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Methods for extracting the ψð3770Þ → eþe− decay width from the data on the reaction cross section
eþe− → DD̄ are discussed. Attention is drawn to the absence of the generally accepted method for
determining Γψð3770Þeþe− in the presence of interference between the contributions of the ψð3770Þ
resonance and background. It is shown that the model for the experimentally measured D meson form
factor, which satisfies the requirement of the Watson theorem and takes into account the contribution of the
complex of the mixed ψð3770Þ and ψð2SÞ resonances, allows us to uniquely determine the value of
Γψð3770Þeþe− by fitting. The Γψð3770Þeþe− values found from the data processing are compared with the
estimates in the potential models.
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I. INTRODUCTION

The charmonium state ψð3770Þ [1] predicted in the mid-
seventies is considered as the 13D1 state of the cc̄ system
with small admixtures of n3S1 states [mainly ψð2SÞ] [2–
12]. In eþe− collisions, the ψð3770Þ resonance is observed
in the form of the resonant enhancement, with a width of
about 30 MeV, located between theDD̄ (2mD≈3.739GeV)
andDD̄� (mD þmD� ≈ 3.872 GeV) production thresholds.
The sizeable width of the ψð3770Þ resonance is due to its
strong decays into DD̄ meson pairs. Indeed, the fraction of
the radiative decays ψð3770Þ → γχcJ¼0;1;2, γηc, γηcð2SÞ is
less than 1.5%, and the fraction of the ψð3770Þ →
J=ψπþπ−, J=ψπ0π0, and J=ψη decays is less than 0.5%
[1]. The total width of the Zweig forbidden decays
ψð3770Þ → light hadrons must be comparable from the
theoretical point of view with the corresponding decay
widths of the J=ψ and ψð2SÞ resonances located under the
DD̄ threshold. In order of magnitude, it can be about
100 keV, which is less than 0.5% of the total decay width of
the ψð3770Þ meson. For almost ninety decay channels,
ψð3770Þ → light hadrons are known only upper limits
(some of which are rather high) [1]. Only the branching
ratio of the decay ψð3770Þ → ϕη is definitely known,
Bðψð3770Þ → ϕηÞ ¼ ð3.1� 0.7Þ × 10−4 [1].

The charmonium state ψð3770Þwas investigated in eþe−
collisions by the MARK-I [13,14], DELCO [15], MARK-II
[16], BES [17–25], CLEO [26–28], BABAR [29,30], Belle
[31], and KEDR [32] Collaborations. The ψð3770Þ pro-
duction was also observed in the Bþ → DD̄Kþ decays by
the Belle [33,34], BABAR [35,36], and LHCb [37]
Collaborations. Full compilation of the ψð3770Þ produc-
tion experiments is contained in the review of the Particle
Data Group (PDG) [1]. The unusual shape of the ψð3770Þ
resonance peak, discovered in many experiments [20,21,
23–25,29–32], naturally became the subject of many-sided
theoretical analyses (see, for example, Refs. [38–49]). The
following circumstance is also of additional interest.
According to the CLEO data [26–28], the value of the
non-DD̄ component in the decay width of the ψð3770Þ
resonance is negligible. At the same time, the BES analysis
[18,19,21,22] does not exclude a noticeable non-DD̄
component. According to the theoretical estimates
[50,51], the non-DD̄ decay branching ratio of ψð3770Þ
could reach about 5%. The authors of Refs. [50,51] note
that this result does not contain evidence in favor of BES or
CLEO results, and urge doing more precise measurements
on both inclusive and exclusive non-DD̄ decays of
ψð3770Þ in the future. Unfortunately, this contradiction
has not yet been resolved. As a result, the PDG [1] gives the
following value for the DD̄ component: Bðψð3770Þ→
DD̄Þ¼½Bðψð3770Þ→DþD−Þ¼ð52�4

5Þ%�þ½Bðψð3770Þ→
D0D̄0Þ¼ð41�4Þ%�¼ð93�8

9Þ%. Theoretical considerations
combined with the CLEO data [26–28] suggest that the
dominance of the ψð3770Þ → DD̄ decay can be at the level
of 97%–98%. In what follows, we will consider ψð3770Þ to
be an almost elastic resonance coupled to zthe DD̄ decay
channels and apply this assumption to describe its line shape
and determine its electronic decay width, Γψð3770Þeþe− .
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This paper is organized as follows. Section II gives
a brief overview of the commonly used methods for
describing the ψð3770Þ resonance and the definitions of
Γψð3770Þeþe− , particularly those selected by the PDG [1]
for calculations fitting ð0.262� 0.018Þ keV and average
ð0.256� 0.016Þ keV values of Γψð3770Þeþe− . Attention is
drawn to the fact that some seemingly natural parametriza-
tions of the cross section σðeþe− → DD̄Þ, taking into
account the interference of the ψð3770Þ resonance and
background, do not allow us to determine the value of
Γψð3770Þeþe− uniquely. In Sec. III, we apply to the descrip-
tion of the reaction cross section σðeþe− → DD̄Þ the model
for the isoscalar form factor of the D meson, which takes
into account the contributions of the ψð3770Þ and ψð2SÞ
resonances mixed due to their coupling with the DD̄ decay
channels. The model satisfies the requirement of the
unitarity condition or the Watson theorem [52] and allows
us to unambiguously determine the value of Γψð3770Þeþe−
from the data by fitting. Our analysis substantially develops
the approach proposed in Refs. [41,42] by consistently
taking into account the finite width corrections in the
resonance propagators and clarifying their important role.
In Sec. IV, we compare the values of Γψð3770Þeþe− found
from phenomenological data processing with theoretical
estimates in potential models and briefly state our
conclusions.

II. PARAMETRIZATIONS OF THE ψð3770Þ
RESONANCE STRUCTURE

In many experimental works, the cross section of the
reaction eþe− → DD̄ in the ψð3770Þ resonance region was
described with minor modification by the following for-
mula [13–22,26] [for short, ψð3770Þ is also denoted as ψ 00
below]:

σψ 00 ðeþe− → DD̄; sÞ ¼ 12πΓψ 00eþe−Γψ 00DD̄ðsÞ
ðm2

ψ 00 − sÞ2 þ ðmψ 00Γtot
ψ 00 ðsÞÞ2 ; ð1Þ

where s is the invariant mass squared of the DD̄ system,
mψ 00 , Γψ 00eþe− , Γψ 00DD̄ðsÞ, and Γtot

ψ 00 ðsÞ are the mass, electronic

DD̄, and total decay widths of ψ 00, respectively. The
energy-dependent width Γψ 00DD̄ðsÞ [dominating in
Γtot
ψ 00 ðsÞ] was taken in the form

Γψ 00DD̄ðsÞ ¼ G2
ψ 00

�
p3
0ðsÞ

1þ r2p2
0ðsÞ

þ p3þðsÞ
1þ r2p2þðsÞ

�
; ð2Þ

where p0ðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −m2

D0

q
and pþðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −m2

Dþ

q
are the D0 and Dþ momenta in the ψ 00 rest frame, r is
the DD̄ interaction radius [53], and Gψ 00 is the coupling
constant of the ψ 00 with DD̄.

For the solitary ψ 00 resonance, there is no problem with
determining Γψ 00eþe− by fitting the data using Eqs. (1) and
(2). Discrepancy between the values found by different
Collaborations (Γψ 00eþe− ¼ 345� 85 eV [14], 180� 60 eV
[15], 276� 50 eV [16], 279� 11� 13 eV [21], 220�
50 eV [1,23], 204� 3þ41

−27 eV [26]) is mainly related to the
difference in the collected raw data and uncertainties in the
cross section normalization.
With increasing accuracy of measurements, there

appeared to be indications of an unusual (anomalous)
shape of the ψð3770Þ peak in the eþe− → ψ 00 →
hadrons and eþe− → ψ 00 → DD̄ reaction cross sections,
i.e., on possible interference effects that occur directly in
the ψð3770Þ resonance region [20,21,23–25,29–32]. In
particular, there is a deep dip in the DD̄ production cross
section near

ffiffiffi
s

p
≈ 3.81 GeV [20,21,29–31] which strongly

distorts the right wing of the ψ 00 resonance. Such a dip is
difficult to describe using Eqs. (1) and (2) for a solitary ψ 00
resonance contribution. In Ref [41], we showed that the
description of the data [20,21,28–31] with the use of these
formulas turns out to be unsatisfactory for any values of
the parameter r. In addition, by performing the analytical
continuation of the amplitudes eþe− → ψ 00 → D0D̄0 and
eþe− → ψ 00 → DþD− corresponding to the parametriza-
tions (1) and (2) below the DD̄ thresholds, it is easy to
make sure that they have spurious poles and left cuts due to
the P-wave Blatt and Weisskopf barrier penetration factors,
1=½1þr2p2

0;þðsÞ� [53]. For example, for r≈1 fm≈5GeV−1,
the indicated singularities appear at about 20 MeV below
theDD̄ thresholds. In the next section, we show that taking
into account the finite width corrections in the resonance
propagators allows us to eliminate these singularities.
If we are not dealing with a solitary resonance, but with a

complex of the mixed resonance and background contri-
butions, then a practical question arises about the way of
describing it as a whole and the possibilities of adequately
determining the individual characteristics of its compo-
nents. In what follows, we will talk about the process
eþe− → DD̄, in which the isoscalar electromagnetic form
factor of the D meson F0

DðsÞ is measured. The sum of the
eþe− → DD̄ reaction cross sections is expressed in the
terms of F0

DðsÞ as follows:

σðeþe− → DD̄; sÞ ¼ 8πα2

3s5=2
jF0

DðsÞj2½p3
0ðsÞ þ p3þðsÞ�; ð3Þ

where α ¼ e2=4π ¼ 1=137. Here we neglect the isovector
part of the D meson form factor and do not touch on the
question about the isospin symmetry breaking. The KEDR
Collaboration [32], analyzing their own data on the
eþe− → DD̄ cross section, showed that taking into account
the interference between the ψð3770Þ resonance and back-
ground contributions affects the value’s resonance param-
eters and therefore the corresponding results cannot be
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directly compared with those obtained ignoring this effect.
In addition, in Ref. [32], within the framework of the
accepted parametrization for F0

DðsÞ, two essentially differ-
ent solutions were obtained for the production amplitude of
the ψð3770Þ state and its phase relative to the background
(see also [48]). These two solutions lead to the same energy
dependence of the eþe− → DD̄ cross section and are
indistinguishable by the χ2 criterion. Ambiguities of this
type in the interfering resonance parameter determination
were found in Ref. [54] (see also [55,56]). The PDG used
one of the KEDR solutions [32] [see Eq. (8) below] to
determine the value of Γψ 00eþe− ¼ ð0.262� 0.018Þ keV [1],
together with the above results from other works
[15,16,21,23,26] (in which the interference was not taken
into account).
Let us illustrate the ambiguity of the choice of the

resonance parameters with a simple example. Consider a
model of the reaction amplitude eþe− → hh̄ (where h and h̄
are hadrons), which takes into account the resonance and
background contributions;

FðEÞ ¼ Axeiφx

M − E − iΓ=2
þ Bx: ð4Þ

Here, E is the energy in the hh̄ center-of-mass system,M is
the mass, Γ is the energy-independent width of the reso-
nance, andAx,φx, andBx are the real parameters. At fixedM
and Γ, there are two solutions for Ax, φx, and Bx [54]:

ðIÞ Ax ¼ A; Bx ¼ B; φx ¼ φ; ð5Þ

ðIIÞ Ax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 − 2ABΓ sinφþB2Γ2

q
;

Bx ¼ B; tanφx ¼ − tanφþBΓ=ðA cosφÞ; ð6Þ

which yield the same cross section as a function of energy,
σðEÞ ¼ jFðEÞj2, and different amplitude, Ax, and phase,
φx. For example, if M ¼ 3.77 GeV, Γ ¼ 0.03 GeV,
A ¼ 0.045 nb1=2 GeV, φ ¼ 0, and B ¼ 1.5nb1=2 for solu-
tion (I), then, for solution (II), Ax ¼

ffiffiffi
2

p
A and φx ¼ π=4.

Since Ax ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γeþe−Γ

p
, the values of the electronic decay

width of the resonance Γeþe− differ by a factor of two for
solutions (I) and (II).
The similar form factor parametrization was used to

determine the ψð3770Þ resonance parameters in Ref [32]:

F0
DðsÞ ¼ Fψð3770ÞðsÞeiϕ þ FN:R:ðsÞ; ð7Þ

where Fψð3770ÞðsÞ is the Breit-Wigner P-wave resonance
amplitude, FN:R:ðsÞ is the background amplitude, and
ϕ is their relative phase. FN:R:ðsÞ ¼ Fψð2SÞðsÞ þ F0 takes
into account the contribution of the right wing of the
nearest resonance ψð2SÞ with the mass of 3.686 GeV

and the additional constant contribution F0. Two solutions
indistinguishable in χ2 are [32]:

ðIÞ Γψ 00eþe− ¼ 160þ78
−58 eV; ϕ¼ð170.7�16.7Þ°; ð8Þ

ðIIÞ Γψ 00eþe− ¼ 420þ72
−80 eV; ϕ¼ð239.6�8.6Þ°: ð9Þ

Thus, parametrizations of types (4) and (7), preserving at
first glance the usual way of determining the individual
characteristics of the ψ 00 resonance (for example, its
electronic width), do not allow to do this unambiguously
by fitting. If one of the values of Γψ 00eþe− from Eqs. (8) and
(9) agrees with some theoretical estimate of Γψ 00eþe− , then it
does not yet mean the validity of Eq. (7), which contains the
phase ϕ of unknown origin and does not take into account
the transition amplitude between the background and
resonance through the common DD̄ intermediate states.
However, just in the case of the ψ 00 resonance, the above

difficulties can be avoided if we take into account the
requirement of the unitarity condition. As noted above, the
ψ 00 is the elastic resonance in a good approximation. But in
the elastic region (betweenDD̄ andDD̄� thresholds) with a
width of about 141 MeV, the unitarity condition requires
that the phase of the form factor F0

DðsÞ coincide with the
phase δ01ðsÞ of the strong P-wave DD̄ elastic scattering
amplitude T0

1ðsÞ ¼ eδ
0
1
ðsÞ sin δ01ðsÞ in the channel with

isospin I ¼ 0, i.e.,

F0
DðsÞ ¼ eiδ

0
1
ðsÞF 0

DðsÞ; ð10Þ

where F 0
DðsÞ and δ01ðsÞ are the real functions of energy

[52]. It is clear that formulas (4) and (7) contradict the
unitarity requirement since the phase of the form factor
determined by them depends on the ratio of the background
and resonance coupling constants with eþe−, on which
δ01ðsÞ is obviously independent.
In the next section, we apply to the description of the

data on the reaction eþe− → DD̄ a simple model of
the form factor F0

DðsÞ, which satisfies the requirement of
the unitarity condition for the case of the mixed ψ 00 and
ψð2SÞ resonances and allows by fitting to uniquely
determine the value of Γψ 00eþe− . Our analysis is an advance-
ment of that which is suggested earlier in [41,42].

III. THE D MESON ELECTROMAGNETIC
FORM FACTOR IN THE ψð3770Þ REGION

A. The solitary ψ 00 resonance

Consider a model that takes into account in the form
factor F0

DðsÞ, amplitude T0
1ðsÞ, and the contributions of two

resonances, ψ 00 and ψð2SÞ, that are close to each other,
strongly coupled only to DD̄ decay channels, and are
mixing with each other due to transitions ψ 00 → DD̄ →
ψð2SÞ and vice versa. However, we first write down the
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contribution of ψ 00 to F0
DðsÞ in the spirit of the vector

dominance model [57–60], ignoring its mixing with ψð2SÞ;

F0
DðsÞ¼Fψ 00

D ðsÞ¼ Cψ 00

D̃ψ 00 ðsÞ

¼ Cψ 00

m2
ψ 00 −s−hψ 00 ðsÞ− i

ffiffiffi
s

p
Γψ 00DD̄ðsÞ

; ð11Þ

where Cψ 00 is an s-independent constant, D̃ψ 00 ðsÞ is the
inverse propagator of ψ 00, and where

Γψ 00DD̄ðsÞ¼
g2
ψ 00DD̄

6πs

�
p3
0ðsÞ

1þr2p2
0ðsÞ

þ p3þðsÞ
1þr2p2þðsÞ

�
; ð12Þ

is the ψ 00 → DD̄ decay width, where gψ 00DD̄ is the corre-
sponding coupling constant. The function hψ 00 ðsÞ describes
the contribution of the finite width corrections to the real
part of the ψ 00 propagator. Its explicit form is given in
the Appendix. Near s¼m2

ψ 00 is the function hψ 00 ðsÞ∼
ðm2

ψ 00 − sÞ2. Values Cψ 00 , mψ 00 , gψ 00DD̄, and r are free
parameters of the model. To normalize the form factor

Fψ 00
D ðsÞ at s ¼ m2

ψ 00 , we use the relation

σψ 00 ðeþe−→DD̄;s¼m2
ψ 00 Þ¼ 12π

m2
ψ 00

Γψ 00eþe−

Γψ 00DD̄
; ð13Þ

where Γψ 00DD̄ ≡ Γψ 00DD̄ðm2
ψ 00 Þ. Then, taking into account

Eqs. (3), (11), and (13), we have (up to a sign),

Cψ 00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9m5
ψ 00Γψ 00eþe−Γψ 00DD̄

2α2ðp3
0ðm2

ψ 00 Þ þ p3þðm2
ψ 00 ÞÞ

vuut : ð14Þ

Putting, by definition, Γψ 00eþe− ¼ 4πα2g2ψ 00γ=ð3m3
ψ 00 Þ, where

the constant gψ 00γ describes the ψ 00 coupling with the virtual
γ quantum, we can write Cψ 00 in the form:

Cψ 00 ¼ gψ 00γgeffψ 00DD̄: ð15Þ

The effective coupling constant of the ψ 00 resonance with
DD̄ geff

ψ 00DD̄ is related to the constant gψ 00DD̄ from Eq. (12) by

the relation

geff
ψ 00DD̄¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6πm2

ψ 00Γψ 00DD̄=½p3
0ðm2

ψ 00 Þþp3þðm2
ψ 00 Þ�

q
: ð16Þ

From Eqs. (11) and (A1)–(A4) it follows that, owing to
the finite width corrections in D̃ψ 00 ðsÞ, the form factor

Fψ 00
D ðsÞ has good analytical properties. In particular, it has

no singularities associated with the poles of the functions

1=½1þ r2p2
0;þðsÞ�. In addition, in Fψ 00

D ðsÞ there are absent
spurious bound states in the region 0 < s < 4m2

Dþ for r ≥
0.87 GeV−1 (0.174 fm) [i.e., D̃ψ 00 ðsÞ does not vanish
anywhere in this region].
The fit to the data [20,21,28–31] with the use of the

solitary ψ 00 resonance model at a fixed value of r ¼
0.87 GeV−1 is shown in Fig. 1. It corresponds to mψ 00 ¼
3.772 GeV, gψ 00DD̄ ¼ 14.4 [i.e., Γψ 00DD̄ðm2

ψ 00 Þ ≈ 27.6 MeV],

and gψ 00γ¼0.245GeV2 (i.e., Γψ 00eþe− ≈0.25keV). Although
the obtained values of the ψ 00 parameters are close to those
given by the PDG [1], the fit in itself is unsatisfactory. The
corresponding χ2 ¼ 459 for 84 degrees of freedom. As r
increases, the fit becomes even less satisfactory.
With regard to the selected data [20,21,28–31] (see

Fig. 1), we note the following. These data are the most
detailed and accurate available data on the so-called Born
cross section (i.e., on the cross section undistorted by initial
state radiation). Note that the BES Collaboration [20,21]
measured, in the region up to the DD̄� threshold
(≈3.872 GeV), the quantity RðsÞ ¼ σðeþe− → hadronsÞ=
σðeþe− → μþμ−Þ. The DD̄ events were not specially
identified. The 62 BES points shown in Fig. 1 correspond
to the cross section ð4πα2=3sÞ½RðsÞ − Ruds�, where Ruds ¼
2.121 [21] describes the background from the light hadron
production. This cross section gives a good estimate for
σðeþe− → DD̄Þ in the ψð3770Þ region, see the discussion
in the Introduction and also in Ref. [41]. The utilized
approximation is not critical for our analysis.

3.7 3.75 3.8 3.85 3.9
s GeV

0

2

4

6

8

10

12

e
e

D
D

nb

BES
BABAR
Belle
CLEO

FIG. 1. The variant of the solitary ψ 00 resonance model. The
curve is the fit using Eqs. (3) and (11)–(15) with the data from
BES [20,21], CLEO [28], BABAR [29,30], and Belle [31]
Collaborations for σðeþe− → DD̄Þ. There are 87 points in the
fit. For more details on the data see the text and also Ref. [41].
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B. The ψð2SÞ contribution
Let us write the contribution of the state ψð2SÞ to F0

DðsÞ
by analogy with Eq. (11) in the form

F0
DðsÞ ¼ Fψð2SÞ

D ðsÞ ¼ Cψð2SÞ
D̃ψð2SÞðsÞ

¼ Cψð2SÞ
m2

ψð2SÞ − s − hψð2SÞðsÞ − i
ffiffiffi
s

p
Γψð2SÞDD̄ðsÞ

; ð17Þ

where mψð2SÞ ¼ 3.6861 GeV [1]. Fψð2SÞ
D ðsÞ is calculated

according to Eqs. (12) and (A1)–(A4), where the index ψ 00
should be replaced everywhere by ψð2SÞ. The constant
Cψð2SÞ in Eq. (17) can be represented by analogy with
Eq. (15) in the form

Cψð2SÞ ¼ gψð2SÞγgeffψð2SÞDD̄: ð18Þ

The constant gψð2SÞγ describes the ψð2SÞ coupling with the
virtual γ quantum. From the PDG data [1], Γψð2SÞeþe− ¼
2.33 keV, and the relation Γψð2SÞeþe− ¼ 4πα2g2ψð2SÞγ=
ð3m3

ψð2SÞÞ; thus we get gψð2SÞγ ¼ �0.723 GeV2. As a free

parameter for the ψð2SÞ contribution, it is convenient to use
the proportionality coefficient z between the coupling
constants of the ψð2SÞ and ψ 00 with DD̄:

gψð2SÞDD̄ ¼ zgψ 00DD̄ and geff
ψð2SÞDD̄ ¼ zgeff

ψ 00DD̄: ð19Þ

The relation between gψ 00DD̄ and geff
ψ 00DD̄ is definite by

Eq. (16).

C. D meson form factor for the
mixed ψ 00 and ψð2SÞ states

We now take into account the mixing of ψ 00 and ψð2SÞ
resonances due to their common decay channels intoD0D̄0

and DþD−. The form factor F0
DðsÞ corresponding to such a

ψ 00 − ψð2SÞ resonance complex can be written as [41,42]

F0
DðsÞ ¼

Cψ 00Δψð2SÞðsÞ þ Cψð2SÞΔψ 00 ðsÞ
D̃ψ 00 ðsÞD̃ψð2SÞðsÞ − Π̃2

ψ 00ψð2SÞðsÞ
; ð20Þ

where

Δψð2SÞðsÞ ¼ D̃ψð2SÞðsÞ þ zΠ̃ψ 00ψð2SÞðsÞ; ð21Þ

Δψ 00 ðsÞ ¼ D̃ψ 00 ðsÞ þ z−1Π̃ψ 00ψð2SÞðsÞ; ð22Þ

and Π̃ψ 00ψð2SÞðsÞ is the nondiagonal polarization operator
describing the transition ψ 00 → DD̄ → ψð2SÞ. The polari-
zation operator Π̃ψ 00ψð2SÞðsÞ is related to the diagonal
polarization operator Πψ 00 ðsÞ (see Appendix) by the relation

Π̃ψ 00ψð2SÞðsÞ ¼ zΠψ 00 ðsÞ þ aþ sb; ð23Þ

where a and b are unknown constants. In order to use the
parameters introduced above for the description of solitary
ψ 00 and ψð2SÞ resonances (fixed mψð2SÞ and gψð2SÞγ and
free mψ 00 , gψ 00γ , gψ 00DD̄, and gψð2SÞDD̄ or z) and preserve
the meaning of individual characteristics for resonances
dressed by mixing, we fix the constants a and b by the
conditions

Re Π̃ψ 00ψð2SÞðm2
ψð2SÞÞ ¼ 0; ð24Þ

Re Π̃ψ 00ψð2SÞðm2
ψ 00 Þ ¼ 0: ð25Þ

Note that Eq. (25) keeps the normalization condition (13)
for the form factor F0

DðsÞ given by formula (20). Using
Eqs. (24) and (25), we find

Π̃ψ 00ψð2SÞðsÞ ¼ z

�
Πψ 00 ðsÞ − ReΠψ 00 ðm2

ψ 00 Þ

þ s −m2
ψ 00

m2
ψ 00 −m2

ψð2SÞ
ReðΠψ 00 ðm2

ψð2SÞÞ

− Πψ 00 ðm2
ψ 00 ÞÞ

�
: ð26Þ

Note that the phase of the form factor F0
DðsÞ, due to the

strong resonant interaction of D mesons, is determined by
the phase of the denominator in Eq. (20). The numerator in
this formula is the first-degree polynomial in s with
real coefficients. It is interesting that in the case under
consideration we are faced, perhaps for the first time,
with the possibility of the existence of zero in the form
factor in the elastic region. As seen from Fig. 1, the data
do not contradict the presence of zero in F0

DðsÞ at
ffiffiffi
s

p
≈

3.81 GeV [61].
Figures 2 and 3 show the fitting of the data [20,21,

28–31] in the model of the mixed ψ 00 and ψð2SÞ reso-
nances. The curves in these figures correspond to
the following values of the fitted parameters: mψ 00 ¼
3.7884 GeV, gψ 00DD̄ ¼ 60.54, gψ 00γ ¼ −0.2148 GeV2, and
z ¼ 1.0225. Using these values we get geff

ψ 00DD̄ ¼ 14.72,

Γψ 00DD̄ ¼ 51.88 MeV, and Γψ 00eþe− ¼ 0.189 keV. The
errors in the values of free parameters do not exceed
5%. For this fit, χ2 ¼ 127.6, which is approximately 3.6
times less than χ2 for the fit with the solitary ψ 00 resonance
shown in Fig. 1. Note that the above value of the width
Γψ 00DD̄ is approximately two times larger than the average
value of the total decay width of ψ 00 presented by the PDG.
The found mass of ψ 00 is also 15 MeV larger than the
average PDG value. However, there is not any contradiction
here. The fact is that the parameters of the ψ 00 resonance
mixed with the background cannot be directly compared
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with the PDG values obtained without taking mixing into
account. Incidentally, confirmation of the existence of zero
in the form factor F0

DðsÞ (see Figs. 2 and 3) would be the
best evidence that the observed peak in the region of
3.773 GeV is the result of the interaction between the
resonance and background contributions.
The above fit in the model of the mixed ψ 00 and ψð2SÞ

resonances has been obtained at the fixed value of the
parameter r ¼ 12.5 GeV−1 (≈2.5 fm). Let us discuss this
parameter in more detail. Its role in the description of the
ψ 00 resonance with formulas (1) and (2) was discussed in the
second section of Ref. [41]. Here, a few words about r were
said in the two paragraphs after Eq. (16). In Table I, we
have collected the conclusions about the parameter r
obtained in the processing of the data on the ψð3770Þ
resonance to illustrate the real situation. The parameter r is
practically always taken into account when processing
resonance data, but, as a rule, it remains not well-defined
and is often simply fixed by hand. Perhaps, its main role is
to suppress the increase of the P-wave decay width ψ 00 →
DD̄ as

ffiffiffi
s

p
increases, see Eq. (12). The suppression occurs

faster at higher r. But if the fit improves as r increases, then
it simultaneously becomes less sensitive to g2

ψ 00DD̄ and r2

separately, and increasingly depends on the ratio g2
ψ 00DD̄=r

2

[see Eq. (12)]. In such a case the parameter r remains
formally unbounded from above [41]. With the sequential
increase of r, one can estimate its value, after which the
χ2 of the fitting actually remains constant. Our fit corre-
sponds to such an approximate value of r. If r is decreased,
then χ2 will increase, but not catastrophically. For example,
χ2 turns out to be ≈130.4 at r ¼ 5 GeV−1 (≈1 fm). In
this case, Γψ 00eþe− ≈ 0.14 keV, Γψ 00DD̄ ≈ 92.2 MeV, and
mψ 00 ≈ 3.796 GeV. Increasing the data accuracy would
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FIG. 2. The model of the mixed ψ 00 and ψð2SÞ resonances. The
solid curve is the fit using Eqs. (3) and (20)–(26) to the data from
BES [20,21], CLEO [28], BABAR [29,30], and Belle [31]
Collaborations. The dashed and dotted curves show the contri-
butions to the cross section from the ψ 00 and ψð2SÞ production
amplitudes proportional to the coupling constants Cψ 00 and Cψð2SÞ,
respectively; see Eq. (20).
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FIG. 3. The model of the mixed ψ 00 and ψð2SÞ resonances.
The curve is the same as the solid curve in Fig. 2, but in
comparison only with the data from CLEO [28], BABAR [29,30],
and Belle [31] Collaborations. The inset shows the phase δ01ðsÞ of
the form factor F0

DðsÞ and DD̄ elastic scattering amplitude T0
1ðsÞ

for our fit.

TABLE I. Information about the parameter r from the
ψð3770Þ → DD̄ decay descriptions (1 fm ≈ 5 GeV−1).

Data processing Presented conclusions

Rapidis [13] Acceptable fits for all values of
r > 1 fm; illustration at r ¼ 3 fm

Peruzzi [14] r was varied from 0 to ∞
Schindler [16] r was taken to be 2.5 fm
Ablikim [17] r was taken to be 0.5 fm
Ablikim [18] r was left free in the fit
Ablikim [19] r was taken to be 1 fm
Ablikim [21] r was a free parameter in the fit
Ablikim [22] r was fixed at 3 fm
Ablikim [23] r was of the order of a few fm
Ablikim [24] r was fixed at 1.5 fm
Dobbs [27] r was taken to be 2.4 fm
Anashin [32] r was fixed at 1 fm
Achasov [41] Analysis of Eqs. (1) and (2) for

0 < r < 4;… fm
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make it possible to determine the value of rmore accurately
and with it the values of other model parameters, too.
One can also express the hope that the model will

become more flexible and will improve the data descrip-
tion, if at the next step of the research we take into account
the couplings of the ψ 00 and ψð2SÞ resonances with the
closed DD̄� and D�D̄� decay channels in the region

ffiffiffi
s

p
up

to 3.872 GeV and the inelastic effects caused by them forffiffiffi
s

p
> 3.872 GeV. Of course, further accurate measure-

ments of the eþe− → DD̄ cross sections will be decisive for
the selection of phenomenological models and understand-
ing the ψð3770Þ resonance as a charm factory.

IV. COMPARISON WITH THEORETICAL
ESTIMATES AND CONCLUSIONS

Theoretical estimates of the electronic width of the ψ 00

resonance, that is mainly considered the 13D1 charmonium
state, show that it is very sensitive to the relativistic
corrections, QCD corrections, and mixing of S −D cc̄
configurations due to tensor forces and transitions via
DD̄ coupled-channels [2–12,62–64]. The literature cited
here presents a rather wide range of theoretical values
for Γψ 00eþe−. For example, in the nonrelativistic limit,
Γψð3770Þeþe− turns out to be ≈0.070 keV due to the
23S1 − 13D1 mixing in the coupled-channel scheme [6].
Γψ 00eþe− can increase to ≈0.160 keV [6], if one takes into
account the relativistic corrections (i.e., the inequality to
zero of the second derivative of the radial wave function
at the origin [5]), and further to ≈0.230 keV with the
connection of the S −D mixing due to tensor forces [6].
The relativistic corrections (without mixing) give for
Γψ 00eþe− , for example, ≈0.120 keV [5] or ≈0.060 keV
[8]. The recent theoretical schemes did not give more
definite predictions for the width: Γψ 00eþe− ≈ 0.091 keV
[62], ≈0.270 keV [63], ≈0.113 keV [64].
The spread of theoretical estimates for the width,

Γψ 00eþe− , quite agrees with the spread of its values found
in various experiments [1] and also in accompanying
phenomenological analyses [38–49] (see discussions in
previous sections). Of course, the primary guide is the value

of Γψ 00eþe− ¼ ð0.262� 0.018Þ keV given by the PDG [1].
However, as noted above, the phenomenological formulas
used to obtain this value were rather simplified (or even
poorly grounded). If the errors of the data on σðeþe− →
DD̄Þ are reduced by approximately two times compared to
the existing ones [see Figs. (2) and (3)], then it will be
possible to abandon such formulas. When processing
new, more accurate data on the cross section σðeþe− →
D0D̄0 þDþD−Þ, it will make sense to take into account the
Coulomb interaction in the final state between Dþ and D−

mesons, which amplifies the charged channel by about
8.8% at the peak of the ψ 00 resonance [65].
Now we summarize: 1) The model of the D meson form

factor F0
DðsÞ with good unitary and analytic properties is

constructed to describe the cross section of the reaction
eþe− → DD̄ near the threshold, 2) The model involves the
complex of the mixed ψ 00 and ψð2SÞ resonances and
satisfactorily describes the data in the

ffiffiffi
s

p
region up to

3.9 GeV, 3) A feature of the model is the presence of zero in
F0
DðsÞ at

ffiffiffi
s

p
≈ 3.818 GeV, 4) The survey of the exper-

imental, phenomenological, and theoretical results for
Γψ 00eþe− is also presented to illustrate the variety of
approaches to determining this quantity, and 5) The rather
small value of Γψ 00eþe− ≈ 0.19 keV, obtained by us, and the
corresponding value of the ratio Γψ 00eþe−=Γψð2SÞeþe− ≈ 0.081
indicate in favor of the D-wave cc̄ nature of the ψ 00 state.
Improving the data on the shape of the ψð3770Þ

resonance in the DD̄ decay channels seems to be an
extremely important and quite feasible physical problem.

ACKNOWLEDGMENTS

The work was carried out within the framework of the
state contract of the Sobolev Institute of Mathematics,
Project No. 0314-2019-0021.

APPENDIX: THE FUNCTION hψ 00 ðsÞ
The twice subtracted dispersion integral corresponding

to the one-loop P-wave Feynman diagram has the form:

f0;þðsÞ ¼
s2

π

Z
∞

4m2

D0;þ

p3
0;þðs0Þds0ffiffiffiffi

s0
p

s02ðs0 − s − iεÞ

¼ s − 3m2
D0;þ

3π
−
sρ0;þðsÞ3

8π
ln
ρ0;þðsÞ þ 1

ρ0;þðsÞ − 1
; for s < 0;

¼ s − 3m2
D0;þ

3π
þ sjρ0;þðsÞj3

8π
ðπ − 2 arctan jρ0;þðsÞjÞ; for 0 < s < 4m2

D0;þ ;

¼ s − 3m2
D0;þ

3π
þ sρ30;þðsÞ

8π

�
iπ − ln

1þ ρ0;þðsÞ
1 − ρ0;þðsÞ

�
; for s > 4m2

D0;þ ; ðA1Þ
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where ρ0;þðsÞ ¼ 2p0;þðsÞ=
ffiffiffi
s

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

D0;þ=s
q

. The polarization operators of the ψ 00 resonance Π0
ψ 00 ðsÞ and Πþ

ψ 00 ðsÞ
corresponding to the contributions of theD0D̄0 andDþD− intermediate states are expressed in terms of the functions f0ðsÞ
and fþðsÞ as follows:

Π0;þ
ψ 00 ðsÞ ¼

g2
ψ 00DD̄

6π

s2

π

Z
∞

4m2

D0;þ

p3
0;þðs0Þds0ffiffiffiffi

s0
p ð1þ r2p2

0;þðs0ÞÞs02ðs0 − s − iεÞ

¼
g2
ψ 00DD̄

6π

1

1þ r2p2
0;þðsÞ

�
f0;þðsÞ −

�
s

s0;þ

�
2

f0;þðs0;þÞ
�
; ðA2Þ

where s0;þ ¼ 4ðm2
D0;þ − 1=r2Þ. The knowledge of the ψ 00 mass squared,m2

ψ 00 , and the ψ 00 width at s ¼ m2
ψ 00 , Γψ 00DD̄, allows us

to represent the function hψ 00 ðsÞ, entering in Eq. (11), in the form [58–60]:

hψ 00 ðsÞ ¼ ReΠψ 00 ðsÞ − ReΠψ 00 ðm2
ψ 00 Þ − ðs −m2

ψ 00 ÞReΠ0
ψ 00 ðm2

ψ 00 Þ; ðA3Þ

where Πψ 00 ðsÞ ¼ Π0
ψ 00 ðsÞ þ Πþ

ψ 00 ðsÞ is the full polarization operator of ψ 00,

ImΠψ 00 ðsÞ ¼ ffiffiffi
s

p
Γψ 00DD̄ðsÞ: ðA4Þ

See Eqs. (11) and (12).
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