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Search for the CP Forbidden Decay n — 4"
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We report the first determination of the upper limit for the branching ratio of the CP forbidden decay
n — 47°. No events were observed in a sample of 3.0 X 107 5 decays. The experiment was performed
with the Crystal Ball multiphoton spectrometer installed in a separated 77~ beam at the AGS (Alternating
Gradient Synchrotron). At the 90% confidence limit, B(n — 47°) = 6.9 X 107".

PACS numbers: 11.30.Er, 14.40.Aq

The origin of the CP violation that is seen in the de-
cay of the neutral K meson is not determined. This void
in our knowledge exists in spite of major experimental and
theoretical efforts which have been made since the surprise
discovery of thedecay K; — 7+ 7~ in 1964. Thebestin-
sight we have at present on the origin of CP violation lies
in the standard model (SM) where CP violation comes
from a phase angle in the Cabibbo-Kobayashi-Maskawa
matrix due to the existence of a third family of quarks.
In this scenario, all quark-family-conserving interactions
have only an extremely small CP violation [1]. For ex-
ample, the calculation by Cho [2] yields the upper limit:
B(n — w7 ~) = 1077, Thevery distinct feature of the
SM that all CP violations are extremely small, except in
family-changing weak interactions, has hardly been tested
experimentally.

Assuming CPT invariance, the different possible viola
tions of C, P, and T invariance can be arranged into the
four classes listed in Table I. At low and medium ener-
gies, P violating effects are now routinely measured at the
level of 107°. These effects come from the interference
of asmall, P violating, weak-interaction amplitude with
the P conserving one. The magnitude of P violation in
electroweak interactions is energy dependent; it becomes

4802 0031-9007,/ 00/ 84(21) / 4802(4) $15.00

quite largein the vicinity of the Z-boson pole. Theexisting
experimental limit on the electric dipole moment (EDM)
of the neutron gives an important limit on the strength of
possible P violations. Itisatest of class 3 from Table | be-
cause an EDM requires aviolation of both P and T while
preserving C. Not much is experimentally known about
the vaidity of C and T invariance [1].

In order to test CP invariance one desires a system
which is an eigenstate of the CP operator. For reactions
involving quarks which belong to the same family, the tra-
ditional probes, K and B mesons, are excluded. One of
the few remaining particlesthat isa CP eigenstate and can
also be produced in large quantities is the » meson. It is
sufficiently massive to allow the occurrence of hadronic
and electromagnetic (EM) decay modes that are useful as

TABLE I. The four classes of C, P, T violation assuming

CPT invariance.

Class Violated Valid
1 C, P, CT, PT T, CP
2 C, T, CP, PT P,CT
3 P, T, CP,CT C, PT
4 C,P, T,CP,CT, PT
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atest of CP. Thewidth of the , I' = 1.18 keV, issmall
because the major decay mode n — 37 is forbidden in
first order by conservation of G parity. However, this de-
cay does occur as a result of the difference in the up and
down quark masses. The partial width of the n — 2y EM
decay mode is just 0.5 keV because it is a second order
transition. Before considering phase space factors, we have
~10° advantage in sensitivity for any n decay relativeto a
comparable decay of most other mesons, for example, the
p(770) which hasawidth of 150 MeV /c2. Theactua sen-
sitivity is dependent on the kinematical phase space of the
particular decay mode. The phase space for the  — 47°
decay mode is small, but it still allows one to make a de-
finitive measurement as discussed below. The advantage
of thisdecay modeisthat it is essentially background free.

The n — 470 decay tests CP violation for classes 3
and 4. When the rate of a CP violating » decay mode is
smaller than 10~* eV, which corresponds to an n branch-
ing ratio lessthan 10~7, the decay of the % may result from
a weak interaction that violates P and/or C, correspond-
ing to classes 3 and 4 of Table I. If aforbidden decay is
observed at a rate higher than this value, then the CP vio-
lation is associated with the strong and/or EM interactions.

The experimental limits on CP invariance in a quark-
family-conserving interaction are few [1] and, for the
reasons stated above, are primarily n decays. B(n —
7)) <9 X 10*and B(yp — #°7%) = 2.8 X 1072
The first test is limited by the radiative decay n —
7+~ v, which has a branching ratio of 5%, and by
a7~ production from background reactions. The second
test also suffers from direct 27° background production.
Decays of the 1’ meson are 2 orders of magnitude less sen-
sitive than » decays for testing CP invariance because the
7' mean lifeis 160 times smaller than that of the 5. There
are two upper limits; B(np’ — 7#*7~) =2 X 1072 and
B(n' —27% =9 x 1074

We report here the first search for the P and CP violat-
ing decay n — 47°. Any evidence for this decay mode
in our sample would signal a violation of CP invariance
outside the SM. This test was proposed in Ref. [3], be-
cause the 7 mesons can be produced close to threshold in
the process 77~ p — mn where there is no known reaction
which gives a 47 final state. The final-state requirement
of four 7%’ s which together have the invariant mass of the
n enables us to eliminate the expected background from
the » — 37" decay due to photons producing multiple
shower clusters. Note that a potential background reac-
tion, the radiative decay n — 37y, is forbidden by C
invariance.

The data were taken during two weeks of running with
the Crystal Ball (CB) detector, which wasrecently installed
in the Alternating Gradient Synchrotron (AGS) C-6 beam
line at BNL. This beam line provides electrostatically
separated 77 and K beams up to 0.760 GeV /c momen-
tum. The CB detector was built at SLAC in the mid-1970s
by a SLAC-Caltech-Harvard-Princeton-Stanford Collabo-

ration [4]. It is a multiphoton spectrometer with nearly
47 geometric acceptance. EM showers are measured with
an energy resolution oz/E = 3.0E~'/*% with E given
in GeV. Photon shower angular resolutions for energies
in the range 0.05-0.5 GeV are oy = 2°-3° for the polar
angleand o4 = o4/ sing for the azimuthal angle.

A 10-cm-long, 10-cm-diameter liquid hydrogen target
was installed in the center of the CB. The target was
housed in a 2.2-mm-thick aluminum vacuum pipe which
extended through both tunnel regions of the CB. Four
120-cm-long, 5-mm-thick scintillation counters were
mounted on this pipe and surrounded the target to provide
a charged-particle veto. The primary neutral trigger was
a coincidence between a beam trigger, which required a
vanishing beam particle and a total energy signal from
the Nal counters of the CB. An anticoincidence was
made with the charged-particle veto counters. The data
acquisition system could handle up to 1200 events per
second, depending on the various triggers. Beam rates
were limited to =0.5M pions per second since the Nal
crystals have arelatively long signal decay time of =1 us.
Time-to-digital converters (TDC) were put on the CB
so that a time coincidence window of typicaly 40 ns
could be applied to each photon cluster. A photon cluster
consists of 13 neighboring crystals in the CB where
a least 15 MeV is deposited in the central crystal and
the TDC associated with the cluster is within the 40-ns
coincidence window. This TDC requirement enabled us
to remove spurious clusters in the analysis not associated
with the trigger event, and substantially reduced the effect
of accidentals, beam halo, AGS background, and residua
energy in the Nal crystals. The resulting centroid of the
7 invariant mass varied by less than 1 MeV for different
beam intensities. We recorded the energy deposited in
al crystals but in the analysis we required a minimum of
1 MeV before including a crystal in the event. The CB
aong with the veto barrel and target were fully simulated
with GEANT 3.21 Monte Carlo (MC) tracking software.
Both real and simulated data were passed through the
same analyzer to determine backgrounds and acceptances.

The n mesons were produced in the reaction 7~ p —
nn a a beam momentum of 0.720 GeV/c. This mo-
mentum is a good compromise between having a large
production cross section and remaining close enough to
threshold so that all the »’s move in the forward direction
with about the same total energy of 0.6 GeV. The associ-
ated neutrons also move forward, exiting the CB through
the downstream tunnel without interacting in the CB. This
arrangement is important for further reducing background.
The two-body production kinematics greatly facilitate the
search for rare decay modes by constraining the n’s en-
ergy and direction. The n production cross section rises
rapidly above threshold and it is large, nearly 2 mb at
0.720 GeV/c, which allowed usto use arélatively low in-
cident pion beam intensity to reduce accidentals. The num-
ber of n’s produced in our data sample was determined
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to be (2.97 = 0.03) X 107, based on the n — 2y decay
mode with the known branching ratio of (39.2 + 0.3)%.

The first step in the analysis was the energy calibration
of the 672 Nal crystals. The individua phototube gains
were adjusted based on the 662-keV photon from a '37Cs
source. Then the software gains were adjusted to repro-
duce the correct invariant mass for the 7° and 1 mesons
from their 2.y decay modes. This calibration was indepen-
dently verified with the 129.4-MeV monoenergetic pho-
tons from the reaction w~ p — yn a rest. The n — 2y
and 7% — 2y events in the CB are recorded simultane-
ously with other data during all runs, thus providing us
with a continuous monitor of the gain.

The n-meson decays are cleanly identified by the invari-
ant mass of the decay photons, asillustrated in Fig. 1(a) for
the  — 37 decay mode. The spectrum consists of those
events which, as a result of a kinematica fit, exceeded a
2% probability in a y? test for satisfying the hypothesis
7~ p — nn — 6yn, referred to as a 2% confidence level.
The good agreement with the MC simulation indicates we
have a good understanding of the overall response of the
CB detector. We have determined the contribution of direct
370 production to be less than 2% of our 1 sample, which
contributes to the slight disagreement of the MC with the
data in the wings of the distribution.

Figure 1(b) shows the improvement of the resolution
after passing the events through a kinematical fit in which
the photon cluster energy and angle values are adjusted
within theresolution limits of the CB to satisfy the 7w~ p —
37% — 6yn hypothesis. This hypothesis constrained the
invariant mass of the three 77°’s, but not the invariant mass
of the 5. The value of the y? test was again chosen to
yield a 2% confidence level. As a result, the resolution of
the n invariant mass was improved from 4.3% to 0.9%.

Thereaction 7~ p — nyn — 47 must produce eight-
photon clusters in the CB. Our sample of 2.97 X 10’
n mesons yielded 44289 neutral, eight-cluster events.
The eight-photon invariant mass spectrum is shown in
Fig. 2(a). The mgor source of eight-cluster events is
from n — 37° decay in association with two random
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clusters in the CB which pass the TDC regquirement.
Candidate events were subjected to a kinematical fit for
the hypothesis 7~ p — nn — 47° — 8yn. This fit
procedure is similar to that above for the 37 decay but
with an additional constraint on the 7 invariant mass.
After applying a y? test on the kinematical fit at the 0.5%
confidence level, no candidates remained from the real
data sample. The overall combined acceptance for the
analysis of n — 47° events was determined by MC to
be 12.0%. Approximately 84% of the events were lost
due to photon conversion in the vacuum pipe and veto
counters, failing to detect all eight photons, or the total
energy deposited in the CB being less than the hardware
threshold. The remaining 4% of events were lost due to
failure of the y? test on the kinematical fit. Applying
the same anaysis to the n — 37° and n — 2y decay
modes, including the constraint on the » mass, yields a
ratio for the two decay rates in agreement with the value
reported in Ref. [1]. We varied the analysis parameters
and found the ratio stable within 1%. Allowing for the
two extra photons in the » — 47° decay, we estimate
a 2% overall systematic error for determining the upper
limit for the n — 47 branching ratio, which is small
enough to be ignored in determining the final value.

With no events found and the selection of 2.44 events as
the upper bound at the 90% confidence limit [1], the upper
limit becomes B(n — 47°) = 6.9 X 1077.  Equiva
lently, thisupper limit can beexpressedasI'(n — 47Y) =
8.3 X 107* eV. For comparison, note that the major
370 decay mode has a width I'(yp — 37°) = 360 eV.
The existing upper limit for the best known test of CP is
I'(n — 27% = 1.1 eV; however, n — 27° has a larger
phase space than n — 47°.

The main limitation on the sensitivity of the 47°
decay mode is its small phase space. The maximum 7°
momentum in n — 47° isonly 39 MeV/c, as compared
to 238 MeV/c for the 70 in n — 2#°%. The difference
in sensitivity between n — 27% and » — 47° may be
discussed by using the ratio R = T'y(n — 47°)/Ty(n —
279%). When M, is the Lorentz invariant n-body decay
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(a) Invariant mass spectrum for data (e) and Monte Carlo (—) satisfying a y? test for the reaction 7~ p — nn — 6yn.

(b) Improved resolution of (a) due to requiring a kinematical fit to the reaction 7~ p — 37%n.
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(a) The 8y invariant mass spectrum for all 44 289 eight cluster events and (b) the eventsfound in 105 7~ p — nn — 47

Monte Carlo events. The lines indicate the known value of the n mass.

amplitude and ®,, is the n-body phase space volume, we
have R = {|M4|>)®4/{|M>|>)®,. A numerica evalua-
tion [5] gives ®4/®; = 1.21 X 10 %m%, and (|M4]2)/
(IM5]%) = A/m%,. To determine the factor A, a dynamical
model is needed which depends on the origin of CP viola
tion and the decay mechanisms for the 27 and 47 decay
modes. To illustrate the latter, we consider the known
decay of the f((1500). The experimental ratio B( fo —
479/ B(fo — 27°) = 3.4 + 0.8 where B(fy — 47°)
means 47 decays not proceeding via pp [6]. The ratio
®4/ D, for £((1500) decay becomes 2.29 X 10 ?m? and
using m, = 134.98 MeV resultsin avalue of A = 140.

We can reduce the uncertainty in sensitivity due to
differing decay modes by comparing to the allowed 47°
decay of a related meson, such as the f(1500) — 40,
This f has the same quantum numbers as the n except
for parity: 1¢(JP¢) = 07(0*"); the measured decay
rate is I'( fo — 47°) = 33 MeV [6]. The difference
in phase space has been calculated to be [5] ®4(n)/
®4(fo) = 4.7 X 1078, Then, if the decays n — 47°
and fo — 47° have comparable matrix eements, we
would expect I'(yp — 47%) = 33 X 4.7 X 1078 MeV =
1.6 V. This is not an unreasonable estimate since it
is 0.5% of the rate for the  — 37° decay. The limit
on the ratio of the CP violating amplitude to this hypo-
thetically allowed amplitude is then Agp/Acp < (8.3 X
1074/1.6)1/2 <23 x 1072

In summary, our measurement of the branching ratio
for the CP forbidden decay 1 — 4#7° is the smallest
branching ratio yet measured for family conserving de-
cays. Within the applicability of our model, this result is

estimated to provide a 2% limit on CP violation in quark-
family-conserving interactions.
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