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N∗(1535) electroproduction at high Q2
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Abstract. A covariant spectator quark model is applied to study theγN → N∗(1535) reaction in
the largeQ2 region. Starting from the relation between the nucleon andN∗(1535) systems, the
N∗(1535) valence quark wave function is determined without the addition of any parameters. The
model is then used to calculate theγN → N∗(1535) transition form factors. A very interesting,
useful relation between theA1/2 andS1/2 helicity amplitudes forQ2 > 2 GeV2, is also derived.

Keywords: Covariant quark model,S11(1535) electroproduction, Helicity amplitudes
PACS: 12.39.Ki, 13.40.Gp, 14.20.Gk

INTRODUCTION

Study of the meson-nucleon reactions is one of the most important research topics
associated with modern accelerators like CEBAF at JeffersonLab, and defines new
challenges for theoretical models. Although the electroproduction of nucleon resonances
(γN → N∗) is expected to be governed by the interaction of quarks and gluons (QCD) at
very large momentum transfer squaredQ2, at present one has to rely on some effective
and phenomenological approaches such as effective meson-baryon models [1] at low
Q2, and/or constituent quark models [2, 3, 4] at moderate and large Q2, where meson
cloud effects are attenuated.

TheN∗(1535) resonance, identified as anS11 state, is particularly interesting among
the many experimentally observed nucleon resonances. It isthe chiral partner (JP =
1
2
−

) of the nucleon, and has strong decay channels for bothπN andηN. It has been
suggested thatN∗(1535) can be dynamically generated as aKΣ quasi-bound state [5,
6, 7]. But it was also argued that pure valence quark effects are important to explain its
electromagnetic structure [6]. Furthermore, theN∗(1535) resonance is also interesting
due to the closeness in its mass with that of the otherS11 state,N∗(1650), where both
states can be regarded as combinations of the quark core states of spin 1/2 and 3/2, and
the mass splitting is due to the color hyperfine interactionsbetween the quarks [4].

To describe theγN → N∗(1535) transition, we use a covariant spectator quark
model [8, 9, 10, 11]. The model has been successfully appliedfor studying the prop-
erties of nucleon [8, 10, 12],∆ [11, 13, 14, 15], higher resonances [2, 16, 17], and also
the electromagnetic transitions in the lattice QCD regime [9, 14, 18]. In the covariant
spectator quark model a baryon is described as a three-valence quark system with an
on-shell quark-pair (diquark) with massmD, while the remaining quark is off-shell and
free to interact with the electromagnetic fields. The quark-diquark vertex is represented
by a baryonB wave functionΨB that effectively describes quark confinement [8]. To
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represent the nucleon system, we adopt the simplest structure given by a symmetric and
anti-symmetric combination of the diquark states, combined to a relative S-state with
the remaining quark [8]:

ΨN(P,k) =
1√
2

[

Φ0
I Φ0

S+Φ1
I Φ1

S

]

ψN(P,k), (1)

whereΦ0,1
S [Φ0,1

I ] is the spin [isospin] state which corresponds to the diquark with the
quantum number 0 or 1. The functionψN is a scalar wave function which depends
exclusively on(P−k)2, whereP (k) is the baryon (diquark) momentum. TheN∗(1535)
state has the same isospin state but different spin state with that of the nucleon. The
N∗(1535) spin state can have P-states in the relative quark-diquark configuration and/or
in the diquark system. Assuming that the core spin 1/2 state is dominant [4] and a point-
like diquark (no internal P-states), one can represent theN∗(1535) wave function as

ΨS11(P,k) =
1√
2

γ5
[

Φ0
I Xρ −Φ1

I Xλ
]

ψS11(P,k), (2)

whereXρ andXλ are respectively the anti-symmetric and symmetric spin states with
respect to the exchange of the quarks 1 and 2, andψS11 is theN∗(1535) radial wave
function [2].

The scalar wave functionsψB(B = N,S11) are represented using the dimensionless
variableχB:

χB =
(MB−mD)2− (P−k)2

MBmD
, ψB(P,k) =

NB

mD(β1 + χB)(β2 + χB)
. (3)

Note that,χB contains a dependence on the baryon massMB that can beM for the
nucleon andMS for the N∗(1535). In the above equation,NB are the normalization
constants, andβ1 andβ2 are momentum range parameters that regulate the short and
long range behavior in position space. As we represent both the wave functions with
the same parameters forN andN∗(1535), they have the same form in the respective rest
frames, apart from the orbital angular momenta. This means that no extra parameters are
required to represent theN∗(1535) state. The analytic form (3), was chosen to reproduce
the asymptotic form predicted by pQCD for the nucleon form factors (GE,GM ∼ 1/Q4),
but also assures the expected pQCD behavior for theγN → N∗(1535) transition form
factors [2].

The constituent quark electromagnetic current in the modelis described by

jµ
I =

(1
6 f1+ + 1

2 f1−τ3
)

(

γµ − 6qqµ

q2

)

+
(1

6 f2+ + 1
2 f2−τ3

) iσ µνqν
2M

, (4)

whereτ3 is the isospin projection operator. To parameterize the electromagnetic structure
of the constituent quark in terms of the quark form factorsf1± and f2±, we adopt a vector
meson dominance-based parametrization [8, 9].

TheγN→S11 transition in the model is described by a relativistic impulse approxima-
tion in terms of the initialP− and finalP+ baryon momenta with the diquark (spectator)

212

Downloaded 09 May 2013 to 192.43.227.18. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissions



0 1 2 3 4 5 6 7 8
Q

2
(GeV

2
)

-0.25

-0.2

-0.15

-0.1

-0.05

0

F 1* (Q
2 )

CLAS data
MAID analysis
Dalton et al

0 1 2 3 4 5 6 7 8
Q

2
(GeV

2
)

-0.4

-0.2

0

0.2

0.4

F 2* (Q
2 )

CLAS data
MAID analysis
Dalton et al
EBAC (bare)

FIGURE 1. Model predictions for theγN → S11(1525) transition form factors (solid line) [2]. Left
panel: model forF∗

1 compared with the data. Right panel: model forF∗
2 compared with the data and an

estimate for the quark core contributions from EBAC [7]. Thedotted line indicate the zero line. Data are
from Refs. [19, 20, 21].

on-mass-shell [2, 3]:

Jµ = 3∑
Λ

∫

k
Ψ̄R(P−,k) jµ

I ΨN(P−,k),

= ūS(P+)

[(

γµ − 6qqµ

q2

)

F∗
1 (Q2)+

iσ µνqν
MS+M

F∗
2 (Q2)

]

γ5u(P−). (5)

In the first line the sum is over the diquark statesΛ = {s,λ}, wheres andλ = 0,±1
stand for the scalar diquark and the vector diquark polarizations, respectively, and

∫

k is a
covariant integral in the diquark momentum. The factor 3 is due to the flavor symmetry.
In the second line the transition form factorsF∗

1 andF∗
2 are defined independent of the

frame using the Dirac spinors of theS11 state (uS) and nucleon (u). The spin projection
indices are suppressed for simplicity.

RESULTS

The results for theγN → N∗(1535) transition form factors are [2]:

F∗
1 (Q2) =

1
2
(3 j1 + j3)I0(Q

2), F∗
2 (Q2) = −1

2
(3 j2− j4)

MS+M
2M

I0(Q
2), (6)

where j i = 1
6 fi+ + 1

2 fi−τ3 and j(i+2) = 1
6 fi+− 1

6 fi−τ3 (i = 1,2), andI0(Q2) the overlap
integral between the scalar wave functions that can be written in theN∗(1535) rest frame
as

I0(Q
2) =

∫

k

kz

|k|ψS11(PS11,k)ψN(PN,k), (7)

where the factorkz is due to theN∗(1535) P-state. The expression forI0 can be used to
define the applicable range of the model. In theQ2 → 0 limit we can writeI0(Q2) ∝ |q|,
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FIGURE 2. γN → S11(1525) helicity amplitudes [2] determined from the model for the form factors
with F∗

2 = 0 (dashed line). Data are from Refs. [19, 20, 21].

where|q| is the photon 3-momentum in theN∗(1535) rest frame, which is|q|= M2
S−M2

2MS
,

when Q2 = 0. As a consequenceI0(0) 6= 0, if MS 6= M, meaning that nucleon and

N∗(1535) states are not orthogonal [2]. In a regime where|q| = M2
S−M2

2MS
is very small,

one can regard thatI0(0) ≈ 0, and the model is valid. TakingQ2 ≫ |q|2 = 0.23 GeV2

one may assume that the states are orthogonal in the regionQ2 > 2.3 GeV2. In figures
we will present our results for the regionQ2 > 1 GeV2.

The results corresponding to the model are presented in Fig.1, and compared with
the CLAS and MAID data [19, 20], and also with an estimate for the valence quark core
contributions from EBAC [7]. The results of the experimental dataF∗

2 ≃ 0, for Q2 > 1.5
GeV2, are in contradiction with the results of the model. The simplest interpretation
of this discrepancy is that the valence quark effects are canceled by the meson cloud
contributions [2]. This interpretation is supported by EBAC [7] and effective chiral
meson-baryon models [6, 22]. We use then the resultF∗

2 = 0 in the calculation of the
helicity amplitudesA1/2 andS1/2. The results are presented in Fig. 2.

The direct consequence of the resultF∗
2 = 0 is the relation [3]

S1/2 = −
√

1+ τ√
2

M2
S−M2

2MSQ
A1/2, (8)

whereτ = Q2

(MS+M)2 , which holds forQ2 > 1.8 GeV2 [when|q| ≃ Q
√

1+ τ ]. We can see
that the relation (8) is consistent with the data using our result for A1/2, and it is also
valid for the MAID parametrization [20] forA1/2 andS1/2 amplitudes [3]. The test for
MAID is presented in the left panel of Fig. 3. Finally, we lookthe asymptotic behavior
in Q2 for A1/2 and compare with the data. Our result and the data are consistent with the
1/Q3 behavior, apart from a small logarithmic correction (see the right panel of Fig. 3).

In conclusion theγN → N∗(1535) reaction is a very interesting reaction from the
constituent quark model perspective. The quark degrees of freedom are sufficient to
explain theF∗

1 data, but insufficient to explain theF∗
2 data for largeQ2. Extracted data

F∗
2 = 0 for largeQ2, leads to a very interesting relation between theS1/2 andA1/2 helicity

214

Downloaded 09 May 2013 to 192.43.227.18. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissions



0 1 2 3 4 5 6 7 8
Q

2
(GeV

2
)

-30

-20

-10

0

S 1/
2 (

10
-3

G
eV

-1
/2
)

CLAS data
MAID fit
Scaling (MAID)

MAID

1 10 100
Q

2
(GeV

2
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Q
3 A

1/
2 (

G
eV

5/
2 )

CLAS data
Dalton et al

FIGURE 3. Left panel: Test of the relation (8) using the MAID parametrization forA1/2 (dotted line)
compared with theS1/2 parametrization (solid line). Right panel: Comparison of the asymptotic behavior
of the model forA1/2 (dashed line) compared with the data [19, 21].

amplitudes given by Eq. (8). When interpreted in terms of the valence quark and the
meson cloud excitation effects, Eq. (8) is the consequence of the cancellation between
the two effects. Accurate data forA1/2 andS1/2 for Q2 > 2 GeV2, are necessary to test
the relation (8) and clarify this point. Efforts from quark models, dynamical coupled-
channel models, chiral effective models, QCD sum rules [23],and lattice QCD, are
welcome in order to interpret theγN → N∗(1535) reaction data.
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