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This result is more than 5 orders of magnitude
lower than the previously available limit' of 3
@10 "e cm which was obtained from a preces-
sion experiment on free protons. An improved
version of this experiment is now being. designed,
and we expect to be able to increase the sensitiv-
ity by a further factor of at least 100. A more
detailed description of the molecular-beam and
on-line computer techniques used in this experi-
ment will be published elsewhere.
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The differential cross sections for the elastic scattering of negative pions by deuter-
ons have been measured for 2.01-, 3.77-, and 5.53-GeV/c' incident pion momenta, over
an interval of the squared four-momentum transfer from -0.25 (GeV/c)~ to --1.0 (QeV/
c)2. The results are consistent with calculations based on a Qlauber model of the scat-
tering process.

We have measured the differential cross sec-
tion for elastic scattering of negative pions from
deuterons at 2.01, 3.77, and 5.53 GeV/c Our.
preliminary data at 3.77 GeV/c have already
been presented. ' Other differential cross-sec-
tion measurements of high-energy scattering
from deuterium have been made in the past. '

Measurements of md elastic scattering test var-
ious multiple-scattering theories such as the
Glauber formalism or Regge-pole models. Our
measurements were performed in the four-mo-
mentum transfer region which, in the context of
the Glauber model, is sensitive to both single and
double scattering in the deuteron. The data are
consistent with calculations based on the Glauber
model using a deuteron wave function with a 7% D
state and no variation of the phase of the ~N scat-
tering amplitude with scattering angle.

The experiment was performed in the 17 beam
of the zero-gradient synchrotron of the Argonne
National Laboratory. The beam transport system

determined the momentum of the pions to +1%
and brought the beam to a final focus on a 2.31-
in. -long 1iquid-deuterium target. The beam in-
tensity varied from (3 to 7)x 10' pions/pulse de-
pending on the beam momentum, with a pulse
repetition rate of 1000 pulses/h. The beam angu-
lar divergence was +5 mrad horizontally and +3
mrad vertica11y. ' The experimental apparatus
used to detect the elastic events is shown in Fig.
I. The pion beam was counted by a series of
scintillation counters labeled S„S„S3,and S4.
Counters 8, and 8, are not shown in the figure and
are located near the first focus of the 17' beam.
The beam size was defined by S„a~3-in. & ~e-in.
counter.

Elastic events were detected in a double-arm
spectrometer consisting of the two bending mag-
nets M1 and M2 and scintillation counter arrays
A, &, and D. Each of the A and j3 arrays con-
sisted of 16 elements; the D array consisted of
30 elements. The dimensions for the A, 8, and
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FIG. 1. Plan view of apparatus. A typical event dis-
tribution is plotted above the D array.

D elements are shown on Fig. 1. Negative parti-
cles traversed Ml and were detected by corre-
sponding pairs of the A. and B elements. The
width of an A. array element determined the scat-
tering-angle acceptance for each data point. The
presence of 16 elements allowed 16 simultaneous
differential cross sections to be measured. A

single scintillation counter G behind the A array
determined the azimuthal angular acceptance.
The recoil deuterons traversed M2 and were de-
tected by the D array. The use of magnet M2

eliminates any possible contamination from the
process nd- ed*, where d* denotes an np system
with low relative kinetic energy. The protons as-
sociated with d* production have approximately
& the momentum of the elastic deuteron and are
therefore swept away by the magnet. The Vl and
V2 counters were used to veto particles which did
not satisfy the angular restrictions of nd elastic-
scattering kinematics. The V3 counter was used
as an additional anticoincidence counter to veto
beam pions that did not interact in the target.
Events satisfying the following electronic coinci-
dence requirements were selected and stored in

a multichannel analyzer: (a) a count in beam
counters (S,S,S,S,), (b) no count in veto counters
(V,V, Vx), (c) a count in corresponding A and B
counters in coincidence with a count in any of the
D counters, and (d) a count in G. These events
were sorted into 16 different groups correspond-
ing to the 16 AB pairs. For each pair the distri-
bution of events along the D array was obtained.
A typical distribution of events is sketched above
the D array in Fig. l. In each of the 16 separate
distributions, the elastic-scattering events ap-
peared as a peak above a background. The elas-

tic peaks appeared in the locations predicted by

a Monte Carlo simulation of the experiment.
The background under the elastic peaks in each

of the 16 separate distributions was obtained from
a combination of the following information: (1)
the distribution of events on either side of the
elastic peak and (2) the distribution of events ob-
tained from scattering in carbon and in an empty
target. The background determined in this way

was found to vary from 5 to 20% of the elastic-
event rate depending on angle and was typically
10%. One of the principal factors for this low

background level was the stringent timing re-
quirements placed upon the D counter signals.
The recoil deuteron momentum varied from 500
to 1300 MeV/c over the angular range covered so
that the elastically scattered deuterons had flight
times over the 90-in. flight path at least 4 nsec
longer than protons of the same momentum and
6 nsec longer than particles traveling at the
speed of light. By variations in the time-of-flight
requirements on the deuteron array the back-
ground was determined to be almost exclusively
protons in coincidence with the beam.

The differential cross section is given by the
formula

do/dt =E/N N At,

where E is the number of events, N~ is the num-
ber of incident pions, Nd is the number/cm' of
target deuterons, and 4t is the interval of the
squared four-momentum transfer associated with
the instrumental solid angle. The number of
events was determined from the counts in the
elastic peak, with the appropriate background
subtraction. The number of beam pions was de-
termined from the number of beam counts,
S,S,SxS,. The number of deuterons/cm' was de-
termined from a knowledge of the length of the
target and the known density of liquid deuterium
at a vapor pressure of 1 atm, pD

—-0.1625+0.002
gm/cmx. ' The solid angle was determined by a
Monte Carlo computer program and checked by
a hand calculation.

Corrections were applied to the data for muon
and electron contamination of the pion beam, for
decay of the scattered pion, for electronic dead-
time effects due to ~1, V2, and V3, and for ab-
sorption of particles in scintillators, liquid deu-
terium, and other material. Typical corrections
due to these effects varied from 15 to 30 /0, de-
pending on incident momentum and scattering
angle.
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Table I. xd elastic scattering.

Stat l st ical -t de/dt
2 error 2 2

(GeV/c) pb/ (GeV/c) i1b/ {QeV/c) 2 (GeV/c) gb/ (GeV/c)

Statistical Stati stical
error 2 error

b/(QeV/c) 2 (GeV/c) pb/(GeV/c) iib/ (QeV/c) 2

0. 262

p. 296

0.331

0.369

o. 4o7

o.447

0.489

0, 532

o.546

0.590

o.635

o.683

0.730

o.778

o.828

o.878

2. 01 GeV/c

514.9

254. 5

126.3

72 9

53, 2

52. p

45. 5

55.8

49.7

43.4

37.9

30.9

30.2

24. o

21.0

20. 4

9.8

6.7

4. 9

4. o

3.9

3.8

3.6

3.7

3.5

3.3

3. 1

2.9

2.8

2.6

2.4

o. 282

0.316

0, 352

0.389

0.428

0.469

0.511

o.555

o.6oo

0.647

0.695

o.743

o.794

o.847

0.898

3.77 GeV/c

248. 7

154.5

81.5

49.5

39.2

26.3

20, 5

20. 1

19.7

21.6

19. 1

14.65

13.57

11.35

8.78

5.0

3.9

2.8

2.2

1.9

1.5

1.3

1.4

1.3

1.2

0.93

o.87

0. 75

o.67

0.291

o.342

o.397

o.456

0.518

o. 584

o.654

o. 728

o. 8o4

o. 884

0.967

1.053

1.141

l. 232

5. 53 GeV/c

2o4. 8

94.0

46. 6

28.8

22. 2

16.9

13.8

13.6

11.30

8.31

5.57

4. lo

2. 51

2. 76

5.6

3.7

2.6

2. p

1.6

1.4

1.2

0.96

0.81

o. 65

o. 55

0.43

o.43

An overall check of the system was provided by filling the target with liquid hydrogen and measuring
the m p elastic differential cross section at several momenta. These measurements are in agreement
with published g p measurements. '

The gd differential cross sections for the three momenta are listed in Table I and are plotted in Fig.
2. The errors are statistical errors associated with event counts only. In addition to this point-to-
point error, there is an overall uncertainty of +7%%d to be associated uniformly with all data points.

The Glauber high-energy approximation' gives the amplitudes for the scattering of pions from deu-
terons as

(m'I+„(q)lm) = [f (q)+f (q)]S, (-'q)+ fS f (-',q+q') f (-',q-q')d'q'

with

S...(q) = S.(q)+(8v/5)'"S, (q)y. ..(q),

Sg, g(q) =So(q)-(2&/5)"'S, (q) y'. ..(q) = S .. .(q),

S, o(q) = z (8m/15) ~~2S2 (q) y'2, *(q) = -S
~ o(q),

Sz, (q) = -(12@/5)~"S2(q)F2,~(q),

q =q/lql, s, =s
m pPR m

where f„and fp are the pion-neutron and pion-
proton elastic-scattering amplitudes, respective-
ly, k is the momentum, and q is the three-mo-
mentum transfer in the pion-deuteron c.m. sys-
tem. The m and m' are the initial and final pro-

! jections of the deuteron spin, the YI, m are the
spherical harmonics, and the S,(q) and S2(q) are
the spherical and quadrupole form factors of the
deuteron given by

S,(q) = f [u'(r)+w'(r) jj0(qr)dr,

S,(q) = 1 [2u(r)w(r) — w(r) v/2 ]j,(qr)dr

with j, and j, the spherical Bessel functions and
u(r)/r and w(r)/r the radial parts of the S and D
waves of the deuteron wave function.

The differential cross section for elastic scat-
tering without observing the deuteron polariza-
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FIG. 2. Differential cross sections for 2.01, 3.77, and

5.53 GeV/c. The 2.01- and 3.77-6eV/c points have

been multiplied by factors of 4 and 2, respectively, for
the purpose of illustration. The error bars are statis-
tical and do not reflect an overall + 7% uncertainty ap-
plied uniformly to all points. The solid curves are the
result of theoretical calculations based on the Glauber
model. The curves are discussed in the text.

tion' is

dv m1
l(m'IF (q)lm&l'.

dt 023 d

N=n or P, t=-q',

where 0~ is the total pion-nucleon cross section,
aN(t) is the ratio of real part to the imaginary
part of the amplitude, and A~ is the slope of an
exponential fit to the pion-nucleon differential
cross sections. For m n parameters me have
used m+P parameters since they are equal by
charge symmetry.

The solid curves in Fig. 2 are the results of a
calculation with apt) = a)V(Q) and the double-
charge-exchange correction noted by Wilkin. "
The values of op and o~ were obtained from Cart-
er et al."and Citron et al. ,

"ap(0) and a„(0)
from Lasinski, Levi Setti, and Predazzi, "and

The pion-nucleon amplitudes in the forward di-
rection may be represented by

kv f1+a '(0))"'
f (g)= [i+a (t)j(, ] )~ exp(2A~f),

Ap and A~ from Barashenkov. " Form factors
mere obtained from the Hamada- Johnston deuter-
on wave function. " There are no free parame-
ters in the theoretical calculations.

At 2.01 and 5.53 GeV/c our data are seen to be
in good agreement with the calculation described
above. At 3.77 GeV/c a 3.5% increase in A„and
Ap (consistent with the probable errors in these
parameters) gives good agreement except for
0.45~ ~t~ - 0.65. The energy dependence of the
double-scattering shoulder is in reasonable
agreement with the Glauber model. A Hegge-
pole-dominance model' suggests a larger energy
dependence of the secondary scattering shoulder
than the Glauber model.

As previously stated, the calculations were
made with a~(t) =a)V(0) Ph. ase-shift analyses"
below 1.7 GeV/c indicate that the variation of
a)V(t) is small except near a dip in the pion-nu-
cleon differential cross section, near ~t~ =0.8.
Our data are also consistent with this type of
variation in a)V(t).
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p. :e RATIO IN q - w l+l AND X -g l+l AS A TEST OF ELECTROMAGNETIC C NONINVARIANCE
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If the decays p —rol+l occur via a C-nonconserving (isovector) electromagnetic in-
teraction, the ratio I'{p~ m' e+e )/I'(qo- ~~p+p ) should be 3.3. Similarly, if the de-
cays X —p l l are induced by a C-nonconserving {isoscalar) interaction, the ratio
I'(X —7)~e+e )/I'(X -2)0)2+)2 ) should be 2.9.

In connection with the hypothesis that the electromagnetic current of the hadrons contains a part that
is even under charge conjugation, ' one decay that has received attention is go- m e e .' If the C-even
current E& has an isovector component, the decay can proceed with an amplitude of order e, since a
one-photon intermediate state is possible. However, several factors can contribute to a suppression
of the gmy vertex, and no reliable guide as to the "radius" of this vertex is available, rendering diffi-
cult an estimate of the decay rate. Indeed, it is possible that the rate from one-photon exchange is de-
pressed to an extent that it becomes comparable with the rate expected on the basis of the C-conserv-
ing, two-photon-exchange mechanism, for which the amplitude is of order e'. In view of the possibil-
ity that the decay g —m e e will be detected in future experiments, it is desirable to have a simple
criterion for interpreting the observations.

We wish to point out that one such criterion is provided by the ratio of the decay rates of g - m e+e
and g -m'p+p, . In the case where the decays proceed via one-photon exchange, it is possible to pre-
dict the ratio e:p, uniquely, without needing to know the "radius" of the @my vertex. Defining

(v ~K (0)~ g )=(e/6)(r )q [P +$q ],

where q =p&-ps and P =p&+ps (p& and p„being the four-momenta of r) and m), the invariant amplitude
for rP-v'l+/ is (using current conservation and the Dirac equation)

SR =
2 e (r') u (l)p' u (f )

(l and l are momenta of l and l ). This leads to the differential decay rate

gZ' 2r (M )(E )2~2/ 4M2

dE 27 ' '
7 (M 3(M' J7( M'7M -2 M) EM'+M 2ME)'-

n 'r 7r n

where E is the pion energy, and Ml, M„, and M& are the respective masses of the lepton, n, and q'. '
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