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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 DD~ hadronic atom Ap+p-, called dionium, with quantum numbers
JP€ = 0+, Using a nonrelativistic effective field theory for the D°D°-D* D~ coupled-channel system, the
mass of the ground-state dionium is predicted to be (3739.3 £+ 0.1) 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 D°D° channel is predicted to be 1.8:;'; keV using lattice inputs for the DD strong
interaction. The cross section for the inclusive prompt production of the dionium at CMS and LHCb and
that for the direct production pp — Ap+p- at PANDA are estimated at an order-of-magnitude level. In
particular, we expect that O(10°~10°) events of the reaction chain pp — Apip- — D°D° — K-7" K7~
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 X(3872) and
Z.(3900)* with quantum numbers JP¢ = 17" and
JPC = 117, respectively [1-4], which, being close to the
DD* 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 X(3872) as a DD*
hadronic molecule have been predicted [14—-16] (see also
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Refs. [17-20]). In particular, an isoscalar D* D* bound state
with JP€ = 27+ was predicted to be just below the D*D*
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 yy(2S) [23], which
has a mass of (4014.4+4.1+0.5) MeV, though the
global significance is only 2.86.

Recently, a lattice QCD (LQCD) calculation of the DD
and D,D; scattering in the energy region from slightly
below 3.73 up to 4.13 GeV indicates a possible DD bound
state with J*¢ = 0+ and a binding energy of Eg = 2m,, —
M = 4.0139 MeV with mp (M) 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 DD bound state
exists, a DTD~ hadronic atom (composite system of
hadrons bound together mainly through the electric
Coulomb interaction), to be called dionium and denoted
as Ap+p- in the following, must exist and may be found in
the DD invariant mass distribution from some high-
energy reactions. It is a composite state of the D™ and D~
mesons formed mainly through the Coulomb interaction.
The Bohr radius of the dionium is

Published by the American Physical Society
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rg=— = (6.82 MeV)™' =2891 fm, (1)

with @ = 1/137 the fine structure constant and g, the
reduced mass of the DTD~ mesons, much larger than
Agep ~ O(1/300 MeV™"), the typical scale of strong

interaction. Therefore, the strong interaction between D™
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 mesons D* and D*T, called the X
atom, is proposed and investigated in Ref. [33]; its binding
energy is Eg, = 22.92 keV, and the production rates in B
decays and prompt p p collisions relative to the those of the
X(3872) are predicted, in a parameter-free way, to be
>1 x 1073, 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 X(3872).

In this work, we study the D°D°-D* D~ coupled-channel
scattering and derive the binding energy, decay width of the
dionium, and coupling constants between the dionium and
DD meson pairs. Because of the possible existence of an
isoscalar DD hadronic molecular state mentioned above,
the strong interaction between the DD should be treated
nonperturbatively, different from the pionic atoms [31,32],'
and the binding energy of the DD 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 Ap+p-,
at LHC, and for direct exclusive productions at PANDA.
The inclusive production rate of this hadronic atom,
o(pp = Ap+p- + all), at LHC is estimated by the follow-
ing strategy: we first employ a Monte Carlo (MC) event
generator, PYTHIAS [39], to simulate the inclusive produc-
tion of the D™D~ mesons in pp collisions, and then the

"There are also hadronic atoms in the light-hadron sector that
involve nonperturbative strong interactions in the near-threshold
region, such as the kaonium (K"K~ atom) [34-37] and the
protonium (pp atom; for a review, see Ref. [38]). These systems
are usually treated theoretically by solving the Schrodinger
equation with both the Coulomb and strong interaction potentials.
Different from the dionium to be discussed, for these two
systems, the neutral channels, K°K° for kaonium and nii for
protonium, have thresholds higher than the charged ones and thus
do not contribute to their decay widths.

production of the dionium from the final-state interaction
(FSI) of the DTD~ pair is handled by NREFT. For the
production of the dionium at PANDA through the process
pp — Ap+p-, we make use of the flavor SU(4) model to
estimate the D™D~ 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 DD, are investigated. The
production rates of the dionium in pp collisions are
discussed in Sec. III. The prediction for the pp —
Ap+p- 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 pp — Ap+p-.

II. D*D~ HADRONIC ATOM

In this section, by considering the D°D°-D* D~ coupled-
channel system, we derive the binding energy and decay
width of the dionium in terms of the DD 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 DD mesons in the presence of
an isoscalar DD hadronic molecular bound state.

We consider the D°D°-D*D~ coupled-channel system
because the dionium and the DD molecular bound state can
be treated simultaneously in this framework. Both the DD
hadronic molecule and the energy levels of the dionium will
appear as poles of the coupled channel 7" matrix, and the
decay widths of the dionium to D°DP can be derived from
the imaginary part of the dionium poles.

For the D°D°-D*D~ coupled-channel system, the
thresholds of the two channels are denoted as X, =
2mpo and X, = 2mpy+, respectively, with mp: the mass
of the D* mesons and m o (mpo) the mass of the D° (D°)
meson, and the difference between these two thresholds is
A =3X.—2, The initial energy relative to the D"D~
threshold is defined as E = /s — £, with /s the total
initial energy of the system. The scattering amplitude is
given as [41]

T(E)= (g Tc(()E)> i ((1> WC(ZE))TS<E)<(1) W?(E))’
(2)

where T.(E) is the S-wave Coulomb scattering amplitude

between Dt and D,
oz (1 —1n) 3
re= ) O

with «.(E) = /-2u.E and 5= au./x.(E). Besides,
T,(E) contains the strong interaction contribution to
T(E) as discussed in Ref. [41], and W (E) denotes the
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amplitude for the Coulomb photon exchange between the
initial and final D™D~ states,

[ 2mip T(1-p)\}
v = (i)

4)

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

COa - Cla )

1 (C()a + Ci,
COa +C1a

= 5
2 COa - Cla ( )

Vio =

where Cy, and C;, denote the isoscalar and isovector
interactions, respectively. Then, the T (E) in Eq. (2) is
given by the Lippmann-Schwinger equation (LSE),

T,(E) = Vio + VioG* (E)T,(E), (6)

where G*(E) is the Green’s function regularized by a sharp
cutoff A [41-43],

GME) 0 >

GA(E)Z( 0 GME)

()
The Green’s functions for the neutral and charged channels

are denoted as G} (E) and G2(E), respectively,

GA(E) = ="+ 1y (8), Q

pA api (A
G(E) = L7 = (n 2= i) +0.(B). )

/s 7 ¢

with
Jo(E) = 50/~ 20 (E + B). (10)

a 2
B == g+ - wn)|. )

where i is the reduced mass of D°D°, y(x) = I"(x)/T"(x)
is the digamma function, and yg = 0.577 is the Euler
constant. The scattering amplitude T (E) can be solved
from the LSE in Eq. (6) as

(12)

wy —Jo(E) —w_
= aw\ |- (13)
“w_ w, —J.(E)+ O(K’Z‘D)
with
1 N 1 1 1
w = — — 5 el s
20k 20k 2CR - 2Ck

where C§ , CR are the renormalized coupling constants,
and an additional counterterm ¢ 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 T(E) is

1 <WJr —J.(E) w_

v =g (M ) 0

with
det = [wy = Jo(E)|wy = J(E)] —w2.  (15)

At the D°DP threshold, the T, matrix elements can be
written as

2z w, —J.(-4A)
Tyo(E=—-A)=-"> = + ¢ ,
s00( ) o (ap+ay) Wi v, —J(=B) =2
2n w
T (E=-A)=——(ap—a) = —~ .
sOl( ) 1o (aO al) W+[W+—JC(—A)]—W%

(16)

where a; and a, are the DD S-wave scattering lengths with
isospin / = 0 and I = 1, respectively, and the renormalized
coupling constants can be expressed in terms of the
scattering lengths

Cf ~ " 41 ,
142 (ag - a))J (D)
CB ~ Ho . (17)

- /27” (ag —ai)J.(=4)

The Coulomb binding energy of the D+ D~ ground state is

2
El - azﬂc

~24.9 keV. (18)

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 of T (E), and thus
the binding energy E, satisfies
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det|p__p, =0. (19)

Separating the Coulomb pole of the ground state from the
Coulomb propagator J..(E), it can be reexpressed as [42]

2 1 1
J(E) == g -~ —— 2y (2 - )

7T 2n n+1
A
e 20
HE— () 20
then, Eq. (19) is rewritten as
2
w
— = _—w, —J.(=E,). 21
W, _JO(_EA) + ( A) ( )

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

r
AE" — i71 = —E,+ E;

&y wo(1=R)—i%2\/2uAR
7 wi(1=R)* + (52)2u0AR?

5 5/2
+o(1&;), (22)

A3/2

which is the well-known DGBT formula [31,32,40] for
hadronic atoms, where w, and w_ can be expressed in terms
of the DD scattering lengths as

58 (ag + ay) + (ag — a;)*J (—A)

= - 2
W+ 40001 ’ ( 3)
L (ag — F—al)J.(-A
w_:_zﬂ(ao a1)+(a0 al) C( ), (24)
4(10611
with
2 V2
J.(—A) = T P HeB W ajlc ’
/s V2u. A 2op, V2. A
(25)
and the quantity R in Eq. (22) is defined as
2
R= v (26)

wi + (52)°2p0A

The real part of Eq. (22) gives the LO strong energy
level shift AEi”, and the LO decay width for the dionium
decay to the neutral D° DO pair is given by the imaginary part,

_ 20313 52 R\/2p0 A

r .
! 7 wi(l=R)?+ (2)22u,AR?

(27)

In the presence of a shallow isoscalar DD bound state
with JP€ = 0** 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 DD bound state is
predicted, the contact potential for the isovector coupling
is significantly weak as deduced from the properties of the
X(3872) with the help of HQSS, i.e., |C§ | > |CK | [21].
We take CR, = 0, and then, at LO, the scattering matrix in
Eq. (14) is reduced to

1 1 1
TS(E):CL&—JO(E)—JC(E)<1 1>’ o

which is in line with the scattering amplitude in Ref. [33].
The DD bound state appears as a pole of T,(E) located at
E = —-A — Ep = —Ayp, with Ey the binding energy of the
bound state, and the renormalized coupling constant C§,
can be determined by the pole location,

2

= Jo(E=—Ap)—J(E=-Ap) =0. (29)
COa

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

r
AEY — i71 =-E,+E,

~a3ﬂ3~ 5o 2u0Ep +J . (=Ag) = i52/2upA
7 V2uoEp + I (=Ap)P + (52)°2u0A

The LQCD calculation in Ref. [44] was performed without
isospin symmetry breaking. Here, we take the DD thresh-
old to be that of the D°D? pair to avoid the situation that
the bound state may be able to decay into the D°D°
channel within the LQCD uncertainties. Thus, setting Ez =
4.0f35j$ MeV [44], we can extract the binding energy and
decay width of the ground-state dionium to the D°D° pair,

ReE, = E; — AES" ~ 229703 keV,
I ~1.8704 keV, (31)

where the uncertainties come from those of Ep. 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 the D* decay width involved in the
X atom.

The total decay width of the dionium receives additional
contributions from channels other than the D°D°, such as
J/wrr and purely-light-hadron channels. Such channels
are expected to be subleading as the transitions from DT D~
to them would involve the exchange of a charmed meson.
Thus, they are expected to be suppressed relative to the
charge-exchange transition D*D~ — D°D°, which may
proceed through the exchange of light mesons (such as the
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fo» p» and w). The cc 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
(Ryo(0) = 2/’ u? ~ 1 x 1073 GeV3/? for the ground
state) to that of a charmonium (about 1 GeV?2 for the
ground state [45]). Physically, this is because the ¢ and ¢ 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 D™D~ to the ground-state
dionium (gg,) and D°D° to the molecular bound state (g;)
can be extracted from the residues of T,,, and T,

ggtr = EEI_TlEA(E + Ef) T (E) ~ [3.23'; - (3~5fffg)i]

x 1078 MeV!,

% = im (B4 Ag)Top (E) = (3.9%,5) x 107* MeV~",
——Ap

(32)

where the uncertainties come from the uncertainties of Ep,
and the uncertainties of the charmed meson masses are
negligible. Since |g%,/g3| ~ O(107), the production rate
for the dionium is much smaller than that of the D°D°
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 HH’ pair is a
short-distance process, and the hadronic atom arises from
long-distance FSI of the HH’ pair. The scattering amplitude
of this production is [46,47]

M[A+all] = MHH' + alll] x G xT,,  (33)

where M[HH' + all] denotes the amplitude for the
inclusive production of charged hadrons H and H' in the

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

short-range interaction, G is the Green’s function of the
HH’ pair [31,33], and T 4 is the amplitude for producing the
hadronic atom in the process HH' — A. For a shallow
bound A, T, is approximately equal to the coupling
constant g, for the hadronic atom A to HH' pair [48].

The general differential cross section for the inclusive
production of HH' in the MC event generator is expressed
as [46,48]

1 1
dG[HH/ + all}MC = _KHH’ /d¢HH’+all
2 ﬂux;

Pk
! 2
X |[M[HH' + all]| T (34)

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

m do[HH' +all
A |G9A|2 { ]
mymgy dk

4 2
o[A+all]~ K

.+ (35)
MC kz

where my and my are, respectively, the masses of hadrons
H and H' and m, is the mass of the hadronic atom A.

For the production of the dionium, HH’ denotes the
DD~ pair. The Green’s function for the D™D~ mesons is
given by the loop function G = G2, where A is taken as a
typical hadronic scale, 0.5-1.0 GeV, for an estimate, and
the coupling constant g, = gg.; they are given in Egs. (9)
and (32), respectively.

The differential cross section for the production of
D™D~ mesons at short distances can be estimated by
the MC event generator, PYTHIAS [39]. Following the
parameters setting at the CMS in the X(3872) searching
process [49], we generate partonic events in a full 2 — 2
QCD process with a transverse momentum 10 < p; <
50 GeV and then hadronize these events to produce
hadrons in pp collisions. Consequently, we simulate
4 x10° pp collisions with pp center-of-mass energy
V/Spp =7 TeV and select the DT D~ pair with a relative
3-momentum k < 0.4 GeV. The obtained differential cross
section do/dk (in units of ub/GeV) for the inclusive
production of DVtD™ 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 k*. Thus, fitting the differ-
ential cross section generated using PYTHIAS, such an
expectation is confirmed, and one has
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1.4

---- fit
1.24 1 Pythia8 ¢

do/dk [ub/GeV]
o o o =
P o ® o

o
N}

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
k [GeV]

FIG. 2. The differential cross section do/dk (in units of
ub/GeV) for the inclusive production of D*D~ in pp collisions
with /s =7 TeV. Here, k is the relative 3-momentum of
DD~ pair.

(k/uc)?
Spp(mps +mp-)

(36)

(da[ZZD‘]

> ~3.34 x 10°
MC

Finally, the integrated cross sections for pp — Ap+p- +
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 A = 0.5(1.0) GeV.
Comparing the cross section for pp — Ap+p- + all and
that of pp — X(3872) + all predicted in Ref. [46] at
V/Spp =7 TeV, O(10 nb), the predicted production rate

for Ap+p- relative to X(3872) is at the 1072 level, which is
the same order of magnitude as the ratio of the production
rates for the X atom and the X(3872) [33]. Therefore, at
V/Spp =T TeV, the cross section of pp — Ap+p- + all and
pp — Xaom + all are at the same order of magnitude, as
one would naturally expect.

Assuming the dionium mainly decays to D°DP,
i.e., Br[Ap:p- — D°D%)~ 1, the cross section for the
process pp = Apip- +all = D°DO + all reaches
O(10 pb) with the CMS kinematics in Ref. [49], where
the inclusive production cross section for the X(3872)
was measured to be oy(3s7,)Br[X(3872) = J/yatn"| =
(1.06 £ 0.11 £ 0.15) nb. The LHCb experiment has
advantages in detecting the neutral D mesons in

TABLE I.  Order-of-magnitude estimates of the integrated cross
section for pp — Ap+p- +all at /5, =7 TeV with
10 < pr < 50 GeV. In the first row, A is the sharp cutoff used
to regularize the Green’s function in Eq. (9).

A (GeV) 0.5 1.0
o(pp = Ap+p- +all) (pb) 1] 49178

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 X(3872)
at LHCb was measured to be oy3s7,)Br[X(3872) —
J/wrnta~] = (5.4 +£1.3+0.8) nb [50], which is about
five times larger than that at CMS [49]. Since the long-
distance part of the production of both the X(3872) and the
dionium is universal at both experiments and calculable in
NREFT, the difference between the productions of both
states at CMS and LHCDb then lies in the short-distance part,
and one expects

I
0x(3872)/ cms  \9X(3872)/ Luco

where 6, . and ox(3g72) are the inclusive cross sections
for the productions of the dionium and the X(3872),
respectively. Thus, o(pp — Ap+p- + all = DODY + all)
should be of O(0.1 nb) at LHCb with the kinematics in
Ref. [50], i.e., VS = 7 TeV, the transverse momentum
5 < pr <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 pp COLLISIONS

The dionium can be produced directly at the pp
collisions, as shown in Fig. 3. The D" D~ pair is produced
at short distances in pp collisions, and the dionium is
formed from the long-distance FSI of this meson pair. The
short-distance process pp — DTD™ may be estimated by
exchanging the £ and Z!*" in a t-channel scattering.
Because the coupling constant between p and XD is small
[51,52], the contribution from the exchange of Z*** is
largely suppressed. Therefore, we only count the contri-
bution of the X+ exchange in the process pp — D™D~

DT
p(p) P -~ - ~
\
+: I
/ A
— / N ~ 7
p(p")
D—
FIG. 3. The Feynman diagram for the pp — Ap+p- process.

Here, A denotes the dionium Ap+p-. Besides the strong inter-
action, the electric Coulomb interaction is present in the DD~
loop, where the analytic form of this mesons loop is shown
in Eq. (9).

034024-6



DD~ HADRONIC ATOM AND ITS PRODUCTION IN PP ...

PHYS. REV. D 105, 034024 (2022)

p(p) _-D7 (k)
hd
s+
\* R

p(p") ~DT (k")

FIG. 4. The charged charm mesons production from pp with
the exchange of 7.

shown in Fig. 4. Of course, there can also be exchanges of
excited " 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 X.D can be constructed as

Lys.p = gs'le75¢DWZL. +H.c., (38)

where yy, s, and ¢ are the fields of the nucleon, the £,
and the D meson, respectively, and the coupling constant
g, = 2.69 from the flavor SU(4) model [53,54]. As shown
in Fig. 4, the transition amplitude for the pp — DD~
channel with the 2. exchange is expressed as

iF2s

px.D

iMppopip- =0(p")gsr’ gsr’u(p).  (39)
p—§—ms,

where u and » are the spinors of the proton and antiproton,
respectively; my_is the mass of Z.; and F 5 p is the form
factor. Following Refs. [55,56], we take the form factor as

A4
[(p—k)> —m3 ]> + A}’

F ?72(,0 = (40)

where k is the 4-momentum of D~ and the cutoff A; is
taken to be A; = 2.0 GeV as in Refs. [55,56].

To estimate the production rate, we set the total
initial energy of pp at the mass of the dionium,
/s =3739.3 MeV, to maximize the cross section of
pp — Aprp- with subsequent Ap:p- decays into final
states such as D°DO. For such an initial energy, the value of
(p —k)*/m3_is small in the center-of-mass frame,

(p=k? (p-k)
m% B ms.

~ —0.4. (41)

c

So, one may expand the propagator in (39) in powers of
1/my_and keep only the leading term for an estimate,

which should suffice since we aim at an order-of-magnitude
estimate. The amplitude for pp — D' D~ can be reduced to

zF?) 5
—=L g P u(p) + O(m3z?).

c

iM e = =0(P)gr

(42)

The reduced amplitude for pp — Ap+p- shown in
Fig. 3 is

N GAgstr

A
PP=D" D 4y

iMy,, . = iMgM . (43)

where N' = V/8my
zation of the heavy particle fields, G2 is the Coulomb
propagator shown in Eq. (9), and g, is effective coupling
between the dionium and DD~ in Eq. (32). Here, Mg is
a factor derived from the pp initial-state interaction
[55,57,58]. The factor |Mg|* slowly varies from 0.27
to 0.32 with the increase of /s 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 | Mg;|*> ~ 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

pp — Ap+p- is

,-Mp+mp- accounts for the normali-

! 2
CApip- — 5 5 ‘ AD+D—|
FAme SA(s, my,, my)
(E‘% - ’n%?)|~/\/lISI|2 mAD+D—gSFpZ D |G
B 2 2N Mpimp-mi gl
L. sA(s, my, m) z.
(44)
where E, and m, are the energy in the center-of-

mass frame and mass of the proton, respectively;
Mx,y,z) = x>+ y* + 22 = 2xy — 2yz — 2zx; and T
is the decay width of the dionium. Since the dionium mainly
decays to D°DC, i.e., Br[Ap:p- — DD ~ 1, the decay
width of the dionium Iy , _ is approximately equal to the
partial width I'; in Eq. (31). Because the decay width of the
dionium I'; is tiny in comparison with any hadronic scale,

Dt
p(p) RN _-DO%k)
\ e
;7 A NS
N - S~
5(p’) it ~DO (k)
-
FIG. 5. The Feynman diagram for the pp — Ap+p- — D°DO

process. A denotes the dionium.
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TABLE II. Order-of-magnitude estimates of the integrated
cross section for pp — Ap+p-. In the first row, the cutoff A
originated from the regularized Green’s function in Eq. (9).

A (GeV) 0.5 1.0
o(pp = App-) (ub) 0.002:0953 0.1792

the general 2 — 1 cross section formula Eq. (A4) is valid for
pp — Ap+p-. Moreover, in Appendix, we show that

04 BI'[AD+D— - DODO] = O0popo, (45)

ptp-
where o050 is the cross section of pp — Ap+p- — DD°
shown in Fig. 5. From this relation, we confirm that the
general cross section (A4) for the 2 — 1 process can be
applied to pp — Ap+p-.

Results for the pp — Ap+p- cross section, as estimated
using Eq. (44), at \/s = 3739.3 MeV with different cutoffs
A are demonstrated in Table II. For the cutoff being
A =0.5(1.0) GeV, the cross section for pp — App-,
as well as for pp — Apip- — D°DO, is 0.002(0.1) ub.
From Ref. [59], the integrated luminosity of PANDA
at /s = 3872 MeV is about 2 fb~! 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 0.04(2.0) x 103 events.
Reconstructing the neutral D° and D° mesons using the
KT+ mode, which has a branching fraction of about 4%
[60], there will still be O(10°-10%) 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 D°D° of the dionium, the ground-state D*D~
hadronic atom with J?¢ = 0**, and estimated its produc-
tion cross sections (inclusive and exclusive, respectively) in
pp and pp colliders.

The binding energy and the decay width of the dionium
were derived from the pole of the D°D°-D* D~ coupled-
channel scattering amplitude, where the potential for the
strong interaction is a contact term derived from HQSS. In
the presence of a DD bound state predicted in the LQCD
calculation [44], we have predicted that the mass of the
dionium Ap+p- is (3739.3+0.1) MeV, and the decay
width for Apip- — D°DO is 1.87)¢ 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 10713 sec.

We have discussed the inclusive process pp — DYD™ +
all with the MC event generator PYTHIAS and produced the
dionium from the D™D~ 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 — Ap+p- + allis atthe O(10) pb level at CMS with
VS = 7 TeV, which is 3 orders of magnitude smaller
than the cross section for the production of X(3872)
predicted in Ref. [46] and measured in Ref. [49] and a
few times larger at LHCb with /5, =7 TeV.

The cross section for pp — Ap+p- was also estimated at
the energy 3739.3 MeV where the production rate should
be maximized. The cross section for pp — Ap+p- is at the
107! ub level, and we expect that O(103-10°) events of the
reaction chain pp — Apip- = D°D° - K~ 27K 7~ 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

dp}
dI1 € (2x)*s* -
/ 1= /27[ 2Ec 7)*6*(pa + P — Pc)

- 271'5(EA + EB —_ EC)
- 2(Es+ Ep)

(A1)

The Dirac 6 function in Eq. (Al) can be approximately
rewritten as

1 1
8(vs = Ec) =7 fim (f —Eq— iF/Z)

N{ VS —Eq+il)/2 }
Cim (s —Ec)* +17/4 Vo—E¢
2

== (A2)

with ' 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
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2
Jom =i v )

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

1 ch 2
27)*5* -
oc = 2E2Eglon —vgl.) (27)2E¢ [(Map-cl*(27)*6*(pa + Pp — Pc)
- 1 27[5(EA+EB— C) |M |2
4|Egp + E4p| 2(E,4 + Ep) Ap=¢
1
= |MAB—>C| (A4)

Ty/sA(s, m%, m%)

where s = (E,+ Ez)> and p is the 3-momentum of initial particles in the center-of-mass frame,
Ip| = \/A(s, m3, m%)/(2+/s). Equation (A4) can be used to calculate the cross section of the 2 — 1 process AB — C
at \/s = mc for a narrow T.

For /s > m or a large decay width of C, one needs to consider the cross section for pp — Ap+p- — D°D? shown in
Fig. 5. The amplitude for this process is

N/GAgstr Ystr
pp—D*D” 2mD+2mD 2mA D (\/_ my DD + iFAD+D— /2) ’

iMDODO = iMISlM

(AS)

where N/ = \/SmADm_ Mp+Mp- \/SmAMD_ mpompe accounts for the normalization of the heavy particle fields and
./\/l; 5D D is the amplitude shown in Eq. (42). The Coulomb propagator G2 and tlle effective coupling constant g, are
given in Egs. (9) and (32), respectively. The cross section for pp — Ap+p- — DD is

K|

- 2
i 44E Ep|1) vy / Nt
(E2 —m ) |/\/l151|2 /1(S mDO’mDO) mDomDongpE D |Gé\ggtr|2 (A6)
87s AMs,my.m3)  mpemp-mg_ (\/s—my ) +T5 /4

In the center-of-mass frame, one has s=(E,+E;)*=(Ep+Ep)* and p-p'=p'pP—p-p' =
E} + (E, —mj) = 2E}, — mj, with E,, (E;) and m,, (m;) the energy and mass of the proton (antiproton), respectively.
At LO, the decay width for Ap:p- — DDO is

2 2
1 |k||gstl‘|2 mDomDo|gm‘2 /I(S mDO’mDO)
FDODO ~ 8mAD+D’ mponpo = ) (A7)
2mAD+D’ 47rmAD+D’ ﬂmAD+ D~ 2\/E
and the cross section for pp — Apip- — D°D° at \/s =m, _ _ can be written as
Y (E%’ - m2) 2 D+D—gSFpZ D b FAD+D_ I
Opopo = (Mgt —P——L2= |G gy | o T
4./ sA(s, m3, m?) mp:mp-mg, (Vs=my ) +T3  JATa,.
= GAD+D_BI.[AD+D7 - DODO], (Ag)

which indicates that at /s = my . the cross section Cayip- for pp - App- in Eq. (44) is equal to
opopo/Br[Ap+p- = D°D]. Moreover, the 6050 computed by Eq. (A6) can be applied to explore the line shape of
Ap+p- in the D’D? invariant-mass distribution, while Eq. (A4) just estimates the cross section at /s = my . .
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