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The Roper state is described in the framework of the chiral chromodielectric model
as a single quark excitation in self-consistent meson potentials. The interplay
between quark and meson excitations is discussed and we emphasise the role of
non-quark degrees of freedom in the electroproduction of nucleon excitations.

1 Introduction

The Py;(1440) (Roper) resonance * is the lowest positive-parity N* state, most
clearly visible in partial-wave decompositions of 7N — 7N and 7N — 77N
scattering, as well as in pion photoproduction. Although this four-star res-
onance is within the energy reach of many modern research facilities, the
experimental analyses so far have not ventured beyond the determination of
its mass, width, and electromagnetic couplings 2. The only experimental
information on the helicity amplitudes for Roper excitation with virtual pho-
tons comes from a very scarce data set obtained in older electroproduction
experiments at DESY and NINA 3-4

The electroexcitation of the Roper is also receiving considerable theoret-
ical interest. In the spherically-symmetric SU(6) quark model, the Roper can
be understood as a radial excitation (“breathing mode”) of the proton, with
one quark occupying the 2s state, yielding a (1s)?(2s)! configuration. This
physical picture implies a sizable Coulomb monopole contribution. Newer de-
velopments %% have indicated a possible description of the Roper as a gluonic
partner of the proton, represented as a (q°g) hybrid baryon. In this approach,
the monopole strength is expected to be highly suppressed, in contrast to the
concept of “breathing”. These two opposing concepts result in very differ-
ent predictions for the Q?-dependence of the transverse (A; /2) and scalar
(S1/2) electroproduction helicity amplitudes, and they both fail to reproduce
the electromagnetic couplings in the real-photon limit. The Roper has been
investigated as a hybrid baryon by using QCD sum rules 7, and in terms
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of vibrating flux-tubes between quarks 8°. Extensive studies in constituent,
non-relativistic, relativised, and relativistic quark models also exist 10—12,
They generally result in good descriptions of the mass and width, but fail to
reproduce the photo-couplings, with an exception of a non-relativistic quark
model extended with vector-meson exchange '6. An important addition to
quark models are the mesonic degrees of freedom. A fair understanding of
the photo-couplings was obtained by introducing meson-exchange currents
between quarks '7, and in a relativistic quark model with a three-quark core
and an admixture of a pion-baryon configuration '#.

In this work we use the framework of the chiral chromodielectric model
to describe the nucleon and the Roper resonance as clusters of three valence
quarks, coupled to clouds of ¢ and = mesons and to a chromodielectric field
which dynamically confines the quarks!??°. The quarks are in the (1s)® con-
figuration for the nucleon and (1s)?(2s)! for the Roper. The physical Roper
emerges after the radial fields are determined in an iterative self-consistent
variation using angular momentum and isospin projections.

In section 2 we introduce the model and in section 3 we explain how
model states representing the nucleon and the Roper are obtained. The role
of non-quark degrees of freedom in the Roper is discussed in section 4. In
section 5 we present the electromagnetic form factors for the nucleon—Roper
transition.

2 The model

The CDM contains quark and chiral meson degrees of freedom, in addition
to a scalar-isoscalar chiral singlet chromodielectric field. The coupling of this
field to fermions leads to quark confinement, and is an important feature of
the model. The Lagrangian of the model reads 2!

. _ o o 1 1 S 1
L= i O+ (T (o0 +17-715) 4+ 5 Ouoo)” + 3 (0u)” + 5000’
W (00,%) ~U(x0). M

Here ¢(z) stands for the quark field operator, 7(z) and oo(z) are the chiral
meson fields, pion and sigma, respectively (the arrow denotes isovector), and
x(z) is the chromodielectric field. There are two potential terms in Eq. (1):
W (o, @), which is the Mexican hat potential for the chiral fields 2%?2, and
U(x), the x field potential. The Mexican hat potential is

A
W:Z(Ug+7_r'2—l/2)2+CUo+WO; (2)
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where the parameters A, v, c and W, are related to the chiral meson masses
and to the pion decay constant:

2 2 2
mZ —m m
Es vefisTE esfol. @

™

The constant Wy in Eq. (2) ensures that min(W) = 0. For the x field
potential we take

A=

V() = M (1
where M is the mass of the field.

The vector current is conserved for the Lagrangian (1), which is almost
chiral SU(2)xSU(2) symmetric. It is the (small) linear sigma term in (2) that
explicitly breaks the chiral symmetry of (1), thus enforcing PCAC. The Mexi-
can hat potential induces spontaneous chiral symmetry breaking, the vacuum
expectation values of the chiral meson being (0|7]0) = 0 and (0|oo|0) = — f=,
and a (dynamical) mass is acquired by the fermions. The parameters in the
Mexican hat potential are the pion mass (m, = 0.14 GeV), the pion decay
constant (fr = 0.093 GeV), and the sigma mass (m, = 0.85 GeV). In addi-
tion, there is one more parameter in model (1), the coupling constant g. For
quadratic potentials such as (4), it turns out that the evaluated properties of
the model states depend on G' = v/gM 23, but not on g or M separately.

The CDM describes a system of interacting quark and meson fields. In
the baryon sector of the model, one finds soliton solutions with three confined
quarks due to the peculiar way the x field couples to the fermions, which
leads to an r—dependent quark mass, my(r) = gf./x(r). The soliton requires
x(r) — 0 as r — oo, and hence my(r) — oo. This mechanism of increasing
mass prevents the quarks to move too far away from the origin. The y field
can be regarded as a 07+ glueball 22. It is an effective field mimicking the
confining mechanism of QCD.

3 Baryons in the CDM model

Coherent states are assumed for all mesons and the starting point to describe
a baryon is the hedgehog coherent state around a cluster of three valence
quarks, which we write in the form

[HR) = N exp {Z<—1>1—m6t,_m | dk\/%“’T’f(’“’amdmw)} x

tm

exp { /0 "k 2wwa(k)n(k)af(k)} X
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exp{ [ iy 01600 1) | x T cholo. 5)

i=1,3

where N is a normalization constant. The pion, the sigma and the chi am-
plitudes, £(k), n(k) and ((k), are related to the pion, sigma and chi radial
profiles through

o(r) = \/g/omkz’dkjl(kr)g(k), {;‘(E’;; } - \/g/omﬁdkjo(kr) {Zgg } .
(6)

The expectation values of the meson field operators in the hedgehog state
are

(me(r)) = \/%Yfi(?) ¢(r), (o (r)) = o(r), (x(r)) = x(r) (7)

(t = 0,+1 is the third component of isospin). In Eq. (5), a],, is the creation
operator for a p-wave pion with third components of isospin and angular
momentum ¢ and m, respectively, orbital wave function £(k), and frequency
wr = /k? + m2. Similarly, af(k) and b (k) create sigma and chi quanta in s-
wave, with orbital wave functions n(k) and ((k), respectively, and frequencies
w, and wy. Finally, the operator cL(z) creates a s-wave valence quark in a
spin-isospin hedgehog state:

. _ _i u;(r) _L ul) —
ek @10) = aitr) = = (, 7))y, 10y = 5 Qud) = 1am) . ®

The index 7 stands for all quantum numbers and distinguishes between differ-
ent radial states. Quarks are always assumed to be in an s state (j = 1/2).
Hence, only p-wave pions, and s-wave sigmas and chis may take part in the
interactions.

Because (5) is not an eigenstate of angular momentum or isospin, the
representative model states of the nucleon and Roper are obtained through a

standard Peierls-Yoccoz projection on angular momentum (and isospin) 24,

1

|J,M;T = J, Mry) = (=1 M P _np, | HR) 9)

g
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where

27 +1 .
Pirx = —g 5 / dQ Dy 1 () R(Q). (10)

Here R(Q) is the rotation operator and D are the Wigner functions. In (9)
F; is the normalization factor given by

Fy = (Hh|Pit |Hh), (11)

which does not depend on K (so we choose K = .J). For both the nucleon
and the Roper, J =T = % Due to the symmetry properties of the hedgehog,
only a single projection, either in angular momentum or in isospin, is required
since one operation in either space automatically selects the subspace T' = J
in the other space. In Eq. (9) we project onto angular momentum.

The radial profiles ¢(r), o(r), x(r), u;i(r), and v;(r) in Egs. (7)
and (8) are determined using (9) as a trial state, applying a variational

principle to the angular momentum-isospin “projected energy”, Ej; =
(JM,TMyp|Hcpm|J M, T My), which is given by

3 2
o do
E;= E € +47r/ rdr (—) +m2o?
7 i1 0 { [ or

ox ? 2.2
<8r> + M*x

+

06\> 24
(E) + T_2 + m,27¢2] Cb]

+ + % [01C] + 2¢%(0® — 2fx0)C + o* — 4fr0°] } (12)

The “projection coefficients” C” are expressed in terms of the normaliza-
tion functions (11) which, in turn, depend on the intrinsic number of pions

N,=4 /0 h dkk?w, (k) { /0 h drr? ¢(r)j1 (kr)] 2 . (13)

In (12), ¢; are quark energy eigenvalues. They are all equal for the nucleon.
For the Roper two of them are equal (corresponding to the lowest state, 1s),
while the third one corresponds to the 2s state.

The nucleon and the Roper resonance are therefore described as clusters of
three quarks in radial-orbital configurations (1s)® and (1s)? (2s)! respectively,
each surrounded by pion and o-meson clouds and by a chromodielectric field,
projected onto subspace with good angular momentum and isospin:

1 1 .
INoa) = NP |HR), Ry ) = NTPE_ L |HE (14)
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(N and N are normalization factors). The Roper and the nucleon have dif-
ferent boson fields profiles since they can adapt to the corresponding quark
configuration. The proper orthogonalization of states (14) is ensured by writ-
ing:

IR) = cilR') + c¥IN),  IN) = cR|R’) + cNIN) (15)
where the coefficients result from the diagonalization of the Hamiltonian in
the subspace spanned by |R’) and |N). However, we verified that the simpler

orthogonalization procedure

_ 1 ! _ '
is good enough.

A central point in our treatment of the Roper is the freedom of the chro-
modielectric profile, as well as of the chiral meson profiles, to adapt to the
(1s)%(2s)* configuration. Therefore, quarks in the Roper experience mean
fields which are different from the mean boson fields felt by the quarks in the
nucleon. In other words, the ‘potential’ breathes together with the quarks as

(16)

illustrated in Figures 1 and 2.
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Figure 1. The baryon density (solid line) and the effective potentials (dashed line) generated

by the self-consistently determined 7, ¢ and x fields in the nucleon.
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Figure 2. The baryon density (solid line) and the effective potentials (dashed line) generated
by the self-consistently determined 7, o and x fields in the Roper.

4 Non-quark degrees of freedom

We have also investigated another possible type of excitation in which the
quarks remain in the ground state configuration (1s)® while the chromodi-
electric field and the o-field oscillate. Such oscillations can be described by
expanding the boson fields as small oscillations around their ground-state

values. For the o-field we write:

an +al) +o(r),

N 1 1
o(r) = Xn:\/Tg—n@n(T)E [

where ¢,, and &, satisfy the Klein-Gordon equation

d2V(a(r))
2 2 _ .2
A simple ansatz for the annihilation (creation) operator of the n-th mode is
given by®
i, = [ k@) (a0 - Ve Bn®) . @My =0, (9

@This operator is not to be confused with the free field operator @ introduced in (5).
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where n(k) and @, (k) are the Fourier transforms of o(r) and ¢, (r), respec-
tively, and w, (k) = \/k? + m2. The effective potential in (17) is given by

Voo (1) = A [C’2¢(7‘)2 +3a(r)(o(r) + 20,,)] , (19)

where o is the fluctuating part of the full field and C is a projection coefficient
slightly smaller than unity. Similar expressions hold for the x field with the
effective potential

3 9
2m x(r)?

Vix(r) = [(o(r) + 00)(u(r)?* = v(r)?) + 2¢(r)u(r)o(r)] . (20)
The effective potential turns out to be repulsive for the y-field and attractive
for the o-field; in the latter case there exists at least one bound state with the
energy €1 of typically 100 MeV below the o-meson mass.

The ansatz for the Roper can now be simply extended as

IR*) = c1|R) + c2al|N) (21)

where @ is the creation operator for the lowest vibrational mode. The coeffi-
cients ¢; and the energy are determined by solving the generalized eigenvalue
problem in the 2 x 2 subspace. The solution with the lowest energy corre-
sponds to the Roper, while the orthogonal combination to one of the higher
excited states with nucleon quantum numbers, e.g., the N(1710), provided
the o-meson mass is sufficiently small. The energy of the Roper is reduced
(see Table 1), though the effect is small due to weak coupling between the
state (16) and the lowest vibrational state with the energy ;. The reduction
becomes more important if the mass of the o-meson is decreased. The energy
of the combination orthogonal to the ground state is close to Ex + ¢; with
o-meson vibrational mode as the dominant component.

My EN 2s—1s AER AER* Co €1
1200 1269 446 354 353 0.05 1090
700 1249 477 367 364 0.12 590

Table 1. For two o-masses we show the nucleon energy (Ex), the Roper-nucleon energy
splittings calculated from the single particle energy difference (2s—1s), the state (16) (AER)
and the state (21) (AFRr«). All energies are given in MeV.

MFiolhais: submitted to World Scientific on November 26, 2002 246




5 Nucleon—Roper electromagnetic transitions

The electromagnetic nucleon-Roper transition amplitudes as well as the tran-
sition amplitudes to higher excitations with nucleon quantum numbers repre-
sent an important test which may help distinguish between the models listed
at the beginning. The transverse helicity amplitude is defined as

2T ~ I
A1/2 = —C W/d%‘ <R+%’MT|Jem(T) s €41 elkr|N7%’MT> (22)

where kyw is the photon momentum at the photon point, and the scalar helicity
amplitude as

2T . I
Sip =0y on / ar (R a1 (r) #7180 (23)

Here JE is the EM current derived from the Lagrangian density (1):

3

(1 1 o o

JE = Z@n”(z) (6 + §Tg(z)> ¢ + (7 x oM7), . (24)
i=1

The amplitudes (22) and (23) contain a phase factor ¢ determined by the sign
of the decay amplitude into the nucleon and the pion.

The new term in (21) does not contribute to the nucleon-Roper transition
amplitudes. Namely, for an arbitrary EM transition operator 0 involving only
quarks and pions we can write (N|d; O|N) = (N|[a;, O]|N) = 0, because of
(18) and since the operators @, commute with O. The amplitudes (22)—(23)
obtained in the framework of the present calculation can be found in Ref. 1.
We found a relatively large discrepancy at the photon point which can be
attributed to a too weak pion field in the model. Such small contribution was
already noticed in the calculation of nucleon magnetic moments 2* and of the
electroproduction of the A 2>, The pion contribution to the charged states
only accounts for a few percent of the total amplitude.

Though the chromodielectric model gives only a qualitative picture of
the lowest radially excited states of the nucleon and their electroproduction
amplitudes, it yields some interesting features, in particular the possibility
of o-meson vibrations. Its main advantage over other approaches is that
all properties, including the electro-magnetic amplitudes and the resonance
decay, can be calculated from a single Lagrangian without additional assump-
tions. It also allows us to treat exactly the orthogonalization of states which
is particularly important in the description of nucleon radial excitations.
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