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There must be Coulomb bound states of a pair of hadrons, which are stable against the strong interaction,
with opposite electric charges. Such bound states are hadronic atoms. We study the properties and the
production of the ground-state DþD− hadronic atom ADþD− , called dionium, with quantum numbers
JPC ¼ 0þþ. Using a nonrelativistic effective field theory for theD0D̄0-DþD− coupled-channel system, the
mass of the ground-state dionium is predicted to be ð3739.3� 0.1Þ MeV, with the binding energy reduced
by about 10% compared to the Coulomb binding energy due to the strong interaction. Its width for the
decay into the neutral D0D̄0 channel is predicted to be 1.8þ1.4

−0.6 keV using lattice inputs for the DD̄ strong
interaction. The cross section for the inclusive prompt production of the dionium at CMS and LHCb and
that for the direct production pp̄ → ADþD− at PANDA are estimated at an order-of-magnitude level. In
particular, we expect that Oð103–105Þ events of the reaction chain pp̄ → ADþD− → D0D̄0 → K−πþKþπ−

can be collected at PANDA, and valuable information on the charmed meson interaction and on
understanding charmoniumlike states will be obtained.

DOI: 10.1103/PhysRevD.105.034024

I. INTRODUCTION

Since 2003, many charmoniumlike states have been
reported at various experiments, e.g., the Xð3872Þ and
Zcð3900Þ� with quantum numbers JPC ¼ 1þþ and
JPC ¼ 1þ−, respectively [1–4], which, being close to the
DD̄� thresholds, are good candidates of hadronic molecules
(composite systems of hadrons bound together through the
strong interaction) although there are other interpretations
in the market (for recent reviews, see Refs. [5–13]). To
understand these charmoniumlike structures, it is important
to study the interactions between a pair of charmed and
anticharmed mesons.
By making use of the approximate heavy quark spin

symmetry (HQSS), spin partners of the Xð3872Þ as a DD̄�
hadronic molecule have been predicted [14–16] (see also

Refs. [17–20]). In particular, an isoscalarD�D̄� bound state
with JPC ¼ 2þþ was predicted to be just below the D�D̄�

threshold with a width of the order of a few MeV to tens of
MeV [21,22]. The prediction recently got support from the
resonant structure observed by Belle in γψð2SÞ [23], which
has a mass of ð4014.4� 4.1� 0.5Þ MeV, though the
global significance is only 2.8σ.
Recently, a lattice QCD (LQCD) calculation of the DD̄

and DsD̄s scattering in the energy region from slightly
below 3.73 up to 4.13 GeV indicates a possible DD̄ bound
state with JPC ¼ 0þþ and a binding energy of EB ≡ 2mD −
M ¼ 4.0þ5.0

−3.7 MeV with mDðMÞ the mass of the D meson
(the bound state), which has also been predicted by several
phenomenology models [14,15,18,20,24–26]. Various
methods have been proposed to search for this state in
experiments [27–30].
Regardless of whether the isoscalar DD̄ bound state

exists, a DþD− hadronic atom (composite system of
hadrons bound together mainly through the electric
Coulomb interaction), to be called dionium and denoted
as ADþD− in the following, must exist and may be found in
the D0D̄0 invariant mass distribution from some high-
energy reactions. It is a composite state of the Dþ and D−

mesons formed mainly through the Coulomb interaction.
The Bohr radius of the dionium is

*shipanpan@itp.ac.cn
†zhangzhenhua@itp.ac.cn
‡fkguo@itp.ac.cn
§zhiyang@uestc.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 105, 034024 (2022)

2470-0010=2022=105(3)=034024(11) 034024-1 Published by the American Physical Society

https://orcid.org/0000-0003-2057-9884
https://orcid.org/0000-0001-6072-5378
https://orcid.org/0000-0002-2919-2064
https://orcid.org/0000-0003-4371-1032
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.034024&domain=pdf&date_stamp=2022-02-23
https://doi.org/10.1103/PhysRevD.105.034024
https://doi.org/10.1103/PhysRevD.105.034024
https://doi.org/10.1103/PhysRevD.105.034024
https://doi.org/10.1103/PhysRevD.105.034024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


rB ¼ 1

αμc
¼ ð6.82 MeVÞ−1 ¼ 28.91 fm; ð1Þ

with α ¼ 1=137 the fine structure constant and μc the
reduced mass of the DþD− mesons, much larger than
Λ−1
QCD ∼Oð1=300 MeV−1Þ, the typical scale of strong

interaction. Therefore, the strong interaction between Dþ
and D− can be treated as higher-order corrections in the
dionium, and the nonrelativistic effective field theory
(NREFT) can be applied to the dionium. Hadronic atoms
formed by light hadrons have been extensively studied in
the NREFT framework in order to measure the scattering
lengths of light-hadron scattering; for reviews, see
Refs. [31,32]. In the charmonium energy region, a hadronic
atom formed by charmed mesonsD� andD�∓, called the X
atom, is proposed and investigated in Ref. [33]; its binding
energy is EBA

¼ 22.92 keV, and the production rates in B
decays and prompt pp collisions relative to the those of the
Xð3872Þ are predicted, in a parameter-free way, to be
≳1 × 10−3, where the suppression is due to the Coulomb
character of the wave function. An experimental search of
the X atom can provide crucial information toward resolv-
ing the debates regarding the nature and production
mechanism of the Xð3872Þ.
In this work, we study theD0D̄0-DþD− coupled-channel

scattering and derive the binding energy, decay width of the
dionium, and coupling constants between the dionium and
DD̄ meson pairs. Because of the possible existence of an
isoscalar DD̄ hadronic molecular state mentioned above,
the strong interaction between the DD̄ should be treated
nonperturbatively, different from the pionic atoms [31,32],1

and the binding energy of the DD̄ molecular bound state
from LQCD can be used as an input to fix the low-energy
constant in the NREFT. Analogous to the X atom, a search
of the dionium may also provide useful information in
understanding the heavy-meson interaction and thus the
nature of the charmoniumlike states. To search for the
dionium, we estimate the cross sections for inclusive
productions of the ground state, to be denoted as ADþD− ,
at LHC, and for direct exclusive productions at PANDA.
The inclusive production rate of this hadronic atom,
σðpp → ADþD− þ allÞ, at LHC is estimated by the follow-
ing strategy: we first employ a Monte Carlo (MC) event
generator, PYTHIA8 [39], to simulate the inclusive produc-
tion of the DþD− mesons in pp collisions, and then the

production of the dionium from the final-state interaction
(FSI) of the DþD− pair is handled by NREFT. For the
production of the dionium at PANDA through the process
pp̄ → ADþD− , we make use of the flavor SU(4) model to
estimate the DþD− pair production rate, and the dionium
production from the FSI is same as that in pp collisions.
This paper is organized as follows. In Sec. II, the

properties of the dionium, including its binding energy,
decay width, and coupling to DD̄, are investigated. The
production rates of the dionium in pp collisions are
discussed in Sec. III. The prediction for the pp̄ →
ADþD− cross section is given in Sec. IV. The results of
our work are summarized in Sec. V. Appendix contains the
derivation of the production cross section of pp̄ → ADþD− .

II. D+D − HADRONIC ATOM

In this section, by considering theD0D̄0-DþD− coupled-
channel system, we derive the binding energy and decay
width of the dionium in terms of theDD̄ scattering lengths,
which is known as the Deser-Goldberger-Baumann-
Thirring (DGBT) formula [31,32,40] for hadronic atoms,
and evaluate their numerical value and the couplings
between the dionium and DD̄ mesons in the presence of
an isoscalar DD̄ hadronic molecular bound state.
We consider the D0D̄0-DþD− coupled-channel system

because the dionium and theDD̄molecular bound state can
be treated simultaneously in this framework. Both the DD̄
hadronic molecule and the energy levels of the dioniumwill
appear as poles of the coupled channel T matrix, and the
decay widths of the dionium to D0D̄0 can be derived from
the imaginary part of the dionium poles.
For the D0D̄0-DþD− coupled-channel system, the

thresholds of the two channels are denoted as Σ0 ¼
2mD0 and Σc ¼ 2mD� , respectively, with mD� the mass
of the D� mesons and mD0 (mD̄0) the mass of the D0 (D̄0)
meson, and the difference between these two thresholds is
Δ ¼ Σc − Σ0. The initial energy relative to the DþD−

threshold is defined as E ¼ ffiffiffi
s

p
− Σc, with

ffiffiffi
s

p
the total

initial energy of the system. The scattering amplitude is
given as [41]

TðEÞ¼
�
0 0

0 TcðEÞ

�
þ
�
1 0

0 WcðEÞ

�
TsðEÞ

�
1 0

0 WcðEÞ

�
;

ð2Þ

where TcðEÞ is the S-wave Coulomb scattering amplitude
between Dþ and D−,

TcðEÞ ¼
π

μcκcðEÞ
�
Γð1 − ηÞ
Γð1þ ηÞ − 1

�
; ð3Þ

with κcðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μcE

p
and η ¼ αμc=κcðEÞ. Besides,

TsðEÞ contains the strong interaction contribution to
TðEÞ as discussed in Ref. [41], and WcðEÞ denotes the

1There are also hadronic atoms in the light-hadron sector that
involve nonperturbative strong interactions in the near-threshold
region, such as the kaonium (KþK− atom) [34–37] and the
protonium (pp̄ atom; for a review, see Ref. [38]). These systems
are usually treated theoretically by solving the Schrödinger
equation with both the Coulomb and strong interaction potentials.
Different from the dionium to be discussed, for these two
systems, the neutral channels, K0K̄0 for kaonium and nn̄ for
protonium, have thresholds higher than the charged ones and thus
do not contribute to their decay widths.
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amplitude for the Coulomb photon exchange between the
initial and final DþD− states,

WcðEÞ ¼
�

2πiη
1 − e−2πiη

Γð1 − ηÞ
Γð1þ ηÞ

�1
2

: ð4Þ

At leading order (LO), one can take a contact term [15]
as the potential of the strong interaction,

VLO ¼ 1

2

�
C0a þ C1a C0a − C1a

C0a − C1a C0a þ C1a

�
; ð5Þ

where C0a and C1a denote the isoscalar and isovector
interactions, respectively. Then, the TsðEÞ in Eq. (2) is
given by the Lippmann-Schwinger equation (LSE),

TsðEÞ ¼ VΛ
LO þ VΛ

LOG
ΛðEÞTsðEÞ; ð6Þ

whereGΛðEÞ is the Green’s function regularized by a sharp
cutoff Λ [41–43],

GΛðEÞ ¼
�
GΛ

0 ðEÞ 0

0 GΛ
c ðEÞ

�
: ð7Þ

The Green’s functions for the neutral and charged channels
are denoted as GΛ

0 ðEÞ and GΛ
c ðEÞ, respectively,

GΛ
0 ðEÞ ¼ −

μ0Λ
π2

þ J0ðEÞ; ð8Þ

GΛ
c ðEÞ ¼ −

μcΛ
π2

−
αμ2c
π

�
ln

Λ
αμc

− γE

�
þ JcðEÞ; ð9Þ

with

J0ðEÞ ¼
μ0
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ0ðEþ ΔÞ

p
; ð10Þ

JcðEÞ ¼ −
αμ2c
π

�
ln ηþ 1

2η
− ψð−ηÞ

�
; ð11Þ

where μ0 is the reduced mass of D0D̄0, ψðxÞ ¼ Γ0ðxÞ=ΓðxÞ
is the digamma function, and γE ¼ 0.577 is the Euler
constant. The scattering amplitude TsðEÞ can be solved
from the LSE in Eq. (6) as

T−1
s ðEÞ ¼ ðVΛ

LOÞ−1 −GΛðEÞ

¼ 1

2

0
B@ 1

C0a
þ 1

C1a

1
C0a

− 1
C1a

1
C0a

− 1
C1a

1
C0a

þ 1
C1a

þ δ

1
CA

−

 
GΛ

0 ðEÞ
GΛ

c ðEÞ

!
ð12Þ

¼

0
B@wþ − J0ðEÞ −w−

−w− wþ − JcðEÞ þO
�

αμc
ΛQCD

�
1
CA; ð13Þ

with

wþ ¼ 1

2CR
1a
þ 1

2CR
0a
; w− ¼ 1

2CR
1a
−

1

2CR
0a
;

where CR
0a, C

R
1a are the renormalized coupling constants,

and an additional counterterm δ is added to count for the
isospin breaking effect between the two channels and to
absorb the corresponding logarithmic UV divergence. After
renormalization, the isospin breaking effect from the UV
divergence gives a higher-order correction that can be
neglected at LO. Thus, the LO TsðEÞ is

TsðEÞ ¼
1

det

�
wþ − JcðEÞ w−

w− wþ − J0ðEÞ

�
; ð14Þ

with

det ¼ ½wþ − J0ðEÞ�½wþ − JcðEÞ� − w2
−: ð15Þ

At the D0D̄0 threshold, the Ts matrix elements can be
written as

Ts00ðE¼−ΔÞ≡−
2π

μ0
ða0þa1Þ¼

wþ−Jcð−ΔÞ
wþ½wþ−Jcð−ΔÞ�−w2

−
;

Ts01ðE¼−ΔÞ≡−
2π

μ0
ða0−a1Þ¼

w−

wþ½wþ−Jcð−ΔÞ�−w2
−
;

ð16Þ

where a0 and a1 are theDD̄ S-wave scattering lengths with
isospin I ¼ 0 and I ¼ 1, respectively, and the renormalized
coupling constants can be expressed in terms of the
scattering lengths

CR
1a ≃

− 4π
μ0
a1

1þ 2π
μc
ða0 − a1ÞJcð−ΔÞ

;

CR
0a ≃

− 4π
μ0
a0

1 − 2π
μc
ða0 − a1ÞJcð−ΔÞ

: ð17Þ

TheCoulombbinding energy of theDþD− ground state is

E1 ¼
α2μc
2

≃ 24.9 keV: ð18Þ

The ground-state binding energy receives corrections from
the strong interactions and will be different from the above
value. The ground state is the lowest pole ofTsðEÞ, and thus
the binding energy EA satisfies
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det jE¼−EA
¼ 0: ð19Þ

Separating the Coulomb pole of the ground state from the
Coulomb propagator JcðEÞ, it can be reexpressed as [42]

J0cðEÞ ¼ −
αμ2c
π

�
ln η −

1

2η
−

1

ηþ 1
þ 2 − ψð2 − ηÞ

�

þ α3μ3c
π½E − ð−E1Þ�

; ð20Þ

then, Eq. (19) is rewritten as

w2
−

wþ − J0ð−EAÞ
¼ wþ − J0cð−EAÞ: ð21Þ

The LO ground energy level shift and the width of the decay
into the D0D̄0 channel can be solved from Eq. (21) as

ΔEstr
1 − i

Γ1

2
¼ −EA þ E1

¼ α3μ3c
π

wþð1 − RÞ − i μ0
2π

ffiffiffiffiffiffiffiffiffiffiffi
2μ0Δ

p
R

w2þð1 − RÞ2 þ ðμ0
2πÞ22μ0ΔR2

þO
�
α5μ5=2c

Δ3=2

�
; ð22Þ

which is the well-known DGBT formula [31,32,40] for
hadronic atoms, wherewþ andw− can be expressed in terms
of the DD̄ scattering lengths as

wþ ¼ −
μ0
2π ða0 þ a1Þ þ ða0 − a1Þ2Jcð−ΔÞ

4a0a1
; ð23Þ

w− ¼ −
μ0
2π ða0 − a1Þ þ ða20 − a21ÞJcð−ΔÞ

4a0a1
; ð24Þ

with

Jcð−ΔÞ ¼ −
αμ2c
π

�
ln

αμcffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p þ
ffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p
2αμc

− ψ

�
αμcffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p
��

;

ð25Þ
and the quantity R in Eq. (22) is defined as

R≡ w2
−

w2þ þ ðμ0
2πÞ22μ0Δ

: ð26Þ

The real part of Eq. (22) gives the LO strong energy
level shift ΔEstr

1 , and the LO decay width for the dionium
decay to the neutralD0D̄0 pair is given by the imaginary part,

Γ1 ¼
2α3μ3c
π

μ0
2πR

ffiffiffiffiffiffiffiffiffiffiffi
2μ0Δ

p

w2þð1 − RÞ2 þ ðμ0
2πÞ22μ0ΔR2

: ð27Þ

In the presence of a shallow isoscalar DD̄ bound state
with JPC ¼ 0þþ predicted in the LQCD calculation [44]

and several phenomenological models (for a review, see
Ref. [20]), the energy level shift may receive further
simplification. Since no isovector DD̄ bound state is
predicted, the contact potential for the isovector coupling
is significantly weak as deduced from the properties of the
Xð3872Þ with the help of HQSS, i.e., jCR

0aj ≫ jCR
1aj [21].

We take CR
1a ¼ 0, and then, at LO, the scattering matrix in

Eq. (14) is reduced to

TsðEÞ ¼
1

2
CR
0a
− J0ðEÞ − JcðEÞ

�
1 1

1 1

�
; ð28Þ

which is in line with the scattering amplitude in Ref. [33].
The DD̄ bound state appears as a pole of TsðEÞ located at
E ¼ −Δ − EB ≡ −ΔB, with EB the binding energy of the
bound state, and the renormalized coupling constant CR

0a
can be determined by the pole location,

2

CR
0a
− J0ðE ¼ −ΔBÞ − JcðE ¼ −ΔBÞ ¼ 0: ð29Þ

The energy level shift in Eq. (22) can be simplified as

ΔEstr
1 − i

Γ1

2
¼ −EA þE1

≃
α3μ3c
π

μ0
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2μ0EB

p þ Jcð−ΔBÞ− i μ0
2π

ffiffiffiffiffiffiffiffiffiffiffi
2μ0Δ

p

½μ0
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2μ0EB

p þ Jcð−ΔBÞ�2 þ ðμ0
2πÞ22μ0Δ

:

ð30Þ

The LQCD calculation in Ref. [44] was performed without
isospin symmetry breaking. Here, we take the DD̄ thresh-
old to be that of the D0D̄0 pair to avoid the situation that
the bound state may be able to decay into the D0D̄0

channel within the LQCD uncertainties. Thus, setting EB ¼
4.0þ5.0

−3.7 MeV [44], we can extract the binding energy and
decay width of the ground-state dionium to the D0D̄0 pair,

ReEA ¼ E1 − ΔEstr
1 ≃ 22.9þ0.3

−0.4 keV;

Γ1 ≃ 1.8þ1.4
−0.6 keV; ð31Þ

where the uncertainties come from those of EB. Note that
the binding energy for the dionium is approximately equal
to that of the X atom, while their decay widths are largely
different [33] because of theD� decay width involved in the
X atom.
The total decay width of the dionium receives additional

contributions from channels other than the D0D̄0, such as
J=ψππ and purely-light-hadron channels. Such channels
are expected to be subleading as the transitions fromDþD−

to them would involve the exchange of a charmed meson.
Thus, they are expected to be suppressed relative to the
charge-exchange transition DþD− → D0D̄0, which may
proceed through the exchange of light mesons (such as the
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f0, ρ, and ω). The cc̄ pair annihilation is also orders
of magnitude suppressed in comparison with that for a
charmonium, as can be seen from the tiny ratio of the
radial wave functions at the origin of the dionium
(R00ð0Þ ¼ 2

ffiffiffiffiffiffiffiffiffi
α3μ3c

p
≃ 1 × 10−3 GeV3=2 for the ground

state) to that of a charmonium (about 1 GeV3=2 for the
ground state [45]). Physically, this is because the c and c̄ in
the dionium are tens of fm apart from each other, see
Eq. (1), a distance much larger than the typical scale of the
strong interactions. Therefore, the partial width given in
Eq. (31) is expected to give a good estimate of the total
width of the ground-state dionium.
The effective couplings of DþD− to the ground-state

dionium (gstr) and D0D̄0 to the molecular bound state (g0)
can be extracted from the residues of Ts22 and Ts11,

g2str ¼ lim
E→−EA

ðEþ EAÞTs22ðEÞ ≃ ½3.2þ2.1
−2.8 − ð3.5þ4.0

−1.5Þi�

× 10−8 MeV−1;

g20 ¼ lim
E→−ΔB

ðEþ ΔBÞTs11ðEÞ ≃ ð3.9þ1.4
−2.5Þ × 10−4 MeV−1;

ð32Þ
where the uncertainties come from the uncertainties of EB,
and the uncertainties of the charmed meson masses are
negligible. Since jg2str=g20j ∼Oð10−4Þ, the production rate
for the dionium is much smaller than that of the D0D̄0

bound state with the same kinematics.

III. PRODUCTION RATE OF THE DIONIUM IN pp
COLLISIONS

The production of a hadronic atom A in the pp collision
is shown in Fig. 1. The production of the HH0 pair is a
short-distance process, and the hadronic atom arises from
long-distance FSI of theHH0 pair. The scattering amplitude
of this production is [46,47]

M½Aþ all� ¼ M½HH0 þ all� × G × TA; ð33Þ

where M½HH0 þ all� denotes the amplitude for the
inclusive production of charged hadrons H and H0 in the

short-range interaction, G is the Green’s function of the
HH0 pair [31,33], and TA is the amplitude for producing the
hadronic atom in the process HH0 → A. For a shallow
bound A, TA is approximately equal to the coupling
constant gA for the hadronic atom A to HH0 pair [48].
The general differential cross section for the inclusive

production of HH0 in the MC event generator is expressed
as [46,48]

dσ½HH0 þ all�MC ¼ 1

2
KHH0

1

flux

X
all

Z
dϕHH0þall

× jM½HH0 þ all�j2 d3k
ð2πÞ32μ ; ð34Þ

where k is the relative 3-momentum of the HH0 pair in the
center-of-mass frame and μ is the reduced mass of the HH0
pair. Note that the factor 1=2 is a Jacobian derived from
coordinate transformation and the KHH0 factor parametrizes
the overall difference between the MC simulation and
experimental data. In this work, we roughly take KHH0 ≃ 1
for an order-of-magnitude estimate. The total cross section
for the A production in proton-proton collisions can be
derived from Eqs. (33) and (34),

σ½Aþall�≃ mA

mHmH0
jGgAj2

�
dσ½HH0 þall�

dk

�
MC

4π2μ

k2
; ð35Þ

where mH and mH0 are, respectively, the masses of hadrons
H and H0 and mA is the mass of the hadronic atom A.
For the production of the dionium, HH0 denotes the

DþD− pair. The Green’s function for the DþD− mesons is
given by the loop function G ¼ GΛ

c , where Λ is taken as a
typical hadronic scale, 0.5–1.0 GeV, for an estimate, and
the coupling constant gA ¼ gstr; they are given in Eqs. (9)
and (32), respectively.
The differential cross section for the production of

DþD− mesons at short distances can be estimated by
the MC event generator, PYTHIA8 [39]. Following the
parameters setting at the CMS in the Xð3872Þ searching
process [49], we generate partonic events in a full 2 → 2
QCD process with a transverse momentum 10 < pT <
50 GeV and then hadronize these events to produce
hadrons in pp collisions. Consequently, we simulate
4 × 109 pp collisions with pp center-of-mass energyffiffiffiffiffiffiffispp
p ¼ 7 TeV and select the DþD− pair with a relative
3-momentum k < 0.4 GeV. The obtained differential cross
section dσ=dk (in units of μb=GeV) for the inclusive
production of DþD− pairs is shown in Fig. 2.
Considering a constant production amplitude, which is a
good approximation in the small k region, the differential
cross section is proportional to k2. Thus, fitting the differ-
ential cross section generated using PYTHIA8, such an
expectation is confirmed, and one has

FIG. 1. The inclusive production of the hadronic atom made of
the charged hadron pair HH0 in pp collisions. The other hadrons
produced in this process are generally denoted by “all.”
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�
dσ½DþD−�

dk

�
MC

≃ 3.34 × 106
ðk=μcÞ2

sppðmDþ þmD−Þ : ð36Þ

Finally, the integrated cross sections for pp → ADþD− þ
all with different cutoffs are listed in Table I. The prompt
cross section for the production of the dionium at LHC is
about 1(49) pb with the sharp cutoff Λ ¼ 0.5ð1.0Þ GeV.
Comparing the cross section for pp → ADþD− þ all and
that of pp → Xð3872Þ þ all predicted in Ref. [46] atffiffiffiffiffiffiffispp
p ¼ 7 TeV, Oð10 nbÞ, the predicted production rate
for ADþD− relative to Xð3872Þ is at the 10−3 level, which is
the same order of magnitude as the ratio of the production
rates for the X atom and the Xð3872Þ [33]. Therefore, atffiffiffiffiffiffiffispp
p ¼ 7 TeV, the cross section of pp → ADþD− þ all and
pp → Xatom þ all are at the same order of magnitude, as
one would naturally expect.
Assuming the dionium mainly decays to D0D̄0,

i.e., Br½ADþD− → D0D̄0� ≃ 1, the cross section for the
process pp → ADþD− þ all → D0D̄0 þ all reaches
Oð10 pbÞ with the CMS kinematics in Ref. [49], where
the inclusive production cross section for the Xð3872Þ
was measured to be σXð3872ÞBr½Xð3872Þ → J=ψπþπ−� ¼
ð1.06� 0.11� 0.15Þ nb. The LHCb experiment has
advantages in detecting the neutral D mesons in

comparison with the CMS. Thus, in the following, we
make an estimate of the prompt inclusive production rate
at LHCb.
The inclusive production cross section for the Xð3872Þ

at LHCb was measured to be σXð3872ÞBr½Xð3872Þ →
J=ψπþπ−� ¼ ð5.4� 1.3� 0.8Þ nb [50], which is about
five times larger than that at CMS [49]. Since the long-
distance part of the production of both the Xð3872Þ and the
dionium is universal at both experiments and calculable in
NREFT, the difference between the productions of both
states at CMS and LHCb then lies in the short-distance part,
and one expects�

σADþD−

σXð3872Þ

�
CMS

∼
�
σADþD−

σXð3872Þ

�
LHCb

; ð37Þ

where σADþD− and σXð3872Þ are the inclusive cross sections
for the productions of the dionium and the Xð3872Þ,
respectively. Thus, σðpp → ADþD− þ all → D0D̄0 þ allÞ
should be of Oð0.1 nbÞ at LHCb with the kinematics in
Ref. [50], i.e., ffiffiffiffiffiffiffispp

p ¼ 7 TeV, the transverse momentum
5 < pT < 20 GeV, and the rapidity 2.5 < y < 4.5. Thus,
the observation of the dionium at LHCb is promising. Next,
we estimate the production rate of the dionium at PANDA,
which has a high-energy resolution and thus is able to
measure the properties with a better precision if the
production rate is high enough.

IV. PRODUCTION RATE OF THE DIONIUM
IN pp̄ COLLISIONS

The dionium can be produced directly at the pp̄
collisions, as shown in Fig. 3. The DþD− pair is produced
at short distances in pp̄ collisions, and the dionium is
formed from the long-distance FSI of this meson pair. The
short-distance process pp̄ → DþD− may be estimated by
exchanging the Σþþ

c and Σ�þþ
c in a t-channel scattering.

Because the coupling constant between p and Σ�
cD̄ is small

[51,52], the contribution from the exchange of Σ�þþ
c is

largely suppressed. Therefore, we only count the contri-
bution of the Σþþ

c exchange in the process pp̄ → DþD−

FIG. 2. The differential cross section dσ=dk (in units of
μb=GeV) for the inclusive production of DþD− in pp collisions
with

ffiffiffi
s

p ¼ 7 TeV. Here, k is the relative 3-momentum of
DþD− pair.

FIG. 3. The Feynman diagram for the pp̄ → ADþD− process.
Here, A denotes the dionium ADþD− . Besides the strong inter-
action, the electric Coulomb interaction is present in the DþD−

loop, where the analytic form of this mesons loop is shown
in Eq. (9).

TABLE I. Order-of-magnitude estimates of the integrated cross
section for pp → ADþD− þ all at ffiffiffiffiffiffiffispp

p ¼ 7 TeV with
10 < pT < 50 GeV. In the first row, Λ is the sharp cutoff used
to regularize the Green’s function in Eq. (9).

Λ (GeV) 0.5 1.0

σðpp → ADþD− þ allÞ (pb) 1þ7
−1 49þ76

−33
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shown in Fig. 4. Of course, there can also be exchanges of
excited Σþþ

c baryons. Here, we only aim at an order-of-
magnitude estimate of the production cross section and thus
will not consider other possible exchanges.
The effective Lagrangian free of derivative for the

interaction between p and ΣcD̄ can be constructed as

LNΣcD ¼ gsψ̄Nγ
5ϕDψΣc

þ H:c:; ð38Þ

where ψN , ψΣc
, and ϕD are the fields of the nucleon, the Σc,

and the D meson, respectively, and the coupling constant
gs ¼ 2.69 from the flavor SU(4) model [53,54]. As shown
in Fig. 4, the transition amplitude for the pp̄ → DþD−

channel with the Σc exchange is expressed as

iMpp̄→DþD− ¼ ῡðp0Þgsγ5
iF2

pΣcD

p − =k −mΣc

gsγ5uðpÞ; ð39Þ

where u and ῡ are the spinors of the proton and antiproton,
respectively; mΣc

is the mass of Σc; and FpΣcD is the form
factor. Following Refs. [55,56], we take the form factor as

F2
pΣcD

¼ Λ4
1

½ðp − kÞ2 −m2
Σc
�2 þ Λ4

1

; ð40Þ

where k is the 4-momentum of D− and the cutoff Λ1 is
taken to be Λ1 ¼ 2.0 GeV as in Refs. [55,56].
To estimate the production rate, we set the total

initial energy of pp̄ at the mass of the dionium,ffiffiffi
s

p ¼ 3739.3 MeV, to maximize the cross section of
pp̄ → ADþD− with subsequent ADþD− decays into final
states such asD0D̄0. For such an initial energy, the value of
ðp − kÞ2=m2

Σc
is small in the center-of-mass frame,

ðp − kÞ2
m2

Σc

≃ −
ðp − kÞ2
m2

Σc

≃ −0.4: ð41Þ

So, one may expand the propagator in (39) in powers of
1=mΣc

and keep only the leading term for an estimate,

which should suffice since we aim at an order-of-magnitude
estimate. The amplitude for pp̄ → DþD− can be reduced to

iM0
pp̄→DþD− ≃ −ῡðp0Þgsγ5

iF2
pΣcD

mΣc

gsγ5uðpÞ þOðm−2
Σc
Þ:

ð42Þ

The reduced amplitude for pp̄ → ADþD− shown in
Fig. 3 is

iMADþD− ¼ iMISIM0
pp̄→DþD−

NGΛ
c gstr

4mDþmD−
; ð43Þ

where N ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8mADþD−mDþmD−

p
accounts for the normali-

zation of the heavy particle fields, GΛ
c is the Coulomb

propagator shown in Eq. (9), and gstr is effective coupling
between the dionium and DþD− in Eq. (32). Here, MISI is
a factor derived from the pp̄ initial-state interaction
[55,57,58]. The factor jMISIj2 slowly varies from 0.27
to 0.32 with the increase of

ffiffiffi
s

p
from 5 GeV up to 8 GeV

[55]. In this work, the interesting energy region is lower, at
around 3.74 GeV, and we set jMISIj2 ≈ 0.2 for an order-of-
magnitude estimation of the production rate of the dionium
at PANDA. According to the general cross section formula
Eq. (A4) for the 2 → 1 process, the cross section for
pp̄ → ADþD− is

σADþD− ¼ 1

ΓADþD−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sλðs;m2

p;m2
pÞ

q jMADþD− j2

¼ ðE2
p −m2

pÞjMISIj2

ΓADþD−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sλðs;m2

p;m2
pÞ

q mADþD− g
4
sF4

pΣcD

mDþmD−m2
Σc

jGΛ
c gstrj2;

ð44Þ

where Ep and mp are the energy in the center-of-
mass frame and mass of the proton, respectively;
λðx; y; zÞ≡ x2 þ y2 þ z2 − 2xy − 2yz − 2zx; and ΓADþD−

is the decay width of the dionium. Since the dioniummainly
decays to D0D̄0, i.e., Br½ADþD− → D0D̄0� ≃ 1, the decay
width of the dionium ΓADþD− is approximately equal to the
partial width Γ1 in Eq. (31). Because the decay width of the
dionium Γ1 is tiny in comparison with any hadronic scale,

FIG. 4. The charged charm mesons production from pp̄ with
the exchange of Σþþ

c .

FIG. 5. The Feynman diagram for the pp̄ → ADþD− → D0D̄0

process. A denotes the dionium.
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the general 2 → 1 cross section formula Eq. (A4) is valid for
pp̄ → ADþD− . Moreover, in Appendix, we show that

σADþD−Br½ADþD− → D0D̄0� ¼ σD0D̄0 ; ð45Þ

where σD0D̄0 is the cross section of pp̄ → ADþD− → D0D̄0

shown in Fig. 5. From this relation, we confirm that the
general cross section (A4) for the 2 → 1 process can be
applied to pp̄ → ADþD− .
Results for the pp̄ → ADþD− cross section, as estimated

using Eq. (44), at
ffiffiffi
s

p ¼ 3739.3 MeV with different cutoffs
Λ are demonstrated in Table II. For the cutoff being
Λ ¼ 0.5ð1.0Þ GeV, the cross section for pp̄ → ADþD−,
as well as for pp̄ → ADþD− → D0D̄0, is 0.002ð0.1Þ μb.
From Ref. [59], the integrated luminosity of PANDA
at

ffiffiffi
s

p ¼ 3872 MeV is about 2 fb−1 in five months.
Assuming the same integrated luminosity at 3739.3 MeV,
where the production rate is maximal, the above estimated
cross sections translate into 0.04ð2.0Þ × 108 events.
Reconstructing the neutral D0 and D̄0 mesons using the
K∓π� mode, which has a branching fraction of about 4%
[60], there will still be Oð103–105Þ events. Therefore, we
expect that the dionium can be detected at PANDA.

V. CONCLUSIONS

We have predicted the binding energy and the partial
width to D0D̄0 of the dionium, the ground-state DþD−

hadronic atom with JPC ¼ 0þþ, and estimated its produc-
tion cross sections (inclusive and exclusive, respectively) in
pp and pp̄ colliders.
The binding energy and the decay width of the dionium

were derived from the pole of the D0D̄0-DþD− coupled-
channel scattering amplitude, where the potential for the
strong interaction is a contact term derived from HQSS. In
the presence of a D0D̄0 bound state predicted in the LQCD
calculation [44], we have predicted that the mass of the
dionium ADþD− is ð3739.3� 0.1Þ MeV, and the decay
width for ADþD− → D0D̄0 is 1.8þ1.4

−0.6 keV. The latter is
expected to be a good estimate for the total width of the
ground-state dionium, corresponding to a life time of
order 10−18 sec.
We have discussed the inclusive process pp → DþD− þ

all with the MC event generator PYTHIA8 and produced the
dionium from the DþD− FSI to explore an order-of-
magnitude estimate of the dionium production cross section
at LHC experiments. Our result shows that the cross section

for pp → ADþD− þ all is at theOð10Þ pb level at CMSwithffiffiffiffiffiffiffispp
p ¼ 7 TeV, which is 3 orders of magnitude smaller
than the cross section for the production of Xð3872Þ
predicted in Ref. [46] and measured in Ref. [49] and a
few times larger at LHCb with ffiffiffiffiffiffiffispp

p ¼ 7 TeV.
The cross section for pp̄ → ADþD− was also estimated at

the energy 3739.3 MeV where the production rate should
be maximized. The cross section for pp̄ → ADþD− is at the
10−1 μb level, and we expect thatOð103–105Þ events of the
reaction chain pp̄ → ADþD− → D0D̄0 → K−πþKþπ− can
be collected. A study of the hadronic atom suggested here
at PANDA will be able to provide crucial information in
understanding the interaction between charmed mesons and
have influence in understanding the charmoniumlike states.
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APPENDIX: ONE-BODY PHASE SPACE AND
THE DIONIUM LINE SHAPE

For the process AB → C, the one-body phase space is

Z
dΠ1 ¼

Z
dp3

C

ð2πÞ32EC
ð2πÞ4δ4ðpA þ pB − pCÞ

¼ 2πδðEA þ EB − ECÞ
2ðEA þ EBÞ

: ðA1Þ

The Dirac δ function in Eq. (A1) can be approximately
rewritten as

δð ffiffiffi
s

p
− ECÞ ¼

1

iπ
lim
Γ→0

�
1ffiffiffi

s
p

− EC − iΓ=2

�

≃
1

iπ

� ffiffiffi
s

p
− EC þ iΓ=2

ð ffiffiffi
s

p
− ECÞ2 þ Γ2=4

�
ffiffi
s

p
→EC

¼ 2

πΓ
; ðA2Þ

with Γ the decay width of the C particle, which should be
small for the approximation to work. The one-body phase
space with the narrow-width approximation for the final
state can be rewritten as

TABLE II. Order-of-magnitude estimates of the integrated
cross section for pp̄ → ADþD−. In the first row, the cutoff Λ
originated from the regularized Green’s function in Eq. (9).

Λ (GeV) 0.5 1.0

σðpp̄ → ADþD−Þ (μb) 0.002þ0.013
−0.002 0.1þ0.2

−0.1
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Z
dΠ1 ¼

2

ΓðEA þ EBÞ
: ðA3Þ

Applying the narrow-width approximation, the cross section of AB → C in the center-of-mass frame is

σC ¼ 1

2EA2EBjυA − υBj
Z

dp3
C

ð2πÞ32EC
jMAB→Cj2ð2πÞ4δ4ðpA þ pB − pCÞ

¼ 1

4jEBpþ EApj
2πδðEA þ EB − ECÞ

2ðEA þ EBÞ
jMAB→Cj2

≃
1

Γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sλðs;m2

A;m
2
BÞ

p jMAB→Cj2; ðA4Þ

where s ¼ ðEA þ EBÞ2 and p is the 3-momentum of initial particles in the center-of-mass frame,
jpj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

A;m
2
BÞ

p
=ð2 ffiffiffi

s
p Þ. Equation (A4) can be used to calculate the cross section of the 2 → 1 process AB → C

at
ffiffiffi
s

p ¼ mC for a narrow Γ.
For

ffiffiffi
s

p
> mC or a large decay width of C, one needs to consider the cross section for pp̄ → ADþD− → D0D̄0 shown in

Fig. 5. The amplitude for this process is

iMD0D̄0 ¼ iMISIM0
pp̄→DþD−

N 0GΛ
c gstr

2mDþ2mD−

gstr
2mADþD− ð

ffiffiffi
s

p
−mADþD− þ iΓADþD−=2Þ

; ðA5Þ

where N 0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8mADþD−mDþmD−

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8mADþD−mD0mD̄0

p
accounts for the normalization of the heavy particle fields and

M0
pp̄→DþD− is the amplitude shown in Eq. (42). The Coulomb propagator GΛ

c and the effective coupling constant gstr are

given in Eqs. (9) and (32), respectively. The cross section for pp̄ → ADþD− → D0D̄0 is

σD0D̄0 ¼ 1

4

1

4EpEp̄jvp − vp̄j
Z

dΩ
jkj

ð2πÞ24 ffiffiffi
s

p jMD0D̄0 j2

¼ ðE2
p −m2

pÞ
8πs

jMISIj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

D0 ; m2
D̄0Þ

λðs;m2
p;m2

p̄Þ

s
mD0mD̄0g4sF4

pΣcD

mDþmD−m2
Σc

jGΛ
c g2strj2

ð ffiffiffi
s

p
−mADþD− Þ2 þ Γ2

ADþD−
=4

: ðA6Þ

In the center-of-mass frame, one has s ¼ ðEp þ Ep̄Þ2 ¼ ðED0 þ ED̄0Þ2 and p · p0 ¼ p0p00 − p · p0 ¼
E2
p þ ðE2

p −m2
pÞ ¼ 2E2

p −m2
p, with Ep (Ep̄) and mp (mp̄) the energy and mass of the proton (antiproton), respectively.

At LO, the decay width for ADþD− → D0D̄0 is

ΓD0D̄0 ≃
1

2mADþD−

jkjjgstrj2
4πmADþD−

8mADþD−mD0mD̄0 ¼ mD0mD̄0 jgstrj2
πmADþD−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

D0 ; m2
D̄0Þ

q
2
ffiffiffi
s

p ; ðA7Þ

and the cross section for pp̄ → ADþD− → D0D̄0 at
ffiffiffi
s

p ¼ mADþD− can be written as

σD0D̄0 ≃
ðE2

p −m2
pÞ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sλðs;m2

p;m2
p̄Þ

q jMISIj2
mADþD− g

4
sF4

pΣcD

mDþmD−m2
Σc

jGΛ
c gstrj2

ΓADþD−

ð ffiffiffi
s

p
−mADþD− Þ2 þ Γ2

ADþD−
=4

Γ1

ΓADþD−

¼ σADþD−
Br½ADþD− → D0D̄0�; ðA8Þ

which indicates that at
ffiffiffi
s

p ¼ mADþD− the cross section σADþD− for pp̄ → ADþD− in Eq. (44) is equal to
σD0D̄0=Br½ADþD− → D0D̄0�. Moreover, the σD0D̄0 computed by Eq. (A6) can be applied to explore the line shape of
ADþD− in the D0D̄0 invariant-mass distribution, while Eq. (A4) just estimates the cross section at

ffiffiffi
s

p ¼ mADþD− .
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