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Dedicated to Professor H. Schopper on the Occasion of his 65th Btrthday 

Using the ARGUS detector at the DORIS II storage ring at DESY, we have observed a charmed meson of mass (2455 + 3 +_ 5 ) 
MeV/c 2, decaying to D+n - The natural width of this state is determined to be ~ ~ 1.,_~o_~0j ~ +~3 + s ~ MeV/c 2 The fragmentation function 
is hard, as expected for a leading charmed particle from nonresonant e+e + anmhdatlon Analysis of the decay angular distribution 
supports the hypothes~s that the observed state ~s an L = 1 excited charmed meson w~th spin-panty 2 + 

The  spec t roscopy  o f  exc i ted  c h a r m e d  mesons  pro-  

v ides  an i m p o r t a n t  m e a n s  o f  exp lor ing  the spin- 

s t ruc ture  o f  the  q u a r k - a n t i q u a r k  po ten t ia l  at rela- 

t ive ly  large d~stances; p red ic t ions  o f  the mass  spectra  

and  decay proper t i es  o f  these states have  been  m a d e  

with  several  d i f fe rent  mode l s  [ 1 ]. 

In 1985, the  A R G U S  co l l abora t ion  repor t ed  the  

first  obse rva t ion  [ 2,3 ] o f  a c h a r m e d  m e s o n  o f  mass  

2420 M e V / c  2 decaying  to D*+ ( 2 0 1 0 ) n  - ~ .  T h e  ex- 

is tence o f  the  D * ( 2 4 2 0 ) ,  the  first candxdate  for  an 

L = 1 exci ted  c h a r m e d  meson ,  has been  c o n f i r m e d  re- 

cent ly by two o the r  expe r imen t s  [4 ,5] .  F o u r  such 

L =  1 states should exist, wi th  sp in -pa r i t i e s  o f  0 +, 1 +, 

1 +, and  2+. The  2 + state can decay  to bo th  D n  and  

D * ( 2 0 1 0 ) n  while,  owing  to par i ty  conse rva t ion  in 

s t rong decays,  the 0 + state can decay  only to D n  and  

the 1 + states only to D*(2010) r t .  

The  D * ( 2 0 1 0 ) n  f inal  state is compl i ca t ed  experl-  
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men ta l ly  by the  fact that  the 2 + - 1  + mass  spl i t t ings 

are, in some  models ,  p red tc ted  to be less than  the  nat-  

ural  widths,  leading to ove r l app ing  stgnals. Fur the r -  

more ,  theore t tca l  p red ic t ions  for  the 1 + states are  

c o m p h c a t e d  since the two 1 + states can, and  mos t  

p robab ly  do,  mix  wtth  each other.  

T h e  D n  final  state p rov tdes  the  advan tage  that  the  

2 + and  0 + states should  be well separated,  s ince all 

mode l s  predtc t  a 2 + - 0  + mass  spl i t t ing m excess o f  

100 M e V / c  2. The  E691 Co l l abora t ion  recent ly  re- 

po r t ed  [5] the obse rva t ton  o f  a state o f  mass  

( 2 4 5 9 + 3 + 2 )  M e V / c  2 decaying  to D + n  - ,  which  

they refer  to as the D *° (2459) .  Here  we repor t  on the 

first obse rva t ion  o f t h t s  state m e+e  - ann ih i l a t ion .  

The  analys~s p resen ted  here  is based  on da ta  col- 

lected at center-of-mass  energies a round  10 G e V  wtth 

the A R G U S  de tec to r  at the  D O R I S  II e+e  - s torage 

ring at DESY.  The  da ta  sample  consis ts  o f  243 p b -  

col lected on the " f (1S) ,  ~ ( 2 S ) ,  and  T ( 4 S )  reso- 

nances,  and in the nearby  c o n t i n u u m .  The  A R G U S  

de tec to r  is a 47: spec t rome te r  descr ibed  in deta i l  else- 

where  [ 6 ]. Charged  tracks are  r e q m r e d  to have  mo-  

m e n t u m  transverse  to the b e a m  di rec t ion  greater  than  

60 M e V / c .  Par t ic le  iden t i f i ca t ion  ts m a d e  on the ba- 

sis o f  specif ic  i o m z a t l o n  ( d E / d x )  and t ime-of- f l ight  

( T O F )  measu remen t s ,  wi th  the  i n f o r m a t i o n  be ing  

c o m b i n e d  m t o  a h k e h h o o d  rat io  for each o f  the par-  

t icle hypotheses ,  e, i1, n, K, and  p. All par t ic le  hy- 

potheses  wtth a l ike l ihood  rat io  in excess o f  5% were 

accepted .  
F r o m  our  sample  o f  mu l t l - had ron  events ,  we have  

searched for  exci ted  c h a r m e d  mesons  m the  decay  

channe l  

D*°-- .D+ r~ - , 

where  the D + ts obse rved  m the  decay  m o d e  

O + ~ K - T t + l t  + . 
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Knn combina t ions  which have an invar lant  mass 
within 40 M e V / c  2 o f  the D + mass [7] ,  and which 
agree with the D + mass hypothesis  with a Z 2 o f  less 
than 5, were accepted as D + candidates .  These were 
then combined with all remaining n -  candidates from 
the same event 

Two further requirements  were made  of  the Dn 
combinat ions :  

( 1 ) x p ( D n )  > 0.55, where the scaled m o m e n t u m  
of  the Dn combina t ion ,  x p ( D n ) ,  is def ined by 

x p ( D n )  =p(Dn)/Pma× where P m a x =  ( f b c a m  - -  

m2(Dn) '/2, and 

(2)  cos ~ > - 0.9, where ~ is def ined as the angle 
between the pion flight d i rect ion and the Dn  boost  
direct ion,  as measured  in the Dn rest frame. 

The first cut is mot iva ted  by the expectat ion that  
the xp spectrum of  part icles conta ining a leading pri- 
mary  charm quark will be hard,  while that  of  the 
combina tor ia l  background will be peaked at low val- 
ues ofxp.  The second cut was used to specifically re- 
move the large background arising from random 
combmat lons  with the many  slow pions,  which will 
be peaked near  cos ~ = - 1. 

The mass difference spectrum, m ( D + n - )  - 
m ( D  + ), for all Dn combina t ions  surviving the cuts 
ou thned  above is shown in fig. 1. A clear peak at a 
mass difference of  about  585 M e V / c  2 is observed.  

In order  to check that  the structure observed is not  
a reflection or  a k inemat ic  effect of  the cuts, two tests 
were performed. First,  all " D + " n  - combinat ions  were 
examined,  where the " D  + ' '  was formed from Knn 
combina t ions  from the 40 M e V / c  2 wide s idebands 

8 M e V / c  z N  ~_" ' ' ' ' . . . .  ' . . . .  ' . . . .  
1- 

480 

320 + + 

160 

0 
0 4  0 5  O6 0 7  0 8  

m ( D * n - )  m ( D  ÷ )  [ C e V / c  z ]  

Fag. 1 m ( D + n  - ) - m ( D  + ) mass  &fference spec t rum for all ac- 
cepted D ÷ n  - c o m b m a u o n s  The curve  cor responds  to the fit de- 
scr ibed in the text  

immedia te ly  above and below the accepted D + sig- 
nal region. The resulting mass difference spectrum, 
shown m fig. 2a, exhibits no peak. Second, all so-called 
"wrong-sign" combinat ions ,  D+n +, were examined.  
Agam, the corresponding mass difference spectrum, 
shown in fig. 2b, shows no peak. 

In order  to extract the relevant  parameters  of  the 
signal observed m fig. 1, we fit the mass difference 
spectrum with a s imple non-relat ivis t ic  Bre l t -  
Wigner  convoluted  with a gausslan to describe the 
signal, plus a third order  po lynomia l  to describe the 
background.  The mass resolut ion was f ixed to a value 
of  7.8 M e V / c  2, as de te rmined  from Monte  Carlo 
studies. The fi t ted mass difference is ( 5 8 5 . 4 + 2 . 7 )  
MeV/c 2, corresponding to a mass of  ( 2 4 5 5 + 3 )  
MeV/c 2, in good agreement  with the result of  E691. 
For  the natural  width we obta in  (15_+J31o) M e V /c - ,  
based on a f i t ted number  of  events of  337 + 100. The 
result of  the fit is shown in fig. 1 By varying the cuts, 
the background parametr tza t ion ,  the form o" Bre t t -  
Wlgner  used to describe the signal, and the Monte  
Carlo mass resolution, we es t imate  the systematic 

. . . .  , . . . .  i . . . .  , . . , 

640 ) 

480 *+ +J-¢++,L++++++ ± 

520 ++++~++++++++++++4 +++++ 

16O 

0 ' ' ' , I ~ ~ , , I , , ) , I , , ( , 

400 -+++++++Jr +4-4-+ + 4- (b) 
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200 + ++++++4+ 4 
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0 . . . .  1 , , , , 1 . . . .  1 , , , , 
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Fig. 2 ( a )  m ( " D + " n  - ) - m ( " D  + ' ' )  mass  difference spect rum 
for all  accepted  " D + " n  c o m b m a u o n s  where the " D  ÷ ' '  is taken 
from the s ldebands  above and below the D ÷ signal region (b )  
m (D  +n ÷ ) - m (D  ÷ ) mass  difference spec t rum for all accepted  
"wrong-s ign"  D + n  + combina t ions  
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uncertamty m the mass difference to be ± 5 M e V / c  2 

and in the natural wxdth to be _+~oMeV/c 2. 
The efficiency was carefully studied with a full de- 

tector Monte Carlo simulation, and determined to 
vary only slowly as a function ofxp and of  cos ~ .  

The fragmentation funcnon of  the D*(2459) was 
obtained by releasing the xp cut mentioned previ- 
ously and then fittmg the observed mass difference 
spectrum m five x o bans, fixing the mass and width to 
the values lasted above for the over-all fit, and the 
mass resolunon to the value determined by Monte 
Carlo for each bin. For values ofxp less than 0.5, data 
collected on the "f(4S) resonance were not used, in 
order to exclude a possible contrtbutlon due to 
D*(2459)  mesons produced m decays of  B mesons. 
The resultmg acceptance-corrected Xp spectrum is 
shown m fig. 3, along wath a fit to the fragmentatton 
function ofPeterson,  et al. [8 ], m whtch 

dtr 1 
- - 3 C  
dxp Xp[1--1/Xp--~/(1--Xp)] 2" 

The spectrum is quite hard, as expected, and we ob- 
tain a value of  the fragmentanon varmble 
e=0.06  ± 0.03. For comparison, the ARGUS result 
for the D*(2420)  spectrum is e = 0 . 0 7 ± 0 . 0 4  [3].  In 
neither case are corrections made for initial state 
photon and gluon radmnon. In sharp contrast to the 
hard Xp spectrum of  the signal, that of  the combma-  
tonal  background underneath the peak within ± 30 
MeV/c  2 of  the fitted mass is sharply peaked at xp val- 
ues of  around 0.25, and has a mean xp of  approxi- 
mately 0.3. 

o ~ dXp 

4 

3 

2 

I ! 

0 

: / 

! 

01 03 0 5  07 09 

Xp(Dn)  

Flg 3 A c c e p t a n c e - c o r r e c t e d  x o s p e c t r u m  with  a fit to the  f lag-  

m e n t a n o n  f u n c n o n  o f  Pe te rson  et al 

Using the Peterson et al. fragmentation function to 
extrapolate to zero momentum,  and assuming a sym- 
metric distribution m cos ~ In order to correct for 
the effect of  the cos ~ cut applied, we calculate, for 
a (D*°(2459)  ) × Br(D*°(2459)  ~ D + ~  - ) × B r ( D  + 
--,K-rt+Tt+), a value of  (5 .3+1  6 + 2 . 2 )  pb. The 
dommant  contributions to the systemaUc error arise 
from the uncertainty an the extrapolanon and in the 
natural width of  the D*°(2459 ). Comparing with the 
D ÷ productaon cross section at these energies [ 9 ], we 
obtain the result 

a (D*°(2459)  ) × Br(D*°(2459) ~ D + n  - ) 
~r(D + ) 

=0.11 ±0.04+__0.05 . 

As a check of  the spin-panty  assignment of  the state 
observed, we have also examined the signal m bins of  
cos ~ .  For a spin-pari ty assignment of  0 +, the ob- 
served dastrabutton should be flat, while a non-flat 
distribution would be possible for a 2 + decay if the 
state were not produced wath equal populanons in all 
five possible hehcity states. The observed accep- 
tance-corrected angular d i s tnbunon as shown in fig. 
4, and shows a marked devmtmn from isotropy, al- 
though, as expected, at is symmetric about zero. This 
is in contrast to the angular distribution of  the com- 
binational background underneath the signal, shown 
as the histogram in fig. 4, which is markedly asym- 
metric about zero, being peaked near cos ~ = - 1 due 

dN f N d(eos  ®~) 

1 5  

1 0  

0 0  ~ ~ - - ~ ' ~  ~ ~  
1 0  - 0 5  0 0  0 5  1 0  

cos  (9~ 

Fig 4 A c c e p t a n c e - c o r r e c t e d  cos ~ s p e c t r u m  for  the signal  ( d a t a  
po in t s  wi th  e r r o r  b a r s )  a n d  b a c k g r o u n d  ( h i s t o g r a m ) ,  where  ~ is 

as de f ined  m the  text  The  do t t ed  h n e  is the  resul t  o f  a fit o f  the  

s~gnal po in t s  to an  t so t ropm d m t n b u t l o n ,  whi le  the  d a s h e d  hne  is 
the  resul t  o f  the fit desc r ibed  in the  text  
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to the large background arising from the many low- 
m o m e n t u m  pion candidates. A fit of  the signal distri- 
but ion  to an lsotroplc distr ibution yields a Z e of 11.4 
for four degrees of freedom. If we assume that sum- 
ming over all configurations of the remaining parti- 
cles in the inclusive process e+e - - ,D*(2459 ) X leads 
to an incoherent superposltlOn of the initial  heliclty 
states, we can parametenze  the distr ibution by three 
variables corresponding to the populat ions of the 0, 
the + 1, and the + 2 initial hehcity states. A free fit 
yields populations for the + 2 helicity states which 
are consistent with zero. Setting these identically to 
zero and assuming equal populat ions of the heliclty 
+ 1 and heliclty - 1 states, the resulting fit yields ap- 
proxtmately equal populat ions of Initial hehclty 0, 
- 1, and + 1, with a Z 2 of 1.4 for three degrees of free- 
dom. The result of the fit is shown in fig. 4 as the 
dashed line. The evidence for an anisotropic distri- 
but ion provtdes support for the 2 + s p i n - p a n t y  as- 
signment. This assignment is also favoured theoreti- 
cally by the heavy mass and narrow width, since 
almost all models agree that the 2 + state should be 
the heaviest and narrowest of the four L = 1 charmed 

mesons [ 11. 
In summary,  we have observed the decay of a 

charmed meson of mass ( 2 4 5 5 + 3 + 5 )  MeV/c  2 to 
D+z~ . We measure the natural  width to be 
( 15 +- 13 ++_sin) M e V / c  2. The fragmentat ion funct ion is 
hard, as expected for a particle containing a leadmg 
primary charm quark. An angular analysis provides 
strong support for the hypothesis that the observed 
state is the expected L =  1 excited charmed meson 

with sp in-par i ty  2 +. 
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