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The isospin-forbidden reaction d+d~mo+~He provides a very good test of the validity of charge

symmetry. The forward differential cross section do/dQ is estimated to be =0.12 pbJsr at a
deuteron laboratory energy of 1.95 GeV. The assumed reaction mechanism is virtual g and g' pro-
duction and e g and m rt' mixing.

The reaction d+d~sr + He provides a very good test
of the validity of charge symmetry. It is forbidden by
charge symmetry since it requires M = 1 [I (sr) = 1,
I(d)=I( He)=0]. Therefore, if detected, this reaction
provides a direct signal of charge symmetry breaking in
nuclear interactions. Center of mass upper limits for this
reaction have been set at the Joint Institute for Nuclear
Research (JINR)' (&900 pb/sr at an incident deuteron
laboratory energy of 404 MeV; 1 pb=10 cm ), Berke-
ley ( g 97 pb/sr at 460 MeV), and Saclay ( g 19 pb/sr at
787 MeV). Two proposed experiments expect to
achieve a detection sensitivity of at least 0.1 pb/sr, two or-
ders of magnitude less than the present upper limit. Pre-
liminary results from a recent Saclay experiment indicate
possible new upper limits for this reaction of 1 pb/sr at
800 MeV and 0.5 pb/sr at 1.35 GeV. It is of interest,
then, to estimate the contributions of expected Ed =1
sources in this reaction. In this paper, we demonstrate
that srvisl' mixing predicts a cross section at the 0.1 pb/sr
level, thus raising the possibility of detecting the charge
asymmetric reaction d + d~m + He.

The reaction could proceed by an I=1 admixture in
the ground state of sHe. That is, an I =1 excited state of
He could be connected to the ground state by a charge

asymmetric operator such as the Coulomb interaction.
Experimentally, no 0+ I=1 excited state of He has been
found. A hypothetical I=1 shell model excited state at
-35 MeV introduces an I=1 impurity probability of
~ 1.3X 10 into the He ground state. s Using isospin
projection operators instead of perturbation theory yields
an estimate of 5 X 10 for the probability of an I = 1 im-
purity. Because of the uncertainties in these calculations
due to the unobserved excited 0+ I=1 state, we neglect
the I= 1 impurity in the He ground state in the follow-
ing calculation.

%'e assume m q and m g' mixing as the driving force in
this reaction. %'e envisage the process in Fig. 1, where the
charge symmetric reaction d + d~X+ He produces an q
or q' meson which turns into a m via the LU =1
(m ) H~ ( si) and (sr ( H~ (

si') transition matrix ele-
ments. The calculation of do/dQ is simplified by the re-
cent measurement of d+d~q+ He; the first successful

or
T~=A,vTv+A, v Tv

where T„ is the transition amplitude for d+d~il+ He.
Alternatively, one arrives at the same equation by putting
the sl, sl' propagator of Fig. 1 on the pion mass shell. T„
is related to the differential cross section in the center-of-
mass (c.m. ) system by"

=(phase space)„~ T„~

Q
77

FIG. 1. Particle mixing diagram contributing to the reaction
d+d n +'He

detection of s) production in this reaction. 'o This experi-
mental number obviates the necessity of models for eta
production and the concomitant uncertainties in eta-
nucleon or eta-nucleus coupling constants. Instead, the
reliability of our estimate lies entirely in the credibility of
the magnitude of (no

~
H, ) sl), (no

~
H,

~

ri'), and the
semistrong mixing angle of sl' and g. We regard the latter
to be adequate.

To proceed, we note that g and g' mixing in the physi-
cal sr yields the amplitude

(q[H ~~') (~ ~H
Tn+

m —m " m —m ~
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=0.12+0.05 pb/sr,0
where we have used m„=0.548 GeV, mz ——0.958 GeV,
and m =0.135 GeV.

The key elements in our estimate in Eq. (6}are the tran-
sition matrix elements (i}IH~ In & and (i1'IH~ Im &,

which are difficult to extract cleanly from experimental
measurements. Nevertheless, the latter numbers can be
found in a relatively model-independent way by relating
the strength of quark annihilation diagrams to meson
masses. This calculation was carried out in Ref. 12 and
yielded Eq. (5). The theoretical value (g I H,
=—0.0042 GeV corn.pares mell with the "experimental
value" obtained in Ref. 14 from the decay g~3m,

I
(i1 IH In'& I,„;0.0045+0.0003 GeV'. (7)

A recent independent" estimate from all q —+3m decays,
which incorporates nem data on the q~yy decay width, '

suggests that

I
(q'

I
H

I
~'& I,„,=0.0042+0.0010 Gev', (8)

in even better agreement with Eq. (5). Finally, the value
for (g I Hem I

~'& of Eq (5) p~o~ides a consistent explana-
tion for the decay ratios

Although only Tv is measured, we find Tv most easily

by working in the strange-nonstrange quark basis where

the physical q and q' states are described by

I
g' &

= sing
I iINs & + co»)( I gs &,

(3)

I
n&=co4 InNs& —»nk

I ns& .

Then T„ /T„= tang because T„ is strongly suppressed,

as neither the deuteron nor He contain strange uarks.
Then, at the same c.m. angle, the reaction d+d~n + He
is obtained from Eqs. (1) and (2) to be

~'

(phase space) 2
A,„ do'

A,v 1+ tang
dQ ~ (phase space)„" A,„dQ

(4)

The c.m. cross section (dcrldQ}„was measured'o to be
0 25+0. 10 nb/sr at Hi,b 6, with an incident deuteron ki-
netic energy of 1950 MeV The phase space ratio is sim-

ply the ratio of the c.m. momenta of the no to the iI,
which is 1.27. We will demonstrate below that values of

(q IH I~'&= —0.0042 GeV',

(q IH~ I~'&= —0.0047 GeV'

are predicted theoretically' and are consistent with data.
Then Av/Az-+ —,

' and [I+(Av/Av)tang] in Eq. (4) is
relatively insensitive to the semistrong mixing angle,
which is well understood theoretically' to be near 45'.
We use the phenomenological value /~42' (tang=0. 9), as
in Refs. 12 and 14. This corresponds to a singlet-octet
mixing angle of —13. Then our prediction for the reac-
tion d+d~n + He at the same c.m. angle as the
il-production reaction measurement becomes

R =Kg'~~ )/I (g'~fg)

& = I (Q~q'y)/&(P~gy) .

Another estimate' of these decay ratios yields a slightly
better fit using a value of P (=35.3') which appears too
low. In any event, substitution of the values of Ref. 17
into Eq. (4}yields the same prediction for d+ 1~m +4He

as that of Eq. (6). We regard the consistent description of
four decays as strong evidence for the reliability of
(r} I H, I

n.
& used in Eqs. (4) and (6).

The predicted cross section, however, also depends on
the value of (r}'IH,

I

n. &. Both transition matrix ele-

ments were estimated in Ref. 12 from the quark Hamil-
tonian density H, =HJJ+H,~(A3). The photon ex-
change and quark annihilation contributions to the purely
electromagnetic HJJ were determined by relating them to
meson masses. The calculation was sharpened in Ref. 14
by the observation that the n+-m mass shift sets a model
independent scale for the annihilation contribution to HJJ
(it was only estimated in Ref. 12). These calculations
yield a value of (g'

I H,
I

n & nearly equal to that of
(q I

H
I
ir & [Eq. (5)]. An alternative realization' of

the same scheme incorporates the phenomenological pa-
rameters of quantum-chromodynamics-based, but nonre-
lativistic, constituent quark models to estimate the same
contributions to HJJ. A recent variant'9 of this calcula-
tion finds (r) IH In & similar to that of Eq. (5), but
predicts (il'

I
H

I
n & to be one half the magnitude (and

same sign) as ( g I
H, I

ir &, consistent with the earlier es-

timate. ' The latter prediction appears ruled out by the
recently measured decay of g'-+3m . As this decay in-
cludes both gm and g'm mixing contributions, this ex-
periment provides the first empirical constraint on
(g'

I
H

I
m &. An analysis of this decays' found that the

approximately equal mixing parameters of Eq. (5) yielded
exactly the experimental decay rate. On the other hand, a
value of (g'IH Im & onehalf that of (g IH, I

iro& im-
pliesz' a decay width a factor of 2.5 below the experimen-
tal value.

We close by analyzing an earlier prediction of the reac-
tion d+d~m + He at somewhat lower energies. This
prediction assumed the n to be produced from a charge
asymmetric process NN~NNn. involving h(3, 3) excita-
tion. Then the charge asymmetry comes from a two-
nucleon mechanism involving, for example, photon ex-
change, qg'm mixing, and p co mixing deep inside the
analogous four-point function similar to that of Fig. 1. In
the calculation of Ref. 22, the dominant term due to n q
mixing depends strongly on the coupling gz~, which is
uncertain even to order of magnitude. ' For a large, but
not unreasonable, value of g&N~, the prediction of these
mechanisms lies between 0.1 and 0.01 pb/sr for the deute-
ron laboratory energy in the range 500—700 MeV. The
estimate presented in the present paper is, however, at the
higher energy 1950 MeV, far froin the b(3, 3) resonance,
and where the cross section predictions of Ref. 22 appear
to be negligible.

In this paper we have combined a new measurement of
the charge symmetric reaction d+ d~g+ He with
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theoretical estimates of the M = 1 transitions

(q (H ~n. & and (q'~H, ~m & to predict a c.m. cross
section of about 0.12 pb jsr at 2 GeV for the charge asym-
metric reaction d+d —+n + He. If this reaction is detect-
ed, if I=1 impurities in the He ground state are truly
negligible, and if the production of vt' tnesons is observed
in charge symmetric reactions, then one can turn the
problem around and suggest that these reactions may pro-
vide the cleanest method yet of measuring the transition
matrix elements (q ~H

~

n &, (r)'~H,
~

n&., and the
semistrong mixing angle ((). The structure of Eq. (4)

shows clearly that just the measurement of the reaction
d+ d~m + He alone would yield a ~ood estimate of the
transition matrix element (g ~

H
~

m. &.
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