Eur. Phys. J. C (2020) 80:1040
https://doi.org/10.1140/epjc/s10052-020-08621-4

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Universal non-resonant explanation to charmoniumlike structures

Z.:(3885) and Z.(4025)

Jun-Zhang Wang'>, Dian-Yong Chen?>?, Xiang Liu"?°®), Takayuki Matsuki*4

I School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
2 Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern Physics of CAS, Lanzhou 730000, China

3 School of Physics, Southeast University, Nanjing 210094, China

4 Tokyo Kasei University, 1-18-1 Kaga, Tokyo, Itabashi 173-8602, Japan

Received: 15 October 2020 / Accepted: 30 October 2020 / Published online: 10 November 2020

© The Author(s) 2020

Abstract Different from the usual tetraquark assignment
to charged Z.(3885) and Z.(4025) charmoniumlike struc-
tures, in this letter we propose a universal non-resonant
explanation to decode these Z.’s, which is based on a spe-
cial dynamical behavior of ete™ — D® D*z. Our study
shows that Z.(3885) and Z.(4025) are only the reflection
from the P-wave charmed meson D;(2420) involved in
ete™ — D™ D*x. Obviously, the present work provides a
unique perspective, which can be examined by future exper-
iments like BESIII and Bellell.

1 Introduction

Exploring exotic hadrons is a hot issue in hadron physics.
Especially with more and more observations of charmonium-
like XY Z states, theorists have carried out extensive study
since 2003, which really deepens on our understanding of
how these novel phenomena happen (see review articles [1—
6] for learning the relevant progress). Of course, our knowl-
edge of non-perturbative quantum chromodynamics (QCD)
becomes more abundant.

Among these investigations, it is a key point how to iden-
tify exotic hadrons as definite quark states from the observed
charmoniumlike XY Z states, which is not an easy task.
Before establishing the existence of exotic states, we need
to exhaust the possibilities of explaining them in the con-
ventional framework. Here, we need to check whether the
observed charmoniumlike XY Z states can be categorized
into a conventional hadron family. A typical example is
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X (3915) and Z(3930) produced from the photon-photon
fusion process [7,8], which can be assigned to charmonia
Xc0(2P) and x.2(2P) [9], respectively. In experimental anal-
ysis, experiment usually claims the observation of some state
if a resonance structure exists in the corresponding invari-
ant mass spectrum. After the observation of two charomi-
umlike structures Y (4260) and Y (4360), the Lanzhou group
indicated that the line shapes of Y (4260) and Y (4360) can
be reproduced by the interference effect of two charmo-
nia, ¥ (4160) and 1/ (4415), and the continuum contribution
[10], by which the puzzling phenomenon of the missing of
Y (4260) and Y (4360) in the open-charm decay channels
and the R value measurement can be understood. This study
reflects that “what you see is not what you get”.

Along this line, in this work we propose a universal
non-resonant explanation to charged charmoniumlike struc-
tures Z.(3885) and Z.(4025). Here, the charged Z.(3885)
and Z.(4025) were reported by the BESIII Collaboration
when analyzing the three-body open-charm decay channels
from ete™ annihilation, ete~ — mE(DD*)F [11] and
ete™ — mF(D*D*)¥ [12], respectively. Additionally, the
neutral partners of Z(3885) and Z.(4025) were also found in
theete™ — 7%(DD*)?[13]andete — 70 (D*D*)° [14]
processes. Since Z.(3885) and Z.(4025) are charged states,
it is easy to conjugate that Z.(3885) and Z.(4025) should
contain at least four quarks, which can be good candidates of
exotic tetraquark states [15-31], which has become a popu-
lar and dominant opinion since 2014. In addition, the kine-
matical explanations of Z.(3885) as an enhancement from
triangle singularity have also been widely discussed in Refs.
[32-36].

Totally different from this tetraquark state assignment
to Z.(3885) and Z.(4025), in this work, we indicate that
Z.-(3885) and Z.(4025) are only the reflection of the P-wave
charmed meson D;(2420) involved in ete™ — D® D*r,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-020-08621-4&domain=pdf
http://orcid.org/0000-0001-7481-4662
mailto:wangjzh2012@lzu.edu.cn
mailto:chendy@seu.edu.cn
mailto:xiangliu@lzu.edu.cn
mailto:matsuki@tokyo-kasei.ac.jp

1040 Page2 of 7

Eur. Phys. J. C (2020) 80:1040

which is due to a special dynamical behavior of three-body
process from eTe™ annihilation. The details will be illus-
trated in the following sections. By this realistic and novel
example, we want to show that what you see is not always
what you get. It is obvious that the present work provides a
unique perspective to decode charged charmoniumlike struc-
tures Z.(3885) and Z.(4025), which should be emphasized
before definitely identifying them as exotic states.

A general analysis of ete~ — D™ D(2420) — D™ D*rn
In the electron and positron annihilation process, the two-
body open charm channels D™ D** due to a direct cou-
pling with vector charmonium or charmoniumlike states usu-
ally play an important role in producing three-body open
charm final states D™ D™ M, where D** and M stand for
a higher excited charmed meson and a light meson, respec-
tively. Hence, this production mechanism is also expected to
exist in the process eTe™ — (DD*)*7¥ and ete” —
(D*D*)*7F, where the intermediate resonance D** can
be directly expressed by a Breit-Wigner distribution in the
invariant mass spectrum of D™ . However, the dynami-
cal and kinematical behaviors owing to some special higher
excited charmed mesons may cause a corresponding line
shape of a reflective peak on a differential cross section vs.
the invariant mass of D™ D™, which can provide a new per-
spective to revisit the nature of two charmoniumlike states
Z.(3885) and Z.(4025) in the invariant mass distribution of
D® D)

In the charmed meson family, D1(2420) with J¥ = 1
is a relatively narrow resonance, whose main reason is that
D1(2420) can only decay into a dominant final state D*mw
via a D-wave due to the limit of heavy quark symme-
try. We have noticed that the averaged resonance widths of
D1(2420) listed in Particle Data Group (PDG) are 25 4+ 6
MeV for charged state and 31.7 & 2.5 MeV for neutral
state [37], which are very close to experimental widths of
24.843.3+11.0MeV of Z.(3885)* [11] and 24.84+5.6+7.7
MeV of Z.(4025)* [12]. In addition, the processes eTe” —
(DD**rFandete™ — (D*D*)*7¥ are measured at cen-
ter of mass energy of 4.26 GeV by BESIII [11,12], which
is below the thresholds of both channels D D;(2420) and
D*D1(2420). Since the measuring energy, 4.26 GeV, is close
to the threshold of D™ D*, we can expect to see a reflection
phenomenon of D1 (2420) with peaks. The above properties
indicate that the P-wave charmed meson D;(2420) is an
excellent candidate for providing a possible universal non-
resonant explanation to Z.(3885) and Z.(4025). Therefore,
in the following, we will perform a general analysis for the
process ete™ — D™ D;(2420) — D™ D*r based on the
framework of an effective Lagrangian approach.

The schematic diagrams of the processes, e™ (kp)
e (ki) — Y(#220)(p1) — DT (ps)D1(2420)" —
D*(pg) D**(p3)~ (p2) ande™ (kp)e™ (k1) — Y (4220)(p1)
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Fig. 1 The schematic diagrams of two main production contributions
in the three-body open charm processes ete~ — D®+ D*07—

— D*T(p4)D1(2420)~ — D**(p4) D**(p3)7w~(p2), are
shown in Fig. 1, where p;’s in brackets represent the cor-
responding four-momentum of particles in the rest frame
of ete™ system. Additionally, the background diagrams of
ete™ — Y(4220) - DT D97~ andetTe™ — Y (4220) —
D*T D*07~ are also considered. Here, there exists a direct
coupling between virtual photon generated by the electron
and positron annihilation and an observed charmonium-
like structure Y (4220) [38] near 4.26 GeV, which has been
recently confirmed in the measurement of a total cross sec-
tion of ete™ — DOD* 7+ by BESIII [39]. In our previ-
ous studies to the Y problem [40], the nature of Y (4220)
can be well understood by a lower mass charmonium state
from the mixture of components 1 (4S) and ¥ (3D) in an
unquenched potential model. Then, it is very natural that
the Y (4220) as a charmonium state has a strong coupling
with two-body open charm decay channels Dj(2420)D®)
via an S-wave interaction. On the other hand, it is worth
mentioning that when explaining ¥ (4220) as a configuration
of a D D1 (2420) molecular state [32—34], the contribution of
an intermediate D(2420)~ D** channel from the coupling
with Y (4220) in Fig. 1 may not be dominant for the reaction
ete™ — D** D07~

All the related Lagrangian densities for calculating the
reaction processes in Fig. 1 are listed below [41-45] and

2
—em
L,y = Ly, A", (1)
fr
Lypper = gyppxYu (D't - wD*™ + D**iz . x D), (2)
Lyppin = —igypprne P (Y, D 3yt - Dy
+3,Y, D} T - w DY), 3)
Lp,py = ngDY(DfMD - DDy )Y", 4)

Lp, py = ingD*Y&‘MW'B(DIMDj — D' D1, Ys, (5)
Lp,px = gp,0*x 3D} (8,8,7 - m)D*

-D!"(3,0,7 - m)D*

+3D*1(3,8,7 - ) DY

—D**(3,9,7 - m)DY), (6)

where A*, Y, Df“,  are photon, charmoniumlike state
Y (4220), charmed meson D{(2420), and pion fields, respec-

tively, and gy pp*x, &y D*D*x»> &D;DY> 8Dy D*Y» and gp, p*x
are the coupling constants, and t represents the Pauli matrix.
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Though some of coupling constants in the above Lagrangian
densities are unknown, they do not affect our predictions
for the line shapes of differential cross sections. Based on
the above interaction vertices, the general amplitudes of four
processes in Fig. 1 can be written as

g
Mé\;t)mpeak — A; e~ —>Y(4220)

D1(2420) _ sete—Y(4220)
M = Aj

P*
8YDD*r € px, @)
Ak
8D DY 8D D*n € p*

gh(3pSpan — &3PS pae)

. , @®)
(p1 = pa)2 —mip, +imp,Tp,
N k te i
M(b;mpea — AZ e —>Y(4220)(_ngD*D*ﬂ)Ew)LCtﬁE%“*
X (ip20 85185 — iplwgSagf)GTJ*ﬁ’ ®

Dy (2420) o Y (4220) -
M) = A5 Y 0igp peygp prae e,

8o (3PS pos — 89 PIpac)es:

x(=ipip) :
(p1 — pa)2 —m3, +imp,Tp,
(10)
with
2
- _ —gh’emy
Ae+e — Y (4220) — v(kz)ey M(kl)—
p a sfy
—&vp + p]vplp/m%/
s — m% +imyly
where 2 = —g& + (p] — P3)(Pia — pas)/mp, . Then,

the differential cross section of eTe™ — D™ D*7 can be
expressed by the independent variables of three-body phase
space, i.e.,

2
1 |p2|lps*| [MTow|
T @r)’ 320k - ka)/s
with

MTOtal — MN(mpeuk + ei¢MD|(242())

where the overline above the total scattering amplitude stands
for the average over the spin of electron and positron and the
sum over the spin of final states, and the p3* and Q; are the
three-momentum and solid angle of D** meson in the center
of mass frame of the D) D* system.

With the above preparations, we can focus on the line
shapes of the invariant mass spectra of 7 j+ 5.0 and 7 i fso
for the processes eTe™ — DVTD*7~ and ete™ —
D*TD*z~ respectively, which are directly related to
two observed charmoniumlike structures Z.(3885)* and
Z.(4025)*, respectively. In the present fit, the averaged
resonance parameters of D{(2420)~ in PDG [37] are
taken as input. Here, it is worth emphasizing that besides
D™ D;(2420) the S-wave coupling between Y (4220) and
other two-body open charm channels involving a broader
charmed meson, such as D;(2430), may also contribute to

120
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100 == Total line shape
P I == - Reflection from D,(2420),
/AN e Nonpeaking background
80 . Interference
\\
60 |- \
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Fig. 2 The fit to the experimental data of ete™ — DtD*07~ by
line shapes on the spectrum of m 4 5«0 [11], where the structure near
the threshold of D D*0 corresponds to the reported Z.(3885)™. Here,
included are only the reflection from charmed meson D(2420) and
normal nonpeaking contributions together with their interference

70 ¢ BESIll data

=== Total line shape

I- == - Reflection from D,(2420)

------ Nonpeaking background
Interference

60

Events / 2.5 MeV (e*e"—(D*D %+c.c.)r)

4.02 4.04 4.06 4.08 4.10 412
Recoil mass spectrum of n° (GeV)

Fig. 3 The same as Fig. 2 but for recoil mass spectrum of 7~ of
ete™ — D*T DO~ The broad peak corresponds to Z..(4025)

the process eTe™ — D™+ D07~ However, we have found
that they can play a very similar role to the direct contribu-
tion of the background. So, for the purpose of reducing the
fitting parameters, we refer to the treatment of experimental
analysis, i.e., introduction of a factor (1 o+ 0 — (M pey+ +
M 50)) (/S — My—) — M pes po)? [11] into nonpeaking
amplitudes of Eqs. (7) and (9) to absorb their contributions.

In Fig. 2, we present our fit to the experimental data of
ete™ — DT D*07~ where the individual contributions of
reflection from Dj(2420), nonpeaking background, and their
interference are also descried. From the individual contribu-
tions, one can find that the peak structure near D* D thresh-
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Fig. 4 A sketch diagram illustrating the reflection from D;(2420) in
ete™ - D*D0n— .

old dominantly results from the D;(2420) reflection, while
the enhancement in the vicinity of 4.05 GeV comes from
the nonpeaking background. As for ete™ — D** D0z~
our fit to the D**D*0 invariant mass distributions is pre-
sented in Fig. 3. Here, it is worth mentioning that because
the BESIII data here corresponds to the recoil mass spec-
trum of 77—, so the contribution from eTe™ — Y (4220) —
D**DY(2420) — D**D**7~ should be included, which
will produce an extra factor of 2 in the amplitude of Eq.
(10). Our fit indicates that the reflection from D;(2420)
is crucial in the peak structure near the threshold of D*D*
and the interference between the reflection from D;(2420)
and the nonpeaking background is also non-ignorable. From
the present fit, one can find both Z.(3885) and Z.(4025)
structures can be reproduced well by including only the
reflection of D1(2420) and normal nonpeaking background
together with their interference. Thus, our theoretical anal-
ysis indicates that two charmoniumlike structures Z.(3885)
and Z.(4025) should have the same origin, i.e., the reflection
of the P-wave charmed meson D (2420). In addition to the
perfect reproduction of experimental data by line shapes, we
also notice the peak position of the reflection line shape of
D1(2420) in the distribution of invariant mass of D+ D*? is
weakly dependent on the input of its resonance parameters.
The peak position is almost exactly equal to 3.890 GeV. This
may provide us a very natural explanation for the problem
of mass inconsistency between Z, (3885)* and Z.(3900)*
observed in hidden-charm final states J /v * [46], which
implies these two Z. states with close mass may be gener-
ated from different production mechanisms (Table 1).

From our fit to the experimental data of both eTe™ —
DTD*7~ and ete — D**D*97~ one can find the

@ Springer

Table 1 The parameters for fitting the experimental line shape on the
invariant mass spectrum of 7 p+ 0 of ete™ — DT D*0r=

Fit ete” > DD~ ete™ — D*t D07~
SpiprEDIDT L 10 (Gev2) 0.49 (GeV~2)
8y ) p*x
é 5.16 3.08
a 0.92 0.25
b 0.52 0.98
x%/d.o.f 1.76 0.99

reflections from D1(2420) are crucial in revealing the
nature of Z.(3885) and Z.(4025). Here, we take eTe™ —
DT DO~ as an example to further show how the reflec-
tion from D;(2420) affects the recoil mass spectrum of a
pion meson. In Fig. 4, we show a dalitz plot of eTe™ —
DT D*O~ presenting individual contributions from m, p-
and m p p+. One can find the signal of D{(2420) in the dalitz
plot, in which the projection of D1(2420) in the invariant
mass spectrum of D*r is evident. Moreover, since the signal
of D1(2420) is located at the edge of the phase space, its
projection in the D D* invariant mass spectrum is concen-
trated near the threshold of DD* as a peak structure. In a
similar way, the reflection from D1(2420) in the process of
ete”™ — D**D*97~ can be analyzed. In Fig. 2, we notice
that the reflection peak shape in the invariant mass spectrum
of m jy+ p+o behaves narrower than that of 71 y«+ 0, which is
also consistent with experimental data. The reason for this is
due to kinematical properties of the reaction processes, i.e.,
the threshold of the channel D* D1(2420) is more far away
from the experimental center of mass energy of 4.26 GeV
than D D{(2420).

In fact, in addition to the description for the invariant mass
spectrum, the identification of nature of Z, (3885)* can also
be achieved by an ingenious method, i.e., the measurement
of an angular distribution of a D meson in the center of mass
frame of the DD* final state system. Here, an asymmetric
parameter A reflecting the degree of asymmetry in the angu-
lar distribution can be defined as

Olcos 6. 0.5 — Ocos 6 0.5
A= [cos Orp|> [cos Orpl< (12)

Olcos 0, p|>0.5 1 Olcos 0 p|<0.5

where 0icos 6, p>0.5 and Ojcos 6, p|<0.5 are the integrated
cross sections or event numbers of the reaction ete™ —
DD 7~ in the angle region of |cos 6, p| greater than
0.5 and smaller than 0.5, respectively, and 6 p is the angle
between bachelor pion and the D meson directions in the rest
frame of the D D* system. In general, the mechanism from
the direct decay of a charged tetraquark candidate into D D*
can present a symmetric angular distribution on cos 6, p,
which will lead to A = 0. On the other hand, for the contri-
bution from the reflection of charmed meson D{(2420), the
situation will become quite different. In Ref. [11], the BESIII
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Fig. 5 The predicted differential cross sections of ete™ — DtD*7~ and ete™ — D*tD*O7~ vs. cos 0, p and cos 65 p+, respectively. Here,

the maximums of angular distributions are normalized to one

measurements show an experimental asymmetric parameter
Adata = 0.12 £ 0.06, which is not close to zero. Thus, this
data can just provide a test of our non-resonant explanation
for Z.(3885).

Based on the above fit to experimental data by line shapes,
the differential cross sections of ete™ — DTD*0r~ vs.
cos 6, p can be predicted and are shown in Fig. 5, where
the individual contributions from the reflection of D;(2420)
and nonpeaking backgrounds are also plotted. We can see
that the angular distribution of a nonpeaking contribution
is symmetric, but there appears a monotonically increasing
distribution for the reflection of D(2420) for the range of
cos Op = —1 to cos 6,p = 1, which corresponds to an
asymmetric parameter Ap, 2420y = 0.269. After adding up
the distributions of reflection of Dj(2420) and nonpeaking
background together with their interference term, we find
that the total asymmetric parameter can be calculated as

Atotal = 0.128,

which is almost exactly equal to an experimental value
Adata = 0.12 & 0.06. Therefore, the experimental result of
an angular (6, p) distribution of e*e~™ — DT D*O7~ pro-
vides a very strong evidence for our understanding of the
charmoniumlike Z.(3885) structure.

We noticed that the BESIII Collaboration once argued that
Z.(3885) cannot be due to the reflection from the D2420)
[11], which is based on a Monte Carlo simulation and the
comparison with experimental data of measured asymmetric
parameter Agaa = 0.12 £ 0.06 [11]. In fact, as theorist, we
only believe the experimental data provided by the experi-
mentalist. To some extent, exploring the underly mechanism
behind the experimental data should be left to the theorist.
Thus, we restudied this interesting possibility of Z.(3885)
and Z.(4025) structures as the reflection from D;(2420).

Obviously, our conclusion is different from that from a sim-
ple Monte Carlo simulation [11]. This difference should be
emphasized before making definite conclusion of decoding
Z.(3885) and Z.(4025).

We further predict the differential cross sectionof eTe™ —
D*t*D*97~ vs. cos 0, p« in Fig. 5, where the line shapes of
angular distributions for total contribution and reflection of
D1(2420) are very similar to each other, which can corre-
spond to two asymmetric parameters ,A/Dl(2420) = 0.0334
and A7, = 0.0189 similar to the definition of .4 in Eq.
(12), respectively. These predictions can be verified in future
experimental measurements, which are also helpful for clar-
ifying the nature of the charmoniumlike Z.(4025) structure.

2 Summary

In this letter, we have proposed a universal non-resonant
explanation to understand the nature of two charged char-
moniumlike states Z.(3885)* and Z.(4025)*. This novel
non-resonant view is completely different from the inter-
pretation by an exotic tetraquark configuration, which has
been treated as a mainstream opinion in the previous the-
oretical discussions [16-28]. With the help of an effec-
tive Lagrangian approach, starting from a specific dynam-
ical reaction eTe~ — D™ D;(2420) — D™ D*x, where
D1(2420) is off shell at an experimental energy of /s = 4.26
GeV, we have found that the intermediate P-wave charmed
meson D;(2420) can produce the line shape of a reflec-
tive peak near the threshold of invariant mass spectra both
of mp+pw0 and mp.r pw0. Combined with a reflection of
D1(2420) and a nonpeaking background, the experimen-
tal signals of ZC(3885)jE and ZC(4025)jE can be simultane-
ously reproduced well without introducing any exotic hadron
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candidates. Furthermore, we have predicted the differential
cross sections of ete™ — D®TD07— v cos ENOR
where 0 is an angle between bachelor pion and the
D™ meson directions in the rest frame of the D™ D*
system. The theoretical results of an angular distribution
of efe™ — DTD*7~ show an asymmetric parameter
Atotal = 0.128, which is consistent with experimental value
of Agata = 0.12+0.06. This is another compelling evidence
to support our novel view for the Z.(3885) structure as a
reflection of the P-wave charmed meson Dj(2420).

The present studies provide a unique perspective to decode
charged Z, states in the XY Z family, and show again a pos-
sible fact of “what you see is not what you get” in the search
for genuine hadron structures. On the other hand, this novel
example also reflects the complexity of resonance phenom-
ena in non-perturbative QCD. Thus, more efforts by theorists
and experimentalists are still needed for understanding these
XY Z states more deeply. Of course, we believe that more pre-
cise experimental data can eventually answer to these prob-
lems, which is worth expecting in the future.
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