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Discussion on Cross Section Measurement for 𝐷𝐷̄ Production around 𝜓(3770) *
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We give a brief discussion on the measurement of the cross section for 𝐷𝐷̄ production around the 𝜓(3770)

resonance, and point out a new calculation of the cross sections based on the absolute measurements. Compared

with single tag and double tag analyses, the new calculation provides us with many more opportunities to perform

the cross section measurement.
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The 𝜓(3770) resonance is produced around the
center-of-mass energy of 3.773 GeV, and is believed
to decay into 𝐷𝐷̄ pairs with a branching fraction
∼ 100% for a long time. In recent years, how-
ever, several measurements have been carried out by
the BES-II experiment[1] to point out and emphasize
that there is a branching fraction of about 15%[2] for
𝜓(3770) → non−𝐷𝐷̄. On the other hand, the CLEO-
c experiment stresses that the non−𝐷𝐷̄ branching
fraction should be very small,[3] based on its mea-
surement of the cross section for 𝐷𝐷̄ production,[4]

which is much larger but more precise than the re-
sults of the previous measurements. Therefore, pre-
cise measurements of the cross section for 𝐷𝐷̄ produc-
tion are very important in understanding the 𝜓(3770)
non−𝐷𝐷̄ puzzle. On the other hand, the measure-
ment of the cross sections can also serve in the calcula-
tion of 𝜎obs

𝐷+𝐷−/𝜎obs
𝐷0𝐷̄0 . This ratio around the 𝜓(3770)

resonance in 𝑒+𝑒− annihilation has special significance
in studies of the nature of 𝜓(3770), the production and
decay of 𝐷 mesons as well as their interaction mech-
anism. The measurement of 𝜎obs

𝐷+𝐷−/𝜎obs
𝐷0𝐷̄0 can also

serve as a probe for some unknown effects, which may
be responsible for the interesting results of 𝜓(3770)
production and its decays reported in Ref. [5]. In the
last year, the BES collaboration presented a measure-
ment of the ratio 𝜎obs

𝐷+𝐷−/𝜎obs
𝐷0𝐷̄0 at a series of energy

points from 3.74 to 3.80 GeV,[6] which gave the curve
of energy-dependent 𝜎obs

𝐷+𝐷−/𝜎obs
𝐷0𝐷̄0 together with the

line shape of 𝜎obs
𝐷+𝐷− and 𝜎obs

𝐷0𝐷̄0 . The resulting dis-
tributions provide us with some interesting points, al-
though they suffer from large uncertainties. Thus, the
measurement of cross section for the 𝐷𝐷̄ production
based on the largest high quality data sample collected
by the BES-III experiment is very important and in-
teresting.

For the 𝑒+𝑒− annihilation experiment around the
𝜓(3770) peak, the 𝐷 mesons are produced in pairs,
that is to say, if a 𝐷̄ meson is reconstructed in an
event, which is called a singly tagged 𝐷̄ event, there

must exist a 𝐷 meson in the system recoiling side
against the tagged 𝐷̄. If the pair 𝐷𝐷̄ is fully re-
constructed in an event, the event is called a doubly
tagged 𝐷𝐷̄ event. Traditionally, there are two meth-
ods to perform the measurement of the cross section
for 𝐷𝐷̄ production based on singly tagged 𝐷̄ events
and doubly tagged 𝐷𝐷̄ events, respectively, called the
single tag method and the double tag method.

In the measurement of the 𝐷𝐷̄ cross section based
on the singly tagged 𝐷̄ events, the number of singly
tagged 𝐷̄ mesons 𝑁𝐷̄tag

and the observed cross section

𝜎obs
𝐷𝐷̄

are related to each other,

𝜎obs
𝐷𝐷̄ =

𝑁𝐷̄tag

2 × ℒ× ℬ × 𝜖
, (1)

where ℒ is the integrated luminosity of the data sam-
ple, ℬ is the branching fraction for the tag mode
through which we reconstruct the 𝐷̄ meson, and 𝜖 is
the detection efficiency of the tag mode determined
from Monte Carlo simulation. The singly tagged 𝐷̄
mesons are observed in the invariant mass spectra of
the daughter particles from the 𝐷̄ decay. Since there
are much better resolutions for neutral and charged
tracks at the BES-III than those at the BES-II, we
can apply more tag modes to obtain the number of
tagged events 𝑁𝐷̄tag

than those used in Ref. [7]. The

𝐷̄0 mesons can be reconstructed in the tag modes like
𝐷̄0 → 𝐾+𝜋−, 𝐷̄0 → 𝐾+𝜋−𝜋−𝜋+, 𝐷̄0 → 𝐾+𝜋−𝜋0,
𝐷̄0 → 𝐾+𝜋−𝜋−𝜋+𝜋0, 𝐷̄0 → 𝐾0

𝑆𝜋
+𝜋−, 𝐷̄0 →

𝐾0
𝑆𝜋

+𝜋−𝜋0 and 𝐷̄0 → 𝐾0
𝑆𝜋

0, and the 𝐷− mesons can
be reconstructed in the tag modes of 𝐷− → 𝐾+𝜋−𝜋−,
𝐷− → 𝐾+𝐾−𝜋−, 𝐷− → 𝐾+𝜋−𝜋−𝜋0, 𝐷− → 𝐾0

𝑆𝜋
−,

𝐷− → 𝐾0
𝑆𝜋

+𝜋−𝜋− and 𝐷− → 𝐾0
𝑆𝜋

−𝜋0. The can-
didate tagged events can be selected based on the
method described in Ref. [8].

In the single tag method, we measure the prod-
uct 𝜎obs

DD̄
ℬtag instead of 𝜎obs

DD̄
. Thus the extracted ob-

served cross sections suffer from the input ℬtag from
PDG, which will greatly enhance the systematic error
of the analysis. Thus, in order to make the measure-
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ment independent of the branching fractions of the tag
modes, we should employ the technique developed by
the MARK-III collaboration,[9] in which we validate a
𝜒2 minimization constructed as

𝜒2 = Σ𝑖

(︂
𝑁single(𝑖) −𝑁net

single(𝑖)

𝜎𝑁net
single

(𝑖)

)︂2

+ Σ𝑖𝑗

(︂
𝑁double(𝑖, 𝑗) −𝑁net

double(𝑖, 𝑗)

𝜎𝑁net
double

(𝑖,𝑗)

)︂2

, (2)

where 𝑁single(𝑖) is the expected number of the singly
tagged 𝐷̄ events, 𝑁double(𝑖, 𝑗) is the expected number
of the doubly tagged 𝐷𝐷̄ events, 𝑁net

single(𝑖) is the ob-
served number of the single tags after excluding back-
ground contamination, and 𝑁net

double(𝑖, 𝑗) is for the dou-
ble tags, 𝜎𝑁net

single
(𝑖) and 𝜎𝑁net

double
(𝑖,𝑗) are statistical er-

rors of the observed singly tagged 𝐷̄ events and the
observed doubly tagged 𝐷𝐷̄ events, respectively. The
numbers of the singly tagged 𝐷̄ events and the doubly
tagged 𝐷𝐷̄ events can be expressed as

𝑁single(𝑖) = 2𝑁𝐷𝐷̄ℬ(𝑖)𝜖(𝑖) − Σ𝑗(2𝑁𝐷𝐷̄𝜖
𝑖
𝑖,𝑗ℬ(𝑖)ℬ(𝑗)),

(3)

𝑁double(𝑖, 𝑗) =

{︂
𝑁𝐷𝐷̄ℬ(𝑖)ℬ(𝑗)𝜖(𝑖, 𝑗), (𝑖 = 𝑗),

2𝑁𝐷𝐷̄ℬ(𝑖)ℬ(𝑗)𝜖(𝑖, 𝑗), (𝑖 ̸= 𝑗),
(4)

where ℬ(𝑖) is the branching fraction for 𝐷 → 𝑖; 𝜖(𝑖) is
the detection efficiency for the mode 𝐷 → 𝑖; 𝜖(𝑖, 𝑗) is
the detection efficiency for reconstruction of the dou-
ble tag 𝐷 → 𝑖 vs. 𝐷̄ → 𝑗; 𝜖𝑖𝑖,𝑗 is the contaminated
efficiency for misidentifying the event, which is recon-
structed as the double tag 𝐷 → 𝑖 vs. 𝐷̄ → 𝑗, as the
single tag 𝐷 → 𝑖; 𝑁𝐷𝐷̄ is the total number of pro-
duced 𝐷𝐷̄ events; the second term in the expression
of 𝑁single(𝑖) removes those events which also appear
in the double tag sample, so that the single tag and
double tag samples are independent. Fitting to the 𝜒2

function with the corresponding observed numbers of
single tag and double tag events and the detection ef-
ficiencies, the values of 𝑁𝐷𝐷̄ and ℬ(𝑖) can be obtained
simultaneously.

In the past 30 years, several experiments measured
the cross sections for 𝐷𝐷̄ production, and these are
summarized in Table 1. The superscript 𝑆 means the
measurements based on the single tag method, which

present the product 𝜎𝐷𝐷̄×ℬ. For comparison with the
latest single tag measurement,[7] we apply the branch-
ing fractions from Ref. [14] to derive the cross sections
for 𝐷𝐷̄ production. The superscript 𝐷 indicates the
measurements based on the double tag method, which
gives the absolutely measured 𝜎obs

𝐷𝐷̄
since the values

do not depend on the branching fractions of 𝐷 me-
son decays. In comparison with the analysis based
on the single tag method, the systematic error from
the double tag method is rather smaller, while the
statistical error is larger, since the number of doubly
tagged 𝐷𝐷̄ events is much smaller than that of singly
tagged 𝐷̄ events. Moreover, the double tag analysis
can present an absolute measurement of the branch-
ing fractions for the tag modes, such as 𝐷0 → 𝐾−𝜋+

and 𝐷+ → 𝐾−𝜋+𝜋+, which play an important role
in the weak interaction because they serve to normal-
ize many 𝐷 and 𝐵 meson branching fractions, from
which elements of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix are determined.

To estimate how well we can measure the cross sec-
tions for 𝐷𝐷̄ production with the two methods at the
BES-III experiment, we make a quantitative analysis
based on Monte Carlo (MC) simulation to determine
the statistical precision of the measurements. The MC
events are generated as 𝑒+𝑒− → 𝜓(3770) → 𝐷𝐷̄ at
the c.m. energy

√
𝑠 = 3.773 GeV, corresponding to an

integrated luminosity of ∼ 400 pb−1, where the 𝐷 (𝐷0

or 𝐷+) and 𝐷̄ (𝐷̄0 or 𝐷−) mesons are set to decay into
all possible final states with the branching fractions
quoted from PDG.[2] The particle trajectories are sim-
ulated with the GEANT4[15] based Monte Carlo sim-
ulation package for the BES-III detector.[16] The MC
events are generated and reconstructed with the BES-
III offline software system (BOSS).[17] Based on this
data sample, we can obtain, respectively, ∼ 0.29×105

tagged 𝐷̄0 events and ∼ 0.15 × 105 tagged 𝐷− events
in the single tag analysis. The statistical precision of
the observed cross sections for 𝐷0𝐷̄0 and 𝐷+𝐷− pro-
duction are determined to be ∼ 0.22% and ∼ 0.28%,
respectively, while in the double tag analysis, the sta-
tistical precision of the fitted numbers of 𝐷0𝐷̄0 and
𝐷+𝐷− are 0.42% and ∼ 0.54%, resulting in the ob-
served cross sections for 𝐷0𝐷̄0 and 𝐷+𝐷− production
being ∼ 0.42% and ∼ 0.54%, respectively.

Table 1. Measured cross sections for 𝐷𝐷̄ production, where the single tag measurements are based on 𝐷0 → 𝐾−𝜋+, 𝐷0 →
𝐾−𝜋+𝜋+𝜋−, and 𝐷+ → 𝐾−𝜋+𝜋+.

Experiment 𝐸c.m. (GeV) Luminosity (pb−1) 𝜎obs
𝐷0𝐷̄0 (nb) 𝜎obs

𝐷+𝐷− (nb) 𝜎obs
𝐷𝐷̄

(nb)

BES-II𝑆 [7] 3.773 17.3 3.58± 0.09± 0.31 2.56± 0.08± 0.26 6.14± 0.12± 0.50

MARK-II𝑆 [10] 3.771 2.9 3.86± 0.24± 0.31 2.09± 0.14± 0.23 5.95± 0.28± 0.38

MARK-I𝑆 [11] 3.774 1.3 2.85± 0.33± 0.33 1.98± 0.26± 0.20 4.83± 0.42± 0.39

CLEO-c𝐷 [12] 3.774 281.0 3.66± 0.03± 0.06 2.91± 0.03± 0.05 6.57± 0.04± 0.10

CLEO-c𝐷 [4] 3.773 55.8 3.60± 0.07+0.07
−0.05 2.79± 0.07+0.10

−0.04 6.39± 0.10+0.17
−0.08

BES-II𝐷 [13] 3.773 17.3 3.47± 0.32± 0.21 2.46± 0.33± 0.20 5.93± 0.46± 0.35

MARK-III𝐷 [9] 3.768 9.6 2.90± 0.25± 0.30 2.10± 0.30± 0.15 5.00± 0.39± 0.34
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Besides the two methods, in fact, the cross sections
can also be derived from the absolute measurement of
the branching fractions of 𝐷 meson decay. For ex-
ample, in the measurement of the branching fraction
for inclusive electron decay, the measured branching
fraction can be calculated by

ℬ𝐷→𝑒+𝑋 =
𝑁obs

𝐷→𝑒+𝑋

𝜖𝐷→𝑒+𝑋𝑁𝐷̄tag

, (5)

where 𝑁obs
𝐷→𝑒+𝑋 , ℬ𝐷→𝑒+𝑋 , and 𝜖𝐷→𝑒+𝑋 are the ob-

served number of events, branching fraction, and
the detection efficiency for inclusive electron decay
of the 𝐷 meson.[18] Usually, we introduce 𝑁obs

𝐷→𝑒+𝑋 ,
𝜖𝐷→𝑒+𝑋 , and 𝑁𝐷̄tag

to obtain ℬ𝐷→𝑒+𝑋 . However,

since the number of the singly tagged 𝐷̄ events can
be expected as

𝑁𝐷̄tag
= 2ℒ𝜎obs

𝐷𝐷̄Σ𝑖ℬ(𝑖)𝜖(𝑖), (6)

where ℒ is the luminosity of the data sample, ℬ(𝑖) is
the branching fraction[2] for the tag mode and 𝜖(𝑖) is
the corresponding detection efficiency, consequently,
the observed cross section for 𝐷𝐷̄ production can be
calculated by

𝜎obs
𝐷𝐷̄ =

𝑁obs
𝐷→𝑒+𝑋

2ℒℬ𝐷→𝑒+𝑋𝜖𝐷→𝑒+𝑋Σ𝑖ℬ(𝑖)𝜖(𝑖)
. (7)

Compared with the former two methods, the system-
atic error in this calculation is the largest one, since it
depends on more input values with large errors, and
the statistical precision is different in different abso-
lute measurements. For example, through the simu-
lation with the Monte Carlo sample generated above,
we can get the statistical error of the unfolded num-
ber 𝑁obs

𝐷0→𝑒+𝑋 to be about 0.96% based on 10 𝐷̄0 tag
modes, resulting a statistical precision ∼ 0.96% for the
calculated 𝜎obs

𝐷0𝐷̄0 . However, if we make use of the mea-
surement of inclusive 𝐾− decay of the 𝐷0 meson, we
can get the statistical error of 𝑁obs

𝐷0→𝐾−𝑋 to be about
0.33%, leading to a statistical precision of about 0.33%
for 𝜎obs

𝐷0𝐷̄0 . The advantage of the calculation is that
we can examine the value of 𝜎obs

𝐷𝐷̄
, usually measured

by the single tag or double tag methods, in any ab-
solute measurements of 𝐷 decay branching fractions.
It provides us with opportunities to obtain the 𝜎obs

𝐷𝐷̄
from many different measurements, and helps us to

understand the nature of 𝜓(3770) and its non−𝐷𝐷̄
decay puzzle, in the coming BES-III experiment.

In summary, we have introduced three methods in
calculation of the observed cross section for 𝐷𝐷̄ pro-
duction, and discussed the advantage and shortcoming
of each method in the measurement. Compared with
single tag and double tag analysis, the new calculation
method can be carried out in any absolute branching
fraction measurements for 𝐷 meson decay.
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