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We report the first measurement of a structure-dependent component in the decay K™ — u*v,y.
Using the kinematic region where the muon kinetic energy is greater than 137 MeV and the photon
energy is greater than 90 MeV, we find that the absolute value of the sum of the vector and axial-
vector form factors is |Fy + F4| = 0.165 = 0.007 = 0.011. This corresponds to a branching ratio of
B(SD™) = (1.33 = 0.12 *= 0.18) X 107°. Wealso setthelimit —0.04 < Fy, — F, < 0.24at90% C.L.

PACS numbers: 13.20.Eb, 13.40Ks

Thedecay K™ — u" v,y (K,.y) can proceed viatwo  sensitive to the electroweak structure of the kaon and has
distinct mechanisms. The first, internal bremsstrahlung  been the subject of an extensive theoretical literature [1,2].
(IB), is a radiative version of the familiar K* — u*v, In recent years most of this has been in the framework
(K,2) decay: its Feynman diagram has a photon emit-  of chiral perturbation theory (ChPT) [3]. The differential
ted from the external kaon or muon line. The second, rate in the K™ rest frame can be written [2] in terms
structure-dependent radiative decay (SD), involves the of x = 2> and y = w where E, is the photon
emission of a photon from intermediate states. SD is  energy, E,, is the muon kinetic energy, M, is the u*

| mass, and Mg isthe K mass:
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In these formulas, Fy is the vector form factor, F,4 is
the axial form factor [4], « is the fine structure constant
(1/137.036), Fx isthe K™ decay constant (159.8 + 1.4 +
0.4 MeV), and 'k, is the width of the K., decay.

SD* and SD~ refer to different photon polarizations,
and these components do not mutualy interfere. Both
SD* and SD~ can interfere with IB, however, resulting
in the terms labeled INT* and INT~. Figure 1 shows
the shapes of fig, fsp*, fint+, and fint-. This analy-
Sis is mostly aimed at observing the SD™ component,
which, since it peaks at high muon and photon energy,
is the easiest of the SD components to observe. The form
factors of the decay, Fy and F4, can, in principle, depend
on ¢2, which is given by ¢> = Mg — 2MgE, inthe K+
rest frame. In an O (p*) ChPT calculation [3,6], how-
ever, they are found to be ¢ independent and are given
by Fy + F4 = 0.137, Fy — F4 = 0.052, which corre-
sponds to B(SD™) = 9.22 X 107°. In the data analysis,
we initially assume that they are constant, then test for g2
dependence.

The IB component of K,,,, has been well measured in
other experiments and found to agree with the QED predic-
tion[7]. The structure-dependent components, on the other
hand, have not yet been measured. For the SD* compo-
nent, the best limitis B(SD™) < 3.0 X 1073 [7]. Thereis
asoalimit onthecombination B(SD™ + INT ") < 1.3 X
1073) [7]. In terms of the form factors, these limits trans-
lateinto |Fy + Fa| < 0.23, =03 < (Fy — F,) < 2A5.
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FIG. 1. Dadlitzplotsfor IB, SD™, INT", and INT~ components
of K,,,. The normalizations are arbitrary, and the scale on
the f1p plot is logarithmic. The SD™ component is not shown
because it peaks at low muon momentum and has negligible
effect on the current analysis.

In O (p*) ChPT, Fy and F, for the closely related pro-
cessK* — e*vy (K.,y) areidentical to those for K, .
However, in K., it is possible to measure only the abso-
lute values of the form factors. The K., experiments [8]
giVElFV + FAl = (0.148 = 0.010, |FV — FAl < 0.49,in
agreement with O (p*) ChPT.

In K.y, the IB term is large, thus complicating the
extraction of the SD terms, but also making the INT terms
comparablein sizeto the SD terms. Thismakesit possible,
in principle, to measure the sign as well as the magnitude
of theform factors. In addition to its potential for checking
the predictions of ChPT, K, ., isalsointeresting as a probe
of nonstandard model CP violation [9]. One can look for
a T violating component of muon polarization transverse
to the plane of the decay. Such an effect is proportional to
the INT components.

The E787 experiment at the Brookhaven Alternating
Gradient Synchrotron (AGS) [10] was used to look for the
SD* component. E787, originally designed to search for
Kt — 7tvp, uses a beam of Kt mesons brought to a
stop in a scintillating fiber target. From there, charged de-
cay products can enter the drift chamber where their mo-
mentum is measured in a 1-T magnetic field. The charged
tracks then enter the range stack (RS), which consists of
21 layersof scintillator and two layers of straw tube cham-
bers (RSSC). Most tracks range out in the RS, thus al-
lowing measurements of their total energy and range. A
47 photon detection system, composed of the barrel veto
(BV) and two end caps, surrounds the central region. In
the present application the BV, covering 70% of the solid
angle and composed of lead and scintillator, is used to de-
tect the photons of interest as well as to rule out the pres-
ence of more than one photon.

The K,,, data were taken with the upgraded E787
detector, which was completed in 1994. In this analy-
sis, the redundant charged track energy and momentum
measurements are combined (assuming a u* mass) to
give an improved measurement of the track kinematics.
The rms resolution of this combined quantity is o,, =
0.0164p, — 0.86 MeV/c, for 205 < p, < 236 MeV/c,
where p,, is the combined measurement expressed as a
momentum. The resolutions for the azimuthal (¢) and
polar (@, with respect to the beam) angles of the muons
are each 32 mrad. The resolutions on the photon kine-
matic quantitiesare o, = 1.676,/E, MeV (E, inMeV),
o4 = 25 mrad, and oy = 45 mrad.

A special trigger designed to search for the SD* com-
ponent of K,,, required a high energy charged track in
the central region, a high energy photon in the BV, and
no other photons in the event. A two-day run using this
trigger netted a total exposure of 9.2 X 10° K™, yielding
atotal of 1.5 X 10% K, triggers.

Analysis of the events passing the trigger proceeds in
three steps. event reconstruction, background rejection,
and K,,, spectrum fitting. In the reconstruction step,
the energy, time, and flight direction of the charged track
and photon are calculated. Any additional photon energy
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not associated with the primary photon is aso recorded.
A kinematic fit to the K,,, hypothesis is applied to
the charged track and the photon. Since there are four
constraints (conservation of momentum and energy) and
three unmeasured quantities (momentum of the neutrino),
the kinematics are overconstrained and non-K,,, events
should have a bad fit y2. Additionally, the kinematic fit
yields measurements of E,, and E, with better resolution
than the raw quantities. These are the variables that are
used in the final Dalitz plot fit.

The two main types of background that need to be
rejected are K,, accompanied by an accidental photon
adK* — 7u*v, (K,3) or K — 7¥ 7 (K,2) where
one of the photons from the 7 decay satisfies the pho-
ton requirement and the other photon is undetected. The
K> + accidental background can be suppressed in two
independent ways. by requiring a tight time coincidence
between the muon and the photon and by examining the
kinematics of the decay. Since the accidental photon is
randomly oriented relative to the muon, the cut on the
x? of the kinematic fit to the K, hypothesis is espe-
cialy effective against this background. Both K,3; and
K> backgrounds can aso be rejected in two indepen-
dent ways: vetoing on any additional photon energy in the
event and by the kinematics of the decay. The requirement
that the charged track energy be above the K3 end point
(E.+ > 137 MeV) is especialy effective against this type
of background.

In the final signal region defined by E,- > 137 MeV
and E,, > 90 MeV, the expected background (with statis-
tical error) from the K, + accidental source is 79.4 *
4.8 events. The K,3 and K., backgrounds are treated
together and give a total expected background of 25.2 =
3.8 events.

Figure 2(a) shows the final Dalitz plot of events with
the final signal region in the upper right corner delineated
by the solid line. The number of events in this region is
2693, the vast mgjority of which are K,,,. As asimple
way of testing whether the K, ,, events are consistent with
being only 1B, we examine the distribution of the opening
angle between the muon and the photon (cosf ). Fig-
ure 2(b) shows this distribution for background-subtracted
data. Superimposed on the data are Monte Carlo distribu-
tions for IB and SD* components of K,,,. When only
an 1B component is alowed, the quality of the fit is very
poor (y2 = 300, with 48 degrees of freedom). When an
SD* contribution is allowed, a much better fit is obtained
(x*> = 58) [11], clearly indicating that a structure depen-
dent component is present.

The fit is incomplete, however, because it does not in-
clude the effects of the other K™ — u* v,y components
(SD, INT*, INT™). To include these effects, we gen-
erate Monte Carlo distributions with SD and INT com-
ponents weighted by the form factors and normalized to
the IB component. In Fig. 3, we plot the y? between
the E,- vs E, histogram of this Monte Carlo sample
and that observed in data (after background subtraction)

2258

(b)) o pata
— IB+SD" Fit

A “\;‘Ai;’““\"w 1
-09 -08 -0.7 -0.6
cos(ew)

C v o1y 1y
100 120 140
E, (MeV)

Ll E. .
160 -1

FIG. 2. (a) Dditz plot of events passing al but the final kine-
matic cut. Variables plotted are E,, the muon kinetic en-
ergy, and E,, the photon energy. Background from K,; and
K, is concentrated in the region E, < 137 MeV and E, >
150 MeV. The IB component of K, is concentrated at £, <
100 MeV. The box marks the final cut of £, > 137 MeV and
E, > 90 MeV, within which the SD* component is enhanced.
(b) Counts vs cos(6,,,) and various fits as described in text.

as a function of the form factors. The histogram bins
are 3 MeV wide in £, and 15 MeV wide in E,. The
minimum y? is 75 with 69 degrees of freedom. The best
fit values are |}7V + l?4| = 0.165 = 0.007, Fy — Fs =
0.102 = 0.073, where the errors are statistical. The mini-
mum x2's found in the regions where Fy + F4 < 0 and
where Fy + F, > 0 differ by only 0.2. We thus have no
information about the sign of Fy + F, and can measure
only itsabsolute value. The result corresponds to a branch-
ing ratio of B(SD*) = (1.33 = 0.12) X 1077,

The largest systematic errors associated with the form
factor measurements come from possible distortions of the
K.,y spectrum induced by differences between the true
detector and the Monte Carlo simulation. The two largest
sources of distortion are nonlinearity in the measurement
of the photon energy and uncertainty in the thickness of the
individual RS scintillator layers. For |Fy + F,l, thesetwo
sources lead to uncertainties of 0.0095 and 0.0054, respec-
tively. For |Fy — Fy4|, they are 0.028 and 0.033. The sys-
tematic errors due to uncertainty in the level of background
present in the final sample are estimated in data-based
background studies. They are found to be very small,
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FIG. 3. x? contours for the fit to the E,,+ vs E,, distribution.
(a) Contours for all plausible values of the form factors. Each
contour represents 50 units of y2. (b) Near a y? minimum.
In this plot, each contour corresponds to one unit of y2. The
1-standard-deviation uncertainties for Fy, + F, and Fy — Fu
are also shown.
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totaling 0.0007 for |Fy + F,| and 0.0097 for Fy — Fy.

Even a much enhanced background level would have only

a small effect on the measurements. Adding the individ-

ua errorsin quadrature, we find atotal systematic error of

0.011 for |FV + FAl and 0.044 for Fy — Fy.

As a check on possible systematic errors, the branch-
ing ratio for the IB component has also been extracted.
This was accomplished by normalizing to a sample of
K > decays that was taken simultaneously with the K ,,,,
data. For E, > 100 MeV and E, > 20 MeV, we find
B(IB) = (3.6 = 0.3) X 107*, in good agreement with the
theoretical value for this kinematic region, 3.3 X 1074,
Other checks included changing the binning of the E,+
vs E,, histogram and varying the E,, cut. While both of
these checks were limited by statistics, neither showed a
systematic trend as the parameters were varied. Therefore,
no systematic error is associated with these effects.

As mentioned above, the form factors Fy and F4 have,
to this point, been considered independent of ¢>. To as-
sess the effect of including ¢ dependence, we assume the
following form factor form:

_ Fy(@>=0) _ Falg®> =0
L= q*/my’ 1= q*/mj
We take my = 0.870 GeV (the K* mass) and m, =

1.270 GeV (the K; mass) and refit the measured K,

Ddlitz plot in terms of the parameters Fy(0) + F4(0)

and Fy(0) — F4(0). The best fit parameters are

[Fy(0) + FA(0)] = 0.155 = 0.008, Fy(0) — Fa(0) =

0.062 + 0.078.  The corresponding SD* branching

ratio is (1.37 = 0.12) X 1073, Although the value of

|Fy(0) + FA(0)| differs somewhat from that obtained
assuming ¢ independence, the associated branching ratio

changes only slightly. Furthermore, the minimum y?

of the fit is very insensitive to my and m,, SO we are

unable to measure them and cannot offer evidence of ¢
dependence.

In conclusion, we have observed a structure-dependent
component in the decay K* — p*v,y. Under the as-
sumption of g2 independence, the associated form factors
are |Fy + F4| = 0.165 = 0.007 = 0.011, Fy — Fy =
0.102 *= 0.073 = 0.044.  Since the measurement of
Fy — F, isnot significantly different from zero, we add
statistical and systematic errorsin quadrature and calculate
the 90% confidence level: —0.04 < Fy — F4 < 0.24.
The |Fy + F4| measurement is consistent with the previ-
ousresult on K+ — e vy, but disagrees with the O (p?)
ChPT prediction by about 2 standard deviations. This is
perhaps not surprising since at higher order in ChPT kaon
form factors are expected to differ from those of the pion
[12]. The O (p®) calculation has been done for pions [13],
but not yet for kaons. The limit on Fy, — F, is consistent
with O (p*) ChPT and is significantly better than any
previously obtained from kaon decay. A more detailed
description of the analysis can be found in Ref. [14].
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