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Production of Orbitally Excited Charm Mesons in
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Abstract

A sample of 3.6 million hadronic Z decays recorded between 1991 and 1995
with the ALEPH detector at LEP is used to investigate semileptonic decays
of B mesons into final states involving orbitally excited charm mesons. Topo-
logical vertex criteria are used to search for decays involving narrow D** states
as well as wide D** resonances and non-resonant D)7 final states. The sum
of the branching ratios for these processes is measured to be

Br(B — Dl 7) + Br(B — D*nl™v) = (2.26 £ 0.29(stat) & 0.33(syst))%,

which accounts for a significant fraction of the deficit between inclusive mea-
surements and the sum of exclusive semileptonic B decay modes.

(Submitted to Zeitschrift fiir Physik)
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1 Introduction

A sizeable fraction of semileptonic B decays is not accounted for by the measured
branching ratios for B —D{~7 and B —D*/~ 7, contrary to initial theoretical expectations
[1]. Tt is therefore interesting to search for other exclusive semileptonic decays such as
direct four-body decays, B D™ 7r{~7, or B —=D**{~ 7, where D** represents an orbitally
excited (P-wave) charm meson.

Heavy Quark Effective Theory (HQET) predicts the existence and properties of four
neutral and four charged D** mesons [2]. In the limit of infinite heavy—quark mass, the
total angular momentum of the light quark degrees of freedom Ji, is a good quantum
number and can be used to classify the physical states into two doublets of J, = 1/2
and 3/2. The J, = 1/2 states are expected to be wide, since they undergo S-wave
decays, while the Ji; = 3/2 are expected to be narrow since only D-wave decays are
allowed. Evidence has been established for both the neutral [3] and charged [4] states of
the narrow Ji; = 3/2 states through their two-body decays. The wide Ji, = 1/2 states
are experimentally unobserved and are difficult to separate from four-body decays with
the present ALEPH data sample. Table 1 gives the properties of the D** states.

Neutral states Charged states Decay Modes
Mass Width Mass Width
JP 1 Jig || (MeV/c?) | (MeV/c?) | (MeV/c?) | (MeV/c?)
Dy |17 |1/2 ~ 2420 2,250 ~ 2420 2,250 D*m
D; | 0T |1/2 ~ 2360 2170 ~ 2360 2170 D=
D, [ 11| 3/2 | 242242 19+4 242745 2848 D*m
D; |27 | 3/2| 2459+2 2345 2459+4 2548 D=, D*x

Table 1: The quantum numbers, masses, widths, and allowed strong decays into D7 and
D*m of charm mesons with orbital excitations, in the infinite heavy—quark mass limit.
Masses and widths of the narrow Jiq = 3/2 states are experimentally determined [5]; the
values for the wide J; = 1/2 states are theoretical estimates [6].

This paper presents a measurement of decay modes involving the narrow D; and
D; states (B —D;£"vX and B —D3("vX)' . In the following sections, this will be
referred to as the narrow-resonance analysis. A measurement of the sum of resonant
(narrow and wide) and four-body decay rates is also performed relying only on the
topological properties of signal events; this will be referred to as the topological analysis.
The experimental method is based on the detached vertex topology of B decays at the
Z resonance, and, for the narrow-resonance analysis, on the presence of narrow resonant
structures in invariant mass distributions. Both analyses rely heavily on the excellent
momentum and position resolution of the ALEPH tracking system. Three different final
state samples are used: Dz */~, D**7~/~ and Dtn£".

The results obtained in this paper for narrow states and topological decays via
D**x~{~ supersede a published ALEPH analysis [7]. Evidence for narrow D** states
in semileptonic B decays has been previously reported by ARGUS [8], OPAL [9], and
CLEO [10]. DELPHI has reported evidence for topological decays via D**x ¢~ [11].

! In this paper, charge conjugate reactions are always implied.



The layout of this paper is as follows. The relevant aspects of the ALEPH detector
and its performance are discussed in Section 2. Event selection criteria are described in
Section 3. Results for the study of decays via narrow D** states and topological D*)r
final states are presented in sections 4 and 5. The results are summarized and discussed
in Section 6. Conclusions are presented in Section 7.

2 The ALEPH Detector

The ALEPH detector and its performance are described in detail elsewhere [12, 13]. This
section presents only a brief description of the parts of the apparatus most relevant to
this analysis.

Charged particles are reconstructed by means of three concentric tracking devices
surrounded by a superconducting coil which provides an axial magnetic field of 1.5 T. The
vertex detector (VDET) [14] consists of silicon microstrip detectors with strip readout in
two orthogonal directions. The detectors surround the beam pipe and are arranged in
two cylindrical layers at average radii of 6.5 and 11.3 cm. The solid angle coverage is
85% for the inner layer and 69% for the outer layer. The point resolution for tracks
at normal incidence is 12 pgm in both the r¢ and z projections. A cylindrical drift
chamber (ITC) with up to eight measurements in the r¢ projection surrounds the VDET.
Outside the ITC, the time projection chamber (TPC) provides up to 21 space points
for |cos 8| < 0.79, and a decreasing number of points for smaller angles, with four at
| cos 8] = 0.96. The transverse momentum resolution for the combined tracking system is
Ap:/p: = 0.0006 X p; & 0.005 (p; in GeV/c). The impact parameter resolution of a track
of momentum p, with hits in both VDET layers, is 25 pm + 95 ym/p (p in GeV/c¢).

The TPC is also used for particle identification by measurement of the ionization
energy loss associated with each charged track. Up to 338 dE/dx measurements per track
can be provided, with a measured resolution of 4.5% for Bhabha electrons with at least
330 ionization samples. For charged particles with momenta above 2 GeV/c, the mean
dE/dx gives ~ 2 ¢ separation between kaons and pions.

In the following sections, particle identification using energy loss is specified in terms
of the dE/dx estimator defined as R, = (Imeas — Iz)/0z, Where Icqs is the measured
energy loss, I, the expected energy loss under the hypothesis that the candidate z is a 7
or a K and o, is the expected resolution on I,. Studies on simulated events have shown
that the criterion Rk + R, < 1 is more effective in selecting kaons and rejecting pions than
a simple one—dimensional requirement on Rk or R,. The dE/dx is considered available if
more than 50 samples are present. This occurs for 82% of the tracks in hadronic decays
and is well reproduced in Monte Carlo simulations.

A lead/proportional chamber sampling electromagnetic calorimeter (ECAL) surrounds
the TPC and provides an energy resolution of AE/E = 0.165/\/E + 0.003 (E in GeV).
The ECAL is arranged in 15 mrad x 15 mrad projective towers and is read out in three
sections in depth.

Outside the coil, the iron return yoke is instrumented with streamer tubes to form
the hadron calorimeter (HCAL) of over 7 interaction lengths thickness. The HCAL is
surrounded by two additional layers of streamer tubes used for muon identification.

Lepton identification in ALEPH is described in detail in reference [15]. Electrons are



identified by comparing the energy deposit in the ECAL with the momentum measured
in the tracking system, the shape and depth of the ECAL energy deposit and the specific
ionization measurement. Muon candidates are required to have a hit pattern characteristic
of a penetrating particle in the HCAL and at least two associated hits in the muon
chambers.

The results presented in this paper are based on 3.6 x 10® hadronic Z decays collected
with the ALEPH detector at LEP from 1991 to 1995.

3 Event Selection

This analysis searches for semileptonic B decays with a D)7 pair in the final state. These
include non-resonant decays B D)7/~ 7 as well as the following decays through charged
or neutral D** states.
B — DY X
L Do 7l
L D=0 7,
L D70/~
B — D% wX
|—>D+7r*_*
L D*trz
L Doxt
L D+x%/~
Here 7., denotes the charged pion from D** decay. The symbol .. is used throughout this
paper also to denote pions in non-resonant D)7 final states since the relevant topologies
and selection criteria are similar. The neutral pion or photon from D*® or D** decays is
not reconstructed.

Signal processes for both narrow-resonance and topological cases have the same vertex
topology. For example, Fig. 1 illustrates the topology for semileptonic B decay into a
D*** which decays into D® 7. A semileptonic B decay to a four-body D°z* £~ 7 state
would have the same topology.

Starting from inclusive D°¢~, D**¢~, and D¢~ samples, D) candidates are paired
with 7., candidates. The main background to the signal processes is due to semileptonic B
decays into a D°, D*T, or D™ where the .., is actually a fragmentation track mistakenly
associated to the B vertex. This is referred to as fragmentation background. Another
source of background is due to fake combinations when reconstructing the D°, D**, or
D*, which is referred to as combinatorial background.

3.1 Charm-Lepton Selection

Selection criteria for obtaining inclusive D%/, D**£~, and D"/~ samples are summarized
below. Most of the requirements are common to the analysis of narrow—resonance and
topological decays. Hadronic events containing a high momentum lepton and a D°, D*T,
or D' meson, fully reconstructed in a cone of 45° around the lepton, are selected. Electron
candidates are required to have a momentum greater than 2 GeV/c; muon candidates
are required to have a momentum greater than 3 GeV/c.



Figure 1: Vertex topology for a semileptonic B decay in D***, which decays into D°r},
as described in the text.

D%/~ Selection: The D° is reconstructed in four decay channels:
DK 7, DK ntr 7+, D°=KS7nt7x~, and D° K- 7tx°.

The momentum of the D is required to be greater than 5 GeV/c for the K~n* and
K ntn~7nt decays, 10 GeV/c for the K~ ntn® decay, and 7 GeV/c for the K§ntn™
decay. For the K-nTr 7" and K~7"7° modes, the specific ionization measurement of
the K candidate, when available, must satisfy Rx + R, < 1, with R, defined in Section 2;
the combination is rejected if the kaon candidate has a momentum lower than 1.5 GeV/c.
The combinatorial background is further reduced in the D®— K~n "7~ 7 decay by means
of the track probability to originate from the primary vertex. This quantity, defined and
described in detail in [16], is required to be less than 5% for at least three of the D° decay
tracks; moreover, such tracks must be downstream of the primary vertex. Neutral pions in
the D° <K~ 7+7% decay mode are identified by fitting pairs of ECAL energy deposits using
the constraint that the mass of the pair is consistent with the 7% mass. The D° decays into
K~ 7*7% mode are reconstructed selecting 77 and K7 combinations with masses within
+2 half-widths of the p, K*~ or K™ resonances. In D°—Krt7r~, the same technique is
applied to the K*~ resonance. K¢ candidates are rejected if the measured mass is more
than 20 (+10MeV/c?) from the nominal K2 mass. Pions from the K¢ decay are required
to be inconsistent with tracks originating from the interaction point.

The mass of the D° candidates must lie within 20 of the nominal D° mass, where o is
the standard deviation of the fit to the D° mass distribution. To eliminate contamination
from D** decays, other charged tracks (denoted as “n”) are paired with the reconstructed
D? the event is rejected if any combination has a mass difference | m(D%“n”)—m(D?)|
less than 5 MeV/c? (the resolution on this quantity is o ~ 0.7 MeV /c?) from the nominal
value of 145.5 MeV/c?.

Reconstructed D° mesons and leptons are fitted to a common B vertex. Both the
D° and D%~ vertices are required to have a vertex x? probability greater than 1%.



Defining the B (D) vertex significance Sp(py as the ratio of the distance of the D™)¢~ (D)
vertex from the primary (D®*){~) vertex over its uncertainty op(p), D4~ combinations
are rejected if Sp < 3 or o > 500 pm. The D%/~ vertex is required to be upstream of
the D° vertex (Sp > 0). The invariant mass of the D4~ system is required to be between
2.7 and 5 GeV/c? for the narrow-tesonance analysis and between 3.0 and 5 GeV/c? for
the topological analysis.

D**{~ Selection: The D** is reconstructed in the channel D** —D%*. The D° is
reconstructed in the same four decay modes used in the D%/~ selection. However, the
presence of a narrow D*T resonance permits a strong suppression of the combinatorial
background. Therefore some kinematic and topological cuts for this sample can be
loosened with respect to the D%/~ sample. Namely, the D° momentum cut is lowered
to 5GeV/c and 8GeV/c for the KInTn~ and K 777° modes respectively; for the
K-ntx~#n" mode, at least two tracks must have momentum greater than 1 GeV/c. The
mass difference m(D°7 ") — m(D®) is required to be within two standard deviations of
145.5 MeV/c? and the B vertex must have a significance Sg > 2. The invariant mass of
the D**{~ system is required to be between 2.7 and 4.5 GeV/c? for the narrow—resonance
analysis and between 3.0 and 4.5 GeV/c? for the topological analysis.

D'/~ Selection: The D* is reconstructed in the decay channel DT =K 7Tz *. The
momentum of the K~ is required to be greater than 2 GeV/c. The same ionization
measurement criteria as above are required for the K~ candidate. The momentum of
each 7t from the Dt is required to be greater than 1.5 GeV/c. A cut is also made on
the track probability to originate from the interaction point, as described above, in order
to reject combinatorial background; the probabilities for the three D decay tracks are
required to be below 5% and all the tracks have to be downstream of the primary vertex.
The mass of the DT candidate must lie within 420 of the nominal D mass, where o is
the standard deviation of the fit to the Dt mass distribution. Reconstructed D™ mesons
and leptons are fitted to a common vertex; both D™ and the D4~ vertices must have a x?
probability greater than 1%, decay length significances Sp > 2, Sp > 0 and o < 500um.
The invariant mass of the DT£~ system is required to be between 2.7 and 4.5 GeV/c? for
the narrow-resonance analysis and between 3.0 and 4.5 for the topological analysis.

The mass resolution and the signal and combinatorial background rates for the three
D®)¢~ samples are summarized in Table 2.

3.2 . Selection

True .. have a harder momentum spectrum than fragmentation tracks. For this reason,
7.« candidates are rejected if their momentum is less than 1 GeV/c. This momentum
cut also reduces uncertainties due to multiple scattering.

A m.. candidate is required to have an unambiguous topology to eliminate
contamination from fragmentation pions. Thus, defining the impact parameter significance
Spy as the ratio of the impact parameter of the m.. with respect to the primary vertex
over its uncertainty opy, only candidates with Spy > 1 for the neutral D**x_, and D7
modes and Spy > 2 for the charged D°7, mode are retained in the narrow-resonance
analysis. For the topological analysis, these cuts are tightened to 2.5 and 3 respectively.



mass resolution D¢~ Combinatorial | D*/~ | Combinatorial
Channel (MeV/c?) signal background signal background
D°,D**/~ samples
D°— K-7™ 10 847437 270+14 386+20 842
D°— K atm—mt 7 517429 16948 520+26 86+7
D°— Kgrxtn™ 8 222417 40+5 107+12 842
D°— K-ntr® 26 453422 106+10 296+21 48+5
Dt/ sample
Dt - K- rnfrt | 9 [268+19 |  48+4 | |

Table 2: Mass resolutions and fitted number of signal and combinatorial background
events within a +20 window around the fitted D) mass for the D°4~, D**/~, and Dt¢-
samples.

I (a) True .
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Figure 2: Impact parameter significance with respect to the primary vertex for true ..
(a) and fragmentation tracks (b) in the D%, mode.

As an illustration, Fig. 2 shows the Spy distribution for true 7.. and fragmentation tracks
from Monte Carlo simulations of the D%r}, mode.

The distribution of the impact parameter significance Sgy with respect to the
secondary vertex D)~ defined in a similar way, is used to construct a cumulative
probability function which gives the probability P that the ., originates from the D*)¢-
vertex. This procedure is described in detail in [7]. Ounly .. candidates with ogy < 250pm
are accepted for the narrow-resonance analysis; this cut is tightened to osy < 150pum for
the topological analysis. Figure 3 shows the P distribution for simulated signal events
and fragmentation background events in the D°rf, mode. The P distribution for the

signal is expected to be flat by construction, while it peaks at zero for the background.



For the narrow—resonance analysis the ,, candidates are accepted if they have P > 0.1,
which eliminates 80% of the fragmentation background. This cut is tightened to P > 0.2
for the topological analysis. If more than one D{r,, combination per event is found,
the .. with the greatest probability P is chosen in the narrow-resonance analysis; for
the topological case, the 7., with the highest momentum is selected. There are multiple
combinations for only 3%-5% of the events, depending on the channel. The reconstruction

[ ] Fragmentation background

i _+_ Signal

Entries (arbitrary units)
\

———0—_o o ——¢——0 O o — O —0—
\ |

| ‘ ; | | |
0O 01 02 03 04 05 06 07 08 09 1
TL. vertex probability

Figure 3: Distributions of the probability P for simulated signal (dots) and fragmentation
background (histogram) events in the D°r}, mode. Both contributions have been

normalized to the same area.

efficiencies for signal processes for the narrow—resonance analysis in the D%z} =, D*tn_ £~
and DT7_ £~ samples are summarized in Table 3. The overall efficiencies, including D)
branching fractions, are given in the last row. Branching ratios for the D°, D** and D*
decays are taken from [5]. Table 4 gives the corresponding efficiencies for the topological
analysis.

4 Narrow—Resonance Analysis

The production of narrow D** states in the Dfr.. samples is tagged via D%z, for charged
D** states and via D**x_ and D*x_, for neutral D** states. In the following, the
parameter Am™* is defined as the difference between the measured masses of the D&,
system and the D®*). The resolution on this quantity is about 4 MeV/c2, which is less than
the natural widths of the D; and Dj resonances (cf. Table 1). For the various samples, the
Am™* distribution is examined for resonant structures. The Am** distributions obtained
from data are shown in Fig. 4. For each sample, a right-sign and a wrong-sign distribution

are shown. The wrong-sign samples are obtained by requiring the .. to have the opposite



Signal Efficiency

Channel Drfl= (%) | D*tn L (%) | DTal™ (%)
D°— K-7™ 7.60+0.23 8.53+0.46

D°— K atm—mt 2.4440.12 5.67+0.38

D°— Kgrxtn™ 1.524+0.12 1.454+0.22

D°— K- 7ntn® 0.53+0.07 1.574+0.21

Dt— K ntxt 3.10+0.20
Overall Efficiency | 0.60+0.02 1.0440.06 0.2840.03

Table 3: Efficiencies for the narrow-resonance B —D**/~7 analysis. The last row reports
the overall efficiencies, including D® and D branching fractions, for the various samples.
The uncertainties are due to Monte Carlo statistics.

Signal Efficiency

Channel Drfl= (%) | D*tn L (%) | DTal™ (%)
D°— K—7™ 5.00+0.19 4.77+0.27

D°— K atm—mt 1.76+0.11 3.19+0.22

D°— Kgrxtn™ 1.134+0.10 0.70+0.10

D°— K- 7ntn® 0.41+0.07 0.76+0.12

Dt— K ntxt 2.35+0.20
Overall Efficiency | 0.4240.02 0.57+0.03 0.21+0.02

Table 4: Efficiencies for the topological analysis. The last row reports the overall
efficiencies, including D® and D™ branching fractions, for the various samples. The
uncertainties are due to Monte Carlo statistics.

charge from that expected for D** decay. An unbinned likelihood fit is performed on the
right-sign Am™** distributions; the fitted function is the sum of two or three Breit-Wigner
functions, depending on the sample, convolved with a Gaussian resolution function, plus
a background function of the form /Am** — m,exp [-B(Am*™ —m,)]. The functions
resulting from the unbinned fits are superimposed on the histograms of the right-sign
distributions in Fig. 4.

4.1 Results

Results for D7 : For the Dr} sample, the right-sign Am** distribution is fitted to a

% %

background function and three Breit-Wigner functions convolved with Gaussian resolution
functions. Two Breit-Wigner functions represent the production of D3(2460)" decaying
either directly to D%}, (signal peak) or via D*x}, with D —D%%/v (satellite peak).

The third Breit-Wigner function accounts for the D;(2420)" decay via D*°x[.. Since
the neutral particle from the D*® decay is not reconstructed, the latter two distributions
appear shifted (and slightly broader). Two constraints are imposed in the fit. The mean
of D3(2460)* satellite peak has to be displaced from the D;(2460)" signal peak by the
amount expected due to the unmeasured particle. In addition, the amplitude of the

D;(2460)" satellite peak is constrained by the amplitude of the D3(2460)" signal peak
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Figure 4: Am** distributions in the narrow-resonance analysis for the D°r,, (a), D*tr..
(b) and D* .. (c) samples. Points and dashed lines represent the right-sign and wrong-
sign D™)7 combinations, respectively. The superimposed lines result from the fits to the
distributions with masses and widths of the D** states fixed to their world average. The
arrows indicate the position of the D; peak, and the D} signal and satellite peaks.



according to the previously measured ratio [17]:

Br(D; — D)
Br(D; — D)

=2.3+0.8. (1)

When the means and widths of the Breit-Wigner functions are fixed to world average
values [5] in the fit, there are 40.2110 5 events in the D;(2420)* peak. From this number of
events and the reconstruction efficiency, the following product branching ratio is obtained:

Br(b — E) X Br(E — D vX) x Bry(Df — D*Oﬂ'"') = (2.061’3:?5’(stat)fgiig(syst)) x 1073.

The evaluation of systematic uncertainties is discussed in Section 4.2.

In the two D3(2460)" peaks, 8.815% events are found. Using eqn. 1, the number of
events under the signal peak is 6.173%. An upper limit on the production of the D3(2460)*
can be set in the following way. Two windows of 42 half-widths around the D3(2460)"
peaks are defined. The right-sign Am™* distribution is refitted excluding events within
the windows and dropping the terms for the D;(2460)" resonance. The integral of the
resulting curve under the signal peak defines the background level, which consists of 15.8
events. In the data, 20 events are found. Using Poisson statistics, the D}(2460)" signal
is thus 13.6 events or less at the 95% confidence level. Since only 70.5% of the area of a
Breit-Wigner function is inside the window, the previous number must be rescaled. The
upper limit on the product branching ratio at 95% confidence level is

Br(b — B) x Br(B — D3t vX) x Br(D;T — D) < 1.00 x 1072,

When the fit is performed allowing the means of the Breit-Wigner functions to vary
freely, there are 11.377% D3(2460)" events and 38.77139 D;(2420)* events 2 . The fitted
mass for the D;(2420)% peak is 2428.3757 MeV/c? which agrees with the world average
of 2427 + 5 MeV/ 2.

Results for D**r_: For the D**r_, sample the right-sign Am** distribution is fitted
to a background function and two Breit-Wigner functions convolved with a Gaussian
resolution function. The two Breit-Wigner functions represent respectively the decays of
D;(2420)° and D3(2460)° via D**n_, .

When the fit is performed fixing the means and widths of the two Breit-Wigner
functions to the world average values [5], there are 38.8133 events in the D;(2420)° peak
and 11.77%9 events in the D3(2460)° peak. A product branching ratio for the production

of D1(2420)° is obtained:

Br(b — B) x Br(B — D% 7X) x Br(D? — D*T77) = (1.6870 3e(stat) 925 (syst)) x 1072,

Using the method discussed above, an upper limit product branching ratio for
D3;(2460)° production is obtained at 95% confidence level:

Br(b — E) X Br(E — D;OE_FX) X Br(Dg0 — D*""ﬂ'_) <1.29 x 1073,

? This procedure may result in a bias of the estimated number of events and is therefore not used in the
calculation of the product branching ratios.
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When the fit is performed allowing the mean of the D;(2420)° Breit-Wigner function
to vary freely, but keeping the D3(2460)° mean fixed, there are 40.4733 events in the
D;(2420)° peak and 13.2%77 events in the Dj(2460)° peak. The fitted mass for the
D;(2420)° peak is 2416.6 + 3.8 MeV/c? which is consistent with the world average of
2422.0 & 2.1 MeV/ %

Results for D7 : For the Dtx_, sample the right-sign Am** distribution is fitted to a
background function and three Breit-Wigner functions convolved with Gaussian resolution

functions. The mass difference fit is identical to that used for the D°x, sample.

When the means and widths of the Breit-Wigner functions are fixed to the world
average values, there are 10.115? events in the D;(2420)° peak and 5.073§ events in the
two D3(2460)° peaks (3.5722 in the signal peak, according to eqn. 1). A product branching
ratio for the production of D;(2420)° in this mode is obtained:

Br(b — B) x Br(B — DY 7X) x Br(D? — D*"7~) = (3.6271 13(stat) = 0.77(syst)) x 107>,

The 95% confidence level upper limit for product branching ratio for D3(2460)°
production is

Br(b — B) x Br(B — D3 vX) x Br(D;° — DTr™) < 1.26 x 107>,

When the means of the Breit-Wigner functions are allowed to vary freely in the fit,
there are 10.3759 events in the D;(2420)° peak and 7.413% events in the D}(2460)° peaks.
The fitted mass for the D;(2420)° peak is to 2423.045.0 MeV/c* which is consistent with
the world average of 2422.04+2.1 MeV /¢

4.2 Systematic Uncertainties

The systematic uncertainty due to the limited knowledge of the D** masses and widths
is computed by refitting the Am** distribution, varying the masses and widths of the
resonances within their published values [5]. For the D’z and D x_ fits, the uncertainty
due to the error on the fixed ratio of the amplitudes of the D signal and satellite peaks
is computed by refitting the Am™* distribution and varying this quantity within its error.

In order to estimate the uncertainty due to the knowledge of the background shape,
several different parameterizations are used to model the background in the fitting
procedure. All of them are of the general form (Am™ — m,)” exp [—B((Am™ — m,)].
In the analysis, the Am** distribution is fitted using v=0.5. The distribution is refit
setting y=0 (purely exponential background shape) and it is also refit allowing v to float
freely, giving a background shape with an additional degree of freedom. The maximum
deviation in the number of events observed in the signal peaks is taken as the systematic
error.

The x? probability requirement on the B and D vertices has been studied in inclusive
D¢~ and D®) events. The efficiency is well described by the Monte Carlo simulation
and the systematic uncertainty is taken from the statistical precision of the comparison.

The lepton identification efficiency has been studied elsewhere and has an overall
uncertainty of less than 2% [15].

The momentum distribution of the B hadrons is simulated with a fragmentation
model which has been tuned to describe the observed distributions. The uncertainty

11



Systematic uncertainty (107*)
Source D°r} 4~ | D**w_4~ | DYm_ 4~
Am™* Fit Parameters R oy +0.21
Background Function +0.19 +0.16 +0.61
Probability Function P +0.07 +0.05 +0.12
Vertex Efficiency +0.06 +0.05 +0.18
Monte Carlo Statistics +0.06 +0.07 +0.23
D**, D° DT Branching Ratios | +0.11 +0.09 +0.26
Lepton ID Efficiency +0.04 +0.03 +0.07
b Fragmentation +0.04 +0.03 +0.07
I'(Z—bb)/T'(Z—had) +0.02 +0.02 +0.03
dE/dx +0.02 +0.02 +0.02
B Meson Lifetime +0.01 +0.01 +0.01
Total i o +0.77

Table 5: Systematic uncertainties on the triple product branching ratios for D°r (™,
D**x_ £~ and D*n_ £~ for the narrow-resonance analysis.

is estimated by varying the measured parameters describing the fragmentation spectrum
in the simulation by their uncertainties [18] and observing the effect on the reconstruction
efficiency.

Systematic uncertainties from the dE/dx measurements arise due to the availability of
dE/dx information and the measured ionization for a given track. Detailed studies show
that the overall effect on the selection efficiency is less than 0.4% and is dominated by
the differences in the simulation of the ionization curves.

The systematic error associated with the B meson lifetime has been calculated by
varying the lifetime within its published uncertainty [5]. The effect on the selection
efficiency is negligible. An uncertainty due to the shape of the distribution of the impact
parameter of the m., with respect to the D*)¢~ vertex is calculated by varying the
parameters of the fit to this distribution by their uncertainties.

Systematic uncertainties for the product branching ratios obtained from the D%z /™,
D**x_ £~ and D*x_ £~ samples are presented in Table 5. The dominant contributions
are from the fit parameters and background function parameterization.

5 Topological Analysis

Signal processes for this study include those for the production of narrow D** states
discussed in Section 3 as well as the production of wide D** and non-resonant
B —»D™nxl~7 decays. All processes have topologies similar to that illustrated in Fig. 1.
Selection of these signal processes is accomplished using purely topological criteria, as
described in Section 3. Since no attempt is made to distinguish between resonant and
non-resonant decays, they are denoted generically as B =D®x (- 7.

The probability variable P described in Section 3.2 is used to estimate the number
of signal events. Candidate .. are required to have P > 0.2. The contribution to the
P distribution from combinatorial background is taken from D)/~ combinations which

12



have an invariant mass in the sidebands of the D mass distribution for the D%z, and

the D*n_ samples. The sidebands of the D** —D° mass difference distribution are used

% %

for the D**r_ sample. The corresponding number of events with P > 0.2 is subtracted
after proper normalization. The contribution from fragmentation background to the P
distribution is taken from the fraction of fragmentation pions that fall in the signal region,

P > 0.2, as estimated from simulated events.

However, since it is not possible to use the discriminating power of the resonant
structures in invariant mass distributions, it is necessary to subtract specific physics
background processes which may mimic the topology of signal events. The first of these
processes results from the semileptonic decay of B? or A:

B, — DX
L DeOK+,

B! — DMIK+(-vX,
A —DOpi-v X,

where the Kt or p is mistakenly selected as a w,. candidate. These backgrounds have
identical topologies to signal processes but affect only the measurement for D*)°z* final
states. Particle identification on the ., candidates is used to separate the D)%z F sample
from the others, as will be shown in Section 5.1. A branching ratio for B D)%z (-7 is
extracted.

The other class of physics background comes from b—ccs transitions resulting in
hadronic final states with charm mesons that may decay semileptonically.

B —D® DH-X

L~ X"t,
B— DWK- D"Wx
L~ X"4,

where the K~ or a charged track due to X or X’ is selected as a 7., candidate.

However, the leptons have a softer momentum spectrum than those of signal events.
These backgrounds are suppressed by the cuts on lepton momentum and on the invariant
mass of the D¢~ system. Monte Carlo simulations of B—D®*D{*) decays have been
used in order to evaluate the residual contamination. Assuming branching ratios as in
[5], the number of events that fall in the P > 0.2 signal region are 3.7 £ 1.9 for D%z,
1.7+ 0.9 for D**x~, and 1.9 + 1.0 for D*7n~. Recent theoretical studies [19] predict that
the branching ratio for decays of the type Br(B—DD KX ) may be as large as ~20%. The
contribution of this process has been studied in a Monte Carlo simulation and is found to

be negligible.

5.1 Results

Results for D°7}: When particle identification for the 7 candidate is required, it
is possible to obtain a pion-enriched sample and a kaon-enriched sample. For the pion-
enriched sample, the sum Rx + R, (see Section 2) is required to be greater than zero. For
the kaon-enriched sample, this cut is reversed. Tracks without ionization measurements
are assigned to the pion—enriched sample.

13
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Figure 5: Probability distribution (points) for the pion-enriched sample for the right-

sign sample (a) and the wrong-sign sample (b).
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Figure 6: Probability distribution for the kaon-enriched sample for the right-sign sample
(a) and the wrong-sign sample (b). Contributions from fragmentation and combinatorial
backgrounds are also shown.
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The overall B and B? signal process efficiencies are respectively (0.32+0.02)% and
(0.1240.01)% for the pion—enriched sample, (0.061+0.005)% and (0.27+0.02)% for the

kaon—enriched sample® .

Figures 5 and 6 show the right-sign and wrong-sign probability distributions for the
pion-enriched and kaon-enriched samples. A clear excess over the background is seen in
the right-sign combination; no significant excess is present in the wrong-sign combination.
The invariant mass distribution for the pion-enriched sample is shown in Fig. 9a, for right-
sign and wrong-sign combinations. The number of signal events in the P > 0.2 region
after background subtraction is respectively 65.9 +14.3+9.0 for the pion-enriched sample
and 30.7+9.5+5.4 for the kaon-enriched sample. Combining the two results, it is possible
to isolate the genuine contribution from signal decays, leading to the result:

Br(b — B) x [Br(B — D°774 vX) + Br(B — D*°n T vX)]
— (4.65 + 1.33(stat) = 1.00(syst)) x 102

The corresponding sum of the decay rates for processes involving kaons and protons

(presumably B? and A?) is (2.58+1.19+0.79)x1073.

Results for D*tx_: The probability distributions and invariant mass distributions
are shown in Fig. 7 and 9b.

for right-sign and wrong-sign samples for D*trx_
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Figure 7: Probability distribution for the right-sign sample (a) and the wrong-sign
sample (b) for the D**7~ topological analysis. Contributions from fragmentation and
combinatorial backgrounds are also shown.

The number of signal events in the P > 0.2 region after background subtraction is

8 The kaon—enriched sample is assumed to include a contribution from protons (i.e., from A decays).
The relative contribution of AY with respect to B? decays is estimated to be (1745)%, from Monte Carlo
simulations.
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Figure 8: Probability distribution for the right-sign sample (a) and the wrong-sign
sample (b) for the D*7~ topological analysis. Contributions from fragmentation and
combinatorial backgrounds are also shown.

59.2 +£ 9.6 + 2.6. For comparison, the corresponding number of events in the wrong-
sign sample is —1.3 £ 5.1 4+ 2.4. The branching ratio for the sum of the resonant D** and
non-resonant contributions is

Br(b — B) x Br(B — D*"n £ 7 X) = (4.73 £ 0.77(stat) £ 0.55(syst)) x 107>,

Results for D*x_: The probability distributions and invariant mass distributions for
right-sign and wrong-sign samples for D*x_ are shown in Fig. 8 and 9c. The number of
signal events in the P > 0.2 region after background subtraction is 20.5 + 5.1 + 1.4. The
corresponding number of events in the wrong-sign sample is 4.0 +3.5+1.3. The branching

ratio for the sum of the resonant D** and non-resonant contributions is

Br(b — B) x [Br(B — D7 £ 7X) + Br(B — D" £ 7X) x Br(D*t — D™x°/7)]
= (2.98 £ 0.74(stat) 1o 5 (syst)) x 107°.

5.2 Systematic Uncertainties

Systematic uncertainties for the topological analysis are similar to those discussed in
Section 4.2. An additional uncertainty arises from the unknown fraction of narrow, wide,
and non-resonant decays, which affects the momentum spectrum of the ... The =..
momentum spectra for the wide and non-resonant cases are similar and are considerably
harder than for the narrow-resonance case. An estimate of this effect is obtained by
varying the fraction of narrow-resonance decays in the simulation from 0 to 100%. The
maximum difference on the reconstruction efficiency is 10%, which is taken conservatively
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as the systematic uncertainty. The error due to the background subtraction procedure
is also included. The systematic uncertainties for the product branching ratios for the
various samples are given in Table 6.

Systematic uncertainty (1072)

Source Dt 4~ | D*ta 4~ | DY m_ £~
Wide vs. non.res. effic. 03 oy e+

Background Subtraction | +0.83 +0.24 +0.20
Probability Function P +0.16 +0.15 +0.10
Monte Carlo Statistics +0.23 +0.22 +0.28

Vertex Efficiency +0.15 +0.14 +0.15
Lepton ID Efficiency +0.09 +0.09 +0.06
D®*) Branching Ratios +0.31 10.26 40.20
b Fragmentation +0.06 +0.09 +0.06
['(Z—bb)/T(Z—had) +0.04 +0.04 +0.03
dE/dx +0.02 +0.02 +0.02
B Meson Lifetime +0.01 +0.01 +0.01
Total +1.00 +0.55 o

Table 6: Systematic uncertainties on product branching ratios in the topological analysis
for D°xf 4=, D**n_ £~ and Dtn_ " samples.

6 Summary and Interpretation of Results

Table 7 summarizes the measurements of the semileptonic B branching ratios presented
in the previous sections.

The two measurements of the branching ratio for the D} from the D**7~ and D™=~
samples can be combined to yield

Br(b — E) X Br(E — D(l)f_ﬁX) X Br(D(l) — D**tr7) = (1.781'3:3?(stat)fgigg(syst)) x 1073.

Using isospin invariance, the measurement for the D may be averaged with the above
measurements yielding

Br(b — B) x Br(B — D1£ 7X) x Br(D; — D*r) = (1.871032(stat) 1553 (syst)) x 1073,

Assuming that the D; decays into D*r only, isospin symmetry gives
Br(D; —D*n*)=2/3. Using the value Br(b — B)=(37.842.2)% [5] and assuming that no
other particle is produced in the B decay yields

Br(B — Dy %) = (0.74 + 0.16)%. (2)

Under the same assumptions as above, upper limits in the range 1.5-2.0 x10~> are
set for the B — D3/~ ¥ branching ratios.

The sum of decays giving a DY7n~ or a D**7~ is
Br(b — E) X [Br(E — D+7r_f_UX) + Br(E — D*+7r_f_UX)]
= (6.20 & 0.91(stat) 1353 (syst)) x 1072,
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Product Branching Ratio

Br(b — B)x (1073)
Narrow-resonance analysis

Br(B =D £~ 7X)xBr(Df —D*°z) 2.0670271025
Br(B —D% 7X)xBr(D? —D**+77) 1.6810301023
Br(B =D 7X)xBr(D? —D**x~) (via D¥7=7%/7) 3.62717840.77
Br(B —D; ¢~ vX)xBr(D;* —D% ™) < 1.00 (95% C.L.)
Br(B —D;°4 v X)xBr(D;° —D*Tn ™) < 1.29 (95% C.L.)
Br(B —D;%4~vX)xBr(D;° —=D*r ™) < 1.26 (95% C.L.)
Topological analysis

Br(E —>D07r+f_UX) —I—Br(E —>D*07r+f_UX) 4.65+1.334+1.00
Br(B =D*fn ¢ vX) 4.73 £0.77 £ 0.55
Br(B =D*r (" 7X)

+Br(B =D**7 £~ 7X)x Br(D*t —D*7%/~) 2.98 + 0.7415°23

Table 7: Summary of the semileptonic B branching ratios measured in this paper. The
first quoted uncertainty is statistical, the second is systematic.

which is in agreement with its isospin conjugate

Br(b — B) x [Br(B — D7t~ 7X) + Br(B — Dr* ¢ 7X)]
— (4.65 + 1.33(stat) + 1.00(syst)) x 1072.

If it is assumed that all D°7*, D2, D*7~ and D*T7~ come from D** resonances then

combining the two above results and assuming isospin invariance yields

Br(b — E) X [Br(E — Dml™D) + Br(E — D*ﬂ'f‘ﬁ)]
= (8.55 £ 1.13(stat) ] 15 (syst)) x 1072,

which corresponds to
Br(E — Dl v)+ Br(E — D*rl"v) = (2.26 + 0.29(stat) + 0.33(syst))%. (3)

This branching ratio is (20+5)% of the inclusive rate and, together with the previously
measured branching ratios for B =D/~ v and B —D*/~7, sums to (764:8)% of the inclusive
rate for semileptonic B decays. Table 8 presents a summary of the measured exclusive
B semileptonic branching ratios and the corresponding fractions of the inclusive rate for
which they account. The values for previously measured exclusive modes are taken from
[5]. The inclusive rate is derived from [20], where a correction has been applied to account
for the production of B? and Af.

However, it should be noted that these results hold under specific assumptions. In
particular, if the contribution of three-body, rho and eta decays of the D** is sizeable
[21], the branching ratio (2) should be taken as a lower limit and no conclusion can be
drawn for the production of Dj. Furthermore, contamination of the D*)x samples by
these decays may contribute to the measured branching ratio (3).
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Decay Branching Ratio (%) | Fraction (%)
B—Div 1.8+0.4 5] 16+4
B—D*"v 4.6+0.3 5] 40+4
| Sum | 6.440.5 | 566 |
B—D'nlv This
+B—=Dnl v 2.34-0.4 measurement 20+5
| Total | 8.7£0.7 | 76£8 |
‘ Inclusive rate ‘ 11.54+0.7 [20] ‘ - ‘

Table 8: Summary of the measured exclusive branching ratios for semileptonic B meson
decay.

7 Conclusion

A measurement of the semileptonic decay rates of B mesons into D®)x final states has
been performed with the ALEPH detector at LEP. The method employed is sensitive
to narrow and wide D™ states, as well as to non-resonant decays. Under specific
assumptions, the semileptonic branching ratio of B mesons into the D; is measured to be

Br(B — D1£77) = (0.74 + 0.16)%.

Upper limits at the 95% confidence level are set in the range 1.5-2.0 x1072 for the
production of D} mesons.

The branching ratio for the sum of all semileptonic decays containing a D*)7 in the
final state is measured to be

Br(E — Dl 7))+ Br(E — D*rl"7) = (2.26 + 0.29(stat) + 0.33(syst))%.

The decays into narrow D** states explain (6+1)% of the inclusive rate; the sum of the
semileptonic decays producing a D)7 pair in the final state accounts for at least (20+5)%
and, together with the decays into D and D*, for at least (76+8)% of the inclusive rate.
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