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Motivated by the updated analysis of the G(3900) by the BESIII collaboration, we perform a global
analysis of the cross sections of the ete™ — DD, ete™ — DD* + c.c., e"e™ — D*D* processes,
especially focusing on the properties of the G(3900). As the energy region of interest is limited by
the next opening threshold, i.e. the D1 D threshold, we focus on the energy region [3.7,4.25] GeV,
where three charmonia ¢ (1D), (3S) and (2D) explicitly contribute to the cross sections. By
constructing the P-wave contact interaction between the (D, D*) doublet and its antiparticle in the
heavy quark limit, we extract the physical scattering amplitude by solving the Lippmann-Schwinger
equation. No matter whether three or two charmonium states are included in our framework, we
always find a dynamically generated state corresponding to the G(3900), which suggests it to be
a P-wave dynamically generated state. We also predict several dynamically generated states in
the corresponding 1~ channel. These states can be further searched for in the electron-positron
annihilation process involving the emission of a single photon.

I. INTRODUCTION

Electron-positron annihilation is one of the most im-
portant processes for shedding light on the dynamics of
the strong interaction. For instance, the number of colors
can be extracted from the ratio between the cross section
of the eTe~™ — hadrons process and that of the pure elec-
tromagnetic process eTe™ — pTp~. Among the former
cross section, the open-charmed channels (either two-
body final states or many-body final states) take up the
largest fraction. The Belle [1], CLEO [2] and BaBar [3]
collaborations have measured the cross sections of a pair
of open charmed mesons. Recently, the BESIII collab-
oration measured the cross sections of two-body [1—0],
three-body [7, 8], and four-body [9] open charmed pro-
cesses more precisely. As the electron and the positron
annihilate into a virtual photon, this kind of process is
also the most important platform for studying the nor-
mal vector charmonia and exotic vector charmonium-like
states. For instance, these bring us to an opportunity
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to study the non-DD decay width of the 1(3770) [10-

] and the time-like electromagnetic D* — D transi-
tion form factor [141]. Especially, the ete~ — DD pro-
cess provides the most precise determination of the reso-
nance parameters of the ¢(3770) [12, 13, 15-20]. For vec-
tor charmonium-like states, the Y (4230)/Y(4260) [21—

], Y(4360) [241, 25], Y (4660) [25, 26] are measured in
electron-positron annihilation process with different final
states.

Approximately twenty years ago, the Belle [I] and
BaBar [3, 27] collaborations measured the cross sec-
tion for the ete™ — DD process. They both ob-
served a peak structure around /s = 3.9 GeV. In these
works, the peak is not associated to a resonance. The
BESIII Collaboration recently performed a precise mea-
surement of the Born cross sections for the ete™ — DD
process [4], which is consistent with previous results
from BaBar and Belle. Apart from the 1~ charmo-
nia 1¥(3770), ¥(4040), ¥(4160), 1(4360), 1(4415) and
1(4660), they also observed a peak structure around
3.9 GeV. Its mass and width in the Breit-Wigner formal-
ism are 3872.54+14.24£3.0 MeV and 179.7+14.14+7.0 MeV,
respectively. Although the coupled-channel analysis of
the Belle and BESIII data could produce a peak struc-
ture around 3.9 GeV without requiring an additional new
state, accurately describing the nearby points appears
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to be highly challenging [19, 28]. In Ref. [15], a per-
turbative treatment of 1(25) — ¢(1D) mixing is carried
out within an effective Lagrangian approach, where the
authors interpret the G(3900) as a resonance but also
demonstrate that it can be explained by the D* D thresh-
old. Cao and Lenske have analyzed the line shape of
¥(3770) using a coupled-channel T-matrix approach and
achieved a good fit to the experimental data, suggesting
that the broad structure G(3900) results from the distor-
tion of the ¥(3770) tail caused by the DD* threshold [17].
The K-matrix formalism is used to systematically study
ete”™ — DXD® and ete™ — everything in Ref. [20].
The study indicates that no additional bare pole is need-
ed to explain the data near 3.9 GeV. In the scenario of
the one-boson-exchange (OBE) model, Lin et al. [29]
and Chen et al. [30] show that the existence of the S-
wave X (3872), T..(3875), Z.(3900) hadronic molecules
indicate the existence of a P-wave DD*/DD* molecule
state, identified as the G(3900). Ref. [31] also assigns the
G(3900) to a P-wave DD*/DD* resonance by the con-
tact interactions within the heavy quark spin symmetry
framework, with explicit inclusion of S-channel charmo-
nia contribution. Ref. [32] also obtains the same conclu-
sion by overall fitting to the lineshapes in various chan-
nels as well as the invariant distributions of their sub-
systems. Although the later references suggest that the
G(3900) can be accepted as the P-wave DD* resonance,
it does not answer the question whether the G(3900) is a
dynamically generated state or a renormalized bare char-
monium state. Another question is whether the existence
of the G(3900) is model-dependent or not.

To answer the above questions, we construct the
contact potential for the P-wave scattering between
the (D, D*) doublet and its antiparticle in the heavy
quark limit and extract the scattering amplitudes of the
ete” — DD, ete™ — D*D + c.c., efe” — D*D* by
solving Llppmann—SchWinger equation (Sec. IT). The nu-
merical results and discussions follow as Sec. III. The
summary and outlook is given in Sec. IV).

II. FORMALISM

The formalism of this work is an SU(3) exten-
sion of that in Ref. [31], in which SU(2) flavor sym-
metry is adopted. Considering the recent progress-
es from the experimental side, i.e. the measure-
ments of the ete™ — DFD; [33, 34] and ete™ —
DT D*~ [6] cross sections, we also include the charm-
strange meson pair contribution explicitly (as discussed
in the following). More specifically, the ete™ —

D&+ DE = DO [0, Dg*HDg*)_ cross sections with-
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in the energy region [3.7,4.25] GeV are investigated.
Firstly, we present the transformation from the hadronic
basis to the SU(3) flavor singlet and octet basis, as well
as the isospin triplet basis. Based on the transformation,
we can construct the contact potentials with respect to
the Heavy Quark Spin Symmetry (HQSS). With these
contact potentials, we can solve the Lippmann-Schwinger
equation (LSE) to obtain the production amplitudes. In
Subsection IT C, we deduce the cross sections formula for
the direct comparison with the experimental data.

A. Transformation between the SU(3) flavor
symmetry basis and P-wave hadronic basis

Before going into details, we adopt several conven-
tions to facilitate the representation of physical quanti-
ties. Unless otherwise specified in the text, (D®*)D(*))e
denotes charmed meson pairs, with a = d, u, s denoting
the light quarks in the charmed meson pairs (ca)(éa) and
n = 1,2, 3,4 representing different charmed meson pairs
DD, DD+, D*Dgzo and D*D§:2. Here, the subindex
S of the later two cases is the total spin of the two
charmed meson pairs. For instance, (D™ D®*))¢ denotes
the charmed meson pair DT D~. (D™ D)) denotes all
the four charmed meson pairs with light quark pairs a.
With these conventions the hadronic basis can be writ-
ten as [DC)DG)ya, Snnllarly, the SU(3) flavor basis can
be written as | D* 5510 )i, where the index i = 0,8, 1 rep-
resents SU(3) singlet 0, the zero components of octet 8°°
and isospin triplet 1'°, in order, where the superscripts
denote the isospin I and its third component, respectlve—
ly. Similarly, if the index n is absent, |[D®*) D())? denotes
all the four charmed meson pairs of the SU(3) represen-
tation .

As we consider the cross sections of the charmed me-
son pairs in electron-positron annihilation, only the third
component of various SU(3) flavor representations is pro-
duced. As a result, we present the third components of
SU(3) singlet and octet as

|0) = (\dd+uu+ss>) (1)

|8) =—= (|dd + uti — 2s5)), (2)

S5l

and the third component of the isospin triplet

1 -
ﬁ(\dd*UW) 3)

The above equations transform into charmed meson pair
basis as

) =

\D( )+ D) )—l—\D( )0 () >—|—|D( )+D() >) (4)
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With the above formulae, one can easily transform from
the hadronic basis to the SU(3) flavor basis.

For a given SU(3) representation, one can perform a
heavy-light decomposition to obtain the contact poten-
tials. In the HQSS limit, the heavy and light degrees of
freedom are conserved individually. The former one is re-
flected by the total spin sg of the heavy quark pair. The
latter one is the sum of the total spin s, of light quark pair
and the relative orbital angular momentum ! between the
two hadrons. Therefore, it is convenient to decompose a
charmed meson pair [I([si, sq.]}, [51,5Q,];,)s)s into the
heavy-light basis |(I [SllsZQ]sq)Sl [5@15Q2]8Q>J, which can
be simplified as |sq ® s;). Here, s, sg, and j; are the
spin of the light quark plus the relative orbital angular
momentum [, the heavy quark spin and the total angu-
lar momentum of the ith mesons, respectively. With this
convention, the decomposition read [31, 35]

|l([5l1 sQl]jl [Slszz]j2)8>J
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with j = \/2j+ 1. In the Eq.(7), S and [ denote the
total spin of the two-meson system and its relative or-
bital angular momentum, respectively, J = [ + S is the
total angular momentum. As the charmed meson pair
D® D) couple to virtual photon, i.e. JFC =17, is
in P-wave. The corresponding decompositions can be
obtained from the above equation

|1®1>i+1\ﬁ|1®2>i, (8)
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which can be represented as a compact transformation
matrix
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The wave functions on the left side of Egs. (8)-(11), are
the hadronic basis with p the three momentum of final
particle in the center-of-mass frame. The wave functions

(

on the right side are in the heavy-light basis. One can
easily check that these bases are normalized and orthogo-
nal to each other from both the heavy-light basis and the
hadronic basis [31, 35] in Egs. (8)-(11). In the hadron
basis, one can see that the wave functions are normal-
ized to |p]?>. The positive sign in |[DD* + c.c.)i__ is re-
lated to the C-parity, where we adopt the convention

D % D, D* <, _,D*' The transformation between
hadronic basis |_D(*)D(*)>a and SU(3) flavor symmetry
basis |D*) D)) is

D@ D7), DDy DL+ DL )T
= RIDWDO), (DO DU, IDODONT, (13)



where the transformation matrix R is

® 14><47 (14)
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with 1444 the 4 x 4 identity matrix.

In the HQSS limit, one can define the low-energy con-
stants

Ci =10 1 Her|0®1)74;;, (15)
Cy="(1®0[Her|l ®0)7 65, (16)

V11 == ch + ECQ + 703 + 704,
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Since V* is a symmetric 4 x 4 matrix, we only show the
elements V,,,,» with n < n/. One might have noticed that
the D™ D™ pairs are formed to a JF¢ = 17~ state in
P-wave, which should encode a momentum dependence
in each vertex, reflecting the P-wave interaction. Here,
we use a separable contact interaction. The momentum
in the loop is contained in the two-point propagator, and
the momentum dependence of the external particles is
contained in the amplitude, which will be discussed af-
terwards. The contact potentials in the SU(3) flavor basis
reads

VO
Ver = Vs , (21)
Vl

where V°, V8 and V! are 4 x 4 matrices whose elements
are given by the Eq. (20).

Within the energy region of interest [3.7,4.25] GeV,
there are three vector charmonia, i.e. ¥ (1D), ¥(35),
1¥(2D). The vector charmonium (25) is slightly below
the DD threshold and might also affect the cross sec-
tions of two charmed meson pairs. However, we have
checked that its effect is marginal and we neglect its
contribution in our framework. In this case, the vector
charmonia ¢¥(1D), ¢(35) and ¥ (2D) are included one by

C;)E <1®1‘HCT|1® > (Szj, (17)
Ci="1®2Her|l ®2)76;, (18)

where the repeated indices do not imply summation.
Here, Hcr represents the leading order Hamiltonian
which respects HQSS. Since we focus on the energy region
[3.7,4.25] GeV, only the leading order contact potentials
0172,374 are considered as constants within such a small
energy region. The contact potentials read

Vi = (DYDY Hep DW DIV 5,00 (19)
Substituting Eq. (8)-Eq. (11) into Eq. (19) and combining
with Eq. (15)-Eq. (18), one can obtain the explicit form
of VI,

=z
V14 \/>C2
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\/>C3 12 \/>C4a
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Vis = ZC{' + %O; + Eo;; + %O};,

V44 = §C2 + EC?) + %04 (20)
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one. As a result, we consider three different frameworks,
i.e. the coupled-channel effect with the three vector char-
monia (Model I), two vector charmonia (Model II), and
one vector charmonium (Model III). From the experi-
mental side, one can see significant contributions of the
¥(1D) and (3S) in the ete™ — D*D=/D°DO [1, 30]
and ete™ — DTD*~ [5, 37] processes, respectively.
Therefore, we need to consider Model I and Model II,
without focusing on Model III. The S-wave and D-wave
charmonia can be expressed in terms of heavy-light ba-
sis |1 ® 0) and |1 ® 2), respectively. As these charmonia
are SU(3) flavor singlet, we define the coupling constants
between charmonia and the open charmed channels

9ip = °(1® 2[Hpare|1 ® 2)7p, (22)
935 = *(1® 0| Hpare|1 ® 0)3s, (23)
995 = (1 ® 2[Hpare|1 ® 2)5p. (24)

The heavy-light structures |1 x 2){,, |1 x 0)Jg and
|1 x 2)9,, corresponds to ¢(1D), ¥(3S) and 9(2D), re-
spectively. Hpare is the Hamiltonian density describ-
ing the interaction between the bare state and the open
charmed meson pair, with the corresponding potential

Vez nj = a{DW DY Hparel1)°, (25)
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B. The Lippmann-Schwinger equation

In total, there are 12 + « channels in our framework,
with 12 open charmed channels and « bare vector char-
monium states (¢ = 3 or 2, depending on the Moldel I or
IT). The Lippmann-Schwinger equation (LSE) reads as

T(E)=V+VGE)T(E), (26)
where FE is the total energy in the center-of-mass (c.m.)

frame. V and G(FE) denote the potential and two-point
loop function matrices. The potential V reads as

v (Wb Do)

Vbo ax12 Oaxa

where V,, represents the contact potential between two
charmed meson channels, and V., denotes the inter-
action between the bare vector charmonium and the
charmed meson pairs. The two-point function matrix
G(FE) reads [38]

ZCZ‘T(E)szlz
Oux12

_ [ diag| O12xa
G(E) = < diag [Gcz(E)]axa > ’
(28)

with
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where m and A denote the charmonium bare mass and
cutoff, respectively. m;; and m; are the meson masses
involved in the ith channel. Here, we take the Gaussian
form factor fy(q?) = exp(—¢?/A?). The momentum ¢
in the numerator reflects the P-wave interaction between
the charmed meson pairs. More details of the P-wave
two-point function G¥%.(E) can be found in App. C. We
employ the nonrelativistic Green function because the
relevant dynamics occur near thresholds. The relativis-
tic correction can be estimated by p?/4(2u)? with p and
u the c.m. three momentum and reduced mass of a giv-
en channel. This estimate is from the expansion of the
energy 2 =m + % + %mrfb—t + -+ in terms of momen-
tum and mass, where ratio between the third term and
the second term is p?/4m?. For the two-body channel,
we replace the mass m by 2u. This value for the lowest
channel at the highest energy is about 0.06 at the ampli-
tude level, which means that the relativistic correction
is at most 1.06%2 — 1 = 12% for physical quantities. On
the other hand, both the relativistic and non-relativistic
expressions should be compared with the experimental
data. At the end, part of this correction will be absorbed
into the redefinition of the model parameters. From this
point of view, 12% is the maximum estimate of the rela-
tivistic correction. This indicates that the nonrelativistic
approximation remains valid for the majority of channels
throughout the energy region of interest. Although rela-
tivistic effects may become significant in energy regions
far from the thresholds, they do not affect the physical
results near the thresholds. Substituting Eq. (27) and
Eq. (28) into Eq. (26), one can obtain

( [Too]12x12 [TOb]12><a > _ ( [Voo + VooGorToo + VochETb0]12x12 [Vob + VooGerTon + VochETbb]uxa

[Tbo]ax 12 [Tbb]axa

where T,, denotes the scattering amplitudes between
charmed meson pairs. Ty}, denotes the scattering ampli-
tudes between the charmonium and the charmed meson
pair, with T}, describes the inverse process of T}, and
Gor = diag [GEp(E)] .., Plugging the Ti, into Too,
one obtains

TOO(E) = ‘A/:}oﬂ + ‘ZiffGCT(E)TOO(E)v (31)

where the effective potential is defined as Voe(ff = Voo +
VobGezVoo- It is easy to see that

-1

1(E) = |[VE)] " - Gertm)| 2

[Vbo + VboGCTToo]axlg

Voo GerTob) px o > » (30)

(

by solving algebraic LSE. To ensure unitarity of the T-
matrix, the Gaussian form factor fy(p) appearing in the
two-point loop function G%,.(E) should also contribute
to the above T-matrix as !

) = 129 [[V18)]) " ~Germ)] i)
(33

1 This form factor can also be added to each vertex in the potential
alternatively, instead in the two-point loop and external particles,
to satisfy the unitarity is automatically.



Since these charmonia only couple to the SU(3) flavor
singlet, the effective potential can be represented as

. VO VEGEVY
Vel = Vs S (39
Vl

In contrast to the effective potential (Eq. (33)) in particle
basis, Eq. (34) is expressed in the SU(3) flavor basis. One
needs to transform VEH into particle basis

Vel = pyef g1, (35)

with the transformation matrix R given in Eq. (14).
Substituting Eq. (35) into Eq. (33), one can obtain the
full mesonic T-matrix for the coupled-channel system
(D™ D)) containing the contributions from bare char-
monium states.

C. The physical production amplitude and cross
section

Analogous to the LSE, the physical production ampli-
tude reads

UE)=F+VGEUE), (36)
where F = ([F, ]?2><1 , [fb]nxl) is the bare production
amplitude. The F, matrix is the bare production be-

tween the virtual photon and charmed meson pair. The
fb matrix is the bare production between the virtual pho-
ton and the charmonia. Similarly, plugging Eq. (27) and
Eq. (28) into Eq. (36), one obtains the physical produc-
tion explicitly

(feap )= ("

where U, and U}, represent the physical production am-
plitudes for the charmed meson pairs and the involved
charmonia, respectively. Substituting U, into U,, one
we get the physical production amplitude for the open
charmed channels

ot %OGCTU + ‘/ochcub]lgxl
[fo + VihoGorUo] 4y
(37)

Us(E) = (Lizxrz — Vil Ger(E) T BT, (38)
with Fgff = F, + Voo Gezfy, the effective bare production
amplitude. Analogous to that for T-matrix, the Gaussian
form factor fa(p) is introduced to regularize the integral.
As the result, Eq. (39) can be rewritten as

Us(B) = fa(p)(Lizx12 — VETGer(B)TVEST. (39)
As the standard QED vertex between the virtual photon

and the c¢ state can be decomposed into both S-wave
and D-wave c¢€ pairs [39, 40], one can define the coupling

FIG. 1: Feynman diagram for the processes
ete™ = (DHDM),.

between the virtual photon and the m-th open charmed
channel in the same SU(3) flavor basis as

F =Cry f5+Cha fb, (40)
with m = 1,2,3,4, and fi = (1 @ 0|Hem|v")’, fh =
i 2|7-{,EM|7 >Z. Here, Hgm is the electromagnetic
Hamiltonian density describing the interaction between
the virtual photon and vector charmonia. The explic-
it form of the bare production (for Model I) amplitude
reads

F = ([F ]1T2x1 ) [fb]g:xl)T
([F0]4><1 ’ [F8]4><1 ’ [Fl} le ’ [fb]ij;xl)T7 (41)

where F* = (FlzﬂF217F§7Fi)T and f, = (f?Dv fgS7ng)T
for Model I (f, = (fYp, f9s)T for Model II) which is
the couplings between the virtual photon and charmonia.
The effective bare production amplitude is given by

. [FO + VochEfb}
Fsﬂ = [F8]4><1

[F1]4><1

Similarly, we need to transform Ffﬂ, in Eq.(42) into the
particle basis representation

4x1

(42)

Eeff — REpett (43)

Substituting Eq. (35) and Eq. (43) into Eq. (39), one can
obtain the physical production amplitude for the open
charmed channel containing the three charmonia. The
process eTe” — (D)D) is shown in Fig. 1, and the
scattering amplitude for the n-th process is given by

—igh

a __ = s a
M = 0l (—ienJulp-) Al (4)
where p;(p-) is the four-momentum of the positron
(electron) and s is the square of the center-of-mass en-
ergy. A%, is the physical production amplitude with v
the polarization index. Then the square of the scattering

amplitude is
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where we average over the initial electron and positron
spins and sum over the polarization of the final charmed
meson. Then A% is given by [35, 41, 42] (also see App. A)

¥ =U(pp, — Pp.)" (46)
AS = U3 (pp, — pD2) i (47)
at 1 a 1 ko _k
Agt = ﬁug (Pp: — Ppz)" e ENas (48)

at 3 a pij,mn * *
Af' = \/&/’4 ng’ (PD; *pD;)j@mS,\/m (49)

with Py = 1gimgin 4 L5ingim — 154 §mn Here, p )
and €* are the four-momentum and the polarization vec-
tor of the charmed meson, respectively. The momentum
dependence in the above four equations reflects the P-
wave interaction of the charmed meson pairs. More de-
tail can be found in App. A. Substituting Eqs. (46)-(49)
into Eq. (45), one can obtain the explicit form of the
corresponding amplitudes squared

P = T e P (1~ cos?6), (50)
TP = T e P (1 + cos?6), (51)
P = T PP~ o), (52)
P = 2 e PG (1~ 2eos?0), (53)

with the fine-structure constant o« = %. Here, 0 is the
relative angle between the incoming electron and out-
going charmed meson. More details can be found in
Appendix B. For the two-body scattering, the differential

cross section is given by

do? IPpeal (=2
n = . 54
dcos®  16mws3/2 Mzl (54)

One can obtain the total cross section

a 20&|th; 3 a
01 = WVA \Qa (55)
a 4a|pDa|3 a
O3 = WV/{Q \2a (56)
2a|pp-|? 2
o5 = WW;\ ) (57)

a 2a|po|3 a
04 = WV/Q \2’ (58)

by plugging Egs. (50)-(53) into Eq. (54) and integrating
over the angle 6.

(

D. The 1-" P-wave coupled channel system

The scattering between two heavy-quark-spin multi-
plets can be described by the same set of low-energy
constants, which relates the dynamics of various sys-
tems to each other. For the P-wave scattering between

the sf = 1 doublet, i.e. (D,D*) doublet, and its
anti-doublet, there is also J©¢ = 171 exotic quantum
number [31, 43] in addition to the vector channel, i.e.
JPC =17~ For this exotic quantum number, which is
beyond the conventional quark model, there is no con-
ventional charmonium coupling to this channel. The dy-
namic of this quantum number is described by the low-
energy constants. Similarly to that in vector channel, the
1~ hadronic basis can be represented by the heavy-light
basis as

1 | ,
—— 0 1)+ —=|1®1)", (59
ﬁl ) ﬁl ) (59)
. 1 . 1 )
D*D*isTl = —0@ 1) + —=|1® 1), 60
| P ﬂl ) ﬂl ) (60)

where only [0®1)? and |1 ®1)? components appear. The
contact potential reads

|DD* +c.c.)oy =

1~ Vi 8
o Ve, N
VL.

where V[, is given by

. GG GG

.= v, T2t (62)
! o o oo o |

2 2 2 2

which is represented in the SU(3) flavor basis. Similarly,
we need to transform the above contact potential into
the particle basis

ci ci cl ci
11—+ / 71 + 23 - 21 2 /—1
Ver =R ¢ o oo o | BT (63)
P + =3 ~1 =3
2 2 2 2
with

11 1
, V3 e V2
i v Y
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FIG. 2: Pole positions on the complex energy E-plane
(left) and momentum k-plane (right). The red line on
the real axis represents the energy region above the
threshold. The green solid circle represents a bound
state, located below the threshold on the physical RS,
the blue hollow triangle denotes a virtual state, located
below the threshold on the unphysical RS, and the
orange square represents a resonance state, located
above the threshold on the unphysical RS, with a
non-zero imaginary part.

The T-matrix of 17" system is given by

— GCT(E):| . fa@').
(65)

T(E)1—+ = fa(p) [[Vcl*;}

One can also study the pole structure of the 1=+
system through the T-matrix, which involves solving

det [16X6 - vcl;*GCT(E)} —0.

III. RESULTS AND DISCUSSION

In this section, we perform a global fit to the latest
experimental cross sections of the ete™ — DD [1, 4, 30],
ete™ — D*D + c.c. [5, 37], ete™ — D*D* [5, 37] pro-
cesses within the energy region [3.7,4.25] GeV. More
specifically, we fit the cross sections of the eight processes
ete™ — (DD)“%* (DD*)%, (D*D*)%, ,. The fitting is
performed by imimuit [11] with over 1000 starting values
to find the global minimum value. The fitted cross sec-
tions and the dynamical parameters governing the scat-
tering amplitudes Eq. (26) (and thus the pole positions)
of the two models are presented in Fig. 3 and Tab. I. The
other parameters are listed in Table VII of App. D.

From Fig. 3, one can see significant contributions of the
¥(3770) in the D¥ D~ and D°DP channels. The signals
of the ¥(4040) in the D*D*~ and D D, channels are
more pronounced than that in the DD channel. Whether
the vector chamronium-like state G(3900) exists or not
needs further pole analysis. As shown in the standard-
ized residual plot in Fig. 3, a large proportion of the
standardized residuals are distributed within the inter-
val [-3, 3]. Figures (a), (b), (e), and (f) show that the

TABLE I: The dynamical parameters governing the
scattering amplitudes Eq. (26) in the fitting.

Parameters Model I Model II
gip [GeVTY] 0.66 & 0.04 —12.93 £0.26
93s [GeV 1] —14.66 & 0.37 —14.1140.96
g5p [GeV™Y —17.09 +0.23 —
mip [GeV] 3.807 4 0.001 3.804 4 0.001
m3g [GeV] 4.229 4 0.002 4.253 4 0.005
myp [GeV] 3.692 £ 0.003 -
A [GeV] 0.50 + 0.00 0.50 + 0.00
x>/d.o.f. 2.17 2.66

standardized residuals are approximately randomly dis-
tributed around zero, suggesting that the fit is satisfacto-
ry. However, there are more standardized residuals below
zero than above in Figures (c¢) and (d), a similar results
also observed in Ref. [20]. This result can be attributed
to two main reasons. First, there exist significant dis-
crepancies between the data points of BESIII and Belle
collaborations in certain regions for the ete™ — DT D*~
and eTe™ — D*TD*~ processes, which reduces the qual-
ity of the fit and prevents the standardized residuals from
being randomly distributed around zero. Secondly, un-
der the consideration of coupled-channel effects, there
is still a deviation from the experimental data in the
ete™ — DT™D*™ and ete” — D*tD*” channels for
both the LSE and the K-matrix approaches. The pro-
jection of all standardized residuals onto the vertical axis
yields a distribution that closely resembles a Gaussian
distribution which are presented in Figs. 10 and 11 in
App. F. The standardized residuals of Model I show a
slight deviation from the Gaussian distribution, which
may indicate mild overfitting. In comparison, the resid-
uals of Model II are more consistent with a Gaussian
distribution, suggesting a higher quality of fit. Overall,
the fitting performance of both models remains within
an acceptable range.

In Tab. I, the parameters ¢7p, g5¢ and g9, denote
the bare couplings between the charmonia ¢ (1D), ¢(35)
and ¥ (2D) and an open charmed meson pairs. mjp,
m3g and m9,, represent the bare mass of ¥(1D), 9(35)
and ¥(2D), respectively. A is the cutoff parameter in
the two-point loop function. The reduced chi-squares
are x?/d.o.f = 2.17 and x?/d.o.f = 2.66 for Model I and
Model II, respectively, which indicates that an addition-
al bare vector charmonium state greatly optimizes the fit
result. With the fitted parameters, we can extract the
physical quantities of interest, such as pole positions in
the complex E-plane, the effective couplings, and so on.
With the fitted parameters, we can extract the physical
quantities of interest, such as pole positions in the com-
plex E-plane, the effective couplings, and so on.
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FIG. 3: The line shapes of Model I (solid curve) and Model IT (dashed curve) in comparison with the experimental
data. Panels (a)-(f) show the line shapes of the channels ete™ — D*D~, D°D° D*D*~ D D;, D**D*~ and
D**+ D~ respectively. The DD data is from both BESIII [4, 36] and Belle [I] collaborations. The experimental
data in the DD* and D*D* channels are from BESIII [5] and Belle [37] collaborations. The Df D data are from
BESIII [33] and BaBar [34] collaborations. The data in the D** D*~ are from BESIII collaboration [(]. The blue
and the purple region denote the 99% confidence levels for Model T and Model II, respectively. The six vertical gray
dashed lines represent the DD, DD*, D} Dy, D*D*, Df D*~ and D}*D:~ thresholds from left to right,
respectively. The lower panel of each figure is the standardized residual plot, where the orange and green points
represent the standard residuals of Model I and Model II, respectively.
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FIG. 4: Paths from poles in Model I on unphysical RSs
to the physical RS. Poles are represented by solid circles.
The blue, green, orange, dark blue, purple and red solid
line denote the cuts form the DD, DD*, DrDy7, D*D*,
DfD:~ and Dt D~ thresholds, respectively.

A. Pole analysis

A state is identified as a pole of the T-matrix in the
complex energy plane, either bound state, virtual state,
or resonance (Fig. 2). The pole positions can be obtained
by solving the equation

det [1 - V;fGCT(ET)} ~0. (66)

Through analytic continuation, the complex F-plane
can be extended to 2" (with n the number of involved
channels) Riemann sheets (RSs) which are labeled by
(&, ...,=£) according to the signs of the imaginary parts
of the c.m. three-momenta in the two-body channels.
The physical RS is denoted by (+,...,4), whereas the
others represent the unphysical RSs. The physical and
unphysical RSs are connected by branch cuts where the
two-point function satisfies

GH(E —ie) = GL(E + ie). (67)

Here, the indices I and II represent the two-point func-
tions on the first (physical) and second (unphysical) RSs,
and i = 1,...,n denote the ith channel.

We assume that the D™+t meson mass is equal to
the D™ meson mass, because its mass difference is
very small. As the result, it is unnecessary to search
for poles in the region [D°D°|ry, < E. < [D¥ D]y,
[D()D*(]]Thr < E, < [DJFD**]Thr and [D*OD*O]Thr <
E, < [D**D*7 |y, where [(D®)D®), jrn, represent
the threshold of the (DD), 4 meson pair. Therefore,
there are six thresholds in our coupled-channel sys-
tem, i.e. [DD]rhr, [DD*|rhr, [DF Dy thes [D*D*]1hr,
[DFD: |tne and DT Di~ |y, in order, where we use
D™ to denote D™+ and D)0 mesons. In the following,
we use the abbreviations Thry, Thrs,..., Thrg to denote
the six thresholds. In general, we need to find the poles
on 2% RSs. However, in practice, we are only concerned
with the poles on the physical RS (+, +, +, +, +, +) and
those on the unphysical RSs close to the physical region.
These unphysical RSs are labeled by sequentially replac-
ing the plus signs with minus signs, i.e. (—,—+,...,+),
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TABLE II: Pole positions on the various RSs. The
numbers in square brackets represent energy distances
of the poles to the physical RS, in units of MeV.

Riemann sheets Model I Model II

(+,+,+,+,+,+) 3.691.60 _

— 3743.07 + 7.36i [7]

(73 +a +a +7 +7 +)
3778.42 £ 11.814 [12] 3775.29 + 14.313 [14]

3832.52 + 74.53i -

- 3883.91 =+ 46.53i [47]

4011.05 4 10.13¢ [16] 4019.42 + 17.40i [17]
4232.78 + 23.96i [24] 4278.21 + 21.59i [22]

7a+575+7+7+
_7_7+7+7+7+

—_ — — —

(=,— .y 4+)---, (—,—, ..., —). Therefore, we find poles

for the following cases:

1. Poles below all the thresholds on the physical RS
(+:+,+ 4+, +,+).

2. Poles above the i-th threshold and below the
(¢ + 1)-th threshold on the unphysical RS

(_77'”7_i,+(i+1)7...,+).

3. Poles below but close to the i-th threshold on the
unphysical RS (—,,..., =4, +(it1),.-.,+), which
also have impact on the physical observables.

Whether the above poles have a significant physical im-
pact or not depends on their distance E; to the phys-
ical RS. In Fig. 4, we present a schematic diagram of
the distance E,; of the poles on different unphysical RSs.
Although the poles of the resonance states are symmetric
about the real axis, only the poles on the lower half-plane
are close to the physical RS as shown in Fig. 4. For Case
1, since the pole is already on the physical RS, the dis-
tance to the physical sheet is zero. For Case 2, since
the unphysical RS (—,..., =4, +(it1),...,+) is connect-
ed to the physical RS (+, +, +, +, +, +) along the region
[Thr;, Thr;11] on the real axis, where Thr; denotes the
i-th threshold. Those poles can reach to the physical RS
by moving the energy distance along the direction of pos-
itive imaginary axis, where E, is equal to the modulus of
the imaginary part of the pole. Finally, for Case 3, the
pole can firstly move E, along the direction of positive
real axis, with F, the difference between the threshold
and the real part of the pole. Furthermore, they move
along the direction of positive imaginary axis as that for
Case 2. Thus, E,; is F, plus the modulus of the imagi-
nary part of the pole. The poles in Model I and Model 11
are presented in Tab. II. The effective couplings of the
poles to the ¢th-channel in model I and model IT are list-
ed in Tables VIII and IX of App. D, respectively. In
Tab. II, one can see the two poles corresponding to the
(3770) and (4040) in both Model I and Model II. In
Model I, a pole 3832.52 4+ 74.537 around 3.9 GeV on the



(=,+,—,+,+,+) contributes to the broader peak struc-
ture in experiment. In Model II, a pole 3883.91 £ 46.531
on the (—, —,+, 4+, +,+) sheet corresponds to the peak
structure around 3.9 GeV.

However, so far, we are unable to directly determine
which poles are dynamically generated states and which
are from a strong renormalization of bare vector charmo-
nia. One can distinguish them by plotting the trajectory
of the poles when the coupling constants vary. Since the
procedures for calculating the pole trajectory are simi-
lar between the two models, only the pole trajectories
for Model I are presented. The specific procedure is as
follows:

1. Vary the coupling constant g3, from the fitted val-
ue to 0 with ¢¥,, and ¢34 fixed to their fitted values
and plot the trajectory of all the poles.

2. Vary the coupling constant g9, from the fitted val-
ue to 0 with g9¢ and g9, fixed to the fitted value
and 0, respectively. Plot the trajectory of all the
poles.

3. Perform the same procedure for the coupling con-
stant ggs with the couplings g3, and ¢?, fixed to
0. Plot the trajectory of all the poles as ggs varies.

When the coupling constants gradually change to zero,
if the pole moves towards the bare mass obtained from
the fitting on the real axis, it indicates that the pole is
a state renormalized from a bare state. For the sake of
convenience, we illustrate the reason for the case of one
open charmed channel and one bare charmonium state.
In this case, the T-matrix reads as

2
(Y + g P)
T = OT " o=m , (68)
1— (ver + =£5)G(s)

s—m?2

where ver and g, which are both real numbers, are the
contact potential and the coupling between the bare char-
monium and open charmed meson pair. The pole sqg is

)G(s) =0. When g = 0,

2
the solution of 1 — (vor + 24—
one obtains

1-— UCTG(S()) =0. (69)

In this case, /sy corresponds to the dynamically gen-
erated state, and the contribution of any charmonium
vanishes. When g # 0, we can extract the pole from

92G(50) 2

= "7 . 70

50 1-— ’UCTG(S()) tm ( )

When ¢ gradually decreases to zero, the term
2

% — 0. Therefore, the pole /sy will move to-

wards the bare mass of the charmonium. Similarly, for
the system with many open charmed channels and many
bare charmonia, this property still works. As long as we
gradually adjust all the couplings to zero, the renormal-
ized charmonium state will move to its bare mass. The
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TABLE III: The pole position of the G(3900), in
comparison with other works. Exp. represents the
experimental data from Ref. [4] (Supplemental
materials). T and II stand for our Model I and Model IT
results, respectively.

13832.6703 — 74.570 %4

This work
IT 3883.970:2 — 46.57 13
Ref. [20] -
Ref. [29] 3869.2767 — 29.0733i
Ref. [32] 3896.0117% — 72.075 54
Exp. 3872.57133750 — 89.9770T22;

pole trajectories in Model I are presented in Fig. 5 and
the zoomed-in diagram of all poles in the left diagram
can be found in App. E.

The pole trajectories of Model I are illustrated in
Fig. 5. When the couplings ¢35, ¢%,, and ggs vary from
their fitted values to zero, the 3691.60 MeV, 3778.42 +
11.817 MeV and 4232.78 + 23.96i MeV poles approach
to the bare masses mS,, m?, and mlg, respectively.
These three poles are considered as the (2D), (1D)
and 1(35) vector charmonia. The significant discrepan-
cy between the 3691.60 MeV pole and the experimental
result indicates that the 1)(2D) charmonium acts as a re-
dundant free parameter in the fit without any physical
significance. This suggests that an additional charmoni-
um ¢(2D) is unnecessary, even though it has improved
the fitting results a little bit. On the contrary, the pole
4011.05+10.13¢ MeV undergoes only slight movement on
the RSs which is considered as a dynamically generated
state.

After carefully searching for poles on other RSs, we find
another dynamically generated state at 3832.571’8:% +

74.5379:%% MeV, about 40 MeV below the [DD*]ry,,
on (—,+,—,+,+,+) sheet. To check its impact on
the physical observables, we plot the three-dimensional
representation of |Th1| which is the modulus of the
first row and first column element of 7T-matrix on both
(=,+,—,+,+,+) and the physical RS. From Fig. 6, the
curvature of [T | on the physical plane is nearly the same
as that on the (—,+, —,+,+,+) sheet, which indicates
that despite the (—, 4, —,+,+,+) sheet being relative-
ly far from the physical RS, it still exerts a significant
influence on the physical region.

For Model II, the poles and the corresponding effec-
tive couplings are presented in App. D. Through a pole
trajectory analysis similar to that of Model I, the poles
3775.294+14.317 MeV and 4278.21£21.59: MeV approach
to the bare masses m{,, and m3g, corresponding to the
¥(1D) and ¥(3S) charmonia, respectively. The other
poles, interpreted as dynamically generated states, re-
main largely stationary as the couplings ¢?, and 9(3)5
change from their fitted values to zero. In contrast to
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FIG. 5: Left: The trajectories of the poles in Model I on various RSs with the coupling constants g3, g7, and g3g
varying sequentially from the fitted values to zero. Right: The trajectory of pole 3832.5770 2§ & 74.5375 0% MeV on
the (—, 4+, —,+,+,+) RS. Different shapes represent the trajectories of distinct poles. The red dashed rectangular
boxes represent the initial positions of the poles and the colors of the poles gradually become darker as the
parameters g9, g9, and ggs vary sequentially from the fitted values to zero.

TABLE IV: The pole positions of ¥(3770) and (4040), in comparison with the results of other works. I and II

stand for Model I and Model II.

¥(4040)

Y(3770)
This work ~ 13778.42 —11.81i
Ref. [20] 3778.7F5 T —17.075%
Ref. [29] 3778.0705 — 12.3705%
Ref. [32] 3780.071% — 1527114
PDG 3773.750 7T — 13.670 %4

II 3775.29 — 14.31¢

14011.05 — 10.13¢ 1T 4019.42 — 17.40
4044.071% — 65.071 24
4019.579:5 — 22.9%] 14
4029.279-4 — 14.0%5:3i
4039.6755 — 423753

Model I, a new pole 3743.07 4+ 7.36i MeV emerges on
(—,+,+,+,+,+) sheet in Model II. This state does not
manifest itself as a visible peak in the ete™ — DD cross
section, possibly because it couples weakly to the DD
channel and lies close to (3770). Alternatively, shown,
the pole couples predominantly to the D*D* channel in-
stead of the DD channel (App. D). Consequently, its
contribution to the ete™ — DD cross section is sup-
pressed, and further obscured by the overlapping of the
nearby (3770), making it difficult to be observed in
experiment. The pole 3883.91703% + 46.5311352i MeV,
9 MeV above the [DD*]1y, threshold, locates on the
(=, —,+,+,+,+) sheet and can be considered as a can-
didate of the G(3900). The central value of the real part
is consistent with the experimental mass of the G/(3900)
within the uncertainty. The width of this pole is consid-
erably narrower than that obtained by BESIII, suggest-
ing that the Breit-Wigner fit used by BESIII may not be
suitable for describing a near-threshold state.

In Model I, we identify the pole located at 3832.615 5 —

74.5707 MeV as the candidate of the G(3900). The
central value of the real part is approximately 40 MeV

lower than the mass of the G(3900). While its width is
consistent with the experimental large value, making it
still a visual broad structure in experiment. Although
the real part of the pole lies below [DD*|ry,, the state
can still decay into the DD* final state, which makes it
a plausible candidate for the G(3900).

The comparison between our results and other
works [20, 29, 32] is presented in Tab. III and Fig. 7.
Ref. [20] uses the K-matrix parametrization to describe
the cross sections of the ete™ — D) D™ processes, but
without hidden strange channels. Their overall fitting
indicates that the G(3900) is only a threshold enhance-
ment of the D*D channel. Ref. [29] uses the One-Boson-
Exchanged (OBE) model to connect the dynamics of the
S-wave hadronic molecule x.1(3872), Z.(3900), T..(3875)
to the P-wave G(3900). The proper S-wave pole po-
sitions indicate the existence of the P-wave hadronic
molecule G(3900). Ref. [32] obtains the same conclu-
sion by fitting to 18 two-body and three-body hadronic
channels, which also needs to deal with the three-body
dynamics properly.

The results obtained from both Model I and Model
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TABLE V: Poles positions and effective couplings of the 1~ system in Model I on different RSs. The dimension of

coupling is GeV /2

. The square brackets represent energy distance the poles move to the physical RS. The unit is

MeV. The effective couplings with underline are the largest couplings for a given pole, which indicate the dominant

channel.

Riemann Sheets Poles [MeV] 9D D+ 9D+ D+ Ip+pr- Ipstpr-
(+,+,+,+) 3836.57 8.59 32.04 0.04 0.14
(= 4+ +) 3885.42 + 9.48i [10] 2.21 6.70 7.66 29.46
(= —++) 4001.56 =+ 3.945 [19] 0.31 1.50 0.01

(= — = 4) 4085.70 + 27.084 [27] 0.13 0.42 2.25 6.75
(= —,——) 4224.18 + 31.267 [31] 0.04 0.08 0.50 1.99

TABLE VI: Poles positions and effective couplings of the 17" system in Model II on different RSs. Other details are

similar to Tab. V.

Riemann Sheets Poles [MeV] 9pD Ip* b+ Ip+pr- Iptpr-
(++,+,+) 3869.57 4.38 8.19 0.02 0.09
(= +,++) 3891.73 £ 26.19¢ [26] 1.77 13.68 0.92 39.25
(= =+ +) 4017.93 + 2.71i [3] 0.21 2.34 0.01 0.04
(== —+) 4087.76 + 21.92; [22] 0.18 0.30 2.35 12.02
(=, ———) 4213.85 £ 9.63¢ [20] 0.07 0.21 0.40 2.11
100 . ; ;
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FIG. 6: The modulus of the scattering amplitude |T71]
on the complex E-plane. The orange and green surfaces
are the lower half plane of the (—,+, —, +,+,4) RS and
the upper half plane of physical RS, respectively.

FIG. 7: The pole positions of Model I (purple hollow
circle) and Model II (black hollow triangle) in
comparison with other works. Blue triangle and green
hollow box are the results from Ref. [32] and Ref. [29],
respectively. Red box is the experimental result [4].

IT are in agreement with those reported in Ref. [29, 32],
supporting the interpretation of G(3900) as a P-wave
DD*/DD* molecule state. While the inclusion of the
bare 1(2D) state in Model I introduces three addition-
al parameters, potentially causing overfitting in Model I.
Given that x?/d.o.f of Model II is already satisfactory
and that its residue analysis shows better performance,
we place greater emphasis on the poles found in Model
II. Although both models yield consistent conclusions re-

garding the dynamical origin of the pole, we adopt the
pole positions from Model IT due to its good residue per-
formance (the lower panel of Fig. 3).

Similarly, we also compare the results for ¢(3770) and
1(4040) with those reported in Refs. [20, 29, 32], pre-
sented in Tab. IV. We note that the pole positions of
the 1(3770) extracted from Models I and IT are in good
agreement with the results reported in Refs. [20, 29, 32]
and the value listed by the PDG. In this work, the pole



position of the 1/(4040) is essentially consistent with that
in Ref. [29], and its width is smaller than the value re-
ported by the PDG, which suggests the Breit-Winger
fit may not be suitable for describing a near-threshold
state. Compared with Refs. [20, 29, 32], we note that al-
though all these studies incorporate a bare state 1(4040),
Refs. [20, 29, 32] do not investigate whether the pole orig-
inates from the bare state or a dynamic state. Based on
our tests, we find that within our framework, (4040)
is a dynamically generated state, and the bare state we
introduce is shifted to 4232.78 — 23.96¢ MeV for Model
I and 4278.21 — 21.59¢ MeV for Model II. One possible
explanation for this shift is the presence of high thresh-
olds in the coupled-channel dynamics, which may have
significantly effect on the bare state positions.

In a short summary, our analysis indicates that the
(G(3900) originates from a dynamically generated pole,
consistent with the conclusions of Ref. [29, 32]. Although
Model II yields a slightly larger x?/d.o.f compared to
Model I, the potential overfitting in Model I caused by
additional parameters leads us to place greater emphasis
on the results of Model II. This suggests that two bare
states are sufficient to describe the experimental data
in the energy region [3.7,4.25] GeV. Additionally, we
extract the differential cross section (presented in Fig. 9
of App. E) of the DD channel at /s = 3.873 GeV, which
is the experimental mass position of the G(3900).

At last, we stress that the D) D) system with quan-
tum number JP¢ = 177 in a P-wave configuration
presents challenges within the framework of effective field
theories (EFTs). Such P-wave interactions in hadronic
systems are claimed to induce non-trivial renormalization
behavior by some authors [15, 16]. Specifically, it is ar-
gued that the implementation of consistent power count-
ing requires the introduction of higher-order counter
terms to preserve renormalization group invariance, par-
ticularly when dealing with singular potentials character-
istic of P-wave interactions. However, this point of view
is challenged in Refs. | ], where it is shown that a
self-consistent and practically applicable solution to the
problem of non-perturbative renormalization is provided
by the cutoff EFT. In the present work, we intentionally
circumvent this debate by performing a phenomenolog-
ical study as we focus on pole extraction rather than
pursuing a complete renormalization procedure. The de-
scription of the data thus relies on the choice of the cut-
off as a consequence of omitting these necessary counter
terms. The phenomenological approach used in this work
remains justified for our primary objective of identifying
and characterizing possible pole structures in the com-
plex energy plane, while acknowledging that a more fun-
damental EFT treatment would require systematic in-
clusion of higher-order counter terms to achieve prop-
er renormalization. The extracted pole positions, while
regulator-dependent in technical terms, nevertheless still
provide crucial physical insights into the possible exis-
tence and qualitative features of exotic hadronic states
in this channel.
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B. Searching the 17" exotic candidate

As discussed in the previous section, the dynamics of
the JP¢ = 1=F channel is described by the same param-
eter set as that of the J©¢ = 17~ channel. We can also
extract the pole positions by plugging the fit parameters
into Eq.(65) and solving det [1gx¢ — Vé;+GCT(E)] =0.
The only relevant parameters are C] and C3 due to the
appearance of the |[0x 1) and |1x1)? components and the
bare charmonium state is absent in this channel. There
are four thresholds in the 1=+ system, i.e. [DD*]ty,,
[D*D*}TI’HW [DjD;]Thr and [D:+D:7}Thr- The pole po-
sitions on the E-plane of the 17T channel and their effec-
tive couplings to all the channels are presented in Tab. V
and Tab. VI, respectively. For the effective couplings, the
T-matrix exhibits the following behavior

- 9i9;
FE—FE,

around the pole E, = M, —il',./2, with M, and T, the
mass and width of a given state. Here, g; is the coupling
of the state to the i*'-channel. g; is generally a complex
number, and its modulus is conventionally used to repre-
sent its magnitude. The coupling constant g; is obtained
from the residues of the T-matrix via

T;j (71)

E—E,
where Tj; can be obtained by Eq. (33).

Since the 1~ system does not contain bare states and
only has contact interactions, all the poles are dynam-
ically generated states. In Model I, we find a bound
state at 3836.57 MeV on the physical RS, which is around
38 MeV below the [DD*]ty,,. There are also other four
resonances at 3885.424+9.48; MeV, 4001.56 + 3.947 MeV,
4085.70 4+ 27.08; MeV, and 4224.18 4+ 31.267 MeV on un-
physical RSs close to the physical region. The situation
of the poles for Model II (shown in Tab. VI) is similar
to that of Model I. The lower bound state mainly cou-
ples to the D*D* channel. Besides the second resonance,
the other resonances mainly couple to the D** D*~ chan-
nel. These 1~ exotic states can be searched for in the
electron-positron annihilation process with an emission
of one photon [31, 43].

IV. SUMMARY AND OUTLOOK

We perform a phenomenological study on the cross
sections of the ete™ — DD, efe~ — DD* + c.c.,
ete™ — D*D* processes. By constructing P-wave con-
tact interaction between the sf = 17 HQSS doublet
(D,D*) and its antiparticle, we do a global analysis
for the energy region [3.7,4.25] GeV, especially focusing
on the property of the newly observed G(3900). The
upper limit energy is restricted by the next opening
threshold D1 D. To accommodate the open-charmed-
strange meson pair channels, we work within the SU(3)



flavor symmetry framework. In the considered energy
region, there are three well-established charmonia, i.e.
»(1D), ¥(3S) and ¢(2D), which affect the cross sec-
tions. We work in two models for a comparison: three
bare charmonia scenario (Model I) and two bare char-
monia scenario (Model II). In Model I (Model II), we
find three (two) renormalized poles corresponding to the
input bare poles. Besides these poles, we find a pole at
3832.571025 £74.5319:%% MeV, about 40 MeV below the
[DD*] 7y, on the (—,+, —, +, +,+) sheet in Model 1. In
Model 11, a pole 3883.9170 %% + 46.537132i MeV on the
(=, —,+,+,+,+) sheet is 9 MeV above the [DD*]rp,
threshold, connecting to the physical sheet above the
DD* threshold and below the D} D threshold. Both of
them are dynamically generated states based on the tra-
jectory of the pole renormalization. In this sense, we con-
clude that the G(3900) is a dynamically generated state.
With the parameters fixed in the J¥¢ = 17~ channel,
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we also predict several dynamically generated states in
the JP¢ = 177 channel, which can be investigated in
the electron-positron annihilation process involving the
emission of a single photon.
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SUPPLEMENTAL MATERIALS
Appendix A: The production amplitude

According to Ref. [412], the covariant amplitude is built from pure orbital angular momentum covariant tensors and
covariant spin wave functions ¢, . ,, which are interpreted as the polarization vectors of the final state particles,
together with the operators g,., €.vx» and momenta of parent particles. From Ref. [11], we can find that the explicit
expression for the pure orbital angular momentum covariant tensors with relative orbital angular momentum [ = 1 in
a — b+ c process reads as

tftl) = Epu(pa)ry (A1)
where
v w  PaDy
9" (pa) = g — =25, T =Db — P (A2)
The projection operator for spin-0 and spin-2 are
o _ 1

Pag = ﬁgaﬁv

(2) 1 . - 1.
Pogys = 5(9avTps + Gasgsy) = 59as9vs: (A3)

respectively.

In the following, we show how Eqs. (46)—(49) are obtained by combining Eqs. (A1)—-(A3). Eq. (A1) provides
the covariant amplitude for the process a — b + ¢ with [ = 1. However, in our production vertex, the particle a
corresponds to a virtual photon rather than a real particle. As a result, the factor g,, should be absorbed into the
photon propagator, as shown in Eq. (44). Since the photon has a transversal polarization, only the transverse part
contributes. Therefore, Eq. (A3) should be rewritten as

2 1 1
P, = 5 (GimGin + Gingim) = 3 9ijJmn- (A4)
Due to Eq. (45), we have reduced the Lorentz indices from four-dimensional to three-dimensional form. As a result,
all the indices in Eq. (A4) refer to three-dimensional components. The production amplitude is required to contain
a Lorentz index so that it can be contracted with the photon propagator.

1. For v* — DD process, | = 1,8 = 0 and JP¢ = 17~ Since the polarization vector ep = 1, the production
amplitude takes the form:

Al =Uhr' =Ui(pp — pp)". (A5)
Here U; is the physical production amplitude, which can be interpreted as a form factors.

2. For v* — DD* + c.c. process, [ =1, S =1 and J”¢ = 17~ Since the D* meson provides a polarization vector
€, with one Lorentz index and the relative momentum also carries a Lorentz index, we introduce the tensor
€% perform index contraction, so that the production amplitude contains only a single Lorentz index. The
production amplitude reads as

Ay = Uoerjely, = Use? (pp — pp)jERks (A6)
where X is the helicity index.

3. For v* — D*D¥%_, process, | = 1, S = 0 and JFC = 177, In this case, the polarization vectors of D* and D*
mesons form a rank-2 tensor €Y"ey". The coupling of two vector particles allows total spin 0, 1 or 2. Since
we focus on spin-0 case, we employ the spin-0 projection operator to extract the corresponding spin 0. The

production amplitude reads as
i 0) mn * *
3—]/{3P( ) Tjg)\ mg)\’ ny

1 )
= —Us(pp- — pp=)'eX - €3 AT
/3 3(Pp pp~)'ex - € (A7)
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4. For v* — D*Dgz2 process, | = 1, S = 2 and JP¢ = 1=~. Similarly, we employ the spin-2 projection operator
to extract the corresponding spin 2. The production amplitude reads as

Al = Uy PP g exox

u PR M (o pp)iER mEN (A8)

In the last step, the normalization factor 1/3/5 is multiplied.

Only when the normalization factor is considered in the amplitude level, all the four amplitude squares satisfy
AL AL =Unlppe — Ppe)

Appendix B: The detailed calculation on amplitude squared

The amplitudes squared for ete™ — (D™ D®*))¢ read as
MaP = Y S IMP = ZZZZv P u (p ) (p )7 0 (py ) AL, AL,
T s AN
-5 ;;Trmﬁpﬂm "
S W+ — 4 pep A A (B1)
Y

In the center of mass frame, s = 4E? and p, -p_ = 2E?, where E is the energy of electron. Plugging them into above
equation, one can obtain

(MG = Z Z (PLpY +pLpY — g™ pip )AL AL

47704 a 47ra ; ; va
_ZZ|: p+p +p+p )'AnO 82 (p(—)&-p]— +pz-p )AnO’An]

dra i i a p*a dra i, j 0 a g*a
+ ST(pw(i + PPl ) AGAGG + 5 (P4l + PPl ) AGAT
dral 00 a *a dmal % a *a
787259 SAR0n0 8727 JSAnzAn]
47ra .
-- T XXG (3597 + P )ALAS (1) =1,2,3). (B2)

Substituting Egs.(46)—(49) into above equation and using relation p’, - (pp) —ppe )i = —2E|pp |cosd and (ppe-) —

Pp)i(Ppes — Ppe )t = —4|pp |? in the center of mass frame, one can obtain
AAfa 471'05 3 a. *a
[MS|? = Z Z 559"+ 2p py ) AS
Ama 1 i a
=3 (5% T+ 2p' P ) U (pp — pp)i) U (Pp — PD);]
27Ta . 8T« ;
= == Prp = pp)ilpp —pp)' = —5 [UL1* [P} - (P = PD):] P - (P — PD);]
8
= == | P (1 - cos?6), (B3)

Aqa 471'0[ % a *a
|Mg|? = ZZ 59" +2p',p) 2iAa]
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4o 1 .. o
=72 (539” +2pp)) [USGiyk(PD *PD*)WEjk] [Z/{Q*aﬁjaﬁ(p —pp+)“ey 5
A
2T 8T o
= —7\1/{2 |2€mk€mﬁ(pl_7 —pp=)"(Pp — pD*)a(—gé) - ST|u§|2p+ipi€mﬁ€jpa(pD —Pp)a(Pp — pD*)”(—gg)
27ra

« 8o a i« i j
7|U2| (=295)(pp = pp=)" (P = PD)a + —5~|Us *(—g595 + 9,95 )p+i(pp — PD+) P (PD — PD*)a
= 7|US| lpp|*(1 + cos®6), (B4)

where the completeness relation Y5, o 413,60 = —gij + Bifs

first term will contribute to the amplitude squared. Similarly,

Afa 47'['0[ 3 a *a
IMgJ* = ZZ ~s9" + 2p+p+) 5iA3]

has been used, and it is easily to prove that only the

27ra ;
ZZ (pp+ — pp-)iEx " exall(Pp- _pD*)ZEf\ENp”ugF
AN

87ra
szm Pp- = Pp-)iex Exal (D — PD+)jeRen o] IUS |

2mo i o o 8ma ; o o
=— g(ppw —pp+)i(P5- — Pp+)' (—9°") (—gap) U5 > — gmpi(ppw —pp)i(pp- — Pp* )i (=9 ) (—gap) U *

8ra
== Ipp- PP (1 = cos0), (B5)

_— _Ama i
(M3|? = Z Z =59 + 2p' p ) AL ALY

_ 2ma P
ZZ imn (DD — pp=) X" e N [P (ppe — pp+)aerpen~ US|
DY

_ 8ma *m_xn
ZZ +p+ icmn(PB — D+ )*eX" N Pig oo (D5 — Pp-) X5 UL P

- @P” PO (. = pp-Y (P — P )alU (=g ) (—g2)

- &T—“mmm,mnzﬂjﬁ,ﬁa(pm 0 (- — P ) U P (—g™) (~¢™)
= - %?O‘Pij,mnP’“ " (pp — pp+) (Dp+ — PD*)alUs ] — %apipil%a,mn%%”(pm —pp-)*(pp- — po+) P US|
= 2T 8 0. — oY (0 — P )allhi?

8:2a(130<51j6a5 + 130 0ip0ia — %%%B)pipi(pf)* —pp-)*(pp~ — po=)P UL
=2 . Pl (1~ 2 eos?6), (B6)
where we have used the relation
Pij o P = 2(;5 Sin + ;5 Sjm — %&jdmn)(%&imé‘m + %y'”(sam - é(sia(smn) =42,
Pramn PJF" = 2 (50mban + 0mbam — 50iadmn) (50798 + 50165 — 20,5™)
5 50005 + 130525% - %@-adﬂg. (B7)
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Appendix C: The P-wave two-point function in the non-relativistic limit

In the relativistic expression, the two-point function reads as

dq f(a?)
2m)4 (¢2 — m2 +iet)((p — q)%2 — m3 +iet)

B(E,ml,mQ):i/ab(

. /” d' )
o« 1) @G — (g +m3) +ie") (B — qo)? — (d* + m3) +ie")

T F(a?)
=i | G AT e AT (1)

where E is the center-of-mass energy and w; = +/|q]? +m? with ¢ = 1,2. Here, f(|g]*) is a form factor, whose
specific form depends on the truncation scheme. In the non-relativistic approximation, ¢ — 0, one can rewrite the
denominator of above equation

qg — wi +iet = (go + w1 —ie) (g0 — w1 + i€)

s s

(o+m1+——zg+)(%—m1—ﬁ+is+)

‘(ﬂ2 +ie™). (C2)

~ 2mi(qo —my —

Similarly

(B —qo)? —wi+ict =(F—qo+wy—ic")(E —qo —woy +1ic™)
a2 72

~ (E—q0+m2+2|72—25+)(E—q0—m2— %-i-iﬁ)
- o |72
~2ma(E — qo — ma +ie™). (C3)
Therefore, Eq.(C1) can be rewritten as
; b g4 2
i d*q f(d%)
B(E mlamQ) 4 / 27)4 |72 . 1412
mime (2m) (g0 —m1 — 5o~ +ieT)(E — qo — ma — 5 +ieT)

BERE. ()

~ dmymy / 273 E —my —mo — % +iet

2 / d*q  f(d?)

— (C4)
(

dmyms 2m)3 k2 — |q)2 + et’

with & = \/2u(E — m1 —m2). In the calculations of this paper, we have neglected the 1/(4mims) factor. Since the
factor can be obtained by dividing [[, v/2m; with m; the masses of the particle fields in the corresponding vertex, it
can be absorbed by the fitting parameters of the contact interaction, and these parameters will add a squared energy
dimension.

In order to calculate the P-wave two-point function, we need to compute the S-wave two-point function firstly

21q)2

Go(E)—op [ L1 e
s(E) = “/(2773) 7% + et
pA ;Lk:2 T /°° dg 02t pk _2g?
S S e C5
(277)3/2+ AP o |(f|2 A 9LC M (C5)

where we use a Gaussian form factor to regulate the ultraviolet divergence. Here, the Cauchy principal value integral
is used to simplify above equation

1 1

k2_|q‘|2+ié~+ :Pk2_|q12 2|~'| ( |(ﬂ) (06)
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One can define the function

o 1 2 — 2
z) =P (k" —1dl )’ C7
@) =P [ ()
whose first derivative reads as
oy = [ dlaer®—la?) — VT (vak?
() 73/0 d|qle 2\/56 ) (C8)

According to the Newton-Leibniz formula, one can obtain
VT /m 1 Jine
z) — f(0) = — dt—eVtF)
f@) =10 =5 [
Vzk
0

%erﬁ(ﬁk), (C9)

where erfi(z) = % foz dte!’ is the imaginary error function. It is easy to obtain f(0) = 0, therefore, one can obtain

f(%) =P enz (W =1a") = lerﬁ(@k) (C10)

1
o K —|g? 2k A

Substituting Eq.(C10) into Eq.(C5), one can obtain

Gs(E) = —

ph L pk g @) —z’] (C11)

— fi
(2m)3/2 + 27re * |f>r ( A

There exists the following relationship between the P-wave two-point function and the first derivative of the S-wave
two-point function

2|q)?
dq |q%e” Az A3 0Gs(E)

E)y=2 -
Gr(E) “/(27r3) K2 —|q2+ie 4 OA

A3 0 JTN pk 2k V2k .
~ 7oA <_(2w)3/2+2776 * lerﬁ( Al

V2k.
T)_Z .

2 3 L2
___m (k2-i-Af)—|—&efAk72 [erﬁ(

(27)3/2 4 2 (C12)
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Appendix D: Fitted parameters and effective couplings of poles

TABLE VII: The fitted parameters of Model I and Model II. The parameters C?, and ¢, g55 and g9, are contact
interaction defined in Egs. (15)—(18) and bare couplings between charmonium and charmed meson pair,
respectively. Fg p and fp, f9 and fY, are the coupling of the virtual photon to the charmed meson pair and the
charmonium, respectively. mip, mss and map denote the bare masses of charmounia ¢ (1D), ¥(35) and ¥ (2D).

Parameters Model 1 Model 11
CY [GeV™ —672.91 4+ 8.39 —593.56 4 17.11
CS [GeV™) 182.93 +15.36 —109.96 & 16.28
CY [GeV ™Y —0.11 4 10.60 797.37 £ 32.52
C3 [GeV™ 613.97 4+ 17.17 9.28 + 9.4
C% [GeV™ —208.49 + 16.96 —357.46 £ 15.66
C3 [GeV™) 15.25 4 9.82 —63.08 + 12.13
C§ [GeV™) —33.28 4 9.43 109.12 = 26.50
C% [GeV ™Y 638.27 =+ 26.30 475.96 + 38.51
Ct [GeV™ —1159.87 £ 19.31 —739.76 & 23.82
C3 [GeV™ 321.28 4 17.50 263.68 & 21.22
C3 [GeV™ 375.02 4 25.13 —292.25 + 8.56
Ci [GeV™) 438.66 + 17.70 —223.61 + 8.68
aip [GeV™] 0.66 + 0.04 —12.93 4 0.26
g3s [GeV™] —14.66 £ 0.37 —14.11 £ 0.96
g5p [GeV™!] —17.09 +£0.23 —
12 [GeVO) —12.82+0.34 —4.92 +0.48
13 [GeVY 10.16 4+ 0.28 —4.62 4+ 0.29
5 [GeVY —16.72 £ 0.30 —20.63 £ 0.76
I3 [GeVY 8.75 4 0.24 7.340.46
f& [GeVY 10.13 4+ 0.21 21.75 £ 0.45
fb [GeVY) —3.01£0.11 —5.38£0.16
fip [GeV?] —0.30 £ 0.02 0.13 4 0.00
f9s [GeV?] —11.96 4+ 0.63 —0.47 £ 0.05
135 [GeV?] —0.1540.00 -
mip [GeV] 3.807 £ 0.001 3.804 + 0.001
mg [GeV] 4.229 + 0.002 4.253 £ 0.005
m3p [GeV] 3.692 + 0.003 -
A [GeV] 0.50 4 0.00 0.50 4 0.00
x%/d.o.f 2.17 2.66
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TABLE VIII: Pole positions and effective couplings of 17~ system in Model I on various RSs. The dimension of
coupling is GeV /2. The square brackets represent energy distance of the poles to the physical RS, with unit MeV.

RSs Poles [MeV] 9pb  9pp* 9pfp; 9p*b:, 9p*b:r, Y9pfpr- Iprtp . Ipitpr
(+,+,++++) 3691.60 0.11 0.30 0.66 0.30 0.24 2.10 3.18 2.01
(=, +,+,+,+,+) 3778.42 £ 11.814 [12] 1.31 2.72 8.54 12.13 2.33 22.97 35.91 20.09
(—y+,—+,+,+) 3832.52 £+ 74.53i 1.02 4.29 0.14 29.63 5.18 17.71 172.75 26.36
(=, ——,—,+,+) 4011.05 £ 10.13¢ [16] 0.16 0.32 0.34 1.73 0.28 0.83 8.81 0.69
(=y—,—y—,—,—) 423278 +23.96i [24] 0.02 0.08 0.12 0.04 0.27 0.37 1.22 1.52

TABLE IX: Pole positions and effective couplings of 17~ system in Model IT on various RSs. Other details are the
same as Tab. VIIL.

RSs Poles [MeV] 9pp  9pp 9ptpr 9p*br, 9p*b:_, 9ptpr- Iprtp - Ipitpr- .
(=4, +,+,+4) 3743.07+7.36i [7] 239 092 0.0l 1915  6.28 0.02 0.10 0.03
(= 4, +,+,+,4) 3775.20£14.315 [14] 1.55  4.24 894 1350 889  33.29 27.29 56.34
(= =+, +, +, +) 3883.91 +46.53i [47] 0.08 141  0.00  2.57 8.68 0.01 0.03 0.01
( +) [
( ) [

4019.42 £ 17.40¢ [17]  0.21 0.24 0.22 1.58 0.86 0.63 2.92 4.59
4278.21 +21.59: [22]  0.03 0.09 0.12 0.07 0.13 0.46 0.57 0.55




Appendix E:

The trajectory of poles in Model I and the angular distribution of D meson.
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FIG. 8: The zoomed-in trajectory of poles in Model I on various RSs with the couplings g9, ¢¥p and gJ¢ varying
sequentially from the fitted values to zero. The (a), (b), (¢) and (d) figures represent the trajectories of the poles
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where the poles locate. The red dashed rectangular boxes represent the initial positions of the poles points represent

the initial positions of the poles. The colors of the poles gradually become darker as the parameters g3, ¢V, and

ggs vary sequentially from the fitted values to zero.
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FIG. 9: The D meson scattering angle distribution at /s = 3.873 GeV.



Appendix F: The distribution of the standardized residuals for Model I and Model II
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FIG. 10: The distribution of the standardized residuals for Models I (orange) and II (green). There are 15 bins in
region [-7, 7].
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FIG. 11: The distribution of the standardized residuals for Models I (orange) and II (green). There are 20 bins in
region [-7, 7].
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