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This paper is dedicated to Professor V. Shevchenko 

Using the ARGUS detector at the e + e storage ring DORIS I1 at DESY, we have studied the decay B- ~ D*°~-v, where ~- = e 
or p.-, using the D°T and D°n ° decay modes of the D *° meson. B mesons were produced in 209 000 decays ofT(4S). Assuming 
electron-muon universality, we obtain a value for the branching ratio of BR(B- -~ D*°~ 9) -- (5.8 _+ 1.4 +_ 1.3 )%. 

The observation and detailed study of  the decays ~L 

B°-~D*+~- 9 and B ° ~ D - ~ + v  [ 1-4] have allowed the 

extraction of  a value for the Cab ibbo-Kobayash i -  

Maskawa matrix element I V~bl and the investigation 

of  quark dynamics in the b-~c transition. The study 

of  the decay B - ~ D * ° ~  - 9 can provide additional in- 

formation on these important  questions. Further- 

more, a comparison of  branching ratios for semilep- 

tonic decays of  charged and neutral B mesons into 

D *° and D *+ gives an additional method to measure 

the lifetime ratio r (B + ) / r (B °). 

In previous papers the decay B -  -~ D*°~-9 has been 

studied without reconstruction of  the D *° meson. The 

CLEO Collaboration has used the spectrum of  recoil 

mass squared against the D°£ - system in ~ ( 4 S )  de- 

cays to obtain a value for the branching ratio of  

BR(B- -~D*°~-9 )=(4 .6+_0 .9+_0 .9 )% [51 ~2. The 

Crystal Ball Collaboration has performed a more in- 

direct analysis [7 ]. From a study of  the angular cor- 
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relations between n°'s from D *° (D *+) decays and 

electrons with momen tum near the endpoint  of  the 

lepton spectrum in semileptonic decays of  B mesons 

into D*~-v, they found B R ( B - - ~ D * ° ~ - 9 ) =  (8.0+_ 

3.4)%. Information on the lifetime ratio r ( B + ) /  

r (B °) has been previously obtained by A R G U S  

[8,9],  and by CLEO [5].  The lifetime ratios were 

found to be consistent with unity. These results are 

in good agreement with the theoretical expectation of  

approximately equal lifetimes [ 10,11 ]. 

In this paper, we report the first direct study of  the 

decay B - ~ D * ° ~ - 9  where the D *° meson is fully re- 

constructed. B mesons are reconstructed from an ob- 

served D *° meson and a lepton with the appropriate 

charge. The neutrino is unobserved, but can be in- 

ferred if the recoil mass squared against the D*°l - 

system, 

Mr2eco~, = (EB- --ED*o--E~- )2_ (et)*o+P~- )2,  

is consistent with zero. In decays of  the Y(4S) ,  the 

energy of  the B mesons is known to be the beam en- 

ergy and its small momen tum can be neglected. 

The data used for this analysis were taken on the 

~f(4S) resonance using the A R G U S  detector at the 

e+e storage ring DORIS II. The integrated luminos- 

ity of  the sample is 246 p b - ' ,  corresponding to 

209 000 +_ 10 000 Y(4S) decays, The A R G U S  detec- 

tor, its trigger requirements  and particle identifica- 

tion capabilities have been described in detail else- 

where [ 12 ]. 

Charged particles are required to originate from the 

main vertex with a polar angle, 0, in the range 

I cos (0)1 < 0.92. Particle identification is based on a 

l ikelihood ratio calculated from measurements  of  

specific ionization and time-of-flight for the allowed 

mass hypotheses (e, p, n, K and p).  Each particle is 

used as a pion or kaon if the corresponding likeli- 

hood ratio exceeds 1%. A K~- candidate is defined as 

a n+n - pair forming a secondary vertex and having 

an invariant  mass within +_ 30 M e V / c  2 of  the K ° 
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mass. Photons are ident i f ied as clusters in the elec- 
t romagnetic calorimeter  which are not associated with 
a charged track and have energy larger than 80 
MeV/c.  

For lepton identification, the size and lateral spread 
of  the associated energy deposi t ion in the calorime- 
ter, or the quali ty of  the match between the projected 
part icle track and the associated hit in the muon  
chambers,  located outside the magnet return yoke, are 
included in the calculation o f  the electron and muon 
l ikel ihood ratios respectively. In part icular ,  for 
muons, a hit in an outer  layer o f  muon chambers  is 
required. A lepton hypothesis  is accepted if  the ap- 
propr ia te  l ikel ihood ratio exceeds 70%. Contamina-  
tion from photon conversion is suppressed by elimi- 
nating electron candidates  which have an invar iant  
mass of  less than 100 M e V / c  2 when combined  with 
any opposi tely charged part icle in the event consis- 
tent with an electron hypothesis.  With  these require- 
ments leptons are ident if ied with high efficiency and 
a small mis ident i f ica t ion rate ( (0.5 _+ 0.1 )% for elec- 
trons and (2.0_+0.5)% for muons) .  Finally,  lepton 
momenta  are restricted to be greater than 1 GeV/c ,  
to suppress cascade decay sources, and less than 2.3 
GeV/c ,  which is close to the kinemat ic  l imit  for the 
decay under considerat ion.  

D *° mesons are reconstructed in the decay chain 
D*°--+ D°7 followed by the decay of  the D O meson into 
the K - =  +, K - ~ + = + ~  or K°~+~ - final state. The 
K - z  +, K°Tt+= - (K-=+~+r~ - )  combina t ions  with 
mass lying within _+ 30 (20)  M e V / c  e o f  the D o mass 
are kinematically constrained to the nominal  D o mass. 
Only those ( K - z + ) ) ' ,  ( K - ~ + ~ + ~ - ) ) ' ,  ( K ° ~ + r t - ) ¥  
combina t ions  with m o m e n t u m  less than 2.3 G e V / c  
are studied. 

The main  difficulty for D *° reconstruct ion arises 
from the large combinator ia l  background created by 
the many soft photons  from =o decays. In order  to 
reduce this background to a manageable level, thereby 
increasing the sensi t ivi ty of  the D *° reconstruct ion,  
the following addi t ional  requirements  were applied:  

( 1 ) No more  than 5 photons were allowed in the 
event. This requirement  has an efficiency for the sig- 
nal of  60% while suppressing the background under  
the signal by a factor of  3. 

(2)  Photons from ~o decays can be efficiently re- 
moved by e l iminat ing those photon  pairs whose in- 
variant  mass lies within _+ 50 M e V / c  2 of  the nominal  

n o mass. The efficiency of  this requirement  has been 
es t imated to be 60% for the signal, while the back- 
ground is further suppressed by a factor of  4. 

After applicat ion of  these cuts the DO) ' system shows 
a prominent  excess near the mass of  the D *° meson 
for ]M~e,.oiJl < 1 GeV2/c a (fig. l a ) ,  while there is no 
signal in the recoil-mass s idebands defined by 
I M2 . . . .  ~,l > 2 GeVZ/c 4 (fig. l b ) .  The his tograms in 
these figures are obta ined by taking photon combi-  
nat ions with candidates  in the s idebands o f  the D o 
mass dis t r ibut ion,  normal ized  to the amount  of  back- 
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Fig. 1 D°y invariant mass distribution for (a) I M2¢co~ I < 1 GeV 2/ 
c* and (b) IM~Z¢co,~l >2 GeV 2/c *. Points with errors show the 
distribution for the D o mass region, while histograms are for the 
D O meson sidebands, normalized to the number of random K-= +, 
K-=+n+n , and K~n+rc - combinations under the D ° signal. 
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ground under  the D o signal es t imated from the fit o f  
the K - n  +, K°n+n - and K - n + n + n  - mass distr ibu-  
tions. Clearly, a major  fraction of  the background in 
the recoil mass dis t r ibut ions can be a t t r ibuted  to 
background under  the D o meson peak combined  with 
photons,  consti tuting about 75% and 90% of  the en- 
tries for 2 2 IM . . . .  ill < 1 GeV2/c  4 and I M . . . .  i~ J > 2  
GeV2/c 4 respectively. The small fraction of  the events 
containing combinat ions  o f D  ° and D *° mesons with 
a negative hadron  misident i f ied as a lepton can also 
be reliably es t imated directly from the data  using 
known misident i f icat ion rates. By this means, mis- 
identif icat ion is found to contr ibute less than 3%. 

The dis t r ibut ion of  D°7 invariant  mass after sub- 
tract ion of  the contr ibut ions  from these two back- 
ground sources is shown in fig. 2. The shoulder on the 
low-mass side of  the peak is a contr ibut ion from the 
decay D*°-~D°n°, followed by n°-+77. I f  one of  the 
two photons is used to make an entry in the DO? ' mass 
distr ibut ion,  the corresponding D *° signal is shifted 
to lower masses. Typical ly n o mesons produced in the 
decay D*°-+D°n ° have very small momenta .  There- 
fore, decays in this channel p redominant ly  (about  
80%) result in at least one photon with an energy be- 
low 80 MeV, thus failing the anti-n ° cut. 

The remaining background under  the D *° signal is 
due to random combinat ions  of  D o mesons and pho- 

g0MeV/c e I 
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Fig. 2. D%I invariant mass distribution for I M2ecoit ( DO7 ~- ) I < 1 
GeV2/c  4 after D o sideband and fake lepton subtraction. The cal- 
culated background is shown by the dashed line. The solid line 
represents the fit result for the D *° signal. 

tons in the events with a lepton. D o mesons in the 
events with a right-sign lepton can originate from the 
following sources: 

(1)  D°~ - combinat ions  produced in the contin- 
uum under  the "F(4S) resonance. 

(2)  An uncorrelated D O meson and ~-  or iginated 
from the different B mesons. This background arises 
as a result of  either (a )  B°--+B ° oscil lat ions or (b)  
incorrect in terpreta t ion of  a D o as a [3 °. The lat ter  
can occur because of  double mis ident i f icat ion of  
K - n  + combinat ions  in K - n  + and K - n + n + n  - final 
states, or in the f lavour-bl ind K ° n+n - final state. 

( 3 ) An uncorrelated D O meson and a secondary ~-  
produced in the decay of  a charmed meson. 

(4)  A D o and t~ ° produced in the decay of  a single 
B meson, This source of  the background is associated 
with different types of  semileptonic decays, such as 
B- - ,D*°~  9, f3°--,D*+~-9, B - - ~ D ° ~ - 9  and B ~  
D**~-v. 

The main part  of  the background arises from the 
correlated product ion of  I~- and D O mesons in semi- 
leptonic B decays (4) .  In order  to model  the shape of  
this background,  various semileptonic B decays re- 
sulting in D o mesons are s imulated using the GISW 
model  [ 13 ]. The relative fractions of  B decays into 
D °, D* and D** mesons are fixed according to the 
predict ion of  the model, Since the shape of  D°7 in- 
variant mass distr ibution depends only slightly on the 
D O momen tum spectrum, the uncertainty due to the 
unknown fractions is small, but is included in the sys- 
temat ic  error. 

The shapes and relative fractions of  backgrounds 
( 1 ) -  ( 3 ) are s tudied with a Monte  Carlo s imulat ion 
using the Lurid generator  for cont inuum e + e - - ~ c e  
events and a Bf3 generator  for backgrounds (2) ,  ( 3 ). 
The semileptonic decays of  charmed mesons are sim- 
ulated using the BSW model  [ 14 ]. The contr ibut ion 
from processes ( 1 ) - ( 3 )  comprises a small share 
(about  10%) of  the overall contr ibut ion from pro- 
cesses ( 1 ) - ( 4 ) .  The dot ted  line in the fig. 2 repre- 
sents the summar ized  background from ( 1 ) - ( 4 )  
sources normal ized to the number  of  D O mesons ob- 
served in events with leptons of  a proper  sign. 

After subtract ion of  this background,  a function 
describing the D *° signal is f i t ted to the D°7 invariant  
mass distr ibut ion.  The shape of  the function has been 
shown by Monte Carlo s imulat ion to be well de- 
scribed by the sum of  two gaussians corresponding to 
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contributions from the D°y and D°rt ° decay modes. 
The solid curve in fig. 2 shows the result of the fit 
which finds 244_+ 46 events for the D *° signal. 

Part of this D *° signal originates from background 
sources analogous to processes ( 1 ) - ( 3 )  discussed 
above for uncorrelated D°3, combinations.  The cor- 
responding fractions are listed in table 1. The contri- 
butions of uncorrelated D*°~ - production in ~'(4S) 
decays (backgrounds 2 and 3) have been obtained by 
Monte Carlo simulation in the same way as for D°£ - 
combinations.  For this purpose, the yield of D *° me- 
sons in B decays is assumed to be equal to that mea- 
sured for D *+ mesons. From the naive spectator 
model it is natural to assume that D *° mesons are 
mainly produced in B-  decays. Therefore we ignore 
the background 2a, i.e. D *° production in B ° decays 
accompanied by B°-B ° mixing. In any case the pos- 
sible contr ibution of this background is very small. 
The cont inuum production of D *° mesons is esti- 
mated using data taken at a center-of-mass energy just 
below the open beauty threshold. In order to dimin-  
ish the error due to con t inuum subtraction, the num-  
ber of con t inuum events contributing to the D *° sig- 
nal is evaluated from well reconstructed D *+ mesons 
assuming isospin invariance in quark hadronization. 

After subtracting backgrounds ( 1 ) - ( 3 )  the ob- 
served peak in fig. 2 includes D *° mesons from the 
decay B-  ~ D*°~-v, as well as a possible contr ibut ion 
from the cascade decay B-,D**~-9 followed by 
D**-, D*°rr. Since the latter is not measured, its con- 
tr ibution is evaluated from the data by examining the 
distr ibution of the signal in recoil mass squared. 
Shown in fig. 3 is the result obtained by fitting the 
observed D°y invariant  mass spectrum and subtract- 

of M ....  i~. The ing all backgrounds, in separate bins 2 

Table 1 
Event and background summary for the D *° signal in the interval 
IM2ecoil [ < 1 GeV2/c 4. 

total number of events 244 _+ 46 

backgrounds: (1) continuum events 8.8_+ 7.9 
(2a) B°~l]°-~-X, 0+o: 4 

I~O~D*OX 
( 2b ) wrong interpretation: 5.5 _+ 3.7 

O *° as D *° 
(3) D*°+secondaryleptons 5.3_+ 4.5 

B-+ D*°~-Xv 224 +47 

05GeVe/d 
gO 

60 

40 

20 
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-20 
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4 
, , . . . . .  t , , , I , , I , 
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(D*°z - ) G Wc'] 
Fig. 3. M~e,.o,, (D*°{ - ) distribution after subtraction of all back- 
grounds. The line represents the fit result for the decay 
B -  -- ,  D * ° ~  - 9 .  

solid line is the result of a fit to the recoil mass distri- 
but ion using the sum of two gaussians, corresponding 
to the contr ibutions from the signal channel and the 
cascade decays. The masses, widths and ratio of the 
contr ibut ions of D°7 and D°~ ° decay modes are fixed 
from Monte Carlo simulation. The signal for 
B---+D*°~-9 is determined to be 224_+54 events, 
while an upper limit of 100 events (90% CL) is found 
for the contr ibut ion from the decay B--+D**~-9 fol- 
lowed by D**~D*°X over the whole recoil mass 
interval. 

The efficiency for all selection criteria and the geo- 
metric acceptance of the detector are obtained by a 
Monte Carlo simulation which has been verified us- 
ing the data. In particular, the m o m e n t u m  spectra 
of photons, D o mesons and leptons, as well as the 
photon multiplicity in "F(4S) decays, are well 
reproduced by the Monte Carlo. Including the rel- 
evant branching ratios, BR ( D *°-, D°y) = (45 _+ 5 ) % 
and B R ( D ° - , K - n + ) = ( 3 . 7 1 _ + 0 . 2 5 ) % ,  B R ( D ° ~  
K-n+n+n- )=(7 .8_+0.6 )%,  BR (D°-- ,K°n+rc-)  = 
(5.3_+0.5)% [6], a reconstruction and event selec- 
tion efficiency for D *° mesons of ~ / (D*°- ,D°y)+ 
q(D*°- ,D°n°)=0 .017_+0.002  is obtained. The sys- 
tematic error is mainly due to the uncertainties in the 
branching ratios for D O meson decays and in the neu- 
tral multiplicity of charged B meson decays. The ef- 
ficiency for detection and identification of a lepton 
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with momentum p> 1 GeV/c is determined to be 
r~(e-)=0.75tO.O5 and q(&--)= 0.691:0.07. The 
momentum requirement itself reduces the accep- 
tance for primary leptons in B decays by a factor of 
0.75 10.08, as determined by Monte Carlo 
simuiat~on. 

Assuming the fraction of the charged B mesons in 
1’(4S) decays is 50%, and using e-b u~iversaiit~~ we 
obtain 

=(X8? 1.41 1.3)%, 

where the first error is statistical and the second is 
systematic. The systematic error includes the uncer- 
tainties in the efficiency of the D*O meson and lepton 
detection. and the errors due to uncertainties in the 
shape of the D”y invariant mass distribution for 
background and signat events. 

The lifetime ratio, T{E~)/T~B~~~ can be obtained 
from the ratio of the branching ratios for 
B-+D*“Q-O and BO+D*“Q-ij, assuming that 
r( 8°-+D*+Q-v) zz J’( B-+D*“Q-9’): 

~(3’) ,f’ BR(B”-tD*+P-9) . 

The ratio fo/.fi-=BR(T(4S)3B’B”)/BR(r(4S)~ 
B*B- ) is assumed to be equal to unity as suggested 
by the almost equal masses of the B” and B” mesons 
[15]. The branching ratio for the decay EP-+D*+Q- 

ii was taken from ref. [ 11, resealed to .6/j; = I, and 
adjusted for the DO and D*+ branching ratios used in 
this analysis [ 61. Thereby, we obtain 

r(B+)/-r(B”)=0.91 iO.27kO.21 . 

Theoretical models explaining the lifetime difference 
of charged and neutral D mesons predict a much 
smaller difference in the case of B mesons { IO,1 11. 
Our result agrees with these predictions and with pre- 
vious experimental results [ 5,8?9]. 

For the detern~inat~on of ) L;, I, the nlorne~tn~l 
distribution of D*’ mesons in the decay 
B--+D*“%!-ii is used. This channel is particuIariy 
suitable since the reconstruction efficiency for the D*O 
is practically independent of momentum in contrast 
to the case for the D** in the decay B”-+D*+R-9. As 
has been shown by Vo~oshin and Shif’man [ 16 f the 
decay rate for B--+D*?Z-v when the momentum of 

the D*O is small can be found, in the infinite quark 
mass limit, in a model independent way. Corrections 
to this prediction are of the order of ft2 jm,’ y 5% 
where .u is a characteristic momentum of quarks in 
the meson. Heavy quark effective theory is a recent 
~eneraii~ation of this result, described in more detail 
in refs. [ 16,17 J. In this approach, the decay width 
over the fuII DaIitz plot depends only on the / Ycb( 
matrix element and a single universal form factor, the 
Isgur-Wise function 5 ( ~1. v’ ), where z/e v’ is a product 
of the four-velocities of the B and D* mesons. Fol- 
lowing Neubert [ 18 ] , J r/,, j t( 1) is determined by ex- 
trapolation from the full momentum interval. Fig. 4 
shows I jllch\{(y).)) extracted from the data using the 
following formula [ f 81: 

XjC~rrI:,*(lna-rpl,,*)’ [I +~~~~~~rrz)/~]~ 

x lF,.*,~cY) +&L+D*Lcv) I) -I , 

where the definitions of FB +o;(y), FB _Dt(y) , and 
p.*, can be found in ref. [ i 8 1 and y= VW u’ . In our case 
.v is equal with sufficient accuracy to 

.v=ErJit?*, . 

The shape of the Isgur-Wise function is not fixed 

y=v!v 
Fig. 4. Distribution of 1 b&l r(y). The solid line shows the fit PC- 
suit with linear parametrization of the Isgur-Wise function. the 
dotted line shows the fit result with single-pole ~~r~~etr;zation 
of the Isgur-Wise function. 
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by theory;  however ,  it is equal  to uni ty  when  y =  1 
[ 16 ]. We use a l inear  p a r a m e t r i z a t i o n  for the I sgu r -  

Wise  funct ion:  ~ ( y ) =  1 - p 2 ( y - 1 ) .  The  fit f inds 

p=1 .07_+0 .17  and [Vcb[=0.044_+0.007 using 

rn = ( 1.27 _+ 0 .07)  × 10-L2 s [ 19 ]. S imi l a r  results are 

ob ta ined  for ] Vcb[ unde r  d i f ferent  p a r a m e t r i z a t i o n s  

for the I sgu r -Wise  funct ion ,  such as a s ingle-pole 

mode l  ( p =  1.30_+0.28 and ] I%b] = 0 . 0 4 7 - + 0 . 0 0 9 )  or  

an exponen t i a l  d e p e n d e n c e  for ~(y)  ( p =  1.38_+0.29 

and 4Vcbl = 0 . 0 4 8 _ + 0 . 0 1 0 )  [17] .  The  sys temat ic  er- 

rors are d o m i n a t e d  by the same  sources  as for the 

b ranch ing  rat io  de t e rmina t i on .  A d d i n g  the stat ist ical  

and sys temat ic  errors  in quad ra tu r e  we ob ta in  

I V,,b[ = 0 . 0 4 4 - + 0 . 0 0 9 .  

We obta in  the ] Vcbl ma t r ix  e l emen t  and p - p a r a m e t e r  

which are in good ag reemen t  wi th  the  values  ob- 

ta ined f rom the analysis o f  13°-,D*+~ - 9 decays [ 18 ]. 

In summary ,  we have  obse rved  the decay 

B - - ~  D*°l~-9. The  ex t rac ted  va lue  for  the b ranch ing  

ratio,  toge ther  wi th  the p rev ious ly  measu red  

B R ( g o_, D* + ~-  9 ), a l low an es t ima te  o f  the  ra t io  o f  

the l i fe t imes  o f  charged and  neutra l  B mesons .  The  

C K M  mat r ix  e l emen t  4 V~b[ is ob ta ined  f rom an in- 

ves t iga t ion  o f  the m o m e n t u m  spec t rum of  the D *~ 

meson.  
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