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Search for new π0-like particles produced in association with a τ-lepton pair
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We report on a search in eþe− annihilations for new π0-like particles produced in association with a
τ-lepton pair. These objects, with a similar mass and similar decay modes to π0 mesons, could provide an
explanation for the non-asymptotic behavior of the pion-photon transition form factor observed by the
BABAR Collaboration. No significant signal is observed, and limits on the production cross section at
the level of 73 fb or 370 fb, depending on the model parameters, are determined at 90% confidence level.
These upper limits lie below the cross section values needed to explain the BABAR form factor data.

DOI: 10.1103/PhysRevD.90.112011 PACS numbers: 14.40.Rt, 14.60.Fg

I. INTRODUCTION

The measurement of the pion-photon transition form
factor F π0ðQ2Þ reported by the BABAR Collaboration [1]
has given rise to much discussion [2–5]. The result does not
exhibit convergence towards the Brodsky-Lepage limit
of 185 MeV=Q2 [6] even for large values of the squared
momentum transfer, viz., Q2 > 15 GeV2, where the data

are expected to be well described by perturbative QCD.
Results from the Belle Collaboration [7] show better
agreement with the perturbative predictions but are con-
sistent with the BABAR data within the uncertainties.
A recent suggestion [8] proposes that the observed lack

of asymptotic behavior might be due to the production of
new particles or states, tentatively named “pion impostors”
and generically denoted ϕ [9]. Two classes of models are
considered. In the first, scalar ϕS or pseudoscalar ϕP
particles are introduced with a mass within 10 MeV=c2

of the π0 mass, and with similar decay modes to the π0,
such that they thereby contribute to the F π0ðQ2Þ measure-
ment. In the second, a new light pseudoscalar state mixes
with the π0 to produce a so-called “hardcore pion” π0HC. The
ϕP and π0HC have similar experimental signatures and the
related processes only differ in their production rates. These
models predict large coupling strengths between the new
objects and the τ lepton, comparable to the strength of the
strong force, leading to an observable increase of F π0ðQ2Þ
through virtual loops with τ leptons. The couplings of the
new particles to heavy quarks and other Standard Model
(SM) particles are constrained by experimental data to be an
order of magnitude or more smaller [8].
The largeness of the predicted couplings of the pion

impostors to the τ lepton, and the absence of corresponding
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experimental constraints, motivate a search for pion impos-
tors radiated from τ leptons in eþe− → τþτ−ϕ, ϕ → γγ
interactions. This process is particularly compelling
because the rate of such events must be considerable in
order to explain the BABAR F π0ðQ2Þ data, making it
potentially observable. The production cross sections
required to describe the BABAR measurements are listed
in Table I. The corresponding results for the combined
BABAR and Belle data are also given. Based on the cross
sections derived from the BABAR data alone, on the order
of 105 events are expected in the BABAR data sample.
The SM production of genuine π0 meson in association

with a τ-lepton pair is expected to be highly suppressed. To
lowest order, the SM process in which a π0 is radiated from
a τ lepton is depicted in Fig. 1. The matrix element involves
the pseudoscalar to two-photon transition amplitude as well
as a suppression factor arising from the two-photon loop
and the τ-lepton propagator. The matrix element for this
diagram [10,11] yields an effective coupling between the π0

and the τ lepton of the form

ge:m:
ττ ¼ −

1ffiffiffi
2

p mτ

fπ

�
α

π

�
2

R; ð1Þ

wheremτ is the mass of the τ lepton, fπ ≃ 0.130 GeV is the
pion decay constant, and α is the fine-structure constant.
The factor R is a dimensionless complex amplitude that is
a function of the pion form factor F π0ðk2; ðpπ0 − kÞ2Þ,
integrated over the virtual photon four-momentum k, and of
the mass ratio mτ=mπ0 between the τ lepton and the neutral
pion. Using a simplified analytical expression for the form

factor [10], the magnitude of R is estimated to be around
0.2. The SM electromagnetic τ-π0 coupling is therefore

jge:m:
ττ j ∼Oð10−5Þ; ð2Þ

which is approximately four orders of magnitude smaller
than the coupling strength expected for the impostor model.
A second potential SM background arises from events in

which the π0 meson is created through the s-channel virtual
photon from the eþe− annihilation, together with another
photon that converts to a τ-lepton pair. This process is
highly suppressed by the form factor atQ2¼ð10.58GeVÞ2.
Compared to the τ-lepton pair rate, it is further suppressed
by a factor of α.
The total combined expected background yield from the

two SM background processes described above corre-
sponds to less than around 0.01 events, which is negligible
compared to the number of pion impostor events required
to explain the F π0ðQ2Þ anomaly.
We present a search for new π0-like particles in the

eþe− → τþτ−ϕ final state, where ϕ can be any of the ϕP,
ϕS, or π0HC states. The paper is organized as follows: Sec. II
describes the detector and data samples used in this
analysis, while Sec. III presents the signal selection and
the yield extraction methodology. The main contributions
to the systematic uncertainty are described in Sec. IV and
the results are presented in Sec. V. Section VI contains a
summary.

II. THE BABAR DETECTOR, DATA
AND SIMULATION

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy eþe−
storage rings between 1999 and 2007. The BABAR detector
is described in detail elsewhere [12,13]. Here we provide
a brief overview of the two subdetectors most relevant to
this analysis.
The energy of photons and electrons is measured with an

electromagnetic calorimeter (EMC) composed of a cylin-
drical array of CsI(Tl) crystals. The resolution for the polar
and azimuthal angles is ∼4 mrad, and the energy resolution
is ∼3% for 1 GeV photons [12]. The EMC also serves as a
particle identification (PID) device for electrons. The drift
chamber is used to determine the momentum of the charged
tracks by measuring their curvature in a 1.5 T magnetic
field. The transverse momentum resolution is a linear
function of the transverse momentum pT and is 0.67%
for pT ¼ 1.7 GeV=c, which is the mean laboratory pT
value of charged tracks expected in signal events.
This analysis is based on 424 fb−1 of data collected at a

center-of-mass (CM) energy
ffiffiffi
s

p ¼ 10.58 GeV and on
44 fb−1 collected at

ffiffiffi
s

p ¼ 10.54 GeV [14], corresponding
to a total production of approximately 430 × 106

τþτ− pairs.

TABLE I. Production cross sections of eþe− → τþτ−π0HC,
τþτ−ϕP, and τþτ−ϕS at

ffiffiffi
s

p ¼ 10.58 GeV needed to accommo-
date the pion-photon transition form factor reported by BABAR,
as well as the combination of BABAR and Belle measurements.
Confidence intervals at 95% confidence level are provided in
brackets.

Model σ (pb) BABAR [1] σ (pb) BABAR þ Belle [7]

π0HC 0.62 [0.25–0.84] 0.44 [0.15–0.59]
ϕP 4.8 [2.5–6.9] 3.4 [2.5–5.1]
ϕS 130 [70–180] 90 [50–140]

FIG. 1. Diagram of the leading order SM process for π0

radiation from a τ lepton.
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Simulated signal events are created using the EVTGEN

[15] generator. First, large samples of eþe− → τþτ−π0
events are generated, based on three-body phase space
and nominal decay modes for the τ leptons and π0 meson.
Then the events are reweighted to reflect the production rate
of eþe− → τþτ−ϕ processes using the analytical matrix
elements corresponding to the pion impostor process
illustrated in Fig. 2, assuming either the scalar or pseudo-
scalar hypothesis.
The following backgrounds are considered: eþe− → BB̄

events, generated with the EVTGEN [15] program, con-
tinuum hadronic eþe− → qq̄ðq ¼ u; d; s; cÞ events, gener-
ated with the JETSET [16] program, eþe− → μþμ− and
eþe− → τþτ− events, generated with theKK [17] program,
with the decay of the τ leptons described using the
TAUOLA [18] library, and eþe− → eþe− events are
simulated with the BHWIDE [19] program. Radiative
corrections are modeled with the PHOTOS [20] algorithm
and the detector response with the GEANT4 [21] toolkit.

III. ANALYSIS METHOD

The signal consists of a τþτ− pair and a single pion
impostor ϕ. The pion impostor decays to a pair of photons
with diphoton invariant mass close to the π0 mass. The
selection criteria are optimized using simulated signal and
background events. Simulated samples are also used to
evaluate the selection efficiency and systematic uncertain-
ties. These quantities are evaluated using an impostor mass
set equal to the mass of the π0.

A. Signal selection

For the selection of eþe− → τþτ−ϕ signal events, we
require one τ lepton to decay leptonically to an electron and
the other to a muon. This requirement suppresses back-
ground from radiative Bhabha and dimuon events. We thus
require events to contain exactly two charged tracks, one
identified as an electron and the other as a muon. To reduce
background from two-photon eþe− → eþe−X events,
signal event candidates are required to have a missing
transverse momentum larger than 0.3 GeV=c, where the
missing transverse momentum is the magnitude of the
vector sum of the pT values of both tracks and of all
reconstructed neutral particles, evaluated in the event
CM frame.

The pion-impostor candidates ϕ are reconstructed by
combining two photons, each with a CM energy larger than
250MeV. To reduce the contribution of radiative events, we
require the sum of the CM energies of all photons in the
event not associated with the ϕ candidate to be less than
300 MeV. The latter requirement also has the effect of
rejecting events containing more than one ϕ candidate. The
photons associated with a ϕ candidate must be separated
from the electron track by at least 30° to further suppress
radiative events. Control samples of τ� → X�ðπ0Þντ
events with X� ¼ π�, K�, μ�νμ are used to determine
momentum-dependent corrections for the ϕ selection
efficiency [22].
Kinematic constraints are used to ensure that the ϕ

candidate does not arise from events in which one τ lepton
decays leptonically, while the other decays through τ� →
ρ�ν followed by ρ� → π�π0, where the π� is misidentified
as a lepton. We form the invariant mass between each track
and the ϕ candidate, assuming a π� mass hypothesis for the
track, and require the combined mass to be greater than
the τ-lepton mass. To further suppress neutral pions from
τ-lepton decays, the sum of the CM energy of the ϕ
candidate, Eϕ, and that of the track with the lower energy,
Esmall, must be greater than

ffiffiffi
s

p
=2. The distribution of

Esmall þ Eϕ for events with mγγ ∈ ½100; 160� MeV=c2,
after all other selection criteria have been applied, is shown
in Fig. 3.

FIG. 2. Diagram of the pion impostor production process in
eþe− annihilations. The ϕ can be any of the ϕP, ϕS, or π0HC
particles.
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FIG. 3 (color online). Top: sum of the smaller of the track
energies Esmall and of the ϕ candidate energy Eϕ, evaluated in the
event CM, after applying all other selection criteria and requiring
mγγ ∈ ½100; 160� MeV=c2. The data to the right of the vertical
line at 5.29 GeV are in the signal region. The predicted hardcore
pion eþe− → τþτ−π0HC distribution, assuming a production cross
section of 0.254 pb, is included for reference. Bottom: Difference
between data and Standard Model simulation (SM MC), divided
by combined statistical uncertainty.
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The resulting diphoton mass spectrum after applying
all other selection criteria is displayed in Fig. 4. The data
are seen to agree with the SM simulation to within the
uncertainties.

B. Yield extraction, background evaluation,
and selection efficiency

The signal yield is extracted by performing a series of
extended unbinned maximum likelihood fits to the dipho-
ton invariant mass distribution in the ½50; 300� MeV=c2

range, scanning ϕ mass hypotheses as explained below.
This region is chosen because it includes the predicted mass
range for the signal, and also because the background
distribution is relatively flat. The mγγ distribution is fitted
with the sum of a Gaussian function, describing the
contribution of the signal and peaking background com-
ponents, and a first-order polynomial representing the
combinatorial background. The number of events in
the Gaussian peak is denoted Ng. The slope and normali-
zation of the polynomial as well as the value of Ng are
determined in the fit. The mean μg and width σg of the
Gaussian function are fixed to values determined as
explained below.
The value of σg is evaluated using control samples. These

samples are selected, for both data and simulation, using
criteria similar to those described above, but reversing
the requirements on the invariant mass formed from the
charged track and the π0 candidate, and removing the
requirement on Esmall þ Eϕ. The reason this latter require-
ment is removed is to increase the statistical precision.
The mγγ spectra are then fitted using the signal model
described above except with σg a fitted parameter. We find
σg ¼ 10.6� 1.8 MeV=c2 for the data and σg ¼ 11.2�
0.8 MeV=c2 for the simulation. For the subsequent fits, we
fix σg to 11.1 MeV=c2, which is the average of the results
from data and simulation.

The value of μg represents the mass of the hypothetical ϕ
particle. It is fixed in the fit and scanned between 110 and
160 MeV=c2, covering the expected range of impostor
mass values [8]. The step size is 0.5 MeV=c2, correspond-
ing to less than half the estimated mass resolution.
We select the scan point that yields the largest valueNmax

g
of Ng. The signal yield Nsig is obtained by subtracting the
estimated number of peaking background events fromNmax

g
and correcting for the signal yield bias.
The number of peaking background events predicted

by the simulation is 0.38� 0.09, where the uncertainty
accounts for uncertainties in the PID as well as for the
difference between the data and simulation rates in the
sidebands, which is visible in Fig. 3 for values of
Esmall þ Eϕ above 4.8 GeV=c2.
We also consider potential peaking backgrounds that are

not present in the simulation. Specifically, we consider two-
photon eþe− → eþe−πþπ−π0 events, for which either the
eþ or e−, and one of the charged pions, are undetected,
while the other charged pion is misidentified as a muon.
The events are selected using the same criteria as described
above except requiring the presence of a charged pion
rather than a muon. Themγγ spectrum of the selected events
is fitted as described above, and the resulting value of Ng
is scaled by the muon-to-pion misidentification rate of
ð3.0� 1.0Þ%. Adding the resulting value to the number of
peaking events determined from simulation yields an
estimate of 1.24� 0.37 events. This number is subtracted
from Nmax

g as described above.
The evaluation of the fit bias is performed using a large

ensemble of pseudo-experiments. For this purpose, dipho-
ton invariant mass spectra are generated to reproduce the
combinatorial background with the number of combinato-
rial events drawn from a Poisson distribution whose mean
equals the simulated result. A peaking component centered
at the π0 mass is added. The number of peaking events is
drawn from a Poisson distribution with mean equal to one.
Each peaking background event is then weighted by a
number drawn from a Gaussian distribution whose mean
and width are 1.24 and 0.37 events, respectively. We
determine the bias for several values of the signal yield
by further adding a known number of signal-like events to
each experiment. Between 0 and 25 signal events are added
to each pseudo-experiment, yielding an average fit bias of
−0.06� 0.02 events.
The signal selection efficiency is determined by

applying the analysis procedures to the simulated
signal events. After accounting for the τ− → μ−ν̄μντ and
the τ− → e−ν̄eντ branching fractions [23], the efficiencies
are found to be εϕP

¼ επ0HC ¼ ð0.455� 0.017Þ% and
εϕS

¼ ð0.0896� 0.0033Þ%, where the uncertainties are
statistical. The efficiency to reconstruct the ϕS is smaller
than that to reconstruct the ϕP and π0HC because the scalar
particle tends to produce lower-energy impostor candidates
that do not satisfy the selection criteria.
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FIG. 4 (color online). Distribution of mγγ after applying all
other selection criteria. The insert shows the low mass range with
bin size of 10 MeV=c2.
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IV. SYSTEMATIC UNCERTAINTIES

Sources of systematic uncertainty affecting the efficiency
measurement include those associated with the π0 and PID
efficiency corrections, as well as differences between the
data and simulation in the track momentum scale and
resolution, and in the photon energy scale and resolution.
These multiplicative uncertainties are summarized in
Table II. The additive uncertainty contributions to the
signal yield measurement are associated with the peaking
background estimate and potential biases in the fit pro-
cedure. For the latter, we assign the full bias correction as a
systematic uncertainty.
The uncertainty related to the π0 reconstruction effi-

ciency is evaluated by performing the analysis while
varying the π0 efficiency correction within its uncertainties.
The PID uncertainty is 0.5%, estimated using high-purity
control samples.
The uncertainties associated with the differences

between the data and simulation for the track momentum
scale and resolution are measured using eþe− → μþμ−γ
events. These samples are also used to determine the
uncertainties related to the photon energy scale and
resolution [24].

V. RESULTS

A. Data mγγ spectrum

Figure 5 shows the yield Ng of events in the Gaussian
peak, with its statistical uncertainty, as a function of the ϕ
particle mass hypothesis. The largest value, Nmax

g ¼ 6.2�
2.7ðstatÞ events, arises for μg ¼ 136 MeV=c2. The fit result
with this mass hypothesis is shown in the diphoton mass
distribution of Fig. 6, where the contribution from the
expected background is also presented. The probability
of observing a signal of at least 6.2 events assuming a
background-only hypothesis is estimated from the pseudo-
experiments described in Sec. IV, which assume a mass
μg ∈ ½110; 160� MeV=c2. The p-value is found to
be p0 ¼ 3.71 × 10−2.
After subtraction of the peaking background and cor-

rection for the fit bias, the number of signal candidate
events at μg ¼ 136 MeV=c2 is found to be

Nsig ¼ 5.0� 2.7ðstatÞ � 0.4ðsystÞ: ð3Þ

Correcting this result for the signal selection efficiency
leads to the following production cross sections:

σ ¼
�
38� 21ðstatÞ � 3ðsystÞ fb for ϕP and π0HC;

190� 100ðstatÞ � 20ðsystÞ fb for ϕS:
ð4Þ

Statistical uncertainties dominate in both cases. The main
source of systematic uncertainty is the peaking background
estimation and subtraction procedure.

B. Upper limits on the cross sections

No significant signal is observed. Upper limits on the
production cross sections are set using the CLs method
[25]. The 90% confidence level (CL) upper limit on the

TABLE II. Contributions to the uncertainty of the efficiency
(%) for the three models considered.

Source of uncertainty ϕP; π0HC (%) ϕS (%)

MC sample size 3.5 3.7
π0 efficiency 1.0 1.0
PID 0.5 0.5
Momentum scale 0.2 0.2
Momentum resolution 0.1 <0.1
Energy scale 2.0 2.0
Energy resolution 0.6 0.6
Total systematic uncertainty 4.2 4.4
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FIG. 5. Number Ng of events in the Gaussian peak as a function
of the ϕ mass hypothesis μg. The shaded region indicates the
statistical uncertainty.
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number of signal events, Nsig ≤ 9.6, translates into the
following bounds on the cross section

σ ≤
�

73 fb for theϕP and π0HC models;

370 fb for theϕS model:
ð5Þ

C. Compatibility of the measurement
with the π0 impostor theories

The compatibility of the measured production cross
sections with the impostor theories is studied by including
this measurement as an additional term in the χ2 when
calculating the optimal coupling values needed to describe
the BABAR measurement of F π0ðQ2Þ. The increase in χ2

obtained when adding the couplings corresponding
to our cross section measurements follows a χ2 distribution
with one degree of freedom. This is used to determine the
p-values corresponding to a fluctuation of the eþe− →
τþτ−ϕ event rate from the level seen in the present study
to the level required to explain the BABAR F π0ðQ2Þ
measurements.
The results are reported in Table III. As an example,

the p-value for the hardcore pion model is found to be

5.9 × 10−4, corresponding to a required fluctuation of
3.4 standard deviations. The p-values for the ϕP and ϕS
models are on the order of 10−9. Thus the pion impostor
models do not provide a likely explanation for the
excess seen in the BABAR pion-photon transition form
factor data.

VI. SUMMARY

A search for π0 impostors is conducted with the BABAR
data set. At 90% confidence level, the limit on the
production cross section in association with a τþτ− pair
is 73 fb for the pseudoscalar impostor and the hardcore pion
models, and 370 fb for the scalar impostor model. The
p-values of our measurements under these hypotheses are
5.9 × 10−4 or smaller. The pion impostor hypotheses are
disfavored as explanations for the nonasymptotic behavior
of the pion-photon transition form factor observed with the
BABAR data.
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