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Abstract 

Using the CLEO II detector at CESR, we have observed two charmed states, where the higher mass state decays to D°cr + 
and to D*°cf +, while the lower mass state decays to D*°cr +, but not to D°cr +. The masses and widths were measured to be 
2425 4- 2 4- 2 MeV/c 2 and 26+8+49 MeV/c 2 for the lower mass state, and 2463 4- 3 4- 3 MeV/c 2 and 27+1~+__55 MeV/c 2 for the 
higher mass state. Properties of these states, including their decay angular distributions and spin-parity assignments have been 
studied. The results of this analysis support the identification of these states as the charged L = 1 D1 (2420) + and D~ (2460) +, 
respectively. The isospin mass splittings between these states and their neutral partners have also been measured. This is the 
first full reconstruction of any decay mode of the D1 (2420) + and the first observation of the decay of D~ (2460) + to D*°~ -+. 

1. Introduct ion 

The D j  mesons consist  of  one charmed quark (Q)  
and one l ight  quark (~) with relative orbital angular 
momentum L. When L = 1, there are four states with 
spin-pari ty JP = 0 +, 1 +, 1 + and 2 +. In the notation in- 
troduced by the Particle Data Group [ 1 ], these states 
are labeled D~, D1 for both 1 + states, and D~ respec- 
tively. 

Parity and angular momentum conservation place 
restrictions on the strong decays of  these D I  states 
to Dcr and D*~r: the 0 + state can decay only to D~r 

through S-wave decay, either 1 + state can decay to 
D*Tr through S-wave or D-wave decays, and the 2 + 
state can decay to both D~- and D*Tr only through 
D-wave decays. 

In the decay chain D j  ~ D * ~  with D* ~ Dcr, the 
helicity angle distribution of  the D* can be used to 
analyze the spin of  the parent D j .  The helicity angle, 
denoted by c~, is defined as the angle between the ~-+ 
from the decay D + ~ D*°cr + and the ~.0 from the 
decay D *° --* D°~ -°, both measured in the D *° rest 
frame. Regardless of  the initial polarization of  the D j  
states, the predicted helicity angle distributions are: 

1 Permanent address: University of Hawaii at Manoa 
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(2 + state) 
(pure S-wave 1 + state) 
(pure D-wave 1 + state) 

(1) 

D1 (2420) o and the D~ (2460) °, 
by ARGUS [2-4] ,  E691 [5], 
[7 ], and CLEO II [ 8 ]. However, 

Table 1 
Allowed strong decays of D j  to D~" and D*~" in the mQ --+ oo 

limit. L f  is the orbital angular momentum between the decay 
products. 

State ( L (j) ) j l ,  D ~  D * ~ 

p(3 /2 )  2 + L I  = 2 L f  = 2 

p!3/2) 1 + - Ly = 2 

their isospin partners are not so well established. The 
D~ (2460) + has only been observed, by ARGUS [9] 
and E687 [7], in its decay to D°w +. Indirect evidence 
for the D1 (2420) + 2 was obtained by E691 [5]. They 
observed a broad enhancement in the D°cr + spectrum 
which they attributed to the decay D + ~ D*°Tr +, and 
the subsequent decay, D *° --+ D°~ -° or D°y with the 
7r°'s or y ' s  being undetected. No previous experiment 
has been able to reconstruct fully a D1 (2420) + candi- 
date or has been able to observe both the D1 (2420) + 
and the D~ (2460) + states. 

The large data sample collected with the CLEO II 
detector, together with its capability to make precision 
measurements of both charged and neutral particles, 
allows us to identify two of the Dj- states and to mea- 
sure their corresponding angular distributions. More- 
over, the isospin mass splittings between the charged 
and neutral states can be measured. 

2. Heavy Quark Effective Theory 

Heavy Quark Effective Theory (HQET) predicts 
the presence of an approximate flavor-spin symme- 
try for hadrons containing one heavy quark (ma ~ 
AQCD) [ 10,11]. In the limit ma --, cx~, the mesons are 
described by S O (spin of the heavy quark), j = Sq 4- L 
(total angular momentum of the light quark), and J = 
j - S O (total angular momentum). The mesons with 
L = 1 are then arranged in 2 doublets as shown in 
Table 1. 

In this limit, the j = 3/2 mesons are predicted to 
decay exclusively in a D-wave, while the j = 1/2 
mesons decay only in an S-wave [10,12]. Mesons 
whose favored decay is D-wave are predicted to be 
relatively narrow (widths of tens of MeV/c2),  while 
those of the other doublet are predicted to be quite 

2 The Particle Data Group [1] refers to this state  as the 
Ds(2440) +. 

P1 (t /2)  1 + - L y  = 0 

P0 1/2) 0 + L f  = 0 - 

broad (widths of hundreds of MeV/c2).  Models 
[ 12-14] predict the ratio of the branching fractions, 
B(D~ -+ D~r) / B ( D ~  --+ D*Tr), to lie in the range 
from 1.5 to 3.0. 

Because of the finite mass of the c quark, the 

P1 (3/2) ---+ D*Tr decay may also proceed via an S- 
wave. In this case, HQET predicts that this S-wave 
amplitude is small compared with typical S-wave 
amplitudes, but it makes no prediction for the relative 
magnitudes of the S-wave and D-wave amplitudes 
[ 10]. On the other hand, the presence of an S-wave 
partial width has been considered in potential mod- 
els [ 13], and its contribution, expressed in terms of 
Ys,/(Fs + FD), where Fs is the S-wave partial width 
and FD is the D-wave partial width, was predicted to 
lie between 0.2 and 0.7. These general features were 
observed in an earlier study, by the CLEO II collabo- 
ration, of the decay D1 (2420) 0 --+ D*+~ - [8]. 

3. Data sample and event selection 

The data used in this analysis were selected from 
hadronic events produced in e+e - annihilations at 
CESR and collected with the CLEO 11 detector. The 
CLEO II detector measures both neutral and charged 
particles with excellent resolution and efficiency. A 
detailed description of the detector can be found else- 
where [ 15]. 

The center-of-mass energies used in this analysis 
were at the mass of  the Y(4S), Ec.M. = 10.580 GeV, 
and in the nearby continuum. The data corresponds 
to an integrated luminosity of 2.37 fb -1. We selected 
hadronic events that have a minimum of three charged 
tracks, a total visible energy greater than 15% of 
the center-of-mass energy (this reduced contami- 
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nation from two-photon interactions and beam-gas 
events), and a primary vertex within ±2  cm in the 
r-q5 plane (perpendicular to the beam) and -t-5 cm in 
the z-direction (the beam direction) of the nominal 
interaction point. 

Each track was required to have an impact param- 
eter in the r-~b plane of less than 5 mm and to have 
a distance of closest approach in the z-direction of 
less than 5 cm, both with respect to the interaction 
point. All charged tracks were also required to have 
dE/dx information. I f  available, time-of-flight infor- 
mation was also used. 

When reconstructing 7r °'s, we used pairs of photons 
from the barrel region, I cos 01 < 0.707, where the en- 
ergy resolution is best. The photons were required to 
have a minimum energy of 50 MeV and to be isolated 
from charged tracks. All ~.0 candidates, whose invari- 
ant mass lay within 50 MeV/c z of the ~.0 mass, were 
kinematically fit to the known ~.0 mass [ 1 ] and, in ad- 
dition, were required to have a momentum of at least 
65 MeV/c.  

4. D~- - -~D°~  + 

To reconstruct D + ~ D°~ -+ 3, we first recon- 
structed the D O in the decay mode K-~r  +. The dis- 
tribution of the decay angle, 0K, defined as the angle 
between the direction of the D O momentum in the lab 
and the direction of the K -  momentum in the D O rest 
frame, is expected to  be flat for signal combinations. 
It showed, however, a large peak at cos 0K = 1, due 
to spurious combinations of  a forward K with a slow 
7r. A cut of cos 0K < 0.8 was accordingly applied. 
Since many D°'s  come from D* decays, we used only 
D O candidates which were not reconstructed daugh- 
ters of a D*. This was accomplished by combining 
each D O candidate with each remaining ~-+ and 7r ° 
in the event and requiring that, for every D°Tr com- 
bination, M(D°~r +) - M(D °) >, 150 MeV/c 2 or 
M(D°Tr °) - M ( D  °) > 147 MeV/c 2. Each D O candi- 
date, surviving the cuts outlined above, was then com- 
bined with each remaining ~-+ in the event. In order 
to reduce combinatorial background we applied a fur- 

3 References in this paper to a specific state or decay will always 
imply that the charge-conjugate state Or decay has also been 
included. 

3201- . . . .  t . . . .  I . . . .  ] . . . .  j . . . .  

% 

Z 

8O 
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~g. 1. The M( D°~ + ) -- M(  D O) mass-difference distribution 
for Ptot > 0.1, as described in the text. The solid line shows 
the complete fit while the dashed line shows the background 
contribution. 

ther cut of xp (D°~ -+) > 0.65, where Xp = P/Pmax and 

Pmax = --~/E~beam -- M2~. We also studied the distribu- 
r 

tion of cos 0~-, where the decay angle, 09, is defined as 
the angle between the direction of the D°~ -+ momen- 
tum in the lab and the direction of the ~+ momentum 
in the D°~r + rest frame. This distribution is expected 
to be symmetric about zero for signal events, but the 
data showed a prominent peak at cos 09 = - 1. This 
peak is produced by combinations of the D O with the 
many slow rr + tracks in an event. A cut of  cos 09 > 
-0 .3  was applied to suppress this large background 
contribution. We then calculated the total probability, 
Ptot, of the candidate using the particle identification 
(dE/dx and time-of-flight) and the reconstructed D O 
m a s s .  etot()(2ot , Ndof) is defined as the probability to 
observe X 2 > Xt2ot for N~of degrees of freedom. For 
signal events this distribution should be flat but due to 
background combinations a prominent peak was ob- 
served at Ptot = 0. In order to reduce this background 
we required Ptot > 0. l. 

The spectrum of the mass-difference, M(D°~ +) - 
M(D°), for all D°Tr + combinations surviving the 
above cuts is shown in Fig. 1. This spectrum was 
fitted with a third-order Chebychev polynomial for 
the background and a Breit-Wigner resonance shape, 
convoluted with a Gaussian resolution function, for 
the signal. The o- of this Gaussian function was 
fixed to 4 MeV/c 2, as determined from Monte Carlo 
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Table 2 
The D~ (2460) + mass and width in MeV/c  2. 200 . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . .  - =  . . . . . . . . .  / . . . .  

Experiment Mass Width 

CLEO II 2463 4- 3 4- 3 27+11+_55 

ARGUS [91 2469 4- 4 4- 6 14 4- 5 4- 8 
E687 [71 2 4 5 3 4 - 3 4 - 2  234- 104-5  

studies. The region from 390 to 440 MeV/c 2 was 
excluded from the fit because this region is populated 
by feed-down, caused by not reconstructing 7r°'s or 
y,s in some D + decay chains, such as D + --~ D*°~ -+, 
with D *° --~ D°~ -° or DO3/. Our fit yielded 319+98 ~ - 7 9  

signal events with a value M(D°~r +) - M ( D  °) = 
598 -t- 3 4- 3 MeV/c 2, which corresponds to a mass 
M = 2463 4- 3 4- 3 MeV/c 2, and an intrinsic width 
F ,y7+11+5 M e V / J .  This state will be identified = ~ ' -  8 - 5  
below as the D~(2460) + state. The first error is 
statistical and the second error is systematic, which 
was estimated by varying the cuts, the background 
parameterization, and spin of the Breit-Wigner dis- 
tribution used. Our results for the mass and width 
of this state, along with previous measurements, are 
listed in Table 2. 

5. D~ --~ D*°cr + 

To reconstruct D~- ~ D*°~ -+ we first reconstructed 
D°'s in the decay modes K - ~  -+ and K-rr+Tr °. The 
D *° candidates were reconstructed by combining each 
D O candidate with each remaining ~.o in the event. 
Each D *° candidate was then combined with each re- 
maining 7r + in the event. In order to reduce combina- 
toriai background, a cut of xp(D*°~ +) > 0.6 and a 
cut of cos 0~r > - 0 . 7  were applied. The decay angle, 
0~r, is defined as the angle between the direction of the 
D*%r + momentum in the lab and the direction of the 
~+ momentum in the D*°~ -+ rest frame. The motiva- 
tion for applying this cut is similar to that discussed 
above in the analysis of the decay D~- --+ D°~r +. We 
calculated Ptot using the particle identification (dE/dx 
and time-of-flight), the D o mass, the Ir ° mass, and 
the mass-difference M ( D *°) - M ( D°) . We required 

Ptot > 0 .1 .  
The spectrum of the mass-difference, M ( D*°~r+ ) - 

M(D*°) ,  for all combinations passing the above cuts 

150 % 

100 

Z 
50 

¢ 
+,+ 

0.15 0.25 0.35 0.45 0.55 0.65 0.75 

M ( D * 0 , r c + ) - M ( D  * 0 )  [ G e V / c  2 ]  

Fig. 2. The M(D*°zr +) --M(D *°) mass-difference distribution 
for - 1  < c o s a  < + l ,  as described in the text. The solid line 
shows the complete fit while the dashed line shows the background 
contribution. 

is shown in Fig. 2. The D~(2460) + state appears 
as a shoulder on the high mass side of the more 
prominent low mass state. The latter will be identi- 
fied below as the D1(2420) + state. This spectrum 
was fitted with a fourth-order Chebychev polynomial 
for the background and two Breit-Wigner resonance 
shapes convoluted with Gaussian resolution func- 
tions for the signals. For each of these Gaussian 
functions we fixed o- = 3 M e V / J ,  as determined 
from Monte Carlo studies. The mass and width of 
one convoluted Breit-Wigner were constrained to 
the measured values obtained above from the decay 
D~(2460) + --. D°~ -+, while the parameters of the 
other convoluted Breit-Wigner were left free. The fit 
yielded 204+_6~ Dl (2420) + signal events and 11~+41 J --40 

D~(2460) + signal events. We also obtained from 
the fit M(D-~) - M ( D  *°) = 419+__ 3 MeV/c 2 and 

F = 19 +9 MeV/c 2. 
The difference in the expected cos a distributions, 

outlined above, can be used to separate the two D + 
states which decay to D*°rr +. In order to determine 
the mass and width of the D](2420) + state and, at 
the same time, to improve the signal to background 
ratio, the D~(2460) ÷ state was suppressed by re- 
quiting I cosa[ > 0.8. The M ( D * ° ~  +) - M ( D  *°) 
spectrum for all combinations passing the above cuts 
with [cos a I > 0,8 is shown in Fig. 3. The promi- 
nent peak observed is due to the D1(2420) ÷ state, 
with the higher mass state clearly having been sup- 
pressed. The fitted values for the mass and width of 
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Fig. 3. The M( D*%r + ) -- M( D *0) mass-difference distribution 
for [ cosa[ > 0.8, as described in the text. The solid line shows 
the complete fit while the dashed line shows the background 
contribution. 

the Dt (2420) + were obtained in two different ways. 
In the first method, the mass and width of the higher 
mass state were constrained to the values given above 
for the decay D~(2460) + --+ D°~ -+, while the pa- 
rameters for the D1 (2420) + state were left free. For 
the suppressed D~ (2460) + state, we then obtained 
0 4- 9 events. For the D1 (2420) + state, the fit yielded 

+33 signal events, M ( D  +) - M ( D  *°) = 4184-24-2 146_29 
MeV/c  2, and F 9t~+8+4 MeV/c 2, in good agree- = ~ " - 7 - 4  
ment with those obtained above. The measured mass- 
difference corresponds to a D1 (2420) + mass of M = 
2425 4- 2 4- 2 MeV/c  2. The second error is systematic 
and was estimated by varying the cuts, the mass and 
width of the fixed state, the background parameteriza- 
tion, and the spin of  the Breit-Wigner shapes used to 
describe the signals. In the second method, simultane- 
ous fits were made to both the M(D°cr +) - M(D °) 
and M ( D*°qr +) - M ( D *°) spectra shown in Fig. 1 
and Fig. 3, with the constraint that the fitted mass and 
width of the D~(2460) + be the same for both spec- 
tra. This approach yielded values for the mass and 
width of the D1 (2420) + state which were within 0.5 
MeV/c  2 of those obtained with the first method. 

A comparison of the M(D*°cr +) - M(D *°) spec- 
tra in Figs. 2 and 3 shows that the helicity angle 
cut, I cos l > 0.8, not only strongly enhances the 
D1 (2420) + signal to background ratio but also sup- 
presses the high mass shoulder from the D~ (2460) + 
state. We therefore report the values of the mass and 
width of the D1(2420) + state to be those obtained 
from the fit to the spectrum with [ cos a I > 0.8. These 

data and fit are shown in Fig. 3. The only previous 
evidence for the existence of the D + was obtained by 
E691 [5], as discussed above. They reported values 
of M = 2443 4- 7 4- 5 MeV/c  2 and F = 41 4- 19 4- 8 
MeV/c 2. 

6. Isospin mass splittings 

In an earlier CLEO II study [8], the D~(2460) ° 
and Dt(2420) ° states were identified as the neutral 
P-wave charmed mesons and their masses and widths 
were measured. The mass values obtained were 
2465 4- 3 4- 3 MeV/c 2 for the D~(2460) ° state and 

A g t + l + 2  . . . .  2-2 MeV/c2 for the Dt (2420) 0 state. From the 
data presented above, the mass splitting between the 
D~ (2460) + and the D~ (2460) 0 and that between the 
D1(2420) + and the D1(2420) ° are, at most, only a 
few MeV/c 2, characteristic of mass splittings within 
isospin multiplets. 

It is therefore natural to propose that the two charged 
states reported here are the isospin partners of the pre- 
viously established neutral states. The near equality of  
the widths of the states within each proposed isospin 
doublet lends further support to this hypothesis. 

We have accordingly extracted the isospin mass 
splittings, M[D~(2460) +] - M[D~(2460)  °] and 
M[D1 (2420) +] - M[D1 (2420)0]. Since the dom- 
inant systematic errors on the masses are due to the 
background shape, the individual errors were simply 
added in quadrature. The contribution to the system- 
atic error from the uncertainty in the momentum scale 
of the charged tracks is negligible. These results are 
summarized in Table 3, along with measurements 
from earlier experiments. 

7. Helicity angle distributions 

We now attempt to determine the spins and parities 
of these D + states by investigating the helicity angle 
distributions in the decays D + ~ D*°~r +. The various 
spin-parity hypotheses and the corresponding helicity 
angle distributions, for the general case of  D j  decays 
to D*~-, are listed in Table 4. 

As discussed in the earlier CLEO II study [ 8 ], the 
dependence of the helicity angle distribution on the 
alignment of the D + may be removed by releasing 
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Table 3 
The D~ and D1 isospin mass splittings in MeV/c  2. 

Experiment M[D~ (2460)+1 - M[ D~ (2460) °] M[D1 (2420) +] - MID1 (2420) 0] 

CLEO II --2 ± 4 4- 4 4+__~+__33 
ARGUS [9] 14 4- 5 4- 8 
E691 [5] 15 4- 11 4-7 a 
E687 [7] 0 4 - 4 4 - 3  

a This value was derived from results presented in Ref. [5], the errors having been added in quadrature. 

Table 4 
List of spin-parity hypotheses and the corresponding helicity angle 
distributions. Aa0 is the amplitude to produce a D* with helicity A. 

Spin-Parity Hypothesis Angular Distribution 

0 + forbidden 
0 - -  C O S  2 o ~  

1 - , 2  + , 3 - , . . .  sin 2 a  
1% 2 - ,  3 + . . . .  IA10l 2 sin 2 c~ + IAoo[ 2 cos 2 c~ 

1.5 . . . .  i . . . .  i . . . .  i . . . .  

0.75 sin 2 

1.0 
o 

z 

Z 0.5 

0 
-1.0 -0.5 0 0.5 1.0 

COS o~ 

Fig. 4. The normalized helicity angle distribution for the 
D~ (2460) +, as described in the text. 

the cut on cos 0~r. We therefore released the cos 0~r cut 
and fitted the M ( D*°cr +) - M ( D *°) mass-difference 
spectra in four bins of  cos o~ from -1 to 1. The masses 
and widths of  both states were fixed to our measured 
values given above. This yields the number of  D~- 
events in each cos oe bin. The normalized helicity an- 
gle distributions for the D~ (2460) + and D1 (2420) + 
states are shown in Fig. 4 and Fig. 5, respectively. The 
error assigned to the contents of  each bin in these plots 
is only the statistical error, and does not contain a con- 

1.5 
, ~  A ( I + B c o s 2  c~) 

~. - - -  0.25 ( 1 • a cos ~ ,~ )  [ 

"~ " . . . . .  1.5 cos ~ ~ 

z 0 .5  

o 
-1.0 -0.5 0 0.5 1.0 

COS (~ 

Fig. 5. The normalized helicity angle distribution for the 
D1 (2420) +, as described in the text. 

tribution from the uncertainty in the mass and width 
of  the State being investigated. The shape of  the cos ce 
distribution was found not to be significantly affected 
when the mass and width fixed in the fit were varied 
within their measured uncertainties. 

Monte Carlo studies showed that, on the scale of  
our statistical errors, our efficiency is independent of  
the helicity angle and does not vary significantly over 
cos O~. We evaluated the X 2 per degree of  freedom 
(x2/Naof) ,  and confidence level (CL) ,  for various 
hypotheses for the shape of  these distributions. The 
results are listed in Table 5. 

The observation of  the decay D~ (2460) + --+ D°~ -+ 
restricts the D~ (2460) + to have natural spin-parity, 
JP = 0 +, 1 - ,  2 + . . . .  In addition, the observation of  
the decay D~(2460)  + --+ D*°~ + excludes J*' = 0 ÷. 
The remaining hypotheses will give a helicity angle 
distribution proportional to sin 2 o~, which is seen in Ta- 
ble 5 to be preferred. Mesons with L > 1 are expected 
to be highly suppressed in the fragmentation process, 
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Table 5 
X 2 and CL for various helici ty angle  distributions. 

State Angular  Distribution X 2/Ndof CL 

D~ (2460)  + sin 2 a 1.3/3 
isotropic 6.1 / 3 

cos 2 a 29 .2 /3  

D 1 ( 2 4 2 0 )  + 

72.9% 
10.7% 
2.0 x 10 -6  

1 + 3 cos 2 a 1.7/3 63.7% 
cos 2 a 6 .7 /3  8.2% 

isotropic 8 .7/3 3.4% 
sin 2 a 27 .8 /3  4.0 × 10 - 6  

suggesting that only the JP = 1 , 2 + hypotheses are 
acceptable for the D2 (2460) + state. We note that the 
assignment JP = 1-  would imply that this state is a 
radial excitation of the D *+. Such a state is expected 
[16], however, to have a mass about 180 MeV/c 2 
higher than the state observed here, and this assign- 
ment is therefore unlikely. This leaves JP = 2 +, as the 
most likely assignment for the D~ (2460) + state, con- 
sistent with the parallel analysis of the corresponding 
neutral state, D~ (2460) 0 [ 8 ]. 

We now investigate the decay of the D1(2420) + 
state. The only observed decay mode is D1 (2420) + ---+ 
D*°zr +, thus forbidding this state to have Je = 0 +. 
The results, presented in Table 5, show that the 
sin 2 a hypothesis is excluded at more than 99% CL. 
Referring to Table 4, this is seen to exclude the 
D1 (2420) -  state from having the quantum numbers 
JP = I - ,  2 +, 3 - ,  . . . .  leaving the possible assign- 
ments, f l '  = 0 - ,  1+, 2 - , . . .  We recall that mesons 
with L > 1 are expected to be highly suppressed 
in the fragmentation process, suggesting that only 
the je  = 0 - ,  1 + hypotheses are acceptable for the 
D1 (2420) -  state. As seen in Table 5, the cosea  hy- 
pothesis is acceptable, which allows the assignment, 
JP = 0 - .  However, this assignment would imply that 
this state is a radial excitation of the D +. Such a state 
is expected [ 16] to have a mass about 150 MeV/c 2 
higher than the state observed here and this assign- 
ment is therefore unlikely. This leaves the assignment 
JP = 1 + as the most probable for the DI(2420) + 
state. 

As discussed above, in the limit ma ~ cx3, HQET 

predicts that the p~/2 mesons undergo a pure D-wave 
decay. The resulting distribution would then have the 
form, 1 ~ 3 cos 2 a. It is therefore of interest to calcu- 

late the CL for this hypothesis. The result is given in 
Table 5. It is seen that this hypothesis gives a good 
description of the data. 

The nature of the helicity angular distributions for 
these D + ~ D*°~ + decays may also be investi- 
gated by fitting these distributions to the form A ( 1 + 
B cos 2 a )  and constraining B to the physically al- 
lowed values from - 1  to c~. For the D~ (2460) + de- 
cay distribution, this gave the result, B = - 1  nn+0.23 . v v _ 0 . 0 0  

with x2/Ndof = 1.3/2 and a CL = 51.3%, For the 
D1 (2420) + decay distribution, this gave the result, 

~+526 with x2/Ndof = 1.6/2 and a CL = B = . . . .  -2 .02  
44.9%. 

The most likely assignments are, therefore, that the 
D~ (2460) + state has JP = 2 + and that the D1 (2420) + 
has j e  = 1 +. This supports the proposal that the 
D~ (2460) + and D1 (2420) + states should be identi- 
fied as two of the charged P-wave charmed mesons. 
In the HQET picture, the observed narrow widths of 

these states suggest that they are the P(23/2) and PI (3/2) 
( j  = 3/2)  cd doublet. 

The conclusions from the analysis presented here 
* 4 of the angular distributions of the D2(2 60) + and 

D1 (2420) + decays are consistent with those from the 
parallel analysis of the D~(2460) ° and D1(2420) ° 
states [8]. These provide further evidence for iden- 
tifying these states as the isospin partners of the 
D~(2460) ° and D1 (2420) 0 states. 

Assuming that the D1(2420) + does indeed have 
j e  = 1 +, both S-wave and D-wave amplitudes 
are allowed in its decay to D*°cr +. The general 
form of the helicity angle distribution for the decay 
D~(2420) + ~ D*°¢r + is then [8]: 

1 dN = 2 { R + ( 1 . R )  [ l + 3 ~ o s 2 a ]  
N d cos a 

+ x/2R(1 - R) cos ~o [1 - 3 cosZ o~1 } ,  (2) 

where R = Fs/(Fs + Fo) ,  Fs is the S-wave partial 
width, FD is the D-wave partial width, and q~ is the 
relative phase of the two amplitudes. 

The hatched region in Fig. 6 shows the region of the 
R-cos q~ plane which is allowed at the 90% CL. A pure 
D-wave decay is allowed for all values of cos q~. For 
positive cos ~o a small S-wave partial width is allowed 
while for negative cos q~ a large S-wave partial width 
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1.00 

0.75 

re 0.50 
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-1.0 -0.5 0 0.5 1.0 

COS 

Fig. 6. Plot o f  R = F s / ( F s + F D  ) versus cosine of the relative phase 
of  S and D wave ampli tudes in the D1 (2420)  - ~ D*°~ -+ decay. 

The hatched area represents the 90% confidence level allowed 
regmn. 

is allowed. Similar conclusions were reached in the 
CLEO II study of the corresponding neutral states [ 8 ]. 

5 , . - 

4 ( a )  

3 

2 
A 

g o  
z (b) + ...., 4 

3 

2 

1 

0 0.25 0.50 0.75 1.00 
X 

P 

Fig. 7. The momentum spectra of  (a )  D~ ( 2 4 6 0 ) -  ---+ D°~r + and 
(b)  D~ (2420) ~ ---* D*°~  -+. The solid l ines show results of  fitting 
the Peterson fragmentation function to the data. 

8. Fragmentation 
Table 6 

Production cross sections t imes branching ratios (pb) .  

The momentum spectra for the decays, D~ (2460)7- 
---, D° ~+ and of D1 (2420) - ---, D*°Tr +, were obtained 
by fitting the observed mass-difference spectra in five 
xp bins from 0.5 to 1. Again, the masses and widths 
of both states were fixed to our measured values given 
above. For each xp bin, the acceptance corrected yield 
is shown as the data points in Fig. 7 (a) and (b).  The 
Peterson fragmentation function [ 17] : 

d N  1 
(3) 1 ..El' ] 2 ' dxp ~ Xp [ 1 xp t-xe 

was fitted to the acceptance-corrected momentum 
a a-~n+0.011+0.0o3 spectra. This gave the values, ep . . . . . . .  0.006-0.003 

and 0.013 +_°~+~.~4, respectively, for the D~ (2460) + 
and D1 (2420) + states. The results are shown in Fig. 7 
(a) and (b) .  Both spectra are quite hard and are sim- 
ilar to those we obtained for both the D~ (2460) 0 and 
D1 (2420) 0 states [8] and for the Dsl (2536) + [ 18]. 

9. Cross sections times branching ratios 

Using the measured yields with the cos 0~. cut re- 
moved, the measured fragmentation functions to ex- 
trapolate to zero momentum, and after correcting for 

Decay Mode  o-(e~e - -.-+ D'~X) • B ( D  +) 

D~' (2460)  + ---* D°qr - 21.9 • 7.7 -t- 2.3 
D~ ( 2 4 6 0 ) -  --* D*° i r  + 1 1 . 5 ± 5 . t  -4- 1.4 

D1 (2420)  ± ~ D*°qr ~ 26.4 4- 7.1 -4- 2.8 

the efficiencies and the relevant D ° and D .° branch- 
ing ratios, we have extracted the production cross sec- 
tions times the branching ratios. The dependence on 
the D + alignment can be removed either by including 
events from the full range of cos 0,~ or by selecting 
events with cos 0,r > 0. We have listed in Table 6 the 
weighted average of these two methods. In these cal- 
culations we have used the CLEO II measurements of 
the D ° and D *° branching ratios [ 19,20]. The system- 
atic errors include .the uncertainties in the branching 
ratios, the uncertainty from the differences between 
various fragmentation models (Peterson [ 17], Lund 
[21], and Kartvelishvili [22] ), as well as the uncer- 
tainty in the extrapolation to xp = 0. 

The production cross sections times branching ra- 
tios for the D + states, given in Table 6, are similar to 
those measured in our earlier study of the D O states 

[81. 
We also set the upper limit: 
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B[D1 (2420) + ~ D%r + ] 
< 0:18 at 90% CL. 

B [ D l ( 2 4 2 0 ) +  ---. D*0~+] 
(4) 

For the JP = 1 + assignment for this state, this ratio 
must be zero. 

Finally, we determined the ratio of  the branching 
fractions: 

B[D~ (2460) + --~ D%r + ] 
= 1 . 9 4 - 1 . 1 4 - 0 . 3 .  (5) 

B [ D~ (/2460) + ---r D*0z-+ ] 

This result is consistent with the theoretical predictions 
• / , . . 

discussed previously and with the ratao obtained in the 
earlier CLEO 1I study of  the D~ (2460) 0 [8] .  

10. Conclusions 

In conclusion, we have observed two charged 
charmed mesons with masses 2425 4- 2 4- 2 MeV/c  2 
and 2463 4- 3 4- 3 M e V / c  2, and with widths 9~+8+4 

~ v _ 7 _ 4  

M e V / c  2 and 9,7+11+5 M e V / c  2 respectively. These 
~ ' -  8 - 5  

have been identified as the probable isospin partners 
of  the D1(2420)  ° and the D{(2460)  °, respectively. 
We determined the isospin mass splittings between 
the charged and neutral DI states to be 4+~+_33 MeV/c  2 
and the corresponding value for the D~ states to be 
- 2  4- 4 4- 4 M e V / c  2. The observed helicity angle dis- 
tributions are in agreement with expectations for the 
decay of  the L = 1 D1 (2420) + and D~ (2460) + states 
and are similar to those of  their neutral partners. In 
addition, the measured widths of  both charged states 
are consistent with the predictions for D-wave decays 
o f  these states. Still further support comes from the 
pattern in the decay channels for these states: re- 
gardless o f  the initial charge, the D* decays both to 2 
D~- and to D*~,  while the D1 decays to D*~-, but 
not to D~ .  Taken together, these results constitute 
strong evidence for identifying these two D + states 

as the charged p(3/2) and P2C3/2)doublet predicted 
by HQET. This is the first definitive observation o f  
the D1 (2420) + state and of  the D~ (2460) + decay to 
D*°cr +. For the D1 (2420) + --~ D*°~ -+ decay, we ob- 
tain constraints on Fs/(Fs + FD ) as a function of  the 
cosine o f  the relative phase of  the S-wave and D-wave 
amplitudes. We have also determined the production 
cross sections times branching ratios for the decay 
mode D1(2420)  + -+ D*%r +, and for the two decay 
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modes o f  D~(2460)  + ~ D%r + and D*°Tr +, obtain- 
ing values in good agreement with the corresponding 
values for the neutral states. In addition, we have set 
an upper limit for the decay D1(2420)  + ~ D%r +. 
Lastly, we have extracted the ratio of  the branch- 
ing fractions for the decays D~(2460)  + ~ D ° ~  + 
and D~(2460) + ---r D*°~ -+. This yielded a value o f  
1.9 ± 1.1 + 0.3 which is consistent both with theo- 
retical expectations and with the corresponding result 
for the neutral state. 
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