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The helicity amplitudes for the photoproduction of nucleon resonances excited from neutrons are determined in
the Bonn-Gatchina coupled-channel partial wave analysis. Upper limits for the decay fraction of the pentaquark
candidate N(1685) — K°A are given. The electric and magnetic couplings at the pole positions are also tabulated,
and these are used to suggest candidates for possible multiplets with quark-spin-1/2 and -3/2 content.
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I. INTRODUCTION

The search for missing resonances is the driving force
for a number of experiments in which the interaction of a
photon beam in the GeV energy range with a hydrogen or
deuterium target is studied. In quark models [1-3] and lattice
calculations [4] numerous resonances are predicted to exist
which have failed to show up experimentally. The investigation
of photoreactions excited from neutrons is a part of the search
for these missing resonances. In both reactions, induced by
yp and yn, the same N* and A* resonances are produced,
even though the production strengths of N* resonances are
different; there could even exist resonances that are excited
strongly from neutrons but not from protons [5]. But the pole
positions of resonances in the complex energy plane, as well as
their decay couplings, should be identical, independent of their
production. Only the background terms may be (and are) very
different. At present, the data base for yp reactions is much
richer than the one for yn; data on yn serve to test consistency
and to determine the helicity amplitudes for the production of
N* resonances excited from neutrons. The helicity amplitudes
of A* resonances are, of course, the same for photoproduction
from proton and neutron targets.

The helicity amplitudes for the photoproduction of N* reso-
nances excited from neutrons have been determined by several
groups [6—12]. Mostly, the real-valued helicity amplitudes
have been reported from fits using Breit-Wigner representa-
tions of resonances. Only the two latest publications [11,12]
reported the complex helicity amplitudes at the resonance
poles as suggested in Ref. [13]. After these determinations,
new high-quality data have been published [14-21] and some
data [22] have not been included in the last published BnGa
partial wave analysis (PWA) [11]. It now seems appropriate
to include the new data in our PWA and to discuss possible
changes in the helicity amplitudes.

The paper is organized as follows: we present in Sec. II a
table of the data sets used in this analysis: the observables, the
number of data points, the reduced x 2 that had been obtained in
the previous fit of Ref. [11], and the x? obtained in the present
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analysis. In Sec. III we give a short outline of the BnGa PWA
method, present the results on helicity amplitudes, and discuss
changes in the results. Subsequently, in Sec. IV, we give a
short account of a search for a resonance in the 1685-MeV
mass range that is advocated in a number of publications
[15-19,23-25]. The results on the helicity amplitudes are
discussed in Sec. V. The paper ends with a short summary in
Sec. VL.

II. THE DATA BASE

Photoproduction off neutrons suffers from the lack of
free neutron targets. Instead, deuteron targets are used. This
may lead to two unwanted effects: The Fermi momentum
distribution may smear out the initial yn invariant mass,
and the so-called spectator proton may undergo final-state
interaction with hadrons emerging from the yn interaction.

The effect of the Fermi motion can be avoided by a full
reconstruction of the final state where the momentum of the
bound neutron can be determined. Final-state interactions are
particularly strong for the np interactions in the nOnpspecm,r
final state. For 7~ ppspectator, the two-proton final state has
isospin / =1 while the deuteron has I = 0; hence final-
state interactions are suppressed [26]. However, polariza-
tion observables are affected by interfering spin-dependent
amplitudes and can be particularly sensitive to final-state
interactions [27]. However, these can be suppressed to a low
level by kinematic restrictions, as done in Ref. [21] where a
requirement of < 100 MeV/c has been placed on the spectator
momentum. There are, of course, no final-state interactions
in the reaction w~p — yn, which therefore serves as an
important test that the effects of final-state interactions in the
yd — 7T PDspectator T€ACtion are well under control. Final-state
interactions appear to have at most very small effects on
the cross sections for the reaction yp — K OApspeaamr: the
reconstructed momentum distribution of the spectator proton
is fully consistent with the distribution expected from the Fermi
motion of the proton bound in the initial proton [20]. In this
case, a spectator momentum cut at 300 eV/c was applied. The
use of different reactions in a coupled-channel fit thus provides
hints for hidden effects of final-state interactions; these effects
are expected in different kinematic regions when different
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TABLE 1. Data on photoproduction from neutrons bound in
deuterons are used in this analysis. In the selection of events from
photoproduction from nearly free neutrons, either the full kinematics
(and thus the momentum of the bound neutron) is measured or a
cut on the proton momentum ensures that it acted as a spectator.
The symbol (p) stands for pgpectaor- Listed are the observable, the
number of events, and the x2/Nyy, in two fits. Two separate entries
are given for the yn — 7~ p differential cross section as measured in
bubble chamber [28,29] and counter [30-36] experiments. The X;ﬁd
shows the quality of the description of yn data in 2013 [11], the x2,,
represents the new description. The 1 photoproduction results from
Ref. [24] have not been included in the new PWA; the new x2 shows
their inherent incompatibility.

)/d - 777]?(17) Observ. Ndata Xf]d/Ndata Xr?cw/Ndata
[28,29] do/dQ2 529 3.08 3.06
[30-36] do/dQ2 1298 2.32 291
[37-45] b 315 3.08 2.98
[46-49] T 105 3.18 1.97
[50-52] P 20 3.17 1.50
[21] E 263 — 1.50
T p—yn

[53-59] do/dQ2 495 1.53 1.68
[60-62] P 55 3.11 1.66
yd — n°n(p)

[63-66] do/dQ2 147 2.98 3.22
[67] p 216 2.89 3.53
[14] do/dQ2 969 — 3.38
yd — nn(p)

[24] do/dQ2 330 1.40 9.20
[68] p 99 2.17 1.67
[15,16] do/dQ2 880 — 1.07
yd — K°A(p)

[20] do/dQ2 364 — 1.09
yd — KTX7(p)

[22] do/dQ 229 — 0.71

reactions are fitted. Thus we are convinced that final-state
interaction cannot have a significant effect on our results.

Table I lists the data on photoproduction from quasi-free
neutrons that have been used in this analysis, the number of
data points, and the x2/Nga, of the best fit. The yn — nn
results from Ref. [24] are no longer used in this analysis
and are replaced by those presented in Refs. [15,16]. The
new data differ substantially from the older ones. In the new
data [15,16], the final state is fully reconstructed; hence there
is no uncertainty due to Fermi smearing, and the statistics is
considerably improved. Within the PWA fits, the new data are
more compatible with other data sets, in particular with those
on T and P (see Table I). Thus we are convinced that the new
data are a better representation of physical reality. When the
old data are included in the fit with a very low weight, the
X2 /Ndata = 6.59 for the old data shows the incompatibility of
the two data sets.

III. PARTTIAL WAVE ANALYSIS

The transition amplitude that is used in the present analysis
is defined by a multichannel amplitude in the form of a
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modified K matrix [69]. The modified K matrix takes into
account the imaginary and real parts of the corresponding
loop diagrams and combines the contributions from resonances
and from background processes. Amplitudes representing
t-channel exchanges are described as Reggeon exchanges.
Explicit formulas are given in Ref. [69]. The full data base
includes the real and imaginary parts of the = N multipoles
as derived by the George Washington University group [70],
and all major results on pion and photoinduced reactions.
In the fits described here, masses, widths, decay modes of
all resonances, and helicity amplitudes for the production
of A* resonances are fixed to values determined by fits
to pion-induced and photoproduction reactions with proton
targets [71,72]; photoproduction data from neutrons (bound
in deuterons with a spectator proton) are used to derive the
helicity amplitudes for exciting N* resonances from neutrons.
The data in Table I are used without a normalization factor (in
contrast to the data using a proton target). We also made fits
that included pion-induced and photoproduction reactions with
proton targets and in which the properties of all resonances
were varied freely. These fits gave fully consistent results: all
values stayed well within the our quoted errors.

Figure 1 shows the differential cross sections for yd —
K°A(p)[20]and yd — K+~ (p)[22]. Figure 2 shows the E
asymmetry for 7 — 7~ p [21]. The results of the fits—shown
by solid and dashed curves in the figures—depend on the start-
ing values for the helicity amplitudes. Two classes of minima
are found that have very similar x? but that yield slightly dif-
ferent helicity amplitudes. The fits are close to each other in re-
gions where data exist and differ very significantly in the back-
ward region. Obviously, data at sufficiently large backward
angles would easily discriminate between the two solutions.

The total cross sections in Fig. 3 have been obtained by
integration of the experimental data over the solid angle, using
the PWA prediction where no data exist. In the case of yn —
KA, the cross section rises steeply from threshold, reaches
about 1.7 ub, and then drops slowly. In contrast to yp —
KT A, there is no ¢-channel contribution with kaon exchange
(the photon couples strongly to KTK~ via vector meson
dominance but is decoupled from K 0K 0). In both solutions,
the threshold region is dominated by N(1650)1/27, and large
contributions stem from N(1710)1/2% and N(1880)1/2%. The
first solution gives a larger contribution from N(1900)3/2%
and N(1975)3/2%, while the second solution assigns slightly
less intensity to these two resonances and more intensity to
N(1710)1/2% and N(1880)1/2%. Both solutions are used in
the error evaluation. The data on yn — KX~ have a better
solid angle coverage, and the differences between the two
solutions in Fig. 1 are mostly smaller. There is no sign of
N(1650)1/2 " inyp — KTA or KTX~, but N(1895)1/2™ is
seen strongly.

The one-star N(2100)1/2% resonance is definitely required
in the fit; so far it has not yet been reported in KA decays.
The N(1975)3/2% resonance, first suggested in Ref. [73],
improves the fit but its properties are ill-defined. In some
solutions, it is found with a mass above N(1900)3/2%, and
in some solutions in the 1800- to 1900-MeV region. Here,
we include the N(1975)3/2% helicity couplings but warn
the reader that the evidence for this resonance is poor. The
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FIG. 1. Left: Differential cross sections for yd — K°A(p). Red squares and black circles represent data from the CLAS g10 and CLAS
213 runs, respectively [20]. Right: yd — K+ X7 (p) [22]. The solid and dashed curves show two BnGa fits.

N(1875)3/2~ resonance was reported with large branching
ratios for decays into Nz [74]; here, it contributes very little.
The negative-parity resonances N(2120)3/27,N(2060)5/2,
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and N(2190)7/2~ are needed to obtain acceptable fits. The
evidence for the high-spin resonances with positive parity,
N(2000)5/2" and N(1990)7/2%, is poor only.
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FIG. 2. E asymmetry for y7 — 7~ p in bins of the invariant mass [21]. The solid and dashed curves show two BnGa fits.
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FIG. 3. Total cross sections for yd — K°A(p) [20] and yd — K*X~(p) [22]. The contributions from three major partial waves with

I=1/2and J* =

1/2% and 3/2* for the two major fits are also shown. Red squares and black circles represent data from the CLAS g10 and

CLAS g13 experimental runs, respectively. Open and solid symbols represent the two fit results (see text).

To find realistic errors for the helicity amplitudes, we
performed a series of eight fits (starting from both primary
solutions) in which we added additional high-mass resonances
with JP = 1/2%,3/2%, 5/2%, and 7/2* to the fit. The x? did
not improve significantly in any of these fits. The errors in
the helicity amplitudes were determined from the spread in
the results from the 18 fits (two principle solutions times nine
variations).

Table II presents the resulting helicity and multipole
couplings. The photon has helicity 1 and the nucleon helicity
1/2 so that the total helicity can be 3/2 or 1/2. The electric
E and magnetic multipole amplitudes are related to the two
helicity amplitudes by [13]

E = 1 A3/2/ L _ Al

L+1 L+2 ’

1 /L+2 1
M=———|A% Al 1
L+1< L + ) M

for states with J = L + % (JP =1/27,3/27,5/27,...),and
E = _l A3/2 L_+1 + A2,
L L—1

Mz—l(A3/2 Z_Al/2>7 )
L L+1

for states with J =1L —% (JP =1/2+,3/27,5/2%,..)).
Here, L is the relative orbital angular momentum in the
pseudoscalar meson-plus-baryon final state. In a Breit-Wigner
parametrization, the helicity amplitudes have the conventional
definition and are real numbers. When working in the complex
plane, the helicity amplitudes at the pole position acquire
phases.

The Breit-Wigner helicity amplitudes A;{éw) and Azféw)
and those at the pole position, Angole) nd An(pole), are
calculated for the 18 fits described above using Egs. (1)
and (2). The results on the neutron helicity couplings of the
N(1700)3 /2 resonance are very unstable due to the presence

of important thresholds like KA, KX, and pN. Also the
N(1860)5/2" properties are ill-defined. Hence we do not list
the helicity couplings of these two resonances.

These helicity amplitudes are used to calculate the electric
and magnetic amplitudes E and M, respectively. From the
18 values for A2, A32 E, and M, the mean values and
their variance are determined. These results are listed in
Table II.

First, we compare the new results on A, and A%,
with previously reported values (see Table III). There is
approximate consistency (at the 2o level) between all three
analyses for all resonances below 1700 MeV. Only in the
1700- to 1800-MeV mass region Ref. [12] reports helicity
amplitudes which are significantly different from our findings.
We found N(1700)3/2~ difficult to establish and do not give
helicity amplitudes in this paper. Our previous result on Af

for N(1710)1/2% [11] and the value from Ref. [12] have
opposite signs. For N(1710)1/2%, the A'/? value reported
in Ref. [12] is about 5 times larger than our value; A%/? is
reported to be —28 in Ref. [12] and 100 &35 in this work
(consistent with 140 £ 65 reported in Ref. [11]. The J¥ =
3/2% wave contains two resonances in Ref. [12]; we have no
evidence for N(1765)3/2%. Higher-mass resonances are not
included in Ref. [12]; these often have small Nz couplings
and are less important in reactions with N in the final
state.

The origin of the discrepancies in the 1700- to 1800-MeV
mass region could be the additional N(1765)3/2" resonance
reported in Ref. [12]. It is found to have a strong N7 coupling,
of the same size as N(1520)3/2~. The latter resonance is
strongly seenin r N elastic scattering. It needs to be shown that
the P13 partial wave is compatible with an extra N (1765)3 /2%
resonance with strong N coupling.

In the region above 1800 MeV, most values from our
new evaluation are not consistent with the values reported
in Ref. [11]. We associate these changes with the inherent
inconsistencies between the cross-section data that have been
used here compared with those of previous analyses and
with the new precise data on the helicity asymmetry E [21].
Figure 4 compares the excitation curve for yn — nn reported
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TABLE II. The y N helicity couplings of nucleon states (10~> GeV~!/?) calculated as residues in the pole position and the corresponding

Breit-Wigner

couplings [13].

Aip Phase AR Asp Phase A E Phase ~ E®W) M Phase M®W
N(1535)1/2~ —88+4 5°+£4° —81%6 884  5°+4°  81£6
N(1650)1/27 16+4 —28°£10° 16+5 —~16+4 —28°£10° —16+5
N(1895)1/2~ —15+10 60°£25° —14£10 15£10 60°£25° 1410
N(1440)1/2* 4145 23°£10°  53+7 41£5  23°£10°  53£7
N(1T710)1/2% 2947  80°£20° £(30+7) 29+£7  80°£20° *£(30£7)
N(1880)1/2F 72424 —30°£30° 70+£22 72424 —30°+£30° 70+£22
NQ2100)1/2+ 29+9  35°£20° 29£10 29+£9  35°£20° 29+10
N(1520)3/2" —45+5 —5°£4° —46+5 —119+5 5°+£4°  —118£5 126+5 5°+£5°  125+5 13+3  26°£3°  13£3
N(1875)3/2~ 4%3 —85°£35° £(@4+£3) —6+4 -85°+£45° £(6+4) 3+2 —50°£40° 3+2 32 —80°£40° *£(3%2)
N(2120)3/2~ 80430 15°£25° 814£30 —334£20 —60°+£35° —324£20 —33+£15 75°+£40° —33+15 43£20 5°£20° 43£20
N(1720)3/2+ —(25H40) —75°£350 —(28H0) 100£35 —80° £35° £(103£35) (20739) —75°+£30° (20139) —85+30 —80° £30° £(85+30)
N(1900)3/2* —98+20 —13°£20° —102£20 74+15 5°£15°  73£15 70+17 -8 £20° 7117 —22+12 40°+£40° —21+11
N(1975)3/2% —26+13 8 £25° —26£13 —77+15 5°+£20° —75+15 —12£10 —10°+£35° —12+9 80+15 5°+£20° 79+14
N(1675)5/2~ —53+4 —3°£5° —53+£4 —73+5 —12°%5° -72+£5  3+£2  60°+£30° 3+2  52+5 —10°%£5° S51+4
N(2060)5/2~ 52425 —5+20° 52+24 1247 —40°+£35° 1247 217 3°£15° -20£7 -29£6 3£20° —29£6
N(1680)5/2+ 324+3 —7°£5°  33+£3  —63+4 —10°%£5 634  19+£2 —13°£7° 19+2 25+2 —9°£4°  26+2
N(2000)5/2% 194£10 —80°£40° £(19+£10) 11+5 82°+30° £(11+5 —(3'3) Notdefined —(3'5) 8+4 —86°+£30° +£(8+4)
N(1990)7/2% —324£15 5°4£20° —324£15 —70+£25 0°£20° —72+25 —7+4 -8 £20° —7+4 3115 —5°£20° 31£15
N@2190)7/2~ 30+£7 5°+15°  304£7 —234£8 13°+£20° -23+8 1Y 100°£130° 1] 1244 §°£12° 1244

TABLE III. Comparison of the y N helicity couplings of nucleon states (in units of 10> GeV~"/) from this analysis with those determined
in Refs. [11] and [12]. In Ref. [12], no uncertainties are quoted. An “x” marks resonances not used in the fits. In some cases, for large errors of
the couplings, the phase cannot be defined.

Aip Phase Aszp Phase

This work [11] [12] This work [11] [12] This work [11] [12] This work [11] [12]
N(1535)1/2= —88+4 —103+11 —112 5°+£4° 8°+5° 16°
N(1650)1/2= 16+4 25+20 —1 —-28°4+10° 0°£15° —47°
N(1875)1/2= —15+10 17+10 X 60° +£25°  5°4£30° X
N(1440)1/2% 4145 35+12 95 23°+£10° 25°4+25° —15°
N(1710)01/2t 29+7 —40+£20 195 80°+20° —30°+25° —8§°
N(1880)1/2% 72+24 —60450 x  —30°%30° —30°4+40° x
N(2100)1/2% 2949 X X 35°+£20° X X
N(1520)3/2= —45£5 —494+8 —-43 -—5°+£4° —-3°£8 —1° —119£5 —114+£12 —110 5°£4° 1°+3° 5°
N(1700)3/2~ X 3110 —40 X —50° +£30° —46° X —35+18 -77 X —30° +£30° —-57°
N(1875)3/2= 443 946 x  —85°+35° Notdefined x —6+4 —19+£15 x  —85°+45° Notdefined x
N(2120)3/2= 80£30 112+£40 X 15°4+£25° 30+£25° x —=33+£20 40+30 X  —60°+35° —55°4+60° x
N(1720)3/2% —(251":2) —-80+50 —-59 —75°+35° —20°£30° 6° 100£35 —140+65 —28 —80°+35° 5°4+30° —19°
N(1765)3/2% X X —34 X X —5° X X 40 X X 6°
N(1900)3/2"7 —98+20 —5+35 x —13°+£20° 30°+£30° X 7T4+£15 —-60+40 X 5+ 15° 45°+40° X
N(1975)3/2% —26+13 X X 8° £25° X x =77+x15 X X 5°+20° X X
N(1675)5/2~ —-53+£4 —-61£7 -—-76 —=3°%x5° —10°£5 3° 735 —-89+£10 —-38 —12°£5° —17°£7° —4°
N(2060)5/2~ 52425 27+12 X —5°420° —45°4+25° x 12+7 —40+£18 x  —40°£35° 55°430° X
N(1680)5/2t 32+3 33+6 34 —7°+£5 —12°49° —12° —-63+4 —444+9 56 —10°+£5° 8°+10 —4°
N(2000)5/2% 19+10 —17412 x  —80°%x40° —50°+60° x 11£5 -35£20 x 82°£+30° —50°£90° x
N(1990)7/2+ —324+15 —45+20 X 5°+20° —50°4+35° x —=70£25 —-50%25 X 0°+20° —45°4+40° x
N(2190)7/2- 307 —15+12 X 5°+15° 50°+40° X —23+£8 —-33+£20 x 13°4+£20°  25°+£20° X
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FIG. 4. The yd — nn(p) excitation curve for the angular range
0.8 < cosf < 0.9 from the data from Refs. [15,16] (open circles,
0.8 < cosf < 0.9) and from Ref. [24] (black dots, 0.8 < cosf <
1). The solid and dashed curves show the two BnGa fits, which include
the data from Refs. [15,16] but not the data from Ref. [24].

in Refs. [15,16] and the one reported in Ref. [24] at an
angle of cos = 0.85° &£ 0.05°. Significant discrepancies are
seen. We have decided to exclude the data from Ref. [24]
completely and not to include fits to the latter data in the error
analysis. (Our old result [11] is reproduced when the data
from Refs. [20,22] are omitted and the new data [15,16] are
replaced by the old data from Ref. [24].) We hence conclude
that the changes in the helicity couplings for N* resonances
above 1800 MeV in mass are due to a decisive change in the
data base, which has been improved considerably with new
experiments.

IV. SEARCH FOR A NARROW RESONANCE

In the excitation function of 7 photoproduction from
neutrons, a narrow structure was observed in a number
of experiments [15-19,23-25]. The narrow structure was
interpreted as N(1685) [75] with preferred quantum numbers
JP =1/2% and identified with a pentaquark expected in the
chiral soliton model [5]. Its properties were determined [15,16]
as M = 1670 £ 5and I' = 28 £ 5 MeV, respectively, and

VAL, =123 +0.8 x 107 GeV™'/2, 3)

with b, being the branching ratio into the N final state.

The BnGa partial wave analysis has demonstrated that
the narrow structure is incompatible with an interpretation
as a genuine resonance with the reported properties [76,77].
Rather, full consistency is obtained by assuming that the peak
is generated by the interference between the N(1535)1/2~ and
N(1650)1/2~ resonances.

If an N(1685)1/2" resonance would exist and would be the
expected pentaquark, it should be produced preferentially by
exciting neutrons and should have large branching ratios to Nn
and A K. We have searched for traces from an N(1685)1/2%
resonance by introducing it as additional resonance. In
this study, we have calculated the differential cross section
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TABLE IV. The description of the data with fixed «/bax A} P for
N(1685)1/2%. The width of the state has been fixed to 28 MeV. The
* denotes that the parameter is at its boundary.

v bAKA’ll/z M X2 X2 X2
W <1820 MeV

(1073GeV™2)  MeV  yn— KA yn — KA Total
0.0 — 1.14 1.23 1.71
2.9 1665 1.07 1.25 1.70
4.4 1661 1.08 1.28 1.70
5.8 1654 1.11 1.30 1.71
7.8 1650* 1.19 1.34 1.72
11. 1650* 1.35 1.48 1.75
15. 1650* 1.80 1.96 1.85

assuming a narrow N(1685)1/27 resonance. Its mass has been
incremented with a 1-MeV step size and the results from the
corresponding rather broad energy bins have been compared
with the experimental data. Below 30 MeV, the fits appear to
be weakly sensitive only to the width of the state, and we have
fixed it to 28 MeV. The fit with a free coupling, free mass,
and free phase appear optimal for a mass of 1665 MeV and
for «/bAKA’l’/2 =2.9x 1073 GeV~"/2, a rather small value.
In this fit the description of the yn — K A data in the mass
region below 1820 MeV is slightly worse while the description
of the high-energy region is improved as well as the overall
x? (see Table IV). If the coupling of the state is increased, the
description of the data deteriorates, and the mass of the state
hits the lower boundary. This low mass is incompatible with
the observation in the nn channel. For the strength of the signal
we derive an upper limit of

Vbak AL, < 6x 107 GeV™'/2,
Compared to the claim for the nn channel [15,16], we find

[ =28MeV. (4)

bAK
bnn

< ;1 &)

V. INTERPRETATION

Capstick and Roberts [78] have published a comprehensive
review of the calculations of baryon properties, including
helicity couplings. The predictions scatter over a wide range,
and none of the models seems to be significantly better
adapted to reproducing the experimental results. Here we try
to interpret a few features.

It has been observed that A(1950)7/2% is excited domi-
nantly by the magnetic multipole M3, with E3, /M3 being
small [79]. This has been compared to photoexcitation of
A(1232)3/2%, which is known to have a small E |, /M| ratio.
Both reactions require a spin flip from the spin-1/2 nucleon
to a resonance with a total quark-spin S = 3/2 in the final
state. It is this observation that has triggered us to decompose
the well-known helicity amplitudes A;/, and A3/, into their
electric and magnetic components (see Table II).

In most cases, the electric multipole amplitude is larger
than the magnetic one; E > M holds for most resonances. But
there are a few cases where the magnetic multipole amplitude
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TABLE V. Resonances with asmall £/M ratio that are tentatively
assigned to multiplets with quark-spin § = 3/2. The E /M ratios for
y p reactions are given for comparison.

N(1675)5/2~ N(1975)3/2* N(1990)7/2* N(2190)7/2"

(E/M),
(E/M),

0.06 £0.04 0.164+0.08 0.19+0.19
< 0.27 — < 0.2

<0.35
0.57£0.26

prevails, as in Table V. In Table V we also have included results
for the E /M ratio for y p. (The proton helicity amplitudes are
taken from the RPP2016 [80]).

It is tempting to interpret these states as members of spin
quartets, with total quark-spins § = 3/2. This interpretation
is justified for N(1675)5/2~ and N(1990)7/2" and would
assign N(1975)3/2T—instead of N(1900)3/2T—to a quartet
of positive parity N* resonances, with N(1990)7/2% as
the anchor. The N(2000)5/2% resonance with (E/M), =
0.41’(1):3 and (E/M), = 0.50 £ 0.24 is the third candidate.
The N(1900)3/2% resonance would then belong to a spin
doublet. It is preferentially excited by its electric multipole,
with [(E/M),| = 3.4Jj?j§. However, for the proton we find a
smaller electric multipole, (E/M), < 0.4, and the assignment
is thus questionable.

In most excitations, the resonances are excited by electric
and magnetic multipoles. For N* resonances photoexcited
from protons, some N* or A* resonances that are likely
assigned to a spin quartet can be excited dominantly by
their electric multipole and weakly by the magnetic one. This
would seem to contradict the conjecture that the excitation of
resonances belonging to a spin quartet need a strong magnetic
multipole. However, often the results from different analyses
give substantially different results; the conjecture needs a
better experimental and theoretical foundation.

Of course, electric excitation of spin-quartet states is at least
possible due to LS coupling. Furthermore, most resonances
assigned to a spin quartet could have a (quark) spin-1/2
component due to configuration mixing. Table VI reproduces
from Ref. [3] the spectrum of positive-parity resonances in the
second excitation shell. The table shows that the SU(6)®0(3)
eigenstates may undergo very significant mixing. In particular
the stretched resonances with maximal J (=L + §) are
nearly pure SU(6)®0O(3) eigenstates. (The spin doublet from
2N[20,1%]1s omitted in Table VI. In Refs. [74,81] it is argued
that they are not likely to be produced in ¥ N or 7 N formation
experiments).

Montagne and Stancu [82] have analyzed the nucleon
excitation spectrum in a 1/N, expansion scheme. They expect
a spin quartet in the SU(6) multiplet * N[70,2*]. Their masses
(first row) and experimentally observed candidates (second
row) are as follows:

2080 +£39 2042441 1955432 1878 £34
N(1990)7/2F N(2000)5/2% N(xxx)3/2+ N(1880)1/2.

No*N[70,2%+] state with J¥ = 3/2% was assigned in Ref. [82];
we tentatively identify this state with N(1975)3/2%.

PHYSICAL REVIEW C 96, 055202 (2017)

TABLE VI. Positive-parity nucleon resonances in the second
excitation shell [3]. On the left, the dominant multiplet is shown,
and the fractional contribution of the dominant multiplet is given as
a percentage below the predicted mass. The nominal masses from
Table II are given in parentheses. The assignments are based on the
predicted and experimental masses as well as on the observed E/M
ratios and are tentative only.

7/2+ 5/2+ 3/2+ 1/2+
48[70,2+] 1989 (1990) 1934 (2000) 1899 (1975) 1950 (1880)
98.1% 59.0% 93.9% 88.6%
28[70,2+] 1959 (1860) 1969 (1900)
67.4% 56.0%
28[56,2%] 1723 (1680) 1688 (1720)
65.9% 66.6%
48[70,0+] 2033 (miss)
54.3%
28[70,0+] 1729 (1710)
81.4%
28[56,0*] 1518 (1440)
90.8%

Likewise, the SU(6) multiplet IN[70,27F] is expected with
masses of

1959 + 29
N(1860)5/2+

1902 + 22
N(1900)3/2+

and the identification with known states by the authors of
Ref. [82] is again listed in the second row.

We mention here that Montagne and Stancu [82] also
calculate the masses of the spin doublet in the SU(6) 56plet
with L =2, 2N[56,2%], to be 1680 +£9 MeV (3/2%) and
1686 =5 MeV (5/27); these resonances are identified with
N(1720)3/2% and N(1680)5/2%, respectively. The mass
of the 2N[70,0%] spin-3/2* resonance is calculated to be
2024 4+ 20 MeV;, the latter resonance is assigned to the state
N(2040)3/2% found by the BES Collaboration [83]. While
the N(1710)1/2% resonance, likely a >N[70,0%] spin-1/27
resonance, is thought not to exist, we in fact do see very clear
evidence for it, and it is upgraded to a four-star resonance by
the Particle Data Group [80]. The mass of the Roper resonance
N(1440)1/2% in the >N [56,07 ] multiplet is not given. It seems
that the model has problems with radial excitations. For the
orbital excitations in the second shell it provides a useful
framework.

VI. SUMMARY

We have reported the results of a new BnGa partial wave
analysis of photoproduction reactions in deuterons with a
spectator proton. Helicity amplitudes A, and A3, and
multipole amplitudes £ and M are presented for 19 N*
resonances including the tentative N(1975)3/2% resonance. In
the low-mass region, below 1800 MeV, most values from the
new analysis are in good agreement with previously reported
values. In the higher-mass region, significant changes in the
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photocoupling constants are seen. These discrepancies are
traced to inconsistencies of the new data from the CLAS and
MAMI Collaborations with earlier experiments.

We have searched for possible contributions from N (1685)
to the reaction yn — K OA, which is seen as a bump in the
yn — nn total cross section and sometimes interpreted as a
resonance. We do not see evidence here and quote an upper
limit for the product of its production amplitude and the square
root of its decay branching ratio.

Some N* resonances have a small E/M ratio. We have
tentatively assigned these resonances to SU(6)®O0(3) mul-
tiplets having a large quark-spin-3/2 component. This is a
novel approach and needs confirmation. We have discussed the

PHYSICAL REVIEW C 96, 055202 (2017)

assignments of positive-parity N* resonances, but the results
remain ambiguous.
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