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We report on the first observation of D%(2420) — D%z~ 7+ and D} (2420) — D* 7~ «™" decays (where
the contribution from the dominant known D; — D*# decay mode is excluded) in the B~ — DYz~ and
BY — D 7~ decays, respectively. The observation is based on 15.2 X 107 BB events collected with the
Belle detector at the KEKB collider. We also set 90% confidence level upper limits for the branching
fractions of the four following decays: B~ — D%7~, D — D07~ 7+, BY — D w~, D} — D* 7~ =",
B~ — D3°(2460)7~, D} — D7~ 7*, B® — D3*(2460)7~, D5t — D** 7w @,

DOI: 10.1103/PhysRevLett.94.221805

The ground states of heavy-light quark cg system, D and
D* mesons, are well studied. For the D, orbital P-wave
excitation of the cg system only one decay mode D; —
D*r is currently known [1]. Measurements of other modes
are important to the study of heavy-light quark systems and
the production of excited D mesons in B decays. In par-
ticular, there is a significant discrepancy in the branching
ratio R = B(B~ — D3’n)/B(B~ — D7) between
theoretical predictions and current data, if D; — D* 7 is
assumed to saturate the D(2420) width.

Calculations based on the heavy quark effective theory
(HQET) and the factorization approach [2—4] predict a
value R ~ 0.35 [4], assuming nonfactorizable corrections
are small. Experimental estimates of R are significantly
larger. Based on measurements of the ratio B(D;’ —
DY7)/B(D;* — D*"77)[56] anda B~ — D* 7 7~
study [7], the CLEO collaboration obtained R = 1.8 = 0.8.
Recently the branching fractions for the decays B —
D**7r — D™ 71 have been measured with better accuracy
[8], resulting in R = 0.77 = 0.15. [We use D** to denote
P-wave excitations of the D meson, including D,(2420)
and D5(2460).] These experimental determinations assume
that D and Dj decays are saturated by the two-body D
and D™ 7r modes, respectively. The existence of D, decay
channels other than D, — D™ 7 would modify the R
value, possibly lifting the 2.8c discrepancy between the
prediction of Ref. [4] and the experimental results.
Measurements of subleading D** decays are also valuable
for understanding heavy-light quark systems, given recent
unexpected results in the charmed-strange sector [9].

PACS numbers: 13.25.Ft, 12.39.Hg, 13.25.Hw, 14.40.Lb

In this Letter we report the first observation of the D] —
D7~ ar" and DY — D7~ 7" decays, and the results of a
search for the D; — DW 7t 7~ and D, — D*m " de-
cay modes. The D; mesons were reconstructed from the
B — D7~ and B~ — D{7~ decays, respectively. The
results are based on a sample of 15.2 X 10’ BB pairs pro-
duced at the KEKB asymmetric-energy e e~ collider [10].
The inclusion of charge conjugate states is implied
throughout this Letter.

The Belle detector has been described elsewhere [11].
Charged tracks are selected with a set of requirements
based on the average number of hits in the central drift
chamber (CDC) and on the distance of the closest approach
to the interaction point. Track momentum transverse to the
beam axis of at least 0.05 GeV/c is required for all tracks
in order to reduce the combinatorial background. For
charged particle identification (PID), the combined infor-
mation from specific ionization in the CDC (dE/dx), time-
of-flight scintillation counters, and aerogel Cerenkov coun-
ters is used. Charged kaons are selected with PID criteria
that have an efficiency of 88%, a pion misidentification
probability of 8%, and negligible contamination from pro-
tons. All charged tracks with PID responses consistent with
a pion hypothesis that are not positively identified as
electrons are considered as pion candidates. Photon candi-
dates are selected from calorimeter showers not associated
with charged tracks. An energy deposition of at least
30 MeV and a photonlike shape are required for each
candidate. Pairs of photons with an invariant mass within
12 MeV/c* (~2.50) of the #° nominal mass [1] are
considered as 77" candidates. These cuts are commonly
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used in analyses of data collected with the Belle detector to
achieve a good signal to background ratio in the selection
of these particles.

We reconstruct D° (D') mesons in the K 7"
(K~ 7" 7") decay channel and require the invariant mass
to be within 15 MeV/c? (~ 30) of the D (D ") mass. The
D*0 (D*") mesons are reconstructed in the D°7° (D7 ™)
decay mode. The calculated mass difference between D*0
(D**) and D° candidates is required to be within
2(1.5) MeV/c? (~2.50) of the expected value [1]. For
D* — D7 decays the D° — K~ 7t 777~ mode is also
included (the same D* selection criteria were used as
above).

We combine D™ candidates with 77~ 77~ 7" to form B
mesons. Candidate events are identified by their center-of-
mass (c.m.) energy difference, AE = (3,E;) — Epeam» and

the beam constrained mass, My, = {/E2,.. — (2;p)%
where Ep,, is the beam energy and p; and E; are the
momenta and energies of the decay products of the B
meson in the c.m. frame. We define the signal region as
5.273 < M,. < 5.285 GeV/c?* and |AE| <25 MeV. The
sidebands are defined as 5.273 < M, < 5.285 GeV/c?
and 25 MeV < |AE| <50 MeV. If there is more than
one B candidate (this occurs in 12% of the events), the
one with the D) mass closest to the nominal value and the
best w7~ 7 vertex is chosen. We use Monte Carlo (MC)
simulation to model the detector response and determine
the acceptance [12]. A range of D — D decay models
was used for this simulation (see below), and the resulting
variation in efficiency was included in the systematic
uncertainty.

Variables that characterize the event topology calculated
in the c.m. frame are used to suppress the background from
the two-jet-like ete™ — gg continuum process. We re-
quire |cosfy,| < 0.80, where 6, is the angle between
the thrust axis of the B candidate and that of the rest of
the event; this eliminates 77% of the continuum back-
ground while retaining 78% of the signal events. We also
define a Fisher discriminant, ‘F, which is based on the
production angle of the B candidate, the angle of the thrust
axis with respect to the beam axis, and nine parameters that
characterize the momentum flow in the event [13]. We
impose a requirement on F that rejects 67% of the remain-
ing continuum background and retains 83% of the signal.

To suppress the large contribution from the dominant
D, — D*7r — Dmrar decay mode, we apply a requirement
on the invariant mass of the relevant D7 combination
[(mp, — mp) — (mMERS — mEPS)| > 6 MeV/c? (100) [1].

The AE and My ., distributions for the selected B —
D7, D; — D™ a7 candidates are shown in Fig. 1. (To
improve the mpe . mass resolution, we replace it with
Mp= = Mpe o — mpe + my 29 [1].) To plot the AE dis-
tributions, we require My, to lie in the signal region with an
additional requirement |Mpw,_. — M D.| <25 MeV/c?,

where M, is the D, world average mass value; for the
M ) .. distributions we select events from the AE signal
region. (Although there are two D7t 7~ combinations,
they are kinematically separated in the D mass region.)
Clear signals are observed for B~ — DY7~, DY —
D7 7wt and B°— D@, Df = D*@w @" decays.
For branching fraction calculations we use signal yields
determined from the fit to M, .. distributions as it allows
us to directly estimate a possible contribution from the
B — D,m, D, — D decay. The signal shape distribu-
tion is parametrized by a convolution of a resolution
Gaussian (o = 2.5 = 0.6 MeV/c?, set from MC simula-

60
= 50 |- EN
Z awf 2
= F =
= E 1=
B 30 F 3
s E £
> 20 — o
w E >
F w
10
0 o Pz il
-0.2 -0.1 V] 0.1 0.2 2.2 2.325 2.45 2.575 27
AE (GeV) M(D%*r) (GeVic?)
— LN
g 3
= =
= o
3 =
£ Z
2 s
w >
w
0 0 1=
-0.2 -0.1 1] 0.1 0.2 2.2 2.325 2.45 2.575 2.7
AE (GeV) M(D*r*) (GeV/c?)
25
_ g 20 E
= = 15
= < E
2 2wl
w I
H H ’/ |
| L [N L 0 (m
-0.1 V] 0.1 0.2 2.3 2.425 2.55 2.675 2.8
AE (GeV) M(D°r*r) (GeV/c?)
E 20
af E
35 E— N’\17.5 ?
= N E
> 3 E S 155
= 225
22.5 = 8 ~E
E 10
B 2 > E
< - E
g 15 75
frr E 2 E
1E w 5E
0.5 % H 25 |
o & | 0
-0.2 -0.1 1] 0.1 0.2 2.3 2.425 2.55 2.675 2.8

AE (GeV) M(D *r*n) (GeV/c?)

FIG. 1 (color online). AE (left) and My, (right) distributions
for the DY — D7~ o™ (first row), DY — D* @~ 7" (second
row), DY — D07~ 7 (third row), D] — D** 7~ 7" (fourth
row). Open histograms represent the data from the signal area,
solid histograms show the Mp,, (where applicable) and AE
sidebands, the curves are the fit results—for the signal area and
sidebands.
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tion) with a signal Breit-Wigner function; the background
is represented by a linear function. (The D** width in data
was used to validate the MC estimate of detector resolu-
tion.) The D mass and width determined from the fit are
Mpy = 2426 £3 = 1 MeV/c? (statistical and systematic
error, respectively), I'py =24 £7 =8 MeV/ c? for DY
and Mp: =2421 £2 %1 MeV/c?, FDT =21*5=
8 MeV/c? for Df; these are consistent with the world
average values [1]. The signal yields are given in Table I:
the first and second errors on the branching fraction prod-
ucts are statistical and systematic, and the third is a model
uncertainty due to other possible sources of D production,
and contributions from Dj, discussed below. For the B —
Dim—D'm 7wt decay channels, we do not observe
statistically significant signals and thus determine 90%
C.L. upper limits [14] for their branching fractions. In
the fit to the M- distribution, we fix the D; mass and
width at their world average values. The statistical signifi-
cance of signals quoted in Table I is defined as

V=2In(Ly/ Ly, Where L, and L, denote the maxi-

mum likelihood with the nominal signal yield and with the
signal yield fixed at zero, respectively.

To account for contamination from other possible D,
production mechanisms (such as eTe~ — ¢¢ continuum
production or semileptonic B — D,lv decays), we fit the
M. distribution for events in the AE sidebands. In this
fit, we fix the D; mass and width at their world average
values. The fits give —6 = 8 events for the DY and 10 = 11
events for the DY. The resulting uncertainties in the D,
yields are *9% for the DY and +0 — 22% for the Dy .

The B — D3(2460)7r, D; — Dar* 7~ decay may also
contribute to the B— D7~ 7~ 7" final state. To check for
a possible effect, we perform a simultaneous fit to the
MDY 7~) and M(D{ 7" 7~) distributions, where we
assume isospin invariance and require the ratio
N(D3)/N(D;) to be the same for both charge combina-
tions. The fit finds the ratio N(D3)/N(D;) = 0.33 £ 0.14
and signal yields of N(D?) = 120 = 17, N(D;) = 107 =
16. While an excess can be seen near the D3(2460) mass in
D(1) — D%~ 7T there is no evidence of an enhancement in
the D] — D" 7~ 7" mode (see Fig. 1); we set a 90% C.L.
upper limit on the D} contribution of B(B — Dimr~) X
B(D; — Dm"7m") < 0.51B(B — D;7) X B(D, —
D7t 7r~) [15], and determine the D,(2420) yield from the

fit without D3(2460). Fixing the g—% ratio to 0.47 results in a

change of —21% in the D, yield: this is combined in
quadrature with the uncertainty from other possible D
sources, to obtain the ‘“model”” uncertainty in Table I.

The signal yields extracted from the AE distributions are
used only to verify that there is no significant contribution
to the signal from the non-D; peak region. The AE signal
shape is parametrized by a Gaussian with parameters de-
termined from signal MC simulation. The AE background
shape is described by a linear function. We restrict the fit to
the range —0.1 < AE < 0.2 GeV to avoid contributions
from other B decays, where an additional pion is not
reconstructed. Signal yields obtained from the fits to AE
distributions are 106 * 12 for D’z 7~ and 96 = 13 for
D" 7" 7r~, while the corresponding reconstruction effi-
ciencies are 10.8% and 7.6%, respectively. Thus, the event
yields obtained from the two methods are consistent.

In order to determine the D; — D partial width, an
analysis of final states with neutral pions is required. With
only the D; — D7 7~ branching fraction measurement,
an analysis of the decay dynamics could also be useful to
determine the total D; — Dwr width. As the limited
statistics do not allow us to perform a full amplitude
analysis, we consider the one-dimensional projections of
several  variables: Mp,, Mg+, cosO(mgzmy.),
cos®(7p 7}..), and cos®(7z D) (where all angles are
calculated in the D** rest frame). Although these variables
are not independent, they highlight each model’s features.
For instance, the helicity angle distributions differentiate
between the D; — D(7rm) and D; — (D)7 models. We
select events from the B signal region with the additional
requirement  |M(Dmm) — Mp | <25 MeV/c?.  Decays
through the following quasi-two-body intermediate states
are  considered: D, — Dp’—Dn*wm~, D, —
D((2308) — Dmrar, and D; — Dfy(600) = D7* 7~
[we set M; = 0.8 GeV/c* and I'; = 0.8 GeV/c?; the
D;(2308) parameters are taken from Ref. [8]]. We use
the simplest nontrivial Lorentz-invariant expressions for
the corresponding matrix elements in MC simulation [16].
We fit the experimental data with different models. For
each variable we plot two distributions: one from the signal
region and the other from the AE sideband. We perform a
simultaneous fit to these distributions, assuming a Poisson-
like profile in each bin whose mean is the sum of the

TABLE I. Number of events, efficiencies and branching fraction products of B — D**7r, D** — D™ 7+ 77~ decays.

Mode Ny e(1072) B(B — D(;E)Z)’iT) X B(D(l?z) — DW7)(1074) Significance
B~ — D7, DY — D7 7t 151 =24 14.1 (1.85 £ 0.29 = 0.35759,) 8.70
B*—D!7w,Df > D 'm 7" 124 + 20 9.9 (0.89 = 0.15 = 0.17739.) 100

B~ - D'z, DY — DOrt 7 <12 22 <0.06 e

B — Df7,Df - D" wtm” <12.0 34 <0.33

B~ — D7, Dy - D7t o~ <4.4 22 <0.22

B’ — Dyt , Dyt — D* ot <9.0 34 <0.24
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background and signal (for a given model) in the signal
region or the background only in the sideband. The ob-
tained differences of likelihood values for all variables are
listed in Table II. Figure 2 shows the M. and
cos®(7yz D) distributions along with expectations based
on different D; — D77~ decay models [17]. Although
the D; — D decay mechanism describes the data best,
some contribution from other mechanisms cannot be ex-
cluded completely.

It is interesting to examine the dependence of the
R value on the decay mechanism. The expression for
R can be written as s; X B(B~ — D’#w~, D}’ —
D**7w7)/(sy X B(B~ — D7, DY — D**7r™) + 5, X
BB~ — DV7r~, DY — D°z" 7)) where s; is a scale
factor that recovers the full width from the single decay
channel. (These scale factors include the branching frac-
tions of all relevant D**, D*, and D subdecays; the s;
factors are calculated from Clebsch-Gordan coefficients
for each of the three models, without accounting for any
possible interference effects.) Following the procedure
used in Ref. [8] and fixing s; at 3/2, we can calculate s,
factors for different models: s,(D*** — D" 7~) =9/4
(disregarding possible interference effects in DY —
DYm 7% decays), s,(D*0— D%) =3, s5,(D*0—
D°f,) = 3/2. Using the branching fractions measured in
Ref. [8] and here, the central value for R depends on the
decay model in the following way: 0.50 for Dp, 0.60 for
Dfy, and 0.54 for Djr.

The following sources of systematic errors are consid-
ered: tracking efficiency (8% overall, integrated over par-
ticle momenta), kaon identification efficiency (2%
overall), 770 reconstruction efficiency (8%), D branching
fraction uncertainties (2% —7%), MC statistics (2%), model
uncertainty in MC efficiency (10%), uncertainty caused by
variation of cuts (5%), background shape uncertainty
(10%). The uncertainty in the tracking efficiency is esti-
mated using  partially reconstructed D" —
DO[K)7* 7~ ]mw* decays. The kaon identification uncer-
tainty is determined from D** — D[K~ 7" ]7m" decays.
The #° reconstruction uncertainty is obtained using D°

25 20
L 20 At S 175
2 - - L oas
Z 15 ik [ Z125
s I T £
z 10 b £ 75
2 - 2 5
a5 ]
- 2.5
0 0
0257 0325 _ 04 0475 055 T -0 1

5 0 05
M(rn'r), GeV/c CosO(m,D")
FIG. 2 (color online). M+, (left) and cos®(mz D) (right)
distributions for the DY — D7~ #* and DY — D7~ 7", re-
spectively. Points with error bars represent the experimental
data, solid line—D*?7, dashed—Dp, chain—Df, models
with the expected background added. The hatched histogram
corresponds to expected background (from AE sidebands).

decays to K~ 7" and K~ 7" #°. To determine the system-
atic uncertainty in the signal yield extraction, we use
different parametrizations for the background events. The
overall systematic uncertainty is 19% for B — D and
21% for B — D* . We assume equal production rates
for BYB~ and B°B° pairs and do not include the corre-
sponding uncertainty in the total systematic error.

The B~ — D77~ 7~ final state also includes the
D** 7~ 7~ intermediate state with D** — D7 ". We re-
verse the D* veto requirement to select D** 7 77~ events
and measure the branching ratio B(B~ — D** 7w 77 ) =
(1.27 £ 0.07) X 10~* (based on a sample of 85 X 10°BB
events), which agrees well with the value of B(B~™ —
Dt~ 7™) = (1.25 = 0.07) X 10™* measured earlier [8].

In summary, we report the first observation of
D,;(2420) — D7t 7~ decays (with the dominant D, —
D* 7 contribution excluded). The measured branching ra-
tios of the B~ — D7, D' — D7 7" and B’ —
Dym~, Df — D" 7~ 7" decays with the corresponding
statistical significances and systematic uncertainties are
presented in Table I. We find the upper limit for the
possible D3 contribution to these results: B(B —
Dim™) X B(D; — Dn*m~) < 051B(B — Dy7m~) X
B(D, — D= a). No statistically significant signal has
been observed for the D** — D*7* 7~ decays. The cor-
responding 90% C.L. upper limits are listed in Table I.
Analysis of the D, — D#* 7~ dynamics shows that the
decay model D; — Dy gives the best description of the
data. The R = B(B~ — D;°7~)/B(B~ — D7) value
calculated assuming D; — Djm dominates is 0.54 *
0.18; this is ~20 lower than the previously published
one and is consistent with the expectation for R from
HQET and factorization [4].

We thank the KEKB group for the excellent operation of
the accelerator, the KEK cryogenics group for the efficient
operation of the solenoid, and the KEK computer group
and the NII for valuable computing and Super-SINET
network support. We acknowledge support from MEXT
and JSPS (Japan); ARC and DEST (Australia); NSFC
(Contract No. 10175071, China); DST (India); the BK21
program of MOEHRD and the CHEP SRC program of

TABLE II.  The likelihood values for the D — Dp(Lp,) and
Dy — Dfo(Lps,)D; — D decay models in Goodness-of-fit
tests compared to the D; — Dj 7T(LD67T) model.

Distribution (=2InLp, /LDSW)I/2 (=2InLpy, /LDSW)I/2
DY DT D% DT

My, 2.5,2.7 19,29

M- 3.4, 1.6 52,47

cosO (7 7)) 1.6, 2.5 —2.0°, 3.4

cosO (7 7)) 2.5, 3.0 4.0,29

c0s® (75 D) 2.0, 0.5 3.2, 40

“In this case Lpy, < Lp: .
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We use the mean +1.28 ¢ construction to set the limit. As
most of the systematic uncertainties cancel in the ratio of
the branching fractions, the systematic uncertainty is

negligible.

We use the following expressions for matrix
elements for the D,—Dmm decay:
F*"(B°, 7} )F ,,(Dj, wgf)P(Df),,P(D()”,

FOUBY, 5 )F 0 (f0, D)P(DY) , P(DT ),

F(BY, wf)F,, (p° ) — m,)P(Dy),P(Dy)*, where

the following notation is used: FA”(A, B) = P{P% —
PyP%, P(B—C) = P(B)— P(C), and P stands for a
4-momentum.

In the case of the Dfy model the key cos® (75 D) distri-
bution is practically independent of the f;, mass and width.



