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The value of the A(1405)K N coupling constant g A(405)k N 18 obtained by fitting it to the experimental data
on the total cross sections of the K~ p — m°X° reaction. On the basis of an effective Lagrangian approach
and isobar model, we show that the value |ga405gn| = 1.51 = 0.10 could be extracted from the available
experimental data by assuming that the s-channel A(1405) resonance plays a dominant role, whereas, the
background contributions from the s-channel A(1115), 7-channel K*, and u-channel nucleon pole processes
are small and can be neglected. However, the u-channel nucleon pole diagram may also give an important
contribution in the present calculations. After the background contributions are taken into account, the above
value of g, (140s5) v 15 reduced to |g 405z x| = 0.77 & 0.07, which is not supported by the previous calculations
and the recent CLAS measurements. The theoretical calculations on differential cross sections are also presented,

which can be checked by future experiments.
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I. INTRODUCTION

The reactions induced by a K~ meson beam are important
tools for gaining a deeper understanding of the K N interaction
and of the nature of the hyperon resonances. Among those
reactions, the K~ p — 79329 reaction is of particular interest.
Since there are no isospin-1 hyperons that contribute here,
this reaction gives us a rather clean platform to study the
isospin-0 A resonances. Furthermore, it is well known that the
inelastic effects are especially important for the low-energy
K N interaction because the K N channel strongly couples to
the w ¥ channel through the A(1405) resonance (spin parity
JP =1/27). Thus, the K~ p — 7% reaction is a good place
to study the A(1405) state, whose structure and properties are
still controversial, even though it is catalogued as a four-star A
resonance in the Particle Data Group (PDG) review book [1].

In the traditional quark models, A(1405) is described as
a p-wave ¢° baryon [2], but it can also be explained as a
K N molecule [3] or a ¢*G pentaquark state [4]. Besides, it
was argued, within the unitary chiral theory [5-7], that two
overlapping isospin I = 0 states are dynamically generated,
and in this approach, the shape of any observed A(1405)
spectrum might depend upon the production process. In
a recent experimental study of the pp — pKtA(1405) —
pK T (' T) reaction [8], the A(1405) resonance was clearly
identified through its 7°%° decay, and no obvious mass shift
was found, which was checked in Ref. [9] by using the effective
Lagrangian approach with considering only one A (1405) state.
However, the final answer is still absent in the sense that
the experimental data could also be well described in the
two-resonance scenario [10].
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As shown in Refs. [11-17], the combination of the effective
Lagrangian approach and the isobar model is a good method
for studying the hadron resonances’ production in the 7 N,
NN, and KN scatterings. One key issue of this method is
the coupling constant of the involved resonance interaction
vertex, which can be obtained from the partial decay width.
However, if the mass of the resonance is below the threshold
of the corresponding channel, such as the A(1405) (M =
1405 MeV) to the KN (mg + my = 1434.6 MeV) channel,
it is impossible to get the coupling constant within the above
procedure. For example, the strong coupling constants of the
A(1405) resonance were investigated within an extended chiral
constituent quark model [18], whereas, in Refs. [16,19], the
coupling constant of gx(i535n4 Was obtained from the studies
of the m~ p — n¢ reaction. Besides, in Ref. [20], the coupling
constant of gy«1535n5, Wwas studied from the analysis of the
N*(1535) - Np® — Nz tm~ and the N*(1535) - Np° —
Ny decays.

Moreover, the couplings of the A(1405) resonance to
the KN and 7% channels and the ratio of g A(1405)k N and
8A1405)7 %, R = ga1405)k N/ &A1405)7 = » have been intensively
studied both experimentally [21] and within various theoretical
approaches, for instance, the current algebra [22,23], potential
models [22,24], dispersion relations [25], asymptotic SU(3)
symmetry approach [26], and they were recently investigated
by taking the A(1405) resonance to be an admixture of
traditional three-quark and higher five-quark Fock components
[18]. However, the obtained values of R by different theoretical
methods vary in a large range of 3.2-7.8, so it is still worth
it to study the coupling constants g, 1405 g v and ga(1405)> s in
different ways.

In the present paper, here is one more way in this line; by
using an effective Lagrangian approach and the isobar model,
we extract the A(1405)K N coupling constant 8A(1405kN DY
fitting it to the experimental data on the total cross sections of
the K~ p — 7°%° reaction near threshold. We also calculate
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the differential cross sections for the K~ p — 7% reaction
with the fitted parameters. These model predictions can
be checked by future experiments. For simplicity here we
will work within the single A(1405) state framework with
parameters as reported in the PDG [1].

This article is organized as follows. In Sec. II, we present
the formalism and ingredients necessary for our calculations.
In Sec. III, we present the values of the obtained coupling
constants. The theoretical calculations on the differential cross
sections are also shown. A short summary is given in the last
section.

II. FORMALISM AND INGREDIENTS

The combination of the isobar model and the effective
Lagrangian method is a useful theoretical approach in the
description of various processes in the resonance production
region. In this section, we introduce the theoretical formal-
ism and ingredients for calculating the cross sections of
the K~ p — 7°%° reaction within the effective Lagrangian
method.

The basic tree-level Feynman diagrams for the K~ p —
7°%0 reaction are shown in Fig. 1. These include the #-channel
K* exchange [Fig. 1(a)], the u-channel proton exchange
[Fig. 1(b)], and the s-channel A(1115) and A(1405)(=A%)
processes [Fig. 1(c)]. To compute the contributions of these
terms, we use the effective interaction Lagrangian densities as
used in Refs. [27-31],

Lxkx = —8kkn(T - TI*K — K "7 - 1)K, (1)
— K -
Lxsns = —iggsnsN | yu— =——0,,3" | K2 - 7 + Hec,,
2My
@)
for the r-channel K* exchange, and
Lony = —igznyNys7 - TN + Hec., 3
Lxns = —igknsNysE - K + Hee., (€]
Lxna = —igknaNysAK +H.c., (5)
pa(r2) D3 pa(ra) 3 pa(ra) D3
‘ II Y4
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FIG. 1. Feynman diagrams for the reaction K~ p — m7%%0
In these diagrams, we show the definitions of the kinematical
(p1s P2, P3, p4) and polarization variables ry, r, that we use in our
calculation.
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for the u-channel proton pole diagram, whereas,

Lasn = —igrsaNysAT - Y +He., (6)
'CA*EN = —lgA*]ENZ_\*KN +H.C., (7)
EA*T(E = —l.gA*nzz\*ﬁ DY +H.C., (8)

for the s-channel A(1115) and A(1405) terms.

For the coupling constants in the above Lagrangian densi-
ties, we take g, yy = 13.45 (obtained with g2 /4w = 14.4),
gxnva = —13.98, grza =9.32, and gxyy = 2.69 as that
determined within the SU(3) flavor symmetry [32]." For
the K*NX couplings, we take gg+yy = —2.36 and « =
—0.47 as used in Ref. [33] for the calculation of the K*A
photoproduction, whereas, the coupling constants gg«x, and
ga+ry are determined from the experimentally observed partial
decay widths of K* — K and A(1405) — 7 X, respectively,

P
Tgoogn = AKX LT ©9)
2r miy.
383, Pzl
Cpimpy = A TE (PS4 e )2t 10
Ao s (Ex + E)MA* (10)
where
oI = O — i o]
pn ° | = )
2mK*
gy Mitmh =
2M p- ’
\Ps| =/ E} —m}.

With masses (mg+« = 893.1, mg = 495.6, m, = 138.04,
and My« = 1405.17]:3 MeV), total decay widths (I'g- = 49.3
and I'p» =50+ 2 MeV), and the decay branching ra-
tio of K* — Km and A(1405) - n% [Br(K* — Km) ~ 1
and Br(A(1405) — 7 X) ~ 1], we obtain gg«g, = 3.25 and
lga+zx| = 0.90 & 0.02 by considering the uncertainties of the
total decay width and the mass of the A(1405) resonance.

With the effective Lagrangian densities given above, we
can easily construct the invariant scattering amplitude,

M; = ity,(p)Aiur, (p2), QY

where i denotes the s-, -, or u-channel process and ii,,(p4)
and u,, (p,) are the spinors of the outgoing %° baryon and the
initial proton, respectively. The reduced A;’s read

) D1+ pr—m
A;\(ms) = —ngNAgnZA—2A, (12)
s —miy
) D1+ Do+ My
AN = o\ kN gATE , (13)

s — M3, +iMp-T s

"Here we show the relations of these coupling constants in terms of
gxny and o= 0.4: ggya = —g‘i/%N (1 +2a), gxkns = gznn(l—20),

and grza = 22 (1 — a).
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A = —n—2<l51 + p3 — %ﬂ'

q> —my. M.
K
———(p1-p3—P1P3) ), (14)
my
—p3—m
Ay = gKZNgnNNw- (15)
u—my

where ¢ is the momentum of exchanged meson K* in the
t channel, whereas, s = (p; + p2)2 is the invariant mass
square of the K~ p system. As we can see, in the tree-level
approximation, only the products, such as gx«gyga+rx enter
in the invariant amplitudes. They are determined by fitting
them to the low-energy experimental data on the total cross
sections of the K~ p — 7°%° reaction [34] with the usage of
the MINUIT fitting program. Besides, M- and I' ,« are the mass
and total decay width of the A(1405) resonance for which we
will take the average values as quoted in the PDG [1].

As we are not dealing with pointlike particles, we should
introduce the compositeness of the hadrons. This is usually
achieved by including form factors in the finite interaction
vertexes. In the present paper, we adopt the following form
factors [27,29,30,35]:

2 A4
F(qex, Mex) - A4+ (q2 — M2 )2
ex

ex

(16)

for all channels where the ¢., and M,, are the four-momenta
and the mass of the exchanged hadron, respectively. In the
present calculation, the cutoff parameter A is constrained
between 0.6 and 1.2 GeV for all channels.

III. NUMERICAL RESULTS AND DISCUSSION

The differential cross section for K~ p — 720 at the
center of mass (c.m.) frame can be expressed as

do B 1 |ﬁ304m.| 1 )
dcosf — 32ms |p,*™] 52 M) am

I,

where 0 denotes the angle of the outgoing ¥ relative to
the beam direction in the c.m. frame, p; and p; are the
three-momenta of the initial K~ and the final 7° mesons,
respectively, whereas, the total invariant scattering amplitude
M is given by?

M= M, + M, + M,. (18)

First, by including all the contributions from the s-channel
A(1405) resonance, s-channel A(1115), t-channel K*, and
u-channel proton processes, at a fixed cutoff parameter A, we

%In phenomenological Lagrangian approaches, the relative phases
between different amplitudes are not fixed. In general, we should
introduce a relative phase between different amplitudes as a free
parameter since now we have only few experimental data on the total
cross sections, which are not sensitive to the relative phases, so we
take all the relative phases as zero.
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FIG. 2. The K~ p — 7°%° total cross sections compared with
the experimental data from Ref. [34] (dots), Ref. [36] (triangles), and
Ref. [37] (squares). The results have been obtained from Fit I. The
solid line represents the full results, whereas, the contribution from
the s-channel A(1405) resonance, s-channel A(1115), t-channel K*,
and u-channel proton processes are shown by the dashed, dotted,
dot-dashed, and dot-dot-dashed lines, respectively.

perform a x? fit (Fit I) to the total cross-sectional data taken
from Ref. [34]. It is worth noting that since we want to get
the coupling constant g, 1405,y from the total cross sections
ofthe K™ p — 79329 reaction, the contributions from other A
resonance are neglected. In the present paper, only the experi-
mental data very close to the reaction threshold are taken into
account, whereas, those data below the production threshold
of A(1520), which is the next A resonance above A(1405),
are neglected. Then there are totally ten available data points.

By constraining the value of the cutoff parameter A from
0.6 to 1.2 GeV, we get the minimal x2/dof = 0.9 with
A = 0.6 GeV for all the channels, and the fitted parameter
grken&ary 18 —0.70 £ 0.06. From the value of ga+,x, we
can get |ga+gn| = 0.77 £ 0.07.

The corresponding best-fitting results of Fit I for the
total cross sections are shown in Fig. 2, which compare
with the experimental data. We also show, in Fig. 2,
the experimental data with larger errors from Ref. [36] and
one data point from Ref. [37] for comparison. The solid
line represents the full results, whereas, the contributions
from the s-channel A(1405) resonance, s-channel A(1115),
t-, and u-channel diagrams are shown by dashed, dotted, and
dot-dashed lines, respectively. From Fig. 2, one can see that we
could describe the near-threshold data of the K~ p — 7%
reaction quite well, and the s-channel A(1405) resonance
and u-channel proton pole give the dominant contributions,
whereas, the s-channel A(1115) process and ¢-channel K*
exchange give minor contributions. Theoretically, it is im-
portant to find some observables to distinguish the relative
roles of individual mechanisms. In Fig. 3, the corresponding
theoretical calculation results for the differential cross sections
at pp = 0.15 GeV [Fig. 3(a)], pia» = 0.25 GeV [Fig. 3(b)],
and ppp = 0.35 GeV [Fig. 3(c)] are shown, which can be
tested by future experiments.

For the role of the u-channel proton pole diagram, since
there could be large SU(3) flavor symmetry violation, as
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FIG. 3. The K~ p — n°%° differential cross sections at different
energies. Results have been obtained from Fit I. The solid line
represents the full results, whereas, the contribution from the
s-channel A(1405) resonance, s-channel A(1115), ¢-channel K*,
and u-channel proton processes are shown by the dashed, dotted,
dot-dashed, and dot-dot-dashed lines, respectively.

summarized in Ref. [38] (see Table II of this reference),
the value of ggyy lies in a very wide range. Besides,
the contributions from the s-channel A(1115) and 7-channel
diagrams are very small, so, next, we try the fit with considering
the contribution from only the s-channel A(1405) resonance
(Fit II). In this case, we have two free parameters, which
are ga-gngars and the cutoff parameter A2U409. The
fitted results are gp«gng€a+ry = 1.36 = 0.08, which gives
lga-gn| = 1.51 £ 0.10and A21409 = 3,00 4 2.62 GeV with
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FIG. 4. Asin Fig. 2 but for the best-fitted results of Fit II. We also
show the error band, which is obtained from the uncertainties of the
fitted parameters.

alarge x2/dof = 1.7. The corresponding results for the total
cross sections are shown in Fig. 4 with the solid line. We
also show the 90% confidence-level band obtained from the
statistical uncertainties of the fitted parameters.® The results
show that we can also give a reasonable description for the
experimental data by only including the s-channel A(1405)
resonance. However, even by considering the errors of the
theoretical calculation, we still cannot give a reasonable
description for the data points from Ref. [36].

The value of |gp«gy| = 1.51 £0.10 is comparable with
the value 1.84 [9], which was obtained from the separable
potential model [39]. In contrast to the unitary chiral theory [6],
the separable model produces only a single A(1405) pole, and
this is consistent with our assumption that we only include one
A(1405) state in the present calculation for simplicity.

From the fitted parameters of Fit II, we find an unrealistic
central value of 3.00 GeV for the cutoff AA1405 parameter
with a large error (2.62 GeV), which indicates that x? is rather
insensitive to this parameter, so, next we fix the cutoff at some
values, then only fit the one parameter g« gy g+ to the total
cross-sectional data, from which we can get the fitted coupling
constant g+ y as a function of the cutoff parameter A 21405,
The results are shown in Fig. 5. We can see from the figure
that the value of |ga«gn| is stable at 1.5 within a very wide
range of the cutoff parameter AA1405),

From the values |gA(1405)KN| =1.514+0.10and |8A*7r): | =
0.90+£0.02, we can easily obtain the ratio R =
lgakn/&asnx| = 1.68 £ 0.12,* which is smaller than those
obtained from different models: 2.19 obtained by using an
algebra-of-currents approach [22] and 2.61 + 1.34 extracted

3We generate pairs of parameters (gx+gy gasrs and A21499) from
a two-dimensional correlated Gaussian distribution with the mean
values and standard deviations obtained from the best x? fit. For each
(ga kv garrx and A21409) pair, we calculate the total cross sections.
We plot all these results and throw away the upper 5% and the lower
5%, then the band, shown in Fig. 4, is obtained.

“If we take the values of 0.77 from Fit T and 1.51 from Fit II as
the lower and upper limits, respectively, for g «gy, we then can get
lgasgn| = 1.14 £ 0.37, which gives R = 1.27 £ 0.41.
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FIG. 5. Coupling constant |g«g | versus the cutoff parameter A.

from the coupled-channel analysis of the K ~ p scattering [40].
We show these values and the couplings of A*K N and A*7 %
in Table I for comparison. From Table I, we find that even the
values of R are different, but the values for |g,«g | are similar
within the errors.

On the other hand, in analysis of the line shapes of the Xx
final states in the production reaction yp — Kt + (Zm), it
is convenient to parametrize the scattering amplitude in the
isospin-0 sector as the Breit-Wigner function BW(W), which
has been used in Ref. [41],

1
W2 — M2, +iMpTp«(W)’

where W is the invariant mass of the X system and I'x«(W)
is the energy-dependent width that accounts for all the decay
channels; this is because in the yp — K+ + (X ) reaction,
the N K channel opens within the range of the mass distribution
of the X7 system.

By considering the A*(1405)K N coupling by using the
Flatté prescription [42], the energy-dependent total decay
width for the A*(1405) resonance, is’

BW(W) = (19)

38%n 1px
a(W) = =222 [Ex +m2172

2 -
8r+f
I AKN[EN+mN]|pN|9(W—MK—mN),
T w

2
(20)

>We mention that, in the present calculation since the KN channel
is opened, we just use a constant total decay width for the A(1405)
resonance in such a way that we can also reduce the number of free
parameters. Furthermore, we do not continue the decay momentum
to imaginary values, which means below the threshold of the decay
channel, we take the decay momentum as zero.

TABLE 1. Couplings of A(1405)K N and A(1405)7 X.

lga<in] |gasrsl R Reference
1.64 0.75 2.19 [22]
2.10 £0.71 0.77 £+ 0.30 2.61 +1.34 [40]
1.51 £0.10 0.90 £ 0.02 1.68 £0.12 This paper
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FIG. 6. The module square of the Breit-Wigner function for
A*(1405) versus W with a constant total decay width (solid line)
and an energy-dependent width with the form in Eq. (20) with
ga=gn = 1.51 (dashed line) and g,«gy = 0.77 (dotted line).

with

2 2 2
E B w +my Ny —my g e
/N W )

|P£/N| =/ E%/N - m%:/}\]- (22)

In Fig. 6, we show the results for the module square of
BW(W) as a function of W. The solid line stands for the
results obtained with a constant total decay width (50 MeV),
whereas, the dashed and dotted lines are obtained with
garkny = 1.51 and gp«gy = 0.77, respectively, by using the
energy-dependent width with the form in Eq. (20). From the
results, we find that the Breit-Wigner mass will be pushed
down if we use the energy-dependent width, and there is
a clear drop in the module-squared distribution at the KN
threshold with a larger value of g (j405)gcy = 1.51. However,
the smaller value of g 1405xy = 0.77 could not give a clear
drop for the module-squared distribution at the K N threshold.
The very recent experimental results measured by the CLAS
Collaboration in Ref. [41] show that there is a sharp drop in the
27 mass distributions, and this could be reproduced by using
the above BW(W) formalism with the large coupling constant

8A(1405)K N -

IV. SUMMARY

In this paper, the value of the A(1405)KN coupling
constant g, 1405)% v 18 obtained by fitting it to the low-energy
experimental data of the K~ p — n°%° reaction. On the
basis of an effective Lagrangian approach, we show that the
value of the A(1405)K N coupling constant |g 405z n| =
0.77 £ 0.07 can be extracted from the available low-energy
experimental data of the total cross section of the K~ p —
7920 reaction by including the s-channel A(1405) resonance,
s-channel A(1115) process, t-channel K*, and u-channel
proton pole diagrams. On the other hand, by including only
the contribution from the s-channel A(1405) resonance, we
get |gaqaosygn| = 1.51 £0.10, which is supported by the
previous calculations [22,40] as shown in Table 1.
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Due to the violation of the SU(3) flavor symmetry, the
contribution from the u channel could be small, and we show
that the differential cross sections shown in Fig. 3 could help
us to clarify whether the u-channel contribution is important
or not.

We also calculate the module square of the Briet-Wigner
function for the A(1405) resonance with an energy-dependent
total decay width with the form as the Flatté prescription [42].
The results show that the Breit-Wigner mass of the A(1405)
resonance will be pushed down, and there is a clear drop in the
module-squared distribution at the K N threshold if we take a
larger value g 405ygcn = 1.51. The clear drop could explain
the sharp drop that was found in the £ mass distribution
in the recent experimental measurements [41] by the CLAS
Collaboration.

PHYSICAL REVIEW C 88, 015203 (2013)

Finally, we would like to stress that the coupling constant
ga(1405)k N 18 important for studying the A(1405) resonance in
the yp — KT A(1405) — K (mw X)reaction and in the pp —
pK*TA(1405) — pK* () reaction by using the effective
Lagrangian approach [9,43,44]. More and accurate data for
these reactions can be used to improve our knowledge on the
structure and properties of the A(1405) state, which are, at
present, still controversial.
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