L— — BEHYIIP | AD)), C.1
(P)]M (») mz_*_qz Y (r") i @) (c.1

whereg=p-p'. (BIJ‘([’) |4} is the pAB strong interaction vertex (see table 2). v, is

defined in eq. (A.1d).
Applications:

@ @) iy lap)=e(p + 1)y Frlq?),
where £,(0) = 1. One finds simply using eq. (C.1) that g, = 7,.
(i) P17y 1)) = tie (@) [FY (@) vy + 040 @F3 (@] ulp),

where F) are the isovector form factors. Note that if we denote FP to be the iso-
scalar form factors, then

FP=LF+FY).

Rotating in isospin space,
Fr=3F7 - F)).
From the normalization conditions:
=1, F0)=p, 1,
F3(0)=0,  F3(0)=py
where u is the magnetic moment in units of e/2my, we find:
FY(0)=1,
FY(0)=up —tp — 1.
Therefore, eq. (C.1) implies that

GO = %’Yp ; (C.2a)

G8 = 57p(kp —tin—1) . (C.2b)
Putting in the numbers [u, = 2.79, u, = —1.91], we get:

G =286,

G2 =10.57.

(ii) <p(p'>|fX|A+(p)>=GYNAa(p')[6W— 4y }YSUM(P),

my +nipy
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which defines G,y . We have assumed a Stodolsky-Sakurai [43} form for the decay
A* - py. Computing the width, we obtain:

G? m% — m¥
N _ YUyNA ( A
( PY) A

16mm3
Using I' = 0.71 MeV [28], we get Gyna = 1.43.
Now, we apply eq. (C.1) which leads to:

) m PR g3AL©)

€
G’yNA = — GpNA . (C4)
Yo

We find then that G,na = 27.
We next study the couplings of the A;. Consider the matrix element of the weak
axial vector current between nucleon states:

(p(p") 145 2(0) n(p)?
= @) ivaysgal@®) — axvsfal@lup),

where the momenta are given in parenthesis and ¢ = p — p’. We have dropped the
second class current.

Consider the A contribution to the matrix element. Using the A; NN vertex
given in table 2 and eq. (A.1c), we obtain

, . . 8un + quan/mi .
(p|A>1\+12(0)|p)A1=l\/§ngA1NN[‘_“—mz—”Tl:ll7(p)7#75u(p)~ (C.5)
Ay

Thus, we can immediately identify:
2a(0) =V2faga,NN/MA, - (C.6)
Using the first Weinberg sum rule [eq. (A.3)] leads to

mAlmpgA(O)

V2(fF-mi '

8A{NN = (C.7)

Experimentally, [28], g4 {(0) = 1.2. The values of ga NN for various choices of ma |
are given in table 5.

We next study the matrix element of the axial current between the nucleon and
A states [44]:

e ran 1+i2 !
(B (P)I AL ()i p(p)) (C.8)

= U, (e [b1(@*)8 i + ib2(@)aura + 53(a*)qu(p +px + bal@Dauarl u(@).



458 H.E. Haber, G.L. Kane | The search for the Ay meson

By considering the 7 contribution we find:

(A (YA p(p)n

G
m +N”AZ % (P )qﬂ u(p) q2 faln (C9)

which implies:

G f
b 2y = aNA b '
4(q@”) rintma M2 A (C.10)

Applying the standard PCAC argument of a conserved axial vector current when

2 _
mﬂ’_ ’

auUu @) [by+by(ma—mn) +by(mi—mi) +baq®lu(p)=0,
where g%by = f7Gana /(MmN + m ) from eq. (C.10). If we neglect the b and b3 con-

tributions, we find that:

b,(0) = LA (C.11)

mytmp

We next compute the A; contribution. We note that the dominant contribution
to the A;NA vertex will be:

GaNa Uu(p")8 pu(p) . (C.12)

Therefore,

(A (P43 p(p))a,

Sun + duln/mh,

=G U,(p"Hs . C.13
AlNAfA p(p) uy m%x1+q2 u(p) ( )
This allows us to read off
GaNafa
by(0)= 12 (C.14)
mAl
Using egs. (A.3),(C.11) and (C.14), we get:
mAlmpf‘erﬂNA (C 15)

|G =
ANAET G+ maX( P2 = FEmB)'?

Using the numbers from table 3, we obtain the values of G N4 for various choices
of ma , which are given in table 5.

Fmally, we turn our attention to the A; = pw decay. The A, pm vertex depends
on two coupling constants g and gq. That the standard current algebra result lead



H.E. Haber, G.L. Kane | The search for the A | meson 459

leads to untenable results was well known in 1967. The solution thén obtained was
to remove the constraint that all form factors be unsubtracted dispersion relations.
For example, the results of refs. [26,27] then become:

- mA, M (mzz) mf\l) (C.16)
s T & 4 2 T 2 ) > )
\/ijlfn ma, mp

2mp N2 [ m? mA

=M ) 17
fTr mAl m,D

= Jo (14, (C.18)

2

ngrTT \/5 2

In some models, § is a free parameter [27]. In other models & is fixed; e.g., in ref.
[26] one uses the Weinberg sum rules to obtain & = 1 — 2m;/m3 . In any case,
from eq. (C.18), one has fairly strict limits on what § can be from g, in table 3.
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