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Abstract

We present a new measurement of the branching ratio of the Cabibbo suppresseﬂ%esazyfﬂv relative to the Cabibbo
favored deca)DO — K~ pvand animproved measurement of the rafig (0)/ff (0)]. Our results are.0744-0.008+0.007
for the branching ratio and 85+ 0.04+ 0.04 + 0.01 for the form factor ratio, respectively.

0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction

Semileptonic decays provide the advantage of hav-
ing factorizable weak currents in the Hamiltonian
which allows for a clean theoretical description. The
hadronic current can be described in terms of two
form factors, £, (¢%) and f_(¢?) which are functions
only of the lepton—neutrino invariant mass squared,
g?. Assuming a pole dominance parameterization of
the form factors, we present a parametric analysis of
the pseudoscalar semileptonic dec@$— 7~ utv
andD® — K~ v from the FOCUS experiment.

This Letter concentrates on the relative branching
ratio and the form factor ratio of the Cabibbo sup-
pressed decay relative to the Cabibbo favored mode.
Since the efficiency tends to have a non-negligifle
dependence (sdé&g. 3), we allow the pole masses and
the ratio f_(0)/f+(0) to vary freely in the fit. The
results and description of the detailed analysis of the
pole masses and (0)/f4(0) are included in another
paper[1] along with a non-parametric analysis of the
high statistics decapp® — K ~utv.

We report a new measurement for the branching
ratio I'(m ~utv)/ (K~ ptv) in agreement with re-

E-mail address: agostino@pizero.colorado.edu. Agostino).
1 Seehttp://www-focus.fnal.gov/authors.htnfibr additional au-
thor information.

cent results from the CLEO Collaboratifi3]. These
results indicate a lower value for this branching ra-
tio than the one reported in the PD[@]. We also
report a new measurement of the form factor ratio
| fT (O)/ff (0)| with greatly improved errors with re-
spect to existing measurements and compare it to re-
cent theoretical predictions from an unquenched Lat-
tice QCD calculatior5,6].

2. Data selection

This analysis is based on data collected by the FO-
CUS experiment during the 1996-1997 fixed target
run at Fermilab. FOCUS is a photoproduction exper-
iment which collected a large sample of charm de-
cays produced in the interactions of a photon bEgm
with an average energy of 180 GeV on a BeO seg-
mented target. The FOCUS spectromdi&+11] is
equipped with a 16 plane silicon strip vertex detector;
4 planes are interleaved with the targets and 12 planes
are located downstream of the target area. Momentum
analysis is accomplished by two magnets with oppo-
site polarities and 5 multiwire proportional chambers.
Three multi-cell threshol@erenkov counters provide
charged particle identification. A muon counter lo-
cated at the end of the spectrometer is responsible for
muon identification.
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We reconstruct the semileptonic decaps — state particle is lost (usually®), such ask 7+ =9,
- ptv and D° — K~ putv requiring a D*t-tag K= 7t7%9 p~utvandKzutv,3 we place alower
where theD**t is reconstructed in thé°z+ final cut on the hadron—lepton invariant mass (visible mass)

state? Whenever possible we apply identical selec- of 1.0 GeV/c2. Contamination fromD°? — Kzt is
tion criteria to both decay modes to reduce systematic eliminated by requiring the visible mass to be less than
effects. As the decapp® — 7~ utv has more back- 1.7 GeV/c?.

ground and less statistics, the selection cuts have been Since the neutrino is not reconstructed, the resul-
optimized for this mode. The signal and normalization tant smearing effects on the resolution play an im-
samples are selected requiring two opposite chargedportant factor in this analysis. Rather than using the
tracks to form a good vertex with a confidence level standard neutrino closure resulting in a two-fold am-
greater than 1%. One of the two tracks from the biguity on the D° momentum, we take advantage of
decay vertex must be identified as a muon from the in- the D**-tag by boosting the final state particles in the
ner muon detector with a confidence level greater than hadron—lepton center of mass frame. By constraining
1% and must have momentum greater than 10 GeV  the K~ utv (z~ v ) mass to theD® mass and the
To suppress pion and kaon in-flight decays, this track K ~u*v 7" (x ~utv 7t ) mass to theD** mass, we

is required to have a consistent momentum when mea-are able to determine the angle between the nedtrino
sured in the first and second magnets. The other trackand ther ;" direction. We then sample the azimuthal
must satisfy aCerenkov requirement based on the angle and choose the one that gives the direction of
value of the negative log-likelihoow for a given hy- the D° most consistent with pointing to the primary
pothesis: in theD® — 7~ v mode, the pion must  vertex.

be favored with respect to the kaon hypothesis by at

least 3 units of likelihoodsW (K) — W(xr) > 3); in

the case ok ~ v the kaon must be favored over the 3. Analysis

pion hypothesis by 3 units of likelihoods¥{() —

W(K) > 3). To reduce non-charm background, the The fit to the data is designed to constrain the back-
candidate hadron must have a momentum greater thanground in ther ~ v sample and to supply informa-
14 GeV/c. The primary vertex is found after exclud-  tion about the pole mass and form factors. To accom-
ing the candidate tracks from ti2P decay vertex; the  plish these goals we perform fits on two-dimensional
remaining tracks are used to form candidate vertices. distributions where the freegpameters are the signal
Of these vertices we choose the one with highest mul- and background yields. All the fits are binned maxi-
tiplicity and we break ambiguities by picking the most mum likelihood fits where the likelihood is defined as
upstream vertex as the primary vertex. This vertex is ni

required to be isolated from other tracks in the silicon . _ 1—[ Jije 1)
strip vertex detector by requiring that the confidence T nij!

level of any another track not used in the determina-

tion of the primary or decay vertex be less than 1%. Where f;; (n;;) is the number of expected (observed)
For each hadron—lepton combination that satisfies the vents in the binij. First, a fit of ¢ and D**-D°
above requirementsl another track Coming from the mass difference is performed to establish the amount
primary vertex must be found as the candidate “soft” Of non-peaking backgrounéig. 1).> We next place a
pion from the D** — DOzF. The nF candidate

must not have the pion hypothesis strongly disfavored 3 with the notationk = 1 v we refer to the sum of the decays to
over all other particle hypotheses from tBerenkov K% ~utvandk — 7%ty from DO or to the sum of the decays to
system (MW (e), W(K), W(p)} — W(x) > —6). It K atutvandkOx%*v from DF.

must also have a momentum greater théh@eV/c. 4 The neutrino and th@? directions are the same in this refer-

To suppress backgrounds from decays where a final "¢ 2™
PP J y 5 We define “peaking background” in the~ ;v sample as

the sum of the background contributions fropP — K~ ptv,
I Krnutv and p~ptv, while in the K~ v sample the peaking
2 Throughout this Letter charge conjugate modes are implied. background is given only by ~ 7%yt v.
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Fig. 1. D*+—p0 mass difference distributions fa° — 7~ v (left) andD0% — Kty (right). The amount of non-peaking background

is found from a fit tag2 and D*t—DO mass difference distributions. Th

mass cut on thé&*T—D° mass difference of less than
0.154 GeV/c? to reduce the background and to ob-
tain more reliable results for parameters such as pole
masses and form factors. A fit is then made to the two-
dimensional distributiog? vs. co®, (where co$, is
defined as the cosine of thegle between the neutrino
direction and theD® direction in the rest frame of the
lepton—neutrino system). The fit is first performed on
the K~ v sample and the results from this fit are
used to set the background frakiT v andK v

in ther ~ v sample.

In the fit to thek — . v distribution we make use of
the recent vector to pseudoscalar branching ratio mea-
surementl (DT — Knutv)/ (DT — Ko%utv) =
0.63+ 0.05[12] in the form of a penalty term added
to the log-likelihood as shown in EQR)

Fguv = —2Iog£K,w

(
+_

Yiru+y e(K—pty) 2
Y - e(Kmputv) _0'63)

(0.05)2

where we assume isospin invariance to relateand
DP decays. The likelihood: is constructed using the

—utv

)

’

e vertical line indicates where the cut is placed.

expected number of events in eaghbin of the two-
dimensional distribution given by

ij

— ij
K—nutv — YK7M+VSK_M+V

+ Y(CC_)SZE) +Yg—r M+VSZ_7TO/L+V’ 3)
where in Egs.(2) and (3) the fit parameterst,
are the fitted yieldsS, are the normalized shapes
obtained from Monte Carlo and the reconstruc-
tion efficiency. We define thec component as the
background obtained from a high statistics charm—
anticharm Monte Carlo sample after removing the
modes handled specifically in E) (and(5)).

In a similar way we fit ther ~ . T v distribution. We
use the branching ratio’(D° — p~utv)/r(D° —
Krmutv) = 0.086+ 0.010° to constrain the back-

6 We estimated the branching ratio bBP — p~ T relative to
DO Kmuty using the weighted average of a recent result from
the CLEO-c Collaboratiorj3], the PDG value$4] and a prelimi-
nary result from FOCU$13] where we correct for isospin when
necessary.
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ground in the fit as shown in E4)

Frpy = —2109L5 10

(
+

Y — v e(Kmputv) _ 0.086)2

P
YKJT}L+|) e(p~utv)

(0.0102

4)

The expected number of events in each two-dimen-
sional bin used to construct the likelihood is

ij ij ij
fnfﬂﬁ, = n—/L"‘vSn—MJrv + Y(CE)S(CE)

ij
+ YP_H+VSp_M+u
(K~ —=a)utv)
e(K—utv)

0
+ YK_M+V

ij
X S(K‘—)n_)p,"'u
e(K~— n)n%Tv)

+v?
K e(K—m%utv)

“70utv
ij

X S(K‘—)n_)nou‘*'v

(Ko7 utv)

0
+ ZYK_UO/L+V G(Kfnolﬁv)

ij
x SKOn_u‘*'v’

)
whereYé’,uW and Y[C(’,nolﬁv in Eq. (5) are fixed to
the results obtained from the fit to theé—p*v data
(Eq. (3)). The symbol(X — Y) means that a hadron
X is misidentified ag’.

To measure pole masses and the form factor ra-
tio n = fX(0)/fK(0) we apply an event-by-event
weighting procedurd14]. This is achieved by re-
weighting each Monte Carlevent according to the ra-
tio of the probability that the event was generated with
a pole mass\f; . and a form factor ratio)’ relative
to the probability that the event was generated with
the default values/p: (Mp-+ for wpuv ) andn®.” The
relative efficiencies of the decay3® — =~ tv and
D® — K~ utv are defined as the ratio of the recon-
structed and generatedadvite Carlo events. At each fit
iteration these efficiencies change as a function of the
pole masses angvalues.

7 The default values for the parameterare: n° = —0.724 for
DO — K~ ptvandn®=—-0.856 forD% — 7~ ptv.
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Fig. 2. Fit projections fo® — 7~ v and D% — K~ ptv. The

fit is performed on a two-dimensional distributionapq‘ and co9,.

In the DO — 7z~ v, the peaking background contribution is de-
fined as the sum of the contributions frab® — K~ tv, p~ptv
andKm7utv.

The weightW; for an event withg? = ¢? is given
by the equation

.2
I M1 97) N(Mpy, n%

© I(Mpy.n% g?) N(Me )’ ©
where the intensity is
I(Mpole, n; qZ) X f+2 (Mpole; 42)8(77) (7
and the normalization is determined by
Ngen
N(Mpole, n) = Z f.;z. (Mpole; qiz)g(n)- (8)

i=1

The form factorf} (Mpole; q2) is assumed to have the

following ¢2 dependence
f+(0)
q2

— 2
M pole

f+(Mpole; qz) 9

and g(n) can be written in terms of three kinematic
coefficientsA, B andC:8

g(n) = A+ By +Cn°. (10)

8 The kinematic dependence is shown in detail for kaon semilep-
tonic decays in Ref4] on p. 618.
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Fig. 3. Reconstruction efficiency as a function ofaﬁefor - uty
(top) andK ~ v (bottom).

From the fit to ther ~ v (K~ tv) distributions
(Fig. 2 we find 288£ 297 ~ v (657492 K ~1u T v)
events. Correcting for threlative Monte Carlo effi-
ciency we find the branching ratio for the Cabibbo sup-
pressed decap® — =ty relative to the Cabibbo
allowed decay® — K~ utv to be
r(p°— 7= utv)
(D% — K—putv)

From the same fits we finel, = 1.917332 GeV/¢?
and My = 1.93730> GeV/c? for thex ~p*v and the
K~ v pole masses, respectively. We also measure
the ratio X (0)/fK(0) = —~1.7"}5. A detailed de-
scription of the pole mass results has been included
in Ref.[1].

Using the yields from the fit it is possible to obtain
the ratio of the form factorgy (0)/ff(0). In order
to do this we compute a numerical integration of the
differential decay rate modulated by the reconstruction
efficiency as a function of the? [15]. This efficiency
is found by sampling the? Monte Carlo distribution

—0.074+0.008(stat).  (11)

and dividing the reconstructed events by the generated

events in each bin. The resultant distribution is then fit
to a third degree polynomiak{g. 3) which is used in
the computation of the integral. We quote the result

V. 2| rm 0 2
‘ LD 60374 0.004stat).
Ves | | £5(0)

12)
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Applying the unitarity constraints on the CKM ma-
trix elements[4] we use the valugy|? = 0.051+

0.001 in Eq.(12) and measure the ratif” (0)/fX (0)
to be

()
()

= 0.854+ 0.04(stat). (13)

4. Systematic studies

Several studies have been performed to search for
possible systematic uncertainties. The fitting proce-
dure was tested on a Monte Carlo set whose size is
roughly 20 times the FOCUS data set and we verified
that the fit returned the input values used in our simu-
lation.

We checked for possible biases as well as the ac-
curacy of our statistical error by performing a fit on
fluctuated data distributions multiple times and com-
paring the mean and width of the distribution of the
fit results to our measurement. We found that we have
to add a 0.005 contribution to the systematic error to
compensate folk v and Krutv contributions
that were not allowed to float in the ™ v fit. We
also performed an analogous study using the fit func-
tion as the parent distribution to establish how well our
fit function described theata. We compared the like-
lihood obtained from our measurement to the distribu-
tion of the likelihoods from the fluctuated fit function.
We found good agreement indicating that our fit func-
tion well represents the data.

We investigated the stability of our results by
changing a variety of selection criteria: the signif-
icance of separation between the primary and sec-
ondary vertex, muon identification, track momenta,
visible mass cut, anderenkov identification. We
found no significant change in our results and assign a
systematic uncertainty of 0.003 on the branching ratio
due to cut variations. This number is found by com-
puting the variance of this set of results.

We further investigated fit variations by using a dif-
ferent approach in which we fit thg? and D*t—D°
mass difference. Rather than fitting tike" v dis-
tribution first, this fit was performed simultaneously
on ther~u*v and K ~utv samples. The results are
nearly identical to the results obtained from the fit to
g2 and co®,. Other fit variations include changing the
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Table 1

Sources of systematic errors and relative uncertainties. The contri-
butions to the error on the rati (0)/f. f (0) are found by propa-
gating the corresponding ersoon the branching ratio

BR OV ()
Fluctuated data distribution 0.005 .029
Cut variations 0.003 017
Fit variations 0.004 23
Cerenkov misidentification 0.002 @1
Total 0.007 0042

bin size. By computing the variance of these a priori
likely results, we assigned a systematic uncertainty of
0.004 from fit variations.

Since the Monte Carlo is used to determine the
amount of K~ v background in ther~pu*v sam-
ple, we are sensitive to the simulated misidentification
rate. We used the high statistics mode$— K~z
andD® — K~ 7t where naCerenkov requirement
was applied to measure thé — 7 misidentification

57
and
‘mzﬁ@z
Ves | 1 £K©0)
— 0.0374 0.004(stat) + 0.004(sys). (15)

Using |%|2 = 0.051+ 0.001 from unitarity con-
straints, we find the form factor ratio to be

)
FE ()

= 0.854+ 0.04(stat) £ 0.04(sys)

+ 0.01(CKM), (16)
where the last error (CKM) corresponds to the uncer-
tainty on the ratigV.4/ V.s|. We compare our results
to the measurement reported by the CLEO Collab-
oration in Ref.[2] where they report the branching
ratio of D° — 7~¢*tv relative to D — K¢ty to

be Q082+ 0.006+ 0.005 and the form factor ra-

rate and we used the statistical error on the combinedtio |7 (0)/fX (0)| = 0.86 + 0.07753° + 0.01. we

sample (after applying the sam@erenkov require-
ment used to select the® — 7~ tv events) to as-
sign a systematic uncertainty. We varied the misiden-
tification rate so obtained ¥1o, and we find a con-
tribution of 0.002 to the total systematic error.

The contributions to the systematic error on the
branching ratio and the corresponding contributions
to the error on the form factor ratig” (0)/f. f (0) are
listed inTable 1

In the measurement of the form factor rafié (0)/
ff (0) we also added variations on the fit to the re-
construction efficiency as a function of tla€ used
in the numerical integration. We varied the bin size
and fit functions. We find a contribution to the system-
atic error of 0.010 which is added in quadrature to the
errors propagated from the branching ratio measure-
ment.

5. Summary and conclusions

We quote the final results as
r'p°— 7= putv)
(DY — K—utv)

=0.074+ 0.008(stat) + 0.007(sys)

(14)

also compare our branchgnratio result to the re-
cent measurement from absolute branching ratios for
D% — 7=¢tv and D? — K ety from CLEO-c[3]
where they report a relative branching ratio 70+
0.007-+ 0.003. Our results are consistent with both of
these new measurements. Further, we report an im-
proved measurement pfy (0)/ff (0)] in good agree-
ment with SU3) breaking expected in recent lattice
QCD calculations where they quote a form factor ratio
value of 085+ 0.05[5] and 086+ 0.05+ 0.11[6].
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