PHYSICAL REVIEW C

VOLUME 41, NUMBER 6

JUNE 1990

Electroexcitation of the N* (1440) in the relativistic constituent quark model

H.J. Weber
Institute of Nuclear and Particle Physics, University of Virginia, Charlottesville, Virginia 22901
(Received 27 November 1989)

Relativistic P, wave functions are constructed that have 2S and 1S character in the static limit.
Their constraint-free electromagnetic N-N* transition form factors are calculated from a conserved
current. A gauge condition at g2=0 is met by a three-quark current. The 2S helicity amplitudes
are too large compared with the sparse data, while the 1S results are an order too low. A mixture of
the 15 and 25 states agrees with the electroproduction but misses the photon point.

I. INTRODUCTION TO THE
RELATIVISTIC CONSTITUENT QUARK MODEL
ON THE LIGHT CONE

Recently a basis of relativistic three-quark states for
the nucleon,' the A;;(1232),2 hyperons,® and the
§,,(1535),* has been constructed in the relativistic con-
stituent quark model (RCQM), and their electromagnetic
properties were successfully tested. It appears that rela-
tivistic effects account for the momentum transfer depen-
dence up to nearly 1.5 GeV/c. Thereby the RCQM is re-
moving a major flaw of the nonrelativistic quark model
(NQM),? along with the improved axial-vector coupling
g.4(g%) which, at ¢g>=0, was already achieved in bag

models.’

In the RCQM nonstatic three-quark spin wave func-
tions are obtained from the nonrelativistic case by means
of free Melosh transformations of all quarks to the light
cone®* upon neglecting binding effects. This approxi-
mate treatment ensures conserved J* and includes relativ-
istic effects not only from the interacting quark as in bag
models, but also from spectator quarks. The Melosh con-
struction (of Appendix A of Ref. 4) yielding the nonstatic
spin wave functions y,+ Y, of Egs. (1) and (6) effectively
restores rotational invariance at least at low momentum
transfer,® where the three independent symmetric spin in-
variants of the nucleon (N) and P,; state () at 1.44
GeV/c? are given by

XON,)::IO( 13,2)+10(23,1),Io(12,3)=l7)\]}/5UA217A3uN"(P) ’

1= =3, v, 7, YV sun,.(P) ,

Xon,e =D(13,2)+1,(23,1),1,(12,3) =1, fnfi
N, *

Here we are working in the uds basis where quark 3 is
the d quark in the proton or charged P,,. Starting from
manifestly symmetric forms of these spin invariants [cf.
Eqgs. (11) and (28) of Ref. 1] that include isospin depen-
dence, it is straightforward to show that the nonstatic
spin wave functions ) are totally symmetric. The light-
cone spinors u; =u(p;) are solutions of the free Dirac
equation with p?=m?, while uy(P) and u,(P’) are the
total momentum spinors of the nucleon and P, state, re-
spectively. The four-momentum of each particle of mass
m is written as p*=[pt=p,+p;, p =(mi+pF)/
p*, pr], where the index 3 denotes an appropriate
quantization axis and p;y=(p,,p,). The invariant quark
momentum fractions x;=p," /P* with the total nucleon
momentum P =3 ,p; (for + and transverse components
only) represent the longitudinal momentum components
whose distribution can be measured in deep inelastic and
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elastic scattering at high energies. The x; also serve to
define the relative four-momentum variables for the
three-body system

__ XD T X 1P
93~

’

x,+x,
(2)
03=(x;+x,)p3—x3(p; +p,),

which are properly spacelike since g5 =0=Q3 so that
93=—q}r and Q3= —Q3;. Integrations over the quark
relative momentum variables are three dimensional, rath-
er than four dimensional, with

-1 . 2 2 32
ar= Hx 78 [I—Ex ]dq3TdQ3T/(l6‘lT ) 3)
i= i j

as volume element in momentum space.

2783 ©1990 The American Physical Society



2784

II. P,,(1440) WAVE FUNCTIONS

The totally symmetric nucleon and P,;; momentum dis-
tributions are taken as common relativistic Gaussians
with 1S and 2S5 structures in the static limit, respectively,
for ease of comparison with the NQM and its extensions,

UN=NodoXn> Yer1s=N1doXo Yias=N2bosX: » 4)
bo=exp(—M3/6a’), ¢,5=(M3/6a>—C)d, , (5)
XN=XontXan: X1=Xox T Xa2s » ©
Xo=Xox T C2(Xou TX2:)72,
where
1—x; 03 my
Mi=—g2 _ + 9
3 KK x1x;  x3(1—xj3) 2," X;
3
= 3 (mg+kir)/x; @)

i=1
is the totally symmetric invariant mass squared of the
three-body system with k;,7=p,7 —x,;Pr, k;r=Q;, etc.
The constant C and C, in Egs. (5) and (6) will be specified
below. The size parameter a=0.32 GeV ~my /3 and
the effective quark mass m,=0.38 GeV/c? are deter-
mined by the axial-vector form factor so that g , =1.25;
the nucleon magnetic moments become p,=2.68 puy,
M, =—1.63 up, which improve upon including pion
cloud corrections.’

While the vector spin invariant I, in Eq. (1) cannot be
appreciably present in the nucleon, because it would gen-
erate a pseudotensor term in its axial-vector current that
is not seen in experiments,® it may appear in the P,
state. Nonetheless, we will not consider it here further.
Already the presence of two independent spin invariants
I, and I, of Eq. (1) provides for a new relativistic three-
quark P;; Fock component ), in Eq. (6) that is orthogo-
nal to the nucleon with 1S behavior in the static limit.

In the static limit all momentum components are small
compared to m, so that x;—m, /my~ 1, and the relativ-
istic momentum variables ¢q;,Q; of Eq. (2) become
P,/V2=(p,—p,)/2, —V2/3p,=(2p;—p; —P,)/3,
where p,,p, are the relative momentum variables conju-
gate to the conventional Jacobi coordinates® p,A of the
three-quark system. Similarly M} —~9qu~(p§+p§),
which is the main ingredient of the 2S5 wave function in
momentum space in the NQM, viz.,

¢s~[(pj+pi)/a’—3]exp[ —(pi+p})/2a°] .
Therefore, we also consider the following polynomials in

J

1%

(N*A’IJ“IN)J:E'* E—
m,+my

h
.

(N MJHINAY =1,

(g*y*—v-qq")+iF,,0"q,

h
(P-gq"—q*PH)+ Q—iim* e"*P?q P,y 57's
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M3 that have the proper 2S behavior in the static limit
when a~m,:

(i) (M3/6a’—=3)~¢,5 for 3 m?/x;~9m?,
Gi) [M3— 3 m2/x, }/6a2—1.5~¢25 .

Moreover, orthogonality in the RCQM follows from
the Weinberg equation of motion for a Hermitian interac-
tion and is independent of the frame. When C in
(M?/6a*—C) of Eq. (5) is determined from imposing
orthogonality to the nucleon RCQM wave function, then
C =3.6634 is obtained, which is close to the nonrelativis-
tic case (i) where C =3. When C, in the relativistic Py,
spin wave function X, +C,(Xox T X24)/2 of Eq. (6) with
1S behavior in the static limit is determined from ortho-
gonality to the nucleon, then C,= —1.0553 is obtained.
We note that from the Clebsch-Gordan construction of
the nonstatic spin wave functions starting from the com-
mon nucleon and P;; expression in the NQM, it follows
that x,, and x,, have the same static limit. These details
are given in Ref. 1 and generalized to the S,,(1535) in
Ref. 4. Hence, in the static limit

X0~ ’_00553(X0* +X2* )/2

of Eq. (6) has only about 5.5% overlap with the nucleon
NQM wave function, and its 1S momentum distribution
is orthogonal to that of the 2S-P,; state.

III. ELECTROMAGNETIC N-N*
TRANSITION FORM FACTORS

The calculation of the electromagnetic N-N* helicity
amplitudes is similar to those for the nucleon’ and the
S,,(1535).* In the Drell-Yan frame, where ¢ * =0, only
the triangle diagram of Fig. 1 contributes and the current
matrix element becomes

3
(NATFINMD =3 [ dTyl(x/q505)
J=1
Xﬁjejy+xj_1uj1/1N(xiq3Q3) ’
(8)

where e; is the charge of the struck quark and sums over
the quark spin and isospin projections are implied. The
evaluation of Eq. (8) uses some of the results, techniques,
and symbolic codes of Ref. 4.

The N-N* transition current matrix element can be
parametrized in terms of two form factors F,, and F,,:

uy , 9)

Uy, (10)




41 ELECTROEXCITATION OF THE N* (1440) IN THE . . .

'

P P
N N*

FIG. 1. Triangle diagram for the electroexcitation of the
N*(1440) from the nucleon.

where ¢ =P'— P is the momentum transfer, g;,,3=1, and
Qt=(m,+my)*—q* The h; are the constraint-free
form factors;!'? it is easy to see that h, is the longitudinal
and A, the transverse one.!* The Gordon decomposi-
tion of the current

. Yrfuy=u (P'"+Pt+ictq Juy/(m,+my) (11)
in conjunction with the identity

— Py y s=yHytyP—gtyP H gty Y —g Py
relates Egs. (9) and (10) so that

h,=—2F,,+F,,),

qult

(m,+my)?

m
1+ —~

hy,=2 Fy, +

*

The extra g* term occurs in Eq. (9) because m, #my,
and it leads to the gauge condition in the ¢ * =0 frame

(N I INDY =7 Faqy Tuy, /(m, +my)=0  (13)
1

at g>=0. It may be satisfied by including a many-body
current, i.e., replacing the one-body current e, y* by e, J*
with

p=yh——Ld _(prypr 14
JE=y q_(P,H,)( ), (14)
because
0=¢-J=Hg"J +q J")—qpI;=1q J"
for =0 and ¢ T =0, while
g =mi—m}i—q*)/P*#0

even at ¢>=0 since m, >my. The normalizations N, in
Eq. (4) are determined from the charge at g2=0 of the
proton and charged P,; state.

Both transition form factors F,, are obtained from J

the “good” component of J in the g ¥ =0 frame,

- F.. g*
(N 1T Ny =—2£ wd
\/m*mN m,+my
(15)
2F, (g, —iq,)
(N*T|J+[Nl)=———2f—-ql——q—2——1>+.
\/mtmN

The transverse and longitudinal helicity amplitudes
A,,, and S, , are then defined as!!
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A= " (Nut|—L,INL),
w
2 1/2 l I (16)
£ | _19sl -
Sip= kp | Vg (Nut|—LenINT),
where L., = —J-¢ is the electromagnetic interaction, K,

is the energy of an equivalent real photon, and ¢* the
three-momentum transfer of the virtual photon, both in
the isobar rest frame,

Kiy=(m%=m})/m,,q.>=(m} —m}+q>?/4m? —g?,
2

e 1 (17)
" 47 137.036
Combining this with Eq. (16) yields
172
g myh 2mam
Al/2=__L__1_t_3. (EZ_}.m*)_*_* ,
Ky
(18)
qg*myq h, | ma(Ef+m,) 172
Sip= T . )
Q KWm*
where

g, =(m2—m%—q*)/2my, E}=P'-P/my

are the photon momentum and N* energy in the labora-
tory, respectively.
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FIG. 2. The A,,; and S, , helicity amplitudes of the charged
P,,(1440) resonance. The 2S state of the RCQM is the solid
line marked 2S; the mixed 2S-1S is the other solid line. The
NQM result is the dashed line marked nr, the dot-dashed line
marked v /c is the NQM with relativistic corrections, both from
Ref. 11. For the data points we refer to the compilations in
Refs. 12 and 13.
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IV. RESULTS AND DISCUSSION

One of the reasons for this study was to look into the
Roper resonance in the framework of a relativistic quark
model such as the RCQM that, with its possibly richer
spectrum of nonstatic spin states than in the NQM,
would allow for a split N*(1440). This intriguing possi-
bility is left open here because it can only be decided on
the basis of dynamical calculations which go beyond the
scope of this paper and the RCQM. We report here elec-
tromagnetic responses of two P,; basis states that are or-
thogonal to the nucleon and have 2S5 and 1S behaviors in
the static limit, respectively.

The RCQM has several advantages over nonrelativistic
quark models that make it attractive if not yet realistic.
So far it has only two parameters (or three if the strange
quark is included): the three-quark core size a~my /3 of
the nucleon and other baryons and the common up-down
constituent quark mass m, ~my /3, which reproduce the

axial-vector* and electromagnetic form factors of the nu-
cleon up to nearly 1.5 GeV/c momentum transfer,” but
not GZ. It predicts similarly A;;(1232) and S,;(1535)
properties.>* As a relativistic many-body framework on
the light cone it is simpler than instant formulations be-
cause on-shell spinors may be used for internal quarks in-
stead of interaction dependent propagators. Moreover,
there are only three-dimensional integrations over inter-
nal particles, and the total momentum is properly treat-
ed.

From Fig. 2 it is clear that the rather model (and ap-
proximation) dependent transverse response A4,,, misses
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the photon point, while the longitudinal helicity ampli-
tude S, ,, is a factor of 3 too large in magnitude, but is
qualitatively similar to the nonrelativistic calculation and
the results of a p/m, expansion to second order'' (denot-
ed by v/c in Fig. 2), both of whose A4,,, also miss the
photon point. The case (i) in Sec. II is within 20% and
(ii) is practically indistinguishable from the case with
C =3.6634 in Eq. (5). The neutral 4,,, and S, ,, have
the same sign as the proton case, but are smaller by fac-
tors of about 6 and 20, respectively, whereas those of the
1S wave function that is orthogonal to the nucleon have
the opposite sign compared to the 2S case, and are about
a factor of 50 smaller than the 2S results. Mixing the 1S
and 2§ wave functions, 0.34(2S)+0.94(1S), as shown in
Fig. 2, would yield the correct magnitude for both helici-
ty amplitudes, but needs to be justified by a dynamical
calculation on the light cone. Such more realistic calcu-
lations are now called for, although the data are sparse
and of poor quality, as this situation is expected to be
remedied with the advent of a new generation of electron
accelerators, ELSA, MAMI B, and CEBAF, in the near
future.
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