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Abstract: New data for the total absorption cross section of virtual photons on protons and 
deuterons are used to determine the excitation cross section of the three dominant nucleon 
resonances at W = 1236 MeV, I4/= 1520 MeV and W = 1685 MeV. The q2 dependence of the 
excitation on protons and of the ratio for the excitation on deuterons and protons is given. 
The results are compared with the predictions of the symmetric quark model. 

1. Introduction 

The absorption cross section of virtual photons on protons and neutrons for four- 
momentum transfers 0.1 (GeV/c) 2 <<. q2 <<. 1.5 (GeV/c) 2 and invariant masses 

W ~< 1.85 GeV has been determined by the Karlsruhe-DESY collaboration. The ex- 

periment has been performed with a wire spark chamber spectrometer, using a 
0erenkov counter and a shower counter for particle identification. The details of the 
apparatus have been described in former publications [1, 3]. The measured cross sec- 
tion, the corrections and the error sources are given in tabulated form in a previous 
paper [4]. In the present paper the contribution of the dominant nucleon resonances 
and the non-resonant background to the measured and radiatively corrected cross 
section is determined. 

* Present address: CERN, Geneva. 
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2. Analysis procedure and results 

The measured two-fold differential cross section is connected to the absorption 
cross section Oto t by 

1 d3o 
Ot°t = OT + e°L = U dg2dE ' 

where e is the degree of  transverse polarization of  the virtual photons, Py is the flux 
of  virtual photons, o T and o L a r e  the absorption cross sections of  transverse respec- 
tively longitudinal polarized virtual photons. 

The resonance cross sections are derived from the absorption cross section on 
protons and deuterons in two steps. By fitting of  the resonance and the background 
contributions to the proton data the resonance parameters were determined. To get 
the resonance contribution from the deuteron cross section the Fermi motion was 
taken into account. 

The resonance contributions to the absorption cross section were parametrized by 
Breit-Wigner formulas. For the A(1236) resonance a relativistic Breit-Wigner formula 
with mass dependent width was chosen [3]: 

rroeq 2 1 ~ (W) * 2 cM (q2) ,  ( I )  
01236 = 2KWM (W_M~)2 + ~ p2 (W) 

0.128 (0.85 * 3 IP.I/,n~) 
P (W) - , (2) 

1 + (0.85 * 2 IP~ I ~mr) 

where M 1 is the resonance mass, q the three-momentum of the virtual photon, W the 
invariant mass of  the hadronic final state, G~t(q 2) the transition form factor, c~ the 
fine structure constant, K the equivalent photon energy, p,~ the pion momentum in 
the c.m. system of the resonance and m,~ the pion mass. 

The second and third nucleon resonances are described by nonrelativistic Breit- 
Wigner formulas 

P(1520)  (3) 
o1520 =A2 (q2) (W-M~) 2 + a 1 I~2 ( 1 5 2 0 ) '  

P(1685)  
o1685 =A3 (q21 (W--M;) 2 + ~p2 (1685) (4) 

To fit the non-resonant background a polynomial was used 
N 

Onre s = n~=l an (q21 (W_Wth)n-{ , (5) 

1 
where the square root term (W-Wth)? takes into account the behaviour of  non-re> 
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Fig. 1. Separation of  resonant and non-resonant contribution of  a measured electron spectrum 
using a proton target. 

onant pion production at the threshold Wth. The value N = 3 gives a sufficient fit and 
has been used throughout the analysis. Values N > 3 have been tried, but they do 

not give significant different results. 
The fit to the proton data leads to the following set of  resonance parameters : 

M 1 = 1.222 -+ 0.005 GeV, 

M~ =1.51 + 0 . 0 0 8 G e V ,  P ( l S 2 0 ) = 0 . 0 8 G e V ,  

M 1 = 1.685 + 0.014 GeV, lP(1685) = 0.1 GeV.  

This result agrees with the analysis of  Bloom et al. [5] at higher four-momentum 
transfers. An example of  the fit to the measured proton cross sections is given in 
fig. 1. In fig. 2 the resonance cross sections of  the proton as a function o f  the four- 
momentum transfer are given. The results are summarized in table 1 and table 2. 

To compare the excitation cross section of  resonances on bound state protons 
with that one on bound state neutrons we have folded the cross section of  the free 
proton with the momentum distributions of  the nucleons bound in the deuteron 

dld I d2oo<  0",< 
d~E3(E1,E3,0)=fd3p W(p) F(p) d~2~dE~ dE 3 d a  3 , (6) 
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Fig. 2. Cross section for the excitation of the A (1236) resonance, the 2rid resonance and the 3rd 
resonance as a function of the four-momentum transfer q 2  

where  in the  lab f rame p is the  m o m e n t u m  o f  the  target  nuc leon ,  E 1 the energy o f  

the  pr imary e lec t ron ,  E 3 the energy o f  the  sca t tered  e lec t ron  and 0 the scat ter ing 

angle o f  the  e lect ron.  

The k inemat ic  variables measured  in the  rest sys tem o f  the target nuc leons  are 

Table 1 
Transition form factor G~I (q2) for the excitation of the ~ (1236) resonance on protons and 
neutrons 

q2 (QeV/c)2 G~p G~n 

0.15 2.15 -+ 0.13 
0.20 1,79 -+ 0.12 1.76 -+ 0.15 
0.30 1.38 -+ 0.04 1.28 ± 0.10 
0.40 1,10 -+ 0.08 1.02 -+ 0.08 
0.50 0,92 ± 0.03 0.91 +- 0.04 
0.70 0,64 -+ 0.02 0.60 -+ 0.03 
1.0 0.39 ± 0.02 0.36 ± 0.03 
1.2 0.31 ± 0.01 0.31 -+ 0.02 
1.5 0.22 ± 0.01 0.21 +- 0.02 
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Table 2a 
Exci tat ion cross section of  the  ~ (1236) resonance on protons  

205 

q2 (GeV/c)2 o T + ea L (ub) 

0.15 690 + 100 
0.20 580,+ 80 
0.30 460 + 30 
0.40 370 + 40 
0.50 315 + 15 
0.70 210 + 15 
1.0 110+  10 
1.2 85 +- 5 
1.5 50 + 5 

Table 2b 
Excitat ion cross section o f  the  2nd nucleon resonance on protons  

q2 (GeV/c)Z cr T +  eo L ~ b )  

0.12 116 -+ 30 
0.15 126 + 20 
0.24 110 ,+ 24 
0.34 94 -+ 16 
0.39 84 -+ 7 
0.57 59 ,+ 7 
0.84 44 -+ 6 
1.04 31 ,+ 5 
1.32 22 -+ 3 

Table 2c 
Excitat ion cross section o f  the 3rd nucleon resonance on protons  

q2 (GeV/c)2 a T + ea L (~b) 

0.21 68 -+ 20 
0.30 75 ,+ 16 
0.33 43 -+ 17 
0.48 37 ,+ 7 
0.74 35 ,+ 15 
0.93 32 ,+ 6 
1.20 24 ,+ 9 

c h a r a c t e r i z e d  b y  an  a s t e r i sk .  W ( p )  is t h e  m o m e n t u m  d i s t r i b u t i o n  o f  t h e  t a rge t  n u c -  

l eons .  It  is c a l c u l a t e d  f r o m  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  H u l t h e n  w a v e  f u n c t i o n  (5% 

d - s t a t e  c o n t r i b u t i o n ) .  B y  t h e  t e r m  F ( p )  w e  t a k e  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  t h e  

m o v e m e n t  o f  t h e  t a r g e t  n u c l e o n s  to  t h e  f l u x  o f  t h e  v i r t ua l  p h o t o n s .  T o  so lve  t h e  i n t e  
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gral equation (6) the following representation of the two-fold differential cross sec- 
tion is used" 

d2o 
- OMott {W2(q2 , u) + 2tg2~0 W 1 (q2, u)}- OMottf(v, q2, 0).  

d~3dE 3 

Merging of (7)into (6) results in 

d2o 
d~3dE3 (El, E3, 0) = OMott (El, E3, 0) fd3p (W(p)f(v*, q2, 0") 

X (1 -Px  sin 0 -Pz c°s 0)2), 

(7) 

(8) 

v* =~:[ L3, (9) 

E~ = E l  (1 - - P z ) ,  ( 10 )  

E~=E3(1-Px~nO pzcosO). (11) 

The direction of the primary electron beam is taken as z-axis, while the x-axis is 
placed in the electron scattering plane (h = c = M = 1). 

/ 

1 

i L I i L I i I I 
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Fig. 3. Contr ibut ion o f  resonant and non-resonant processes to the measured electron spectrum 
for deuteron targets. 
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Fig. 4. Ratio of the cross section for the resonance excitation on deuterons and protons as a func. 
tion of the four-momentum transfer. 

From formula (8) follows that the folding procedure consists in a superposition 
of  cross sections at constant q2 and different u*. At small electron scattering angles 
an energy interval proport ional  to v contributes to the broadening, therefore the res- 
onances with high masses are broadened strongest. The function f(u*, q2, 0")  in for- 
mula (8) was determined by interpolation from the experimental values given in 

ref. [4.1 
This folding procedure has been applied separately to each of  the resonant contri- 

butions determined from the proton cross sections. The folded resonance contribu- 
tions and the Fermi-broadened background 

O D =alof(1236 ) + a2of(1520) + a3af (1680 ) + a4of(nres) (12) 
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Table 3a 
Ratio OD/O p of cross sections for the excitation of the/x (l 236) resonance on deuterons and 
protons 

q2 (GeV/e)2 OD/O E 

0.20 1.99 +- 0.1 
0.30 1.82 -+ 0.1 
0.40 1.87 +- 0.05 
0.50 1.96 -+ 0.05 
0.70 1,88 +- 0:07 
1.0 1.86 ± 0.08 
1.2 2.02 -+~0.1' 
1.5 1.93 +- 0.05 

Table 3b 
Ratio aD/O p of cross sections for the excitation of the 2nd resonance on deuterons and protons 

q2 (GeV/c)2 aD/a p 

0.15 2.00 +- 0.15 
0.24 1.85 +- 0.35 
0.34 1,72 +- 0.12 
0.39 1.48 +- 0.3 
0.57 1.45 -+ 0.5 
0.84 1.4 +- 0.3 
1.04 1.35 +- 0,35 

Table 3c 
Ratio OD/cr p of cross sections for the excitation of the 3rd resonance on deuterons and protons 

q2 (GeV/c)2 aD/Op 

0.21 2.55 -+ 0.6 
0.30 2.05 +- 0.2 
0.33 2.15 +- 0.2 
0.48 1.45 +- 0.45 
0.74 1.9 + 0.5 
0.93 2.1 +- 0.3 

have been  f i t t ed  to  the  measu red  d e u t e r o n  cross sect ions.  Fig. 3 shows an  example  o f  

a fi t  for a d e u t e r i u m  ta rge t .The  c o n s t a n t s  a 1 . . . . .  a 4 have  b e e n  d e t e r m i n e d  by  the  fit .  

The  ra t io  o f  the  single r e sonance  t e r m  to the  app rop r i a t e  p r o t o n  t e r m  in the  maxi-  

m u m  of  the  r e sonance  measures  the  r e sonance  exc i t a t ion  on  neu t rons .  Cor rec t ions  

due to shadowing  and  the  Pauli  pr inc ip le  are less t h a n  6% and decreases  w i th  increa-  

sing f o u r - m o m e n t u m  t ransfer .  T h e r e f o r e  no  co r rec t ions  o f  th is  k ind  have  b e e n  ap- 

plied to the  data .  Fig. 4 shows the  rat io  o f  r e sonance  exc i t a t i on  o n  d e u t e r o n s  and  

p r o t o n s  as a f u n c t i o n  of  the  f o u r - m o m e n t u m  t rans fe r  in the  region of  the  th ree-nuc-  

leon  resonances .  These  resul ts  are given in tab le  3. 
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3. Discussion of the results 

The excitation of the A (1236) resonance on protons and neutrons is characterized 
by the transition form factor G~I (q2)of  formula (1). The results of the present anal- 
ysis are given in fig. 5. Since only the isovector amplitude contributes to this transi- 
tion form factor, the excitation of the/x (1236) resonance on protons and neutrons 
should be equal. This result is in agreement with a former experiment which was per- 
formed in a smaller q2 region [6]. 

The prediction of the dispersion relation model of Gutbrod and Simon [14] in- 
cluded in fig. 5, fits the experimental data. A dipole like formula has been fitted to 
the transition form factor: 

G~I (q2) = (13) 
(1 +q2/0.51)2' 

where q2 is measured in (GeV/c) 2. The transition moment 

/J* = 3.54 -+ 0.4, 

determined from the fit is in agreement with results from photoproduction [7]. 
Theoretical results for the excitation of higher nucleon resonances have been given 

by Ravndal [8] and Lipes [9] in a relativistic version of the symmetric quark model. 
In figs. 6 and 7 the theoretical prediction and the experimental results for the proton 
target are compared. The q2 dependence and the strength of the measured cross sec- 
tion deviate from the predictions of the two models. 

aI % 
f \ .  . 
L-v,  ?. 2o27"oo. .oo + 

L'c J 

Fig. 5. Transition form facor G~i(q 2) as a function of  the four-momentum transfer. The solid line 
is the prediction of  Gutbrod and Simon [14]. 
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As fig. 6 shows, the differences between the Ravndal model and the data for 
the excitation cross section of  the 2nd resonance is due to the large longitudinal cross 

section predicted by this model. Since the excitation of  the SII (1535) resonance is 
described satisfactorily by the Lipes version of  the symmetric quark model [10, 11 ] 
one has to conclude that the theory of  Lipes and tire experiment differ mainly for 
the D13 (1512) resonance contribution• 

The maximum of  the resonance in the region of  the 3rd resonance is shifted to 
higher invariant masses with increasing four momentum transfer [4]. This trend is in 
agreement with the quark model predictions and supports the calculations which de- 
termine the contributions of  the different nucleon resonances to the measured cross 
section• But fig. 7 demonstrates that in the detailed shape of  the q2 dependence and 
the absolute height of  the cross-section theory and experiment disagree• From this 
follows that the symmetric quark model, which is successful in photoproduct ion [12] 
is only of  limited predictive power in electroproduction.  This is most probable due 
to the fact that the q2 dependence of  the cross section is strongly affected by the 
quark wave function chosen. 

Close et al. [13] have derived upper and lower limits for the ratio ON/O P of the ex- 

citation cross section of  nucleon resonances on neutrons and protons which can be 

used to determine the ratio OD/O P of  the cross sections for resonance excitation on 
deuterons and protons. They have taken into account the difference between consti- 
tuent and current quarks by classifying the nucleon resonances according to SU(6)w 

~ . 3  

2 0 0 _  ~ 2- R E S O N A N C E  

L . . . . . .  " - -  l 

Fig. 6. Cross section for the excitation of resonances on protons in the region of the 2nd reso- 
nance as a function of the four-momentum transfer. For comparison the predictions of Ravndal 
[81 ( )and Lipes [91 ( . . . .  ) are included: (1) al: (2) ot: (3) Or+ eol• 
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Fig. 7. Cross section for the excitation of resonances on protons in the region of the 3rd reso- 
nance as a function of the four-momentum transfer. For comparison the theoretical predictions 
of Ravndal [8] ( - - )  and Lipes [9] ( ' - - - )  are included; (1) Ol; (2) et; (3) o t + eal. 

in the constituent basis. Furthermore they used the most general form for the cur- 
rent which is compatible with it belonging to a 35-plet of  SU(6)w. Without any fur- 
ther assumptions on the quark wave function upper and lower limits for the ratio 
OD/oe of  the different nucleon resonances can be derived from their calculations. 

In the region of  the 2nd resonance the limits are given by 0 ~< OD/O v ~ 2 depen- 
dent on the contribution o f  the known three nucleon resonances in this mass inter- 
val. As shown by fig. 4b this prediction is compatible with the results of  the present 
analysis. 

In the region of  the 3rd resonance, the model predicts for the $31(1650) and the 
D 33(1670) re sonance a ratio OD/ap = 2. The D 15 (1670) resonance should not b e ex- 
cited on protons and for the F15(1688 ) resonance the limit for the ratio is 
0 <% OD/a~ <~ 4/9. The results of  fig. 4c are compatible with this model either if the, 
$31(16505 and the D33(1670) resonance dominate the excitation cross section or if 
the D15(1670 ) and the F15(1688 ) resonance are excited with equal strength. 

In conclusion it follows that the general results of  the quark model are in good 
agreement with the experimental data, while specific theoretical predictions, which 
depend sensitively on the wave function chosen, differ from the experimental results. 

The help of  Ing. H. Sindt during all stages of  the experiment is acknowledged. This 
work has been supported by the Bundesministerium ffir Forschung und Technologie. 
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