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By the reaction of kaon interacting with a proton, we investigate the production of the newly observed
η1ð1855Þ predicted in the picture of the KK̄1ð1400Þ molecular state and hybrid state. The total and
differential cross sections of the concrete K−p → η1ð1855ÞΛ reaction are calculated. Taking the partial
decay width of the η1 to KK̄� as 0.9 MeV and 98.1 MeV, the minimum cross section of the η1ð1855Þ
production via the K−p reaction can reach up 0.59 nb and 63.8 nb at the center of mass energies
W ≃ 3.5 GeV, respectively. The differential cross sections for the η1ð1855Þ production at the different
center of mass energies are also available. Furthermore, we present the Dalitz processes of 2 → 3 and
2 → 4, and initially discuss the feasibility of finding out the η1ð1855Þ in experiments like J-PARC.
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I. INTRODUCTION

Until now, the BESIII Collaboration has collected the
world largest data sample of J=ψ , which provide a good
platform to carry out the study of the light hadron
spectrum [1]. Recently, by analyzing the partial wave
of the J=ψ → γηη0 decay, the BESIII Collaboration [2,3]
reported the observation of the η1ð1855Þ in the ηη0
invariant mass spectrum with a significance of 19σ, which
has quantum number IGðJPCÞ ¼ 0þð1−þÞ. And its mass
and width are

m ¼ 1855� 9þ6
−1 MeV; Γ ¼ 188� 18þ6

−1 MeV; ð1Þ

respectively. Obviously, the observed η1ð1855Þ cannot be
grouped into the conventional hadron, which is a good
candidate of exotic states as indicated by some theoretical

groups, where the η1ð1855Þ was interpreted as a hybrid
state [4–6], a molecular state [7,8], and a tetraquark
state [9].
At present, the η1ð1855Þ was only observed in the

radiative decay J=ψ → γηη0, confirming this observation
by other processes is an interesting experimental topic,
which will be helpful to establish this exotic state in
experiment and may provide some valuable information
to reflect its inner structure. Under different assignments to
the η1ð1855Þ [4,7], the strong decays of the η1ð1855Þ were
studied, where the η1ð1855Þ has strong interaction with the
Kð�ÞK̄ð�Þ channels. This result inspires us to propose that
the reaction of the kaon and proton can be applied to study
the production of the η1ð1855Þ.
By checking the Particle Data Group [10], we may find

that the K̄p reaction is an ideal process to explore the light
hadron spectrum. Taking the ϕð1020Þ as an example, the
ϕð1020Þ was firstly found in the K−p → ΛKK̄ reaction
[11]. When investigating the production problem of the
η1ð1855Þ, we naturally pay attention to the K̄p reaction,
which is an effective approach among these possible
production processes. There are available experiments at
OKA@U-70 [12] and SPS@CERN [13], and J-PARC
[14,15]. For answering whether the η1ð1855Þ can be
accessible at these facilities, we should have a realistic
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study of the production of the η1ð1855Þ via the K−p
reaction.
Table I shows the partial decay width of η1 predicted

based on the hybrid state [4] and molecular state [7]
assumptions, respectively. We note that in the molecular
state model hypothesis [7], the width of the η1ð1855Þ
decays to KK̄� is only 0.9 MeV, while in the hybrid state
model [4] the width of the η1ð1855Þ decays to KK̄� reaches
up to 98.1 MeV. Such a large decay width difference may
lead to the difficulty of finding the η1ð1855Þ through K̄p
scattering experiments, so it is interesting to study the
K−p → η1ð1855ÞΛ scattering process, which will help us
understand and clarify the nature of the η1ð1855Þ. In this
work, we calculate the production of K−p → η1ð1855ÞΛ
with a t-channel K=K� exchange, where the effective
Lagrangian approach and Regge model are adopted. In
the following section, the details will be given.
This paper is organized as follows. After the introduc-

tion, we present the formalism including Lagrangians and
amplitudes of the η1ð1855Þ production in Sec. II. The
numerical results are discussed in Sec. III, followed by a
brief summary in Sec. IV.

II. THE PRODUCTION OF THE η1ð1855Þ
VIA THE K̄p REACTION

The exotic states η1ð1855Þ ð≡η1Þ can be produced via
the K̄p reaction, where the diagram is shown in Fig. 1
when the t-channel exchange of the K=K� meson is
considered. In the present work, the contributions from
the u- and s-channel are negligibly small because they are
strongly suppressed due to the reason that the two channels
proceed with the annihilation of a quark pair in the initial
state and the creation of an additional light quark pair in
the final state. Moreover, since the total cross section may

be reduced after introducing Reggeized treatment for
baryon exchange [16], the contributions from the s- and
u-channel with baryon exchange will not be included in
this work.
For kaon induced production of the η1ð1855Þ, the

relevant Lagrangians for the t-channel read as below
[17–20]

Lη1KK ¼ −igη1KK½ð∂μKÞK̄ − ð∂μK̄ÞK�η1μ; ð2Þ

LKNΛ ¼ igKNΛN̄γ5ΛK þ H:c:; ð3Þ

Lη1K�K ¼ gη1K�K

mη1

ϵαβμν∂
βηα1∂

νK�μK; ð4Þ

LK�NΛ ¼ −gK�NΛN̄

�
=K� −

κK�NΛ

2mN
σμν∂

νK�μ
�
Λþ H:c:; ð5Þ

where ϵαβμν is the Levi-Civita tensor. η1, K, K�, N and Λ
stand for the fields of the η1ð1855Þ, K, K� meson, nucleon
and Λ, respectively. The coupling constant gKNΛ ¼ −13.24
can be determined [17] by the SU(3) flavor symmetry
relation [21,22]. Moreover, in the Nijmegen potential [23],
the calculated results show that the values of the coupling
constants gK�NΛ and κK�NΛ are −4.26 and 2.66, respectively.
From Table I, it is noted that based on the molecular state
assumption, the decay widths of the η1ð1855Þ to KK̄ and
KK̄� are 0 and 0.9 MeV, respectively, resulting in the
coupling constants gη1KK ≃ 0 and gη1K�K ≃ 0.73. In addi-
tion, by assuming that η1 is a hybrid state [4], the partial
decay width of the η1ð1855Þ to KK̄� given in the Ref. [4] is
98.1 MeV, and the coupling constant gη1K�K ≃ 7.6 is
determined by this partial width, which is about an order
of magnitude higher than the coupling constant obtained by
using the partial width in the Ref. [7]. For the width of the
η1ð1855Þ decay to KK̄, no corresponding value is given in
the Ref. [4]. Therefore, our subsequent calculations will
only consider the cross section of the η1ð1855Þ through
t-channel K� exchange. Due to the large difference in the
width of the η1ð1855Þ decaying to KK̄� given by different
models, this will lead to differences in the final cross section
size, which will ultimately affect the difficulty of detecting
the η1ð1855Þ via the K−p reaction.

TABLE I. The calculated partial decay widths (in units of MeV)
of the η1ð1855Þ under the hybrid [4] and molecular [7] pictures.

η1ð1855Þ ðJPC ¼ 1−þÞ
Channel Hybrid state [4] Molecule state [7]

K�K̄� � � � 26.3
KK̄ � � � 0
KK̄� 98.1 0.9
a1π � � � 9.2
f1η � � � 0.2
ηη0 0.7–1.8 26.9
σω � � � 0
ρρ � � � 0.04
πρ � � � 0
ηω � � � 0
ωω � � � 0.01
ωϕ � � � 0.4
K1ð1270ÞK̄ 30.4 � � �
KK̄�π � � � 105.0

FIG. 1. Schematic diagram for the t-channel contribution to the
K−p → η1ð1855ÞΛ reaction.
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With the above Lagrangians, the amplitude of the
η1ð1855Þ production via t-channel K� exchange in the
K−p scatterings can be written as

iMK� ¼ i
gη1K�K

mη1

gK�NΛFðq2ÞūNðp2Þ
�
γν −

κK�NΛ

2mN
γν=qK�

�

× ϵαβμξ
Pμν

t −m2
K�

kβ2ϵ
α
η1ðk1 − k2Þξ ð6Þ

with

Pμν ¼ −iðgμν þ qμK�qνK�=m2
K� Þ; ð7Þ

where ϵη1 is the polarization vector of the η1ð1855Þ, and
ūN or uΛ is the Dirac spinor of nucleon or Λ baryon. For
the t channel meson exchange [19], the form factor
Fðq2Þ ¼ ðΛ2

t −m2Þ=ðΛ2
t − q2Þ is adopted. Here, t ¼ q2 ¼

ðk1 − k2Þ2 are the Mandelstam variables. The cutoff Λt in
the form factor is the only free parameter. In Sec. III, we
discuss how to fix it when presenting the results.
Usually, the Regge trajectory model is successfully

applied to analyze the hadron production at high energy
[16,17,24–28]. The Reggeization can be done by replacing
the t-channel propagator in the Feynman amplitudes [see
Eqs. (6)] with the Regge propagator

1

t −m2
K�

→

�
s

sscale

�
αK� ðtÞ−1 πα0K�

Γ½αK� ðtÞ� sin½παK�ðtÞ� : ð8Þ

The scale factor sscale is fixed at 1 GeV. In addition, the
Regge trajectories αK� ðtÞ read as [27]

αK� ðtÞ ¼ 1þ 0.85ðt −m2
K� Þ: ð9Þ

It is necessary to note that no additional parameter is
introduced after applying the Reggeized treatment.

III. NUMERICAL RESULTS

A. Cross section

With the preparation shown in the previous section, the
cross section of the K−p → η1ð1855ÞΛ reaction can be
calculated. The differential cross section in the center of
mass (c.m.) frame is written as

dσ
d cos θ

¼ 1

32πs
jk⃗c:m:

2 j
jk⃗c:m:

1 j

�
1

2

X
λ

jMj2
�
; ð10Þ

where s ¼ ðk1 þ p1Þ2 is defined, and θ denotes the angle of
the outgoing η1 meson relative to the K beam direction in
the c.m. frame. k⃗c:m1 . and k⃗c:m:

2 are the three-momenta of
initial K beam and final η1, respectively.
Since there are no experimental data for the K−p →

η1ð1855ÞΛ reaction, here we give the prediction of the
cross section of the reaction as presented in Figs. 2–3. In
these calculations, the cutoff parameter involved in the

form factor is the only free parameter. In Ref. [20], by
fitting the experimental data of the π−p → K�Σ� process,
the Λt ¼ 1.67� 0.04 GeV corresponding to the contribu-
tions of Reggeized t-channel Kð�Þ exchange is obtained.
Moreover, in Ref. [27], for the Reggeized t channel with
the K and K� exchanges, the experimental data can be
reproduced well by taking cutoff Λt ¼ 1.55 GeV. Also in
Ref. [29], the result indicate that Λt ¼ 1.60 GeV is a
reasonable value for the K−p → f1ð1420ÞΛ process
through Reggeized t-channel K� exchange. Thus, in
this work one intends to take the value of cutoff for the
t-channel K� exchange to be 1.6� 0.3 GeV.
In Fig. 2, we present the total cross section of the

K−p → η1ð1855ÞΛ reaction within the Regge trajectory
model by taking Λt ¼ 1.6� 0.3 GeV. It is found that the
line shape of the total cross sections of the K−p →
η1ð1855ÞΛ process goes up very rapidly and has a peak
around W ¼ 3.4–3.6 GeV. Taking the partial decay width
of the η1 to KK̄� as 0.9 MeVand 98.1 MeV, the peak of the
total cross section of the η1ð1855Þ production in the K
induced reaction can reach up to about 2.4 nb and 261.5 nb
at W ¼ 3.4–3.6 GeV, respectively, which indicates that
W ∈ ð3.4 GeV; 3.6 GeVÞ is the best energy window for
searching for the η1ð1855Þ via the kaon induced reaction.
Even if we take into account the error of the cutoff value, at
the best energy window, the minimum cross section of the
η1ð1855Þ production via the K−p reaction are about
0.59 nb and 63.8 nb, respectively. Obviously, using the
partial width prediction of η1 given by the molecular state
and hybrid state models [4,7], the calculated cross section
sizes of K−p → η1ð1855ÞΛ differ by at least two orders of
magnitude.

FIG. 2. The energy dependence of the total cross section for
production of the η1ð1855Þ through t channel with cutoff
Λt ¼ 1.6� 0.3 GeV. The full (red) and dashed (blue) lines are
the corresponding results when the partial width of η1 decay into
KK� is taken as 0.9 MeV and 98.1 MeV, respectively. The bands
stand for the error bar of the cutoff Λt.
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In Fig. 3, one presents the prediction of the differential
cross section of the K−p → η1ð1855ÞΛ reaction within
the Regge trajectory model by taking a cutoff Λt ¼
1.6� 0.3 GeV. It can be seen that the differential cross
sections of the reaction are very sensitive to the θ angle,
which show strong forward-scattering enhancements
especially at higher energies. Thus, the measurement at
forward angles is suggested, which can be applied to
check the validity of the Reggeized treatment.

In Figs. 4 and 5, the t-distributions for the K−p →
η1ð1855ÞΛ at low and high energies are given. As can be
seen from both figures, in the small momentum transfer t
region, the shape of the t distributions of the K−p →
η1ð1855ÞΛ appears to be somewhat curved, which may
help us distinguish the production mechanism of the
η1ð1855Þ. By comparison, one finds that the degree of
curvature of the differential cross section at small t
increases with the c.m. energy, which is mainly caused
by the limitation of jtminj. Figure 6 shows the change of
jtminj value with energy. When the center of mass energy is
3.5 GeV and 6 GeV, the corresponding jtminj values are
0.298 GeV2 and 0.046 GeV2, respectively. It means that at
low energies, neither experiment nor theory can give
values of t distributions in the region of t ∼ 0.

FIG. 4. The t-distribution for the K−p → η1ð1855ÞΛ reaction at
different c.m. energies W ¼ 3.5 GeV, 3.6 GeVand 4 GeV. Here,
the notation is the same as that in Fig. 2.

FIG. 5. Same as Fig. 4 except that the c.m. energy is expanded
to 6 GeV, 8 GeV and 10 GeV.

FIG. 3. The differential cross section dσ=d cos θ of the
η1ð1855Þ production at different c.m. energies W ¼ 3.5 GeV,
3.6 GeV, 4, 6 GeV and 8 GeV. Here, the notation is the same as
that in Fig. 2.

FIG. 6. The limiting value of jtjmin as a function of W.
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B. Dalitz process

Note that the η1ð1855Þ is an intermediate states usually
reconstructed by its decays. And from Table I, the decay
widths of the η1ð1855Þ to different final states are different.
For example, in the hybrid state hypothesis [4], the width of
the η1ð1855Þ decays to KK̄� is very large, while in the
framework of the molecular state model [7], the η1ð1855Þ
mainly decays to the three body state KK̄�π. Thus, one
should consider, for example, the Dalitz process of
K−p → η1ð1855ÞΛ → KK̄�Λ, which may provide a useful
reference for future experiments. Usually, the invariant mass
distribution for the Dalitz process K−p → η1ð1855ÞΛ →
KK̄�Λ can be defined with the two-body process [30]

dσK−p→η1Λ→KK̄�Λ

dMKK̄�
≈
2Mη1MKK̄�

π

σK−p→η1ΛΓη1→KK̄�

ðM2
KK̄� −M2

η1Þ2 þM2
η1Γ

2
η1

:

where the full width Γη1 is taken as 188 MeV. The value
of the partial width Γη1→KK̄� is taken as 0.9 MeV and
98.1 MeV, which correspond to the molecular state and
hybrid state images, respectively, as listed in Table I. Thus

the invariant-mass distribution dσK−p→η1Λ→KK̄�Λ=dMKK̄� for
W ¼ 3.5–8 GeV are calculated, as shown in Figs. 7 and 8. It
is seen that there exists an obvious peak at MKK̄� near
1.86 GeV. Most notably, the size of the results correspond-
ing to the value of the partial width Γη1→KK̄� varies greatly,
which directly affects the difficulty of experimentally
measuring the η1ð1855Þ.
To further investigate the feasibility of experimentally

searching for the η1ð1855Þ by K̄p scattering, it is necessary to
calculate the ratio of σðK−p → η1ð1855ÞΛ → KK̄�ΛÞ=
σðK−p → KK̄�ΛÞ. However, due to the lack of experimental
data on K−p → KK̄�Λ, and the branching ratio of K�
decaying to Kπ reaches 100%, we extend the process of
K−p → KK̄�Λ to the process of K−p → KK̄πΛ for inves-
tigation. Under the hybrid model assumption, by taking the
Γη1→KK̄� ¼ 98.1 MeV in Ref. [4], the minimum cross section
of the η1ð1855Þ production via the K−p reaction is about
63.8 nb at W ¼ 3.5 GeV. With the branching ratio
BRðη1 → KK̄πÞ ≈ 52.2%, one obtains the total cross section
σK−p→η1Λ→KK̄πΛ ≈ 33.3 nb at W ¼ 3.5 GeV. There are sev-
eral experimental data available for the cross section of the
K−p → ΛπKK̄ reaction [31], which are listed in Table II.
In the K−p → ΛπKK̄ process, we estimate that the total

cross section is 39 μb near the c.m. energy W ¼ 3.5 GeV
according to the average cross section of these energies.
Therefore, for the hybrid model, one gets the ratio at
W ¼ 3.5 GeV as

σðK−p → η1Λ → KK̄πΛÞ
σðK−p → KK̄πΛÞ ≃ 0.085%: ð11Þ

FIG. 7. The invariant mass distribution dσK−p→η1Λ→KK̄�Λ=
dMKK̄� reaction at different c.m. energies W ¼ 3.5 GeV,
3.6 GeV, 4 GeV, 6 GeV and 8 GeV for the partial decay width
Γη1→KK̄� ¼ 0.90 MeV. Here, the cutoff Λt is taken as 1.3 GeV.

FIG. 8. Same as Fig. 7 except that the Γη1→KK̄� is taken as
98.1 MeV.

TABLE II. The cross section for the K−p → ΛπKK̄ reaction at
different beam momentum from several experiments [31].

Reaction W (GeV) Cross section (μb)

K−p → Λπ0K0K0 3.52 39� 14

K−p → Λπ0K0K0 3.65 39� 6
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When checking the present experimental status, we notice
that the J-PARC experiment can provide kaon meson beams
[14,15], which is an ideal facility for probing the η1ð1855Þ
production by the K̄p reaction. Usually, the rate of K to π,
both produced as secondary beams in J-PARC, is less than
1=2 at η1ð1855Þ production energies. According to the
experimental status of J-PARC [32], it can be expected to
detect about 47,000 events for the KK̄πΛ production per
100 day, in which about dozens of events are related to the
η1ð1855Þ. This means that it is feasible for us to search for
the η1ð1855Þ by K̄p scattering experiments, of course, the
basis of this estimate is based on the assumption that η1 is a
hybrid state [4]. For the molecular state model [7], we
calculate σK−p→η1Λ→KK̄πΛ ≈ 0.0028 nb at W ¼ 3.5 GeV,
which is four orders of magnitude smaller than the case
of the hybrid state assumption, which would make exper-
imental detection of η1 very difficult.
Moreover, it can be seen from Table I that η1 mainly

decays to KK̄�π under the molecular state image. The
experimental data for the K−p → KK̄�πΛ reaction are
listed in Table III, and we can estimate that the average
cross section of K−p → KK̄�πΛ at W ¼ 3.5 is about
13.8 μb. Taking a similar analysis method, considering
that the minimum cross section of the η1ð1855Þ production
is above 0.59 nb near the W ¼ 3.5 GeV and the branching
ratio BRðη1 → KK̄�πÞ ¼ 55.9%, one gets the cross section
ratio at W ¼ 3.5 GeV as

σðK−p → η1Λ → KK̄�πΛÞ
σðK−p → KK̄�πΛÞ ≃ 0.0024%: ð12Þ

Obviously, it is a very small value, which means that it is
almost impossible for us to search for the η1ð1855Þ in
J-PARC experiments through the K−p → KK̄�πΛ process.

IV. SUMMARY

Recently, the BESIII Collaboration reported the obser-
vation of the η1ð1855Þ in the J=ψ → γηη0 decay [2]. Since

the η1ð1855Þ is an isoscalar resonance with exotic JPC ¼
1−þ quantum numbers, different explanations of exotic
states like hybrid [4–6], the KK̄1ð1400Þ molecular state
[7,8], and tetraquark state [9] were proposed, which shows
that this observation attracted theorist’s attention in the
past months. Besides decoding the nature of the observed
η1ð1855Þ, establishing the η1ð1855Þ in experiment is also
crucial. How to confirm the observation of the η1ð1855Þ by
other experiments becomes a central issue.
In this work, we propose that the K̄p reaction can be one

way to further explore the η1ð1855Þ, which is stimulated by
the study of its strong decays [4,7]. Our calculation
provides the information of the total and differential cross
sections of the K−p → η1ð1855ÞΛ reaction. Using the
predicted partial width of η1 in the hybrid model [4],
our results show that searching for the η1ð1855Þ through the
K−p → η1Λ → KK̄�Λ → KK̄πΛ process is a feasible way.
However, according to the predicted width of the molecular
state model [7], calculations show that it is extremely
difficult to observe the η1ð1855Þ through the K̄p scattering
process. Note that the current calculation of the cross
section of the η1ð1855Þ through the K̄p process still relies
on the predicted value of the decay partial width given by
the theoretical models [4,7]. Thus more in-depth theoretical
model predictions are needed, which is of great significance
to reduce the uncertainty and provide reliable reference for
future experiments.
In summary, we suggest these available experiments at

OKA@U-70 [12] and SPS@CERN [13], and J-PARC
[14,15] to explore the newly reported η1ð1855Þ, which
are of interest to clarify the internal structural properties of
the η1ð1855Þ.
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TABLE III. The cross section for the K−p → ΛπKK̄� reaction
at different beam momentum from several experiments [31].

Reaction W (GeV) Cross section (μb)

K−p → ΛπþK0K�− 3.52 13� 6

K−p → Λπ0K0K�0 3.52 12� 9

K−p → Λπ−KþK�0 3.52 16.5� 7.5
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