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Abstract We have studied the N system and coupled channels by using of the Faddeev equations and two

N* and one A states, all of them with J¥ =1/2%, have been found in the formalism as dynamically generated

states. In addition, signatures for a new N* resonance with J” =1/27 are found around an energy of 1920 MeV

in the three-body center of mass system.
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1 Introduction

The 7t and nN systems have been extensively
studied™ ® and dynamical generation of several res-
onances has been found. For instance, the ¢(600),
the £5(980) and the a,(980) resonances appear in the
7, KK and 7m interaction! ?, while the N*(1535)
state is observed in the mN and coupled channel
systems™ 4. All these states have an important
hadron-hadron component in their respective wave
functions, which play an important role in describ-
ing their properties. Since the interaction between
it and 7N is attractive in some energy range, it is
plausible to think that the addition of one more par-
ticle, for example, a pion, could lead to new states
with the three-body components of its wave function
playing a dominant role in understanding the exper-
imental data. There are in fact several resonances
listed by the Particle Data Group (PDG)!® which can
be expected to belong to this group, like, for exam-
ple, the N*(1710), which has a large branching ratio
to mnN (40%—90%). Therefore, a study of the mnN
system and coupled channels could lead to dynami-
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cal generation of the N*(1710) and, hence, a better
understanding of its characteristics.

With this motivation, we have studied the mmN
system and coupled channels using the formalism de-
veloped in Ref. [7] which leads to dynamical gen-
eration of all the low-lying 1/2%, S = —1 reso-
nances listed in the PDG in the energy region 1500—
1800 MeV. As we shall see in the next sections, three
resonances corresponding to the N*(1710), N*(2100)
and A(1910) are found and a new N* resonance is
found around 1920 MeV, supporting the prediction
oft¥,

2 Formalism

Our objective is to calculate the three-body T-
matrix for the N and its coupled channels in order
to identify possible states which could have a strong
coupling to two mesons and one baryon systems. In
order to get the three-body T matrix we follow the
formalism developed in'™ ®~**) which is based on the
Faddeev equations!'?. In terms of the Faddeev par-
titions, T, T? and T3, the three-body T-matrix is
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written as
T=T"'+T*+T?. (1)
In our formalism these partitions are expressed as ™ %
3
T =t'6%(k/—k)+ Y T, i=1,23, (2)
j#i=1
with (/2{) being the initial (final) momentum of
the particle . The T} partitions include all the dif-
ferent contributions to the three-body T-matrix in
which the last two interactions are given in terms of
the two-body t-matrices ¢/ and t, respectively and
satisfy the equations

T2 = g2 o[ Ta 4 BT
T2 = t'g" +t! :G131 T3 +G*™ ngi :
T2 = g 41 G T2 +G* T1%3: ,
T3 = g%t +¢* :G231 T3 +G*2 ngz, (3)

T]%l — t3931t1 +t3 _G312 TI%2+G313 TI%S_,

T}§2 — t3932t2 +t3 _G321 T}%l +G323 TB?/S_ .

Therefore, the full three-body T-matrix can be re-
lated to Ty as

3 3
T = T'=> t6k —k)+Tr,
=1 =1

3 3
Tp=Y Y T7. (4)
i=1 j#i=1
In Eq. (3), g’s correspond to the three-body Green’s
function of the system and G¥* to a loop function of
three-particles (for their definitions seel™ ° ). All
the matrices in Eq. (3) are projected in S-wave, thus
giving total J™ = 1/2%. The Tgr-matrix (Eq. (4)) is
further projected on the isospin base defined in terms
of the total isospin of the three body system, I, and
the total isospin of two pions, I, defining the states
as |1, L)', Since neither 37, t163 (k/—k,) nor t'g'its
can give any three-body resonance structure because
there are no three-body loops included, we can re-
strict ourself to the study of the properties of

3 3
Tp=Tr—) Y tg"t. (5)

i=1 j#i=1

3 The N*(1710) resonance and the chi-
ral TN t-matrix

We consider N, K3, mKA and 7N as cou-
pled channels for total charge zero and solve Eq. (4)

using the chiral 77t and 7N ¢-matrices® ® as input.
We found that the effect of the mKY, mKA and 7mN
channels around 1700 MeV is negligible and, thus, we
present the formalism in the simplest way, i.e., tak-
ing only the 7N channels in total charge zero into
account: 707t’n, whn, montn, O p, T n’p. We
label these particles as 1, 2, 3 according to the order
in which they are written.

In Fig. 1 we show the s-wave squared T}, ampli-
tude for the mnN system, projected on the isospin
base | I, Iux) =| 1/2,0)”) which has a peak at /5 =
1704 MeV, with a full width at half maximum of
375 MeV . These results are in good agreement with
the characteristics of the N*(1710) ® and, hence,
we relate the resonance shown in Fig. 1 with the
N*(1710). It is interesting to note that if instead of
using the invariant mass of one of the 7tN pairs (/523)

to make the plot we consider the invariant mass as-
sociated to the 77t pair, the peak appears when the
0(600) resonance gets dynamically generated in the
7 interaction 2. This means that the N*(1710)

has a large N component where the 77t subsystem
[9]

rearranges itself as the o resonance
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Fig. 1.
tem in isospin 1/2 configuration as a function

of /s and /s23.

The squared amplitude for the TN sys-

Although we find evidence for the N*(1710), this
work fails to get any clear trace of the Roper reso-
nance, which means that considering the N sys-
tem in s-wave interaction is not sufficient to generate
the Roper resonance, which is not surprising. Other
works such as the Juelich model™®, which successfully
describes the dynamical generation of the Roper res-
onance, contains additional information on the 7N,
7A, pN coupled channels and oN forces. Also, in
Ref. [14] an important contribution of the A chan-
nel and 7t final state interaction (with one of the
pions coming from the decay of the A resonance) to
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the Roper resonance has been claimed. Such an in-
formation is not present in our formalism. The sit-
uation is different for the case of the N*(1710) with
its large empirical coupling to N and weaker to TN
and other coupled channels.

We do not find the other 1/27 states listed in the
PDG!®: N*(2100), A(1750) and A(1910).

The chiral mN amplitude which we use reproduces
the N*(1535) state but not the N*(1650) resonance.
Thus, if by chance any of the states mentioned above
couples to TN*(1650) we would not find them.

Hence, the next step should be to use a more re-
alistic mN t-matrix which includes both states, the
N*(1535) and the N*(1650). As it has been shown
in™ * 7 our formalism does not depend on the off-
shell parts of the t-matrices, then, we can use the
experimental phase space and inelasticities for N
scattering™ in order to calculate the N t-matrix
and then use this one to solve Eq. (4)"”. We discuss
this issue in the next section.

4 The N*(2100) and the A(1910)

In this section we discuss the extension of the
calculations of section 3 to higher energies by us-
ing a mN ¢-matrix which contains the N*(1535) and
N*(1650) resonances and search for the other three-
body isospin 1/2 and 3/2 states with J” =1/2%. In
order to do this, we use the experimental L =0 phase
shifts (6) and inelasticities (n)*® for the TN system
and obtain from them the 7N amplitudes!’”. The
7N interaction below its threshold is determined us-
ing the model of®® and above the threshold we use
the experimental amplitude. For the 77t interaction
we continue using the chiral amplitude!®, which re-
produces quite well the experimental results of the
7Tt scattering.

We first check that with the new input we gener-
ate the N*(1710) exactly with the same properties as
before. After that, with the same five mnN channels
listed in section 3 we solve Eq. (4) for higher energies.
Later, we project our T} -matrix in the isospin base
in which the subsystem of particles 2 and 3, i.e., pion
nucleon (and its coupled channels) is 1/2 in the initial
as well as the final state and the total isospin of the
system is 1/2.

In Fig. 2 we show the squared T} amplitude for
such a case as a function of the total energy of the
three-body system and the invariant mass of the
meson-baryon subsystem formed by the second and
third particle (mN). A peak close to an energy of
2100 MeV with a width of ~250 MeV appears when

/823 is around 1670 MeV, thus having a 7TN*(1650)
structure. The peak position, its width, the spin-
parity and the isospin are compatible with those of
the N*(2100). Thus we identify this peak with the
N*(2100).
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Fig. 2. The N*(2100) in the N system with
five coupled channels.

Since this peak appears when one of the 7N
pairs rearranges itself as the N* (1650) and has been
obtained only by using a mN ¢-matrix which con-
tains the information on the N*(1650), as well as on
the N*(1535), we conclude that the inclusion of the
N*(1650) in the 7N subsystem is essential to generate
this resonance .

With the new N input and considering only N
channels, we do not find evidence for any resonance in
the isospin 3/2 configuration. However, the situation
is different when we introduce the coupled channels.

We now take into account the five N channels
with total charge zero, i.e., m°n°n, n°nt—p, n-mtn,
7-7p, mh7t n and add the corresponding KX, mKA
and 7tKn channels: n°K+3~, K20, n°KOA, 7nn,
K% —, i~ K+X0, K%+, m~K*A and 7t np and
solve Eq. (4). Again, we label them as particles 1, 2
and 3 in the order in which they are written above.
As there are no data for K3 — KX, KA — KA, etc.,
we take the model of®® to calculate the corresponding
amplitudes.

The introduction of the coupled channels modifies
the peak in Fig. 2, which now appears at an energy
of 2080 MeV with a width of 54 MeV for a /s23 near
1570 MeV and with a bigger magnitude™®. There-
fore, the inclusion of the KX, mKA and 7N chan-
nels makes the resonance shown in Fig. 2 more pro-
nounced (by an order of magnitude in the squared
Tj-matrix) and much narrower. These changes in
the results can be easily understood by noticing that
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after adding the rest of coupled channels the wave
function of the resonance contains extra components
which have smaller phase space in the decay of the
resonance. At the same time, the N component be-
comes smaller due to the normalization of the wave
function and, hence, the decay into 7N is also re-
duced.

We also find a peak at an energy of ~2126 MeV
with a width of ~42 MeV in the mKA amplitudes
for the total isospin 1=3/2 and with isospin Ix,=1/2
in the initial as well as in the final state!'®. This
peak can be identified with the A(1910) listed in!®,
whose position, given by different partial wave analy-
ses, ranges up to 2070 MeV and the width varies from
190—500 MeV.

[T'RI? (10 MeV)

Fig. 3. The A(1910) in the KA.

One should note that we get smaller widths than
the experimental ones. In our approach, we do not
consider the N decay channels and they should con-
tribute to increase the widths. Note that this can be
done even with a small coupling to the mN compo-
nents, as implicitly assumed here, since there is more
phase space for decay into the N channel (see”’ 9. 10]
for more discussion).

We do not find any evidence of the A(1750), which
could indicate a different structure for this state than
the one studied in this work.

5 A new N* state around 1920 MeV

So far, we have investigated possible resonant
states in the N system and its coupled channels
which have been obtained adding a pion to those
pseudoscalar-baryon systems which couple strongly
in J* = 1/27 and isospin 1/2 configuration, i.e.,
niN, KX, KA and nN.
this pseudoscalar-baryon subsystem has been varied

The invariant mass of

around 1530—1650 MeV, thus, treating the three-
body system as a mN* system, although within the
three-body Faddeev equations. However, there are
other possible configurations of this three-body sys-
tem, like , Nfy(980) or Nay(980) which until now we
have not discussed.

In the chiral models, the f,(980) and the a,(980)
resonances get dynamically generated in the 7rr, KK
and 7, KK systems™ %, respectively. Thus, in or-
der to study systems made of a nucleon and one of
these resonances, we consider, for total charge zero,
the following set of coupled channels: n7t®n®, pnln—,
nm°n, oot n et prr 7w, prn, nKTK -, nK°K°,
pK°K~. We label the particles as 1, 2, 3 in the order
in which they are written above. With these channels
we solve Eq. (4) and make isospin combinations of the
NKK channels in order to identify possible states in
the corresponding T-matrix.

For the configuration in which the total isospin
of the NKK system is equal to 1/2 with the isospin
of the KK subsystem equal to one, the NKK ampli-
tude shows a peak around 2080 MeV, with a width of
51 MeV (which we do not show here), which we relate
as the Nay(980) partner of the peak shown in Fig. 2.
Therefore the peak corresponding to the N*(2100) has
been seen in 7N system as well as in the NKK sys-
tem.

Interestingly, along with this N*(2100) state, we
find another peak at /s =1924 MeV with a width of
20 MeV, as can be seen in Fig. 4.

[T'RIZ (10%MeV-6)

25 —
20 |—
15 —
10 —
05 [—
00 |—
1028 =
e e %079550 1840 150&%;}20 7960 2000
Vs (MeV)

Fig. 4. A possible N* in the NKK channel
around 1920 MeV.

Assuming an average mass for the kaons of
496 MeV and 939 MeV for the nucleon, this state is
about 7 MeV below the NKK threshold. Suggestions
about the existence of such a resonance were made
by the authors in!®, in which they studied the NKK
channel through effective two-body potentials for the
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KN, KK, KN interactions. Interestingly, the exis-
tence of a 1/2% N* resonance around 1935 MeV has
also been proposed earlier™® on the basis of a study
of the data on the yp — KTA reaction in an isobar
model. Recently, a theoretical study of the yp — KTA
and yp — K*X reactions has been made investigating
the possibility that the enhancement observed close
to threshold in the yp — KT A reaction could be an
indication of the presence of a N* around 1920 MeV
and further tests are proposed in order to clarify the
JP assignment for this state!.

The peak at 1920 MeV is also observed if instead
of considering the KK subsystem in isospin one we
put it in isospin zero, i.e., considering the Nf,(980)
component of the NKK channel™.
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