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Production of the 7,(1855) through kaon induced reactions
under the assumptions that it is a molecular or a hybrid state
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By the reaction of kaon interacting with a proton, we investigate the production of the newly observed
171 (1855) predicted in the picture of the KK,(1400) molecular state and hybrid state. The total and
differential cross sections of the concrete K~ p — 5,(1855)A reaction are calculated. Taking the partial
decay width of the 1, to KK* as 0.9 MeV and 98.1 MeV, the minimum cross section of the 7, (1855)
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 #;(1855) 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 #,(1855) 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/y, 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/w — ynnf' decay, the BESIII Collaboration [2,3]
reported the observation of the #,(1855) in the ny
invariant mass spectrum with a significance of 196, which
has quantum number 7¢(J7€) =07 (17F). And its mass
and width are

m=1855+9"" MeV, T =188+18% MeV, (1)

respectively. Obviously, the observed 7;(1855) cannot be
grouped into the conventional hadron, which is a good
candidate of exotic states as indicated by some theoretical
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groups, where the #,(1855) was interpreted as a hybrid
state [4-6], a molecular state [7,8], and a tetraquark
state [9].

At present, the 7,(1855) was only observed in the
radiative decay J/w — ynn/, 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 7, (1855) [4,7], the strong decays of the 7, (1855) were
studied, where the 7, (1855) has strong interaction with the
K® K™ channels. This result inspires us to propose that
the reaction of the kaon and proton can be applied to study
the production of the #;(1855).

By checking the Particle Data Group [10], we may find
that the K p reaction is an ideal process to explore the light
hadron spectrum. Taking the ¢(1020) as an example, the
#(1020) was firstly found in the K~p — AKK reaction
[11]. When investigating the production problem of the
171(1855), we naturally pay attention to the Kp 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 #,(1855) can be
accessible at these facilities, we should have a realistic

Published by the American Physical Society
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TABLE L. The calculated partial decay widths (in units of MeV)
of the 1,(1855) under the hybrid [4] and molecular [7] pictures.

n(1855) (J7€ = 1-1)

Channel Hybrid state [4] Molecule state [7]
K*K* e 26.3
KK A 0
KK* 98.1 0.9
am e 9.2
fin e 0.2
' 0.7-1.8 26.9
cw e 0
pp e 0.04
P .. 0
nw e 0
(010} e 0.01
P e 0.4
K, (1270)K 30.4
KK*n e 105.0

study of the production of the #,(1855) via the K p
reaction.

Table I shows the partial decay width of #; 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 #,(1855)
decays to KK* is only 0.9 MeV, while in the hybrid state
model [4] the width of the 7, (1855) decays to KK* reaches
up to 98.1 MeV. Such a large decay width difference may
lead to the difficulty of finding the »,(1855) through K p
scattering experiments, so it is interesting to study the
K~ p — 1,(1855)A scattering process, which will help us
understand and clarify the nature of the #,(1855). In this
work, we calculate the production of K~ p — #5,(1855)A
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 7,(1855) 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 7, (1855)
VIA THE Kp REACTION

The exotic states 7;(1855) (=n,) can be produced via
the Kp reaction, where the diagram is shown in Fig. 1
when the #-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

kq ko
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FIG. 1. Schematic diagram for the #-channel contribution to the
K~ p — 1,(1855)A reaction.

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 #;(1855), the
relevant Lagrangians for the #-channel read as below
[17-20]

Ly kx = —igyxx[(*K)K — (0" K)K]n,., (2)

‘CKNA = igKNAN}/SAK =+ H.C., (3)
In KK P %

Lyxx = ';;1—€aﬂ;waﬁ’710”1{ K, (4)

m

_ Ko
Lina = —gx-nalN (K* - 2KNA UﬂyayK*”)/\ +H.c., (5)
my

where €,4,, 1s the Levi-Civita tensor. 7, K, K*, N and A
stand for the fields of the 7, (1855), K, K* meson, nucleon
and A, respectively. The coupling constant ggy, = —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 gg+ya and kg ya are —4.26 and 2.66, respectively.
From Table 1, it is noted that based on the molecular state
assumption, the decay widths of the 7,(1855) to KK and
KK* are 0 and 0.9 MeV, respectively, resulting in the
coupling constants g, xx ~0 and g, g-x ~0.73. In addi-
tion, by assuming that #; is a hybrid state [4], the partial
decay width of the 77, (1855) to KK* given in the Ref. [4] is
98.1 MeV, and the coupling constant g, xx 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
171(1855) decay to KK, no corresponding value is given in
the Ref. [4]. Therefore, our subsequent calculations will
only consider the cross section of the #;(1855) through
t-channel K* exchange. Due to the large difference in the
width of the 7, (1855) decaying to KK* given by different
models, this will lead to differences in the final cross section
size, which will ultimately affect the difficulty of detecting
the #,(1855) via the K~ p reaction.
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With the above Lagrangians, the amplitude of the
171(1855) production via r-channel K* exchange in the
K~ p scatterings can be written as

. .9 KK _ KgrNA
IMg- =1 n QK*NAF(CIZ)“N(Pz) <)/1, - J’u%l{*)
m,, 2my

pr
X €apﬂgwk/§€% (ki — ky)* (6)

with

P = —i(¢" + g 4% /Mg ) (7)

where ¢, is the polarization vector of the #,(1855), and
ity or uy is the Dirac spinor of nucleon or A baryon. For
the ¢ channel meson exchange [19], the form factor
F(q?) = (A? = m?)/(A? — ¢°) is adopted. Here, t = ¢*> =
(ky — k,)? are the Mandelstam variables. The cutoff A, 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 7-channel propagator in the Feynman amplitudes [see
Egs. (6)] with the Regge propagator

(8)

1 < s )"K* (n)-1 o
— - .
t— m%( Sscale [ag-(1)] sin[mag-(1)]

The scale factor s, is fixed at 1 GeV. In addition, the
Regge trajectories ag«(f) read as [27]

ag-(1) = 14 0.85(1 — m3.). (9)

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 — 1,(1855)A reaction can be
calculated. The differential cross section in the center of
mass (c.m.) frame is written as

do 1RS™] (1 ,

dcos®  32rs g™ | EZ:'M‘ ’
where s = (k; + p,)? is defined, and @ denotes the angle of
the outgoing 7, meson relative to the K beam direction in

(10)

the c.m. frame. k™. and k3™ are the three-momenta of
initial K beam and final #;, respectively.

Since there are no experimental data for the K~ p —
11 (1855)A 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

T T T T T T T T ]
— I, 5k=0.90 MeV (molecular state) _
== T x@=98.1 MeV (hybrid state) |

103_

10?

total cross section (nb)

10°

107!

L " 1 1 n 1 " n n
3 5 7 9 11 13 15 17
W (GeV)

FIG. 2. The energy dependence of the total cross section for
production of the #;(1855) through r channel with cutoff
A, = 1.6 £0.3 GeV. The full (red) and dashed (blue) lines are
the corresponding results when the partial width of #; decay into
KK* is taken as 0.9 MeV and 98.1 MeV, respectively. The bands
stand for the error bar of the cutoff A,.

form factor is the only free parameter. In Ref. [20], by
fitting the experimental data of the z7p — K*Z* process,
the A; = 1.67 £ 0.04 GeV corresponding to the contribu-
tions of Reggeized t-channel K*) exchange is obtained.
Moreover, in Ref. [27], for the Reggeized ¢ channel with
the K and K* exchanges, the experimental data can be
reproduced well by taking cutoff A, = 1.55 GeV. Also in
Ref. [29], the result indicate that A, = 1.60 GeV is a
reasonable value for the K p — f;(1420)A 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 — 1,(1855)A reaction within the Regge trajectory
model by taking A, = 1.6 0.3 GeV. It is found that the
line shape of the total cross sections of the K™ p —
171 (1855)A process goes up very rapidly and has a peak
around W = 3.4-3.6 GeV. Taking the partial decay width
of the 7, to KK* as 0.9 MeV and 98.1 MeV, the peak of the
total cross section of the #,(1855) production in the K
induced reaction can reach up to about 2.4 nb and 261.5 nb
at W =3.4-3.6 GeV, respectively, which indicates that
W e (3.4 GeV,3.6 GeV) is the best energy window for
searching for the #;(1855) 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
171(1855) production via the K~ p reaction are about
0.59 nb and 63.8 nb, respectively. Obviously, using the
partial width prediction of 7; given by the molecular state
and hybrid state models [4,7], the calculated cross section
sizes of K~ p — n,(1855)A differ by at least two orders of
magnitude.
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FIG. 3. The differential cross section do/dcos@ of the

171 (1855) production at different c.m. energies W = 3.5 GeV,
3.6 GeV, 4, 6 GeV and 8 GeV. Here, the notation is the same as

that in Fig. 2.

In Fig. 3, one presents the prediction of the differential
cross section of the K~ p — n;(1855)A reaction within
the Regge trajectory model by taking a cutoff A, =
1.6 = 0.3 GeV. It can be seen that the differential cross
sections of the reaction are very sensitive to the € 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.

PR R I RS
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-t(GeV?)

do/dt (nb/GeV?)

—— T, _xg-—0.90MeV
- T, _xg=98.1MeV
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FIG. 4. The r-distribution for the K~ p — #,(1855)A reaction at
different c.m. energies W = 3.5 GeV, 3.6 GeV and 4 GeV. Here,

the notation is the same as that in Fig. 2.
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FIG. 5. Same as Fig. 4 except that the c.m. energy is expanded
to 6 GeV, 8 GeV and 10 GeV.

In Figs. 4 and 5, the r-distributions for the K~ p —
71 (1855)A at low and high energies are given. As can be
seen from both figures, in the small momentum transfer ¢
region, the shape of the ¢ distributions of the K= p —
171 (1855)A appears to be somewhat curved, which may
help us distinguish the production mechanism of the
171 (1855). By comparison, one finds that the degree of
curvature of the differential cross section at small ¢
increases with the c.m. energy, which is mainly caused
by the limitation of |f,,|. Figure 6 shows the change of
|min| value with energy. When the center of mass energy is
3.5 GeV and 6 GeV, the corresponding || values are
0.298 GeV? and 0.046 GeV?, respectively. It means that at
low energies, neither experiment nor theory can give
values of ¢ distributions in the region of ¢ ~ 0.

W

t| (GeV?)

W (GeV)

FIG. 6. The limiting value of |¢|,;, as a function of W.
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FIG. 7. The invariant mass distribution dog-,_, noxik-a/
dM g+ reaction at different c.m. energies W = 3.5 GeV,
3.6 GeV, 4 GeV, 6 GeV and 8 GeV for the partial decay width
I, kg = 0.90 MeV. Here, the cutoff A, is taken as 1.3 GeV.

B. Dalitz process

Note that the 7, (1855) is an intermediate states usually
reconstructed by its decays. And from Table I, the decay
widths of the 7, (1855) to different final states are different.
For example, in the hybrid state hypothesis [4], the width of
the 7,(1855) decays to KK* is very large, while in the
framework of the molecular state model [7], the 7, (1855)
mainly decays to the three body state KK*z. Thus, one
should consider, for example, the Dalitz process of
K~p — n,(1855)A — KK* A, which may provide a useful
reference for future experiments. Usually, the invariant mass
distribution for the Dalitz process K~ p — 1,(1855)A —
KK*A can be defined with the two-body process [30]

Ok pom Al - k&

2\2 2712 °
_Mﬂl) +M711F711

do-K’p—»mA—)Ki(*A ~ ZMHIMKK*

where the full width T, is taken as 188 MeV. The value
of the partial width ', gz~ 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 1. Thus

TABLEIL. The cross section for the K~ p — AzKK reaction at
different beam momentum from several experiments [31].

Reaction W (GeV) Cross section (ub)
K~ p — Ax°K°K° 3.52 39+ 14
K= p — Ar°KK° 3.65 39+6

ok w:3.’§ GeV 1t W=36GeV
90 | 1t SN ]
60 | F 1k ]
30F iF 7 ]
~ OFy ' : e
>
g 1o} W=4 GeV 1t W=6 GeV ]
fe] -
2 9Ff i 1t ]
éﬁ 60 AR 1t ]
0F . NI f Sl LTI ]
i ' 1.5 1.8 2.1 24
120 W=8 GeV b Mg (GeV)
90 [ 1
60 ] ’ ----- T, k=981 MeV
30 1
() .
1.5 1.8 2.1 24
M- (GeV)
FIG. 8. Same as Fig. 7 except that the I', _ gz~ is taken as
98.1 MeV.

the invariant-mass distribution dog- ,_, r_.xg-n/dM kg~ for
W = 3.5-8 GeV are calculated, as shown in Figs. 7 and 8. It
is seen that there exists an obvious peak at Mgk« near
1.86 GeV. Most notably, the size of the results correspond-
ing to the value of the partial width I’ _ g+ varies greatly,
which directly affects the difficulty of experimentally
measuring the 7, (1855).

To further investigate the feasibility of experimentally
searching for the 77, (1855) by K p scattering, it is necessary to
calculate the ratio of o(K~p — 1,(1855)A — KK*A)/
o(K~p — KK*A). However, due to the lack of experimental
data on K~p — KK*A, and the branching ratio of K*
decaying to Kz reaches 100%, we extend the process of
K~p — KK*A to the process of K~p — KKzA for inves-
tigation. Under the hybrid model assumption, by taking the
[, ~kk+ = 98.1 MeV in Ref. [4], the minimum cross section
of the #;(1855) production via the K~ p reaction is about
63.8 nb at W =35 GeV. With the branching ratio
BR(17; — KKr) ~ 52.2%, one obtains the total cross section
Ok-pon A—kkzA ¥ 33.3 nb at W = 3.5 GeV. There are sev-
eral experimental data available for the cross section of the
K~ p — AzKK reaction [31], which are listed in Table II.

In the K~p — AnKK process, we estimate that the total
cross section is 39 pb near the c.m. energy W = 3.5 GeV
according to the average cross section of these energies.
Therefore, for the hybrid model, one gets the ratio at
W =35 GeV as

c(K=p — mA — KKzA)
o(K~p — KKzA)

~ 0.085%. (11)
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TABLE III.  The cross section for the K~ p — AzKK* reaction
at different beam momentum from several experiments [31].

Reaction W (GeV) Cross section (ub)
K p - Azt K°K* 3.52 13+6

K~ p — Ar°K°K*0 3.52 12+9

K p— A" KTK* 3.52 16.5+7.5

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 7, (1855)
production by the K p reaction. Usually, the rate of K to z,
both produced as secondary beams in J-PARC, is less than
1/2 at 5,(1855) production energies. According to the
experimental status of J-PARC [32], it can be expected to
detect about 47,000 events for the KKzA production per
100 day, in which about dozens of events are related to the
171(1855). This means that it is feasible for us to search for
the 77,(1855) by Kp scattering experiments, of course, the
basis of this estimate is based on the assumption that 7; is a
hybrid state [4]. For the molecular state model [7], we
calculate 6g-,,_,, A~ kxkza ®0.0028 nb at W =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 #; very difficult.

Moreover, it can be seen from Table I that #; mainly
decays to KK*z under the molecular state image. The
experimental data for the K~p — KK*zA reaction are
listed in Table III, and we can estimate that the average
cross section of K~p — KK*zA at W = 3.5 is about
13.8 ub. Taking a similar analysis method, considering
that the minimum cross section of the 7, (1855) production
is above 0.59 nb near the W = 3.5 GeV and the branching
ratio BR(n; — KK*r) = 55.9%, one gets the cross section
ratio at W = 3.5 GeV as

o(K=p = mA = KK*zA)
o(K~p — KK*z\)

~0.0024%.  (12)

Obviously, it is a very small value, which means that it is
almost impossible for us to search for the #;(1855) in
J-PARC experiments through the K~p — KK*zA process.

IV. SUMMARY

Recently, the BESIII Collaboration reported the obser-
vation of the 7, (1855) in the J/y — yny' decay [2]. Since

the 1,(1855) is an isoscalar resonance with exotic J©¢ =
17" quantum numbers, different explanations of exotic
states like hybrid [4-6], the KK, (1400) 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
11(1855), establishing the 7, (1855) in experiment is also
crucial. How to confirm the observation of the 7, (1855) by
other experiments becomes a central issue.

In this work, we propose that the K p reaction can be one
way to further explore the 7, (1855), 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 — n;(1855)A reaction. Using the
predicted partial width of #; in the hybrid model [4],
our results show that searching for the 7, (1855) through the
K~ p —» mA - KK*A — KKzA 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 7, (1855) through the K p scattering
process. Note that the current calculation of the cross
section of the 77, (1855) through the K p 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 #,(1855), which
are of interest to clarify the internal structural properties of
the #,(1855).
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