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The A(1405) with one pole
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Abstract. The A(1405)1/2” resonance is discussed and a fit of the Bonn-Gatchina (BnGa) partial-wave-
analysis group is presented to data relevant for this resonance. In the 7 — NK coupled channel system, no
2 pole and only one A pole in the mass range from the Xr threshold to 1500 MeV is required to get a good

description of the data.

1 Origin of resonances in strong
interactions

The strong interactions support a large variety of bound
states and resonances. Different ranges of the interac-
tions lead to different types of states. The J/y meson
is a prototype of c¢ state bound in a Cornell-type po-
tential. In contrast, the y.;(3872) has at least a strong
D**D° molecular component bound by pion exchange. For
some resonances, the interpretation is controversial: the
N(1535)1/27 is predicted in quark models as ggq res-
onance but it can as well be understood as a AK-XK
molecule.

Here, we study the pole content of X7 and NK S -wave
interactions in the mass region below 1.5 GeV. In the quark
model, one SU(3) singlet resonance is expected which is
identified with A(1405)1/2~ called A(1405) here. How-
ever, in the chiral unitary approach, two negative-parity A
resonances and one or two X resonances are found.
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Figure 1. (color online)The neutral and like-sign M(Zx invari-
ant mass distributions from the reactions K™ p — X*7 7" 7" and
K p—- Xnatnta [1].

2 History

In 1961, the Nobel-prize winner Luis Alvarez and his
group [1] analyzed bubble chamber data on the reactions
Kp - Xrnnat and K'p - X nta*tn~. The neu-
tral M= .= invariant mass distribution (with two entries per
event) show a clear peak at about 1400 MeV which is ab-
sent in the like sign My:,+ invariant mass distribution (see
Fig. 1). The A(1405) was discovered! A few years later,
a measurement has been made of the relative signs of the
resonant K~ p — Y* — Xx reaction amplitudes with Y* =
2(1385), A(1405), or A(1520). It was shown that A(1405)
and A(1520) are to be described as predominantly SU(3)
singlets [2].

In 1966, Richard H. Dalitz and collaborators showed
that the large K~ p scattering leads to a virtual bound state
at 1410 MeV [3]. Since then, the A(1405) is the paradigma
for a dynamically generated state.

In 1995, Kaiser, Siegel and Weise used a chiral La-
grangian to construct a potential for S -wave meson-baryon
scattering [4]. The approach reproduced well the proper-
ties of A(1405).

So far, there is not necessarily a conflict between the
interpretation of A(1405) as ggq resonance or as dynam-
ically generated K~ p bound state. Like N(1535)1/27,
A(1405) can be both. It could have, e.g., a ggq core cou-
pling strongly to KN and 7 and developing a mesonic
cloud with a three-quark core.

In 2000, this compatibility ceased to be valid when
Oller and Meifiner studied the S wave kaonnucleon inter-
actions exploiting an Effective Field Theory (EFT) [5].
Dispersion relations were used to perform the necessary
resummation of the lowest order relativistic chiral La-
grangian. They found that the low-mass region houses
three negative-parity resonances, one SU(3) singlet and
one SU(3) octet A and one X resonance. The spectrum was
interpreted in [6], the interpretation is shown in Fig. 2. The
spectrum originates from the interactions of octet baryons
and octet mesons. The findings of Refs. [5, 6] have been
substantiated by better calculations and various groups
over the years, see. [7].

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Figure 2. (color online) The KN-Xr coupled-channel dynamics
leads to two pairs of A and £ SU(3) octets and one A SU(3)
singlet [6].

The three A* poles in Fig. 2 are combinations of the
singlet state (at about 1390 MeV) and the two octet states
(at about 1426 and 1680 MeV). The isovector states were
found to be sensitive on the details of the coupled channel
approach. The findings were confirmed in a number of
further studies. They were reviewed by Maxim Mai at this
conference.

In this contribution, I present an analysis of the BnGa
group who fit the most relevant data on the Zr — KN cou-
pled channel system [8] and showed that just one reso-
nance, A(1405), is required to get a reasonable description
of the data.

3 Bonn-Gatchina analysis
3.1 Bonn-Gatchina analysis

In the analysis, we use a modified K-matrix approach. In-
stead of the K-matrix

A=k(1-ipR)"
we use

N AN—1
A= K(I-ReBK - ipK) with

ds' Agi(s,s") ,
—%Pj(s IKp(s", $)Aq;(s, 8) X
s —s5—I€

Re B(s)K (s, s) +1A4i(s, )pj()Kp(s)

where

Re B(s) = f ds' pi(s)

T s -5

Here, f} is the principle-value integral. This approach pro-
vides a correct continuation of the amplitude below thresh-
olds.

3.2 Data used

We use the CLAS data on the three charge states yp —
K*(Z*7™) [9] and Crystal Ball (BNL) data on K p —
7°7°A and K p — #%°2°%° at Kaon momenta in the
514 MeV/c to 750 MeV/c MeV momentum range [10]. A
subset of the data is shown in Figs. 3 and 4. These two
data sets [9, 10] were fitted event-by-event with a max-
imum likelihood fit. The data on yp — K*(Z%°) [9],
shown in Fig. 3(right), were not included in the fit:
these data were predicted demonstrating that A(1405) and
2(1385) — which both contribute to the data shown in
Fig. 3(left) and Fig. 3(center) — are well identified in the
fit. Further included are bubble chamber data on K™ p —
a~atatX¥ [11] (see Fig. 4, right), the differential cross
sections for K"p — K~ p and K°n from [12] in the 1464
and 1548 MeV mass range (see Fig. 5, and total cross sec-
tions for K"p — K p,K'n, 27,207, =+, An® [13-
16] (see Fig. 6). The fit is constrained by data on the
K™ p system at rest: by the ratios of K~ p capture rates
Y = FK7PA>7T+Z’/FK7PH7{’2+9 R, = rK*p—mUA/FK*pHnequals
and R = T'g-pones [Tk posinelasic [17, 18], and the re-
cent experimental results on the energy shift and width of
kaonic hydrogen atoms AE—il"/2 which constrain the K~ p
S -wave scattering length [19, 20]. The experimental val-
ues are compared to our fit results in Table 1.

Table 1. Experimental results for the quantities listed in Egs. (1)
and the fit result.

Data Fit
AE —il'/2  283+42-i(271+55) 310+15-i(332+15)eV
b% 2.38+0.04 2.40+0.02
R, 0.189+0.015 0.209+0.008
R, 0.664+0.011 0.671+0.010

Our fit to the elastic differential and the total cross sec-
tions is significantly lower than the data. This is a compro-
mise with the data on the strong-interaction width I" of the
K~ p atom: if the elastic cross section is larger, the width
increases as well. Fits based on the chiral unitary approach
do better here even though at the expense of a larger num-
ber of parameters.

3.3 Parameters

Most relevant here are the K~ p — X isoscalar and isovec-
tor S -wave scattering amplitudes. The amplitudes are de-
scribed by five-channel amplitudes with decays to X*7,
0720, T at, pK~ and nKY. The mass differences between
the three X7 and the two NK channels are taken into ac-
count, the relative couplings are fixed by Clebsch-Gordan
coefficients. For the isoscalar amplitude, we us a one-pole
parameterization. It depends on two real coupling con-
stants (g,s and ggy) and a bare mass value M. These pa-
rameters are defined in the fit. For the isovector channel,
we use a two-pole amplitude. Each pole is characterized
by the bare mass and three real coupling constants for de-
cays into Xz, NK and An. Thus, this channel needs 8
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Figure 3. (color online) yp — K*n*X* and for 2400 < W = M,,, < 2600,MeV: M(x~K*) versus M(n~X*) (left) and M(K*X") versus
M(n*X7) (center) two-dimensional mass distributions for reconstructed data without acceptance correction. These data were fitted
event-by-event in a likelihood fit. Right: Z°2° invariant mass distribution for yp — K*(£°2°) and for 2400 < W = M,,, < 2500,MeV.

The data are not included in the fit, the points without errors are predictions.
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Figure 4. (color online) Left: ¥*7~ mass projection from the reaction K™ p — n~n*a*X* for events with M,+,+s+ compatible with
¥(1670)3/27 [11]. The Crystal Ball data on K~p — 7°7°A (left) and K~ p — n%2°Z° (right) [10].

parameters. Thus we have 11 parameters to describe the
isoscalar and the isovector S -wave scattering amplitudes.
For the fit to elastic scattering and charge exchange, we
allow for a small P-wave contribution. The P-wave is de-
scribed by two subthreshold vector poles — one isoscalar,
one isovector pole — with twoo coupling constants.

The production mechanism of the reaction yp —
K*%r is not known. We describe the initial state by two
Breit-Wigner amplitudes in each partial wave for J© =
1/2%,3/2*%,5/2*, and 7/2* (8 resonances with 14 helicity
amplitudes) and 2 X 4 + 6 X 8 free coupling constants for
their decays into Z(1385)r, A(1405)x, A(1520)7, or NK*.
Thus 78 resonances govern the photoproduction dynam-
ics. The properties of X(1385), A(1405), A(1520), and K*
are taken from the RPP [21].

The bubble chamber data on K~ p — - n"n*X* [11]
are fitted with the assumption that the A(1405) stems
from X£*(1670)3/2~ hyperons decaying in a cascade to
A(1405)n* — (ZF#n*)n*. Parameters are the X(1670)3/2~
production strength and decay probability. Contributions
from X°(1385) — X¥x* with a ~ 25% fraction improve
the fit.

4 Results
For the low-mass isovector S -wave, we use two K-matrix

poles. One pole is found far below the X threshold; we as-
sume the pole describes the effects of left-hand cuts. One

pole is above the fitted region; we assign it to the lowest-
mass X(1620)1/2~ resonance. The low-mass isoscalar S -
wave is described by one pole at about 1400 MeV. If we
introduce a second pole, this pole moves either to a mass
below 1 GeV, or a narrow pole with I' = 1 MeV evolves
with a mass coinciding with the NK threshold. We dis-
regard this solution. Thus we conclude that the low-
energy Tn—NK S-wave interactions can be described by
one isoscalar pole. Its mass and width are determined to

Myoe = 1422 +3MeV T = 42 £ 6 MeV

No further pole is required in the fit in the mass range from
threshold to 1.5 GeV, neither a second pole in the A sector
nor any pole in the X sector. A pole search in the complex
plane identified one pole as well.

5 Discussion

In the quark model, the A(1405) is a (dominantly) SU(3)
singlet baryon. Experimentally, the singlet nature can be
deduced from the sign of the imaginary part of the F am-
plitude at the resonance position, see Fig. 99.1 in [21]. In
analyses based on EFT’s, the narrow state at 1420 MeV
is a (dominantly) octet state. This is shown in Fig. 2,
and it follows from Figure 7 taken from Ref. [26]. The
Figure shows the real and imaginary part of the K™p —
A(1405) — Znr transition amplitude. At the A(1405) mass,
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Figure 5. Selected differential cross sections for K-p — K~ p Figure 6. The total cross sections for K~ p induced reactions:

Iy _ - _ 0 - 0 _ - e
(left) and K-p — K°n (right) from [12]. Data were taken be- KO ’(’)_’71( p [{ P+_> K'n, K™p - A Kp—onX K p—
tween 1464 and 1548 MeV invariant mass and reported in 25 n°E%, K™p — X" [13-16]. The single pole A(1405) fitis given
bins. Shown are three bins. The fit is given by the line. as the red curve.

the amplitude is proportional to —i; this identifies the reso-
nance is a SU(3)-octet resonance. The decisive difference
between conventional interpretations of the A(1405) and
EFT-based analyses is the question: Is the A(1405) domi-
nantly a SU(3)-singlet or a SU(3)-octet state?

The A(1405) is, of course, not the only A excitation.
The spectrum of low-mass A and X resonances is known
since long; recently, it has been determined again and
many “candidate” states were disregarded, a few new res-
onances were discovered [22, 23]. The low-mass spectrum ‘ ‘ ‘ ‘ ‘ ‘

is compared to nucleon excitations in Table 2. 1340 1360 1380 1400 1420 1440
The A(1405) can be identified as (dominantly) SU(3)- vs [MeV]

singlet state and as the expected spin partner of A(1520).

Its mass is rather low, this is a well-known problem of Figure 7. Real and imaginary part of the K~p — A(1405) — Xx

quark models. It may be noted that a simple mass for-  transition amplitude F [26]. At Re[F] = 0, Im[F] is negative,

mula — using the masses of nucleon, A and Q and the suggesting that the dominant part of the amplitude at 1410 MeV

Regge slope as only input variables — predicts 1460 MeV is a SU(3) octet.

for the two singlet states [24]. In the (dominantly) SU(3)

octet, there are the ground states and radial excitations

with (V,LF,S) = (2,0%,1/2) from the 56 and 70-plet,

the negative-parity states (N, LP,S) = (1,1,1/2) and the J¥ = 3/2~ from the spin triplet is again missing. The

(1,17,3/2), and the positive-parity states with (N, LP,S) = qualitative agreement — at least in the number and mass

(2,2%,1/2). The A and X resonances are 100 to 150 MeV ordering of the states — of the observed states with those

above the corespponding nucleon states. A further spin ~ reported in [25] supports the quark-model interpretation

doublet of T states with J© = 1/2" is expected (and seen  Of the hyperon spectrum.

in [22, 23]) that would correspond to the A(1620)1/2~ and One might think that the quark-model states are what

A(1700)3/2~ doublet. All these states were found, only they are, and A(1350) comes in addition as a dynamically

F [fm]




EPJ Web of Conferences 241, 03002 (2020)
NSTAR 2019

http://doi.org/10.1051/epjcont/202024103002

generated resonance. But the problem is not the A(1350)
but the A(1405): in the quark model, A(1405) in a SU(3)
singlet resonance, in EFT analyses, it is an octet. As octet
resonance, it does not fit into the spectrum of A reso-
nances. A possible escape would be to assume that all
states in Table 3 derived from EFT’s are generated in ad-
dition to the quark-model states. In this case, A(1405) and
A(1670) should need to have a double-pole structure; with
one A(1405) being a SU(3) octet, the other one a SU(3)
singlet. We remind of the fact that there was the hope
to find a double-pole structure for N(1535) but there has
never been any evidence for two close-by N(1535) poles.
For the A(1405) we do not find any hint for a double-pole
structure.

Can we understand how two low-mass A resonances
with J = 1/27 can appear in the analysis? We first as-
sume that A(1405) is a SU(3)-singlet state. If the fit forces
it to be an octet, the K"p — A(1405) — X transition
amplitude has the wrong sign; this could be compensated
by adding a further SU(3) singlet resonance at about the
same mass. Technically, we can thus understand why fits
finding A(1405) as SU(3) octet state need at least one addi-
tonal resonance. If we assume, instead, the A(1405) to be
a SU(3) octet state, there is no reason why it should show
up as SU(3) singlet in fits with a single pole. The singlet
nature of the A(1405) is decive for the interpretation of the
low-lying A resonances.

The analyses based on EFT’s find two A* resonances
with J® = 1/27 in the region below 1500 MeV. Why are
there two resonances in those analyses and why do we find
only one? The main difference may originate from the dif-
ferent interpretations of resonances and interactions. In
chiral perturbation theory, resonances are generated dy-

Table 2. The A excitation spectrum in comparison with the X
and N excitation spectra. The A(1850)3/2~ and X(1760)3/2~
are missing, the masses are estimates.

8 A(1890)3/2+  A(1820)5/2*
2(1940)3/2* >(1915)5/2*
N(1720)3/2+ N(1680)5/2*

8 A(1810)1/2*
3(1880)1/2*
N(1710)1/2*

8  A(1800)1/2~ A(1850)3/2~  A(1830)5/2"
2(1750)1/2~ 2(1760)3/2~ X(1775)5/2~
N(1650)1/2~ N(1700)3/2~ N(1675)5/2~
A(1710)1/2*

8 AU670)1/2=  A(1690)3/2"
2(1620)1/2~ 2(1670)3/2~
N(1535)1/2~ N(1520)3/2~

8  A(1600)1/2*
2(1660)1/2*

N(1440)1/2*
A(1405)1/2-  A(1520)3/2"

8  A(1116)

2(1193)
N(940)

namically from attractive interactions. In the expansion
E8=1®8 810827,

the same multiplets are expected as in the quark model:
3e3®3=168,¢8,® 10,

except for the 27-plet which is absent in the quark model.
The latter plet is supposed not to lead to attractive interac-
tions. Thus in both scenarios, there is one singlet and two
octet-states with J© = 1/27. (In the quark model, this is a
simplified view; both octets are combined with spin states
to form the total-quark-spin 1/2 and 3/2.) These three ex-
pected A states, one mainly singlet and two mainly octet
states, are assigned to different physical states (Table 3).
In our approach, these three states generate the attrac-
tive interactions: Each A pole leads to an attractive inter-
action in the KN and in the Xx channel. In EFT’s, there
are primarily the interactions; the KN and Zr interactions
are attractive and generate the poles. Our result yields a
different answer to the chicken-and-egg problem: what is
first, the interaction or the pole? In our approach to the
A(1405), the pole creates the largest part of the interac-
tions and the pole is not generated by the interaction.

6 Outlook

What can be done to identify the SU(3) structure of
A(1405) unambiguously? This may be achieved by a study
of the reaction
Jw— A (%) +c.c.

which is seen with a branching ratio of (0.83+0.07)-1073.
The J/y is of course a SU(3) singlet, the A a SU(3)
octet. Hence the Xr system forms a SU(3) octet. For zero
relative orbital angular momentum in the final state, the
T system must have the quantum numbers J* = 1/2~
or 3/2°. The AA(1405), AA(1520), and AA(1670) final
states can be reached only by the SU(3) octet components
of the excited A. In EFT’s, the A(1405) is an octet state,
hence the branching ratio for J/y — AA(1405) should
be much larger than the one for J/y — AA(1520) and
larger (due to the larger phase space) than the one for
J/w — AA(1670). In the quark model, only the latter
branching ratio should be sizable and the two former
branching ratios should be seen with a similar (small)
rate.

I would like to thank the organizers of NSTAR2019
for the kind invitation and A.V. Anisovich, V.A. Nikonov,
A.V. Sarantsev, and U. Thoma for a long and fruitful
collaboration.

Note added in proof: After the conference, a second fit
was made in which the presence of two A resonances with
JP = 1/2 was assumed. A fit with free mass and width
gave a pole at the K~ p threshld and a very narrow width.
When the width was fixed to 180 MeV, a shallow minimum
at a mass of 1387 + 3 MeV was observed. The description
of the data was similar in quality.
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Table 3. The three lowest A states with J© = 1/2".

SU@3) EFT QM
1 | A1350) A(1405)
8 | A(1405) X(1401) | A(1670) =(1620)
8 | A(1670) X(1488) | A(1800) (1750)




