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Valence quark contributions for the yN — P;;(1440) form factors
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Using a covariant spectator quark model we estimate valence quark contributions to the Fj(Q?) and
F;(Qz) transition form factors for the yN — P;;(1440) reaction. The Roper resonance, P;(1440), is
assumed to be the first radial excitation of the nucleon. The present model requires no extra parameters
except for those already fixed by previous studies of the nucleon. Our results are consistent with the
experimental data in the high Q7 region, and those from lattice QCD. We also estimate the meson cloud
contributions, focusing on the low Q? region, where they are expected to be dominant.
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L. INTRODUCTION

The structure of the P;;(1440) resonance, which will be
referred to as ““the Roper” in this article, has been a long-
standing mystery. Its mass and large width are difficult to
understood in a framework of quark models [1-4]. The
decay branches imply that it is a mixture of 7N and w7 N
states (dominated by the mixture of 77A and o'N channels).
Recently, the precision data from CLAS at JLab [5] (single
and double pion electroproduction), and a global analysis
from MAID [6,7] in the region Q> = 6 GeV? have become
available. The extracted yN — P,;(1440) helicity ampli-
tudes can give hints on the internal structure of the Roper.
Indeed, the amplitudes (and the transition form factors)
extracted from the experiments, turned out to show a
surprising Q° dependence.

In a simple quark model picture, the Roper can be
regarded as the first radial excitation of the nucleon.
Recent experimental data at large Q® [5,6] support this
picture [4,5,8,9]. In the high Q7 region (Q* > 2 GeV?) the
data is consistent with the predicted Q° dependence of
relativistic constituent and light-front quark models
[4,5,8]. These models, however, fail to explain the lower
Q? data, particularly at the photon point, Q> = 0. This
discrepancy has been interpreted as a manifestation of
the missing meson cloud effects in the models [4,8—10].
Unfortunately, the magnitude of the meson cloud contri-
butions is less constrained, and they are more model de-
pendent than the valence quark contributions, which are
dominant at larger Q%. (In general, the meson cloud con-
tributions are expected to fall as Q? increases.) In this
study, we estimate the meson cloud contributions using a
covariant spectator constituent quark model which is con-
sistent with the large Q7 region data of the CLAS. The
present model requires no extra parameters except for
those already fixed by the previous studies for the nucleon
[11].

The yN — P;,(1440) transition amplitudes have been
studied in several ways: treating the Roper as a quark-
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gluon system [12], a pure valence quark system [4,13—-18],
and a valence quark system dressed by ¢g pairs [19-23].
Relativity has proven to be very important, not only for a
large Q?, but also for the region Q* ~ 0. It may even decide
the sign of the amplitudes near Q% = 0 [4,5,13,14]. The
nucleon to Roper transition amplitudes have been also
studied using dynamical baryon-meson coupled-channel
models. They usually treat the baryons and mesons as
effective degrees of freedom, and the baryons are dressed
with a meson cloud nonperturbatively. (For details, see,
e.g., Refs. [10,24-32] and a review [33].) The nonvalence
quark degrees of freedom was also introduced by coupling
the pion and other meson fields to the valence quarks [34—
36]. The yN — P,;(1440) transition was also studied in
lattice QCD [37].

In this study we compute the yN — P,;(1440) transition
form factors using a valence quark model based on the
covariant spectator formalism [38]. Relativity is imple-
mented consistently. In this model a baryon is described
as a quark-diquark system, where the diquark has all
possible polarizations (spin state O or 1) and acts as a
spectator. The isolated quark in the baryon interacts with
the photon in the impulse approximation. The model has
been applied successfully for the studies of spin 1/2 and
spin 3/2 low-lying baryons [11,39-44]. We assume that the
Roper is the first radial excitation of the nucleon, which
also ensures that it is orthogonal to the nucleon (valence
quark) state. Using a model with no extra new adjustable
parameters, we compute the Q> dependence of the transi-
tion form factors. We find an excellent agreement with the
data [5,6] in the high Q? region. Furthermore, we extend
the model to a lattice QCD regime and compare with the
lattice data for a large pion mass (m, = 720 MeV), and
find also a good agreement, particularly in the low Q2
region, Q> < 1 GeV?. Note that under the two conditions,
high Q? and lattice simulations with heavy pions, meson
cloud effects are expected to become small or negligible
[45]. The two agreements mentioned above, support that
the present model can describe well the valence quark
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contributions. Encouraged by the successful features of the
model, we estimate the meson cloud contributions focusing
on the low Q? region.

This article is organized as follows: In Sec. II, general
relations among the current, helicity amplitudes, and tran-
sition form factors are given. Formalisms, wave functions,
and explicit expressions for the transition form factors are
presented in Sec. III. In Sec. IV, numerical results are
presented, and a comparison is made with the lattice simu-
lation data. Furthermore, meson cloud contributions are
estimated in the present approach. Finally, discussions and
conclusions are given in Sec. V.

II. HELICITY AMPLITUDES AND FORM FACTORS

The electromagnetic transition between a nucleon (mass
M) and a spin 1/2 positive parity nucleon resonance N*
(mass M) can be written using the Dirac F7 and Pauli F;
type form factors, defined by the current [7],

o
g = e (v - ’{;’ BN + e P e,
(M

where, ugp (1) is the N* (nucleon) Dirac spinor, P, (P_) is
the final (initial) momentum and ¢ = P, — P_. Spin pro-
jection indices are suppressed for simplicity.

Usually, experimental data measured for hadron electro-
magnetic structure are reported in terms of the helicity
amplitudes in a particular frame. The most popular choice
is the rest frame of the final state, projecting the current on
the photon polarization states, sﬁf , where A = 0, * is the
photon spin projection. In the N* rest frame, the helicity
amplitudes, A, , and S /,, are given by [4,7,8]:

1 1
2y — _ * _
Aya(0Y) Ke<N,+2

1
8+‘J|N)_§>J (2)

1 1
$1200) = K (N4

lql
5 |e0- |N+ > 3)

Q-

Here, e = /47« is the magnitude of the electron charge
with a =~ 1/137, and

2o
X = , 4
X €Y}
with K = M
rest frame,
yoio2
¥y"= 5
lql M, 5
where Q% = (Mg = M)? + Q?, with Q?> = —¢°.

The helicity amplitudes, A;/, and S, ,,, can be related
with the form factors F| and F; via Eqgs. (1)-(3) [4,7.8]:
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A2 = R{F}(0) + F3(0%), ©)

§12(0) = %Iql Me 2 M g0 - er302, )
where 7 = -0 and

o} ®

Note that the amplitude §;,, is determined by virtual
photons and not specified at Q% = 0, but obtained only in
the limit Q> — 0. In this case, one has

A;»(0) = RF3(0), 9
$1/2(0) = J_<MR + M)K{jg; (0) - (M:Z%} (10)

The inverse relations for Fi(i = 1,2) in terms of the
helicity amplitudes are

Fi(Q?%) = R T, {A1/2(Q ) + \/_MR - MS1/2(Q2)},
(11)
F3(0%) = % {Al/z(Q ) — \/-Mqul MTSl/z(Q )}

12)

If the amplitudes A/, and S,,, are finite at 0*=0,
Eq. (11) implies that

F;(0) = 0. (13)

As for F3(0), there is no particular condition.

For the Roper a fit to the data suggests a small value for
S1/,(0) [7]. Thus, at low Q% F 1, and F; are determined
essentially by A; ,(0?).

III. FORM FACTORS IN A VALENCE QUARK
MODEL

So far, a covariant spectator quark model has been
developed and applied successfully to the spin 1/2
[11,44] and 3/2 [39-43] ground states with no radial
excitations. In the model, a three-quark baryon is described
as an isolated quark which interacts with a photon, and a
spectator diquark. The wave function of a baryon is repre-
sented in terms of the flavor and spin states of the quark and
diquark combined with the relative angular momentum. In
the spirit of the covariant spectator theory the quark pair
degrees of freedom are integrated out to form an on-shell
diquark with a certain mass mp.
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A. Baryon wave functions

To describe the momentum distribution of the quark-
diquark system in a baryon B, we introduce a scalar wave
function ¢ 5, which depends on the relative angular mo-
mentum and the radial excitation of the system. As the
baryon and the diquark are on shell the scalar wave func-
tion ¢ can be written as a function of (P — k)* [11],
where P is the baryon total momentum and & the diquark
momentum. We represent that dependence in term of the
dimensionless variable [11],

(Mp — mp)* — (P — k)?
Mgmyp, '

where B is the baryon index (B = N, A, N*, etc.) and My
the mass.

The nucleon wave function, ¥y (P, k), can be written in
the simplest S-wave model [11]:

1
V2

where ¢% represents isospin (/) or spin (S) states corre-
sponding to the total magnitude of either O or 1 in the
diquark configuration [11]. (See Appendix A for the de-
tails.) The wave function represented by Eq. (15), satisfies
the Dirac equation [11,39]. The scalar wave function ¢ y
(S state) is given by

XB = (14)

Wy (P k) = —=[¢)d% + &)Ll n(P, k), (15)

Ny
mp(By + xn)(Ba + xn)’

where ) is obtained by inserting My = M in Eq. (14),
and N, the normalization constant. In a parameterization
where ;> ,, B, is associated with the long range
physics, while 8, the short range physics.

In the present approach, the spin and isospin of the
Roper are the same as those of the nucleon. Assuming
the Roper to be the first radial excitation of the nucleon,
we can write the Roper scalar wave function ¢/ as

Py (P, k) = (16)

B3 — Xr 1
(B1 + xg) mp(B1 + xg)(B2 + xr)’
(17

yr(P, k) = Ng

where (35 is a new parameter, which will be discussed later,
and Ny the normalization constant. The sign of the nor-
malization constant can be fixed by the experimental data
[8]. This particular form with the order one polynomial in
Xr (as B3 — xr), is motivated by the harmonic-oscillator
potential model for the three-quark system. A similar
dependence was adopted in Ref. [17].

Note that the wave function represented by Eq. (17)
preserves the short range behavior as presented in the
nucleon scalar wave function, and that it simultaneously
modifies the long range properties through the factor

Bs—Xr ; ;
TSR The Roper wave function Wy also satisfies the

Dirac equation with mass Mp.
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The parameter 35 in the Roper scalar wave function in
Eq. (17), will be fixed by the orthogonality condition
between the nucleon and the Roper states. Ny will be fixed
by [, l#rl*> =1 at 0*> = 0, the same as that for the nu-
cleon [11]. Thus, the description of the Roper requires no
extra parameters to be fixed for the present purpose, since
the parameters B; and (3, have already been fixed [11].

B. Transition form factors

In the covariant spectator quark model the transition
current for the yN — P;;(1440) reaction can be written
in a relativistic impulse approximation [11,39,40],

s =33 [ e 0 vneo (s
N Jk

where [, = [ 2E§(3—2k77)3with Ep the diquark on-shell energy,
P, —P_=gq (Q®>= —¢%, and j4 is the quark current

parameterized as

ic""q,
2M

The Dirac (j;) and Pauli (j,) quark form factors in the
above are also decomposed as

Ji(Q?) = 1 (0 + 3fi- (0D 73,

The quark form factors f;. are normalized as f;-(0) = 1
and f,-(0) = k. (isoscalar and isovector quark anoma-
lous moments). Their explicit expressions can be found in
Refs. [11,39,40] and in Appendix A.

Using the expressions for the nucleon and Roper wave
functions, Eqgs. (15)-(17), and the hadronic current,
Eq. (18), one gets explicit expressions for Fj(Q?) and

F3(0%):

i = h(@)y* + (0% 19)

i=12). (20)

. 3. 13(Mg+M)?- Q>
FU@) =T+ s o
Mg +M % .
M wgrmp ot @Y
Fiod) = S Mr M. o (Mg + M)
2 4 M T M+ M+ 0
+ + M)? — 30?
S Mot M Mg+ MP =307,

oM (Mg + M)+ Q2

where I(Q?) is the overlap integral for the Roper and
nucleon scalar wave functions:

1(QY) - [k UePo DUy B, (23)
and
Ja+2) = 3T3JiT3

=1 (0 = i (073, (i=12). (24
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Equations (21) and (22) are the main expressions of the
present model for the transition form factors. At Q> = 0,
one has

Fi(0) = 3(j; + j3)1(0), =31 + 73)I(0).  (25)
In this case, the desired result, F{(0) = 0, is ensured only if
J(0) = 0. But this is indeed fulfilled by the orthogonality
condition between the nucleon and the Roper wave func-
tions. More detail will be discussed in next section.

C. Orthogonality condition between the nucleon and
the Roper states

The orthogonality condition between the nucleon and
the Roper states in the present approach is

10) = [ walPrbusPoi)=0. (6
This can be regarded as a generalization of the nonrelativ-
istic orthogonality condition when Q2 = 0 in the final
Roper rest frame, namely, P, = (Mg, 0,0,0) and P_ =

M3 +M? M —M? . .
(§TR, 0,0, — STR). In Appendix B, we discuss more

on Eq. (26) and the nonrelativistic orthogonality condition.
Note that the condition Eq. (26) is not automatically veri-
fied for the nucleon and the Roper wave functions in
Egs. (16) and (17). The orthogonality condition is satisfied
only for a particular value of B; that sets J(0) = 0.

A direct consequence of the orthogonality condition
Eq. (26), is that Fj(0) =0, and also that F3(0) = 0.
F7(0) = 0 is consistent with the general properties of the
YN — P;(1440) reaction. F(0) = 01is a prediction of our
model as a consequence of the orthogonality condition
Eq. (26), but it also corresponds to an approximation, since
the sea quark contributions are ignored in the present
approach. A more accurate treatment would give a small
value for |F3(0)].

0.2 ARRARERARS IRRARRRRAR IRARRRRRR T IRARRRRRRR ]

B CLAS data
m— Spectator (valence)
= = MAID

0.15F

0.1F

F Q)

0.05F

FIG. 1 (color online).
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IV. RESULTS

The nucleon and the Roper wave functions are described
by Eq. (15) with their scalar functions, Eqs. (16) and (17).
The parameters for the Roper wave function are deter-
mined by those of the nucleon [11]: 8; = 0.049 and 3, =
0.717, and by the orthogonality condition Eq. (26) to give
B3 = 0.130 and Nz = 3.35.

A. Results for F and F;

Before presenting the results, we emphasize again that
there are no new free parameters to be fixed in the model.
Thus, for a given 02, the form factors can be calculated
using Egs. (21) and (22). The valence quark contributions
calculated in the present model for the F} and F; form
factors are shown in Fig. 1 by the solid lines. In Fig. 2 also a
part magnified from Fig. 1 for F; is shown. The magni-
tudes of the present results are consistent with constituent

B CLAS data
Spectator (valence)
= = MAID

E,*(Q)

FIG. 2 (color online). Valence quark contributions for F5, but
partly magnified from Fig. 1. See also the caption of Fig. 1.

u
m— Spectator (valence)
= = MAID

CLAS data

Valence quark contributions (solid lines) calculated in the present model for F and F5. The CLAS data [5]

(squares with error bars) and the MAID fit (dashed lines) are also shown. The result for F;(0) is obtained from the PDG result [52] by

converting the A;/,(0). [See Eq. (9).]
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B CLASdata
m— Spectator (valence)
= = MAID

20E1

]

10H
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0 1 2 3 4 5

FIG. 3 (color online). Valence quark contributions for the A;/, and S/, helicity amplitudes in units of 1073 GeV~1/2, The CLAS
data [5] and the MAID fit are also shown [7]. See also the caption of Fig. 1.

and light-front quark models [4,5,17]. For convenience,
we present in Fig. 3 the helicity amplitudes calculated
in the Roper rest frame, using the relations Egs. (6) and
).

In Fig. 1 we also compare the valence quark contribu-
tions with the CLAS data for F} and F5. The CLAS data
were extracted combining dispersion relations with a uni-
tary isobar model analysis [5]. As one can see our result is
very close to the data in the region Q% > 1.5 GeV? (see
especially Fig. 2 for F7), which supports the idea that the
meson cloud contributions are suppressed in the high Q?
region, and the assumption that the Roper is the first radial
excitation of the nucleon. This achievement may be im-
pressive since we have introduced no extra new parameters
as already mentioned. One only may identify the long
range behavior of the Roper wave function with that of
the nucleon, and may ensure the orthogonality between the
Roper and the nucleon wave functions. In Fig. 1 we also
show a fit to the data from Ref. [6], using the code
MAID2007 (abbreviated MAID) [7]. Both the CLAS data
and the MAID fit are similar for Q% > 2 GeV? region,
although some differences may be noticeable, in particular,
for Fy. This discrepancy in F can be also a consequence of
the different data sets used in the analysis between the
CLAS data and the MAID fit. Our predictions for F} are
closer to the CLAS analysis than to the MAID fit, although
the differences are comparable with the error bars of the
CLAS data.

Next, we discuss the asymptotic behavior for | and F;
as Q? — oo. Perturbative QCD (pQCD) [46,47] predicts
F{(Q%) ~ 1/Q* and F3(Q) ~1/Q° as Q% — oo, apart
from the logQ? corrections. The predictions of the present
model from Egs. (21) and (22), are consistent with these
results: F}(Q%) = 1.217 and F3(Q%) = 13.1 4, with I =
0(logQ?)/Q*. (See Appendix G of Ref. [39] for details.)
For the helicity amplitudes, our results are also consistent

with the pQCD predictionslz Az Sipp ~ 1/03 [46,47],
again apart from the logarithmic corrections. Note, how-
ever, that based on what observed for the nucleon [11], and
especially for the yN — A transition form factors [40], the
predicted scaling behaviors may not be observed in such a
small Q7 region. Also it is not realistic to expect that our
calibration of the quark current based on the reactions in
the regime Q% < 6 GeV?, can be naively extended to the
high Q? region where pQCD is valid (such as Q% ~
100-1000 GeV?).

B. Comparing with the lattice results

Extending the model to the lattice simulation regime, we
compare our results with the lattice QCD results. Hereafter,
the results obtained in the lattice regime will be referred to
as “lattice regime,” which will be explained below. One
can expect that, the heavier the pion mass becomes in the
lattice simulations, the closer our results become to the
lattice one, since the meson cloud effects become smaller.
A comparison is made in Fig. 4 for the lattice data corre-
sponding to m, = 720 MeV [37]. To extend the model to
the lattice regime, we include an implicit dependence on
the pion mass for the hadron masses, following the proce-
dure proposed in Refs. [48,49]. This is done by replacing
the hadron masses in the model by the respective lattice
masses in the baryon wave function and the quark electro-
magnetic current [Eq. (19)]. In the lattice regime (the
dashed lines in Fig. 4) we have used the nucleon and the
Roper masses, M = 1.48 GeV and My = 2.53 GeV, re-

"From Refs. [46,47] one has
G.~1/0° Gy~ 1/0%, 27)
where G, = A, and Gy = Iq%S 1/2- Note that the extra power in

G in contrast to G . This takes account of changing the helicity
one unit between the initial and final states [46,47]. Thus, one

gets, Ay, ~ 1/Q% and Sy, ~ 1/0°.
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FIG. 4 (color online).

PHYSICAL REVIEW D 81, 074020 (2010)

¢ Lattice b
== == Spectator (lattice regime)| -
— Spectator (valence)

Valence quark contributions in the lattice regime (dashed lines) corresponding to the pion mass m, =

720 MeV. The lattice data with m_ = 720 MeV (diamonds) are from Ref. [37]. The solid lines are the valence quark contributions
calculated with the physical pion mass, m, = 138 MeV. The mass values used corresponding to the lattice regime (m,, = 720 MeV)
for the nucleon, Roper and p meson are, M = 1.48 GeV, My = 2.53 GeV, and m, = 1.083 GeV, respectively.

spectively, corresponding to the pion mass m, =
720 MeV [37]. We have also used the value, 1.083 GeV
for the p meson mass, according to the parameterization in
Ref. [50].

One can see in Fig. 4 that the lattice regime results are
fairly consistent with the lattice data for F;. As for F7, the
lattice results overestimate our predictions for Q% >
1.5 GeV?, as well as the covariant spectator model results
“Spectator (valence)” [the same as those shown in Figs. 1
and 2]. However, for Q> < 0.6 GeV?, the agreement is
excellent. More lattice QCD simulation data with smaller
pion masses are desired to constrain better the valence
quark contributions in the low Q? region. The agreement
between the lattice regime results and the lattice QCD data,
supports that the present estimate of the valence quark
contributions is reasonable.

0.2

O. 15 C B CLASdata —
L m— Spectator (valence) ]
== = MAID

0.1}

0.05

F Q)

-0.05

01t

FIG. 5 (color online).

C. Estimating the meson cloud effects

To estimate the meson cloud effects, we take the valence
quark contributions estimated in Sec. IVA as a reference.
The valence quark contributions will be denoted by
F}?are(i =1,2). We need to know a full contribution to
estimate the meson cloud contributions. As a first step
approach, we regard the MAID fit results [6], which will
be denoted by FMAID(Q?)(i = 1, 2), as the total contribu-
tion for the form factors. Then, the meson cloud contribu-
tions F*°, may be estimated by

Fe(Q?) = FYAP(Q?) — F™™(Q?), (i=12). (28)
The results for F"° are presented in Fig. 5. To have an idea
for the uncertainties in this estimate we use an analytical
form for the each form factor upper limit of the CLAS data
error bars [denoted by o(F?)(i = 1, 2) below], and calcu-

o
g -0.2 B CLAS data
[.LN : I%/}:;:(I:lstor(valence)
0.4 E
0.6 E
......... Lo v v ben v b v Loy v uay
0 1 2 3 4 5
Q’(GeV)

Meson cloud contributions (shaded areas) for F; (left panel) and F; (right panel). The bands are estimated by

the upper limits of the CLAS error bars: o(F¥) = 0.015(1 — ¢32") and o (F3) = 0.05 — 0.0090Q?2, with one standard deviation.
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late the bands with one-standard deviation. Specifically, we
use o (F7)=0.015(1 — e32") and a(F3)=0.05—0.0090>.

First, we analyze F}. A situation for F} is a bit subtle.
The magnitude of the data is smaller than that of the F5.
The upper limit for |F}| is around 0.1, which is about half
of that for |F ;I. The meson cloud contributions are nega-
tive, and they can be between 0.01 to 0.03 in the high Q>
region. Probably, the contributions of 0.03 are overesti-
mated, since they are expected to become small in the high
Q? region. We note however, the meson cloud contribu-
tions here are estimated by subtracting the model results
from the MAID fit. There are differences in the CLAS data
and the MAID fit in the high Q? region, since the MAID
analysis [5] uses a different data set from that of the CLAS
[5]. The clarification between the differences in the two
data sets, and more precision data in this high Q? region
(less contaminations from meson cloud), are desired to
constrain better the meson cloud contributions for F7.

Next we discuss F;. Because of the larger magnitude of
F7, the contributions from the meson cloud may be easier
to estimate. The meson cloud contributions for F; are
negative as well as those for F]. As one can see in Fig. 5
the meson cloud gives main contributions in the low Q?
region. (At Q> =0, they are the only contributions.)
However, as expected, the meson cloud contributions be-
come small for Q> > 1.5 GeV?, and the valence quark
contributions dominate. In higher Q? region, the magni-
tude of the meson cloud contributions are of order of the
error bars ( ~ 0.01) of the data.

Opverall, our estimate of the meson cloud contributions
qualitatively agree with those of the recent works
[20,23,29], particularly for F7.

In terms of the helicity amplitudes the meson cloud
contributions at Q% =0 are estimated by A‘l“/CZ(O) =
(—61.4+4.9) X103 GeV~"/2 and S'l“/cz(O) =(—402=
2.6) X 1073 GeV~!/2. Here, the meson cloud is the only
contribution for A, /,(0). As for §;/,(0), the meson cloud
contributions cancel significantly with those of the valence
quark. This feature can be understood better by observing
Fig. 3.

Thus, we predict negative contributions from the meson
cloud for A/, and S/, in the low Q? region. This is
consistent with the estimate made in Ref. [36], where
meson cloud contributions are at least 70% in A, /,(0)
(100% 1in our case), although in their case the bare con-
tributions differ in sign from our results. A similar differ-
ence exists also for S, », in contradiction to the CLAS data
in the high Q? region. Also Ref. [30] predicts significant
negative contributions from meson cloud for S/, in the
low Q7 region, implying large negative values for S; »2 in
that region, contrary to what is suggested by the CLAS data
[5].

We also attempt to compare our results with those of the
recent calculations based on the dynamical meson-baryon
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coupled-channel model of Sato and Lee [10,27]. There, the
bare contributions are very small for A;/,(0) [10]. In the
region, Q> < 1 GeV?, the absolute magnitudes of the me-
son cloud contributions (their amplitudes are complex
numbers) are dominant in both amplitudes, although the
meson cloud contributions decrease in the high Q? region
for Ay, [27]. Unfortunately, their analysis [28] leads to the
amplitudes different from those of the CLAS. Thus, it is
expected that their meson cloud contributions and ours
differ quantitatively.

V. CONCLUSIONS

In this work we have studied the transition form factors
for yN — P,;(1440) reaction using a covariant spectator
quark model. The model is fully relativistic, and has no
new adjustable parameters. This is fulfilled by the orthogo-
nality condition between the nucleon and the Roper states.
The model can describe the reaction well in the high Q?
region (1.5 GeV? < Q% < 4.0 GeV?), supporting the idea
that the Roper is the first radial excitation of the nucleon. In
the low Q7 region (Q* < 1.5 GeV?) the model predictions
deviate from the experimental data, and this fact suggests
that the meson cloud contributions (missing in the model)
are significant in this Q2 region.

To check whether or not the description of our estimate
for the valence quark contributions is realistic, we have
extended the model to the lattice regime to compare with
the heavy-pion lattice QCD data. Our results are in an
excellent agreement with them in the low Q? region.
This fact supports that the valence quark degrees of free-
dom is well described in our model. Having a good con-
fidence in the description of the valence quark sector, we
have estimated the meson cloud contributions for the Dirac
(FY) and Pauli (F5) type transition form factors. A charac-
teristic feature of the model, F5(0) = 0, is a direct conse-
quence of the orthogonality condition between the nucleon
and the Roper states. However, this may not have signifi-
cant consequences in the estimate of the meson cloud
contributions, since they appear to be dominant at low
Q?, or conversely, the valence quark contributions are
expected to be small at Q% = 0 [4].

In this work we have shown that the transition form
factors F} and F; for the yN — P;;(1440) reaction may
be more suitable quantities to study than the helicity am-
plitudes in order to disentangle the meson cloud contribu-
tions. For example, |F ’fl is small for both in experimental
data and the valence quark model because of the cancella-
tion between the A;/, and §;/, amplitudes. This implies
also the meson cloud contributions are small. As for F7, it
is mainly determined by A, /2(Q2) in the very low Q?
region, which measures the meson cloud contributions in
our approach (for Q> — 0).

We admit that our estimate of the meson cloud contri-
butions has some limitations due to the parameterization of
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the amplitudes A;/, and §;/, based on the MAID analysis.
Furthermore, we have faced that there are some discrep-
ancies between the two data sets of the CLAS and MAID in
the high Q? region. More precision experimental data in
this high Q? region are desired to constrain better the
meson cloud contributions.

For a possible improvement, there is a room to add one
extra free parameter to the model. The parameter 3, (fixed

by the nucleon wave function) in the factor % in the

Roper wave function, can be replaced by a new free
parameter 3, to introduce a new long range scale, and
may be adjusted by more precise, high Q2 data. Needless to
say, more lattice QCD data are also useful to constrain the
valence quark contributions better.

We plan to extend the present model for higher mass
resonance region, like for instance, S;;(1535). In the past
dynamical coupled-channel models are very successful in
the description of the meson-baryon electro- and photo-
reaction, involving resonances such as A(1232), P,;(1440)
and S,;(1535). However, such models require a parame-
terization in the interaction with the quark core. In general,
it is based on the baryon-meson phenomenology and not
based on the quark (and gluon) degrees of freedom. The
approach developed in this work is very promising to study
the valence quark contributions in the meson-baryon sys-
tems. It can be tested, or compared with the bare parame-
ters used in the dynamical coupled-channel models. An
independent test may be to compare with the ’bare’ con-
tributions (no meson cloud) determined by dynamical
meson-baryon coupled-channel models by fitting e.g., to
the cross section data at each Q2 [26-28]. This kind of an
extraction of the ’bare’ contributions was done for the
vyN — A reaction [26], as well as other resonances includ-
ing the Roper [27,28]. However, often the meson cloud
contributions become larger than the quark core contribu-
tions, and an estimate of the bare contributions are some-
times difficult to get as a smooth function of Q%. Another
possible method is to use the lattice QCD data in the heavy-
pion regime to fix the valence quark contributions. This
method was successfully applied in Ref. [49] for the nu-
cleon to A electromagnetic transition.
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APPENDIX A: COVARIANT SPECTATOR QUARK
MODEL

Below, we present some details of the covariant specta-
tor quark model.

1. Wave functions

In the covariant spectator quark model the S-state wave
function for the nucleon with the (initial) momentum P_ is
given by [11]

1

lI’N(f)f)k) = \/5

[pPu(P_) — pjep U (P)]Yn(P_, k),
(A1)

where k is the diquark momentum and ¢ is the combi-
nation of the quark flavors associated with the isospin O or
1 diquark. The spin-1 polarization vector is represented by
ep in a fixed-axis base [51], and u and U“ are the spinors
related by [39],

a

P )u(P)

i (A2)

U*(P) = %75(7“

The Roper wave function with the (final) momentum P
is defined by
1
V2
— ¢rep Un(PL)]Yp(Py, k),

where uy and U/, are spin states associated with a spin 1/2
particle and mass Mg, and s}f: is the polarization vector.

In both cases the scalar functions, ¢ y(P_, k) and
W r(P4, k), are the functions of (P_ — k)?> and (P, — k)2,
respectively.

WPy, k) = —=[Vup(P.)

(A3)

2. Quark form factors

The quark current associated with Egs. (19) and (20) is
expressed in terms of the quark form factors f;+(i = 1, 2),
inspired by a vector meson dominance form:

2 _ _ m% M%Q2
flt(Q) /\+(1 )\)m12,+Q2 Cx (M%‘FQZ)z’
(A4)
2 — M g Mi
f2i(Q ) Ki{di m%, T Q2 +(1 di)M% i QZ}
(AS)

In the above, A defines the quark charge in deep inelastic
scattering, k- are the isoscalar and isovector quark anoma-
lous magnetic moments. The mass m,, (M) corresponds to
the light (heavy) vector meson, and ¢+, d- are the mixture
coefficients. In the present model we set m,, = m,, (=~m,,)
for the light vectorial meson and M, = 2M (twice the
nucleon mass) to represent the short range physics. The
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TABLE I. Quark current parameters.
K4 K_ cy c_ d; d_ A
1.639 1823 416 1.16 —-0.686 —0.686 1.21

values of the parameters were previously fixed by the
nucleon elastic form factors [11], and the values are pre-
sented in Table I. Note that the present model uses d, =
d_.

3. Quark form factors and asymptotic expressions

In the present model, the asymptotic expressions for
Q% — o, associated with the quark current of Egs. (20)
and (24) are given by

=3 (6)

1
J3 6(C+ - C)gz, (A7)

1
gl + 3600 7 (A8)

1
o gl = k)2, (A9)

with

F =d.ml+ (1 —d.)M;, (A10)

where, we have used the relation, d, = d_, corresponding
to the parameterization of the model II in Ref. [11]. In
particular, F = 5.54 GeV? should be noted.

Using Egs. (A6)—(A9) we can derive the expressions for
F; and F} for Q> — oo.

APPENDIX B: THE ORTHOGONALITY OF THE
NUCLEON AND THE ROPER STATES

In a static, nonrelativistic formalism the wave function is
a function of the particle’s three-momentum, K. In the limit
where there is no momentum transfer, the arguments in the
initial (¢;) and final (¢ ;) wave functions are the same.
This corresponds to q =k —k =0, or Q> = —¢> = 0.
Then, the overlap integral between the orthogonal states, 7,
is given by

&’k
(2m)*

P (k) = 0. (B1)
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The equivalent relation for the covariant spectator theory

for Eq. (B1) is

[ e bnp-blgg =0 @2
where the subindex Q% = 0 indicates that Q> = —(P, —
P_)> = 0. The simplest case is in the initial (or final)
baryon’s rest frame. For the equal mass case, P, = P_ =
(M,0,0,0).

Next, consider the inelastic case with the masses of the
initial and final states, M and My, respectively. The gen-
eralization of the condition Eq. (B2) would correspond to
P_=(M,0,0,0) and P, = (Mg, 0,0,0), with g = P, —

P_= (%?QZ,O, 0, |ql) when q = 0. (|q| is given by

Eq. (5).) This gives also

0> =0 = ~(My ~ M), (B3)

which will be denoted by the pseudo-threshold point, the
point where both initial and final state are at rest. This
situation is, however, unphysical for M # M because
0% <0.
The generalization of Eq. (B2) for unequal mass case
would be
[ Dl =0 @
Since the physical reaction are restricted to Q% = 0, we
need to redefine the orthogonality condition in the unequal
mass case. To do so we impose the condition
J P =0 (B5)
where the four-momenta P, and P_ are, respectively,
defined by,
_ M3 + M?
_= (Ri, 0,0,
2Mp

p+ = (MR) 0) O) 0))

_ Mj — M2>

2Mpg (B6)

which correspond to Q% = 0, but ¢ # 0.

The use of Eq. (B5) may be regarded as an approxima-
tion, or the simplest relativistic extension for the orthogo-
nality condition. The exact treatment needs to impose the
overlap integral to vanish at the pseudo-threshold as in
Eq. (B4). However, it would require an extension of the
wave functions to the unphysical region, and beyond a
scope of the present study. Instead, we use Eq. (B5).
Both prescriptions should give similar results when (My —
M)? is small enough.
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