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Determination of the Parity of the Neutral Pion via Its Four-Electron Decay
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We present a new determination of the parity of the neutral pion via the double Dalitz decay 7° —

000

ete ete”. Our sample, which consists of 30511 candidate decays, was collected from K; — 70707

decays in flight at the KTeV-E799 experiment at Fermi National Accelerator Laboratory. We confirm the
negative 770 parity and place a limit on scalar contributions to the 7% — eTe~e™e™ decay amplitude of
less than 3.3% assuming CPT conservation. The 7%y*y* form factor is well described by a momentum-
dependent model with a slope parameter fit to the final state phase-space distribution. Additionally, we
have measured the branching ratio of this mode to be B(7’ — e*e eTe™) = (3.26 = 0.18) X 1073,
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The parity of the neutral pion has been determined
indirectly by studying negative pions captured on deute-
rium [1,2]. The observed reactions imply that the 77~ is a
pseudoscalar and that the parities of the 77~ and the 7 are
the same. It has long been known that the decay 7° — yy
in principle offers a direct means of determining the 7°
parity through the polarizations of the photons [3,4]. Given
that there are no available methods for measuring the
polarization of a high-energy photon, this measurement
has never been performed. However, it was soon noted
that the double Dalitz decay 7’ — ete e*e™, which
proceeds through an intermediate state with two virtual
photons (see Fig. 1), is sensitive to the parity of the pion
since the plane of a Dalitz pair is correlated with the
polarization of the virtual photon [5,6]. This process was
studied in a 1962 hydrogen bubble chamber experiment
using stopping negative pion capture (7~ p — n°). That
group observed 206 7 — e*e~ e e events and reported
that the observed distribution of the eTe™ planes was
consistent with a pseudoscalar pion and disfavored a scalar
pion at the level of 3.6 standard deviations [7]; this experi-
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PACS numbers: 14.40.Aq, 13.20.Cz, 13.40.Gp

ment also produced a measurement of the branching ratio
of this decay, which remains the most precise result to date.

Using a sample of more than 30000 7° — ete ete™
decays, we report new precise measurements of the prop-
erties of this decay. Our modeling of the decay includes for
the first time a proper treatment of the exchange contribu-
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FIG. 1. Lowest order Feynman diagram for 7° — eTe e™e™.
The direct contribution is shown; a second diagram exists with
ef and eJ exchanged.
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tion to the matrix element and consideration of full O(«?)
radiative corrections. With these advances, we have tested
for a scalar contribution in the 7°y*y* coupling with a
sensitivity of a few percent. We have also measured for the
first time the momentum dependence of the form factor in
this decay mode. In addition, we present a new measure-
ment of the 7° — e e~ e™ e~ branching ratio, taking into
account radiative effects.

The most general interaction Lagrangian for the 7° —
v*y* transition can be written as [8]

L xC,,,,FF'FPo®, ey

nrpo

where F#” and FP? are the photon fields, ® is the pion
field, and the coupling has the form

C,qu(r x f(-xly x2)[COS§6MVpU
+singe (8,800 = 8uolip)l ()

The first term in C,,, ,, is the expected pseudoscalar cou-
pling and the second term introduces a scalar coupling with
a mixing angle { and a phase difference 8. Nuclear parity
violation would introduce a nonzero £, while CPT viola-
tion would cause the phase 6 to be nonzero. We assume the
standard parity-conserving form for the y*—ete”
conversion.

The form factor f(x;, x,) is expressed in terms of the
momentum transfer of each of the virtual photons, or
equivalently the invariant masses of the two Dalitz pairs:
X1 = (Mgt o= /M )% Xy = (Mgt~ /M0)*. In calculating
the phase-space variables for an individual event, there is
an intrinsic ambiguity in assigning each electron to a
positron to form a Dalitz pair. Our analysis uses a matrix
element model that includes the exchange diagrams and
therefore avoids the need to enforce a pairing choice.

The 7°y*y* form factor has been studied previously in
the decay 7’ — e*e”y [9-11], where the quantity of
interest has been the slope parameter a of the first-order
Taylor expansion f(x,0) = 1 + ax, with x = m2. _/M?2,.
Here we use a form factor parametrization based on the
model of D’ Ambrosio, Isidori, and Portolés (DIP) [12], but
with an additional constraint that ensures the coupling
vanishes at large momenta [13]. In terms of the remaining
free parameters, the form factor is

1 — u(l + a)(x + x5)
(1= px)(1 — uxy) '

where u = MfTO /M2 = 0.032. In the limit of small x, this
coincides with the Taylor expansion provided a = —ua.

The parity properties of the decay can be extracted from
the angle ¢ between the planes of the two Dalitz pairs in
Fig. 1, where pair 1 is defined as having the smaller
invariant mass. The distribution of this angle from the
dominant direct contribution has the form dI'/d¢ ~
1 — Acos(2¢) + Bsin(2¢), where A = 0.2cos(2/) and
B =~ 0.2sin(2{)cos8. A pure pseudoscalar coupling,
therefore, would produce a negative cos(2¢) dependence.

3)

fDIP(xl’XZQ a) =

The 7° decays used in this analysis are the result of fully
reconstructed K; — 707970 decays in flight collected by
the KTeV-E799 experiment at Fermilab. The E799-1I ex-
periment and the KTeV detector are described elsewhere
[14,15]. This analysis relies on two core systems of the
KTeV detector: a drift chamber-based charged particle
spectrometer and a cesium iodide (Csl) electromagnetic
calorimeter. Electrons are identified as charged particles
whose entire energy is deposited in the Csl, while photons
are reconstructed from electromagnetic showers in the Csl
with no associated charged tracks.

The signal mode, denoted by K; — 79779, where
7, refers to 7° — ete"ete”, has a signature of four
charged particles identified as electrons and with a com-
bined invariant mass consistent with the 7° mass, plus four
photons that are compatible with two additional 7%’s.
Furthermore, the eight-particle state has an invariant
mass consistent with the K; and total momentum vector
in the direction of the kaon line of flight.

The branching ratio measurement, which we describe
here first, makes use of a normalization mode in which two
pions decay via 7° — e* e~y and the third 7° — yy. This
“double single-Dalitz-decay” mode, denoted K; —
779 7Y, where 79 refers to 7° — eTe” y, has the same
final state particles as the signal mode and is again identi-
fied by finding the proper combinations of particles to
make three pions with a total momentum consistent with
the kaon. The similarity of these modes allows cancellation
of most detector-related systematic effects in the branching
ratio measurement, but also allows each mode to be a
background to the other.

Radiative corrections complicate the definition of the
Dalitz decays in general. We define the signal mode 7° —
ete”ete to be inclusive of radiative final states where
the squared ratio of the invariant mass of the four electrons
to the neutral pion mass x,, = (My4,/M 0)? is greater than
0.9, while events with x,;, < 0.9 (approximately 6% of the
total rate) are treated as 70 — et e~ et e y. For normal-
ization, the decay 77" — e™e” vy is understood to include
all radiative final states, for consistency with previous
measurements of this decay [16]. Radiative corrections in
this analysis are taken from an analytic calculation to order
0(a?) [8].

Other final states of the K, — 7%7%#° decay can be-
come backgrounds to either the signal or normalization
mode if one or more photons convert to an e* e~ pair in the
detector material: K; — 7°7%79, where one of the five
photons converts, or K; — 7°7°7° — 6 where two pho-
tons convert. These modes again have the same final state
as the signal but can be distinguished statistically since the
externally produced pairs tend to have smaller invariant
masses than those from internal conversions. The most
significant of these backgrounds is K; — 7'7%7% with
one external conversion in material. The photon must
convert upstream of the first drift chamber for the resulting
tracks to be reconstructed. The material in this region sums
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to 2.8 X 1073 radiation lengths. With five photons avail-
able, the probability of one converting is 1.08%, close to
the single-Dalitz branching ratio. The distinguishing char-
acteristic of these events is the small value of the ee™
invariant mass, or similarly, the small value of the opening
angle of the pair. Requiring a track separation at the first
drift chamber of greater than 2 mm removes 99.74% of the
remaining simulated background while preserving 74.3%
of signal and 72.7% of normalization events.

The final selection criterion separates K; — 77079,
from K; — 7°7%, 7% events. This is accomplished by a y?
formed of the three reconstructed 77° masses. This serves to
identify the best pairing of particles for a given decay
hypothesis, as well as to select the more likely hypothesis
of the two. The event is tagged as the mode with the smaller
X2, which is further required to be less than 12 (with 3
degrees of freedom). This technique correctly identifies
more than 99.5% of events (Fig. 2).

The final event sample contains 30 511 signal candidates
with 0.6% residual background and 141251 normalization
mode candidates with 0.5% background (determined from
the Monte Carlo simulation). The background in the signal
sample is dominated by mistagged events from the nor-
malization mode.

The branching ratio is measured from the ratio of re-
constructed signal mode events to normalization mode
events. This ratio must be corrected by the ratio of accep-
tances, which has been determined using a detailed
Monte Carlo simulation of the beam distribution and de-
tector response. The resulting double ratio is directly re-
lated to the branching ratio B,,,, of the 7° — ete ete™
mode normalized to the square of the branching ratio B,
of the 7% — e*e™ y mode:

Boeee Byy . N(KL - 7TO7TO7TODD)

Biy  N(K,— n'7n%7d)
€K, — 7))
: 000\ “)
e(K; — 77 m)p)

where N is the number of events and € is the combined
geometric acceptance and detection efficiency for a given
mode.

The statistical error on the ratio in Eq. (4) is 0.62%.
Systematic errors on the efficiencies were determined
through data studies as well as variations in the parameters
of the Monte Carlo simulation. Because the final state
particles in the signal and normalization mode are the
same, detector-related quantities substantially cancel in
the ratio, which is generally insensitive to the details of
the simulation. The dominant systematic errors came from
variation of the analysis cuts (0.21%) and Monte Carlo
simulation statistics (0.25%). Other systematic errors were
from uncertainties in the amount of material in the spec-
trometer (0.15%), uncertainty in the background levels in
the two samples (0.15%), modeling of the drift chamber
resolutions (0.11%), and radiative corrections (0.04%). The
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FIG. 2. Invariant e*e” et e~ mass for data events identified by
0.0,0

the preferred pairing as K; — @@ @), (upper panel) and

K, — 7797 (lower panel).

total systematic error on the relative branching ratio is
0.41%.
The final result for the ratio of decay rates is

x>0.9
Beeee By'y
B2

eey

= 0.2245 * 0.0014(stat) = 0.0009(syst).

(&)

The 7% — ete~ et e branching ratio can be calculated
from the double ratio using the known values B,, =
0.9880 + 0.0003 and B,,, = (1.198 = 0.032) X 1072
[17]. This yields B:;2° = (3.26 = 0.18) X 1073, where
the error is dominated by the uncertainty in the 7° —
et ey branching ratio. Using our radiative corrections

model [8] to extrapolate to all radiative final states, we find

B

ceee(y) " By

e L = 0.2383 = 0.0015(stat) = 0.0010(syst),
eey
(6)

and B,,..(,) = (3.46 * 0.19) X 1073, Our branching ratio
result is in agreement with previous measurements [7].

The parameters of the 7%y*y* coupling are found by
maximizing an unbinned likelihood function composed of
the differential decay rate in terms of ten phase-space
variables. The first five are (x|, X2, ¥1, Y2, ¢), where x;,
X,, and ¢ are described above and the remaining variables
y; and y, describe the energy asymmetry between the
electrons in each Dalitz pair in the 77° center of mass [8].
The remaining five are the same variables but calculated
with the opposite choice of et e~ pairings. The likelihood
is calculated from the full matrix element including the
exchange diagrams and O(«?) radiative corrections.

The fit yields the DIP « parameter and the (complex)
ratio of the scalar to the pseudoscalar coupling. For reasons
of fit performance, the parity properties are fit to the
equivalent parameters « and 7, where k + in = tanle®®.
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FIG. 3. Distribution of the kinematic variables x; and x, for
signal event candidates (points) and signal Monte Carlo simu-
lation with best fit form factor parameters (histogram).

The shape of the minimum of the likelihood function
indicates that the three parameters «, k, and 7 are uncor-
related. Acceptance-dependent effects are included as a
normalization factor calculated from Monte Carlo
simulations.

Systematic error sources on « and k are similar to those
for the branching ratio measurement. The dominant error is
due to variation of cuts, resulting in a total systematic error
of 0.9 and 0.011 on « and «, respectively. For the 7
parameter, the primary uncertainty results from the reso-
lution on the angle ¢ between the two lepton pairs, which
produces an effective flattening of the angular distribution
without inducing a phase shift. The fitter interprets this as a
small scalar contribution with a phase difference of 90°,
and therefore a larger value of 7, particularly for n = 0.
This behavior was studied with Monte Carlo simulation,
and a correction was calculated. The uncertainty on this
correction results in a systematic error of 0.031.

The distributions of x; and x,, overlaid with the
Monte Carlo simulation, are shown in Fig. 3. The ¢
distribution is shown in Fig. 4. For plotting the data a
unique pairing of the four electrons is chosen such that
x; < x, and the product x;x, is minimized: this choice
represents the dominant contribution to the matrix element.
It is clear that the pseudoscalar coupling dominates, as
expected, with no evidence for a scalar component. The
distributions of all five phase-space variables agree well
with the Monte Carlo simulation.

The final results for the three parameters are a =
1.3 = 1.0(stat) = 0.9(syst), « = —0.011 = 0.009(stat) *
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FIG. 4. Distribution of the angle ¢, in units of 7, between the
planes of the two e®e” pairs. The histogram shows the
Monte Carlo expectation for negative parity.

0.011(syst), and n = 0.051 = 0.026(stat) * 0.031(syst).
The DIP « parameter is related to the standard slope
parameter by a = —0.032«, yielding a = —0.040 =
0.040. This result is in agreement with recent direct
measurements.

The coupling parameters « and 7 are transformed into
limits on the pseudoscalar-scalar mixing angle ¢ under two
hypotheses. If CPT violation is allowed, then the limit is
set by the uncertainties in 7, resulting in { < 6.9° at the
90% confidence level. If instead CPT conservation is
enforced, 1 must be zero, and the limit derives from the
uncertainties on «, resulting in £ < 1.9°, at the same con-
fidence level. These limits on { limit the magnitude of the
scalar component of the decay amplitude, relative to the
pseudoscalar component, to less than 12.1% in the pres-
ence of CPT violation, and less than 3.3% if CPT is
assumed conserved. The limits on scalar contributions
apply to all 7% decays with two-photon intermediate or
final states.

This analysis confirms the negative parity of the neutral
pion with much higher statistical significance than the
previous result, and places tight limits on nonstandard
scalar and CPT-violating contributions to the 7°—
ete ete” decay. We have also measured the
momentum-dependent form factor in this decay for the
first time and made the first improvement in its branching
ratio since 1962. This measurement is limited at present by
the current large uncertainty in the branching ratio of the
single-Dalitz decays used for normalization, but we expect
that uncertainty to be reduced in the near future, at which
point the present measurement can be recalculated using
the more precise double ratio measurement.
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