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Study of the X+ Decay Probability*
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We have measured the mean life of the X+ meson with particular attention paid to whether the decay
obeys the exponential law. We Qnd no evidence for nonexponential decay. The data give a X of 365 with
379 degrees of freedom when 6tted to a pure exponential between 2.5 and 7.3 mean lives from production.
The mean life is found to be 12.443+0.038 nsec.
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I. INTRODUCTION

E describe here an experiment to measure the
mean life of the E+ meson with particular at-

tention to the question of whether or not the exponential
decay law is obeyed. This question has recently been
raised by the experimental observation of the long-lived
neutral E meson decaying to two x mesons. ' The effect
observed in that experiment corresponds to the expected
Ej decay rate after about six mean lives from pro-
duction while the detector was actually about 300 mean
lives from the point of production. There is also the
theoretical observation by Goldberger and Watson' that
when one makes the usual association of a resonant state
with a singularity in the S matrix there are no known

physical principles dictating that this singularity be a
simple pole. In the decay of a resonant state, the pres-
ence of a pole of order greater than unity could be
reQected in deviations from a pure exponential law.
They show, in general, that at a time t after production
of an unstable state the probability that the system is
still in the initial state is given by

A, (t)=e «" p ~-,t'

where 7 is the mean life of the resonant state, r is the
order of the singularity, and the o.; are time-independent
functions dependent on the production mechanisms.

In the present experiment the decay curve of the E+
meson was observed from 1.9 to 7.8 mean lives.
The data were analyzed assuming r= 1 to obtain a more
precise value of the E+ mean life. The acceptability of
the assumption of r = 1 is based on a X.' test of the good-
ness of fit. Because of the good fit obtained for r= 1, an
attempt was made to fit only one higher term. A limit
on 0,~ for r = 2 is found.
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FIG. 1. Beam layout and detail of detectors.
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The experiment was performed at the Princeton-
Pennsylvania 3-BeV proton accelerator (PPA). A plan
view of the experimental arrangement —beam and
detector —is shown in Fig. 1.A system of two quadrupole
focusing magnets and one dipole bending magnet served
to define a beam of charged particles with a momentum
of 475 MeV/c. The magnet arrangement for the beam
differs from the conventional arrangement in one im-
portant respect, namely, it was found to be desirable
to bend the beam in the quadrupoles as well as in the
dipole magnet. A troublesome source of background in
previous stopping E+ experiments has been protons in
the beam with the wrong momentum but with the
right velocity to trigger the Cerenkov counter. These
protons arise, in part at least, from protons and neutrons
which come directly down the beam through the quad-
rupole magnets and scatter on the pole tips of the dipole
magnet. By deflecting the beam in the quadrupoles, the
direct line of sight from the target to the bending magnet
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curves which demonstrate the degree of secondary
particle bunching are shown in Fig. 2. Signiicantly, the
use of time of Qight from the target completely elimi-
nated the need for any anticoincidence counter in the
selection of the K+. Thus, a stopping EC+ was signalled

by a coincidence C1 S1 52 (rf) where C1 is a velocity-
selective Cerenkov counter, 51 and S2 are beam defining
scintillation counters, and rf is the properly delayed
radio-frequency signal discussed above. This master
coincidence gated a time-to-amplitude converter (TAC)
which was turned on by a fast C1 S2 coincidence. The
decay of the E+ was signalled by a coincidence between
the two scin.tillation counters S3 and S4 which turned
off the TAC. One-quarter inch of tungsten was placed
between S3 and the graphite block in order to convert
gamma rays from neutral pions arising from E 2, 7,
and r'&decay modes and to insure that no E+ could
stop in S3. When it was desired to look only at the
E„a+ decay mode, an additiona. l 11/16 in. of tungsten
was placed between S3 and S4.

IIL ANALYSIS AND RESULTS
FIG. 2. rf timing curve. For the vr curve, the counts are S1 S2 rf

coincidences; for the E curve, C1 S1S2 rf coincidences are plotted.
In the ~ curve, the X mesons appear as a small shoulder on the
trailing edge of the ~ peak. The width of the peak corresponds to
the resolution of the electronic circuitry.

pole faces was avoided. The bending in the quadrupoles
was accomplished by rotating them with respect to the
50' beam line from the target and displacing them o6
center. For the beam layout shown in Fig. 1, the central
ray was deQected 7.5' in the quadrupoles and 27' in
the dipole magnet. The solid angle accepted by the
system was 4)&10 ' Sr, and the momentum slice was
&1.5% when a 1-in. wide)&4-in. high scintillation
counter was used to define the E+.

The E+ mesons in the beam were electronically se-
lected using velocity, range, and dE/dx, and were
brought to rest in 8.6 g/cma of graphite at a distance of
6.95 m from the target. ln addition to Cerenkov
counters, velocity selection was accomplished by using a
unique feature of the PPA. It was erst observed by
Professor P. Piroue that the protons striking the target
during the normal targeting procedure are highly
bunched in time and synchronized with the 30 Mc/sec
radio frequency (rf) voltage. This fact was used in this
experiment to time the arrival of particles at the de-
tector relative to their time of production in the target.
Specifically, this time of Qight from the target was
accomplished by feeding the rf signal provided by the
accelerator control room to a discriminator, properly
delaying this signal for a E+ meson, a m+ meson, or a
proton, and placing it in coincidence with a signal from
a detector downstream from the target. The discrimi-
nator threshold was set at low voltage relative to the
rf signal so that it served as a zero cross detector and
thereby made the timing insensitive to amplitude
variations in the rf voltage. Two examples of rf timing
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FIG. 3. Sample lifetime run. The curve is sketched in as a
guide and does not necessarily represent the best Qt.

A plot of a single sample of data is shown in Fig. 3.
It is clear from this plot that the background is struc-
tured with peaks appearing with a period corresponding
to the rf. Since the background peaks (typically about
4.0% of the peak of the decay curve) are so well de-
fined and since the rf frequency can be known well,
we have used these background peaks as timing cali-
bration marks. The technique has the enormous ad-
vantage of providing timing calibration under running
conditions concurrent with the collection of the data.

Assuming a pure exponential decay law, the data for
each of 19 runs were 6t to a distribution function dE(aa)
which comes about from the following considerations:

Given a turn-on of the TAC by a valid E+, the proba-
bility that turn-off (count) will occur in the interval
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t to t+dt is the sum of two terms: The first term is the
product of the probability that. the K+ has survived to
I, that the K+ has decayed in t to I+dt and is detected,
and that no background count has occurred before t;
the second term is the product of the probability that
a background count comes in Ch, that no background
count has come before t, and that either the E+ has
survived to t or if it decayed before t went undetected.
Explicitly,

dh(n) = (Ae ""'+B/1 8(1 —e""—')7) hdn, (2)

where dS(n) represents the number of counts in the nth
channel, v is the meanlife, A is a normalization constant,
B is the average number of background counts per
channel before the K+decay pe'ak, typically about 0.3%
of the number of counts in the decay peak, s is the time
per channel, approximately 2 nsec/channel, 8 is the
efBciency for detecting a E+ decay given a valid turn-on
of the TAC and was typically about 0.06; and g
and h are two functions of the channel number which
allow for any small nonlinearity in the system.

For each run, the data were analyzed from channels
20 to 26 and 31 to 44. We started the analysis well
away from the region of the sharp rise to avoid any
bias due to Gnite timing resolution or prompt back-
ground. Prompt background. arises from particles in the
beam which although they fulfill all the requirements
for being a E+ meson do not stop in the graphite block.
but rather scatter through 53 and S4 simulating valid
but prompt decays. A gap was left in the data from
channel 26 to channel 30 in order to avoid the rf
background peak in this region. Analysis was terminated
at channel 44 for the same reason.

The background counts per channel prior to the E+
decay peak, B, were determined for each run. Likewise,
8, which is essentially just the number of counts in the
E+decay region divided by the total number of turn-ons
of the TAC, was found for each run. The error in the
mean life due to errors in B and 6 was typically about
0.25% while the statistical error in each run was about

The time per channel s and the linearity functions

g and h were determined by three independent cali-
brations of the system. As has been mentioned, the rf
structure in the background provided an excellent built-
in time calibration. The average channel width over
the analysis region was found for each run by precisely
locating the rf peaks bracketing the region and measur-
ing the average frequency of the accelerator during the
time the beam was on target. The error in the mean life
due to uncertainty in the calibration using the back-
ground peaks was typically about 0.4% for each run.
In a.ddition, there was a systematic error of 0.15% due
to uncertainty in the average rf of the accelerator from
run to run. Also, at the beginning and end of each run,
calibration data were obtained using fixed lengths of RG
58 A/U cable between the turn-on and turn-off signal.

The cables had, in turn, been calibrated by comparing
them to the time of Bight of relativistic pions and to a
crystal-controlled oscillator. The third method of cali-
bration which yielded information on the linearity of
the system as well as provided still a further check on
the average channel width consisted of turning on the
system with a repetitive pulse of fixed frequency and
turning oQ the system with a random pulse from a
scintillation counter exposed to a Co" source. Counting
the turn-on pulses, the turn-off pulses, and the number
of counts per channel in a measured time provides a
direct determination of the time interval covered by
each channel. Nine such measured runs were made, and
it was found that the linearity function h could be
fitted well by a quadratic function:

h= 1.0+ (1.62&0.25) && 10 4n+ (6 8%0.3) && 10 'n'

The function g is just given by (d/dn)(ng)=h. The
values for the average channel width obtained from each
of the three methods of calibration were in agreement.

Analyzing our data for the case r=1, we have de-
termined from separate runs the following mean lives:

r(E+) = (12.443&0.038) nsec,

r(E'+„2)= (12.501&0.087) nsec.

In the sample of data referred to as E+, the E+„2de-
tection sensitivity is reduced relative to the other
modes because gamma rays from ~ secondaries are
also detected. These results agree within statistics with
previous measurements of Fitch and Motley' who found
7 (K+)= (12.21&.26) nsec, 7 (E+„2)= (11.7 O.i+") nsec,
Alvarez el al. ,

' who measured r(K+)= (12.27&0.15)
nsec, r(E+„2)= (14.0+2) nsec, and Boyarski et al. ,~

who found 7 (E+)= (12.31&0.11) nsec, and r(K+„2
= (12.59&0.18) nsec.

In order to determine how well our data were fitted
with the assumption of a pure exponential decay law,
a X' test of goodness of fit was used. For the K+ lifetime
data, X' is 365, whereas a value of 379~28 is expected
on the basis of the number of degrees of freedom.

Although the good fit obtained for the case r = 1 gives
strong support for the assumption of a pure exponential
decay law, there is the question as to how large o.& could
be on the assumption that r=2. Our data were 6tted
with a distribution function obtained from Eq. (1)
with r=2 with both r and ni as parameters. In this
analysis we found that the lifetime remained essentially
unchanged from that found for r=1 and the average
(xi was (—2&220) X 10 /nsec.

' V. Fitch and R. Motley, Phys. Rev. 101,496 (1956); 105, 297
(1957).

'4L. W. Alvarez, F. S. Crawford, M. L. Good, and M. L.
Stevenson, Phys. Rev. 101, 503 (1956); private communication
reported by G. A. Snow and M. M. Shapiro, Rev. Mod. Phys. 31,
231 (1961).

5 A. M. Boyarski, E. C. Loh, L. Q. N'iemela, D. M. Ritson, R.
Weinstein, and S. Ozaki, Phys. Rev. 128, 2398 (1962).
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In this paper is presented a brief and transparent derivation, which does not depend on the existence of a
conserved quantity, of the normalization condition for Bethe-Salpeter bound-state wave functions. A
comment on the structure of the condition is made. Application of the condition to the Bethe-Salpeter
wave-function description of physical meson states in ordinary pseudoscalar-meson theory is also described
in detail.

1. INTRODUCTION

VER since the introduction into quantum-field
~ theory of the Bethe-Salpeter equation, ' treatment

of the normalization of the bound state or Bethe-
Salpeter wave function has presented considerable diffi-

culty. Early derivations' required the existence of a
conserved quantity such as baryon number or electric
charge and are therefore inapplicable to neutral meson
bound states, for example. Later authors, notably
Allcock' and Cutkosky and Leon, 4 obtained normaliza-
tion conditions without assuming the existence of a
conserved quantity and showed4 that their results were
in agreement with the previous results. In the present
paper, we give (a) a new method of derivation of the
normalization of Bethe-Salpeter suave functions, which
does not depend on the existence of a conserved quan-
tity and which appears to be much more direct and
transparent than those of Refs. 3 and 4; (b) a demon-
stration of the fa,ct that, although the normalization
condition obtained seems of somewhat odd appearance,

*Research Supported by U. S. Atomic Energy Commission
under Contract AT (30-1)-3399.
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its structure is very similar to that of the normalization
conditions commonly used for one-particle wave func-
tions in quantum field theory; (c) an applica, tion of the
normalization condition obtained to the Bethe-Salpeter
wave function description of the physical meson states
in ordinary pseudoscalar meson theory. The discussion
here is similar in spirit to but of more general nature
than that given earlier by Okubo and Feldman, ' and
quite closely related to some recent work of Rowe. '

The material of the paper has been organized as
follows. In Sec. 2, we present the work associated with
(a) and (b) above, while treatment of (c) is to be found
in Sec. 3.

2. NORMALIZATION OF BETHE-SALPETER
WAVE FUNCTIONS

We illustrate our procedure by consideration of a
convenient example, that of two fermion fields, f~ and
lbtt, which describe distinguishable particles of the same
mass, interacting with a neutral scalar meson Geld. This
allows easy comparison with many important papers' '
on the Bethe-Salpeter formalism, as well as with the
introduction to the subject given by Schweber. ~ Similar
treatment of other interesting cases follows readily.

We begin with a brief review of those portions of

s S. Okuho and D. Feldman, Phys. Rev. 117, 279 (1960).
s E. G. P. Rowe, Nuovo Cimento 32, 1422 (1964), Sec. 3.
7 S. S. Schweber, Introduction to Relativistic Quantum-Infield

Theory (Row, Peterson and Company, Evanston, Illinois, 1961),
Sec. 17f, p. 705.


