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Abstract
We report the first direct measurement of the inclusive branching fraction B(Bs — D;X) via
Bs tagging in ete” — Y(5S) events. Tagging is accomplished through a partial reconstruction
of semileptonic decays Bs — DsX /v, where X denotes unreconstructed additional hadrons or
photons and £ is an electron or muon. With 121.4 fb~! of data collected at the Y(5S) resonance
by the Belle detector at the KEKB asymmetric-energy ete™ collider, we obtain B(Bs — DsX) =
(61.6 + 5.3 + 2.1)%, where the first uncertainty is statistical and the second is systematic.

PACS numbers:



The study of Bs-meson properties at the T (5S) resonance may provide important insights
into the CKM matrix and hadronic structure, as well as sensitivity to new physics phenom-
ena [1-3]. The branching fraction for the inclusive decay Bs; — D X plays an important
role in the determination of the B, production rate in Y(5S) events[4]. This rate, usually
expressed as the fraction f, of bb events at the Y(5S), is necessary for measuring absolute
rates and branching fractions. Two experiments at LEP, ALEPH [5] and OPAL [6], mea-
sured the product branching fraction B(b — BY) - B(B? — D,X). The branching fraction
B(B? — D,X) was evaluated using a model-dependent value of B(b — B?) and was
subject to large statistical and theory uncertainties. Belle measured the branching fractions
of T(5S) = D, X and Y(5S) — DX [7] with 1.86 fb~! of data collected at the T(5S) energy.
These are related to the inclusive B, branching fractions to Dy and D°/D° by the following
relations,

B(Y(5S) = D, X)/2 = f,-B(Bs — D, X) (1)
+f,- B(B — D, X),

where D, is D, or D°/D°, f, is the fraction of T(5S) events containing Bs-meson pairs,
and f, is the fraction containing charged or neutral B pairs. Using the measured value of
B(Y(5S) — D°X)[7], and assuming f, = 1 — fs and B(Bs — D°X +c.c.) = 8 £ 7%|8], which
was estimated based on phenomenological arguments, Belle found f; = (18.1£3.6+£7.5)%][7].
This input, with the measured B(T(5S) — D;X)|[7], was used to evaluate B(Bs — D;X) =
(91 &+ 18 £ 41)%[7]. The current world average, (93 & 25)%[9], is based on measurements
made with the methods described above, which rely on model-dependent assumptions.

In this paper, we present the first direct measurement of B(B; — D,X) using a B;
semileptonic tagging method with Y(5S) events. Throughout this paper, the inclusive
branching fraction (B(Bs — D,X) is defined as the mean number of D,-mesons per Bj
decay.

We use a data sample of 121.4 fb~!, collected with the Belle detector [10] at the KEKB
asymmetric-energy e"e collider [11] operating near the T (5S) resonance. The Belle detec-
tor is a general-purpose large-solid-angle spectrometer consisting of a silicon vertex detector
(SVD), a central drift chamber (CDC), an array of aerogel threshold Cherenkov counters
(ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an elec-
tromagnetic calorimeter (ECL) located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. Outside the coil, an iron flux-return yoke is instrumented to detect
K9%-mesons and to identify muons (KLM). A detailed description of the detector can be
found in Ref. [10].

All charged tracks, except those from K9 decay, are required to be consistent with origi-
nating from the interaction point (IP), with the point of closest approach to the IP within
2.0 cm along the beam axis and witin 0.5 ¢cm in the plane transverse to the beam. Addition-
ally, all tracks must have, within the SVD, at least one associated hit in the plane transverse
to the beam and two hits along the beam axis. To suppress the continuum background from
ete™ — gq with ¢ = u, d, s, or ¢, we require that the variable R, the ratio of second- to
zeroth-order Fox-Wolfram moments [12], be less than 0.4. Kaon and pion hypotheses are
assigned to the tracks based on likelihood, which is calculated using information from the
Cherenkov light yield in the ACC, the time-of-flight information of the TOF, and the spe-
cific ionization (dE/dz) in the CDC. Charged kaon (pion) candidates are required to have
a kaon/pion likelihood ratio Lx/(Lx + L) > 0.6 (< 0.6) The angle between each lepton
and the positron beam is required to be between 18° and 150° for electrons and between
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25° and 145° for muons. Selected electrons and muons must have a minimum momentum of
1.0 GeV/c in the eTe™ center-of-mass (CM) frame. An electron/pion likelihood ratio (L£.) is
calculated based on information from the CDC, ACC, and ECL. A muon/hadron likelihood
ratio is calculated based on information from the KLM. Tracks with £, > 0.8 (£, > 0.8)
are included as electrons (muons) in the analysis. The efficiency for electron (muon) tracks
to pass this criterion is (94.7 £ 0.2)% ((96.7 £ 0.2)%).

The neutral intermediate particles ¢, K2 and K*°[13] are reconstructed from charged
tracks. For ¢ — KK~ reconstruction, any pair of oppositely charged kaons with invariant
mass within 15 MeV/c? of the ¢ nominal mass[9] is considered to be a ¢ candidate. The
K? candidates are reconstructed via the decay K2 — 777, following standard criteria [14],
and are further required to have an invariant mass within 20 MeV /c? (~4.4 ¢ in resolution)
of the nominal mass. For K*¥ — K7, the candidate tracks are oppositely charged K and
7, with invariant mass within 50 MeV/c?.

Candidates for D are reconstructed in the final states ¢+, KOK*, and K**K*. The
CM momentum of the candidate is required to be in the range 0.5 GeV/c — 3.0 GeV/c.
Candidates with invariant mass in the range 1.92-2.22 GeV/c* are considered. For ¢m™
and K*°K* modes, a vertex fit is performed for the three tracks used to reconstruct the
candidate, and the y? of the fit output is required to be less than 100. Nearly all correctly
reconstructed Dy, (98.1 & 0.1)%, are found to pass this requirement. The decays D —
H(K*K)rt and D} — K*(K-nt)K* are transitions of a pseudoscalar particle to a
vector and a pseudoscalar, with the vector decaying to two pseudoscalars. To suppress
combinatorial background, we require | cos Oy | > 0.5, where the helicity angle 6y, is defined
as the angle between the momentum of the D and Kt (7%) in the rest frame of the ¢
(K*°) resonance.

We tag B, events through a “partial reconstruction” of the semileptonic decay B? —
D7 X/(*v, with the D; modes ¢m~ and K2K ~, using a procedure similar to one applied at
the Y(4S5) resonance [15], where a lepton (electron or muon) is paired with a charm meson to
form a B candidate. In contrast to the Y(4S), where the exclusive production of BB ensures
that each B-meson’s total energy is half the CM energy, /s/2, the By’s in Y(5S) events
occur predominantly in BY B? events. In this case the energy of each B, is well approximated
as \/s/2 — 0E, where §E/c* is the B — B, mass difference. We use 6 E=47.3 MeV. We thus
define the “missing mass squared” of the selected D ¢* candidate as

MI?liSS = (\/5/2 —0F — EBE)Q - (p*D£)2> (2)
where E7,, and pj,, are the energy and momentum of the D ¢ system in the CM frame. The
distribution in M2, for tagged B, represents the undetected neutrino plus additional low-
momentum daughters of excited D,, photons and pions, and is expected to peak broadly at
M2, . = 0. The thrust angle, Oy is defined as the angle between the thrust axis[16] of the
selected D/l system and that of the remaining tracks in the event. To suppress continuum
background, we require | cos fyprusi| < 0.8. In events with more than one tag candidate, we
perform a combined fit on each candidate’s three-track Dy vertex, and on the vertex of the
extrapolated D, trajectory with the lepton, and select the candidate having the smallest y2.

The number of B, tags for each D, decay channel is found by a binned 2D maximum-
likelihood fit of the distribution in M2, and the invariant mass of the D, candidate, Mp, .,

miss

to a sum of three components, according to candidate origin:

1. Correctly tagged candidates



Tag Channel|Signal Channel|Efficiency (%)
H{KTK }r (261405
o Ko{rtm=}K (385 + 0.6
K {K*rT}K [24.6 + 0.5
H{KTK }r |[27.6+05
KK K{ntr }K |[37.8 £ 0.6
KO{K*rF}K [24.6 + 0.4

TABLE I: Signal-side D, reconstruction efficiencies, by tag-side and signal-side D4 decay channel.
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FIG. 1: Distributions in M2, (top) and Dy candidate mass (bottom) for tag candidates with
Dy — ¢m in data (points with error bars), overlaid with fit results (cumulative): correct tags (red,
solid), incorrect tags with real Dy (blue, dashed), and other incorrect tags (green, dotted). In each
plot, a signal band requirement is made on the quantity that is not displayed (mg? G+0.015 GeV /2,
M2, | <2 (GeV/c?)?)).
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2. Incorrect tag, where a lepton from a B, semileptonic decay is paired with a real D,
from the other B,. This can happen if B, mixing has occurred.

3. Other incorrect tags: all other sources of candidates.

For each component, the M2, . distribution is taken to be a histogram obtained via Monte
Carlo (MC) simulation. For correctly reconstructed Dy, the distribution in Mp, ,, is rep-
resented by a sum two Gaussians with a common mean. The widths of the Gaussians and
their relative areas are obtained from MC simulation. For combinatorial Dy background,
each distribution is well-represented by a linear function. Tag decays, B, — D,X /v, are
modeled as a sum of By, = D /v and B, — D}{lv; all semileptonic B, decays to higher
excited Dy states observed to date involve DK rather than Dy in the final state, and decays
including the states D¥,(2317) and Ds;(2460), which are known to decay to D;, have not
been observed[9]. The presence of higher mass excited Dy in D X /v final states would be
manifested as a knee or bump to the right side of the M2, peak. The data are found to be
consistent with contributions from Dy and D only (Figure 1, top). We find Nf:é = 6473+119

and NtfggK = 4435 £ 126. The fit results for Dy — ¢ are shown in Fig. 1.

After selecting a B, candidate as the tag, we reconstruct the “signal-side” Dy from the
remaining tracks in the event. Candidates are reconstructed in all three modes discussed
earlier, and we allow none of the tracks from the selected tag candidate to be used. The



rate of signal D; in tagged events is determined through a binned 3D maximum-likelihood
fit in the tag-side variables, M2, and Mp,_ ., , and the invariant mass of the signal-side Dj
candidate, Mp, . Each tag+signal candidate corresponds on the tag side to one of the three
components comprising the 2D fit and on the signal side with a real or combinatorial D;.
Events containing B, — DX /v and inclusive By, — DX may have a correctly reconstructed
tag (component 1) with a signal Dy or an incorrect tag (component 2) with a Dy that is
actually from the tag side. We define the first type of event as “signal” and the second as
“cross-feed.” Both types are included in our fit and used to determine the rate of By, — D, X.

For signal events, where the tag-side (signal-side) D, decays to channel i (j), the raw
branching fraction (Byay) is found by dividing the number observed (Ngg.;;) by the total
number of reconstructed tags in channel ¢ (Niag;;), the branching fraction for the channel j
(Bj), and the reconstruction efficiency (&;j.tag) for Dy in channel j:

Nsig;ij

Biw = ————.
Ntag;iBj 5z'j;tag

(3)
We evaluate &;j.tay via MC for each pair of channels (Table I).

For cross-feed events, the raw branching fraction is obtained through the relationship of
their rate to that of signal events. For both signal and cross-feed, the number of events found
in a data set depends on many of the same factors: number of B, events, branching fractions
of the reconstructed D, modes, branching fractions of B, — D X /v, and By — D,X. The
reason for this is clear: the two types have a common origin, differing only in the assigning
of D to tag- vs signal-side. The differences stem from the selection processes and the fact
that cross-feed is sourced only from the 50% of events where B, <+ B, mixing has occurred.
Thus, the expected ratio, R;; of observed cross-feed to signal events for each pair of Dj
decay channels is the ratio of selection efficiencies times 0.5. These ratios are obtained via
MC simulation. From the number of observed cross-feed (Ng.;;) we then have

ch;ij

Braw = .
Ntag;iBj gij;tagRij

(4)

A fit for B,,, is performed simultaneously for the six D, tag-signal channel combinations,
using the efficiencies and efficiency ratios determined as described above. Intermediate
branching fractions are fixed to PDG values.

To confirm the 3D fitting procedure and correction, we performed a “linearity test” using
a large set of MC-generated signal and background events. Ten ensembles of 200 independent
MC signal samples, each corresponding to a branching fraction in the range 10-100% in 10%
increments, were fitted and the resulting branching fractions plotted as a function of the
input value. A linear fit showed consistency with a unit slope and no systematic shifts, for
each of the six D, mode combinations and for the simultaneous fit.

Our fit yields By = (58.2 £ 5.8)%, which corresponds to a fitted total of 101 + 10
signal and 36 + 4 cross-feed events. Projections of the fit are shown in Fig. 2. To obtain
B(Bs — D;X), we must make a correction to By, due to the fact that the signal mode,
Bs; — DX, is inclusive of the tagging mode, B, — DX /(v. If we define B(B; — D, Xev) +
B(Bs = D Xuv) = Bp, and B(Bs — D, X) = Bp,, Niag is proportional to 28p , — B2Dse7
while Ngg is proportional to 2B8p_¢Bp, — B}, ;. Their ratio, corrected for efficiencies, is Byay:

QBDS — BDSZ

Braw =
2 — BDSZ

()
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FIG. 2: 1D Projections of results from 3D fits, all Dy modes combined, for Mg% (top), Mg‘f
(center) and M2, . (bottom): data (points with error bars), signal (red, dashed), cross-feed (blue,
dash-dotted), background (green, dotted), and total (black, solid). For each projected variable,
signal band requirements are made in the other two: Mlsjiif , M;)asg € m%]?G +0.02GeV/c?, M2, €

[—2,2](GeV/c?)2.

Thus,
B o (2 - BDSK) : Braw + BDSE
Ds — 9
B 1- Braw
= Braw + DSZ( B ) (6)

Taking Bp = (16.2 &+ 2.6)% [9], we obtain B(Bs — D,X) = (61.6 + 5.3 £ 0.5) % where
the first uncertainty is statistical and the second systematic, based only on the uncertainty
on Bpy. As a cross-check of our method, we fit for signal while floating the cross-feed
component and find B, = (64.8 £ 8.1)%, which is consistent with our result.

Our estimates of systematic uncertainties are summarized in Table II. We evaluate the
effects from the considered sources by varying each and taking the resulting shift observed
in B, as the uncertainty. In cases affecting the D, mode combinations separately, the
maximum excursion is taken as a conservative estimate of the uncertainty on the combined
result. Because this measurement involves tagging, many of the systematic uncertainties
associated with tagging cancel approximately in taking the ratio of tags, with and without
signal. The effect from the uncertainty due to the composition and model of B, — D, X /v
on efficiency and on the M2, _fitting shape is estimated by varying the relative rates of B, —

miss



Dylv and By — D*{v within the uncertainties[9] and by varying the HQET2 parameters
in the MC generator by +10%. For the “other incorrect tag” (type 3, above), the M2, .
distribution in data from tags with “sideband” Dy candidates, |Meama — mp, £ 40| < 10
MeV, is substituted in the fit. Uncertainties due to fitting of the D, mass distributions are
determined by changing the signal shape from two Gaussians to three and the background
from a first-order to a second-order polynomial. We vary each ratio of signal to cross-feed
efficiency in the fit by +10. The uncertainties due to branching fractions of the reconstructed
Dy decays are estimated by varying each by £10[9] of its value in the fitting procedure. The
reconstruction efficiencies are varied by the amount of their statistical error from the MC
sample. The uncertainty due to the limited statistical power of our linearity test is estimated
by varying the parameters from the linear fit by £10. To estimate effects from our selection
of a single tag candidate per event, we reanalyze the data using random selection and take
the shift in the result to be the uncertainty.

The uncertainty on the tracking efficiency affects only the three signal-side tracks com-
prising the Dy candidate and is estimated to be 0.35% per track, thus, we take 1.1% as the
uncertainty from this source. The systematic uncertainty from K-m identification efficiencies
is estimated to be 1.3%.

The fitted shape of the M2, distribution depends on the B — B, mass difference, §E'/c?,
and its uncertainty may affect the fit in two ways: in the value used to generate the MC signal
events (vs the actual value) and in the value used to calculate M2, .. For this analysis, the
values are 45.9 MeV/c? for MC generation and 47.3 MeV /c? for M2,... The PDG presents
two numbers, (46.1 & 1.5) MeV/c? as a world average and a PDG fit of (48.61]%) MeV/c?
9]. As M2, is fitted in both the numerator and denominator to obtain Bi.y, effects from
such differences are expected to cancel, at least in part. To estimate possible systematic
shifts due to these differences, we vary separately the calculation using §E/c? and the value
used in MC generation in the range 45.9-49.0 MeV/c%. Changing the calculation of M2,
results in a maximum excursion in B, of less than 0.1%. Changing the value in the MC
generator results in a maximum excursion of 1.2%. We assign an uncertainty of 1.2%.

We consider possible contributions to the tag-side sample from the non-strange B decay
B(B — D¥K(v), which is not included in our generic MC generator. We use B(BT —
DW=K+ty) = (6.1 £ 1.0) x 107%[9], assume that B(B® — D~ K°*v) is the same, and
multiply by a factor of two to account for both electrons and muons. Taking B(Y(5S) —
BBX =76%, B(Y(5S) — B;B,X =20%, and B(B, — X{v) = 9.6%[9], we estimate

B(Y(58) — BBX) -B(B — DWK )
B(T(58) — B BYY) - B(B, — D, X(v)

~ 0.048. (7)

As the shape in M2, includes a kaon in addition to the neutrino, it is expected to peak more
broadly and at a higher value than does the B, channel. This is confirmed in studies of MC-
generated BBX events containing B — D) K /v in the D, tag modes. Fig. 3 illustrates the
difference. We measure the effect on our MC tag fit of including such events, and estimate a
contribution to B(Bs; — DsX(v) of < 0.02% (0.5%) to the Dy — ¢ (Ds — K%K) channel.
We assign an overall systematic uncertainty of 0.5%. The uncertainties from the above
sources are summed in quadrature to arrive at the total fractional systematic uncertainty in
B,y of 3.8%.

After propagating the systematic error on B, to the branching fraction and adding in
quadrature the uncertainty from Bp_,, we find

B(B, — D,X) = (61.6 + 5.3 + 2.1)%.
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FIG. 3: The distributions in M2, for B; — Ds;X/{v (red) and B — D;KX/v (black), with
D; — om.

The central value is lower than the theoretical expectation (867%;)% [17], and ~ 1.20 be-
low the world average (93 £ 25)%[9]. Given the history of uncertainty on the rates and
composition of charm states at higher mass in B decay, a lower value may be explained
by a rate of ¢5 to D ws. D, that is higher than anticipated. The implications of a lower
central value are notable. Experimentally, the value affects the derived fraction f, of By
events among T(5S) decays, which impacts the absolute normalization of all B, branching
fractions measured via Y(5S) decays. In the earlier Belle measurements of f;[7, 18], Eq. 1
was used with f, = 1 — f;. More recently, it has been found that there is a nonzero rate
to bottomonia, including Y(15), T(25), Y(3S), hy(1P) and hy(2P). We take the rate of
events with “no open bottom” to be fuo, = 4.9753%[19]. Charm is highly suppressed in
these decays, so we take f, = 1 — fs — foob. Using B(Y(5S) — DX )= (45.4+£3.0)%[20] and
B(B = DsX)=(8.3+0.8)% [9], we solve Eq. 1 for f; and find

fo = 0.278 4 0.028(stat) = 0.035(sys). (8)

This value is larger than the world average, f; = 0.201£0.031[9], which is evaluated assuming
the model-based estimates B(Bs — Dy X) = (92 £ 11)% and B(Bs — D°X) = (8 £ 7)%[7];
the impact of introducing f,o, to the calculation is minor. Our result uses the same value of
B(Y(5S) — DsX) from which f; is derived in [18] and thus supersedes the value presented
there. It is consistent with a recent Belle measurement of f; by an independent method[19].
An older Belle measurement of f, from semileptonic decays[21] assumed that only Dy and
Dgs contribute to non-strange charm, By — DK X/v. Given recently reported evidence of
substantial contributions from nonresonant D K (X)[22], this value is likely an underestimate,
so we do not compare it with the result reported here.

Applying Eq. 1 with B(B — D°/D°X)=(61.5+2.9)%[9], B(T(5S) — D°X) = (108+8)%
9] , and our result for f,, we find B(Bs; — DX )=(45 =+ 2(stat) 4 19(sys))%, where the
systematic uncertainties on B(Y(5S) — D°X) and f,., dominate. This value is consistent
with our finding of a lower rate of D, from By decay, as the total charm content would need
to be accounted for by an increased rate of nonstrange charm. No experimental results for
B, — DX are currently included in the PDG tables[9)].

To summarize, we have made the first direct measurement of the B, — D X inclusive
branching fraction, using a B semileptonic tagging method at the Y(5S) resonance. We
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Channel
Source ¢m Tag ‘ KK Tag Combined
om KIK KK| ¢m KIK K*°K
Model, tag 1.5 1.1 1.5
Model, signal 01 01 03 |01 01 0.1 0.3
Model, cross-feed 04 03 03 |02 01 0.1 0.4
M2, shape, Mp: — Mp, 1.2 1.2 1.2
M2, . background 0.1 02 01 |05 02 0.3 0.5
M (D;) signal shape 02 02 12 01 01 1.0 1.2
M (D;) background shape[1.0 0.6 <0.1 [<0.1 0.1 0.1 1.0
Cross-feed efficiency 05 03 06 |03 01 03 0.6
Reconstruction efficiency (0.4 0.2 04 | 0.2 01 0.2 0.4
Statistics, linearity test (0.2 0.3 0.3 |03 04 04 0.4
B — DK <0.02 0.5 0.5
B(Ds — ¢m) - 1.2
B(Ds — K2K) - 0.5
B(Ds — K*K) - 1.2
Single tag selection - 1.0
Tracking - 1.1
K-7 identification - 1.3
Total - 3.8

TABLE II: Systematic uncertainties on Byay, in %. The total is the sum in quadrature from all
sources.

find
B(Bs — DsX) = (61.6 + 5.3(stat) £ 2.1(sys))%,

which is substantially lower than the world average but consistent within its large uncer-
tainties. This result is used to recalculate the fraction f; of T(5S) events containing B,

fs = 0.278 + 0.028(stat) £ 0.035(sys).

This value supersedes that reported in [18].
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