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Elastic Electron-Deuteron Scattering at High Momentum Transfer*
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We show that a careful conventional treatment of exchange currents in the calculation
of the deuteron form factor [0 ~ q2 ~ 8 (GeV/c)2] is not in contradiction with experiment.
It rather shows an overall good agreement. We propose measurements of the deuteron
form factor at momentum transfer much higher than q —= 100 fm in order to obtain val-
uable information on the neutron form factor.

Very recently the elastic electron-deuteron
scattering cross section has been measured at
high momentum transfer with a very surprising
result. ' The comparison with the few available
calculations in this momentum range seems to in-
dicate that a conventional meson-exchange treat-
ment of the deuteron form factor (FF) at high mo-
mentum q is orders of magnitude off. Obviously
the "flattening out" of the deuteron FF as has
been predicted' 4 does not occur, at least not in
the region of present experiments. The manifes-
tation of these results mould be very surprising
as we know that the discrepancies between exper-
iment and impulse approximation in thermal n-p
capture"' as well as in electrodisintegr3tion of
the deuteron at threshold7 can be removed com-
pletely by inclusion of meson-exchange currents.

Regarding the present theoretical investiga-
tions" the authors of Ref. 1 were led to the con-
clusion that at high momentum transfer there
should be no exchange currents. They pointed
out that the present experimental findings could
be rather interpreted as evidence of the deuteron

being a six-quark bound state.
In the present note we report on our calcula-

tions of the deuteron FF which show that such
conclusions are premature. It actually turns out
that the resolution of the apparent discrepancy of
orders of magnitude is a rather simple one. As
already noted in Ref. 1 the pry coupling is now
measured' to be about a factor 3 smaller than the
one used by Chemtob, Moniz, and Rho. ' This
leads to an overall decrease of the pay contribu-
tion as compared to that in Ref. 2. Another more
crucial point is the neglect of meson-nucleon
FF's in all previous morks. %e realize that the
electron transfers a high momentum to the me-
sons or the nucleon-antinucleon pair (Figs. 1 and
2). From this it is obvious that one has to use
momentum-dependent photon-nucleon and photon-
meson couplings. This is well known and has al-
so been considered in the standard meson-ex-
change calculations of the deuteron FF. How-
ever, throughout it has been disregarded that the
mesons couple with a high momentum to the nu-
cleons too, so one has to consider momentum-
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FIG. 1. Nucleon-antinucleon pair contributions to 7t. ,
p, (d exchange effects. The shaded circles indicate the
form factors to be included in the calculation.

dependent meson-nucleon couplings. The use of
form factors for the meson-nucleon vertices as
well should decrease the contribution of the ex-
change currents at high momentum transfer and
should forbid a flattening out of the deuteron FF.
Another important fact in discussing meson-ex-
change contributions is related to the choice of
the neutron FF since it is not known. There are
several possibilities. Moreover in previous cal-
culations the exchange currents have been calcu-
lated only partially. While Jackson, Lande, and
Riska' have taken into account only pion-exchange
processes for q2& 35 fm ', Chemtob, Moniz, and
Rho' consider only pry and ovy contributions and
Blankenbecler and Gunion' only p exchange. A
complete analysis including all established proc-
esses has not been done, In the present note we
give our results of a conventional exchange-cur-
rent calculation for the deuteron FF where we in-
clude all established exchange currents (Figs. 1
and 2). The treatment is conventional insofar as
we do not consider relativistic effects" or bary-
on-resonance" admixtures to the deuteron. In
any case it will be interesting to see how well
such a treatment compares with experiment.

The main points of our calculation can be sum-
marized as follows: (i) Exchange currents of m,

p, v, pry (Figs. 1 and 2) are included (finite de-
cay width of p meson is also taken into account).
(ii) Two types of photon-nucleon FF are used:
(a) empirical dipole fit and (b) lachello, Jackson,
and Lande FF." The pry vertex FF is taken from
Ref. 3 but corrected for the now-measured decay
width. ' (iii) The pion-nucleon FF is taken from
Schmit" in the monopole form. The p and co me-
son-nucleon FF's are taken from Ref. 12 in the
dipole form. For zero decay width of the p me-
son a simple monopole form is assumed.

In our notation the elastic electron-scattering

FIG. 2. Diagrammatic representation of the p71 y ex-
change contributions. The shaded circles indicate the
form factors to be included. The finite width of the p
meson is indicated. The effect of the nonvanishing de-
cay width is given in Fig. 4.

cross section is given by

do der F~'(q') + 1+2tan-, E„'(q'),8 q

Mat t— 6~~ N

with

E~, F@, and F~ denote the charge, quadrupole,
and magnetic form factors, respectively. To
compare with experiment' F~ can be neglected.

Our results for the form factor F~' a,re given
for two ranges of momentum transfer: in Fig. 3
for 0 & q'& 60 fm ' and in Fig. 4 for 50 fm ' & q'
~ 200 fm '. The results presented in both dia-
grams are obtained by the use of deuteron wave
functions derived from the Reid soft-core poten-
tial. We calculated F~'(q') also for Hamada-
Johnston and supersoft-core wave functions. The
results are very similar. For high momentum
transfer (Fig. 4) we show also the effect of a non-
vanishing p-meson decay width. We realize that
this is a non-negligible effect.

Already at low momentum transfer we realize
the limits of the calculations due to the freedom
in the choice of the photon-nucleon FF. Although
the meson-exchange contributions are almost the
same for both photon-nucleon FF's we note that
in the momentum ra, nge q'= 40-50 fm ' it is al-
ready difficult to disentangle the two effects. The
only region where meson-exchange contributions
are not masked by the freedom in the choice of
the FF's is for 20 fm"'~ q'& 40 fm '. The ap-
parent discrepancy between experiment and the-
ory at q - 20 fm arises probably from the
charge FF I F~ I which has a minimum there.
Here the baryon-resonance admixtures might be
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FIG. 3. Electron-deuteron form factor for low mo-
mentum transfer. The deuteron is decribed by a acid
soft-core wave function. Curves are given for two types
of nucleon form factors: empirical-dipole fit and form-
factor fit by Iachello, Jackson, and Land4 (IJL). The
unmodified impulse approximation gives the curves la-
beled IMP; inclusion of exchange gives those labeled
IMP + EXC. The low-momentum data (crossed circles)
are taken from Elias et al ., Ref. 14.

important as they will shift the minimum. "
For high momentum transfer the situation

changes considerably (Fig. 4). Here already the
impulse approximations show considerable dif-
ferences. This is mostly due to the minimum in
the FF of Iachello, Jackson, and Lande (IJL).
The IJL impulse approximation is in strong dis-
agreement with the present experiment. The em-
pirical dipole fit is very close to the experimen-
tal result as noted also in Ref. 1. Looking at the
form factor E~'(q') with exchange-current con-
tributions, we realize that I'~' calculated with
the IJL form factor is very close to the impulse
approximation calculated with the eDlpirical di-
pole FF. I ~' with exchange currents for the em-
pirical dipole FF gives results a bit larger than
the one obtained with IJL up to momentum trans-
fer q 100 fm . It seems to us tha, t this range
of momentum transfer is not very promising for
obtaining inforDlation on the neutron FF since
different effects mask each other. The compari-
son of our results with experimental data shows
interesting features. We emphasize that a more
realistic treatment of exchange currents is well

FIG. 4. Electron-deuteron form factor for high mo-
mentum transfer. The deuteron is described by a acid
soft-core wave function. Labeling of curves is as in
Fig. 3.

able to agree with experiment. From the present
comparison one would rather expect to obtain
some information on the neutron FF at higher
momentum transfer. For this purpose we calcu-
lated the deuteron FF up to q'=2PP fm '. Here
we realize a dramatic change in the deuteron FF.
A very interesting point, however, is that the to-
tal deuteron form factor E~'(q') is very different
for different neutron FF's. In the present case
the large difference arises from the fact that the
IJL form factor has a minimum at about q'- 80
fm ' while the dipole FF does not. So the IJL
form factor changes sign and thus leads to very
different results for the total form factor Ez'(q'),
as compared to the dipole case. This actually re-
sults from the fact that not all exchange contribu-
tions depend on the isoscalar nucleon FF, so
while some contributions add in the IJL case,
they subtract in the dipole case. For this reason
it seems to us that the range of interest for the
deuteron FF is above q'-100 fm '. In this re-
gion one can hope to obtain valuable information
on the neutron FF.

In conclusion we note an overall good agree-
ment of our deuteron FF (including exchange cur-
rents) with present experiments.
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with whom we started a similar treatment of He'.
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Experimental Measurement of KLo ~ p+ p *
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Using a spark-chamber magnet spectrometer and applying very stringent requirements
to eliminate background contamination, we find three events of the rare process K&0—p, +p

corresponding to a branching ratio relative to &I, 7t+& of 4.2+25'6&& 10 6. Using the branch-
ing ratio (Kzo —r+n )/(Kz, o all) =0.21%, we calculate the branching ratio to be 8.8+'05 7x 10 ~

(90% confidence level) for the Ki ILL+@ decay.

The rate for the decay K~ - p, 'p. has been in
question for several years. Since the rate for
K~'- yy is known, ' a straightforward calculation
results in a lower bound of 4.3 x10 ' for the
branching ratio for the 2p. process." Clark et
al."searched for the 2p, decay and reported'
at a 90%%up confidence level an experimental upper
bound of 3.3 X10 ', significantly below this lower
limit. Carithers et at."found nine events cor-
responding to a branching ratio of 12",&&10 ' in
clear disagreement with the first experiment. A

third experiment is necessary to resolve this ex-
perimental discrepancy

This experiment was performed in a 250- p. sr
solid angle neutral beam at the Brookhaven Na-
tional Laboratory alternating-gradient synchro-
tron (see Fig. 1). The external proton beam
(-10"protons/pulse) incident upon an Ir target
yielded -10' K~' decays per pulse in the decay
region. Charged particles and y rays were re-
moved by a sweeping magnet preceded by 10 ra-
diation lengths of Pb. The spectrometer consist-

ed of 22 spark chamber planes (eight planes had
magnetostrictive readout; all others used capaci-
tive readout'); a magnet (46 cm&&46 cmx183 cm
wide gap; field integral 209 MeV/c); and trigger
counters (UHL, UHB, and the downstream hodo-
~~ope banks). The downstream banks, separated
by 173 cm, were used to impose the "picket-
fence" requirements (PFB,PFL) that only down-
stream tracks with projected angles in the x-z
plane less than + 44 mrad with respect to the
beam line be accepted.

To suppress potential neutron-related back-
grounds the neutral beam was in vacuum from
the sweeping collimator to the downstream end
of the decay region and was dumped into a re-en-
trant cavity downstream of the muon detector.
All counters and absorbers were placed outside
the beam.

There were two types of triggers: (1) a sixfold
coincidence, two-track trigger from which the
normalization K, „events were obtained (2T—= UHB
~ UHL ~ PFB ~ PFL), and (2) a tenfold coincidence
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