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In this work, we conduct a three-coupled-channel analysis of the Z.(3900) structure, focusing on the
DD*, J /wr, and pn, channels, based on the one-boson exchange model. Drawing from previous study on
the exotic state T, we only utilize one more parameter to construct the interactions between the channels.
Our model successfully reproduces the experimental line shapes of the invariant mass distribution at
/s = 4.23 and 4.26 GeV for the three channels. Additionally, the finite-volume energy levels in our model
show agreement with current lattice QCD conclusion. Detailed analysis suggests that the Z.(3900) peaks in
the zJ/y and pn, distributions primarily arise from the triangle loop involving the D;DD* intermediate
system. In the DD* distribution, the threshold peak is generated by the cascade decay mechanism enhanced
by a triangle diagram. Moreover, we find a virtual pole located far from the threshold, indicating that
Z.(3900) peaks are not associated with a physical pole. We conclude that the Z.(3900) peaks are

predominantly caused by the threshold cusp.

DOI: 10.1103/PhysRevD.110.114029

I. INTRODUCTION

The discovery of the X(3872) near the DD* threshold in
2003 marked a new era in hadron physics [1]. Since then,
dozens of exotic hadrons, collectively referred to as the
XYZ structures, have been discovered in the heavy quar-
konium region. These states significantly challenge con-
ventional quark models, as their masses or quantum
numbers cannot be adequately described by traditional
two-quark (¢g) or three-quark (ggq) configurations. The
charged state Z.(3900)* was almost simultaneously
observed by BESIII [2] and Belle [3] in the #*J/y
invariant mass spectrum from the process ete™ —
atx~J/y at /s = 4.26 GeV. CLEO-c further confirmed
the existence of the charged structure in the same channel at
a slightly lower e*e™ collision energy +/s = 4.17 GeV.
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They also reported observation of the neutral partner,
Z.(3900)°, in the process e*e™ — 7°72°J /y [4].
Subsequently, BESIII studied the open-charm mode
ete” - z5(DD*)T at both /s =423 and 4.26 GeV,
initially using a single-tag technique [5] and later refining
the analysis with a double-tag technique [6]. In both studies,
they observed a near-threshold peak structure at approx-
imately 3.85 GeV in the (DD*)* invariant mass distribution,
identified as Z,(3885)*. The Breit-Wigner mass and width
for Z.(3900) and Z.(3885), as measured by BESIII,
are (m,I") = (3894.5 £ 6.6 £4.5,63 £ 24 +26) MeV and
(m,T') = (38822 £ 1.1 £ 1.5,26.5 £ 1.7 £ 2.1) MeV,
respectively. Due to their similar widths, Z.(3885)* and
Z.(3900)* are generally considered to be the same entity,
despite the slight difference in their masses.' A partial-wave
analysis suggests that the spin-parity quantum number J* is
likely 17 [7]. Recently, a clear signal with a statistical
significance exceeding 40 was observed in the process
ete” - nta’zn,. at /s = 4.23 GeV. This was achieved
by constraining the invariant masses of the zz° and 7,
candidates to fall within the p*-signal and .-signal regions,
respectively [8]. So far, the Z.(3900) has only been
observed in ete” production. No clear evidence of

'For simplicity, we will refer to them collectively as Z. unless a
distinction is necessary.
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Z.(3900) has been found in B-decay processes, such as
B — (J/yz*t)K~ in Belle [9], B® - (J/wx")n~ and
B > (w(nS)z*)K~ in LHCb [10,11].

Since the discovery of Z,., extensive theoretical research
has been conducted to elucidate its nature. The proposed
explanations for the Z_. structure include compact tetra-
quark states [12—16], DD* resonances or virtual molecular
states [17-29], cusp effects [30], and nonresonant mech-
anisms [31,32]. Despite this extensive research, the exact
nature of Z,. is still uncertain. In experiments, Z. is
suggested to be a typical resonance based on Breit-
Wigner parametrizations. However, some theoretical stud-
ies suggest that the observed peak might not necessarily
indicate a true resonance. The peak could instead be a
virtual state or even a cusp effect, rather than a resonance,
depending on the parametrization strategy used.

To reach a solid conclusion, it is essential to impose
further constraints on the model and parameters, either
through experimental data or underlying symmetries.
Therefore, it is essential for a comprehensive model to
be capable of explaining as much experimental data as
possible. However, capturing the dynamics of the three
coupled channels, zJ/y, DD*, and pn,, which predomi-
nantly govern the nature of Z.(3900), remains a challenge.
There is a pressing need for a model that can consistently
describe the Z.(3900) peaks from different final channels.

The nature of the Z_ structure has also been investigated
by several lattice QCD (LQCD) collaborations. The first
LQCD study of Z. was conducted in Ref. [33] using zJ /y
and DD* meson-meson interpolators at 7, ~ 266 MeV. A
subsequent study [34] included additional meson-meson
and diquark-antidiquark interpolators were included in the
simulation. In Ref. [35], MIMD Lattice Computation
(MILC) claims that they fail to observe an candidate for
Z,.(3900) even though they find an candidate for X (3872)
on highly improved staggered quark(HISQ) lattices. In
Refs. [36,37], the Hadron Spectrum collaboration found
that compact tetraquark operators have minimal impact on
finite volume spectra at m, ~ 391 MeV and no sign for
Z.(3900) was seen. Similarly, the Chinese LQCD collabo-
ration conducted simulations using meson-meson interpo-
lators at three different m, values [38—40]. However, none
of these studies identified a clear candidate for the Z,. state
among the energy levels extracted from their lattice
configurations. In Refs. [41,42], the HALQCD collabora-
tion extracted the nJ/yw — DD* — pn,. coupled-channel
effective potential using their formalism and successfully
reproduced the experimental line shape. They concluded
that the Z, state is better understood as a threshold cusp
rather than a conventional resonance [41,42]. Besides, it
was emphasized that the off-diagonal channel-channel
interactions play an important role on Z. therefore the
couple-channel analysis is necessary.

As previously discussed, a significant limitation of prior
studies is the absence of a model that integrates the

DD*(+DD*),> J/wx, and 5.p three coupled channels to
construct a comprehensive picture of Z,.. In this work, we
employ the Hamiltonian effective field theory (HEFT) to
investigate the Z. state from both phenomenological and
lattice perspectives, focusing on the DD* — zJ/y — pn,
three coupled channels, where Z. signals have been
observed. The one-boson-exchange (OBE) interaction
between DD* channels, which respects heavy quark spin
symmetry, is utilized here. Building on previous research on
the double-charmed exotic state 7. [43], the interaction
between DD* and DD* is determined, leaving only
one free coupling parameter for the vertex J/y — DD*
and 5, — DD* to construct the full channel-channel inter-
action. This parameter is calibrated by simultaneously fitting
experimental data across the three channels. The vertices
like Y — zDD*,Y — D, D are also more constrained in the
couple-channel analysis compared to the single channel one.

By constraining our model and parameter in this way, we
are able to provide a potential explanation for Z,. that is also
consistent with previous analyses of 7'... With all param-
eters determined, we then calculate the finite volume
energy levels and compare them with previous LQCD
results. It will be shown later that our model provides an
interpretation of Z,. that is consistent with both experi-
mental data and lattice results.

This paper is organized as follows. In Sec. II, we outline
the formalism used for the fitting process. In Sec. III we
present the fitting results, along with a discussion of the
observed peak structures. In Sec. IV, we analytically
continue the scattering matrix and search for its poles in
the complex plane. In Sec. V, we provide a brief intro-
duction to the HEFT and apply it in order to calculate the
finite volume energy levels, which are then compared to
LQCD results. Finally, in Sec. VI, we make a summary and
discuss future prospects.

II. FORMALISM

Since the Z,. structure was discovered in e™e™ collisions
at \/E =423 and 4.26 GeV, where the exotic state
Y (4230/4260) resides, we investigate the invariant mass
distribution through the processes Y(4230/4260) —
#(=J /w,pn., DD*). For convenience, we denote the
[DD*]* states, which have definite positive G parity, as
follows:

[DD*]" = — (D°D*~ + D~D), (1)

\S)

[DD*|" = —(D*D*® + D'D*T), (2)

N

with the conventions D55 D and D*—5 — D*.

*Hereafter simplified as DD*.
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The schematic Feynman diagrams for the decay of  characterizes the final state interactions (FSIs) and will
Y(4230/4260) are illustrated in Figs. 1-3 for overview.  be discussed in detail later. The diagrams containing bubble
The black solid box represents the 7 matrix, which  loops correspond to the initial-single-pion-emission

nt s
Y D™ Y b~
DO
(a)
n+
D—lO
Y b
DO
(©

FIG. 1. The schematic Feynman diagrams for the process Y (4230/4260) — z+tD°D*~. The solid circles and boxes denote the
interaction vertex and 7 matrix characterizing the final state interactions. (a), (c) denote the point-like and cascade decay mechanism
respectively and (b), (d) include the FSI. The intermediate channels for bubble loops in (b) can include z~J/y and [DD*]~.

y ey Iy I

(b)

FIG.2. The schematic Feynman diagrams for the process ¥(4230/4260) — z*"z~J /w. The notations are same as in Fig. 1. (a) denotes
the point-like mechanism and (b), (c) include the FSI. (d), (e) denote the triangle mechanism. The intermediate channels for bubble loops
in (b) and (c) can include z~J/y and [DD*]~. z" and z~ are treated equivalently due to the isospin symmetry.

(@) e (b)

FIG. 3. The schematic Feynman diagrams for the process Y (4230/4260) — n"p~n.. The notations are same as in Fig. 2. The
intermediate channels for bubble loops in (a) can include z~J/y and [DD*]~.
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mechanism [44-46]. We have considered the hypothesis
that Y (4230/4260) is strongly coupled to a D;(2420)D,
as suggested in Refs. [17,47].3

A. The Lagrangians

In this subsection, we present the relevant Lagrangians
and interaction vertices. The Lagrangians associated with Y
field are given as follows [25,31]:

£YD1D = —gYD]DYiD’iDv (3)
ﬁimr]/l// = c:i]/l//ﬂ'nLﬂ_ Yil//i’ (4)

T I
D _ D -+ i - 2 i —
[:Yﬂ'ﬂ.//l// = Cayp YV {ﬂ' <(3 0 - 30 51>ﬂ }
+ (zt o), (5)

ES

> b = Cop Y'wi(D°D*” + DDzt (6)

where cL is the coupling constant for the interaction
between Y and 7 +a (a=x"J/w,p n.,D°D7) with
L-wave between 7z and the a channel denoted by 7z; (a).
Note that for Y — zDD*, we only consider the S-wave
ng(DD*) interaction, as the typical momentum of the final
states is not sufficiently large to produce significant
D-wave contributions. In contrast, for the decay
Y - znJ/w, a D-wave term zp(xJ/y) is included due
to the significantly larger phase space. Here, we neglect the
Lagrangian for Y — zpn, because experimental data sug-
gest that this vertex is highly suppressed [8]. Notably, we
will later demonstrate that the Y — zzJ/y vertex is also
suppressed, which is consistent with the expectations from
the heavy quark symmetry.
The Lagrangian for D;D*x vertex reads [25,48]

2h N
LS . =i—=— (D' Dy dn), (7)
DD \/gf,, 1 0
2hp

(DD a~—3DF DY d0in),  (8)

D —
EDID*II_

V3f,

with f, = 132 MeV, |hg| = 0.57 and |hp| = 1.17 GeV~!
determined by reproducing the decay widths of D, and
D{(2420). In fact, the contribution from the D-wave
component would shift the peak of the line shape closer
to the threshold, as the energy of the pion increases when
the invariant mass of the D°D*~ system approaches the
threshold. This is one of the reasons why we have neglected
the contribution from the process e*e™ — D}(2300)D* —
(Dr)D* despite the threshold of Dj;(2300)D* being near

*For simplicity, we will refer to D, (2420) and Y (4230/4260)
as Dy and Y, respectively, unless otherwise specified.

423 GeV, since only the S wave is allowed for
D{(2300) — Dz, and the peak of its line shape is at
around 3.95 GeV, which is about 100 MeV away from
the experimental peak.

Finally, we present the Lagrangian for the final state
interaction between the three coupled channels. For the
OBE interaction between DD* and D*D, the relevant
Lagrangians L, pw, With M =7, p, o are given in
Refs. [49,50]. For the values of involved parameters, we
follow a recent work [43], where the line shapes of the
double-charmed exotic state 7. are successfully repro-
duced. The interactions between the hidden-charmed
channels, i.e., zJ/y —nJ/y,pn. — pn., od/w — pn., are
negligible due to the OZI suppression [51,52], which is
also confirmed by the HALQCD calculation [41].

For the DD* coupled with the hidden-charmed channels,
we adopt the effective Lagrangian respecting the heavy
quark spin and SU(3) flavor symmetry that reads [53,54],

Lypr = 9’<R(CE) (1:1931:120)» + H.c., 9)

with the superfields

=(c xut 1+’5

H((l) = (Pa” 7//4 +PII7/5) D) ’ (10)
IR :

Hgl) - T(Pa;yﬂ + PaT}/5>7 (11)
cc 1+7§ l_ﬁ

R = —= "y, = 11ers) —5— (12)

where P = (D°,D*,Dy), P* = (D*°, D**, D),
P = (D", D~,D5), P* = (D, D*~,D:") are SU(3) trip-
lets of the fields that annihilates the corresponding meson.
yw* and 7, are the singlets of field that annihilates corre-
sponding charmonium. v is the typical four velocity of the

heavy quark. In the heavy quark limit, »# = (1,0). (---)

denotes the trace in spinor space and 3 =0—0. After
expansion, Eq. (9) can be divided into

L,pp = 2ig e Pvys(PiT0,PT + Py 0,P"), (13)
L,pp =2¢w"P0,PT, (14)

Lypp =24 (WP 0" Pl —y PL0" Py 4y, P 0" P,
(15)

L, pp = =2ig e o (P 0,P;"), (16)

*__<—>I4~__ “<pu 5,
L, pp =2gn.(Pi" 0 Pt + Pfo Pi). (17)

The Hermitian conjugate terms are omitted for simplicity.
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B. The amplitudes

In this section we present the squared and initial spin-
averaged amplitude. We denote s, = (p,, + paz)2 as the
invariant mass of the a channel from now on. First we
discuss the 7" matrix describing the FSI. For the present
work, all three couple channels are of pseudoscalar-vector
type so the T matrix is given by the following couple-
channels Lippmann-Schwinger equation (LSE),

Taﬂ(p’ Gal,k, Uﬁl,E) = Vaﬂ(p,dal,k, O'ﬂl)

Z/dngay(p 04-q.0y,)
0},1
X G,(:E)T,4(q.0,, .k 05 E),
(18)

where 6, is the polarization indices of vector meson in the
a channel and G,(q, E) is the propagator for the inter-
mediate a channel given by

1

(27)* 4wy, (g]) @, (1g])
1

—w,,(lg]) +i07)

G.(q.E) =

& —an (4] (19)

where w,,(q) = \/q* + m? . Practically, LSE is solved in

the partial-wave representation where the integral equation
is reduced to a one-dimensional form,

T, (0 B) =V, () + Y [ adav], (p.0)
l?/

x G,(q:E)T{ ; (q.k E), (20)
with
dr(21+ 1)
Z/dQ EYFYE n(Joso—06',0)
x Cp(Jo,00)Yy .y (P)V(p, 0 ke, o),
where C; ;, (JM;m;m;,) and Y,,, are the Clebsch-Gordon

coefficients and spherical harmonics, respectively. Based
on the partial wave analysis by BESIII [7], we only focus
onJ = land ! = I' = 0 in the present paper. The numerical
method to solve the partial-wave LSE is given in
Appendix A. The kernel of LSE, V, is related to the
tree-level Lorentz-invariant amplitude i M by

*The width of p meson are neglected here. Since the potential
Vop —on. vanishes at the p#,. threshold, it will not produce a cusp
at the pz,. threshold which is not observed. The finite width of p
hardly affect the result of this work.

V=-M. (21)

For specific expressions we refer to Appendix C.

It is worth mentioning several subtle issues here.
First, we note that all the heavy-meson and charmonium
fields in Egs. (7)—(17) are not normalized as in the relativistic
field theory, where the particles are normalized as
(P'|p) = (27)*2E38°(p' — p). They differ from a factor
\/% at the leading order. Therefore, to obtain iM, extra
factors y/m with m the mass of heavy-meson or charmonium
should be multiplied when evaluating the Feynman dia-
grams with the Lagrangian above. Second, since a factor
m.v* has been already subtracted when effective
Lagrangians in Egs. (7)—(17) are constructed, the differential
operator acting on the heavy-meson field gives the residual
momentum k* := p# — m_. v* where p is the four momen-
tum. Third, in the LSE or rescattering equation in the time-
ordered-perturbation-theory formalism, only the conser-
vaeach vertex. Therefore, there are at least two schemes
to evaluate the transferred momentum ¢ in M that make
differences unless the energy-conservation conditions are
imposed:

Scheme 1 [55]:

1
-M (‘10 :E(w“' —wp, +wp, —a)az)> . (22)
Scheme 2 [56]:

1
Vﬂa = _E(M(QO = Wgq, — wﬂl)

+ M(qo = 05, — 0y,)). (23)

For scheme 1, the potential would degenerate to a widely
used form V o (g% + mZ; 4 ie) ™" if wyp) &~ myp, is fur-
ther applied. Both schemes are used later and the scheme
dependence of the result is investigated. Lastly, to eliminate
the ultraviolet divergence of the loop integral in the LSE that
arising from the short distance physics, a nonlocal dipole
form factor is introduced:

A2 2 A[% 2
V o ’k - V o4 7k < ° 24

The A[DB*] is fixed at 1 GeV following Ref. [43], and it has

been shown that its variation within a reasonable range can
be effectively absorbed into coupling constant. Given that
% m”‘ ~ 1.5, the cutoff A,;,, = A, is chosen to be
fixed at l 5 GeV. Similarly, as will be shown later, within a
reasonablerange of A, .;/,, its influence can be effectively
absorbed into the coupling constant ¢'.

Using the 7 matrix, we can now explicitly express

M, > = [M5]? + [ME? as follows:

114029-5
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1 2
S S _ / .
|MDOD*— CD[)* + Za:ﬂ]w.[DD*]CaI‘X—’[DDX] + gYDthSwr: (SD*n- _ m%)l + imD]FDI + QDD ) s (25)
MB, P =2piled T b + h 1 + 0 )| (26)
DoD*f 917” #l fyt xljy—DD*] T 9YD, DD SD*ﬂ_m%l +imp Tp pD* || >
M- J/y/| Cij/.,/ + Z xacﬁ(la*ﬂﬂ/w + Zoor i) (27)
a=nJ /y,[DD*]
R T S R S NP S 2 s -
M P = § LA P 4 e AT 4 2 p (3050, — DRe(APA), (28)
[
» Laop
Moy ’Za w2y (DD "aCaLa—pn, T V291,0H5 Oy, _ / q*dq T4 0tp(Pp-4:\/55)
(29) (27)34w,, (4) 4, (q) \/55 = @, (q) — 4, (q) +i0"
(36)
2 2 and
|Mpm 5])?[ Czlr)J/y/Ichm + \/EgYDth/Dme . (30)
Q / < TéolDD*_,a(q*;l_’a;\/E)
where “ (27)*4n 8wp, (Ipx + 4l)op ()wp(Ipz + q|)

AE =D+ 2 T sy gy + V29v0, 00 Qs

(31)

* = \/EQYD]DhS‘wzr(pﬂi)Qﬂ*J/y/’ (32)

and hy=~Y——~1— 4mD‘mD* hg, W= VAl 3mD‘mD* hp, Xzypy(0DY) =
1(v/2). Addltlonally, W, = \/ pi4+m2 and p,=

22(\/5, /S, m,) With A(a, b,

triangle function,

¢) being the modified Killén

(@ = (b+c))(@ = (b=-c)*)

AMa,b,c)= 12 (33)
The relative angle cos 6+ ,- is given by
e =2m2 =20,
coS Ot - = et M = 2O O (34)

2p,,+ P

Spipm =8 +2mi 4 mi/w —Setify = S djy- (35)

7, and Q, come from the FSI in the bubble diagram and
triangle diagram, respectively. The explicit expressions are
given by

1
(V5 = op, (Ipx +4l) — op (P +ql) + i)
1
(V5 = 0a(ps) — 0 (@) —wp(pe +4]) +07)°

(37)

where p; = ﬂ%(\/s_ ,mg ,mpg ) is the on-shell momentum in
the rest frame of f channel. The integration variable in
Eq. (37) is the momentum of D* in the rest frame of Y
while g* is that in the rest frame of DD* and hence given

by ¢* = \/(y\/cf + m3. 4 ypqcos 0) — m,.
V25 and 7p = -

I'p, 24200 = 31.3 MeV has been taken into account. The
numerical method for the calculation of Q,, is discussed in
Appendix B.

As the final result, the invariant mass distribution of
Y — za reads

with y =

74 (5a)
dUy_ .+ |M,|?
——LE= N, / /st + B, (38
d\/5q (27)°16V/s> (38)

o (54)
With 1,7/, = Szt sy by, = Sy-ne a0d tpope = Spipe. lo
is the upper and lower limit of Mandelstam variables [57].
N, are scale factors. Here, we introduce two polynomial
distribution functions B, incoherently for @ = zJ/y and
D°D*~, which is defined by

114029-6
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~VEE(39)

with my = mg,, + mg,, and m™ = \/s — m,. For DD*, it is
introduced to mimic the possible contributions from proc-
esses such as e"e™ — Y(4160) — zDD*, which may be
important to reproduce the tail of line shape [32]. For zJ /y,
it is introduced to approximate the zz FSI, which are
not explicitly included here as in Ref. [25]. In a recent
work [26], the zz (and even KK) FSI is carefully treated
using dispersion relation to accurately calculate the pole
position of Z.. Nevertheless, the result do not differ
significantly from their previous result in Ref. [25], where
the zz FSI is also mimicked by a polynomial function.
Therefore, we believe that the treatment here will not
significantly impact the conclusions. Later, we will see that
the contribution from polynomial function has little inter-
ference with the | M, |? term, which justifies their incoher-
ent addition. Besides, to reduce the number of fitting

J J
parameters, we set bV = p3//V.

C. Parameters in the formalism

In this subsection, we summarize the free parameters in
our formalism. For the 7" matrix, there is only one free
parameter ¢ as defined in Eq. (9). For the vertices involving
a Y particle, the free parameters are gyp, p and 5P For the
final invariant mass distribution,the free parameters are N,
and b | ,. With the exception of ¢/, all parameters are /s
dependent, which means they may vary when fitting
experimental data at /s = 4.23 and 4.26 GeV. In a word,
our model incorporates a total of 21 4+ 1 = 22 free para-
meters to fit over 250 experimental data points at /s =
4.23 and 4.26 GeV. The number of parameters is somewhat
reduced compared to the previous work.

III. FITTING RESULTS AND DISCUSSIONS

We are now ready to fit the invariant mass distributions
of p7n, at /s =4.23 GeV and n~J/y, D°D*~ at /s =
4.23 as well as 4.26 GeV. The results for ¢ across two
schemes at several fixed cutoffs are presented in Table I,
with values from other references included for comparison.
The results for some other parameters are given in
Appendix E. The experimental line shapes are successfully
reproduced in both schemes, yielding a reduced chi-
squared 7> ~ 1.6. For illustration, we present the results
for scheme 1 at A =1.5GeV in Figs. 4-6. Specific
contributions are identified and depicted with dashed lines
for further analysis.

A. DD* invariant mass distribution

For the DD* invariant mass distribution, the cascade
decay Y — D,D — DD*r Fig. 1(c) is found to be the
dominant contribution. This can be explained by
noting that, because the OBE isovector couple-channel

TABLE 1. Fitting results for ¢ at different fixed cutoff
Azjpy(pn.) for two schemes of OBE potential. The fitting quality
for these values are nearly identical, indicating the cutoff
independence of the result. The value of ¢ in other references
are also shown for comparison. The difference can be attributed
to the different renormalization scheme.

Azipyipn,) (fixed)

Scheme [GeV] g (107 MeV—

This work 1 1.3 7.506 +0.120

1.5 6.143 +0.350

1.7 5.129 +0.070

2 1.5 5.584 £ 0.470

1.7 4.69 + 0.280
Other references 3.68 [21]
3.85 [54]

interactions are weak, the contributions from the two
rescattering diagrams shown in Figs. 1(b) and 1(d) are
much smaller compared to the corresponding tree diagrams
Figs. 1(a) and 1(c). Nonetheless, the interference between
the triangle diagram Fig. 1(d) and the cascade decay
Fig. 1(c) is crucial in bridging the gap between the cascade
decay and the experimental data at threshold, as illustrated
by the purple dot-dashed lines in Fig. 4. The incoherent
polynomial function contributes significantly only at the
tail, as anticipated. The pointlike tree diagram, depicted in
Fig. 1(a) and can only produce a smooth line shape,
contributes very little here and hence not shown in
Fig. 4. In fact, if the Y — np(DD*) interaction were
introduced, the contribution of that pointlike diagram could
be large enough to reproduce the peak even without the
cascade decay mechanism. However, this interpretation is
implausible, as it would be unnatural for the contribution
from Y — zp(DD*) to exceed that from Y — zg(DD*)
near the threshold. Further details can be referred to
Appendix D.

Additionally, the bubble diagram Y — z(zJ/y) —
#n(DD*), as shown in Fig. 1(b), could have a sizable
contribution if the Y — z(zJ/y) coupling is sufficiently
large so that such contribution is comparable to the cascade
decay. However, if this were the case, the line shape in the
#J /w distribution would not be accurately reproduced. This
shows that the key advantage of our approach is the ability to
achieve a correct description by analyzing both datasets
together. We also note that, in Ref. [21], the near-threshold
peak appears to be reproduced using the OBE potential
without the cascade decay. However, we argue that the
formalism in that work may be inconsistent, as in their
Egs. (13) and (14), the tree diagram Fig. 1(a) is artificially
suppressed while the rescattering diagram Fig. 1(b) remains
unchanged so the FSI is no longer weak relatively.

In conclusion, the sharp near-threshold peak in the DD*
contribution is produced by the cascade decay and the
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FIG. 4. Experimental data as well as theoretical line shapes for D’D*~ distribution of e* e~ — z7D°D*~ process at (a) /s = 4.23 and
(b) /s = 4.26 GeV. Orange solid circles are experimental data. Blue solid, green dashed, pink dot-dashed, yellow dotted lines denote
the contribution cascade decay, interference between cascade decay and triangle diagram, and the polynomial function, respectively.
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FIG. 5. Experimental data as well as theoretical line shapes for z~J /y distribution of e"e™ — z"z~J /y process at (a) /s = 4.23 and
(b) /s = 4.26 GeV. Orange solid circles are experimental data. Blue solid, green dashed, pink dot-dashed, yellow dotted lines denote
the contribution from full amplitude, triangle diagram, pointlike as well as bubble diagrams, and the polynomial function, respectively.
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FIG. 6. Experimental data as well as theoretical line shape for
p . invariant mass distribution of ete” - aTpTy, —
N’z m~ process at /s = 4.23 GeV. Orange solid circle and
blue solid line denote the experimental data and theoretical line
shape, respectively.

triangle diagram in our model, consistent with the
Refs. [31,32,58,59].

We now study the triangle diagram Fig. 1(d) in more
detail, which enhance the peak structure observed in the
DD* distribution through the interference with cascade
decay as just discussed. The enhancement may originate
from two sources: 7 matrix in Fig. 1 and the kinematic
triangle singularity (TS). In Refs. [17,59,60], it is suggested
that the TS could be crucial for the peak structure in the
DD* distribution even the system does not fall exactly
within the region where the TS occurs, as the DD
threshold is above 4.26 GeV. This raises the question of
whether the enhancement is entirely due to TS or partially
due to other factors such as the 7" matrix.

To investigate this, we replace the 7 matrix with a constant
in Eq. (37) and present the line shapes produced by the pure
triangle integral at /s = 4.23 and 4.26 GeV in Figs. 7(a) and
7(b). While the peak near the threshold is evident, it is not

114029-8



THREE-COUPLED-CHANNEL ANALYSIS OF Z-(3900) ...

PHYS. REV. D 110, 114029 (2024)

(a) (c)
— full — full |
93-S wave -7 J/Y |
-==-D wave ceeem /0 }
|
|
h
/ ,,,,,,, A
[lonnet2es s Py ‘r """" N
|
_______ |
n n LT gooooee T - n n n n n i s
3900 3950 4000 4050 3300 3400 3500 3600 3700 3800 3900 4000
[5m (MeV) 55 (MeV)

— full
-9 wave
----D wave

3300 3400 3500 3600 3700 3800 3900 4000

(5. o (MeV)

3900 3950 4000 4050

[5ry (MeV)

FIG. 7. Line shapes produced by pure triangle loops for (a),(b)
D°D*~ and (c),(d) z~J/y distribution at (a),(c) \/s = 4.23 and
(b),(d) /s =4.26 GeV. Blue solid lines, orange lines with
markers, green dotted lines correspond to Figs. 2(d) and 2(e),
only Fig. 2(d) and only Fig. 2(e), respectively, for (a),(b) and
Figs. 1(d) and 1(d) with only S-wave D; — D*z and Fig. 1(d)
with only D wave D| — D*x, respectively, for (c),(d). The gray
dashed vertical lines indicate the threshold of DD*. The peak at
/s =4.26 GeV s slightly narrower since it is closer to the
region where TS occurs.

sharp enough to reproduce the purple dot-dashed lines in
Fig. 4 when interference with the cascade decay is consid-
ered. This indicates that, although the kinematic triangle
loop is significant, a 7 matrix describing the FSI is still
necessary in our model. In summary, the threshold peak in
the DD* distribution arises from the combination of
Y = DD, — DD*z, the T matrix for DD* — DD*, and
the kinematic triangle loop. The peak cannot be reproduced
as sharply without all of these elements.

Parenthetically, an asymmetry parameter A = %,
where n.g5(<05) represents the number of events wit
|cosB,p| > 0.5(< 0.5), is defined to study the role of
Y - D,D — DD*r in the context of Z. on the experi-
mental side [5]. In Ref. [5], Ayc =0.43 £0.04 and
Agaa = 0.12 £ 0.06 were obtained using Monte Carlo
simulation and experimental data analysis, respectively.
This led to the conclusion that D,D contributes only
minimally. However, in Ref. [31], the authors calculate
the asymmetry parameter Ay for the cascade-decay-
dominant mechanism of Z., finding Ay, ~ 0.13, which is
consistent with the experimental value Ayg,,. Therefore, the
interpretation here cannot be ruled out based on the
asymmetry parameter A.

B. 7~ J/y and 5. invariant mass distribution

We now turn to the discussion of the fitting results for the
7n~J /y distribution. First, the polynomial function produ-
ces a line shape similar to those generated by the zz FSI in

Ref. [7], as expected. Second, the peak is primarily
contributed by the triangle diagram. To explain why the
schematic Feynman diagrams in Figs. 2(a)-2(c) are sup-
pressed, we point out that they can only produce a peak if
the Y — #(DD*) interaction is sufficiently strong, such that
the bubble diagram Y — z(DD*) — z(nJ/w) becomes
comparable with the tree diagram Y — zzJ/w. However,
this level of strength of ¥ — zDD* is not supported by the
experimental data of the DD* distribution. The discussions
on both the zJ/y and DD* distributions demonstrate that
the model becomes more constrained when experimental
data from different channels are considered.

To investigate the origin of the peak from the triangle
diagram, we first present the line shape produced by a pure
triangle loop in Figs. 7(c) and 7(d), as we did earlier. There
is a cusp exactly at the threshold, which arises from a
branch cut that begins at the threshold mp + mp-.
Specifically, when /s, > mp + mp. the factor /s, —
®, — wp —®p in the denominator can vanish over some
interval of the integration variable. In Appendix B, more
details are provided. Given that the ratio of the height of the
cusp to the smooth platform is much smaller than that in
Fig. 5, a T matrix is still necessary, similar to the DD* case.

Based on the above discussion, the contribution from the
T matrix plays a crucial role here so it deserves further
investigation. In Fig. 8, we illustrate how the magnitude of

the half-on-shell T matrix, |T o, (k. prJ [y \/s7] /)|,
evolves as a function of , /5,7, with the loop momentum k&
fixed at several values. Due to the one-pion-exchange
interaction in the DD* — DD* process, a noticeable cusp
appears at the DD* threshold, stemming from the unitary
branch cut. It is important to note that this peak originates
from a cusp, not from a resonance or (virtual) bound state,
which will be discussed later. In this context, we assert that
the Z, structure in the zJ /y distribution is a DD* threshold
cusp, driven by the Tpp:_, .y, in the triangle loop involv-
ing the D particle. This conclusion aligns with the findings
of the HALQCD collaboration.

Lastly, regarding the #.p channel, although its peak
signal in the current experimental data is not as prominent
as the others, it can also be interpreted as a threshold cusp
within our model.

It is interesting that the major contributions to the
peaks in the zJ/y and DD* distributions are different in
our model. This disparity may help explain the small
deviation in the central values of the Breit-Wigner param-
eters for Z.(3885) and Z.(3900). Furthermore, our model
may also provide a possible explanation for why the
Z.(3900)/Z.(3885) has been observed only in e'e~
production but not in B decays thus far.

From the above discussion, it is clear that the quality of
experimental data, particularly those near the DD* thresh-
old in each channel, is crucial for a deeper and more
accurate understanding of the Z,. states. Therefore,
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high-statistics data from the future Super Tau-Charm
Facility(STCF) experiments [61] will be essential.

IV. POLE POSITION

In this study, three coupled channels result in a total of
eight Riemann sheets when the 7 matrix is analytically
continued into the complex plane. The branch cuts of the
Green function G,, which extend from the threshold of the
a channel to infinity along the positive real energy axis,
connect different Riemann sheets. For the purpose of
analytical continuation, two types of Green functions are
defined as follows:

Gy (2) = Gal2), (40)

i
16727

Ga(2) = Gu(2) Imp, <0.  (41)

Pa(2),

The Riemann sheets adjacent to the physical region are
RS*+, RS, RS~ ", and RS™~~, where the superscripts
indicate the sign of G* for the zJ/y, py., and DD*
channels, respectively. Only one pole is found in RS™™~,
and we examine its dependence on the cutoff and the
regularization scheme, as presented in Table II.

The identified pole is located far below DD* threshold
on RS™~. For comparison, we list the results from other
references that report either virtual or resonant poles in
Table II. Since the pole found here is far from the threshold,
the Z, structure near the threshold is primarily due to the
threshold cusp effect rather than a resonance or virtual
bound state in our model. In Refs. [19,25], a pole located
about 80 MeV below the threshold, which is similar to the
one found here, is observed when an energy-independent
interaction is adopted. Additionally, the HALQCD col-
laboration identifies three poles significantly below the
DD* threshold on RS™~ and suggests that Z, is not a
conventional resonance but rather a cusp effect, based on
their lattice setup [41]. Although the value of m, used in
LQCD calculations is unphysical and further investigations

are necessary, all current lattice data from different col-
laborations have so far shown no direct evidence of a Z,
resonance [33,34,36,38,41].

V. FINITE VOLUME ENERGY LEVELS

In this section, we calculate the finite volume energy
levels using the HEFT and compare them with the spectra
extracted from LQCD. HEFT is a formalism that links finite
energy levels to infinite volume scattering amplitudes and
is equivalent [63] to the standard Liischer formula [64—66].

We begin with a brief introduction. When the system is
confined to a finite volume with imposed boundary con-
ditions, the momentum becomes discretized. The symmetry
group is reduced from the rotational group O(3) to either
the octahedral group O}, or Cy /3,4, depending on the total
momentum [67-69]. Consequently, the potential matrix

TABLEII. The pole found on RS~ for different schemes and
cutoffs, far away from the observed peak and therefore has
minimal impact. For comparison, the position and type of the
pole reported in other references are also shown.

Pole position Type  Scheme (A.,,)
This work 3798.72 — 1.10i Virtual 1(1.3 GeV)
3798.46 — 1.71i 1(1.5 GeV)
3798.12 — 2.26i 1(1.7 GeV)
3798.27 — 2.02i 2(1.5 GeV)
3797.80 — 2.64i 2(1.7 GeV)
Reference [25] 3798j§f Virtual
3902(6) — 38(9)i Resonance
Reference [19] 3831j§g Virtual
3894(6) —30(13)i Resonance
Reference [21] 3870 Virtual
Reference [20] 3879 Virtual -
Reference [22] 3872 Virtual

Reference [26] 3880(3) — 13(1)i Resonance

Reference [32] 3884 — 22i Resonance
Reference [27] 3840 Virtual
Reference [62] 3839(11) Virtual
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must be defined in the discretized momentum basis. Using
the O, symmetry, the Hamiltonian matrix can be block
diagonalized, allowing the extraction of finite volume
energy levels corresponding to each irreducible represen-
tation (irrep) of Oj. These energy levels can then be
compared with the lattice spectrum. This formalism has
been successfully applied to describe various systems, such
as A — Nz [70], N*(1440) [71,72], N*(1535)/N*(1650)
[73,74], and the positive parity D, states [75] on the lattice.
Given that the spin-parity J of Z,. is reported to be 11 by
BES 111, it sufficient to calculate the finite volume energy
levels for the T irrep of O, which is the only represen-
tation that couples to 17 [76]. The potential matrix for T is
given below. The general derivation and details will be
provided in a paper that is currently in preparation.

VL ZZZZZ

a/}(pn’a \Pn0 )
2” 34\/0)(1 (pn az (Pn’ )CU/}] (Pn )Cl)/;z (Pn)

< X! (no)X 1 ('e') NS F') (N

(42)

1>

where p, = 2L”n and V4 is the potential in infinite volume.
The vector |N; T, F) is orthonormalized and furnishes 77 -
irrep in the invariant subspace span{|p,,c)n* =N }
where the occurrence of T is denoted by oc(T, N). To
construct these vectors, one first gets oc(77, N) linearly

independent states using the representation matrix DI,

ZDIM

REO0,

)R|py,. 0). n3 =N, (43)

by selecting different yu, n,, which is followed by ortho-
normalization via, for example, the Gram-Schmidt process.

The function X,T; (n,0) represents the inner product
(N; TT, F|p,,.c) and depends on the orthonormalization.
Note that the Hamiltonian eigenvalues are independent of
the orthonormalization since there are equivalent up to an
unitary transformation. While the p meson is unstable at
physical pion mass and requires careful treatment on the
lattice, it suffices us to treat it as stable here to qualitatively
justify our interpretation of Z..

The eigenvalues for various box sizes L are shown in the
Fig. 9. As seen, all energy levels are close to the free
energies of three channels, which indicates that the inter-
actions between them are weak. This agrees with the
findings of several LQCD collaboration studies
[33,34,36], despite differences in m,. Therefore we assert
that our model is compatible with the current lattice
analyses.

3960

3940 | | e,

3920

3900

E (MeV)

3880

3860

3840

3820 L L L L
3.00 3.25 3.50 3.75 4.00
m.L

FIG. 9. Finite volume energy spectra at m,L = 3, 3.5, 4 with
m, = 139 MeV calculated in our model. The circles with error
bars represent the energy levels calculated by HEFT. The lines
denote the free energy levels of z.J/y, py,, and DD*. (p mesons
are treated as stable particles here.) The energy levels are pretty
close to the free energies, indicating the weak interactions.

VI. SUMMARY AND PROSPECT

In this work, a comprehensive coupled-channel model is
employed for the first time to analyze the Z,. structure in the
ete” — nt(n~J/w, DD, p7n.) processes at \/s = 4.23
and 4.26 GeV, as observed by BESIII [2,5-8]. The OBE
interaction that respects heavy quark spin symmetry is
adopted to describe the DD* interactions. Additionally, the
rescattering 7 matrix includes a new parameter, ¢ which
governs the coupling vertex between DD* and charmonium
J/w,n.. Except for ¢, all other parameters used for the T
matrix were determined by previous works, which success-
fully reproduced the line shape of the double-charmed
exotic state T,.. [43]. Assuming that eTe™ collisions at
/s =423 and 426 GeV are dominated by ete™ —
Y (4230/4260) followed by subsequent decays, the line
shapes of the 7~J/y, D°D*~, and p~p, invariant mass
distributions are successfully reproduced in our work.

Upon investigating the different contributions, we find
that the nature of the Z, structures in the DD* and zJ /y
(pn.) distributions are not totally the same, which may
explain the small deviation between Z.(3885) and
Z.(3900). In the D°D*~ distribution, the near-threshold
peak primarily arises from the tree-level cascade decay
Y(4230/4260) — D,(2420)D — zDD*, which is further
enhanced by the triangle diagram that includes the FSI. In
contrast, the z=J /y(p~n,) distribution features two cusps.
One from the T matrix and the other from the pure triangle
loop integral. Both of them occur exactly at the DD*
threshold and play a primary role on the peak structure.
Therefore, the Z,. observed in this distribution is identified
as a threshold cusp. This interpretation provides a possible
explanation to why Z.(3900) is observed only in ete”
collisions and not in B decays, where the production of the
Y state is more challenging.
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Furthermore, we search for poles of the 7" matrix on the
four Riemann sheets adjacent to the physical region and
find only one pole approximately 80 MeV below the DD*
threshold on RS™™~. However, due to its distant location
from the threshold, this pole has little impact on the Z.
structure.

Additionally, we calculate the finite volume energy
spectra for the T| irreducible representation, the only
one that couples to J* = 1*. All the energy levels in the
relevant region we calculate are very close to the free
energies due to the weak interactions between channels.
This result is qualitatively consistent with the current
findings from several different LQCD collaborations
[33,34,36], further supporting our interpretation of the
Z, structure. To be more specific, no signal would be
observed in the two-body correlation from lattice simu-
lations if Z, is indeed from a threshold cusp effect.

Based on the results of this work, we conclude that the Z,.
structure near 3.9 GeV in the three distributions is due to the
threshold cusp arising from coupled channels. However, this
conclusion still faces some uncertainties. For instance, we
acknowledge that the zz FSI is not rigorously treated here,
which prevents us from accurately reproducing the exper-
imental zz invariant mass distribution in the ete™ —
znJ/w process. In Ref. [26], the zz FSI is carefully
incorporated using a dispersion relation. Compared to their
previous work [25], the pole is found on the same Riemann
sheet but its position shifts by approximately 20 MeV.
Therefore, to achieve a more reliable and comprehensive
analysis, it will be necessary to incorporate the zz FSI in a
self-contained manner in future research. We also suggest
that experimental researchers improve the quality of data,
especially near the DD* threshold to further elucidate the
nature of the Z,.
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APPENDIX A: NUMERICAL SOLUTION OF LSE

The Lippmann-Schwinger equation in the partial-wave
representation can be solved numerically. For simplicity, all

indices labeling coupled channels and angular momentum
are omitted here. Our goal is to solve the following one-
dimensional integral equation

T(K .k E) = V(K k)
+ /oo q*dqV(K',q)G(q: E + ie)T(q. k),
0
(A1)

where the infinitesimal ie can be treated explicitly,

T(K . k;E)=V(K k) +P / q*dqV(K.q)G(q;E)T(q.k;E)
—ingu(E)V(K .§)T(§.k;E)0(E—m; —m,),

where g is defined by w,(g) + w,(g) = E, u(E) = (271)+4E

and @ function vanishes unless E is above the threshold.
The symbol P denotes the Cauchy principal value of the
integral. ¢ would be a simple pole if V' is nonsingular.

Notice that
=

Thus, it is a free lunch to do a subtraction to regularize the
integrand,

P/f@WH®W¢

- / q*dqV(K.q)G(q: E)T(q. k: E)

dq = (A2)

E)T(q.k E)

(A3)

V.37 1.k )
g —

To apply the Gauss-Legendre quadrature method, the
integration domain must first be transformed into a
bounded interval. This is done by splitting the domain
(0,00) into (0,g) and (g, o), where ¢ is an arbitrary
positive constant. The integrals over these intervals for any
function f can be rewritten as follows:

(A4)

(AS)

Given N-point nodes x; and weights w; of Gauss-Legendre
quadrature on interval (0,1), we define the following
quantities:
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g(E)  i=0
TRty N <i<2N
qoq < % -0 w )
i—1 %2 i= N+1(1_xi—N)2qg_qg
inq
- 4—E°9(E my —my), (A7)
24 . ;
i wid; qG(q,» E) I<i<N
G,(E) = A8
l< ) {th (1=x;_ )2 qG(E ql) N <i 2N ( )
and T;;=T(q;.q;).Vi;=V(qi.q;). Consequently,
Eq. (20) can be converted into the algebraic equation
2N .
Ty(E)=Vi+ Z VikGr(E)T(E) (A9)
k=0
or in a matrix notation,
7] = [V] + [VI[G][T] (A10)
The solution is given by
7] = (1 = [V][G)~'[V]. (A11)

The on-shell T-matrix Ty, can be obtained directly. For
half-on-shell or off-shell 7" matrix, given any off-shell
momentum p, it only needs to extend the definitions in
Egs. (A6) and (A8) by introducing ¢,y.; = p and
set G2N+1 =0.

APPENDIX B: NUMERICAL EVALUATION OF
THE TRIANGLE LOOP

In this section we introduce how to numerically evaluate
the Eq. (37). For convenience, we introduce a simplified
notation,

Q_/oodp/ld
0 -1

where 4 denotes the external kinematic variables /s and
/54, which are fixed during the integration. The functions
in the denominator are given by

9(p.x;2)
—V/B(p:A)+C(p;A)x+i0*
(B1)

A:\/E—\/p%—l—m,z,—\/pz—i—m%*, (B2)
B = p*+ p; +mp, (B3)
C=2pp,. (B4)

Given p and 4, the integrand may has a pole if A >0
and |A2T‘B| <1 with xe&[-1,1]. Therefore, the integral
with respect to x requires careful treatment. A straight-
forward calculation shows that the integrand is regular
when s, + m}. — mj, < 2mp-./5,, or equivalently,
\/Sq <mp-+mp-. In this case, the integral can be numeri-
cally evaluated using a two-dimensional Gauss quadrature
method. However, when /s, > mp, + mp:, the domain of
P, (0, o), should be split into two parts R and R*. Here R
is the domain where A > 0 and |42 | < 1, while R is its
complement. Without showing details we find

R =[|p_lmin (p. /(5 =0 =m})], (BS)
where
5 1 1
=2 — S e m. &~ . (B6
P Sal(f 003~ mh =500 (B6)
In the range of /s, considered, min(---) = p.. When

p € R+, the two-dimensional Gauss quadrature formula can
be applied directly. For p € R, the i0™ prescription should
be worked out manually as

L g(p,x)dx C2A
QDACZP<P/_1A7_ h——'B—ka_mFg(p’xO))

V(" g(p,x)dx 2Ag(p,x())>
= [ dp|P +—= d
A p[ /—1 (A—\/B—i-Cx C x—xg *
2A (poxo)] 1-x\ . 24 (9 x0)
- ,Xg) 1o —iT— X
CQP 0) 108 1+ x ﬂCgP 0

/dp/ A \/B+Cx+2A 9(p- x0)<x—1x0

1 —xp 1
-1 -
2 0g<1 +x0) 2 ”)}dx’

where x, = %. In the last equation, the symbol P is
dropped since the integrand becomes regular after sub-
tracting a function with the same pole structure as the
original integrand. This subtraction enables numerical
evaluation using the two-dimensional Gauss quadrature
subtraction

(B7)

instead of pomred which would 1ntroduce an superfluous

pole at x = —xO within the interval (-1, 1).

APPENDIX C: POTENTIAL

In this section, we present the tree-level amplitude i M
derived from the Lagrangians in Eqs. (13)—(17). First, the
propagators of heavy meson and charmonium in terms of
residual momentum within the framework of HEFT are
given by
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i i

zp.k_%+i€ k+ myv)* —m2 + ie

m%  (Cl)

T

for (pseudo)scalar particles and

g o) gt ) o,

zv.k_%+i€N(k+mHv)2—m%,+i€

for (pseudo)vector particles. Second, the polarization vec-
tors of heavy mesons and charmonium are treated to be
static at leading order, i.e.,

e = eh(0) = (0.0.0.1), (c3)

1
E

which satisfy the condition v-¢ =0 and the spin sum
>, €€y gives the numerator of Eq. (C2).

With these ingredients, the amplitude in terms of full
momentum can be obtained. In Ref. [43], the amplitude
iMpp~pp+ has already been provided so we only need

(0,F 1,-1,0), (C4)

o

eﬂil(o) =

1

to present iM )~ pp (), @ = 7J [y, piy.. Due to the G-
parity symmetry:

iMa—>[DD*] = iﬁMa—»DOD*’ =iM“ (CS)
For a = nJ/y,
iMyY i4gg (€, - (2p +k))(€,, - k)
= 5 5 ., (Co)
/mme*m%) I q- —my + e
My _igg (kxe,) - Cp+k)xe,) ()

- 2 2 i
3 —mp. + i€
n, my,.mp S q D

IMYY idgy ki(k—2p);

2 2 . (6l}50'0'/+€i7€:;’ _6{762—’5)’
r 9 —mpt+ie

m,,,mf)*mD
(C8)
where g = 0.6 is the decay constant of D*. For a = py,,

iMPﬂc g/g/ i
‘ = ——[peb (k) (k —2p) - €,

2 2 :
3 q- —mp. + 1€
\/ My, mp.mp D

+ 2k - (k = 2p)5,y

(k=2p) -, (k- €3] (©9)
MY gy BRI )

q* —m} +ie’

M- (k x €,(k)) - ((k +2p) x €)
3 =21d'dy 2_ 2 :

9

(C11)

where ¢}, = 2v/2gy = 22 x 5.8 = 16.4, 1 = 0.683/GeV,
and f=0.687 (at Ajpp- = 1 GeV)are taken from Ref. [43].
€5 (k) is the polarization vector of the p light meson,

0 —
e5(k) = —k - €,(0), (C12)
mp,
k2 + m2 i
p k'(k-e(0
el (k) = €'(0) + _p | R0 g
’ m, k[
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FIG. 10. Line shapes determined by fitting the experimental
data at /s = 4.23 GeV without Y — DD vertex. The cutoff
Nzjpu(on.) 18 fixed at 2.0 GeV. Orange solid circles are exper-
imental data. Blue solid, green dashed pink dot dashed and
yellow dotted lines in the top(bottom) row denote the contribution
from full amplitude, bubble diagrams [D-wave Y — 7, (DD*)
pointlike diagram], pointlike diagrams [D-wave Y — 7,,(DD*)
bubble diagram] and the polynomial function, respectively. Line
with markers in the bottom row denote the highly suppressed
contribution from S-wave Y — z¢(DD*) pointlike as well as
bubble diagrams.
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APPENDIX D: FITTING WITHOUT
Y - DD +C.C. VERTEX

In this appendix we exclude the Y — DD vertex and
attempt to fit the experimental data using only pointlike
and bubble diagrams. Specifically, the cascade decay
Y - DD — na and the triangle diagram are omitted,
while the FSIs are still considered.

As discussed in the main text, the peak in DD*
distribution cannot be reproduced using only S-wave
Y — ng(DD*) vertex. To address this, we introduce an
extra D-wave Y — 7 (DD*) vertex, which ultimately lead
to a term proportional to p% in | M|2. We present the fitting
for #J/y and DD* distribution at +/s =4.23 GeV
in Fig. 10.

We now offer some observations. First, the peak in
n~J/y distribution can indeed be produced if Y — DD*x
is significantly much stronger than Y — zzJ/y.
Second, the peak in DD* distribution can also be obtained
with the help of a D-wave Y — 7z,(DD*) vertex. This is
easy to understand because p, increases as ./Spop-—
approaches threshold. However, the contribution from
S-wave Y — ng(DD*) is highly suppressed. This is quite
unnatural since the phase space of ¥ — DD*r is not large
and the typical p, is small, the high partial wave is expected
to be suppressed for naturalness. If the D-wave contribution
is significantly larger than the S-wave contribution, then it
would be difficult to justify ignoring a G or even higher
partial wave. Lastly, the reduced y? is considerably worse
than the fit in the main text.

In conclusion, though the experiment data can more or
less be fitted without ¥ — DD vertex, the result is
physically and theoretically unsound. Therefore, this vertex
should be included and the triangle diagram must be
incorporated into the formalism for self-consistency.

APPENDIX E: FITTED PARAMETERS

In this appendix, we present the results for the most
relevant fitting parameters except ¢ for scheme 1 at
Azipyipn.) = 1.5 GeV, as shown in Table IIL

The magnitude of parameters such as A pp- 9yp, pl? is
large but reasonable since it related to the normalization to
the number of events by a overall factor N - and only the
line shapes are fitted here. Some parameters such as
Nospyled;, | suffer large uncertainties since they have

little influence on the quality of fit. Other parameters are
referred to the incoherent background, which generate the
similar line shape shown in Refs. [21,25].

TABLEIIL. Fitting results for the parameters except ¢. (Dimen-
sional parameters are on the order of MeV.) b/¥'PP" is the
dimensionless quantity defined as b§ = bg(v/s — M,)"i "5 with

M, =mg +my, +m,.

Vs =4.23 GeV Vs =4.26 GeV

N,,,/u,|gYD]D|2/1O“ 4249 7.7+£2.6
N/Im ‘gyD.D‘z/loll 27x7
Nopp \gYD]D\z/IOH 0.93 +0.21 0.14 4+ 0.05
Nﬂj/w|cﬁj/w|2/105 444+1.8 6.1£29
j\/ﬂj/w|cfj/w|2/10—6 8.0+7.0 2.1+2.1
N,,J/,,,|CSDD* |2 1.41 £0.32 0.015 £0.05
[,gf/‘/’/l(p 1.67 £0.29 091 +0.16
b'fé/v’ 1.85+0.13 1.72 £0.13
EODD*/103 0.46 +0.10 1.54 +0.27
be* 3.54 +0.60 6.55 + 0.40
bé)D* 2.03+£1.70 2.92 +£0.90
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