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We investigate S = —2 production from the Ap — K*X reactions within the effective Lagrangian
approach. The Ap - K*AA and Ap - KTE™p reactions are considered to find the lightest S = -2
system, which is H-dibaryon. We assume that the H(2250) — AA, and H(2270) — E~p decays with the
intrinsic decay width of 1 MeV. According to our calculations, the total cross sections for Ap — KTAA and
Ap — KTE™ preactions were found to be of the order of a few ub in the A beam momentum range of up to
5 GeV/c. Furthermore, the direct access of information regarding the interference patterns between the
H-dibaryon and nonresonant contributions was demonstrated.
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I. INTRODUCTION

Double-strangeness  baryon systems involve an
H-dibaryon, double hypernuclei, and possibly the inner
core of neutron stars [1]. An observation of several double
hypernuclei reveals that the AA interaction is weakly
attractive. However, the 2N interaction was only studied
in heavy-ion collisions, which indicates a strong, attractive
interaction [2]. Recently, the EN-AA coupling was deter-
mined to be weak based on an initial observation of a
Coulomb-assisted bound state for the Z~—!“N system [3],
which was predicted to exist considering the evidence for a
deeply bound E~—!“N state reported in a hybrid emulsion
experiment at KEK-PS [4]. While strangeness S = —2
baryon-baryon interactions provide critical information
on exploring the smallest object (H-dibaryon), and the
largest (the inner core of neutron stars), the experimental
data is limited.

The lightest S = —2 system is the H-dibaryon, which
can be decomposed into a compact 6-quark state, and two
baryon states involving AA, EN, and XX components.
The mass range of the H-dibaryon is strongly connected
with the existence of double A hypernuclei. Several double
A hypernuclei have been reported: ,SHe [5], \'Be [6],
and /3B [7]. Because the AA — H decay was not observed
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in the aforementioned studies, the H must be heavier
than my > 2my + By =~ 2.22 GeV/c?.

In Refs. [8-10], the strangeness S = —2 baryon-baryon
interactions in chiral effective field theories were inves-
tigated with lattice-QCD data. Li and his colleagues [8]
scrutinizes the analyses of the lattice-QCD data with
caution in terms of the use of isospin symmetry, chiral
extrapolations, and the dependence on the lattice time.
From the 2N, *tHooft interaction induced by the instanton,
the six-quark interaction is investigated for the dibaryon
using the quark-cluster model and turns out to be repulsive
eliminating the dibaryon [11]. From the relativistic colli-
sion experiments such as the STAR and ALICE collabo-
rations, the dibaryon formation has been explored to
estimate the AA interactions in terms of their binding
energy [12,13]. For instance, the binding energy is esti-
mated within an effective-range expansion approach with
Bap = 3.25)8(stat) "] 8 (syst) MeV from the AA femto-
scopic measurements [13]. The holographic QCD approach
is also applied to investigate the dibaryon, which is n
described as an SO(3)-type topological soliton with B = 2,
resulting in My~ 1.7 GeV [14,15]. In Ref. [16], the
authors studied the dibaryon with that the two strange
quarks are in the spin-0 state by using the quark model,
resulting in no compact bound states found. It is also
important to note that lattice QCD simulations have been
the most active field for the dibaryon searches for decades
[17-21], although its existence has not been fully sup-
ported. Among them, recently, the HAL QCD collaboration
has indicated that the AA(!Sy) interaction is not sufficiently
attractive to generate a bound or resonant state close to the
AA threshold, whereas the ZN('S,) phase shift increases
sharply just above the EN threshold [22]. Experimental
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confirmation of the H-dibaryon would be a significant
accomplishment for a better understanding of hyperon
interactions.

Enhanced AA production close to the AA threshold was
reported in 'C(K~, K") reactions at pg- = 1.65 GeV/c
[23,24]. This threshold enhancement may provide insight
for the possible existence of an H-dibaryon near the AA or
&~ p thresholds. A high-statistics experimental reconfirma-
tion should be awaited until the dedicated H-dibaryon
search experiment E42 [25] is performed using a high-
intensity K~ beam at J-PARC.

The simplest method for producing the H-dibaryon is to
employ the double-strangeness and double-charge exchange
(K~, K") reaction on a light nuclear target to retain two units
of strangeness in a 12C nucleus, similar to the J-PARC E42
with a diamond target at pg- = 1.8 GeV/c. Furthermore,
the H-dibaryon is also available in other reactions, such as
pp, PA, YA, and A, most of which involve nuclear targets
that contain at least two nucleons coupled to the H-dibaryon
production; therefore, the overlap of wave functions for
hyperons and intranuclear nucleons should be considered.
A cross section measurement for the AA production was
reported to be 6.7 + 1.5 mb in a p-Ta reaction at 4 GeV/c
[26]. Heavy-ion reactions can be used to produce A and 2~
hyperons copiously so that the coalescence of two of these
particles into the H-dibaryon may be observed. However,
the H-dibaryon should be observed in a high-multiplicity
environment for high-energy heavy-ion collisions.

Because the H-dibaryon can be formed directly via EN
and AA interactions, the production reaction involving the
minimum number of vertices is the 2~ p — H reaction with
a proton target. However, in this case, the mass range of the
H-dibaryon is accessible only above the 2~ p mass thresh-
old. Because a AA scattering experiment is unavailable, the
second-best choice is a Ap — HK™ reaction via a strange-
ness-exchange process, with which the H-dibaryon can be
observed in the mass range below the AA threshold to a
higher mass region.

A A beam is available via photoproduction and
n~-induced reactions by tagging K, K°, or K(892)* in
the final state. For example, the z~-induced reactions can
either be a 77 p — K°A or 77 p — K(892)*A reaction. As
the detection of a Kg — 2z decay triggers the production
of both S =+1 K% and § = -1 K° with nearly equal
probability, the production of A particles cannot be
uniquely tagged. Therefore, the 7~ p — K(892)*A reaction
is selected as a primary reaction for the Ap elastic
scattering measurement using an 8 GeV/c zn~ beam at
J-PARC [27]. In this case, the A beam is available in the
momentum ranging from 0.2 to 2.0 GeV/c, and it is
unavailable for double-strangeness production above the
threshold A momentum of 2.6 GeV/c.

However, the yp — K'A reaction facilitates the
production of a high-momentum A with A polarization
in the photon beam energy region above 2.5 GeV.

The measurement of Ap - KTAA and Ap - KTE p is
viable with the CLAS data [28] and the upcoming LEPS2
data [29]. This (A, K™) reaction measurement leads to a
decisive conclusion regarding the existence of the
H-dibaryon near the AA and E~p thresholds. Moreover,
possible interference effects among the K™ AA and K™= p
channels are noteworthy.

In this study, numerical calculation results for the
Ap - KTAA and Ap — KTE p reactions within the
effective Lagrangian approach have been reported. We
calculate the Dalitz plot densities (d?c/dM yydM g +) for
the Ap —» KTAA reaction and (d*6/dMz=-,dMz-g+) for
the Ap - KTE™p reaction. The H-dibaryon states are
assumed to appear at 2.25 GeV/c? and 2.27 GeV/c? in the
AA and E”p channels, respectively. The intrinsic width
of the H-dibaryon was chosen to be 1 MeV. Based on
calculations, the total cross sections for the Ap - KTAA
and Ap - K2 p reactions were determined to be within
the order of a few ub in the A beam momentum of up to
5 GeV/c. Furthermore, we demonstrated that information
regarding the interference patterns between the H-dibaryon
and non-resonant contributions can be directly accessed.

II. THEORETICAL FRAMEWORK

In this section, we introduce the theoretical framework to
investigate the Ap — K*X reactions within the effective
Lagrangian approach. We consider the Ap - KTAA and
Ap — K"Z7p reactions. The relevant Feynman diagrams
for the reactions are illustrated in Figs. 1 and 2. Diagrams
(a) and (b) indicate an H-dibaryon-pole with A and =
exchanges, respectively. The other diagrams (c—f) denote
various baryon-pole contributions with #-channel meson
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FIG. 1. Relevant Feynman diagrams for the present reaction
processes of Ap — KTAA at the tree level. Diagrams (a) and
(b) indicate the H-dibaryon-pole contributions with the A and =
exchanges. Diagrams (c—f) denote the various baryon-pole
contributions with the strange and nonstrange meson exchanges
in the z-channel.
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FIG. 2. Corresponding Feynman diagrams for the reaction
processes of Ap — KTE~p at the tree level. Diagrams (a) and
(b) indicate the H-dibaryon-pole contributions with the A and =
exchanges. Diagrams (c—f) denote the various baryon-pole
contributions with the strange and non-strange meson exchanges
in the r-channel.

exchanges. The effective Lagrangians for the Yukawa
vertices are defined as follows:

Lgpn = —9gpuB'B'H + H.c.,

Lysn = 9ppesB'B'TBB + H.c.,

Lsgp = —igsgpBSB + H.c.,

Lpps = —igupsBysPB +H.c.,

Lpsp — —iguspB'PB + He.,

Lyss = 9vesBYB + H.c., (1)

where B, B/, H, S, P, and V denote the fields for the 1/2"
baryon, 1/2~ baryon, § = —2 isoscalar-scalar H dibaryon
[30], scalar meson, pseudoscalar meson, and vector
meson, respectively. The coupling constant ggpy is
given by gaan = —9/ V8 and Inzn = —9/ V2, where g=
2.4/+/MeV is used to reproduce the HAL-QCD collabo-
ration results in the flavor SU(3) limit [30,31]. The values
of gispyv)pp are obtained from the Nijmegen soft-core
model (NSC) [32], whereas those for gppp are determined
by the experimental results [33] and the SU(3) relations.
All the relevant couplings for Ap - K*AA and Ap —
KTE"p are listed in Table 1.

Diagrams (a) and (b) for the Ap — KTAA (AA channel
in the following) can be computed using these Lagrangians,
resulting in the following invariant amplitudes:

. 1/2
’Mf\a/)\ = gKNAQ%AH’é [”IDOH(Q4+5)M1]DA/ (q2-3)7suz
- (4<5), (2)

TABLE 1. Values of the full decay widths for the relevant
hadrons from Refs. [33].

h o n 0] K K
I, MeV] 550 1.31 8.49 478 0
h K* (N,AE) N*(1650)
I, [MeV] 50.8 0 158.2

i 1 o
’Mé\b/; = EgK/\EgNEHgA/\Hu4M5D%(Q4+5)u2

1/2

X D27 (q1-3)rs5u1 — (4 < 5), (3)

where q;,; =k; = k; and Dj indicate the dressed pro-
pagator for a hadron A with spin s. Its explicit form in the
present work is as follows:

Fi(q?)
D% q) = 2 2 . ’ (4)
q - Mh - thMh
Fi(q?) 4.4
D}.(q) = A o
D) = 2 i, \ 9 T )

2
D} g) = A (©

Here, the factors M, I'j,, and ¢, denote the mass and full
decay width of the hadron A, and the transferred momen-
tum, respectively. The values of I';, are listed in Table I. The
phenomenological form factor F, presents the spatial
extension of the hadron /4. In this study, we employ the
following type of the form factors:

4
Ah

Fh(qz) (M% _ qz)z . (7)

A} +

The cutoff mass A, is determined from other exper-
imental data in the next section. Notably, the interchange of
the A baryons in the final state (4 <> 5) in Eq. (2) gives a
negative sign, owing to the Fermi-Dirac statistics. All the
relevant meson-baryon couplings are obtained from the
Nijmegen soft-core potential model [32], as listed in
Table 11

The invariant amplitudes for the diagram (c) can be
evaluated as follows:
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TABLE II. Relevant coupling constants for the present reaction process. These values are obtained from Refs. [30-32,34,35]. Here, o
and N* denote f(500,07) and N*(1650, 1/27), which is the most important contribution in the vicinity of the production threshold.

AAH NEH (k,K,K*)NA (k,K,K*)AE (6,n,)NN (0.1, w)AA (0,1, w)EE
Sl2_ s (-831,-134,-426) (8.773.92426) (-0.50,634,104) (=6.45,-6.86,496)  (~12.6,-11.1,195)
KN*A INN* (x.K,K*)NE (. K. K*)AZ (k. K, K*)XE TAZ NN
0.53 0.35 (—5.32,-4.09, —2.46) (8.77,3.92,4.26) (—4.54,-16.7,-2.46) 11.9 13.0
. _ 1/2 _
lMt(yS = —gaAAgKNAgaNN[”5Y5DP/ (CI3+5)M2]D2(C]1—4)[”4M1] -4 <5), (8)
. _ 1/2 _
lM'gf) = —gnAAQKNAgnNN[usyst/ (q345)75ua] DY) (q1_a)[itaysuy] — (4 < 5), )
) _ 1/2 _
iMU = =guangxnndonnlisysDy (@345)7" (9124 2] Dy [far' )] = (4 < 5). (10)
. . _ 12 _
lM’Zf) = —9yAAIKN*AGyNN* [usté (CI3+5)”2]D2(6]1—4)[”475“1} - (4 <5), (11)

for the (o, 7, ) meson exchange in the 7-channel. The superscripts in i./\/lhc‘, "2 denote the intermediate hadrons as shown in
Fig. 1. Regarding the nucleon-resonance and A-baryon contributions, we only consider the couplings to the # meson to
avoid theoretical uncertainties.

The scalar meson o represents f(500, 0") [33]. For the production of H-dibaryon near the threshold (/s ~ 2725 MeV),

only the nucleon resonance N*(1650,1/27) becomes relevant to the amplitude, z./\/l'gf) The strong coupling constants

corresponding to N*(1650, 1/27) are also obtained from the chiral coupled-channel method [34], as listed in Table IL
Similarly, the (x, K, K*) meson-exchange contributions are as follows:

-/\/l’(ii)l7 = —gxnnGivaliiarsDy* (g314)11DY(gs ) [asis] — (4 < 5), (12)
ng{;p = —gkwadinaliarsD'y  (314)75u1 DY (qs ) [isysus] — (4 <> 5), (13)
Mg>_p = _gKNAg%(*NA[ﬁ475D}7/2((I3+4)7/ﬂu1]D}(*W(‘IS—Z)[1_457/1/”2] -(4<5) (14)

iMf;)p* = _gKNAg%(N‘A[ﬁ4D117/*2(Q3+4>”1]D(I)(*(QS—Z)[uﬁyﬁuﬂ - (4 <59), (15)

where the strange scalar meson denotes x~(800) [33].
The background contributions, which do not form resonant band structures in the Dalitz plot, are given by the following:

iM = =ginn2anlsD* (G2-3)7512) DS (g1-) [fay] = (4 < 5), (16)
ZMEZ\) = _gKNAgiAA[IZSYSD/I\/z(Q2—3)y5”2]D9/(CI1—4)VMYS”I] —(4<5), (17)
IM‘(‘Z)\ = _gKNAgZ)AA[ﬁ575yﬂD/1\/2(q2—3)YSuﬂD(]u,;w(QI—4)[ﬁ4yyul} - (4 <5), (18)
and
iM{ = —gunngxaztenzBDY (q1-3)rsu DL (g5-)[Asus] — (4 < 5), (19)
iM" = —grangxnzgxnzliarsDE (g1-3)ysii) Dy (gsoa)[sysua] — (4 < 5), (20)
iM " = =gk nngxazdx-azliar" DL (q1-3)ysi| Dk, (g5-) sy ua] — (4 < ). (21)
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All the relevant coupling constants are provided in
Table II.

For the Ap — KTE™p reaction, we can compute the
invariant amplitudes similarly without the particle-
exchange (4 < 5) terms in the final state. The relevant
coupling constants for this reaction are provided in
Table II. In this reaction, the 27-plet ®*" pentaquark
contribution can be considered in diagram (c). However,
the existence of this exotic baryon has never been
confirmed experimentally. Hence, we ignore this contri-
bution for brevity. In diagrams (d) and (e), there are two
baryon-pole contributions, that is, A and X%, which differ
from the AA channel.

Unlike the electromagnetic hadron production involving
the Ward-Takahashi identity, determining the phase factors
between strong-interaction amplitudes is a relatively diffi-
cult task owing to the lack of symmetry. In the present
calculation, we employ a free parameter for the phase
difference between the tree-level invariant amplitudes as
follows:

IMiee = iM(a+b) + e’ [iM(c+d+e+f)]' (22)

The phase factors among the invariant amplitudes of
diagrams (c—f), except for the nucleon-resonance contri-
butions, are determined from the coupling constants in the
Nijmegen model [32]. Although we do not have a theo-
retical reasoning for fixing the phase factor for the nucleon-
resonance contributions, we simply assume that gypy+ 1S
positively real. Moreover, the nucleon-resonance contribu-
tions were numerically verified to be negligible, owing to
its significant full decay width as provided in Table I. Thus,
we introduce a single phase factor between the H-dibaryon
contributions and others, as shown in Eq. (22). The phase
angle ¢ is considered a free parameter in the numerical
calculations.

After attaining the aforementioned, the final-state inter-
action (FSI) contributions can be considered. The total
amplitude including the FSI contributions is defined in the
on-shell approximation (OnF) [36] as follows:

iMiee c¥s1
= g+ (0 (i [ SR ) )
FSI
23)

where i/\A/lg:l’g;f, p,p, Stands for the flavor-singlet two-
baryon coupling constant for the /=0 and §=-2
channels in the coupled-channel (cc) method. Based on
the isospin symmetry, its elementary amplitude can be
expressed as follows [37]:

V3
g -3 ¥
iMpiponp, = =il | =3 +3 +F | (24
Vi
- 47 4y

The value of A; to reproduce the binding energy of the
HAL QCD data is given by —12.8/GeV? [37]. Note, in
Eq. (23), only the baryon-baryon rescattering for FSI is
considered for simplicity, and the S = 0 meson-baryon re-
scattering is ignored because we are interested in the
baryon-baryon invariant mass spectrum. The two-baryon
propagator G2y applies the on-shell factorization. The
integration of gg] B'i over the loop momentum ¢ can be
regularized simply using the dimensional-regularization
method [36] as follows:

GPVOnFNl/ d'q M, (My,s—M,+M,)
it (2”)4 [‘12 —M% - ie][(q4+5 - q)2 - M% — ie]

:Ma(M4+5_Ma+Mb)
1677
{lnﬁszMz M%’+M4+51 M;
w 2M3, s Mj,
o (Ly-+Lyy—L—L_) (25)
Mys

where we define

VMg = (M, = M) M35 — (M, + M)
n= :
2Myys
- M%) +2M 4 5m).

Ly =In[+M2% + (M2
(26)

Hence, in terms of the on-shell factorization, the
coupled-channel amplitude for the BB, — B3;B, channel
reads:

. \* gcc,OnF
lMBle->33B4

= iMpg p,~p.5, + E (iMBIBﬁB,;Bﬂ)

BB,

(Gg?g /)(i/\A/leBf,—»mBA) +oee (27)

Owing to the regularization and Lorentz structure of the
elementary amplitudes as shown in Eq. (24), each term in
the right-hand side (rhs) of Eq. (27) is finite. Equation (27)
can therefore be rewritten in a matrix form as follows:

IMECO = (I35 — (IM)(GO")] ' (iM). (28)
Here, channels (1,2,3) are defined by the (AA, NE, XX)
scattering states.

114022-5
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Regarding the AA — AA scattering for FSI, we consider only iM{] = iM,_ . in Fig. 3. Following extensive

calculations, the analytical form is obtained as follows:

. cc,OnF
’MAA—>AA

M[16 = 6i4, (4G, + 3G;) — 152G, G5

" 128i 4 164,(G, + 4G, + 3G3) + 6i43(4G,G, + 3G,G3 + 12G,G3) — 1583G,G,G5

(29)

where G| ; ; indicates G yg y- Finally, considering all the factors previously indicated, we obtain the FSI-corrected total

amplitude for the AA channel:

. A «AA,OnF
M tree+FSI

= Mtree [

Similarly, we can derive the E
Z7p,OnF
lMtree+FSl

where

iME

21[64 + 244, (4G, + 3G3) — 152G, G5

(6RO (i858 ) | (30)
~ p channel total amplitude as follows:

iME [1 s (6 0“F><iM§%‘,31FE-,,>] (31)

ETp-Ep T T

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide the numerical calculation
results with details regarding the Ap — KTAA (AA
channel) and Ap — K*E™ p (E p channel) reaction proc-
esses. In this calculation, the H-dibaryon is assumed to be
unbound above the AA threshold. The mass range of the
H-dibaryon is strongly connected with the observation
of the double A hypernuclei, which imposes that the
H-dibaryon mass should be larger than 2.22 GeV/c?.
Recent lattice QCD calculation results indicate that the
mass ranges between AA and Z” p thresholds [22,30,31,
38,39]. Two H-dibaryon states, below and above the E™ p
threshold, were chosen considering the H (2250) - AA
and H(2270) — E™ p decays. It is also possible that the
interactions between two baryons are too weak to form
either a resonance or a bound state. If this is the case, we do
not have the pole diagrams (a) and (b) in Fig. 1, and the Ap
cross section will be dominated by the baryon-baryon
interactions, mediated by the meson exchanges. One can

<> .o <>

AA MEC OnF
three AA—)AA

FIG. 3. Schematic for the final-state interaction contribution in
Eq. (29), for the AA channel.

128 + 164, (G + 4G, + 3G) + 6i22(4G,G, + 3G,G + 12G,G3) — 1543G,G,G;

(32)

extract the information for the meson-mediated baryon-
baryon interactions by analyzing the background contri-
butions even for that the dibaryon does not exist.

As indicated in Sec. II, we employ the coupling con-
stants for the dibaryon ggzpy from the bare H-dibaryon
model, in which the values were determined to fit the
flavor SU(3) symmetric HAL-QCD data [30]. Therefore,
the values of gzpy may be different from reality, where the
flavor symmetry is heavily broken. Although the effects
of the SU(3) symmetry breaking convert a bound state
into a weak resonance dynamically as in Ref. [30], it is
rather difficult to describe this effect in the present
theoretical framework, since the dibaryon is given as a
pole diagram, not generated dynamically. Instead, we
explore the two different masses for the dibaryon explicitly
as discussed above.

Nonetheless, as guidance for the present theoretical
calculations, these symmetric values were adopted as a
trial. In Ref. [31], the full decay width of the dibaryon was
'y = 2.7 MeV at the physical point.

First, the cutoff mass was fixed in the form factors in
Eq. (7). In Ref. [40], a few events of the '"C(E~, AA)X
reaction were reported. Using the eikonal approximation,
the total cross section was deduced to ¢ = 4. 3+6 3 mb for
the E~p — AA reaction at pz- = 0.5 GeV/c. We repro-
duced this value in the present theoretical framework. For
simplicity, we only considered the , K, and K* exchanges
in the ¢-channel, and ignored a possible H-dibaryon
contribution in the s-channel. Moreover, the cutoff masses
for the three meson exchanges were chosen to be the same
for brevity. The relevant invariant amplitude is then
obtained as follows:

114022-6
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FIG. 4. Total cross section for 2~ p — AA (solid) and E"p —
E7p (dotted) using Egs. (33) and (34) with the cutoff mass
App =435 MeV and Ag-, = 535 MeV, respectively. Ay, is
determined to reproduce the data point ¢ = 4.35633 mb, extracted
from '2C(E~, AA)X data [40].

IMz-poan = iMe = (c < d), (33)
O=K.K.K*
where
M. — igozagona (B oty ) (0% u,)Fo(t)
® t— M2 — iTeMy ’
Ik g = (14x477577;4)- (34)

All relevant inputs are listed in Tables I and II. Thus, the
cutoff mass for the AA channel, i.e., Ay, is determined to
be 435 MeV to reproduce the E~p — AA cross section
o= 4.31’2’3 mb as shown by the solid line in Fig. 4. As for
the Z p channel, we employed the analyses of Ref. [40],
indicating that the upper limit of the elastic scattering cross
section is about two-times larger than that for 2= p — AA.
Hence, we determine the cutoff value Agz-, to reproduce
the cross section 6 %9 mb at pz- = 0.5 GeV/c resulting
in Ag-, =535 MeV as shown by the dashed lines in
the figure.

In the left panel of Fig. 5, the numerical results for the
total cross sections of the AA (square) and E™p (circle)
channels are presented for the total (thick) and H-dibaryon-
only (thin) contributions as a function of the A beam
momentum py,,. We determined that the total cross sections
for the two channels are of the order of approximately a few
ub, which is smaller than that for the pp —» K*Ap from
the COSY experiment [41]. The total cross sections from
the AA channel are approximately twice as large as that of
the E~p because there are more possible contributions,
as shown in the relevant Feynman diagrams in Fig. 1, in
addition to the larger Nijmegen coupling constants. On the

100 g
(a)
—#— AA channel
—®— AA channel w/ H only

I~ N E"p channel
3. 10 F —®— Epchannel w/ H only
=}
2
p=t
Q
Q
1]
2 1 =
] E
3)
3
o
=

0.1F

PR R SR S T R
25 3 35 4 45 5 55

P [GeV/c]

10 F

—_
T

) —=— AA ch. with H-mass 2.25 GeV/c?
i —=— AA ch. with H-mass 2.27 GeV/c?
‘ === AA ch. with H-mass 2.29 GeV/c?

Total cross section [pub]
o
T

-~~~ E7p ch. with H-mass 2.25 GeV/c?
-==®--= E"p ch. with H-mass 2.27 GeV/c?
E"p ch. with H-mass 2.29 GeV/c?

0.01|‘Al\x||ll||xlx|||||||Al\||
3 35 4 45 5
P [GeVic]
FIG. 5. (a) Total cross sections for the AA (square) and E~p

(circle) channels for the total (thick) and H-dibaryon-only (thin)
contributions as functions of the A beam momentum p,,.
(b) Total cross sections by varying the masses of the H dibaryon.

contrary, if we only consider the H-dibaryon, the order of
the cross sections is reversed, owing to the value of ggyaa
being smaller than gy=-, by a factor of two considering the
isospin factor. Note, the production cross section for the H
dibaryon is a few tens of nanobarn. As shown in the right
panel of Fig 5, to test the H-dibaryon mass dependence
of the total cross sections, they are depicted with My =
(2.25 ~2.29) GeV/c? for the two reaction channels. The
effects from the mass changes are unapparent, while
considerable difference can be observed for the E™p
channel with M = 2.25 GeV/c?.

In Fig. 6, the numerical results for the differential cross
sections of the AA (left) and E p (right) channels are
presented as the function of the scattering angle of K in
the center-of-mass frame (cm) 6. We also analyzed the
differential cross sections in the energy range of
E ., = 2.8-3.0 GeV. The thick and thin lines denote the
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FIG. 6. Differential cross sections for (a) AA and (b) E™p
(right) channels, respectively, as functions of the scattering angle
of K in the center-of-mass frame (cm) 6.

cases with and without the H-dibaryon contributions,
respectively. The angular dependence for the two channels
is relatively flat at a low energy and forwarding as the
energy increases. Note, the angular dependence of the
H-dibaryon production is nearly flat at high energies,
indicating the S-wave nature of the particle.

To investigate the production mechanisms more care-
fully, we present the numerical results for the differential
cross sections for each contribution individually at E_,, =
2.8 GeV (pip, = 2.83 GeV/c), in the same manner as
presented in Fig 7. Regarding the AA channel, the w
and K~ exchanges in the proton-pole diagrams (¢ and d)
are predominant owing to the combinations of the larger
Nijmegen coupling constants. Moreover, the H-dibaryon
production diagram with the A pole (a) is significantly
larger than that of the E™-pole diagram (b). Regarding the
E~p channel, the H-dibaryon production diagrams are
considerably larger than others, and the x exchange in the ¢
channel (e) provides a meaningful contribution. Generally,
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S
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T ©np*
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0.001

77 ®KA
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FIG. 7. Differential cross sections for (a) the Ap — KTAA and
(b) Ap - KTE" p reactions at E_,, =2.8 GeV (p, =2.83GeV/c)
are plotted in separate curves for individual diagram
contributions.

we determined that the H-dibaryon production diagram (a)
with the Mandelstam variable ¢ = (k, — kg+)? enhances
forward scattering, and vice versa for the diagram (») with
u= (k, — kg+)?, as expected.

The Dalitz plot for the Ap - K*AAand Ap - KTE p
reactions are plotted in Fig. 8 for a A beam momentum of
2.83 GeV/c. Because no background processes form
structure in the Dalitz plots, the H-dibaryon band appears
predominant. The numerical results for the invariant-mass
plots are provided in Fig. 9 with My = 2.25 GeV/c? and
2.27 GeV/c? for the AA (left) and E~p (right) channels,
respectively, at E., = 2.8 GeV. The width of the H
dibaryon is assumed to be 1 MeV, whereas the phase
angle ¢ is tested for O (thick) and z (thin). The shaded areas
indicate the cases without the H dibaryon. The light
and heavy shared areas indicate the cases without and
only with the H dibaryon. We observed that the H-dibaryon
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FIG. 8. Dalitz plots for (a) the Ap - KTAA and (b) Ap —

K*E~ p reactions at p, = 2.83 GeV/c, respectively. Both con-
tain the relative phase angle v = 0. The Dalitz plots are projected
onto the AA/Z"p and KTA/KTE~ mass axes and plotted as
histograms on the top and right sides, respectively.

production rates are larger for the E~ p channel by a factor
of two, than that for the AA channel, and vice versa for the
total background contributions, as shown in Fig. 9. The
signal-to-background ratio is approximately 0.3 for the AA
channel, whereas the larger value of 1.6 is for the Ep
channel. Therefore, the Z~ p channel enables us to search
for the H dibaryon significantly easier than the AA channel.
The production cross sections for H(2250) —» AA and
H(2270) - E~p are approximately 40 nb and 38 nb,
respectively. Significant changes are obtained by the differ-
ent phase factors, clearly shown in the Z~ p channel, owing
to the smaller interference with the background processes.
Furthermore, we note that the channel opening effects from
the final-state interactions were small, resulting in cusplike
structures being hardly observed.

100

— a
Een = 2.8 GeV — =0 (a)

10 F

Differential cross section [ub/GeV]

O U
224 226 228 23
AA invariant mass [GeV/c?]
100
0 (b)
> Een = 2.8 GeV =0
3 — ¢=m
=l H only
= l0f BKG
.8 i
3]
]
2
8
o
E 1F
= F
g
=
@)
O
224 226 228 23
& p invariant mass [GeV/c?]
FIG. 9. Invariant-mass plots for My = 2.25 GeV/c? and

2.27 GeV/c? for (a) AA and (b) E~p channels, respectively,
at £, = 2.8 GeV. The width of the H dibaryon is chosen to be
1 MeV and the phase angle ¢ is tested for O (thick) and z (thin).
The shaded areas indicate the cases without the H-dibaryon.

Finally, considering the decay-angle distribution of the
H-dibaryon, the decay angle distribution of the S-wave
H-dibaryon is isotropic at the rest frame of the H-dibaryon.
We define the double differential cross section as
d’*c/d cos O,,,d cos v, Where the angle 6, denotes that
of the outgoing Kt in the cm frame. The angle . is
defined by

-B =K+
kot - k
Yiest = —;;Stim (35)

SKt
| kref;t | |kcm

rost and lzf,; indicate the three momenta of the one
decaying baryon in the final state at the H-dibaryon rest
frame and the outgoing K" in the cm frame, respectively.

where k..

114022-9



JUNG KEUN AHN and SEUNG-IL NAM

PHYS. REV. D 103, 114022 (2021)

Ap—K*AA at \s =2.8 GeV

0.0500
0.0475
0.0450

cosy

0.0425
0.0400
0.0375

cosf

Ap—K*E"p at‘VE;;:Z.S GeV

(b)
05 ' 0.05

0.04

cosyr

00~ 1 0.03
0.02

-05

10 -05 00 05 10
cosf

FIG. 10. Double differential cross section [ub] as a function of
€08 B, and cos . for (a) the AA and (b) E™ p channels. See the
text for details.

In Fig. 10, we depict the numerical results for the double
differential cross sections as a function of cos@., and
cos W With the H-dibaryon contribution only. As
expected, we clearly observe that the decay-angle distri-
bution, i.e., the double differential cross sections, are nearly
flat for the various cos 6, values.

IV. SUMMARY

In this study, we investigated the H(I =0,J = 0)-
dibaryon production via Ap — AAKT theoretically.
Thus, we employed the effective Lagrangian approach
at the tree-level Born approximation. We considered the
mass and decay width of the dibaryon as the theoretical
input parameters, and they were chosen by considering
presently available theoretical and experimental results,
such as the lattice-QCD data analyses with the flavor
SU(3) breaking effects: 2M, <My <(Mz-+M,) and
I'y = (1-10) MeV. The critical observations made in
this study are as follows:

(1) The total cross sections for the AA and E™p
channels are determined to be within the order of
a few ub in the A beam momentum of up to
5 GeV/c¢, while the production cross section for
the H-dibaryon is approximately 100 nb. Here, we
determined our model parameters such as the cutoff
masses for the form factors, based on the exper-
imental data for the E™p elastic and E~p — AA
scattering cross sections.

(i) The total cross sections do not change significantly
with the H-dibaryon mass from 2.25 GeV/c? to
2.27 GeV/c?. Because the AA production channel
involves more background processes than the E~p
channel, by ignoring the channel via an exotic
pentaquark-state, the H-dibaryon contribution ap-
pears to be relatively large in the Z~ p channel.

(iii)) We observed that the differential cross sections for
the Ap — K*AA and Ap — KTZ" p channels peak
at the forward K™ angles in the cm frame, owing to
the f-channel meson and baryon exchange proc-
esses. The H-dibaryon-pole contributions are sig-
nificant near the threshold and depend minimally on
the K angle.

(iv) From the invariant mass distributions, the signal-to-
background ratios are approximately 0.3 and 1.6 for
the AA and E~ p channels, respectively, owing to the
smaller background contributions in the Z~ p chan-
nel. Note, the H-dibaryon peak areas yield 40 nb and
38 nb for the AA and E™ p channels, respectively.

(v) We also explored the change in the interference
patterns between the H-dibaryon and background
amplitudes with the relative phase angle for the E~ p
channel. The channel opening effects from the final-
state interactions were small; therefore, cusplike
structures were hardly observed.

(vi) Lastly, we calculated the decay angular distributions
of the H —» AA and H — E™ p decays in the helicity
frame in which the quantization axis is in the
opposite direction of K* in the H-dibaryon rest
frame. The angular distributions are flat over the
H-dibaryon mass region, as expected for the S-wave
resonance.

Considering the aforementioned factors, we conclude
that the H-dibaryon could be clearly identified in the
Ap - K"AA and Ap - K"E™p reactions close to the
production threshold, if it exists close to the Z~ p threshold.
Further studies related to other H-dibaryon production
reactions are in progress and will appear elsewhere.
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