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The newly observed Xð2100Þ by the BESIII Collaboration inspires our interest in studying the light
meson system, especially axial-vector mesons. Since Xð2100Þ has JP ¼ 1þ possibilities but cannot be
distinguished only by mass, we make use of flux-tube model to study the strong decay behavior of Xð2100Þ
under this assignment. The experimental width of the newly reported Xð2100Þ can be reproduced in our
calculation, which favors an assignment of Xð2100Þ as the second radial excitation of h1ð1380Þ with
IðJPÞ ¼ 0ð1þÞ. And BðXð2100Þ → ϕη0Þ has a sizable contribution to the total width. Furthermore, we
focus on the production of Xð2100Þ and its flavor partner h1ð1965Þ induced by pion and kaon on a proton
target with the Feynman model and the Regge model, which is an available platform to further identify
their nature. The numerical results indicate that the total cross section is similar in the two models.
When the range of momentum pLab is 10–30 GeV=c, the total cross sections for π−p → Xð2100Þn and
K−p → Xð2100ÞΛ are predicted to be at an order of magnitude of 0.1 μb. However, the total cross section
for π−p → h1ð1965Þn is near an order of magnitude of 10 μb when pLab is from 10 to 30 GeV=c and
much larger than that of reaction K−p → h1ð1965ÞΛ. These predictions can provide some valuable
information to search for Xð2100Þ and h1ð1965Þ in experiments at J-PARC, COMPASS, OKA@U-70, and
SPS@CERN.
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I. INTRODUCTION

Since 2003, a series of light flavor XYZ states have been
observed, which include Xð1835Þ in J=ψ → γη0πþπ− [1,2],
Xð1860Þ in J=ψ → γpp̄ [3], Xð1812Þ in J=ψ → γωϕ [4],
Yð2175Þ in J=ψ → ηϕf0ð980Þ [5,6], and so on. These
observations have stimulated theorists’ extensive interest in
decoding their inner structures under either exotic state
framework [7–16] or conventional meson system [17–23].
These observed light flavor XYZ states have enlarged our
knowledge on establishing light meson spectrum and
exploring exotic hadronic states.

The progresses of exploring light flavor XYZ states
never stop. Recently, the BESIII Collaboration announced
the observation of a structure in the ϕη0 invariant mass
spectrum of the J=ψ → ϕηη0 decay [24]. With two assump-
tions of the spin-parity quantum number (JP ¼ 1− and 1þ),
its resonance parameters are extracted, i.e.,

JP ¼ 1−∶
�
M ¼ ð2002.1� 27.5� 15.0Þ MeV

Γ ¼ ð129� 17� 7Þ MeV
ð1Þ

and

JP ¼ 1þ∶
�
M ¼ ð2062.8� 13.1� 4.2Þ MeV

Γ ¼ ð177� 36� 20Þ MeV
: ð2Þ

However, the present angular distribution analysis cannot
distinguish the 1− and 1þ assumptions due to the limited
statistics [24].
Before the BESIII observation, Lanzhou group once

systematically studied axial-vector meson family by ana-
lyzing mass spectrum and calculating two-body Okubo-
Zweig-Iizuka (OZI)-allowed decays [25]. Here, the second
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radial excitation of h1ð1380Þ, h1ð2120Þ was predicted,
whose resonance parameter is consistent with the BESIII’s
measurement listed in Eq. (2). This fact makes us con-
jecture that this structure existing in the ϕη0 invariant
mass spectrum of the J=ψ → ϕηη0 decay [24] should be
a good candidate of higher state in the h1 meson family. In
the following discussion, this structure reported in the
J=ψ → ϕηη0 decay [24] is named as Xð2100Þ tentatively.
We need to emphasize that both J=ψ → Xð2100Þη and
Xð2100Þ → ϕη0 are typical S-wave decays under the axial-
vector meson assignment to Xð2100Þ.
In this work, we briefly illustrate the reasonability of

categorizing Xð2100Þ as the second radial excitation of
h1ð1380Þ. Comparing with former work [25], the present
work provides more comprehensive information of two-
body OZI-allowed decay behavior of Xð2100Þ, where we
adopt the flux-tube model [19,26–29] to deal with the
calculation of strong decays. It is obvious that the infor-
mation of decay can be applied for further study relevant
to Xð2100Þ. Concretely, we can extract the branching
fraction of J=ψ → Xð2100Þη by the product branching
fraction BðJ=ψ→ηXð2100ÞÞ×BðXð2100Þ→ϕη0Þ¼ ð9.6�
1.4�1.6Þ×10−5, which was given by BESIII [24]. And
then, the product branching fraction BðJ=ψ→ηXð2100ÞÞ×
BðXð2100Þ→ϕηÞ can be estimated. According to it, we
may expect that experimental search for Xð2100Þ becomes
possible via J=ψ → ηηϕ. The detailed illustration can be
found in the following sections.
Furthermore, the present work focuses on the production

of Xð2100Þ via pion and kaon induced reactions. In the
concrete calculation, we adopt effective Lagrangian
approach. The obtained partial decay widths of Xð2100Þ
can be applied to extract the corresponding coupling
constants, which will be input parameters when calculating
the cross section of these discussed production processes.
Since Xð2100Þ only was observed in a hadronic decay of
J=ψ [24], searching for Xð2100Þ via other processes will be
an interesting issue. The present study can provide valuable
information for further experiments. This paper is organ-
ized as follows. After introduction, the categorization of
Xð2100Þ in h1 meson family is performed in Sec. II. And
then, in Sec. III, we explore the production of Xð2100Þ
induced by pion or kaon. The paper ends with a short
summary in Sec. IV.

II. CATEGORIZING Xð2100Þ IN h1
MESON FAMILY

In this section, we perform a study of the spectrum and
OZI-allowed strong decay behavior of the newly observed
Xð2100Þ when trying to categorize it in the corresponding
meson family.
The Regge trajectories assume some mass dependence

for states with different total spin, which satisfies the
relation M2

J ¼ M2
J0 þ α2ðJ − J0Þ, where J or J0 is the spin

of a meson, MJ and MJ0 denote the masses of mesons with

different spins and with the same P andC quantum numbers.
The discussed h1 states with IðJPCÞ ¼ 0ð1þ−Þ can construct
Regge trajectories by combing h3 states with 0ð3þ−Þ and h5
states with 0ð5þ−Þ. When checking Particle Data Group
(PDG) data [30], we notice that there only exist two h3 states
[h3ð2025Þ and h3ð2275Þ�, and h5 states are missing in the
experiment, which makes it difficult to quantitatively esti-
mate the masses of higher h1 states by J −M2

J plot.
Considering this, in this work, we adopt another analysis
of Regge trajectories, which is a nonstandard way.
Since this approach of Regge trajectory analysis [31,32]

was extensively adopted and tested in different meson
systems (see Refs. [18,19,25,33–37] for more details), in
this work we plot Regge trajectories to analyze Xð2100Þ
with formula

M2 ¼ M2
0 þ ðn − 1Þμ2; ð3Þ

whereM0 is the ground state mass andM denotes the mass
of radial excitation with radial quantum number n. μ2 is the
slope parameter of the trajectory [33].
If fixing slope parameter μ2 ¼ 1.19 GeV2 and taking the

mass of h1ð1170Þ and h1ð1380Þ as input, we can construct
Regge trajectory and find that the mass of the second radial
excitation of h1ð1380Þ is 2087 MeV, which overlaps with
the measured mass of Xð2100Þ by BESIII with the JP ¼ 1þ
assumption [24]. The analysis of Regge trajectories for
these discussed h1 states is shown in Fig. 1. It shows that
assigning Xð2100Þ into the isoscalar axial-vector meson
family is possible.
In the following discussion, we focus on OZI-allowed

strong decay behavior of the newly observed Xð2100Þ as an
axial vector in the flux-tube model [19,26–29], by which
the reliability of this assignment can be tested further.
The model is applied to quantitatively give the decay

FIG. 1. The analysis of the Regge trajectories for these h1 states
with μ2 ¼ 1.19 GeV2. Here, the solid circles with blue denote
experimental values. Hollow circles are theoretical values,
and wine rhombuses denote further states listed in PDG [30].
The newly observed Xð2100Þ under the JP ¼ 1þ assignment is
marked by the red star.
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information of hadron. In the flux-tube model, a quark and
antiquark connected by a tube of chromoelectric flux
construct a meson, where this tube can be treated as a
vibrating string. For the meson, the string is in the vibra-
tional ground state (vibrational excitation corresponds to
hybrid). When a meson decay occurs, the vibrational string
breaks at a point, and simultaneously a quark-antiquark pair
is created from vacuum to connect to the free end of string
and further form two outgoing mesons. The details of the
flux-tube model can be referred to Refs. [26,29].
Before experimental observation, Lanzhou group sys-

tematically studied the decay behavior of axial-vector
mesons [25] in 3P0 model. However, the decay channel
ϕη0 was not considered in their calculation, which is an
important channel because of observation of Xð2100Þ in
this constant mass spectrum. Therefore, we calculate the
strong decay behavior of Xð2100Þ under axial-vector
meson assignment again but in flux-tube model. As is
known, the second radial excitation of h1ð1380Þ is mainly
composed of ss̄, and Xð2100Þ is observed in the ϕη0
invariant mass spectrum, so Xð2100Þ is a good candidate
of h1ð1380Þ’s radial excitation.
In order to test the reliability of the model and these

adopted parameters, we study the ground states of h1
family. Usually, a mixing scheme should be introduced
when discussing h1ð1170Þ and h1ð1380Þ, i.e.,

� jh1ð1170Þi
jh1ð1380Þi

�
¼

�
sin θ1 cos θ1
cos θ1 − sin θ1

�� jnn̄i
jss̄i

�
; ð4Þ

where nn̄ ¼ ðuūþ dd̄Þ= ffiffiffi
2

p
. θ1 is the mixing angle. The

concrete value of θ1 is suggested to be θ1 ∼ 82.7° [38],
θ1 ¼ 86.8° [39], θ1 ¼ 85.6° [40] by different theoretical
groups. In our calculation, we adopted θ1 ¼ 78.7° from the
estimate by Gell-Mann-Okubo formula. And then, the
obtained decay behavior is shown in Fig. 2. We can see
that h1ð1170Þ and h1ð1380Þ are well-established ground
states in the h1 meson family.
The key point of the present work is to test the possibility

of the newly observed Xð2100Þ as the second radial
excitation of the h1 family, which becomes a partner of
h1ð1965Þ. Xð2100Þ and h1ð1965Þ satisfy the below relation.

� jh1ð1965Þi
jXð2100Þi

�
¼

�
sin θ2 cos θ2
cos θ2 − sin θ2

�� jnn̄i
jss̄i

�
: ð5Þ

The total width of Xð2100Þ under h1ð1380Þ’s second
radial excitation assignment is shown in Fig. 3 when taking
θ ¼ 78.7°.1

FIG. 2. The R dependence of the total and partial decay widths
of h1ð1170Þ [41–43] and h1ð1380Þ [44–47], where the corre-
sponding experimental data (dashed lines with gray band) for
comparison with our theoretical calculation are listed. The
selected R range already contains the suggested R value for
ground state of the h1 family in Ref. [48].

FIG. 3. The strong decay behaviors of Xð2100Þ and h1ð1965Þ,
which are signed as the second excited state of the axial meson.
(a),(b) are the total decay width of Xð2100Þ and h1ð1965Þ,
respectively, in comparison with the experimental data (dashed
lines with gray band). (c) The branch ratio of decay channels of
Xð2100Þ (red star) and h1ð1965Þ (blue diamond) with R ¼
4.78 GeV−1 and 5.17 GeV−1, respectively.

1We can get the mixing angle from Gell-Mann-Okubo
formula using the masses of ground states. Generally, the

θ ¼ arctan
m2

18

m2

h0
1

−m2
8

þ arctan
ffiffiffi
2

p
is the same as ground states, if

the masses of excited nonet are obtained from Regge trajectory.
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We can see that the experimental width of Xð2100Þ can
be reproduced well, which shows that Xð2100Þ can be a
good candidate of the second radial excitation of the h1
meson family. The corresponding branching ratios are
given in Fig. 3. Here, KK�ð1410Þ and KK� as main decay
channels and K�K�, KK�

0ð1430Þ, ηϕ, KK�
2ð1430Þη0ϕ, πρ,

and πρð1450Þ as subordinate decays can be identified.
Since weak interaction dominates the decay of kaon,
identifying kaon existing in final decay channels of
Xð2100Þ mentioned above is not a easy task. It shows
that the whole reconstruction efficiency of Xð2100Þ via
these kaon final states is low.
Since Xð2100Þ → ϕη0 has a sizable contribution to the

total width, Xð2100Þ first observed in the ϕη0 final state can
be understood. Our calculation gives that the branching
ratio of Xð2100Þ → ϕη0 can reach up to 3.29% as seen in
Fig. 3. Furthermore, branching ratio does not change much
with changes in R. The BESIII Collaboration measured
the product branching fraction BðJ=ψ→ηXð2100ÞÞ×
BðXð2100Þ→ϕη0Þ¼ ð9.6�1.4�1.6Þ×10−5. Combining
our theoretical result and these experimental data, we
may extract

BðJ=ψ → ηXð2100ÞÞ ¼ 2.92 × 10−3:

This branching ratio provides important information on
further theoretical study on the production of Xð2100Þ
associated with a η meson via the J=ψ decay.
Additionally, we notice that Xð2100Þ → ϕη with branch-

ing ratio 6.06% is comparable with Xð2100Þ → ϕη0. It is
obvious that this product branching fraction is comparable
with BðJ=ψ → ηXð2100ÞÞ × BðXð2100Þ → ϕη0Þ. Thus,
experimental search for Xð2100Þ via J=ψ → ϕηη is sug-
gested, which can be a potential experimental issue at
BESIII.
As the partner of Xð2100Þ, the decay behaviors of

h1ð1965Þ can be obtained, which is illustrated in Fig. 3.
h1ð1965Þ that is listed in PDG as a further state has not been
determined. If reproducing the central value of the width of
h1ð1965Þ, we should take R ¼ 5.17 GeV−1. The corre-
sponding typical decay channels are ρπ, ρð1450Þπ, which
almost determine the total width of h1ð1965Þ. Then, ηω,
KK�ð1410Þ, and KK� have sizable contribution to the total
decay width, which may explain why the Crystal Barrel
experiment announced the observation of h1ð1965Þ in the
pp̄ → ωη process [49].
In the near future, BESIII will play an important role to

explore light hadrons. Our results also show that h1ð1965Þ
may decay into ηω which has comparable branching
fraction with that of η0ω (see Fig. 3), i.e.,

Γðh1ð1965Þ → ωηÞ
Γðh1ð1965Þ → ωη0Þ ¼ 3.0: ð6Þ

We suggest BESIII to carry out the study of J=ψ →
ηh1ð1965Þ → ηη0ω and ηηω, especially by checking the
corresponding ωη and ωη0 invariant mass spectra. Since
h1ð1965Þ is a broad structure, how to identify this broad
resonance will be a challenge for experimentalist.

III. EXPLORING THE PRODUCTION OF Xð2100Þ
From the above analysis of mass spectrum and hadronic

decay behavior, it is appropriate to categorize Xð2100Þ into
axial-vector h1 family. However, we still need more
experimental data to further confirm the assignment of
Xð2100Þ as h1ð3PÞ. Since Xð2100Þ is only observed in the
J=ψ hadronic decay, so its experimental search in different
reaction platforms will become important. In the past four
decades, the reaction induced by pion or kaon on a proton
target is a very important kind of experimental tool to
search for light hadrons, especially the axial-vector h1
mesons. For example, both h1ð1170Þ [41,42] and h1ð1595Þ
[50] are produced in the early experiments via pion induced
reaction on a proton target. Similarly, as the partner of the
ground state of h1ð1170Þ, h1ð1380Þ also has been obtained
from reaction K−p → h1ð1380ÞΛ [44] in the LASS experi-
ment. Therefore, pion-proton and kaon-proton scattering
could be alternative methods to study the properties of
Xð2100Þ and other axial-vector mesons. At the same time,
the research results of hadronic decays in Sec. II can be
used to extract coupling constants of the interaction vertex,
which can allow us to make a quantitative calculation of
pion and kaon induced reaction.
Based on the above motivations, we will investigate the

productions of Xð2100Þ and its partner h1ð1965Þ via
pion and kaon induced reaction on a proton target by an
effective Lagrangian approach. These theoretical predic-
tions are expected to be valuable for the relevant exper-
imental measurements, which include J-PARC [51] and
COMPASS [52] with pion beam, and OKA@U-70 [53],
SPS@CERN [54], and J-PARC [55] with kaon beam.
The Feynman diagrams of induced reactions of pion

and kaon on a proton target are illustrated in Fig. 4, where
only t-channel diagram is considered. In general, the
contribution from the s channel is expected to be very
small here because the mass of intermediate nucleon pole
is much smaller than the production threshold of Xð2100Þ
or h1ð1965Þ. In addition, since the decay width of
Xð2100Þ=h1ð1965Þ → pp̄ is not dominant, the u-channel

FIG. 4. The Feynman diagrams for the productions induced by
pion and kaon. The left is π−p → h1n reaction and the right is
K−p → h1Λ reaction.
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contribution is usually negligible at low energies. At higher
energies, the u-channel contribution always concentrates at
backward angles, which can be easily distinguished from
t-channel contribution at forward angles. Thus, in the
present work, we only consider the contribution of vector
meson exchange in t channel and ignore the contributions
from the nucleon resonances in the s and u channels. As
seen in Fig. 3, the πρ and KK� are main two-body decay
channels of h1ð1965Þ and Xð2100Þ. Hence, only ρ and K�
exchange is considered.
For the reaction of π−p → h1n, the related effective

Lagrangian that is shown in the left of Fig. 4 can be written
as [56–59]

Lh1ρπ ¼ gh1ρπh
μ
1ρ⃗μ · π⃗;

LρNN ¼ −gρNNN̄

�
γμ −

κρ
2mN

· σμν∂ν

�
τ⃗ · ρ⃗μN; ð7Þ

where N; h1; ρ, and π denote the nucleon, Xð2100Þ or
h1ð1965Þ, ρð770Þ, and pion field, respectively. Here, the
coupling constants gρNN ¼ 3.36 and κρ ¼ 6.1 are adopted
as suggested in Refs. [56,57]. Besides, the coupling
constants gXð2100Þρπ and gh1ð1965Þρπ can be determined by
the calculated decay width of Xð2100Þ → ρπ and
h1ð1965Þ → ρπ in the flux tube model, respectively. The
BESIII data [24] indicate that the central total width of
Xð2100Þ is 177 MeVunder the JP ¼ 1þ assumption, which
corresponds to a partial width of 5.5 MeV for the
Xð2100Þ → ρπ in our theoretical calculation. In the effec-
tive Lagrangian framework, this width will lead to a value
of coupling constant gXð2100Þρπ ¼ 0.395. Similarly, the
central total width of h1ð1965Þ as a further state in PDG
is suggested to be 345 MeV [49] and so the partial width of
h1ð1965Þ → ρπ we calculated is 177.34 MeV, from which
the coupling constant gh1ð1965Þρπ ¼ 1.83 can be obtained.
For the reaction of K−p → h1Λ, the related effective

Lagrangian that is shown in Fig. 4 can be written as [59–61]

Lh1KK� ¼ gh1KK�hμ1ðK�†
μ KþK†K�

μÞ;

LK�NΛ¼−gK�NΛN̄

�
=K�−

κK�NΛ

2mN
σμν∂νK�ν

�
ΛþH:c:; ð8Þ

where K;K�, and Λ denote kaon, K�, and hyperon Λ field,
respectively, and mN is the mass of nucleon. By the same
way, we can get the coupling constants gXð2100ÞKK� ¼ 1.32
and gh1ð1965ÞKK� ¼ 0.816 from the decay behaviors of
Xð2100Þ → KK� and h1ð1965Þ → KK�. The coupling
constants gK�NΛ ¼ −4.26 and κK�NΛ ¼ 2.66 were given
by the Nijmegen potential [62].
For the t-channel exchange, we introduce a monopole

type form factor FvðkÞ ¼ ðΛ2
v −m2

vÞ=ðΛ2
v − k2Þ at each

interaction vertex [63,64], where k and mv are the four-
momentum and mass of the exchanged meson, respectively,
where subscript v represents the corresponding exchanged

vector meson, such as ρ and K�. The main reason for
introducing form factor is to compensate the off-shell
effects of the exchanged meson and depict the inner
structure of every interaction vertex at the hadron level
[65,66]. The value of the cutoff Λv can be parametrized to
be Λv ¼ mv þ αΛQCD, where ΛQCD ¼ 220 MeV [67].
In general, the cutoff parameter α is taken near 1.0 [68],
so we take α ¼ 1.0 in this work when giving the concrete
numerical results.
According to the above effective Lagrangians, the

scattering amplitude of the π−p → h1n can be obtained,

Mπ−p→h1n ¼ −gρNNgh1ρπ
ffiffiffi
2

p
ūðp4Þ

�
γμ þ κρ

mN
σμνðptνÞ

�

× uðp2Þ
g̃αμ

p2
t −m2

ρ
ϵ�αh1F

2
ρðptÞ; ð9Þ

where p2 and p4 are the four-momentum of incident
proton and outgoing h1, respectively (see Fig. 4), and pt ¼
p4 − p2 describes the four-momentum of exchange
meson ρ. ϵ�αh1 is the polarization vector of h1 meson and

g̃αμ ¼ −gαμ þ pμ
t p

α
t

m2
ρ
. The uðp2Þ and ūðp4Þ are the Dirac

spinor of proton and neutron, respectively. For the process
K−p → h1Λ, the scattering amplitude reads as

MK−p→h1Λ ¼ −gK�NΛgh1KK� ūðp4Þ
�
γμ −

κK�NΛ

2mN
σμνð−ipν

t Þ
�

× uðp2Þ
g̃αμ

p2
t −m2

K�
ϵ�αh1F

2
K� ðptÞ; ð10Þ

where g̃αμ ¼ −gαμ þ pμ
t p

α
t

m2
K�
.

In order to better describe the behavior of the hadron
production at high momentum, the Reggeized treatment
should be introduced to the t channel, as well as the
Feynman model above [69–75]. The Regge model can be
introduced by replacing the product of the form factor in
Eqs. (9) and (10) as

F2
t ðqρÞ → F 2

t ðqρÞ ¼
�

s
sscale

�
αρðtÞ−1 πα0ρðt −m2

ρÞ
Γ½αρðtÞ� sin½παρðtÞ�

× ð1þ ξe−iπαρðtÞÞ; ð11Þ

F2
t ðqK�Þ→F 2

t ðqK� Þ¼
�

s
sscale

�
αK� ðtÞ−1 πα0K�ðt−m2

K� Þ
Γ½αK� ðtÞ�sin½παK� ðtÞ�

×ð1þξe−iπαK� ðtÞÞ: ð12Þ

The scale factor sscale is fixed at 1 GeV, and ξ is signature
and ξ¼−1 for the ρ-meson or K�-meson exchange [69,75].
It is worth mentioning that e−iπαρðtÞ ¼ cos½παρðtÞ� −
i sin½παρðtÞ� and the poles at positive t include the
ρð770Þ (αρ ¼ 1), ρ3ð1690Þ (αρ ¼ 3), and so on, and the
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contributions of the poles with αρ ¼ 2; 4;… can be avoided
automatically. In addition, the Regge trajectories of αρ and
αK� read as [56,76]

αρðtÞ ¼ 0.55þ 0.8t=GeV2;

αK�ðtÞ ¼ 1þ 0.85ðt −m2
K� Þ=GeV2: ð13Þ

Here, as usual, we assume that only the low-mass first
trajectory dominates as suggested in Ref. [77]. For exam-
ple, the daughter trajectory that began with ρð1450Þ is not
included in the calculation.
With the above preparations, the cross section of the

π−p → Xð2100Þn, K−p → Xð2100ÞΛ, π−p → h1ð1965Þn,
andK−p→h1ð1965ÞΛ reactions will be calculated directly.
The differential scattering cross section can be written as

dσ
dt

¼ 1

64πs
1

jp1cmj2
jM̄j2; ð14Þ

where p1cm is the momentum of incident pion or kaon
in the center of mass system and t ¼ ðp1 − p3Þ2 is
square of the four momentum of the exchanged meson.
s ¼ ðp1 þ p3Þ2 is square of center of mass energy. The
overline in jM̄j2 means the average for the spin of initial
states proton and the sum over the spin of final states h1 and
neutron (hyperon).
From Fig. 5, we can see that the total cross section for

π−p → Xð2100Þn reaction is presented in the Feynman
model and the Regge model. The line shape in both models
is different. The line shape of total cross section in the
Feynman model sharply increases near the threshold, but
then slowly trends to a stable value. However, in the Regge
model, the total cross section increases sharply near the
threshold and reaches a maximum of 0.20 μb at a momen-
tum pLab of 12.0 GeV=c. Different from the Feynman case,
the line shape of total cross section in the Regge model

decreases when pLab is greater than 12.0 GeV=c. We can
also see from Fig. 5 that the Regge result is a little larger
than that of the Feynman model within the momentum
range from threshold to 18 GeV=c. However, as pLab
continues to increase, the result of the Feynman model
is greater. Overall, the total cross section for π−p →
Xð2100Þn is predicted to be at an order of magnitude of
0.1 μb in both models. According to our theoretical
predictions, the pLab range of 8.0–20 GeV=c may be a
suitable momentum window for future experiment to
explore Xð2100Þ on the pion-proton scattering platform.
Additionally, we notice that there exists a small cusp near

the production threshold for the Regge result; it is relevant
to the poles of Γ½αρðtÞ� which cannot be compensated by
sin½παρðtÞ� due to the existence of the factor 1 − e−iπαρðtÞ,
which leads to a dip at αρðtÞ ¼ 0, −2, −4, and so on.
Such dip is also found in differential cross section of the
πN → πN scattering [75]. If we recall that the Regge model
is more appropriate to describe the behavior at high
momentum and the near threshold behavior is more
relevant to the Feynman exchange [78–80], such cusp
may be unphysical. The future precise experimental data
are very helpful to clarify this issue.
In Fig. 6, we present the total cross section of theK−p →

Xð2100ÞΛ reaction within the Regge model and the
Feynman model. Similar to the pion induced case, the line
shape of total cross section in the Regge model is different
from that of in the Feynman model. In the Regge result, we
can find that the line shape of total cross section goes up
quite rapidly and has a peak around pLab ¼ 5.4 GeV=c.
Compared to the Regge model, the Feynman model gives a
larger cross section. The line shape difference between
these two models is very helpful to clarify the role of the
Regge model in further experiments. Although ground state
h1ð1380Þ has been discovered in the kaon-proton scattering
experiment [44], the experimental cross section data of

FIG. 5. Total cross section for the π−p → Xð2100Þn reaction in
the Feynman model and the Regge model.

FIG. 6. Total cross section for theK−p → Xð2100Þn reaction in
the Feynman model and the Regge model.
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kaon induced production of axial-vector h1 states are still
lacking. So, we encourage experimentalists to pay attention
to the production of excited h1 states in both kaon-proton
and pion-proton scattering, especially to Xð2100Þ. It is very
important to further understand their properties.
As we know, h1ð1965Þ as a further state is listed in PDG

[24]. Only the Crystal Barrel experiment [49] reported its
resonance parameters by analyzing the pp̄ → ωη, ωπ0π0

reactions. It means that h1ð1965Þ is still waiting for the
confirmation from other experiments. Thus, the production
of h1ð1965Þ induced by pion and kaon on a proton target
has also been studied in this work. In Fig. 7, we present our
calculations of the total cross section for π−p → h1ð1965Þn
in both the Feynman model and the Regge model. The line
shape of total cross section in both models is similar to the
case of π−p → Xð2100Þn. The total cross section reaches a
maximum of 5.4 μb at pLab ¼ 11.0 GeV=c in the Regge
model. In the Feynman case, the total cross section
increases with enhancement of beam momentum, and then
tends to be about 4 μb. We can see the production cross
section of h1ð1965Þ induced by pion is very significant,
which is mainly benefited from a dominant decay width of
h1ð1965Þ → ρπ. In addition, the h1ð1170Þ as ground state
has been observed in pion-proton scattering [42]. And the
measured cross section of the process π−p → h1ð1170Þn at
laboratory momentum pLab ¼ 8.06 GeV is 41.1� 4.9 μb,
as marked with a black star in Fig. 7, which can be
compared with our prediction. Thus, it is very promising
to observe h1ð1965Þ structure in pion-proton scattering
experiment. Compared to pion induced reaction, the cross
section of K−p → h1ð1965ÞΛ presented in Fig. 8 is much
smaller since Bðh1ð1965Þ → KK�Þ is about 2 orders of
magnitude smaller than Bðh1ð1965Þ → πρÞ and it is more
difficult to exchange a K� meson than to exchange a ρ

meson. Therefore, we strongly recommend the experiments
with pion beamlike J-PARC and COMPASS to study
h1ð1965Þ, which can be detected by the dominant channel
ρπ and the reconstruction of final states π0πþπ−n as
suggested by us. Obviously, the more deeper knowledge
of h1ð1965Þ is also helpful to understand the nature of
Xð2100Þ, so it is a good chance for the above experiment
facilities.

IV. SUMMARY

Inspired by the BESIII’s observation of Xð2100Þ from
analyzing J=ψ → ηη0ϕ [24], we study possibility of
Xð2100Þ as a conventional meson. Through the analysis
of the mass, we find that there exist two assignments to
Xð2100Þ, i.e., Xð2100Þ can be the second radial excitation
of h1 family or the second radial excitation of isoscalar
vector states.
Thus, a further calculation of two-body OZI-allowed

strong decay behavior of Xð2100Þ under these possible
assignments is helpful to test these assignments by comb-
ing with the present experimental data. Our result shows
that it is suitable to explain Xð2100Þ to be as the second
radial excitation of h1ð1380Þ since the experimental width
of Xð2100Þ can be reproduced and the branching ratio of
Xð2100Þ → ϕη0 has a sizable contribution to the total
width. In addition, h1ð1965Þ is a good candidate for the
partner of the second radial excitation of h1ð1380Þ. We
suggest a possible channel J=ψ → ϕηη to identify Xð2100Þ
in the corresponding ϕη invariant mass spectrum. As an
important part of light hadron spectrum, the axial-vector
light meson family is not well established. The observation
of Xð2100Þ in J=ψ → ηη0ϕ provides us a good chance to
further perform the investigation of isoscalar axial-vector
light mesons.
In addition, the productions of Xð2100Þ and its partner

h1ð1965Þ induced by pion and kaon on a proton target are

FIG. 8. The total cross section for the K−p → h1ð1965Þn
reaction in the Feynman model and the Regge model.

FIG. 7. Total cross section for the π−p → h1ð1965Þn reaction
in the Feynman model and the Regge model. The point of black
star with black bar is cross section of π−p → h1ð1170Þn
reaction [42].
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predicted in both the Feynman model and the Regge model.
The total cross sections are predicted to be at an order of
magnitude of 0.1 μb in both π−p → Xð2100Þn and
K−p → Xð2100ÞΛ. This result indicates Xð2100Þ is poten-
tial to be experimentally measured by J-PARC, COMPASS,
OKA@U-70, and SPS@CERN experiment. The predicted
cross section of π−p → h1ð1965Þn is much larger than that
of the reaction K−p → h1ð1965ÞΛ and can be compared
with the experimental data of process π−p → h1ð1170Þn.
Therefore, we strongly recommend COMPASS and other
experiments to discover h1ð1965Þ on the pion-proton
scattering platform. This is of great significance for study-
ing the properties of h1ð1965Þ and understanding the newly
observed Xð2100Þ.
In the following several years, the BESIII and

COMPASS experiments will still be the main force of
exploring the light hadrons. These theoretical predictions
presented in this work may provide valuable reference for
future experimental studies on this issue.
In fact, the physics around 2.1 GeV light hadrons should

be paid more attention, which has close relation to these

higher states of the ρ, ϕ, ω, and h1 meson families and
exotic states. The former observed Yð2175Þ has inspired
extensive discussion on this issue. When facing the
different experimental observations of the states around
2.1 GeV, we should be very careful to directly treat them to
be the same state as the observed Yð2175Þ only according
to a simple comparison of their resonance parameters.
Furthermore, the study of their decay and production will
provide valuable information to identify their inner struc-
ture. The present work provides a typical example. We
expect more theoretical groups to focus on the physics
around 2.1 GeV light hadrons.
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