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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 re­

sonances at W = 1236 MeV, W = 1520 MeV and W = 1685 MeV. The 
~ 2 -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. 

~ Present address: CERN, Geneva 
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1. IN'l"lWDUCTION 

The absoortion cross section of virtual photons on protons 

and neutrons for four-momentum transfers 0.1 (GeV/c) 2 ::: a 2 

::: 1.5 (GeV/c) 2 and invariant masses W::: 1.85 GeV has been 

determined by the Karlsruhe-DESY collaboration. The experi­

ment has been performed with a wire spark chamber soectrome­

ter, using a r,erenkov counter and a shower counter for par­

ticle identification. The details of the apparatus have been 

described in former publications 1 •2 •3. The measured cross 

section, the corrections and the error sources are given in 

tabulated form in a previous paper4 . In the present paper 

the contribution of the dominant nucleon resonances and the 

nonresonant background to the measured and radiatively cor­

rected cross section is determined. 

2. ANALYSIS PROCEDURE AND RESUL:I'S 

The measured twofold differential cross section is connected 

to the absorption cross section crtot by 

= 

where E is the degree of tran~verse polarization of the vir­

tual photons, rt is the flux of virtual photons. crt and cr 1 
are the absorption cross sections of transverse respectively 

·longitudinal polarized virtuai photons. 

The resonance cross sections are derived from the absorption 

cross section on protons and deuterons in two steps. By fit-

'' , '" ,.,,,,, '" '""""' """"'"" '''"""""""'"' ''"""'''II "'~''"''"•"''""'""''I''" .. " "'~"''""""'"'~ "''''''''"" " '""'""""' '"' ""',j """'"'"~'"" '" .,.,.,,""'""'"'"'''""''''"'~''II I'"" '"11'""''""'""'""'""'"""" ... ' ''~'" "'' 
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ting 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. 

'!'he resonance contributions to the absorption cross sect;ion 
were parametrized by Breit-Wigner formulas. For the t.(1236) 
resonance a relativistic Breit-Wigne·r fol:'mula with mass de­
pendent width was chos,en3. 

where 

cr1236 

M"' 
1 

('t 

K 

r (W) 

= 

= 

+2 
r(~T) G~2(q2) 'II a q 

2 K W.f'l (W-M111
)
2 + r 2 (W) /4 1 

0.128 (0.85 1+111 1/m ) 3 
.P11 'II 

1 + (0.85 Jp!Jlm'll) 2 

resonance mass 

three momentum of the virtual photon 

invariant mass of the hadronic final state 

transition form factor 

fine structure constant 

eqriivalent photon energy 

(2) 

pion momentum in the CM system of the resonance 

pion mass ,, 

The second and third nu.cl,eon resonance are described by non­
relativistic Breit-Wigner formulas 
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= 
r(1520) 

= r(1685) 

To fit the nonresonant background a polynomial was used 

= 
N 
r an(q2) (W-W )n-1/2 

th n=1 

where the square root term (W-Wth) 112 takes into account 
the behaviour of nonresonant pion production at the thres-· 
hold Wth• N = 3 gives a sufficient fit and has been used 
throughout the analysis. ITalues 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 

"' (1. 51 0.008) GeV r(1520) 0.08 GeV 1Vf2 = ± = 

~~"' . 3 = ( 1. 685 ± 0.014) GeV r(1685) = 0.1 GeV 

This reeult agrees with the analysis of Bloom et al.5 at 

higher four momentum transfers. An example of the fit to 

(3) 

(4) 

(5) 

the measured proton cross sections is given if fig. 1. In 

fig. 2 the resonance cross sections of the proton as a func­
tion of the four momentum transfer are given. The results 
are summarized in table 1 and table 2. 

· , , , '' "''"' ".,,,,, ''""" '' '' ' '1"1"11'11'" '""• '" """ '''"'11"''"""'"'"''1"''~'111 II"""~"PIII''IP'I•I~II•I'"III'""'" "'Ill''"'' ,.,.,..,..,.,,,...,.,...,..,.,...,,,, •. wloll"ll"" ,,.,,.,.,_,., •. ,,,,,_"''""''"'"1'•1"'"" ""''""""'1•1111'1.1'111'11'1""""""'" '""'"~'"'•IIIII'~"~ 11''",..""''"""'..,"~ 
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To compare the excitation cross section of resonances on 
bound state protons with that one on bound state neutrons 
we have folued the cross section of the free proton with 
the momentum distributions of the nucleons bound in the 
deuteron 

where in the laboratory frame 

.... 
p momentum of the target nucleon 

El energy of the primary electron· 

E3 energy of the scattered e·iectron 

e scattering angle of the electron 

The kinematic variables measured in the rest system of the 
target nucleons are characterized by an asterisk. w(~) is 1 ' ' • ' ' " ' 

(6) 

the momentum distribution of the target-nu'i:J,eons. It is cal­
culated from the Fourier transform of the Hulthen wave func­
tion (5% d-state contribution). By the term F(~) ~e take in­
to account the influence of the movement of the target nuc­
leons to the flux of the virtual photons. To solv~ the inte­
gral equation (6) the.following representation of the two-
fold differential cross section is used: • 

(7) 

Merging of (7) into (6) reeults in 
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(8) 

v"' = E"' 1 
E"' 

3 
(9) 

"' E1 (1-pz) E1 = (10) 

"' E1 (1-p •sin9-p cos9) E3 = 
. X Z 

(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). 

From formula (8) follows that the folding procedure con­

sists in a superposition of cross sections at constant q2 

and different v"'. At small electron scattering angles an 

energy interval proportional to v contributes to the broade­

ning, therefore the resonances with high masses are broade­

ned strongest. The function f(v"',q 2 ,e"') in formula (8) was 

determined by interpolation from the experimental values 

given in reference 4. 

This folding procedure has been applied separately to each 

of the resonant contributions determined from the proton 

cross sections. The folded resonance contributions and the 

Fermi broadened background 

= 

have been fitted to the measured deuteron cross sections. 

Fig. 3 shows an example of a fit for a deuterium target. 

'" ,, •. ,., ,., .. ,,, ... ,,.,,,,,~ ···~""'"'""~'' •ft• "'" ''"'" '"'"' "' '" "'' "' .,,,,," '"'"""' '" • '"'""''' '"'' '"""''"''"'''"''''""'''"''~~'''~''""'"'""'~"'""''•"'"..,'""'"'"''"'""'" '''""'!' '"''''"'11"1""1''""'•"~•11"" ,,.,,.,,,,~,!''"'''"'''''~~"~''''''"'''t~•·•""'"~"''n•·•·•"'"~'"_,.."''~P-1~"" 
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~he constants ai, ... ,a 4 have been determined by the fit. The 
ratio of the single resonance term to the appropriate proton 
term in the maximum of the resonance measures the resonance 
excitation on neutrons. Corrections due to shadowin~ and the 
Pauli-principle are less than 61 and decrease with increa­
sing four momentum transfer. Therefore no corrections of 
this kind have been applied to the data. Fig. 4 shows the 
ratio of resonance excitation on deuterons and protons as a 
function of the four momentum transfer in the region of the 
three nucleon resonances. These results are r.iven in table '1. 

~. DISCUSSION OF THE qESULTS 

The excitation of the ~(12~6)-resonance on protons and neu­
trons is characterized by the transition form factor a:(q 2 ) 
of formula (1). The results of the present analysis are gi­
ven in fig. 5. Since only the isovector amplitude contribu­
tes to this 1;ransition form factor, the excitation of the 
~(1236)~re.sonance on protons and neutrons should be equal. 
This result is in agreement with a former experiment which 
was performed in a smaller q 2-region6 . 

The prediction of the dispersion relation model of Gutbrod 
and Simon14 include<;]. in fig. 5, fits the experimental data. 
A dipole like formula has been fitted to the transition form 
factor: 

= "' jJ 

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

(13) 
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"' ~ = 3.54 ± 0.4 

determined from the fit is in agreement with results from 
d 

. 7 photopro uctlon· 

Theoretical results for the excitation of higher nucleon re­
sonances have been given by Ravndal 8 and .Lipes9 in a relati­

vistic 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 a. 2 dependence and 
the strength of the measured cross section deviate from the 

predictions of the two models. 

As fig. 6 shows, the differences between the Ravndal-model 
and the data for the excitation cross section of the 2nd-re­

sonance is due to the large longitudinal cross section pre­
dicted by this model. Since the excitation of the s11 (1535)­
resonance is described satisfactorily by the Lipes version 

of the symmetric quark mode1 10 • 11 one has to conclude that 

the theory of Lipes and the experiment differ mainly for the 

D13 (1512)-resonance contribution. 

mhe maximum of the resonance in the region of the 3rd_reso­

nance is shifted to higher invariant masses with increasing 
four momentum transfer4 • This trend is in agreement with the 

quark model predictions and supports the calculations which 

determine the contributions of the different nucleon resonan­

ces to the measured cross section. But fig. 7 dem9nstrates 
that in the detailed shape of the q2-dependence and the abso­

lute height of the cross section theory and experiment disa­
gree. From this follows that the symmetric quark model, which 

is successful in photoproduction12 is only of limited predic­

tive power in electroproduction. This is most probable due 
. 2 . • 

to the fact that the q -dependence of the cross sectlon lS 

strongly affected by the quark wave function chosen. 

'"""RI 1 ,.,.,,1 ,11101~1""""""""""" '~'"""' ·~'lll"'"''ll"''''"'' ''"""' ~""''"'"ll~~~•nO•IIQIIIIII!I'IIIIOII'I'I"'Iri'O IP''l'l''"''"l'l'lll!l"''ll'r!'r'~'~"ln'l!lll' ~R'I"II'II '""" 1 '"'"" '"' I' '• • '""'' •• '''"" •• '''" .. , .. 'I ,., '"1'11'1!~11111111~ """'""'I 10111' •1101~~ I l'l111111""' Ill '"0111111111111'11"'11!111 '1~1 IPI 1 1 1rl~ll I 1 1-ilnr111"11~11' '"1~1111""111111'""'"'"'"',. 'I' 
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r1ose et al. 13 have derived upper an,d lower limits for the 
ratio crN/crH of the excitation cross section of nucleon re­
sonances on neutrons and protons 1-rhich can be used to deter­
mine the ratio aD!aH of the cross sections for resonance ex­
citation on deuterons and protons. mhey have taken into ac­
count the difference between. constituent and.current quarks 
by classifying the nucleon resonances ac.cording to SU (6)w 
in the constitue~t basis. Furthe;r>more they used. the most f';e­
neral form for the current which is compatible w.ith it he­
longing to a 35-plet of SU (6)w. l~ithout any further assump­
tions on the quark wave function upper and lower limits for 
the ratio crD/crH of the different nucleon resonances can be 
derived from their calculations. 

In the region of the 2nd resonance the limits are given by 
n :S crD/crH :::: 2 dependent on the contribution of the known 
three nucleon resonances in this mass interval. A.s shown 
by fig. 4b this prediction is compatible with the results 
of the present analysis. 

In the region of the 3rd re.sonance, the model predicts for 
the s31 (1650) and the n33 (1670) resonance a ratio crD/crH 
= 2. The n15 (1670) resonance should not be excited on pro­
tons and for the F

15 
(1688) resonJnce the limit for the ra­

tio is 0 :::: crD/crH :::: 4/q. ']'he results qf fig. 4c are compatib­
le with this model either if the s31 (1650) and the n33 
(1670) resonance. dominat~ the excit~tion cross section or 
if the n15 (1670) and the F15 (1688) resonance are excited 
with equal strength. 

In conclusion it follows that the ge~eral results of the 
quark model are in good agreement wit,h the experimental da­
ta, while specific theoretical predictions, which depend 
sensitevely on the wave function chosen, differ from the ex­
perimental results. 
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TABLE 1 

Transition form factor a~(q2 ) for the excitation of the 
~(1236)-resonance on protons and neutrons 

q2 (aeV/c) 2 a"' 
Mp 

a"' 
Mn 

0.15 2.15 ± 0.13 

0.20 1. 79 ± 0.12 1. 76 ± 0.15 

0.30 1. 38 ± 0.04 1. 2fl ± 0.10 

0.40 1.10 ± o.ofl 1.02 ± 0.08 

0.50 0.92 ± 0.03 o.o1 ± 0.04 

0.70 0.64 ± 0.02 0.60 ± 0.03 

1.0 0.30 ± 0.02 0.3fi ± 0.03 

1.2 0. 31 ± 0.01 o. 31 ± 0.02 

1.5 0.22 ± 0.01· 0.21 ± o.o:> 

'!'ABLE: 2a 

Excitation cross sectidn of the ~(1236)-resonance on pro­

tons 

q2 (aeV/c) 2 
Cit + e:crl lllbl 

0.15 6oo ± 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 
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TABLE 2b 

Excitation cross section of the 2nd nucleon resonance on 

protons 

(]_2 I (GeV/c) 2 ! crt + e:crl ! JJb I 
' ' 

0.12 116 ± 30 

0.15 126 ± 20 

0.24 110 ± 24 

0.34 94 ± 16 

0.3q 84 ± 7 

0.57 5q ± 7 

0.84 44 ± 6 

1.04 )1 ± 5 
1. 32 22 ± 3 

TABLE 2c 

Excitation cross section of the 3rd nucleon resonance on 

protons 

q2 !(GeV/c) 2
1 crt + e:crl !JJb! 

0.21 68 ± 20 

0.)0 75 ± 16 

0.33 4) ± 17 

o. 48 37 ± 7 

0.74 35 ± 15 

0.93 32 ± 6 

1.20 24 ± 9 

''"''' ""'"""''' '"""' "'" '' '" "''' "'" ·• • '''"" '· • "' '''"'"'''"''"' • '""'"' ""'''""'' '''"''' ''"' "" '''' '""'''""' ''""'~'" ""'"'""'' "'''"'"" "'"' ,. '"""'' ., '"' .,.,,,. '''"'"""'" '' '""""''"""•''"''"'""~~ .. ' "'"'''"' ,., .• ,..,.,.,,11111'"'"""'1'''"''1'11-l'lll•'"lll'l"''llll''"lll~lf"~"IIIM .... I"'IIII't"'llll•"'nu• 
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7ABLE 3a 

'Ratio crD/crp of cross sections for the excitation of the 
~(12'F)-resonance on deuterons and protons 

q2 I (GeV/c) 2
1 crD/crp 

0. 2() 1. 99 ± 0.1 
0,3() 1. 82 ± 0.1 
o. 4n 1.87 ± 0.0') 
0.50 1. ql) ± 0,0') 
0.70 1. 88 ± 0.07 
1.0 1. RIS ± o.n8 
1.2 2.n2 ± 0.1 

1.5 1. 93 ± n.os 

'?l\DLE 3b 

Ratio ~n/crp of cross sections for the excitation of the 2nd 
resonance on deuterons and protons 

{1_2 I (GeiT/c) 2
1 crD/crp 

0.15 2.00 ± 0.15 
0.24 1. fl5 ± 0.35 
0.34 1. 72 ± 0.12 
0.39 1. 48 ± 0.3 
0.')7 1.45 ± 0.5 
0.84 1.4 ± 0.3 
1.04 1. 35 ± 0.35 
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'J'I\RLE "'lc 

Ratio cr0 /crp of cross sections for the excitation of the 3rd 

resonance on deuterons and protons 

02 I(GeV/c) 2
1 cr0 /crp 

0.21 2.5'5 ± 0.6 

0."'\0 2.05 ± o.2 

0."'1"'1 2.15 ± 0.2 

0.48 1.45 ± 0.45 

0.74 1.9 ± 0.5 

0.9"'1 2.1 ± 0.3 

'" "" '""'" ·~'""" "' "''"'"'~"'"' '""""' , .. ,., ~• ••. .,.,,.,., ,,,." ' ,., " '""'' '' '"'"''' '""""' "''""'"'" ''"' " ,. .. , .,, ' ''', ' ' "''"' ,.,. '"'" ''I''' '' .,, "'""'' '11"01" II II ' "' "" " ''' "'I"""''", '"'II '11'0t111~11011 ... ""'''"'11~011r''"' 
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FIGU11E CAPTIONS 

Pig. 1: Separation of resonant.and nonresonant contribution 
of a measured electron spectrum using a proton tar­
get. 

H'. 2 - lg. : 

Fig. 3: 

Cross section for the excitation of the ~(123n)-re-
nd rd sonance, the 2 resonance and the 3 resonance as 

a function of the four momentum transfer q 2 . 

Contribution of resonant and nonresonant processes 
to the measured electron spectrum for deuteron tar­
gets. 

Fig. ~: Ratio of the cross sections for the resonance exci­
tation on deuterons and protons as a function of 
the four momentum transfer. 

Fig. 5: Transition form factor G~(q 2 ) as a function of the 
four momentum transfer. The solid line is the pre­
diction of Gutbrod and Simon 1 ~. 

Fig. 6: 

Fig. 7: 

Cross section for the excitation of resonances on 
protons in the region of the 2nd resonance as a 
function of the four momentum transfer. For compa­
rison the predictions of Ravndal 8 (-) and Lipes9 
(.-.-) are included 

1 : crt 

2: crl 

3: crt + e:crl 

Cross section for the excitation of resonances on 
protons in the region of the 3rd resonance as a 
function of the four momentum transfer. For compa-
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rison the theoretical predictions of Ravndal 8 (-) 

and Lipes 9 (.-.-) are included 

1 : at 

2 : al 

3: at + e:al 

• 
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