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Measurement of the Proton-Neutron Elastic-Scattering Polarization from 2 to 6 GeV/c*
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Left-right asymmetries from a deuterium target in a polarized-proton beam were ob-
served with the Argonne National Laboratory effective-mass spectrometer. Results were
obtained for both pp and. pn elastic scattering from -t =0.15 to 1.0 GeV at 2, 8, 4, and
6 GeV/c. For t6-0.6 GeV2 the pn polarization was found to have the same sign as for
pp, but with faster energy dependence, the ratio p(pn)/p(pp) at —t =0.8 GeV falling from
0.78 +0.02 at 2 GeV/c to 0.22 +0.08 at 6 GeV/c.

Polarization effects in the processes

(1)

(2)

are closely related to one another, and together
can be used to separate the I=0 and I= I t-chan-
nel exchange contributions to the spin-flip am-
plitude. Pure I=O exchange, as might be ex-
pected in optical models, ' would result in equal
polarizations for the two reactions. Since the I
=1 exchange amplitudes have opposite signs for
the two reactions, a single-spin-flip amplitude
with pure I= 1 exchange would give mirror sym-
metry, P(pn)= -P(pp), similar to that for m'p

elastic scattering. '
Using the polarized-proton beam' at the zero-

gradient synchrotron (ZGS), we have measured
both P(PP) and P(Pn) at 2, 3, 4, and 5 GeV/c
with typically 400000 events at each energy. This
is the first measurement of the Pn polarization
asymmetry above cyclotron energies. '

The beam was scattered in a 20-in. liquid-deu-
terium target upstream of the Argonne National
Laboratory effective-mass spectrometer. '
spectrometer measured the angle and momentum
of the fast scattered proton, and from this the
square of the recoil missing mass, M„, was cal-
culated. Fermi motion in the target nucleus gen-
erally did not affect the missing-mass resolution
appreciably and a clean signal was obtained, sim-
ilar to that in a previous experiment. '

A eut on M„' from 0.7 to 1.1 GeV' was used at
all momenta to define the sample of interest. The
background in this interval from inelastic reac-
tions was typically 1%. A more important back-
ground was coherent scattering, pd-pd. In the
worst case considered (-t =0.15 GeV'), the co-
herent cross section was about 15'%% of that for
Reaction (1) or (2), but fell rapidly at larger t.

Reactions (1) and (2) were separated by means
of scintillation counters along the sides of the P =v'- t (a+bt+ct2), (3)

target. An event was put into the pp sample if
the counter on the side of the recoiling nucleon
fired; otherwise it was placed in the pn sample.
Events were rejected if the calculated recoil tra-
jectory did not pass through a recoil counter.

The beam polarization was reversed each ZGS
pulse and asymmetries were obtained by compar-
ing scatters from "up" and "down" pulses. This
procedure canceled the effects of any asymme-
tries in the apparatus.

Several small effects caused crosstalk bebveen
the pp and pn samples, resulting in some of the
events being placed in the wrong sample. Con-
tributors to the cross talk included 6 rays, which
caused a few percent of the pn events to fall in
the pp sample, interactions of the recoil nucle-
ons in the target or in a recoil counter (-1%%),
and protons missing the recoil counters (~ 3%%up).

The crosstalk varied between 2 and 15%, depend-
ing on the energy and momentum transfer, and
the systematic uncertainty in the correction led
to an uncertainty of typically + 2% of the differ-
ence P(pp) -P(pn).

Double scattering of the fast polarized proton
from two different nucleons, either in the same
deuteron or in different ones, was observed in
the M„' distribution at the larger values of t.
Since each scatter could contribute to the asym-
metry, such events had a larger asymmetry than
for single scattering. Fortunately, the missing-
mass cut eliminated most of the double scatters
at large t where the effect is important. The cor-
rection to the PP asymmetry at each energy was
~ (3+ 2)%%uc of the maximum asymmetry near —t
=0.25 GeV2. The pn correction was about & of
this.

The beam polarization was determined by fit-
ting our corrected pp asymmetries with the em-
pirical formula
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TABLE I. Polarization asymmetry in percent for pp and pn elastic scattering for 2- to 6-GeV/c incident beam
momentum. Errors shown are statistical only.

2 GeV/c
&(PP) I (P~) I'(PP)

3 GeV/c
P(pn}

4 GeV/c
&(PP)

6 GeV/c
&(PP) &(P&)

0. 15
0. 17
0. 19
Q. ZZ

34. 4+ l. 7
40. 0+ 1.7
36. 7+ l. 8
36. 9+ 1.0

29. 9+ l. 5
Z6. 7+ 1.6
Z8. 2+ l. 7
31.5+ 0. 8

23. 6+ 1.8
Z4. 5+ l. 8
Z8. 6+ l. 9
26, 0+ 1.4

13.8+ 1, 4
12. 7+ 1. 5

13.7+ l. 6
13, 2+ 1, 3

19.0+ l. 6
18. 3+ l. 7
14. 3+ l. 8
18.8+ l. 1

7. 0+ 1. Z

8. 1 + l. 3
7. 3+ 1.4
8. 3+ 0. 8

13.0+ Z. O

11.2+ Z, 1

ll. 5+ Z. 1

10, 2+ 1.0

2, 1 + 1, 5
2. 4+ 1, 5
2. 2+ 1. 6
3. 2+ 0. 8

0. 26
0. 30
0. 34
0. 38

36. 8+ 0. 9
36. 4+ l. 1
34. 5+ 1. 5
30. 3+ Z. 1

Z8. 8+ 0. 8
Z8. 9+ Q. 9
Z6. 6+ l. 3
Z4. 0+ l. 7

Z5. 2+ 1. 3
25. 6+ 1. 1

29. 0+ 1. 1

Z5. 7+ 1. Z

13.4+ l. 1

12.4+ 0. 9
12, 9+ Q. 9
11.3+ 1.0

19.3+ 1. Z

19.0+ l, Z

20, 5+ 1.3
17. 8+ l. 5

9. 7+ Q. 9
9, 2+ 0. 9
9„5+Q. 9
8. 6+ 1. 1

12. 3+ l. 1

13. 1+ j. ~ 2
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13.9+ 1. 5

3. 0 + 0. 8
3. 3+ 0. 9
3. 3 * 1, 0
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0. 45
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31.1+ 1.7
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17.5+ 3. 3
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12. 6+ 2. 6
10. Z+ 5. 6
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17.9+ 1.8
13.8+ Z. 6

ll. 7+ 0. 7
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3.8+ 1.3
1, 0+ 1.8

17.2+ l. Z

15. 1+ l. 6
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ll. 9+ 3. 0

8. 3+ 0. 8
5. 8+ 1. 1
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11.8+ 1. 1
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13.7+ 3, 3 -Q. 2+ Z. 3
6. 1 + 7. 1 -10. 1 + 3. 9
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ZZ. 8 +ll. 4

-6.4+ 1.6
-5. 3+ Z. 4

2, 2 + 3. 9
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and comparing the results at —t =0.3 GeV' with
those from previous experiments. ' The average
beam polarization was found to be 0.70, with a
fractional uncertainty of + 6%, our largest sys-
tematic uncertainty.

The polarization asymmetries from this experi-
ment are shown in Table I and Fig. 1. As in pre-
vious experiments, "there are no apparent sys-
tematic biases from the use of a deuterium tar-
get instead of a free-nucleon target. In particu-
lar, the t dependence of the pp asymmetry agreed
well with previous experiments, while the value
of the observed pp asymmetry gave a beam po-
larization in good agreement with that expected
from other measurements. '

Both the pp and pn polarizations show a broad
positive maximum near —t = 0.2'5 GeV . As was
known from previous experiments, ' the pp max-
imum falls roughly as 0.75/p, where p is the
beam momentum in GeV/c. The pn maximum
drops much faster, falling from 0.30+ 0.02 at 2
GeV/c to 0.032 + 0.005 at 6 GeV/c. Being neither
equal nor mirror symmetric, the polarizations
require both I=0 and I= 1 exchanges in the sin-
gle- spin-flip amplitude.

Since there are five independent amplitudes for
elastic nucleon-nucleon scattering, we are far
from having a complete set of measurements for
amplitude analysis. In spite of this, the present
results can be combined with the differential

(4)

P
d

= 2Im(NO N2)*Re. -do'
(5)
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FIG. 1. Polarization asymmetries for pp and pn elas-
tic scattering at four incident momenta. The errors
are statistical only and do not include the +6% scale un-
certainty from the beam polarization. Fits to the data
from 0.15 to 1.0 GeV2 using Eq. (8) are shown as bands
(+ 1 standard deviation) .

cross sections to yield information on the single-
spin-flip amplitude. Following Halzen and Thom-
as' we write
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Note that Eq. (5) depends only on the amplitudes
Ko, X„and N„all with natural-parity exchange
in the t channel. Near the forward direction the
diffractive spin-nonf lip amplitude Ko dominates,
and Idol = (drr/dt)'". The polarization then gives
the component of the single-spin-flip amplitude
orthogonal to N, in the complex plane, X»
= y P (do/dt)'"

Assuming that N, is dominated by I= 0 exchange
(diffraction), the I=0 and I= I contributions to
the single-spin-flip amplitude can be separated
as

Z„(I=0)

O. I 5
I.O—:0.30

0.45

0.65

O.I—

(0)

—O.I5

030
0.45

:0.65

l ll! I I I l II/
2 4 6 I 2 4 6

p (Gev/c j

= ~ ([&(do /dt)'"] + [X(do/dt)'"] } (6)

X„(I= I)
= 4 ([P(dfJ/dt)'"] —[P(do/dt)'"] ] . (7)

These relations were evaluated using pp dif-
ferential cross sections at 8, 4, and 6 GeV/c
from a previous experiment with the same spec-
trometer, ' while those at 2 GeV/c were taken
from Albrow et a/. ' The pn differential cross
sections are known' to have a shape similar to
those for pp and were estimated by multiplying
the PP values by the ratio suggested by the opti-
cal theorem, [o „,(pn)/o«, (pp)]'. Typical re-
sults are shown in Fig. 2(a).

The energy dependence of X» was studied by
fitting 8-, 4-, and 6-GeV/c results with

I I I I
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FIG. 2. (a) Momentum dependence of the I=0 and I
=1 exchange contributions to the single-spin-flip am-
plitude at the -t values (GeV2) indicated. The lines
are the results of fits by Eq. (8) from 8 to 6 GeV/c.
(b) Power-law dependence of the I=O and I=1 exchange
components as functions of momentum transfer, from
the fits in (a). In addition to the statistical errors
shown, there is a systematic uncertainty in aef f of
+0.12. The straight line shows the energy dependence
expected from Hegge-pole exchange with aef f 0.5+ t.

(xP jeff (8)

A sample of these fits is shown in Fig. 2(a). In
spite of the low energy, the fits extrapolate well
to the 2-GeV/c data. The I= I values for agff
shown in Fig. 2(b) are consistent with the trajec-
tory expected for p and A, Regge-pole exchange,
cv ff 0.5 + t. In contrast, the I= 0 amplitude has
a much steeper energy dependence, giving a typ-
ical value of e,ff = —0.6 at -t=0.3 GeV'. This
poses a problem for Regge models which would
again expect n, ff = 0.5+t for cu and f exchange.
One way to explain the I=0 spin-flip amplitude
would be as the difference of two components
having different energy dependences, for exam-
ple, v (or f) and Pomeron exchanges. "
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In view of the possible observation at SPEAR of events which could be interpreted as
the production of charmed mesons followed by decays into purely leptonic chA»els, we
suggest the possibility that the stable charmed mesons may be vectors rather than pseu-
doscalars. Estimates of decay rates and branching ratios are given in this case.

It has been generally assumed that the lowest-
lying charmed mesons' are the pseudoscalar me-
sons: D+ (cZ), D' (cu), S+ (cs), and their anti-
particles. These particles would then be the only
weakly decaying charmed mesons, while the cor-
responding vector mesons, D*+, D*', S*, would
decay either by pion or by y emission into the
pseudoscalars.

In this note we will discuss possible conse-
quences of the alternative possibility that the low-
est-lying mesonic charmed states, i.e. , those
which are stable except for weak decays, are the
vector particles. The main motivation for this
discussion arises from the possible observation2
at SPEAR of events of the kind

e'e -e' + p, '+undetected neutrals,

which could be interpreted as the production of a
pair of charmed mesons which subsequently un-
dergo a purely leptonic decay:

e+e -C'C -e'v, +p, v„or e v, + p,'v„(2).
This interpretation would only be possible if C'

are vector particles (V). Purely leptonic decays
of pseudoscalar mesons (PS) are strongly sup-
pressed by helicity selection rules. This is par-
ticularly true for the electron mode, which is
smaller by a factor (m, /m &) = 2.3&& 10"5 than the

muon mode which is itself suppressed.
The expectation that M(charmed V) & M (charmed

PS) is not a firm prediction of the charm scheme.
Broken SU(8) mass formulas" 4 indicate that mass
differences between corresponding V and PS me-
sons are very small, of the order of 100 MeV.
This is a small fraction of the scale of SU(4)
breaking, so that first-order mass formulas can-
not be relied upon to predict the order of levels.

In fact it will be very difficult to settle the issue
of V-PS splittings solely on theoretical grounds.
Current ideas on the dynamics of quark-antiquark
systems indicate that the forces involved can be
roughly divided into two components. ' At short
distances, according to the asymptotic-freedom
idea, these forces should be dominated by Cou-
lomb-like exchange of massless colored gluons.
At larger distances, the Coulomb law should be
modified to give rise to quark confinement. The
short-distance component gives rise' to a small
hyperfine splitting which raises vector states
[e.g. , M(S*) —M(S) = 80 MeV]. The nature of the
long-range part of the force is, however, much
less well understood. It is quite possible that
this part contains, in addition to large spin-inde-
pendent terms, a certain amount of tensor force. '
Tensor forces cause a mixing between I.=0 and
I.=2 triplet states, which lowers the mass of the
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