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periments, the properties and decays of the massive me-

diators of the electroweak interaction, the W and Z vec-

tor bosons, have been studied extensively. The exclu-

sive leptonic final states of the boson decays, Z → l+l−

and W± → l±ν, have been observed and are well-

understood. Hadronic decays of the bosons have also

been observed, but no exclusive final states predicted by

the standard model (SM) have been identified. A class

of these unobserved vector boson decay channels, radia-

tive decays (V → P + γ), where P is a pseudoscalar

meson, are sensitive probes of the strong dynamics in-

volved in meson formation as well as of the vector bo-

son couplings to the photon. These radiative decays are

9PL, England, qQueen Mary, University of London, London, E1

4NS, England, rUniversity of Melbourne, Victoria 3010, Australia,

sMuons, Inc., Batavia, IL 60510, tNagasaki Institute of Applied

Science, Nagasaki, Japan, uNational Research Nuclear University,

Moscow, Russia, vUniversity of Notre Dame, Notre Dame, IN

46556, wUniversidad de Oviedo, E-33007 Oviedo, Spain, xTexas

Tech University, Lubbock, TX 79609, yUniversidad Tecnica Fed-

erico Santa Maria, 110v Valparaiso, Chile, zYarmouk University,

Irbid 211-63, Jordan, hhOn leave from J. Stefan Institute, Ljubl-

jana, Slovenia,

rare because their branching ratios are suppressed by a

factor of (fP /MW,Z)
2, where fP is the meson form fac-

tor. Standard model predictions for the branching ratio

of the decay of the W boson to charged pion and pho-

ton (W± → π±γ ) range from ∼ 10−6 to ∼ 10−8 [3].

However, the sensitivity of the Tevatron experiments to

observing these rare decays, especiallyW± → π±γ, is ap-

proaching the upper range of the SM predictions. Mea-

surement of the cross section of these radiative W and

Z boson decays would provide information about these

poorly understood SM processes, especially involving me-

son form factors at high energies.

Previous searches for the W± → π±γ de-

cay by the UA1, UA2, and CDF experiments

have successively brought the upper limit on

Γ(W± → π±γ)/Γ(W± → e±ν) down to the level of

7× 10−4 at 95% confidence level (C.L.)[4, 5].

In this Letter we present a search for the W± → π±γ

decay using data corresponding to 4.3 fb−1 of integrated

luminosity recorded by the CDF experiment in pp̄ colli-

sions at 1.96 TeV. Compared to the previous CDF search

[5], this represents an increase in the size of the data set
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by a factor of ≈ 50.

The CDF II detector is a general purpose particle de-

tector and is described in detail elsewhere [6]. The z-

axis of the detector coordinate system points along the

direction of the proton beam. The event geometry and

kinematics are described using the azimuthal angle φ and

the pseudorapidity η = − ln(tan θ/2), where θ is the po-

lar angle with respect to the beam axis. The transverse

energy and momentum of the reconstructed particles are

defined as ET = E sin θ, pT = p sin θ, where E is the

energy and p is the momentum.

The analysis presented below uses electron (e±), pho-

ton (γ), and charged pion (π±) candidates, reconstructed

and identified using information from the central outer

tracker (COT) [7], central electromagnetic (CEM) and

hadronic calorimeters (CHA), and the central shower

maximum detector (CES) [8, 9].

Candidate π±γ events are collected using an inclusive

photon trigger that has no tracking requirements. As

a result, the trigger has similar efficiencies for selecting

high-pT electrons and photons. The kinematic proper-

ties of the W± → π±γ decay are also in many respects

close to the kinematics properties of the W± → e±ν de-

cay, which has been extensively studied at the Tevatron

[10]. Consequently, many common systematic uncertain-

ties cancel in the ratio Γ(W± → π±γ)/Γ(W± → e±ν),

and we use sample of W± → e±ν events collected with

the same trigger to normalize the results of the search.

The three level calorimeter-based trigger selects events

with at least one central calorimeter cluster with ET >

25 GeV and a large fraction of energy deposited in the

CEM: ECHA/ECEM < 0.0055 + 0.00045× E. A cluster

is required to be isolated such that the additional en-

ergy in a cone of ∆R =
√

∆φ2 +∆η2 = 0.4 is less than

10% of the cluster energy. To reduce background from

the multi-photon decays of neutral mesons, most impor-

tantly π0 mesons, the lateral profile of the CES shower is

required to be consistent with that produced by a single

photon. Offline π±γ selection requires each event pass-

ing the trigger to have a photon candidate with ET > 25

GeV and a charged pion candidate with pT > 25 GeV/c

and with significant azimuthal separation (∆φ > 2 radi-

ans) between them.

Photon candidates are reconstructed from CEM en-
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ergy clusters with |η| ≤ 1.1 and within the CES fiducial.

A cluster may be pointed to by at most one track; this

track must have pT less than 1GeV/c + 0.005 × Eγ
T /c.

To reject background from neutral mesons decaying into

photons, we veto candidates which have additional CES

clusters with energy above 2.4GeV + 0.01 × Eγ
T in the

same CES chamber. As photons from W± → π±γ de-

cays are expected to be isolated, we require the total

additional energy deposited in the calorimeter within a

cone of ∆R = 0.4 around the photon candidate to be

less than 1.6GeV+ 0.02×Eγ
T and the sum of transverse

momenta of the COT tracks within the same cone to be

less than 2.0GeV/c + 0.005× Eγ
T /c.

Charged pion candidates are reconstructed as COT

tracks with impact parameter ≤ 0.2 cm with respect to

the beam axis. The track must be consistent with origi-

nating from the primary event vertex, which is required

to be within 60 cm of the center of the detector along the

beam line. The track must point to a narrow calorimeter

cluster and extrapolate to a fiducial region of the CES de-

tector. As with photons, pions from W± → π±γ decays

are expected to be isolated, and the pion candidates are

required to satisfy a number of tracking and calorimeter

isolation criteria. A pion candidate is rejected if there

is another track originating from the same vertex having

pT > 1 GeV/c within a cone of 10◦ around the pion track.

The total additional calorimeter energy within the cone

of ∆R = 0.4 around the cluster is required to be less than

10% of the track pT and the sum of transverse momenta

of all tracks within ∆R = 0.4 of the pion track is required

to be less than 5% of its pT . To reject background from

QCD jets, which often contain neutral particles, no CES

clusters with energy greater than 500 MeV may be found

within 30◦ of the track. Finally, pion candidates passing

electron identification criteria are excluded from the anal-

ysis. This selection yields a total of 1398 π±γ candidate

events.

The acceptance for the W± → π±γ decay is deter-

mined using a sample of Monte Carlo (MC) events gen-

erated with the pythia event generator [11] and the

CTEQ5L parton distribution functions [12]. The angu-

lar distribution of pions in the W boson rest frame is

described by the formula dN/d cos θ = 1 + cos2 θ, where

θ is the angle of the pion with respect to the W boson line
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of flight axis. This distribution describes the decay of a

spin-one particle (W ) into a photon and a pseudoscalar

pion averaged over W boson polarizations and summed

over photon polarizations. The detector response is sim-

ulated with a geant3 based simulation program [13].

The photon identification efficiency is determined us-

ing MC simulated events and corrected using Z0 → e+e−

data events, where only probe electrons with suppressed

bremsstrahlung, |E/p − 1| < 0.1, are selected. The

method assumes that the detector response to photons

is the same as that to non-radiating electrons. Compar-

ing simulations of electron and photon showers in the

CEM, we verified that the accuracy of this assumption is

better than 1%.

The identification efficiency for pions from the

W± → π±γ decay is also calculated using MC simula-

tion. The correction factor to this efficiency, which takes

into account the effects of calorimeter shower mismodel-

ing and instantaneous luminosity, is determined by com-

paring properties of the reconstructed jets in photon+jet

data to those in photon+jet MC.

The total corrected acceptance times efficiency for π±γ

selection is A× ǫ = 0.0503± 0.0006(stat)± 0.0011(sys).

The uncertainty is dominated by the systematic uncer-

tainty on the pion identification efficiency.

The dominant backgrounds to this search come from

photon+jet events, where the jet fragments into a sin-

gle charged particle, and from multi-jet events, where

one of the jets fragments into a single charged parti-

cle and another is misidentified as a photon. Drell-Yan

pair production and W/Z decays, especially to τ leptons,

also contribute to the background at a level of ≈ 10%.

The signal from the W± → π±γ decay would appear as

a peak in the π±γ invariant mass spectrum centered at

the W boson mass with a resolution of 2.5 GeV/c2, which

includes the experimental resolution and the full width

of the W boson, 2.1 GeV/c2 [14]. We therefore define

the signal region as 75 < Mπ±γ < 85 GeV/c2, which

includes 90% of W± → π±γ decays. The background

within the signal region is estimated by fitting the side-

bands, 67.5 < Mπ±γ < 75 GeV/c2 and 85 < Mπ±γ < 120

GeV/c2, with an exponential function using a χ2 mini-

mization.

Figure 1 shows the Mπ±γ distribution as well as the
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sideband fit for all events passing selection. The fit resid-

uals, plotted in Figure 2, show that the exponential fit

is an adequate model of the background shape with the

present level of statistics. The statistical uncertainty on

the fit results in a ≈ 5% uncertainty on the background

expectation.
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FIG. 1: Mπ±γ and background expectation for 1398 events
passing full selection. The signal expectation at the 95% C.L.
upper limit is included as the dashed curve. The uncertainties
shown are purely statistical.

From the sideband fit, a total of 219 ± 10 events are

expected in the signal region from the fit and 206 are ob-

served. Since the data in the signal region are consistent

with the expected background, we set a 95% C.L. upper

limit on the σ(pp̄ → W ) × BR(W± → π±γ). We divide

the signal region into four 2.5 GeV bins. The limits cal-
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FIG. 2: The fit residual divided by bin uncertainty for Fig-
ure1. The signal and sideband (SB) regions are noted with
the vertical lines.

culated for each bin are then combined assuming that

uncertainties across the bins are 100% correlated. This

provides a gain in sensitivity by using information about

the shape of the expected W± → π±γ mass peak.

For the normalization measurement in the W± → e±ν

channel we select events which have a central (|η| < 1.2)

electron with ET > 25GeV and missing transverse en-

ergy 6ET > 25GeV [15]. The electron reconstruction and

identification algorithms used in this analysis are dis-

cussed in [10]. In addition, a standalone measurement

of electron energy in the CES helps to identify electron

candidates that radiate a significant fraction of their en-
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ergy (due to bremsstrahlung) and improves overall elec-

tron identification efficiency. This selection results in a

sample with ≤ 5% background, the dominant sources of

which are W± → τ±ν, Z0 → e+e− decays and multijet

events with one of the jets misidentified as an electron.

The backgrounds are subtracted using MC simulation

and the resulting σ × BR(W± → e±ν) is found to be

consistent with previous measurements [10]. The dom-

inant source of uncertainty on the cross section is the

uncertainty on the luminosity [16], which cancels in the

ratio Γ(W± → π±γ)/Γ(W± → e±ν).

Other sources of the systematic uncertainties

that cancel almost entirely in the measurement of

Γ(W± → π±γ)/Γ(W± → e±ν) include the uncertainties

on the trigger efficiency as well as the uncertainties

on parton distribution functions [17] and on the W

transverse momentum, which affect the experimental

acceptance. The uncertainties on the electron and

photon identification efficiences cancel partially but

result in a negligible uncertainty on the measurement

of Γ(W± → π±γ)/Γ(W± → e±ν). The dominant

remaining sources of uncertainties are the statistical

and systematic uncertainties on A × ǫ (∼ 2%) and

the statistical uncertainty on the π±γ background fit

(∼ 5%).

The 95% C.L. upper limit on the ratio of partial

widths Γ(W± → π±γ)/Γ(W± → e±ν), calculated using

a Bayesian approach that takes into account the effect of

systematic uncertainties [18], is 6.4×10−5. This improves

the previous world’s best limit [5] by more than a factor

of 10. The corresponding 95% C.L. upper limit on the

branching ratio BR(W± → π±γ), calculated using the

world average BR(W± → e±ν) = 0.1075 ± 0.0013 [14],

is 7.0× 10−6. While no W± → π±γ signal was observed,

the sensitivity of the CDF experiment to this decay chan-

nel has reached a level comparable to theoretical predic-

tions. With increases in the dataset size, we expect the

sensitivity to improve as 1/
√
L, where L is the integrated

luminosity.
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