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In this work, we find a Critical Energy induced Enhancement (CEE) mechanism for the general three-
body open-charm process at the e+e− collisions, which utilizes the peculiar kinematic behavior of the 
e+e− annihilation process involving three-body final states. We present a general analysis of a three-
body process e+e− → BC → B(C → D E). When the center-of-mass (CM) energy of the e+e− collision 
satisfies a critical relation 

√
s = mB + mC , there clearly exists the reflection peak of an intermediate C

state near the threshold of the invariant mass distribution of mB E or mB D , whose formation is very 
sensitive to the CM energy. The reflection enhancement phenomenon induced at the critical energy 
means that a new cluster of charmoniumlike structures can be experimentally mapped. Taking an 
example of e+e− → D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +), we further illustrate this novel phenomenon when √
s = 4.680 GeV. What is more important is that a series of optimal CM energy points to search for new 

charmoniumlike structures in three-body open-charm processes from e+e− annihilation are suggested, 
which can be accessible at BESIII and further BelleII as a new research topic.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Since 2003, dozens of charmoniumlike XY Z states have been 
observed with the accumulation of experimental data with high 
precision, which form a new family in hadron spectroscopy. Study 
of charmoniumlike states is constantly improving our knowledge 
of exotic hadronic matter and is deepening our understanding of 
non-perturbative behavior of strong interaction (see review arti-
cles [1–5] for getting recent progress). Until now, the exploration 
of charmoniumlike XY Z state has become a frontier in science of 
matter.

At present, these reported charmoniumlike states can be group-
ed into five clusters which involve several typical production pro-
cesses like B decay, e+e− collision, and γ γ fusion [1,2]. Among 
them, e+e− collision is an ideal platform to capture charmonium-
like states. For example, abundant Y states [6–12] which result 
in “Y problem” [13] can be directly produced by e+e− collisions, 
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while two X states [14,15] are from double charmonium produc-
tion in e+e− collision. Here, the Belle, BaBar and, running BESIII 
experiments based on e+e− collision are the main force of finding 
out charmoniumlike states. Obviously, e+e− collision as an effec-
tive way to produce charmoniumlike states has played a crucial 
role when constructing charmoniumlike state families in the past 
18 years. Standing at a new starting point of new ten years, we 
believe that e+e− collision will still be a rich mine of producing 
charmoniumlike states.

In this letter, we find a Critical Energy induced Enhancement (CEE) 
mechanism for the three-body open-charm processes from e+e−
annihilation, by which we map a new cluster of charmonium-
like structures that can be largely produced on the invariant mass 
distribution of the corresponding open-charm channel by choos-
ing a specific critical energy of positron-electron system. Differ-
ent from possible hidden-charm exotic hadronic resonances, these 
new charmoniumlike structures with a non-resonant nature can 
be more easily identified due to the existence of the unique CEE 
mechanism. In the forthcoming years, BESIII and Belle II will have 
great ability and opportunity to hunt for the predicted new cluster 
of charmoniumlike structures, for which the concrete suggestion of 
searching for them will be given.
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. The schematic diagram for a general three-body process from the electron 
and positron annihilation. Here, A may denote a vector charmonium or charmoni-
umlike state with J P C = 1−− coupling to a virtual photon. B , D , and E denote the 
particles involved in the final states, while C is an intermediate state. p1, p2, p3, 
and p4 are defined to be the four-momenta of initial state and three final states, 
respectively, while pC = p1 − p4 corresponds to the propagation momentum of an 
intermediate C .

2. CEE mechanism

In 2014, the BESIII collaboration reported two charged char-
moniumlike structures Zc(3885)± and Zc(4025)± in the three-
body open-charm processes e+e− → π±(D D̄∗)∓ [16] and e+e− →
π±(D∗ D̄∗)∓ [17], respectively, whose peak positions are very close 
to the production thresholds of respective open-charm channels 
D(∗) D̄∗ . The two charged Zc structures are generally treated to be 
good candidates of exotic hidden-charm tetraquark states due to 
the neutral property of a charmonium meson [1,2]. In Ref. [18], the 
Lanzhou group proposed a totally different opinion to understand 
the structures of Zc(3885)± and Zc(4025)± , both of which can 
be uniformly decoded as the reflection structures of the P -wave 
charmed meson D1(2420) involved in e+e− → D D̄1(2420) →
D D̄∗π and e+e− → D∗ D̄1(2420) → D∗ D̄∗π , respectively. Later, 
this unique reflection explanation to Zc(3885)± was further sup-
ported by the BESIII’s measurement on the degree of asymmetry 
in the angular distribution of final states [18]. Building on previ-
ous studies, in this work, we find a CEE mechanism existing in the 
general open-charm process with three-body final states, which 
can widely induce this specific reflection peak phenomenon near a 
threshold. Based on this mechanism, in addition to Zc(3885)± and 
Zc(4025)± , we can expect that more charmoniumlike Zc structures 
can be produced from the e+e− annihilation process by setting 
their individual critical energy. And then a new cluster of charmo-
niumlike structures can be established. In the following, we will 
illustrate it in detail.

Focusing on the three-body open-charm channels from the 
e+e− annihilation, e+e− → D(∗) D̄∗∗

J → D(∗)(D̄(∗)π), e+e− →
D(∗) D̄∗∗

J → D(∗)(D̄(∗)
s K ), e+e− → D(∗)

s D̄∗∗
s J → D(∗)

s (D̄(∗)
s η), and 

e+e− → D(∗)
s D̄∗∗

s J → D(∗)
s (D̄(∗)K ), we start with a general three-

body process from the electron and positron annihilation, A(p1) →
BC → B(p4)(C → D(p3)E(p2)), whose schematic diagram can 
be seen in Fig. 1. Here, D∗∗

(s) J denotes the higher states in the 
charmed/charmed-strange meson family. When choosing some 
special center-of-mass (CM) energy of the e+e− collision (

√
s =

mB + mC ), the reflection signal of an intermediate C clearly exists 
in the invariant mass distribution of mB E or mB D . Especially, this 
reflection is sensitive to the width of C if C is a narrow state.

As we all know, in the three-body decay process shown in 
Fig. 1, the pole information of an intermediate C can be reflected 
on the indirect invariant mass spectrum of mB E or mB D . How-
ever, a kinematical behavior of the pole in indirect invariant mass 
spectrum is very different from that of direct invariant mass spec-
trum. Here, we take mB D as an example. The pole information 
of an intermediate resonance is fully determined by the propa-
gator 1/((p1 − p4)

2 − m2
C + imC �C ) and is not dependent on the 

Lorentz structure of an interaction vertex. By solving the equa-
2

tion (p1 − p4)
2 − m2

C = 0, we can find a critical value 
√

scritical =
mB + mC , which is a critical energy point of pole distributions of 
an intermediate state. In Fig. 2, we show the numerical contour 
plot of (p1 − p4)

2 − m2
C dependent on the invariant mass mB D

and scattering angle θ2, where θ2 is the angle of three momen-
tum of a particle E to the z axis in spherical coordinates. We notice 
that there appears a continuous pole distribution in the three-body 
phase space when the CM energy is larger than the critical en-
ergy. When decreasing the CM energy close to the critical energy, 
the pole curve gradually tends to a single pole point, which ex-
actly corresponds to the critical energy 

√
scritical. Of course, it is 

not surprising that there is no pole structure in the CM energy re-
gion smaller than 

√
scritical, where the intermediate state is always 

a virtual state.
Therefore, this peculiar kinematic property near the critical en-

ergy point can cause some fantastic phenomenon, i.e., the line 
shape of a reflection peak for an intermediate C is sensitive to the 
initial CM energy. In other word, a reflection enhancement struc-
ture near threshold that corresponds to a single pole can be largely 
induced at the CM energy point of 

√
s = √

scritical, which is main 
meaning of the CEE mechanism. The position of this single pole 
can be determined analytically with the following expression

mpole
B D =

√
(m2

C − m2
E + m2

D)mB + (m2
D + m2

B)mC

mC
, (1)

which is useful for the concrete experimental analysis. By inputting 
the mass of intermediate C , this pole position of a reflection peak 
structure can be obtained.

3. Typical example

To intuitively illustrate this novel phenomenon, we choose 
e+e− → D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +) as an example, where the 
intermediate D∗

s2(2573)+ has J P = 2+ spin-parity quantum num-
ber and is a narrow state [19]. Since the sum of m(D∗

s2(2573)) =
2.568 GeV [19,20] and m(D∗

s ) = 2.112 GeV [19] is precisely equal 
to 4.680 GeV, we may set the CM energy of this discussed pro-
cess to be 

√
s = 4.68 GeV. Considering the existent charmoni-

umlike state Y (4660) [8,21], we may expect that D∗−
s D∗

s2(2573)+
may couple with this Y (4660) via S-wave interaction for the dis-
cussed e+e− → D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +) process. Addition-
ally, D∗

s2(2573)+ dominantly decays into D0 K + through the D-
wave interaction [22–24]. In fact, this is the main reason why we 
would like to firstly select this process as an example. Correspond-
ing to Fig. 1, we identify A ≡ Y (4660), B ≡ D∗−

s , C ≡ D∗
s2(2573)+ , 

D ≡ D0, and E ≡ K + .
In order to calculate this process, we adopt the effective La-

grangian approach, where the related Lagrangians include [25–27]

Lγ Y = −em2
Y

fY
Yμ Aμ,

LDs2 D∗
s Y = gDs2 D∗

s Y Yμ(Dμν†
s2 D∗

sν + D∗†
sν Dμν

s2 ),

LK D Ds2 = gK D Ds2(Dμν†
s2 (∂μ∂ν K )D + D†(∂μ∂ν K )Dμν

s2 ). (2)

Here, Aμ , Dμν
s2 , K are photon, charmed-strange meson D∗

s2(2573), 
and kaon fields, respectively, and gDs2 D∗

s Y and gK D Ds2 are the cou-
pling constants. Thus, the general amplitude of the e+(k1)e−(k2) →
Y (p1) → D∗−

s (p4)D∗
s2(2573)+ → D∗−

s (D0(p3)K +(p2)) channel can 
be written as

M = v̄(k2)eγμu(k1)
−gμνem2

Y

sf

−gνρ + p1ν p1ρ/m2
Y

s − m2 + im �
Y Y Y Y
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Fig. 2. The contour plot of (p1 − p4)2 − m2
C in the invariant mass mB D and scattering angle θ2. Here, we assume the masses of all final states to be 1 MeV and mC = 3 MeV. 

Diagrams (a)-(d) correspond to √s − √
scritical = 200, 100, 0, −100 keV, respectively.
×gDs2 D∗
s Y gK D Ds2ε

λ∗
D∗

s

−Gρλαβ pα
2 pβ

2

(p1 − p4)2 − m2
Ds2

+ imDs2�Ds2

, (3)

where Gρλαβ = 1
2 (g̃ρα g̃λβ + g̃ρβ g̃λα) − 1

3 g̃ρλ g̃αβ with g̃ρα =
−gρα + (p1ρ − p4ρ)(p1α − p4α)/m2

Ds2
is the spin projection oper-

ator of tensor particle. With the above preparation, the differential 
cross section vs. invariant mass mD∗

s D or the recoil spectrum of 
K + can be calculated by integrating over the phase space of three-
body final states, i.e.,

dσ

dmD∗
s D

= 1

(2π)5

1

32
√

s
√

(k1 · k2)2
|M|2 |p2|

∣∣p3
∗∣∣d�2d�∗

3, (4)

where the overline above the amplitude stands for the average 
over the spin of electron and positron and the sum over the spin 
of final states, and the p3

∗ and �∗
3 are the three-momentum and 

solid angle of D0 meson in the center of mass frame of the D∗
s D

system.
In Fig. 3, we test the sensitivity of the reflection line shape of 

D∗
s2(2573) near the critical CM energy by plotting a differential 

cross section vs. the mD0 D∗−
s

invariant mass with four CM ener-

gies 
√

s = 4.630, 4.680, 4.690, and 4.730 GeV. Here, 
√

s = 4.680
GeV is just the critical energy value for the discussed e+e− →
D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +). Due to the peculiar kinematic be-
havior, it can be found that the line shape of a reflection signal 
is sensitive to the CM energy value around 4.680 GeV. When √

s > 4.680 GeV, the line shape of the reflection does not look like 
3

a peak structure and becomes more flat with increasing 
√

s. When 
CM energy is exactly at 4680 MeV, the line shape of reflection rep-
resents a critical peak structure. For another region of 

√
s < 4.680

GeV, although all reflection line shapes look like a peak structure, 
their sensitivity is reflected on the relative magnitude of events be-
cause of the off-shell suppression effect of the pole. In Fig. 4, the 
relative differential cross sections based on five CM energy points 
of 

√
s = 4.680, 4.675, 4.670, 4.650, and 4.630 GeV are given. It can 

be seen that the relative magnitude of differential cross sections 
is very sensitive to the CM energy. For example, there is about 
40% suppression for the tiny energy change of 5 MeV away from 
the critical energy. Additionally, there is even an order of magni-
tude difference between 

√
s = 4.680 and 4.650 GeV, which means 

that these reflection peaks that are far from the critical energy are 
most likely invisible in experiments. Hence, it can be seen that the 
reflective peak near a threshold is the most obvious at critical po-
sition of 

√
s = √

scritical, which should be the best CM energy to 
induce the formation of the charmoniumlike structures as a reflec-
tion nature.

Besides this, the reflection line shape is also sensitive to the 
width of an intermediate state D∗

s2(2573) as shown in Fig. 5, where 
all line shapes have the same pole position at mpole

D0 D∗−
s

= 4.003

GeV when the CM energy is 
√

s = 4.680 GeV. In fact, until now 
the resonance parameters of D∗

s2(2573), especially its width, have 
not been well established by directly analyzing the corresponding 
Breit-Wigner distribution [19]. The measured width of D∗ (2573)
s2
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Fig. 3. The line shapes of a differential cross section for e+e− → D∗−
s D∗

s2(2573)+ → D∗−
s (D0 K +) vs. the invariant mass mD0 D∗−

s
with four CM energies √

s =
4.630, 4.680, 4.690, and 4.730 GeV. Here, the resonance parameter of D∗

s2(2573) is fixed as m = 2.568 GeV and � = 16.9 MeV [19,20]. The maximum of line shape is 
normalized to 1.
Fig. 4. The relative differential cross sections of reflection peaks on the invariant 
mass spectrum of D0 D∗−

s in e+e− → D∗−
s D∗

s2(2573)+ → D∗−
s (D0 K +) with five dif-

ferent CM energies. The maximum of the reflection peak at √s = 4.680 GeV is 
normalized to 1.

is from 2 to 33 MeV if considering experimental uncertainties [19]. 
Here, we select four typical values of width as 6.0, 10.4, 16.9, and 
27.1 MeV as an example, which are from Ref. [23], ARGUS [28], 
LHCb [20], and BABAR [29], respectively. It can be found that the 
larger width of intermediate D∗

s2(2573) is also related to a wider 
reflection peak structure, and its line shape is very sensitive to an 
intermediate resonance width, which can be seen within the width 
change of only several MeV.

Therefore, this critical energy induced enhancement mechanism 
existing in a three-body open-charm process means that experi-
mentalists can easily implement to search for a critical reflection 
peak by scanning a series of the CM energy points, which is ex-
pected to be somewhere in the middle of a series of scanned CM 
energy points. At the same time, because of the existence of the 
CEE mechanism, these induced reflection structures as a new clus-
ter of charmoniumlike structures can be more easily distinguished 
from the charmoniumlike states with a resonant nature.
4

Fig. 5. The dependence of the line shape of a differential cross section for e+e− →
D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +) vs. the invariant mass mD0 D∗−
s

on the width of 
D∗

s2(2573)+ . Here, the CM energy is √s = 4.680 GeV and four typical values of 
width of D∗

s2(2573)+ are 6.0, 10.4, 16.9, 27.1 MeV, which are from Ref. [23], ARGUS 
[28], LHCb [20], and BABAR [29], respectively. Here, the maximum of line shape is 
normalized to 1.

4. Proposal for future experiments

In the following, we list a series of three-body open-charm 
processes from the positron-electron annihilation, where the CM 
energies suitable for studying the charmoniumlike structures in-
duced by the CEE mechanism are given with the information of the 
involved intermediate higher charmed/charmed-strange mesons. In 
a practical measurement, due to the ensurance of the CEE mech-
anism, the reflection peak structure near a threshold should be 
largely produced when the scanning energy point gradually close 
to the critical position. Thus, for the listed three-body open charm 
processes, experimentalists can plan a scanning interval in advance 
based on our suggested CM energy point in Table 1.

The suggested critical CM energies in Table 1 can be directly 
obtained when we determine the involved ground state charmed 
or charmed-strange meson B and the intermediate state C , which 
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Table 1
The proposal for inducing charmoniumlike structures through our proposed CEE 
mechanism. The last column shows the corresponding pole position of a reflective 
charmoniumlike peak in the invariant mass of D(∗)

(s) D(∗)
(s) .

√
scritical

a Recommended process Involved state mpole

D(∗)
(s) D(∗)

(s)

4286 e+e− → D D∗π D1(2420) (1+) 3890

4429 e+e− → Ds D∗
s π Ds1(2460) (1+) 4091

4430 e+e− → D∗
s Dsπ Ds0(2317) (0+) 4092

4431 e+e− → D∗ D∗π D1(2420) (1+) 4035

4471 e+e− → D∗ Dπ D∗
2(2460) (2+) 3910

4474 e+e− → D D∗π D∗(2600) (1−) 3906

4504 e+e− → Ds D∗ K Ds1(2536) (1+) 3982

4572 e+e− → D∗
s D∗

s π Ds1(2460) (1+) 4234

4615 e+e− → Ds D∗ K Ds(2646) (0−)b 3994

4617 e+e− → D D∗π D(2750) (2−) 3921

4619 e+e− → D∗ D∗π D∗(2600) (1−) 4052

4647 e+e− → D∗
s D∗ K Ds1(2536) (1+) 4125

4677 e+e− → Ds D K D∗
s1(2700) (1−) 3878

4750 e+e− → D D∗ρ D(2885) (1+)b 3889

4758 e+e− → D∗
s D∗ K Ds(2646) (0−)b 4138

4762 e+e− → D∗ D∗π D(2750) (2−) 4068

4820 e+e− → D∗
s D K D∗

s1(2700) (1−) 4023

4894 e+e− → D∗ Dρ D(2884) (2+)b 3914

4895 e+e− → D∗ D∗ρ D(2885) (1+)b 4034

5013 e+e− → D Dρ D(3148) (2−)b 3812

5116 e+e− → D∗
s D∗ K ∗ Ds(3004) (2+)b 4138

5158 e+e− → D∗ Dρ D(3148) (2−)b 3960

5229 e+e− → Ds D K ∗ Ds(3260) (2−)b 3924

5372 e+e− → D∗
s D K ∗ Ds(3260) (2−)b 4070

a Since the listed critical CM energies are only the reference values, experimen-
talists can plan to scan the CM energy points near the suggested reference value.

b They are theoretically predicted charmed/charmed-strange mesons that are still 
missing in experiments [23,30].

denotes a higher state of charmed/charmed-strange meson fami-
lies. These energy points can be covered by the future BESIII and 
BelleII experiments, and even the discussing possible Super Tau-
Charm Factory in China, which is planned to operate in the CM 
energy of 2 to 7 GeV [31]. Here, we mention the theoretical ref-
erence masses [23,30] to calculate the suggested CM energies for 
each of the corresponding unobserved states C . Thus, we suggest 
that experimentalists can plan to scan the CM energy points near 
the suggested reference value. For the intermediate C related to 
three-body open-charm processes from the e+e− annihilation, we 
select some relatively narrow states for convenience of experimen-
tal measurement. Additionally, we give approximate pole positions 
of the predicted charmoniumlike structures as a reflection peak.

For the e+e− collision, its CM energy can be changed accord-
ing to the corresponding physical aim. Obviously, our proposal can 
be an interesting research topic achievable at BESIII and BelleII. 
We hope that this proposal can stimulate experimentalists’ interest 
to apply this novel CEE mechanism to detect more charmonium-
like Zc or Zcs structures. Of course, it is worth mentioning that 
in a practical experimental measurement, the observation of the 
critical peak structure in CEE mechanism is also dependent on 
the coupling strength of reaction process. Therefore, based on this 
starting point, further theoretical studies involving the suggested 
three-body open-charm processes from the e+e− annihilation are 
encouraged to consider the detailed dynamics.

5. Summary

We have proposed a Critical Energy induced Enhancement (CEE) 
mechanism to detecting a new cluster of charmoniumlike struc-
5

tures, which is based on a peculiar kinematic behavior of a 
three-body process from the electron and positron annihilation. 
With e+e− → D∗−

s D∗
s2(2573)+ → D∗−

s (D0 K +) as an example, we 
have presented the sensitivity of the reflective line shape from 
D∗

s2(2573) existing in the mD∗−
s D0 invariant mass spectrum on the 

CM energy of the e+e− system. When fixing a special CM energy √
s = 4.680 GeV, which is just equal to mD∗

s
+ mD∗

s2(2573) , an obvi-

ous reflection peak near the threshold of D∗−
s D0 can be produced. 

However, when the CM energy is gradually larger than 4.680 GeV, 
the reflection peak will disappear. For another case of 

√
s < 4.680

GeV, the events of reflection peak will be obviously suppressed 
due to the missing of the single pole. Therefore, the energy of √

s = mD∗
s
+ mD∗

s2(2573) is a special critical point and there exists 
a CEE mechanism for the three-body open-charm process from the 
e+e− collisions. A direct application of this mechanism found in 
this work is to study the new cluster of charmoniumlike Zc or 
Zcs structures. We have further suggested a series of three-body 
open-charm processes from the electron and positron annihilation 
associated with the corresponding suggested CM energies. We have 
also noticed that BESIII released “White paper on the Future Physics 
Program of BESIII” recently [13]. Since the suggested CM energy 
points involved in three-body open-charm processes can be cov-
ered by BEPCII, it is obvious that it is a good chance for BESIII. The 
running BelleII is also an experimental facility based on the elec-
tron and positron collision. By the initial state radiation technique, 
BelleII has enough potential to measure the suggested three-body 
open-charm processes. Experimentally studying three-body open-
charm processes from electron and positron annihilation with spe-
cial CM energy points may form a future research topic accessible 
at BESIII, BelleII and even Super Tau-Charm factory [31].

In fact, this method developed in the present work is not lim-
ited only to the suggested three-body open-charm processes men-
tioned above. We may continue to extend it to three-body open-
strange processes and three-body open-bottom processes from the 
electron and positron annihilation, which can be an effective ap-
proach to construct new strangeoniumlike and bottomoniumlike 
structures families, respectively.
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