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General amplitude of near-threshold hadron scattering for exotic hadrons
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We discuss the general behavior of the scattering amplitude with channel couplings near the two-body
threshold. It is known that the Flatté¢ amplitude, which is often used in the analysis of experimental data involving
exotic hadrons, has some constraint in the near-threshold energy region. While the M-matrix gives the general
expression of the scattering amplitude, it is not smoothly connected to the Flatté¢ amplitude, due to the property of
the determinant of the amplitude in channel space. In this paper, based on the effective field theory, we propose
new parametrization of the scattering amplitude which gives the general expression near the threshold and has
a well-defined limit reproducing the Flatté amplitude. We show that the nonresonant background contribution
exists in the general amplitude even in the first order in the momentum. Finally, we quantitatively evaluate the
cross sections by changing the strength of the background contribution. We find that the interference with the
background term may induce a dip structure of the cross section near the threshold, in addition to the peak and

threshold cusp structures.
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I. INTRODUCTION

Exotic hadrons have an internal structure which is differ-
ent from gg or gqq, and their internal structure still remains
unresolved. In recent years, experimental progress has led to
the discovery of a wide variety of the exotic hadrons, and
various studies have been conducted from both the theoretical
and experimental perspectives [1,2]. Most exotic hadrons are
unstable states with finite lifetimes and decay into multiple
hadrons, and therefore they are observed as resonance peaks in
the hadron scattering. Accumulation of the experimental data
reveals that a lot of exotic hadrons appear near the threshold.
Furthermore, in actual hadron systems, the channel couplings
play an important role by inducing the inelastic scattering in
addition to the elastic scattering. As an example, f,(980) ap-
pears near the KK threshold and decays into the 77 channel,
so we need to consider the coupled-channels scattering of the
mw-KK system [3].

In the scattering amplitude, the eigenenergy of the reso-
nance state is represented as a pole in the complex energy
plane [4,5]. To express the scattering amplitude with a res-
onance pole, one utilizes the Breit-Wigner amplitude having

“Contact author: sone-katsuyoshi @ed.tmu.ac.jp

fContact author: hyodo@tmu.ac.jp

Present address: Research Center for Nuclear Physics (RCNP),
Ibaraki, Osaka 567-0047, Japan.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by SCOAP’.

2469-9985/2025/112(6)/065207(19)

065207-1

a pole at the energy E = Ex — il'/2, where Ey represents
the resonance energy and I' the decay width. Because the
Breit-Wigner amplitude with a constant decay width I does
not include the effect of the threshold, the Breit-Wigner am-
plitude cannot be applied to the analysis of the resonance state
near the threshold. To incorporate the threshold effect into
the Breit-Wigner amplitude, the Flatté amplitude [6] has been
frequently used for the actual analysis of the various hadron
scattering near the threshold [7-20]. In the Flatté amplitude,
the opening of the threshold is taken into account by the
energy dependence of the decay width I".

To study the near-threshold exotic hadrons, it is useful to
expand the inverse of the scattering amplitude as the power
series of the momentum k of the threshold channel. In the
single-channel case, the effective range expansion of the scat-
tering amplitude f(k) reads

1
Ly Lk2+ Okt — ik’

) =— (1)

where a and r are called the scattering length and effec-
tive range, respectively. Here we use the sign convention
of the scattering length in nuclear physics, i.e., negative a
corresponds to a weak attractive interaction, while positive a
indicates either a repulsive interaction or a strong attraction
that supports a bound state. It is important to determine a and
r because the near-threshold dynamics, including the position
of the near-threshold pole, is highly constrained by these con-
stants. In the coupled-channels scattering, it is known that the
denominator of the Flatté amplitude can also be written in the
form of the effective range expansion [21]. This feature allows
one to use the Flatté amplitude to determine the scattering
length and effective range [22,23] (see also the discussion in
Ref. [24]).
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However, a problem of the Flatté amplitude has been
pointed out; the number of the independent parameters de-
creases near the threshold [21]. This fact suggests that some
conditions are imposed on the Flatté amplitude near the
threshold, lacking the generality of its expression. On the
other hand, the general expression of the scattering amplitude
consistent with the optical theorem has been constructed, for
instance, by using the M-matrix approach [25]. As we will
show below, however, the M-matrix type amplitude cannot be
directly reduced to the Flatté amplitude due to the implicit
assumption in its derivation. To study how the general expres-
sion gradually approaches the Flatté amplitude, it is desirable
to construct an alternative amplitude, which keeps the gener-
ality of the expression but having the smooth connection with
the Flatté amplitude.

In this study, we focus on the above-mentioned problems of
the near-threshold coupled-channels scattering amplitude and
clarify the relation between the general form of the amplitude
and the Flatté amplitude. For this purpose, we formulate both
the Flatté and M-matrix amplitudes in the framework of the
effective field theory. Through the detailed comparison of
these amplitudes, we propose a new parametrization of the
scattering amplitude that does not lose generality even near
the threshold and directly reduces to the Flatté amplitude. This
allows us to study how the general behaviors of the scattering
length and near-threshold cross sections reduce to those of the
Flatté amplitude. The relation between the Flatté amplitude
and a more general amplitude has also been discussed in
Ref. [26]. In that work, taking the X (3872) as an example, the
authors started from a scattering amplitude that includes a bare
state coupled to two scattering channels constrained by the
isospin symmetry and discussed the connection to the Flatté
amplitude as well as the appearance of a dip structure, not only
near the threshold but also in a broader energy region. In the
present study, we discuss the relation with the Flatté amplitude
based on a general scattering amplitude near the threshold,
without explicitly introducing a bare state or imposing any
symmetry constraints.

This paper is organized as follows. First, we derive the M-
matrix type amplitude (hereafter called the contact amplitude)
and the Flatté amplitude from the effective field theory in
Sec. II. We then compare the Flatté amplitude with the contact
amplitude and clarify the imposed conditions by exploring
the compatibility between these amplitudes. Next, in Sec. I,
we propose a new parametrization of the scattering amplitude
(general amplitude) that unifies the contact amplitude and the
Flatté amplitude. Using the general amplitude, we discuss in
detail the nature of the scattering amplitude near the threshold.
In Sec. IV the behavior of the scattering cross section near
the threshold is quantitatively investigated using the general
amplitude. A summary is given in the last section. Preliminary
results of Sec. III are partly reported in the proceedings of the
conference [27].

II. COUPLED-CHANNELS SCATTERING AMPLITUDE

In this section, based on Refs. [28-30], we review the
derivation of the contact amplitude and Flatté amplitude for
two-channel scattering from the effective field theory (EFT)

in Secs. IT A and II B, respectively. We discuss the scattering
length and effective range in these amplitudes. In Sec. I C, we
show that the contact amplitude does not directly reduce to the
Flatté amplitude focusing on the determinant of the scattering
amplitude.

A. Contact amplitude

Here we derive the two-channel scattering amplitudes at
low energies for systems with contact four-point interaction
from effective field theory. The Lagrangian £ in this case is
given by [28-30]

Lc=L§+ L 2

nt?

c_yifin o ¥
Ly =Y\ ido+ 57— — (m —m) |Yn

2m1

i v? M, — M
+ ¢, 10+2—Ml—( 1 — M) |

(i + iy + 3
+Wz(l 0+2—mz>1ﬂ2+¢2(l 0+2—Mz)¢2, 3)

LS = —cildjeiv+- . (4)

where LS is the free Lagrangian representing the rest energy
and nonrelativistic kinetic energy of the particles. i, and
¢; (i =1, 2) are the fields corresponding to the two particles
in channel i and m; and M; (i = 1, 2) represent the masses of
the particles in channel i. Since the energy is measured from
the threshold of channel 2 in this study, the free Lagrangian Eg
includes the contribution of the rest energies of ¥; and ¢ . [,gn
is the Lagrangian of the four-point interaction that represents
the transition between the v;¢; and v;¢; scattering channels,
and c¢;; is the coupling constant. The higher-order terms in
the derivative expansion in LS, are abbreviated. We consider
the low-energy scattering, where the contact interaction in
Eq. (4) dominates and the higher-order terms are assumed to
be negligible. In order to apply the theory to higher-energy
regions, we need to consider the higher-order terms including
derivative couplings in £E in Eq. (4).

The Feynman rules obtained from the Lagrangian L give

the vertex V¢ as
ci1 €12
Ve = , 5
¢ <012 622) )

with the bare parameters c;y, c12, and c¢p. The (i, j) com-
ponents of V¢ describe the direct transition process from the
scattering channel j to i. Since we are interested in the two-
body scattering, we consider the four-point function 7;; by
adding up all possible diagrams for the two-body to two-body
process obtained from the Feynman rules. In the present case,
the four-point function is given only by the diagrams obtained
from the Lippmann-Schwinger equation, in which V¢ is re-
garded as a potential. The resulting four-point function, the
T-matrix of this scattering, depends only on the total energy E
in the center-of-mass system:

[TE)™ =[Vel™' = GAE), ©6)
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where
w=( o)
- ("ﬁi—fxo—é‘—;ip _M;_ZAO_ g—;ik>’ )
GAE) = dq O(A — |q) ®)

27> E + Adit — q2/ i) +i0F

where A = (M, + my) — (M} 4+ my) is the threshold energy
difference, u; = M;m;/(M; + m;) the reduced mass in channel
i,and p = /21 (E 4+ A), k = /2, E the relative momenta
of channels 1 and 2, respectively. Since the potential V¢ is
a contact interaction, we have introduced the cutoff A, the
upper limit of the momentum integral to regularize G*(E),
by keeping the leading contribution in the A — oo limit in

Eq. (7).
Substituting V¢ into Eq. (6), we obtain
(T(E)]™
_ <—- + G+ grip i )

€))

To perform the renormalization, we define the physical quan-
tities a1, a2, and a; so that the T-matrix takes the form

pi 1 J5 NG
o S + _lp - —_
TE! = 27 an 2 27 ap ‘ 10
[T(E)] U m (10)
27 ap 2w an 2

Comparing Eq. (10) with Eq. (9), we introduce the cutoff A
dependence in the bare parameters cy, 12, and ¢z, so that
aii, aiy, and ay; are cutoff independent:

cn(A) A o 1 an
ci(A)en(A) —ci(A) w2 27 ayy’
c11(A) Ay 1 a2
cr(A)en(A) —cf(A) 72 2T ay’
c2(A) _ ARk 1 (13)

ci(Men(A) — (A 21 ap’

Taking the A — oo limit with the physical quantities a;;, a;»,
and ap; kept finite, the inverse matrix of the scattering ampli-
tude is given by

1 _ €
[fC<E>r‘=< w e ik)’ s

ap an

where the relation between the 7T-matrix and scattering am-

plitude f;; = — . /mii;1;;/(2m) is used. From Eq. (14), we
obtain the scattering amplitude

c 1
JH(E) =
= (E+ip) (& +ik)
ay, ary an
Ltk L
x| L) (15)
W ow TP

Hereafter, we call this amplitude fC€(E) the contact
amplitude.

It is instructive to discuss the relation between the contact
amplitude and the two-channel M-matrix type scattering am-
plitude derived from the optical theorem. The general form of
the inverse of the two-channel scattering amplitude is given as

-1 (Mu(E)—ip M (E)
Ve 1‘( Mya(E) Mn(E>—ik>’ (10

using the M-matrix M;;(E), which is a function of the energy
[25]. In Eq. (16), by setting M;;(E) as a constant M;; = 1/a;;,
we recover the contact amplitude (14). In other words, it
can be seen that the contact amplitude fC€(E) in Eq. (15)
is a special case of the M-matrix type scattering amplitude.
This ensures that fC(E) is a general low-energy scatter-
ing amplitude consistent with the optical theorem near the
threshold where the higher-order terms in energy E can be
neglected. From Eq. (15), we find that the general form of
the two-channel scattering amplitude is characterized by three
parameters ajp, aj, and ap; near the threshold. In general,
by imposing the time-reversal symmetry on the M-matrix
representation, the off-diagonal components of the M-matrix
becomes M;; = Mj;, so the N-channel scattering amplitude
has N(N 4+ 1)/2 independent parameters near the threshold
(see Appendix A).

We now discuss the scattering length and effective range at
the threshold of channel 2 (higher energy threshold) using the
Constant amplitude in Eq. (15). Expanding the denominator
of the (2,2) component of the scattering amplitude f5(E) in
terms of the momentum k, we obtain

1 1

a%z(%-i-iPo) a22 1

iR
_ fe kz—ik—l—(?(k“)} . an
2a%2(%+ip0> Po

where p = vVRi2k? + p}, po = /21 A tepresents the mo-
mentum of channel 1 at the threshold of channel 2 and R;»
the ratio of the reduced masses 1 and wy: Rip = w1/u2. The
denominator of £ (E) is composed only of the even powers in
k, except for the term —ik. Therefore, fzg (E) can be written in
the form of the effective range expansion in k, the momentum
of channel 2. As in the case of the single-channel scattering
(1), we define the scattering length ac from the constant term
and the effective range rc from the coefficient of the k? term
in the denominator of f202 (E)in Eq. (17). The scattering length
ac is given by

fH(E) = [

a},an(l +ipoar)
ac = — . . (18)
at,(1 +ipoa) — ayan
For later discussion, we decompose ac into the real and imag-
inary parts:

4 ) 2 2
o — a12a22(1 +Poa11) —andpdy
¢ = 2 2 22 4
(012 —anan) + Poai a1,

2 2 2
poan ands
e

—i (19)
(a7, — anan)* + pyai, at,
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This expression confirms the relation Im(ac) < 0 required
by the optical theorem. Similarly, the effective range r¢ is
obtained as

iR { ar }2
rc = — - (20)
po a1+ ipoair)
Note that both ac and r¢ are in general complex (see, e.g.,
the review "Resonances" in Ref. [3]), reflecting the effect
of the decay into channel 1. We also note that r¢ is not
the exact effective range of fC(E) which is affected by
the correction of higher-order terms as discussed later. We
also expand the denominator of the (1,1) component of the
scattering amplitude fG(E) (lower-energy channel) in terms
of k,

2 2 2
a 1 a a
12 12 LM12
fll(E) [ 5 ~ i Po
a22 ann a Cl22 a22

-1
R

—<a22+t 12 12>k2 ik+(’)(k3)} . @D
2a3 as, Po

In contrast to f5(E), the denominator of f{(E) contains the
terms of k> or more odd powers. Therefore, fﬁ (E) cannot be
written in the form of the effective range expansion in &, and
the scattering length and effective range should be defined not
in fG(E) butin fG(E).

We comment on the higher-order corrections to the effec-
tive range of the contact amplitude r¢ in Eq. (20), which is
written only by the parameters a;;, ai2, and ay;. Considering
the higher-order terms of the interaction Lagrangian in the
derivative expansion, one can enlarge the applicable energy
region of the EFT. The inclusion of the next-to-leading-order
terms gives the scattering amplitude

o (el —ip 4R
[ E)] = | @2 | @2 _ ik
a5 Tan “ap TankT -1

(22)

where aﬁ), a(lzz), and a;zz) are the coefficients of the k* terms.

The scattering length ac determined by f5(E) in Eq. (22)
remains unchanged from the expression in Eq. (18), i.e.,
ac does not suffer from the higher-order corrections. In
contrast, the effective range r¢ contains the higher-order cor-
rections with a(lzl), aizz), and a(z) Thus, the expression of r¢ in
Eq. (20) is valid only in the leadlng order EFT, and the value
can be modified by including the higher-order corrections.
When the coefficients of the k% terms, al(?), are sufficiently
smaller than the leading-order coefficients a;;, Eq. (20) is
expected to provide a good approximation of the effective
range.

B. Flatté amplitude

In this subsection, we first show the derivation of the Flatté
amplitude in the EFT. The Lagrangian that gives the Flatté

amplitude is [31]

Lr =L+ LE, (23)
cF =i+ Y
0o =¥ (130 + 2 (my — mz))llfl
N V2
+¢ <i30 + w1, (M, —Mz))¢1
Vv? V2
+ lﬁz (130 + 2—>1ﬂ2 + ¢2 <l80 + 2M2>¢
+ qﬁ(iao + v v>\1', (24)
2M
Lho= gl ¢i v+ Wigiy), (25)

where Lf is the free Lagrangian and £ is the interaction
Lagrangian. In addition to the ; and ¢; fields, we introduce
the bare field W with mass M. The parameter v = M — (m, +
M, ) represents the bare energy measured from the threshold of
channel 2. The parameter g; stands for the coupling constant
between the scattering state of channel i and the bare field.

From the Lagrangian Lr, the coupled-channels potential
Vi (E) for the two-body to two-body process is given by

1 g Ak
Ve(E)y=—(."1  °27).
E—-v\2182 &

using the bare parameters v, g, and g,. The potential Vp(E)
describes the transition between the scattering states through
the s-channel exchange of the bare field W. It follows from
the expression (26) that det[Vy(E)] = 0, and therefore Vg (E)
does not have the inverse matrix. Hence, Vy cannot be directly
substituted into the expression (6) and we use an equivalent
equation without V!

(26)

T(E)=[1 - V(E)GYE)'V(E). 27)

Substituting Vr(E) into Eq. (27), we obtain the T-matrix,

T(E)=[ —v+g (M-i—z—)

M2 A o s §’1£’2>
o'l ).

To perform the renormalization, we define the physical quan-
tities Egw, g1, and g; so that the T-matrix takes the form

1
T(E)=
&) 2E — 2Epw + igip + igik
2
X( 271:1 1 m;1g2> (29)
mg1g2 2

Comparing Eq. (28) with Eq. (29), we introduce the cutoff
A dependence in the bare parameters v, g, and g, so that
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Esw, g1, and g, are cutoff independent:

A A
v(A)—g%; —gi; = Epw, (30)

. b4

&i1(A) = [ —ag, (31)
M1

. T

&(A) = | —sg. (32)
M2

Note that there is no A dependence in the coupling constants
81 and g,. Taking the A — oo limit with the physical quantity
Epw kept finite, the Flatté scattering amplitude is obtained as

1 < 821 glg2)’ (33)

F
E) =
FE) 2Epw —2F — ifp—igk\81&2 &

It is clear in Eq. (33) that the energy dependence of
the Flatté amplitude is common to all the coupled-channels
components. The expansion of the denominator of each com-
ponent in powers of k is given by

1

2bgw—igipo _ (1 ‘Rigt \ 12 4
i (Mzg%+l2pog%)k + OK*) — ik
(34)

JE(E) «

In this way, all the components of the Flatté amplitude are
compatible with the effective range expansion, in contrast to
the contact amplitude. We thus determine the scattering length
(ar) and effective range (r¢) of the Flatté amplitude as

&

igipo — 2Egw

e = 2 iRlzg21
F=——"—" —1l—/7—7F".
Mzg% Pog%

The imaginary part of the effective range in Eq. (36) stems
from the expansion of p (momentum of channel 1) in terms
of k. When the threshold energy difference A is large, the
momentum p can be approximated by its threshold value p,
as was done in Ref. [21]. In this case, the imaginary part does
not appear and rr is obtained as a negative real value.

It was pointed out that the number of parameters in the
Flatté amplitude decreases near the threshold, due to the scal-
ing behavior [21]. From Eq. (33), one finds that the Flatté
amplitude generally has three parameters, Egw, g1, and g».
To consider the scattering in the low-energy region near the
threshold of channel 2, we keep the terms up to linear order in
k in the denominator, and f7 (E) takes the form

ar = (35)

(36)

1

1 =

ffE———— 5 V. 6D
&P0 —igpo — ik \/; 1

where we define the parameters R and « as

2 2E
& = Rs ﬂ =, (38)
& &P
This gives the approximation of the Flatté amplitude up to the
first order of k. In the following, for simplicity, the approxi-
mated amplitude in Eq. (37) is also referred to as the Flatté

amplitude. Equation (37) shows that the Flatté amplitude can
be expressed only by two parameters R and « near the thresh-
old. In other words, three parameters of the Flatté amplitude
are reduced to two near threshold [21]. As mentioned in
Sec. IT A, the near-threshold two-channel scattering amplitude
generally has three independent parameters. This indicates
that some constraint is imposed on the Flatté amplitude near
the threshold.

C. Comparison of two amplitudes

We have seen that there is some constraint in the Flatté
amplitude which reduces the number of independent parame-
ters. To clarify this constraint, we focus on the determinant of
the scattering amplitude matrix. From the separable form of
the numerator g;g; in Eq. (33), one finds that the rank of the
matrix f(E) is one, and therefore its determinant vanishes:

det[fF(E)] = 0. (39)

This is caused by the same property of the potential Vi (E) we
mentioned in Eq. (26):

det [Vr(E)] = 0. (40)

As seen in Eq. (27), det[f(E)] = 0 holds for the potential
satisfying det[V (E)] = 0. Physically speaking, the vanishing
of the determinant is due to the pole term nature of Vi (E) and
fF(E). It is known that the residue matrix of the pole term
in the coupled-channels scattering should be rank one [4], and
both Vi-(E) and fF (E) are given by a single pole term without
any background scattering contribution. The condition (39)
can be related to the constraint imposed on the Flatté ampli-
tude near the threshold.

The contact amplitude fC(E) is considered as a gen-
eral form of the two-channel scattering amplitude near the
threshold. It is therefore expected that fC(E) reduces to the
Flatté amplitude near the threshold by imposing the condition
det[f€(E)] = 0. From Eq. (15), the determinant of f€(E) is
given by

1

1 1 : 1 2\’
= (o +in) (& + %)
which is nonzero for finite a;;, aj2, and ay,. The condition
det[f€(E)] = 0 is achieved by letting at least one of a1, a2,

and ay; be zero. When we take the limit a; — 0 withaj, # 0
and a;; # 0, the contact amplitude reduces to

W= m( o)
e === o) “2)

ap

det [f€(E)] = —

(41)

which represents the single-channel scattering in channel 1.
This amplitude satisfies det[f¢(E)] = 0 and does not have
an inverse matrix, but is not the Flatté amplitude. In the
same way, taking only a;; — 0 results in the elastic scattering
amplitude in channel 2. The limit a;; — 0 gives the trivial
amplitude with all components being zero. In this way, none
of these limits can reproduce the coupled-channels Flatté am-
plitude. Furthermore, setting two of the parameters zero with
the remaining one being finite also results in the trivial ampli-
tude. Therefore, in order to obtain a sensible coupled-channels
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amplitude, all the parameters must be simultaneously taken to
be zero:

aip, ap, ayp — 0. (43)

In this case, the contact amplitude is indefinite and the result
depends on the ratios of a;;.

In summary, we show that the difference between the Flatté
and contact amplitudes can be characterized by the determi-
nant of the amplitude, det[f¢(E)] # 0 and det[f7(E)] = 0.
However, the contact amplitude does not directly reduce to the
Flatté amplitude by imposing the condition det[fC(E)] = 0
with the parameters a1, a2, and ay;. In other words, FE(E)
is not a suitable form to study the connection with the Flatté
amplitude, although it represents the general form of the
coupled-channels scattering amplitude.

III. GENERAL AMPLITUDE

In the previous section, we observe that the Flatté ampli-
tude follows the condition det[f7(E)] =0 and the contact
amplitude cannot directly be reduced to the Flatté amplitude.
In this section, we first discuss the condition det[f(E)] =0
in relation with the renormalization procedure in the contact
amplitude and construct an expression of the scattering am-
plitude in which the condition det[f(E)] = 0 can be imposed
by smoothly changing the parameters. We call this expression
the general amplitude fC(E) and show that fY(E) repro-
duces both the contact amplitude and the Flatté amplitude
in Sec. III B. We extract the scattering length in the general
amplitude and compare with that of the Flatt¢ amplitude in
Sec. IIIC. The decomposition of the general amplitude into
the pole and background terms is discussed in Sec. III D.

A. Formulation

To investigate the condition det[f¢(E)] = 0 in more de-
tail, we focus on the renormalization condition of the contact
amplitude. The first terms in the left-hand side of the renor-
malization conditions (11)—(13) contain det[Vc] = c11¢20 —
c?z in the denominator. In other words, det[V-] must be
nonzero to adopt the renormalization condition (11)—(13)
that gives ajj, ajp, and az. This explains the observation
in the previous section that Eq. (43) is required to achieve
det[f€(E)] = 0. Therefore, to construct an amplitude which
is smoothly connected to det[ f€(E)] = 0, we need to modify
the renormalization condition so that it is compatible with
det[V] = 0. For this purpose, we first consider the potential
with two parameters c;; and x

O _ [ cnx  cnx
Vo' = (szﬁ 2 >’ @4

which is a special case of V¢ with ¢1; = capx and ¢12 = ca4/X,
but at the same time the condition det[VG(O)] = 0 is satisfied.
Substituting V((;O) into the Lippmann-Schwinger equation (27),

we obtain the T-matrix as

1 A A !
TG(O)(E): ——I—le + K2 +xﬂ &ik
1Y) w2 w2 2 2
X Wx
« ( o ) 45)

We express the renormalized 7-matrix with the physical quan-

tities Ayy, € as
€
. (46)

ip+

TOE) =

2_7r€ 2

1 ( M1 12
1 . . 2 2_7r

i, Tiep+ ik W\/E ™

This is achieved by the renormalization conditions

H2

x(A) = —¢, 47)
23!
WA Ay 1
A = ——, 48
CZZ(A) +X( ) 7'[2 + 7'[2 2 A22 ( )

Taking the A — oo limit, the renormalized scattering ampli-

tude is obtained as
1 € ﬁ)
B . 49
—L —iep—ik (ﬁ 1 “9)

An

fOOE) =

In this way, we obtain the coupled-channels contact amplitude
with det[f(E)] = 0 by imposing the condition det[V] =0
and modify the renormalization condition. On the other hand,
comparing Egs. (49) and (37), we see that f¢©O(E) is equiv-
alent to the Flatté amplitude up to the first order in k& with the
identification

1
= -, 50
€=z (50)
R
Ap = ——, (51
& po

in Eq. (49). In this way, we show that there is a well-defined
limit of the contact amplitude with det[f(E£)] = 0, which is
nothing but the Flatt€ amplitude. With these relations and
Eq. (38), the Flatté scattering length ar in Eq. (35) can also
be written by Ay, and € as

1

ar = T
Ap TIEPO

(52)

The remaining task is to construct the scattering amplitude
which is smoothly connected to f6©(E). To this end, we
propose the parametrization of the potential

VG — 20X CA/X — Y (53)
C24/X — Y &5 ’
with real bare parameters ¢y, x, and y. We require x >y

for the Hermiticity of the Hamiltonian. The potential Vg is
obtained by setting

Cll = CnX, Cip = Cpa/xX—Y, (54)
in V¢. The determinant of Vj; is obtained as
det[Vi] = ¢3,y. (55)

Therefore, the determinant of V; vanishes withy = 0 or ¢cp; =
0, but the latter is not of our interest because it yields the trivial
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scattering. With y = 0, the potential becomes VG(O) in Eq. (44),
which gives the Flatté amplitude. Namely, the parametrization
in Eq. (53) allows one to control det[V;] by the parameter y.

Next, we derive the scattering amplitude using V. Substi-
tuting Vi into Eq. (27), the T-matrix is obtained as

G 1
TO(E) = ——
D(E)
X+ szy(u;_zA + g—;ik) JX=y
X 9
x—y 1+ coy(48 + LLip)
(56)
1 A A pipaA?
DE)=—+x—F+—F +cny—7;
C2 b/ b4 4
1 mipa A . j7%] M2 A
+ (xzn + ¢y 3 )lp—l—(zj_[—i-czzy 03 )
x ik — cay 12 pp (57)
472

which recovers Eq. (45) with y = 0. By introducing the A
dependence of cp(A), x(A), and y(A) with the physical
quantities A, €, and y as

en(A) = 2 Apy (T iy — 2p1Any A)
X [2u2Any A — ) 2u1Any A — )
(58)

-1
’

— i pa(e — y)]
2urAny A — T o€
2 Any A —mpy

V(A) = [2urAny A — ) 21Any A — )
— i pa(e — )| (T s — 2p1Any A)2, (60)

x(A) =

(39)

we obtain the scattering amplitude f¢(E) in the A — oo limit
as

1

G
(E) = . :
f —ALn—zep—lk—i—Azzypk
% € +iAnyk JE—Y 61)
ve—y  1+iAnyp)

In the following, we call f¢(E) the general amplitude. Since
the general amplitude is expanded up to the first order in
the momentum k in channel 2, it is applicable in the energy
region satisfying |k| < 1/|rg|, where rg is the effective range
of the (2,2) channel. The effective range can be large when
the compact state exists near the threshold [22], and in such a
case, the applicability of the general amplitude becomes very
limited.! In this sense, the amplitude is not sufficiently general
to describe such case and we need to include the higher-order
terms of the momentum. When y # 0, f9(E) has an inverse

"However, it has been shown in Ref. [31] that realizing such a scat-
tering amplitude, where a compact state appears near the threshold
and the effective range becomes large, generally requires fine-tuning
of parameters, and therefore such a situation is unlikely.

Contact amplitude f€

€,4,,

Flatté amplitude f*

Contact amplitude ¢

FIG. 1. Schematic illustration of the parameter space of the gen-
eral amplitude £€ in relation with the contact amplitude f€ and Flatté
amplitude f7.

matrix, which is given by

~
|
<

G -1 _ An vy An vy
O e T B

An ¥ TAny
It is seen in this form that the physical parameters should sat-
isfy € > y in order to be consistent with the optical theorem.

B. Relation with contact and Flatté amplitudes

In this section, we compare the general amplitude f¢(E)
with the contact amplitude f€(E) and the Flatté amplitude
fF(E) in terms of the parameters. First, we show that f¢(E)
contains both f€(E) and f7(E) in the parameter space. By
comparing the inverse of the contact amplitude Eq. (14) with
that of the general amplitude (62), we find the relations

ain =Any, (63)
Any
app = ) (64)
VE—Y
A
ary = 2623/. (65)

In this case, however, the condition y # 0 is imposed in the
general amplitude, as mentioned above. On the other hand,
imposing the condition y = 0 on f°(E) in Eq. (61), we obtain

ol )
— L —iep—ik\Ve 1)
(66)

fO(E;Ap, e,y =0) =

Thus, we find that f¢(E) reduces to Eq. (49) which is the
Flatté amplitude up to the first order in k. Therefore, we find
that the general amplitude f°(E) with y # 0 is the contact
amplitude f€(E) and the general amplitude reduces to the
Flatté amplitude at y = O (see Fig. 1).

We are now in a position to revisit the relation between
the contact amplitude f€(E) with the Flatté amplitude f* (E)
using the parameters of the general amplitude Aj;, €, and
y. In Sec. IIC, we have shown that the contact amplitude
cannot reduce to the Flatté amplitude directly. First, from
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Egs. (63)—(65), the condition ¥ = 0 indicates that all the pa-
rameters in the contact amplitude vanish:

ay — 0 (y—0), (67)
ap—>0 (y—0), (68)
apn—>0 (y—0). (69)

This is in fact the condition discussed in Sec. IIC for the
determinant of the contact amplitude to vanish with the
coupled-channels amplitude. Thanks to the relations (63)—
(65), we can now establish the ratios of the a;; parameters in
the y — 0 limit to obtain the Flatté amplitude. For any value
of y, the following relations hold:

( 1 1 ) 1 (70)
an| - — =——,
! ai, anax Ap
M an
ax
In addition, Egs. (63) and (64) show that the relation
W6 (o, (72)
an

holds in the limit of y — 0. Rewriting the contact amplitude
in Eq. (15) as

1

fEE) =

1 1 . ~dy]
anl = — — ik — %L ay pk
”(a%2 anazz) p+anp

an

ot +iank o 3
x | az , 7
4 1+ia11p ( )

ap

and sending all a;; to zero with keeping the ratios in Eqs. (70)—
(72), we find that f€(E) reduces to

. C _ 1 € \/E

an,ag,rglzzﬁof (E) N _ALzz — ik — iép (\/E 1 )7 (74)
which is the Flatté amplitude in the form of f£$’(E) in
Eq. (49).

As mentioned in Sec. IIC, the contact amplitude cannot
reproduce the Flatté amplitude with finite parameters a,, a2,
and a,;. Here we show that the parametrization of the general
amplitude with Ay, €, and y is suitable to smoothly connect
the contact amplitude and the Flatté amplitude. This is es-
sential to examine the constraints in the cross sections from
the Flatté amplitude by the numerical analysis in the next
section. At the same time, the general amplitude clarifies the
conditions (70)—(72) required to obtain the Flatté amplitude
from the contact amplitude by taking the limit a;; — 0.

C. Scattering length

In this section, we focus on the parameter y that charac-
terizes the difference between the contact amplitude and the
Flatté amplitude and discuss the effect of y on the scattering
length in the general amplitude. First, we expand the gen-
eral amplitude in k (momentum of channel 2) and derive the

scattering length of the general amplitude. Next, we show that
the constant term in the denominator of the (1,1) component
f5(E) is different from the value determined by the scattering
length, except for the special case y = 0 corresponding to the
Flatté amplitude.

Expanding the denominator of the (2,2) component of the
general amplitude f5(E) in Eq. (61), we obtain

1 .
1 [ z; +i€po iRjx(e — )

fg(E) — _A_ Alzz : _ . : k2

2 \a; Tivpo) 2(1+iAxnypo)po

—1
— ik + O(k“)} ) (75)

Because this is consistent with the effective range expansion,
the scattering length of the general amplitude is defined as

1 .
i, TVpo
ac = A22 <A212—> (76)
1, T 1€Po
+e€yp —
A3 0 . (e—=7)po
= A22 i 5 = l 1 5 - (77)

Thanks to the condition € > y, the requirement by the optical
theorem Im(ag) < 0 is guaranteed in Eq. (77).
On the other hand, the (1,1) component fﬁ (E) gives

G €2 1 € €2
f11(E)= - —1 Po
€e—yl Ane—y €e—Yy
Ry € !
—<A22Z pi2 € )k2 + O - ik] .
€ 2po€ —y

(78)

As in the case of the contact amplitude in Eq. (21), this
expansion contains the odd power terms. In this way, we con-
firm that for y # 0, only the (2,2) component of the general
amplitude can be written in the form of the effective range
expansion, while the (1,1) component cannot. This is natural
because, although we are expanding the amplitude around the
threshold of channel 2, the (1,1) component of the amplitude
corresponds to the threshold of channel 1. In fact, near the
threshold of channel 1, only the (1,1) component of general
amplitude can be expressed in the form of the effective range
expansion, but the (2,2) component cannot be. Namely, near
the threshold of channel i, only the diagonal component f;;(E)
can be written in the form of the effective range expansion.
To discuss the relation between the scattering length of the
general amplitude ag and that of the Flatté amplitude ap, we
define b from the constant term of the denominator fﬁ (E)in
Eq. (78):

1
—n —ik+ O

FG(E) o« (79)
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This gives b as
1 .
(=i —iem)

¢ 1 2.2
T

= = — . (80)

Comparison with Eq. (75) shows that the imaginary part of
bg is identical with that of ag. The real parts are, however, in
general different from each other.

By setting y = 0, the real part of bg also coincides with
that of ag. In fact, from Egs. (75) and (80), ag and bg with
y = 0 are given by

1
ac=—1—"— (=0, (81)
A —l—llepo
bo=—4—— (y=0). (82)
i, T1€Po

This is natural because the general amplitude reduces to the
Flatté amplitude at y = 0. From Eq. (52), we find the relation

ag =bg =ar (y =0), (83)

which shows that both a; and bg reduce to the scattering
length of the Flatté amplitude ar. In this way, we find that the
scattering length of the Flatté amplitude ar corresponds to the
value in the special case with y = 0. In general, the constant
term bg defined in fﬁ (E) is different from the scattering
length ag given in f5(E).

D. Pole and zero of amplitude

In the previous section, it is found that the parameter y
in the general amplitude characterizes the difference between
the contact amplitude and the Flatté amplitude. In this section,
we discuss the interpretation of this parameter y by studying
the pole and zero of the amplitude. In the single-channel case,
by truncating the effective range expansion in Eq. (1) up to the
first order in k, the amplitude has one pole at k = k, = i/a de-
termined by the scattering length a. The scattering amplitude
is given only by the pole term:

i

k—k,

fk) = (84)
In general, f(k) has no zero unless we include a pole in
the effective range expansion (Castillejo-Dalitz-Dyson zero
[32-34]). For the comparison with the single-channel case,
here we use the general amplitude up to the first order in k by
neglecting the k£ dependence in the channel 1 momentum as

pP= R12k2+2M]A2p0=4/2,u,1A1

1
fOE) = : .
_ALzz — iepy — ik + Axy pok
€ +iAnyk JE—Y (85)
X .
VE—Y 1 +iA2y po

This approximation is justified when the threshold energy
difference A is sufficiently large.

First, we extract the pole term contribution from the
general amplitude fC(E). The general amplitude fC(E) in
Eq. (85) has only one pole at k = kpc:

_mtim i )

Apypo—i dag
which is common in all the components and determined by
the scattering length ag, as in the case of the single-channel
scattering. It can be seen that the pole appears near the thresh-
old when the magnitude of the scattering length |ag]| is large.
Let us rewrite each component of f¢(E) in Eq. (85) with the
pole momentum kg. First, fg (E) and fg (E') components are
given by

G
k[’

i
k—k[(f

JE—V i
1+l'A22)/p0k—k§;’

which can be written only by the pole term proportional to
i/(k — k$). On the other hand, f{](E) is written by

H(E) = (87)

fSE) =

(88)

Any
1 + iAzz)/po ’

(I +iAny po)* k — k§
which has a constant background term in addition to the pole

term. In summary, f°(E) can be decomposed into the pole
term pr (E) and the background term pr (E):

fS(E) = (89)

fOE) = fJE)+ f% (90)
i €Y e
G _ (14+iAny po)*  1+iAnypo
1 (E) = %G . X . 9D
P 1+iA2y po
G __ +i.
Jog = ( 6””” 0>, 92)

where one confirms det| pr(E )] = 0 because of the rank one

nature of the pole term. In Sec. Il E, we discuss the origin of
the background term by taking the channel decoupling limit
y = €.

Imposing the condition y = 0 on Eq. (90), we obtain

i € e
O
where k[f = i/Ayy — €py is the pole of the Flatté amplitude.
When y = 0, the background term fgg disappears, because
the Flatté amplitude consists of the pure pole term. This in-
dicates that the parameter y should be nonzero to have the
background contribution. However, we see from Eq. (92) that
the background term beg depends on the parameter Ay, as well,
so the magnitude of the background is not exclusively deter-
mined by y. Furthermore, note that the pole kpG in Eq. (86)
comes close to the origin with a large |y|.

In general, the interference between the background term
and the pole term can generate zeros of the scattering am-
plitude [4]. Therefore, the (1,1) component of the general

FOE;An,y =0,€) =
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amplitude can have a zero point where fG(E) = 0. From
Eq. (85), the momentum k% where the amplitude vanishes
is given by

kG =i——. (94)

Since Ay, €, and y are the real parameters, we find that szem is
pure imaginary. Therefore, in terms of the energy variable, the
zero point appears below the threshold. Furthermore, physical
scattering below the threshold of channel 2 corresponds to
the imaginary axis of the upper half of the complex k-plane
Im(k) > 0. Therefore, the zero point of flG1 (E) appears in the
physical scattering region only if Im(kZ, ) > 0. On the other
hand, the Flatté amplitude (general amplitude with y = 0) has
no zero point because there is no background contribution.
This is reflected in Eq. (94) which shows that |szer0| — oo and
the zero point disappears in the limit y — 0. In Refs. [30,35],
it is shown? that the zero of f11(E) is generated when the chan-
nel 2 attraction is strong, |a;| — oo. This is consistent with
Eq. (94) because of a»; = Ay /€.> We however note that the
zero appears in the physical scattering only with a; > 0, and
the amplitude with a;; < 0 does not cause a visible dip in the
cross section, as we will demonstrate in Sec. IV.

We have seen that the (1,1) component of the general
amplitude has a zero point, which is absent in the Flatté
amplitude. Therefore, if the experimental data contains a zero
point in the physical energy region Im(k) > 0 near the thresh-
old, then the analysis with the Flatté amplitude would fail
to reproduce the data. In Sec. IV, we quantitatively compare
the Flatté amplitude with the general amplitude in terms of
the scattering cross section when kZ_ appears in the physical
region near the threshold.

E. Pole and background terms

In this section, we discuss the behavior of the pole and
background terms in Eq. (90) in terms of the unitarity and
show the origin of the pole and background terms in Eq. (90).

First, we discuss the unitarity of the S-matrix focusing
on the constant background term and show that the constant
background term is prohibited in the single-channel case. The
S-matrix for the single-channel scattering is described by the
scattering amplitude f(E) as

S(E) =14 2ik(E)f(E), 95)

where k(E) represents the relative momentum. Approximat-
ing f(E) up to the first order in the momentum k(E), we
obtain the near-threshold scattering amplitude

1 i

FE) = —— = (96)

2See the discussion below Eq. (3) in Ref. [35] and that below
Eq. (19) in Ref. [30].

*Note that the sign convention of the scattering length is different
in Refs. [30,35] from ours. With the convention of Refs. [30,35], the
sign of ay, should be flipped in the following equations.

kpole , (97)

i
- a
where a and kP°'® represent the real scattering length and
the pole position, respectively. Equation (96) shows that the
amplitude f(E) up to first order in k is described only by the
pole term i/ (k — kP°'¢). Substituting Eq (96) into Eq. (95), the
S-matrix (95) is described by

1 .
Lk
S(E) = 4= = ), 98)
—2

a

where § (E) is the phase shift. It is well known that the absolute
value of the S-matrix for single-channel scattering is one [25];
S(E)S*(E) = 1, and the scattering is described only by the
real phase shift §(E).

Let us consider the case where the amplitude (96) has an
additional background term like the general amplitude f5(E)
in Eq. (89):

Sprvg(E) = ';zk + fog, 99)
where fi, is introduced as a complex constant. In this case,
the corresponding S-matrix S, pg(E) is calculated as

1
a

Serbg(E) = 1

k .
+ 2ik fog = €°E) + 2ik fry.  (100)

— ik
From Eq. (100), we can see that the unitarity of SPbe(E)
is broken (Sp4b¢55,., 7 1) by the additional constant back-
ground term in Eq. (99) in single-channel case.

Next, we consider the unitarity of the S-matrix for two-
channel scattering. As seen in Eq. (90), the general amplitude
includes the constant background term. We demonstrate that
the unitarity of the entire S-matrix is not violated by the
constant background term. The relation between the (i, j)
component of the S-matrix and scattering amplitude is given
by

Si;i(E) = 6ij + 2i\/pip; fij(E),
where p;(E) is the relative momentum of channel i. Sub-

stituting the general amplitude f5(E) which includes the
background term in Eq. (90) into Eq. (101), we obtain

(101)

—-1/(A ] —1/a: — ik
S(E) = /( 22)/)+1.P0 y /ag l ’
—1/(A22)/)—lp0 —l/ag—lk
=n(E)e*™®), (102)
where we define
—1/df — ik
Ey=|———| <1, 103
nE) “Vae—ik| S (103)
—-1/(A ] —1/at — ik
251(E)Earg< [Any) +ipy  —l/ag =i >(104)
—1/(Any) —ipo —1/ac —ik

81(E) corresponds to the phase shift of channel 1 and n(E)
is called the inelasticity [25,36]. We note that n = 1 below
the threshold of channel 2 (E < 0), because channel 2 is
closed in E < 0. Above the threshold of channel 2, n(E) with
finite channel couplings is smaller than unity. In this case,
Sust, = n*(E) < 1 shows that the flux of the outgoing wave
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is less than the incoming one in channel 1 due to the channel
couplings.
In the same way as S;1(E), S»(E) is obtained as

—l/ag +ik

Sn(E) = m = n(E)e*™E), (105)
-1 ik
28,(E) = arg (%) (106)

where §,(E) is the phase shift in channel 2. Here we note
that n(E) in Eq. (105) is identical to that in Eq (102)
above the threshold of channel 2. Using n(E), §1(E),
and §,(E), the S-matrix for the two-channel scattering is
determined by [36]

S(E)=

< n(E )2 (E)
i

iv/T = 2 (E)ei1 EroE)
1 — 2 (E)el®r1Er+51(E) '

n(E)eZiﬁz(E)
(107)

It is important to note that S(E) is unitary; S(EYST(E) = 1,
even though fG(E) includes the constant background term.
From these results, we can see that the constant background
term in Eq. (99) is allowed, because the S-matrix for the two-
channel scattering is described by 2 x 2 matrix, in contrast to
the single-channel case.

Here we discuss the origin of the pole and background
terms in Eq. (90). For this purpose, we consider the general
amplitude (61) and its S-matrix in the absence of the channel
couplings; y = €. From Eq. (85), y = € leads to

1
pow = =

-[= .
k—kG

1

(108)

kf =i/An, (109)

where Ay, is the real scattering length of channel 2, namely
ag = A in y = €. The off-diagonal components f5(E) and
f5(E) disappear, because the channel couplings vanish. The
(1,1) component of Eq. (108) is no longer the function of the
energy E, because it does not include the energy-dependent
momentum k of channel 2. On the other hand, the (2,2) com-
ponent depends on the momentum k, and has a pole at the
imaginary axis; kS = i/As.

We also consider the S-matrix corresponding to the scat-
tering amplitude (107). Taking the limit y = €, the S-matrix
(107) is reduced to

. 28} 0
S= < 0 2BE | (110)
) —1/(A ]
283 = arg <M)’ (111)
—1/(Axe€) —ipo
—1/Ax»n + ik
285(E) = —_, 112
5 (E) arg(—l/Azg—ik) (112)

where 8} and 85(E) are the phase shift of channel 1 and 2 in
the absence of the channel couplings. The off-diagonal com-
ponents of the S-matrix vanishes due to = 1. In this case, the

diagonal components of the S-matrix (110) satisfy unitarity
in single-channel case; S;;S;; = 1 (i = 1, 2), in addition to the
unitarity of the entire S-matrix; S§7 = 1.

From Eq. (108), we can find the origin of the pole (86)
in the general amplitude with channel couplings. Originally,
only the (2,2) component of the general amplitude in y = €
limit contains a bound or virtual pole which is given by the
real scattering length ag = Aj,, while the (1,1) component
does not have any pole as shown in Eq. (108). Introducing
the channel couplings y # €, the scattering length of channel
2, ag gains the imaginary part and corresponding bound or
virtual pole is shifted to the quasibound or quasivirtual pole
(see, e.g., Ref. [37]). For the finite channel couplings, all
components of the general amplitude (108) share the same
pole. In this way, the pole term in the general amplitude (90) is
originated from the (2,2) component of the general amplitude
withy = €.

Next, we discuss the origin of the background term in
Eq. (90). Equations (92) and (108) show that the background
term is left only in the (1,1) component of fC¢(E) in the
limit y = €. Therefore, the background term in Eq. (90) is
originated from the (1,1) component of the general amplitude
with y = € in Eq. (108). The off-diagonal components of the
general amplitude with channel couplings do not contain the
constant background term as shown in Eq. (92), because the
oft-diagonal components of Eq. (108) are zero in the absence
of the channel couplings. As a result, only the (1,1) component
of the general amplitude is allowed to contain the constant
background term.

IV. NUMERICAL ANALYSIS

In this section, by using the general amplitude, we examine
the behavior of the total cross sections when a resonance pole
of the scattering amplitude locates near the threshold of chan-
nel 2. Here we investigate the behavior of the scattering cross
section by varying y with the scattering length a¢ fixed. In
this way, it is possible to compare the Flatté amplitude y = 0
with the general case y # 0, having the same amplitude at the
threshold. First, in Sec. IV A, we study the parameter regions
of Ay, and € when y varies for a fixed ag. Next, we summarize
the actual values of the parameters used in the numerical
calculation in Sec. IV B. Finally, in Sec. IV C, we discuss the
behavior of the scattering cross section numerically.

A. Parameter regions

The general amplitude f¢(E) in Eq. (61) has three real
parameters Ay, €, and y. We write the real and imaginary
parts of the scattering length a¢ in Eq. (77) as

ag =a +1ip, (113)

using the real constants o and B, with the condition g < 0.
Because « and 8 are given by Ay, €, and y, when we fix ag,
the parameters Aj,, and € are determined from «, 8, and y.
Since the relation between the parameters and the scattering
length is not linear, we first discuss the behavior of the re-
maining two parameters Ay, € when the scattering length ag
is fixed.
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Substituting the expression of the scattering length a¢ (76)
into Eq. (113), we obtain

. o (B
1+1A22yp0=A—22—6/3]70+1<A—22+6ap0). (114)

The real and imaginary parts of Eq. (114) yields the following
two conditions:

o
1=— —¢€Bpo, (115)
A Po
Anvpo = Lt capy, (116)
2
Solving Eq. (115) for €, we obtain
1
e=—<i—1>. (117)
Bpo \Axn

We eliminate € by substituting Eq. (117) into Eq. (116). This
gives a quadratic equation of Ay, whose two solutions are

5 4)(3) +arm(p )
2y po .

This gives the expression of the parameter Ay, in terms of
a, B, and y. Corresponding € is obtained from Eq. (117) as

(o, B )_L(;_Q
Y o \an@. b))

In this way, there are two parameter sets (A5,, €, y) and

(A5,, €, y) for a given scattering length ag. To have a real
parameter A;;, the quantity in the square root in Eq. (118)
must be non-negative, leading to the condition among param-

eters
o 2 a?
— 4 — ] =0.
(ﬂ) " ”’"(’” ﬂ)

Furthermore, considering 8 < 0 required by the unitarity, we
obtain the following condition for y:

2
6
apo(11 + £5)

This shows that the range of the parameter y has an upper

bound,
(5)
apo(181+ )

to reproduce the given scattering length a;. We note that the
inequality (120) is saturated at y = ymax leading to A;rz =
A5, and €t = ¢™. In other words, the two parameter sets
(Az, €™, y) and (A5,, €™, y) are continuously connected at

Y = Vmax-

+ _
A22_

(118)

(119)

(120)

(121)

; (122)

Ymax =

B. Setup

To examine the behavior of A;; and € numerically, we con-
sider the 77-KK system as an example. Since the threshold

of KK (~990 MeV) is far from that of 77 (2280 MeV), we
use the relativistic expression of the momentum

2
k:\/w_mi’ (123)

2
p:\/w—mi. (124)

In this case, the momentum p at the threshold of channel 2 is

evaluated as py = ,/m3 — m2. The hadron masses are taken

from PDG [3].

First, we fix the scattering length as
ac =+1.0-1i0.8 fm, (125)

which is a typical value found in the experimental analysis
[13]. By Eq. (86), the pole of f;,(980) is estimated as

k§ = —0.095 +i0.125 GeV, (126)
o [KT
E = == = —0.014 — i0.048 GeV. (127)
mg

Because the imaginary part of the eigenmomentum is positive,
this pole represent the quasibound state [37]. Note, however,
that the pole position in Eq. (86) is obtained by approximating
P ~ po, and the exact pole of the amplitude calculated with
p(k) depends not only on ag but also y. In the following
calculations, we have checked that the exact pole is found
within a few-megaelectronvolt region from the above values.
Also, the upper bound ynax in Eq. (122) is given by

Ymax = 0.079. (128)

Numerical plots of A;z (solid line) and A5, (dashed line) for
—1.0 < ¥ < ¥max are shown in Fig. 2(a). As expected, two
lines coincide with each other at y = yp,. From Fig. 2(a),
we find that while A, has a finite value at y =0, A3, di-
verges as A}, — oo with y — 0F. Thatis, forag = +1.0 —
i0.8 [fm], the Flatté amplitude is obtained by adopting the
solution A5, and setting ¥ — 0. Next, the plots of €* as
functions of y are shown in Fig. 2(b). The solid line represents
€' and the dashed line €. From Fig. 2(b), we can see that
€™ is always positive in this range of y, while the sign of €~
changes around y ~ —0.4. This property will be discussed in
relation with the zero point of the scattering cross section. It
can be checked that the condition € > y is satisfied for both
solutions in this parameter region.

It is instructive to consider the case with the scattering
length having the opposite sign of the real part from Eq. (125).

For this purpose, we also examine
ac=-10-i0.8 fm. (129)

Corresponding pole position of f,(980) in Eq. (86) is found to
be

kG = —0.095 — i0.125 GeV, (130)

EY =—0.014 +i0.048 GeV. (131)

Negative imaginary part of the eigenmomentum suggests that
this pole would be a virtual state in the absence of the coupling
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FIG. 2. Parameters Ay, (a) and ¢ (b) as functions of y with
the scattering length ag = +1.0 — 0.8 fm. The solid (dashed) lines
represent A;’z and €™ (A3, and €7). The shaded area is excluded by
the condition € > y by the optical theorem.

to the wm channel. According to Ref. [37] we call this the
quasivirtual state. Because ymax in Eq. (122) is invariant under
o — —a, the value in Eq. (128) still holds in the present case.
We plot Ay, and € as functions of y in Fig. 3. Comparing
A;tz in Fig. 2(a) with those in Fig. 3(a) we notice that there is
some symmetry. In fact, from Eq. (118), we find the relation
Ai(—a) = —Ai(a) under the sign flip of the real part of the
scattering length, which explains the behaviors in Figs. 2(a)
and 3(a). This suggests that the Flatté amplitude is obtained
by adopting A3, and setting ¥ — 0 for ag = —1.0 — i0.8 fm.
The behaviors of €* in Figs. 2(b) and 3(b) can also be ex-
plained by the relation e*(—a) = €T () which follows from
Eq. (119) and the property of A;tz.

C. Total cross sections

In the previous section, we established the behaviors of Ay,
and € when the scattering length a¢ is fixed and y is varied.
In this section, we discuss the behavior of the scattering cross
section with representative values of the parameters. In the
near threshold region where the s-wave contribution domi-

30 T -‘|- T T T
— A 3
201 22 T
- 'AZZ l
— 107 ;l
AN -7
B N E—
10+ ;l’ i
o
20+ ] .
]
- 1 1 1 1 ul
30—1 -0.8 06 -04 -0.2 0.2

y [dimensionless]

¢ [dimensionless]

4708 06 04 02 0 02
y [dimensionless]

(b)

FIG. 3. Same as Fig. 2 but with ag = —1.0 — 0.8 fm.

nates, the total cross section o;;(E) is given by

o (E) = 4m 20| )P,
J

(132)

Because the cross section is proportional to | fji(E)|2, in this
section, we use

oM (E) = 1 £, (E)*/If(O),

which is normalized at the threshold.

Before performing the numerical analysis, let us examine
the analytic properties of ai]}’ (E). From Eq. (85), the (1,1)
component of the cross section o} (E) is given by

(133)

2

14 i%2rg
< |, (134)

N
Ey=|—1<¢=
onE) =977 7

which depends on three parameters Aj;, €, and y. Thus, even
if we fix the scattering length ag, the cross section still de-
pends on the parameter y. In contrast, the (1,2) and (2,2)
components of the normalized cross section o™ (E) are given
by

2
, (135)

1

oS (E) = o (E) = ‘—1 ="
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TABLE I. Parameters A, and €* for ag = +1.0 — i0.8 fm.

y A}, (fm) et A, (fm) €

+0.07 +4.95 +0.41 +2.45 +0.31
0.00 — +0.52 +1.64 +0.20
—0.01 —-53.4 +0.53 +1.59 +0.19
—10.0 —-0.32 +2.14 +0.27 —1.42

which depends exclusively on the scattering length ag. In
other words, they are independent of y when ag is fixed. In
this way, the y dependence of the normalized cross section ex-
ists only in the (1,1) component, because only f{ (E) contains
the background term as discussed in Sec. III D.

Now we calculate the normalized cross sections near the
threshold of channel 2 by varying y with the scattering length
ag being fixed. We focus on o) (E) that has y dependence for
a fixed ag. First, we set

ac = +1.0—-i0.8 fm

Because y should be smaller than yy.x, wWe choose y =
0.07, 0.00, —0.01, —10.0 as representative values. The cor-
responding parameters Ai and e* are shown in Table 1. The
Flatté¢ amplitude corresponds to the solution with A5, and €~
aty =0.

Choosing A5, and €, we plot the (1,1) component of
the cross section oY (E) for four values of y in Fig. 4. The
dotted line (y = 0) corresponds to the cross section by the
Flatté amplitude which shows the peak structure below the
threshold. This is because in this amplitude there is a qua-
sibound state below the threshold, as discussed above. The
peak locates around E ~ —0.03 GeV, which is shifted from
the real part of the pole energy =~ — 0.01 GeV due to the
threshold effect. When y is increased from zero, the peak
structure remains, but the size of the peak becomes smaller
than that with y = 0, as seen by the dashed line (y = 0.07).
The peak position moves toward the threshold. On the other

3 w ‘
@ 25F sl =
ﬁ /:»' “ .......... y = 0.00
S 2f ¢ i R A
g . ', “ Y = —10.0
g 15¢,+" W i
S 1 N
o
Zv"‘ 0.5
)

0 ‘ ‘ ‘

-0.1 -0.05 0 0.05 0.1

E [GeV]

FIG. 4. The (1,1) component of the normalized cross sec-
tions o (E) = |fS(E)|*/1£5(0)|* as functions of the energy E. The
scattering length is fixed as ag = +1.0 — i1.0 fm and the solution
with A5, and €~ is chosen. The parameter is y = 0.07 (dashed
line), ¥y = 0.00 (dotted line), y = —0.01 (dash-dotted line), and
y = —10.0 (solid line).

hand, the peak becomes larger when y is slightly decreased
from zero in the negative direction (y = —0.01, dash-dotted
line). In this way, the cross sections with small |y| have a
peak structure, for which the Flatté amplitude can be used
to fit the data. However, if we fit the peaks of, for instance,
the dashed or dash-dotted lines in Fig. 4 using the Flatté
amplitude, then the scattering length would be different from
the exact value +1.0 — i0.8 fm. Because the value of y is
not known in advance in the experimental data, the scattering
length extracted by the Flatté amplitude might be deviated
from the exact value.

When we adopt a large and negative y = —10.0 (solid line
in Fig. 4), the cross section o (E) no longer shows the peak
structure but exhibits a dip structure instead, in sharp contrast
to the other cases. In the present case, at the bottom of this
dip, the cross section oY (E) becomes exactly zero, meaning
that the scattering amplitude vanishes at that energy. This is
the manifestation of the Castillejo-Dalitz-Dyson zero [32-34],
caused by the interference between the pole and background,
as discussed in Sec. III D. From Eq. (94), the zero point of the
(1,1) component fIG1 (E) of the general amplitude is calculated
as

kS =i0.10 GeV,

ZEero
G
_ [kzero

2
] = —0.02 GeV.
mg

(136)

EG

zero

(137)

In fact, the zero point of the cross section occurs in Fig. 4 at
the value of Eq. (137). This may be related to the dip structure
observed in the yy — s reaction [30]. On the other hand,
the dip structure can also be explained by the left-hand cut
[38] (see also Ref. [39]).

When the cross section shows the dip structure as the solid
line (y = —10.0) in Fig. 4, the Flatt¢ amplitude does not
work. As shown in Sec. III D, there is no zero point in the
Flatté amplitude, and thus no zero of the cross section occurs.
In addition, the typical Flatté amplitude exhibits either the
peak structure or the threshold cusp structure [21]; the for-
mer corresponds to the dotted line in Fig. 4 and the latter to
the cross section with ag = —1.0 — i0.8 fm discussed below.
These structures are clearly different from the dip structure
shown by the solid line (y = —10.0) in Fig. 4. In contrast to
the typical cross sections, the solid line in Fig. 4 does not show
the peak nor cusp, even though the pole is near the threshold.
This result indicates that the analysis of the exotic hadrons
requires a detailed study of the behavior of the scattering cross
section near the threshold rather than focusing only on peaks
and cusp (see also Refs. [30,35]).

In general, the zero point appears in the physical re-
gion when €/(Azy) > 0. From Fig. 2, this corresponds to
Yy S—04(A45, >0, <0,y <0)or0 <y < ymax (45, >
0,¢~ > 0,y > 0). Therefore, the dashed line (y = 0.07) in
Fig. 4 also has a zero point somewhere in the £ < 0 region,
but the dash-dotted line (y = —0.01) does not. As discussed
in Eq. (94), when y is small, the corresponding momentum
becomes large and the zero point appears far from the thresh-
old. In fact, the zero point energy for y = 0.07 is E = —0.25
GeV which locates outside of the figure.
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FIG. 5. Same as Fig. 2 but with A}, and ™.

The results with A%, and € are shown in Fig. 5. The case
with y = 0 is not shown because Ag} diverges. As mentioned
in Sec. IVA, AZ and €' are continuously connected with
A, and € at ¥ = Ypax, 50 the dashed line with y ~ yp.x
in Fig. 5 shows a smaller peak structure than the dashed line
in Fig. 4. In Fig. 5, when y = —0.01 (dash-dotted line) the
peak structure of the cross section is almost invisible. When
y is further decreased down to y = —10.0 (solid line), the
zero point appears in the physical region below the threshold,
generating a sharp dip structure. It can be seen from Fig. 2
that the zero point is always in the physical region irrespective
to the value of y, since the relations €™ > 0 and A}y > 0
always hold. The results in Fig. 5 show that if the zero point
is far enough from the threshold with small |y |, then the peak
structure is preserved, but if the zero point appears near the
threshold with large |y|, then the dip structure is produced.
Note also that the solid line in Fig. 5 shows a cusp at the
threshold, even though the amplitude has a quasibound pole.
This is again peculiar feature in the general amplitude, which
cannot be reproduced by the Flatté€ amplitude.

Next, we discuss the cross sections with the scattering
length

ag = —1.0 — i0.8 fm. (138)

The corresponding parameters Azi2 and e* for y =
0.07, 0.00, —0.01, —10.0 are shown in Table II. Choosing
A;z and €T, we plot the normalized cross sections U{\{ (E)
with y = 0.07, 0.00, —0.01, —10.0 in Fig. 6. With y =0
(Flatté amplitude), the cross section shows a threshold cusp
structure. Because the pole of the quasivirtual state is not on
the most adjacent Riemann sheet to the physical scattering,

TABLE II. Parameters A, and €* for ag = —1.0 — i0.8 fm.

Y A, (fm) et A, (fm) €

+0.07 —2.45 +0.31 —4.95 +0.41
0.00 —1.64 +0.20 - +0.52
—0.01 —1.59 +0.19 +53.4 +0.53
—10.0 -0.27 —1.42 +0.32 +2.14
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FIG. 6. Same as Fig. 2 but the scattering length is fixed as ag =
—1.0 — i0.8 fm with A}, and €*.

it does not create a peak structure of the cross section. The
existence of the quasivirtual pole near the threshold is consid-
ered to strengthen the effect of the threshold cusp. When y
is increased, as shown by the dashed line (y = 0.07), of\{ (E)
becomes slightly enhanced, in particular in the region below
the threshold. On the other hand, when y is slightly de-
creased, oY (E) is suppressed, as seen in the dash-dotted line
(y = —0.01). In both cases, the shape of of\{ (E) is modified
from the Flatté amplitude only slightly, but the cusp structure
is maintained. However, with a large negative y = —10.0
(solid line), the cross section shows a qualitatively different
behavior. One finds that the cusp at the threshold disappears
due to the sign flip of the slope of the cross section below the
threshold. Because of this, the cross section shows a small
dip structure above the threshold. This dip structure is not
caused by the zero point of the scattering amplitude, but it
exhibits the local minimum of o{\{ (E). It is clear that that the
Flatté amplitude cannot reproduce the cross section with the
dip similar to the solid line.

The cross sections af\{ (E) with A, and €~ are plotted
in Fig. 7 for y =0.07, —0.01, and —10.0. The cross sec-
tion shows the cusp structure for y = 0.07 (dashed line)
and y = —0.01 (dash-dotted line), with a slightly enhanced
strength. When y is taken as large and negative value (y =
—10.0), a dip appears above the threshold instead of the cusp.

With the Flatté amplitude, the cross section shows a peak
below the threshold for Re(ar) > 0 or a cusp at the threshold
for Re(ar) < 0. From the above results, we find that the shape
of the elastic scattering cross section in channel 1 can be
changed significantly from these typical behaviors by varying
y. In particular, if y is large and negative, then the peak can
be changed into a cusp even with Re(ag) > 0, and oY (E)
can have a dip near the threshold. Therefore, in analyzing
the scattering near the threshold, it is important to perform
analysis paying attention to the peak, cusp, and dip structures
rather than simply fitting the data by the Flatté amplitude
[30,35].
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FIG. 7. Same as Fig. 6 but with A, and €.

V. SUMMARY

In this paper, we discuss the behavior of the coupled-
channels scattering amplitude near the higher energy
threshold by constructing the general amplitude with new
parametrization. First, in Sec. II, we introduce the contact
amplitude and Flatté¢ amplitude based on the effective field
theory. Through the comparison of two amplitudes, we show
that the origin of the problem of the number of parameters in
the Flatté amplitude near the threshold [21] can be traced back
to the vanishing of the determinant of the scattering amplitude.
It is also shown that the standard parametrization with three
parameters a;; in the contact amplitude is not suitable to
smoothly connect to the Flatté amplitude.

Based on this observation, we modify the renormalization
conditions in the effective field theory and construct the gen-
eral amplitude with three alternative parameters, Ay;, €, and y .
With y # 0, the general amplitude has one-to-one correspon-
dence with the contact amplitude, and it directly reduces to the
Flatté amplitude at y = 0. Namely, the general amplitude al-
lows us to examine how the contact amplitude approaches the
Flatté amplitude by varying the parameter y. It is also shown
in the general amplitude that the scattering length is defined
in the (2,2) component (higher-energy channel), which is in
general different from the constant term in the denominator
of the (1,1) component (lower-energy channel), except for the
special case of y = 0 corresponding to the Flatté amplitude.
Finally, we show that the (1,1) component of the general
amplitude contains the background term in addition to the
pole term, even in the linear order in the momentum. Since
the background term disappears at y = 0, the parameter y
is considered to control the existence of the background. It
is shown that the background term can cause the zero of the
amplitude by the interference with the pole term.

Finally, the behavior of the scattering cross section of the
general amplitude is numerically studied by varying y with
the scattering length being fixed. For a small |y|, the cross
section shows either the peak structure or the threshold cusp
structure, as typically observed in the Flatté amplitude. It is,
however, shown that the scattering length obtained from the
analysis by the Flatté amplitude may quantitatively deviate

from the exact value, due to the contribution from the back-
ground term. It is also found that by enhancing the background
contribution with large and negative y, a dip structure can
be caused by the zero of the scattering amplitude (see also
Refs. [30,35]), which cannot be reproduced by the simple
Flatté amplitude. In such cases, the threshold cusp structure
may appear even when the real part of the scattering length is
positive.

The general amplitude proposed in this study should be
useful to extract the scattering length and pole position of
the near-threshold exotic hadrons through the analysis of the
experimental data. Since the actual exotic hadrons are often
coupled to three or more channels, the extension of the gen-
eral amplitude for multichannel scattering serves as a future
prospect. To enlarge the applicability of the framework, it is
necessary to include the higher-order terms in the effective
field theory, which also gives precise determination of the
effective range. With these extensions, we expect that the
application of the general amplitude to the actual experimental
data will help to accurately determine the properties of the
exotic hadrons near the threshold.
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APPENDIX A: N-CHANNEL SCATTERING

Here we compare the number of independent parameters
in the near-threshold contact and Flatté amplitudes in the
two-body scattering with N channels. With a straightforward
generalization of Sec. II A, the N-channel contact amplitude
reads

[FEE]!
1 1

1 .
S . =4 —
aip Pi an aiNn

aN

1 1 1 .
. -
ain arnN anN PN

(AD)

where p; is the momentum in channel j. The amplitude f C(E)
contains N(N + 1)/2-independent parameters a;;. The Flatté
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TABLE III. Number of independent parameters in the contact
amplitude (A1) and the Flatté¢ amplitude (A3).

Channel 2 3 N
Contact (A1) 3 6 NN +1)/2
Flatté (A3) 2 3 N
Conditions 1 3 NN —1)/2

amplitude with N channels can be written as

1
fHE) = ,
2Egw —2E — i Z]jy=1 &P,
821 8182 818N
8182 822 828N
X ] ) , (A2)
g18v 28V - &y
which contains N coupling constants g;(j =1,...,N) and

one bare energy Egw, so there are N + 1 independent param-
eters in total. Near the threshold of channel N, by neglecting
the terms with p% or higher, we obtain

fFE) ~ 1
o—ipy—iy |} rjpfl.“)
r INZALY
N2ALA) r (A3)
NV
where we define
- 2E
& =r, —N _q, (A4)
& &y
P = pi(py =0). (A5)

In this case, the amplitude has N parameters, 7;(j =
1,---,N—1)and .
As summarized in Table III, the contact amplitude always
has a larger number of parameters. Namely, there should be
1
EN N-1) (A6)
conditions imposed on the Flatté amplitude, as in the case of

two-channel scattering. This is achieved by demanding all the
cofactors of the off-diagonal components vanish.

APPENDIX B: ANOTHER REPRESENTATION OF THE
GENERAL AMPLITUDE

The general amplitude f¢(E) proposed in this work is de-
scribed by three parameters, Ay, €, and y. As seen in Eq. (61),
fY(E) contains /€ — y in the off-diagonal component, which
may give the impression that the general amplitude could vi-
olate the unitarity for certain parameter choices. In this study,
we impose the condition € > y to ensure that the general
amplitude satisfies unitarity. Here we construct an alternative

amplitude that does not explicitly involve the square root and
does not require any constraint between the parameters.
For this purpose, we define the potential as

Vg = <622(22 +y) C222>’

B1
nZ €22 ®B1)

with the bare parameters cy,, z, and y. By taking z = /x — y,
the potential Vg corresponds to Vi in Eq. (53). In the same
way as in Egs. (58)—(60), we introduce the A dependence of
cn(A), z(A), and y(A) in terms of the physical quantities Aj;,
w, and y as follows:

2 1A
A
()= (w2ﬂ+y)A gz 82
A_%Z - ;A_zg - ; Azz 7T2
Ay
Z(A) = —IA—’ZZVA, (B3)
An ~ m
(L _24 _ 2(tr)4 4V_AZ)
7% A%z T Ax» T A 2
A)=— B4
T ey o) Y
Axn T Axn T
we then obtain the renormalized amplitude
1
fPE)= —— .
—a,; — U@ +y)p — ik + Anypk
@* +y +iApyk w
x < w 1 + lAzz)/p ’ (BS)

where Ay, w, and y are real parameters. It can be seen
that, unlike the general amplitude in Eq. (61), the scattering
amplitude f2(E) does not involve any square-root terms.
Here we discuss the relation between the parameter w
in fB(E) and the parameter ¢ in the general amplitude. By
comparing Egs. (B5) and (61), we find the following relation:

w=+Je—7, (B6)

where the positive sign is chosen in front of the square root.
We note that the first-order contribution of w appears only in
the off-diagonal component f£,(E) in Eq. (B5). Therefore, the
results presented in this paper remain unchanged even if the
negative sign is chosen instead.

Next we verify that f2(E) can be reduced to both the
contact and Flatté amplitudes. From Eqgs. (BS) and (15), we
obtain the following relations:

ajp =Any, (B7)
A
ap = 2L, (BS)
®
Any
ay = ———. B9
2=y (B9)

However, in this case, the condition y # 0 is required to
ensure that the contact amplitude is invertible. On the other
hand, we can take the limit y — 0 in the scattering amplitude

fPE):
1 2
FPE) = — (“’ ‘f) (y > 0), (B10)

— L iwlp—i )
i, —lw’p ik
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which is equivalent to the Flatté amplitude with

1

= —, Bl11

1) ~|—,/R (B11)
R

Ay = ———. (B12)
A Po

It is found that the scattering amplitude (B5) with parame-
ters Az, w, and y can be reduced to both the contact and Flatté
amplitudes, just as the general amplitude with Ay, €, and y.
On the other hand, unlike the general amplitude, the square

root does not explicitly appear in f2(E). In this way, the
scattering amplitude (BS5) differs from the general amplitude
in terms of parametrization, yet both amplitudes yield the
same physical results. It is also confirmed that the numerical
results obtained using the general amplitude in Sec. IV remain
unchanged if f2(E) is used instead of fU(E) with € > y. In
fact, f¢(E) with € > y and fB(E) are completely equivalent.
Therefore, in the main text, we discuss the behavior of the
scattering amplitude using the general amplitude with A, €,
and y.
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