PHYSICAL REVIEW D 99, 076017 (2019)

Bound state formation in the DDK system

A. Martinez Torres,"*" K. P. Khemchandani,>*" and Li-Sheng Geng***

Unstituto de Fisica, Universidade de Sdo Paulo, C.P. 66318, 05389-970 Sdo Paulo, Sdo Paulo, Brazil
*School of Physics and Nuclear Energy Engineering & Beijing Key Laboratory of Advanced Nuclear
Materials and Physics, Beihang University, Beijing 100191, China
3Universidade Federal de Sdo Paulo, C.P. 01302-907, Sdo Paulo, Brazil
4Beijing Advanced Innovation Center for Big Date-based Precision Medicine, Beihang University,
Beijing 100191, China

® (Received 17 September 2018; published 30 April 2019)

We study the DDK system in a coupled channel approach, by including DD n and DDz, and find that
the dynamics involved in the system forms a bound state with isospin 1,/2 and mass 4140 MeV when one of
the DK pair is resonating in isospin 0, forming the D%,(2317). The state can be interpreted as a
DD:,(2317) molecule like state with exotic quantum numbers: doubly charged, doubly charmed, and with

single strangeness.
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I. INTRODUCTION

The existence of doubly charmed mesons and baryons is
compatible with the present understanding of quantum
chromodynamics and of the hadron structure [1,2]. In this
line, experimental and theoretical efforts, during the past
years, have been dedicated to the study of doubly charmed
baryons, like Zf., EfF, Q. (see, for example, Refs. [3—
16]), and doubly charmed mesons, like the T, family and
others (see, for example, Refs. [17-27]). The existence of
triple charm states has also been claimed [28], and doubly
charmed/bottom three body systems have been studied
[29-32]. However, in spite of all these efforts, the present
available information about these states is still too prelimi-
nary to reach strong conclusions about their properties, and
it still remains in the agenda of high energy physics to
clarify the formation and nature of such states. At the same
time, the situation is expected to improve since studies of
hadrons with multicharm form a part of the present
programs of several experimental facilities.

In this work, we embark on this odyssey and study the
formation of bound states/resonances in a system of double
charm and positive strangeness: the DDK system. The
motivation behind such a study is twofold: (1) The combi-
nation of the charm D meson and the strange K meson is
known to give rise to an attractive interaction in the isospin 0,
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generating the D?,(2317) state [33—43]. The addition of a
D meson to this system leads to a three-body system with
attractive interactions in two subsystems. The DD inter-
action is not attractive in nature and, thus, the dynamics
involved does not generate a state. Still, the attraction in the
two DK pairs can dominate and form hadronic bound states/
resonances with a DD’ (2317) nature. (2) Such a possibility
was recently studied in Ref. [44], treating the DD?(2317)
as an effective two body system and describing the
D — D},(2317) interaction through a kaon exchange
potential. Indeed, as a consequence, the generation of a
bound state with a binding energy (with respect to the
D — D(2317) threshold) of 15-50 MeV (depending on the
kaon exchange potential considered) was predicted [44].

Encouraged by these findings, in this work, we study the
explicit three-body coupled channels DDK, DDz and
DDn by solving the Faddeev equations [45] within the
approach developed in Refs. [46-54]. For this, the input
two-body #-matrices needed for the Faddeev equations are
obtained by using effective Lagrangians and solving the
Bethe-Salpeter equation in a coupled channel approach. As
we show in this work, the dynamics involved in the three-
body system leads to the formation of a bound state with
spin-parity J” = 07, total isospin 1/2, with a mass of
4140 MeV, i.e., around 90 MeV below the DDK three-
body threshold. This state is formed precisely when the
coupled channel DK, Dn subsystems resonate and gen-
erate the D},(2317).

II. FORMALISM

In the following subsection we first describe the method
used to calculate the three-body scattering matrix for the
coupled channel DDK, DDz, DDy system and, after it,
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in the next subsection, we give details on the approach used
to determine the interaction between the different two-body
subsystems.

A. The three-body problem

The three-body scattering matrix 7" describing the
dynamics involved in the coupled channels can be written
as a sum of three partitions [45], T%, i = 1, 2, 3,

T=>T. (1)

Each of the partitions in Eq. (1) represents an infinite series
of contributions to the scattering arising from Feynman
diagrams where the ith particle is, by convention, a
spectator in the right most interaction (see Fig. 1, for the
case of the T partition). Within the approach developed in
Refs. [46-54], each of the T* partitions can be expressed as

3
T =i (ki—k)+ > TR i=123 (2
J#i=1

T = dgidl + FIGUTE ¢ GRTE,  (3)
where l;,» (l_c);) corresponds to the initial (final) momentum
of the particle i and # is the two-body r-matrix which
describes the interaction of the jk pair with j#k#
i=1,2,3.InEq. (3), g/ represents the three-body Green’s
function of the system and the G/¥ matrix is a loop function
of three-particles. Their elements are defined as

Loy o> N
2E; (k; + k;)
1

X = = = - )
Vs = Ei(k;) — Ej(k;) — Ey(k; + k;) + ie
(4)

with /s being the center of mass energy of the three-body
system, N; = 1 for mesons, E;, [ = 1, 2, 3, is the energy of
the particle /, and

y LK
Gk :/(2ﬂ)3g" - FUE, (5)

The elements of & in Eq. (5) are given by

o %

1l
2 —
T =
g
k//
FIG. 1. Some diagrams contributing to the 7" partition. The P

and k" in the figure represent the four-momenta of the three-body
system and of the indicated particle in the loop, respectively.

gij(E//’Slm) = Nl—'// L—'//
2El(k )2Em(k )
1
X py S, 5 l?é l;é m,
V= E(K") = E,, (K") +ie
(6)

and the matrix FU% in Eq. (5), with explicit variable
dependence, is given by

FUE (@ B, Ky sEr) = 11 (s80) g* (R )

s Kjs
X [gjk(l_é;’ l_ék)]_l [tj(sru)]_l ’
jErFu=1223. (7)

In Eq. (6), /5y, is the invariant mass of the (/m) pair and
can be calculated in terms of the external variables. The
index k” on the invariant mass s, of Eq. (7) indicates its
dependence on the loop variable

sk = (P= K2, (8)

which, in turn, indicates the off-shell dependence of the
amplitudes present in the loop. For example, the >-matrix,
in the third diagram in Fig. 1, represents the interaction of
particles 1 and 2 (thus, the index 3 indicates the label of the
spectator particle) in the loop. This amplitude is calculated
as a function of s'l"é using Eq. (8) (see Refs. [46-54] for
more details).

The T partitions obtained from Eq. (3) are functions of
two variables: the total three-body energy of the system,
V/s, and the invariant mass of the particles 2 and 3, \/553.
The other invariant masses, /s, and ,/s3; can be obtained
in terms of /s and /523, as shown in Refs. [46,47]. We
study the behavior of the modulus square of the three-body
T-matrix as a function of the total energy and the invariant
mass of a subsystem. We do this by making three-
dimensional plots and a peak appearing in such plots is
interpreted as resonances/bound states linked to the three-
body dynamics involved in the system under study. Since
the first term in Eq. (2) cannot give rise to any three-body
state, we study the properties of the T matrix defined as

TREZ Z Ty, 9)

We work in the charge basis taking into account the
following channels: D*D°K*, D*D*K°, D*D!°,
DD}y, D°DYK*, DD} nt. To identify the peaks found
in the three-body T-matrix with physical states, an isospin
projection of the amplitudes is required. To do this, we use
a basis in which the states are labeled in terms of the total
isospin / of the three-body system and the isospin of one of
the two-body subsystems, which in the present case is taken
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as the isospin of the DK subsystem labeled as particles
2 and 3, I3, and evaluate the transition amplitude
(I, 13| Tg|I, I3). The isospin I3 can be 0 or 1, thus, the
total isospin I can be 1/2 or 3/2.

B. The two-body scattering matrix

In Refs. [35,37,38,55] it was shown that the interaction
of the DK and nD, coupled channel system in the isospin 0
configuration generates D?;(2317). The starting point in
the latter works consists of using Lagrangians based on
symmetries like chiral and heavy quark [56,57], relevant to
such systems, to obtain the lowest order amplitude, V,
describing the transition between the different coupled
channels and unitarize the amplitudes. The unitarization is
achieved by using V as kernel in the Bethe-Salpeter
equation, obtaining in this way the scattering matrix ¢
for the coupled channel system. This is done by solving the
Bethe-Salpeter equation in its on-shell factorization form
[58-60],

t=(1-vg)'v. (10)

The G in Eq. (10) represents the loop function of two
hadrons, which has to be regularized either with a cutoff or
dimensional regularization.

In case of the DDK system and coupled channels, the
resolution of Eq. (3) requires the two-body ¢-matrices
related to the DK and DD subsystems, and their respective
coupled channels. To calculate the scattering matrix of
the DK system, which is formed by a heavy meson H (the
D meson) and a light pseudoscalar P (the kaon), we follow
closely the approach developed in Refs. [37,55]. In these
works, the leading order Lagrangian describing the HP
interaction is given by the kinetic and mass term of the
heavy mesons (chiraly coupled to pions, since both chiral
and heavy quark symmetries should be relevant to the
problem),

02
L =D,HD'H" — MyHH", (11)

with H = (D°D* D} ) collecting the heavy mesons,
whose mass in the chiral limit is My, P is given by

1 + Kt

and D, is the covariant derivative [57]

D,H' = (9,+T,)H", D,H=H(9,+T}),
1

I, == 0,u+ud,u), u? = eV2PIf, (13)

|

For the case in which we are interested, i.e., HP — HP,
Eq. (11) reduces to the following Lagrangian

1
ﬁHp:4—][2{6"H[P,8ﬂP]HT—H[P,@,,P}@”HT}, (14)
and the lowest order amplitude obtained from it, in terms of

the Mandelstam variables, reads as

o

(15)

In Eq. (15) the i and j subindices represent the initial and
final channels, respectively, and the C;; coefficients can be
found in Refs. [37,55]. This amplitude V;; is further
projected on s-wave.

As in Refs. [37,55], we consider D°K™*, D*K°, D} 5 and
D 7° as coupled channels and regularize the loop function
of Eq. (10) using dimensional regularization with a scale
u = 1000 MeV and subtraction constant a(u) = —1.846.
The resolution of Eq. (10) for this system generates a pole,
which is below the threshold of the DK channel, with total
isospin 0, at 2318 MeV, and which can be associated
with D((2317).

The DD and DD interactions have not been studied,
so far, but we can obtain the relevant amplitudes by
following the procedure adopted in Ref. [61] to study
the BD system. In Refs. [61-64] the approach based on the
hidden local symmetry [65,66], where the interactions
proceed through vector meson exchange, has been
extended to the sectors of charm and beauty. In such an
approach, which has been shown to be compatible with
heavy quark symmetry [61-64], the vector-pseudoscalar-
pseudoscalar Lagrangian is written as

_ My

1 204 1 .
vam e T Lypp = —ig(V*[¢. 0,¢]). 9= 2 (16)
P= n —5m+zn  KY | (12)
K- %0 _2p, where My is the mass of the exchanged vector meson,
V6 f=fp =165 MeV and
J
104 1 i + + DO
- L0 1 Ui 0 -
r -+ =+ K D
b= V2 _ﬂ ve : (17)
K- K° vl \/%1 Dy
DY D+ D:_ Me
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+ K*+ D*O

— . s *0 *—

ve=| 7 BTy KD (18)
K I_{*O ¢ Kt_
D0 D D Iy

Using Eq. (16), the process DD, — D' D/, where D; (D)),
i =1, 2, represent an initial (final) D meson, gets con-
tributions from the exchange of vector mesons in the #- and
u-channels. These contributions are given by

VI = —@[(25 + £ = m}, — 3, — m3, — m3 ) Cph
(m%, m%])(mgj - m%i)cgdl]’
Vit = {25+ = i iy — ) Y
= (mi; = m3;)(mi; — m3,)Cy<"], (19)
where
At-<h
Cih = ;t—m%ﬁ’
Ateh
Cheh = Z{:m 2 (t—m2, + ie)’
o <h _ z By <
—u- ka + ie’
o Bu -ch

with the index k indicating the exchanged vector meson
(p, w, J/y) of mass myy. In the energy region studied for
the three-body system, the invariant mass of the DD system
is near the DD threshold, thus, when exchanging vector
mesons in the #- and u-channels, we can write 1/(¢—
mi, +ie) and 1/(u—m}, + ie) ~—=1/m3,. The coeffi-
cients Ar? (B4 of Eq. (20) are related to the two vertices
involved in the 7-channel (u#-channel) exchange of vector
mesons and are obtained from the Lagrangian in Eq. (16)
(see the Tables I and II in the Appendix A for their specific
values). The potentials in Eq. (19) are summed and
projected on s-wave. The result found is used to solve
Eq. (10) with the loop function G regularized within the
dimensional regularization scheme (in this case, we con-
sider the regularization scale p = 1500 MeV and the
subtraction constant a(u) = —1.3 as in Refs. [38,67]).
As we shall discuss in the next section, we vary this
parameter to study the stability of the results.

C. Off-shell contributions and three-body forces

It is interesting to notice that Eq. (3) is a set of six
coupled matrix equations which are solved by using the on-
shell part of the two-body fr-matrices. It was shown in

Refs. [46-48,54] that this is due to the finding of a
cancellation between the contribution of the off-shell parts
of the two-body r-matrices to the three-body Faddeev
amplitudes and a contact term with same topology whose
origin is in the same Lagrangian which is used to describe
the two-body interactions. For the case of a system formed
by two pseudoscalar mesons and a baryon or two pseu-
doscalar mesons and a vector meson with S-wave inter-
actions it was found that this cancellation was exact in the
flavor SU(3) limit. In case of a system of three light
pseudoscalar mesons in S-wave, such cancellation was
found to be exact in the chiral limit (in this case, two more
diagrams were taken into account, involving one and five
meson intermediate states [54]). In a realistic case, off such
limits, in all these systems, the sum of the contributions
related to the off-shell parts and the three-body contact term
has always been estimated to be smaller than 5%—7% of the
total on-shell contribution. Thus, only the on-shell part of
the two-body ¢ matrices has been found to be significant
and, for the purpose of investigating the formation of a
three-body state and its properties, the contribution coming
from the off-shell parts of the two-body ¢ matrices used, and
the one related to the three-body contact term obtained
from the Lagrangian (and the one from the diagrams with
one and five meson intermediate states in case of a three
light pseudoscalar system), have together been neglected.
In the present system, formed by two heavy pseudoscalars
and a light one interacting in S-wave, the situation is
slightly different: the Lagrangian used in Eq. (11) to
determine the two-body amplitudes does not generate a
three-body contact term since it can not be expanded up to
any desired number of heavy hadron fields. In such a case,
and having in mind the findings of Refs. [46—48,54], we
might expect a cancellation between the contributions
obtained from the off-shell part of the two-body amplitudes
to the Faddeev equations under some limit and, when being
off such limit, such contributions should be much smaller
than those obtained from the on-shell part of the two-body
amplitudes as in Refs. [46—48,54]. We show in Appendix B
that this is precisely the situation here: similarly to the case
of a three light pseudoscalar system, an exact cancellation
occurs between the off-shell contributions of the two-body
amplitudes to the different three-body diagrams in the
chiral limit. In a realistic situation the contribution arising
from the off-shell parts is found to be about 1% of the total
on-shell contribution and we, thus, neglect it.

One might also wonder what would happen with such a
cancellation if a different model, not based on heavy quark
symmetry, and which could generate a three-body contact
term, is used to determine the two-body amplitudes
required to solve the Faddeev equations. To answer such
a question, we have also considered the model of Ref. [38],
which is based on the SU(4) symmetry and which
describes well the properties of the D¥,(2317) state as a
DK bound state. As shown in Appendix B, in such a model,
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there exits an explicit three-body contact term as in case of
Refs. [46-48,54]. We find that, in this case too, an exact
cancellation exists in the chiral limit and away from the
limit the total contribution of the different sources of three-
body contact terms remains small. It is also interesting to
mention that, numerically, the contributions arising from
the off-shell as well as the on-shell parts of the two-body
amplitudes, to the three-body diagrams, when calculated
with the heavy quark model of Refs. [37,55] are almost
identical to those coming from the two-body amplitudes
and the three-body contact term determined with the model
of Ref. [38], which is based on SU(4).

III. RESULTS

In Fig. 2 we show the modulus squared three-body
amplitude, |Tg|?, for the process DDK — DDK for total
isospin I = 1/2 and I,;3 = 0, as a function of the energy of
the three-body system, /s, and the invariant mass /553 of
one of the DK subsystems. As can be seen, a peak at /s =
4140 MeV is found when the invariant mass of the DK
subsystem in isospin 0 is ~2318 MeV, which corresponds
to the mass of the D},(2317) formed in the subsystem. This
result is in line with the one found in Ref. [44], in which the
two body D — D},(2317) system was studied without
explicitly considering the three-body dynamics involved.
Note that in Ref. [44] two descriptions were taken into
account for D?(2317): as a compact c5 state and as a DK
bound state. In both cases, predictions for the existence of a
D — Dy, state were made. However, as mentioned by the
authors, the uncertainty involved in the former description
is larger than in the latter case. In the present work, we have

V23 (MeV)

4100 4120 4140

Vs (Mev)

4160 4180

FIG.2. Modulus squared of the T ;-matrix related to the process
DDK — DDK in the (I,1,3) = (1/2,0) configuration.

considered that the properties of D,(2317) are predomi-
nantly understood in terms of the DK and D,# interactions,
as indicated from recent lattice studies and theoretical
calculations [43,68-70].

The result shown in Fig. 2 implies that a state with charm
2, strangeness +1, and isospin 1/2 is formed as a
consequence of the dynamics involved in the system. It
is interesting to notice that the DD pair alone do not form a
bound state, but adding a kaon to the system binds it and
produces an exotic meson with double charm, nonzero
strangeness. If we denote the state found here as R™*, by
the isospin symmetry, its charge +1 partner, R", with the
third component of isospin —1/2, should also exist in
nature.

It should be mentioned that even though the state found
here is a bound state, the incorporation of two-body
channels, open for decay, when coupled to the three-body
channels considered, could lead to a width of a few MeV.
A small width is expected even if there is a phase space
available for decay to two-body channels, like, D D**,
D*D}*, since this dynamics is not crucial for the
generation of the three-body state found and, for this
reason, its coupling to two-body channels should be
very small.

Before discussing further properties of this state, we
study how solid our findings are. For this, we investigate
the sensitivity of the results to the parameters of the model,
which are basically the subtraction constants used to
regularize the loop functions when solving the Bethe-
Salpeter equation to get the two-body f-matrices of the
subsystems. While the subtraction constant used to regu-
larize the DK, D,z and Dy loops has been fixed to
reproduce the properties of the D%,(2317), the situation is
different for the DD and DD; interactions. The dynamics
involved in such double charm systems does not give rise to
any state and the value of the subtraction constants is taken
to be same as those used to reproduce data and properties of
states found in other charm sectors (such as X(3700),
arising from the DD interaction [38,71,72], or X(3872),
generated from the DD* dynamics). In that sense, we could
vary the subtraction constant used to regularize the DD and
DD loops and check the dependence of the peak found in
the three-body system. Varying this subtraction constant in
a reasonable range, from —1.3 to —1.5, produces small
changes in the magnitude of the three-body 7-matrix, while
the peak position remains basically unaltered. On the other
hand, the formation of the D% (2317) in the DK subsystem
and coupled channels is found to be essential to guarantee
the formation of the three-body state. For example, a
reduction in the strength of the interaction which leads
to the generation of D},(2317) by about 10% is enough to
weaken the attraction in the DK subsystem and coupled
channels and to break open the three-body state.

Let us now discuss some properties, other than the
quantum numbers, of the three-body bound state found in
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this work. One relevant property is the size of such an
exotic state. It is important to know if the state is compact,
since the interaction in two subsystems is attractive. Or,
knowing that adding a charm meson to a kaon produces
D7,(2317), which is a molecule like state, does adding a D
to such a system leads to an extended object. One way to
answer this question would be to solve the Faddeev
equations in the configuration space, as done in
Refs. [54,73,74], which, however, is out of the scope of
this work. Alternatively, we could treat the state found here
as a D — D?,(2317) state of mass M to estimate the mean
square distance among the constituent hadrons. For this,
following Refs. [75-77], on one hand, we can write the
wave function (X|y) of the state generated as a conse-
quence of the DD}, dynamics, as

21 A elrr
(Xly)=ay/==Im| [ dpp = (2D
nr 0 MR_MD_MD:O_Z

with ¢ being the reduced mass of the system. On the other
hand, we can write the DD7, T-matrix in the Breit-Wigner
form as

92

T 5= M2+ iTxMy’

Tpps(s) (22)

with I', being the width of the state and here s corresponds
to the center of mass energy of the DD7, system. The
quantum mechanical coupling a in Eq. (21) and the field
theoretical coupling ¢ in Eq. (22) are related through

2

dG
P =-

ds

-1
} = 647’ uB?a?, (23)
s:M%e

where G(s) and B are, respectively, the loop function and
binding energy [with respect to the D — D7,(2317) thresh-
old] of the DD?,(2317) system,

6= [ 5L “ot o
o (22)*" EpEp: [s—(Ep+Ep,)*+ie]

In Eq. (24), A ~700-1000 MeV corresponds to the cutoff
used to regularize the DD*(2317) loop G(s) of Eq. (24)
when solving the scattering problem DD?,(2317) —
DD},(2317). As discussed in Ref. [75], the value of a
obtained from Eq. (23) has a very smooth dependence on
the cutoff A, so it is mostly determined by the binding
energy.

(24)

D(2317)
R++

Df/ID*
n/K°
D* D™*/D;*

FIG. 3. A decay mechanism for the state found in this work.

Using the wave function in Eq. (21), and varying
A ~700-1000 MeV, we can determine the mean square
distance (r?) for the system, and we get

\/@ ~1.0-1.4 fm. (26)

This result when compared with the mean square distance
for the DK bound state D(2317), v/ (r*) ~ 0.7 fm [78], is
about 1.4-2 times larger. We can also compare Eq. (26)
with the corresponding value obtained in Ref. [44],
~1.0-1.6 fm, and conclude that both results are
compatible.

A question might arise about the possibility of exper-
imental investigations of the state found in the present work
and how its three-body nature can be confirmed in experi-
ments. The recent detection of a charm +2 baryon by the
LHCb collaboration [10], and the search of the double
charm tetraquark 7. state in heavy ion collisions [79],
indicate that the detection of the R™' state can be
accomplished. A signal for the state R™ should be looked
for in systems like D D**, DT D*™, since it can decay to
such channels, as shown in Fig. 3, or in three-body
channels like DDy, DD, where the invariant mass of
D,y and Dz should be compatible with the formation of
the D%,(2317). These decay widths depend on the under-
lying structure of the decaying particle through the cou-
pling constants of R*" to D¥,(2317)D and of D},(2317) to
DK, D, Dy, etc., thus, the values obtained for the widths
will be a clear projection of the underlying three-body
dynamics considered in the present work. A theoretical
calculation of such processes is currently in progress and
should be reported shortly. Similarly, the three-body nature
of the R™ state has its implications on the size of the state,
and as we have shown in this work, the mean square
distance can be around a factor 1.4-2 bigger than that of
D*,(2317). The size of R** can be investigated by
determining the value of the production yield of the state
in heavy ion collisions, where molecular states have bigger
production yields as compared to compact bound quark
states [79]. A precise determination of the production yield
of R™ in heavy ion collisions should also be obtained in
future works.

Finally, we must mention that we have also calculated
the total isospin 3/2 three-body T-matrix and we find no
states formed.
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IV. CONCLUSIONS

We have studied the DDK system and coupled channels
by solving the Faddeev equations and calculating the
three-body scattering matrix. We have found that an isospin
1/2 state is formed at 4140 MeV when the D},(2317)
is generated in the DK subsystems. Such a result is
compatible with the one found in Ref. [44] where the
system D — D7,(2317) was studied without considering
explicit three-body dynamics. A state with these quantum
numbers (spin-parity 07, isospin 1/2, charm +2, strange-
ness +1) has not been observed so far. We hope that our
results motivate its search in experimental investigations.
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APPENDIX A: COEFFICIENTS FOR
THE DD AMPLITUDES

In this Appendix we give the coefficients appearing
in Eq. (20).

TABLE 1. A; coefficients for different processes. The ex-
changed vector meson is indicated next to the coefficient.
D*D° D°D*
1/2(w)
D*D° ~1/2(°) 1(%)
1J/w)
1/2(w)
DD+ 1) ~1/2(p")
1(J/w)
DTD"
1/2(w)
D D" 1/2(p)
1(J/w)
DD D°Df
DD’ 1(J/w) 1(K*T)
DDy 1(K*) 1(J/w)
DiD* D™DY
D{D* 1(J/y) 1(K*)
D*D; ) 1U/y)

TABLE II. By coefficients for different reactions. We indicate
the exchanged vector meson next to the coefficient.
D™D DD+
1/2(w)
D*D° 1(p") ~1/2(°)
1(J/w)
1/2(w)
DD ~1/2(°) 1)
1(J/w)
DDt
1/2(w)
DD 1/2(p%)
1(J/w)
D}DY DD}
D; D’ 1(K™) 1(J/w)
DD} 1(J/w) 1(K™)
D D* D*DY
D{D* 1(K*) 1(J/y)
D'Dy 1J/y) 1(K*)

APPENDIX B: OFF-SHELL CONTRIBUTION AND
THREE-BODY CONTACT TERMS

In this Appendix we investigate if diagrams other than
the kind shown in Fig. 1 can contribute to the three-body
interactions being studied here, such as three-body contact
interactions. As was shown in Refs. [46-48,54], three-body
contact interactions can arise from the Lagrangians used to
determine the two-body amplitudes needed to solve the
Faddeev equations. It was further discussed that there are
yet other sources of such contact terms, which arise from
the off-shell parts of the input two-body amplitudes, which
analytically cancel the propagator in the three-body dia-
grams at the tree level, leading to diagrams which are
topologically equivalent to a three-body contact term (see
Fig. 4). An exact analytical cancellation was found in the
SU(3) limit in Refs. [46,48] for systems made of two
pseudoscalar mesons and an octet baryon or of two
pseudoscalars and a vector meson. While in the case of
a study of three pseudoscalars, such a cancellation was
found in the chiral limit [54]. The cancellation among such
contributions, in realistic cases, is not exactly null but the
sum of all of them has been found to be negligible, when
compared with the results obtained by calculations done by
considering the on-shell parts of the two-body #-matrices.
Thus, it has been shown that one can neglect such sources
of three-body contact interactions and work just with the
on-shell part of the two-body 7-matrices.

In the present case, we study a system made of two
heavy and a light meson and the scattering amplitudes for
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(@)
FIG. 4.

()

(a) A lowest order diagram contributing to Faddeev equations. (b) The same diagram, when considering the off-shell parts of the

two-body amplitudes, which cancel a propagator in the three-body diagram and leads to a three-body contact interaction shown in (c).

the two-body subsystems have been obtained by solving
Bethe-Salpeter equations with the kernels derived from
Lagrangians based on the chiral and the heavy quark
symmetries. Such a Lagrangian does not provide us with
a three-body contact term at the same order. Nevertheless,
as mentioned above, contact terms can arise from other
sources and we can analyze them. It is also possible to
make such an analysis by obtaining amplitudes from the
SU(4) Lagrangian, which does provide a contact interaction
term with six fields. Lagrangians based on both sym-
metries, SU(4) and the heavy quark, have been used to
study different meson-meson interactions and similar
results have been found. For instance, the properties of
D,(2317) have been successfully described in Refs. [38] by
working with the SU(4) symmetry and in Refs. [37,55] by
using the heavy quark symmetry. In the present work we
present an analysis of three-body contact interactions
coming from both type of Lagrangians.

1. Interactions taken from the SU(4) Lagrangian
We take the general Lagrangian from Ref. [54]

L= ﬁTr[a UtorU + M(U + UY)), (B1)

where

1
T 180f*

1,contact
v _

DTDOK+ — [12(K2K/

+ K3;K, + KK, + K4K ) —
—K1K2+K K) 2(2mD—|—mK)]

KiK;3 = K1 K3) +2(=K5K;

U =eV29/f, (B2)

with the ¢-matrix being as defined by Eq. (17) of the
manuscript and

m2 0 0 0
0 m2 0 0
M = (B3)
0 0 2myx-—m2
0 O 0 2m2 — m?
The 3¢p — 3¢ contact term is obtained as
V-3 =~ 150 f4 (60 p?0,pd* + 20" pp* 0,
— 8090, pp — M°). (B4)

To analyze different three-body contact interactions, let
us consider the DTDYK™ channel, as an example.
Assigning four momenta to particles in the process as:
D*(K,)D°(Ky)K*(K3) — D*(K)D°(K3)K* (K),  the
amplitude is obtained from Eq. (B4) as

- K,K; + KK

8(K,K5 + K/ K5 — K' K}, + K, K}

(B5)

where the superscript indicates the first kind of contact term considered. We shall now discuss the three-body contact terms
arising from the situation described in Fig. 4. The diagrams contributing to the three-body interactions, at the lowest order,

are shown in Fig. 5, for DT DK™
Ref. [38])

2

— D*DYK™*. To evaluate these diagrams we need the following amplitudes (taken from

1 3
Vpipooprpo = _6762 (_(1 +ws)spp + 2(2 + ws)myp

11—y 1+
+( 5 5><IDD_”DD)+ 3 SZ:(P?

m%)),
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FIG. 5. Three-body interaction diagrams contributing to the Faddeev equations at the lowest order.

1 3 1 1
Vprkoopgo = _67‘2 (_ZSDK + <7 + 2> (tpx — Upk) — 5 i (K? - m?)) (B7)
Vprkroprir =0, (B8)

where s;;, 1;;, u;; represent the Mandelstam variables for the ij system, P; (K;) is the four momentum of the ith particle in
the D*D? - DTD° (DTK"® — D*K?) process and s, y are defined, in Ref. [38], as

1 4 my, 2 my, 2
e , =(—), B9
Vs 373 ("h/\y) ! <mH> (B9)

with m; (mp) being the mass of light (heavy) vector meson. These variables were introduced in Ref. [38] to incorporate the
breaking of the SU(4) symmetry for the scattering of two mesons. However, to be consistent with the contact term obtained
from Eq. (B4), we will eventually use the SU(4) limit for their values.

It can be seen that the off-shell parts of the two-body amplitudes in Eqgs. (B6), (B7) go as (g? — m?), which precisely
cancel a propagator in the three-body diagrams shown in Fig. 5, and give rise to a three-body contact term. Using the
amplitudes in Egs. (B6), (B7), we obtain such contact terms as:

y/2icontact _ y/2iii,contact _ y/2iv,contact _ y/2vi,contact _ 0,

i con 1 1+y 1 3
vaismer =L (B30 o+ k25 ) ¢ (K= K2 = (e = K1) = [ -5 0+ ) )+ Ky

22w+ (1575 (= K - (K - k) + (53

' )&+ K=K =) | (@10

v,contac 1 1 + l// 1
Vit = s { (500 ks kP2 (1 5) (K = K = (K = KP) = (K 4 K = Ko )

- |30 K 4 K2 22 s+ (120 (K- K- (K- K2 . (B1)

Before proceeding further, as noticed in Ref. [54], we recall that more diagrams may exist which can contribute to three-
body contact interactions. An additional diagram exists in the present case, as shown in Fig. 6. In this case too, the off-shell
parts of the input two body interactions possess the feature which kills a propagator in the three-body diagram, leading to
yet another three-body contact term. Since the purpose is to sum all kinds of three-body contact interactions, we take into
account this latter term too. The on-shell contribution of the two-body amplitude to this diagram is much smaller than those
shown in Fig. 5, since a larger momentum transfer is involved in this case, and we neglect it. We obtain the contribution of
the off-shell part of the two-body amplitudes to the diagram in Fig. 6 as
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D+
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FIG. 6. Another source of a three-body contact interaction.

1 3 1
3,contact __
Vi == {3 K+ K+ (5 3) [0~ K = (= K
3 2 1 1\2 7\2 t_m%(
+§<K2+K3> +tlrt+s3 (K, = KY) —(K3—K1)]——2 ) (B12)

where 1 = (K, + K3 — K})?.
For the sake of an analytical evaluation of all these amplitudes, we consider the three-momenta of the external particles to
be negligible as compared to their energies for a total energy near the resonance mass, and we use

s — $p3 + m? s —s13+m3 s — 815 + m3

25 25 25

Further, as found in the present work, around the three-body resonance, the invariant masses of both DK pairs have a value
of Myg =~ Mp (2317)- Thus, we can write

K9 = K9 = K9 = (B13)

823 2513 :M%Rﬁ(mD_FmK_AE)Z, (B14)
where AE is the modulus of the DK binding energy ~50 MeV, and
S12 = 8+ 2mp + my — 513 = 523, (B15)
with s representing the Mandelstam variable for the DDK system. We take /s to be the mass of the resonance,
Msg = Mog + myg — AE', where AE' ~ 50 MeV is the binding energy of the DD?, system. Further, as mentioned earlier,
we consider the SU(4) limit

ws — 1, y — 1. (B16)

As a result, we obtain

Vl.contact 4 V2ii,contact + V2v,contact + V3.contact _ mpmg (1 _ (37”’!% + 37’/'11(’/”D + 154m%{)AE/ N 0( AE/2 ))

+ DO+ PO+ +pOg+ +pOgt —
DTD°K D*D°K DTD°K D*D°K 2f4 90(2mD+mK)mDmK mpmg

mpmgAE [(32myg — 45mp, N (37m3, + 616mgmp + 154m%)AE’
90* mpmg 2mpmy (2mp + my)?

AE"? AE?
+ 0 + 0 , (B17)
mpmg mpmg

1,contact 2ii,contact 2v,contact 3i,contact 3ii.contact  1MIDMK
VD+D°K+ + VD+D°1<+ + VD+D°1<+ + VD+D°K+ + VD+D°1<+ 2 f4

which is, approximately,

(B18)

This contribution becomes null in the limit of massless light quarks m,,, m,, m; = 0, which is the chiral limit. This finding is
similar to the one found in Ref. [54] for a system of three light pseudoscalars.
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For a more realistic case, we can compare the result in Eq. (B17) with the on-shell contribution of the two-body #-matrices
to the diagrams shown in Fig. 5, which give the three-body amplitudes as

Vo ok = Viipoxe = Voltig: = Voipg: =0,
VZn,on _ _ K’ K 2
DIDUKT 364 (K, + Ky — Kb)? — m3, { i Kitk)

(Kt K22 =00 (4 3 ) ) KPR = K = (K = K

+3(2 +ws)mp(Ky + K3)* +2(2 +ys) <7 + l) mp|(K3 = K3)* — (K> — K})?

2
#5 (1578 4 kPl - K - = K (S5 (545)
() = K)P = (K, = K3l = K5 - (K - k17 (B19)
and
v,on - 1 1 9(1 +w ) 2

VzD*D"IFr - 36f4 (KIZ _'_Kg —K3)2 _m%) {_ 4 : (Kl +K2)
(s 4 K = 200 (D) KPR = KP = (K - Ky
324w (S + K7+ 202+ ws) (54 5 mbl(Ks = K)P = (K4 = K3
#3 (S50 s+ Pl - Ky - (= K+ (S5 (545)
(K, = K)P = (K = KPR = K = (K - K37 . (B20)

To make a consistent comparison, we use Eqs. (B13)—(B16) and deduce the above amplitudes up to the first order in AE,
AE'. In this way, we get

pilon .y yoven (2mp + mg)
DIDUKT T TDIDKY T Ay f4(—mg AE' + mi AE + 2mp AE)
AAE'm3m 8AE' m3m>
2AEm3 — 2AEm? mnliiar D QU % oo DK B21
X ( my, mpmg + 2y + mg mpmyg + 2y + my (B21)

Using AE ~ AE' = 50 MeV, and an average mass for kaon of 496 MeV, Egs. (B17) and (B21) give, at the three-body
resonance mass,

2
1,contact 2ii,contact 2v,contact 3,contact 0.12m D
Voiooxr T Vpipoxr T Viipogs +Vipipog: ~ Iz (B22)
" 19m>
2ii,on 2v,on D
VD+D0K+ + V 4 (B23)

ppOkt T T Iz

It can be seen that the total amplitude coming from the three-body contact interactions is about 0.6% of the amplitudes
coming from the three-body interaction diagrams calculated with the on-shell two-body amplitudes, and it can, thus, be
neglected.
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2. Interactions based on the chiral and heavy quark symmetries

In this case the contact interactions arise due to the cancellation of a propagator in the diagrams shown in Figs. 5 and 6, as
a consequence of the structure of the off-shell part of two-body amplitudes. The relevant two-body interactions, here,
obtained from Eq. (14), are

- 1

Vpipooppo = S_fz (3SDD — (tpp — upp) — 4’"%) + Z(Pzz - mzz)) (B24)
- 1
Vpekooprge = _8—f2 <3SDK + (tpg — upx) — 2mp — 2my — Z(K,z - m%)) (B25)

VD+K+—>D+K+ - 0 (B26)
The contribution of the off-shell parts of these amplitudes to the diagrams in Figs. 5 and 6 leads to the following amplitudes:

‘72i,contact — VZiii,contact — ‘72iv.contact _ ‘72Vi,contact -0

DTDOK+ DTDOK+ DTDOK+ DTDK+ —
i 1
i conact _ 6ar {2m3, + 6K K, + 2K K| — 2K K, — 4K, K’ — 4K, K3}, (B27)
. 1
2y contact _ 617 {4m?3 - 2m% — 6K,K5 + 2K4(K3 — K») + 8K K, — 4K, K }, (B28)
_ 1
Vol = — 6iF {2m3 + 6K, K — 2K K, + 2K K} + 4K, K5 + 4K K }. (B29)

As in the previous subsection, we use Egs. (B13)—(B16) and deduce the sum of the amplitudes in Egs. (B27)-(B29) up to
the first order in AE, AF/, to get:

mp(mp —2my) 8mp — my) 2m3 + 2mpmy — 3m%)

—I—AE( —3AE’(

[72ii,contact 72v,contact {73.contact __
VD+D0K+ + VD+D0K+ + VD+D°K+ - 4f4 16f4 16f4(2mD I mk) ’ (B30)
which can be further approximated as
r72ii,contact 72v,contact {73.contact _, mp (Mmp mg
VD+D0K+ + VD+D0K+ + VD+D0K+ —F (T 7 s (B31)
and considering the mass of the D-meson as nearly four times the mass of kaon, becomes
r72ii,contact {72v,contact {73,contact mpmg
Viipoxs T Vpipgs TV = (B32)

DTDK+ — 2f4

It is interesting to see that this result is same as the one obtained in the previous subsection [see Eq. (B18)], where different
three-body contact interactions are obtained from the Lagrangian based on the SU(4) symmetry, and there is a three-body
contact interaction coming directly from the Lagrangian.

Once again, we can compare the sum of the three-body interactions with the contribution of the on-shell two-body
t-matrices to the three-body diagrams, which is

L . 1 1
2ii, 2v, _ 2 2
Vi T Vpitog: = 617 <(K,2 KK - m%() x [4(m% + K4(Ky — K3) + 3K, K5) (m}, + K, (K} — K{) + 3K K})
+4(m% + K5(K, — K5) + 3K5K5) (m3, + K (K, — K)) + 3K, K>)]. (B33)

Following the same procedure, as done in the previous subsection, we use Egs. (B13)-(B16) and deduce Eq. (B33), up to
the first order in AE, AFE', to get
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1 (2mp + mg)
fH4m%AE + 8mgmDAE — 4m% AE'

{72ii,on (72v,on _
vD*D"K* + VD*DOKJr o

AE'mimyg(3mp + 2mg)
x | =2mdmy + DK + AEm%(2mp — m ) B34
(<2 + SE 0 L 3 (@mp = ) (B34)
Using the same values for the variables AE, AE’ and the mass of the kaon, we obtain
P - 18.9m?
Vglfl);lol(+ + Vi)vfglolpr == f4 D ) (B35)
whereas Eq. (B30) gives
e . ) - . 0.12m>
Ve Ve + Vit ==l (B36)

DDkt ~ I

It is interesting to notice that the results obtained in Eqgs. (B23), (B22) and Egs. (B35), (B36) are strikingly similar. We can,
thus, conclude that the three-body contact interactions arising from different sources, such as those from the off-shell parts
of the two-body r-matrices and those coming directly from the Lagrangian, cancel each other in the limit of massless light
quarks. In a realistic case, they lead to a small contribution, implying that the results obtained by taking the on-shell parts of

the t-matrices to calculate three-body interactions should be reliable.
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