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Nucleon resonances with double polarization observables of pion photoproduction
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The role of the nucleon resonances in the double polarization observables of pion photoproduction is
investigated by using the resonance parameters predicted by Capstick and Roberts. As an example, we show
that the not-well-determined two-star resonanceN3/2

2 (1960) can be examined by performing experiments on
beam-recoil polarization at large angles.
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I. INTRODUCTION

Constituent quark models have been widely used to p
dict the properties of baryon resonances. However, a la
number of resonance states which appear in the constit
quark models have not been observed in pion-nucleon s
tering. It has been argued@1# that such ‘‘missing resonances
either decouple from the pion-nucleon channel or are mas
by the neighboring resonances which have largepN decay
widths. This has led to suggestions that other reaction ch
nels such as vector meson production@2–4# might be more
sensitive to these missing states. However, all possibili
have not been exhausted in thepN channel. One such pos
sibility is to consider the polarization observables. While
forts @5# are being made to measure the single polarizatio
it will be interesting to explore double polarizations whic
could be more effective in revealing some of the miss
resonances through interference between the resonant
background~nonresonant! amplitudes. Investigation of thes
double polarization observables is timely and topical as t
coincide with the availability of new opportunities to me
sure them at Jefferson Lab and other laboratories.

As a step in this direction, we will explore in this pap
how the double polarization observables of pion photop
duction can be used to investigate nucleon resonances in
higher-energy region (1.6,E,2.1 GeV) in which a lot of
missing resonances have been suggested. In this energ
gion, a complete dynamical approach to pion photoprod
tion, such as that developed@6# in the investigation of theD
resonance, is still being developed. The main difficulty is d
to the large number of resonance states and the complex
of the couplings between several meson-baryon chann
For our present, very limited purpose, we will introdu
some rather drastic simplifications in using a formulati
which is a direct extension of the dynamical formulation
Ref. @6#. This will then allow us to address the questio
concerning the missing resonances by relating the reso
amplitude directly to the predictions from a constituent qu
model. As an example, we will consider the predictions
Capstick and Roberts@7,8#.

In Sec. II, we will give explicitly the formulation used in
our calculations. Our findings will be discussed in Sec. II

II. FORMULATION

The differential cross section ofgN→pN in the center-
of-mass~c.m.! frame can be written as
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4 (
lg

(
mfmi

uAm f,mi,lg
~q,k!u2, ~1!

wherek andq are, respectively, the momenta of the incide
photon and outgoing pion, andmi , mf , andlg are the spin
projections of the initial nucleon, final nucleon, and incom
ing photon, respectively. For a total invariant massW5As,
the momentak5uku andq5uqu are

k5
1

2As
@s2MN

2 #,

q5
1

2As
@~s2MN

2 2Mp
2 !224MN

2 Mp
2 #1/2,

whereMN andMp are the masses for the nucleon and pio
respectively. The photon laboratory energyEg is

Eg5
1

2MN
@s2MN

2 #. ~2!

Following the formulation of Ref.@4#, we write the pion
photoproduction amplitude as

Am f,mi,lg
~q,k!5Am f,mi,lg

(b.g.) ~q,k!1(
N*

@Amf ,mi ,lg

N* ~q,k!#.

~3!

In this work, we assume that the total amplitudeA(q,k) of
Eq. ~3! can be calculated from the multipole amplitude ge
erated by theSAID program@9#. These empirical amplitude
are obtained by the following procedure. For each par
wave, the multipole amplitude is written as a sum of t
conventional Born term, vector-meson exchange, and
many-parameter phenomenological term. The amplitudes
unitarized by using the empiricalpN phase shifts which are
also available in theSAID program. The empirical pion pho
toproduction multipole amplitude is then obtained by adju
ing the parameters of the phenomenological term to perfo
x2 fits to all of the existing data ofgp→p1n, gn→p2p
andgp→p0p reactions from threshold up to invariant ma
W52.1 GeV. In this work we use the SM01 solutions@9#
from their energy-dependent fits. More details about theSAID

program can be found in Refs.@9,10#.
©2002 The American Physical Society19-1
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Following the formulation of Ref.@6#, we write the reso-
nant amplitude as

Amf ,mi ,lg

N* ~q,k!5
1

2p

MN

As
Aq

k
I mf ,mp ,lg

N* ~q,k!,

I mf ,mi ,lg

N* ~q,k!

5 (
J,MJ

MN* →N8p~q;mf ;J,MJ!MgN→N* ~k;mi ,lg ;J,MJ!

As2MR
J 1

i

2
GJ~s!

,

~4!

whereMR
J is the mass of aN* with spin quantum number

(J,MJ). Here we neglect the effect due to the nonreson
mechanisms on theN* decay amplitude and the shift of th
resonance position. Then the resonance massMR

J and theN*
decay amplitudeMN* →gN,pN can be identified with the pre
dictions from a quark model, as discussed in Refs.@6,11#.

We however do not have information about the total d
cay width GJ(s) for most of theN* ’s considered here. Fo
simplicity, we assume that its energy dependence is sim
to the width of theN* →pN decay within the oscillator con

TABLE I. Parameters for positive parity nucleon resonanc
from Refs. @7,8#. The helicity amplitudeAl is given in units of
1023 GeV21/2. G(L) is in units of MeV1/2. The resonance mas
MR

J is in units of MeV.

N* MR
J A1/2 A3/2 G(1) PDG @12#

N 1
2

1 1540 4 — 20.3 P11(1440)!!!!

N 1
2

1 1770 13 — 4.2 P11(1770)!!!

N 1
2

1 1880 0 — 2.7

N 1
2

1 1975 212 — 2.0

G(1)

N 3
2

1 1795 211 231 14.1 P13(1720)!!!!

N 3
2

1 1870 22 215 6.1 P13(1900)!!

N 3
2

1 1910 221 227 1.0

N 3
2

1 1950 25 2 4.1

N 3
2

1 2030 29 15 1.8

G(3)

N 5
2

1 1770 238 56 6.6 F15(1680)!!!!

N 5
2

1 1980 211 26 1.3

N 5
2

1 1995 218 1 0.9 F15(2000)!!

G(3)

N 7
2

1 1980 21 22 2.4 F17(1990)!!

N 7
2

1 2390 214 211 4.9

N 7
2

1 2410 11 21 0.4

G(5)

N 9
2

1 2345 229 113 3.6 H19(2220)!!!!
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stituent quark model. Following Ref.@11# and neglecting the
real part of the mass shift, we then have

GJ~s!5G0
J r~q!

r~q0! S q

q0
D 2L

exp@2~q0
22q2!/L2#, ~5!

whereL is the orbital angular momentum of the consider
pN state and

r~q!5
qEN~q!Ep~q!

EN~q!1Ep~q!
. ~6!

In the above equations,q([uqu) is the pion momentum a
energyAs while the on-shell momentumq0 is evaluated at
As5MR

J . The energies are defined byEN(q)5AMN
2 1q2

and Ep(q)5AMp
2 1q2. Our choice of the total averag

width G0
J and cutoff parameterL for Eq. ~5! will be specified

in Sec. III.
By setting the photon momentum in thez direction, the

gN→N* amplitude (MgN→N* ) in Eq. ~4! can be calculated
from the helicity amplitudeAl listed in Ref.@7#:

MgN→N* ~k;mi ,lg ;J,MJ!5A2kAMJ
dMJ ,lg1mi

. ~7!

The N* →pN amplitude (MN* →N8p) takes the following
form @13#:

s TABLE II. Parameters for negative parity nucleon resonan
from Refs.@7,8#. The units are the same as in Table I.

N* MR
J A1/2 A3/2 G(0) PDG @12#

N 1
2

2 1460 176 — 14.7 S11(1535)!!!!

N 1
2

2 1535 154 — 12.2 S11(1650)!!!!

N 1
2

2 1945 112 — 5.7

N 1
2

2 2030 120 — 3.7

G(2)

N 3
2

2 1495 215 134 8.6 D13(1520)!!!!

N 3
2

2 1625 233 23 5.8 D13(1700)!!!

N 3
2

2 1960 136 243 8.2 D13(2080)!!

N 3
2

2 2055 116 0 6.2

N 3
2

2 2095 29 214 0.2

G(2)

N 5
2

2 1630 2 3 5.3 D15(1675)!!!

N 5
2

2 2080 23 214 5.1

N 5
2

2 2095 22 26 5.2 D15(2200)!!

G(4)

N 7
2

2 2090 234 128 6.9 G17(2190)!!!!

N 7
2

2 2205 216 14 4.0

G(4)

N 9
2

2 2215 0 11 2.5 G19(2250)!!!!
9-2
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MN* →N8p~q;mf ;J,MJ!

52pA 2MR
J

MNuq0u(mL
K LmL

1

2
,mfUJ mJL

3YLmL
~ q̂!G~L !~ uqu/uq0u!L f ~q,q0!, ~8!

whereq0 is the p meson momentum atAs5MR
J . Here we

also include an extrapolation factorf (q,q0)5exp@(q0
2

2q2)/L2# similar to that for defining the width, Eq.~5!.
By using the information in Refs.@7,8,13#, we can get the

helicity amplitudeAl of Eq. ~7! and partial-wave transition
strengthG(L) of Eq.~8! predicted by Capstick and Robert
The resulting values for the considered 30N* and 26D* are
listed in Tables I–IV.

III. RESULTS AND DISCUSSIONS

Our first task is to calculate the resonant amplitude
fined by Eqs.~4!–~8!. With the helicity amplitudeAl and
partial-wave transition strengthG(L) given in Tables I–IV,
this amplitude depends only on the choice of the total wi
G0

J and the cutoffL in Eqs.~5! and~8!. For simplicity, we set
L5650 MeV for all resonances considered. This value
close to what was determined in the investigation ofD
→pN @6#. The widths of the knownN* resonances listed in
@12# range from 200 to 400 MeV. We therefore take th
average value and setG0

J5300 MeV for all N* resonances
listed in Tables I and II. For a similar reason, we setG0

J

5120 MeV for the consideredD* resonances listed in

TABLE III. Parameters for positive parity delta resonances fro
Refs. @7,8#. The helicity amplitudeAl is given in units of
1023 GeV21/2. G(L) is in units of MeV1/2. The resonance mas
MR

J is in units of MeV.

D* MR
J A1/2 A3/2 G(1) PDG @12#

D 1
2

1 1835 231 — 3.9

D 1
2

1 1875 28 — 9.4 P31(1910)!!!!

G(1)

D 3
2

1 1232 108 186 10.4 P33(1232)!!!!

D 3
2

1 1795 30 51 8.7 P33(1920)!!

D 3
2

1 1915 13 14 4.2

D 3
2

1 1985 6 3 3.3

G(3)

D 5
2

1 1910 26 21 3.4 F15(1905)!!!!

D 5
2

1 1990 210 228 1.2 F35(2000)!!

G(3)

D 7
2

1 1940 233 242 7.1 F37(1950)!!!!

D 7
2

1 2370 233 242 1.5 F37(1950)!!!!

D 7
2

1 2460 24 30 1.1

G(5)

D 9
2

1 2420 0 0 1.2 H39

D 9
2

1 2505 0 0 0.4
04461
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TABLE IV. Parameters for negative parity delta resonanc
from Refs.@7,8#. The units are the same as in Table III.

D* MR
J A1/2 A3/2 G(0) PDG @12#

D 1
2

2 1555 81 — 5.1 S31(1620)!!!!

D 1
2

2 2035 20 — 1.2 S31(1900)!!

D 1
2

2 2140 4 — 3.1

G(2)

D 3
2

2 1620 82 68 4.9 D33(1700)!!!!

D 3
2

2 2080 220 26 2.2

D 3
2

2 2145 0 10 2.2

G(2)

D 5
2

2 2155 11 19 5.2 D35(1930)!!!

D 5
2

2 2165 0 0 0.6

D 5
2

2 2265 0 0 2.4

D 5
2

2 2325 0 0 0.1

G(4)

D 7
2

2 2230 14 24 2.1 G37

D 7
2

2 2295 0 0 1.8

G(4)

D 9
2

2 2295 214 217 4.8 G39

FIG. 1. The differential cross sections ofgN→pN reactions
calculated from the background amplitude defined by Eq.~9!
~dashed curves! and from theSAID amplitude ~solid curves! are
compared. The data were obtained from Ref.@15#.
9-3
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Tables III and IV. With these specifications, the reson
amplitude, Eq.~4!, can be computed with no adjustable p
rameters. Since the full amplitudeA(q,k) is taken from the
SAID program, the nonresonant~background! amplitudeA(bg)

for our investigation can then be fixed by

Am f,mi,lg

(bg) ~q,k!5Am f,mi,lg
~q,k!2 (

N* ,D*
@Amf ,mi ,lg

N* ~q,k!#.

~9!

With the background amplitude defined above, we th
use Eq.~2! to investigate the role of each resonance in
termining the resonance amplitude. In Fig. 1, we first o
serve that the differential cross sections~solid curves! calcu-
lated from the employedSAID amplitude agree well with the
available data. The dashed curves are obtained when th
fects due to all of the considered 56 resonance states
removed. We see that the nucleon resonance effects on
unpolarized differential cross sections are not very p
nounced. Furthermore, none of the considered resona
listed in Tables I–IV dominate the difference between
full calculation ~solid curves! and the background-only ca
culation ~dashed curves!. Obviously, it is not easy to inves
tigate the nucleon resonances by only considering the un
larized differential cross sections. This is similar to t
finding of Ref.@4# in an investigation ofv photoproduction.

FIG. 2. The single polarization observables:g asymmetry (S),
the target asymmetry (T), and the recoil asymmetry~P! at c.m.
angles 90° and 120°. The solid~dashed! curves are obtained from
using theSAID amplitude@the background amplitude defined by E
~9!#.
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We now turn to reporting our investigations of the pola
ization observables. Before discussing the double polar
tion observables, we show in Fig. 2 some typical results fr
our calculations of single polarization observables. As
pected, the effects due to nucleon resonances are much
visible here. Hopefully, these predictions can be tested in
near future when data from ongoing experiments becom
available.

To be more specific in our investigation of the doub
polarization observables, we focus on the most plausible
periments on beam-target and beam-recoil polarizations
fined below:

Czy
BT5

s (r ,y;U,U)2s (r ,2y;U,U)

s (r ,y;U,U)1s (r ,2y;U,U)
, ~10!

Czy
BR5

s (r ,U;y,U)2s (r ,U;2y,U)

s (r ,U;y,U)1s (r ,U;2y,U)
, ~11!

wheres (B,T;R,M ) is the cross sectionds/dV and the super-
scripts (B,T;R,M ) denote the polarizations of the beam, ta
get and recoil, meson, respectively.r corresponds to a circu
larly polarized photon beam with helicity11, 6y represents
the direction of the nucleon polarization, andU represents
the unpolarized particle. The coordinate system is cho

FIG. 3. The beam-target polarizationCzy
BT with photon helicity

5 11 at c.m. angles 90° and 120°. The solid~dashed! curves are
obtained from using theSAID amplitude@the background amplitude
defined by Eq.~9!#.
9-4



w

ce
o

g.
i

he
nd

re
on
il
th

e
w
io
he
-
a
th

full
IV.

tion

n
ld be
ri-
pro-
les
and
x-
re-

o

n-
by
n,

tio

e
ack-

NUCLEON RESONANCES WITH DOUBLE POLARIZATION . . . PHYSICAL REVIEW C65 044619
such that the incoming photon is in thez direction andx-z
plane is the reaction plane. Thus they direction is perpen-
dicular to the reaction plane.

We have performed extensive calculations of the t
double polarization observablesCzy

BT andCzy
BR in the energy

region 1.6 GeV,W,2.1 GeV. As expected, the resonan
effects are much more pronounced than what can be
served in Fig. 1 for the unpolarized cross section, and Fi
for the single polarization observables. This is illustrated
Fig. 3 for the beam-target polarization and Fig. 4 for t
beam-recoil polarization for two typical angles at 90° a
120°.

Our next task is to explore the favorable kinematic
gions where only one or just a limited number of nucle
resonances among the 56 considered resonance states w
dominant. We have found that at angles close to 120°
resonance effects on the beam-recoil polarization@Eq. ~11!#
are mainly due to the four-star resonancesN9/2

1 (2345) of
Table I andN7/2

2 (2090) andN9/2
2 (2215) of Table II, and the

two-star resonanceN3/2
2 (1960) of Table II. Furthermore, th

N3/2
2 (1960) state has the largest effect among about 50 t

star and missing resonances in this higher-energy reg
This is shown in Fig. 5. We see that by adding only t
two-starN3/2

2 (1960) to the calculation including only back
ground and three four-star resonances, the predicted be
recoil polarizations are shifted from the dashed curves to

FIG. 4. Same as Fig. 3 except for the beam-recoil polariza
Czy

BR .
04461
o
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dot-dashed curves which are close to the results from
calculations including all resonances listed in Tables I–
The investigation of the two-starN3/2

2 (1960) is clearly most
favorable in thegp→p1n channel.

Our results suggest that data on the double polariza
observables of pion photoproduction in the region 1.6<W
<2.1 GeV could be very useful in investigating nucleo
resonances. The experiments on these observables wou
complementary to other similarly motivated ongoing expe
ments on vector meson photoproduction and kaon photo
duction. Moreover, these double polarization observab
should be accessible at facilities such as Jefferson Lab
Spring-8. To end, we would like to mention that some e
perimental data on double polarization observables have
cently become available in thegp→p0p channel forW
.1.6 GeV @14#, but there are no data on the other tw
charged channels.
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FIG. 5. The beam-recoil polarizationCzy

BR with photon helicity
5 11 at c.m. angle 120°. The solid curves are from theSAID am-
plitude. The dashed curves are from the background amplitud1
four-star resonances. The dot-dashed curves are from the b
ground amplitude1 four-star resonances1 N3/2

2 (1960).
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