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New measurement of the radiativeK .3 branching ratio and photon spectrum
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We present a new measurement of the branching ratio of the dgcayr~e™ vey (Keg,) with respect to
K — 7 e*ve(Kgg), and the first study of the photon energy spectrum in this decay. We finkgR ,(E*;
>30MeV, 6,>20°)/BR (K¢z) = 0.908+ 0.008(statf § 01§ syst) %. Our measurement of the spectrum is con-
sistent with inner bremsstrahlung as the only source of photoRsgn.
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I. INTRODUCTION (KL—7 e vey,Kes,). FFS present the matrix element
with the IB component and a phenomenological model of the
Precise measurements of the properties of radiative decdyE component:
modes of kaons test theories of kaon structure. Additionally, A
unders_t_andlng the phenomenolpgy of these decays enhances T(Kea))=Tig+ 7 (€ 1K -k—e-KI-k)
the ability to perform other precision measurements and rare M
decay searches which rely on robust background predictions B
of which radiative decays may be a component. There are + —z(fﬂva;;e“'"K“kﬁ)
two distinct components in most radiative decays: direct M
emission(DE), where the photon is irreducibly part of the C
decay interaction; and inner bremsstrahlHg)), where the + W(e- 1Q-k—e-Ql-k)
photon is emitted from an external charged leg. The IB com-
ponent is well understood and dominant in most radiative
decays. It is the size and structure of the DE component +W(fumﬁfﬂlyQakB) @)
which is important for understanding kaon structure.
Fearing, Fishbach, and SmitRFS [1-3] and Donce[4]  whereTg is the IB portion of the matrix elemeni is the
performed the first theoretical studies of radiatiig decays kaon masseg is photon polarization, is the electron-neutrino
current vectork is the photon momentunk is the kaon
momentum, andQ is the pion momentum. Greek super-
*Permanent address:  University 6fcS@aulo, Sa Paulo, Brazil. ~ scripts and subscripts refer to four-vector indiceg,, is
TAuthor to whom correspondence should be addressed. Electronttie completely antisymmetric unit tensor. The first two DE
address: dbergman@physics.rutgers.edu terms are proportional to the kaon four-momentum, while the
*Permanent address: C.P.P. Marseille/C.N.R.S., France. second two are proportional to the pion four-momentum.
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AndlysisMigner Ty Voo The K| beams used in this experiment were produced by
N an 800 GeV beam of protons striking a beryllium oxide tar-
- get. Collimators and sweeping magnets downstream of the
I target produced two, nearly parallel neutral beams. The de-
cay volume for accepted decays began 110 m from the target

Photon Veto Detectors

Vacuum Decay Region

— 1 | to allow theKg component to decay away, and continued to

L Vacuum Window A | the first drift chamber of the spectrometer at 160 m. The
*\—‘—‘\_‘_\_ 1, \l acceptance for decays upstream of 122 m was restricted by

i Tiifess the “mask anti” (MA) anti-coincidence counter which had

S Bl rodoscopes. holes to allow the beams to pass. The kaon beams and decay

with Load wal products traveled through vacuum from the target to the first

16 ' 13 J 160 ' 180 ' drift chamber.

Distance from Target (m) The KTeV spectrometer measured the charged decays

i . roducts. It consisted of four rectangular drift chambers,

FIG. 1._The KTev detector, as configured for collecting the data2ach with two horizontal and two ver?ical planes of sense
used in this analysis. wires, and a large dipole magnet which imparted a transverse
momentum of 0.412 Ge¥/ The drift chambers measured
o ) ) _horizontal and vertical track position with a resolution of 110
Within each of these two groups, the first term is symmetnc,um and momentum with a resolution of 0.4% at a typical
with respect to the input four-vectors, while the second iSyomentum of 36 Ge\d
antisymmetric. These correspond to mediation by vector and Energy measurements and particle identification were per-
axial-vector mesons, respectively. FFS also present a calCysmeq by a pure cesium iodide electromagnetic calorimeter
lation of the relativeK ¢, branching ratio for photon ener- (cg)) |t consisted of 3100 blocks in a square array 1.9 m on
gies above 30 MeV in the kaon center of momentlm) 5 sige and 0.5 m deep. Two 15 cm square beam holes al-
frame, using current algebra to estimate the size of the foupyed the passage of the neutral beams through the calorim-
parameters in Eq1). FFS estimate a DE component roughly eter. The calorimeter was calibrated using momentum-
1% the size of the 1B component, but do not include it ingnay7ed electrons, with average energy resolution for
their prediction of theX¢3,, branching ratio. Doncel performs  gjectrons of 0.75%where the momentum resolution has not
a similar calculation of only the IB component, emphasizingpeen subtracted outThe calorimeter was also used to asso-
in addition the need to cut on the angle between the electrogaie tracks between vertical and horizontal views.
and photon in the c.m. in order to avoid a background from  pq|jowing the Csl was a five meter long iron muon filter.
bremsstrahlung photons generated in the detector materigf,,ons needed to have a momentum greater than 7 G/

[4]. , . order to traverse the filter and deposit energy in the veto
More recently, Holsteir{5] and Bijnenset al. [6] have  ggintillation plane.
performed chiral perturbation theorgPT) calculations. A series of “photon veto” counters surrounded the fidu-

Holstein finds a smaller DE component than FFS, by a factogjg| volume of the detector to detect particles missing the
of 5-10, but like FFS does not include it in a numerical cg) These veto counters suppressed the background from
prediction of the branching ratio. His prediction for the K, — "7 7% (K_.3) and other decays with extra photons.
branching ratio is the same as FFS. Bijnetsal. do not The data for this analysis were collected in a dedicated
explicitly separate their _calculatlon into IB and DE pieces. |5, intensity (10% of nominale’/e intensity run during a
The NA31 Collaboratiori7] performed th_e mos'g receptly 24 hour period in 1997. The low intensity of these runs was
published measurement of i, branching ratio. With  ¢cial to having a manageable accidental background com-
approximately 1400 events, they measured a radiative fragsonent to our measurement. Only minimal trigger conditions
tion BR (K3, ,E5=30 MeV, 65,>20°)/BR (Keg) =0.934  \yere applied: trigger hodoscope signals indicating the pres-
+0.036°003%. With over 1500(K¢3, events, KTeV ap- ence of at least two charged tracks, in anti-coincidence with
proaches the sensitivity required to see the DE component ighoton veto counters.
this mode.

Ill. ANALYSIS

Il. THE KTeV DETECTOR . . . .
The analysis of this decay proceeded in two stages. First,

This measurement was performed using the KTeV detecan inclusiveK .3 sample was isolated, then a subsample con-
tor at Fermilab, shown in Fig. 1. KTeV was designed totaining one photon was identified.
measureR(e'/€), the direct component oEP violation in
neutral kaon decays, which requires excellent detection ca-
pabilities of both charged and neutral particles. Hence, KTeV
is an ideal apparatus for studying decays sucKas which The presence of an electron and a pion originating from a
have both charged and neutral particles in the final state. Theommon vertex define thK.; normalization sample. Par-
aspects of the apparatus pertinent to this analysis are déele identification was performed by comparing the momen-
scribed below. tum measured by the spectrometer with the energy deposited

A. K3 sample
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> ' T ' E The quadratic ambiguity is smallest in cases where the
ﬁ i 1 neutrino emerges perpendicular to the kaon flight direction.
5 Because of the finite resolution of the spectrometef(&9)
5 10°E E can have unphysical, negative values. However, events in
g f ] which the kaons scatter in the collimators can also have
i ] negative values of cég,). To retain most of the unambigu-
104k - ous events while rejecting large, unphysical values from
2 3 events in which the kaon scattered, we required?(@&9)
r ] >-0.2.
1035_ 3 2. Kinematic cuts and backgrounds
B R T To increase the purity of th&.3 sample, we required
5 [ 1 P2<0.055 GeV and M,,<0.5 GeV, the kinematically al-
oot Hi lowed values.
S e +ﬁ*++*+++4.++++ ‘H +l| Lol K3 events were a background at the tenth of a percent
g T + IT‘&T k level in the Koz sample because of the small probability
o | (0.3% for a pion to be misidentified as an electrdf,,;
00 | L T events were more significarté few percentfor the Kg,

0 20 4 60 80 100 120 140 160 180 200 subsample because the decay also has photons present. The
Per (GeV) mass of the unseen® in K 5 decays restricts the kinematics
FIG. 2. Data-MC comparisons of the total charged momente2f the chargeod particles. By elimipating events in which the
(P..). The y2/DOF=95.5/72. unobservedr™ would have a physically allowed momentum
when analyzed aK .5, we removed 99% of this background
while removing only 7% of thé3,, signal.
, ) ) Likewise, well over 99% ofK, — 77~ events with a
in the calorimeter: the electron was requ!red to have 0.9%isidentified pion were removed by cuts on the two pion
<E/P<1.1; the pion,E/P<0.7. Events with extra tracks ,yariant masg494-502 MeV and transverse momentum
were rejected. The momentum of each track was required tac50 me\?).
be above 7 GeV in order to reject muons that stop in the A few misreconstructedK .5 decays remained in the
muon filter before reaching the muon veto counter. Fiduciagamp|e and were subtracted using a MC sampleK of
cuts were applied to tracks and clusters to restrict particles tevents. This sample was normalized to the data in the case
well understood parts of the detector. Activity in the photonwhere the kinematic requirement above has been dropped
veto counters was not allowédeposited energy0.3 GeV},  and the signal had been estimated with a sample of KM€
however, there was not cut on extra energy deposits in thevents. A smalK., background was also subtracted using a
Csl and photons could go down the beam hole without beindlC sample normalized to the inferred data kaon flux. These
detected. A plot of the charged particle momentum of thewo subtractions together change the normalization sample
normalizationK .; sample is shown in Fig. 2 along with a by less than 0.1%.

Monte Carlo simulation of the same.
B. Keg, Subsample

1. The quadratic ambiguity The K3, subsample was selected from events in the in-

We need to know the photon momentum in the c.m. forclusiveK .3 sample. The subsample consisted of events with
both the branching ratio and spectrum measurements. Hovexactly one photon candidate cluster.
ever, because the neutrino K. decays is unobserved, The photon candidate cluster was required to be more
events cannot be reconstructed unambiguously. Kinematithan 8 cm from the electron cluster in the Csl and more than
constraints allow one to determine the magnitude of the neu40 cm from the pion cluster. The photon-electron distance
trino’s c.m. momentum along the kaon flight direction butcut allows for reliable separation of the electron and photon
not the sign(forward or back This leads to a two-fold am- clusters. The photon-pion distance cut removed events in
biguity in determining the kaon’s lab momentum, and hencewhich clusters due to pion shower fluctuations, which are not
the photon’s c.m. momentum. well modeled in MC, might have mimicked a photon shower.

The acceptances for the two kaon lab momentum soluThe energy of a photon candidate cluster was required to
tions are different, favoring one solution over the other. Weexceed 3 GeV, while the transverse profile of the cluster was
picked the more likely solution for any pair of momenta required to be consistent with the hypothesis of a single,
based on Monte Carl@VC) calculations of the acceptance. electromagnetic shower. A plot of the photon energy in the
By comparing the generated and reconstructed kaon mdaboratory frame is shown in Fig. 3. The photon cluster was
menta in MC we determined the success rate of the procealso required to be more than 2 cm away from the electron’s
dure. Defining a success as a reconstructed energy withiosition as projected from the upstream track segment to the
10% of the generated energy, we determined that this proceEsl|. This cut removed photons from physical bremsstrahlung
dure was successful 65% of the time. as the electron passed through the detector.
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= 1050 T 313 LR R RN TABLE |. Sample sizes used in the branching ratio calculation.
o i=
%104_ _ § 1041 - Normalization,K o3
= EN 3 Raw events 5760888
G sl ] < 1 K .3 background 267
E i Kes background 197
) Background subtracted events 5760424
107 E K3 acceptance 0.1067
10° Signal,K e3,(E* >30 MeV, 6%,>20°)
10 | 3 Raw events 15575
C | ] 3 K »3 background 50
1?...|...|...|j.<—|'[i£ Ll ] Kes background 62
.gz rorTerreenIr '_.f_j1‘2 TR Background subtracted events 15463
& 1& Kes, acceptance 0.031614)
o l-— 1o *
2, *+++++l | S PN, R AR TR A
5 LT ER A s il
g 18 Frie
1 ] due to the unseen neutrino. This ambiguity makes precise
) PRI RTINS SRR MU B AP ST MC simulation essential to the success of this analysis. To
A - A S A ly simulate accidental activity in the detector
£, (GeV) E, (GeV) accurately simulate accidental activity e detector, a spe-

cial trigger was used to record events at random times with a
FIG. 3. Data-MC comparisons of the photon energy in the labofrequency proportional to the overall beam intensity. These
ratory frame at two different scales. The photon energy was rerandom events were overlaid on MC generated events for
quired to be above 3 GeV to be included in Kegs, sample. This  comparisons with the data and for acceptance calculations.
cut is indicated by the vertical line in each plot. TR&/DOF  \ve were aided by the low beam intensity conditions under
=6.2/14 for the first plot and 24.4/27 for the second. which the data were recorded.
FFS[3] present a full listing of all terms for the squared
matrix element, including both IB and DE components. We
TheKe3, events were required to have exactly one photonsed their listing explicitly in our Monte Carl@MC) simu-
candidate cluster. In addition, the calorimeter was required t@xtions. For the branching ratio measurement, all the DE co-
be free of other electromagnetic clusters with energy greatestficients were set to zero. The MGs, sample was com-
than 1 GeV and which were separated from the electron clugsined with a MC sample of non-radiatii€.; decays at a
ter by more than 4 cm and from the pion cluster by morejeye| corresponding to NA31's branching ratio measurement
than 30 cm. The MC does not simulate the mUltlpllClty of [7] The cutoff for generating a physica| photon to trace
these clusters perfectly. A small correctidBy, of 0.25%  through the detector was 1 keV in the c.m. Photons below
was applied to account for this. The correction was deterthis energy as well as loop effects were taken into account in
mined by flndlng the ratio of the number of events with two the Ke3 generation_ ThKeB form factor, used for both radia-
or more photon candidate clusters to the number of evenigye and non-radiative events was = 0.0274(14) 8], based
with one or more photon candidate clusters. ~on a preliminary KTeV measurement. Our result depends
For the branching ratio measurement, additional kinepnly weakly on the form factor, and the form factor used is in
matic cuts on the energy?;>30 MeV, and the angle be- agreement with the 2000 PDG val[@].
tween the electron and photon in the c.,>20°, were Two other features of the MC simulation are worth men-
used in order to obtain a result with a kinematic range comsioning. First, electromagnetic and hadronic showers in the
mensurate with the previous experimental result and to emEs| were handled by separate libraries of showers generated
phasize the interesting kinematic region for DE studies.  with GEANT. Second, the tracking of particles through the
In our study of the photon c.m. spectruisee Sec. V| detector and beamline accounted for a number of effects in-
the cut on the distance between the photon candidate and tlfuding multiple scattering, bremsstrahlung and synchrotron
electron projection was lowered to 1 cm to allow us to useradiation, delta particle emission, photon conversion, and
looser kinematic cutg&* >25MeV andég >5°. kaon regeneration.
The background subtractions mentioned above for the in-
clusive Koz sample were more significant in thé., sub-
sample, comprising 0.7% of the total. V. BRANCHING RATIO CALCULATION

The measured relative branching ratio is simply defined
by the ratio of the events we measure in each sample cor-

The detector acceptance used in calculating the branchingcted by the acceptance in each case. It is important to re-
ratio and in determining the acceptance-corrected photoalize that our dependence on MC is mitigated by the ratio of
spectrum was calculated by MC simulation. As mentionedacceptances appearing in the calculation. The sample sizes
above, the photon momentum k3, cannot be constrained and acceptances are listed in Table I. Thus we find

IV. MONTE CARLO SIMULATION
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F(Kesy,E’;>30 MeV,037>20°) st_eeply fallli_ng photon spectrum at Iovy energies combined
F(Kuo) with the difficulty of modeling the calorimeter at the lowest
es energies.
N(Kesy) A(Kes) The error associated with picking the right momentum
= N(Kes) A(Kes,) v solution was based on the degree of consistency between the

subset of the data where momentum solution is unambiguous

within resolution, and the data set as a whole. The error on
=0.908+0.008 (sta “ 011 syst%. (2)  the acceptance was based on the statistics of MC generated.

To this was added the variation in acceptance due to the

As mentioned above, the correctid®, = 1.0025+-0.0009, is  unknown DE parameters studied below. The upper limit on
necessary to take into account the different rates at whickhe background due to clusters originating from pion shower
Kes, candidate events are vetoed by the cluster multiplicityfluctuations was determined by studyiKg; decays in data.
cut in data and MC. Vetoed events in the MC are not in- The contribution of accidental activity in the Csl to the
cluded in the MC calculation of the acceptance and thuKes, subsample was small, 0.5%, as determined by generat-
require and explicit correction. ing MC with and without accidental overlays and comparing
Our result is compared with the other published measurethe number of events with exactly one photon candidate. The
ments and predictions in Fig. 4. The uncertainties for thehumber of events with more than one photon candidate
theoretical predictions are based solely on the accuracy ¢fgreed between data and MC with accidental overlays at the
the stated results FFS give a result only #r>0. We have 20% level, whereas there were differences of orders of mag-

used our MC(based explicitly on the FF$3] matrix ele-  Nitude without accidental overlays. .
men) to calculate the fraction of the events witi{,>20° Other errors were estimated from the differences between
Y

and give the result for this case. dgta and MC shapes of various distributions cpmbined yvith

different expected shapes between normalization and signal
) o samples, and the uncertainty in the measufgglform fac-
Systematlc uncertainties tor.
Estimates of the sizes of various significant systematic

uncertainties are listed in Table Il. The largest systematic VI. SPECTRUM MEASUREMENT

uncertainty comes from the variation of the calculated

branching ratio with thd, cut, as the cut was varied byl

GeV about 3 GeV. Photons below 2 GeV are not well recon

structed as we have seen by analyzing large samplis, of

decays. The relative size of this uncertainty reflects th

With the statistics available in this experiment, it becomes
feasible to compare the FFS model for direct emiss$ionq.

(1)] with our observed photon CM momentum spectrum. We
edo not have the sensitivity to consider all four parameters, so
we use the soft-kaon approximatipt0] to setA=B=0 and
restrict our study t&C andD whose terms remain nonzero in

b ' ' ' ' ' ' ! this approximation. The soft-kaon approximation assumes
. KTev that terms in the decay matrix element proportional to the
kaon rest mass are negligible.
TABLE IlI. A list of significant uncertainties in the branching
ratio measurements.
. NA31 (7]

Down (%) Up (%)
E, cut —0.005 +0.008
K momentum solution —0.007 +0.007
- Frs Ll MC statistics ~0.006 +0.006
Pion shower BG —0.003 +0.000
K3 form factor —0.003 +0.003
P% shape —0.003 +0.003
-~ Doncel 41 P2 shape ~0.002 +0.002
Veto correction —0.001 +0.001
Photon conversions —0.001 +0.001
. co(6;,) shape —0.001 +0.001
XPT O(p") full (61 Accidental overlay —0.001 +0.001
T N T T K 3 BG subtraction —0.001 +0.001
088 0.9 092 094 096 098 1 1.02  1.04 Kes BG subtraction —0.001 +0.001
BR(K,s,, 20°, 30 MeV)/BR(Kys) (%) Total systematic uncertainty -0.012 +0.013
Statistical uncertainty —0.008 +0.008
FIG. 4. A comparison of our branching ratio measurement withTotal uncertainty —0.014 +0.015

other recent measurements and predictions.
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FIG. 6. Data-MC comparison of the acceptance-correﬁéd
spectrum at the be€ID point. They?/DOF=4.3/4, where the 0-25
eMeV bin has not been included in the comparison.

FIG. 5. Theo=1 (x*— x%,=1) ando=2 (x> x2,,=4) con-
tours of the fit-interpolateg? surface as a function & andD. The
dot shows the position of the minimum, while the cross shows th
IB-only point. The region within the oblique rectangle is rotated and
redisplayed in the inset. The new ax@sandD’ are obtained from  four degrees of freedom. At the 1B-only poif@,0), the x? is
C andD after a rotation ofg=25.8°. 7.4.

Knowledge of the acceptance correction is the dominant
To determine the values & andD favored by our data, sy,stemati_c error contributing to our meas“fe’.“ef.‘@‘?f?‘”d .
we used MC to generate spectra at a set of point€n D’. Physical backgrounds are very.IOW and |nS|gn|f|can't in
space. We compared these spectra, bin-by-bin, to thtehe spectrum measure.ment. We estlmate_d .the systemgtlc un-
acceptance-corrected spectrum seen in’the data to éalculaté: %rtamty associated wit” (the large statistical uncertainty

, . . RS
x? value at each point. The only free parameter in this com™" D’ makes the systematic uncertainty insignifigaby

parison was the normalization of the two spectra. To increasmumplymg the measured acceptance profile by a linear fac-

. ; for and renormalizing to keep the overall acceptance con-
the statistics for these fits the photon-electron angle cut was ; . .

. o . o : . Stant. The allowed size of the linear factor was determined
relaxed todg,>5°. This cut is still far from allowing physi-

. - by statistical consistency with the measured acceptance. B
cal bremsstrahlung events into our sample. The fit was do Y y P y

"Garying the acceptance in this manner we find a systematic
for photon energies between 25 and 200 MeV in seven bin%nrcyert%inty inC’ gf 1.5 and inD’ of 1.0 y

Below 25 MeV we were limited by the sensitivity of our
calorimeter to soft photons. Above 200 MeV, the error due to
making the wrong kaon momentum choice became domi-
nant.

The constanty? contours corresponding to=1 (x? We have measured the relative branching ratio for radia-
- szmzl) ando=2 (XZ—Xﬁ]m=4) as a function o€ andD  tive K3 decays and fit the photon spectrum to place limits on
are shown in Fig. 5. A polynomial interpolation was done tothe size of DE components in th&., matrix element. Our
estimate the valueg? between sampled points. We fi@l  measurement, BR(es,,E5>30  MeV, 0§7> 20°)/
=—5+10 andD=5"3, with a strong correlation between BR(K )= 0.908+ 0.00&stat)%gjgﬁsysD%, is nearly five
the two parameters. times more precise than the previous measurement, and in

We are most sensitive to the linear combinatiorCodind  agreement with it. It is significantly lower than all published
D which approximates a linear perturbation of the IB-only theoretical predictions.
spectrum. The precision of our result is more apparent when This is the first attempt to measure DE terms by studying
one chooses axes aligned with this combination. Choosinghe photon spectrum. The spectrum measurement is consis-
axes C' and D’ rotated by #=25.8°, we find C’ tent with IB as the only source of photonsKng, decays. In
=—25'15andD’'=6"22. This is illustrated in the inset of the soft-kaon approximation, we fin@=—5+10 andD
Fig. 5. =5%2 or, in a frame rotated by 25.8°C’

The observed acceptance-corredidspectrum is shown = —2.5'1-3sta)=1.5sysh and D’ =6"35stap= 1.0(sysb.
in comparison with the generated spectrum at the best-fiThe photon spectrum measurement does not significantly re-
lattice point in Fig. 6. They? value for this point is 4.3 with  strict any of the models of DE structure.

VIl. CONCLUSION
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