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A relativistic version of the symmetric quark model is used to calculate the inelastic
electron-proton scattering amplitudes in the resonance region. Including all the nucleon
states of the harmonic-oscillator baryon spectrum, we find good agreement with the three
prominent peaks in the cross section. The part of the cross section coming from longi-
tudinally polarized virtual photons is small, as recently observed in the resonance region.

I. INTRODUCTION

One of the most promising fields of experimental
high-energy physics during the last few years has
turned out to be the inelastic scattering of elec-
trons off protons and neutrons. ' By observing only
the final electron, one has the possibility of ob-
taining detailed information about the internal
structure of the nucleons. One may hope this will
have the same important consequences as the sim-
ilar experiments of Franck and Hertz had for the
understanding of atomic structure.

If one plots the measured cross section at a fixed
scattering angle as a function of the energy E' of
the final electron as in Fig. 1, the salient features
of the data are the following:

(a) At low energy transfer to the nucieon, a few
prominent bumps in the cross section, dying rapid-
ly away with increasing incident electron energy
(increasing momentum transfer);

(b) at large energy transfers, the domination of
a continuous background which varies slowly with
increasing momentum transfer.

At zero momentum transfer the inelastic electron
scattering gives the total absorption cross section
for real photons. In this case we know that the
bumps are due to nucleon resonances. The continu-
ous part will then correspond to what is called
"Pomeranchuk exchange" in Regge language.

At the present time we have almost no real the-
oretical understanding of this latter part of the
cross section. On the other hand, since the intro-
duction of the quark model, ' considerable insight
has been gained into the classification and inter-
actions of baryons and their resonances.

In this paper we will investigate electroproduc-
tion of nucleon resonances in the framework of the
symmetric quark model picturing the baryon as a
system of three quarks bound together by harmonic
forces. This reaction being a highly relativistic
process, there is little reason to believe that a
nonrelativistic formulation of the quark model
should be successful. As shown by Thornber, ' the
agreement with experiment is really not impres-
sive and the longitudinal part of the cross section
is too large compared to the transverse part. Be-
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FIG. 1. Inelastic electron-proton cross sections
at E=4.879 GeV and 8=10 from Ref. 1.

sides being nonrelativistic, this version of the
model also suffers from the necessity of expanding
matrix elements in terms of the inverse of the
nonphysical quark mass.

Recently, a relativistic formulation of the same
model with no explicit quark mass has been devel-
oped by Feynman, Kislinger, and Ravndal. ' The
photoproduction amplitudes calculated from this
model differ little from the nonrelativistic results'
which agree generally well with experiment. ' The
only serious disagreement is found for the nucleon
recurrence F»(1688) for which one amplitude is
too small by a factor of 2.

Hence, the purpose of this paper is twofold. In-
elastic electron-proton scattering will be the first
serious test of the relativistic version of the sym-
metric quark model. At the same time, if the
F»(1688) photoproduction amplitude really is wrong
by a factor of 2, this same disagreement should be
seen in the electroproduction of this resonance. In
addition, it is interesting to find out how well the
interaction of longitudinally polarized photons
which do not arise in photoproduction is described
in this quark model.

In Sec. II we outline the kinematics relevant for
the description of inelastic electron scattering in
terms of amplitudes for internal excitations of the
nucleon by the transverse and longitudinal parts of
the virtual photon. These amplitudes are calcula-
ted in the relativistic quark model in Sec. III and
the results obtained are discussed and compared
with experiment in Sec. IV.

where 8 is the electron scattering angle. In the
lab system, the energy of the virtual photon with
momentum q=(v, Q) will be

v=E —E'=q p/m,

assuming the target nucleon to be at rest with
mass m.

As shown by Bjorken and Walecka, ' the differen-
tial cross section for this process can be written

d 0 Q

dQdE' 4E'sin (A8)

& [Wm(v, q')cos'( —,'6) + 2W, (v, q')sin'(28)]

(4)

assuming unpolarized initial and final nucleon
states. The two invariant structure functions W,
andS', are defined in terms of electromagnetic
current matrix elements:

V=2m PP -
&P 2 Pv-qv

P ~

Qjl~v

= 2 (»)'6'(p+ q —p')&p I&„(o)I n& &n I &.(o) I p&,

where the sum extends over all final states In& with
four-momentum P'.

With only one nucleon resonance with mass M in
the final state, 8'„„takes the form

w„.= &p I J,(o) I p'& &p' Iz.(o) I p&6(w' —I'}.
Here W' = (p+q}' is the invariant mass squared of
the produced N*.

The matrix elements

&pl J,(o) I
p'& = 2Mf1,

must satisfy current conservation

N (p')

II. FORMALISM

We will assume that the inelastic electron-nucle-
on scattering process

e+N- e'+~
proceeds through one-photon exchange as in Fig. 2.

FIG. 2. One-photon exchange diagram for
resonance electroproduction.
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c,(p I &„(0)I p') = o (8) From Eq. (11)we get for err and o~:

(9)Q*f. = ~*f&;~

In this frame, following Bjorken and Walecka, we
can now express W, and W, in terms of f„,f„
and f, using Eq. (5}:

w, =2(lf„l'+ lf, l') —&(w —M),

2

w =-
4 2-, 2+ 2 —5N-M.

Going to the rest system of the lP, where we take
the space part of the photon four-momentum q„
= (v*, Q*) along the z axis, this requirement relates
the scalar and longitudinal part of the current:

4v'n 1, , r/2v
z* 2 ' - (w-M)'+r'/4 '

4~'n -q', r/2&
x* Q" lf'I (w-M)'+r'/4 '

where we have made the substitution

1 F 2" — '-. (w-M) +r /4
(19)

valid for an unstable resonance having a total width
F. K* is the quantity K evaluated in the N* rest
frame

(10)

Defining partial cross sections due to the trans-
verse and longitudinal parts of the photon by

~+ = (M' m')/2M, (2o)

(21)

4&'n 1c,(w) = Q„2 (If„l'+ lf, I')5(w - M),

rr, (W)= ( „,)(f, ~

5(W —M),

we can now write the differential cross section,
Eq. (4), as

d'o n cos'(z 8)
dgdE' 4n' 4E'sin'(z 8)

so that f, and f correspond to photons with pos-
itive and negative helicity in the rest frame of N*

where the initial nucleon has J,=+ &.

In Sec. III we will calculate the matrix elements

fo, f„and f for all the relevant nucleon reso-
nances in the symmetric quark model. Equation
(18) can then be used to get the peak cross sections
or(M) and oz(M) which can be directly compared
with experiment.

1x —(o, —&&,), (12) III. CURRENT MATRIX ELEMENTS

where

V2
z '=1+2 1- —, tan' —,'0 .

Cf

Instead of the cross sections o, and o, , experi-
mental data are usually given for the slightly dif-
ferent quantities o ~ and o~ introduced by Hand':

Z= (M'- m')/2m. (15}

o'p=+ —ot p og =- o'g . (14}

Here K is the lab energy required to produce the
N* with real photons

The relativistic symmetric quark model we will
use here, as developed in Ref. 4, pictures the bar-
yon as three quarks held together by pairwise har-
monic forces. This system is described by the
operator

IC =3(p,'+p, '+p, ')++, 0'

x[(u, —u, )~+(u, —u, )'+(u, —u,)']+C, (22)

where p, is the four-momentum of quark a with

coordinate u, . C is some unknown constant to des-
cribe the departure from this simple model. In-
troducing the total momentum P of the system and

two internal momenta E and q,

Inserting or and o, into Eq. (12), we get the well-
known expression

o'

1P(=3 &+6 5- 2~~a~

1 y 1
P = ~ &+8&+2~2&

(28)

with

= rr(or+ co~), (16}
then Eq. (22) can be written

K P R
4@2 g 1-e

The polarization parameter g varies between 0 and 1.

where

-5}I'= —,
' (('+ q') + —,

' 0'(x'+y')+C. (24)
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Here x and y are coordinates conjugate to ( and g.
To discuss the mass spectrum following from this
internal motion, it is more convenient to use the
creation operators

5 = g+s
(25)

and their Hermitian conjugates a and b. In terms
of these, Eq. (24) takes the form

-SR' =Q(ata+btb)+C . (26)

The eigenvalues of this operator give an equally
spaced spectrum in mass squared, each excitation
corresponding to 0 =1.05 GeV'.

In the symmetric quark model, every physical
baryon state is required to be totally symmetric
under any interchange of its quark labels. Conse-
quently, each excited state must be combined with
the appropriate SU(6) state to give over-all sym-

metry under combined interchange of both SU(6)
and spatial quark labels. The lowest SU(6)S O(3)
multiplets resulting from this restriction are
listed in Table I together with their decomposition
into 'z "(SU(3))~ multiplets, S being the quark spin
of the SU(3) multiplet and 8 the total angular mo-
mentum. Each multiplet is identified by one rep-
resentative particle: the N in octets, the 4 in
decimets, and the A in singlets. The multiplets
with a.question mark in front are not yet estab-
lished, but they are predicted to exist. Their mass
follows from the extra assumption of negligible
spin-orbit forces. '

The electromagnetic interaction of the baryons
is obtained in this model through the minimal
coupling

(27}

for each quark four-momentum P„. As shown in
Ref. 4, this gives for the coupling to a photon with
polarization e„ in the rest system of the N*:

45K =JqA~

1=9Ge,exp — — q a —M ——v*—,e, + — — (a +a) e+(Q* e) —+0 3 3 2mg ' 3 2 3 2mg
X/2

+zc, ~ (Q*xe} 1+, exp + — q a
2mg (28)

Here e, and 0, are the charge and spin of quark a
and

(M +m)'- q'g'=
4Mm (29)

Q* T-

S=+(3Mm+q'- m')/6M',

R=v 2 Q*
(M +m)' —q' '

G =G(M, q') is an unknown form factor we will re-
turn to in Sec. IV.

Taking the photon momentum Q* along the z axis
and substituting for the photon energy

v*= (M' —m'+q')/2M, (30)
we get from Eq. (28) for the current matrix ele-
ments

f,=9G(N(+ ,') ~e. se "'~N-+(+ 2}), -

f =9G(N(+-, )~e,(Ta++Ra, )e "[N*(+,')), —

f,= 9G(N(+ &) [ e,(Ta +Ra„)e '
~
N*(-—,')),

(31)
where

Q*' —-q'+(M' —m'+ q')'/4M'

From Eq. (28) we find

f, =cS,

(Q*/v*)f, = cS —c(M2 —m' —NQ)/6Mv*, (34)

where c is some numerical constant and Q is the
number of excitations in the N*.

In this model, all particles are on straight
exchange-degenerate trajectories with masses
M'= m'+EQ, m being the mass of the ground state.
The last term in Eq. (34) will then be zero and the
current conservation condition, Eq. (9), is satis-
fied.

To be consistent at this point, we should also
use the model values of the particle masses in the
numerical calculations of the scattering ampli-
tudes. This would, however, bring us into trouble
with the kinematical factors entering the cross-
section formulas where we must use the physical
masses of the particles involved. Consequently,
we will in the following use the real particle
masses in all expressions. In the cases consid-
ered, this makes little difference in the numerical
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TABLE I. Lowest resonance multiplets in the symmetric quark model.

No. of
excitations Excitation SU(6) Ia O(3) 2 i( SU(3))~ Resonance

N=o

N=1

a~ a~+~b ~b

a~a~ +~b~b

at a~-~b. ~b, a~ ~b

a~a~ -~b~b, a~~b

~ax ~b

[56,o']

[ vo, 1-]

[56,o']

[ 56, 2']

[ vo, o']

[vo, 2']

[2o, 1+]

'(8)«2
'( 0)3/2

'(»«2
'(»3/2
'(8)i/2
'(8)w,
(8)«2
(8)w

(8)g/2

'(10)«,
'(10)w2

(8)i/2
(10)w2

(8)w2

(8)S/2

(10)i/2
'(10)w,

(10)5/2
'(10)7/2

'(8)i/2

(8)3/2

(8)7/2

Pii(938)
P33(1236)

$01(1405)
DGB(1520)

Sii (1535)
D13(1520)
Sii(1700)

?D13(1700)
Di) (1670)
$31(1650)
D33(1670)

P 11(1470)
&P 33(1690)

'?P13(1700)
Fig(1688)
P 31(1910)

'?P33(1920)
F35(1890)
F37(1950)

P«(1780)

P13(1860)
F17(1990)

results of the model.
ln particular, for the F»(1688) which is the

Regge recurrence of the nucleon, one should ex-
pect the calculated amplitudes to be in the best
agreement with experiment. As discussed in
Sec. I, this is apparently not the case.

Using the Appendix in Ref. 4, it is a simple mat-
ter to evaluate the matrix elements in Eq. (31).
The results are given in Table II where we have
only included those resonances with mass M& 1750
MeV, this being the region of interest here.

TABLE II. Helicity amplitudes for proton target with J, =+ &.

State
r

(MeV) y0/O

PBB(1236)

P ii(1470)

D13(1520)

S«(1535)

S31{1650)

DBB(1670)

D„(16vo)

F15(1688)

'?P33(1690)

Sii (1700)

~D13(1voo)

PP13(1700)

120

120

120

150

240

140

7250

250

9150

7'200

-v 6R

+(9)i/2 T
2

+(9)1/2 T
2

0

(~)1/2 Ty

+( 1 )1/2RQ2

+( 9 )1/2 Tg
10

( 3)i/2R y2
4

(2)i/2T -~3RA

-W3 T —(p) RA,

-v 3 T+ (-', )«2RX

+( 3 )1/2 T + (1 )1/2R y
2 3

0

[ (
9 )1/2 T + ( 9 )1/2g y]y
5 10

(
l )1/2Ry2
6

[+(27 )1/2 T+ (3)i/2Rg]y
10 5

( 3)i/2 Sy2
4

-W3$X

+(&)'/2 sr
2

+( 3 )1/2 $$
2

-&3 SZ

+(+ )1/2 Sy2
10

Y(
3)i/2 Sg2
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IV. RESULTS AND DISCUSSION

FlG. 3. Resonance cross section at W =1236 MeV
arith proton target. Data from Ref. 12.
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FIG. 4. Transverse (oz) and scalar (0&) cross
sections for the S&& (1j35), D~3|1520), 83~(1650), and

D33(1670) resonances with proton target.

The form factor G does not follow from this mod-
el as discussed in Ref. 4. Our lack of theoretical
understanding at this point forces us to guess its
form and see how that guess compares with experi-
ment. We have one serious restriction on our
choice. It should, in the simple case of elastic
electron scattering, give the proton dipole form
factor. With this in mind, we mill in the following
use one of the simplest possible forms:

G(M, q')=(1 —
) (I —

4 .), (35)

where N is the number of excitations in the N*.
This arbitrary choice seems to give a reasonable
description of the present experimental data in the
limited resonance region we are concerned with
here From Eq. .(50) in Ref. 4, we get for the pro-
ton magnetic form factor with this assumed form,
Eq. (35):

—"=(1 —
O i) . (36)

We are now in the position to calculate the cross
sections or and o~, Eq. (18), for each state in

Table II. The results of the numerical work are
presented in Figs. 3, 4, and 5 mhere me plot each
cross section for proton target at the resonance
peak O'=M as a function of -q'.

The scalar cross section for the P»(1236) is
3zero since this resonance has quark spm

Both o~ and 0~ vanish for all the three states
S»(1700), D»(1700), and D»(1670) of the quark
spin S=& octets of the [70, 1 ]. The reason is
that the electromagnetic coupling between two
octet protons being proportional to E+—,'D vanishes
for these states since they all have E/D= ——,'.

In Fig. 5 we have also included cross sections
for the P»(1690), existing in the footnotes of the
Particle Tables, "and the not-yet-established
P„(1700)with an assumed width of F = 200 MeV
just to find out how' important the contributions
from these resonances are.

From Fig. I we see that there are three promi-
nent bumps in the inelastic electron-proton cross
section. The dominant peak is at S' =-1236 MeV,
corresponding to the P»(1236) resonance. The
next bump is at S' =1525 MeV and the last at
W =1680 MeV. There is also some structure
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FIG. 5. Transverse (Oz) and scalar (o&) cross
sections for the P&&(1470), P33(1690), P&3(1700),
and E&5(1688) resonances with proton target.

around 8' = 1920 MeV which we will not discuss
here because of its dubious resonance nature. "
The second and third peaks can be qualitatively
understood in terms of the resonances in Table II.
Besides the P»(1236) and the Roper resonance
P»(1470) which has a small cross section, the
resonances are grouped into two distinct mass re-
gions. The first group consists of the S»(1535)
and the D»(1520) corresponding to the second
bump. The remaining resonances, grouped around
W =1680 MeV, are the S„(1650), D»(1670),
D„(1670), E„(1688), P»(1690), S„(1700),
D»(1700), and P,s(1700).

To make a quantitative comparison with experi-
ment, we have in Fig. 3 for the P»(1236) plotted
the experimental values of Z =0~+co~ as evalu-
ated by Clegg. " For -q'&0. 5 GeV', we see that
the theoretical cross section is almost 30% too
small. For larger -q', the agreement is very
good. The values of Z at the second resonance
peak we compare with the sum of the cross sec-
tions of S»(1535) and D»(1520) in Fig. 6. Again we

find very good agreement. At small -q', the
largest contribution is coming from the S»(1535),
contrary to what is usually assumed in the litera-

I.O 2.0

GeV

I

3.0

-q

FIG. 6. Total transverse (oz) and scalar (0&)
cross sections at the second resonance peak W =1525
MeV with proton target. Data from Ref. 12.

11,12

Doing the same for the third peak, Fig. 7, we
note that good agreement is obtained only when

including the predicted resonance P»(1700). With-
out its contribution we would get a cross section
around 30%%up too small compared with the experi-
mental data of Clegg. "

It is generally believed that this third bump in
the cross section is mainly E»(1688)."'" Accord-
ing to the present model, that is not the case, the
D»(1670}being just as important. Had we tried to
use the E»(1688) alone, we would be off by a fac-
tor of 3 in the cross section. This may explain
the apparent disagreement for this resonance in
the photoproduction amplitude which experimental-
ly is found by fits not including all the important
resonances in the same mass region like the
D»(1670).»

In other words, had the E»(1688) alone been able
to explain the third peak, then this model would be
in serious trouble. The same would obviously have
been the case if we had gotten good agreement not
taking into account the not yet ob-serv-ed P»(1700}.

Another interesting result of this model is the
small scalar cross section 0~ we find. The maxi-
mum of the ratio o~/or reached at -q'= 0.5 GeV'
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so Os will also have a zero in the resonance region
in the range -q' =3-4 GeV'. This result is ob-
viously independent of the arbitrary form factor
we have used.

A completely different approach to the process
of electroproduction of nucleon resonances has
been taken by Pritchett, Walecka, and Zucker"
and Pritchett and Zucker. " They have used a
coupled-channel relativistic N/D model to calcu-
late the excitation amplitudes for most of the reso-
nances considered in this paper. The magnitudes
of the first three resonance peaks in the cross
section obtained in this model agree fairly well
with experiment. However, it also predicts that
the scalar cross section'should dominate at the
second peak beyond -q =4 GeV' and at the third
peak when -q' & 1 GeV'. The new measurements
of os in this resonance region" seem to be in dis-
agreement with these predictions.

20

I.O 2.0
Gev2

ii -q 2
I..

3.0

FIG. 7. Total transverse (o'z) and. scalar (Os) cross
sections at the third resonance peak S'=1680 MeV
with proton target. Data from Ref. 12.

(37:)

is 30% at the second peak and near 50% at the third
peak. It is substantially smaller for all other val-
ues of -q'. This agrees nicely with recent experi-
mental results from DESY" where the same ratio
is found to be around 20% in the resonance region.

The reason for this small scalar cross section
is easily found by looking at Etls. (18) and (32).
In addition to the required zero of os at q' =0, we
see that S= 0 at

V. CONCLUSION

The resonance region of inelastic electron-pro-
ton scattering has been investigated in a relativis-
tic quark model. We have found good agreement
with all aspects of the present experimental situa-
tion. The second peak in the inelastic cross sec-
tion is well described by the resonances S»(1535)
and D»(1520). To obtain good agreement for the
third peak, we need to include, besides the
E»(1688), the D»(1670) and a not-yet-observed
resonance P»(1700) whose existence is predicted
from this symmetric quark model. We find a
small cross section for the Roper resonance
P»(1470) which is also in accordance with experi-
ment. The scalar cross section crs is smaller
than o~ in the whole resonance region considered.

We look forward to more precise experiments
for small -q' which would test our choice of form
factor. Future coincidence experiments will be
important to check the composition of each bump
of the inelastic cross section.
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Two-body hadronic scattering through weak interactions is investigated theoretically in the
energy region accessible at the National Accelerator Laboratory. In the ordinary current
xcurrent form of weak interactions, the following quantities are calculated for charge-ex-
change weak hadronic reactions: (i) the differential cross section, the polarization of a final
baryon, and the asymmetry in the angular distribution of scattering from a polarized target
for strangeness-changing processes, and (ii) the interference of weak-interaction amplitudes
with strong-interaction amplitudes for processes to which both weak and strong interactions
contribute. The interference with strong amplitudes is discussed by means of a straight ex-
trapolation of existing Regge analysis at lower energies (less than 30 GeV). Differential
cross sections near the forward direction are typically of the order of 10 cm in do/d coso
in the center-of-mass frame. The interference between weak and strong amplitudes is un-
fortunately only one part in 104-105 for the 7' charge-exchange scattering in spite of the dif-
ferent high-energy behavior. All calculations are supposed to be valid at high energies up to
absorption corrections due to a Regge cut generated by the Pomeranchukon and a Gxed pole
at J=1 from the weak amplitude. Inelastic scattering is also briefly mentioned. Charge-
nonexchange processes are discussed in connection with a test for the existence of neutral
weak currents.

I. INTRODUCTION

The structure of weak interactions is fairly well
known in the low-momentum-transfer region
through semileptonic and purely leptonic decay pro-
cesses. ' In contrast, purely hadronic weak inter-
actions are less understood, partly because of com-
plications caused by strong interactions. For in-
stance, neutral weak currents have frequently been
discussed in connection with the bI = —, rule, CP vio-
lation, and so forth; while their absence is now es-
tablished to a very good accuracy in semileptonic
and leptonic interactions, little can be said about
purely hadronic processes.

A cutoff momentum characteristic of weak inter-
actions has been extensively discussed from vari-
ous viewpoints, recently by means of current alge-
bras. ' ~ Some current-algebra calculations indi-
cate a surprisingly low value of the cutoff momen-
tum as compared with a unitarity cutoff (-300
GeV), although they are partly based on a some-

what controversial technique. It is very interest-
ing to see how our weak-interaction theory, which
has successfully described low-energy decay phe-
nomena aside from CP-violating phenomena, must
be modified at a short distance. Reactions induced

by neutrinos have been thoroughly discussed, ' since
one can develop fairly straightforward arguments
similar to those used for electroproduction as mea-
sured at SLAC. However, purely hadronic inter-
actions have seldom been considered seriously.
The purpose of this paper is to report results of
our calculation of various quantities which may
possibly be measured in future experiments on
purely hadronic weak interactions at high energies.

We shall first consider two-body reactions. The
currentx current theory of weak interactions gives
rise to a fixed pole at J=i in the t-channel com-
plex angular momentum plane. ' The fixed pole ap-
pears in the t channels for reactions with I=1,
S=O, and lgl=l and withI= lsl=l and Iql=l
We shall not take into account higher orders of


