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Abstract The present status of the Bonn-Gatchina partial wave analysis of the photoproduction and pion

induced data is presented. An observation of signals which can be associated with new baryon resonances and

possible interpretations of the baryon spectrum is discussed.
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1 Introduction

The flavor structure of baryon resonances is well
described in quark models which assume that baryons
can be build from three constituent quarks. The spa-
tial and spin-orbital wave functions can be derived
using a confinement potential and some residual inter-
actions between constituent quarks. The best known
example is the Karl-Isgur model, at that time a
breakthrough in the understanding of baryons. Later
refinements differed by the choice of the residual in-
teractions: Capstick and Isgur continued to use an
effective one gluon exchange interaction'®, Plessas
and his collaborators used exchanges of Goldstone
bosons between the quarks'®, while Loring, Metsch
and Petry exploited instanton induced interactions!*.
A group theoretical analysis by Bijker, Iachello and
Leviatan gave the same complexity of the spectrum
of baryon resonances”. Quark models, including a
discussion of different decay modes, were reviewed re-
cently by Capstick and Roberts!®.

A common feature of these models is the large
number of predicted states: the dynamics of three
quarks leads to a rich spectrum, much richer than
observed experimentally. The reason could be that
the dynamics of three quark interactions is not under-
stood well enough. It is often assumed for instance
that, within the nucleon, two quarks may form a di-
quark of defined spin and isospin, and that the di-
quark is a ‘stable’ object within the baryon. Applied
to baryon spectroscopy, the diquark model helps to
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solve the problem of the missing baryon resonances.

Of course, there is also the possibility that sym-
metric quark models treating all three quarks on the
same footing are right, and that the large number
of predicted but unobserved states reflects an exper-
imental problem.

Most properties of baryon resonances have been
derived from 7*p elastic scattering and from the
mp — nmt charge exchange reaction!” . Over a
wide energy range, differential cross sections covering
nearly the full angular range were determined as well
as the asymmetry in the distribution of the scattering
plane when the target proton was polarized.

The most recent results of the SAID group™® are
based on a large data sample and masses and widthes
of the leading four-star resonances mostly agree with
the older results. For the other resonances, the results
differ dramatically; if true they require to reconsider
our understanding of the baryon spectrum. For ex-
ample the new analysis did not find any indications
for the P33(1600) and Py, (1710) states which are pre-
dicted by all existent models.

Quark model calculations predict that high-mass
resonances have small branchings to the N7t channel
which enter with the second power into the elastic
cross section. Inelastic reactions like photoproduc-
tion of multi-meson final states offer therefore an in-
dependent approach to baryon spectroscopy.

The amplitudes for photoproduction of mesons
contains of course more information than just pole
position and residues. In this paper we present ampli-
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tudes for photoproduction of pions which are com-
pared to those given by SAID and MAID.

For the most important waves, the N elastic scat-
tering partial wave amplitudes from™ are included in
the analysis. The missing information about inelas-
tic channels is derived from photoproduction data:
the inelasticity in N scattering due to couplings of a
given baryon resonance to other final states like e.g.
3K is related to the contribution of this resonances
to yp — XK and yp — N7t

The analysis presented here aims at a coupled
channel analysis of all reactions relevant for baryon
spectroscopy. There are, however, some practical lim-
itations to the desired “all data”. Different data sets
can contradict each other. In the data selection,
we follow the GWU Data Analysis Center but ex-
clude some older data when new precision data have
become available. There are discrepancies between
Saphir and CLAS data on strangeness production; it
was shown that both data sets can be fitted simul-
taneously when an energy-dependent normalization
factor is admitted. Here, we use the CLAS data with
its higher statistics. There are some discrepancies in
7° photoproduction between CBELSA and CLAS in
forward angles; we use the data alternatively. The
only significant change we find is in the ¢-channel ex-
change contribution. In the present stage of the anal-
ysis, we do not include vector mesons nor data on
pion- or photon-produced N7t systems which could
contain p-mesons. And the rich results on electropro-
duction from Jlab and MAMI are not included. Still,
a large variety of reactions is fitted in a coupled chan-
nel analysis of pion- or photon-produced reactions.

2 Partial waves parameterization

In the present analysis, high-spin resonances are
described by relativistic multi-channel Breit-Wigner
amplitudes; important partial waves with low total
spin (J < 5/2) are described in the framework of
a K-matrix/P-vector approach which automatically
satisfies the unitarity condition.

The multi-channel amplitude is defined by ma-
trix A(s) where the matrix element A,,(s) defines
the transition amplitude for state “a” to state “b”.
For elastic scattering the amplitude is given by

A(s) = K (I - i1pR)™", 1)

where K is a K-matrix, I is a unitary matrix and p
is a diagonal matrix of the phase spaces. In case of
two particle states (for example tN) the phase space
is calculated as a simple loop diagram (see Ref. [9]).
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For ‘4’ states the phase space is equal to:
ar 20k kyy+my F(E?)
pi(s) = oL 1o 1 - @
2L+1 /s 2my  B(L,rk?)
and for ‘—’ states the phase space is equal to:
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where s is the total energy squared, k the relative
momentum between baryon and meson, k its three-
vector component, ko is the energy of the baryon
(with mass my) calculated in the c.m.s. of the reac-
tion and the coefficient o, is equal to:

L

OéL:H2n_1- (4)

n

n=1

For regularization of the phase volume at large ener-
gies we used a standard Blatt-Weisskopf form-factor
with 7 = 0.8 fm and a form-factor F(k?) using two
different forms:

_A405 o A+25
A4k Bk = A+s (5)

Fits with both parameterizations produced very sim-

ilar results. The parameter A was fixed from our pre-
10, 11

F(k?)

vious analysis! I'and was not varied in the present
fit. For the first parameterization it was taken to be
equal to 1.5 and for the second one 3.0.

The exact formulas for the three-body phase vol-
ume are given in Ref. [9].

The photoproduction amplitude can be written in
the P-vector approach. Here the P-vector amplitude
for the initial state “a” photoproduction is then given

by
Ay = P (I = ipK);) . (6)

The production vector P and the K-matrix K have
the following parameterizations:

(o) () (o) ()
ga gb gyNgb r
Ka = aby P = )
b M2 + fan By Z“ M2 —s +fo

(7)
(«)

where My, g{* and g, are the mass, coupling con-
stant and photo-coupling of the resonance «; f,, de-
scribes a direct (non-resonant) transition from the ini-
tial state a to the final state b, e.g. from N — AK.
The production process may have a non-resonant con-
tribution described by fb.
resonant contributions are functions of s.

In general, these non-

For all partial waves except Si;, Si3 and Pis3 it
is sufficient to assume f,, and fb to be constants.
The S;; wave requires a slightly more complicated
structure. For the scattering amplitudes mN — N,
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7N — Nn, and NN — Nn we choose

AR Ve <

= ®)

The f;f)) and s3° are constants which are determined

in the fits. For the P;3 and S;5 waves such dependence
was introduced for the mN — N7t transition only.

The P-vector approach is based on the idea that
a channel with a weak coupling can be omitted from
the K-matrix. Indeed, adding to the K-matrix the
YN channel would not change the properties of the
amplitude. Due to its weak coupling, the YN interac-
tion can be taken into account only once; this is done
in the form of a P-vector. Loops due to virtual decays
of a resonance into Ny and back into the resonance
can be neglected safely.

At high energies, the angular distributions exhibit
clear peaks in the forward direction of the photo-
produced mesons. The forward peaks are connected
with meson exchanges in the t-channel. These con-
tributions are parameterized as 7, p(w), K or K* ex-
changes.

The most straight forward parameterization of
particle exchange amplitudes is the exchange of Regge
trajectories. The invariant part of the t-channel ex-
change amplitude can be written as

T(5,6) = (Do (D) R(E 1) v=2(s—w). (9)

Here, g; are vertex functions, and R(+,v,t) and
R(—,v,t) are Reggeon propagators for exchanges with
positive and negative signature. Exchanges of 7t and
K have positive, p, w and K* exchanges have negative
signature.

The propagator for pion exchange has the form

efi%oc-,r(t)

)

sin (gocn(t)) r (fan(t) + 1) Yo
(10)
where o, (t) = —0.014+0.72¢ is a function defining
the trajectory, v, is a normalization factor (which can
be taken to be 1). The I’-function is introduced in
the denominator to eliminate the additional poles at

t<0.

The p trajectory has a negative signature and the

RT[(+7 V7t) =

corresponding propagator is equal to

je~ iz e (®)

R,(—,v,t)=

2 2
(11)
where o,(t) = 0.504+0.85¢. The w trajectory is

v op (t)
cos(gocp(t))p(“o_(f)Jrl) (V_o> |

identical to the p trajectory.

3 Elastic N — N scattering

For nN elastic scattering in low partial waves —

with nlN in the total spin J = — we rely on the

1

272
detailed work of the George-Washington Center for
Nuclear Studies®. An example of the description of
these data with one of the latest solutions is given in

Table 1.

Table 1.
coupled-channel analysis and x? contribu-

Pion induced reactions fitted in the

tions. References to the data are given in the

text.

NN wave Ndata w; X2/Ndata
S11 126 1.40
S31 102 2.37
P11 110 2.24
P3q 118 3.23
Prg 108 2.57
P33 130 5.01
Dq3 106 5.06
D33 136 4.01

n p—nn do/df2 288 2.76

4 Photoproduction of single neutral
pions off protons

The single pion production is dominated by
the production of A(1232), D,3(1520), Fi5(1680),
S11(1535) and t-channel exchanges at high energies.
A typical description of the data is shown in Fig. 1.
The description of the single neutral pion photopro-
duction data is given in Table 2.
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Fig. 1. Contributions of A(1232)Ps3 D13(1520),
511(1535), 511(1650) and F15(1680) to the sin-

gle neutral pion photoproduction.
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Fig. 2.
Solid curves show our current solution, dashed

Multipoles for the yp — 7°p reaction.

lines correspond to the SAID solution and
dotted lines to the MAID solution. The red
curves corresponds to the real part and blue
curves to the imaginary part of the ampli-
tudes.

The contributed resonances to this reaction are
well known and have 4-star classification by PDG.
However different analyses provide different behavior
of the amplitudes due to difference in the determina-
tion of helicity couplings, pole positions and couplings
of resonances to other channels. A comparison of mul-
tipoles for the single neutron meson photoproduction
form our current solution with those obtained by the
SAID™ and MAID"*groups is shown in Fig. 2.

The reaction yp — 7t™n has a much stronger non-
resonant background than photoproduction of the
neutral pion. Indeed the pion exchange amplitude
which is forbidden in neutral channel is one of the
dominant contributions in the charged pion photo-
production. The multipoles for the charged pion are
shown in Fig. 3.

4.1 Photoproduction of 1 mesons off protons

For photoproduction of 1 mesons, differential
cross sections"* ¥ and the related beam asymme-
try XM 2% are the only quantities which have been

measured so far. Double polarization observables are
presently studied intensively at several laboratories
but so far no final results have been reported.

1250 1500 1750 2000 2250
W, MeV

1250 1500 1750 2000 2250
W, MeV

+

Fig. 3. n reaction.

Solid curves show our current solution, dashed

Multipoles for the yp — 7

lines correspond to the SAID solution and
dotted lines to the MAID solution. The red
curves corresponds to the real part and blue
curves to the imaginary part of the ampli-
tudes.

The description of the single eta photoproduction
found in our analysis!"® is shown in Fig. 4. Such so-
lution describes unpolarized differential cross section
and beam asymmetry data with a very good x2. How-
ever this solution has problems in the description of
the new data which we recently included in the anal-
ysis. This is a very clear demonstration about weak-
ness of an analysis with a limited number of fitted
reactions.

The solution described rather well the TN — nN
differential cross section below 1600 MeV measured
by Crystal Ball®!! but provided too strong signal in
the region 1700 MeV in contradiction with datal?* 23,
As the result we found a new solution with notably
suppressed (by the factor 1.5) the nN coupling for
Py3(1720). The description of the TN —nN data with
new (still preliminary) solution is shown in Fig. 5.
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Fig. 4. Contributions of S11(1535) Pi13(1720),
D15(2070) to the single eta photoproduction.

Table 2. Reactions fitted in the coupled-
channel analysis and x? contributions. Refer-
ences to the data are given in the text.

observ. Ndata wi x?/Ndata
vp — 10p do/d2 1967 1.48
X 1492 3.38
P 607 3.16
T 389 4.01
G 75 2.58
H 71 1.92
E 140 1.41
Oy 7 1.01
0. 7 0.38
yp—7ntn  do/df2 1583 1.87
b)) 899 4.23
P 252 3.90
T 661 3.66
G 75 2.58
H 71 1.92
E 231 2.49
Yp —Np do/ds2 767 1.15
x 151 2.02
T 50 1.52
yp—KtA  do/dR 1377 1.80
x 111 2.31
P 202 2.31
T 66 2.11
Cq 160 1.22
C. 160 1.53
Oy 66 1.40
(0¥ 66 1.86
yp—KTY  do/dnR 1289 2.68
z 97 0.86
P 95 1.56
Cy 94 2.29
C. 94 2.19
yp— K2t  do/d2 208 1.51
P 72 0.72
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Fig. 5. The description of the m~p — nn data
with our current solution.

An additional restriction comes from the fit of tar-
get asymmetry data on eta photoproduction. These
data have a very peculiar feature at the region of
1500 MeV where target asymmetry shows wavelike
angular dependence which can not be explained if
D,5(1520) state behaves like a usual Breit-Wigner
state. Due to this problem these data were consid-
ered doubtful in some analyses and excluded from
the data base. In our present analysis we also could
not describe the wavelike behavior of the target asym-
metry in the 1500 MeV region. However we believe
that these data provide an important information for
the region of 1700 MeV and should be included in
the fit. The target asymmetry which behaves rather
flat in the region of 1700 MeV also agreed with the
impact from the m~p — nn data: the NN coupling
of the P3(1720) state is reduced by the factor 1.5—
1.7. The description of the target polarization with
new solution is shown in Fig. 6. In the new solution
the loss of intensity in the 1 photoproduction around
1700 MeV is compensated by the S;; wave. There
is no surprise here: this wave is the strongest one in
the region below 1650 MeV and a small refinement
of the interference between S;,(1535) and S;,(1650)
can easily compensate the loss due to reduction of the
contribution from the P;3(1720) state.

We should stress that new solution which de-
scribes very satisfactory 1~ p — nn data and the tar-
get asymmetry in the energy region higher 1.55 GeV
produces a worse description of the differential cross
section and beam asymmetry than the solution with
the large Py3(1720) signal. The x? changes for these
variables are given in Table 3. It proves undoubtedly
that including additional data is much more impor-
tant than a very precise description of a limited data
set.
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Fig. 6.
try with our current solution (black curves).

The description of the target asymme-

The red curve corresponds to the SAID solu-
tion and the blue curves to the MAID solution.

Table 3. The x? for the description of the dif-
ferential cross section and beam asymmetry
with a solution which includes ™ p — nn dif-
ferential cross section and target asymmetry
data for the 1 photoproduction. The numbers
in parenthesis correspond to the former solu-

tion.
observable  Ngata X2/Ngata Exp.
o(yp—pn) 667 0.92 (0.85) CB-ELSA
o(yp—pn) 100 2.72 (1.97) TAPS
S(yp—pn) 51 2.06 (1.81) GRAAL 98
S(yp—pn) 100 2.01(1.43) GRAAL 04

In all solutions the description of the elastic TN
amplitude in the S;; channel has a very similar qual-
ity. The description of the results obtained by SAID
in the energy fixed partial wave analysis is shown in
Fig. 7.
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Fig. 7. The description of the elastic S11 ampli-
tudes (SAID energy fixed solution) with three
pole solution.

Our current solution shows a quite stable pole po-
sition for P;;(1710). The description of the P;; wave
is reached with three pole six channel K-matrix. The
first pole which corresponds to the Roper resonance is
described in details in'**. The second pole is situated
at M ~ 1700 MeV and I' ~ 160 MeV and the third

pole at M ~ 1870 and I' ~ 250 MeV. The descrip-
tion of the Py, elastic amplitude (the SAID energy
fixed solution) is shown in Fig. 8. The presence of
three poles can be easily recognized from the wave
like behavior of the real and imaginary parts of the
amplitude above 1600 MeV.
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Fig. 8. The description of the elastic P11 am-
plitudes (the SAID energy fixed solution) with
three pole solution.

Although the P;3 wave in the n photoproduction
is reduced dramatically in the energy region around
1700 MeV, the new solution shows a clear signal from
the P;3(1900) which is a good conformation for this
state.

5 Channels with open strangeness

A strong signal from the P;3(1900) state was
observed in the analysis of the double polariza-
tion variables C, and C, extracted by the CLAS

collaboration!®”.

The only explanation of this data
which was found so far is a contribution from this
state. For a combined description of all reactions with
open strangeness a contribution from the third pole in
the Py, partial wave also was necessary. The new so-
lution obtained after including in the data base of the
71" p — 1n differential cross section and target asym-
metry data on 1 photoproduction hardly changed the
description of the channels with open strangeness.

Recent measurements by the GRAAL collabora-
tion made an important step to the complete set of
observables for the KA and K¥ photoproduction®® .
The description of O, and O, observables with the
current solution is shown in Figs. 9, 10.

Let us stress that our solution already provided
a very good prediction of these data, and a rather
good fit was obtained with a very small readjustment
of coupling constants only. The quality of the de-
scription of the photoproduction reactions with open
strangeness can be found in Table 2.
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GRAAL KA (Ox)

F W=1674
s

Fig. 9. The description by our current solu-
tion of the O, observable in the yp — KA re-
action recently measured by the GRAAL col-
laboration.

GRAAL KA (0z)

I W=1674

Fig. 10.
tion of the O, observable in the yp — KA re-

The description by our current solu-

action recently measured by the GRAAL col-
laboration.

6 Multi meson final states

The resonances in the mass region above 1.7 GeV
are expected to couple dominantly to the multi meson
channels, e.g. TN and 7mN. A comprehensive study
of these final states in the pion induced and photopro-
duction reactions should reveal new baryon states if

they exist. A possibility to perform a combined anal-
ysis of single and multi meson final states is the main
advantage of our approach. Moreover we analyze re-
actions with multi meson final states in the framework
of the event-by-event based likelihood method which
allows us to take accurately into account all correla-
tions between different final channels, e.g. A(1232)m,
N(1520)7, No.

One of the most interesting reactions is yp —
7°np. The dominat final state below 2 GeV is re-
action is A(1232)n (see Fig. 11 left panel) and there-
fore provides a good tool to study A states in this
energy region. Near the mmN threshold the dom-
inant contribution comes from the D33(1700) state
(see Fig. 11 right panel). However this state alone
can not describe the contribution of the D33 wave
into this reaction. At least another D5 state in the
region 2 GeV is needed to obtain a good description
of the data. Another strong partial wave in the region
of 2 GeV is the P;3 partial wave. It has a peak in the
region 1900—2000 MeV which corresponds to the well
known P33(1920) state. However the pole position for
this state is defined with large errors. This is mostly
due to presence (or absence) of the Ps3(1600) state.
This resonance is hardly seen in the elastic channel
as well as in single photoproduction reactions, and
in the 7N final state it plays the role of low energy
background which strongly interferes with Ps3(1920).
It seems that Ps3(1600) influences rather notably the
vp — KX reaction: it is quite possible that adding
in the analysis the m"p — KX reaction will deter-
mine the characteristics of Ps3(1600) and therefore
fix the position of P33(1920). The pole positions for
P33(1920) and D33(1940) found in the analysis of the
vYp — T'np reaction are given in Table 4.

Otot > b
£ [3,]
T

16 1.8 2 22 24
M(yp), GeVic?

0 L L
16 1.8 2 22 24
M(yp), GeVic?

Fig. 11. Left panel: contributions from
A(1232)n (dashed), S11(1535)m (dashed-
dotted) and Nag(980) final states. Right

panel: D33 partial wave (dashed), Pss partial
wave (dashed-dotted), Dss — A(1232)n (dot-
ted) and D33 — Nag(980) (wide dotted).
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Table 4. The pole positions and branching
ratios for the A(1920)P33 and A(1940)Dss

states.
Mpolc Fpolc
+25 +35
A(1920) P33 1980122 350122
A(1940) D33 1985430 390450
D33 D33
. 0.4 - 0.5 E
&’ 03f £ o ;

M (nN) GeV M (xN) GeV

Fig. 12. Description of the SAID energy fixed
solution for D33 amplitude with 3 pole 5 chan-
nel K-matrix.

The description of the SAID energy fixed solution
for the D33 N elastic amplitude is shown in Fig. 12.
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