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7N—wN in a coupled-channel approach
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We describe therN— wN cross section from threshold to a center-of-mass energy of 2 GeV in a unitary
coupled-channel model and analyze it in terms of rescattering and resonance excitations. The amplitude is
mainly composed ob 3, P13, andP4, contributions, where thB ;5 dominates over the complete considered
energy range. We also outline the generalization of the standard partial-wave formalism necessary for the
decomposition of thewN final state.
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[. INTRODUCTION restrictions from experiment, and second, the reaction
process is influenced by all other channels and vice versa.
The reliable extraction of nucleon resonance propertied his leads to strong constraints in the choicewd contri-
from experiments where the nucleon is excited via eithebutions and it is therefore possible to extract them more
hadronic or electromagnetic probes is one of the major issud€liably.
of hadron physics. The goal is to be finally able to compare We start with a short review of the model of Rg4] in
the extracted masses and partial decay widths to predictionaeC. Il, where we also present the way thl final state is
from lattice QCD(e.g.,[1]) and/or quark model.g.,[2,3)). mplut_:ied. As a resul_t of the intrinsic spin, the inclusion of .
With this aim in mind we developed if4] a unitary this final state requires an extension of the standard partial-
coupled-channel effective Lagrangian model that already in¥ave decompositioiPWD) method developed forrN/yN
corporated the final statedN, 7N, 27N, N, andKA and _’77',\' anq YN—N (see, e.g.[4]). Such an.extensmn IS
was used for a simultaneous analysis of all available experiprovIded in Sec. lll. In Sec. IV our calculations are com-

mental data on photon- and pion-induced reactions on thgqred to the available experimental data and we conclude
nucleon. with a summary.

In an extension of the model to higher c.m. energies, i.e.,
up to center-of-mass energies =2 GeV for the inves-
tigation of higher and so-called hidden nucleon resonances, The scattering equation that needs to be solved is
the consideration of other final states becomes unavoidablhe Bethe-SalpetefBS) equation for the scattering ampli-
and hence the model is extended to also inclutleandKs.  tude:

As can be seen from Fig. 1 fafs>1.7 GeV it is mandatory

Il. MODEL

to take into account theN state in a unitary model. Fur- M(p’,p;Vs)=V(p',p;\s)
thermore,w production on the nucleon represents a possibil- 4

ity to project outl = 3 resonances in the reaction mechanism. +f dq V(p’ q.\/g)
However, thewN channel resisted up to now a theoretical (2m)* o

description in line with experiment. Especially the inclusion
of nucleon Born contributionf5] overestimated the data at X Gpo(d; VS)M(q,p; Vs). (8]
energies above 1.77 GeV and only either the neglect of Lo ) ) )
these diagram§6,7] or very soft form factord8] led to a  Here, p (k) andp” (k) are the incoming and outgoing
rough description of the experimental dAtdlowever, none ~Paryon (meson four-momenta. After splitting up the two-
of these models included rescattering effects or a detaileBaticle BS propagatdBgs into its real and imaginary parts,
partial-wave analysis of interference effects. As recentlyo"® can introduce th matrix via (in a schematical nota-
pointed out[11] both lead to strong modifications of the 10N K=V+JVReGgsM. Then M is given by M=K
observed cross section; see also Fig. 2. +.|flv! Im Gz K. Since the imaginary part cﬂ;E}SJust.con-
The aim of this paper is to present the resultsmof tains |t_s on—she_ll part, th_e reaction matfix defined via the
— N within a coupled-channel model that simultaneouslySCattering matrbS=1+2iT, can now be calculated froi
describes all pion-induced data farN, 27N, 7N, KA, after a PWD inJ, P, andl via matrix inversion:
K2, and wN. Hence this analysis differs from all other in- L
vestigations ofrfN— wN in two respects: First, a larger en- T(p' p'\/§)= K(p",p; \/g) _ @)
ergy region is considered, which also means there are more o 1—iK(p’,p;Vs)

Hence unitarity is fulfilled as long aK is Hermitian. For

*Electronic address: gregor.penner@theo.physik.uni-giessen.de Simplicity we apply the so callel{-matrix Born approxima-
INote that Ref[8] did not use the correct experimental data, buttion, which means that we neglect the real parGgfs and

followed the claim of Ref[9]; see Sec. IV. thusK reduces t&K=V. The validity of this approximation
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FIG. 1. Total cross sections for the reactiansp— X with X as FIG. 2. m~p—wn total cross section. Solid line: full calcula-
given in the figure. All data are from RéfL0]; the lines are to guide tion. Dashed line: calculation withyy N, = 7.98, Kkyne=—0.12.
the eye. Dotted line: no rescattering. Dash-dotted line: nucleon contribution

ignoring rescattering. For the data references, see Sec. IV.

was tested by Pearce and Jennihg2]. By fitting the =N

elastic phase shifts also using other intermediate propagators —[iys\[ o L. 92 ., . O3

for Ggs these authors found no significant differences in the =—RY L gme Y T gt
N amy 4mg,

extracted parameters.

The potentialV is built up by a sum of-, u-, t-channel x((;‘;gw—azgw)[\jwvl (4)

Feynman diagrams by means of effective Lagrangians which

can be found |r{4].. The backgrounnﬂnonrefonar)tcorltnbu— In both equations the upper operataror i ys) corresponds

tions to the amplitudes are not added “by hand,” but are,, 5 hositive- and the lower one to a negative parity reso-

consistently created by the andt channel diagrams. Thus hance For positive-parity spii-resonances the first cou-

the number of parameters is greatly reduced. This holds trugiing is also the same as used[Bi8]; for negative parity a

for the reactionm ™ p— N in the same way, where we also combination of our first two couplings corresponds on shell

allowed for the nucleon Born diagrams ang @xchange in  to theirs. The above couplings have also been appli¢#iSh
the t-channel. In our model the following 14 resonances arén calculations of thep spectral function.

a
w

included: P33(1232), P14(1440), D15(1520), S;4(1535), Each vertex is multiplied with a cutoff function as [id]:
P44(1600), S;,(1620), S;,(1650), D35(1700), P;,(1710),

P,5(1720), P4y (1750), P4(1900), Psx(1920), and a A4

D15(1950) (as in[4,13]) which is listed as ,5(2080) by the F(gd)= ﬁ, (5)
Particle Data Group14].2 Ag+(g?—mg)?

The resonanceN Lagrangians have been chosen as a
compromise of an extension of the us&dily transitiong4] ~ wherem, (%) denotes the maggour-momentum squargd
[for vector meson dominand®¥ MD ) reason$and the com-  of the off-shell particle. To reduce the number of parameters
patibility with otherRN vector meson couplings used in the the cutoff valueA, is chosen to be identical for all final
literature[3,8,15; the latter point is discussed in Sec. IV. For states. We only distinguish between the nucleon cutdff)(
the spins resonances we apply the sambl Lagrangian as the spini (A1) and spind (As) resonance cutoffs, and

for the nucleon oN—R): the t-channel (zzutoﬁ‘ (o), e, oan)y four different cutoff pa-

rameters.
1 g From the couplings in Eq$3) and(4) the helicity decay
_ _ 92 v P amplitudes of the resonances&d can be deduced:
oN _ VENFmMy myE=mg
AL =F——| 01 " ome |
where the first coupling is the same one a$38| since the 2 VMy My

w is polarized such thal{,’Lw":O. For the spin resonances

— 2
we use N /EN"‘mN( m?

AN=F - — My Mg) + 0o =—0o 6
0 +mw\/2—mN gl( N R) gZZmN> ()

°Note that the mass of this resonance as given by the references in
[14] ranges from 1.8 to 2.08 GeV. for spin4, and
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©N Eny+my 1 m;, mg—my—my,
=— — + +g,————
A% \/Z_mN 2mN ( O3 2mN gl( My mR) [oP) 4mN y
o EnTmy 1 m2, my(Mytmg)—m2  m3—m3—m?
AlN:i N N 93 igl N N R +92 R N ’ (7)
2 N 6rnN 2rnN ZrnN an 4rnN

N . omEtmi-mZ  ma—mi+m?
Ao :imw—_z 91+92— +95
V3my My MrMy MrMy

for spind resonances. Again, the upper sign holds forhere a generalization of the standard PWD method which
positive- and the lower for negative-parity resonances. Theepresents a tool to analyze any meson- and photon-baryon
lower indices correspond to the resonance helicities and ameaction on an equal, uniform footing.

determined by thes and nucleon spirz components3: 1 We start with the decomposition of the two-particle c.m.
+1=2 1.1-1=1 and 0: O+ 1=1. The resonanceN  momentum statesp= —k, p=|p|) into states with total an-
decay widths are then given by gular momentund andJ,=M [17]:
A=+ )
[reN= 2 > reN reN= KMy ANZ (8 M =N f (M=Ned) (9)|pd dQ
T23+1 & h o I _TmFJ ) [PIM N A ) =Ny | € v () [P, N\ p)dQ,
9

(upright letters denote the absolute value of the correspond-

ing three-momentuin As a result of the limited amount of where N (\p) is the meson(baryon helicity and the
experimental datdawe included 114wN data points in the dﬂ,m(ﬂ) are Wigner functions. The normalizatidy is given
fitting procedure; cf. Sec. IV we tried to minimize the setof by \(2J+1)/(4m) and\=\y—\,. For the incoming c.m.
parameters and only varied a subset ofdi¢ coupling con-  state (o= ¢,=0=1=0) one getIM,\ A | Fo@o. N\ p)
stants. This also means that it is not possible to distinguish- §,,, , and one can drop the indé%. By using the parity
with certainty between the different choices of RBlw cou-  property[17] P|J,\)= mp(— 1) 5|3, —\), where
plings, especially for those resonances with only small conzpq 7, (S ands,) are the intrinsic paritiesping of the two
tributions towN. Only morewN data in the higher-energy

. . . . L1
region, i.e., above/s=1.77 GeV, and the inclusion of pho- particles, the construction of states with parity 1)°~2 is

toproduction data in the analydi$6] could shed more light straightforward:

on the situation. However, as shown in Sec. IV, the choice of |3 £)=—(]3,+\) = 73, —\))

couplings presented in the following allows a complete de- \/E

scription of the angular and energy dependences ofutRe A ) Jed )

production process. =PlIN ) =(=1)72[I A 5), (10

In the process of the fitting procedure we allowed for two
different couplings ¢, andg,) to wN for those resonances
which turned out to couple strongly to this final state, i.e.,
P11(1710), P15(1720), P13(1900), andD 15(1950), and one
coupling (@,) for the S;1(1650). Since the usual values for
theNNw couplings(cf. Ref.[4] and references thergistem — _
from different kinematical regimes than the one examinedg
here, we also allowed these two values to be varied durin¢g’ ™ f
the fitting procedure. But at the same time, the cutoff value
in the vertex form factor is not allowed to vary freely; in-
stead, the same value is used for all final stéses Sec. IV.

It is also important to notice that as a result of the coupled-
channel calculation, there are also constraints from all

3.0 T T T T T T

05

P S Sy S Sy = N P S,

other channels that are compared to experimental data, leac 0.0 175 180 185 190 195 200 205
ing to large restrictions in the freedom of chosing thbl s [GeV]
contributions.

FIG. 3. #~ p— wn total cross section. The contributions of vari-
Ill. @ PRODUCTION ous partial waves are given By =3 (S,,): dashed linez " (P;y):
dotted line; 3*(P,2: dash-dotted line;2~(D,s): dash-double-
Since the orbital angular momentdris not conserved in,  dotted line(in brackets therN notation is givei The sum of all
e.g.,mN— wN, the standard PWD becomes inconvenient forpartial waves is given by the solid line. For the data references, see
many of the channels that have to be included. Hence we ugext.
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FIG. 4. 7~ p— wn differential cross section. Data are fra@n [22,23], O: [24], and: [25]. For the data points extracted from R5]
see text. At energiegs=1.8 GeV also a calculation withyy,=7.98, kyn,= —0.12 is shown(dashed ling

where we have defined 77, (V9 =(\'[T°(Vs)|\)

n= nknp(—l)skﬁﬁ%. (11 :27Tf d(COSﬂ)di)\,(ﬁKﬁ,(p:O,)\’|T|00,)\>.

They can be used to project out helicity amplitudes with (13

1
; _q\J*5.
parity (—1)72: In Eq. (12) we have used, that for parity conserving interac-

2
. : _B-1TH.
TH =@\ = [TIN)=T), =97}, ,, (12 UonsT=P TP

NN

with (L=NT3,=N)=7(") " HIN[TIIN). (14

T |3}2* (P;3)I |

FIG. 5. #N—«N inelastic O as extracted
from SMOO0 [18], calculation: solid ling and
7N— 27N partial-wave cross section®@(as ex-
tracted by[28], calculation: dashed lingboth for
=%. For the discrepancy offN—2xN in the
%*(PB) partial wave between 1.52 and 1.725
GeV see text.
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FIG. 6. #N— «N inelastic O as extracted
from SMOO [18], calculation: solid ling and
7N— 27N partial-wave cross section®@(as ex-
tracsted by 28], calculation: dashed lingboth for

1=5.
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The helicity amplitudesTi,tA have definite, identical and  sion about therN inelasticities below.

definite, but opposit®. As is quite obvious this method is The results presented in the following are from ongoing
valid for any meson-baryon final state combination, evercalculations to describe the data of all channels simulta-
cases such as, e.@wN— 7A. In the case oftN— 7N the  neously(cf. Table . The coupling set used for the presented
T ffk coincide with the conventional partial-wave ampli- results leads to an overajf of 3.08 per degree of freedom
tudes:TiEﬂt ' (by comparison to a tot_al of 2360 data points S

22 As can be seen in Figs. 3 and 4 our calculation is in line
with all total and also with the differentiaN cross sections
of Refs.[22—243 To get a handle on the angle-differential

For the fitting procedure we modified the data set used irstructure of the cross section for energiés=1.8 GeV we
Ref.[4] in the following way. also extracted angle-differential cross sections from the cor-

For #N— 7N we used the updated single-energy patrtial-rected cosine event distributions given in R&5] with the
wave analysis SM0Q18]. For 27N, 7N, andKA we con-  help of their total cross sections. These data points strongly
tinue to use the same database dgtinhowever, foryN the  constrain the nucleon-channel contribution because of the
data from[19] and forKA the data from{20] were added. decrease at backward angles; see the end of this section.
For K2 production we used the total cross section, angleMoreover, for these energies the contribution of thex-
differential cross section, and polarization data fi@h] and  change contribution leads to an increasing forward peaking
from the references to be found [ih0]. behavior.

Furthermore, we have included all theN— »N data in The totalwN cross sectiorcf. Fig. 3) is dominantly com-
the literaturg 22—29. At this point we wish to stress that we posed of two partial waves contributing with approximately
do not follow the authors of Ref$9,26] to “correct” the  the same magnitudd®=3"(D;z) and " (P,3), and also a
Karami[24] data. The authors dB] have claimed that the smaller *(P,,) contribution, while thel (S;;) partial
method used ih22-24 to extract the two-body cross section wave is almost negligibléin brackets thewrN notation is
from the count rates was incorrect. However, a careful readgiven). The main contributions in these partial waves stem
ing of Ref.[22] reveals that the two-body cross sections werefrom the D,5(1950), theP;5(1720), the nucleon, and the
indeed correctly deduced and the peak region offgpec-  p,,(1710). TheD,4(1950) is especially interesting, since it
tral function is well covered even at energies close todhe s only listed in the PDG14] at 2.08 GeV, but was already
production threshold. The conclusion of R¢@] can be  found as an important contribution imN andKA channels
traced back to the incorrect reduction of the integration ove{cf, [4,13]) at around 1.95 GeV. In our calculation it turns
the w spectral function to the experimental averaging overoyt to be an important production mechanism as well, in
the outgoing neutron ¢.m. momentum interval binning; a departicular at threshold. These findings are also contrary to the
tailed discussion can be found j@7]. See also the discus- conclusions drawn ifi24]. Guided by their angle-differential
cross sections they excluded any noticealste} effects and
deduced a production mechanism that is dominated] by

IV. COMPARISON WITH EXPERIMENT

TABLE I. x? per degree of freedom from the present calculation
for 1N— X with X as given in the table.

Total N 27N N KA KX N ) . .
7 7 " @ 3The total cross sections given in Ref82,23 are actually angle-

3.08 3.78 6.95 1.78 2.05 2.43 2.53 differential cross section@nostly at forward and backward neutron
c.m. angles multiplied by 4.
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FIG. 7. - p—KOA total cross section. See Fig. 3 for the nota-
tion. For the data references, see text. 0.1}
=1 contributions. However, our coupled-channel calculation
shows that their angle-differential cross sections can indeec
be described by dominating™ and3 " waves. Furthermore, i
since the data in all other channéiscluding 7N inelastici-
ties and 2rN partial wave cross sections in the isospin- 0.2}
partial waves; see belgvare also very well described in the
wN threshold region (1.72 Ge\k \s<1.76 GeV), our 01t
partial-wave decomposition afN— wN is on safe grounds.
Due to the coupled-channel calculation, the opening of gg

1.80 1.85 1.90 1.95

Vs [GeV]

the wN channel also becomes visible in the inelasticity of the 170 1.75 2.0

7N— 7N channel. In Figs. 5 and 6 theN— 7N inelastic

FIG. 8. tIN—KZX total cross sections.

o= hmT 1T ay o
k? 22 22 significantly to this partial wav&Note that we only observe
this effect in this partial wave and are also able to describe
and thewrN—2=N partial-wave cross sections the inelasticity and the 2N data above theN threshold in
the 2% partial wave. Therefore, we did not introduce an
o RE add|t|onal final state but effectively neglected th&" 27N
UIJt__(J+ 2)|T11| (16 data points in the energy region between 1.52 and 1.725

GeV.

Another coupled-channel effect shows up in the total
7~ p—KCPA cross section. As can be seen in Fig. 7 this
channel exhibits a resonancelike behavior for energies
1.67 Ge\ks.s<1.73 GeV. However, this structure is also
caused by the opening of two new channels, which take
away the flux in the; ~ and3 " partial waves. First, around
1.69 GeV theKX channel opens up with a strong®

=13~ contribution. Second, around 1.72 GeWN opens
up with a small13~ but a strong33™ wave. ThewN
— K3 cross sections are shown in Fig. 8. The pure3

are plotted together with experimental data from SNI08|
and[28]. An 1JP=%11" or 13~ wave contribution in the
order of o,,=3 mb for 1.72 Ge\\s<1.74 GeV as
claimed in[9,26] would also be in contradiction with inelas-
ticities extracted fromrN— 7N partial waves: The 3~ in-
elasticity around th@N threshold is already saturated by the
27N andKZ, channels; a largeN contribution would spoil

the agreement between calculation and experiments $he
wN in 2

inelasticity allows OnlyO'l 3-<oi13-—01s-~1 mb in

22

this energy region. 22 22 channelr*p—K™X " is strongly dominated by &3 © wave

At this point a remark on théJ”=23" inelasticity be-  and also becomes visible in tBé * N inelasticity (cf. Fig.
tween 1.52 and 1.725 GeV is in order. This inelasticity6), while the other two channels p—K°3%K™3 ~ show
grows up to 4 mb below theN threshold, while the N the strongs 3~ wave rise just above threshold.
partial-wave cross section extracted [l38] is still zero. At As mentioned above we also allowed for the nucleon
the same time all total cross sections from other open inelaBorn contributions inmMN— wN usually leading to an over-
tic channels gN, KA, andKY) add up to significantly less
than 4 mb. This indicates that either the extracted\N2par-

tial wave cross section is not correct in theé* partial wave
or another inelastic channgle., a 3=N channel contributes

“The same problem was observed in a resonance parametrization
of #N— 7N and #N— 27N [29].
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TABLE Il. Masses, total, andvN widths [see Eq.(8)] for |
=% resonances coupling ®@N. All values are given in MeV. For

PHYSICAL REVIEW C 65 055202

constrained bymN— 7N alone. In our analysis the large
width comes to about one-fourth fro@N and the remainder

the wN widths of Ref.[2], we also cite the upper and lower values js due to 27N (268 MeV), 7N (160 MeV), and
of their extracted ranges. K3 (71 MeV). In the latter two channels strory; con-
tributions are needed to describe the corresponding angle-

wN
N oN F”iN FEN wN r differential cross sections and polarization observables.
L2z M T Iy 2 2 T of [2]
We can also compare 0&;,(1650) andP,5(1720) cou-
S,,(1650) 1677.5 177-0.224% 002> -  — - plings to the one fronj3,8] if we choose to take the same
P,,(1710) 1786.3 686 76 69 - 1450.0'53  width for theP,3, but only use the first couplingy(). While
P15(1720) 17225 252 0.05 0.11 1.18 0.60.0'%} we find only a smalS,; coupling ofg,=—0.22, but a large
P13(1900) 1951.0 585 21 0 226 1220.3'3%®  value ofg,=29.3 for theP,3, [3,8] found —2.56 and 3.17,
D1(1950) 1946.0 948 162 0 289 2289.7°3%3  respectively. However, as is clear from the discussion above,

a strongP,3 and a smallS;; are mandatory results of our
coupled-channel analysis. For thHe;4(1710), P,5(1720),
andD 15(1950) also a comparison to the VMD predictions of

estimation of the total cross section at higher energies. AREf. [6] is possible. The authors of Ref] used different
can be seen in Fig. 2, the inclusion of rescattering is manda?hoton helicity amplitude analyses to extract ranges for the
tory to be able to describe the energy-dependent behavior ®Nw transition couplings under the assumption of strict
the total TN— wN cross section: When we apply our best VMD. Using their notation we find from our widths the fol-
parameter set to a tree level calculation—i.e., “rescattering’lowing couplings:P44(1710): 6.3(0-1.23, P,5(1720): 15.6

is only taken into account via an imaginary part in the de-(0-5.0, andD5(1950): 2.3(0—2.6. In brackets, their VMD
nominator of the resonance propagators—the calculation rganges are given. As a result of the large uncertainties in the
sults in the dotted line, which is far off the experimental dataphoton helicity amplitudes, which are the input to the calcu-
This shows the importance of “off-diagonal” rescattering |ation of [6], it is impossible to draw any conclusion on the

such astN—7N— N or IN—KA—wN. ~ validity of strict VMD for these resonances.
The values of thdNNw couplings are mainly determined

by the backward angle-differential cross section at higher
energies. During the fitting procedure these couplings re-
sulted ing,;=4.50 andk=g,/g,;=—0.70. The total cross
section exhibits almost the same behavior when we use the
values from[4] (g;=7.98 andx=—0.12; see the dashed
line in Fig. 2, however, for energies abovgs=1.8 GeV
the angular dependenésee the dashed line in Fig) & not
in line with experiment anymore. Th&N-meson cutoff
value used for alk- and u-channel diagram verticedence
also for theNNw vertex resulted inAy=1.15 GeV.

For the other background contribution in thk&l produc-
tion, i.e. the p exchange, we used the couplings,,,
=2.056 (extracted from thew—pm— 7 7 #° width),
dnn,=5.56, and kyy,=1.58—the latter values were ex-

tracted from the fit and are the same as in calculatimd properties within our coupled-channigkmatrix model will
elastic scattering. naturally be the inclusion of photon induced data to further

In Table Il the resonance properties of those resonancd¥n down the extracted widths and masses. The results of this
which couple towN are presented. In contrast [t2,3,8 we study and also more details about the calculation presented

also find strong contributions from the,,(1710) and the here will be published soofi6]. o
P,5(1720) resonances, where the latter one is located just Furthermore, since the partial-wave formalism is now
above the wN threshold of 1.721 GeV. Our extracted S€ttled, the inclusion of additional final states, in particular

P,,(1710) width is significantly larger than the PDG4] for a more s_ophisticated .description of therld final_ state.,
vaiue of ~100 MeV?® but consistent with the value of 480 aspN or 7A is rather straightforward. Also, by the inclusion

+230 MeV extracted by a resonance parametrization oPf Several, e.g.pN final states with different masses, the
7N— =N and 7N— 27N [29]. The reason for these large width of the p meson(and similarly for theA) can also be

differences is the lack of a prominent resonant behavior irf2ken into account. Finally, investigations concerning the in-
the upper energy region of tHe,, mN— =N partial wave. ~ ClUSion of spinz resonances are underway.
Thus the extraction of resonance parameters is not well

&The couplingsy;, g, are given.
PNot varied in the fit; see text.

V. CONCLUSIONS AND OUTLOOK

In this paper we have included theN final state into our
coupled-channel model and have investigated whether it is
possible to find a way to describe the hadronld data. The
results of our calculations show that for a description of the
reactionm p— wN in line with experimental data a unitary,
coupled-channel calculation is mandatory, and the resulting
amplitude is mainly composed d0”=33" (D9, 337
(P19, and13* (P,,) contributions, where thé 3~ domi-
nates over the complete considered energy range.

The next step in our investigation of nucleon resonance
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