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Abstract The reactions 7~ p — nn and yp — np are investigated within a dynamical coupled-channels model

of meson production reactions in the nucleon resonance region. The meson-baryon channels included are 7N,

nN, A, oN, and pN. The direct p-photoproduction process is studied within a formalism based on a chiral

constituent quark model approach, complemented with a one-gluon-exchange mechanism, to take into account

the breakdown of the SU(6) ® O(3) symmetry. In the models search, the following known nucleon resonances
are embodied: 511(1535), 511(1650), P11(1440), P11(1710), P13(1720), D13(1520)7 D13(1700), D15(1675), and
F15(1680). Data for the 7~ p— nn reaction from threshold up to a total center-of-mass energy of W =~ 2 GeV

are satisfactorily reproduced. For the photoproduction channel, two additional higher mass known resonances,

P13(1900) and F15(2000), are also considered. However, reproducing the data for yp — np requires, within our

approach, two new nucleon resonances, for which we extract mass and width.

Key words Multichannel scattering, Meson production, Baryon resonances

PACS 11.80.Gw, 13.60.Le, 14.20.Gk

1 Introduction

The complementary character of strong and elec-
tromagnetic production of baryon resonaces was rec-
ognized with the discovery of the first baryon reso-
nance, A, when Fermi and collaborators [ published
their pioneer experimental results on the 7*p inter-
actions, followed by the data by Walker et al. " on
the pion photoproduction.

Although the development of investigations on
those channels continued more or less in parallel for
the A-resonance, the other baryon resonances were
mainly studied wvia the wN initial states. Actually,
pion beams became available in 50’s and culminated,
both in intensity and resolution, in 80’s. Nevertheless,
the most extensively studied phase space concerned
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the A-resonance region. In the 90’s, high intensity
tagged photon beams started being operational and
since about one decade, impressive copious and high
precision data are being released from various labo-
ratories, opening a new era in hadron physics.

In this paper we concentrate on the nN final
states. A common point to reactions 71N — 7N, nN,
as well as to YN — N, nNN, is that each final state
is dominated by a single resonance in the relevant
threshold region, namely A(1230) and S;;(1535), in
contrast to the case of the other pseudoscalar (kaon)
However the roughly 300 MeV
mass difference between the two resonances, led to

or vector mesons.

a drastic unbalanced data base generated with pion
beams. The reason for that uncomfortable situation
is that the so-called pion factories (LAMPF, TRI-
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UMF, SIN) in 80’s provided high quality beams, but
limited mainly to the A-resonance region (see e.g.
Ref. ).

we have to deal with rather poor and inconsistent ™!
5-12

Consequently, in studying the 7N — nN,
data sets 2. However, since about one decade, the
YN — nN is subject to very extensive experimental
investigations in JLab ¥ ELSA 7 1TNS ¥ and
GRAAL M.

Theoretical approaches focused also on the 7N —
wN reactions in the A-resonance region and, besides

(2022 " eyolved to so-

extensive partial wave analysis
phisticated approaches based on the isobaric effec-
tive Lagrangians, embodying meson-nucleon degrees
of freedom. Those formalisms go beyond the direct
channel mechanisms to include multi-step processes
or coupled-channels treatments 2*3%

The main goal of the Excited Baryon Analysis
Center (EBAC) investigations is to extend a pow-
erful dynamical formalism ¥ hereafter called MSL
approach, to all significant final states needed for a
comprehensive determination and description of the
properties of baryon resonances via meson-production
mechanisms. The first step in that effort was a
coupled-channels study of the 1N — M B — 7N, with

meson-baryon (M B) channels being
MB=xN, nN, 7A, pN, oN. (1)

The 175 free parameters of that approach *° are
fitted on over 10000 data points, reproducing them
very well and producing a model, hereafter referred
to as JLMS ! model. Those parameters include
the needed for ingredients to study other final states.
The second step was then to study the 7N — nN
channel, for which only some 50 data points were fit-
ted in constructing the JLMS model. A work dedi-
cated to that channel ®", within the MSL formalism,
showed that the 29 parameters (out of a total of 175)
directly related to the nN states, have to be better
determined by fitting the relevant data. In this paper
we present a more advanced version of our previous

Bl and report on a new model for the 7~ p — nn

work
reaction, hereafter called EBAC-Saclay-nn model.

As already mentioned, those formalisms employ
meson-nucleon degrees of freedom. However, in 70’s,
formalisms embodying subnucleonic degrees of free-
dom started getting developed in this realm. The

52 and Feynman et

early works by Copley et al.
al. ®¥ on the pion photoproduction, provided the first
clear evidence of the underlying SU(6) ® O(3) struc-
ture of the baryon spectrum. More recently, a uni-
fied formalism for pseudoscalar mesons photoproduc-

tion, based on a QCD Lagrangian ** and chiral con-

stituent quark model ®®, was developed. Advanced
versions of that formalism embody in general also the
quark states configuration mixings in baryons, gener-
ated by the SU(6)®0(3) symmetry breaking due to,
e.g. the one-gluon-exchange mechanism ®%. Those
approaches have been successful in investigating pho-

[37] N [38-42] ,

, as well as of vector mesons **. The

toproduction of pseudoscalar mesons: 7
and kaon 4% 44
electroproduction of the n-meson at low @Q? has also
been studied %, Moreover, the CQM has been ex-
tended "* ™ to the strong channel, allowing a rea-
sonable description of the 7=p — nn data. In all
those works, only the direct channel processes are
studied. The only exception concerns the yp — KtA,
for which a coupled-channels approach has been de-

veloped 3.

In that approach a yCQM is used for
the direct channel, while the intermediate and fi-
nal state meson-baryon interactions are handled with
an isobaric effective Lagrangian coupled-channels ap-
proach 8 embodying 7N and KY channels, with
KY=KTA, Kt¥°, K°YXT.

In this paper, we describe the direct n-
photoproduction channel with a recent xyCQM
411 proven to reproduce satisfactorily all avail-
able data, including polarization observables. In that

model

work the spectrum of the known nucleon resonances
(N*) ¥ is well reproduced with only 7 adjustable
parameters. Moreover, that study, in line with previ-
ous CQM works 3 predicts the so-called missing
resonances. Actually, as mentioned above, our main
source of knowledge on N*s comes from reactions
with 7N final states. Accordingly, processes with
mesons, other than pion, in the final states are ex-
pected to reveal yet unknown baryon resonances. So,
a strong motivation of the present work is to search
for such 3-quark states.

The paper is organized as follows. In Section 2
we briefly present the chiral constituent quark model,
for the direct photoproduction channel, as well as
the dynamical coupled-channels formalism for both
mN — nN and YN — nN reactions. Section 3 is
devoted to our results for 7~ p — nn and yp — np pro-
cesses, where we compare the outcome of the present
work to the data. Conclusions are given in Section 4.

2 Theoretical frame

In order to present briefly the theoretical for-
malisms of our approach, we start with the expres-
sion for the coupled-channels T-matrix describing the
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1 meson photoproduction on the nucleon

_ NR R
T’yN—»nN - (’U'yN—n]N +U'yN—>nN) X

(1 + GUNt'f]v]\?—»]WBﬁnN) +
U—JYVJ\?HWNGthZ?HMBHnN~ (2)

2.1 Constituent quark model

The first two terms in Eq. (2) are the non-resonant
and resonant terms for the direct channel vp —
np, calculated ! within a chiral constituent quark
model, complemented with a one-gluon-exchange
model, to take into account the breakdown of the
SU(6)®0(3) symmetry.

For s-channel, the amplitudes are given by the fol-

: : 35, 39
lowing expression > #;

2MN* 7k2+q2
* = o2 (Dns 3
My = p ity r@C - O ©

where /s = W = Ey+w, = E;+uw,, is the to-
tal centre-of-mass energy of the system, and Oy« is
determined by the structure of each resonance. I'(q)
in Eq. (3) is the total width of the resonance, and a
function of the final state momentum q.

The transition amplitude for the n** harmonic-
oscillator shell, under SU(6) symmetry, is

0,=02+08. (4)

The first (second) term represents the process in
which the incoming photon and outgoing meson, are
absorbed and emitted by the same (different) quark.

In the present work, we use the standard multi-
pole expansion of the CGLN amplitudes ¥, and ob-
tain the partial wave amplitudes of resonance lor 941-
Then, the transition amplitude takes the following
form:

On+ :ifllia'eJerlia'QU-(lA( X €)+
ifs:0ka-e+ifuso-Ge-@. (5)

where

. liv12F12 .
fux = folFAY), — WAQ/Q]PZiN

. Jivtex32
fare = fo[FAY), — mAzjav/z]Ph

W =12 x1/2)(+3/2x£1/2) =V
2AN
22 P/ (6)

Fue =Fo VIU=172+1/2)(1+3/2% 1/2)

The f, and AY" in the above equations can be re-
lated to the matrix elements of the electromagnetic
interaction Hamiltonian ®? as in Ref. *?

9 1

A, = \/f<N*;J)\|He|N;2>\—1>> (7)
1

A7 = (NigrHalN ). ®

2.2 Dynamical coupled-channels approach

The remaining terms in Eq. (2) are due to in-
termediate and final state interactions, allowing to
go beyond the direct channel approximation. Ac-
tually, the pion photoproduction cross-section being
roughly one order of magnitude larger than that of
the n-photoproduction, it is a priori mandatory to
consider the reactions initiated by YN — wN and
leading to the n/V final states. Accordingly, the T-
matrix (Eq. (2)) contains the pion photoproduction
contribution v23*,_\. That non-resonant term is cal-
culated in line with Ref. *3,

Meson-baryon channels (M B) are handled ** us-
ing the transition amplitudes in each partial wave

TMB,M’B’ (E) :tANig,M’B’(E)"'tﬁB,M’B’(E)7 (9)

where MB = 7N, nN, wA, pN, ocN. The non-
resonant amplitude ¢}/ /5 (E) in Eq. (9) is defined
by the coupled-channels equations,

tﬁ%,ws' (E)=Vupmp (E)+
> Vs (B) Garn s (BYEE g s (B), (10)

A{//B//
with Gy (E) meson-baryon propagators and

Vg (E) =vvp m s +ZI(\JE})3,]M’B/(E)' (11)
The energy independent interactions varp arps are
derived from tree-level processes by using a unitary
transformation method. Z](\fg’ e (E) is induced by
the decays of the unstable particles (A, p, o). Here,
the 3-body mw N states are neglected.

The second term in the right-hand-side of Eq. (9)
is the resonant term defined by

f‘IVIBHNi" (E)FN;HM/B/ (E)
(E—M3.)8:,— oy (B)

t]\R}B,]\/l’B’ (E)= Z

N¥* N*
i

(12)

where M7y is the bare mass of the resonant state N*,
and the self-energies are

S (E)=> Tn:npGus(E)Tasn: (B).  (13)

MB
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The dressed vertex interactions in Eqgs. (12) and (13)
are (where we define T'y;p_ y+ = FK*HMB)

Ty (B)=Tpyp_n-+
> N v (B)Gar (B) s e (14)
M'B’
PN*A»JVIB (E) = FN*H]V[B +
Z FN*—»M’B/GM’B/(E)t%[}’%B’,]\lB(E)7 (15)
M'B’
with G g meson-baryon propagators.

In order to solve the coupled-channels equa-
tions, Eq. (10), we regularize the matrix elements
of vy mp by introducting at each meson-baryon-
baryon vertex a form factor of the following form:

A2
K2+ A2

F(k,A) = , (16)

with k& being the meson momentum. For the meson-
meson-meson vertex of v*, the form factor in Eq. (16)
is also used with & being the momentum of the ex-
changed meson. For the contact term v°, we regular-
ize it by F(k,A)F(k',A").

With the nonresonant amplitudes generated from
solving Eq. (10), the resonant amplitude ¢, 5 5,/ p/ in
Eq. (12) then depends on the bare mass M. and
the bare N* — M B vertex functions, parameterized
in the following form:

1 1
(27)3/2 /iy

FN*,]MB(LS)(k) = CN*,]\/IB(LS)

2
AN*,MB(LS)

(2+L) I L
A2 +(k—k )2] {m] > a7
N* ,MB(LS) R ™

where L and S are the orbital angular momentum
and the total spin of the M B system, respectively.
Cn+,mp(Ls) measure the meson-nucleon-N* coupling
strength for a specific LS combination of the M B
system and are treated as free parameters, and kg

are parameters fixed by the 7N — 7N analysis in
Ref. 271,

3 Results and discussion

In this section we first report on our results
The known
resonances embodied in the reaction mechanism
are: S1,(1535), S1,(1650), Py;(1440), P,(1710),
P3(1720), D,3(1520), D,3(1700), D,5(1675), and
F5(1680). The obtained model is then used to in-
vestigate the yp — MB — mnp reation, where in

for the process 7~ p — MB — nn.

addition to the above resonances, we include also
Py3(1900) and F,5(2000). Finally, for the photopro-
duction channel, possible contributions from missing
and/or new resonances are studied.

3.1 7 p—nn

The procedure in building a model for this channel
is in line with our previous work B, with a signifi-
cant difference with respect to the nN N coupling con-
stant, which constitues the only common adjustable
parameter for both channels. Notice that, the cou-
pling extracted from the 7~ p — nn, and reported in
Ref. B, turns out to be about one order of magni-
tude larger than the coupling extracted via the photo-
production process (Ref. *!). Accordingly, we went
back to the 7~ p — nn reaction, and imposed a cou-
pling compatible with its photoproduction value. As
explained in Ref. ®Y our formalism embodies a total
of 29 adjustable parameters for this channel. A series
of minimizations were then performed, with strong
constraints on g,ny, and a new model is obtained,
EBAC-Saclay-7n model.

In Fig. 1 results of our model are compared to the
data at four energies, spanning the energy range from
close to threshold up to W& 1.9 GeV.

In the same Figure we show also the EBAC model,
JLMS % where all 175 parameters, including the 29
relevant to the n/N final state, have been adjusted on
the 7N — N data.

At the lowest energy, data are from the Crys-
tal Ball collaboration . At other energies, data
are from rather old measurements. Given the in-
consistencies within the data base, our model gives
a reasonable account of the differential cross section
from close to threshold up to W 1.9 GeV. The fit-
ted data base embodies 255 differential cross section
data points, for which the x? turns out to be 2.32 for
the EBAC-Saclay-mn model and 6.94 for the JLMS
model. The extracted coupling constant, within our
present model is g,y y=1.59, to be compared to 13.41
for JLMS **) and 17.24 in our previous work .

Discrepancies between the EBAC-Saclay-7n and
JLMS models span almost the whole phase-space de-
picted in Fig. 1, emphasizing that 7N — 7w N data
do not put enough constraints on the free parame-
ters related to final states other than 7N. Moreover,
the new values extracted for the 29 fitted parame-
ters here, once replacing those reported in JLMS ),
within the complete set of 175 parameters, lead to
a better agreement with w/N' total cross sections, as
shown in Fig. 2.
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Fig. 1. Differential cross section for the reaction 7~ p — nn. The curves correspond to models EBAC-Saclay-

7 (full), present work, and JLMS (28] (dash-dotted). Data are from Prakhov et al. (=] (empty circles),
Morrison [ (diamonds), Deinet et al. 7] (crosses), Debenham et al. (5] (up triangles), Richards et al. (]

(empty squares), and Brown et al. (1ol (
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Fig. 2. Comparisons between the models EBAC-Saclay-nn (dash-dotted), and JLMS [25] (dotted) for 7N —
X,mN processes. Left panel: Predicted total cross section for the reactions 7tp — X (upper set) and

7Tp — 7p (lower set). Right panel: Predicted total cross section for the reactions 7~ p — X (upper set)

and 7~ p— 7 p+7°n (lower set). Data in both panels are from Refs.

3.2 ~p—np

For the photoproduction channel, we use the
above meson-baryon formalism, with the free pa-
rameters determined for the EBAC-Saclay-nn, as ex-
plained above. So, the adjustable parameters here
are merely those of the photoproduction reaction. As
starting value for those parameters, we use the direct
channel values, reported in Ref. 41,

In Fig. 3, we show two sets of curves. The first
one (dash-dotted) is obtained by including exclusively
the twelve known N*s in this energy range (Table

[49, 54]

‘ 1). At all shown energies those curves miss the data,

especially with increasing W. The obtained x? per
data point, after minimization, is 11.36. This shows
clearly the need for additional resonances with masses
roughly between 1.7 to 2 GeV.

Here, we wish to emphasize that the xyCQM ap-
proach | summarized in Section 2.1, allows repro-
ducing the mass spectrum of known N*s and predicts
additional ones (missing resonances), Table 1. We
have checked for possible contributions from the lat-
ter set of resonances, but found no significant effects.
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Differential cross section for vyp — np, at four values for W. The curves are: EBAC-Saclay-yn model

(full), and a configuration embodying only known resonances (dash-dash-dotted). Data are from CLAS (3]
(diamonds), LNS (18] (crosses), GRAAL (1] (squares), and ELSA [14] (triangles).

Table 1. Extracted masses for known resonances. For éach resonance, results of the present work (M2%¥) are

given in the first line, predictions from Isgur and Karl for negative-parity

B9 and positive-parity B excited

baryons in the second line, and PDG values 49 ip the third line.

Known N* S$11(1535)  S11(1650)  Pp1(1440)  P11(1710)  Pi3(1720)  Py3(1900)
MOGE 1473 1620 1428 1723 1718 1854
Refs. 59> 51 1490 1655 1405 1705 1710 1870
MPDG 1535+ 10 1655713 1440735 1710430 1720730 1900
Known N* D13(1520)  D13(1700)  Dis(1675)  Fi5(1680)  F15(2000)  Fi7(1990)
MOGE 1511 1699 1632 1723 2008 1945
Refs. [0 51] 1535 1745 1670 1715 2025 1955
MPDG 152045 1700+ 50 1675+5 1685+5 2000 1990
Missing N* P11 P11 Pi3 Pi3 Pi3 Fi5
MOGE 1899 2051 1942 1965 2047 1943
Ref. 11 1890 2055 1955 1980 2060 1955

However, in that energy range, two new reso-
nances, namely S;; and D;3, have been reported by
several authors 22 30: 39, 44, 55-63]

In Figs. 3 and 4, the results of our model (full
curves), hereafter called EBAC-Saclay-y7, are de-
picted and compared successfully with the relevant
data. The full model is obtained by fitting 10
free parameters on a data base including 870 data
points, and leading to a x? per data point of 1.44.
That model includes all the twelve known reso-
nances, but also two new resonances. Within our full
model, we extract mass and width of the new reso-

nances, namely, Sy, [M=1.707 GeV, I'=222 MeV] and
D,3[M=1.950 GeV, T'=139 MeV].

In Fig. 4, our results for single polarization observ-
ables are reported at two energies, in vicinity of the
first S;; resonance and the third one (new). All the
shown data are well reproduced with the full model.
Notice that the polarized target asymmetry data were
not included in the data base fitted and, hence, the
shown curves in the right panel are predictions. Here,
again we remark that the new resonances are indis-
pensible to describe the polarization measurements.
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Fig. 4. Angular distribution for polarized beam asymmetry (left panel) and polarized taget asymmetry (right

panel), for yp — np; curves same as in Fig. 3. Data are: for ¥ from GRAAL (1] (circles) and ELSA 6]

(crosses), and for T from ELSA (7] (triangles).

4 Conclusions

We reported on the investigation of the reactions
7w~ p — nn and yp — np, in the center-of-mass en-
ergy up to W 2 GeV, reproducing well enough the
relevant data. The formalisms used here are a com-

4 and

binations of a chiral constituent quark model
a dynamical coupled-channels ?* based on meson-
nucleon degrees of freedom.

With respect to our previous works, several new
points emerge from the present work. For the 7~ p —
nn process, a new model is obtained, differing mainly
from the previous one ! by a significantly more real-
istic nINN coupling constant, required by the xCQM

[41]

approach Interstingly, the new set of parame-

ters not only do not spoil the results of the origi-

nal work [

with respect to the mN — 7N reac-
tions, but it brings in some improvements, showing
that in order to determine various parameters of elec-
tromagnetic and strong verticies, as well as proper-
ties of the resonances, it is mandatory to study re-
actions corresponding to the final states introduced,
via coupled-channels, in intermediate and final states
meson-baryons interactions.

The coupled-channels study of the reaction vp —

np compared to the direct channel investigation [

‘ shows that the roles attributed to the most relevant

resonances in the reaction mechanism become more
coherent and hence realistic, while taking into ac-
count multi-step mechanisms. With respect to the
new resonances, the coupled -channels approach con-
firms results provided by the direct channel study **.

Finally, the present work shows that both reac-
tions are by far dominated by the S;;(1535) reso-
nance, and the other significant components are the
following ones: S;;(1650), Py3(1720), D13(1520), and
F5(1680).

In order to deepen our knowledge of the proper-
ties of known resonances and, hopefully, to establish
the existence of new baryon resonances, further inves-
tigations are needed. From theoretical point of view,
a recent work *” with respect to the 77N final states
via a dynamical coupled-channels is a significant step
and needs to be followed by studying other final states
with kaon-hyperon and vector mesons production re-
actions. In the experimental realm, data using pion
beams are highly desirable. Moreover, double po-
larization measurements in progress at JLab®* and
ELSA!®) are expected to put stronger constraints on
the phenomenological models.

We wish to thank Zhenping Li and Qiang Zhao
for fruitful exchanges.
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