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Abstract

We show how N* electromagnetic form factors can be parametrised

in a simple way to take account of their known behaviour at

threshold. Using such form factors and Breit-Wigners to represent

the final state interaction we. calculate the imaginary parts of the
invariant amplitudes for the process eN— eNn, the real parts are
calculated from fixed t dispersion relatioﬁs. The complete amplitudes
are then fit to the coincidence data in the resonance region

(o< N < .0 Gew? s w< 2 Gew ) in order to determine the
form factor parameters. Results are presented for the 2* dependence
of the resonant multipoles and in particular we find stable results
for the P11§143&), 511(1505), D13(1520), F]5(1688) and F37(1940). A
critical discussion is given of the effect of theoretical uncertainties
on the results. We use our results to calculate the helicity asymmetry
A on the resonant peaks seen in el scattering and find that on the 2nd

2
and 3rd peaks A changes sign in the vicinity of AT= -1, GeVz.



I. Introduction

Inelastic electron scattering has been considered for a long time

to be one of the best ways of studying the structure of the nucleon,
Although there is a lot of data for the total inelastic cross section
in the resonance region, only the properties of the Ist resonancé,

the P33(1232), are well understood. In the absence of data from
polarised targets rescnance information could be used to examine
Bloom=Gilman duality (h more fully, for example. The behaviour of
the nucleon and N*Iform facters also provides a very searching test

of constituent models (2).

The exclusive process of single pion electreproduction eN—» eNn

is one of the most fruitful sources of information on resonance
structure. The properties of the P33(1232) have been largely determined
by studying coincidence data on ep—> epn®, Some coincidence data exist
at higher energies and a number of explanatory calculations have been
made using fixed t dispersion relation techniques with some success (3
rnotable being the extraction of the picon form facfor from data on

. . (4,5
¢p > @a@” just above the rescnance region (4 ).

Recently the situation has improved in two ways which will enable real
. . , *

pregress to be made on extracting the detailed behavicur of the N

résonance form factors. The first and obvious one is that a lot more

coincidence data on both ep-* epi® and ep-rennt is available

in the rescnance region and much more can be expected in the next few

years. The second is that we now have reliable multipole analyses of

’



(6)

photoproduction on which to base an electroproduction analysis.

In this paper we will describe the determination of N*-resonance form
factors from coincidence data on eN - eN# . Section II is devoted to
the choice of form factors. Section III describes the method based on
the resomance saturation of fixed t dispersion relations, with special
attention to the uncertainties present in such an approach. We give a
brief description of the data in section IV. The results are given in
section V (numerical details in appendix B) and we conclude with a

discussion of the results in sectiom VI.

T1. Form Factors

The subject of the choice of electremagnetic transiticn form factors

(7

for particles with spin has a long history We will be guided by
two principles, convenience and analyticity - in particular the avoidence
of unnecessary kinematic singularities. Convenience in being able to
pexrform simplé partial wave expansions and a simplé connection to photo—

production speaks immediately of multipoles or helicity elements. We

choose to use multipoles é%f,’ﬁ1(t (transverse) and §}£ (scalar)}.

. ‘ . z 2 . .
Considered as functions of A , {photon mass)/ the multipole amplitudes
will have kinematic singularities and be subject to certain constraints.
The problem of how to find kinematic singularity free form factors for

the coupling of a photon to two particles of spin s and s' has been

(8)

considered in detail by Theis and Hertel , and the special case of

9)

the ’Ahﬂ form facters has been considered by Jones and Scadromn



The threshold behaviour and constraints that we describe below
agree with the above results and we sketch in appendix A how the
results can also be derived from the invariant amplitude decomposition

for pion electroproduction.

Define o(h., = - (f M(., + Eé4 )/ (£+1)
Bep = ( My, ~ (€+2) Ety ) [ (4+1) (N
2 .
and ¢f = [ — AZ/H.,_.Z' vhere My = M"'_tm ( M"is the

SE .
N resonance mass, m the nucleon mass). Then if

4 L+!
0('(_’_ _ ¢__ ¢-f ﬁ[+
¢ -
,'3.(* = ?f_r &, ,/.3{_,, (2)

i

5¢

€/ £ -
¢ Fé_ S¢e

«, 3 and § will be free of kinematic singularities. There are

in addition the constraints:

4o ; .
Tsé;'— 2 £(+ as ¢+ -» 0 (3)

where ko and k are the virtual photon's energy and 3 momentum in

e .
the N~ rest frame. For /= 0 we have an exception,

Eo+ = ¢+ é"-:+-
(4)

‘So-w : ¢- ¢+2 3::1!-

b

and the constraint (3) only applies as ¢__ -~ O



(10)

For the other multipoles (E{-__ etc.) we can use Yacdowell symmetry )

in fact from the definition of and(& we have simply that; {(note that,
Pp(-m*) = $_ (m*) )
) = ' *
Efﬂ" (m*) §{+ {-m?*/
Plyyyo (m%) = agy (—m?)

Stp- (M)~ Sewl *)

Hence 7 ‘
i~ y & =
[;"'- = 54/— (é_ £
£/ £ -
/(f.{_ = + # Me.
- (%)
b . ( ¢ —
AR
£ .
The constraint {3} becomes
4 )t H e
Z S‘(__ — (M'f._ ‘(f"/('{—-// *
- /{-—f/ f'__(__ /j ) 95_ > O (6)

With the exceptional case

“o

— D —3 nly.
k Y MI— as ¢+ .3 (4] c ¥

- T = o= . . . 2
The reduced amplitudes ",,/5,‘-‘,"‘ and 3 will be analytic functions of 3

*
but because of the large N mass there will an anomalous threshold cut,

. . ; . Z (1i)
in addition to- the usual normal threshold cut starting at fep ¢ ‘.



In order to calculate the imaginary parts of the amplitudes required
as input to the dispersion relations we write for a reduced multipole

amplitude,

-

X = G (3) fy (v, we,. .. ) @

where 6:( (Az} is the form factor defined such that &¢©/=/ and /g takes
care of the final state interactioms, (in the case of a resonant amplitude
f; will be a Breit-Wigner). We now require to parametrise the (e (1%/)
in such a way so as to respect the analytic structure and yet in a
realistic way considering that we have only data in the spacelike region
with which to determine the parameters. This we do in the simplest possible

- ;12' . 21/]/ Z
way by a product of poles lying on the real axis between pu"' |° and m

This is intended to be an effective parametrisation, to represent the total

contribution of the cut including the anomalous piece. We write

L

Cu(1*) = 7{4:"(/— }2/2¢‘)—’
where }‘-1 = 'A,z-f' :—-(Azl“ ).l) (8}
where ),1 and A: are the ﬁarameters sl '2/'2-5‘ A;
The number of poles required in a given form factor is determined by
the angular momentum of the state (i.e. extra poles are required to compensate

3
for the powers of P that cccur in the definitions in egs. (2) and {53)

—f .
and by the asymptotic power # of ()2/ required for the resonance

L O P R



contribution to the total cross section. Unfortunately there is very
1ittle known about M theoretically. The znalysis of deep inelastic

(1)

-3
scattering data by Bloem and Gilman suggests that at fixed w, &~ (3%
except perhaps for the lst resonance peak which may have a faster
decrease. Given M we can read off from egs. (2) and (5) the number

of poles in a given form factor. For the transverse multipoles we

have

for J — (-+,a

(2

I
Y

v

for J

{Obviously we can only have vt odd). It is interestiﬁg to note that
precisely this type of form factor emerges from the duzl B_. model of

3
electropionproduction (12).

The scalar multipoles present more of a problem as we now have the
thresheld constraints to respect snd we have no informaﬁion from
photoproduction. From total cross section measurements the ratio of
scalar to transverse cross sections is known to be small in the resonance

(13) &)

region (20 %) and in the scaling region & .



Again we choose a very simple prescription capable of satisfying

these constraints, namely

c. h(m*, 1%

—_— A
S, (3%) = BEaj(ae) T "

(Similarly for S}_ with E{+ replaced by ("f(_- /id/é?_)f‘,-)a is
2
taken as an independent parameter in the range <442 < @ <M, and b and

c are determined from the constraint equations (3) or (6), to be

L -
b = (36 wm* ) (1pa(menm.)?)”
(1)
c = ZM*[M.,Z calfa—-nn2)(mMen_va) !
This form still allows S} to vary between o (when a = ﬂgf) and a maximum

given by solving the constraint equations with a = b, For the exceptional

cases we write €.,

g¢+ = .C__ 46(;«:'/ 322

N Loy (12)

Where now ¢ and a are constrained only at ¢£ = 0. (Similarly for 5;_ and

at ¢+_.-—:0 3.

III. Fixed t dispersion relations

The details of the dispersion relations and the kinematic formalism can be



(3,4,15)

found in our earlier papers: . We write fixed t dispersion

(16)

relations for the Ball invariant amplitudes, only one of which,

(-)
By 7,

earlier work are the resonance form factors and the revised photo—

requires a subtraction. The differences between this and our

production input.

The contribution of a given resomant multipole j to the invariant

amplitude Bi is written as follows

_/M B, (s, &12) = k"j (s, € 4%/ (:; (A%) fm )6’/»-:,&/,..] (12)

The &, are known kinematic functions. The Ga(Jﬁjare the form factors

Y
described in the previous section. The functiom 4§nu}w?”}represents the

. .
decay of the N into the «N final state. We take f tc be the same for alil

multipoles apart from the normalisation. In fact

e Ve /g‘,/i)(iwl

ngﬁ -L'WQ /-7

Ko

/;((I-J,wg...) =
(14}

n : L€+t F z_'(
and =17 (%) ip+X/

AR I S

where &g, ff( are the resonance mass o width, f is the 7AW cofar

momentum, %, is the value of the relevant multipole or combination of

multipoles taken from photoproduction. X is a parameter set to .35 for

12/

all resonances . For the P33(1232) we use

4& » c ™M 3
MMip (e ) 15
k g Mrp (o) = ! Ze 2

(f,gz-«z z/(/-.l—fza‘}—c’cf}



where a2 = 20.4; ¢ = 4.27; zk = ,2254 (GeV units)(17)

and
£ L io~Sx
Sy = (119 ~025)€ (e
where X = 51'""1 SO 187 (a_juu'- Cev um'f‘s/

(This represents an eyeball fit to the multipole analysis of ref.(lg)).

We now discuss various sources of uncertainty in the calculation.

. "
(1) Nucleon form factors. Apart from G the nucleon fcrm factors are
=3

the best known of the inputs to the calculation. We have used the pole

. 1 . . . .
model fit of Felst ( 9), which gives a good representation of the spacelike

< M . C e o # 2
data. The data on 62- shows it to be small and positive out to A ¥ -0.5 Gev

1 2 . * by
with large errors. For larger A4 a change in sign is not ruled cut and we

discuss below the possible effect in the first resonance region.
" (ii) Pion form factor. We use our earlier near P dominance form factor

¢ / . . . . .
mL o= 5 GeVz. (If the mass is allowed to float it always remains within

a few percent of this value).
(1i1) Subtraction function in BB("). This of course only affects the
5)

. . 1 .
charged channels. We have discussed in reference ( how the subtraction

function could be calculated in principle using a fixed s dispersion
relaticn. The unknown quantity is an integral over the t channel,
L] - _(_} P 2 A
l_"{_(Al/ — f d(t/ /e K-f_ __("'Jtl '\_,) At A= o gauge invariance
4‘_,.1 f"f’

gives a sum rule which allows f¢€o) to be determined from s and u channel

information. Our ansatz for Z&()f/is simply

L0 = 7,000 A (4% a7



_11_

i.e. f;/}%} represents an 'average' form factor for the t channel
contributions, in fact we take f?::fi . Again we have checked the

sensitivity of the calculation to this term by putting 4?= 1. As we

(15)

the subtraction term is un-
2

have argued in mere detail in ref,
likely to be important in the region /t/ < l.GeVZ, /3% < 1. Gev
and this is verified by our results,

(iv) Bigh energy contribution. An important improvement in the photo-—

(6)

proeduction analysis of DLR was to include an effective high energy
parametrisation, determined directly from high energy data simultaneously
with the low energy fit. A similar method is not possible in electro-
production at present because there is little high energy data. (The

only data above the resonance region is at & = 2.2-2.5 GeV and is for

(21}

forvard €p > e¢mnm” (20) né backward eprepr® . The former is

dominated by‘ﬁ% and the latter is outside the t acceptance of the
calculation). It is however important tc include an estimate of this term -
certainly if the resonance spectrum and couplings of DLR are used. We now
have to face the notorious problem of how to continue the transverse only

information of photoproduction to electroproduction. We cheose to continue

the Ball amplitudes as follows
B (56 4%) = (Al ) —2m D6, ¢)). Fryld?)

B, (s, 6 42) = A (E+22-p2 B(s, t) Fuld?)

B (s, 6 4t) = Y (s-w) B, &) Ful1Y
(18)
‘Bsf(s/éjllzj = —_,(Z (6-"/’2/ C(‘/(’/ F#/"z/

it

By (5,6 4%) -2 D(s, €) Fald?)

By (s, £ 42) = (s, €) Fu(a?)



(22). This is a

where A - D are the invariant amplitudes of CGLN
. Lo . . . (23)

slight modification of the method used in VMD calculations to

allow the TP or 'Stichel rules' to be respected for the s channel

helicity amplitudes (24).

We realise that the above prescription will be wrong in detail. The
'high energy' data referred to above indicates that the cross section
is in rough agreement with a P pole form factor and this is what we

use for f;(kzj above.

Again we have checked the sensitivity of the calculation to fi' , see
section V. One other detail is that as the allowed t range is much
larger in electroproduction than in photoproduction (see ref. (3)) the
high energy amplitudes must be cut off for /t! 2.1 GeV2 as this is out-
side the range for which the parameters were determined. We have done

this with a smooth cutcff function such that by Jel = 1.6 GeV2 the

high energy amplitudes are reduced by a factor 1/3 and for jef > 2 GeV2
the contribution is effectively zero. The parametrisation and parameters
of the CGLN photcproduction amplitudes are given in DLR.

v) Resonance Spectrum. In principle we take the resonance spectrum of
DLR. In practise we have dropped some of the resonances with very small

couplings. The criteria for exclusion have been the size of the coupling

to N-» %N and the size of the resonance peak in &

total(K N). The

details of the couplings, parameters, peak heights etc. are given in
table I, appendix B. We are left with 11 resonances. We discuss further
the omitted states in section V.

3)

vi) Non resonant s waves. These are treated exactly as described in ref. (

They are important for the caleculation of 6,6—9€)°F°. The real parts of

R Rl 1o e L S e e e



the multipoles E;+7 Se+ are projected out from the dispersion
relations saturated with the P33 alone. The imaginary parts of these
muitipoles are then calculated using Watson's theorem and introduced

into the dispersion relations.

IV Data

First resonance region. The first resonance can be seen clearly in the

. - 2 ;
eN total cross section for 0< Al < 3 GeV” and the cross section has been
extensively measured in this range: by fitting a resonance + background

(25)

to the data the peak cross section has been extracted . By making

further assumptions about the background the dominant multipole ﬂ4¢+
has been extracted (26). We have choosen to use the peak height data.
The total cross section data itself could be used but this would be
extremely time consuming - also the calculation of the Tfn final state

2 . . e s . .
at large t and p) emphasises certain amblguitles as explained in the

previous section.

To determine the small multipoles it is essential to have coincidence data

. . 2 . '
and in fact in the range O< [}l < 1.5 GeV” there is a reasonable coverage
of coincidence data for €p-2ehn® in the form of the coefficients of

(27)

the s + p wave expansion cof the cross section . What is lacking is

accurate coincidence data for the charged channel.

Higher resonance region. We use coincidence data above the lst resonance

(i.e. W 2 1.4 GeV) and up to Wn 2 GeV. We can include the complete ex-
perimental angular distributions up to the 3rd resonance region because

in each case the maximum t value required is within the limit given by



the double spectral function boundary. This is to be compared with
. 2 . .
photoproduction where a cut must be made \t[ < 1.GeV , which will

exclude backward hemisphere data above the 2nd resonance reglon.

In the charged channel 9/5-9 €nn* e have the following data.

2 (28,29

2 .
Forward energy scans at A = ~.4, —.6 and -1. GeV The data

at ~.4 shows structure at the 2nd and 3rd peaks and at -i. The 3rd

(28)

peak can again be seen. The NINA experiment also gives forward &%*
hemisphere cross sectioms for 1.4 <w-<1.6 GeV. The data from DESY
at =.6 and -1. is part of a large experiment to measure the coincidence

cross sections in both ep->eurn* and €p »€pn° in the region of the

2nd and 3rd resonance peaks. Preliminary data for 9}-94H1”*has been

- *
presented by Behrens (30) for 1.0 @& > 45 and 1.435< wr< 1,555 at
AZ )2 -~ z
= ~.6 and -1. and further for 1.585< w<¢ 1.735 GeV at = ~1, (-es

L 5?3

{.
The data is for ?5 ¥ 90 . The angular dependence of the data

. ¥ G . . .
agrees with that seen at Fd = 90 in the earlier NINA experiment at

2
A ==, 4, namely 1s more or less flat for w< 1.5 and then

<
da¥*
begins to show the characteristic forward peak. As the angular coverage

is small little resonance structure can be seen. At Wa? GeV we have

included the forward #'M measurements at } Lt -.3 GeV2 from CEA (31)

2
and at A -.7 GeV® from NINA 520

- -~ d
In the neutral channel -é/b 93/“' we have the NINA data at A = -4
. " . {33) . .
and ~.6 in the 2Znd resonance region . This data was the subject of
an earlier investigation using dispersion relations (3) but there the
resonance form factors could only be estimated and no attempt was

2
made to fit to data. The backward energy scans at A = -.6 and -1.




(29)

from the DESY experiment were presented at the Bonn conference .
We have also been able to use preliminary unpublished angular

- . . | 2‘ -
distributions for e,b-ae}bﬂ' at A=—/. for the backward hemisphere

(34)

*
in @7 and 1.375 <w-< 1.735 GeV . At low energles the data shows

9‘-
the characteristic peaking at centralfangles seen in the NINA data (33)
above 1.6 GeV the distributions are flatter and show evidence for the
angular structure of the_F]5.

We have also included inm our fits the peak height data extracted from

. (25) . .
the ep total cross section . Although this data is somewhat model
dependent it is important as it is the only information that we have on

the behaviour of the form factors for A3 )‘1,GeV2.

Data we have not explicitly taken into account is the measurement of

the D/H ratio on the lst, 2nd and 3rd resonance peaks (27). The Ist

peak is consistent with D/H = 2 within small errors, independent of

The 3rd peak is also consistent with no change in D/H with Az-within
large errors. The 2nd peak shows perhaps a small decrease in D/H as /)ﬁ/
increases. In our calculations the neutron to proton ratio of the
couplings cannot chénge with A l. There is no reason in principle why
it should not but for the sake of simplicity and the lack of any
coincidence data for the neutron channel we have ignored this. The
affect of such a small change indicated by the data will be very small

as it will only enter via the crossed channel contribution tc the dis-—

persion integral.

Finally in the second resonance regicn we have used the data on the



process €P‘>5'P7 (35). In photoproduction the cross sectien is

dominated near threshold by the 511(1505) and the angular dependence

of the electroproduction results also indicates s wave dominance. We
use the data in the form of the S]l pPeak in the ep total cross section (2).
The surprising feature of this data is the slow decrease of the cross
section. The importance of this data will be discussed further in the

next section.

V Results

In our earlier investigations of dispersion calculations in electro-
production it was clear that the higher resonances play a very small role
the first rescnance region. Our procedure has been to investigate the first
resonance region using only the N +A+ s wave contributions. When the P33
form factor has been determined we fix the value in the fits to the higher
resonance regions. Because the coverage of the higher energy data in angle,
energy and az'is not uniform we have not minimised(ETXi&ﬁ’for all data
but rather the average of this quantity over blocks of data at a given 21,
for a given chanrel and energy range. We have also treated the forward

Al
energy scan at A= -4 in A" as a separate block; otherwise this

structure tends tec be ignored.

(a) lst Resonance Region

In order to accomocdate the datz in the lst resonance region we must make
a slight modification to our treatment of the scalar multipole S;,. Our

ansatz described in section II is in broad agreement with the data in the



sense that both &, and §;, are small (<10 % My) . However, it can

(27)

be deduced almost directly from the coefficient data that £3+

is smaller than -$+.. &, also has a non resonant energy dependence in

(18)

photoproduction . For S}f we use the following simple ansatz

Si+002) = —O'E;f{ﬁ’)ﬁ w"%(w (19)

a is a free parameter in the range 2;:1<'a‘<rw45. The sign has been

fixed to agree with the coefficient data (see fig. 1 - Dl)' Obviously a
more complicated parametrisation could be used to incorporate the thresheld
relation as well. The parametrisation of & and . has been given in
section III. In our approach of resonance saturation of the fixed t
dispersion relations we cannot expect a priori to satisfy Watson's

theorem. We have explained briefly in section III how we solve this

(3)

problem approximately for the non-resonant s waves . We have also

shown in ref. 3 how with a good representation of the imaginary part of
the resonant contribution to My the S&; phase i1s well reproduced - at
least up to energies just above the resonance position. At higher energies
and for [} > l,Gevg we will see that there is a discrepancy between

the fit and the data for €p->efx®yhich can probably be ascribed to

a failure to satisfy Watson's theorem exactly. It is well known how to

(36)

exploit the phase relation by using partial wave dispersion relatioms

/4/

but such a calculation is beyond the scope of the present work.

The results of the fits to the coincidence data for Q/’ ‘9€/”°and the
peak height data are given in appendix B, table III. As the peak height

~ data is somewhat model dependent we gave such data a 10 7 weight relative



_]8._

to the coincidence data. Since the work of Bloom and Gilman h

there has been a speculation that the P33 cross section decreases
faster for large )z-than the (1X%)‘3of the nucleon dipole or of the
other resonant peaks. (See also ref. 37). We have used form factors
with asymptotic behaviours of ()1)-3 (fit a) and (:Az.)—b' (fit b).
While the results cannot be said to favour one or the other, the faster
decrease does give a slightlf better fit to the peak height data. In
figure | we show the e/b"’fﬁﬁvcoefficients at A= - GeV2. The
full line is fit b. The effect of including all the higher resonances
from one of our fits is shown by a dashed line. Apart.from the coefficient /9,
the effect is almost negligible - justifying our neglect of the higher
resonances in the fitting procedure. Figure 2(c) shows the result for

ﬂfhp(Af} compared to 'data' for fits (a) and (b). Also shown {by crosses)

. . . . 3
is the form factor that we used in earlier calculations ( ).

In figs. 2a and 2b we show the calculated total ep cross section from
fit (b) compared to data at nz= -1. and -1.56 GeVZ. It can be seen that
the calculation falls well below the data above the resonance position
and is perhaps a little low throughout at .}z; -1.56 GeVz. Above the
resonance about 60 % of the discrepancy can be accounted for by the
miscalculation of My noted above - see also fig. 1 coefficient A, .
What could be responsible for the remaining discrepancy in the charged
channel? We know that the effect of the higher resonances is very small

(of the order of 3 ).

3 » " -
As we discussed earlier two possible sources are CGe and the subtraction

L
term. C&' is most reliably extracted from ed elastic scattering (subject



of course to the usual difficulfiES of deuterium corrections). The

data shows Ggr to small in the range 0 < N3< 2 GeV2 and positive
in the range 0< [3*<0.5 GeVz. Beyond G.5 GeV2 a change in sign cannot
be ruled out. The standard fit to ékﬂ that we have used is positive

(19)

throughout To increase the cross section it is necessary to

L]
change the sign of £ . Obviously the zero must be at [A%/2 0.5 GeVz.
To indicate the sort of effect on the total cross section we have put a
zero at 0.5 GeV by multiplying G%? by (1+2.)2). This produces 2 6 %

z 2
increase im the cross sectionm at A = -1.56 GeV™. This change is not

[
enough and is probably too drastic a change imn Ge .

To demonstrate the effect of the subtraction term we have changed the

subtraction term form factor f§ from the standard p dominance wvalue

to a constant (i.e. unity). This produces a 15 % - 20 % increase in the
. % 2 .

cross section at A = ~1.56 GeV" at energies above the resonance. The

result of making beth changes simultaneously is shown in fig. 2 by a

dashed line.

It is quite conceivable that the subtraction term should have a very
slowly decreasing effective form factor. In our investigation of the
subtraction term in ref. 16 we found a cancellation in the t channel
contributions to the integral (eq. 17 above) — assuming identical form
factors. The subtraction term can play a role in the total crcss section
because large t values are reached (of the order of -2.3 GeV2 at

Al = =1.56 GeVz). This is not the case for the coincidence data in the
channel ep->€mnx*at the moment. To settle this point the sign of Gér

2 ..
at larger A" is needed and coincidence data on &,b »>enn? gt large t



_20_

2 "
and A4 will be essential. Although (r& is best determined from ed
scattering something might be learnt from a threshold experiment on

a
efb—)ﬁnﬂ+at large A /5/.
Before proceeding to the higher resonance region we must emphasise
that the difficulty with the shape of the /Vb+ multipole is only a

2 .
problem for /)%/)’l GeV  and this is beyond the range of data at present.

(b) Higher Resonance Region

The resonances included in most of the fits are those shown above the
heavy line in table I, appendix B. In all fits the P33 form factor
parameters have been fixed at the values obtained in fit (b) in the
first resonance region. The reliability of the photoproduction couplings

can be judged from table 2 of DLR Fé) where a comparison 1s made with

S D F

other analyses. From there it can be seen that the PI]’ 11° 2ygr Fus

and F37 proton couplings are well determined. Apart from the F35 the
states that have been omitted have very small couplings, and give a very
small contributicn to a;otal(JP) - We have investigated many fits, the
details of some asre given im table III, appendix B, and the'X?data point
for data blocks are given in table IV, appendix B. For most data the
results are in the range 3-4 which is comparable to the quality of fit
obtained in photeproduction. The data that is consistently most

. . , . 28
difficult to fit is the NINA forward @tm data (28)

» particularly the
forward energy scan. The latter together with other forward 77+m data

are shown in fig. 3. As was demomstrated in ref. (28) it is possible tc

find a much better representation of the striking structure seen in this
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data if one's attention is confined to A = -.4 GeV'. We have not
found it possible to reproduce these resuits and fit data at other
AZ . . . .

values of with the smooth form factors described in secticn II.
z

The quality of the fit to the distributions at this value of A% is

very similar to that reported by Evangelides et al. in ref. (28).

Note also that the failure to fit the low energy forward points at

z . . . . .
“ = -,6 is not reflected in the fits to the distributions.

The results for the second and third peak heights are shown in fig. 4.
We have found no difficulty in fitting these data whatever the assumptions

made.

Our result for the ‘AZ dependence of the multipoles are shown in figs.
5, 6 and 7 (the ccouplings are all for the e/’"’eﬁ”ochannel). Here we
have tried to show in a direct way which form factors are reasonably
well determined and which not. (We have not attempted to determine
errors in any conventicnal way as we do not think it wculd be very
meaningful - what we do try to show is stability agéinst theoretical
uncertainty.) The actual parameters fbr some of the fits can be found

in appendix B, table V,

D F form factors to be stable. The dominant

We find the S1 3’ 15

]3
coupling of the F37

factor drops extremely fast so that it is effectively absent from the

is alsc quite stable. In all fits the P]1 form

fits to the electroproduction data. This is not too surprising as the

(38)

structures in the forward #ifm and backward 79 photoproduction

cross sections favouring the P are mot present in electroproduction.

11
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0f the smaller photoproduction multipoles the D33 and P13 are

quite well determined. The D]3‘, Sll‘ and D13” are unstable.

Changing the high energy form factor from (@ dominance to dipole

has a very small effect on the results. Likewise putting the sub-
traction form factor fi equal te I, has a small effect. (This can

be checked in more detail from table IV appendix B). What does
produce a significant change in the transverse multipoles and in

the fit to the data is the presence or absence of scalar couplings.
The most important scalar ceoupling is that of the 811(1505). Its
effect can be seen clearly in figs. 3 and 4. The fit to the Sy peak
data (deduced from eﬁ—ae‘,by ) (35) is much improved and sc is the
fit to the forward M'w cross section at A~ = ~.4 GeVZ. For small A~
the ratio 53/45- can be as large as 40 Z.(rTable VI, appendix B
gives more details of the scalar and transverse peak cross sections
for the SIIQEOf the other resonances most have small scalar couplings
except the D]3'(1680), D33(165O) and D]3”(1970), which always have
essentially zerc scalar coupling see figs., 5, 6 and 7 . The effect
of the scalar couplings when taken together on the resonance peéks
produces at most a value of 10 % for JEAF} on the secend and third
peaks at 212-0.2 GeV2 falling toe 5 7 by 3%: -1.0 GeVZ. The correspond=
ing figures for the fourth peak are 20 7 and 6 %. These figures are

(13)

within the limits set by total cross section data . The results
for the F]S are noticeably affected by making changes in the composition
of the 3rd and 4th peaks (fits 5 and 6). Fit 4 gives the best fit to the

coincidence data and we recommend that these parameters be used.

From figs. 5 and 6 it can be seen that the electric multipeles £, and &;_

2
of the D13 and F]5 respectively fall faster with A~ than the corresponding
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magnetic multipoles. This means that the helicity structure of these
resonances 1s changing as a functicn of /Al. To show this change nore
clearly we have drawn the results for the A/B ratic (helicity % coupling
to helicitY'%) for the DIS and FiS resonances in fig. 7. On this figure

we have also indicated the sort of change required to fit the # 7w forward

2 /6/

2
cross secticn at A = -0.4 GeV

VI Discussion

We have described in some detaill how suitable form factors free of
kinematical singularities can be chooser for the N*-resonances exclted

in pion electroproduction. We have then shown to what extent such form
factors can be determined from existing data. The tool for this investiga-
tion has been the fixed t dispersion relation for the Ball invariant
amplitude. Qur results for the resonant multipoles as functicons of zz'are
shown in figs. 5, 6 and 7. (Numerical details are given in appendix B).

In particular we find stable results for the Pl]’ Sll’ D13, FIS and F37(ﬁ§).
A scalar coupling is found for the Sli and tc a lesser extent for the D13.
It should be remembered that in the absence of separated transverse and
scalar cross sections or an accurate measurement of the scalar-transverse
interference term the evidence for the scalar contribution is indirect. The
principal improvements when nen-zero scalar couplings are allowed are in
the forward f*vt cross section at Az = ~0.4 (fig. 3) and the 2nd peak

and Sll( ehp><pn ) peak data (fig. 4). In all cases the results for. the
scalar cross sections are within the limits set by total cross section

(13)

measurements
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To give some indication of how our results would compare with our
earlier calculations we have shown in figs. 5, 6 and 7, for the
D]3(1520), F15(1688) and F37(]688), the form factors obtained from
using the ansatz
i X
, k(A%
)= |59 6,

G(N) k (o) Aepole (20)
where x= 1 except for L%; where Xx={-2 . Although the results
are reasonable in the range O<C/A2/<].0 GeV2 the form factors suffer

from the serious defect that the resonance contributicn to the cross

. . ‘ N 2 .
section will have an {f dependent A © behaviour namely,

o« ( A’-)ZN -2/

We find that the helicity structure of the D]3(1520) and F]5(|688)

L .
changes quite rapidly with A (fig. 7). We have alsc summarized this
effect in fig. 8 where we show the helicity asymmetry A calculated on

each of the 4 peaks. A is defined by

p- ThoTm

: (21)
a-'lfl -+ U‘/L

3/7/

. .- 1
where 51 and dl& are the total cross sections for helicity 5 and-§
excitations respectively. The change in sign of the asymmetry could

provide sore relief for a possible conflict between the quark-parton

model {giving A > o) (37) and an extrapolation from photoproduction
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data (which has A € o) that has recently been emphasised by Close (39).

Note however that some of the change in A shown in fig. 8 comes simply
from the fact that the peaks are made from more than one resonance with

different helicity structures. In particular in the second peak the S11

with positive asymmetry becomes relatively more important as /A%/ increases.

The change in the helicity structure of D and couplings and the

F15
well known absence of change for the P33 are in qualitative agreement with
(40)

quark model calculations . Notice however that many quark model cal-
culations find the form factor of the SI}(ISOS) to drop rapidly while

that of the Pl](1470) stays up in contradiction to the results found here.
For a simple calculation in the quark model framewcrk which fits both

the D , and S] total cross sections see F. Foster ref. 41. The changing

13

helicity structure of the D

1

is alsc predicted by the B_ model

and F! 5

13 5

of Actor, Bender and Kdrner, ref., 12.

Apart from the fourth peak and above where there is little or no data

very accurate data will be required to improve the determination of the
resonance form factors. In the neutral channel 9/"’*}530 the cross section
is small of the order of a few /té/Sr. Here the best hope is to increase
the Q*Loverage of the data. The present indications are that the scalar
contribution is very small. In the charged channel ep-ac.qﬂ*the scalar
cross section dominates in the forward direction above the first resonance
region due to pion exchange. Here we have the advantage that resonance
interference effects in the scalar contribution can be enhanced. Even so0
the scalar-transverse interference term is still only of the order cf 10 %

of the unseparated cross section Or+e€0; . Much bigger effects could be
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seen in 0% (up to 50 7 on the third peak) if the separation of Or
and 0Og could be achieved at small C9*'ang1es. The question of the
scalar coupling of the S]] could well be settled by a forthcoming
DESY experiment to measure 97 and ¢3 in e,b—ae)7 (42). As we have
already indicated any sort of angular distributions in the fourth

peak region would be helpful.

One final point to note about the way in which we have parametrised

. ) . z
the rescnance form factors is that because the analytic structure in A
has been respected it would be possible to use these form factors to

. . . P . + - =
estimate resonance production in the annihilation process e e —» NN=x,

at least near threshold.
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Appendix A  Threshold behaviour and constraints on multipcles
Our basic assumption is that the Ball invariant amplitudes Bi (16)
are free of kinematic singularities in s, t, and AT . We require the
expression for the multipoles in terms of the Bi; this is usually given
in terms of the Pauli amplitudes, see for example ref. (4 appendix A ard

Errata.

We have typically for any multipole

/ .
My = /d.e 2, x; @‘. 2 Al
) _
. 43
where &, are ccnstant coefficients ( ), and Q{:X(f where Fi are
linear combinations of Bi not involving any singularities. The X; contain
square root factors from the spiner wave functions and in particular using

2
£ tm= ry 2 we find that

.’.
2 ¥ -

XI') X(P/X;?_ N ¢4_ At ¢+>0 42

Md X;,.rg} X, i ¢_ aa ¢__. -~ 2

. 44 . . . .
Following Jones (44) we assume a fixed s dispersion relation for Fi and
insert this into Al. Interchanging the order of integration then allows

an expression of the form

20

M~ 3« XL‘/ Lt Fils, €Y ¢ (?,/[’- A3
o ¢ 2

2

where —
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The behaviour as k'4>a we seek will come from the lower and of the

A remre—

integration, usin '~ #s, €Y/ and —t
nreereR & ® {k;, : q%:(%bkm- (z’) ! an g’5e

Hence

{‘" -
/4{( " ng' XL. é F“'
. (A4)

Given that #~ ¢+¢_- and knowing the behaviour of the A as ¢i > 0
(eq. A2) we can read off the threshold behaviour by looking for the
slowest decrease zs ?&.-;c) . This leads to the results in eqs. (2)

and (5).

In the case of N}+ one finds that the term involving the slowest decrease
as ﬁa_—acﬂ cancels out of this particular combination. The other combination
334+ is choosen for convenience in applying the Macdowell symmetry

relations.

To derive the constraints between the scalar and transverse multipoles as

Qé# —»0 1is a little more complicated. From the invariant amplitude de-~

(4)

composition of the Fi we find as ¢+ —> 0

Fa = —2nm(m¥epm) o + hobg GO A
Fg — ko éi los & F3 AS
as qﬁ,_ >0

F? — éo 42&5(.9&

FZ: —> ZM({M*——M/E e /(,d-zés‘&fj
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These results are inserted into the equation Al for S{ . The
combination ésafl’, must be rewritten using the well known Legendre
function identity before proceeding to equation &4. The constraint

then follows from equating the leading terms as ¢3, »¢ in the

expression for &y, and Sty

The other results follow from Macdowell symmetry, taking account of

the faet that M(_ will venish relative to £{_ as ¢ _ =20,
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Appendix B Parameters

We give here the quantitative details of the fits to determine Fhe

form factors. Table I shows the resonance spectrum together with the
mass and width parameters used in eq. (14). Also shown are the multipole
couplings for the charged photoproduction channels. The proton peak

contribution has been calculated from the 7w couplings using,

oy = ¢ (€e1)'f (€+2) /g )2+ €/ Moy /ZJZ

+
% = < [2[(({#/ [Me /? + (4-1)06¢ 12 ] Bl
41T /
where C = S HR,_ ; /?»l/ y

where

v = wA/u;dmh‘u'fyx (3;/ A T = (;/2/

2
Tables II-1IV give details of A " results for the fits.
Table ¥ gives the form factor parameters. The definitions of the form

factors and how the parameters enter are shown in section II.

An important point to respect, if amplitudes or cross sections are to

be reproduced, is to use only the parameters from a single fit. The

parameters for the badly determined form factors in particular will be

highly correlated.

The transverse and scalar peak cross sections for the Sll contribution

to ep are shown in Table VI.



...-31_.

The resonances contributing to the four peaks are as follows; Ist

t 1
,Sll , D and

peak P33 only; 2nd peak Sil and D]B; 3rd peak D1 13

3

F L4th peak P13, F._ and DI,
1

15° 37 3



Table I  Resonance Parameters and photoproduction couplings from DLR (6) 7 1s the 7N fraction (see equation Bl),

Couplings in /46»'/‘. The states below the line have been omitted.

Res WR, Mass Width gp-> THm rn—=>mp Jéoﬁai
f’:’: Gev " Gev 7 £ M = M e
P I+ 1,232 A6 333 .04 -2.48 -.04 2.48 415
P, - 1,434 .2 .34 - 0.7 - -0.35 17.4
8, 0+ 1.505 Ny .21 0.71 - ~0.34 - 30.
D)5 2- 1.514 13 .33 1.02 0.38 ~0.64 . -0.63 109.
D, 41 2~ 1,68 .128 .07 ~0.1 0.07 -0.1 0.0I 8.
S, 0+ 1.688 A .07 - | 0.14 - -0.03 - 3.4
Dy, 2- 1,649 .15 .06 0.24 ~0.02 -0.24 0.02 24.
Fs 3- 1,682 14 .35 0.47 0.16 0 -0.08 85.
Py 1+ 1.85 .3 .12 0.1 -0. 1 0.08 -0.1 10,
Fyy 3+ 1.94 .2 .13 -0.01 -0.11 0.01 0.11 27,
D, gn 2- 1.971 427 .1 0.24 0.05 0.22 0.005 15.
Py I- 1.646 142 ol - 0.07 - 0.03 0.6
Sy, 0+ 1.66 .15 11 -0.05 - 0.05 - 0.3
Pyyr 1+ 1.75 . 185 .04 -0.04 -0.02 0.04 0.02 2.5
Fys 3- 1.842 .28 .05 0.06 0.02 -0.06 -0.02 9,
Py, 1- 1.943 .2 .09 - .0 - 0 0.
D, 2+ 1.665 75 .32 0.02 0.06 0.03 ~0.2 1.4

...??-.
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2
Table I1 72/;bkm for the first resonance region fits (a and b).
n  refers to the asymptotic decrease of the total cross
section O~ (%1)’" . Column ¢ shows the effect of including

the higher resonances on fit b.

Data )1 No (a) (k) (e)

t -.3 30 7.3 7.5 6.6
-.45 36 L7 4.8 4.3

S o~

5 -.76 30 5.6 5,9 5.4

.S

§ & -.6 48 5.5 5, 4.6

ol o

[ [+]

oy i -, 10 60 5.1 5 4.2

P

S & -.156 27 5.1 45 5.3

Peak | 15 2.6 1.85

n T 3 5 5




Table ITI  Details of the fits to the higher resonance region.

In all cases the P33 parameters from fit b were used.

-4’2_.

Fit Resonance spectrum FH Scalars Relative peak/
=0 coincidence weight
1 e No 1.0.6 o
Standard i{.e. all o
1 !
2 resonances above the line P Yes 0.6
3 in table I included dipole No 0.6
4 ‘()’ No 0.1
+ (P .
5 Standard F35 e No o ‘O 1 -
6 Standard but S '
11
vt No : 0.1
replaced by D ¢

15




2
Table IV X/N'(,um for the data blocks in the higher resonance region, corresponding to the fits listed in table IIL.

The column labelled |' shows the effect of changing the subtraction form factor Fs— from a 'i’l pole to unity.

The data labelled F is the forward scan at )\2 = ~0.4 GeVz.

_iil;mwk—i; Ref | .Chann;I- 7 No 1 1’ 2 3 4 5 9__ 1l E_ggj.orx_(uf)__
0.4 33 o 131 | 2.9 2.8 2.9 3. 2.9 3.1 | 1.395; 1.575 .‘
-0.6 33,29 ') 143 | 2.2 ' 1.9 2.2 2.1 2.1 2.1 | 1.395; 1.585 ?f:
~1.0 29,34 ?‘3‘ 85 3.1 3.3 2.9 2.4 2.4 2.3 | 1.345; 1.765
~0.4 (F) 28 4 | 8.3 8. 1.1 8.3 8.3 7.5 8.2 | 1.47; 1.86
-0.4 28 t 16 | 7.2 7.3 6.7 7.2 7.4 7.6 7.3 | 1.42; 1.58
-0.6 30 o 76 4, 3.9 5.2 4.3 3.7 3.6 3.7 | 1.435; 1.58
-1. 30 %. 06 | a1 a2 4.4 &1 3.7 3.7 3.6 | 1.435; 1.765
-0.3,-0.7 | 31,32 | 49 2.6 2.7 3.4 24 2.7 2.9 2.8 | 1795 2.05 |
Peak 25 i 4o 0.8 2.1 0.9 1.3 1.5 1.4 | ]
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. 2 K3 2
Form factor Parameters, units GeV ., | and 2 refer to A. and )z of

11).

Table V
eq. 8. a is the scalar parameter (eqs. 10 or 12). ¥ indicates parameter
fixed. + indicates parameter gives zero scalar coupling (see eq.
Rescnance (a) (b)
1 .622 .43
BH‘=%(MM'ZEH)
—~ 2 .671 4,715
ol
o
o 1 . 856 .545
“:“ oy = 'é (Mg + Eri)
o | o2 1.28 4.715 i
a 2.7 2.867 see eq. 19 in this case
r -
! 3 5 o~ (}l)
Resonance 1 2 3 4 3 6 Comment
Mo 0L .11 .04 04
i 2 041 .19 041 041 effectively zero
*f T +
S, a .04 5.628 5,628  .,046
] 4.08  4.11 4,13 3,63
A
T _€Q+ 2 4,38  4.46 4,44 4,02
+
8 a .11 .32* 12 .09 kParameters
O+
! 91 .5 .79 .82 ||fixed as inm
E,_ 2 1.68 1.07 2,01 1.59 ||fit 4 v
13 | .88 .98 .88 .9
f M, 2 1.9 2,19 1.9 1.92 v
| — - £+ ]
‘ a 2.19 .3320 2.19 2,19
2- v —
r— 1 2.3 2,37 2.29 1.09 { 2.05 1.8
: E
| 2= 3,48 3.45  3.47 1,94 | 2.46 2.4 v
L33 I 274 2.63 2,77 4.1 |3.99 444l M= 107
'M
2 2 3.13 3.03 3.07 4.12 4.05 4,89 v’
. L
x+
L iSZ“ a 6.69° .505 6.69° 6.69716.697 6.1




Table V contd.

~23-

Form factor parameters

Resonance 1 2 3 4 3 6 | Comment
’ ¥*
1 6.85 6.85 6.85 6.85 6.85 6.85
E
- * E 3
2= 51 e.851 6.851 6.851 6.851 6.850 6.857] YV
1 .04 .84 .04 .04  .135 .04
Pyg | Mp-
2| o4 1.88  .041  .045 .16 .13 ]
T T ~ —
5, a 6.85° .53 ' 6.85" 6.85 6.85 6.85
repuaced ¢
1l 393 .04 3.12 5.16 4.4 paad TE
S..q E Dig =~ €
H SA 4.03 .04  3.23 5.18 4.25 i
+%
S a .04 .557 .04 .04 .04
0+ ]
I .59 .52 .53 .53 .35 .56
B, |
2 1.76  1.64 1.73 1.51 1,21 1.32 |
| 1 1.05 1.13  1.09 1.14 1.06 1.11
Fis M3 |
2| 2.87 2.9 288 298 3.01 296 0 YV
e - 298 _
5,0 al| 5.8 .553% 6.2 6.59  6.86" 4.91
1 34 .77 .39 .3 .28 .28
(s
2 63 1.2 .72 .43 .37 .34 v
P13 o)y Parameters fixed (multipole = O)“ B
LA SN RN =
S, a| 3.38 .83 3.38 3.3 3.33 3.3
. ]
1 05  1.39 .04 .11 .1 22
Ase 2 051 1.6 .1 43 .23 .47 ‘A= 30 7 M
F37 ) e - —
i I 1,92  1.35 1.85 1.61 1.44  1.55
X34 v
2 314 2.75  3.19 4. 3.98  3.96
*+ ) i
S4s & 04 1.004 .14 .C& .2 .05
| 04 1.55 .04 .08 .17 .44
E,_
2 041 2, L0641 .25 .34 63 |
1 1,45 .04 2.08 .82  .04& 2.14
Dy M-
2 2.49 .04 3.09 2.29 6.34 3.4
. |
s, a 6.32  1.067 8.467 8.46" 8.46° 8.46
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Table VI = The contribution of the $,,(1505) to the total

ep cross section from fits 1, 2 and 4. The units are (-

) 1 2 4
P
oy oy Gy S Or Ty

i
|

-.15 26.2 7.9 . 26.3 25.8 1.

-.35 22.6 5. i 22.7 21.8 6.5
: Zevo

-.7 17.8 2.5 L 17.8 _ 16.6 3.1
; (‘F\'X{J)

-1. 14.6 1.6 L 16.7 13.3 1.9
i

-1.5 10.8 0.9 10.9 9.5 0.9
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Footnotes

1/

/2/

/3/

[4/

/5/

/6/

17/

%2 is the approximate lowest value of the anomalous

1p

cut on the real axis (ref. 11).

This Breit-Wigner form was used in our earlier calculations
with slightly different threshold factors {refs. 3 and &) and

also by R.L. Walker, Phys. Rev. 182 1729 (1969).

Using the ¢*-convention of K. Berkelman in 1971 Iaternational
Symposium on Electron and Photon Interactions at High Energies.

Edited by N.B. Mistry, Cornell University 1972.

We thank Dr. F. Gutbrod for a discussion on this point.

2
Qur present fit agrees well with the low ’A /(('0.3 GeVz) threshold
results on ep ->enft from NINA. P. Norton private communication.

Daresbury Laberatory PEP group forthcoming report.

The results are from ref. 30, but note that the resonance spectrun
used there is somewhat different to that used here. For the upper

point in Fig. 7 (b,, A/B) zero scalar couplings were used.

13
Helicity 1/2 and 3/2 refer to the possible values of the helicity
of the ¥N system for excitatioms by transversely polarised photons.

The total cross section is given by o o= Jj_ (o, + d";q)
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Figure captions

I,

]

2
s and p wave coefficients for .e’b—ae)b;rr" at A = -1, GeV2
in the first resonance region. Data is from ref. (27b). The full
line is fit b using N +A + s wave, the dashed line is the same

tut including the higher resonances.

{a) and (b) Total cross sections for ep in the first resonance

2 2
region at A = =1. and -1.56 GeV™. Data is from ref. (45). The full
lire is N + A + s wave. The dashed line shows the effect of the

changes made to Fg and Gé' described in the text.

brz) o

(e) M (A‘?’j.} My (o) 7o Gdt)”& (A2) f

The figure is from Gayler ref. (26) and full references to the data
are given there. The full line is lst rescnance fit (b), the dashed
line fit (a). The crosses show the form factor used in earlier

calculations.

QP'* enr?t forward cross section. Data is from refs. (28) and (30).
The curves are from various fits to the higher resonance region
@_____;“ fit 1; ——— fit 2; xxx fit 4, see appendix B table III

for details).

. Second and third peak height data from refs. (25). Curves as in

fig. 3.



_[+5_

5. Multipoles as functions of }1(Gevz) evaluated at the resonance
position. The spread shown is that allowed by the different fits
listed in Table III, appendix B. The units are #+ %and the couplings
are for the channel e/)—-'r 9}-"" . The crosses on the graphs for the

(3,4)

D13 (1520) show the multipoles used in our earlier calculatiocmns .

see eq. (20).
6. Multipoles fer resonances in the 3rd peak (as fig. 5).

7. Multipoles for resonances in the 4th peak (as fig. 5) Ratios AZ—/BZ—;
A3_/B3_ for the DIB(ISZO) and F}5(1688). indicates the wvalues from

2 2

ref. 28 at A = -0.4 GeV",

10. Helicity asymmetries A evaluated at the peak positioms. A is defined
by eq. 21. The spread is that allowed by the different fits listed

in table IIT, appendix B,
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