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The X(3872), whose mass coincides with the D°D*" 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*T composite system with positive charge parity and a mass of
(3879.89 £ 0.07) 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 X(3872). From the current knowledge of the
X (3872) properties, the production rate for the X atom relative to the X(3872) in B decays and at hadron
colliders should be at least 1 x 1073, New insights into the X(3872) will be obtained through studying the

X atom.

DOI: 10.1103/PhysRevLett.127.012002

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 XY Z states, that have properties beyond
theoretical expectations. Among them, the X(3872), also
known as y.;(3872) [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 X(3872) is that its mass
coincides exactly with the D°D*" threshold, with a differ-
ence (to be called binding energy),

8 = mpo + mpo —my = (0.00 £ 0.18) MeV, (1)

where we have used the “OUR AVERAGE” values for the
masses: mp = (1864.84 £0.05) MeV, mpo = (2006.85+
0.15) MeV, and my = (3871.69 £ 0.17) MeV in the
Review of Particle Physics [5] [for recent LHCb measure-
ments of the X(3872) resonance parameters, see
Refs. [17,18]]. Despite the closeness to the threshold,
the X(3872) couples strongly to the D°D*° channel, which
is manifested by the large branching fraction to the D°D*0
and D°D°z° channels [5,19,20].

From the uncertainty principle, the closeness of the
X (3872) to the D°D*° threshold and the strong coupling
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indicate that the wave function of the X(3872) at
long distances is given by that of the D°D* component,
which has a size of ry =~ (2u|8])~"/? = 10 fm, where y is
the D°D*? reduced mass. The typical scale for the rela-
tive momentum between the neutral charmed mesons,

/24018 < 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 X(3872) 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 X(3872) are then
proportional to the absolute square of the universal tran-
sition amplitude (or the effective coupling constant) from
the D°D*" meson pair to the X(3872), which is propor-

tional to /& [11,21-24],

2
9%( = M_g vV 2u6. (2)

Thus, in line with intuition, the production of very loosely
bound states is suppressed. For debates related to whether
the production of the X(3872) at hadron colliders can be
used to discriminate possible internal structures of the
X(3872), see Refs. [11,24-34].

In order to understand the nature of the X(3872), 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 X(3872). The most precise mea-
surement was given by the Flatté analysis of the X(3872)
events in the J/yx 'z~ 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 X(3872) with a precision of
100 keV [35], and it is also able to measure the X (3872)
binding energy with a precision well beyond Eq. (1) [36]
with the method proposed in Ref. [37]. One notices that the
pole of the X(3872) in the LHCb analysis is below the
D°D*? threshold in most of the confidence region [17].
In this Letter, we propose to investigate a new object,
the DTD*F atom, to be called the X atom below. Its
production can be related to that of the X(3872) 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 X(3872) binding energy.
Hadronic atom.—One notices that the radius of the
X(3872), ry = 10 fm, implies that the D°D*® 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

1
Fo = =27.86 fm, (3)
o,

where a is the fine structure constant, and . is the D™D*~
reduced mass. The Coulomb binding energy is given by

o?

E, =25 )
with n the principal quantum number. For the ground state,
n =1, one has E; = 25.81 keV. This value is within the
uncertainty for the X(3872) 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 X(3872).

When two hadrons are well separated at a distance of the
Bohr radius scale, much larger than the typical strong
interaction radius, 1/Aqgcp With Agcp = O(300 MeV), 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
X(3872) close to the D°D*° threshold, which is 8.2 MeV
below the DT D*~ 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 D°D*° and
DTD*~ (the charge conjugated channels are implicit)

coupled-channel system with positive charge parity, which
is relevant for the X(3872):

1 , V2
L= F P+ oo (1D, —my +—> ¢

$=D*.D".p° 2my

F(} vz
+ Y ¢T<iD,—m(/,+i—/+ >¢

$=D"=.D* PO 2 2m(/)
Co

5 (DD~ —D~D*")(D*D*~ — D~D*")

C _ -
_?0 [(D*D*~ = D~D*")"(D°D* — D°D*%) + H.c]

C _ _
_TO(DOD*O_DOD*O)Jr(DOD*O_DOD*O)_|_...’ (5)

where F,, =0,A,—0,A, is the electromagnetic field
strength tensor, D,¢p = 0,¢p F iQAy¢p with Q the electric
charge of the ¢ field, and Cj, 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™! = D and CD*C~! = —D* 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
X(3872) close to the D°D** threshold, while there is no
isovector state with positive charge parity [40]. Although
the ratio of branching fractions of the X(3872) decays into
the isovector J/wp and isoscalar J/ww 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 X(3872) to J/yp is much
smaller than that to J/w®, with a ratio 0.261“8_‘82. 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 O(a*).

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 T',/(2E;) < 1. Here, E; is the
difference between the mass of D* and the threshold of
Dr that the D* decays into; E¢, is about 7 MeV for D*° and
about 6 MeV for D*T, much larger than the D* widths:
I'p+=(834+1.8) keV[5]andTpo = (55.3 + 1.4) keV
[37,44]. This validates the treatment here.

The D*™D*~ scattering amplitude considering the
coupled channels of D°D*® and D*D*", 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 D°D*® or
DT D*~ is proportional to the wave function at the origin of
the Coulomb bound states,
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FIG. 1. The full amplitude for the D*D*~ near-threshold
scattering taking into account both strong interaction and the
Coulomb bound states. The solid and dashed lines represent the

charged and neutral DD* states, respectively, and the zigzag lines
denote the Coulomb bound states.

o (©)

_iCO‘PnOO(O) = _iCO m

Then the S-wave T matrix for the coupled-channel system
with JP€ = 1%+ can be written as

T(E) = V[l - G(E)V]™. (7)

The contact term V and the Green’s function matrix G(E)
are given by

(8)
with
Jo(E) = ’2‘—; (—%A +/~2p0(E+ A+ iFo/2>>,
J.(E) = 57 (— % +/~2u,(E + ir(?/2)> :
Ty (E) = ilf,f; T EL 73 (9)

where E is defined as £ = w — X, with w the center-of-
mass energy and . the D"D*(D°D*) threshold,
A =3, —Z, Ty is the width of the D**(D*"), and A
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
J.(E) and J)y(E). Here, the J.(E) + J)y)(E) is a leading

order approximation for the exact Coulomb propagator
J¢(E) in the calculation of ground-state energy eigenvalue,
which is given as [45] below the DT D*~ threshold,

N apl (A
JC(E) =—"5 (111 —7E>

2z \au
_ “gg [m(n) + 2%7 - u/(—n)] + 0(“@ - (19

where yp is the Euler constant, w(—#) is the digamma
function, and # = au./\/—2u.(E + iT'./2). The infinitely
many Coulomb poles in Jyy) (E) appear as the poles of
w(-n) at y = 1,2, .... For the ground-state energy eigen-
value calculation, J-(E) can be expressed as

JC(E):JC.(E)+J|W>(E)+O[aM§1n <a %)} (11)

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

1
) = T Uo(E) +J.(E) ) (E)] (1 1)' (12)

One is ready to see that the cutoff terms can be absor-
bed into the contact term by defining Cji = Cy'+
A(ug + p.)/7*. The X(3872) and the hadronic atoms
appear as poles of the 7 matrix. The X(3872) pole is
located at E = —A — 6 — ily/2 where the imaginary part
accounts for the finite decay width of the D™ [23] so that
the renormalization condition is

_1_ Ho He .ol
=201 e u (A+6—i—
COR o0 M05+2”\/ ﬂc( +6 l2>

[se]

aud 1
g and A+68—E, —isl/2

3,302
K 8 o ou;
_2”,/2MCA[1+O<A,A, ) (1)

where o' =T, —I'y. The effective coupling squared in
Eq. (2) can then be derived from the residue of 7';(E) at
the X(3872) pole.

The infinite series of S-wave hadronic atoms correspond
to poles around the DY D*~ threshold at —E,,, — il",/2:
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S\ e
0= COR + l 2”0 A - EAn - Iu_ V 2/tcEAn
2 2 2
a1
I’l3 _EAn + En ’

n=1

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, AE, = E4, — E,,,

2032 1!
AE, = —"°¢ |—1-— d , (15
' nw—zm[ ’+O< VA” (13)

where terms suppressed by O(A/u.) have been neglected.
We get the binding energy of the ground state of the X
atom,

~22.92 keV, (16)

and the decay width due to the decay into the D°D* —
DD channel as well as from the D* width,

20°u?
V2u A

where the uncertainty comes from that of I'.. The effective
coupling of the hadronic atoms to the charmed meson pair
can be computed from the residue of Ty (FE). For the
ground state, we have

FC + ZImEAl = FC +

= (89.2+1.8) keV, (17)

Girse = lime_ g, _ir p(E 4 Eqy +iT./2) Ty (E)
P ou
=—i—— 1+ 0 ——]|. 18
o) "

which is dominated by the n = 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.—The production of the X atom can be related
to that of the X(3872) via isospin symmetry, thus can be
used to provide invaluable information on the X(3872)
structure. Let us first consider the production in B decays,
- (DD*),K* - AK*, B - (DD*)% K’ — XK°,
where A and X represent the X atom and X(3872),
respectively,and (DD*) . and (DD*)", represent the positive
C-parity pairs of charged and neutral DD* 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 (DD*), loop with such
Coulomb corrections is given as [45],

X atom

FIG. 2. Production of the X atom (left) and X (3872) (right) in
B* and B° decays. The blob denotes the Coulomb interaction
between the charged DD* states.

HA apg (A

GAE) = —He 2 _ In—— —

c( ) 2 pn <naﬂc }’E)
ape In(ix) + —— — y(=ix) | + O e
7 | VTV A

(19)

where x = au,/\/2u.E. The leading UV divergence is the
same as the loop functions in Eq. (9); the reason is that the
Coulomb exchange 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]

_ ASD
~'43+—>AKJr = AB+_,(DD*)+K+QA1.str’

— ASD
ABO—>XK0 — ./4

BO—(DD*)) k09X (20)

where the UV divergence in the loops in Fig 2 has been
absorbed into the short-distance parts .A (DD), K+ and
.A (DD KO through a multiplicative renormailzatlon

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

| N 2
Rp = Bt —>AK* :|9Al,str| . (21)

Dpo_xko |9x |2

s 38
v 50

FIG.3. Infinite sum in the Coulomb propagator. The solid lines
represent the charged DD* states, and the wavy lines represent
the Coulomb photons.

0

I
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One can use the nonobservation of the X atom in B*
decays, i.e., an upper bound of R, to put a lower bound on
the X(3872) binding energy:

0.25 eV
o~ ze .
Ry

(22)

Similarly, one can also consider the semi-inclusive
production of the X atom and the X(3872) in pp collisions:
pp— (DD*), +y—A+y and pp— (DD*)% +y—
X + y, where y denotes the undetected final state particles.
The production amplitudes follow analogous factorization
formulas as those in Eq. (20) [47]:

_ ASD
-App—>A+y - App_><DD*)++ygA1,str’

_ 4SD
Appxiy = A

pp—(DD")0 4y IX- (23)
At large pr, the production of the charmed meson pairs are
dominated by the fragmentation mechanism [48], and the
production cross sections for the charged and neutral DD*
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 X(3872) with
the same kinematics

do,,_. 2
R = dapp Aty _ |9A1,s1£| , (24)
6]7[)—>X+y |9X|
and
0.25 eV
b= (25)
(o2

On the one hand, using the upper limit 180 keV for 9,
Eq. (1), we can predict

Rr~R,>1x1073 (26)

On the other hand, if one can extract an upper bound for R
and/or R,, a lower bound for the X(3872) 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 X(3872).
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 DD* mesons with positive C parity and a
mass of (3879.89 £ 0.07) 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 DTD* 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 DD*
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
X(3872) just around the D°D** threshold. A negative C-
parity DD* atom should also exist, which, however, cannot
be directly connected to the X(3872). The X atom decays
into the same final states as the X(3872). 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
X (3872) couplings are approximately of an isoscalar nature
[41,52]. In addition, its mass is much closer to the D™ D*~
threshold than to the D°D*?. Then we would expect that

B(A— J/wntn™)
B(A = J/yrntn %)

B(X - J/yrxtn™)
B(X - J/yrtn %)’

(27)

Isospin symmetry allows the production of the X atom to
be related to that of the X(3872). From the ratio of the
productions of the X atom and the X(3872) in B-meson
decays and at hadron colliders, one can derive a lower
bound on the binding energy of the X(3872). We suggest to
search for the X atom, whose production rate relative to the
X(3872) should be at least 1 x 1073, at the LHC upgrades
and at PANDA. New insights into the X (3872) mystery are
foreseen.
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