Observation of the Dalitz Decay D*t — Dfete~
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Using 586 pb~' of eTe™ collision data acquired at /s = 4.170 GeV with the CLEO-c detector
at the Cornell Electron Storage Ring, we report the first observation of DT — DYete™ with
a significance of 5.30. The ratio of branching fractions B(D:" — Dfete™)/B(D:T — Dlr) is
measured to be [O.72f8&g (stat) £ 0.10(syst)]%, which is consistent with theoretical expectations.

PACS numbers: 13.20.Fc, 13.40.Hq

Dalitz decays [1], in which a virtual photon is inter-
nally converted to an ete™ pair, have been observed
in several vector-to-pseudoscalar decays of light mesons
(e.9., w — meTe™, p — nVte™, and ¢ — nete™) [2].
However, such decays have not been observed in electro-
magnetic decays of mesons containing charm or bottom
quarks. In this Letter we report the first observation of
such a decay, Dt — Dlete™, and a measurement of
its branching fraction. Details of this analysis can be
found in Ref. [3]. Only two decay modes of the D** have
been previously observed, the dominant Dt — Dtvy
mode and the isospin-violating D** — DIr% [4] de-
cay. Their branching fractions have been determined by
the PDG [2] from measurements of the ratio B(D*t —
Dfn%)/B(D:* — D) and the assumption that they
are the only D** decay modes.

The expected DIt Dalitz decay rate may be calculated
by treating the photon from DIt — D7~ as virtual and
coupling it to an eTe™ pair. The ratio

Ree =B(D{" — Dle"e”)/B(DI" — Div) (1)
may then be written in differential form as [5]
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where ¢ is the four-momentum of the virtual photon, m,

represents the mass of particle z, A = m3%,. —m3, , and

f(g?) is the transition form factor for D+ to D}. Moti-
vated by vector-meson dominance, we use f(q?)/f(0) =
(1 —¢*/m3)~". Integrating Eq. (2), we obtain a predic-
tion of R.. = 0.65%.

We use 586 pb™ ! of ete™ collision data with /5 near
4.170 GeV acquired by the CLEO-c detector at the Cor-
nell Electron Storage Ring which produced ~ 5.6 x 10°
efe™ — DID!T events. The CLEO-c detector is
equipped with a CsI(T1) calorimeter [6] to detect pho-
tons and determine their directions and energies, and two
concentric cylindrical wire drift chambers [7] to track the

trajectory of charged particles. The tracking chambers
operate in an axial 1 T magnetic field to provide mo-
mentum measurements. The beam pipe and the drift
chambers present under 2% of a radiation length of ma-
terial, minimizing multiple scattering of charged particles
and photon conversions. Charged hadron identification is
achieved using energy loss (dF/dx) in the drift chambers
and Cherenkov radiation in the RICH detector [8, 9.

The default Kalman filter track reconstruction used to
process CLEO data include corrections for dF/dx and
multiple scattering in the beam pipe and detector mate-
rial, assuming each track has the mass of a pion, kaon,
and proton. The e* tracks in this analysis are rather
soft, with energies below 150 MeV, where dE/dx is very
different from that of any of those three mass hypothe-
ses. Therefore, to improve sensitivity, we reprocess events
containing at least one exclusively reconstructed D} can-
didate, adding an et mass hypothesis for each charged
particle.

We fully reconstruct DT — D}fete™ candidates with
D} candidates reconstructed through the nine distinct
modes listed in Table I. Charge conjugate modes are
also included. Candidates for K g and n are reconstructed
through their decays to 77~ and ~y, respectively. Mea-
surement of R.. instead of the absolute branching frac-
tion B(D:* — DfeTe™) bypasses any need for estimat-
ing the total number of D** produced and minimizes
systematic uncertainties stemming from reconstruction
of the DF.

To avoid biases, the analysis is performed blind by
establishing selection criteria optimized individually in
each of the D} decay modes for maximum signal sig-
nificance using Monte Carlo simulated samples of signal
and background processes. The decay chain of signal
events ete™ — DT D ; Dt — Dfete™ are simulated
with full angular correlations. Simulated samples of all
ete™ — qq processes at 4.170 GeV where ¢ = u,d, s,
or ¢ are used for background. The reconstructed ete™
tracks are required to pass within 5 cm of the interac-
tion point in the direction parallel to the beam-axis and
within 5 mm of the beam-axis in the transverse direc-
tions. The dE/dx of each e* candidate is required to



be within 30 of that expected for electrons. All charged
pions and kaons in the DI decay chain are identified as
such using a combination of dF/dxz and RICH informa-
tion as in Ref. [10]. We require the reconstructed D
mass Mp, to be within a mode-dependent region around
the known D7 mass [2] consistent with the resolution of
the detector. We define the beam-constrained mass of

the D** by Mpc = /E%; - pQD;, where Ep- is the en-

ergy of the DT calculated from the beam energy and
pp: is the three-momentum of the D} measured from
its decay daughters. We select events with Mpc and
M = Mp- — Mp, consistent with the known D} and
D7 masses [2].

A significant background to the observation of Dt —
Dfete™ arises from DT — DJvy events where the
~ converts into an ete” pair in the material of the
beampipe or drift chambers. We reject much of this back-
ground using the following criteria for the e® tracks. We
define the dy of a track as the distance of closest approach
of the track to the beam axis. Its sign depends on the
charge of the track and whether the origin of the z — y
plane falls within the circle of the track in that plane.
We require the difference between the dg of the et and
e~ tracks, Ady = d§ —d8+, to exceed —5 mm. Denoting
the azimuthal angle measured at the point of closest ap-
proach of a track to the beam axis by ¢q, we also require
Adp = ¢§ — G <0.12.

These selection criteria are applied on simulated sam-
ples of our signal to obtain the selection efficiencies for
signal events €, where i stands for one of the nine decay
modes of the D used in this analysis. They are applied
to data in order to obtain the yields of events y’,. These
numbers are presented in Table I for each decay mode of
the DF.

Having established selection criteria using simulated
samples, the background expected in the signal region
of data is estimated from the sideband regions in the
Mpc and 0M distributions of data. The distribution of
Mpc in the sideband regions of data are extrapolated into
the signal region (using an assumed fit shape common
across modes that incorporates the natural threshold of
the Mpc) to estimate the background b%,. The shape is
illustrated in Fig. 1(a). A similar extrapolation is done in
the M distribution and the difference between this and
the Mpc estimate is taken as the systematic uncertainty
inherent in our procedure. The estimated background
for each mode is presented in Table I as b?, where the
statistical uncertainty is determined from the fit shape
and number of events in the sideband regions.

The Poisson probability for the estimated background,
which is modeled as a normal distribution that includes
statistical and systematic uncertainties, to fluctuate up
to the observed yield or higher gives us the signal signif-
icance. The combined signal significance for all modes is
estimated to be 5.30. The individually most significant
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FIG. 1. Distributions of (a) Msc and (b) M in data and
simulated samples summed over all nine D decay modes
used in this analysis. In each figure, the points with er-
ror bars are data, and the unshaded histogram is the sim-
ulated DT — Dfete™ signal. Background events in the
upper shaded histogram (yellow online) are from simulated
D™ — DY~ decays. Background events in the lower shaded
histogram (green online) are from simulated ¢g events that do
not include DT — DF~ or Dt — DYete™. The curves are
the fits of data to background shapes described in the text.
The regions 2.100 to 2.124 GeV in (a), and 0.1298 to 0.1578
GeV in (b) are avoided in the shape fits to prevent contami-
nation of the background estimates with signal events.

mode is Kt K—nt at 5.00.

The criteria for selecting D** — D~ events are al-
most identical to those for D** — Dfete™. First, the
requirement for the presence of an e*e™ pair is replaced
with one for the presence of a photon candidate which
must have an electromagnetic shower in the calorime-
ter of lateral spread narrower than that of 99% of true
photons. Second, the dM criterion is broadened to com-
pensate for the degradation in mass resolution caused by
the replacement of the eTe™ pair by a photon. Third,
the criterion on Mp¢c range is dropped; its distribution



TABLE 1. The yields y’., estimated backgrounds b., background-subtracted yields ni,, ratios of detection efficiencies £, and
values R.. of Re. for each D decay mode i. The uncertainties given for £’ are statistical only. The values of y¢, and b%, are
summed over all modes, while the ratio of branching fractions Re. is computed using Eq. (3).

i Yee bee n’, ¢ Reo (%)
KTK 7t 14 1.0575424£079 9114+ 1104201  4.65+0.12 0.6672
K*K~ntz® 6 17075524056 35924+ 118+72 4.80+021 0.58F53%
KYK™ 1 0857050 £0.74 1902 £ 57 +£45 4.31+£0.13 0.0370%
KYK ntat 4 1587092 4+040 1570 £ 74 £13  5.38+0.20 0.8370%
ntr ot 7 157T059 £0.59  2745+£93+£52 4.62+£0.10 0.9170%
nrt 4 14079824049 1037446437  3.87+0.10 09759
npt 7 262105 +£023 3170 +£161+313 5824024 0.80733S
nrtiy —xtrTn 4 00073724000  691+344+40  3.96+0.12 2307530
n'mtin — py 4 184705t +0.25 1531 +80+122 4.974+0.14 0.707578
All Modes 51 12.611175 £4.05 0.727915
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FIG. 2. Distribution of Mpc of DT — D~ events where
D — KTK~7n%. The points with error bars are data,
the unshaded region is the D** — DI~ signal. Back-
ground events in the highest shaded region (magenta online)
are events with a direct Dy paired with a photon from the
D™ — D} decay. Background events in the middle shaded
region (yellow online) are events with a direct D, paired with
a photon that did not come from D}t — Df~. Background
events in the lowest shaded region (cyan online) are from all
other sources.

is instead fit for signal yield using background and signal
shapes determined from simulated samples as shown in
Fig. 2 for the K™K ~n™ mode. These selection criteria
are applied to simulated samples of DT — DT~ to ob-
tain their efficiencies for accepting signal events efy, and
on data to obtain the signal yields niy as listed in Table I.

The distribution of the ete™ invariant mass M,. for
the 51 observed events in the signal region is compared
with that expected in our simulations and presented in
Fig. 3. The distributions are found to be in good agree-

FIG. 3. Distribution of M. in simulated events within the
signal region overlaid with the 51 events observed in data.
The interpretations of the various simulation histograms are
identical to those in Fig. 1.

ment with a Kolmogorov probability of 0.86 for the events
to have come from the same distribution.

For each of the D decay modes i, we calculate R%, =
(yie — bi)/(nk /€7), in which & = € /€L, is the ratio of
radiative-to-Dalitz DT decay mode selection efficiencies
as determined from MC samples. The resulting values
of € and R!, are shown in Table I. Note that the values
of £ are all equal to within £20% because the dominant
difference in efficiency is due to the photon versus eTe™
selection criteria that are identical for all modes. The &°
vary somewhat with 4 due to the broadened § M windows
and signal shape Mpc fit (instead of a fixed window) for
the radiative D*™ modes relative to those of the Dalitz
decays. Hence most systematic uncertainties in &' due
to DT selection cancel; e.g. those due to track-finding,
particle identification, and selection of photons, 7%, K9



decays, etc. We calculate R, for the sum of all modes by
weighting the individual R¢, by the expected number of
Dalitz decays in order to minimize the overall statistical
uncertainty, obtaining

Ez(nzy/gz)Rée _ Zz yée B bie
>oink /€ >k /g

which preserves the systematic error cancellation inher-
ent in the use of &°.

We consider systematic uncertainties of the signal
yields and efficiencies in our measurement of R... The
systematic uncertainty in b, contributes a fractional un-
certainty of 10.6%. Systematic uncertainties in n; and
statistical uncertainties in £¢ contribute a total fractional
systematic uncertainty of 2.0%. Most systematic uncer-
tainties in the ratio £’ cancel because the D} part of the
selection is essentially identical for the Dt — Dtete™
and the Dt — D}~. Two uncertainties remain. First,
an uncertainty due to the different selection criteria on
Mpe and dM, as described above, which is estimated
to be 4.1%. Second, the uncertainty in the ratio of re-
constructing an ete™ pair to that of a v. The uncer-
tainty in this ratio is estimated by studying the decay
of 1(25) mesons to J/yn’7%. The ratio between the
number of events where one of the 7° decays to yetTe™
and the number of events where both 7% decay to vy
must be equal to twice the ratio of branching fractions
R’gg = B(n® — vete™)/B(n® — ~v). Using this relation-
ship, we measure RT, = (1.235 4 0.051)% in a manner
similar to Re. by reconstructing the J/¢n%7° through
these two decay modes of the 7. We restrict the en-
ergies of the e to the range 10 to 144 MeV (the mass
difference mp~ —mp,). Compared to the known value of
(1.188 £ 0.035)% [2], we estimate the fractional system-
atic uncertainty on the ratio of efficiencies to be 6.5%.
These fractional systematic uncertainties are combined
in quadrature to give us the final result for the ratio R,
in Eq. (4).

Ree = (3)

Ree = [0.727015 (stat) £ 0.10(syst)] % (4)

This result leads to a re-evaluation of the known branch-
ing fractions of the D** meson as presented in Table II.

In summary, we report the first observation of a third
decay mode of the D*t the Dt — DFete™. We ob-

serve 51 candidate events in our signal region with an
expected background of 12.6 events. The signal signif-
icance is estimated to be 5.30. The ratio of branching
fractions B(D:* — Dfete™)/B(Dit — Dt7) is mea-
sured as presented in Eq. (4) and found to be consistent
with our theoretical prediction.
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TABLE II. Branching fractions in percent for the known de-
cays of the D:" meson from PDG 2010 [2], which assumed
B(D:" — Dfete™) = 0, and our re-evaluation using the
value of Re. reported in this Letter.

Decay Mode PDG 2010 This Analysis
Dt — Diy 94.240.7 93.5+0.5+0.5
Dt — Dfn° 5.840.7 5.840.440.5
D:t — Dfete” 0 0.6710 15 & 0.09

Department of Energy, the Natural Sciences and Engi-
neering Research Council of Canada, and the U.K. Sci-
ence and Technology Facilities Council.
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