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New measurement of the radiativeKe3 branching ratio and photon spectrum
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We present a new measurement of the branching ratio of the decayKL→p6e7neg (Ke3g) with respect to
KL→p6e7ne (Ke3), and the first study of the photon energy spectrum in this decay. We find BR (Ke3g ,Eg*
.30 MeV, ueg* .20°)/BR (Ke3)50.90860.008(stat)20.012

10.013(syst)%. Our measurement of the spectrum is con-
sistent with inner bremsstrahlung as the only source of photons inKe3g .
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I. INTRODUCTION

Precise measurements of the properties of radiative de
modes of kaons test theories of kaon structure. Additiona
understanding the phenomenology of these decays enha
the ability to perform other precision measurements and
decay searches which rely on robust background predict
of which radiative decays may be a component. There
two distinct components in most radiative decays: dir
emission~DE!, where the photon is irreducibly part of th
decay interaction; and inner bremsstrahlung~IB!, where the
photon is emitted from an external charged leg. The IB co
ponent is well understood and dominant in most radiat
decays. It is the size and structure of the DE compon
which is important for understanding kaon structure.

Fearing, Fishbach, and Smith~FFS! @1–3# and Doncel@4#
performed the first theoretical studies of radiativeKe3 decays
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(KL→p6e7neg,Ke3g). FFS present the matrix elemen
with the IB component and a phenomenological model of
DE component:

T~Ke3g!5TIB1
A

M2 ~e• lK •k2e•Kl •k!

1
B

M2 ~emnabeml nKakb!

1
C

M2 ~e• lQ•k2e•Ql•k!

1
D

M2 ~emnabeml nQakb! ~1!

whereTIB is the IB portion of the matrix element,M is the
kaon mass,e is photon polarization,l is the electron-neutrino
current vector,k is the photon momentum,K is the kaon
momentum, andQ is the pion momentum. Greek supe
scripts and subscripts refer to four-vector indices.emnab is
the completely antisymmetric unit tensor. The first two D
terms are proportional to the kaon four-momentum, while
second two are proportional to the pion four-momentu
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Within each of these two groups, the first term is symme
with respect to the input four-vectors, while the second
antisymmetric. These correspond to mediation by vector
axial-vector mesons, respectively. FFS also present a ca
lation of the relativeKe3g branching ratio for photon ener
gies above 30 MeV in the kaon center of momentum~c.m.!
frame, using current algebra to estimate the size of the
parameters in Eq.~1!. FFS estimate a DE component rough
1% the size of the IB component, but do not include it
their prediction of theKe3g branching ratio. Doncel perform
a similar calculation of only the IB component, emphasizi
in addition the need to cut on the angle between the elec
and photon in the c.m. in order to avoid a background fr
bremsstrahlung photons generated in the detector mat
@4#.

More recently, Holstein@5# and Bijnenset al. @6# have
performed chiral perturbation theory~xPT! calculations.
Holstein finds a smaller DE component than FFS, by a fac
of 5–10, but like FFS does not include it in a numeric
prediction of the branching ratio. His prediction for th
branching ratio is the same as FFS. Bijnenset al. do not
explicitly separate their calculation into IB and DE pieces

The NA31 Collaboration@7# performed the most recentl
published measurement of theKe3g branching ratio. With
approximately 1400 events, they measured a radiative f
tion BR (Ke3g ,Eg* >30 MeV, ueg* >20°)/BR (Ke3)50.934
60.03620.039

10.055%. With over 15000Ke3g events, KTeV ap-
proaches the sensitivity required to see the DE compone
this mode.

II. THE KTeV DETECTOR

This measurement was performed using the KTeV de
tor at Fermilab, shown in Fig. 1. KTeV was designed
measureR(e8/e), the direct component ofCP violation in
neutral kaon decays, which requires excellent detection
pabilities of both charged and neutral particles. Hence, KT
is an ideal apparatus for studying decays such asKe3g which
have both charged and neutral particles in the final state.
aspects of the apparatus pertinent to this analysis are
scribed below.

FIG. 1. The KTeV detector, as configured for collecting the d
used in this analysis.
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The KL beams used in this experiment were produced
an 800 GeV beam of protons striking a beryllium oxide ta
get. Collimators and sweeping magnets downstream of
target produced two, nearly parallel neutral beams. The
cay volume for accepted decays began 110 m from the ta
to allow theKS component to decay away, and continued
the first drift chamber of the spectrometer at 160 m. T
acceptance for decays upstream of 122 m was restricte
the ‘‘mask anti’’ ~MA ! anti-coincidence counter which ha
holes to allow the beams to pass. The kaon beams and d
products traveled through vacuum from the target to the fi
drift chamber.

The KTeV spectrometer measured the charged dec
products. It consisted of four rectangular drift chambe
each with two horizontal and two vertical planes of sen
wires, and a large dipole magnet which imparted a transve
momentum of 0.412 GeV/c. The drift chambers measure
horizontal and vertical track position with a resolution of 1
mm and momentum with a resolution of 0.4% at a typic
momentum of 36 GeV/c.

Energy measurements and particle identification were p
formed by a pure cesium iodide electromagnetic calorime
~CsI!. It consisted of 3100 blocks in a square array 1.9 m
a side and 0.5 m deep. Two 15 cm square beam holes
lowed the passage of the neutral beams through the calo
eter. The calorimeter was calibrated using momentu
analyzed electrons, with average energy resolution
electrons of 0.75%~where the momentum resolution has n
been subtracted out!. The calorimeter was also used to ass
ciate tracks between vertical and horizontal views.

Following the CsI was a five meter long iron muon filte
Muons needed to have a momentum greater than 7 GeV/c in
order to traverse the filter and deposit energy in the v
scintillation plane.

A series of ‘‘photon veto’’ counters surrounded the fid
cial volume of the detector to detect particles missing
CsI. These veto counters suppressed the background
KL→p1p2p0 (Kp3) and other decays with extra photons

The data for this analysis were collected in a dedica
low intensity ~10% of nominale8/e intensity! run during a
24 hour period in 1997. The low intensity of these runs w
crucial to having a manageable accidental background c
ponent to our measurement. Only minimal trigger conditio
were applied: trigger hodoscope signals indicating the p
ence of at least two charged tracks, in anti-coincidence w
photon veto counters.

III. ANALYSIS

The analysis of this decay proceeded in two stages. F
an inclusiveKe3 sample was isolated, then a subsample c
taining one photon was identified.

A. Ke3 sample

The presence of an electron and a pion originating from
common vertex define theKe3 normalization sample. Par
ticle identification was performed by comparing the mome
tum measured by the spectrometer with the energy depos

a
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NEW MEASUREMENT OF THE RADIATIVEKe3 . . . PHYSICAL REVIEW D 64 112004
in the calorimeter: the electron was required to have 0
,E/P,1.1; the pion,E/P,0.7. Events with extra track
were rejected. The momentum of each track was require
be above 7 GeV in order to reject muons that stop in
muon filter before reaching the muon veto counter. Fiduc
cuts were applied to tracks and clusters to restrict particle
well understood parts of the detector. Activity in the phot
veto counters was not allowed~deposited energy,0.3 GeV!,
however, there was not cut on extra energy deposits in
CsI and photons could go down the beam hole without be
detected. A plot of the charged particle momentum of
normalizationKe3 sample is shown in Fig. 2 along with
Monte Carlo simulation of the same.

1. The quadratic ambiguity

We need to know the photon momentum in the c.m.
both the branching ratio and spectrum measurements. H
ever, because the neutrino inKe3 decays is unobserved
events cannot be reconstructed unambiguously. Kinem
constraints allow one to determine the magnitude of the n
trino’s c.m. momentum along the kaon flight direction b
not the sign~forward or back!. This leads to a two-fold am
biguity in determining the kaon’s lab momentum, and hen
the photon’s c.m. momentum.

The acceptances for the two kaon lab momentum s
tions are different, favoring one solution over the other. W
picked the more likely solution for any pair of momen
based on Monte Carlo~MC! calculations of the acceptanc
By comparing the generated and reconstructed kaon
menta in MC we determined the success rate of the pro
dure. Defining a success as a reconstructed energy w
10% of the generated energy, we determined that this pr
dure was successful 65% of the time.

FIG. 2. Data-MC comparisons of the total charged mome
(Pep). Thex2/DOF595.5/72.
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The quadratic ambiguity is smallest in cases where
neutrino emerges perpendicular to the kaon flight directi
Because of the finite resolution of the spectrometer cos2(uKv* )
can have unphysical, negative values. However, event
which the kaons scatter in the collimators can also h
negative values of cos2(uKv* ). To retain most of the unambigu
ous events while rejecting large, unphysical values fr
events in which the kaon scattered, we required cos2(uKv* )
.20.2.

2. Kinematic cuts and backgrounds

To increase the purity of theKe3 sample, we required
PT

2,0.055 GeV2 and Mep,0.5 GeV, the kinematically al-
lowed values.

Kp3 events were a background at the tenth of a perc
level in the Ke3 sample because of the small probabili
~0.3%! for a pion to be misidentified as an electron.Kp3
events were more significant~a few percent! for the Ke3g
subsample because the decay also has photons presen
mass of the unseenp0 in Kp3 decays restricts the kinematic
of the charged particles. By eliminating events in which t
unobservedp0 would have a physically allowed momentu
when analyzed asKp3 , we removed 99% of this backgroun
while removing only 7% of theKe3g signal.

Likewise, well over 99% ofKL→p1p2 events with a
misidentified pion were removed by cuts on the two pi
invariant mass~494–502 MeV! and transverse momentum
~,50 meV2!.

A few misreconstructedKp3 decays remained in the
sample and were subtracted using a MC sample ofKp3
events. This sample was normalized to the data in the c
where the kinematic requirement above has been drop
and the signal had been estimated with a sample of MCKe3
events. A smallKe4 background was also subtracted using
MC sample normalized to the inferred data kaon flux. The
two subtractions together change the normalization sam
by less than 0.1%.

B. Ke3g subsample

The Ke3g subsample was selected from events in the
clusiveKe3 sample. The subsample consisted of events w
exactly one photon candidate cluster.

The photon candidate cluster was required to be m
than 8 cm from the electron cluster in the CsI and more th
40 cm from the pion cluster. The photon-electron distan
cut allows for reliable separation of the electron and pho
clusters. The photon-pion distance cut removed events
which clusters due to pion shower fluctuations, which are
well modeled in MC, might have mimicked a photon show
The energy of a photon candidate cluster was required
exceed 3 GeV, while the transverse profile of the cluster w
required to be consistent with the hypothesis of a sing
electromagnetic shower. A plot of the photon energy in
laboratory frame is shown in Fig. 3. The photon cluster w
also required to be more than 2 cm away from the electro
position as projected from the upstream track segment to
CsI. This cut removed photons from physical bremsstrahlu
as the electron passed through the detector.
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TheKe3g events were required to have exactly one pho
candidate cluster. In addition, the calorimeter was require
be free of other electromagnetic clusters with energy gre
than 1 GeV and which were separated from the electron c
ter by more than 4 cm and from the pion cluster by mo
than 30 cm. The MC does not simulate the multiplicity
these clusters perfectly. A small correction,CV , of 0.25%
was applied to account for this. The correction was de
mined by finding the ratio of the number of events with tw
or more photon candidate clusters to the number of ev
with one or more photon candidate clusters.

For the branching ratio measurement, additional ki
matic cuts on the energy,Eg* .30 MeV, and the angle be
tween the electron and photon in the c.m.,ueg* .20°, were
used in order to obtain a result with a kinematic range co
mensurate with the previous experimental result and to
phasize the interesting kinematic region for DE studies.

In our study of the photon c.m. spectrum~see Sec. VI!,
the cut on the distance between the photon candidate an
electron projection was lowered to 1 cm to allow us to u
looser kinematic cutsE* .25 MeV andueg* .5°.

The background subtractions mentioned above for the
clusive Ke3 sample were more significant in theKe3g sub-
sample, comprising 0.7% of the total.

IV. MONTE CARLO SIMULATION

The detector acceptance used in calculating the branc
ratio and in determining the acceptance-corrected pho
spectrum was calculated by MC simulation. As mention
above, the photon momentum inKe3g cannot be constraine

FIG. 3. Data-MC comparisons of the photon energy in the la
ratory frame at two different scales. The photon energy was
quired to be above 3 GeV to be included in theKe3g sample. This
cut is indicated by the vertical line in each plot. Thex2/DOF
56.2/14 for the first plot and 24.4/27 for the second.
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due to the unseen neutrino. This ambiguity makes pre
MC simulation essential to the success of this analysis.
accurately simulate accidental activity in the detector, a s
cial trigger was used to record events at random times wi
frequency proportional to the overall beam intensity. The
random events were overlaid on MC generated events
comparisons with the data and for acceptance calculati
We were aided by the low beam intensity conditions un
which the data were recorded.

FFS @3# present a full listing of all terms for the square
matrix element, including both IB and DE components. W
used their listing explicitly in our Monte Carlo~MC! simu-
lations. For the branching ratio measurement, all the DE
efficients were set to zero. The MCKe3g sample was com-
bined with a MC sample of non-radiativeKe3 decays at a
level corresponding to NA31’s branching ratio measurem
@7#. The cutoff for generating a physical photon to tra
through the detector was 1 keV in the c.m. Photons be
this energy as well as loop effects were taken into accoun
theKe3 generation. TheKe3 form factor, used for both radia
tive and non-radiative events wasl150.0274(14)@8#, based
on a preliminary KTeV measurement. Our result depen
only weakly on the form factor, and the form factor used is
agreement with the 2000 PDG value@9#.

Two other features of the MC simulation are worth me
tioning. First, electromagnetic and hadronic showers in
CsI were handled by separate libraries of showers gener
with GEANT. Second, the tracking of particles through t
detector and beamline accounted for a number of effects
cluding multiple scattering, bremsstrahlung and synchrot
radiation, delta particle emission, photon conversion, a
kaon regeneration.

V. BRANCHING RATIO CALCULATION

The measured relative branching ratio is simply defin
by the ratio of the events we measure in each sample
rected by the acceptance in each case. It is important to
alize that our dependence on MC is mitigated by the ratio
acceptances appearing in the calculation. The sample s
and acceptances are listed in Table I. Thus we find

TABLE I. Sample sizes used in the branching ratio calculatio

Normalization,Ke3

Raw events 5760888
Kp3 background 267
Ke4 background 197

Background subtracted events 57604
Ke3 acceptance 0.1067

Signal,Ke3g(Eg* .30 MeV, ueg* .20°)
Raw events 15575

Kp3 background 50
Ke4 background 62

Background subtracted events 1546
Ke3g acceptance 0.03161~14!

-
-

4-4
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G~Ke3g ,Eg* .30 MeV,ueg* .20°!

G~Ke3!

5
N~Ke3g!

N~Ke3!

A~Ke3!

A~Ke3g!
CV

50.90860.008 ~stat!20.012
10.013~syst!%. ~2!

As mentioned above, the correction,CV51.002560.0009, is
necessary to take into account the different rates at wh
Ke3g candidate events are vetoed by the cluster multiplic
cut in data and MC. Vetoed events in the MC are not
cluded in the MC calculation of the acceptance and t
require and explicit correction.

Our result is compared with the other published measu
ments and predictions in Fig. 4. The uncertainties for
theoretical predictions are based solely on the accurac
the stated results FFS give a result only forueg* .0. We have
used our MC~based explicitly on the FFS@3# matrix ele-
ment! to calculate the fraction of the events withueg* .20°
and give the result for this case.

Systematic uncertainties

Estimates of the sizes of various significant system
uncertainties are listed in Table II. The largest system
uncertainty comes from the variation of the calculat
branching ratio with theEg cut, as the cut was varied by61
GeV about 3 GeV. Photons below 2 GeV are not well rec
structed as we have seen by analyzing large samples ofKp3
decays. The relative size of this uncertainty reflects

FIG. 4. A comparison of our branching ratio measurement w
other recent measurements and predictions.
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steeply falling photon spectrum at low energies combin
with the difficulty of modeling the calorimeter at the lowe
energies.

The error associated with picking the right momentu
solution was based on the degree of consistency betwee
subset of the data where momentum solution is unambigu
within resolution, and the data set as a whole. The error
the acceptance was based on the statistics of MC gener
To this was added the variation in acceptance due to
unknown DE parameters studied below. The upper limit
the background due to clusters originating from pion show
fluctuations was determined by studyingKm3 decays in data.

The contribution of accidental activity in the CsI to th
Ke3g subsample was small, 0.5%, as determined by gene
ing MC with and without accidental overlays and compari
the number of events with exactly one photon candidate.
number of events with more than one photon candid
agreed between data and MC with accidental overlays at
20% level, whereas there were differences of orders of m
nitude without accidental overlays.

Other errors were estimated from the differences betw
data and MC shapes of various distributions combined w
different expected shapes between normalization and si
samples, and the uncertainty in the measuredKe3 form fac-
tor.

VI. SPECTRUM MEASUREMENT

With the statistics available in this experiment, it becom
feasible to compare the FFS model for direct emission@Eq.
~1!# with our observed photon CM momentum spectrum. W
do not have the sensitivity to consider all four parameters
we use the soft-kaon approximation@10# to setA5B50 and
restrict our study toC andD whose terms remain nonzero i
this approximation. The soft-kaon approximation assum
that terms in the decay matrix element proportional to
kaon rest mass are negligible.

h

TABLE II. A list of significant uncertainties in the branchin
ratio measurements.

Down ~%! Up ~%!

Eg cut 20.005 10.008
K momentum solution 20.007 10.007
MC statistics 20.006 10.006
Pion shower BG 20.003 10.000
Ke3 form factor 20.003 10.003
Pe* shape 20.003 10.003
PT

2 shape 20.002 10.002
Veto correction 20.001 10.001
Photon conversions 20.001 10.001
cos2(uKn* ) shape 20.001 10.001
Accidental overlay 20.001 10.001
Kp3 BG subtraction 20.001 10.001
Ke4 BG subtraction 20.001 10.001
Total systematic uncertainty 20.012 10.013
Statistical uncertainty 20.008 10.008
Total uncertainty 20.014 10.015
4-5
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To determine the values ofC andD favored by our data,
we used MC to generate spectra at a set of points inCD
space. We compared these spectra, bin-by-bin, to
acceptance-corrected spectrum seen in the data to calcu
x2 value at each point. The only free parameter in this co
parison was the normalization of the two spectra. To incre
the statistics for these fits the photon-electron angle cut
relaxed toueg* .5°. This cut is still far from allowing physi-
cal bremsstrahlung events into our sample. The fit was d
for photon energies between 25 and 200 MeV in seven b
Below 25 MeV we were limited by the sensitivity of ou
calorimeter to soft photons. Above 200 MeV, the error due
making the wrong kaon momentum choice became do
nant.

The constantx2 contours corresponding tos51 (x2

2xmin
2 51) ands52 (x22xmin

2 54) as a function ofC andD
are shown in Fig. 5. A polynomial interpolation was done
estimate the valuesx2 between sampled points. We findC
525610 andD55221

119, with a strong correlation betwee
the two parameters.

We are most sensitive to the linear combination ofC and
D which approximates a linear perturbation of the IB-on
spectrum. The precision of our result is more apparent w
one chooses axes aligned with this combination. Choos
axes C8 and D8 rotated by u525.8°, we find C8
522.521.0

11.5 andD856224
122. This is illustrated in the inset o

Fig. 5.
The observed acceptance-correctedEg* spectrum is shown

in comparison with the generated spectrum at the bes
lattice point in Fig. 6. Thex2 value for this point is 4.3 with

FIG. 5. Thes51 (x22xmin
2 51) ands52 (x22xmin

2 54) con-
tours of the fit-interpolatedx2 surface as a function ofC andD. The
dot shows the position of the minimum, while the cross shows
IB-only point. The region within the oblique rectangle is rotated a
redisplayed in the inset. The new axesC8 andD8 are obtained from
C andD after a rotation ofu525.8°.
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four degrees of freedom. At the IB-only point~0,0!, thex2 is
7.4.

Knowledge of the acceptance correction is the domin
systematic error contributing to our measurement ofC8 and
D8. Physical backgrounds are very low and insignificant
the spectrum measurement. We estimated the systemati
certainty associated withC8 ~the large statistical uncertaint
in D8 makes the systematic uncertainty insignificant! by
multiplying the measured acceptance profile by a linear f
tor and renormalizing to keep the overall acceptance c
stant. The allowed size of the linear factor was determin
by statistical consistency with the measured acceptance
varying the acceptance in this manner we find a system
uncertainty inC8 of 1.5 and inD8 of 1.0.

VII. CONCLUSION

We have measured the relative branching ratio for rad
tive Ke3 decays and fit the photon spectrum to place limits
the size of DE components in theKe3g matrix element. Our
measurement, BR(Ke3g ,Eg* .30 MeV, ueg* .20°)/
BR(Ke3)50.90860.008~stat!20.012

10.013~syst!%, is nearly five
times more precise than the previous measurement, an
agreement with it. It is significantly lower than all publishe
theoretical predictions.

This is the first attempt to measure DE terms by study
the photon spectrum. The spectrum measurement is co
tent with IB as the only source of photons inKe3g decays. In
the soft-kaon approximation, we findC525610 and D
55221

119, or, in a frame rotated by 25.8°,C8
522.521.0

11.5~stat!61.5~syst! and D856224
122~stat!61.0~syst!.

The photon spectrum measurement does not significantly
strict any of the models of DE structure.

e

FIG. 6. Data-MC comparison of the acceptance-correctedEg*
spectrum at the bestCD point. Thex2/DOF54.3/4, where the 0–25
MeV bin has not been included in the comparison.
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