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ghost admixture.

In a general vein, we remark that coupling sev-
eral matter fields in the conventional way is un-
likely to lead to miraculous cancelations, since
all R ,,” terms obtained so far have the same
sign. Also, if one starts with an original gravi-
tational Lagrangian with R“f terms to absorb
the unrenormalizable AL, these terms will in
turn generate higher powers of R at the one-loop
level (in addition to implying a very unpleasant
higher-order equation for the quantum fields % u,,),
so that a Lagrangian which is a finite polynomial
in the curvature is unlikely to help.®

As for two-loop calculations, they present enor-
mous technical complications. It would be most
important if one could at least discover whether
pure gravity involves terms AL ~Tr[(R,.5")?]
there, since these are presumably a sign of non-
renormalizability.

Detailed results will be published elsewhere.
Note added.—The coupling of fermions to grav-
itation has now been analyzed; the one-loop diver-
gences include a term proportional to (Jy )%

Hence this system is also nonrenormalizable.
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Total cross sections of Ep and ;d have been measured between 360 and 1050 MeV/c,
with high statistical precision. Structures are observed in both cross sections at about
the same momenta. For pp, the central mass is 1932+2 MeV/c?, and a fit to the data
with a simple Breit-Wigner resonance plus background gives I' =974 MeV/c?, The data
suggest that the structures are in the isospin-1 state.

There have been many claims®™*! of narrow
meson resonances with masses in the range 1900
to 2000 MeV/c?; the observed widths varied from
~10 to 200 MeV/c2. However, many other simi-
lar experiments have not observed such reso-
nances and others have directly challenged the
basis of such claims,'?7'® Searches for meson
resonances in this mass region have been made
in missing-mass experiments, multipion mass
spectra, and pp-formation experiments. A re-
view of the subject is given by Diebold,'” where
the conclusion is that no narrow resonances in

this mass region have been confirmed.
Total-cross-section measurements have in
the past been very successful in searching for
new resonances, because even though they are
not intrinsically sensitive, they can be carried
out to a very high statistical accuracy and with
small point-to-point systematic errors. Inan
attempt to clarify the problem of the possible
existence of meson resonances in the mass re-
gion around 1950 MeV/c? we have measured
bp and pd total cross sections using antiprotons
of momenta 360 to 1050 MeV/c (center-of-mass

247



VOLUME 32, NUMBER 5

PHYSICAL REVIEW LETTERS

4 FEBRUARY 1974

total energies between 1910 and 2100 MeV/c?).

The experiment was carried out in a partially
separated beam®® produced from a target in the
slow external beam of the Brookhaven National
Laboratory alternating gradient synchrotron,

It was a standard transmission measurement,
but with special precautions taken to avoid the
problems inherent in such a technique at low
energies; details have been given previously.
In this experiment the incident antiprotons were
identified both by time of flight and with the
Cherenkov counter which counted pions in anti-
coincidence; contamination of the 5 signal was
always negligible. The hydrogen, deuterium,
and vacuum targets were 3 ft long for measure-
ments above 680 MeV/c, but because of the large
momentum loss of the antiprotons in passing
through the targets, they were shortened to a
length of 1 ft for measurements below this mo-
mentum. Some measurements with the longer
targets were made below 680 MeV/c, and the
results were in good agreement with those of
the shorter targets. Because of the antiproton
momentum loss in passing through the targets,
which ranged from 160 MeV/c at the lowest 5d
point to 50 MeV/c at the highest pp point, we
used as the momentum for each measurement
the mean momentum of the particles traversing
the target. The Ap/p of £ 1% of the incident beam
was negligible compared to the momentum loss.

In the data analysis, a quadratic extrapolation
to zero solid angle was made using the five larg-
est counters; these covered a range of maximum
It] (for elastic scattering) of 0.0023 to 0.0094
(GeV/c)?. The statistical accuracy of the total
cross sections obtained for the 3-ft targets was
always better than +0.25%, and for the 1-ft tar-
gets was generally ~+ 1% except for the three
lowest points where it rose to +3%. Four cycles
of hydrogen, deuterium, and evacuated target
were made for each momentum, and many mo-
menta were checked by repeating measurements
at intermediate points in order to ensure the
stability of the apparatus to within the statistical
error.

There were a number of small corrections
that had to be applied to the cross sections (a
full description of how these are derived is given
by Cool et al.?): (i) HD in the deuterium. This
was measured, and a correction of ~+ 0.4% ap-
plied to the deuterium results, (ii) Single Cou-
lomb scattering. The correction was ~- 0.1%,
(iii) Coulomb-nuclear interference. A knowledge
of the real part of the forward-scattering ampli-
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tude is needed, and we have used those obtained
by a reasonable extrapolation of the values given
by S6ding,?' with the assumption that the real
parts for protons and neutrons are equal. The
correction varied between + 2.3% at the lowest
momentum and + 1.2% at the highest.

Considering the possible uncertainties on the
corrections, and in other quantities such as the
mass of hydrogen and deuterium in the targets,
the overall systematic error is estimated to be
about 1%. Relative point-to-point systematic
errors are estimated to be always less than the
statistical errors.

Our results are shown in Fig. 1; in Fig. 2 they
are compared with previous data,??"® where the
agreement is seen to be good. In Fig. 1 we see
that the pp and pd cross sections are smooth ex-
cept for structure at ~475 MeV/c. The smooth
curve shown in Fig. 1 is of the form A + BP,;,"};
other forms such as C +DP_ ,, "' and E + FB !
fit the data above and below the structure regions
almost as well, and such behavior of antiproton
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FIG. 1. Results of this experiment for pp and pd total
cross sections. The solid curves are of the form A
+BPy, !, The dashed curve on the pp data is the result
of the best fit as described in the text.
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cross sections has been observed previously.?%:281
By subtracting this background from the pp data,
the structure is found to be centered at 475+10
MeV/c, or 1932 +2 MeV/c? total energy.

Since the width of the observed structure is
narrow, we have folded in the known momentum
resolution from jonization losses in the target
in determining the resonance parameters for the
structure. We have fitted the pp data from 379
to 1054 MeV/c with a background of the form A
+BP1,, ' and a simple Breit-Wigner resonance
of width of I" and height of 0. For a width of
9 MeV/c? we obtain x2=17 for 21 degrees of
freedom whereas for a zero-width resonance,
x?=30. If the data are fitted only with the back-
ground parameters, the x*is 97 for 22 degrees
of freedom, clearly indicating the significance
of the structure. With this background param-
etrization the parameters of the fit are I' =912
MeV/c?, 0=183% mb for a mass of 1932 MeV/c?.
This gives 0/4mx2 [which is equal to % (J+3)

X elasticity] of 0.1973:92.

From the pp and pd cross sections (0, and 0,)
it is possible to derive the pn cross section (on)
and thus the p-nucleon cross sections in the iso-
spin-0 and -1 states (o, and 0,). We have

0,=30,+30,, (1)
0,=0, (2)
0,=0,+0,~ 00, (3)

where 60 is the Glauber®* 3! shielding correction
given by

60=(r"2) 0,0,/4m, (4)
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FIG. 2. Results of this experiment compared with
previous data. Open circles, Amaldi et al. (Ref. 26);
triangles, Amaldi et al. (Ref. 22); squares, Abrams
et al, (Ref. 27); rectangles, Burrows et al, (Ref, 28);
inverted triangles, miscellaneous (Refs. 23—25 and 29);
closed circles, this experiment.

where (7"?) is the average inverse square separation of the nucleons in the deuteron. Equation (4) has

been modified by Wilkin®? to the form

60=((»"%)/4m{20,0,(1 - p,p,) = 3[0,2(1 - p,2) +0,2(1 - p, 2]}, (5)

where p, and p, are the ratios of the real to
imaginary parts of the forward-scattering am-
plitudes for pp and pn, respectively.

The procedure for obtaining o, and o, has been
described before.” The 0, data are “smeared”
by the Fermi momentum; using this and ¢, (which
naturally contains Fermi motion) and the expres-
sion for 60, we can solve for o, and 0,. The ef-
fect of the Fermi momentum is then unfolded to
derive the final values of o, and o,.

In applying the above analysis in the present
case, there are two problems:

(i) The “smeared” proton cross sections re-
quires knowledge of 0, below our measured val-
ues; using our best estimate of A + BP,, ! caus-

es the smeared cross section to rise sharply be-
low ~400 MeV/c, and at low enough momenta it
becomes larger than the extrapolated deuteron
cross section.

(ii) Substituting Eq. (4) into Eq. (3) and solving
for o,, we find that o, approaches infinity as o,
approaches 47/(7?) [using (7 2)=0.033 mb~?,
this occurs at 0,=380 mb]; a similar problem
occurs using Eq. (5).

We have nevertheless carried out the analysis,
since although the above problems will cause
large uncertainties in the absolute values of o,
and 0,, they should not introduce or remove any
structures. We have tried all combinations of
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the following assumptions for 60: (a) Eq. (5),
with p,=p,=0; (b) Eq. (5) with p,=p,=values used
earlier; (c) Eq. (5) with o, set equal to 0,, to
avoid difficulty (ii); (d) Eq. (4); (e) (» 2)=0.033
mb™% (f) (72 =0.027 mb~* (see Ref. 27).

In all cases structure is observed in o, at ~475
MeV/c, and in some cases structure in 0, also.
Until there is more information on the form of
oo applicable to our case, more knowledge of
p, and p,, and more knowledge of 0, below 350
MeV/c, is is not possible to proceed further in
the isospin analysis.

In summary, we have observed structures in
pp and pd total cross sections at the same mass.
For pp the mass is 1932 (£2) MeV/c?, width 934
MeV/c?, and cross section 18;% mb. These
structures could be one or more meson reso-
nances. In determining their isospin, there are
so many assumptions that it is unclear how mean-
ingful the results are. Nevertheless, it seems
probable that the structure is in the isospin-1
state, but it is not possible at present to rule
out structure in the 7=0 state at the same mass.
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