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Measurement of the Ratio 8(D+: 7r0l+v)/B(D+: K 1+v)
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Using the CLEO-II detector, the branching ratio of the Cabibbo suppressed decay D+ ~ ~ l+v,
relative to the branching ratio of the Cabibbo favored decay D+ —+ K l+v, is measured to be
g(D+ ~ n 1+v)/8(D+ +K l+v) = (8.5+-2.7+1.4)%. From this ratio, the product of the ratio of
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, iV,s/V„i, and the form factors at q = 0,

~ f+(0)/f+ (0)~, is determined to be ~Vs/V„~
~ f+(0)/f+ (0)i = 0085+ 0027+ 0014.
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Semileptonic decays of charm mesons are theoretically
straightforward to interpret. The amplitude for the de-
cay mode D+ ~ vr l+v is proportional to the product
of the Cabbibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment V,g and the form factor describing the strong inter-
actions between the final state quarks f+(q2) Th. e decay
rate for D+ —+ m l+v can be written as

3
p~ d2

(1 —q2/M2 )2

where q is the mass squared of the virtual W. We have
assumed a monopole form [1] for the q~ dependence of the
form factor and f+(0) is the value of the form factor at
q = 0. The factor of 2 accounts for the coupling of a dd
pair to a 7ro meson [2]. For the decay D+ —+ Kol+v the
CKM matrix element, V„, and the form factor, f+~(0),
are substituted into Eq. (1) and the pole mass is changed
to that of the D,*. Since the only pseudoscalar meson an
sd quark combination can form is a K, there is no factor
of —for D+ ~ ~ l+v.

2
Thus measurement of the ratio of branching ratios

provides a way to measure the product
I f+(0)/f+ (0) I

x V,~/V„I . Using the unitarity constraint on the CKM
matrix, the CKM matrix elements, V~d and V„[3,4], are
currently known to a greater precision than are the val-
ues for the form factors [2,5—9]. Thus we will concentrate
on the determination of

I f+(0)/f+ (0)I.
Most of the recent experimental work on charm

semileptonic decays has been in the Cabibbo favored
modes, D —+ Ktv and D ~ K'lv [10—14]. Mark III
[15] has reported on one Cabibbo suppressed channel,
D ~ vr e+v; they have observed seven events.

The CLEO-II detector with its excellent photon detec-
tion is ideally suited to detect the decay chain D*+ —+

D+&, D+ —+ w l+v. The initial D*+ ~ D+x decay
is used to improve the signal to background ratio of the
event sample. In this paper the D+ ~ vrol+v branching
ratio is normalized to that of D+ + K~l+v, which is
detected via K, ~ ++vs, also using the D*+ ~ D+x
decay chain.

The data sample for this analysis was recorded with the
CLED-II detector operating at the CESR storage ring at
Cornell University. A total luminosity of 1.8 fb i of e+e
collisions was recorded at the T(4S) and in the nearby
continuum, at energies below and above the T(4S) res-
onance. The CLEO-II detector has been described else-
where [16]; relevant features of the detector are summa-
rized below.

Electrons with momentum above 0.7 GeV/c are iden-
tified by requiring that the ratio of the energy (E) de-
posited in the CsI calorimeter and the momentum (p)
measured in the tracking system, E/p, be close to unity
and that the energy loss measured by the tracking sys-
tern be consistent with the electron hypothesis. Elec-
trons within the fiducial volume are identified with an
efficiency of 94%; the probability that a charged track

1312

will be misidentified as an electron is (0.3 + 0.1)% per
charged track. Muons are identified by their ability to
penetrate five nuclear interaction lengths of iron. Muons
with momentum above 1.4 GeV/c, and within the fidu-
cial volume, are identified with an efficiency of 93%; the
fake rate is (1.4 + 0.2)% per charged track. For both
electrons and muons we require that the absolute value
of the cosine of the angle between the lepton momentum
and beam direction be less than 0.81 [17].

Isolated photons, detected by the CsI calorimeter, with
minimum energies of 30 MeV, are paired to form vr can-
didates. Combinations within 2.5o. of the nominal ~
mass (o 5 MeV/c ) are selected as ir candidates. The
p momentum vectors are then kinematically constrained
to the nominal vr mass. The K, sample is reconstructed
by combining two oppositely charged tracks that fit to a
common vertex, displaced from the primary vertex. The
invariant mass of the two charged tracks, assumed to be
ir+'s, is required to be within 3.0o (o 4 MeV/c ) of
the nominal K, mass.

For fully reconstructed hadronic D*+ + D+vr decays
the mass difference, AM = M&.+ —MLi+, is sharply
peaked where the mass difference has a typical sigma of
1 MeV/c2. In semileptonic decays the neutrino is unde-
tected. We define a mass difference where we use only the
observable information as LM = M 0 o~+ —M o~+. Be-

s f f
cause of the missing momentum information of the neu-
trino the LM distribution is broadened, but a definite
peak remains. We use the AM distribution to extract
the yield of D+ —+ ir l+v and D+ —+ Kot+v events. As
M Ot+ increases the momentum of the neutrino decreases

f
in the D+ center of mass, and the AM distribution be-
cornes more sharply peaked. We require M ot+ ) 1.3

f
GeV/c2 in order to select combinations with a narrow
AM distribution. We have denoted the slow pro from
the initial D*+ decay as x, , since production and decay
kinematics constrain its momentum to be less than 0.4
GeV/c. To reduce background from random diphoton
combinations we require that p 0 ) 0.2 GeV/c and that
the pro's from the D+ decay have a momentum greater
than 0.5 GeV/c; these 7ro's are denoted as irfo. For a irfol+

combination to be consistent with a charm parent hy-
pothesis, we require that M 0,+ ( 1.8 GeV/c2. To reduce

f
cornbinatoric background we require that p 0,+ ) 2.5

f
GeV/c. Combinatoric background from T(4S) decays is

suppressed by requiring that the ratio of Fox-Wolfram
moments [18], Rq = H2/Ho ) 0.2.

The use of the D*+ tag allows an estimate of the
D+ momentum. Continuum production of charm events
produces two well defined jets. This jet or thrust axis
approximates the D*+ direction; Monte Carlo sirnula-
tions show that the distribution of the angle between the
thrust axis and the D*+ direction has a width of 0.150
rad (FWHM). Assuming the D'+ direction is along the
thrust axis, the momentum of the D+ can be estimated
from the 7t., momentum vector and the thrust axis direc-
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FIG. 1. The histograms are the AM distributions for (a)
7rfl+v and (b) K, l+v. The points on both plots represent the
estimated amount of lepton fake background.

tion [19]. We require that this momentum estimate, P„&,
be greater than 2.5 GeV/c.

In semileptonic D decays involving a pseudoscalar, the
energy spectrum of the pseudoscalar is dominated by
phase space and is peaked strongly at high energy. If
the momentum of the slow pion from the D*+ decay is
neglected then M(7rexfo) 2M, +2M oE*, , where E'0

f f
is the energy of the pro& in the D+ center of mass. Thus
M(x, vrf) is a measure of the vrf energy in the center of
mass of the D+ decay and allows one to select events from
the appropriate range of E'o. The Monte Carlo M(7ro7rfo)

7f f
distribution is described well by a Gaussian function, and
we require that the data events be within 1.5cr (o. = 0.065
GeV/c ) of the Monte Carlo mean.

Backgrounds are divided into two classes: correlated
backgrounds which peak in the signal region, LM & 0.15
GeV/c2, and uncorrelated backgrounds which do not
peak in the signal region. The correlated backgrounds
originate from a true D* —+ Der decay. The D or D+
meson subsequently decays either semileptonically, with
a pro in its final state, or hadronically, with one of the
hadronic daughters faking a lepton. To reduce the cor-
related background we take all tracks in the event with
charge opposite to that of the lepton, X, and calcu-
late M[(7refl+)X ], assigning X the pion mass. If any
(vrfl+)X combination has a mass below 1.9 GeV/c~,
we reject that vlf L+ combination. To study and estimate
the amount of correlated background from semileptonic
feeddown we generated a large sample of cc Monte Carlo
events with the decay chain under study removed. Cor-
related backgrounds from lepton fakes are studied and
estimated by using the measured, momentum dependent
fake rates to label measured hadronic tracks as leptons.
The same analysis code as for the data is then used to
extract the shape and normalization of the LM distribu-
tion for combinations which include fake leptons. From
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FIG. 2. The AM distribution after subtraction of lepton
fake backgrounds for (a) 7r l+v and (b) K, l+v The .solid
curves represent the sum of the signal and background contri-
butions to the fits. The dashed curves show the uncorrelated
background contribution.

TABLE I. Yields from fits to the raw and background sub-
tracted data.

Signal
7r't+vf
K, t+v

Raw yield

58 +8
200 + 16

Background
subtracted yield

53+ 8
169 + 17

these studies we find that the M[(vrfel+)X ] cut removes
over 60% of the semileptonic feeddown and over 50% of
the fake lepton background while retaining over 85% of
the signal.

To limit systematic eKects of our selection criteria, the
selection criteria for the D+ ~ Kol+v decay mode are
identical to those of the D+ —+ 7r l+v mode: 1.3
M~OI ( 1.8 GeV/c, p~oI & 2.5 GeV/c, pKO») 0.5
GeV/c, P„& ) 2.5 GeV/c, M(vroKe) within 1.5cr of the
Monte Carlo mean, and M[(Kol+)X ] ) 1.9 GeV/c2.

Figure 1(a) shows the AM distribution for D+
x l+v candidates. The histogram is the distribution for
combinations which pass the above cuts. We call this the
raw distribution. The points are the estimated fake lep-
ton background. Figure 1(b) shows the raw AM distribu-
tion for the D+ ~ K, l+v mode and its estimated fake
lepton background. Since the fake lepton backgrounds
peak in the signal region, we subtract them bin by bin
from the raw AM distributions. The background sub-
tracted distributions are shown in Fig. 2.

We study uncorrelated backgrounds by using side-
bands in the 7r, , 7rf, and Ko mass distributions. The
LM distribution for these uncorrelated backgrounds is
well described by a simple polynomial. Since these back-
grounds do not peak in the signal region, they are not
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TABLE II. Detection eKciencies for D+ —+ vr l+v and D+ ~ K l+v and for feedings into these
channels. The errors are due to Monte Carlo statistics and upper limits are at the 90'Fa conMence
level.

Signal

vr'l+ v

K l+v

Decay channel

D+ ~ vr'l+v
K l+v

K' l+v
pl+ v

g'l+ v
cul+v

D+~K l+v
K' l+v

0.51 + 0.02
0.032 + 0.003( 0.002
0.020 + 0.002( 0.002
0.005 + 0.002
0.24 + 0.01

0.007 + 0.003

Expected contribution (events)

na
23

& 0.7
0.10

& 0.05
0.3
na
2.5

8(D+ ~ 7r'l+v) N(rrfl+v) e~o, + (K,'l+v)
8(D+ —+ K l+v) N(K, l+v) e(7r l+v)

ego i+(7r l v)

e(carol+

v)
(2)

where N(vol+ v) and N(Kol+v) are the two signal
yields, e~o~+ (K, l+v) is the efficiency for reconstructing
a Kel+v decay as Kol+v, and e~o&+„(vrol+v) is the effi-
ciency for reconstructing a K /+ v decay as vr I,+v. We do
not include any other feedings from Table II in the calcu-
lation of the ratio of branching ratios, as their branching
ratio times efficiency is small and negligible [21].

The ratio 8(D+ —+ vrolv)/8(D+ ~ Kolv) is measured
to be (8.5k 2.7+ 1.4)%, where the first error is statistical
and the second systematic. Most of the systematic effects
of our cuts cancel in the ratio of branching ratios since
we use the same cuts for both decay modes. The system-
atic error in the ratio due to Monte Carlo simulations of
K, ~ ~+sr and xf —+ pp reconstruction is determined
to be 13% by studying well measured Do hadronic de-
cays. Systematic error due to incorrectly subtracting the

subtracted before fitting the AM distribution.
The yields are determined by fitting the background

subtracted AM distributions. The Monte Carlo AM
distribution fits well to a function where the left side
of the distribution is described by a Gaussian function
with mean Xo and sigma ol. and where the right side of
the distribution is described by a Gaussian function with
mean Xo and sigma o~. While fitting the data the mean
and sigmas are fixed to values determined from the Monte
Carlo sample [20]. In addition to the signal function, a
slowly varying background function is also included in
the fit to account for the uncorrelated backgrounds. The
yields from fits to the raw and background subtracted
LM distributions are in Table I.

Table II contains the efficiencies for the signal and
feeding channels for the two modes. The dominant feed-
down in the x l+v signal is from D+ ~ Kol+v where the
K subsequently decays into ~ vr . This feeding is statis-
tically independent of the normalizing signal and allows
us to write

lepton fake background is estimated to be less than 5%
of the measured branching ratio. We determine this by
varying the lepton fake rate by 3o of the measured fake
rate. The effect of incorrectly determining the lepton fake
rate partially cancels in the ratio. We add these system-
atics in quadrature along with a 7% error due to Monte
Carlo statistics to obtain a total systematic error of 16%.

We have measured the branching ratio of the Cabibbo
suppressed decay D+ + ~ t+v relative to the Cabibbo
favored decay D+ —+ K l+v. Using our measurement
of the ratio of branching ratios and Eq. (1) we find

If+(0)/f+ (0) I'IVd/V-I' = o o85 + o.o27 + o o14 [22].
Unitarity constraints on the CKM matrix yield a value
of 0.051 6 0.002 for ~V,g/V„[2 [3]; using this value we
obtain [f+(0)/f+ (0)~ = 1.29+ 0.21 + 0.11. The model
predictions [2,5—9] for the ratio of form factors, which
range from 0.7 to 1.4, are in agreement with our mea-
surement.

We gratefully acknowledge the effort of the CESR staff
in providing us with excellent luminosity and running
conditions. This work was supported by the National
Science Foundation, the U.S. Department of Energy,
the SSC Fellowship program of TNRLC, the Heisenberg
Foundation, and the A.P. Sloan Foundation.

' Permanent address: Institute of Nuclear Physics, Novosi-
birsk, Russia.

t Permanent address: Carleton University, Ot tawa,
Canada K1S 5B6.

1] A. Ali and T.C. Yang, Phys. Lett. 65B, 275 (1976).
2] N. Isgur et a/. , Phys. Rev. D 39, 799 (1989).
[3] Particie Data Group, K. Hikasa et al. , Phys. Rev. D 45,

65 (1992).
[4] The current measured value for V,q is from dimuon events

in v interactions. These measurements are in agreement
with the unitarity value. The most recent measurement
can be found in S. A. Rabinowitz et al. , Phys. Rev. Lett.
70, 134 (1993).

[5] M. Bauer, B. Stech, and M. Wirbei, Z. Phys. C 34, 103
(1987).

1314



VOLUME 71, NUMBER 9 P H YSI CA L R EV I E% LETTERS 30 AUGUST 1993

[6 C.A. Dominguez, Phys. Lett. B 207, 499 (1988).
[7 T. M. Aliev, A.A. Ovchinnikov, and V.A. Slobodenyuk,

Trieste Report No. IC/89/382 (to be published).
[8] M. Crisafulli et al. , Phys. Lett. B 223, 90 (1989).
[9] G. P. Lepage and S.J. Brodsky, Phys. Rev. D 22, 2157

(1980).

[10] E691 Collaboration, J.C. Anjos et al. , Phys. Rev. Lett.
62, 1587 (1989); J.C. Anjos et a/. , Phys. Rev. Lett. 65,
2630 (1990); J.C. Anjos et a/. , Phys. Rev. Lett. 67, 1507
(1991);J.C. Anjos et al , Ph.ys. Rev. D 45, R2177 (1992).

[11] CLEO Collaboration, G. Crawford et a/. , Phys. Rev. D
44, 3394 (1991).

[12] Mark III Collaboration, Z. Bai et al , Phy. s. Rev. Lett.
66, 1011 (1991).

[13] E653 Collaboration, K. Kodama et al , Phy.s. Rev. Lett.
66, 1819 (1991); K. Kodama et al. , Phys. Lett. B 274,
246 (1992); K. Kodama et a/. , Phys. Lett. B 286, 187
(1992).

[14] D. Potter, in Proceedings of the f 991 Joint International
Lepton Photon-Symposium and Europhysics Conference
on High Energy Physics (World Scientific, Singapore,
1992), p. 528.

[15] Mark III Collaboration, J. Adler et a/. , Phys. Rev. Lett.
62, 1821 (1989).

[16] CLEO Collaboration, Y. Kubota et al. , Nucl. Instrum
Methods Phys. Res. , Sect. A 320, 66 (1992).

[17] Throughout this paper the symbol l is used to refer to
either electrons or muons.

[18] G.C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581
(1978).

[19] The momentum of the D+ is determined from the fol-

lowing equations: P(D+) = CPM(D+), p =
[P~~ (vr, ) +

M (vr )] /M(vr ), P = (1 —I/p ),where P(~(vr, ) is
the momentum of vr, projected onto the thrust axis.

[20] We have checked this method of extracting yields by com-
paring the D+ + K, t+v yield with the yield for the
hadronic decay D+ ~ K, sr+. Our measurement is con-
sistent with the previous measurements of these branch-
ing ratios.

[21] The expected feeddown was calculated using the efficien-
cies in Table II and Eq. (2) for the K /+v contribution
to the m.f/+ v signal, and the measured D+ ~ A' /+v [3]
branching fraction for K t+v contributions. The pre-
dicted branching ratios were used for the Cabibbo sup-
pressed modes [2].

[22] We do not include any systematic error due to assump-
tion of a monopole q dependence for the form factor in
this result.

1315


