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Abstract

We study the decay ofD+ andD+
s mesons into charged five-body final states, and report the discovery of the decay

D+ → K+K−π+π+π−, as well as measurements of the decay modesD+ → K−π+π+π+π−, D+
s → K+K−π+π+π−,

D+
s → φπ+π+π− andD+/D+

s → π+π+π+π−π−. An analysis of the resonant substructure forD+ → K−π+π+π+π−
and D+

s → K+K−π+π+π− is included, with an indication that both decays proceed primarily through ana1 vector
resonance.
 2003 Published by Elsevier Science B.V.

PACS: 13.25.Ft; 14.40.Lb

Open access under CC BY license.
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The hadronic five-body decays of charmed mes
have been studied in recent years [1–6], but limi
statistics have prevented precise measurement
their resonant substructure. Theoretical predictions
limited mainly to two-body decay modes, and little
known about how five-body final states are produc
Theoretical discussion suggests a “vector-domina
model”, in which heavy flavor mesons decay into
two-body intermediate state by emitting aW , which
immediately hadronizes into a charged vector, a
vector, or pseudoscalar meson [7]. The charged me
then decays strongly to produce a many-body fi
state. In this model five-body final states arise fr
the axial vector meson,a1(1260)+, which decays into
three pions, and a second resonance which deca
two bodies.

The FOCUS Collaboration [8–10] has studied t
five-body decay modes,D+ → K−π+π+π+π− and
D+

s → K+K−π+π+π−. There is an indication tha
the resonant substructure in both modes is do
nated by a two-body vector resonance involving
a1(1260)+. We also present inclusive branching ra
measurements of four charged five-body hadronic

* Corresponding author.
E-mail address: segoni@pizero.colorado.edu (I. Segoni).
URL address: http://www-focus.fnal.gov/authors.html.
f

cays, including the first evidence of the decay mo
D+ → K+K−π+π+π−.

Five-bodyD+ and D+
s decays are reconstructe

using a candidate driven vertex algorithm [8]. A dec
vertex is formed from the five reconstructed trac
The momentum vector of the parentD meson is
then used as a seed to intersect other tracks in o
to find the production vertex. Events are selec
based on several criteria. The confidence level of
decay vertex must be greater than 1%. The confide
level that a track from the decay vertex interse
the production vertex must be less than 1%. T
likelihood for each particle to be a proton, kaon, pio
or electron based oňCerenkov particle identificatio
is used to make additional requirements [9]. For e
kaon candidate we require the negative log-likeliho
kaon hypothesis,WK = −2 ln(kaon likelihood), to be
favored over the corresponding pion hypothesisWπ by
Wπ − WK > 3. In addition, for each pion candida
we require the pion hypothesis to be favored over
alternative hypothesis. We also require the significa
of separation of the production and decay vertice
be at least 10. In order to reduce background du
secondary interactions of particles from the product
vertex, we require theD reconstructed momentum
be greater than 25 GeV/c and the secondary verte
to be located outside of the target material. Fina
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Fig. 1. (a)K4π invariant mass distribution. (b) 5π invariant mass distribution. (c)KK3π invariant mass distribution forD+

s optimized cuts.
(d) KK3π invariant mass distribution forD+ optimized cuts. (e)φ3π invariant mass distribution. The fits are described in the text and

numbers quoted are the yields.
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we remove events that are consistent with variousD∗
decays.

We turn to additional analysis cuts made in indi
dual modes, beginning withD+ → K−π+π+π+π−.
Because this mode is the most abundant we apply
the standard cuts already discussed. Fig. 1(a) sh
theK4π invariant mass plot. The distribution is fitte
with a Gaussian for theD+ signal and a 2nd degre
polynomial for the background. A binned maximu
likelihood fit gives 2923± 78 events.

TheD+/D+
s → π+π+π+π−π− modes are more

difficult to detect, due to the large combinator
background. To reduce this background we incre
the separation of the secondary vertex from being
outside the target material to two standard deviati
from the edge of the target material. We remo
the decaysD+/D+
s → η′π+, η′ → π+π+π−π−π0

by requiring the four pion reconstructed mass
be larger than theη′ − π0 mass difference, that is
M4π > 0.825 GeV/c2. Fig. 1(b) shows the five-pio
invariant mass plot for events that satisfy these c
The distribution is fitted with a Gaussian for theD+
signal (835± 49 events), another Gaussian for theD+

s

signal (671± 47 events) and a 1st degree polynom
for the background.

For the D+
s → K+K−π+π+π− mode the re-

quirement of two kaons in the final state greatly
duces background, allowing us to apply only the st
dard cuts used in all modes. Fig. 1(c) shows
K+K−π+π+π− invariant mass plot for events sati
fying these cuts. We fit to a Gaussian (240±30 events)
and 2nd degree polynomial.
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Table 1
Branching ratios for five-body modes and comparison to the previous measurements by E687. All branching ratios are inclusive of su
modes

Decay mode FOCUS E687 [6]

Γ (D+→K−π+π+π+π−)

Γ (D+→K−π+π+)
0.058± 0.002± 0.006 0.077± 0.008± 0.010

Γ (D+→π+π+π+π−π−)

Γ (D+→K−π+π+π+π−)
0.290± 0.017± 0.011 0.299± 0.061± 0.026

Γ (D+
s →π+π+π+π−π−)

Γ (D+
s →K−K+π+)

0.145± 0.011± 0.010 0.158± 0.042± 0.031

Γ (D+
s →K+K−π+π+π−)

Γ (D+
s →K−K+π+)

0.150± 0.019± 0.025 0.188± 0.036± 0.040

Γ (D+
s →φπ+π+π−)

Γ (D+
s →φπ+)

0.249± 0.024± 0.021 0.28± 0.06± 0.01

Γ (D+→K+K−π+π+π−)

Γ (D+→K−π+π+π+π−)
0.040± 0.009± 0.019
o

).
e

epa-
r
ts

a
r
o-

um-
a-

nte
of
For
aly-
ase
ndi-
ith

ties
so-

de-
ef-
tor
ach
ent
e
ide
ro-
the
de-
ri-
and

eds
ef-
of
ted

ith
var-
nte
s as
ter-
ing
nder
the
lly
m
ti-

en
ys-

a-
ance
For theK+K−π+π+π− final state we have als
studied the subresonant decayD+

s → φπ+π+π−,
by additionally requiring theK+K− invariant mass
combination to be consistent with theφ mass. The
φπ+π+π− invariant mass plot is shown in Fig. 1(e
We fit to a Gaussian (136± 14 events) and 2nd degre
polynomial.

The decayD+ → K+K−π+π+π− is Cabibbo
suppressed. We require a significance of vertex s
ration of 20, a reconstructedD+ momentum of greate
than 50 GeV/c, and tighten particle identification cu
on both kaons toWπ − WK > 4. Fig. 1(d) shows the
resultingK+K−π+π+π− invariant mass plot. This
is the first observation of this mode. We fit with
Gaussian for theD+ signal (38± 8 events), anothe
Gaussian for theDs events and a 2nd degree polyn
mial for the background.

We measure the branching fraction of theD+ →
K−π+π+π+π− mode relative toD+ → K−π+π+,
then measure the branching fractions of the otherD+
modes relative to theD+ → K−π+π+π+π− to re-
duce systematic effects due to differences in the n
ber of decay products. AllD+

s decay modes are me
sured relative toD+

s → K+K−π+. For modes in-
cluded in our resonant substructure analysis the Mo
Carlo simulation contains the incoherent mixture
subresonant decays determined by our analysis.
modes not included in our resonant substructure an
ses, the Monte Carlo is composed of five-body ph
space. We test for dependency on cut selection by i
vidually varying each cut. The results, compared w
existing measurements, are shown in Table 1.

We studied systematic effects due to uncertain
in the reconstruction efficiency, in the unknown re
nant substructure, and on the fitting procedure. To
termine the systematic error due the reconstruction
ficiency we follow a procedure based on the S-fac
method used by the Particle Data Group [11]. For e
mode we split the data sample into four independ
subsamples based onD momentum and period of tim
in which the data was collected. These splits prov
a check on the Monte Carlo simulation of charm p
duction, of the vertex detector (it changed during
course of the run), and on the simulation of the
tector stability. We then define the split sample va
ance as the difference between the scaled variance
the statistical variance if the scaled variance exce
the statistical variance. To determine the systematic
fects associated with the Monte Carlo simulation
multi-body decays, the branching ratios are evalua
by varying the isolation of the production vertex, w
the variance used as the systematic error. We also
ied the mixtures of subresonant states in the Mo
Carlo and used the variance in the branching ratio
a contribution to the systematic error. We also de
mine the systematic effects based on different fitt
procedures. The branching ratios are evaluated u
various fit conditions, and the variance is used as
systematic error, as all fit variants are a priori equa
likely. Finally, we evaluate systematic effects fro
uncertainty in absolute tracking efficiency of mul
body decays using studies ofD0 → K−π+π+π− and
D0 → K−π+ decays. The systematic effects are th
all added together in quadrature to obtain the final s
tematic error.

In addition to reporting inclusive branching r
tio measurements, we have studied the reson
substructure in two decays:D+ → K−π+π+π+π−
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and D+
s → K+K−π+π+π−. We use an incoher

ent binned fit method which assumes the final s
is an incoherent superposition of subresonant
cay modes containing vector resonances. A co
ent analysis would be difficult given the statisti
of this experiment. For theD+ → K−π+π+π+π−
mode we consider the lowest mass (K−π+) and
(π+π−) resonances, as well as a nonresonant chan
K∗0π−π+π+, K−ρ0π+π+, K∗0ρ0π+, and(K−π+
π+π+π−)NR. All states not explicitly considered ar
assumed to be included in the nonresonant chann

We determine the acceptance corrected yield
each subresonant mode using a technique whe
each event is weighted by its values in three s
masses: (K−π+), (π+π−), and (π+π+). No reso-
nance in the (π+π+) submass exists, but we includ
it in order to compute a meaningfulχ2 estimate of the
fit. Eight population bins are constructed depending
whether each of the three submasses falls within
expected resonance. (In the case ofπ+π+, the bin is
split into high and low mass regions.) For each Mo
Carlo simulation the bin population,ni , in the eight
bins is determined and a transport matrix,Tiα , is cal-
culated between the generated states,α, Monte Carlo
yields,Yα , and the eight binsi.

ni =
∑

α

TiαYα.

The elements of the transport matrix,T , can be
summed to give the efficiency for each mode,εα

εα =
∑

i

Tiα.

The Monte Carlo determined transport matrix is
verted to create a new density matrix which mu
plies the bin populations to produce corrected yie
The density weight includes the contributions fro
the twelve combinations we have for each event. E
data event can then be weighted according to its
ues in the submass bins. Once the weighted dis
utions for each of the four modes are generated,
determine the acceptance corrected yield by fitting
distributions with a Gaussian signal and a linear ba
ground. Using incoherent Monte Carlo mixtures of t
four subresonant modes we verified that our proced
was able to correctly recover the generated mixture
the four modes.
:

Table 2
Fractions relative to the inclusive mode and comparison to pr
ous measurements for the resonance substructure of theD+ →
K−π+π+π+π− decay mode. These values are not corrected
unseen decay modes

Subresonant mode Fraction of K4π E687 fraction [6]

(K−π+π+π+π−)NR 0.07± 0.05± 0.01 < 0.26(90% C.L.)

K∗0π−π+π+ 0.21± 0.04± 0.06 0.42± 0.14
K−ρ0π+π+ 0.30± 0.04± 0.01 0.44± 0.14

K∗0ρ0π+ 0.40± 0.03± 0.06 0.20± 0.09

The results forK−π+π+π+π− are summarized
and compared to the E687 results in Table 2. Tak
into account the correlation among the subreson
fractions, the calculatedχ2 for the hypothesis that th
results are consistent with E687 is 6.5 (4 degree
freedom). The four weighted histograms with fits a
shown in Fig. 2. Fig. 2(e) is the weighted distributi
for the sum of all subresonant modes. The goodnes
fit is evaluated by calculating aχ2 for the hypothesis
of consistency between the model predictions
observed data yields in each of the 8 submass b
The calculatedχ2 is 7.4 (4 degrees of freedom), wi
most of theχ2 contribution resulting from a poo
Monte Carlo simulation of theπ+π+ spectrum for
the K∗0ρ0π+ mode. We assessed systematic er
by individually varying the width of the submass bi
corresponding to theρ andK∗0 resonances by 20%
The systematic error is then estimated as the varia
of the two measurements with varied widths, alo
with the original measurement. Since our meth
of calculating subresonant fractions and inclus
branching ratios are distinct, statistical and system
errors are added in quadrature when normalizing
subresonant fractions to other modes.

We follow a similar procedure for theD+
s →

K+K−π+π+π−, treating the final state as an incoh
rent superposition of the (K+K−) and (π+π−) reso-
nances, as well as a nonresonant channel:φπ+π+π−,
K+K−ρπ+, φρπ+ and(K+K−π+π+π−)NR. Each
event is weighted by its value in each of three s
masses: (K+K−), (π+π−), and (π+π+), and the
weighted distributions are again fitted with a Gauss
signal and a linear background. The results are s
marized in Table 3 and are presented in Fig. 3. T
goodness of fit is evaluated by calculating aχ2 for
the hypothesis of consistency between the model
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Fig. 2. K−π+π+π+π− weighted invariant mass for (a)(K−π+π+π+π−)NR, (b) K∗0π−π+π+, (c) K−ρ0π+π+, (d) K∗0ρ0π+,
(e) inclusive sum of all four modes.
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dictions and observed data yields in each of the e
submass bins. The calculatedχ2 is 10.2 (4 degree
of freedom), with most of theχ2 contribution result-
ing from a poor Monte Carlo simulation of theπ+π+
spectrum in the nonresonant channel. We assess
tematic errors by calculating the variance of our res
with 20% variations in the width of the submass b
corresponding to theρ andφ resonances.

In both resonant substructure analyses the do
nant mode is of the form vector–vector–pseudosca
K∗0ρ0π+ andφρ0π+ in the case ofK−π+π+π+π−
and K+K−π+π+π−, respectively. Given the phas
space constraints for both of these decays, suc
result is unexpected. However, theoretical discuss
of a vector-dominance model for heavy flavor d
cays [7] suggests that charm decays are dominate
-

Table 3
Fractions relative to the inclusive mode for the resonance subs
ture of theD+

s → K+K−π+π+π− decay mode. These values a
not corrected for unseen decay modes

Subresonant mode Fraction of 2K3π

(K+K−π+π+π−)NR 0.10±0.06±0.05
φπ−π+π+ 0.21±0.05±0.06
K+K−ρ0π+ < 0.03(90% C.L.)

φρ0π+ 0.75±0.06±0.04

quasi-two-body decays in which theW± immediately
hadronizes into a charged pseudoscalar, vector, o
ial vector meson. Thus branching ratios of the fo
D → a1(1260)+X are of comparable value to tho
observed forD → π+X, when adjusted for phas
space. Such theoretical discussion raises the p
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Fig. 3.K+K−π+π+π− weighted invariant mass for (a)(K+K−π+π+π−)NR, (b)φπ−π+π+, (c)K+K−ρ0π+, (d)φρ0π+, (e) inclusive
sum of all four modes.
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bility that the resonant substructure for both mod
is dominated by a quasi-two-body decay involvi
the a1: K∗0a+

1 and φa+
1 for K−π+π+π+π− and

K+K−π+π+π−, respectively, wherea+
1 → ρ0π+.

Although the central value of thea1 mass lies outside
of phase space for both decays, these decay m
are allowed due to the large width of thea1. How-
ever, the large width of thea1 and its position in
phase space make the resonance difficult to detec
rectly.

To verify the hypothesis that subresonant dec
are proceeding througha1 we generate Monte Carl
simulations ofD+ → K∗0a+

1 and D+
s → φa+

1 , as-
suming thea1 has a width of 400 MeV/c2 and decays
entirely as an S-wave, and use our subresonant an
sis procedure explained above. We compare the e
s

-
t

yield fractions in each subresonant mode obtained
data with those obtained by the Monte Carlo. We c
culate branching ratios for the decaysD+ → K∗0a+

1
and D+

s → φa+
1 using the ratios of the largest o

served fractions ofK∗0ρπ+ andφρπ from data (40%
and 75%) to those observed from Monte Carlo sim
lations ofD+ → K∗0a+

1 andD+
s → φa+

1 (70% and
78%). Assuming thea+

1 branching fraction toρ0π+
is 50% and correcting for the Particle Data Groupφ

andK∗0 branching fractions [11], theD+ → K∗0a+
1

andD+
s → φa+

1 branching fractions, including unsee
decays, are shown in Table 4. We assess systemat
rors by increasing the width of thea1 resonance in ou
generated Monte Carlo to 600 MeV/c2, taking the sys-
tematic error as the variance of our measurements
the two widths.
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Table 4
Inclusive branching ratios fora+

1 states. These values are correc
for unseen decay modes

Decay mode Fraction

Γ (D+→K∗0a+
1 )

Γ (D+→K−π+π+)
0.099± 0.008± 0.018

Γ (D+
s →φa+

1 )

Γ (D+
s →K+K−π+)

0.559± 0.078± 0.044

In conclusion we have measured the relative bra
ing ratios of five-body and three-body charged had
nic decays ofD+ andD+

s and have presented the fir
evidence of the decay modeD+ → K+K−π+π+π−.
We have also performed an analysis of the reson
substructure in the decaysD+ → K−π+π+π+π−
andD+

s → K+K−π+π+π−. There is an indication
that both decays proceed through a quasi-two-body
cay involving thea1(1260)+ particle.
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