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Abstract. Using the A R G U S  detector at the e + e -  
storage ring DORIS  II, we have measured branching 
ratios for the Cabibbo-suppressed decays D O ~ re- rc +, 
D O ~ K -  K § and D O --* K ~ K -  rc § observed the Ca- 
bibbo-allowed decay D O ~ K ~ o o Ks Ks and obtained an 
upper limit on the branching ratio for D~ K~163  ~ 

1 I n t r o d u c t i o n  

The study of Cabibbo-suppressed D~ is an im- 
por tant  means of probing the interplay between the 
weak and strong interactions. Much theoretical and 
experimental attention has been given to the under- 
standing of Cabibbo-allowed channels, culminating 
in a coherent picture of heavy mesons decays [1-7].  
Now that experiments are reaching a level of sensitivi- 
ty which allows the systematic study of the Cabibbo- 
suppressed channels, these ideas can and should be 
further tested. One particularly interesting feature of 
Cabibbo-suppressed D O decays is the ratio between 
the branching ratios for the D ~ K - K  § and D o 
--,7~-~+ channels. Assuming SU(3) flavour symme- 
try, one would expect this ratio to be close to unity. 
However, the M A R K  II  [8] and M A R K  II I  [9] col- 
laborations have reported experimental values of ap- 
proximately 3.7. There have been theoretical at tempts 
to explain this discrepancy by final state interactions 
[10, 11] or even by a contribution from penguin dia- 
grams [12]. A more precisely measured value would 
be of obvious interest. 

In this paper  we discuss measurements of the Ca- 
bibbo-suppressed decays D O ~ n -  n +, D O --* K -  K +, 
D O ---, K ~ K -  rc +, and D O ~ K ~ ~o ,  and also present 
evidence for the Cabibbo-allowed decay D ~  
KO o o Ks Ks .  

2 D a t a  a n a l y s i s  

The data sample used for these studies corresponds 
to an integrated luminosity of 340pb-a  obtained with 
the A R G U S  detector at the DORIS  II  storage ring 
on the F(1S), Y(2S) and Y(4S) resonances, and in the 
nearby continuum. The A R G U S  detector is a 4re 
spectrometer described in detail in [13]. Charged par-  
ticle identification is made on the basis of specific 
ionization and time-of-flight measurements,  which are 

, combined into a likelihood ratio for each of the al- 
lowed hypotheses e, /~, n, K, and p. All particle hy- 
potheses with a likelihood value in excess of ! % were 
accepted. 

In this study, we have reconstructed D o mesons 
originating in the decay D *+ ~ D ~  +*. This tech- 

* References to a specific particle state should he interpreted as 
implying the charge-conjugate state also 

nique exploits the small Q value of the D* + decay 
in order to obtain signals with very low backgrounds. 

D o mesons were reconstructed in a total of 6 decay 
channels: D ~  +, D ~  + , D ~  +, 

o o D O ~ , K  o re+. D~ ~ K ~  K - r c  +, D~ ~ Ks K s ,  and ~ -  
Combinat ions with poorly measured tracks and 
therefore large errors on the determined mass of the 
D o candidate were rejected, by requiring this error 
to be less than 30 MeV/c 2. D O candidates were further 
required to have a measured mass within two stan- 
dard deviations of the accepted D o mass; mass resolu- 
tions for all channels were determined by Monte Car- 
lo and were found to range from 15 MeV/c z for D O 
-~K~ + to 22MeV/c  2 for D ~  +. For  all 
surviving candidates, a kinematic fit was performed 
which constrained the mass to the accepted D o mass. 
These candidates were then combined with all appro- 
priately charged pions in the same event in order to 
look for a D* + signal. 

Due to the observation that the fragmentation of 
pr imary charmed quarks produces a hard D* + mo- 
mentum spectrum, all D~ + combinations were re- 
quired to satisfy xv(D~)>0.5,  where the scaled mo-  
mentum of the D~ combination, xp(D~),  is defined 
by xp(D ~)= p(DrO/Pmax. This requirement greatly re- 
duces the combinatorial  background, whose momen-  
tum spectrum is peaked sharply at low values of xp. 

Specific details of the analysis of the various D o 
decay modes under study will be presented below. 

3 D o --* K -  K + and  D O ~ ~ -  n + d e c a y s  

The distribution of cos 0_, where 0_ is the angle be- 
tween the negatively charged particle from the D o 
decay and the D O boost direction, as measured in 
the D o rest frame, should be isotropic. In contrast, 
the distribution of r andom K-~z + and 7~-7~ § combi- 
nations tends to peak strongly at small forward and 
backward angles. Therefore, for channels D O --. K -  7~ + 
and D O ~ g - n +  we required Icos 0_1<0.85 in order 
to further suppress combinatorial  background. 

For  the K - K  + channel, the likelihood ratio for 
kaon identification was required to be larger than 
10% in order to reduce the number  of background 
events. The same cut was used in the D ~  + 
analysis, against which the normalization was per- 
formed. 

Of particular importance for these analyses is par- 
ticle misidentification, since misidentification of only 
one of the particles in the decay D~ K - r c  + can feed 
events into the Cabibbo-suppressed channels. 

In order to study this correlated background we 
reconstructed D O mesons in the D ~  - rc + decay 
channel and applied the mass-constraining kinematic 
fit to all K -  rc § combinations with an invariant mass 
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within 80 M e V / c  2 of  the D o mass  ( a p p r o x i m a t e l y  
_+4a). A cha rged  p ion  was then a d d e d  in o rde r  to 
look  for a D* § signal. F o r  c o m b i n a t i o n s  f rom the 
D *+ peak  we then ass igned the K § hypo thes i s  to 
the ~z + f rom the D O decay  and  l ooked  for a D *+ 
signal  f rom the fake K - " K  +"  combina t ions .  The  
events which passed  all selection cr i ter ia  for the 
K - K  § channel  were then cons ide red  as a misidentif i -  
ca t ion  b a c k g r o u n d  for D ~  + decay.  In  fact, 
due to the existence of  some c o m b i n a t o r i a l  back-  
g r o u n d  unde r  the  D* § peak,  this p r o c e d u r e  overest i -  
mates  the ac tua l  backg round .  

Def in ing  A M  as the mass  difference be tween  the 
nomina l  D O mass  and  tha t  of the K -  " K  §  c o m b i n a -  
t ion,  we have  plot ted ,  in Fig.  1 b, the  entr ies  in the  
A M - - c o s  0_ plane  for all  mis ident i f ica t ion  back -  
g r o u n d  events  ob t a ined  in this manner .  D u e  to rc + 
--* " K  +"  mis ident i f ica t ion,  the  K -  " K  +"  c o m b i n a -  
t ions p o p u l a t e  a reg ion  of  posi t ive  A M  and  negat ive  
cos 0_ .  The  A M  behav iou r  results  f rom the ass ign-  
ment  of  the kaon  mass  to a pion.  The  cos 0_ t r end  
can be u n d e r s t o o d  to resul t  f rom the increase  of  the 
p i o n - k a o n  mis ident i f ica t ion  p r o b a b i l i t y  with increas-  
ing m o m e n t u m ;  negat ive  cos 0_ entr ies  ar ise  f rom 
those  events  in which the mis ident i f ied  par t ic le  is go-  
ing fo rwa rd  with  respect  to the D O b o o s t  d i rec t ion  
and  therefore  has a large m o m e n t u m  in the l ab  frame. 
This source  of  b a c k g r o u n d  is r emoved  comple te ly  by  
requi r ing  tha t  all accepted  K + K -  c o m b i n a t i o n s  lie 
above  the l ine in the  ( A M - c o s  0_) p lane  shown in 
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Fig. 1 b. A n  a n a l o g o u s  p rocedu re  and  cut  were used 
to remove  mis ident i f ied  c o m b i n a t i o n s  f rom D O 
- - , K - n  + which feed in to  D ~  + (see Fig.  la ) .  
The  b a c k g r o u n d  due  to  a long  non -gauss i an  tai l  in 
the  D O mass  spec t rum in the K -  n + channel  was esti-  
m a t e d  to be less than  3 events and  therefore  neglected.  

A n o t h e r  i m p o r t a n t  source  of b a c k g r o u n d  arises 
from the decay  D ~  ~ Miss ing  the n o and  
also mis ident i fy ing  the n + as a K § can  feed events  
f rom K -  n + rc ~ in to  the K -  K + channel .  However ,  the  
wid th  of  the D* § peak  resul t ing f rom mis ident i f ied  
events is 2.5 t imes  la rger  than  for the signal.  The  shape  
and  n o r m a l i z a t i o n  of  this b a c k g r o u n d  were deter-  
mined  by  a M o n t e  Ca r lo  s tudy,  and  then a d d e d  to 
the s m o o t h  b a c k g r o u n d  used dur ing  the f i t t ing p roce-  
dure  of  the D ~  + invar ian t  mass  d i s t r ibu t ion .  

The  resu l tan t  DOn + i nva r i an t  mass  p lo t s  are  
shown in Fig.  2. The  spec t ra  were f i t ted wi th  a func- 
t ion  which  is a sum of  a gaussian,  to  pa r ame t r i ze  
the signal,  and  a p o l y n o m i a l  t imes s q u a r e - r o o t  thresh-  
o ld  factor,  to  p a r a m e t r i z e  the b a c k g r o u n d .  The  back-  
g r o u n d  funct ion for the  K + K -  channe l  also inc luded  
the a dd i t i ona l  reflection c o n t r i b u t i o n  descr ibed  
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Table 1. D~ into K-  K + and 7r- 7r + 

D o decay mode Number of events Ratio ARGUS MARK III [-9, 19] 

K-  K + 131 _+20 BR(D~ K-  K +) 0.10 __+0.02 _0.01 0.122___0.018_+0.012 
BR(D~ K - 7r +) 

7r-Tr + 57_+ 9 BR(D~ ~ 7r- 7 r + )  0 .040_+0.007-+0.006 0.033-+0.010-1-0.006 
BR(D O -o K -  7r +) 

K - n  + 1350_+38 BR(D~ +) 4.2 -+0.4 -+0.4 

B R ( D ~  2.5 _+0.7 
BR(D~ 3.7 +1.4 

above.  Since the  obse rved  signal  widths  are  cons is ten t  
wi th  the r e so lu t ion  of  1 M e V / c  2 expected f rom M o n t e  
Ca r lo  studies,  the  wid th  of  the gauss ian  was fixed 
to this value  dur ing  the f i t t ing procedure .  In  Tables  1 -  
3 are  s u m m a r i z e d  the n u m b e r  of  fi t ted events  in each 
channel ,  a n d  the resul t ing b ranch ing  ra t ios  no rma l -  
ized to the C a b i b b o - a l l o w e d  channel  D ~  K - r c  +. 

M a n y  of  the  sys temat ic  e r rors  in the ra t io  of  
b r anch ing  ra t ios  cancel,  since mos t  of  the efficiencies, 
such as t r ack  r econs t ruc t ion  and  t r igger  efficiencies, 
are  equal  for the C a b i b b o - s u p p r e s s e d  and  C a b i b b o -  
a l lowed channels .  The  on ly  factors  which con t r ibu te  
are  differences in the  par t ic le  ident i f ica t ion  efficiencies 
for the  A M - - c o s  0_ p lane  cut, and  losses due tO k a o n  
decay.  The  par t ic le  ident i f ica t ion  efficiency was deter-  
mined  f rom the da ta ,  while the o ther  two were deter-  
mined  by  M o n t e  Car lo .  The  d o m i n a n t  source of  the 
sys temat ic  e r rors  is the unce r t a in ty  in the  b a c k g r o u n d  
shape  of  the D o r~ + mass  spectra.  

The  decays  D ~  + and  D ~  + have 
been s tud ied  by  several  g roups  [-8, 9, 14, 15]. The  
mos t  accura te  results  were o b t a i n e d  by  the M A R K  
I I I  c o l l a b o r a t i o n  [9],  which  are  inc luded in Tab le  1. 
O u r  ra t io  of  b r a n c h i n g  ra t ios  for the  decays  D ~  
K - K  + and  DO--* re-rc + is lower  than  the M A R K  II I  
result ,  bu t  cons is ten t  wi th in  the large errors .  

4 D O ~ K ~  ~ a n d  D O --* ~ / ~  K ~  d e c a y s  

The decay  D ~ 1 7 6 1 6 3  ~ is in teres t ing  because  it can  
occur  only  t h r o u g h  final s ta te  in te rac t ions  (see [17] 
for a discussion),  and  thus, if observed,  is a clear  indi-  
c a t o r  of their  impor tance .  

K ~ mesons  were recons t ruc ted  f rom re-r~ + pa i rs  
f rom seconda ry  vert ices [,13]. The  cosine of  the angle  
be tween the m o m e n t u m  vec tor  of  the rc + r t -  sys tem 
and  the d i rec t ion  f rom the in te rac t ion  po in t  to the  
K ~ decay  vertex was requi red  to be larger  than  0.9. 

N o  event  was seen in the D* + mass  region  f rom 
the decay  D ~ 1 7 6  ~ while there were 282_+18 
events  f rom the decay  D ~  ~ U s i n g  
BR(D ~ ~ K  ~ 7t- ~ + ) = ( 3 . 2 + 0 . 4 + 0 . 4 ) %  [-14], we ob-  
ta in  an  uppe r  l imit  of  BR (D o ~ K ~ K "~ < 0.11% at the 
90% conf idence level. 

A s l ight ly  be t te r  l imit  can  be ob t a ined  d i rec t ly  
f rom the o o Ks Ks mass  d i s t r ibu t ion ,  wi thou t  requ i r ing  
the D* + recons t ruc t ion .  This  l imit  and  number s  of  
events  in each channel  are  shown in Table  2. The  
ra t io  BR(D ~ ~ K ~ 1 7 6  ~ ~ K -  K +) is s l ight ly  
la rger  than  value  recent ly  r epo r t ed  [,18] by the E400  
c o l l a b o r a t i o n  (after scal ing the E400  result  by a fac tor  
of  two, to accoun t  for B R ( D ~ 1 7 6 1 7 6  ~ 
___, K o K~ 

Table 2. D~ into K ~ K ~ K ~ and K ~ K ~ 

D o decay mode Number of events Ratio ARGUS Other experiments 

BR(DO--, K o K o K ~ 
K~ K ~ K ~ 5.5_+2.5 

BR(D ~ --* K ~ 7r- n+) 

K ~ K ~ < 8 BR (Do ~ / ~ 0  K 0) 
BR(D~ ~ K~ rt + ) 

K~ n + 876 _+29 BR(D~176 +) 

0.034_+0.014_+0.010 

<0.016 at 90% CL <0.072 at 90% CL [19] 

3.2 +0.4+0.4 [14] 

BR(D 0 ~/~o K o) 
<0.24 at 90% CL 0.20 _+0.15 [18] 

BR(D~ ~ K - K +) 
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Fig.  3. I n v a r i a n t  m a s s  d i s t r i bu t i on  o f  K ~ K ~ K ~ 

It is worthwhile to mention that we see a D O signal 
in the K ~ K ~ Ks ~ final state (see Fig. 3). This is the 
first observation of this channel. The fitted number  
of events, and the resultant branching ratio for this 
channel, are also listed in Table 2. The significance 
of the signal is more than four standard deviations. 
There is no t7 quark in final state of this channel as 
in the case for D O ~ / ~ o  ~b, previously observed 1-20]. 

Efficiencies for these channels with K ~ mesons 
were determined by Monte  Carlo. Uncertainties from 
this source range from 24% in BR(D~ ~ K  ~ Ks~ Ks)~ 
to 11% in B R ( D ~ 1 7 6  This is the main 
source of systematical uncertainties. 

5 O ~ ~ ~ K -  n + decay 

In Fig. 4, the DOn + invariant mass distributions are 
shown for the decays D ~ 1 7 6  + and D O 

K ~ n-rc  +. Here we required that the scaled mo- 
mentum of the D* + exceeds 0.6 in order to reduce 
the large combinatorial  background. 

Misidentification of a pion as a kaon can feed 
events from the decay D ~ 1 7 6  + into the D O 
---> K ~ K - r c  + channel. However, the resultant mass 
shift in this case is larger than in two-body D O decays, 
and so misidentified events lie outside the D O mass 
region. For  the same reason background due to K ~ rc 
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misidentification in the decay D ~  ~ K - K  + is neg- 
ligible. 

Missing the n ~ combined with n ~ K misidentifi- 
cation, can feed events from the decay D O 
~ K ~  ~ into the D ~ 1 7 6  § channel. 
However, the width of the D* § mass spectrum for 
misidentified events is substantially larger than for 
the signal. The contribution from this background 
source was determined by Monte  Carlo study, and 
then added to the smooth  background used during 
the fitting procedure of the D~ + invariant mass dis- 
tribution. The fitted number  of events and the ratio 
B R ( D ~  ~ K -  n + ) / B R ( D ~  ~ n -  n +) are shown 
in Table 3. 

Figure 5 shows the invariant mass distributions 
for K ~  + and K - n  + combinations in the D O 

Table  3. D O ~ K ~ K -  7r + d e c a y  

D o d e c a y  m o d e  N u m b e r  o f  events  R a t i o  A R G U S  O t h e r  e x p e r i m e n t s  

K ~ K -  n + 39 + 7 B R ( D ~  ~ K ~  K -  n +) 0.16--+0.03 _+0.02 0.16_+0.07 [15 ]  
B R ( D ~  ~ K ~ n -  n +) 

K * + K  - 15_.+7 B R ( D ~  0 . 1 0 _ + 0 . 0 4 + 0 . 0 2  0.13_+0.09 [19 ]  
B R ( D  ~ ~ K ~ re- g+)  

K o / ~ , o  < 5  B R ( O ~ 1 7 6 1 7 6  < 0 . 0 3  a t  9 0 %  C L  < 0 . 0 9  a t  9 0 %  C L  [19 ]  
B R ( D  ~ --, K o g -  g +) 

K ~ zc- 7z + 282_+ 18 B R ( D ~  ~ K ~ ~z- n +) 3.2 + 0 . 4 + 0 . 4  
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Fig. 5. a) Ks~ n+ and b) K - n  + invariant mass distribution for the 
decay D~ K ~ K -  n + 

K ~ K -  n + signal from D* + region. Some indication 
of K *§ production can be seen. The ratio of the 
branching ratio for the decay DO---, K* § K - ,  and the 
upper  limit for D ~ 1 7 6  ~ normalized to the D O 

K ~ n -  n + branching ratio are listed in Table 3. 
In summary,  we have measured branching ratios 

for the Cabibbo-suppressed decays D ~  +, D O 
~ K - K  +, D ~ 1 7 6  +, and D ~  -. We 
have also obtained upper  limits on B R ( D ~ 1 7 6 1 6 3  ~ 
and B R ( D ~ 1 7 6 1 7 6  Our measurements are in 
agreement with the results obtained in the other ex- 

periments but are more precise. We have also ob- 
served the Cabibbo-allowed decay D O--* Ks~ Ks~ Ks.~ 
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