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The Xð3872Þ, whose mass coincides with the D0D̄�0 threshold, is the most extended hadron object.
Since its discovery in 2003, debates have never stopped regarding its internal structure. We propose a new
object, the X atom, which is the D�D�∓ composite system with positive charge parity and a mass of
ð3879.89� 0.07Þ MeV, formed mainly due to the Coulomb force. We show that a null signal of the X atom
can be used to put a lower limit on the binding energy of the Xð3872Þ. From the current knowledge of the
Xð3872Þ properties, the production rate for the X atom relative to the Xð3872Þ in B decays and at hadron
colliders should be at least 1 × 10−3. New insights into the Xð3872Þ will be obtained through studying the
X atom.
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Introduction.—Hadron resonances containing a pair of
charm and anticharm quarks are being intensively studied
at ongoing and planned high energy experiments, such as
BESIII [1], LHCb [2], Belle-II [3], PANDA [4], and so on.
The physics motivation is to understand the tens of
mysterious hadron resonances in the charmonium mass
regime, called the XYZ states, that have properties beyond
theoretical expectations. Among them, the Xð3872Þ, also
known as χc1ð3872Þ [5], is the most mysterious one. Since
its discovery in 2003 by the Belle Collaboration [6],
debates regarding its internal structure have never stopped
(for a few recent reviews, see Refs. [7–16]).
The most salient feature of the Xð3872Þ is that its mass

coincides exactly with the D0D̄�0 threshold, with a differ-
ence (to be called binding energy),

δ ¼ mD0 þmD�0 −mX ¼ ð0.00� 0.18Þ MeV; ð1Þ
where we have used the “OUR AVERAGE” values for the
masses: mD0 ¼ð1864.84�0.05ÞMeV, mD�0 ¼ ð2006.85�
0.15Þ MeV, and mX ¼ ð3871.69� 0.17Þ MeV in the
Review of Particle Physics [5] [for recent LHCb measure-
ments of the Xð3872Þ resonance parameters, see
Refs. [17,18] ]. Despite the closeness to the threshold,
the Xð3872Þ couples strongly to the D0D̄�0 channel, which
is manifested by the large branching fraction to the D0D̄�0

and D0D̄0π0 channels [5,19,20].
From the uncertainty principle, the closeness of the

Xð3872Þ to the D0D̄�0 threshold and the strong coupling

indicate that the wave function of the Xð3872Þ at
long distances is given by that of the D0D̄�0 component,
which has a size of rX ≃ ð2μ0jδjÞ−1=2 ≳ 10 fm, where μ0 is
the D0D̄�0 reduced mass. The typical scale for the rela-
tive momentum between the neutral charmed mesons,ffiffiffiffiffiffiffiffiffiffiffiffi
2μ0jδj

p ≲ 19 MeV, is much smaller than strong and weak
interaction scales, leading to a factorization between the
short and long-distance contributions to the productions of
the Xð3872Þ at high-energy hadron colliders and in B
decays [21]. The long-distance part, which can be com-
puted in terms of nonrelativistic effective field theory
(NREFT), is universal and depends only on the binding
energy. The production rates of the Xð3872Þ are then
proportional to the absolute square of the universal tran-
sition amplitude (or the effective coupling constant) from
the D0D̄�0 meson pair to the Xð3872Þ, which is propor-
tional to

ffiffiffi
δ

p
[11,21–24],

g2X ¼ 2π

μ20

ffiffiffiffiffiffiffiffiffiffi
2μ0δ

p
: ð2Þ

Thus, in line with intuition, the production of very loosely
bound states is suppressed. For debates related to whether
the production of the Xð3872Þ at hadron colliders can be
used to discriminate possible internal structures of the
Xð3872Þ, see Refs. [11,24–34].
In order to understand the nature of the Xð3872Þ, it is

important to have precise measurements of its binding
energy and decay width, since these quantities are closely
related to the long-distance, and thus the hadronic molecu-
lar, component of the Xð3872Þ. The most precise mea-
surement was given by the Flatté analysis of the Xð3872Þ
events in the J=ψπþπ− decay mode from bottom-hadron
decays collected at the LHCb experiment [17]. The
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PANDA experiment under construction is able to measure
the width and line shape of the Xð3872Þ with a precision of
100 keV [35], and it is also able to measure the Xð3872Þ
binding energy with a precision well beyond Eq. (1) [36]
with the method proposed in Ref. [37]. One notices that the
pole of the Xð3872Þ in the LHCb analysis is below the
D0D̄�0 threshold in most of the confidence region [17].
In this Letter, we propose to investigate a new object,

the D�D�∓ atom, to be called the X atom below. Its
production can be related to that of the Xð3872Þ in a model-
independent way using NREFT. Consequently, the null
signal so far in the high quality LHCb data [17,18] can be
used to set a lower bound of the Xð3872Þ binding energy.
Hadronic atom.—One notices that the radius of the

Xð3872Þ, rX ≳ 10 fm, implies that the D0D̄�0 component
of the wave function is extremely extended from the point
of view of strong interactions. It even has the same order of
magnitude as the Bohr radius of a hadronic atom formed of
two oppositely charged charmed mesons, which are bound
together mainly because of the electric Coulomb force. The
Bohr radius for the Coulomb bound state of D�D�∓ is

rc ¼
1

αμc
¼ 27.86 fm; ð3Þ

where α is the fine structure constant, and μc is the DþD�−
reduced mass. The Coulomb binding energy is given by

En ¼
α2μc
2n2

; ð4Þ
with n the principal quantum number. For the ground state,
n ¼ 1, one has E1 ¼ 25.81 keV. This value is within the
uncertainty for the Xð3872Þ binding energy in Eq. (1) and
also in the range of the updated LHCb analysis [17],
meaning that the size of the X atom is comparable with that
of the Xð3872Þ.
When two hadrons are well separated at a distance of the

Bohr radius scale, much larger than the typical strong
interaction radius, 1=ΛQCD with ΛQCD ¼ Oð300 MeVÞ, the
strong interaction effect must be weak, and can be treated as
a correction to the dominant Coulomb force. Furthermore,
the system receives only influences of the strong interaction
at the longest distance, and thus probes the strong inter-
action strength at threshold. So far, hadronic atoms have
only been studied for systems made of light hadrons, such
as charged pions, kaons, and the proton, and have been
used to extract the scattering lengths in such systems (for
reviews, we refer to Refs. [38,39]). The X atom is different
from these hadronic atoms because the strong interaction in
this case is nonperturbative due to the existence of the
Xð3872Þ close to the D0D̄�0 threshold, which is 8.2 MeV
below the DþD�− threshold (and the X atom). Therefore,
the strong interaction correction to the Coulomb force
needs to be treated in a nonperturbative way.
Let us start with the Lagrangian for the D0D̄�0 and

DþD�− (the charge conjugated channels are implicit)

coupled-channel system with positive charge parity, which
is relevant for the Xð3872Þ:

L¼−
1

4
FμνFμνþ

X
ϕ¼D�;D0;D̄0

ϕ†
�
iDt−mϕþ

∇2

2mϕ

�
ϕ

þ
X

ϕ¼D��;D�0;D̄�0
ϕ†

�
iDt−mϕþ i

Γϕ

2
þ ∇2

2mϕ

�
ϕ

−
C0

2
ðDþD�− −D−D�þÞ†ðDþD�− −D−D�þÞ

−
C0

2
½ðDþD�− −D−D�þÞ†ðD0D̄�0 − D̄0D�0ÞþH:c:�

−
C0

2
ðD0D̄�0− D̄0D�0Þ†ðD0D̄�0 − D̄0D�0Þþ � � � ; ð5Þ

where Fμν ¼ ∂μAν − ∂νAμ is the electromagnetic field
strength tensor, Dtϕ ¼ ∂tϕ ∓ iQA0ϕ with Q the electric
charge of the ϕ field, and C0 is the constant contact term
parametrizing the strong interaction between the charmed
mesons. The phase convention for the charge conjugation is
chosen such that CDC−1 ¼ D̄ and CD�C−1 ¼ −D̄� with C
the charge conjugation operator. We have neglected the
isospin-vector contribution for the strong interaction part,
which should be a good approximation because there is an
Xð3872Þ close to the D0D̄�0 threshold, while there is no
isovector state with positive charge parity [40]. Although
the ratio of branching fractions of the Xð3872Þ decays into
the isovector J=ψρ and isoscalar J=ψω exhibits a huge
isospin breaking, it is shown in Ref. [41] that the isospin
breaking comes mainly from the difference in phase spaces,
and the effective coupling of the Xð3872Þ to J=ψρ is much
smaller than that to J=ψω, with a ratio 0.26þ0.08

−0.05 . Thus, we
expect that the approximation neglecting the isospin-vector
part should work at the level of 30%. With such an
approximation, the following expressions can be written
in a more compact form. Terms for the relativistic correc-
tions and higher order electromagnetic corrections have
been neglected since their contribution to the binding
energy starts from Oðα4Þ.
We have introduced the widths of the D� mesons as

constants into the Lagrangian, as done in, e.g., Ref. [42]. It
has been shown in Ref. [43] that this is a very good
approximation when Γϕ=ð2EϕÞ ≪ 1. Here, Eϕ is the
difference between the mass of D� and the threshold of
Dπ that theD� decays into; Eϕ is about 7 MeV for D�0 and
about 6 MeV for D�þ, much larger than the D� widths:
ΓD�þ ¼ ð83.4� 1.8Þ keV [5] and ΓD�0 ¼ ð55.3� 1.4Þ keV
[37,44]. This validates the treatment here.
The DþD�− scattering amplitude considering the

coupled channels of D0D̄�0 and DþD�−, taking into
account the S-wave Coulomb bound states, can be depicted
as Fig. 1. The vertex (S-matrix element) of the Coulomb
bound states coupling to the charmed mesons D0D̄�0 or
DþD�− is proportional to the wave function at the origin of
the Coulomb bound states,
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−iC0Ψn00ð0Þ ¼ −iC0

ffiffiffiffiffiffiffiffiffi
α3μ3c
πn3

s
: ð6Þ

Then the S-wave T matrix for the coupled-channel system
with JPC ¼ 1þþ can be written as

TðEÞ ¼ V½1 −GðEÞV�−1: ð7Þ

The contact term V and the Green’s function matrix GðEÞ
are given by

V ¼C0

�
1 1

1 1

�
; GðEÞ ¼

�
J0ðEÞ 0

0 JcðEÞþ JjΨiðEÞ
�
;

ð8Þ

with

J0ðEÞ ¼
μ0
2π

�
−
2Λ
π

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ0ðEþ Δþ iΓ0=2Þ

p �
;

JcðEÞ ¼
μc
2π

�
−
2Λ
π

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μcðEþ iΓc=2Þ

p �
;

JjΨiðEÞ ¼
X∞
n¼1

α3μ3c
πn3

1

Eþ En þ iΓc=2
; ð9Þ

where E is defined as E ¼ w − Σc with w the center-of-
mass energy and Σcð0Þ the DþD�−ðD0D̄�0Þ threshold,
Δ ¼ Σc − Σ0, Γ0ðcÞ is the width of the D�0ðD�þÞ, and Λ
is a hard cutoff to regularize the ultraviolet (UV) divergence
in the loop integrals. The width of the hadronic atoms that
comes from the D�� width has been taken into account in
JcðEÞ and JjΨiðEÞ. Here, the JcðEÞ þ JjΨiðEÞ is a leading

order approximation for the exact Coulomb propagator
JCðEÞ in the calculation of ground-state energy eigenvalue,
which is given as [45] below the DþD�− threshold,

JCðEÞ ¼ −
μcΛ
π2

−
αμ2c
π

�
ln

Λ
αμc

− γE

�

−
αμ2c
π

�
lnðηÞ þ 1

2η
− ψð−ηÞ

�
þO

�
αμc
Λ

�
; ð10Þ

where γE is the Euler constant, ψð−ηÞ is the digamma
function, and η ¼ αμc=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μcðEþ iΓc=2Þ

p
. The infinitely

many Coulomb poles in JjΨiðEÞ appear as the poles of
ψð−ηÞ at η ¼ 1; 2;… . For the ground-state energy eigen-
value calculation, JCðEÞ can be expressed as

JCðEÞ ¼ JcðEÞ þ JjΨiðEÞ þO
�
αμ2c ln

�
α

ffiffiffiffiffiffi
μc
jEj

r ��
; ð11Þ

except for the logarithmic divergence which can be
absorbed into the contact term. In the following calcula-
tions for the ground-state eigenvalue, we neglect the higher
order contributions of the scattering states in the exact
Coulomb propagator.
The T matrix can be rewritten as

TðEÞ¼ 1

C−1
0 − ½J0ðEÞþJcðEÞþJjΨiðEÞ�

�
1 1

1 1

�
: ð12Þ

One is ready to see that the cutoff terms can be absor-
bed into the contact term by defining C−1

0R ¼ C−1
0 þ

Λðμ0 þ μcÞ=π2. The Xð3872Þ and the hadronic atoms
appear as poles of the T matrix. The Xð3872Þ pole is
located at E ¼ −Δ − δ − iΓ0=2 where the imaginary part
accounts for the finite decay width of the D�0 [23] so that
the renormalization condition is

C−1
0R ¼ μ0

2π

ffiffiffiffiffiffiffiffiffiffi
2μ0δ

p
þ μc
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μc

�
Δþ δ − i

δΓ
2

�s

−
X∞
n¼1

α3μ3c
πn3

1

Δþ δ − En − iδΓ=2

¼ μc
2π

ffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p �
1þO

�
δ

Δ
;
δΓ
Δ

;
α3μ3=2c

Δ3=2

��
; ð13Þ

where δΓ ¼ Γc − Γ0. The effective coupling squared in
Eq. (2) can then be derived from the residue of T11ðEÞ at
the Xð3872Þ pole.
The infinite series of S-wave hadronic atoms correspond

to poles around the DþD�− threshold at −EAn − iΓc=2:

FIG. 1. The full amplitude for the DþD�− near-threshold
scattering taking into account both strong interaction and the
Coulomb bound states. The solid and dashed lines represent the
charged and neutral DD̄� states, respectively, and the zigzag lines
denote the Coulomb bound states.
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0 ¼ C−1
0R þ i

μ0
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μ0

�
Δ − EAn − i

δΓ
2

�s
−
μc
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μcEAn

p

−
X∞
n¼1

α3μ3c
πn3

1

−EAn þ En
: ð14Þ

The energy level shifts solved from Eq. (14) can produce
the well-known Deser-Goldberger-Baumann-Thirring for-
mula [46] at leading order. Applying Eq. (13), one obtains
the strong interaction correction to the hadronic atom
binding energies, ΔEn ¼ EAn − En,

ΔEn ¼
2α3μ2c

n3
ffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p
�
−1 − iþO

�
α

ffiffiffiffiffi
μc
Δ

r ��−1
; ð15Þ

where terms suppressed by OðΔ=μcÞ have been neglected.
We get the binding energy of the ground state of the X
atom,

ReEA1 ¼ E1 −
α3μ2cffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p ≃ 22.92 keV; ð16Þ

and the decay width due to the decay into the D0D̄�0 −
D�0D̄0 channel as well as from the D� width,

Γc þ 2ImEA1 ¼ Γc þ
2α3μ2cffiffiffiffiffiffiffiffiffiffiffi
2μcΔ

p ¼ ð89.2� 1.8Þ keV; ð17Þ

where the uncertainty comes from that of Γc. The effective
coupling of the hadronic atoms to the charmed meson pair
can be computed from the residue of T22ðEÞ. For the
ground state, we have

g2A1;str ¼ limE→−EA1−iΓc=2ðEþ EA1 þ iΓc=2ÞT22ðEÞ

¼ −i
πα3

Δ

�
1þO

�
α2μc
Δ

��
; ð18Þ

which is dominated by the n ¼ 1 term in the summation of
Eq. (14) as it should. The couplings for the excited states
are suppressed by 1=n3 and thus will not be considered.
Production.—Theproduction of theX atom can be related

to that of the Xð3872Þ via isospin symmetry, thus can be
used to provide invaluable information on the Xð3872Þ
structure. Let us first consider the production in B decays,
Bþ → ðDD�ÞþKþ → AKþ, B0 → ðDD�Þ0þK0 → XK0,
where A and X represent the X atom and Xð3872Þ,
respectively, and ðDD�Þþ and ðDD�Þ0þ represent the positive
C-parity pairs of charged and neutral DD̄� mesons. The
processes are depicted in Fig. 2, where the Coulomb
interaction between the intermediate D� and D�∓ in the
X atom production is presented as the Coulomb propagator,
an infinite sum of the photon exchange diagrams shown in
Fig. 3, and the intermediate ðDD�Þþ loop with such
Coulomb corrections is given as [45],

GΛ
CðEÞ ¼ −

μcΛ
π2

−
αμ2c
π

�
ln

Λ
αμc

− γE

�

−
αμ2c
π

�
lnðixÞ þ 1

2ix
− ψð−ixÞ

�
þO

�
αμc
Λ

�
;

ð19Þ

where x ¼ αμc=
ffiffiffiffiffiffiffiffiffiffi
2μcE

p
. The leading UV divergence is the

same as the loop functions in Eq. (9); the reason is that the
Coulombexchange as a long-distance effect does not change
the UV behavior.
Then the amplitudes can be factorized into a short-

distance (SD) piece and a long-distance piece. The latter is
given by the effective coupling or universal transition
amplitude [21]

ABþ→AKþ ¼ ASD
Bþ→ðDD�ÞþKþgA1;str;

AB0→XK0 ¼ ASD
B0→ðDD�Þ0þK0gX; ð20Þ

where the UV divergence in the loops in Fig. 2 has been
absorbed into the short-distance parts ASD

Bþ→ðDD�ÞþKþ and
ASD

B0→ðDD�Þ0þK0 through a multiplicative renormalization.

The short-distance factors in these two reactions should
be almost the same because of isospin symmetry.
Therefore, we have

RΓ ≡ ΓBþ→AKþ

ΓB0→XK0

¼ jgA1;strj2
jgXj2

: ð21Þ

FIG. 2. Production of the X atom (left) and Xð3872Þ (right) in
Bþ and B0 decays. The blob denotes the Coulomb interaction
between the charged DD̄� states.

FIG. 3. Infinite sum in the Coulomb propagator. The solid lines
represent the charged DD̄� states, and the wavy lines represent
the Coulomb photons.
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One can use the nonobservation of the X atom in Bþ
decays, i.e., an upper bound of RΓ, to put a lower bound on
the Xð3872Þ binding energy:

δ ≃
0.25 eV

R2
Γ

: ð22Þ

Similarly, one can also consider the semi-inclusive
production of the X atom and the Xð3872Þ in pp collisions:
pp → ðDD�Þþ þ y → Aþ y and pp → ðDD�Þ0þ þ y →
X þ y, where y denotes the undetected final state particles.
The production amplitudes follow analogous factorization
formulas as those in Eq. (20) [47]:

App→Aþy ¼ ASD
pp→ðDD�ÞþþygA1;str;

App→Xþy ¼ ASD
pp→ðDD�Þ0þþy

gX: ð23Þ

At large pT , the production of the charmed meson pairs are
dominated by the fragmentation mechanism [48], and the
production cross sections for the charged and neutral DD̄�
pairs are the same in the isospin limit [49]. Therefore,
analogous to Eq. (21), we have the following ratio of
differential cross sections for the X atom and Xð3872Þ with
the same kinematics

Rσ ≡ dσpp→Aþy

dσpp→Xþy
¼ jgA1;strj2

jgXj2
; ð24Þ

and

δ ≃
0.25 eV

R2
σ

: ð25Þ

On the one hand, using the upper limit 180 keV for δ,
Eq. (1), we can predict

RΓ ≃ Rσ ≳ 1 × 10−3: ð26Þ

On the other hand, if one can extract an upper bound for RΓ
and/or Rσ, a lower bound for the Xð3872Þ binding energy
can be deduced. Such a lower bound may be obtained from
an analysis of the thousands of events collected at the CDF
[50] and LHCb [17,18] experiments for the Xð3872Þ.
Summary.—To summarize, in this Letter we propose to

search for the X atom, which is the Coulomb bound state of
a pair of charged DD̄� mesons with positive C parity and a
mass of ð3879.89� 0.07Þ MeV. The width of the X atom
comes predominantly from the width of the D��, which is
about 80 keV, much larger than the Coulomb binding
energy of the X atom, which is about 23 keV. Consequently,
the line shape of the X atom will be more like that of
toponium [51] than positronium. There will be a single
peak near the DþD�− threshold from all the S-wave
Coulomb bound states, and there will also be a step in
the cross section near that threshold from the production of

on-shell charged charm meson pairs. Moreover, the X atom
receives a width due to the decay into the neutral DD̄�
channels and an energy shift to the Coulomb binding
energy due to the strong interaction. The values of the width
and energy shift are connected to the existence of the
Xð3872Þ just around the D0D̄�0 threshold. A negative C-
parity DD̄� atom should also exist, which, however, cannot
be directly connected to the Xð3872Þ. The X atom decays
into the same final states as the Xð3872Þ. However, there is
a crucial difference: the X atom couples predominantly to
the charged channel so that it couples to both isoscalar and
isovector channels with similar strengths, while the
Xð3872Þ couplings are approximately of an isoscalar nature
[41,52]. In addition, its mass is much closer to the DþD�−

threshold than to the D0D̄�0. Then we would expect that

BðA → J=ψπþπ−Þ
BðA → J=ψπþπ−π0Þ >

BðX → J=ψπþπ−Þ
BðX → J=ψπþπ−π0Þ : ð27Þ

Isospin symmetry allows the production of the X atom to
be related to that of the Xð3872Þ. From the ratio of the
productions of the X atom and the Xð3872Þ in B-meson
decays and at hadron colliders, one can derive a lower
bound on the binding energy of the Xð3872Þ. We suggest to
search for the X atom, whose production rate relative to the
Xð3872Þ should be at least 1 × 10−3, at the LHC upgrades
and at PANDA. New insights into the Xð3872Þ mystery are
foreseen.
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