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π0 AND KL DECAY 
MEASUREMENTS FROM KTeV 

• Collaboration, experiments, detector

• Decays of the neutral pion

• Measurement of the π0 Dalitz decay branching ratio

• The decay π0→4e and the parity of the π0

• π0→e+e−

• Lepton Flavor Violation in KL decays
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Lepton Flavor Violation analyses 

led by Rice University.  
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The KTeV Collaboration: 
Institutions

• University of Arizona 
• University of California at Los Angeles 
• Universidade Estadual de Campinas 
• University of Chicago
• University of Colorado
• Elmhurst College
• Fermilab
• Osaka University
• Rice University
• Universidade de Sao Paulo
• University of Virginia
• University of Wisconsin

Two experiments:
•E799 (rare decays)
•E832 (εˈ)



The KTeV detector, E799 
configuration: rare decays



The KTeV detector, E832 
configuration: ℜ(εˈ/ε)



Decays of the neutral pion

• A kaon beam is a source of plentiful tagged neutral 
pions

• Use decays such as KL→π0π0π0 as π0 source

• Fully reconstruct the kaon decay → non-π0 backgrounds 
become negligible

• KTeV will have world’s best measurements of all π0 
decays with electrons in final state (all known decays 
except γγ).



Decays of the neutral pion

• π0→γγ: 100

• π0→e+e−γ: 10−2

• π0→e+e−e+e−: 10−5

• π0→e+e−: 10−8

• π0→μ±e∓: LFV

• π0→νν: Forbidden except via neutrino mass

✓Preliminary result

✓Submitted paper

✓Published

✓Published



The Dalitz decay π0→e+e−γ

• The Dalitz decay is the second 
most common π0 decay mode

• Used to normalize other 
measurements of KL and π0 
decays

• PDG 3% error on this 
branching ratio is limiting 
systematic error on many KL 
and π0 decay branching ratio 
measurements

• Not measured since early 
1980s

• Difficult measurement because no 
normalization mode with charged 
tracks exists: tracking efficiency 
must be understood precisely.



The Dalitz decay π0→e+e−γ

• Existing measurements:

• (1.25±0.04)% Schardt 1981

• (1.166±0.047)% Samios 1961

• (1.17±0.15)% Budagov 1960

• Total of all measurements: ~4000 events

• Current PDG Average: (1.213±0.030)%

• KTeV (E832): 66,000 events from KL→π0π0π0 after cuts

Γ(π0 → e+e−γ)
Γ(π0 → γγ)



The Dalitz decay π0→e+e−γ

• Detailed analysis (can’t do it justice in short talk) with 
charged-track mode normalized to all-neutral decay 
KL→π0π0π0

• Tracking efficiency cross-checked with KL→π+π−π0 
decays

• Systematic error dominated by radiative corrections 
(1.02%) and tracking efficiency (0.68%)



The Dalitz decay π0→e+e−γ

• Preliminary result:          
Γ(π0→e+e−γ)/Γ(π0→γγ) 
=  (1.1539±0.0045
±0.0152)×10-2

• Half the uncertainty of 
current PDG average
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The double Dalitz decay
π0→e+e−e+e−

• Two internal conversions

• Only momentum-dependent probe 
of electromagnetic form factor of 
π0 with two off-shell photons

• Orientation of the planes of the 
Dalitz pair provides unique direct 
probe of π0 parity: can search for 
P, CPT violating contributions to 
decay.

• Direct contribution shown; second 
diagram exists with e+1 and e+2 
exchanged.

• Long neglected decay: current 
measurement is one of the oldest 
in particle data book



NEVIS 1962

• Last measurement of 
this decay

• Hydrogen bubble 
chamber at Nevis 
cyclotron

• π−p→π0n from 
stopped π−

• Branching ratio based 
on 206 events:  
(3.18±0.30)×10-5 Samios, Plano, Prodell, Schwartz, and Steinberger

Phys. Rev. 126 1844 (1962)



NEVIS 1962

• Parity analysis based on 
112 events

• Consistent with 
pseudoscalar

• Disfavors pure scalar by 
3.3 to 3.6 sigma 
(depends on analysis)

Samios, Plano, Prodell, Schwartz, and Steinberger
Phys. Rev. 126 1844 (1962)



Radiative Corrections

• MC uses analytic calculation of radiative corrections to 
signal:  A. R. Barker, H. Huang, P. A. Toale, and J. Engle, Phys. Rev. D67 033008 (2003).

• Last two diagrams generate radiative final state



Definition of signal for radiative 
events:

• Define “signal” as 
x4e>0.9 in MC 
generation

• x4e<0.9 events are 
considered 
background

• By this definition, 
radiative background 
is 5.8% of inclusive 
rate

• Data events rejected 
if extra photon 
detected >2 GeV

17

On average, the Dalitz photon in the second process will be hard, with an energy

near half of the pion mass in the CM frame, or 67MeV. In contrast, the radiative

photon in the first process can be arbitrarily soft. A useful quantity, closely related to

the photon energy in the CM frame, is x4e, where

x4e =
M2

4e

M2
4eγ

= 1 −
2E∗

γ

Mπ0

. (2.31)

The distribution of this quantity, made in a Monte Carlo simulation that is discussed

in Chapter 4, is shown in Figure 2.5. The part of the distribution near x4e ∼ 1 is

dominated by the soft, radiated photons from the first process, while the peak near

x4e ∼ 0 is populated by the Dalitz photons of the second process. The range of x4e is

from (4m)2/M2 to 1.

Figure 2.5: Monte Carlo distribution of x4e.

The rate for the first process diverges as the photon energy approaches zero. In

nature, there must be some cancellation of this divergence since the rate for any process

True x4e≡(meeee/mπ)2

Background
π0→e+e−e+e−γ

Signal
π0→e+e−e+e−



Event selection: 
KL→π0π0π0, π0→e+e−e+e−

• Require vertex with 4 tracks, two of each sign

• All tracks identified as electrons: |E/p−1|<0.07

• Also require exactly 4 photons (E>2 GeV) in calorimeter

• Total energy 40-210 GeV

• Total invariant mass 0.480-0.515 GeV/c2

• Total pT
2 relative to vertex-target line <800 MeV2/c4 

• Tracks must be separated by >2mm at first drift 
chamber (removes external photon conversions)



Event identification

• These cuts yield a sample of >99.5% purity containing 
the following decay modes:

• We use the double single-Dalitz events to normalize the signal: 
same final state particles and nearly same average track/cluster 
momenta: detector systematics largely cancel in ratio.

Double-Dalitz Double Single-Dalitz

→e+e−e+e−

→γγ
→γγ

π0

KL     π0

π0

→e+e−γ
→e+e−γ
→γγ

π0

KL     π0

π0



Event identification

• Form χ2 for the grouping of final-state particles to form 
three π0 masses. use this to distinguish signal from 
normalization mode: 

π0

π0

π0
Double-
Dalitz

reconstruction

Double
Single-Dalitz

reconstruction

π0
π0

π0



Event identification

• Selecting reconstruction with better χ2 and requiring    
χ2<12 (with 3 dof), we correctly classify 99.5% of 
events:

30,511
events

141,251
events



Branching ratio measurement

• Numbers of events of each mode are found by:

• DD = double Dalitz

• 2SD = double single-Dalitz

• N3π° = number of KL→3π0 decays

• B = branching ratio

• ε = geometric acceptance × cut efficiency (~0.25%)

• So double branching ratio is:

N2SD = 3 · N3π0 · Bγγ · B2
eeγ · ε2SD

NDD = 3 · N3π0 · B2
γγ · Beeee · εDD

Beeee · Bγγ

B2
eeγ

=
NDD

N2SD
· ε2SD

εDD
= 0.2245 ± 0.0014(stat) ± 0.0009(syst)



Branching ratio measurement

• From double ratio:

• Use known values:

• Branching ratio result:
• x>0.9:  (3.26±0.18)×10-5 
• Inclusive of radiative decays:  (3.46±0.19)×10-5

• Error is completely dominated by Beeγ; will recalculate 
when KTeV Beeγ  result is published

• Agrees well with 1962 result of (3.18±0.30)×10-5

Beeee · Bγγ

B2
eeγ

=
NDD

N2SD
· ε2SD

εDD
= 0.2245 ± 0.0014(stat) ± 0.0009(syst)

Bγγ = 0.9880± 0.0003;Beeγ = (1.198± 0.032)× 10−2



Form factor and parity fit

• Coupling of π0 to two virtual photons has the generic form:

where P is pseudoscalar and S is scalar coupling. 

• Distribution of signal event candidates fit using an unbinned likelihood 
function of all phase space variables under both direct and exchange 
diagrams.

• Use a modified D’Ambrosio, Isidori, Portoles parametrization of the π0γγ form 
factor, where μ≡(Mπ/Mρ)2 and x1 and x2 are the q2 of each Dalitz pair:

• Fit yields momentum-dependence parameter α and pseudoscalar-scalar 
mixing angle ζ and phase δ (if ζ nonzero).

fDIP(x1, x2;α) =
1− µ(1 + α)(x1 + x2)
(1− µx1)(1− µx2)

C ∝ f(x1, x2)[P cos ζ + Seiδ sin ζ]



Form factor fit

• The x distributions agree very 
nicely with MC 

• Fit yields α=1.3 ± 1.0 (stat) 
± 0.9 (syst).

• Form factor sensitivity is 
limited in neutral pion decays, 
since the slope parameter is 
known to be small.  
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The fit yields the DIP α parameter and the (complex)
ratio of the scalar to the pseudoscalar coupling. For rea-
sons of fit performance, the parity properties are fit to the
equivalent parameters κ and η, where κ + iη ≡ tan ζeiδ.
The shape of the minimum of the likelihood function in-
dicates that the three parameters α, κ, and η are uncor-
related. Acceptance-dependent effects are included as a
normalization factor calculated from Monte Carlo simu-
lations.

Systematic error sources on α and κ are similar to those
for the branching ratio measurement. The dominant er-
ror is due to variation of cuts, resulting in a total system-
atic error of 0.9 and 0.011 on α and κ respectively. For
the η parameter, the primary uncertainty results from
the resolution on the angle φ between the two lepton
pairs, which produces an effective flattening of the angu-
lar distribution without inducing a phase shift. The fitter
interprets this as a small scalar contribution with a phase
difference of 90 degrees, and therefore a larger value of
η, particularly for η ≈ 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 x1 and x2, overlaid with the Monte
Carlo simulation, are shown in Fig. 3. The φ distribution
is shown in Fig. 4. For plotting the data a unique pair-
ing of the four electrons is chosen such that x1 < x2 and
the product x1x2 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 distribu-
tions of all five phase space variables agree well with the
Monte Carlo simulation.

The final results for the three parameters are α =
1.3 ± 1.0(stat) ± 0.9(syst), κ = −0.011 ± 0.009(stat) ±
0.011(syst), and η = 0.051 ± 0.026(stat) ± 0.031(syst).
The DIP α parameter is related to the standard slope
parameter by a = −0.032α, yielding a = −0.040± 0.040.
This result is in agreement with recent direct measure-
ments.

The pseudoscalar and scalar coupling parameters κ
and η are transformed into limits on the pseudoscalar-
scalar mixing angle ζ under two hypotheses. If CPT vio-
lation is allowed, then the limit is set by the uncertainties
in η, resulting in ζ < 6.9◦ at the 90% confidence level.
If instead, CPT conservation is enforced, η must be zero,
and the limit derives from the uncertainties on κ, result-
ing in ζ < 1.9◦, at the same confidence level. These limits
on ζ limit the magnitude of the scalar component of the
decay amplitude, relative to the pseudoscalar component,
to less than 12.1% in the presence of CPT violation, and
less than 3.3% if CPT is assumed conserved. The lim-
its on scalar contributions apply to all π0 decays with
two-photon intermediate or final states.

This analysis confirms the negative parity of the neu-
tral pion with much higher statistical significance than
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FIG. 3: Distribution of the kinematic variables x1 and x2

for signal event candidates (points) and signal Monte Carlo
simulation with best fit form factor parameters (histogram).
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FIG. 4: Distribution of the angle φ, in units of π, between
the planes of the two e+e− pairs. The solid histogram shows
the Monte Carlo expectation for negative parity.

the previous result, and places tight limits on nonstan-
dard scalar and CPT -violating contributions to the π0 →
e+e−e+e− 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 cur-
rent 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.

We gratefully acknowledge the support and effort of
the Fermilab staff and the technical staffs of the par-
ticipating institutions for their vital contributions. This
work was supported in part by the U.S. Department of

x1 ≡
(me+

1 e−1

Mπ0

)2

x2 ≡
(me+

2 e−2

Mπ0

)2

Note: pairs defined such that x1<x2.



Parity fit

• Pure pseudoscalar MC (ζ=0) 
describes data very well

• Scalar pion: ζ=90° completely 
excluded (no surprise!)

• Fit yields 90% CL limit on ζ 
with and without assuming CPT 
(δ=0):

• CPT constraint: ζ<1.9°

• CPTV allowed: ζ<6.9°
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The fit yields the DIP α parameter and the (complex)
ratio of the scalar to the pseudoscalar coupling. For rea-
sons of fit performance, the parity properties are fit to the
equivalent parameters κ and η, where κ + iη ≡ tan ζeiδ.
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The pseudoscalar and scalar coupling parameters κ
and η are transformed into limits on the pseudoscalar-
scalar mixing angle ζ under two hypotheses. If CPT vio-
lation is allowed, then the limit is set by the uncertainties
in η, resulting in ζ < 6.9◦ at the 90% confidence level.
If instead, CPT conservation is enforced, η must be zero,
and the limit derives from the uncertainties on κ, result-
ing in ζ < 1.9◦, at the same confidence level. These limits
on ζ limit the magnitude of the scalar component of the
decay amplitude, relative to the pseudoscalar component,
to less than 12.1% in the presence of CPT violation, and
less than 3.3% if CPT is assumed conserved. The lim-
its on scalar contributions apply to all π0 decays with
two-photon intermediate or final states.

This analysis confirms the negative parity of the neu-
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FIG. 3: Distribution of the kinematic variables x1 and x2

for signal event candidates (points) and signal Monte Carlo
simulation with best fit form factor parameters (histogram).
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FIG. 4: Distribution of the angle φ, in units of π, between
the planes of the two e+e− pairs. The solid histogram shows
the Monte Carlo expectation for negative parity.

the previous result, and places tight limits on nonstan-
dard scalar and CPT -violating contributions to the π0 →
e+e−e+e− 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 cur-
rent 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.

We gratefully acknowledge the support and effort of
the Fermilab staff and the technical staffs of the par-
ticipating institutions for their vital contributions. This
work was supported in part by the U.S. Department of
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C ∝ f(x1, x2)[P cos ζ + Seiδ sin ζ]

KTeV result: arXiv:0802.2064 [hep-ex]



The rare decay π0→e+e−

• Helicity suppressed decay; 
proceeds via loop at lowest 
order

• Probe of π0γ*γ* coupling 

• KTeV result published: Phys. 
Rev. D75 012004 (2007)

• B(π0→e+e−,x>0.95)= 
(6.44±0.25±0.22)×10−8
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FIG. 3: Positron-electron invariant mass for π0 → e+e− signal
candidates passing all other cuts. The points with error bars
are data; the solid histogram is background MC.

Branching ratio uncertainties

Statistical uncertainty 3.8%

π0 → e+e−γ branching ratio 2.7%

π0 slope parameter 1.3%

Total external systematic uncertainty 3.0%

Background normalization 1.1%

me+e− resolution 0.7%

Photon pairing χ2 modeling 0.5%

Kaon momentum spectrum 0.4%

me+e− cutoff in normalization 0.3%

Background MC statistics 0.4%

Signal/normalization MC statistics 0.3%

Total internal systematic uncertainty 1.6%

Total systematic uncertainty 3.4%

Total uncertainty on B(π0 → e+e−) 5.1%

TABLE I: List of uncertainties in the π0 → e+e− branching
ratio.

ture if the branching ratio of the Dalitz decay and the
fraction of the decay in the high-xD region of phase
space are measured more precisely. The Dalitz branch-
ing ratio used was B(π0 → e+e−γ) = (1.198 ± 0.032)%
where the relative error, 2.7%, transfers directly into
the π0 → e+e− branching ratio. The MC based on
Ref. [16] was used to determine the fraction of Dalitz
events that had me+e− > 65 MeV/c2, and this number
depended on the π0 form factor used. The result was
Γ(me+e− > 65 MeV/c2)/Γ(all Dalitz) = 0.0319 when
using the 2004 PDG[17] average for the π0 form factor
slope. The slope value is dominated by a measurement
in a region of spacelike momentum transfer [18] where an
extrapolation using vector meson dominance was done.
Our observed me+e− distribution disagreed with MC at

FIG. 4: Ratio of data to MC distribution of me+e− in the side-
band region below the signal peak, where the MC was nor-
malized to the number of fully-reconstructed Dalitz decays.
The dotted line indicates the ratio over the entire region.

the 1.8σ level and indicated a value that would change
the fraction of events in the me+e− > 65 MeV/c2 tail by
1.3%. This disagreement is quoted here as a systematic
error. The detector acceptance depended negligibly on
the form factor.

The remaining systematic errors were internal to the
experiment. The combination of charged and neutral in-
formation in calculating the decay vertex caused a small
shift in the me+e− distribution, with the data moving
by 0.2 MeV/c2 more than the MC. The signal region in
data was shifted accordingly to compensate, and an un-
certainty in the signal acceptance and the background
estimate was a consequence. The shift changed the ac-
ceptance by 0.4% and the background estimate by 10.9%.
The two errors combined into a 0.7% bias on the branch-
ing ratio, which was taken as a systematic error.

A systematic error was associated with the choice of
normalization for the background. Normalizing the pre-
diction to the number of fully-reconstructed Dalitz de-
cays resulted in an estimate of 44.4 ± 2.7 background
events in the signal region, where the error is from MC
statistics only. However, the data indicated a clear ex-
cess of events in the sideband region, 110 < me+e− <
130 MeV/c2, over this Dalitz-normalized MC. The over-
all level of background had to be scaled up by a factor
of 1.19 ± 0.04 (1.24 in the 1997 data; 1.15 in the 1999
data) to match the data. The relative excess showed lit-
tle me+e− dependence (see Fig. 4). There was no ex-
cess of events in the sideband above the signal peak,
which might have indicated an unsimulated flat contin-
uum background. The source of the low-me+e− sideband
excess was not fully understood, but was likely related to
modeling of the sensitivity of the veto system and CsI to
the soft photon from high-xD Dalitz decays. The entire
shift was taken as a conservative systematic error. This
contributed a 1.1% systematic uncertainty to the branch-
ing ratio. The final background estimate was 52.7±11.2.

The high tail of the pairing χ2 distribution was not
simulated perfectly in the normalization and was a source
of systematic uncertainty. Removing the χ2 cut in the

Background



The rare decay π0→e+e−

• New calculation predicts rate: Dorokhov and Ivanov, 
Phys Rev D75 114007 (2007)

• Prediction is (5.25±0.08)×10−8 for x>0.95

• This is 3σ below our result

• Kahn, Schmitt, and Tait (arXiv:0712.0007 [hep-ph]): 
MeV-scale dark matter could explain the excess...



Lepton Flavor Violation

• KTeV (E799) has good sensitivity to several lepton 
flavor violating modes:

• KL→π0μe 

• KL→π0π0μe 

• π0→μe (from  KL→3π0 ) 



Search for KL→π0μe 

• Full reconstruction of signal final state

• Backgrounds are: 

• KL→π+π−π0 with two particles misidentified

• Ke4 (KL→π±π0e∓ν) with pion misidentified and 
soft neutrino

• Ke3 (KL→π±e∓ν) with pion misidentified and 
accidental γγ



Search for KL→π0μe 

• Major improvements since preliminary result of 2003

• Replaced cuts on pT
2 and invariant mass with signal 

likelihood variable to optimize use of information

• Better use of beam-hole photon veto to reduce 
accidental losses

• Improved model of Ke4 form factor

• No events observed; B(KL→π0μe)<7.6×10-11 (90% CL)



Search for KL→π0π0μe 

• Lower background than KL→π0μe due 
to reconstruction of second π0 
(eliminates KL→π+π−π0 as 
background)

• Can require that charged and neutral 
vertices agree

• The square of the π0 momentum in the 
KL rest frame is a good discriminator 
against remaining backgrounds:

• KL→π±μ∓ν (Kμ3) with 4 accidental 
photons 

• KL→π±e∓ν (Ke3) with 4 accidental 
photons and π misidentified
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Search for KL→π0π0μe 

• Additional particle ID cuts use calorimeter, TRD to reject 
electrons from π0 Dalitz decays.

• Also make additional cuts on a likelihood variable 
similar to KL→π0μe analysis

• Use data to estimate rejection factors (don’t trust MC at 
the 10-10 level)

• No events observed within signal region

• π0→μe analysis: just add cut on mμe



Summary of LFV searches

• B(KL→π0μe)<7.6×10-11 (90% CL)

• B(KL→π0π0μe)<1.7×10-10 (90% CL)

• B(π0→μe)<3.6×10-10 (90% CL)

• Publication accepted by PRL, in press.



Summary of π0 decay 
measurements

• Preliminary result: Γ(π0→e+e−γ)/Γ(π0→γγ) =  (1.1539
±0.0045±0.0152)×10-2

• Submitted: B(π0→e+e−e+e−)= (3.26±0.18)×10-5

• Published: B(π0→e+e−)= (6.44±0.25±0.22)×10−8

• Second and third result (and many others in PDG) will 
improve when π0→e+e−γ result is published.



Some of KTeV’s coming attractions

• Search for KL→π0π0μμ (E871 anomaly)

• Search for KL→π0π0γ soon to appear in Phys. Rev. D

• New ℜ(εˈ/ε) measurement: see talk tomorrow morning


