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N+ where X is a

We present searches for rare or forbidden charm decays of the form X — h™ £ {(
charm hadron (D", D}, or AJ), h™ is a pion, kaon, or proton, and €/)* is an electron or muon. The analysis is
based on 384 fb~! of "¢~ annihilation data collected at or close to the Y(4S) resonance with the BABAR
detector at the SLAC National Accelerator Laboratory. No significant signal is observed for any of the 35
decay modes that are investigated. We establish 90% confidence-level upper limits on the branching
fractions between 1 X 107° and 44 X 10~° depending on the channel. In most cases, these results represent

either the first limits or significant improvements on existing limits for the decay modes studied.

DOI: 10.1103/PhysRevD.84.072006 PACS numbers: 11.30.Fs, 11.30.Hv, 13.20.Fc, 13.30.Ce

I. INTRODUCTION

We present searches for charm hadron decays that are
either forbidden or heavily suppressed in the standard
- model (SM) of particle physics. The decays are of the
*Now at Temple University, Philadelphia, PA 19122, USA form* XM - h=€7€¢0*  where X! is a charm hadron
TAlso with Universita di Perugia, Dipartimento di Fisica,
Perugia, Italy S —
“Now at University of South AL, Mobile, AL 36688, USA 'The inclusion of charge-conjugate decay modes is implied
¥Also with Universita di Sassari, Sassari, Italy throughout this paper.
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(D*, D}, or AJ), and €"* is an electron or muon. For D*
and D} modes, h™ can be a pion or kaon, while for A}
modes it is a proton. Decay modes with oppositely charged
leptons of the same lepton flavor are examples of flavor-
changing neutral current (FCNC) processes, which are
expected to be very rare because they cannot occur at
tree level in the SM. Decay modes with two oppositely
charged leptons of different flavor correspond to lepton-
flavor violating (LFV) decays and are essentially forbidden
in the SM because they can occur only through lepton
mixing. Decay modes with two leptons of the same charge
are lepton-number violating (LNV) decays and are forbid-
den in the SM. Hence, decays of the form X — h*¢* ¢+
provide sensitive tools to investigate physics beyond the
SM. The most stringent existing upper limits [1-5] on the
branching fractions for X — h™€¥€"* decays range
from 1 to 700 X 107% and do not exist for most of the
A} decays.

FCNC processes have been studied extensively for K
and B mesons, in K° — K° and B® — B mixing, and in rare
FCNC decays such as s — d€* ¢, b— sy, and b —
s€* €~ decays. The results agree with expectations within
the framework of the SM [6]. There are ongoing efforts to
improve the measurements and the theoretical predictions,
and to measure new effects, such as CP violation, in FCNC
processes.

The recent observation of D® — D° mixing [7-9] has
increased interest in FCNC processes in the charm sector.
Of particular interest is the source of D — D° mixing. If
the mixing is due to physics beyond the SM, it could also
give rise to measurable effects in FCNC charm decays. In
the SM, the FCNC decays X; — h™€" €~ are expected to
be heavily suppressed due to cancellations of amplitudes
through the Glashow-Iliopoulos-Maiani (GIM) mechanism
[10]. For example, the ¢ — uf* €~ transitions illustrated in
Fig. 1 yield branching fractions for D — X, €€~ of
O(1073) [11,12]. These decays are masked by the presence
of long-distance contributions from intermediate vector
resonances such as D — X, V, V — €*{~, which are pre-
dicted to have branching fractions of @(107°) [11,12]. The
effect of these resonances can be separated from those due
to short-range processes by applying selection criteria on
the invariant mass of the €€~ pair. In radiative charm
decays, ¢ — uy, uncertainties in calculating the long-
distance terms make it impossible to study the underlying
short-distance physics [13].

The impact of several extensions of the SM on D —
X, €€~ decay rates has been estimated [11,14,15]; the
largest effect not already ruled out is expected in certain
R-parity violating supersymmetric models. Depending on
the size of the R-parity violating couplings, branching
fractions of up to @(107°) for different D — X, €€~
decays are possible.

The only long-distance amplitudes relevant at the cur-
rent experimental sensitivity are from D" — 7" ¢ and

PHYSICAL REVIEW D 84, 072006 (2011)
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FIG. 1. Standard model short-distance contributions to the

¢ — u€* € transition.

D} — 7% ¢ decays. The product of branching fractions,
B(D(*;) — a7t d)B(p—€T€7), is =2X107¢ for DT
and = 1 X 1073 for D} [16]. In this analysis, we measure
the total decay rate of D[, — 7€ "€~ excluding the €7 ¢~

mass region around the ¢ resonance.

II. OVERVIEW

The searches use data collected with the BABAR detector
as described in Sec. III. Candidate decays are formed from
two tracks identified as leptons (£4")) and one track iden-
tified as a hadron (#). Background events arise primarily
from semileptonic B and charm decays and from radiative
QED events with converted photons. After applying basic
kinematic selection criteria, we discriminate further be-
tween signal and background with a decay-mode-
dependent likelihood ratio calculated from the measured
momentum and flight length of the charm hadron candidate
and the total energy detected in the event. The invariant
mass distributions of the selected #€£") candidates are fit to
extract the number of signal events, the number of combi-
natorial background events, and the number of background
events due to nonleptonic charm decays with hadrons in
the final state misidentified as leptons. Upper limits are
determined for the decay rate to each final state with
respect to the known decay rate for a hadronic three-
body decay with similar kinematics so that many system-
atic uncertainties cancel in the ratio.

III. THE BABAR DETECTOR AND DATA SET

The BABAR detector was operated at the PEP-II
asymmetric-energy storage rings at the SLAC National
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Accelerator Laboratory. The data sample comprises an
integrated luminosity of 347 fb~! collected from e* e~
collisions at the Y(4S) resonance and 37 fb~! collected
40 MeV below the Y(4S) resonance.

The BABAR detector is described in detail elsewhere
[17]. The momenta of charged particles are measured with
a combination of a five-layer silicon vertex tracker (SVT)
and a 40-layer drift chamber (DCH), both in a 1.5 T
magnetic field produced by a solenoid. The resolution of
the transverse momentum (py) is measured to be
o(py)/pr = 0.0013(p;/GeV/c) & 0.0045. A detector of
internally reflected Cherenkov radiation (DIRC) is used for
charged particle identification. Pions, kaons, and protons
are identified with likelihood ratios calculated from dE/dx
measurements in the SVT and DCH, and from the observed
pattern of Cherenkov light in the DIRC. For the selection
criteria used in this analysis, hadron identification efficien-
cies are approximately 98%, 87%, and 82% for pions,
kaons, and protons, respectively. A finely segmented Csl
(T1) electromagnetic calorimeter (EMC) is used to detect
and measure the energies of photons, and to identify elec-
trons. For electrons, energy lost due bremsstrahlung is
recovered from deposits in the EMC.

The EMC information, Cherenkov angle, and dE/dx
measurements are combined to define a likelihood ratio
used to select electrons with a selection efficiency above
90% for electrons with a laboratory momentum above
0.5 GeV/c and with less than 0.1% probability to misiden-
tify a hadron as an electron. The instrumented flux return
(IFR) contains resistive plate chambers and limited
streamer tubes for muon and long-lived neutral-hadron
identification. Variables characterizing track measure-
ments in the IFR and the energy deposition in the EMC
are combined in a neural network to select muon candi-
dates. The muon identification efficiency is about 60% for
muons with a laboratory momentum above 1.5 GeV/c, but
decreases rapidly for lower momenta. The probability to
misidentify a pion as a muon is about 1.5% for most of the
relevant momentum range.

Event simulations are performed using the EVTGEN [18]
Monte Carlo (MC) generator with a full detector simula-
tion based on GEANT4 [19]. Signal and A} — pK~ 7"
MC events are generated with a three-body phase-space
distribution, while D) — 7" ¢ MC events are generated

with a Breit-Wigner resonance shape for the ¢ decay and
an angular distribution appropriate for the P-wave ¢ de-
cay. All signal events are simulated as c¢c¢ continuum
events. The distributions of the magnitudes of the charm-
hadron momenta measured in the e*e™ center-of-mass
frame (p*) are found to differ between simulated ¢¢ con-
tinuum events and data. In particular, the mean p* for D
mesons is lower in MC, while the mean p* for A baryons
is higher. To correct for this, simulated c¢ events are
weighted to yield the same p* distributions as those ob-
served for the large samples of reconstructed charm decays
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in data used for normalization in Sec. V. The event weights
lie between 0.6 and 1.8. Simulated events are also weighted
to match the particle identification probabilities measured
in control samples in data. Samples of simulated c¢ and gg
(¢ = u, d, s) continuum events and BB events, correspond-
ing to 1.4 to 5 times the recorded data sample, are used to
study background contributions.

IV. ANALYSIS PROCEDURE

A. Initial signal selection

Charm hadron candidates are formed from one track
identified as either a pion, kaon, or proton (k) and two
tracks, each of which is identified as an electron or a
muon (£€")). The total charge of the three tracks is required
to be *1. For three-track combinations with a pion or kaon
track, the 7€) invariant mass is required to lie between 1.7
and 2.1 GeV/ ¢%; for combinations with a proton, the in-
variant mass is required to lie between 2.2 and 2.4 GeV/c?.

The combinatorial background at low p* is very large
and we therefore select charm hadron candidates with p*
greater than 2.5 GeV/c. Because the p* of charm hadrons
produced in B decays is kinematically limited to be less
than about 2.2 GeV/c, the signal candidates with p*
greater than 2.5 GeV/c are dominated by hadrons from
continuum production. The main backgrounds remaining
after this selection are QED events and semileptonic B and
charm decays, particularly events with two semileptonic
decays.

The QED events are mainly radiative Bhabha, initial-
state radiation, and two-photon events, which are all rich in
electrons. These events are easily identified by their low
multiplicity and/or highly jetlike topology. We strongly
suppress this background by requiring at least five tracks
in the event and that the hadron candidate be inconsistent
with the electron hypothesis.

We suppress the background from semileptonic B and
charm decays by requiring the two leptons to be consistent
with a common origin. This is achieved by requiring that
the probability of the x? for the vertex fit be greater than
0.001 and that the distance of closest approach between the
two lepton candidates be less than 250 um.

For low e" e~ invariant mass there is a significant back-
ground contribution from photon conversions and 7° de-
cays to e"e 7y. These are both removed by requiring
m(eTe™) > 200 MeV/c2.

For the D(t ) — 7€~ decay modes, we exclude
events with 0.95 < m(e*te™) < 1.05 GeV/c? and 0.99 <
m(ut u) < 1.05 GeV/c? to reject decays through the ¢
resonance. The excluded regions for the two decay modes
differ due to the larger radiative tail in the 7" et e~ decay
mode. In order to perform cross-checks, we also select
candidates for D) — m¢, ¢ — €7 £~ decays by requiring
0.995 GeV/c? < m(eTe™) < 1.030 GeV/c? or 1.005 GeV/
A<mptu")<1.030 GeV/c>.
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B. Likelihood selection

After the initial event selection, significant combinato-
rial background contributions remain from semileptonic B
decays and other sources. These background sources are
studied with samples of candidates in MC and in sidebands
of the 7€) invariant mass distribution in data. The side-
bands are defined to be 0.1 GeV/c? wide regions just
below and above the signal regions defined above. The
final candidate selection is performed by forming a like-
lihood ratio Ry and requiring the ratio to be greater than a
minimum value R’F“. The likelihood ratio is defined as

n?s,i(xi)
n?s,i(xi) + l__l?b,i(xi)’

Rp(X) = D

where x; is the ith discriminating variable, and P ; and P, ;
are the signal and background probability density functions
(PDF) for the variable x;. Correlations between variables are
ignored in the likelihood ratio as they are found to be small.
The likelihood ratio peaks near 1 for signal and near O for
background. The signal PDFs are obtained by fitting the
distribution of x; for simulated signal events, while the
background PDFs are obtained from fits to the distribution
of x; for candidates in the #€€"”) invariant-mass sidebands in
data. The PDFs are defined by combinations of polynomial,
Gaussian, and exponential functions found empirically to
provide good descriptions of the signal MC and data side-
bands. The parameter values in the PDFs are common
across signal modes in which data or MC studies show the
distributions to be consistent.
The following three discriminating variables are used in
the likelihood ratio.
(i) Charm hadron candidate p*.
The calculated p* for h¢€") candidates in which a
lepton candidate is from a semileptonic B decay
can be larger than 2.2 GeV/c, but the distribution
falls rapidly with increasing p*.
(i1) Total reconstructed energy in the event.
Since neutrinos from semileptonic B decays are not
directly detected, the total observable energy in
these events is less than the sum of the beam
energies (12 GeV). We calculate the total energy
for each event as the sum of the energies of all
reconstructed tracks (assuming each track to be a
charged pion) and neutral EMC clusters.
(ii1) Flight length significance.
The flight length significance is the ratio of the
signed flight length to its uncertainty, where the
signed flight length is the scalar product between
the direction of the charm-hadron candidate and the
position vector that points from the beam spot to
the charm-hadron decay vertex. This variable has
the most discrimination power for the long-lived
D™ meson and the least for the shorter-lived A},

PHYSICAL REVIEW D 84, 072006 (2011)
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FIG. 2 (color online). Distributions of the three discriminating
variables and the likelihood ratio, for D™ — 7" e™ ¢~ candidates
in signal MC (black solid curve) and in the 2€€" invariant-mass
sidebands from data (red dashed curve): (a) center-of-mass
momentum p* of the charm-hadron candidate; (b) total energy
in the event; (c) flight length significance; and (d) likelihood
ratio [defined in Eq. (1)] calculated with the three discriminating
variables. The signal and background distributions are normal-
ized to the same area.

This variable is effective for suppressing non-B
combinatorial background.

Distributions of the three discriminating variables and of
the likelihood ratio are shown in Fig. 2 for D™ — 7re™e™
candidates in A€€" invariant-mass sidebands (back-
ground) and in signal MC.

The minimum likelihood ratio value R™ is chosen
independently for each mode to provide the lowest ex-
pected upper limit on the branching ratio, as calculated
from the simulated signal efficiency and the expected
number of background events; the latter is estimated
from the €€ invariant-mass sidebands in data. In cases
in which more than one candidate from the same event
passes all selection criteria, including the likelihood-ratio
requirement, the candidate with the highest p* is retained.
The final signal selection efficiency lies between 0.5% and
7%, depending on the signal mode.

C. Fit procedure

Extended, unbinned, maximum-likelihood fits are applied
to the invariant-mass distributions for the 2= ¢*€")* candi-
dates. The PDF we use for signal events is the so-called
crystal ball function [20], which has an asymmetric compo-
nent to describe the radiative tail in the mass distribution:

Peg(m; u, o, a, n)

{e—a/z)((m—mw ifm=u— ao,

e*(l/Z)cvz( no

no—a’o—a(m—pu)

n
) ifm<u-— ao.
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TABLE I. Branching fractions for the charm decays used for TABLE II. Fitted signal yields for the normalization modes
normalization [16]. and signal efficiencies estimated from MC simulations. Only
statistical uncertainties are quoted.

Decay mode Branching fraction

D" — 7wt yx (272 = 0.13) X 1073 Decay mode N Efficiency

Df — 7" ¢y (232 £0.14) X 1072 DY — 7wtk 106 800 = 500 (15.44 £ 0.07)%

A} — pK- ot (5.0 1.3) x 1072 D} — 7 gk 338900 = 900 (15.29 £ 0.07)%
Al — pK~— ot 488700 = 2100 (11.99 = 0.04)%

T.he four parame.ters #, 0, e and n are determined frp m fits to TABLE III. Summary of the multiplicative systematic uncer-
signal MC candidates and are fixed t.o these values in the fits tainties on the branching ratio for each signal decay mode (listed
to data, Wl.th only the overa!l normalization as %free param?' in the first column). In the second column, we give the fractional
ter. The width of the Gaussian component (o) is found to lie uncertainty due to the normalization mode. The next three
between 5 and 10 MeV/c?, depending on the decay mode. columns list the fractional uncertainty due to the MC statistical

The invariant mass distributions of the combinatoric  error, uncertainties in particle identification efficiencies (PID),
background events for the signal modes are described by  and in the likelihood-ratio efficiency (LR). The total systematic

first-order polynomials. The background slope is a free uncertainty, given in the final column, is the sum of the individ-

parameter in all fits. ual errors in quadrature.
An additional background arises from nonleptonic MC
charm decays in which two hadrons are misidentified as Normalization statistical

leptons. This background component is almost negligible Decay mode mode error  PID LR Total
in the signal modes with electrons and is therefore only

included in decay modes with two muons and for D, — lD) 1 : ”:eie - ;2? }LEZO égg" Z?Z" }?23
K~ ute™, where there is a large D" — K" 7" 7" back- Dt — :+g+:_ 2.6‘%0; 3'1%'; 4'402 9‘8‘%(; 11'5%0)
ground. The shape of thls'background is obtained fromMC .+ |+ pre” 26% 22%  4.4% 7.6% 9.4%
sampl§s of major hadronl'c three-body chafrp decays.. Each DY — mrete 21% 11%  23% 09% 3.4%
eyept 1s wgghted according to t'h§ prol.)ablh'ty of mlslq§n- DY > wtutp 21% 27% 83% 0.9% 9.0%
Flfymg a pion as a lepton. The m151§ent1ﬁcat10n probability  pt _, 7+t - 21% 26% 4.4% 2.9% 6.2%
is measured from data as a function of momentum and  pf — 7+, te- 21% 4.0% 4.4% 72% 9.6%
angle with samples of D® — K~ 7+ candidates. The mis- DY — Ktete™ 2.6% 14% 28% 55% 6.8%
identified nonleptonic charm decays are reconstructed at Dt —Ktutu” 2.6% 64% 85% 4.4% 11.8%
slightly lower h* u* u™ (K~ u*e) mass than the signal D+t — K*et pu~ 2.6% 29% 4.7% 5.8% 8.4%
events. The peak mass is shifted by about 15 MeV/c?, D" —K*ute" 2.6% 31%  47% 51% 8.0%
which is sufficient separation from the signal peak for Dj — K'e'e™ 2.1% 1.5% 2.8% 2.0% 4.3%
Df > K utp~ 2.1% 33% 85% 09% 9.4%
Df - Ktetu~ 2.1% 22%  47% 2.0% 59%
o~ 35000 = ' ' ' ' ' _ Df - K"ute” 2.1% 20% 47% 1.6% 5.7%
$ 0000F- g 4 Al—pete 3.4% 14%  20% 54% 6.8%
S 25000 = A —putu” 3.4% 32% 82% 3.4% 10.0%
5 20000 £ = Af — petu~ 3.4% 34% 43% 5.6% 8.5%
§ 15000 - 3 Af — pute” 3.4% 28% 43% 5.1% 8.0%
2 10000 E- A E
& 5000 @ - N—. ... . = DT — 7 etet 2.6% 1.3% 23% 57% 6.8%
e s P o o5 2 s0s DT—mptut 2.6% 35% 83% 5.1% 10.7%
KK invariant mass [GeV/c?] Dt - a7 ute” 2.6% 1.6% 4.4% 4.6% 7.1%
°p 60000 T T T T T " 2.1% 08% 23% 1.2% 3.4%
E’ 50000 - 2.1% 22% 83% 1.2% 8.9%
— 40000 2.1% 24% 44% 12% 5.6%
g 80000 2.6% 14%  2.8% 57% 71.0%
§ 20000 2.6% 32%  85% 27% 9.8%
G100 Foomosnsomsosseommosmeoss” oo P ehemenestsesesnd D= Kt 2.6% 24%  47% 39% 7.1%
224 225 226 227 228 229 23 231 232 Df—>K ete' 2.1% 1.0% 2.8% 14% 3.9%
pK' invariant mass [GeV/c?] D;r — ](7/.1,+/.I,Jr 2.1% 28% 85% 0.6% 9.2%
Df —K ute" 2.1% 1.9% 47% 0.6% 5.5%
FIG. 3 (color online). Invariant mass distribution for (a) Af — petet 3.4% 1.0% 2.0% 54% 6.8%
7 g+ and (b) pKm canchdateg ’.Fhe.solld 11n§s are the A+, 5t T 3.4% 26% 82% 1.7% 9.4%
results of fits to double-Gaussian distributions for signals and A — putet 3.4% 1.6% 43% 3.5% 6.7%

a second-order polynomial for the background (dashed line).
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FIG. 4 (color online). Invariant-mass distributions for D* — 7€+ €~ (top) and D — 7€ €")~ (bottom) candidates. The solid
lines are the results of the fits. The background components for the dimuon modes in which muon candidates arise from misidentified

hadrons are shown as dashed lines.

this background yield to be determined by the likelihood fit
to data, without reliance on MC predictions of this yield.

V. BRANCHING RATIO NORMALIZATION

The measured signal yields are converted into branching
ratios by normalizing them to the yields of known charm
decays. We choose normalization modes with kinematics

similar to the kinematics of the signal decays so that most
systematic effects not related to particle identification can-
cel in the branching ratio. For the D* and D] mesons, we
use decays to 7" ¢ as normalization modes, where the ¢
decays to K*K~. For the A}, we use A — pK~7*
as the normalization mode. The measured branching frac-
tions for these modes are listed in Table I. We use the

-y
H

D'SK'e'e D' KL

-
[= 2 \v]

Entries per 10 MeV/c?

Entries per 10 MeV/c?

D'SK'u'e D' sK'e"w

[Rid gy

]
mtmm ek uwmlete® Py T b by by T b N b

1.8 1.9 2

M(K*e*e’) [GeV/c?] MK ) [GeVic?]

1.8 1.9 2
M(K*ute) [GeV/c?]

1.8 1.9 2
M(K*e*n) [GeV/c?]

FIG. 5 (color online). Invariant-mass distributions for D™ — K¢+ €~ (top) and D] — K*¢* ¢~ (bottom) candidates. The solid
lines are the results of the fits. The background components for the dimuon modes in which muon candidates arise from misidentified

hadrons are shown as dashed lines.
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FIG. 6 (color online). Invariant-mass distributions for D* — 7~ €*€"* (top) and D] — 7~ €7 ¢"* (bottom) candidates. The solid
lines are the results of the fits. The background component for the dimuon modes in which muon candidates arise from misidentified

hadrons is shown as a dashed line.

abbreviation D) — 7" ¢ to denote D) — 7" ¢, p —

K*K~ decays.

A. Event selection

The same selection criteria are applied for

Instead, each daughter candidate in the D) — 7" ¢y

and A — pK~ 7" decay modes is required to be con-
sistent with the kaon, pion, or proton hypothesis, as
appropriate. For the D — 7" ¢k decay modes, we

the nor-

further require the invariant mass of the kaon pair to

o . . o )
malization modes as the signal modes, except for the lie within 15 MeV/c* of the world-average ¢
lepton identification and likelihood ratio requirements. ~ mass [16].
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FIG. 7 (color online). Invariant-mass distributions for D™ — K~ £*€"" (top) and D] — K~ € €¢")" (bottom) candidates. The solid
lines are the results of the fits. The background components for the dimuon modes and D(t ) — K~ ute™ in which candidates arise

from misidentified hadrons are shown as dashed lines.
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B. Fit results

For the normalization modes, radiative effects are neg-
ligible and we use the sum of two Gaussian distributions
with a common mean to describe each of the D*, D/, and
A} signal invariant-mass distributions. All signal parame-
ters are free in the fits to the normalization modes in data.
The combinatorial background is described by a second-
order polynomial. The invariant-mass distributions for the
normalization decay modes and the corresponding fit re-
sults are shown in Fig. 3. The fitted signal yields are listed
in Table II, where we also list the efficiencies estimated
from signal MC.

The D(J; )y — 7+ ¢ xx samples include a small component
of nonresonant or Kt K~ S-wave D(+S , decays, while the

branching fractions in Table I are extracted from decay
amplitude analyses of Dalitz plot distributions for D(J; )~

¢(K*K ™)™ decays and therefore correspond only to the
resonant component in which the K™K~ are in a P-wave
state. This component is estimated in our MC and data
samples by projecting out the P-wave component by
weighting each event with a factor that includes the recip-
rocal of its reconstruction efficiency and a normalized
L = 2 Legendre polynomial function of the K™ K~ helicity
angle. The P-wave weighting removes virtually all back-
ground from Fig. 3, leaving only the P-wave components of
D™ and D(*; ) decays in their respective peak regions. The
fractions of D" and D/ decays found to proceed through
K*K~ P-waves are 94% and 93%, respectively, and are
used to correct the fit yields. For the D, this fraction is

PHYSICAL REVIEW D 84, 072006 (2011)

consistent with the P-wave yield found in a model-
independent study of the same K" K~ invariant mass range.
These fractions differ for other mass ranges, but are con-
sistent with Ref. [21] within a 2% systematic uncertainty.

VI. SYSTEMATIC UNCERTAINTIES

Most systematic effects are expected to cancel in the
branching ratio since they affect both the signal and nor-
malization modes. Therefore, the main systematic uncer-
tainties arise from differences in selection, acceptance, and
decay kinematics. Table III gives a summary of all system-
atic uncertainties related to the branching ratio calculation.
An additional systematic uncertainty is associated with the
estimate of the signal yield.

Systematic uncertainties related to the signal PDF pa-
rameters are investigated in two ways. First, the PDF
parameters for data and MC are compared in the fits to
the normalization modes. Differences can be due either to
general data-MC tracking differences or to differences
between the simulated charm hadron mass and the actual
mass. Second, fits to the invariant mass of J/¢ — €€~
candidates from inclusive B decays are compared between
data and MC. The second comparison is sensitive to effects
associated with lepton reconstruction and radiative tails.
Based on these studies, the mean signal mass is varied by
up to 2.5 MeV/c?, depending on the decay mode. Based
on the same studies, the widths of the signal PDFs are
varied by *£5%. For the background shape assumption, the
signal fits are repeated using a second-order polynomial as
the background PDF instead of the nominal first-order

¢
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FIG. 8 (color online). Invariant-mass distributions for A" — p€+€(’)’ candidates. The solid lines are the results of the fits. The
background component for the dimuon mode in which muon candidates arise from hadrons misidentified is shown as a dashed line.
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polynomial. The PDF variation giving the worst upper
limit on the branching ratio is used as an estimate of the
systematic uncertainty.

For the normalization modes, the statistical uncertainties
from the fits, the MC statistical errors, and uncertainties
from the signal and background shapes are all about 1% or
less. The main systematic uncertainty is due to intermedi-
ate resonances in the three-body decays. For the D(t )

modes, where we select K™K~ pairs consistent with the
¢ mass, this uncertainty is estimated by varying the K™ K~

. PHYSICAL REVIEW D 84, 072006 (2011)

mass interval in order to alter the purity of the accepted ¢
candidates. For the A mode, the uncertainty is estimated
from variations in the efficiency as a function of the pK ™~
and p7" invariant mass. For all three normalization modes
the estimated uncertainty is approximately 2%.

The particle identification efficiencies have associated
systematic uncertainties of 0.5% for each pion, 0.7% for
each kaon, 0.9% for each electron, and 4% for each muon.
We do not evaluate a systematic uncertainty for the protons
since, for the A, decays, both the signal and normalization

TABLE IV. Signal yields for the fits to the 35 X} — h*€¥¢")* event samples. The first error
is the statistical uncertainty and the second is the systematic uncertainty. The third column lists
the estimated signal efficiency. The fourth column gives for each signal mode the 90% CL upper
limit (UL) on the ratio of the branching fraction of the signal mode to that of the normalization
mode (BR). The last column shows the 90% CL upper limit on the branching fraction for each
signal mode (BF). The upper limits include all systematic uncertainties.

Efficiency BR UL, BF UL,
Decay mode Yield (events) (%) 90% CL (10™%)  90% CL (1079)
Dt — wtete™ -39+x1.6x17 1.56 3.9 1.1
DT —atutu -02+x28+09 0.46 24 6.5
Dt - gtetu” —29+34+24 1.21 11 2.9
Dt - 7mtute” 3.6 43*+1.3 1.54 13 3.6
Df - 7wtete” 8§ +34+38 6.36 5.4 13
Df = mtut 20+ 15+ 4 1.21 18 43
DY — wtetp” —3+11£3 2.16 49 12
Df — mtute 93+73+28 1.50 84 20
Dt — Ktete~ —-37+£29+x33 2.88 3.7 1.0
DY =K utp~  —13=28%11 0.65 16 43
DT — K etu~ —43+1.8%0.6 1.44 4.3 1.2
D" —K'ute” 32*x38*1.2 1.74 9.9 2.8
Df — K"ete™ —57x58%20 3.20 1.6 3.7
Df =K p*tu~  48%+59=12 0.85 9.1 21
D — K*etpu~ 9.1 +6.0+28 174 5.7 14
Df — K'pte 34+64+35 2,08 42 9.7
Al — pete 40*+65+28 5.52 0.8 5.5
A — putus 1.1 £50+25 0.86 6.4 44
A} = petpu” —0.7+2.9 % 0.9 1.10 1.6 9.9
A — pute 62+ 46+ 18 137 29 19
Dt — metet 47 47 +0.5 3.16 6.8 1.9
Dt —mutput  —31%12+05 0.70 75 20
Dt - g ute” =51%x42+%20 1.72 74 2.0
Df - metet —57*+14. £34 6.84 1.8 4.1
Df—-a utu® 0.6 +51=*27 1.05 6.2 14
Df -7 utet —-02+x79+x0.6 2.23 3.6 8.4
Dt — K etet —28+24+02 2.67 3.1 0.9
Dt =K utpt  12+54%16 0.80 37 10
Dt — K ute" —11.6 4.0 = 3.1 1.52 6.8 1.9
Df - K etet 23*+79=*33 4.10 2.1 5.2
DI — K ptut  —23%50+28 0.98 53 13
Df - K utet —14.0+84+£20 2.26 24 6.1
A} — petet —1.5£42=*1.5 5.14 0.4 2.7
AF = pptut  —00+21%06 0.94 1.4 9.4
A — putet 10.1 + 5.8 + 3.5 2,50 23 16
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modes contain a proton and the uncertainty therefore can-
cels. Uncertainties for particles of the same type are added
linearly, while those for different types of particles are
added in quadrature.

The systematic uncertainty on the efficiency of the
likelihood-ratio requirement is estimated by applying the
same likelihood-ratio selection to events in the normaliza-
tion mode. The efficiency of this selection for the
normalization-mode decays is not expected to be the
same as for signal modes due to different kinematics.
However, for the normalization modes, the efficiency can
be measured for both data and for MC simulation; the
difference is used as the systematic uncertainty. The largest
variations are found for decay modes with the most strin-
gent likelihood-ratio requirements.

In the calculation of the signal efficiency we assume that
the decays populate three-body phase-space uniformly.
The selection efficiency has some dependence on where
the decay lies in the Dalitz plot. Ignoring the regions we
explicitly remove in the selection, the efficiency varies by
less than 25% around the average as a function of the
€7€"% invariant mass, with the lowest efficiency at low
dilepton mass. This model dependence is not included in
the systematic uncertainty.

VI. RESULTS

The h¢€" invariant-mass distributions for signal candi-
dates in all 35 decay modes are shown in Figs. 4-9. The
signal yields obtained from the unbinned likelihood fits are
listed in Table IV with statistical and systematic uncertain-
ties. Only systematic uncertainties associated with the
signal and background PDFs are included in the systematic
uncertainty for the yields. The curves representing the fits
are overlaid in the figures. The most significant signal is
seen in the distribution for A7 — pu™ u ™ ; the signal yield
has a statistical-only significance of 2.6 as determined
from the change in log-likelihood with respect to zero
assumed signal events. With 35 different measurements,
a 2.60 deviation is expected with about 25% probability.

We calculate upper limits on the branching ratios

B(D, — w7 €"")/B(D, — 7" ),
B(D) — Kiei«ff('H)/B(D(; — 7 ¢), and

BA — POT 0 BN — pK-7t)

at 90% confidence level (CL). The upper limits are set
using a Bayesian approach with a flat prior for the event
yield in the physical region. The upper limit on the signal
yield is defined as the number of signal events for which
the integral of the likelihood from zero events to that
number of events is 90% of the integral from zero to
infinity. The systematic uncertainties are included in the
likelihood as additional nuisance parameters. For compari-
son with previous measurements, the upper limits on the

PHYSICAL REVIEW D 84, 072006 (2011)

T T L B B A
+ + + +
D'—n ¢e+e_ D' —r (])wu_

T

n
o

—_
(4] o
3  LANLA ISLJNL AL L BL

e
(6]

Entries per 10 MeV/c?

Entries per 10 MeV/c?

1

1.8 1.9 2 1.8
M(re*e’) [GeV/c?]

1.9 2
M) [GeV/c?]

FIG. 10 (color online). Invariant-mass distribution for (left)
D(J:,) — 7 ¢+~ and (right) D(t_) — 7" ¢+, candidates.
Only events with dilepton invariant masses in the ¢ signal region
defined in Sec. IVA are plotted. The solid lines are the results of
the fits.

branching fractions at 90% CL, calculated using the data of
Table I, are also given.

For 32 of the 35 decay modes, this analysis is more
sensitive than existing measurements. In most cases, the
improvement is significant (factor of 2 to 60). The largest
improvements are seen for the LFV decays, which are all
improved by at least a factor of 10. The only A} decay with
a preexisting limit is A7 — pu™ u™, which we improve
by roughly a factor of 8. For all other A decays this paper
presents the first limits. The only modes that do not provide
a more sensitive limit are DT — 7 etet, Dt —
atutu~, and D — 7wt u”, where existing limits
[1-3] are about a factor of 2 lower than those presented
here.

As a cross-check, we also examine D(t )~ 7" ¢+, and

D(t )= 7 u*u- €vents with dilepton invariant masses in

TABLE V. Signal yields for the fits to the D(t) — T -
candidates. For the yields, the first uncertainty on the yield is
statistical and the second is systematic. The last column shows
the expected number of signal events, where the uncertainty is
due to the systematic uncertainty assigned to the efficiency.

Efficiency  Expected
Decay mode Yield (events) (%) yield (events)
Dt > 7 ¢, 21.8E58=*15 5.65 222+ 1.1
Dt —>7T+q§ﬂ u-  15%34x14 1.11 4.5+04
Df — 7t v - 63+-10*+3 6.46 793
D — 7T+¢” u- 12743226 1.07 13.1 1.2

072006-12
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the ¢ signal region defined in Sec. IV A. The invariant mass
distributions are shown in Fig. 10. Signals with a statistical
significance of at least 3o are seen for all decays except for
D* — 7% ¢+ ,-. The selection for D* and D candidates
differ through the likelihood-ratio criteria, which are opti-
mized separately; however, signals for both hadrons can be
seen with either selection. The mass distributions are there-
fore fit allowing for both a D* and D} signal, but only the
signal yield for the hadron for which the likelihood ratio was
constructed is used. Table V gives the fit yields. It also
shows the expected yield assuming B(¢p — £7€7) =
B(p — ete”) = (2.95 £ 0.03) X 10~ #[16]. The fit yields
are in good agreement with expectations.

VIII. CONCLUSIONS
Searches for the decay modes D — A AL

D(J;) — K¢ ¢V and A} — (p)€:€(’)+ have been per-
formed using 384 fb~! of e*e™ annihilations collected
with the BABAR detector. No signals are observed in the
35 modes investigated and we report upper limits between
0.4 X 10~* and 37 X 107* at 90% CL on the ratio of the
branching fraction for the signal mode with respect to that
of the normalization mode. This corresponds to limits on
the branching fractions between 1 X 1076 and 44 X 107°.
These limits are calculated under the assumption of three-
body phase-space decays; the efficiency varies by up to
25% as a function of dilepton invariant mass. For 32 of the
35 decay modes studied, the limits are an improvement

PHYSICAL REVIEW D 84, 072006 (2011)

over the existing measurements and therefore provide more
stringent constraints on physics beyond the SM.
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