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Abstract

We present aKπ mass spectrum analysis of the four-body semileptonic charm decayD+ → K−π+µ+ν in the range
of 0.65 GeV/c2 < mKπ < 1.5 GeV/c2. We observe a non-resonant contribution of 5.30± 0.74+0.99

−0.96% with respect to the

total D+ → K−π+µ+ν decay. For theK∗(892)0 resonance, we obtain a mass of 895.41± 0.32+0.35
−0.43 MeV/c2, a width of

47.79±0.86+1.32
−1.06 MeV/c2, and a Blatt–Weisskopf damping factor parameter of 3.96±0.54+1.31

−0.90 GeV−1. We also report 90%

CL upper limits of 4% and 0.64% for the branching ratiosΓ (D+→K̄∗(1680)0µ+ν)
Γ (D+→K−π+µ+ν)

and
Γ (D+→K̄∗

0 (1430)0µ+ν)

Γ (D+→K−π+µ+ν)
, respectively.

 2005 Published by Elsevier B.V.Open access under CC BY license.
on-
lic-
nt
t of
the
y
ith

-

e
n
e
ent
,
ac-
r

ent
on-
e-

-
icted

to

ular

of

ch
-
e

a
on-

et-
Weak semileptonic decays of charm mesons c
tinue to attract interest due to the relative simp
ity of their theoretical description: the matrix eleme
of these decays can be factorized as the produc
the leptonic and hadronic currents. This makes
D+ → K−π+µ+ν decay a natural place to stud
the Kπ system in the absence of interactions w
other hadrons. Due to Watson’s theorem[1,2], the ob-
servedKπ phase shifts inD+ → K−π+µ+ν should
be the same as those measured inKπ elastic scatter
ing.

It is known that theKπ final state ofD+ →
K−π+µ+ν decay is strongly dominated by th
K∗(892)0 vector resonance[3,4]. The large and clea
sample ofD+ → K−π+µ+ν events collected by th
Fermilab FOCUS experiment provides an excell
opportunity to measure theK∗(892)0 mass and width
as well as the effective Blatt–Weisskopf damping f
tor parameter discussed in Ref.[5]. We also search fo
structures other than theK∗(892)0 resonance in the
mass range of 0.65 GeV/c2 < mKπ < 1.5 GeV/c2.

1 Seehttp://www-focus.fnal.gov/authors.htmlfor additional au-

thor information.
The first suggestion that theD+ → K−π+µ+ν

decay proceeds via states other than theK∗(892)0

resonance comes from the Fermilab E687 experim
[4]. The presence of an additional structure was c
firmed by FOCUS in the analysis of the angular d
cay distributions, in which theK∗(892)0 form factor
was measured[6,7]. Specifically, significant discrep
ancies were found between the data and the pred
D+ → K̄∗(892)0µ+ν angular decay distributions. A
nearly constant amplitude and phase contribution
the helicity zero amplitude of the virtualW+ was re-
quired to adequately fit the observed decay ang
distributions. The s-wave amplitude,a0e

iδ0, was mea-
sured in the vicinity of theK∗(892)0 pole with para-
metersa0 = 0.330± 0.022± 0.015 andδ0 = 0.68±
0.07± 0.05. This new component accounts for 5%
theD+ → K−π+µ+ν branching fraction.

Motivated by this earlier FOCUS result, we sear
for other contributions in theKπ spectra. Specifi
cally, we look for a possible contribution from th
K∗(1680)0, K∗

0(1430)0, and κ . We also present
more complete description of the non-resonant c
tribution. The existence of theκ , reported in[8], re-
mains controversial due to difficulties in the theor

http://www-focus.fnal.gov/authors.html
http://creativecommons.org/licenses/by/3.0/
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ical treatment of broad scalar states and the abs
of a clear observation of this state in scattering
periments. Many models predicting the decay wi
of semileptonic decays, such as ISGW2[9] and QCD
Sum-Rules[10], indicate the tendency for these d
cays to proceed via low mass structures. In[11] it is
suggested that if theκ has a substantialqq̄ component
in its wave function, it could account for more tha
10% of theD+ → K−π+µ+ν decay rate.

The data were collected in the Wideband pho
production experiment FOCUS during the Fermi
1996–1997 fixed-target run. In FOCUS, a forwa
multi-particle spectrometer is used to measure the
teractions of high energy photons on a segmented
target. The FOCUS detector is a large aperture, fix
target spectrometer with excellent vertexing and pa
cle identification. The FOCUS beamline[12] and de-
tector[6,13–15]have been described elsewhere.

To isolateD+ → K−π+µ+ν events, we require
that the muon, pion, and kaon candidate tracks h
a 5% or greater confidence level to originate fro
a common secondary vertex. Background is redu
by requiring the secondary decay vertex be separ
from the production (primary) vertex by greater th
10σ�, whereσ� is the uncertainty on the separati
between the primary and secondary vertices. Po
ble backgrounds from higher multiplicity charm d
cays are suppressed by requiring theK−π+µ+ vertex
be isolated from other tracks in the event (exclu
ing tracks from the primary vertex). Specifically, w
require that the maximum confidence level for a
other track to form a vertex with the secondary ver
candidate be less than 1%. To suppress backgro
from secondary interactions the decay vertex ca
date must lie outside any target foil or detector m
terial.

The muon, pion, and kaon candidates are sele
in the following way. The muon track must have hits
at least 5 of the 6 segmented scintillator layers wh
comprise the inner muon detector and a muon co
dence level exceeding 5% (based on the fit to the h
The pion and kaon tracks must have a muon co
dence level less than 0.1%. The kaon is required
have aČerenkov light pattern more consistent w
that of a kaon than that of a pion by 2 units of lo
likelihood, while the pion track is required to ha
a light pattern favoring the pion hypothesis over t
of the kaon by 2 units[14]. In addition, the pions
and kaons are required to have momenta greater
5 GeV/c, while the muon momentum must exce
10 GeV/c.

To suppress background fromD+ → K−π+π+,
we require that the invariant mass of the three trac
where the muon candidate is given the pion ma
is less than 1.8 GeV/c2. To suppress backgroun
from D∗+ → D0π+ → (K−µ+ν)π+ and D∗+ →
D0π+ → (K∗−µ+ν)π+, we requirem(K−µ+π+)−
m(K−µ+) > 0.2 GeV/c2. A total of 18245D+ →
K−π+µ+ν candidates remain after the selection c
teria.

The charm background, charm decays that are
D+ → K−π+µ+ν, is estimated from more than on
billion charm Monte Carlo events that pass through
entire data analysis chain. Our Monte Carlo is ba
on PYTHIA [16] and incorporates all known char
decays. The charm Monte Carlo sample was sc
to the data sample size using the fitted yield of
D+ → K−π+π+ signal. To estimate the backgroun
contribution coming from non-charm events, we d
fine a wrong sign sample (WS) formed byK+π−µ+
tracks in the secondary vertex. We assume that n
charm events populate the wrong sign and right s
(RS) samples equally. The non-charm background
tribution is obtained by subtracting the WS cha
background (obtained from the Monte Carlo samp
from the WS data sample. We estimate the charm
non-charm background contributions to be, resp
tively, 17.8% and 3.2% of the total number of eve
over our signal region.

Four-body decays of spinless particles are
scribed by five kinematic variables. The variab
chosen in this analysis are theK−π+ invariant mass
(mKπ ), the square of theµ+ν mass (q2), and three
decay angles: the angle between theπ+ and theD+
direction in theK−π+ rest frame (θv), which defines
one decay plane, the angle between theν and theD+
direction in theµ+ν rest frame (θ�), which defines the
second decay plane, and the acoplanarity angleχ )
between these two decay planes.

The differential decay rate can be represented
a coherent sum of resonant and non-resonant co
butions to the angular momentum eigenstates of
K−π+ system,

(1)
dΓ

dm
=

∫ ∣∣∣∣
∑∑

aJ,(R)MJAJ,(R)

∣∣∣∣
2

φ dΩ,

Kπ

J R
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wheredΩ ≡ dq2 d cosθv d cosθ� dχ , MJ is the weak
matrix element for a transition with angular mome
tumJ ,AJ,(R) represents the form of the hadronic fin
state amplitude contribution of resonanceR (or non-
resonant) with strengthaJ,(R), andφ is the phase spac
density.

The possible resonant states that couple toK−π+
are the scalarsκ andK∗

0(1430)0, the vectorsK∗(892)0

andK∗(1680)0, and the tensorK∗
2(1430)0. The non-

resonant contribution is assumed to be scalar.2 Small
amplitude contributions are most likely to be observ
through the interference with large amplitude co
ponents. Due to the orthogonality of states with d
ferent angular momentum, only amplitudes with t
same spin will produce significant interference con
butions to themKπ mass spectrum, given our reaso
ably uniform angular acceptance. Therefore, the sm
vectorK∗(1680)0 and scalarK∗

0(1430)0 contributions
might produce an observable effect on themKπ spec-
trum through their interference with theK∗(892)0 and
a low mass s-wave amplitude, respectively. By c
trast, the inclusion of a smallK∗

2(1430)0 resonance
contribution is unlikely to be observed, since it is o
thogonal to the (dominant)K∗(892)0 and low mass
s-wave amplitudes. For this reason we do not incl
theK∗

2(1430)0 resonance in our fits to themKπ spec-
trum inD+ → K−π+µ+ν.

The parametrization of resonant states with an
lar momentumJ is given by the product of a Breit
Wigner3 and the normalizedR → K−π+ coupling,
FJ ,

(2)AJ,R = m0Γ0

m2
Kπ − m2

0 + im0Γ (mKπ)
FJ (mKπ),

where

Γ (mKπ) = Γ0F2
J

p∗

p∗
0

m0

mKπ

,

2 Although the simplest way to obtain the forward–backwa
asymmetry described in Ref.[6] is to assume an s-wave amplitud
interfering with theK∗(892)0 (as was done in Ref.[6]), small spin
2 components cannot be excluded.

3 The Breit–Wigner form used by FOCUS differs by a factor
−1 from the LASS[17] form.
p∗ is the magnitude of the kaon momentum in the r
onance rest frame,p∗

0 = p∗(m0), F0 = 1, and

F1 = p∗

p∗
0

B(p∗)
B(p∗

0)
.

B is the Blatt–Weisskopf damping factor given byB =
1/

√
1+ r2

0p∗2 [5]. The damping factor adds an add

tional fit parameter,r0, in our fits to theK∗(892)0 line
shape. The line shape of theκ resonance is expected
deviate significantly from a pure Breit–Wigner, due
its large width and the close vicinity of theKπ thresh-
old. In this analysis we use theκ line-shape adopte
by E791[8].

We use an empirical parametrization fromK−π+
elastic scattering experiments for the non-reson
amplitude. A partial wave analysis performed
LASS observed that the s-wave amplitude can be
resented as the sum of aK∗

0(1430)0 resonance couple
to K−π+ and Kη′ and a smooth shape, consiste
with the non-resonant hypothesis[17].4 LASS fit-
ted the non-resonant component to an effective ra
model of the form

(3)cotδLASS = 1

ap∗ + bp∗

2
,

where a = 4.03 ± 1.72 ± 0.06 GeV−1 and b =
1.29± 0.63± 0.67 GeV−1. Removing the two-body
phase space factor, given byp∗/mKπ , from LASS
non-resonant amplitude, which is already included
Eq. (1), we obtain the following parametrization fo
the non-resonant hadronic final state interaction:

(4)ANR = mKπ

p∗ sin(δLASS)eiδLASS.

The weak matrix element for the vector process,M1,
and for the scalar process,M0, are written as a func
tion of helicity amplitudes,Hi , derived in[18]. Ne-
glecting the mass of the charged lepton the ma
elements are

4 Charm decays are traditionally fit to a model where the stren
of both resonant and non-resonant contributions are fit para
ters. Hence we will independently adjust the non-resonant
K∗

0(1430)0 resonant contributions found by LASS to best fit o
data.
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(5)

M1 =
√

q2
[
(1+ cosθ�)sinθv eiχH+

(
q2,mKπ

)
− (1− cosθ�)sinθv e−iχH−

(
q2,mKπ

)
− 2 sinθ� cosθv H0

(
q2,mKπ

)]
and

(6)M0 = −2
√

q2 sinθ� Hs
0

(
q2,mKπ

)
.

The three form factors for the vector states and the
for the scalar states are written assuming the sin
pole dominance ansatz given by:

(7)fansatz(q
2) = f (0)

1− q2/M2
pole

.

The vector states use the nominal spectrosc
pole masses,MA = 2.5 GeV/c2 andMV = 2.1 GeV/

c2, and the recent form factor measurements
Ref. [7]. The scalar states useMV = 2.1 GeV/c2 and
the respective zero recoil form factor is arbitrarily s
to one since its value can always be absorbed in
amplitude parametera0,(R).

Next we discuss the angular distribution describ
by Eq. (1). The Kπ spectrum described by th
equation includes the dominant contribution fro
the K∗(892)0 resonance, possible high mass con
butions from theK∗

0(1430)0 and K∗(1680)0 reso-
nances, and low mass scalar components comp
of a non-resonant and a possibleκ contributions, both
populating the region where relevant discrepanc
were found. As discussed in[6,7], themKπ distribu-
tion weighted by cosθv provides information on the
phase of the additional structure relative to that
theK∗(892)0. It can be used to discriminate differe
combinations of low mass states, given the large dif
ence between their phase shifts.5 Fig. 1 compares the
distribution obtained in the data with the predictio
from the non-resonant andκ models in the absence o
additional phase shifts.

Since a simulation using the LASS parametrizat
of the non-resonant contribution is sufficient to rep
duce the data, we exclude a possibleκ contribution
from further consideration.

Having excluded theκ , the most general differen
tial decay rate forD+ → K−π+µ+ν in mKπ is given

5 The expectedmKπ distribution weighted by cosθv for a pure

D+ → K̄∗(892)0µ+ν decay would be nearly zero.
Fig. 1. The background subtracted distribution ofmKπ weighted
by cosθv. The data (squares) show good agreement with the LA
non-resonant parameterization (solid histogram) but not withκ
model (dashed histogram).

by Eq.(8) whereε represents the detector accepta
and efficiency:

(8)
dΓ

dmKπ

=
∫

ε|M1V +M0S|2φ dΩ

with vector and scalar amplitudes given by

(9)V ≡ aK∗(892)0AK∗(892)0 + aK∗(1680)0AK∗(1680)0,

(10)S ≡ aNRANR + aK∗
0 (1430)0AK∗

0 (1430)0.

The amplitude coefficientsaK∗(892)0, aK∗(1680)0, aNR,
andaK∗

0 (1430)0 are real, as required by Watson’s the
rem[2].

Eq.(8) can be conveniently factorized as:

(11)
dΓ

dmKπ

= |V|2F11 + |S|2F00 + 2�(V∗S)F01,

whereFJJ ′ ≡ ∫
εM∗

JMJ ′φ dΩ , are real functions6

that depend only onmKπ . The FJJ ′ functions are
computed from themKπ spectrum obtained from
complete simulation ofD+ → K−π+µ+ν events,
generated according to phase space and weighte
M∗

JMJ ′ and thus represent the intensity modified
acceptance and efficiency. The threeFJJ ′ functions

6 Because of Eq.(5), all imaginary pieces ofM∗
J
MJ ′ will ap-

pear as sinusoidal functions ofχ . Hence any imaginary terms vanis
when averaged overχ given our nearly uniform acceptance in th
variable.
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Fig. 2. Distributions of the relevantFJJ ′ functions which represen
the intensity modified by acceptance and efficiency and include
effects of phase space and the weak matrix elements. TheF11, F00,
andF01 distributions are shown as triangles, squares, and cir
respectively.

are shown inFig. 2. The|V|2, |S|2, and�(V∗S) func-
tions depend onmKπ as well as on all fit parameter
The cross-term, 2�(V∗S)F01, represents the interfe
ence between the vector and scalar contributions.

The contribution from each decay mode, as wel
the K∗(892)0 parameters, are obtained from an u
binned maximum-likelihood fit. We define the pro
ability density function as the sum of the probabil
density for the signal,LS , and for the background
LB . The signal density is described by Eq.(11). The
background density is given by the sum of charm a
non-charm contributions. The relative contribution
the two background sources as well as the relative f
tion of the background with respect to the selec
D+ → K−π+µ+ν sample,fB , are fixed at the esti
mated values, described previously. We fit the data
minimizing the quantityω,

(12)ω ≡ −2 ln
∑

events

[
(1− fB)LS + fBLB

]
.

The fit parameters are the magnitudes of each am
tude in the signal probability density function (ai ),
the nominal mass and width of theK∗(892)0, and
the parameterr0 of the Blatt–Weisskopf damping fac
tor. The K∗(892)0 is taken as the reference amp
tude (aK∗(892)0 = 1). The parameters of all other res
nances are fixed to the PDG values[19]. Decay frac-
tions are obtained integrating each individual am
Fig. 3. Fit to themKπ data using the NR model. The error ba
the solid lines, the dashed lines, and the dotted lines corres
to the data, the model, the background contribution, and the s
contribution, respectively. The upper right plot shows the same
formation and the cross-term (dot-dash line) with a limitedy-axis to
allow more detail to be seen.

tude over the phase space and dividing by the inte
over the phase space of the overall amplitude.

To account for momentum resolution effects on
K∗(892)0 parameters, we refit the data fixing all pa
meters except theK∗(892)0 width and use the proba
bility density function,LG, given by Eq.(13):

(13)
LG(mKπ) =

∫
L(m′

Kπ)G(m′
Kπ − mKπ,σ )dm′

Kπ .

The new probability density function,LG(mKπ), rep-
resents the convolution of the data fit function w
a Gaussian distribution,G, with σ = 5.88 MeV/c2,
value obtained from Monte Carlo simulation. T
smearing due to momentum resolution increases
K∗(892)0 width by approximately 2 MeV/c2.

Using the procedure described above, we fit
data assuming only aD+ → K̄∗(892)0µ+ν process.
The confidence level of this fit is 0.21%, indicating t
need for additional contributions in the decay.

The inclusion of a non-resonant scalar com
nent, referred to as theNR model, significantly im-
proves the confidence level of the fit to 66%. W
find mK∗(892)0 = 895.41± 0.32 MeV/c2, ΓK∗(892)0 =
47.79 ± 0.86 MeV/c2, r0 = 3.96 ± 0.54 GeV−1,
aNR = 0.327± 0.024, which correspond to a scal
fraction of 5.30 ± 0.74%. Fig. 3 illustrates the con
tribution of both theD+ → K̄∗(892)0µ+ν and non-
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resonant s-wave process to the observedmKπ spec-
trum.

We also consider possibleD+ → K̄∗(1680)0µ+ν

andD+ → K̄∗
0(1430)0µ+ν contributions to our mo

del. Since the data is already well described by a mo
having only theK∗(892)0 and non-resonant compo
nents, we do not expect large contributions from th
modes. Including both decays we find

mK∗(892)0 = 895.0± 1.1 MeV/c2,

ΓK∗(892)0 = 47.63± 0.91 MeV/c2,

r0 = 5.7± 4.8 GeV−1,

aNR = 0.287± 0.073,

aK̄∗(1680)0 = −0.16± 0.36,

aK̄∗
0 (1430)0 = −0.048± 0.19.

The K∗(1680)0 andK∗
0(1430)0 amplitudes are con

sistent with zero and we find

Γ (D+ → K̄∗(1680)0µ+ν)

Γ (D+ → K−π+µ+ν)
< 4.0%,

Γ (D+ → K̄∗
0(1430)0µ+ν)

Γ (D+ → K−π+µ+ν)
< 0.64%

at 90% CL. The upper limits are calculated using
method described in[20] and assume[19]

BR
(
K̄∗(1680)0 → K−π+) = 0.258,

BR
(
K̄∗

0(1430)0 → K−π+) = 0.62.

When theK∗(1680)0 is included, we observe a stron
correlation betweenr0 and aK̄∗(1680)0, inflating the
errors on both quantities. To study the statisti
significance of these new amplitudes, we use a
pothesis test based on the maximum-likelihood ra
method[21]. This method compares two hypothes
and points out unnecessary degrees of freedom.
result, we obtain a confidence level of 80% in favor
the simple NR model.

We consider several sources of systematic
rors. These include variations of the fit condition
split sample errors, and the uncertainty on the a
solute mass scale of the experiment, relevant for
K∗(892)0 mass measurement. Twenty-seven va
tions of the fit procedure are considered. Starting fr
the final sample we adopt more stringent selec
criteria changing the significance of the separat
Table 1
Estimated systematic uncertainty obtained for each component

Cut and
model vars.

Split
sample

Mass
scale

m
K∗(892)0 (MeV/c2) +0.13

−0.29 ±0.11 ±0.30

Γ
K∗(892)0 (MeV/c2) +0.81

−0.18 ±1.05 –

r0 (GeV−1) +1.16
−0.67 ±0.61 –

Scalar fraction (%) +0.95
−0.92 ±0.28 –

between secondary and primary vertices, the
ondary vertex isolation requirement, and the cut on
muon confidence level. In addition, we vary the re
tive fractions of the different background componen
We vary by±1σ the values of the parameters fro
the LASS effective range parametrization (Eq.(3)).
We also include as a systematic error the differe
between the FOCUS results, obtained from the
model, and the results obtained from the model w
high mass structures. Errors from this source are as
metrical: we take the difference between the cen
and highest/lowest values of each fit parameter
scaled by 0.68 to obtain the contribution to the s
tematic error.

Thesplit sample component takes into account sy
tematic effects introduced by residual differences
tween data and Monte Carlo. This component is
termined by splitting the data into five pairs of ind
pendent subsamples, according to theD± charge, data
taking conditions, primary vertex multiplicity, muo
momentum, and the momentum of theKπ system.
The treatment used for the split sample is known
unconstrained averaging, described in[19, p. 14].

The total systematic error is given by the sum
quadrature of the uncertainties from the independ
sources.Table 1presents the results of the systema
uncertainty evaluation for the measurements.

Table 2summarizes the results obtained from
fits using the two models. The values of the fit pa
meters are compared to the world average values[4,7,
17,19]. Our measurements of theK∗(892)0 mass and
width are both more than 1σ below the PDG averag
values.Fig. 4 shows a comparison between our st
dard NR model with freeK∗(892)0 parameters and
NR model with the mass and width ofK∗(892)0 reso-
nance fixed to the world average values[19]. With the
inclusion of a non-resonant contribution, the value
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Table 2
Summary of results onK∗(892)0 parameters and contributions from non-K∗(892)0 sources in the decayD+ → K−π+µ+ν obtained from
the NR model. Fit result is compared to the current world averages and to the model with onlyK∗(892)0. Limits onK̄∗

0 (1430)0 andK̄∗(1680)0

contributions account for unseen decay modes

K∗(892)0 only FOCUS result Current values

m
K∗(892)0 (MeV/c2) 895.61± 0.32 895.41± 0.32+0.35

−0.43 896.10±0.27[19]

Γ
K∗(892)0 (MeV/c2) 50.26± 0.81 47.79± 0.86+1.32

−1.06 50.70±0.60[19]

r0 (GeV−1) 14.1± 5.7 3.96± 0.54+1.31
−0.90 3.40±0.67[17]

Γ (D+→K−π+µ+ν)NR
Γ (D+→K−π+µ+ν)

(%) 5.30± 0.74+0.99
−0.96 ∼ 5 [7]

8.3± 2.9 [4]
Γ (D+→K̄∗(1680)0µ+ν)

Γ (D+→K−π+µ+ν)
< 4.0% @ 90% CL

Γ (D+→K̄∗
0 (1430)0µ+ν)

Γ (D+→K−π+µ+ν)
< 0.64% @ 90% CL

Confidence level (%) 0.21 66.0
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Fig. 4. ThemKπ spectrum in data (error bars) comparing to t
NR model with freeK∗(892)0 parameters (solid histogram) and t
NR model withK∗(892)0 parameters fixed to the PDG[19] values
(dashed histogram).

obtain for the Blatt–Weisskopf parameter is consist
with LASS[17]. The fraction of the scalar compone
is compatible with the value obtained previously in t
analysis of the cosθv asymmetry[7].

In conclusion we have measured theK∗(892)0 pa-
rameters using a large sample ofD+ → K̄∗(892)0µ+ν

signal events over a wide mass range. The abs
of high mass resonances as well as the small b
ground contribution provides a unique environmen
study theK∗(892)0 mass and width. TheK∗(892)0

mass and width measurements are stable with res
to model variation. Our measurements of the mass
width are more than 1σ below the present world av
t

erage value. We obtain a Blatt–Weisskopf param
consistent with the value obtained by LASS[17]. We
also limit possible additionalKπ resonances prese
in D+ → K−π+µ+ν semileptonic decays. Our ang
lar distribution is consistent with the effective-ran
scalar non-resonant phase shift obtained by LASS[17]
as expected by Watson’s Theorem given the abse
of other final state interactions.
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