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New baryons in theDh and Dv channels
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The decays of excited nonstrange baryons into the final statesDh and Dv are examined in a relativized
quark pair creation model. The wave functions and parameters of the model are fixed by previous calculations
of Np and Npp, etc., decays through various quasi-two-body channels includingNh and Nv. Our results
show that the combination of thresholds just below the region of interest and the isospin selectivity of these
channels should allow the confirmation of several weakly establishedD baryons and the discovery of newD
baryons in pion and photoproduction of these final states.@S0556-2821~98!01609-9#

PACS number~s!: 13.30.Eg, 12.39.2x, 14.20.Gk
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I. INTRODUCTION

Quark models of baryon structure based on three effec
quark degrees of freedom predict the existence of more s
than have previously been seen in analyses ofNp elastic
scattering. In particular, there are approximately nine ‘‘mi
ing’’ states predicted by quark potential models to lie in t
first band of positive-parity excited states~which we define
as states whose wave functions are predominantlyN52
band when expanded in a harmonic oscillator basis!. One of

these states, a secondN 3
2

1 (P13) resonance, may have bee
discovered in the coupled channel analysis of Manley
Saleski@1#. There remain six missing nucleon and two mis
ing D states with model masses between approximately 1
and 2050 MeV. There are also many undiscovered st
predicted by these models which have wave functions wh
lie predominantly in theN53 and higher bands, the lighte
of which are predicted to have negative parity@2,3#.

Models of this kind, when combined with a model of th
strong decays of baryon states@4#, yield a simple explanation
for the absence of the missing states@5–8# in analyses ofNp
elastic scattering—they simply have weakNp couplings and
so contribute little toNp scattering amplitudes in their pa
tial waves. A simple solution is to produce these states e
tromagnetically with real photons or by electron scatteri
and then look for their decays to final states other thanNp
@9#. As part of theN* program in Hall B at the Thoma
Jefferson National Accelerator Facility~TJNAF!, an experi-
ment @10# will study gp→pp1p2, with analysis focusing
on gp→D11p2, gp→D0p1 andgp→pr0. Previous the-
oretical work@5,6,11,8# has shown that several of the mis
ing states and many of the undiscovered states have size
couplings to these channels. Other experiments will focus
the decays of such states toNh @12#, Nh andNh8 @13#, and
Nv @14#. These channels offer the advantage of being is
pin selective, in that onlyI 5 1

2 N* resonances~as opposed to
I 5 3

2 D* resonances! can couple to these final states. Giv
the predicted near degeneracy of broad states in several
tial waves in this region, this isospin selectivity should si
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plify what is likely to be a difficult analysis to extract infor
mation about these states.

Detection and analysis of the final statesD(1232)h and
Dv in electromagnetic production from protons at TJNA
will be complicated by the increased particle multiplicit
and by the presence of an additional neutral particle in
final state resulting from the decaysD1→pp0, np1. For
these experiments, it may be better to produce these
states from the neutron in the deuteron@15#, reconstruct the
D0→pp1 charged particle decay, and use missing mas
identify theh or v. At the BNL Alternating Gradient Syn-
chrotron ~AGS!, the properties of the Crystal Ball detecto
make it ideal for examining the processp2p→np0h. The
final state inp1p→pp1h is more difficult to detect but can
in principle, also be seen using the Crystal Ball@16#. Despite
these detection difficulties, these channels also have the
vantage of being isospin selective, and can in principle i
late the two missingD resonances and higher lyingD states
if they are present and are produced.

Another advantage of aDh experiment is that the thresh
old for this reaction lies just below the mass region whe
these states are predicted. The nominalDh threshold is at
1780 MeV; as we integrate over the lineshape of theD, the
effective threshold is atmN1mp1mh.1630 MeV. This is
to be compared to mass predictions@2,3# for the lightest

missing states of around 1800–1850 MeV for@D 1
2

1#1 and

around 1950–2000 MeV for@D 3
2

1#4 ~which would be a first
P31 and a fourthP33 state inNp, respectively!. It is gener-
ally true ~in decay models and in experiment! that once the
energy available for a decay increases beyond the re
where the phase space has initially become appreciable
decay amplitudes tend to decrease rapidly as the three
mentum available to the final particles increases and
wave function overlaps diminish.

Here we provide predictions for the decay amplitudes i
the final statesDh andDv of all states~missing and seen in
Np) with wave functions predominantly in theN51 and
N52 bands, and also for several low-lying states in high
bands, using the relativized model of baryon decays base
4301 © 1998 The American Physical Society
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4302 57SIMON CAPSTICK AND W. ROBERTS
the 3P0 pair creation model of Refs.@7# and @11#. Decays
into the Dh channel have been previously considered
Bijker, Iachello and Leviatan in Ref.@8#, within an algebraic
model of the spectrum and wave functions, using pointl
emitted mesons.

In the present calculation model parameters are ta
from our previous work and not adjusted. Wave functio
are taken from the relativized model of Ref.@3#, which de-
scribes all of the states considered here in a consistent
ture. In order to be in accord with the Particle Data Gro
~PDG! @17# conventional definitions of decay widths, w
have determined the decay momentum using the cen
value of the PDG quoted mass for resonances seen inNp,
and the predicted mass from Ref.@3# for missing and undis-
covered states. We have also integrated over the linesha
the finalD baryon, with the final phase space as prescribe
the meson decay calculation of Ref.@18#; for details of this
procedure see Eq.~8! of Ref. @11# ~note that we do not inte
grate over the narrow@8 MeV width# v line shape!. As a
consequence there are states below the nominal thresh
which have non-zero decay amplitudes.

In keeping with the convention of Ref.@11#, the phases of
the amplitudes are determined as follows. We quote
productADM

X† ANp
X /uANp

X u of the predicted decay amplitude fo
X→DM ~whereM is eitherh or v) and the phase of the
decay amplitude forX→Np, the latter being unobservabl
in Np elastic scattering~note factors of1 i , conventionally
suppressed in quoting amplitudes for decays of negative
ity baryons toNM or Ng, whereM has negative parity, do
not affect this product!. This eliminates problems with~un-
physical! sign conventions for wave functions, and the re
tive signs of these products are then predictions for
~physically significant! relative phases of the contributions
statesX in the processNp→X→DM . Since the missing and
undiscovered states may have smallNp couplings it may be
useful to find the relative signs of the contributions of sta
X in the processNg→X→Dh. As the photocouplings o
Ref. @19# are also quoted inclusive of theNp sign,
ANg

X†ANp
X /uANp

X u, then simply multiplying the quoted photo
couplings by the amplitudes quoted here will yield the re
tive phases of the contributions of statesX in Ng→X
→DM .

We note that we have chosen the meson wave flavor fu
tions as

h5
1

A2
F 1

A2
~uū1dd̄!2s s̄G ,

h85
1

A2
F 1

A2
~uū1dd̄!1s s̄G , ~1!

v5
1

A2
~uū1dd̄!,

i.e., we allow for ideal mixing betweenv andf5s s̄, and an
h-h8 mixing angle ofuP529.7°.

II. RESULTS AND DISCUSSION

Our results are given in Tables I to IV, where we list t
model state, its assignment~if any! to a resonance from th
y
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analyses, and its decay amplitudes into theDh and Dv
channels. The predictions for theNp decay amplitudes for
each state@7# and values for these amplitudes extracted fro
the PDG@17# are also included for ease of identification
missing resonances. All theoretical amplitudes are giv
with upper and lower limits, along with the central value,
order to convey the uncertainty in our results due to
uncertainty in the resonance’s mass. These correspond to
predictions for the amplitudes for a resonance whose ma
set to the upper and lower limits, and to the central value
the experimentally determined mass. For states as yet un
in the analyses of the data, we have adopted a ‘‘standa
uncertainty in the mass of 150 MeV and used the mo
predictions for the state’s mass for the central value. If a s
below the effective threshold has been omitted from a tab
is because our predictions for all of its amplitudes are ze

For completeness we have also calculated decays to
Dh8 channel, and find that all of the amplitudes for the sta
considered here are small. This is primarily due to the h
effective ~nominal! threshold of roughly 2040~2190! MeV.
We do not record these amplitudes here, but we comm
further on this channel in our conclusions.

Figures 1 to 4 show the predictions of the model of R
@3# for the masses of excitedD states below 2200 MeV
along with our predictions for the square roots of the init
channel partial width and the final channel partial width f
each state for the reactionspN→X→Dh, gN→X→Dh,
pN→X→Dv, andgN→X→Dv. Photon partial widths are
calculated using the results of Ref.@19#. When the energy of
the initial state in the center of momentum frame coincid
with the mass of a given resonance, the strength of the c
tribution of that resonance will be proportional to the produ
of the initial and final channel partial widths. We can es
mate which states should contribute strongly in a given
ergy region by comparing the products of our predictions
the square roots of the initial and final channel partial wid
of states in that region. Model states in the figures wh
have well established~three or four stars@17#! counterparts
from the analyses are distinguished from those which do
in order to make it simple to assess which new states ma
seen in experiments of this kind.

A. Dh decays

The results for this decay channel are shown in Table
and II, and our predictions for the relative contributions
model states below 2200 MeV to pion production of theDh
final state are illustrated in Fig. 1, and to photoproduction
Fig. 2.

In Fig. 1 we see that the processNp→Dh is likely to get
its largest contributions from several positive-parity excit
D baryons in the region 1850–2000 MeV. TheDh decay
amplitudes for lighter states are predictably small due to
effective ~nominal! threshold of 1638~1780! MeV, and at
higher energies theNp amplitudes start to fall off. If, in
addition to differential and total cross sections, we assu
that high-quality data for polarization observables beco
available, this would make possible isolation of the differe
partial waves. Figure 1 shows that with such an analysis
likely that the weak firstP31 stateD(1740) seen in the mul-
tichannel analysis of Ref.@1# could be confirmed, as i



tates is
t
as
t

57 4303NEW BARYONS IN THE Dh AND Dv CHANNELS
TABLE I. Results forD states in theN51 andN52 bands in theDh channel.Np amplitudes from Ref.
@7# are included to explain our assignments of the model states to resonances. Notation for model s
@JP#n ~mass@MeV#!, whereJP is the spin-parity of the state andn its principal quantum number. The firs
row gives our model results, while the second row lists theNp amplitudes from the partial-wave analyses,
well as the Particle Data Group~PDG! name for the state, itsNp partial wave, and its PDG star rating. Ligh
states with zero amplitudes are omitted from the table.

Model state Np Dh Dh AGDh
tot

Np state/rating

s d

@D 3
2

2#1~1620! 4.960.7 1.121.1
13.2 0.020.0

10.3 1.121.1
13.2

D(1700)D33**** 6.562.0
p

@D 1
2

1#1~1835! 3.920.7
10.4 3.223.1

14.1 3.223.1
14.1

D(1740)P31
a 4.961.3

@D 1
2

1#2~1875! 9.460.4 22.960.7 2.960.7

D(1910)P31**** 6.661.6
p f

@D 1
2

1#2~1795! 8.760.2 0.020.0
10.3 0.060.0 0.020.0

10.3

D(1600)P33*** 7.662.3

@D 3
2

1#3~1915! 4.260.3 23.360.9 0.760.4 3.460.9

D(1920)P33*** 7.762.3

@D 3
2

1#4~1985! 3.321.1
10.8 24.221.7

12.4 20.721.2
10.6 4.322.5

11.9

p f

@D 5
2

1#1~1910! 3.460.2 20.560.1 0.660.3 0.860.3

D(1750)F35
b 2.060.8

D(1905)F35**** 5.562.7

@D 5
2

1#2~1990! 1.260.4 27.022.9
15.1 0.320.3

10.8 7.025.1
12.9

D(2000)F35** 5.362.3
f h

@D 7
2

1#1~1940!] 7.160.1 0.960.1 0.060.0 0.960.1

D(1950)F37**** 9.862.7

aFirst P31 state found in Ref.@1#.
bReference@1# finds twoF35 states: this one andD(1905)F35.
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should contribute with a strength comparable to that of
neighboring well known secondP31 state D(1910). The
same should be true for the weak secondF35 stateD(1990),
which has a large predicted amplitude to decay toDh, and
for the weak secondD33 stateD(1940), which is predicted
to show up at least as strongly as the firstD33 stateD(1700)
in this channel. In theS31 partial wave we predict that th
one-star third stateD(2150) should show up with greate
strength than the well known second stateD(1900).

Importantly, Fig. 1 shows that there should be clear s
nals for two new baryons below 2200 MeV in this chann

The missing fourthP33 state@D 3
2

1#4(1985) should contrib-
ute with a strength comparable to that of the established t
stateD(1920). In theD33 partial wave theN53 band pre-

dicted state@D 3
2

2#3(2145) should also give the domina
contribution.

Figure 2 allows us to reach similar conclusions for t
processNg→Dh. Here the dominant effect below 220
e

-
.

rd

MeV is likely to be the weak secondF35 stateD(1990),
which is predicted to have a sizeable photocoupling in R
@19#, and a largeDh strength. The weak firstP31 state
D(1740) and secondD33 stateD(1940) are, as above, ex
pected to also contribute substantially, with the latter be
the dominant effect in its partial wave. The photocouplin
for the two new predicted states mentioned above should
small, but it should still be possible to discover a new seco

D35 baryon, as the model state@D 5
2

2#2(2165) is predicted to
be the dominant effect in this mass range. Extracting t
state from anNp experiment is likely to be difficult, as it
should have a mass close to the established firstD35 state
D(1900), and we predict small couplings toNp, so photo-
production shows greater promise for its discovery.

Table II shows that several baryons in the mass reg
above 2200 MeV should have substantial decay branche
Dh. For example, we see that it may be possible to confi
the one-star stateD(2390)F37 in a Dh experiment. We also
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TABLE II. Results in theDh channel for the lightest few negative-parityD resonances of eachJ in the
N53 band, and for the lightest fewD resonances forJP values which first appear in theN54, 5 and 6 bands.
Notation as in Table I.

Model state
Np state/rating Np Dh Dh AGDh

tot

d

@D 1
2

2#2(2035) 1.260.2 1.820.7
10.9 1.820.7

10.9

D 1
2

2(1900)S31*** 4.162.2

@D 1
2

2#3(2140) 3.121.1
10.4 22.42.6

11.0 2.421.0
10.6

D 1
2

2(2150)S31* 4.061.5

s d

@D 3
2

2#2(2080) 2.160.1 2.460.6 1.921.6
11.9 3.121.3

11.8

D 3
2

2(1940)D33* 3.261.4

@D 3
2

2#3(2145) 2.220.3
10.1 21.921.2

10.4 3.321.5
10.9 3.861.4

d g

@D 5
2

2#1(2155) 5.260.0 1.160.3 20.160.0 1.160.3

D 5
2

2(1930)D35*** 5.062.3

@D 5
2

2#2(2165) 0.660.1 3.721.6
10.9 1.320.9

11.2 3.921.8
11.3

@D 5
2

2#3(2265) 2.460.4 22.760.2 1.260.4 2.960.4

@D 5
2

2#4(2325) 0.160.0 22.420.1
10.4 1.120.5

10.7 2.620.6
10.5

@D 7
2

2#1(2230) 2.160.6 3.821.5
10.6 1.220.8

11.0 4.021.7
10.9

@D 7
2

2#2(2295) 1.860.4 24.020.3
11.0 1.520.8

10.9 4.221.1
10.6

g i

@D 9
2

2#1(2295) 4.861.3 2.221.2
12.1 0.060.0 2.221.2

12.1

D 9
2

2(2400)G39** 4.162.1

f h

@D 7
2

1#2(2370) 1.520.9
10.6 2.720.6

10.4 0.060.0 2.720.6
10.4

D 7
2

1(2390)F37* 4.962.0

@D 7
2

1#3(2460) 1.120.1
10.0 21.660.4 1.020.5

10.9 1.920.6
10.9

@D 9
2

1#1(2420) 1.260.4 20.260.1 0.720.4
10.7 0.720.4

10.7

D 9
2

1(2300)H39** 5.162.2

@D 9
2

1#2(2505) 0.460.1 23.360.7 0.320.1
10.3 3.360.8

h j

@D 11
2

1#1(2450) 2.960.7 1.020.4
10.7 0.060.0 1.020.4

10.7

D 11
2

1(2420)H3 11**** 6.762.8

@D 13
2

1#1(2880) 0.860.2 0.060.0 1.320.6
10.8 1.320.6

10.8

@D 13
2

1#2(2955) 0.260.1 22.120.2
10.4 0.360.1 2.120.4

10.2

i k

@D 13
2

2#1(2750) 2.260.4 1.620.5
10.7 0.060.0 1.620.5

10.7

D 13
2

2(2750)I 3 13** 3.761.5

j l

@D 15
2

1#1(2920) 1.660.3 1.460.5 0.060.0 1.460.5

D 15
2

1(2950)K3 15** 3.661.5

@D 15
2

1#2(3085) 0.460.1 0.460.2 0.060.0 0.460.2
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TABLE III. Results forD states in theN51 andN52 bands in theDv channel. Notation as in Table I.

Model state
Np state/rating Dv Dv Dv Dv Dv Dv AGDv

tot

p1/2 p3/2 f 5/2

@D 1
2

1#1~1835! 0.020.0
11.1 0.022.2

10.0 0.060.0 0.020.0
12.2

D(1740)P31
a

@D 1
2

1#2~1875! 0.120.1
10.2 0.060.1 0.060.0 0.120.1

10.2

D(1910)P31****
p1/2 p3/2 f 5/2

@D 3
2

1#3~1915! 0.060.0 20.120.3
10.1 0.060.0 20.120.2

10.1 0.060.0 0.120.1
10.3

D(1920)P33***

@D 3
2

1#4~1985! 0.820.8
13.8 0.320.3

11.4 0.120.1
11.3 0.020.1

10.0 20.120.8
10.1 0.920.9

14.3

f 1/2 p3/2 f 3/2 p5/2 f 5/2 h 5
2

@D 5
2

1#1~1910! 0.060.0 20.120.3
10.1 0.060.0 20.120.2

10.1 0.060.0 0.060.0 0.120.1
10.3

D(1750)F35
b

D(1905)F35****

@D 5
2

1#2~1990! 0.020.5
10.0 0.820.8

13.6 0.120.1
11.5 21.325.6

11.3 20.122.4
10.1 0.060.0 1.521.5

17.2

D(2000)F35**
f 1/2 f 3/2 h3/2 p5/2 f 5/2 h5/2

@D 7
2

1#1~1940!] 0.060.0 0.060.0 0.060.0 21.060.2 0.060.0 0.060.0 1.060.3

D(1950)F37****

aFirst P31 state found in Ref.@1#.
bReference@1# finds twoF35 states: this one andD(1905)F35.
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predict that the model states@D 7
2

2#1(2230), @D 7
2

2#2(2295)

and @D 9
2

1#2(2505) offer good opportunities for discover
using this final state.

B. Dv decays

The results for this decay channel are shown in Tables
and IV, and our predictions for the relative contributions
model states below 2200 MeV to pion production of theDv
final state are illustrated in Fig. 3, and to photoproduction
Fig. 4.

In contrast to the situation for the processNp→Dh, in
Fig. 3 we see that the processNp→Dv is likely to get its
largest contributions from highly excited negative-parity e
citedD baryons above 2000 MeV. The high effective~nomi-
nal! threshold of approximately 1860~2010! MeV precludes
sizeable couplings of states with wave functions predo
nantly below theN53 band to theDv channel~see Table
III !, although there are some states with amplitudes wh
grow rapidly away from the threshold, and so will couple
the actual mass is larger than the nominal mass we h
used. One exception is the well known firstF37 state
D(1950), which has a small predictedDv decay amplitude
but a largeNp amplitude, and so will contribute with appre
ciable strength to this process.

From Fig. 3 we see that the one-star thirdS31 state
D(2150) is predicted to be the dominant effect in the cr
section at these energies. Once again, it should also dom
II
f

n

-

i-

h

ve

s
ate

the lower energy behavior of its partial wave, as the w
known second stateD(1900) should have little or no cou
pling to Dv. There should also be a clear signal in theD33
partial wave for anN53 band state in aNp→Dv experi-
ment, as the predicted state@D 3

2
2#3(2145) should give the

dominant contribution at lower energies.
Figure 4 illustrates that, with the exception of the we

known first F37 stateD(1950) which also has a substanti
photocoupling and so should be obvious in such an exp
ment, the dominant contributions togN→Dv are predicted
to come from weakly established or entirely new states. S
states also give the dominant contributions in most of
partial waves considered in Fig. 4. It should be possible
confirm the weak secondF35 stateD(1990) and the weak
third S31 state D(2150). The new model state
@D 3

2
2#3(2145) and@D 5

2
2#2(2165) are predicted to give sig

nificant contributions to this process and dominate their p
tial waves at these energies.

Several of the more highly excited states considered h
in Table IV have appreciable couplings to theDv channel. It
may be possible to confirm the weak statesD(2400)G39 ~two
stars!, and D(2390)F37 ~one star! using this final state, or
perhaps even the very highly excited statesD(2750)I 313 and
D(2950)K315 ~both two-star states!. Our results predict that a
Dv experiment may also be able to discover several hig
mass predicted states, the most interesting of which

@D 5
2

2#3(2265), the two states @D 7
2

2#1(2230) and

@D 7
2

2#2(2295), and@D 9
2

1#2(2505).
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TABLE IV. Results in theDv channel for the lightest few negative-parityD resonances of eachJ in the
N53 band, and for the lightest fewD resonances forJP values which first appear in theN54, 5 and 6 bands.
Notation as in Table I.

Model state
Np state/rating Dv Dv Dv Dv Dv Dv AGDv

tot

s1/2 d3/2 d5/2

@D 1
2

2#2(2035) 20.220.6
10.2 0.020.2

10.0 0.060.0 0.220.2
10.7

D 1
2

2(1900)S31***

@D 1
2

2#3(2140) 22.160.7 0.160.0 5.724.9
15.8 6.124.4

15.8

D 1
2

2(2150)S31*
d1/2 d3/2 d5/2 g5/2

@D 3
2

2#2(2080) 0.120.1
11.4 20.122.1

10.1 0.060.0 0.060.0 0.120.1
12.5

D 3
2

2(1940)D33*

@D 3
2

2#3(2145) 660.6 0.260.3 24.224.5
13.7 0.060.0 4.223.7

14.5

d1/2 d3/2 g3/2 s5/2 d5/2 g5/2

@D 5
2

2#1(2155) 0.060.1 0.060.1 0.060.0 21.021.4
10.7 20.160.0 0.060.0 1.020.7

11.4

D 5
2

2(1930)D35***

@D 5
2

2#2(2165) 21.021.0
10.9 21.021.0

10.9 20.521.5
10.5 23.360.8 21.821.6

11.5 0.060.0 4.021.5
12.3

@D 5
2

2#3(2265) 1.760.5 20.760.2 0.360.2 20.520.3
10.1 23.020.7

10.9 22.421.9
11.3 4.321.5

11.9

@D 5
2

2#4(2325) 20.260.1 21.560.7 20.220.3
10.2 1.020.2

10.7 0.260.1 21.121.6
10.8 2.121.0

11.8

g1/2 d3/2 g3/2 d5/2 g5/2 i 5/2

@D 7
2

2#1(2230) 0.120.1
10.2 20.560.3 0.320.3

10.6 24.162.2 21.422.4
11.1 0.060.0 4.422.4

13.0

@D 7
2

2#2(2295) 0.120.1
10.2 20.560.3 0.320.3

10.6 24.162.2 21.422.4
11.1 0.060.0 4.422.4

13.0

g1/2 g3/2 i 3/2 d5/2 g5/2 i 5/2

@D 9
2

2#1(2295) 0.920.7
11.1 0.520.4

10.6 0.060.0 29.521.4
14.9 21.922.2

11.5 0.060.0 9.825.1
12.2

D 9
2

2(2400)G39**
f 1/2 f 3/2 h3/2 p5/2 f 5/2 h5/2

@D 7
2

1#2(2370) 1.460.7 0.860.4 0.060.0 23.021.4
10.2 23.121.5

11.7 0.060.0 4.621.4
12.1

D 7
2

1(2390)F37*

@D 7
2

1#3(2460) 0.160.0 21.060.6 20.220.3
10.2 0.360.0 21.620.8

10.9 21.121.4
10.9 2.321.3

11.6

h1/2 f 3/2 h3/2 f 5/2 h5/2 j 5/2

@D 9
2

1#1(2420) 0.220.1
10.4 21.321.2

10.8 20.120.2
10.1 21.421.3

10.9 20.320.7
10.3 0.060.0 1.921.3

12.0

D 9
2

1(2300)H39**

@D 9
2

1#2(2505) 20.460.3 2.420.9
10.5 1.020.6

10.9 23.120.7
11.2 21.321.1

10.8 0.060.0 4.321.8
11.5

h1/2 h3/2 j 3/2 f 5/2 h5/2 j 5/2

@D 11
2

1#1(2450) 0.460.3 0.260.2 0.060.0 25.121.6
12.2 0.820.5

10.6 0.060.0 5.222.3
11.7

D 11
2

1(2420)H3 11****
j 1/2 h3/2 j 3/2 h5/2 j 5/2 l 5/2

@D 13
2

1#1(2880) 0.620.3
10.6 21.360.5 20.320.3

10.2 21.560.5 20.920.9
10.5 0.060.0 2.320.9

11.3

@D 13
2

1#2(2955) 20.520.4
10.3 1.660.4 1.220.6

11.0 21.960.6 21.421.1
10.7 0.060.0 3.221.2

11.5

i 1/2 i 3/2 k3/2 g5/2 i 5/2 k5/2

@D 13
2

2#1(2750) 0.620.2
10.4 0.360.2 0.060.0 24.321.0

10.8 21.120.6
10.4 0.060.0 4.520.9

11.2

D 13
2

2(2750)I 3 13**
j 1/2 j 3/2 l 3/2 h5/2 j 5/2 l 5/2

@D 15
2

1#1(2920) 0.760.3 0.360.2 0.060.0 23.660.8 1.220.4
10.6 0.060.0 3.961.0

D 15
2

1(2950)K3 15**

@D 15
2

1#2(3085) 0.260.1 0.160.1 0.060.0 21.220.2
10.3 20.460.2 0.060.0 1.360.3
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FIG. 1. Mass predictions, and
Np andDh decay amplitude pre-
dictions forD baryons up to 2200
MeV, sorted according to spin an
parity. Heavy uniform-width bars
show the predicted masses o
states with well established coun
terparts from partial-wave analy
ses, light bars those of state
which are weakly established o
missing. The length of the thin
white bar gives our prediction for
each state’sNp decay amplitude,
and that of the thin black bar give
our prediction for itsDh decay
amplitude. States with significan
amplitudes for both decays shoul
contribute strongly to the proces
pN→Dh.

FIG. 2. Mass predictions, and
Ng andDh decay amplitude pre-
dictions forD baryons up to 2200
MeV. Notation as in Fig. 1 excep
that the length of the thin white
bar gives our prediction for each
state’s Ng decay amplitude.
States with significant amplitude
for both decays should contribut
strongly to the processgN→Dh.

FIG. 3. Mass predictions, and
Np andDv decay amplitude pre-
dictions forD baryons up to 2200
MeV. Notation as in Fig. 1 excep
that the length of the thin black
bar gives our prediction for each
state’s Dv decay amplitude.
States with significant amplitude
for both decays should contribut
strongly to the processpN
→Dv.
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FIG. 4. Mass predictions, and
Ng andDv decay amplitude pre-
dictions forD baryons up to 2200
MeV. Notation as in Fig. 2 excep
that the length of the thin black
bar gives our prediction for each
state’s Nv decay amplitude.
States with significant amplitude
for both decays should contribut
strongly to the processgN
→Dv.
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C. Conclusions

Our results show that there should be good signals for
presence of the weakly established firstP31 baryonD(1740),
the weak secondF35 stateD(1990), the weak thirdS31 state
D(2150), and the weak secondD33 stateD(1940) in pion
and photoproduction of the final stateDh. With the excep-
tion of D(2150), these states should appear in both exp
ments. There should also be clear signals in pion produc
of Dh for two new baryons predicted by our model, whic

are the missing fourthP33 state@D 3
2

1#4(1985) and a third

D33 state@D 3
2

2#3(2145). Photoproduction of this final sta
should yield strong evidence for a secondD35 baryon

@D 5
2

2#2(2165). Given that in several cases weakly est
lished or new states are predicted to be the dominant eff
in their partial waves, a partial wave analysis would facilita
their confirmation or discovery. This requires high-qual
data for polarization observables.

Interestingly, the same states should also be accessib
pion and photoproduction of the final stateDv, with the
exception of the firstP31 D(1740) and the fourthP33 state

@D 3
2

1#4(1985), which do not couple appreciably to this fin
state. Although more difficult, aDv experiment has the ad
vantage of a higher threshold, so that weakly establishe
new states are almost always the dominant effects in t
partial waves. This will make their extraction from a partia
wave analysis significantly less complicated than in fi
states with lower thresholds.

Amplitudes for all states to couple to theDh8 channel are
small, largely due to the high threshold. Nevertheless, i
worth mentioning that the combination of a high thresho
and isospin selectivity could make this channel useful
e

ri-
n

-
ts

in

l

or
ir

l

is

r

seeking heavier newD resonances. Because all amplitudes
this channel are small, one would expect that the cross
tion will also be small. However, in various partial wave
one may find that one or more new resonances may domi
the cross section.

Reconstruction of theDh and Dv final states will be
difficult due to the final state particle multiplicity, and th
presence of neutral particles in the case of electromagn
production from the proton. However it may be that the e
traction of information about these important new bary
states from an analysis of the results of such an experime
considerably less complicated than using channels w
fewer final state particles. It is also interesting that sta
with small but non-negligibleNp couplings which are miss
ing in pion-nucleon elastic scattering may be observable w
these final states. This indicates that it is worthwhile to co
sider developing such experiments.
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