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Observation of the decay 8 D'+ p
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The decay B D +p has been observed and the branching ratio is found to be (8.1+2.9+~.~4)%. The
result is compared with theoretical predictions.

All experimental evidence' accumulated up to now is
consistent with a model in which B-meson decay is brought
about by the decay of the b quark into a c quark (see Fig.
1). There is also evidence2 suggesting that the virtual W
boson and the remaining quark pair fragment almost in-
dependently of one another. This model has been used to
predict the branching fractions for the two-body decay
modes of 8 mesons in much the same way that Tsai calcu-
lated the hadronic branching fractions for v decay. Here we
report the first observation of the decay B D'+

p and
compare the branching fraction with theoretical predictions.

The Y(4$) is a bb resonance that is produced in e+e
annihilation7 and decays almost exclusively to BB meson
pairs, thus providing an excellent means of studying these
particles. The decay of 8 mesons into exclusive channels
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FIG. 1. The spectator decay diagram for B mesons.

was first observed by fully reconstructing 18 candidate
events from four decay modes containing a D and charged
pions. Since then, we have used other methods to study
some of these modes. In particular we have measured3 the
branching ratio for B D'+m to be (1.7+0.5+0.5)%
using a method that does not require detection of the D
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and its charge conjugate (in this paper wherever we specify
a decay mode we also imply its charge conjugate). We have
measured the 8 mass to be 5275.2+1.9+2.0 MeV/c;
this is 14 MeV less than the beam energy when running on
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FIG. 2. The two-photon mass distribution for combinations with
energy greater than 1.0 GeV.

produced in the decay of the D'+. The same partial-
reconstruction technique is used here to detect the decay
8 D+p

The data come from the CLEO experiment at the Cornell
Electron Storage Ring (CESR), and consist of 40.6 pb ' of
Y(4S) data and 17.3 pb ' of continuum data between the
Y(3S) and Y(4S). In the CLEO detector the visible cross
section of the Y(4S) is a l.l-nb enhancement above a 3.1-
nb continuum background. Details of the detector and
hadronic-event-selection criteria' have been presented else-
where. For this analysis we have used the cylindrical drift
chamber inside a 1.0-T solenoida1 magnet to determine the
momenta of charged particles. To detect m 's we used the
octant shower counters, which cover 0.56&4m sr in solid
angle and are constructed from proportional tubes inter-
leaved with sheets of lead.

There were 170200 hadronic events in the Y(4S) data,
and 54800 in the continuum data. Scaling the number of
continuum events by the luminosity ratio of the two data
sets, allowing for the energy dependence of the continuum
cross section, and correcting for the 91% event-selection ef-
ficiency, we get 47800 for the total number of Y(4S) decay
events.

A major reduction in the background from the continuum
hadronic events was achieved by rejecting events with a two
jet structure; this was done by requiring that the ratio of
Fox-Wolfram moments, "82= H2/Ho, be less than 0.3.

We call a photon any shower that has an energy greater
than 0.25 GeV and that does not link with a drift-chamber
track. The two-photon mass distribution for combinations
with energy greater than 1.0 GeV is shown in Fig. 2. A
clear m peak is seen. Any two-photon combination with
energy greater than 1.0 GeV and 0.07 & M» & 0.20 GeV/c
is taken to be a possible mo. For each m candidate the pho-
ton energies are adjusted so as to constrain M» to be equal
to the true mo mass.

We wish to study the decay chain

8 ~D +m m D +~De+

the Y(4S) resonance. Since the Bo is moving very slowly in
the laboratory frame (P=0.07) the vr 7ro momentum is
confined to a narrow interval for any given value of the
m no mass M „;for example, at the p mass (0.77 GeV/c )
this momentum interval is 2.0-2.4 GeV/c. Furthermore,
the m+ emitted in the decay of the D'+ is very soft
(p ( 0.23 GeV/c) and its direction is opposite to the m. pro

direction to within 26'. We call this pion the "soft" pion.
To obtain a signal for this decay we need only detect the

two charged pions in the drift chamber, along with the vro in
the shower counter. No charged-particle identification is
used, and neither do we attempt to reconstruct the D from
its decay products. Energy conservation demands that the
energy of the 8 be equal to the beam energy Eb„. Know-
ing the m m energy E„, we can therefore calculate the
D'+ energy

ED+ = Ebeam

From the three-momentum of the soft pion, the D'+ ener-
gy, and the D mass we can determine the angle between
the D'+ and the soft pion. The only quantity that remains
undetermined is the azimuthal angle of the D'+ about the
soft-pion direction. For a genuine 8 decay we will be able
to find an azimuthal angle that gives a reconstructed 8
mass within 14 MeV of the beam energy, whereas for the
bulk of the fake combinations this will be impossible. In
the following analysis we therefore take the azimuthal angle
that yields the maximum computed 80 mass M,„and plot
M,„—Eb„, our "signal" events should accumulate near
Mmax Ebeam

Figure 3 shows the distribution of M,„—Ebea for dif-
ferent regions of the m m invariant mass M . Using the
measured value of M we have demanded that the m m

momentum be less than the maximum kinematically al-
lowed for the decay 8 D'+ m n, and we further
demand that the m m momentum be greater than the
value it would have if the m m- system were to make an
angle of 60' with the laboratory direction in the 8 rest
frame; the latter cut reduces background from decays of the
type B D'+7r m (n m), where n vr represents one or
more additional pions. For M & 2 GeV/c the acceptance
for our signai events is approximately independent of M „.

Some peaking is seen near M,„—Eb„=0; ho~ever,
a priori, we have no good reason to suppose that the back-
ground should be flat in this variable. Our purpose in
showing these distributions is to show the peak near
Mm, „—Eb„=0 and to demonstrate how well our back-
ground estimates agree with the data outside the region in
which the signal is expected.

We have studied three separate background estimates:
(1) same-sign combinations (D"+n +mo), (2) parity reflec-
tion of the soft pion (inverting the momentum of all soft-
pion condidates before forming mass combinations), and
(3) D'+m. m+ combinations. It might be thought that the
D'+sr m+ combinations would show a signal from 8+ de-
cay; however, such decays are not favored because the D'+
contains a c quark, whereas 8+ decay should normally pro-
duce a c quark. To use these combinations as a back-
ground estimate we take only m+'s that point at the fiducial
volume of' the shower counter, and to model the resolution
of the shower counter, we smear their momenta p by
15%/Jp (p in GeV/c). The resulting m+n mass distribu-
tion, multiplied by a normalization factor of 0.132, describes
the m m mass distribution to better than +10%.
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methods.

We believe that our background estimates accurately ac-
count for most of the possible sources of background. In
particular, the D'+pa background [from method (3)j must
give a reasonable estimate of the potentially dangerous
background from B D X, X p m, since by iso-
spin invariance (assuming X decays strongly) X should de-
cay equally often via X p m . However, we cannot al-
together exclude the possibility that the decays contributing
to our signal contain additional low-momentum pions; for
example, any decay of the type B D' p, D' D'+m
with a D"—D mass difference of 0.2 GeV/c could contri-
bute to our signal with an efficiency which is about 60% of
the efficiency for the direct decay. No such D' particle has
ever been observed.

The detection efficiency was determined from 6400
Monte Carlo events of the type

e+e BB B D+ D+ Dm+
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FIG. 3. The distribution of Y(4S) events in Mm, „—Eb„~ for
different regions of M~ . The histrogram shows the data for the
channel 80 D +~ m in which the signal is expected to appear.
The plotted points show the three background estimates: (1) trian-
gles, the same-sign combinations (D +m+m ); (2) crosses, the re-
flected soft-pion background; (3) circles, the D +m m+ combina-
tions, multiplied by a normalization factor of 0.132.

The three background calculations are plotted with the
data in Fig. 3. Our Monte Carlo simulation predicts that the
mass range 0.62 & M & 0.92 GeV/c should contain the
bulk of any signal due to the decay B D +p . By any
background estimate there appears to be a significant signal
for 0.62 & M & 0.92 GeV/c, but no signal in any other
range of M

We assume that the signal in the mass range
0.62 & M „&0.92 GeV/c is entirely due to the channe1
B ~ D'+p . In the region M~» —Eb«~ & —20 MeV we
observe a total of 20 candidates of which one must be false,
as there are two candidates from one event. Our three
background estimates yield, respectively, 8.0 + 2.8, 6.0 + 2.4,
and 8.16+ 1.04 events. We can make one more background
estimate by averaging the number of events with
M,„—Eb„& —20 MeV in the adjacent m m mass
ranges; by this method we estimate a 'background of
6.5+1.8 events. Since all four background estimates are
consistent, we take the weighted average of 7.6+0.8 events
as our best estimate; this leaves a signal of 12.4 + 4.5
events. The systematic error in the background has been
neglected; in any case it must be small compared with the
statistical error in the signal.

When the same procedure was applied to the 17.3 pb ' of
continuum data sample, no events were found with
Af,„—Eb„& —20 Me V. This is consistent with the

Electromagnetic showers were propagated using the EGs
Monte Carlo code the nuclear interactions of hadrons
were also simulated. We have checked that when this
Monte Carlo code is used to calculate the detection efficien-
cy for inclusive pro's, we obtain the expected result that for
both continuum events and Y(1S) decay, the measured mo

momentum spectra are the same as the average of the sr+
and n- spectra. From the Monte Carlo results we conclude
that the efficiency for a B D'+p, D'+ D m

+ event
to be detected with M,„—Eb„& —20 Me V is
(0.89+0.18)0/0 for the helicity-1 state and (0.44+0.12)ok
for the helicity-0 state; very few Monte Carlo events were
found at smaller M,„—Eb„. The dependence of the
detection efficiency on the helicity state comes from both
the m- energy cut and the poor efficiency for reconstructing
low-momentum tracks in the drift chamber. The data are
insufficient to determine whether either helicity state is per-
ferred, so we take the efficiency to be (0.67 + 0.23)'/o,
where the quoted error accounts for the lack of knowledge
of the helicity. The dominant factor in the efficiency is the
m reconstruction efficiency, which is about 5% for mo ener-
gies above 1.0 GeV.

The D'+ D m+ branching ratio has been measured' as
0.60 + 0.15. The branching ratio for the decay Y (4S )

B B has not been measured, but has been calculated
to be 0.4 or 0.5. To be consistent with our previous publi-
cations we shall assume the former value. We therefore
find

B (B D'+p ) = (8.1 + 2.9+24)%

where the first error is statistical and the second is systemat-
1c.

If the helicity-0 mode happens to dominate the decay our
measurement puts a rather poor upper limit on the branch-
ing ratio; at 90% confidence this limit is 21%. The polarized
p in a helicity-0 decay has a 22% probability to produce a
charged pion with momentum in the range 1.85—2.11 GeV/c
(i.e., 0.35 & p/Eb, & 0.40). Simply by counting the mea-
sured number of charged tracks in this momentum interval
we obtain' a 90%-confidence upper limit of 11% for the
helicity-0 branching ratio. This assumes that the decays
B D'+p and B D p have the same branching
ratio.
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In Ref. 3 we have predicted the sum of branching ratios,

B(B ~D'+p )+B(B ~D+p )=49%,

and Ali, Korner, Kramer, and Willrodt predict the
8 D"+

p branching ratio to be 3.0%. Our measurement
is consistent with both of these predictions, but is not con-
sistent with the value B(B0 D'+p ) =0.73% predicted
by Hussain and Scadron. ' References 3 and 4 predict that
the 8 D +p decay rate should be 2.6 times larger than
for 8 D'+sr and Ref. 5 predicts this ratio to be 2.2.
Combining the result presented here with the 8 D'+m
measurement from Ref. 3, we find the ratio of

8O D'+p to 8 D'+n- decays to be 4.7+2.7, which
is consistent with all predictions. The measurement of this
ratio is independent of uncertainties in the branching frac-
tions for Y(4S) B080 and D'+ D07r+.

In conclusion, we have observed the decay 8 D'+p
and have measured its branching fraction to be
(8.1+2.9+5q49)%. Our measurement is consistent with two
theoretical predictions ' but is inconsistent with the predic-
tion of Hussain and Scadron.

%e gratefully acknowledge the efforts of the CESR ac-
celerator staff, and the financial support of the National Sci-
ence Foundation and the Department of Energy.

Present address: Carnegie-Mellon University, Pittsburgh, PA
15213.

t Present address: Texas Accelerator Center, The. Woodlands, TX
77380.

~Present address: University of Oklahoma, Norman, OK 73019.
A Chen et al. , Phys. Rev. Lett. 52, 1084 (1984); C. Klopfenstein

et al. , Phys. Lett. 1308, 444 (1983).
~J. Green et al. , Phys. Rev. Lett. 51, 347 (1983).
R. Giles et al. , Phys. Rev. D 30, 2279 (1984). The published

branching fraction for 8 D +m is (2.1+0.6+0.5)%; howev-
er, this is based on a wrong calculation of the total number of
Y (4S ) decay events. Correction of this error yields
B(BO D +m ) = (1.7+0.5+0.5)%.

4A. Ali, J. G. Korner, G. Kramer, and J. Willrodt, Z. Phys. C 1,
269 (1979).

5F. Hussain and M. D. Scadron, Phys. Rev. D 30, 1492 (1984).
Y. Tsai, Phys. Rev. D 4, 2821 (1971).

7D. Andrews et al. , Phys. Rev. Lett. 45, 219 (1980); G. Finocchiaro
et al. , ibid. 45, 222 (1980).

S. Behrends et al. , Phys. Rev. Lett. 50, 881 (1983).
9D. Andrews et al. , Nucl. Iristrum. Methods 211, 47 (1983).
OR. Giles et al. , Phys. Rev. D 29, 1285 (1984).
G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978).
R. L. Ford and W. R. Nelson, SLAC Report No. 210, 1978 (un-
published).
G. Goldhaber et al. , Phys. Lett. 698, 503 (1977). CLEO uses this
measurement rather than the value 0.44+0.10 from W. Coles
et al. [Phys. Rev. D 26, 2190 (1980)], because the latter did not
assume isospin conservation among the strong decays of the
D +, and their reported values are somewhat inconsistent with
this assumption.

' S. Ono, Acta Phys. Pol. $15, 201 (1984).
~5The data are shown in Fig, 11 of Ref. 3.


