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An experiment performed at the Brookhaven National Laboratory alternating-gradient
synchrotron has yielded six events above negligible background which satisfy criteria

for the decay K '—pu'u”,

The K. ° flux, measured by means of the decay K '—n'*n",

leads to a value for the branching ratio I'(K;"—u*u”)/T(K,— all) = 11x107°,

The decay K,°~ . "u” is expected to occur with
a branching ratio of at least 6 x107°.' This pre-
diction is based on unitarity, the measured K,°
—-yy rate, quantum electrodynamics, and the as-
sumption that contributions from intermediate
states other than K,;° —yy are negligible. Theo-
retical estimates of the maximum interference
possible from other likely intermediate states
do not reduce this lower bound substantially.?
The experiment of Clark et al.,® however, places
an upper limit of 1,810 ° (90% confidence level)
on this decay, a value incompatible with this pre-
diction and difficult to resolve theoretically with-
out introduction of new particles or interaction
mechanisms. The present work was undertaken
as a check of the experimental result of Clark
et al.

The apparatus was situated in a long-lived neu-
tral beam derived from the G-10 internal target
of the Brookhaven National Laboratory alternat-
ing-gradient synchrotron. Three collimators de-

1336

fined a solid angle of 18 usr at an angle of 4.7° to
the circulating proton beam, 8 radiation lengths
of lead near the first collimator converted y rays
and two sweeping magnets eliminated charged
particles from the beam. The final 13 m of the
beam line, as well as the 6-m decay region,
were evacuated.

K;° decays were detected with a spectrometer
(Fig. 1) employing three X-Y multiwire propor-
tional chambers (MWPC). The chambers (5000
wires altogether) have 2 mm spacing between sig-
nal wires and the left and right halves of the hor-
izontal wires are divided to allow independent
readout. The spectrometer magnet was operated
at 210.6 MeV/c transverse momentum, between
the maximum values possible for pupu and 77 de-
cays. Electrons were detected in an atmosphere-
pressure hydrogen-gas Cherenkov counter with
twelve independent optical sectors. Following
the spectrometer are three walls of heavy con-
crete, total thickness 900 g/cm?, and three
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FIG. 1. Layout of the apparatus. MWPC

planes of scintillation counters. The first plane
of twelve counters precedes the absorber and is
used primarily for the generation of an accurate
timing signal for all K° decay modes. The sec-
ond hodoscope consists of eight horizontal coun-
ters, four on each side of the beam, while the
third array contains eight vertical counters.
Pion and electron secondaries are strongly ab-
sorbed by the concrete, whereas muon secondar-
ies above 1.8 GeV/c penetrate with high probabil-
ity. The neutral beam is allowed to pass through
a hole in the first wall and is absorbed by an in-
sert of uranium and lead in the second wall.

Data were recorded when either of two trigger
conditions were satisfied: (1) muon trigger—ex-
actly two complete trajectories through the
MWPC’s, at least one hit in each of the three
scintillation counter planes, and at least two
hits in either the horizontal or vertical muon
counters; (2) open trigger—exactly two complete
trajectories through the MWPC’s, and at least
one hit in the first scintillation counter hodo-
scope. These events provided a monitor of the
performance of the apparatus and a measure of
the K,° beam flux through the 7*7~ decay mode.
Only 1 in 64 of these tracks was actually re-
corded.

Bothn*r~ and pu*u~ candidates were required
to meet the following criteria: (1) Decay vertex
within a fiducial volume in the vacuum chamber.
(2) Extrapolated secondary trajectories within
the active area of the last (vertical) muon hodo-
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’s are chambers “A,” “B,” and “D.”

scope. (3) Secondary momenta between 2 and 7
GeV/c, and K° momentum less than 12 GeV/c.
The lower bound ensures efficient muon pene-
tration of the concrete absorber and the upper
bounds serve to reduce background from K, de-
cays. (4) No signal in the Cherenkov counter,

For the 7*7 " decay candidate, no muon counter
may be hit. However, a muon is required to be
detected in each of the two muon hodoscopes by
counters that lie along the path of the particle;
counter boundaries are enlarged slightly with a
momentum-dependent correction to account for
multiple scattering in the absorber. In addition,
the trajectories for u*u~ decay candidates may
not share any counters in either the horizontal
or vertical hodoscope. To reduce possible con-
tamination from pion or electron showers, any
event with more than five muon counters hit is
rejected. Independent studies of the muon detec-
tor using K, decays and stray muons from the
alternating-gradient synchrotron demonstrate a
detection efficiency of >95% for each muon.

The response of the spectrometer to u*u~ de-
cays was studied in detail by means of several
thousand of the kinematically similar 7 *7~ de-
cays. An event was described by the vertical
“kink” angle of each secondary, the closest dis-
tance of approach of the two trajectories in the
decay region, the polar angle 6, between the to-
tal vector momentum of the two secondaries and
the incident K;° direction, and finally the recon-
structed invariant mass., Distributions of the
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FIG. 2. (a) Invariant mass spectrum for the decay
K 9—7*r", subject to all cuts except in mass. (b) Spec-
trum of the variable 6,2, the polar angle between the
reconstructed K° momentum and the direction defined
by the decay vertex and production target.

first three “geometrical” variables yield widths
consistent with the calculated resolution of the
apparatus. Their x? distribution is in excellent
agreement with that expected for three degrees
of freedom. All data with x? greater than 6.25
have been rejected; this choice eliminates only
10% of the good events while strongly suppress-
ing background from 7 - uv decays.

Distributions in 6, and invariant mass of the

~w'n” events are shown in Fig. 2. Averaged over
the incident momentum spectrum ({(Py)="7 GeV/c),
0g, =0.52 mrad and 0, =1.8 MeV/c?. The mean
K,° mass is measured to be 498.6 MeV/c?, about
1 MeV/c? higher than the accepted value.

All u*u” decay candidates surviving the x? cut,
with 6,%/0¢ <50 and M, >480 MeV/c? are shown
in Fig. 3(bf. The 20 boundaries in both variables
are indicated by the dashed lines. Six pu*u-
events are found in the 20 interval, M, — Ml
<3.5 MeV/c? and 6,°/0o,<3. For comparison,
a similar distribution for about 100 7*7~ decay
candidates is presented in Fig. 3(a).

Two projections of the u*u~ scatter plot are
shown in Fig, 4: the mass spectrum for 9K2/0'9K2
<3, and the angular distribution for events with
{M,, —My1<3.5 MeV. No significant background
at the K° mass in the forward direction is seen
in either distribution. One estimate of the back-
ground may be easily made from the angular dis-
tribution: This background is expected to be in-
dependent of 6,2 since the range of the missing
transverse momentum is much larger than the
resolution. The three events in the interval 3
<6x’/04,” <39 yield an expected background of
0.25+0.15 in the interval 9"2/091{2<3’ 1M, — Myl
<3.5 MeV. The probability that the six observed
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FIG, 3. (a) Scatter plot in the mass-angle plane for
the decay K .°—7*n", subject to the identical cuts used
in the p*1” analysis. The acceptance region is en-
closed within the dashed lines. (b) Scatter plot in the
mass-angle plane for all K, %—p*u" decay candidates.
(c) A simulation of the background in the Kz’ —putu” de-
cay arising from the following two sources: (1) K.’

— T4y decays in which the 7 decays and completes the
signature for two muons, and (2) K. "— muv decays in
which the T punches through the u# filter and completes
the signature for two muons,
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FIG. 4. (a) Projection of the u*i" scatter plot on the
mass axis for 9K2/09K2< 3. There are no events at high-
er mass, (b) Projection of the 4 1" scatter plot on the
angle axis for events with My, —M,| <3.5 MeV.

events are a fluctuation of a smooth background
is less than 0.1%. We conclude that these six
events are indeed examples of the decay K ;°
—-ptu,

As for the remaining events in the scatter plot,
only the processes K ;°—muv with the pion pene-
trating the concrete absorber and K,° —7uy with
the pion decaying within the spectrometer have
been found to contribute significantly.*

In the first case, if the pion is identified as a
muon, but its momentum measured correctly,
the apparent invariant mass cannot exceed 481
MeV/c?. From a study of 7 *n ™ decays, the prob-
ability of pion penetration has been measured to
be =~1.4%. Using this penetration factor, the con-
tribution of this background process has been de-
termined by reanalyzing K4 decays (from the
open trigger data) as if both particles were mu-
ons. These events are found to be the dominant
contribution for M, <490 MeV/c?, 6;*/0e *<10.

In the second case when the pion decays, the
corresponding deflection of the trajectory may
contribute a substantial error in the momentum
of the secondary, allowing invariant masses even
greater than the K° mass. This source of back-
ground has been estimated by a Monte Carlo cal-
culation. The combined contribution from both
sources, shown in Fig. 3(c), is quite similar to
the real data, although a discrepancy of about
30% exists in the total number of events.® In the
region of the K° mass, nevertheless, there is no
evidence for 6,° peaking in the forward direction.

The n*1”~ decays permit a direct determination
of the branching ratio I'K,°~ p*u”)/T(K . °~7"77),
Correcting for the trigger suppression factor of
64, we find that our data correspond to 1.0x108
m*1~ decays. A Monte Carlo calculation of the
relative acceptance A, /Am, was performed which
included losses due to 7 — uv decays (18%), and
also losses due to scattering out of muons in the
absorber (7%). We find

TES~p'i) NyAw_ 6

DKL =7*T7) " Npp Ay, 1.0 ><10"><1'12

=6.7x1078,
Finally,®
DKL =pp’) TEL—p'p”) DK L=m"17)
(K, °~all) (KL -n*1") I[(K.°-~all)

=6.7x1076x1,57x10"3
=11%119x10 7

(90% confidence level).

This value is clearly in good agreement with
the unitarity bound, but in sharp disagreement
with the result of Clark et al.> Based on the
present experiment, the probability that the
branching ratio is below 1.8x107° is less than
0.06%.
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40ther processes examined and found to contribute in-
significantly are K '—~mev, K;'—~n*tr", K 0—a*n"n?,
K;"—=pu*u"y, and two unrelated tracks in accidental co-
incidence.

’In this delicate calculation, substantial errors in the
apparent normalization can arise from a number of
sources. For example, a systematic momentum error
Ap/p of just 1.8% in the m7—puv decay simulation would
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cause the observed discrepancy. Uncertainties in the
K, 3 form factors also can contribute.
®Here we use the current world average for I'(K,°

—n*r7) /T (K. all) as obtained by the Particle Data
Group, Lawrence Berkeley Laboratory Report No. 100,
1972 (unpublished).
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The equilibrium thermodynamic conditions obeyed by a pion condensed system are giv-
en. These include the statement that the average spatial currents of conserved quanti-
ties must always vanish in the state of lowest free energy, even for 7~ condensation in-
to a running-wave mode. The physical significance of pion-condensation thresholds is

also discussed.

The possibility that the pion field in dense nu-
clear or neutron-star matter may develop a mac-
roscopically occupied mode, or condensate, has
recently been explored by several authors.!™ In
the normal state of these systems, the ground-
state expectation values of ¢, the neutral pion
field, and ¢, the charged (7~) field, vanish as a
result of parity conservation, and for () as a re-
sult of charge conservation as well. Pion-con-
densed phases are states of broken symmetry,
characterized by a nonvanishing (@) for 7~ con-
densation, while in a 7° condensed system ()
#0. The main purpose of this Letter is to derive
the equilibrium thermodynamic conditions that
are obeyed by the ground state, or, more gener-
ally at finite temperature, by the state of lowest
free energy of a pion condensed system.

The first result we need, one familiar from the
microscopic theory of superfluidity, is that the
condensate wave function (¢ (¥, {)) must vary in
time as exp(-iu,t), where p, is the 7~ chemical
potential. To see this we note that ina 7~ con-
densed phase, the ground-state energy E =(H), or
the free energy F =E -~ TS at finite temperature,
is a functional of (¢ (T, ¢)), (w(F,?)) (where 7 is the
momentum conjugate to ¢), as well as (¢ T(F, ¢))
and (7(¥,1)). For fixed expectation value of p,
=i(¢Tr - n7¢p), the ground-state energy (H) must
be a minimum under variation of {¢) and (), or,
under an arbitrary variation, 5¢H)=pu,6{p,).
Consider a variation that adds c-number fields
to (¢) and (). Then since 6{p,)=i{p T 6(r)+ 6{p ™)
X (ry+c.c., and 6CH)=(6H/b6m) &{m)+ (OH/b6¢) 6{)
+c.c., we have, on comparing coefficients of
6(p ™, and of 6(nT),

(6H/ b1 T)= (@)= - in, (@), ‘ 1)
(6H/69 )=~ (1) =i (m).
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Thus

(o(F, 1)) =exp(-iu 1) (@),
(T, 1)) =exp(-iu, t)m(T)).

)

The 7° chemical potential vanishes and so for a
condensed neutral 7° field {¢,) and {7,) are con-
stant in time.

The density of condensed 7~, the net charge
associated with the macroscopically occupied
pion mode, is given by (0.}, oa = - 2Im (@) (m)).
When terms in the interaction Lagrangian con-
taining ¢ can be neglected, as in the nonrelativ-
istic limit of the pseudovector coupling, then
7=¢ and® (p)cona = 2, [ (@ (@)%

Combining Eqs. (1) we find the expectation val-
ue of the 7~ field equation:

(Bg? = m 2 +V2)(p(F)) - J(F)=0, ®3)

where J(F)=~ (6L /8¢ T(F)) = i1ty (6Ly,, /69 T(EF))

is the source of the condensed-pion field and L,
is the interaction Lagrangian. Equation (3) deter-
mines the condensate wave function in terms of
the source J(f). The threshold for 7~ condensa-
tion is the first point at which the field equation
(3) can be satisfied; below threshold J(¥)=0. Ex-
panding J(¥) to first order in (¢ (¥’)) and using
8J(F)/6¢p (@) =T (F,F'; w=u,), the 7" self-energy
in the medium, we see that the 7~ -condensation
threshold is the point where fD"(F, T )e @)
Xd®%'=0, i.e., where the pion Green’s function

D, for {(¢)=0, has a pole at frequency u,. Above
the threshold, however, the amplitude of {p) is
determined by (3), not by the equation for D (which
describes the fluctuations in the pion field). A
point at which D,, the 7° Green’s function (for
(¢,»=0), develops a pole at w= p,0=0 would be a
7° threshold.?!



