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A model forthe Kd — m Y N reactions with Y = A, X is developed, aiming at establishing the low-lying A and
2 hyperon resonances through analyzing the forthcoming data from the J-PARC E31 experiment. The off-shell
amplitudes generated from the dynamical coupled-channels (DCC) model, which was developed in Kamano
et al. [Phys. Rev. C 90, 065204 (2014)], are used as input to the calculations of the elementary KN — KN and
KN — 7Y subprocesses in the Kd — wY N reactions. It is shown that the cross sections for the J-PARC E31
experiment with a rather high incoming-K momentum, |jz| = 1 GeV, can be predicted reliably only when the
input KN — K N amplitudes are generated from a K N model, such as the DCC model used in this investigation,
which describes the data of the K N reactions at energies far beyond the K N threshold. We find that the data of the
threefold differential cross section do /(d M, xd<2,,) for the K~d — 7 Xn reaction below the K N threshold can
be used to test the predictions of the resonance poles associated with A(1405). We also find that the momentum
dependence of the threefold differential cross sections for the K~d — m~ Ap reaction can be used to examine
the existence of a low-lying J© = 1/2* ¥ resonance with a pole mass My = 1457 — i39 MeV, which was found

from analyzing the K ~ p reaction data within the employed DCC model.

DOI: 10.1103/PhysRevC.94.065205

I. INTRODUCTION

Recently, the spectroscopic study of A and ¥ hyperon res-
onances with strangeness S = —1 (collectively referred to as
Y*) has made significant progress. This advance mainly comes
from using sophisticated coupled-channels approaches [1-4]
to perform comprehensive partial-wave analyses of the ex-
isting data of K~ p reactions in a wide energy region from
their thresholds to a rather high energy with the invariant mass
W = 2.1 GeV. With this analysis, the systematic extraction of
Y* resonances defined by poles of the scattering amplitudes
in the complex-energy plane was accomplished. It has been
established [5] that the resonance poles can be identified
with the (complex-)energy eigenstates of the Hamiltonian of
the underlying fundamental theory, which are obtained under
the purely outgoing wave boundary condition. Thus, the Y*
resonance parameters extracted through the coupled-channels
analyses of Refs. [1-4] have well-defined theoretical meaning,
while it is often not straightforward to interpret the Breit-
Wigner parameters listed by Particle Data Group (PDG) [6].
In addition, attempts [7-9] are being made to develop methods
for relating the meson and baryon resonance poles to the lattice
QCD calculations.

In this work, we consider the dynamical coupled-channels
(DCC) model developed in Ref. [2] for the meson-baryon
reactions in the S = —1 sector. This model was developed
by extending the theoretical framework of Ref. [10], which
was originally formulated to study 7N, y N, eN, and vN
reactions in the nucleon resonance region [11-24], to in-
clude the meson-baryon channels with strangeness § = —1.
Within this DCC model, the 7-matrix elements for each
partial wave can be obtained by solving a coupled integral
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where W is the invariant mass of the reaction; the subscripts
a, B, and § represent the five two-body channels (KN, 3,
T A, nA, and KE) and the two quasi-two-body channels
(wrX* and K*N) that can decay into the three-body mwm A
and KN channels, respectively; p, is the magnitude of
the momentum of channel « in the center-of-mass (c.m.)
frame; G; is the Green’s function of channel §; My({n is the
mass of the nth bare excited hyperon state Y, included in
the given partial wave; vg, represents the hadron-exchange
potentials derived from the effective Lagrangian that respects
the SU(3) flavor symmetry; and the bare vertex interaction
Fy(;n,a (F;&Mﬂ) defines the o — Y(jfn (ngn — B) transition.
The model parameters contained in the potential Vg, were
fixed by fitting more than 17,000 data of both unpolarized and
polarized observables of the K~ p — KN, n%,wA,nA, KB
reactions. As a result, we obtained two distinct sets of the
model parameters, referred to as Model A and Model B.
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Both models describe the existing K ~ p reaction data equally
well over a wide energy range from the thresholds up to
W =2.1 GeV. From Model A (Model B), 18 (20) of Y*
resonances were extracted in the energy region above the KN
threshold and below W = 2.1 GeV. It is found that some of
the extracted low-lying Y* resonances may correspond to one-
and/or two-star resonances assigned by Particle Data Group [6]
or may be new resonances. Furthermore, two J¥ =1/27 A
resonances are found below the KN threshold in both Model
A and Model B, which is similar to the results from the
chiral unitary models (see, e.g., Refs. [25,26]) and the Jilich
model [27].

Although a number of new and/or unestablished low-lying
Y* resonances were found in the DCC analysis of Refs. [2,3],
their existence and pole-mass values are rather different
between Model A and Model B. This is, of course, attributable
to the fact that the existing K~ p reaction data used in
the analysis are incomplete, as discussed in Refs. [2,3]. In
addition, there is a limitation of using the K~ p reaction data
for establishing low-lying Y* resonances because the K~ p
reactions cannot directly access the energy region below the
K N threshold, and also it is practically not easy to measure
precisely the K~ p reactions in the energy region just above the
KN threshold, where the incoming-K momentum becomes
very low. One of the most promising approaches to overcome
this limitation would be a combined analysis of the K~ p
reactions and the K~d — Y N reactions. This is based on
the observation that the two-body 7Y subsystem in the final
state of the K ~d — m Y N reactions can be in the energy region
below the KN threshold even if the incoming-K momentum
is rather high.

As a first step towards accomplishing such a combined
analysis of the KN and Kd reactions, in this work we apply
the multiple scattering theory [28,29] to predict the differential
cross sections of the Kd — mY N reaction by using the K N
reaction amplitudes generated from the DCC model of Ref. [2].
We focus on the kinematics that the incoming K has a rather
high momentum of | 5z | = 1 GeV and the outgoing nucleon N
is detected at very forward angles with 6,,, ~ 0, which is the
same as the setup of the J-PARC E31 experiment [30]. At this
special parallel kinematics, the outgoing N and the outgoing
'Y pair are scattered back to back, as illustrated in Fig. 1, and
have almost no correlation in experimental measurements. In
fact, as can be seen from Fig. 2, the forward moving nucleon
momenta (solid curve) become |py| > |px| = 1 GeV for the
invariant mass of the mY subsystem relevant to our study
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FIG. 1. Kinematics of the Kd — mY N reaction considered in
this work. The outgoing N (outgoing 7Y pair) momentum is in the
direction (opposite direction) of the incoming-K momentum.
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FIG. 2. The outgoing nucleon momentum py = |py| (solid
curve) as a function of the kinematically allowed 7 Y invariant mass
M,y for the incoming-K momentum |pg| = 1 GeV. Here the case
that ¥ = ¥ is presented. Dashed vertical line indicates the 7 X
invariant mass at the KN threshold.

(horizontal axis), which means that the momentum of the 7Y
pair is in an opposite direction to py. Consequently, it is the
best for examining Y * resonances through their decays into 7Y
states. In addition, because the forward moving nucleon carries
high energy and momentum, the recoiled = Y pair can be even
below the KN threshold, which is also illustrated in Fig. 2.
We thus can make predictions for investigating low-lying Y*
resonances, including the long-standing problem associated
with A(1405) that was also the focus of Refs. [31-34]. The
data from the J-PARC E31 experiment [30] can then be used
to test our results. In particular, we would like to examine
how the predicted cross sections can be used to distinguish the
resonance parameters extracted within Model A and Model B
employed in our calculations.

Following the previous works [31-33] and justified by
the special kinematics mentioned above, we assume that the
scattering amplitude for Kd — mY N includes the single-
scattering (impulse) term and the K-exchange term, as
illustrated in Fig. 3. While such a perturbative approach
neglects the higher-order scattering processes in a recent
calculation [34] based on the Alt-Grassberger-Sandhas type of
three-body scattering formulation [36], it is supported by many

K(fg) <

(a)

FIG. 3. Diagrammatical representation of the Kd — YN re-
action processes considered in this work: (a) the impulse process;
(b) the K-exchange process. The deuteron wave function (open
circles) is taken from the one constructed with the Argonne V18
potential [35], while the off-shell amplitudes describing the meson-
baryon subprocesses (solid squares) are taken from our DCC model
developed in Ref. [2].
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FIG. 4. Total cross sections for K~ p — Y reactions near the threshold. The blue solid curves are Model B in Ref. [2], the green dot-dashed
curves are the E-dep. model in Ref. [34], and the black dotted curves are from the model developed in Ref. [38] that was used for the calculation

in Refs. [31-33].

earlier studies of intermediate- and high-energy reactions on
deuteron; see, for example, a recent study of yd — 7 NN of
Ref. [37]. Thus, it is reasonable to assume that our results
as well as the results of Refs. [31-33] account for the main
features of the Kd — mY N reaction and can be used to
explore the feasibility of using the experiment at J-PARC to
investigate the low-lying hyperon resonances.

An essential difference between this work and the previous
works [31-34] is that we employ the (off-shell) K N reaction
amplitudes generated from the DCC model developed in
Ref. [2]. This DCC model describes the KN reaction data
over a very wide energy range from the thresholds up to
W = 2.1 GeV. However, the models for the meson-baryon
subprocesses employed in Refs. [31-34] were constructed
by fitting only the K~ p reaction data just near the KN
threshold. To see how these K N models can be used in the
calculations, it is instructive here to examine the kinematics of
the K-exchange mechanism illustrated in Fig. 3(b). The range
of the invariant mass of the outgoing 7Y system (M, y) we are
interested in is m, +my < Myy < 1.5 GeV, where m,; (my)
is the mass of 7w (). Thus, the K*N; — n¥ amplitudes used
for calculating the K -exchange mechanism must be generated
from models which can reproduce well the data near the KN
threshold. As seen in Fig. 4, the models used in Refs. [31,32,34]
and the DCC models employed in our calculations are all valid
for this calculation in the invariant mass M,y covered by the
J-PARC E31 experiment shown in Fig. 2.

The situation is very different for the calculations of
KN, — KN amplitudes in Fig. 3(b). In the bottom panel
of Fig. 5, we show the ranges of the invariant mass (W{}) of
the KN, — K N subprocess, which can be formed from the
incoming-K momentum |pg| = 1 GeV, the scattering angle
of outgoing N 6,, = 0, and the momentum of initial nucleon
N, with | — p| < 0.2 GeV within which the deuteron wave
function is large. We see that for a rather high incoming-K
momentum with |px| =1 GeV, the allowed ranges for Wi
are in the well above the KN threshold region. In the
top panel of Fig. 5, we see that only the DCC model can
describe the data in the whole range. Thus, the models used
in Refs. [31,32,34] have large uncertainties in calculating
the K N, — K°*N amplitudes for predicting Kd — m YN at
|Pg| = 1 GeV to compare with the data from the J-PARC E31
experiment [30]. In this work, we will also discuss how these
uncertainties associated with the KN, — KN amplitudes
affect the resulting Kd — 7Y N reactions cross sections.

In Sec. II, we first give the notations for kinematical
variables and the cross section formulas necessary for the
presentation of this work. We then give the formula for
calculating the impulse and K-exchange amplitudes of the
Kd — Y N reactions. The predicted results for the Kd —
Y N reaction from our model are presented in Sec. III. The
comparisons with the results from using the S-wave KN
models are also given there. A summary and the prospect
for future works are given in Sec. IV.
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FIG. 5. (Top) Total cross section for K~ p — K°n in the energy
region relevant to the K N, — KN subprocess in the K-exchange
process [Fig. 3(b)]. The blue solid curve is Model B in Ref. [2], the
green dot-dashed curve is the E-dep. model in Ref. [34], and the black
dotted curve is from the model developed in Ref. [38] that was used
for the calculation in Refs. [31-33]. (Bottom) Allowed ranges of the
invariant mass WX for the KN, — KN subprocess as p = | — p|
is varied. Here the incoming-K momentum and the scattering angle
of outgoing N are fixed as |pg| = 1 GeV and 6, = 0, respectively.

PN

II. FORMULATION

In this section, we present the formulas for the calculations
of the differential cross sections for K +d — 7 +Y + N
that can be used to compare with the data from the J-PARC E31
experiment.

J

PHYSICAL REVIEW C 94, 065205 (2016)

A. Kinematics and cross sections

We perform calculations in the laboratory (LAB) frame in
which the incoming K is in the quantization z direction and the
outgoing N is on the x-z plane. The momenta for the K 4+ d —
7 + Y + N reaction, denoted as p, (a = K,d,m,Y,N), can
then be written as

Pk = (Ex(pg),0,0,1pgl), 3)
Pa = (ma,0), )
Px = (Ex(Px):Pr), Q)
pr = (Ey(Py),py), (6)

pv = (Ex(Pn),|Pn|sing,, 0,1 py|cosb,,), @)

where E,(p,) = (mg + ﬁg)l/ 2 is the relativistic energy for a
particle @ with mass m, and momentum p,. It is convenient
to introduce the momentum g, of the outgoing 7 in the c.m.
frame of the final Y subsystem. For a given invariant mass
M.y of the TY subsystem, the magnitude of g, is given by

R 1
|gx| = M, (M2, m2.m3), ®)

where A(a,b,c) is the Kallen function defined by A(a,b,c) =
a? 4+ b? + ¢* — 2ab — 2bc — 2ac. For given My andcos6,,,
| pnv| is obtained by solving Ez(pg) +my = Ex(Py) + Exy,
where E.y =/ M2, + Igﬁy and P,y = Pz + Py = Pr —
pn. The momenta p, for the outgoing w and py for the
outgoing Y can then be given by

- -

Pr=4d +13”Y Poy G- + Ex(Gx) ©)
i " MnY EJTY + M7TY i '
> - ﬁnY f)rrY * qrr -
=— - E . 10
2% 4 + Mﬂ[ Eoy + Moy + y(qﬂ)} (10)

With the above formulas, the kinematical variables [Eqgs. (3)—
(7)] are completely fixed by the incoming-K momentum pg,
the solid angle 2, = (0,,,,¢p, = 0) of the outgoing N on the
x-z plane, the solid angle ©, = (8,,,¢,,) of the outgoing 7
in the 7Y c.m. frame, and the 7Y invariant mass M y.

With the normalization (p’|p) = §(p’ — p) for the plane-
wave one-particle state, the unpolarized differential cross
sections investigated in this work are given by

do do
LA (V7 W o A— (11)
dMydS2,, " dMyydS,, dS2,,
d Ex(pg E.(p2)Ey(py)EN(PN)|G= )| PN I? 1
AT _ (BP0 Ex ) Ev(pr)En(pildn Iy Y Torwrad’ (12
dMyyd2,,d2,, Pl [Eg(Pg) +mallpy| — En(pNn)IPgICOSOp, | (24 + 1)

where d€2, = d¢,d cos6,; J; = 1is the spin of the deuteron;
and T,yy g4 is the T-matrix element for the Kd — nYN
reaction.

spins

[
B. Model for Kd — nY N reaction

As discussed in Sec. I, the cross section forthe Kd — n YN
reaction will be calculated from the mechanisms illustrated
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in Fig. 3. The T-matrix element 7,y y g, appearing in Eq. (12) is given as a sum of contributions from the impulse (T:;I]’V 7d)

7 K-ex .
and K-exchange (T, N.B ) processes:

_ __ goimp K-ex
Thyn.ka = TnYN,Kd + TnYN,kd' 13)

The T-matrix element for the impulse process [Fig. 3(a)] is given by

T ka = V2T B 123 Y By, S5, 050; N(Bn Sy Tty g, [W4™5 K (B 1))
. - S o ; M . R
= ‘/EZ Tn(l;)Y(SiZ,I;),I?(I;})N](S;’;,],711{',)(pn7pY; Pk> — PN Wlmp)\llf(l “)(—pN,SZZVI, — 15PN, Sy IR, (14)
S,Z\,I

where 17 (S%) is the quantum number for the z component of the isospin I, (the spin S,) of the particle a; and M, is that of

the deuteron spin. The factor /2 comes from the antisymmetry property of the deuteron wave function given by the following
standard form:

00 E (LM, AM |1 My) 1m 1m
’ s 2 5172 52
LM M,

N = 1 1 R R
WM (B mgy,mo; —pmgg,mi) = (—m,l,—mtz 1MS)YLML(p)RL<|p|). (15)

2 2

Here (Iymy,loms|lm) is the Clebsch-Gordan coefficient for I} ® I, — I; Yz (p) is the spherical harmonics; and Rz (] p|) is the
radial wave function. The radial wave function is normalized as

> /0 prdpIRL(p) = 1. (16)
L=0,2

In this work, the radial_ wave function, R, (|p|) with L = 0,2, is taken from Ref. [35].
The half-off-shell K Ny — m'Y scattering in Eq. (14) can be related to the one in its c.m. frame by

Tn([;;)Y(S;,I;),I?(I;%)NI(S;,I,—IX})(ﬁnvﬁY; Pk — 5N§ whP)

- Eﬂ(qﬂ)EY(_qn)EI?((}k)EN(_qK) c.m. o
Ex(px)Ey(py)Eg (Pg)En(=py) VS0 KIOME, ~ 1y
where G is the momentum of the incoming K in the c.m. frame of the final 7Y system; the Lorentz-boost factor appears in the

right-hand side'; and the invariant mass W™ for the K N; — 7Y subprocess is defined by

WimP — M.y (18)

Furthermore, the partial-wave expansion of the amplitude in the c.m. frame is expressed as

R Tvess 1 RN, 1)@ — G dr =GR W = Y0 Y Vi @nY[ @)L, Sy SYITTNLL, Sy, S5, 1)

JLJLLLE 11°
X (I G Iy ) (I I Iy, — IR T) TS ) G gics W),
19)
As already mentioned, in this work we take the partial-wave amplitudes T;IYJBVI (9= -qg; W™) from the DCC model developed

in Ref. [2].
For the K -exchange process [Fig. 3(b)], the corresponding T -matrix element is expressed as

g - - z > > A A ~ M, S > 7
T e = V2 (B I Y (By . S5 15): N S5y I ey keow, G kenm, B, ko [ W3 R (P 12))

g

1
E—Ega(pge)—En(pn)—En,(p)+ie

=> > /dﬁk“Tn(I;)Y(Sf,,I;),IZ“X(I;}CX)NI(S,ZVI,I,{,I)(ﬁmﬁY;ﬁkcx,ﬁ;er:d)

S5, Sy Teex 15 15y
_ _ N e Sowes\yyMo) (2 ooz gz .3 oQz gz
XTK“(II‘E(&X)N(S;"V,I;;,),K(I;%)NZ(S;”VZ,I]i,z)(pKeXva’ Pk, — P W1st)‘1’d (P»SN1 AN =D, Sy, Nz)’ (20)

where p = pr + Py — Pge = Pk — Pn — Pie; and E isthe  respectively the invariant mass for the KN, — KN and

total scattering energy in the LAB frame. W} and W3}, are

'Strictly speaking, the Wigner rotations also take place for the here because those do not affect the unpolarized differential cross
particle spins through the Lorentz boost. However, those are omitted sections considered in this work.
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FIG. 6. Threefold differential cross section do /(dM,=dS2,,) for the K~d — 7 ¥n reactions at |px-| = 1 GeV and 6

», = 0. Solid curves

(dashed curves) are the full results for which the off-shell partial-wave amplitudes of Model A (Model B) of our DCC model [2] are used for
the two-body meson-baryon subprocesses. Dotted vertical lines indicate the 7 ¥ invariant mass at the K N threshold.

K N| — mY subprocesses that describe the first and second
meson—tlaryon interaction vertices [solid squares in Fig. 3(b)]
in the K-exchange process. The explicit forms of W% and

W, are given by

Wes = JIE(5r) +my — En, (PP — (B + e, 1)

WS, = Myy. (22)

Again, the off-shell plane-wave amplitude for the KN, —
K®*N and K®N; — mY subprocesses are constructed with
the partial-wave amplitudes generated from the DCC model [2]
in a way similar to Egs. (17) and (19).

III. RESULTS AND DISCUSSION

With the model described in the previous section, we can
use Eqs. (11) and (12) to calculate the differential cross
sections for the K ~d — m Y N reactions. We will first present
our predictions for using the forthcoming data from the J-
PARCE31 experiment to examine the low-lying Y* resonances
that were extracted [3] from the two DCC models, Model A
and Model B, of Ref. [2]. We then discuss the differences
between our results with those given in Refs. [31,32,34].

A. Predictions for J-PARC E31 experiment

To make predictions for the J-PARC E31 experiment, we
consider the kinematics that the momentum of the incoming
K~ issetas |pg-| = 1 GeV and the momentum of the outgoing
N is chosen to be in the K~ direction with 6,, =0. We
perform calculations using the KN — KN and KN — nY
amplitudes generated from both of the DCC models (Model
A and Model B) constructed in Ref. [2]. The predicted K ~d
results are denoted as Model A and Model B accordingly.

First of all, we observe that the impulse process [Fig. 3(a)]
gives negligible contribution at the considered kinematics
with |pg-| = 1 GeV and 6, = 0, and the cross sections are
completely dominated by the K -exchange process [Fig. 3(b)].

This is expected because the impulse amplitude (14) contains
the deuteron wave function W,(—py,py), which becomes
very small in the considered kinematics where the momentum
pn is very high, |py| ~ 1.2 GeV, as indicated in Fig. 2.
Therefore, in the following, our discussions are focused on
the K -exchange process.

Figure 6 shows the predicted threefold differential cross
section do/(dM,xd<2,) for the K~d — mXn reactions.
There are two noticeable features. First, there is a significant
enhancement of the cross section at M5, ~ 1.45 GeV. Second,
a varying structure, partly attributable to the cusp from the
opening of the KN channel, appears in the considered M, 5
region, and its shape depends on the model and the charge
state of the final 7 X system. We analyze their origins in the
following.

The enhancement of the cross section in Fig. 6 at
My,s ~ 1.45 GeV is mainly attributable to the fact that
the meson-baryon amplitudes are, in general, the largest
at the on-shell kinematics and the deuteron wave function
W, (p, — p) is the largest at | p| = 0. At M5 ~ 1.45 GeV, all
of the meson-baryon subprocesses and three-body propagator
in the K-exchange process become almost on-shell when
the momenta of the nucleons inside the deuteron are near
|p| = 0 in the integrand of Eq. (20). Thus, the magnitude of
K -exchange amplitude |TﬂK§]"’\;‘. 74| gets a large enhancement at
My,x ~ 1.45 GeV. This is similar to what was discussed in
Ref. [34]. In fact, we confirm that the enhancement disappears
if we omit the contribution from the |p| < 0.2 GeV region in
the loop integration in Eq. (20).

We now examine the varying structure of do /(d M7 xdS2,)
in Fig. 6. For this purpose, we first observe in Fig. 7 that the
results (solid squares) from keeping only the S wave of the
KN, — 7 X amplitude agree almost perfectly with the full
results (solid curves). This indicates that the K*N, — 7%
subprocess is completely dominated by the S-wave amplitudes
in the considered kinematics. We note that this explains why a
peak owing to the A(1520)3/2~ resonance does not appear at
M5 ~ 1.52 GeV in contrast to the case of the K ~ p reactions.
In the same figure, we also show the contributions from Sy;
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middle, and bottom panels are the results for K~d — 7~ X n, K~d - 7+t n,and K~d — 79%%, respectively. The results from Model
A (Model B) are presented in left panels (right panels). Each of the curves and points is the full results (solid curves) and the results in which
only the S-wave amplitude (solid squares), the Sp; amplitude (dashed curves), or the S;; amplitude (dashed-dotted curves) is included in
KN, — X of the K-exchange process. Dotted vertical lines indicate the 77 ¥ invariant mass at the K N threshold.

(dashed curves) and S; (dash-dotted curves) partial waves” of
the K®*N; — 7 ¥ subprocess. Clearly, the main contributions
to the full results (solid curves) are from the Sy; wave that show
the clear cusp structure near the K N threshold. However, their
interference with the S;; wave is significant and is constructive
(destructive) for the 7~ X+ (xTX7) production reactions.
Such interference is absent for the 79 %° production reaction,
because only the Sy; wave of the KN, > 7% subprocess
can contribute to the cross section.

>The partial wave of the two-body K + N — M(07) + B(%+
reactions is denoted as L,,;, which means that the partial wave has a
total angular momentum J, a total isospin I, and a parity P = (—)*.

We next examine how the characteristic differences be-
tween Model A and Model B in the shape of the cross sections
below the KN threshold (compare solid and dashed curves in
Fig. 6) can be related to resonances in the Sy, partial wave of the
K®N, — m'% subprocess. For this purpose, we first observe
in Fig. 8 that the cross sections become very small below the
KN threshold if we take into account only the nonresonant
contribution for the S;; wave of K™*N; — wX. With this
observation, we expect that So; (J¥ = 1/27) A resonances
are actually the main contribution of the cross sections below
the KN threshold and are the origin of the difference in its
shape between Model A and Model B. As mentioned in Sec. I,
our DCC analysis of the K~ p reactions [2] predicts two Sy
(JP =1/27) A resonances below the K N threshold in both
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FIG. 8. Threefold differential cross section do/(dM,sd2

Pn

) for the K~d — 7 ¥n reactions with |px-| =1 GeV and 6,, = 0. Top,

middle, and bottom panels are the results for K~d — n~%%n, K~d — 7+t X "n,and K~d — 7°X", respectively. The results from Model A
(Model B) are presented in left panels (right panels). Solid curves are the full results, while dashed curves are the same as solid curves, except
that only the nonresonant contribution is included for the So; amplitude of the KN, — 7 X subprocess. Dotted vertical lines indicate the 7 X

invariant mass at the K N threshold.

Model A and Model B [3], as shown in Fig. 9. Here, the higher
mass pole (Al and B1) would correspond to the A(1405)
resonance, while another A resonance with lower mass (A2
and B2) is similar to what was obtained in the chiral unitary
models (see, e.g., Refs. [25,26]) and the Jilich model [27].
Although both Model A and Model B find two A resonances,
their pole positions are rather different. One can see from
Fig. 9 that the pole Al (B2) has a larger imaginary part
than the pole B1 (A2) and is far away from the real energy
axis. In addition, the products of their coupling strengths
to the ¥ and KN channels, g5y X ggny+ are rather
different, as seen in Table I. The contribution of a resonance
with complex mass My in the K*N; — 7 ¥ subprocess to

the K-exchange amplitude 75, , can be schematically

expressed at M,y = Re(Mp) as

TRe [F(Mﬂg)  STEYTERNY' | i|
s M;—rE - MR M s=Re(Mg)
8rnzy*8RNY*
= F(Re(M X—+’ 23
(Re(MR)) (M) (23)

where F'(M,y) is a regular function of M, x and is expected
not to be much different between Model A and Model B.
The value of |g,sy+gg ny+/Im(Mg)|? can therefore be used to
measure the effect of a resonance on the cross section. In the
third column of Table I, we see that | g sy gz yy/IM(Mg)|? of
the resonance B1 is larger than that of Al. Thus, B1 has larger
effects than A1 on the cross sections near the K N threshold,
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FIG. 9. Pole positions of Sy, (J© = 1/27) A resonances located
below the KN threshold [3], which were extracted within the DCC
models developed in Ref. [2]. Red triangles (blue diamonds) are the
resonance pole positions obtained from Model A (Model B).

as can be seen from clear peaks in the cross sections at M5 ~
1.42 GeV that appear only in Model B. At lower energy, the
cross sections are influenced by the second resonances A2 and
B2. From Table I, we see that |g;sy+gzny+/Im(Mg)|* of the
resonance A2 is much larger than that of B2. This explains
why the cross sections at M,y < 1.4 GeV in Model A are
larger than those in Model B.

We now turn to presenting the predicted cross sections for
K~d - 7~ %% and K~d — 7~ Ap at the same kinematics
|pe| = 1GeVand 6p, = 0.Because the 7~ »%and 7~ A states
contain only the isospin / = 1 component, these reactions
will be useful for investigating the low-lying ¥ resonances.
It is noted that the data for such reactions can also be
obtained by extending the measurements of the the J-PARC
E31 experiment [39]. Similar to the results for the K—d —
7 Xn reactions presented above, we find that (a) the impulse
process gives negligible contribution to the cross sections
for both K~d — 7~ X% and K~d — m~Ap and (b) the
characteristic enhancement appears at M,y ~ 1.45 GeV, as
seen in Figs. 10 and 11.

For K~d - n~ X%, we find that the K*N, - 7%
subprocess is completely dominated by the S;; amplitude.
This is shown in Fig. 10. We see that the results (solid squares)
from the calculations keeping only the §;; amplitude of the
K®*N, — m% subprocess agree almost perfectly with the
results (solid curves) from the calculations including all partial
waves. The cross section becomes very small below the KN

PHYSICAL REVIEW C 94, 065205 (2016)

threshold, and this would be because no resonance exists in the
S11 wave in the corresponding energy region. It is found that
Model B shows the cross section ~20% smaller than Model A
at its maximum (M, s ~ 1.45 GeV). Because the on-shell Sy
amplitudes for the KN, > 7% subprocess are not much
different between the two models at M5 ~ 1.45 GeV [2],
the difference in the magnitude of the K ~d — 7~ X%p cross
section might partly come from that in the off-shell behavior
of the K**N; — 7 X subprocess.

The predicted differential cross sections for the K ~d —
7~ Ap reaction are given in Fig. 11. By comparing the solid
curves and the solid squares, it is clear that the S;; and Pj3
waves of the KN — m A subprocess completely dominate
the cross section in the region below the KN threshold. A
resonance corresponding to 3(1385)3/2% in the Py3 wave was
identified in both Model A and Model B. For Model B (the right
panel of Fig. 11), there is apeak at M;, ~ 1.38 GeV, where the
contribution from the S;; amplitude is very weak. However,
we find that in Model A the S;;-wave contribution and the
Py3-wave contribution from X (1385)3/2" are comparable and
interfere destructively, and, as a result, a dip is produced at
M, ~ 1.38 GeV. We find that Model A has another Pj3
resonance with lower mass than >(1385)3/2%. This is the
origin of the peak at M, ~ 1.3 GeV in the left panel of
Fig. 11. These kinds of visible differences between Model A
and Model B can occur below the KN threshold, because
at present our DCC models for the K N reactions have been
constructed by fitting only to the K~ p reaction data. We expect
that such a different behavior of the two-body subprocesses
below the K N threshold, which cannot be directly constrained
by the KN reaction data, needs to be judged by the data
of Kd reactions. The upcoming data from the J-PARC E31
experiment are thus highly desirable to improve our DCC
models in the S = —1 sector.

We also see in Fig. 11 that above the KN threshold, the
Py3 wave of the K N| — 7 A subprocess is negligible and the
main contribution to the cross section comes from the S;; wave.
However, the behavior of the S} partial-wave amplitudes for
KN — 7 A is rather different between Model A and Model B
at W < 1.7 GeV (see Fig. 27 in Ref. [2]), and this is the origin
of the the sizable difference in the magnitude of the cross
section above the KN threshold. For Model A (left panel),
the difference between the solid and dashed curves is quite
small, and hence the cross section above the K N threshold is
almost completely dominated by the S;; wave. However, this
difference is about 30% for Model B (right panel) and is found
to come from a Py; (J¥ = 1/2T) X resonance with pole mass

TABLE L. The product of coupling strengths g xy+ggny+ at pole positions for J© = 1/2~ A resonances located below the K N threshold.
The pole mass My, is presented as (Re(My), — Im(My)), and g, sy+giny = |gxzy g ny+|e'® is presented as (|g-zy+gxny+ |, ). The product
grxy+8k Ny 18 defined as the residue of the T-matrix element 7,5 gy at the resonance pole position.

Pole mass M (MeV)

grxv*&RNY* (MeV™!, deg.)

|grzrgrny/IM(Mp)|> MeV™)

Al (1432,75) (15.42 x 107*, 170) 4.23 x 10710
Bl (1428,31) (7.94 x 1074, 102) 6.56 x 1010
A2 (1372,56) (21.54 x 1074, —24) 14.79 x 1071
B2 (1397,98) (13.87 x 1074, —56) 2.00 x 10710
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FIG. 10. Threefold differential cross section do/(dMﬂngpP)
forthe K~d — m~Xp reaction at | px-| = 1 GeV and 0, = 0.The
results from Model A (Model B) are presented in the left panel (right
panel). Solid curves are the full results, while solid squares are the
results in which only the S}; amplitude is included for KN, > X
of the K-exchange process. Dotted vertical lines indicate the 7 X
invariant mass at the K N threshold.

My = 1457 — i39 MeV [3]. This resonance might correspond
to the one-star ¥(1480) resonance assigned by PDG [6]. At
present this resonance was found only in Model B, and this
is why the contribution of the P;; wave is negligible in the
K~d — 7~ Ap cross section for Model A.

The above result suggests that the K~d — 7~ Ap cross
section may provide a useful constraint for judging this
unestablished low-lying ¥ resonance with spin-parity J =
1/2%. To investigate this, we examine the threefold differential
cross sections at different values of the incoming-K momen-
tum. In Fig. 12, we present do /(d M 2dS2),) at |Pg| = 1and
0.7 GeV. We find that the interference pattern in the cross
section changes as |pg| changes. For the cross section at
|pel =1 GeV, the contribution from the P;; wave of the
K®N, — mA subprocess shows a constructive interference
with the other contributions, while at |pz| = 0.7 GeV, it
shows a destructive interference. This visible difference of
the interference pattern originating from the P;; wave of the
K®N, — m A subprocess will provide critical information for

Model A Model B
= 9 ; — ; —
z . A _
o T A : T A :
= y | I : ]
2 ‘ |
g I ]
2&‘
2 _
b —
e}

0 = 1 o1 Il L : 1
1250 1300 1350 1400 1450 1500 1250 1300 1350 1400 1450 1500
M, (MeV) M, , (MeV)

FIG. 11. Threefold differential cross section do/(dMxdS2p,)
for the K~d — 7~ Ap reaction at | px-| = 1 GeV and 0p, = 0. The
results from Model A (Model B) are presented in the left panel (right
panel). Each of curves and points is the full results (solid curves) and
the results in which only the S;; amplitude (dashed curves) or the S;;
and P;; amplitudes (solid squares) are included for K*N;, — mA
of the K-exchange process. Dotted vertical lines indicate the 7 A
invariant mass at the K N threshold.

FIG. 12. Threefold differential cross section do/(dM;xdS2,,)
for the K~d — m~ Ap reaction at Op, = 0, computed with Model B.
The left (right) panel is the result at | pz | = 0.7 GeV (| pg| = 1 GeV).
Solid curves are the full results, while dashed curves are the results
in which the P;; amplitude for KN, — mw A in the K-exchange
process is turned off. Dotted vertical lines indicate the 7 A invariant
mass at the KN threshold.

judging the unestablished J” = 1/2* X resonance. Therefore,
it is highly desirable to measure the K~d — m~ Ap cross
section for several |pg | values.

B. Comparison with the results from the S-wave K N models

The differential cross sections at |px| = 1 GeV are also
predicted in Ref. [34]. We first note that our predicted cross
sections shown in Fig. 6 are much larger than those given
in Fig. 12 of Ref. [34]. We find that it is mainly attributable
to the large difference between the amplitudes used in the
calculations of KN, — KN in the K-exchange process
[Fig. 3(b)], where the incoming K has a large momentum.
As seen in Fig. 5, the S-wave K N model used in Ref. [34]
underestimates the KN — KN cross section greatly in the
invariant-mass region around W = 1.8 GeV, which is covered
in the loop integration of Eq. (20) over the momentum of
the nucleon in the deuteron. In such a high-W region far
beyond the K N threshold, it is necessary to include the higher
partial-wave contributions. This can be understood from Fig. 5,
where we compare the K~ p — K°n cross sections from our
DCC model and the two S-wave models of Refs. [34,38].
If we keep only the S-wave part of the amplitude in our
calculation, our results (solid curve) in Fig. 5 are actually
reduced to the values close to the results (dot-dashed and
dotted curves) of the two S-wave models. Accordingly, we
see in Fig. 13 that the magnitude of do/(dM,xd<2,,) for
the K~d — mXn reactions are drastically reduced if we
include only the S-wave amplitudes for KN, — KN in
the K-exchange process. This result indicates that the use of
appropriate amplitudes that reproduce the K N reactions up to
a very high energy is inevitable for obtaining the K ~d reaction
cross sections that are comparable with the experimental data.
The same argument would also apply to the other studies
of the K~d reaction [31-33], where the amplitudes for the
meson-baryon subprocesses are obtained by fitting only to
the near-threshold data of KN reactions. It is noted that
the higher-order scattering processes were also taken into
account in Ref. [34]. By performing calculations using their
S-wave K N model, however, we confirm that in the considered
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FIG. 13. Threefold differential cross section do/(d M,xd2,,) for the K ~d — 7 Zn reactions at |px-| = 1 GeV and 6,,,
represent the full result, while dashed curves represent the results in which only the S-wave amplitudes are included for KN, — KN of the

= 0. Solid curves

K -exchange process. Dotted vertical lines indicate the 7 & invariant mass at the K N threshold.

kinematics their results are nearly saturated by the impulse
and K -exchange processes and the higher-order effects seem
subdominant. Therefore, the use of appropriate K N scattering
amplitudes, which can make the K ~d reaction cross sections
order(s) of magnitude larger, seems more important than the
higher-order effects.

We next compare our results at | pg | = 0.6 GeV with those
given in Ref. [31]. In Fig. 14, we see that our “S-wave only”
results at | pz | = 0.6 GeV are much smaller than the results in
Ref. [31]. The results in Ref. [31] are even comparable or larger
than our full results in which higher partial waves are also
included. This can be understood from Fig. 15. For the K Ny —
KN subprocess,the K~ p — K°nand K~n — K ~ncharge
states can contribute. We see that at W ~ 1.6 GeV, which
corresponds to a typical invariant mass of the K N, — K*N
subprocess for | pz| = 0.6 GeV, the S-wave K N model used in
Ref. [31] gives a large cross section for K “n — K ~n, which
is even larger than our full results. Because all the K N models
give similar cross sections near the threshold, we can conclude
that this is the origin of the large K ~d — m Xn reaction cross

Kd—>nXn

section found in Ref. [31]. Furthermore, the K n — K™n
cross sections are larger than K~ p — K%n cross sections and
thus have a larger contribution to the K -exchange amplitudes.
This is why the result from Ref. [31] has a large cross section
for K=d — nXn at px = 0.6 GeV. This observation also
indicates that one must use the KN amplitudes that are well
tested by the K N reaction data up to a high-energy region far
beyond the KN threshold.

IV. SUMMARY AND FUTURE DEVELOPMENTS

Aiming at establishing low-lying Y* resonances through
analyzing the forthcoming data from the J-PARC E31 ex-
periment, we have developed a model for the Kd — 7Y N
reaction. At the kinematics of this experiment that the outgoing
nucleon is in the direction of the incoming K , the cross sections
for this reaction are dominated by the K -exchange mechanism.
The amplitudes of this K -exchange process are calculated in
our approach by using the off-shell amplitudes of KN — KN
and KN — Y generated from the DCC model developed

Kdonn

Kd—-nXn

P,

—_——

do/dM_.dQ  [ub/(MeV s1)]

T T T T T
v
4
-

Il
1400 1420 1440 1400

1420

1440 1400 1420 1440

an (MeV) an (MeV) an (MeV)

FIG. 14. Threefold differential cross section do/(dM,5dS2,,) for the K~d — mXn reactions at | Px-|1 = 0.6 GeV and 0,, = 0. Solid
curves are the full results from our Model B, while dashed curves are the results from Model B in which only the the S-wave amplitudes are
included for all meson-baryon subprocesses. Dotted curves are the results in Ref. [31], where the S-wave K N model developed in Ref. [38]

are used for calculating the meson-baryon subprocesses. Dotted vertical lines indicate the 7 X invariant mass at the K N threshold.
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FIG. 15. (Top) Total cross section for K~ p — K°n in the energy
region relevant to the KN, — K®N subprocess in the K-exchange
process [Fig. 3(b)] for the case of | pg| = 0.6 GeV and 6,,, = 0. The
solid (dashed) curve is the full (S-wave only) result from Model B
of Ref. [2], while the dotted curve is from the model developed in
Ref. [38] that was used for the calculation in Refs. [31-33]. (Middle)
Same as the top panel but for K~n — K ~n. (Bottom) Allowed ranges
of the invariant mass W for the K N, — KN subprocess as p =
| — p| is varied. Here the incoming-K momentum and the scattering
angle of outgoing N are fixed as |pg| = 0.6 GeV and 6, = 0.

in Ref. [2]. This DCC model was constructed by fitting the
existingdataof K~ p — KN,7 ¥, m A,nA, K B reactions over
the wide energy region from the thresholdsupto W = 2.1 GeV.

Most previous works used elementary meson-baryon am-
plitudes that were constructed by fitting only to the KN
reaction data near the threshold. However, we have shown that
if the incoming—[? momentum is rather high, as in the case of
the J-PARC E31 experiment, the use of such amplitudes would
result in the cross section that is order(s) of magnitude smaller
than the one calculated using the appropriate meson-baryon
amplitudes that reproduce the KN reactions in the energy
region far beyond the KN threshold. This is because the
meson-baryon subprocess produced by the reaction between
the incoming K and the nucleon inside of the deuteron can
have a very high invariant mass, even if the invariant mass of
the final 7Y system is quite low.

PHYSICAL REVIEW C 94, 065205 (2016)

We have shown that the Kd — m Y N reactions are useful
for studying low-lying Y* resonances. In fact, by comparing
the results between our two models, Model A and Model B,
we have found that the behavior of the threefold differential
cross sections for K~d — wXn [K~d — 7w~ Ap] below the
KN threshold are sensitive to the existence and position
of the Sp; resonance poles including A(1405)1/2~ [the
Py3 resonance poles including %(1385)3/2%]. We have also
demonstrated that the K~d — 7w~ Ap reaction data would
provide useful information for judging the existence of an
unestablished low-lying J¥ = 1/2% X resonance with the pole
mass Mg = 1457 — i39 MeV, which is currently found only in
Model B.

Here we note that we have followed the previous works
[31-33] to consider only the impulse and K -exchange pro-
cesses and ignore other higher-order three-particle final-state
interactions. One possible important correction is the -
exchange mechanism when the invariant mass of the outgoing
7 N state in the final 7Y N state is near the A(1232) region.
We have found that it has negligible effects to change our
results in the considered special kinematics shown in Fig. 1.
Nevertheless, our results on the differences between Models
A and B should be further quantified by performing the
complete three-particle calculation. This is, however, rather
difficult within the framework using the KN amplitudes of
the DCC model of Ref. [2] mainly because of the presence
of multichannel final states, such as t AN, 1 XN, nAN, and
K EN, and of the nonseparable nature of our meson-baryon
amplitudes, which is different from those used in Ref. [34],
where the separable nature of the two-body amplitudes was a
key to solving the three-body scattering equation. Clearly, this
requires a separated long-term effort.

A necessary and immediate next step towards constructing
a reliable Kd reaction model that can be used for the
spectroscopic study of low-lying Y* resonances would be to
include the baryon-exchange processes in addition to K- and
m-exchange processes, so that we can apply our Kd reaction
model to a wider kinematical region. Also, the inclusion of
baryon-exchange process would make our model applicable
to the study of YN and Y'Y interactions, where the latter is
quite interesting in relation to a possible existence of the H
dibaryons. Our investigations in this direction will be presented
elsewhere.
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