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Single quark transition model analysis of electromagnetic nucleon resonance excitations
in the †70, 1À‡ supermultiplet
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We apply the single quark transition model to resonance transition amplitudes extracted from photo-
production and electroproduction data. We use experimental data on theS11(1535) andD13(1520) nucleon
resonances to extract the amplitudes for the electromagnetic transition from the nucleon ground state@56, 01#
to the@70, 12# supermultiplet, and make predictions for the transition amplitudes of all other states associated
with the @70, 12#. We compare the predictions with data and find surprisingly good agreement. The compari-
son is hampered by the poor data quality for many of the states especially in the electroproduction sector.

DOI: 10.1103/PhysRevC.67.035204 PACS number~s!: 13.60.Le, 13.88.1e, 14.4.0Aq
d
so
co

d
ng

a
e

tr

en
o

to
or
a
y

ee

s

re
n
om
ph

tia
m

ur
-

ed

the
ame

of
tip-
in

ng
but
r-
ay
nd
ter-
ro-
ou-
nce
en-
re

pho-
M
nts
ing
sing
the
-
of

gle
the

on
pin
I. INTRODUCTION

Resonance excitation of protons and neutrons is a fun
mental phenomenon of strong QCD. Descriptions of re
nance excitations have made use of a broad range of
stituent quark models to describe the excitation ofs-channel
baryon resonances. These models are often based on
proximate SU(6)̂ O(3) symmetry for the spin-flavor an
orbital excitations. This symmetry is broken by introduci
additional interactions such as the one-gluon exchange@1# or
Goldstone boson exchange between the constituent qu
@2#, leading to the breaking of mass degeneracies betw
states belonging to the same supermultiplet@SU(6),LP#,
whereLP characterizes the orbital angular momentumL and
parity P of the three-quark system. The effects of symme
breaking on the masses are typicallyO~150 MeV!.

The early successes of the non-relativistic constitu
quark model in approximately describing many aspects
hadron properties, as well as of nucleon structure, led
broad application in electromagnetic interaction. Much eff
has gone into describing resonance transition amplitudes
form factors @3#. While a reasonable description of man
photocoupling amplitudes of low mass states has b
achieved, with the Roper resonanceP11(1440) being a no-
table exception, a persistent problem in these calculation
the description of theQ2 evolution of the transition form
factors based on quarks with pointlike couplings. This
flects our lack of a full understanding of the concept of co
stituent quarks versus the distance scale probed. S
progress has been made in recent years by introducing
nomenological form factors for the constituent quarks@4#,
and by going beyond the simple harmonic oscillator poten
@5#. A promising approach has been taken recently in e
ploying the field correlator method in calculating nonpert
bative quark dynamics in baryons@6#. In this approach, con
0556-2813/2003/67~3!/035204~8!/$20.00 67 0352
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stituent quark masses are generated dynamically.
In the approximation that only a single quark is affect

in the transition@single quark transition model~SQTM!#,
simple relationships can be derived for excitations from
ground state nucleon to states assigned to the s
@SU(6),LP# supermultiplet of the SU(6)̂ O(3) symmetry
group @7–9#. Knowledge of only a few amplitudes from
states within the same supermultiplet allows predictions
amplitudes for all other states within the same supermul
let. In this analysis we will assume factorization of the sp
and spatial transition matrix elements. SU(6)^ O(3) sym-
metry breaking is accommodated by introducing mixi
angles for states with the same spin, parity, and flavor,
different quark spinsS3q51/2,3/2. We use previously dete
mined mixing angles from the analysis of hadronic dec
properties@23,24#. Resonance photocoupling amplitudes a
their Q2 dependences, including their signs, have been de
mined in analyses of pion photoproduction and electrop
duction experiments taking into account the hadronic c
plings as extracted from the analyses of hadronic resona
production. We use the signs as published which, by conv
tion, are fixed relative to the pion Born amplitudes that a
included in the analyses aimed at extracting resonance
tocouplings. Analysis of these amplitudes within the SQT
provides information on the consistency of the ingredie
obtained from hadronic interactions such as the mix
angle. The adopted mixing angles can be further tested u
theQ2 dependence of the amplitudes for the transition to
S11(1650) andD13(1700) states. Deviations from the pre
dicted Q2 dependences may indicate possible violations
the SQTM assumptions. SU(6) symmetry and the sin
quark transition assumption may be further tested with
predictions for other states in the@70, 12# supermultiplet.

Experimentally, electromagnetic excitation of nucle
resonances~we use nucleon resonances here for both isos
©2003 The American Physical Society04-1
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1/2 and isospin 3/2 nonstrange baryons!, have been studied
mostly using single pion or eta production. With the new a
precise photoproduction data which have been collecte
MAMI @10#and GRAAL @11#, and with the new photopro
duction and electroproduction data from JLab@12–17#, this
field is seeing a vast improvement in data volume and pr
sion, and much more is expected in various reaction chan
for the near future. It is therefore timely to revisit some
the earlier attempts at coming to a more quantitative und
standing of electromagnetic resonance excitations.

This paper is organized as follows. In Sec. II we defi
kinematical quantities and the formalism. In Sec. III w
briefly review the single quark transition model assumptio
and summarize the model predictions. In Sec. IV we rev
the existing photoproduction and electroproduction data
Sec. V we present predictions for the transition amplitude
the @70, 12#1 supermultiplet and compare with the availab
data. Finally we discuss the results in Sec. VI.

II. FORMALISM

The inclusive electron scattering cross section is given

1

GT

ds

dVdE8
5

1

2
~sT

1/21sT
3/2!1eLsL , ~1!

whereGT is the virtual photon flux,eL describes the degre
of longitudinal polarization of the photon,sT

1/2 is the total
transverse absorption cross section with helicity 1/2 for
photon-nucleon system, andsT

3/2 is the helicity 3/2 cross sec
tion. sL is the total cross section for the absorption of
longitudinal photon. In the following we will focus on th
transverse part of the cross section as there are insuffic
data available for a systematic study of the longitudinal c
plings of nucleon resonances.

In the nucleon resonance region it is convenient to exp
the cross section for a specific production channel in term
partial wave helicity elements. For example, in single p
photoproductiongp→pN these are given by

sT
1/25

8pq

k (
n50

`

~n11!~ uAn1u21uAn11,2u2!, ~2!

sT
3/25

8pq

k (
n50

`
1

4
@n~n11!~n12!#~ uBn1u21uBn11,2u2!,

whereq andk are, respectively, the pion and photon cent
of-mass momenta calculated atQ250,

k5
W22M2

2W
, ~3!

and

q5A@W22~mp
2 2M2!#24W2mp

2

2W
, ~4!

andAl 6 andBl 6 , with (l 5n, n11), are the transverse pa
tial wave helicity elements for the pion orbital angular m
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2 and 3

2, respectively. Thel 6 indicates
if the total resonance spin is given byJ5 l 6 1

2 , 6 1
2 being

the nucleon helicity in the initial state. These elements
extracted from the experimental data using partial wa
analysis techniques.

For a specific resonance the transverse total photoabs
tion cross section can be expressed as a function of the tr
verse photocoupling helicity amplitudes

sT
res5

2M

WRG

1

2
~A1/2

2 1A3/2
2 !, ~5!

whereWR is the resonance mass, andG the total width.
The A1/2, A3/2 are related to the partial wave helicity e

ements in the following way:

Al 657 f CpN
I A1/2, ~6!

Bl 656 fA 16

~2 j 21!~2 j 13!
CpN

I A3/2,

where

f 5A 1

~2 j 11!p

k

q

M

WR

Gp

G2
. ~7!

CpN
I are Clebsch-Gordan~CG! coefficients describing the

projection of a resonant state of isospinI into the final state
pN ~see Table I!. TheAl 6 , Bl 6 can be determined directly
from experimental data. Using information from hadron
reactions, the photocoupling helicity amplitudesA1/2 and
A3/2 can then be determined. In the following sections
will use these amplitudes to describe the resonance trans
to specific states, and give the connection to the SQTM a
plitudes.

III. SINGLE QUARK TRANSITION MODEL

Properties of nucleon resonances such as mass, s
parity, and flavor fit well into the representation of th
SU(6)^ O(3) symmetry group, which describes the sp
flavor and orbital wave functions of the three-quark syst
@9#. This symmetry group leads to supermultiplets of bary
states with the same orbital angular momentumL of the
three-quark system and degenerate energy levels. With
supermultiplet the quark spins are aligned to form a to

quark spinS5 1
2 , 3

2 , which combines with the orbital angu
lar momentumL to the total angular momentum. A larg
number of explicit dynamical quark models have been dev
oped to describe the electromagnetic transition between
nucleon ground state and its excited states@5,18,19#. Mea-

TABLE I. CG coefficients.

I p1n p0p

1
2 2A 2

3 1A 1
3

3
2 2A 1

3 2A 2
3

4-2
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surement of resonance transitions and the dependence o
distance scales, given by the virtualityQ2 of the photon,
provides information on the nucleon wave function. In ord
to compute the transition, assumptions on the three-qu
potential and the quark-quark interactions have to be ma
These are then tested by predicting photocoupling heli
amplitudes which can then be confronted with experimen
data.

In this paper we use algebraic relations derived in
literature for resonance transitions assuming the transi
only affects a single quark in the nucleon. The parameter
these algebraic equations are then determined from ex
mental analysis. Based on the symmetry properties of
SQTM, predictions for a large number of resonance tran
tions can then be made.

The fundamentals of the SQTM have been described
references@7,8#, where the symmetry properties have be
discussed for the transition from the ground state nucl
@56, 01# to the @70, 12# and the@56, 21# supermultiplets.
The@70, 12# contains states which are prominent in elect
magnetic excitations, and it is the only supermultiplet
which sufficient data on resonance couplings of two sta
are available to extract the SQTM amplitudes and test p
dictions for other states.

The coupling of the electromagnetic current is conside
for the transverse photon component, and the quarks in
nucleon are assumed to interact freely with the photon. It
been discussed extensively in the literature@7–9# that in such
a model the quark transverse current can be written in g
eral as a sum of four terms

J15AL11Bs1Lz1CszL
11Ds2L1L1, ~8!

wheres is the quark Pauli spin operator, and the terms w
A, B, C, D in front operate on the quark spatial wave fun
tion changing the component of orbital angular moment
along the direction of the momentum transfer (z axis!. TheA
term corresponds to a quark orbit flip withDLz511, termB
to a quark spin flip withDLz50, theC andD terms corre-
spond to simultaneous quark orbit and quark spin flip w
orbital angular momentum flips ofDLz511 and DLz
512, respectively. For the transition from the@56, 01# to
the @70, 12# supermultiplet withL51, only A, B, and C
are allowed. We limit our discussion to the@70, 12# super-
multiplet as there is currently insufficient experimental info
mation available to extract the SQTM amplitudes for tran
tions to other supermultiplets.

For the simplest nonrelativistic constituent quark mo
@20,21#, only the orbit flip (A) and spin flip (B) operators are
nonzero, showing the incompleteness of these descripti
The algebraic relations for resonance transitions deri
from symmetry properties of the SQTM are given in Sec.
Knowledge of three amplitudes and of two mixing angles
the transition to the@70, 12# allows predictions for 16 am
plitudes of states belonging to the same supermultiplet
they can be confirmed for some of the amplitudes, we hav
measure of the degree to which electromagnetic transit
of nucleon resonance are dominated by single quark tra
tions at the photon point (Q250) and, using electroproduc
03520
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tion data, examine if and how this is changing as a funct
of the distance scale at increasing photon virtuality.

To present the experimental data we will use the qu
electric and magnetic multipoles of Cottingham and Dun
@7#. They provide direct physical insight into the resonan
transition, and also allow simple parametrizations. T
A, B, C are simply linear combinations of the quark mul
poles. For the@70, 12# multiplet these relations are given b

A5K32A3e11,

B52K3~A6m112A6m12!, ~9!

C5K3~A6m111A6m12!,

where

K5
e

2

1

AM ~W22M2!
. ~10!

Similar relations have been derived for the transition fro
the ground state@56, 01# to the@56, 21# supermultiplet. In
this case all four SQTM amplitudes contribute which, due
the lack of data, currently cannot be determined unambi
ously. We will, therefore, not discuss the transitions to th
multiplet here. However, new data from JLab, covering
more limitedQ2 range in two-pion electroproduction@17#,
may allow determination of several states in@56, 21# in the
future.

Violation of SU(6) selection rules. SU(6) symmetry re-
sults in selection rules for transitions to some of the state
the @70, 12# multiplet. For example, electromagnetic trans
tions from proton targets to states in theN4 quadruplet with
quark spin3

2 are not allowed by the Moorhouse selection ru
@22#. SU(6) symmetry is, however, broken due to config
ration mixing between various baryon states. Mixing is na
rally explained as a results of color hyperfine interaction
tween quarks@1# or due to Goldstone boson exchanges@2#.
We take these effects into account in the usual way by in
ducing mixing angles for two of the configurations asso
ated with the@70, 12# multiplet. Mixing is present for the
N2 and theN4 nucleon states. The12

2 states are mixed with
an angle of'31°, estimated from hadronic decay properti
@23,24#, leading to the physical states:

uS11~1535!&50.85UN2,
1

2

2 L 20.53UN4,
1

2

2 L ,

~11!

uS11~1650!&50.53UN2,
1

2

2 L 10.85UN4,
1

2

2 L ,

where theuN2, 1
2

2& and uN4, 1
2

2& correspond to the nucleo
doublet and quadruplet with quark spin12 and 3

2 , respec-
tively. A much smaller mixing has been observed for t

uN2, 3
2

2& and uN4, 3
2

2& states, with a mixing angle of'6°,
leading to
4-3
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uD13~1520!&50.99UN2,
3

2

2 L 20.11UN4,
3

2

2 L ,

~12!

uD13~1700!&50.11UN2,
3

2

2 L 10.99UN4,
3

2

2 L .

As mentioned above, in the SQTMuN4, 1
2

2&5uN4, 3
2

2&
50 for proton targets. However, due to the large mixi
angle for the1

2
2 states, the SQTM predicts a sizable exci

tion of the S11(1650), while theD13(1700) should only be
weakly excited from proton target. TheD15(1675) cannot
mix with any other state, and thus cannot be excited fr
proton targets with the SQTM approach.

IV. EXPERIMENTAL HELICITY AMPLITUDES

The test of the SQTM predictions was performed inclu
ing all photoproduction data and all electroproduction d
from proton targets presently available. We did not inclu
electroproduction data from neutron targets as the data q
ity is too poor for a meaningful comparison with our pred
tion. The resonance helicity amplitudes at the photon po
were taken from the Particle Data Group@25#. This compi-
lation already combines the outcomes of various analy
such as the ones of Refs.@26–29#. Electroproduction data on
the helicity amplitudes are more sparse and available o
for the most prominent states. In this analysis we includ
data from Bonn@30#, DESY @31#, NINA @32#, and JLab
@13,14#. A compilation of the results obtained at Bon
03520
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d
DESY, and NINA for p and h electroproduction can be
found in Ref.@33#. In addition to the outcomes of the origina
analysis, we also included the results obtained in the anal
of Ref. @34,35# and the results of the world data analysis

TABLE II. Helicity amplitudes of the@70,12# multiplet on a
proton target as a function of the quark multipolese11, m11, and
m12.

State Amplitude f 1 f 2 f 3

S11(1535) A1/2 A 1
3 cos31° 2A 2

3 cos31°

D13(1520) A1/2 A 1
6 cos6° A 1

12cos6° 2A 3
4 cos6°

A3/2 A 1
2 cos6° 1

2 cos6° 1
2 cos6°

S11(1650) A1/2 A 1
3 sin31° 2A 2

3 sin31°

S31(1620) A1/2 A 1
3 A 2

27

D15(1675) A1/2

A3/2

D13(1700) A1/2 A 1
6 sin6° A 1

12sin6° 2A 3
4 sin6°

A3/2 A 1
2 sin6° 1

2 sin6° 1
2 sin6°

D33(1700) A1/2 A 1
6 2

1

2A27
A 1

12

A3/2 A 1
2 2

1
6 2

1
6

rk
TABLE III. Helicity amplitudes of the@70,12# multiplet on a neutron target as a function of the qua
multipolese11, m11, andm12.

State Amplitude f 1 f 2 f 3

S11(1535) A1/2 2A 1
3 cos31° A 2

27cos31°2A 2
27sin31°

D13~1520! A1/2 2A 1
6 cos6° 2

1

2A27
cos6°1 1

2A 10
27sin6° A 1

12cos6°1A 1
30sin6°

A3/2 2A 1
2 cos6° 2

1
6cos6°1

A10

6
sin6° 2

1
6cos6°2 1

3

1

A10
sin6°

S11~1650! A1/2 2A 1
3 sin31° A 2

27sin31°2A 2
27cos31°

S31(1620) A1/2 A 1
3 A 2

27

D15(1675) A1/2 2
1

2A27
2A 2

15

A3/2 2
1
6 2A 4

15

D13(1700) A1/2 2A 1
6 sin6° 2

1

2A27
sin6°2 1

2A 10
27cos6° A 1

12sin6°2A 1
30cos6°

A3/2 2A 1
2 sin6° 2

1
6sin6°2

A10

6
cos6° 2

1
6sin6°1 1

3

1

A10
cos6°

D33~1700! A1/2 A 1
6 2

1

2A27
A 1

12

A3/2 A 1
2

2
1
6 2

1
6

4-4



n

he
n

fo
t
t

-

t
ee

c

re

s,

ci-
e
be

rk

sual

i-

a

th
th

ES
ur
nd
th

of
for

SINGLE QUARK TRANSITION MODEL ANALYSIS OF . . . PHYSICAL REVIEW C 67, 035204 ~2003!
h electoproduction at theS11(1535) mass presented i
Ref. @14#.

V. SQTM FIT FOR THE †70, 1À‡ MULTIPLET

As discussed in Sec. III, the helicity amplitudes of all t
states that belong to@70, 12# multiplet can be expressed i
terms of three SQTM amplitudes at fixedQ2, and the mixing
angles obtained from hadronic resonance decays. There
three experimentally measured amplitudes are sufficien
determine completely the transition from the ground state
this multiplet at fixedQ2. For further analysis it is conve
nient to use the quark multipole momentse11, m11, andm12

introduced in Ref.@7#. They provide direct physical insigh
and allow simple parametrizations. The relations betw
these quantities and the resonance helicities amplitudes
be written as

A1
2 ,

3
2
5KF f 1

2 ,
3
2

1
m121 f 1

2 ,
3
2

2
e111 f 1

2 ,
3
2

3
m11G . ~13!

The coefficientsf 1/2,3/2
i for proton and neutron targets a

summarized in Tables II and III.

FIG. 1. Extracted quark multipoles as a function of the equ
velocity-frame momentum transfer for the@70, 12# multiplet. The
shaded band shows the fit results. Their width accounts for
uncertainty on the experimental points. In the first two graphs,
open squares have been obtained from the Bonn, NINA, and D
data, while the full circles are based on the new JLab meas
ments. In the third plot, all the data are from the Bonn, NINA, a
DESY measurements. Only the full points were used to derive
quark multipoles parametrization.
03520
re
to
o

n
an

To investigate theQ2 dependence of the quark multipole
the equal velocity frame~EVF! was chosen. In this frame
the initial and final hadrons have equal and opposite velo
ties resulting in minimal relativistic corrections. Th
four-momentum transfer in the equal velocity frame can
written as

qEVF
2 5

W22M2

4WM
1Q2

W21M2

4WM
. ~14!

In order to allow for a simple parametrization of the qua
multipoles we separate out a common form factor in theQ2

dependence of the resonance excitation. We used the u
dipole form

F~qEVF
2 !5~11qEVF

2 /0.71!22. ~15!

The quark multipoles were then written as

e115ẽ11F~qEVF
2 !,

m115m̃11F~qEVF
2 !, ~16!

m125m̃12F~qEVF
2 !,

where ẽ11, m̃11, and m̃12 are called reduced quark mult
poles. The helicity amplitudes for theS11(1535) and

l-

e
e
Y
e-

e

FIG. 2. Single quark transition amplitudesA, B, C for the
@70, 12# multiplet. The shaded band shows the result of the fit
the reduced quark multipoles. The width of the band accounts
the uncertainties of the experimental data.
4-5
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FIG. 3. Single quark model
prediction for the@70, 12# mul-
tiplet on the proton. The SQTM
predictions are shown by the
shaded band in comparison wit
the experimental data. AtQ250
the full circle is the Particle Data
Group estimate. ForQ2.0, mea-
surements from JLab, Bonn
DESY, and NINA in h and p
electroproduction are shown. Fo
the S11(1535), the results of an
analysis of the world data inh
electroproduction presented i
Ref. @14# are also included.
s
ti-
ul
a
id
T
fo
D13(1520) resonances, which are the best known state
the @70, 12# multiplet, were used to derive the quark mul
poles from the experimental data. The reduced quark m
poles were then fitted to a smooth curve. The fit results
shown by the shaded band in Fig. 1, where the band w
accounts for the uncertainty of the measured amplitudes.
central values of the band can be written analytically as
lows (qEVF

2 ,4GeV2):
03520
of

ti-
re
th
he
l-

ẽ1152.6711.10qEVF
2 20.21qEVF

4 ,

m̃1151.3224.51qEVF
2 20.10qEVF

4 , ~17!

m̃12521.3419.20qEVF
2 23.39qEVF

4 10.34qEVF
6 .
h

FIG. 4. Single quark model
prediction for the@70, 12# mul-
tiplet on the neutron. The SQTM
predictions are shown by the
shaded band in comparison wit
the experimental data. AtQ250
the full circle is the Particle Data
Group estimate.
4-6
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TheqEVF
6 term was added as them̃12 multipole shows a more

complicated dependence onqEVF than the other multipoles
The quark multipole moments were then used to evaluate
SQTM prediction for all the states of the@70, 12# multiplet.
The results are shown in Figs. 2–4, where the SQTM p
dictions represented by the shaded bands are compared
the data. We do not show predictions for theD15(1675) on
the proton as the state cannot mix and its amplitudes
predicted to be zero.

VI. DISCUSSION

Comparison of the SQTM predictions with the data sho
globally good agreement with the sparse data indicating
the model accounts for the main features of the excitation
the @70, 12# for Q2<1 GeV2. We find that for states for
which the signs of the amplitudes are known they are c
rectly predicted by the SQTM analysis. There is also qu
titative agreement for most amplitudes at the photon po
and for amplitudes where good data on theQ2 evolution are
available, e.g., for theS11(1650) on the proton, excellen
agreement is seen as well. The SQTM predictions, usin
31° mixing angle agree both in magnitude at the pho
point, as well as with theQ2 dependence. We take this as
confirmation of the adopted mixing angle, and as an indi
tion that the SQTM works at a reasonable level for this sta
Good agreement is also seen at the photon point for m
other states. The poor quality of the electroproduction d
for all other states does not allow drawing more definit co
clusions.

In the case of the neutron states, both of theD13(1700)
amplitudes, as well as theD13(1520) amplitudes, agree ver
well with the predicted ones at the photon point, while the
are no electroproduction data available. Similarly, bo
D15(1675) amplitudes are in good agreement with the p
toproduction data. This may be interpreted as a more di
rts
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confirmation of the SQTM assumptions as the latter stat
not affected by mixing.

In the case of theD33(1700), the very large value ofA1/2
at Q250.5 GeV2 is likely unphysical, as it would produce
prominent enhancement in the inclusive cross section, wh
is not seen in the data. TheQ251 GeV2 points are in dis-
agreement with each other, while their average agrees
our prediction. A similar discrepancy between two data s
is seen for theQ251 GeV2 points of theS31(1620). Our
prediction agrees with one of them. Given such system
uncertainties in the electroproduction data we conclude
the SQTM predictions for the electromagnetic transiti
from the nucleon ground state to the@70, 12# supermultiplet
compare favorably with the available data. Obviously, mu
improved data are needed for more stringent tests of
model assumptions. It will be very interesting to see if a
where the SQTM predictions break down. Such a breakdo
could be due to nonquark contributions at lowerQ2, for
example pion cloud effects. Such effects are currently be
studied@36#. It may also indicate sizable multiquark trans
tions.

Additional experimental information on at least one sta
in the @56, 21# supermultiplet, e.g., theP13(1720), is
needed to uniquely extract the SQTM amplitudes for t
supermultiplet. The main reason for the lack of data
states in the@70, 12# and @56, 21# supermultiplets is that
many states couple only weakly to theNp channel, the main
source of information on resonance excitations. Most sta
have rather strong couplings to theNpp channels. These
channels are currently being studied in several experim
at JLab, GRAAL, and ELSA. Recent measurements of tw
pion electroproduction at JLab may give access to sev
other states assigned to the@56, 21# supermultiplet. This
will allow more stringent tests of the SQTM predictions th
are currently possible. No photoproduction or electroprod
tion data exist for any of the higher supermultiplets.
ys.
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