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Abstract: In this paper, we propose to investigate the dyq dibaryon production in the K~ p — dygZE° process by

utilizing a kaon beam with a typical momentum of approximately 10 GeV, which may be available at COMPASS,
OKA@U-70, and SPS@CERN. The cross sections for K~ p — dyqZ0 are estimated, and in particular, the mag-
nitude of the cross sections is evaluated to be several hundred nanobarns at Pg = 20 GeV. Considering that the dyg

dibaryon dominantly decays into EA and EX, we also estimate the cross sections for K~p — Z9AZ% and K~ p —

=-3*20, where the dyq dibaryon can be observed in the invariant mass distributions of Z°A and E~X*, respect-

ively.
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I. INTRODUCTION

In a strict sense, a dibaryon is a type of particle with
baryon number B =2, which is composed of six quarks,
typically two baryons. As a typical dibaryon, a deuteron
consists of one proton and one neutron with a binding en-
ergy of 2.22 MeV. With the development of experiment-
al techniques and the accumulation of experimental data,
searching for dibaryon states other than the deuteron,
composed of various baryons, has become an intriguing
topic in hadron physics in recent decades.

The theoretical investigations of the dibaryon date
back to 1964, when the dibaryon states were studied by
Dyson and Xuong [1] with the SU(6) theory. Then, in
1977, Jaffe predicted the existence of the H and H*
particles with strangeness S = -2, which could be the

bound state of AA and XX, respectively. The investiga-
tions on two different quark models indicated that there
should exist dibaryon states with strangeness of —3 [2]
and stable for strong decay [2]. Later, the mass spectrum
of low-lying dibaryons with strangeness of —1 were eval-
uated in the quark model [3]. Furthermore, some other
models were extended to study the dibaryons, for ex-
ample, the quark-cluster [4], Skyrme [5], quark potential
[6], chiral SU(3) quark [7], quark delocalization and col-
or screening [8—12], and realistic phenomenological nuc-
leon-nucleon interaction [13, 14] models. In these mod-
els, a series of dibaryon states were investigated, such as
the nonstrange dibaryon d* with I(J”) = 0(3*) and dibary-
ons composed of NZ', NE., NE.., E..E. [13, 14], NQ,
and AQ [15].

On the experimental side, the first breakthrough was
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the observation of d*(2380), which was first observed in
the cross sections for np — dnr by the CELSIUS/WASA
Collaboration in 2009 [16]. The discovery of d*(2380) by
the CELSIUS/WASA Collaboration encouraged the ex-
perimentists to search 4*(2380)in more processes. With
much better statistics and precision data samples, the
WASA-at-COSY Collaboration found that the observed
angular distributions for the deuterons and pions of the
np — drn’n® process in the center-of-mass system clearly
preferred J =3 [17, 18] for d*(2380), and then the I(J")
quantum numbers were determined to be 0(3*). Later on,
the properties of d*(2380) were investigated in various
unpolarized np collision processes with more precise data
samples, for example, np— npn®n®, np— pprn,
np — dn’n® [19-21], and the polarized np scattering pro-
cess [22].

The experimental observations of d*(2380) attracted a
significant interest in the exploration of its properties
[23—-30]. However, some dissenting opinions have been
expressed. For example, in Refs. [31, 32], the authors
claimed that the peak structure should be tied to a tri-
angle singularity in the last step of the reaction. In any
case, the experimental breakthrough has stimulate the in-
terest of theorists in dibaryons states. Some dibaryon sys-
tems have been investigated in various models. For ex-
ample, in a three-body hadronic model, the authors in
Ref. [33] calculated the NA and AA dibaryon states. In a
pion exchange potential model, the H-like A A, [34] and
AN [35] dibaryons were researched. The possible
AcAc/ApAp [36] and NZ., [37] dibaryon states were
studied in the quark delocalization color screening model,
and the possible A°A°, QQ, and Z=Z dibaryons were in-
vestigated in Refs. [38—42].

As for the dibaryon states with strangeness S = -3,
the possibilities of the existence of such type of dibary-
ons have been evaluated with various models. For ex-
ample, the estimations in Ref. [43] indicated that there
might exist two bound states, NQ and AQ dibaryons, re-
spectively, and in Ref. [15], the authors found that NQ
and AQ were weakly bound systems in the chiral quark
model. The QCD sum rule estimations in Ref. [44] indic-
ated that the NQ dibaryon with J¥ =2* was stable for
strong decay. In Ref. [45], the HAL QCD Collaboration
calculated the NQ potential in 2+ 1 flavor Lattice QCD,
and one bound state with binding energy of approxim-
ately 20 MeV was found. In 2019, the HAL QCD Collab-
oration updated their estimations of Ref. [45] near the
physical point and they found that the binding energy of
pQ(CS>) became 2.46(0.34)(*091) MeV. Stimulated by the
most recent Lattice QCD estimations, the authors in Ref.
[46] estimated the productions of Q-dibaryons by utiliz-
ing a dynamical coalescence mechanism for the relativist-
ic heavy-ion collisions, and the strong decays of dyq into
conventional hadrons were evaluated [47].

Actually, experimentally producing the dyq dibaryon

is the first step for investigating its properties. Thus,
searching dyqo experimentally becomes a pressing task.
The key point of producing the dyq dibaryon is the pro-
duction of the Q baryon. In the high energy heavy-ion
collision or pp collision processes, a large quantity of
quarks with different flavors can be produced, where
three strange quarks have a chance to form a Q baryon
and produce a dyq dibaryon by interacting with a nucle-
on. In 2018, the STAR Collaboration at RIHC investig-
ated the proton-Q interaction by measuring the corres-
ponding correlation function in heavy-ion collisions at
Vsny =200 GeV [48]. By comparing the measured cor-
relation ratio with the theoretical calculations, they con-
cluded that the measurements slightly favored a proton-Q
bound system with a binding energy of 27 MeV [48].
Similarly, the ALICE Collaboration also proposed to in-
vestigate the strong interaction among hadrons, including
proton-Q, by using the ultrarelativistic proton-proton col-
lisions at the LHC [49].

Besides the high energy heavy-ion collision and pp
collision processes, the Q baryon can be produced by ka-
on induced reactions as there is already a strange quark in
the kaon. In Ref. [50], a project of extension of the Had-
ron Experimental Facility at J-PARC was proposed. By
utilizing the secondary kaon beam with a typical mo-
mentum of approximately 3 GeV, the Q baryon can be
produced via the K~ p — Q" K*K®° reaction, and then,
the dyq dibaryon can be investigated in the invariant
mass spectrum of 2~ A of the Q~d — E~Ap process.

In addition to the secondary kaon beam at J-PARC
[51], high energy kaon beams with high quality are also
available at COMPASS [52], OKA@U-70 [53], and
SPS@CERN [54]. These high energy beams, especially
those with momentum of approximately 10 GeV, may
provide us another approach to directly produce dyqo via
the reaction K™p — dyoZ°, and then the dyq dibaryon
can decay into ZA and EX. Thus, one can detect dyq in
the ZA and =Y invariant mass spectra of the K~ p —
Z9ZA and K p — ZZX processes, respectively. In the
present work, we evaluated the possibility of observing
the dyq dibaryon in these processes by estimating their
Ccross sections.

This paper is organized as follows. After the introduc-
tion, the mechanism of dyq production in kaon induced
reactions is presented. In Section III, the cross sections
for the K p—dyoE’, K p—>Z°AZ°, and K p—
Z-3*E0 processes are presented, and the last section is
devoted to a short summary.

II. PRODUCTION PROCESSES
A. The K p — dyqE® process

In the present work, we consider that the dyq is a
dibaryon composed of N and Q with the J(J) = %(2*),
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1e., Idg,g> = |pQ) and |dy(= [nQ). The dibayon dyq can
be produced in the high energy K~ p interaction process.
As indicated in Ref. [47], the dibaryon dyq could decay
into AZ°, which indicates the strong coupling between
dyo and AZ°. Thus, there exist the s channel contribu-
tions to K~ p — Z%yq, as shown in Fig. 1(a), where the
initial K~p and final dyoZ° are connected by A.
Moreover, there are contributions from the € baryon ex-
change process, which should be the u channel contribu-
tion in the strict sense. In the K~ p — E%yq process, there
is no ¢ channel diagram in the tree level. Empirically, in
the high energy K~ p/np scattering process, the contribu-
tions from the s channels are strongly suppressed
[55—58]. Thus, the dyo production in the high energy
K~ p scattering should occur dominantly by exchanging a
Q baryon as presented in Fig. 1(b), while the s channel
contribution is ignored.

In the present work, we estimated the cross sections
for K™ p — dyoE in an effective Lagrangian approach.
The interaction of the dyq dibayon and its components
can be described as follows [47]:

L = gaanadonQuyN° +He., (1)

where N = CNT, N¢ = NTC, and C =iy*)° is the charge-
conjugation matrix. 7 is the transpose transformation op-
erator. From the above effective Lagrangian, the tensor
field of dyo can be constructed by the appropriate com-
bination of a Dirac field for the nucleon and a Rarita
Schwinger field for Q. The polarization tensor (7, 1)
could be constructed by the combination of the Dirac
field for spin-1/2 and a Rarita Schwinger field for spin-
3/2,1.e,

31
(P = ) (GazBROVGPY (D) @)
apf

with A= (£2,£1,0), @ =(£3/2,%£1/2), and B==+1/2, re-
spectively. The polarization tensor satisfies

pﬂeﬂv(ﬁ’ /l) = pveﬂV(ﬁ’ /1) = O’
V(P = "B, €[F)=0
Eﬂy* (ﬁ’ /l)fyv(ﬁ’ /l’) = 6/1/1’ (3)

(a)

Fig. 1.

The effective Lagrangian for the QEK interaction
reads [59-64]

_ 8QEK

- pKOYE+Hec.. 4)

Lo=k

With the above effective Lagrangians, we can obtain the
amplitude corresponding to Fig. 1(b), which is

M =gf:1ﬁ (—iplﬁ) 8dyaNQ d’,f,;F(kz,mé)
s
x @ (2 ma)yS (ks ma)upv(pamz)|,— (5)

with S (k,mgq),s to be the propagator of the € baryon,
which is

K+ mg 1 Zkﬂk’lg
S (k,mo)ys =1——— {—&zﬁ T3 Vust
k2 — mg, 3 3mg,
Vuks —ysk
4P ‘;mgﬁ “]. (6)

To depict the internal structure and the off shell ef-
fect of the exchanged Q baryon, we introduce a form
factor F(k*,m2) in the amplitude, and its concrete form
will be discussed later. With the amplitude in Eq. (5), one
can obtain the cross section for K~ p — dyoZ° by

d U 15l (1 —
- " (§|M|2), ™

dcos®  327s ﬁ

where s = (p; + p»)? is the center of mass energy and 0 is
the scattering angle, which refers to the angle of the out-
going dyq and the kaon beam direction in the center of
mass frame. p; and p; are the momenta of the initial ka-
on beam and the final dyq dibaryon in the center of mass
frame, respectively.

B. The K p — AE’ZE? and K~ p — Z+*EE° processes
As indicated in Ref. [47], the dibayon dyo domin-
antly decays into AZ and ZEX. Thus, one can detect the
dyq in the invariant mass spectrum of AZ? and Z-3* of
the K p—E°AZ" and K p—EZ*E" processes, re-
spectively. To depict these processes, additional effective

p(p2) dya(ps)

(b)

(color online) Diagrams contributing to the process of K~ p — dyo=°, where the dyq is considered as a S-wave NQ dibaryon
with J? =2%.
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Lagrangians related to dyoEA and dyoZEX are involved.
As Z, X, and A have the same J” quantum numbers,
these two effective Lagrangians have the same form,
which is

_.Gayy,
‘LdNnYl Y, =1 2MY

FdNn VY,
(2My,)?

Y1 (vudy + 140, ) Yadyy,

0, Y0, Vady +Hee., (®)

where Y;and Y, could be =, X, and A. Similar to the case
of the tensor meson, we can choose F, vy, =0 with the
tensor dominance hypothesis [65], and the values of the
couplings G, y,y, Will be discussed in the next section.
With this additional effective Lagrangian, we can obtain
the amplitudes corresponding to Fig. 2(a), which are

M, =[gdmNQﬁc (p2,m2)y"S (k, mQ);A,BV(P3,m3)]

X

8QEK , . viw .Ga,2A
- (-ip lﬁ)] P (g,ma, de)[l e

X i (ps,ms) (Ya(—=ipaw) + Yo (=ipa))) u(ps, m4)}

X F(kz,mé)F(qz,mzm), )

where Pgrj“’(q, mg,,.Ta,,) is the propagator of the dibary-
on dyq, and its concrete form is

i

Pﬂwlw _
dv. (Q7 md,m B rd,m) - 2 2 .
e q°—my +img,, Ty,

1, _ . 1. .
E(gy/lng +gpwgwl)_ ggyvg/lw s
(10)

X

with g% = —g"” + g#q” /m*. In these amplitudes, an addi-
tional form factor F(qz,mjm) is introduced to depict the
internal structure and off shell effects of the dyq , and its
concrete form will be discussed in the next section. In the
same way, one can obtain the amplitude of K p—
Z9Z-%* corresponding to Fig. 2(b). With the amplitudes

p(p2)

Fig. 2.

in Eq. (9), we can obtain the cross sections for the 2 — 3
processes by

1 1

o= —

8(2n)* @

IMI*dp2dpidcosbdn, (11)

where ® =2 ,/A(s,m?,m3) = 45| Vs with | denoting the
three momentums of the incident particle K. pj is the
energy of the outgoing Z°, whereas p? is the energy of A
in the K~p — AZ°Z° process and the energy of * in the
K~ p — EYZ7X* process.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Form factor and coupling constants

In the present work, we introduce two form factors to
depict the internal structures and off-shell effects of the
exchanging Q baryon and intermediate dyq dibaryon.
The specific expression of the factor is [66—69]

A4

2 2\ _
F(q ,m)—m,

(12)

where A is a model parameter. In principle, the value of
the model parameter A should be determined by compar-
ing the theoretical estimations with the corresponding ex-
perimental measurements. However, the experimental
data for the cross sections for the discussed processes are
not available at the present time. In Ref. [69], the authors
investigated the cross sections for 7~ p — K**A and the
parameter A was determined to be 0.55 GeV for the ¢
channel and 0.60 GeV for the u/s channels by compar-
ing the estimated cross sections with the experimental
data. With this parameter, they also extended to estimate
the cross sections for 7~ p — D*~A}. In the present work,
we take a very similar parameter range, which is
0.55 GeV < A <0.65 GeV, to calculate the cross sections
for the K~ p — dyqZE° process.

Before the estimations of the cross sections for the
discussed processes, the relevant coupling constants
should be clarified. As for the coupling constant g, nq, it
can be estimated by the compositeness condition of the

=0 (ps)

= (py)

p(p2)

Y+ (ps)

(color online) Diagrams contributing to K~ p — Z°AZ° (diagram (a)) and K~ p — =-=*=0 (diagram (b)).
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composite state. In Ref. [47], the coupling constant
ga.No Was estimated to be approximately 1.88 ~2.38
with the variation of the model parameter, where the
binding energy was set to be 2.46 MeV. In the present es-
timation, we take g4, .nvo = 1.97. With this coupling con-
stant, the partial decay widths of dyq— AZE® and
dyg — XTE™ are estimated to be 582 and 22.8 keV [47],
respectively. Together with the effective Lagrangian in
Eq. (8), one can obtain the amplitudes of dyq — AZ and
dyg — X*E", and then the corresponding partial width
can be estimated by

| K|

2
= — N l
QJ+1)8r Mﬁ, M. | (13)

l—‘d,m ...

where J =2 is the angular momentum of dyq, |I?f| de-
notes the three momentums of the daughter particles in
the dygq rest frame. From Eq. (13) and the partial widths
obtained in Ref. [47], one can estimate the corresponding
effective coupling constants, which are g4,z = 7.9 x 1072
and gy, s= = 2.5% 1072, respectively. As for the coupling
constant gg=q, we take gx=q = 2.12 as in Ref. [64].

B. Cross sections for K" p — dyoE"

With the above preparation, we can evaluate the cross
sections for K~ p — dyoZ® depending on the beam en-
ergy and model parameter A. In Fig 3(a), the solid curve
refers to the cross sections for K~ p — dyoZ® with
A =0.60 GeV, whereas the uncertainties of the cross sec-
tions are obtained by the variation of the parameter A
from 0.55 GeV to 0.65 GeV. From the figure, one can
find that the cross sections for K~ p — dyoZ" increase
sharply near the threshold of dyqZ"; however, when the
beam energy is greater than 9 GeV, the cross sections in-
crease very slowly with the increase in beam energy. In
the considered parameter range, the cross sections are es-

timated to be 404*358 nb at Px =20 GeV, where the cen-

10°

TTITm
—

102

10"

—

Q

=

10°

g

10"

1072

1031 : : : : : ;

8 10 12 14 16 18 20
Fig. 3.
sections depending on cos(d) (diagram (b)).

ter value is estimated with A =0.60, while the uncertain-
ties result from the variation of A from 0.55 GeV to 0.65
GeV. In Ref. [69], the cross sections for np — D*"A}
were estimated to be approximately 13 nb, whereas the
present estimation indicates that the cross sections for
K~ p — dyoZE° can reach 400 nb with the same model
parameter, which is approximately 30 times larger than
the one for 7p — D*~A} [69].

In addition, we also present the differential cross sec-
tions depending on cos(d) in Fig. 3(b). We select three
typical beam energies as examples, which are Pgx = 10,
12, 14 GeV with A =0.6 GeV. From the figure, one can
find that more dyq dibaryons are concentrated in the for-
ward angle area even in the case of Px = 10 GeV, which
results from the Q exchange.

C. Kp—>=E'AZ"and K p—> = X2

Besides the K™p — dyoZ° process, we estimated the
beam energy dependences of the cross sections for
K p— Z°AZ" and K~p — ZX*2°, where Z°A and =X+
are the daughter particles of dyq. As indicated in Ref.
[47], the dibaryon dyq dominantly decays into AZ°, and
the branching ratio is estimated to be approximately 95%.
Thus, one can experimentally detect dyq in the AZ0 in-
variant mass distributions of the K~p — Z°AZ" process,
as shown in Fig. 2(a), where A can be reconstructed by
pr~ and na°, while Z° can be reconstructed by the cas-
cade decay processes Z° — An’ — pra® or 20 - An® —
na’z°. Our estimations indicate that the cross sections for
K~ p — Z9AZ° increase sharply near the threshold and be-
come very weakly dependent on the beam energy as
shown in Fig. 4(a) . In particular, the cross section is es-
timated to be 13*2° nb at Px =20 GeV, where the center
value is estimated with A = 0.6, whereas the uncertain-
ties result from the variation of A from 0.55 GeV to 0.65
GeV.

Furthermore, the branching ratio of dyg — Z°X* is
sizable, and the final states are charged, which may be

10%g -3
£(b)
PLACIERR
,r-:""’*g. E
..... - Pr=10 GeV —:
........ Pr=12 GeV ;
..... Pr=14 GeV E
05 0.0 05 1.0
cos(6)

(color online) Cross sections for the process K~ p — dyoZ° depending on the beam energy (diagram (a)), and differential cross
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103

TTTm

—
o

Nao

102

10°

10°

o(nb)

107"
A=0.6 GeV

108
8 10 12 14 16 18

PK(GGV)

N
o

Fig. 4.

easier to be detected. Thus, in the present work, we also
estimate the cross sections for K~ p — Z-X*2%. As shown
in Fig. 4(b), the beam energy dependences of the cross
sections for K~p — Z"X*E° are very similar to the ones
for K~p — Z°AZ° , and the magnitude of the cross sec-
tion is estimated to be 0.5*)3 nb at Px =20 GeV.

IV. SUMMARY

The production of the dibaryon dyq is the crucial step
for investigating its properties experimentally. The STAR
Collaboration at RHIC detected the dibaryon dyq by
measuring the proton-Q correlation function in the high
energy heavy-ion collision. The ALICE Collaboration at
LHC also proposed to detect dyq in a very similar pro-
cess. By utilizing the secondary kaon beam with a typical
momentum of approximately 3 GeV, the Hadron experi-
mental Facility at J-PARC proposed to produce dyq by
two step reactions, ie., K p— Q K*K*0 and Qd —
E-Ap, where the dibaryon dyq is expected to be ob-

10°

m
=
g

102

N
o
o

LRALL AL R L L

é 1‘0 1‘2 1‘4 1.6 1‘8
PK (GGV)

N
o

(color online) Cross sections for K~ p — Z0AE? (diagram (a)) and K~p — =-2*E0 (diagram (b)) depending on the beam energy.

served in the E~A invariant mass spectrum.

Besides the above two types of production processes,
in the present work, we propose to directly produce dyq
in the K~ p— dyo= process using a secondary kaon
beam with a typical momentum of approximately 10
GeV. The cross sections for K~p — dyo=" were estim-
ated, and we found that the cross section is of approxim-
ately several hundreds nanobarns at Pg =20 GeV.
Moreover, the estimated differential cross sections indic-
ated that the produced dyq dibaryons were concentrated
in the forward angle area.

Considering the fact that dyo dominantly decays into
EA, we also estimated the cross sections for K~ p —
ZOAZEY and K p— EZ*Z"Z% where the dyqdibaryon
could be detected in the Z°A and Z~X* invariant mass
spectrum, respectively. In particular, the cross sections
for K~p — ZAZ? were estimated to be approximately 10
nb at Px =20 GeV, whereas the cross section for
K~p — = 2"E0 was approximately 20 times smaller than
the one for K~ p — ZOAZ".
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