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Energy Dependence of the Form Factor in K,s+ Decay~

R. L. IMLAv, P. T. EscHsTRUTH, A. D. FRANKLIN, E. B. HUGHEs, AND D. H. READING

Princeton University, Princeton, Rem Jersey

AND

D. R. BOWKNOT A. K. MANN, AND W. K. MCFARLANE

Physics Departraertt, Vrtzversvty of Pertmsytvartia, Philadelphia, Pelnsytvaaia

(Received 5 April 1967)

In a spark chamber and counter experiment at the Princeton-Pennsylvania Accelerator we have in-
vestigated the decay E+ —+ e++~'+I . A Dalitz plot of 1393 E.3+ events agrees well with vector coupling.
The 7r energy spectrum was investigated to determine the energy dependence of the strong-interaction
form factor f+ which is a function of q2=3fzP+7d ' 27'rrE fo—r E+'decays at rest. For a linear expansion
f+(q') = f+(0)(1+Xq~/M '), we obtain X=0.016&0.016, which agrees well with previous measurements
of ) for E,3+. Assuming the interaction is dominated by a J=1,I=—,

' intermediate state of mass M, such
as the E" resonance at 890 MeV, we obtain 31= (1180 ~Br+") MeV. This result is consistent with E* domi-
nance but also with no energy dependence for f+. The value of X for E,a+ obtained in this experiment agrees
with the weighted mean value (V)=0.010&0.018 obtained from four E,s' experiments and thus offers no
evidence for violation of the leptonic inly = -', rule.

obtained under the assumption that all form factors
have the same energy dependence. Similar limits' from
E.s+ also have been obtained under the assumption of
constant form factors.

Recently, attention has turned to a closer examina-
tion of the two strong interaction form factors involved
in E,3 and E„3decays. The form factors are of interest
because they offer a description of the virtual strong
interactions which accompany E decay. Dispersion
relations~ have been used to calculate the energy de-
pendence of the form factors that would result from
various hypotheses, for example, the hypothesis that
the strong part of the interaction is dominated, by a
I=-'„J=1—intermediate state such as the E* reso-
nance at 890 MeV. Secondly, the form factors are of
interest because they provide a test of the idli =s
rule in leptonic E decays. The isotopic spin of the
strongly interacting particles in these decays may, in
general, change by —,'or —,'with the amplitudes for
DI= ~ and AI= ~ for the E+ and E' decays related by
known Clebsch-Gordan coefficients. If only the am-
plitude for AI =-', contributes, then the form factors in
E,s+ and E„s+ are identical, within a factor of g2,
with the corresponding form factors in IC,3' and E„3,
respectively. Thirdly, the form factors are of interest
because a comparison of their values in E,3 and E„3
provides a test of muon-electron universality in weak
interactions.

For pseudoscalar E mesons, vector coupling yields
for the differential decay probability for E,3 decay in
the E-meson rest frame'

INTRODUCTI05'
' +RESENT experimental results on P decay, sr decay,

and p, capture and decay show remarkable agree-
ment with the predictions of the V—2 theory of the
strangeness-conserving part of the weak interaction. It
is natural also to try to treat the strangeness-noncon-
serving weak. interactions within the framework of the
same theory. A recent measurement of the E+—+ e++ v

decay rate' relative to that of the E+~tt++v mode
is in good agreement with the V—A prediction and sets
an upper limit of 3)&10 ' on the ratio of the pseudo-
scalar and axial-vector coupling constants. Additional
support for the polar and axial-vector covariant forms
has also coxne from several experiments' ' on the three-

body leptonic decays of the E mesons. Measurements
of decay spectra and angular correlations in the decays
E+~l++ '+vavnd Ks'~l++sr++v, where i is a
lepton, agree well with pure vector coupling but dis-

agree completely with pure scalar or tensor coupling,
the other interactions permitted by a theory with local
bilinear coupling. Mixtures of vector, tensor, and scalar
couplings are possible. For E,3+ decay, limits' of 0.3
on the ratio of each of the scalar and tensor coupling
constants to the vector coupling constant have been

*Work performed under the auspices of the U. S. Atomic
Energy Commission.
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TmxE I. Summary of measurements of X for E',3.

Decay

I +

0

Experimenter

Brown et aL.'
Jensen et al.b

Borreani et al.'
Kalmus et al.~
Bellotti et al.'
Present experiment
Luers et al. '
Fisher et al.g

Firestone et al."
Lowys et al. '

+0.038+0.045—0.010&0.029—0.04 &0.05
0.028 Q.014

+0.025~0.018
+0.016+0.016
+0.07 ~0.06
+0.15 ~0.08—0.01 ~0.02
+0 08—0.0

+0.10

Number of
useful events

407
230

457
1393

153

762
240

Technique

Xenon bubble chanber
Xenon bubble chamber
Hydrogen bubble chamber
Freon bubble chamber
Heavy liquid bubble chamber
Spark chamber
Hydrogen bubble chamber
Spark chamber
Hydrogen bubble chamber
Heavy liquid bubble chamber

a J.L, Brown, J.A. Kadyk, G. H. Trilling, R. T. Van de Walle, B.P. Roe, and D, Sinclair, Phys. Rev. Letters 7, 423 (1961).
b See Ref. 2.
& G. Borreani, G. Rinaudo, and A. E. Werbrouck, Phys. Letters 12, 123 (1964).
&See Ref. 9.
e See Ref. 10.
& D. Luers, I. S. Mittra, W. J. Willis, and S. S. Yamamoto, Phys. Rev. 133, 81276 (1964).
& See Ref. 11.
~ See Ref. 6.
& J. P. Lowys, B. Aubert, L. M. Chounet, C. Pascaud, and L. Behr, Phys. Letters 24, 75 (1967).

and

E„=M~ —E —E„
IV= (Mz'+M ' M.')/2M—z,

' G. E. Kalmus and A. Kernan, Phys. Rev. (to be published).
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We have chosen to write the decay probability in
terms of the electron and pion energies E, and E .
M~, M, and M. are the masses of the X, x, and
electron, respectively, and f+ and f are the strong
interaction form factors which are functions only of
q', the square of the four-momentum transfer to the
leptons, given by qs= (Pz P) s=Mzs—+M s 2MzE—
for E+ decays at rest.

The last two terms in Eq. (1) are proportional to
M,' and can be ignored. Hence the decay probability
in E,3 decay is determined entirely by the first term
in (1) which involves only the absolute magnitude of
the form factor f~. If the pion energy depe'ndence of

f~ is small, it can be approximated by a linear varia-
tion of f+ with q', i.e., f+(q') = f+(0) (1+Xqs/M '). The
measured values of X for both X,&+ and X,3' decays
are shown in Table I. The values of P from X+ decay,
are consistent with 'A=0.0, but only the experiments
of Jensen ef al. ,s Kalmus and Kernan, ' and Bellotti
et al. ,

" are of suAicient accuracy to rule out a large
value of X such as X=0.10. The experimental situation
in X,3' decays is not clear. The measurement of Fisher
et ul. ," although having a large error, indicates that
the energy dependence of the form factor is large and
is inconsistent with X=O.O, while the most accurate
measurement, that of Firestone et al. ,' is consistent
with X=0.0 and rules out a value of P as large as 0.10.
New, more accurate measurements of X for both X,3+

and E 3 are necessary to settle this question. Further
interest is added by the fact that recent polarization
measurements" "" for both E„~+ and X»' give values
of $=f /f+ which appear to be inconsistent with the
values of $ obtained from E„sand E,s branching ratios
under the assumption that f+ and f have weak pion
energy dependence.

In this paper we report a measurement of X in X,3+

which is based on a sample of 1393 events obtained in
a scintillation counter-spark chamber experiment. All
previous values of X in X,3+ were obtained from bubble
chamber experiments with somewhat lower statistics.
In this experiment a value of X=0.016~0.016 is ob-
tained, with the total error arising from a statistical
error of 0.013 and an error due to backgrounds of
0.010. Detailed checks on various sources of back™
ground and on the measurement technique were ob-
tained from analyses of samples of X»+ and E &+

events.

EXPEMMEN'TAL APPARATUS

A focused 525-MeV/c positive beam was obtained
at the Princeton-Pennsylvania Accelerator (PPA) with
the beam transport system shown in Fig. 1. The ex-
perimental apparatus is shown in Fig. 2. With the ex-
ception of the shower spark chambers this apparatus
and the way it was employed were very similar to that

"L.B. Auerbach, A. K. Mann, W. K. McFarlane, and F. J.
Sciulli, Phys. Rev. Letters 17, 980 (1966).

"Aachen, Bari, Bergen, CERN collaboration, in I'roceedings
of the Thirteenth International Conference on Higlz-Energy I'hysics,
Berkeley, 1966 (University of California Press, Berkeley, Cali-
fornia, 1967)."R. J. Abrams, A. Abashian, D W. Carpenter, . B M. K. .
Nefkens, J. H. Smith, and R. C. Thatcher, in ProceeChngs of the
Thirteenth International Conference on High-Energy P/zysics,
Berkeley, 1966 (University of California Press, Berkeley, 1967)."K.K. Young, M. J. Longo, and J. A. Helland (private com-
munication) .
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FIG 1. The beam-transport system.

riments' ' "on EC+ decays at theof three previous experiments» on

by time Lg t and were stoppe in a
g -p

' - late o tical spar c am
3-kG magnetic Geld, were usein a

h d secondaries from
pp' gion at an angle

he c arge
the stopping reg'

l 90' to the direction o e
pp

pp y
1 fomentum reso u ion

ion of interest,the momentum reg'

3.1 from observation of the chargeddetermined to be . %%uo

d K+~ s.++s-s decays.+~p++v ansecondaries in
loss in the berylliumThis uncertainty arorosefrom energy os

'

in in the 0.18 g cm—2multi le scattering in
b a df omi d id a0 um 11u t p

y p

dfo o it o d ti-"which was useCerenkov counter
i ned to provide aaratus was esignefication. The app

m -' endent detection eefficiency for posi-momentum-indepen

STOPPING K TELE

(
COUNTERS
Nos. I, 2, 8 AhSER MOOULES

2. The experimental appa

l d bto detect the m' were oca e
and below the stopping

7F' CHAMBERS
and COUNTERS

Na6 and N0, 7

TER No. 4
UNTER No, 5

CERENIV COUNTER

CAMERA &USES

MIRRORS

Farlane D, . P. T. Kschstruth, G.. K.Farlane, D. H. White, R. Cester,

o AD-586K (unpublished)
e' . R 155 1505 (1967).

K cFarlane and D You
'

n

~ ~

K. c ar, nt Princeton- en"J.MacG. Dobbs, W. K. c ar



1206 I M LAY et el. 160

trons of momentum greater than 80 MeV/c which

came from the stopping region. The Cerenkov counter
was initially tested in a 150-MeV/c electron hearn and
found to have an ef5ciency of (97&1)% throughout a,

large selected fiducial region in the phase space of the
electron coordinates and direction at the counter en-

trance. The Cerenkov counter was subsequently used
in two experiments, ' ' in one of which' the uniformity
of detection efficiency was carefully confirmed.

The p rays from the decay of the x' were detected in
two shower spark chambers located above and below

the E+ stopping region. Because of limited space each
chamber was restricted to ten spark gaps. Each cham-
ber had four lead-alloy plates containing 7% antimony
for mechanical strength. The plate thickness of 0.2 cm

(0.38 radiation lengths) was chosen to provide as large
a p-ray conversion probability as possible consistent
with a high-detection efficiency for the showers from
the lowest-energy y rays from E.3+ decay. The p rays
from E,~+ decay which entered the two shower spark
chambers varied in energy from 23 to 235 MeV; over
this energy range the mean p-ray conversion length
varied from 1.37 to 0.90 cm. The first two spark gaps,
located in front of the first lead plate, were used to
distinguish p rays from charged particles; any track
starting in either of these two gaps was assumed to
arise from a charged particle rather than from a y ray.

Scintillation counters C6 and C7 were located behind
the shower chambers in order to ensure, where possible,
that the showers observed in these chambers occurred
at the time of the E+decay. When the showers appeared
to stop before entering C6 and C7, it was of course
impossible to impose this timing requirement. The
spark chambers were triggered by a coincidence be-
tween a stopping E+ (C1, C2, C3, EF)' and a decay
positron (C4, C5, Cerenkov counter). The RF refers
to a time of Qight signal obtained from the accelerator.
Approximately 75% of the data were obtained with
the additional requirement of a pulse from either C6 or
C7 in the triggering logic. The signals from counters
C6 and C7, together with pulses indicating the stopping
E+ meson and the decay positron for each event were
displayed on an oscilloscope and photographed. The
spark chambers were photographed in 90' stereo.

DATA ANALYSlS

Selection and Reconstruction of Events

Events were first required to satisfy the following
three selection criteria. (1) A track from a positive
charged particle was observed in the six thin-plate
momentum spark chambers. This track was required
to fit well to some momentum value, to extrapolate
back to the IC+ stopping region, and, to extrapolate
into counter C4 and the Cerenkov@counter. These
requirements removed 17.2% of the nominal E,3+

events. As previously stated, the detection eS.ciency

for positrons was uniform only above 80 MeV/c.
Hence all E.3+ events below 80 MeV/c were rejected.
Finally, 2.5% of the events were rejected because by
visual inspection, the positron belonged to an electron-
positron pair. (2) One and only one p ray was identiij. ed
in each of the two shower spark chambers. For about
one third of the y rays a definite shower could be
recognized, but for the remainder only a single track
could be clearly seen. The scanning criteria for identi-
fication of a y ray required. three or more sparks in-
cluding two consecutive sparks following a lead. plate.
To prevent spurious association of sparks, no more
than two consecutive gaps between sparks were allowed.
Any track which started in either of the first two gaps
was assumed to arise from a charged particle rather
than from a p ray. (3) The counter behind each spark
chamber gave a pulse at the time of the E+ decay if
the shower in that chamber contained sparks in either
of its last two gaps. In any case it was required that at
least one of the two counters C6 and C7 behind the
two shower chambers give a pulse at the time of the
E+ decay.

Each event was reconstructed using the charged-
particle momentum, the conversion vertices of the two

p rays, and the position of the stopped E+. The direc-
tion of each p ray was determined from the conversion
point of that y ray and from the position of the stopped
E+. Because of Inultiple scattering in the lead plates
no attempt was made to determine the directions of
the two p rays from their showers. Also, d,ue to the
limited number of sparks per shower, it was not pos-
sible to obtain information on the y-ray energies from
their showers. The position of the stopped E+ was
known to lie along the positron trajectory, but was
uncertain to &0.95 cm, one half the transverse thick-
ness of the beryllium block which was used, to stop
E+ mesons. The E+ was first assumed to have stopped
at the intersection of the positron trajectory with the
center of the beryllium block. A small number ( 10%)
of the nominal E,3+ events failed to reconstruct with
this assumed stopped E+ position. For these events
reconstruction was attempted with other assumed
positions for the stopped, E+ along the positron tra-
jectory and. within the beryllium block. If the event
failed to reconstruct with any of these positions, it
was rejected. An error of 0.95 cm in the position of the
stopped E+ typically introduced an error of 5 MeV
in the calculated energy of the x' from E,3+. As a
result of a kinematic ambiguity, there were two solu-
tions for the energy of the z and both solutions were
used in the subsequent analysis.

Checks on Measurement Technique and Backgrounds

Detailed checks on various sources of background
and on the measurement technique were obtained from
analyses of samples of E ~+ and E„~+ events. From
these checks and from analysis of the E,3+ sample, the
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magnitude of the background in the E,3+ sample was
determined to be (23&2)%. The energy distribution
of the background was also determined with high
accuracy so that the error in X arising from uncertain-
ties in the background was less than the statistical
error.

We analyzed a sample of 738 E.2+ events, obtained
with the Cerenkov counter removed from the logical
requirement for an event. These events were subjected
to the same initial selection criteria as the nominal
E,3+ events but in addition were required to have a
charged decay particle momentum between 192 and
220 MeV/c. The E 2+ events were useful because they
were overdetermined by two variables; in particular,
the decay products had. to be coplanar and, as we used
them, the events had to show a calculated E+ stopping
position within the E+ stopping region. We took as a
measure of coplanarity the cosine of the angle 0 be-
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FIG. 4, Distribution of the calculated E+ stopping position of
the 738 events in the K 2+ sample. The physical limits of the
target are ~0.95 cm. Of the 738 events, 49 had a calculated K+
stopping position larger in magnitude than 5.2 cm.
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Pn. 3. Coplanarity distribution of the 738 events in the E 2

sample. Coplanarity is measured by the cosine of the angle 0
between the m+ and the normal to the plane of the two p rays.
Of the 738 events, 56 had a coplanarity lare. er than 0.24 in
magnitude.

tween the x+ and the normal to the plane of the two

p rays. Figure 3 shows the coplanarity of events in the
E 2+ sample. Of these events, 89.5% had a copla, narity
smaller in magnitude than 0.14. Further evidence that
most of these events were E &+ was provided by the
distribution in the calculated position of the stopped
E+ shown in Fig. 4. This E+ stopping position was
calculated using the known ~+ and pro momenta (205.3
MeV/c), the conversion points of the two p rays, and
the measured or+ direction. 89.4% of the events had a
calculated E+ stopping position within &3 cm of the
center of the target.

Of the total E ~+ sample, 623 events or 84.4%,
were identified as E ~+ because they satisfied both the
coplanarity requirement and the condition on the
calculated E+ stopping position. In addition, the 623
events were required to exhibit a ~' opening angle
greater than 61.3 degrees. The distribution for these
E„2+ events of the m' opening angle, the angle between
the two p rays, is shown in Fig. 5; it provided a check
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FIG. 5. Distribution of the opening angle of the ~0 for the 623
events in the E ~+ sample which satisfied K 2+ selection criteria
compared with the predicted distribution shown by the histo-
grarn. The g' is 9.9 for 7 degrees of freedom.

on possible experimental biases. The agreement of the
experimental distribution with the Monte Carlo cal-
culation indicates that there was no serious bias
(e.g., against events with large opening angles) which
would lead to an erroneous value of X in the E.3+

sample.
On the basis of a Monte Carlo calculation described

below, 14 of the 115 rejected events originally identified.
as E 2+ were expected to arise from E,3+ and E„3+
decays with charged decay particle momentum be-
tween 192 and 220 MeV/c. Of the remaining events,
3.6 were expected to arise from E ~+ decays in which
one of the two p rays was Compton scattered in the
beryllium block before converting in one of the shower
spark chambers, and about 3.8 events were expected
to arise from E &+ decay in which one of the p rays
showered in the copper absorber producing a secondary
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p ray which in turn converted in a shower spark
chamber.

In the remaining 94 events in the E ~+ sample,
which fail at least one of the coplanarity, E+ stopping
position, or opening angle criteria, one of the two
observed p rays was not associated with a E+ decay,
but arose from some interaction of a beam particle
such as x+ charge exchange in the copper absorber.
(The ratio sr+/E+ in the incident beam was about
300/1.) This spurious p ray was observed if it showered
within the 500-nsec sensitive time of the spark chamber.
Generally, the shower did, not occur at the time of the
E+ decay and hence there was no pulse at the appro-
priate time in counter C6 or C7 at the back of the
shower spark chambers. This led to rejection of the
event since, by selection criterion 3, a pulse was re-
quired if the chamber exhibited sparks in either of its
last two gaps. However, occasionally a pulse was
present due to an accidental coincidence, or alterna-
tively a pulse was absent legitimately because some
showers did not penetrate to counters C6 or C7.

Hence, it was anticipated that about 94 background
events in the E &+ sample arose from E &+ decays in
accidental coincidence with a y ray not associated with
the E+ decay. To confirm this hypothesis, a sample
of 835 E»+ events was analyzed. Any p ray associated
with such events must be spurious. The E»+ sample
was obtained with the Cerenkov counter and counters
C6 and C7 removed from the triggering logic. The
selection criterion 1 pertaining to the charged decay
particle was applied and in addition this particle was
required to have a measured. momentum between 231
and 252 MeV/c. Events were then scanned for y rays.
Of the 835 E„~+events, 110had an associated, spurious

y ray in one shower spark chamber and. 16 had associ-
ated p rays in both chambers. Thus there was a proba-
bility of 0.066&0.006 for a spurious p ray in a given
chamber, and a probability of 0.019~0.005 for spurious

7 rays in both chambers. 92 of the 142 spurious p rays
exhibited sparks in at least one of the last two gaps,
but only 10 of these 92 p rays had an appropriate
pulse from counter C6 or C7 and hence satisfied selec-

tion criterion 3. Four of the remaining 50 p rays, all
of which satisfied selection criterion 3 by the absence
of a spark in one of the last two gaps of the shower
spark chamber, also had an associated pulse in C6 or C7.

The same incident beam associated sources of spuri-
ous p rays that existed for E»+ decay also existed for
E &+ and E,&+ decay. Hence it was possible to under-
stand, from the preceding analysis of the E»+ sample,
the total number of background events in the E ~+ and
E,g+ samples and also the number of background
events in these samples rejected by selection criterion
3 alone. Using the rate measured in the E»+ sample
for spurious p rays which satisfied selection criterion 3,
rough calculations were made of the backgrounds ex-
pected in the E„~+ and E,~+ sample. For E ~+ decay
the calculated background was (11.6+2.5)%%uq compared
to the actual background of (15.2+1.5)%%uz in the E ~+

sample. For E,&+ decay the calculated background for
the sample of events which reconstructed properly as
nominal E,~+ was (20&3)%%uo.

A more accurate estimate of the background in the
E,~+ sample was obtained using the observed distribu-
tion of spurious p-ray vertices in the E»+ sample. A
Monte Carlo calculation was made to determine the
eGect of spurious y rays on the E,&+ sample. For those
Monte Carlo events for which a y ray converted, in
only one shower chamber, a spurious p ray was posi-
tioned randomly in the other shower chamber according
to the measured (essentially uniform) distribution of
spurious p-ray positions in the E»+ sample. It was
found that (35.0&0.7)%%uo of the events in this Monte
Carlo-generated sample of spurious E.~+ events failed
to reconstruct. In the experimental E,~+ sample there
were 286 events that failed to reconstruct and 1867
events that reconstructed properly. A small fraction,
3.0%%uo, of the experimentally observed good E,&+'
events, were expected to fail to reconstruct because
of the experimental resolution. Hence the number E
of spurious events in the experimental E,~+ sample
which accidentally satisfied the reconstruction criterion
is given by

fraction of spurious Monte Carlo events which reconstruct
E=

fraction of spurious Monte Carlo events which fail to reconstruct

XLnumber of events in the experimental sample which fail to reconstruct —R7,

where R is the number of good E,~+ events which

should fail to reconstruct because of the experimental
resolution. Inserting numbers from above yields

0.65
cV= XL286—0.03 (1867—1V)j=452.

0.35

Hence the fraction 8 of background events in the

sample of 1867 events which reconstructed and there-
fore appeared as E,q+ events is given by

8=452/1867 =0.242&0.02.

Another measure of this background was obtained
from the fraction of events with an opening angle
between the two p rays of less than 61.3 degrees, the
minimum kinematically allowed opening angle. Here



ENERGY DEPENDENCE OF FORM FACTOR IN X, 3+ DECAY

(22.0+0.7)% of the Monte Carlo-generated spurious
E,3+ events and 135 of the events in the experimental
E,3+ sample had an opening angle less than 61.3
degrees. Hence the expected fraction B is given by

)0.65) ) 135 qa=/ /x/ [=0.214~0.02.
(0.22) (1867)
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Combining the two values of 8, we obtained (23+2)%
as the best measure of the fraction of background
events in the K,3+ sample. This agrees with the earlier
rough calculation of (20+3)%. In addition to the 23%
background previously calculated, (2.4&0.7)% of the
events in the K,3+ sample of reconstructed events
arose from E 2+ decays. This number of E 2+ events
in the E,3+ sample had a negligible eR'ect on the de-
termination of X.

Finally, background. subtractions were calculated for
the sample of 1867 nominal E,a+ events which satisfied
all selection criteria. The total background subtraction,
exclusive of E2+ events', was normalized to 23% of the
1867 events. Including E 2+ subtraction, a total of
1393 events remain. It was also necessary to know the
energy distributions relating to background events.
These distributions were obtained from the Monte
Carlo-generated sample of spurious E,3+ events. Indi-
cations of the validity of this calculation were obtained
from the distributions of positron momentum, p-ray
energy, and z' energy for those events which mere re-
jected by selectiom criterio 3. This criterion required
that the counter behind each shower spark. chamber
give a pulse if the shower in that chamber contained
sparks in either of its last two gaps. These rejected
events should diGer from the background events in the
6nal sample of 1867 nominal E,3+ events only with
regard to selection criterion 3. Thus, when recon-
structed as K,3+ decays, the background events that
passed and failed criterion 3 should have exactly the
same distributions. These are shown in Figs. 6—8, along

50 IOO I50 200 250
GAMMA RAY ENERGY (MeV)

FzG. 7. p-ray distribution for the events in the E.3+ sample
which were rejected by selection criterion 3, compared to the
predicted distribution for spurious events shown by the histo-
gram. Because of a kinematic ambiguity there were two solutions
for the p-ray energies. Both solutions were given equal weight in
both the experimental and the predicted distributions. The g'
is 15.4 for 20 degrees of freedom.

with the calculated distributions for Monte Carlo-
generated spurious events. The good agreement pro-
vides strong support for the background calculation,
particularly since these distributions diGer substan-
tially from the corresponding distributions for good
events.

Figure 9 shows the corrected (for background) and
uncorrected y-ray energy distributions for the 1867
nominal E,3+ events and the expected Monte Carlo
distribution for ) =0.016; the p-ray energy distribution
is insensitive to the value of X. The good agreement of
the corrected and calculated distribution supports the
estimates of both the magnitude and the energy dis-

tribution of the background. Further, the agreement
for low p-ray energies indicates that there was no

signi6cant loss of events with low-energy p rays; such
a loss would lead to an erroneous value of X.
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FIG. 6. Positron momentum distribution for the events in the
X,s+ sample which were rejected by selection criterion 3, com-
pared to the predicted distribution for spurious events shown by
the histogram. The g' is 14.3 for 12 degrees of freedom.
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Fn. 8. Distribution of m kinetic energy for the 631 events in
the E,3+ sample of reconstructed events which were rejected by
selection criterion 3, compared to the predicted distribution for
spurious events shown by a histogram. Because of a kinematic
ambiguity, there were two solutions for the ~ kinetic energy,
and both solutions are shown. All solutions below 30 MeV are
shown in the same bin. The x' is 11.9 for 10 degrees of freedom.
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FIG. 9. The corrected (for background) (a} and uncorrected
(b) y-ray energy distributions for the 1867 events in the final
E,3+ sample compared with the predicted distribution for X =0.016
shown by the histogram. Because of a kinematic ambiguity there
are two solutions for the p-ray energy and both solutions are
shown. The y2 is 16.1 for 20 degrees of freedom.

Determination of 2

To find the energy dependence of f+(q') we have
compared, the experimental x energy distribution for
the 1393 E,3+ events with distributions for various
values of X obtained from an extensive Monte Carlo
simulation of the experiment. This simulation took
into consideration the following: (1) Uncertainty in
the calculated positron momentum ot 3.1%%uo; (2) brems-
strahlung of the positron in the beryllium block, which
caused 10% of the positrons to lose inore than 3.1%
of their momentum; (3) solid angle for the decay
positron as determined horizontally by counter C4 and
vertically by the Cerenkov counter; (4) multiple scat-
tering of the decay positron in the beryllium block;
the mean multiple-scattering angle was 0.037 rad.
for an 80-Mev/c positron and was inversely propor-
tional to the positron momentum; (5) solid angle of
each ot the shower spark chambers; (6) p-ray conversion
eKciency of the shower spark chambers; (7) distribu-
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I'zG. 10. Dalitz plot of the 1393 E;.+ events. Both solutions
appear. The number of events after background subtraction and
the calculated percentage of background are shown in each bin.
A g of 36.2 for 33 degrees of freedom was obtained with ~ =0.016.

For approximately 25% of the data no pulse was
required in the triggering logic from counters C6 and
C7. It was found that of 547 events which satisfied all
other selection criteria, 21 events had no pulse in
either counter, compared to 17.7 events expected, due
either to the 2% inefficiency of C6 and C7 or to events
with spurious p rays. Hence, the requirement of at
least one pulse from counters C6 and C7 introduced no
significant p-ray energy-dependent bias.

Figure 10 gives the Dalitz plot of the 1393 E,3+

events. In each bin the percentage of events subtracted
as background is shown. Figure 11 shows the final
positron momentum distribution, which is not sensi-
tive to the value of P. The good fit supports the esti-
mates of the background and indicates that there was
no serious positron momentum-dependent bias. Figure
12 shows the final 7I- energy distribution. This dis-
tribution was used to obtain X because f+(q') = f+(0)
(1+Xq2/M ') is a function only of the n.o energy.
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tion of the stopped E+ mesons in the stopping region;
(8) uncertainty, when reconstructing an event, in the
position of the stopped E+ to one half the thickness of
the beryllium block; the Monte Carlo events were
reconstructed with a stopped K+ position determined
in exactly the same manner as described for real
events; (9) conversion ot a y ray in the stopping region,
which caused about 5% of the events to be lost; (10)
conversion of a p ray in the copper absorber, which
caused about 1.5% of the events to be lost.

A X'-versus-X curve, shown in Fig. 13, was ob-
tained by comparing the final m' energy distribution
for E,~+ events, shown in Fig. 12, with Monte Carlo
distributions calculated for various values of P. For
each value of P approximately 6)&10' Monte Carlo
events were used. A minimum X' of 12.2 for 10 degrees
of freedom occurred. for X=0.016. Without any back-
ground substraction a minimum X' was obtained for
X=0.065. Errors in X arose from uncertainties in the
background; the 2% uncertainty in the magnitude ot

FrG. 11.The corrected positron momentum distribution of the
1393 E,3+ events compared with the predicted distribution for
X =0.016 shown by the histogram. The experimental distribution
has been corrected for background. The g2 is 10.7 for 12 degrees
of freedom.
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FIG. 12. The corrected ~' kinetic energy distribution of the
1393 E,3+ events compared to the predicted distribution for
X =0.016 shown by the histogram. The experimental distribution
has been corrected for background. Due to a kinematic am-
biguity, there are two solutions for the m energy and both are
shown. All solutions below 30 MeV are shown in the same bin.

the background led to an error in X of 0.005, while the
uncertainty in the background energy distribution led
to an error in X of 0.006. A total error of 0.01 was as-
signed to X because of these uncertainties in the
background.

The two solutions for the pion energy were not
statistically independent and therefore the statistical
error could not be obtained directly from the X' curve.
We chose to obtain the statistical error from an analysis
of a series of Monte Carlo samples of 1500 events. For
each 1500 event sample a X'-versus-X curve was ob-
tained by comparing the m' energy distribution for
that sample with the much larger (6X104 events)
Monte Carlo energy distributions of the 7r' for various
values of X. The X' curve was used to obtain the value
of X for which X' was a minimum for that sample. The
rms deviation of the best 6t X from the X value used to
generate the 40 Monte Carlo samples of 1500 events
was then the statistical error associated with a 1500
event sample. Small samples of 500 E.3+ events were
similarly analyzed. On this basis a statistical error of
~0.013 was assigned to the experimental value of X.

CONCLUSIONS

Combining the statistical error of &0.013 with the
error in the background subtraction ~0.010, we obtain
X=0.016~0.016 in f+(q') = f+(0) (1+Xq'/M ').

The Dalitz plot, shown in Fig. 10, was compared
with a Monte Carlo Dalitz plot for ) =0.016 and a X'

of 36.2 for 33 degrees of freedom was obtained. The
good agreement supports the assumption of vector
coupling for E,3+ and agrees with previous experi-
ments2 6 on the nature of the coupling in E,3 and E„~
decays.

The value of ) obtained in this experiment, 'A = +0.016
~0.016, is in agreement with other measurements of

-0.04 -0.02 0.00 0.02 0.04 0.06

Fzo. 13. Goodness of 6t for vector interaction with a form
factor f+(q')=f+(0)(1+Xq'/M '). A minimum xm 12.2 for 10
degrees of freedom occurred at X =0.016.

X for E,3+, as shown in Table I. The weighted mean of
the values for E+ in Table I is (X+)=+0.019&0.009.

If the energy dependence of f+ is due to a dominant
J=1, I=-,' Em. intermediate state of mass M, such as
the E* resonance at 890 MeV, then f+ has the form
f+(q') = f~(0)3P/(3P q') and —)~M~'/M'. We find
M=(1180 3a7+") MeV for our value of ),, which is
consistent with E* dominance, but is also consistent
with no energy dependence for f+ At the . 95% con-
fidence level, 3E&630 MeV.

The experimental situation for E,3' decay is not as
clear as that for E,3+ because of the wider spread in
the measured values of X. The weighted mean of the
values for K,3' in Table I is, however, () )=+0.010
&0.018 which is equal within the errors to ()+) and
thus offers no evidence for violation of the ~lQ~ =-',

rule.
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