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Abstract

The process ete” - NNx is related by crossing to photo- and
electroproduction. We relate the quantities of experimental
interest in experiments with polarized or unpolarized beams
to helicity and thence to invariant amplitudes according te

a procedure developed in previous work. The invariant ampli-
tudes are agsnned to be dominated, in an appropriate g
range, by resonances in the two-body subchannels, of which
the nucleon resopances in the pien-nucleon channels are the
most important. Using a multipole decompesition of the ampli-
tudes the resonance parameters are related to those measured
in photo- and electroproduction. We use a generalized vector
meson dominance model for the form factors in order to effect
the q2 - continuation. We calculate various cross-seciions,
angular distributions, and Dalitz plots in order to show how

the results depend on the theoretical assumptions.
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T. Introduction

The recent experiments which have been performed with the

ete” colliding beam facilities at CEA and SLAC (1) have revealed
the gross features of the high energy production of multibhadron
final states in e e  apnihilationm. A wealth of theoretical papers
have attempted to atilize this data from a hitherto unexplored
kinematical region to gain insight into the fundanental guestions
of photon-hadron interactions, Since the final goal in this area
should be to understand the coupliﬁg of the virtual photon to
hadrons it may be guestioned whether the information at hand is
really suitable for this purpose. At these high energies the final
states are predominantly of high multiplicity, and even vere one
to measure the exclusive cross gsections for these channels it is
anclear whether one would be able to disentangle the dynamical
mechanisms, which would probably still be masked by statistical
effects. Our point of view is therefore that it would be more
relevant to concentrate at first on low multiplicity final states,
and to obtain precise data on specific channels over a range of

energies.

First attempts in this direction have been made by the COrsay

and Frascati groups, in meagurements of several low-multiplicity

0y
mesonic channels (“). In previous work (3) we have attempted to

show how such channels should be analyzed in order to best extract
the couplings of the virtual photon. Similar considerations have
(4)

been presented in ref.

It appears to us that baryonic channels of low multiplicity



should be even more advantageous in this respect as one has
here independent information from scattering experimenis on

the couplings of the baryon reeonances. This paper is concerned
in particular with the NNx final state, for which the wealtih

of information preoduced by the extensive photoproduction and

electroproduction experiments is at our disposal.

The process ete” — RNx (e+e_ annihilation) is related through
analytic continuation in the Mandelstam variesbles (s,t,u.) and

q2 to the processes e N—> e =N (electroproduction) together

with yN — =N (photoproduction), N — ete™N (lepton pair production),
and N — re'e (nncleon-antinucleon annihilation). For electro-
production and photoproduction one possesses the extensive in-
formation already mentioned which includes the estinatés of resonance

couplings obtained through multipole analyses. Measurements on

lepton-pair production are foreseen in the near future.

Despite the fact that from the electroproduction and photoproduction
measurements one has some information about the q2 dependence of

the transition form factors y — ﬁN* in the space-like region (q2g o),
we still have the problem of continuation to large time-like q2.
Various parametrizations of the q2-dependence, which are compatible
with the available data in the gpace-like region, produce very
different reselts in the time-like region. We discuss this effect

by using various models for the transition form factors.

Jt is important that we formulate the nucleon resonance production

in the framework of the {Nr three-body final state and not of the



quasi two-body state ﬁN* in the narrow widtb approximation. The
main reasons are

(a) since both tbe Nx and Nz two-body sub-channels (s and u
channel) are physical it is necessary to include coherent inter-
ference ,

{b) the high spin resonances have strongly varying barrier

factors which have been partially determined in the scattering
region,

(c¢) that background effect due to stable one-~particle intermediate

states (Born termé) can be included.

In section II we consider the kinematics of the processes

ete” — RNx. Section III shows how the transition form factors

y — ﬁN* may be defined in a fashion consistent with the usage

common in analyses of electroproduction, and which is also guitable
for use in time-like q2 region. When these form factors are given,

the invariant amplitudes may be constructed using the multipele
decomposition. In sect.I1V we present the results of calculations

of various experimental distribationa. We find that the cross sections

for the various charge states are large enough to be easily measured

with existing storage ring facilities.

II. Kinematics-and General Formnlae

2.1, Kinematics

We consider electron-positron annihilation into a pion and &

nucleon-antinucleon pair in the one-photon-exchange appreximation



(fig. 1)
e (o) + €T P2 T,(q:2) — N, (b 2) + Na(pa2) + Tp) (2.1)

vwhere we have indicated in brackets the momenta and helicities of
the corresponding particles. Looking at (2.1) as the disintegration
channel which results from the scattering channel Ny + I — Ny + TL
by crossing the initial nucleon, we may define the Mandelatamrin-

variants as unsual
A= (Bt p) = (q,—?,,)" ,
t = (_TJA-&-JF;,-):' = (qr'—‘P):L )

(2.2)
W= (ptp)* = (47 Fe)
satisfying
A+t u = ZMZ-FML*‘%?’: (2.3)

where m(M) is the pion (nucleon) mass and q2 2 (n+2H)2:>0 the mass
of the virtual time-like photon. The physical regioms for the

different channels are given by
Bartrusa?) = st - M2(a"-u")2 + (a2-¥2) (*-n®)t 2 0 (2.4)

and are shown in fig.2a for q2>-0, and in fig.2b for q2<_0. (Note
the s «»u symmetry of the boundary curves ¢ = 0.) The physical region
for our process (2.1) is the usual Dalitz plot for the decay

X; —> N}+—NL+-% . The 8, t and u-channel for q2:>-0 could be studied
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via time-reversal invariance by observing M+ No — &rveT+ Ny,
Ny+ Ny = e+ e+ T amnd T+ N, —> ¢+e + Ny, respectively.
For q240 there is no disintegration region and the s,t,u-
channel can be studied experimentally by e + Ny — et MM
(pion electroproduction off nucleons), ef+ W — et + Ny+ My
and e +Wz") et 4+ T+ Na{,respectively. Our process (2.1) is
thus related to pion electro- and photoproduction by analytic
continuation in q2 from space (1ight)-like q2<0 to time-like
q22 (n+2}4)2 and crossing of the initial nucleon. Therefore it
seems advantageous to parametrize the process (2.1) in terms

of quantities already used in pion electroproduction off nucleons.

2.9, Invariant ampliiudes

The transition matrix element associated with the diagram

of Fig. 1 is

e - g ] on
T = r Tiprs) T upa) o, e, pl Tl @ 10> (2.5)
where j;m is the electromagnetie current of the hadroms. As

in electroproduction, we expand <1°4'/\4,7.,'A,,,4p] Jf:"(o) lo> in terms

of six invariant amplitudes Ai(s,t,n;qQ)

6 .
<'F/A4,’f.tqz’”}”l j;r(o”o> = % A;,(A])Cﬂ'_(;ﬂ,z) a(?z’r\z,) M; 'U"(’p,.,’)h) , (2.6)
vhere (ab = Ap b#)

Moo= 4T (g ¥ 4T )

My = - 2% (g (p-a) - T (P 40 ), 2= % pa)

M = B (e qr - 47 )

(2.7)
M = 2% (Y q B - g¥ D) - M ML,

1

MS’
/lA.

RACIY TRl
Vs (GL). @-T-— al/" X/.,.).

¢
M



Each amplitude Ai may be further decomposed in the isotopic spinm

space as
@) ! -?
A = ATzt AL Jus + A 1 (2aTs~ G Tx), (2.8)

where a is the (cartesian) isospin component of the pion. The
amplitudes for different final charge states in (2.1) are related
to the isospin invariant amplitudes as in electroproduction,

namely
ApaT) = (AP A7)
A(FpT°) =. A9+ AP,
iz (A9 - A7)
LAy AG)

(2.9)

11

A(a’i»rﬂt")
A (7 m )

i iv
AW :.%(A‘V+2fA ), (2.10)

where the amplitudes Ais and Aiv refer to a given isospin I = 1/2,
3/2 of the final (T N) -subsystem and to the isoscalar (S) and iso-
vector (V) componente of the electromagnetic current.

2,3, Cross sections in the helicity frame

Te write down the cross gection for process (2.1), let us first
introduce two conveniently choosen reference frames in the oversall

C.mM.8. (a = 0), vhere-;i,fgg and'; are coplanar (production plane):



a) a system Oxyz with 0z along the beam direction 'f))_ and
0x, Oy yet arbitrary, and b) a system 0XYZ with 0Z along
-}?1 and OY along the pormal to the production plane. Let the
orientation of OXYZ with respect to Oxyz be specified by the

Euler angles o, /5 , 7. Then it has been shown that (3,5)

eme < 4)
<’}’4’/\4:1”z’)‘17‘f7l ] - (©) ]O> = Z ’Dj_; (a?,/.‘;,T) ]—I’A(ﬂ;;‘)\ (A,‘f:,'u;q/") , (2.11)

A= -4

vhere Jo are the spherical components jt = ‘i-'(j.x-tij\j)/ﬁ, ja= Jz
(the time componment J  doen't contribute to (2.5) because of
4
ecurrent conservation), 'Dr) is Wigner's rotation matrix and
r16£) Y —_
aeyh  OF® helicity amplitudes describing the decay %~ NaNy .
Evaluating (2.6) and (2.11) in the frame 0XYZ (a=j =y=0) and

equating the results, we obtain the relation between the helicity

and invariant amplitudes

Aatra;

¢ .
© =L AT
I L =4 A _'T—:A,,’A,,,-l : (2.12)
=4
where the real coefficients :F,;‘%,A are given in Appendix A.

The cross section can new be obtained from (5) by observing that

() Y . [-12 )
our | 45,3,.:2 4 are proportiomal to the Az A for

convention C-I1 of ref. (5) . The result for arbitrarily polarized
+
e —beams is thus given by



d‘-"G-(i) dzé'(“
U+ L) A+ co?B) + Xy m
(det/2TC) dcm/s (a¥/am) dE 4 dEz [ ) ?) p] A€, d€,
dzo_(m
3 _ <oz L
+T+-(/1+Z X)) mm*f3 EndEn (2.13)
d (4‘-)
3
+ h—{[(uz A + X+ c00%p)] a2 + 2Yercoafp A X} N
d U-(M
[(4+Z X(a())coo/Jcr)T Y(u)m'f]dvnp m—
0{2 f‘“—)
3 4 rry .
+T;(¥z+?z)4m/5/nmr dEMEL )
where
d. (k) 2 X (h) 2 et P
= R X = =
d@d&, 12 (27()"(&1/‘)2' “AZ(A, Aadg; +4 l ! ( K AT )
AZ () . Z | (k) ‘L
A€ 4 oth_ - 42[21()2(%1)1. e Mg © )
PACAY o( Z (Fcn r (f) )
dordes | AR (R G N T et
h}
Lol ) Z Re ( Fm*) (2.14)
AesdBy A2 (2m)* (ﬂ/) Mz ')4’.\.,, # . A0/ 7
{h) (h) *
ﬂ-—" = —-—_?—(-_-—_;- 7m( 2471 +4 [_;41:. O) .
Qe dE,  42(20*(47)" 573, '

Here E1(E2) is the energy of the antinucleon (nucleon) in the

overall ¢.m.s. and X,Y,Z are given by
) (9 7 () 4o +) (—)) .
X(“)"(?:‘?x‘§7§%)m2o< +(5133+3’, T am2x

Y(on
Z

H

_(3(:1?(;) 3 f‘;’ }";’) amld + (‘5'(:'5(; 4 7(;)7?)(,”20( | (2.15)
3(;’ -g(;)

N

)
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" €3]
where the components 4y, E of the polarization vectors
P -
?("') {(ir the corresponding rest frames)} of the electron
(positron) refer to the frame Oxyz, i.e. Z(_:-)) ;f;) mean
transverse (-L ?-) and 3(:} longitudinal (H ‘]_ob_) beam polariza-
tion. The cross sections U-EH (k=U,L, T, IR, II) on the other
hand are labelled according to the pelarization of the virtual
photon as seen in the frame 0XYZ. This follows simply from (2.11),
which for o =,5 = y = 0 reduces to <?434,1l,'k;,‘plj:hm(g;]0> = F-AE:L]:U. ’
giving A the meaning of the polarization with respect to 0XYZ
of the virtual photon. Thus U_UU') is the cross section for
N4N, JU  production by an unpolarized transverse (L ?4) virtual
photons G'f_h) by a longitudinal (n 1'34) virtual photons o,(;.') by a
transverse polarized virtual photon, and 0-;_;:_ , 0',(_2._) come from inter-

ference between transversely and longitudinally polarized virtual

photons.

Note that the (ot,[&)-distribntion as calculated from (2.13) gives

tbe angular distribution of the aptinucleon N, 3

Arg ™
(daf2n) deorfp

= %[(4+I)(A+m@/5)+ X(u)a;}n‘t-/s} O’;” : —3—(4«}2-— X(*))Ol‘mzp (Tih) , (2.16)

which depends on a« only through X({@®) , i.e. the transverse
polarization of both beams., The angle integrated Dalitz plot

distribution

dﬁ.o..(l') dmd-(h}
= (4+Z) (—————q‘ $
AE 4 OJ.EZ_ AEAdEs AEsdEz (2.17)
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and the total cross section

(k) (h (h
o= ()T ") (2.18)

(h) (h} .
depend only on the sum Gdu + O'L , as expected. For unpolarized

(3)

beamg we recover the results of ref.

2.4, Cross sections in the transversity frame

For completeness we give also the relations referring to the

case when the normal T to the production plane is used as an

(m)
analyser. Then the transversity amplitudes P'h'la.;ﬁ instead
thl !
of the helicity ones r:lﬁ:.;?\ appear in (2.11) and (x,p.r)-»,(x,/s’,r'),

where (a’,ﬁ’,f') give now the orientation with respect to Oxyz of

a system OX'Y'Z' with 0Z' along the normal -ﬁ~31 x '1?2 and 0X'

— , m . ra o
along p,- Since the lan,a 4 are nothing else than the s B
for convention C-I of ref. (5) , we have the relation
m) Z (W 4
= n
ra.u;m o A N Dm (z ) 75). (2.19)

The cross section is then given by

A%q ™ . 24 (™
= %[(4+z)(4+w‘p’)+ X(u'}nm"/b'l 49y

(dalf2) dempp' (AT 127) dEAE, ey
i Aa_o_(n\
E 2,1 L
F 2 (442 Xeor) ' —— =
! ( AEAdE 5 (2.90)
3 .t +qf ] ;o , o{lo-r(;‘
[ i s Xy tress)]n2¥ s 2Yiar oo 2F } Lo
2 [ 132 ) o, P X @ (44 w"/}’)]/il;uZY’_ 2V m/-”IWQY’ S A2
) E{ " " Ad€sdE,
2 (%)
T2

3 + ) (o f
+V(—ge+-§'%') f dE4 o€ 2.
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where

d 0‘(‘) # (" 2 M) z
dE40{Ez_ - 42(2R)1(¢2)L Z (lr;-ﬂg’,«}dl + l P’,\’_;k,_,-._i l ) ,

z;lll
2 e (m
d o-lf ! - o 4 Z l (m? [L
AEdE,  A2(2MF(4)* 45, 0 M0l

dzo.-f—a;\ _ 0( Z /R (r,(m) I-;(ln)*) ,

desdéz  120* (92)* 32 Mz th L dada; -4
2w
d 07y o

n) {n) *
= Z j)ﬂ( P;"),_,M r’).‘)u, __4) )

AEdE. 42020407 3.

Gl (‘l) ('k)
- Z (l )4);,4.4 - h"\‘l “4) )

dEsdEr  12(2R)* (qf' *

Here the indices k = U,L,T”rTzz'r3 of 0‘2” refer to the

polarization of the virtual photon as seen in the frame OX'Y'Z':

80 "longitudinal® (A=0) means along the normal T and "transverse"

(A=11) means perpendicular to B, i.e. in the production plane.
The numbers in T1, T2 and T3 mean that the corresponding cross

sections are induced by a virtual photon whose tranaverse

polarization is characterized by the Stokes parameter (6) P/,
Pé and P; respectively. These are defined by
3 1. —
transv. Z(4+‘R€)?
@ . : :
where ?%mmv is the transverse part of the density matrix of

»*
the virtual photon (5) , evaluated in the frame DX'Y‘Z'.( )

(*) . . . th) R
Note that in this terminology O in {2.1%) is induced by P3

}
calculated from ?(t:;mv in the frame 0XYZ of subsect. 2.3.

(2.21)

(2.22)
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Note that now the (d',(‘:") -distribution gives the angular

distribution of the normal to the production plane

g™

3 2 4! C L Zaf (%
= 2T 1) (A eontp )+ Xy am T
(defaT) derp 8 ] P A0
(2.23)
3 ' TN (n) 3 (+) ) {(m)
+ H(IH-Z—X'(«))/JW/& UL + Y(T%+Tt)cw[_’> 0 vy )
which in contrast to (2.16) depends not only on GLn) and 0-[:’ ,
(n) *
but also on G_-,—z if at least one of the e -beams is longitudinally
polarized.
The angle integrated Dalitz plot distributioms have the same
form as (2.17) and (2.18).
Finally, using (2.19) in (2.21), we can relate the trensversity
)]
U'(l:u and helicity (l_i cross sections through
) i {h} (h) (W}
o =40, -0 + 0,
) A (k) (k)
(ﬂ)_‘/lo-(l')_i@"(h)_.iﬂ'-“') ( 2)
G-T3 IR 2" T 2k 2.24
(W)
™ a
., = 2 Cir
(m) (h}
O'.rz =. z'fi 11 .
We have
{m) (™ G—{H O"(l’)
O—u + (TJ_ = v T L y (2.2%)

as expected for the angle integrated cross-section. .r
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I11. Dynamical Model for the Invariant Amplitudes

%3.1. Born amplitudes

The Born term contributions to the invariant amplitudes are

the same as in electroproductien, namely:
(0,1) e (s,v} A
A4 = ?.i T ( yeyer i M

A(a,t) eq E(.r.,v; ( 4 +Tl(a,tj 4 )

o, ) 4

~

2 +-m?>

Aot (s 4 o) 4
3 =7 2 z C?t) A-ME 7 ,a_.Mz

LS

(3.1)

(o,t) g L&V A o) 4
A, i’ (q')( to

,g.-’vﬂ«

©t) e &) [ 4 pet_{ _ ey 224 . v,
A; =~ 2.({-—7’!."):5 (1)(5_,;12, Y ) 7{- @,(f_mz)(ﬁ(i)*fa C‘L)),

(o2}
A =0,

A ) -
with 7= q M g, 791, e - 7= 0 and 7724

(7)

For the pion form factor it is sufficient to use naive VMD

1y = 1 ' 3.2

:FTE(%) /l--ﬂc; (3.2)
e

For the nucleon form factors it is well known that this is insufficient.

The commonly used dipole parametrization for the electric and magnetic

form factors is obviously ill-suited for ‘continuation into the time-

like region. It is more reasonable to take here also a parametrization

based on some }orm of vector dominance, and we chose & parametrization

due to Felst (8 ), which has the advantage that besides accounting

for the measured data in the space-like region it also extrapolates
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through the Frascati point for ete” pp at {{Z = 2.1 GeV (9)
as noted in ref. (10). This parametrization includes begides the

p,w and (P mesons an effective p"(lSOO) and a w''(1500):

F(S) _ 2 0.83% 0.469% . 0.468 )
4 (%1) - ( 4_%1!!”“::) A—-&L"'IM’; I{_q;’/m;"
0.6 0. 416
ey < (il )
A— g% ms A — g M5
v v (3.3)
F(s)( Y = ,’L( 2.23 _ 3. 3:2 _ 4,1:3 i )
2 4 M fi.—-oc'-/m; 4——%/“.4, A'_ﬂ,/’mun
v _ 4 2.9% _ AAZ
Fz (9%} = M( - gl ,f,_?/z/,m_?‘ )
The electric and magnetic form factors are given by:
) (s)
GE (‘V) ,= :F(:](q’t) + (%Z/QH") 2 M E (1/:.)
)
G_C:) (‘Lz) = F(:)(q,l.) + (alf'llfM") M ?';_ (1:,)
S
G_(:') (q/z) = ( :FE"](%‘) + ZM Fz G ))/0.33 (3.5)

GV = (Flgn+ B )/ 430

The advantage of working with these form factors is that the
threshold condition Tg(q*) = Gum (42 at 4% = 4M* , vhich
is near the region in which we shall be interested, is automatically
fulfilled. The form factors are exhibited in fig. 3 and compared
to the dipole form GD = (1-q2/0.71 )_2. For small space-like q2

(5,v)
values where data are available,the "scaling law" GEM = G‘D
'
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ijs approximately satisfied. We notice that in this parametrizatién

. G 2 2
the neutron electric form factor E has a zero at g° = —2.5 GeV
and is appreciably different from zero at higher negative q2. These
features would show up in measurements of elastic and quasi-elastic
electron-deuteron scattering.

3.2, Multipole amplitudes

The Mandelstam diagram of fig.Z2a shows that in the kinematical
region we are considering,vggg 4 GeVQ, the Dalitz plot region for
y-**ﬁNﬁ is rather densely covered by the resonance bands of the
g- and u-channel pion-nucleon resonanCes? This leads us to consider
a resonance model for the amplitudes which t?kes into account the
g— and u-channel nucleon resonances. The known t-channel resopances

are far away from the pbysical region and may be safely ignored.

Farthermore we shall ignore genuine three-body interactions

(11) ).

and higher order rescattering effects (see for example ref.

Cur procedure congisted in the construction of the invariant amplitudes
Ai in the electroproduction region (A 3(F4+4n)z , t<0 )) where

(12)

data is available, from the multipole amplitudes according to
o
-4 "
Awptigh) = B (/S,f-,qf)C(ﬁ;{"'JéZ Gx) Me(4;4%) . (3.5)
=@

B and C are kinematical matrices depending on 8,t, and q2; the Gafb
are given in terms of derivatives of the Legendre polynomials 1in

X = cos{a . We then used eq. {(3.5) to perform the continuation

to the annibilation region : (M+4n)2£ A& (V%E—fW)L, Mg t < (M%z‘”")f
The q2-continuation is controlled by the resonance form factors, which

we mow discuss.

(*)

. Lo . . ﬁ 2
A resonance of mass my lies inside the Dalitz plot if 1_j>6mR + M),
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The contribution of an s-channel Tesonance of mass M, and

width i—tg to a multipole \/ag:- MJ'E( is parametrized as follows:

['1
/Z{(Aj.zﬂﬂoé 2). e 'R —
¢(%4%) 4 AT
- z ¢
, (ﬂ)‘(_@,ﬂ:) " (5.6)
| Frl 171+ X7

1! *(1%‘:’/‘#?»)"/"
() (o)

Here /ag is the coupling constant; Xn'x]r are parameters characterizing
the barrier factors at the vertices RN and R+ N7V, respectively; X=4

for M(t y E(_,. and X=4-2 tor Eg_ ({31) . The widths [" are

AT ) .
AR 1F1* + Xg -

To' end ?1: are the momentum of the pion and the virtual photon in

the resonance rest frames

oA
17l = s Vacama®)

LA EXCLAT DR

(3.8)

IT_;R_] islfﬁ?l evaluated at A:M;’ s IZI:(:/ is !%/ at A=/m:) g =0
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The Breit-Wigner form (3. 6) incorporates the f0110w1ng features?

a) it has the correct threshold behavior l?’ as Ho] - 0 ;

and EZ,:] as [q/l-*o; b) the unbounded increase of the threshold
-4 . =X 2 .

factors |10[ with s, and ]q}! with s and q 18 compensated by

the barrier factors containing Xﬂ_JXf. Hence the entire q

dependence of J({ (6;@5) for q2 away from threshold is given by

the form factor _G(q/“).

We can also write (3.6) as (*)
I\ gt s Xy )™
M, (5;4%) = M50 6@ > ; (3.9)
(%9, 4 9 {‘LM{ M:)]e,_’_ X; /
where J(,(A,- 0) are the photoproduction multipoles:
Bl IZE e (M)
g0 = /J{o( Il 1 M) (5.10)
Pl o1qv | /m:—/}—-émzf’
with (3.11)
lzm] Ax+A4 —‘r(a)l 4 XT X

¥ - [ —‘-‘m

IGL(a)iz + XX’

is |7€1 as in (3.8), evaluated

in analogy to (3.7) . IEEMl

at q2 = 0. Eq. (3.10) with XT = th is the parametrization

(*) In electroproduction (7,13) the last factoer in (’5.9) is omitted, the

. -
large-s dependence of lq,l being compensated by taking the factor

containing X _ in (3.6) to the powver { instead of {2 .
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used by Walker (1%) in his multipole analysis of single-pion
photoproduction. We can thus in principle take the resonance
parameters (’Vng) PR, {,x, th ’ J“o) from the photoproduction
analysis. Continuation to electroproduction or annihilation involves
only the form factors G(q,") of eq. (3.9) for the electric and
magnetic multipoles, as well as the additional scalar multipoles

which do not contribute in photoproduction.

The resonance parameters we have used in our calculations are
listed in Table 1. Except for Xy— they have all been taken from
the electroproduction analyses of Devenish and Lyth (?'13). The couplings

4 1 34 (V)
9 Vv,
./H-;"( ) ) JM:( ) and ./ao correapond to definite isospin

states 1= ”/L 32 of the (=x,N) subsystem and to the isoscalar and
; Y

isovector component of the electromagnetic current. They are related

Tim ne P
via (3.12) to the couplings A, , Mo #  ana M, which

correspond to specific physical final states and which are tabulated

(7,13),

in refs.

% (5) i

M, = z«z(ﬁffﬁ )

% V) ' P
MUZZ?FZ(/%" ~ Mo ) ) (3.12)

-+

3 3 Tm 3 T
\_/L( = — = _/%0 = -_f;: ./J{o .

- 12 ()

Similariy we use the electric and magnetic form factors GE ,

G%(V) G_‘/z(‘)
'3 ' M

3 v
and G—Z’f = ) G /.-.-.ﬁ: ) for I = 3/2 resonances. Since there

Y2 (V)
and GM for resonances of isospin I = 1/2,

is very little direct information on these form factors, even in the
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space-like region, we had recourse to the following two sets

of assumptions:

(i) In the interests of simplicity we first use one overall
form factor for all the nucleon resomances. As is common in
electroproduction analyses, we relate this form facter to one

of the nucleon electromagnetic form factors:

[ —

%.%) Y2 (V) g (V) (
L R S & K (3.13)
£,M EM E,M M .

v
where G'M is the magnetic isovector nucleon form factor of
G(VJ
eq. (3.'1). One uses here M rather than one of the other
nucleon form factors because the only resonance form factor for
which some measurements exist, that of the P33(1236), is pre~
dominantly due to the magnetic multipole; G(’:) is actually fairly
. . 2 2
close to the dipole form Gi) in the q -range - 3£q €0 {see
tig. 3).

Having set the form factors G+ according to (3.13) we can now

adjust our multipoles to optimal agreement with the electro-
preductien multipoles of Devenish and Lyth by an appropriate choice

of the as yet undetermined parametler XT- in the q2 range - 3 éqzé 0.
This choice turns out to be XT= i GeV for the P33(1236) resonance,
and XT- = 1.5 for all others. The smaller value of XT for P’jj
. . 2y . 2

implies a faster fallyoff of M4+ (4;%) with q° than that of

the other resonancesj compared to these other resonances, which
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fall off in the parametrization of Devenish and Lyth as GD ’

AT Z
the P33 falls off as Gy (/1-—%/9) for -3< q, < 0.
(ii}) In a vector dominance model it would be natural to expect
different form factors for the isoscalar and isovector components
of the electromagnetic current, corresponding to the different
vector mesons which control the different channels. To account for
this we have congidered, besides the choice of form factors of

eq- (3.13), also the choice

(5 (s)
G— = Ge,m }

E,ﬂ
(3.14)}
G‘/z(v) G% 7 ch;
em €M eM
v
vhere Gz; and G'é:’ are the isoscalar and isovector nucleon

form factors of eq. {3.4).

For the scalar multipoles 559-(‘5€f7 we follow Devenish and Lyth

and set -5( = { for all the resonances except P33, for which we take
- (o) 12 2\

(41 1990+ X+ o

LI\ 1g 17 X7

1

Sye (iq2) = =005 M, (44"
(3.15)

2y . . .
where M1+(s;q ) is the magnetic multipole of P31.

In general we based our calculation on the electroproduction

analysis of Devenish and Lyth (7’13). We are aware of the ambiguities

inherent in such analysis, as discussed in detail for example in ref. (15).

For our purposes, however, these more detailed considerations will be

important only when data in the apmihilation regien become available.

3.3 Cros:igﬁﬁgxoperties

So far we have only considered the contributions of the

s-channel resonances, given by eqs. (3.5) and (3.6). To obtain
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the contribution of the a-channel resonances we use the
. (o%)
crossing properties of the A_‘- (Artlu}‘f'): The u~-channel
0, )
amplitudes A‘.” (u,t; ?/2’) are obtained from the s=-channel
amplitudes Afz’t)(/s,t,- 9*) of eq. (2.10) by substituting

u for . The complete, crossing-symmetric amplitudes are then

{0, ) (o]t)

A gty = A tig + T AL wtig), 09

where the ”f("'t) are given after eé. {3.1) and ’74 = ’;h = 174 = +4

M= s =N =-1-

From the properties of (3.16) under crossing (8 o u), or, equivalently,

from charge conjugation invariance the following relations follow:

%(c*r_‘—-) Frn?t“) = %E:-_ (e —~ Pﬁ Tt")

dd" _ - _ = dd" e~ 'ﬂ:‘f‘
" > Ap ) v e > mp )
— o Clr 4 - o
M lew = Fom)= gt PE T G5-27)

de e o
j:(ze, > mmT) = du.(ta wn 7).

Since ds ~ A€y and Au ~ dE, , where E1 and E, are the
energies of Ny and Nz in the overall c¢.m.s., the relations (3.17)

imply the equality of the corresponding distributions in E1 and EQ.



- 23 -

We have also

0_+-ot(6+€__*1—o%n+) = Qe (ete— mpu7), (3.18)

IV. Discussion of Resultis

Up to now no measurements of the processes eteT — %'p e,
Efn, TC*, fﬁvp - and 7 m N° have been carried out. We would
arge that such measurements be undertaken at Frascati, SLAC,
DESY, and Orsay. With cross gections of the order of magnitude
which we have estimated such measurements would be well within

the capacity of at least some of these laboratories.

4.1. Total cross sections

Our estimates for the total integrated cross sections, Opor= Tu* 90
for the reactions e'¢ —» pmIT, Tr';'?j[o and A Mm% are shown in
fig. 4 (solid curves). Figs. 4(a)-(c) are calculated using an
overall form factor for all the resonances, as discussed in
gection III (see (3.13)). In this model the general shape of
.the total cross sections as a faunction of q2 is mainly determined
by the contributien of the P33(1236), which reaches a maximum of,
e.g., around 4 nb for the f p W° final state. To see the effect
of the interference between different resonance contributions we
have calculated the incoherent sum (dashed carves) of the single
resonance contributions (for the $7Lﬁf and ?fpﬁ? final states). We
gee that for 3F'n3[+ this effect is sizable, of the order of a factor

of two. Figas. 4(d)-(f) show the results of the calculation with different
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isoscalar and isovector form factors as given by eq. (3.1&).
Here we see already in the total cross sections ptrong effects
due to the contributions of the bigher resonances, especially in

the 'F%7L+ and mmT° channels.

To understand the above structure ip detail we exhibit in fig. 5

the contributiens of the individual resonances to the cross sections.
The herarchy of the resonances is rounghly as in photoproductions the
P

D F and F._ resonances are the most important. The s-wave

337 137 715 37

resonances 511(1506), 831(1630) and 811(1700) are suppressed, although
their couplings are not negligible (see Table I). This is due to the
effect of the threshold factor (see (3.6) ) which enhances resonances
with larger { . It is important to note that these factors would by
themselves lead to an unbounded rise of the cross sections (tor
resonances with {>0), were their effect not cancelled by the barrier
factors in (3.6), which restore the fall-off with increasing q2 ex-

(*)

pected for individual resonances due to the form factors.
The contribution of P33(1236) is reduced in e*e —> HPm AT by rougbly
a factor of three compared to f?r:ﬂa, due to isospin. Since the

higher resonances are, for this choice of the resonance form factors,

all rather small, they can give rise to appreciable interference

effects only in the «Fﬁmit* channel. This is seen in figs. 5{(a)-(b).

In the case of diffetent igoscalar and isovector form factors

(tigs. 5(d)-(f))we notice that the hierarchy of resonances is somewhat

i*i
The neglect of these barrier factors in previous work (3) led to

cross sections which rose with q2.
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different than in the case of an overall form factor (figs. 5(a)=(c) ).
Tn particular the F15 is now rather prominent and takes om values
comparable to the P . contribution in e*e — M MY and mm T,

In fact in the fo—mTU final state (fig. %(d) ) the F s peak dominates

the q2—dependence of the total cross section.

4,2. Differential cross sections

The study of differential cross sections is much more
informative than the integrated cross section. We consider first the
Dalitz plot distributions, eq. (2.17). Whereas most of the curves for
%ot show only the contributien of P33 as the dominant struciure one
sees in all the Dalitz plots the centributions of the other resonances
as well (at energies above the respective thresholds). For example
we show in fig. 6 the d/dE; distributions (projections of the Dalitz
plots) for the two form factor choices and the four channels 1;% ’J'L"',
4_»7‘10'1[" ) F*p 7e and mm %, &tv-ﬂ—:'_ = 3.3 GeV. Depending on the
particular final state one can see the contributions of the first,
second, third and fourth resonance regions, with varying relative
strengths, For example for e¢'¢"— Mp A~ the resonances of the third
region dominate the do/dEy distribution, fig. 6(b), even though their
contribution is not apparent in the da/dE, distribution (which by
{(3.17) is the same as the do/d€; distribution for ete — «Fﬂn:ﬂ:"’),

fig. 6(a), and does not shov up as a bump in o, ., fig. 4(a).

0f course in many cases a structure for example in O[U'/dE,i contains
reflections of resonances in the ¢rossed channel 0(0'/0(5,_, (16). For

instance in fig. 6(g) the sharp structure at low E'1 values for

A,G‘/a(ei(z'*e'—-*r ﬁpﬁ") is such a reflection. The way in which such
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reflections occur is mach more transparent if one

looks at the full Dalitz plet. For illustration we show in

tig. 7(a) and 7(b) the contribution to the Dalitz plot of the
single resonances F15(1690) and 511(1700), respectively. One

sees that resonances of high angular momentum in one channel
produce sharp structures in the other channel near the kinematical

boundary, whereas for s-wave resonances this effect does noti occur.

Ip order to get a general impression of the full Dalitz plot if
all resonances are incinded we show in fig. 8 the results for two

channels and for the two choices of the resonance form factors.

Further detailed information is contained in the angular distributions

(2.13) integrated over E, and E,. We exhibit in fig. 9 the cross

g R (k)

L O'Tu") U'I(:') and 0 ;; which determine the angular

sections ;

distributions. These cross sections are large enough to be measured,

at least in some energy range, except G'i?

for €¢'¢” > PP ne
and ¢'2 —> MM T® which remain very small over the whole range

and which therefore are not included in the figures.
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Appendix A

We give now the real coefficients F
A1)\2'
relating the invariant to the helicity amplitudes for the decay ¥ «-rﬁiNQ

A appearing in (2.12) and

inte final particles of masses m , m, and m, respectively. In terms of the

independent variables

(A.1)

(A.2)

(W-Er=€a) — d7~ oo —m
g et -l

and the notations

L

At W [(_Ea‘*ﬁ“‘l)(ez*"‘“z) [’PA (Ez+ mz) + ‘P:.(EA"M‘A)]

(A.3)

Yy

- 4
By, = W [(epma)(Earane) | = [(EcrmCaime) £ pape]

we havet

Flo=smsl A

Ffﬂo - M%{ ﬁi[(w_qu).f%WG_.(w—HEz)xpd] B*"}

1

ij o= amE L (W-ea-€2) A+ (#at pacen®) B j
(A.4)
FY = ptm%{ (E,-E ) A — (W4*Wz)A+ + (74'1’:1.5”9) B-—}

++j0

5 = m"n%{ W(’F4+'Pz.w9) B+}

+4;0

¢ = am¥{ - WA ]

++;0
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Ft.o - F:;;o ({:4,2_,.--,6) (A.5)

——

F' o o = m%{A-}

+-30

:F‘?-

$-;0 m%{'{i[(w’”&)?&me"(w—”gz) ’}04]3_}

1

"Ff_-,o = cm%{ (W-Es-E2) As + (put 1":_6039) By 5

F_ = 2 { (€ Ay = (marma) Ao+ (P4 acor®) B o
FZ ., = ool | Wit pacnd) B-
Fo e ont{ WA}

Fi. =~ Fl o (s 42,6) (4.7)
Flos = oot { A (D)}
P2 et { st 9, (1) ]
F2 . = Rent{-ga)a(5) s pong o ()]
Fle = V2 e ] [(ea-6n) Ao ~ (ragrtas) AT(h) + pomct B—(f}')} -
Flis = Zemd | Wy, om®5 8 ()3
Flpe = g { i (3))

Fe == Ff (5= 42, . , 6) (4.9)

—-— X ++j+
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Fla s { A ()]

FE o= w2 { 4 00se) puos 8 (31)]
Ff-;t = |z nm%{ (w-€4-€2) A4 ('é') + 1’16”2% 8, (;:’{)}

(A.10)
_Fi .= Iz al;n% { -[(51_54)A+— (M4+nd1) A_] (-g) + pe C”L% B, ("44) }

FS o, = Rams{ Wh e 8 (31) ]
rf—;t - ﬁmg{ WA (g)}

. : .
F_J:,it = F+-;—'f: ((:4)2—)... ,C) (Acll)



- 30 -

References

1. A. Litke et al., Phys. Rev. Lett. 30 (1973) 1189;

10.

11.

B. Richter, report at the Conf. on Lepton-Induced Reactions, Irvine,

December 197733
W. Chinowsky, lecture at the IV, International Conf. on Experimental

Meson Spectroscopy, Beston, Mass., April 26-27.

J. Le Francois, in Proceedings of the 1971 International Symposium on
Electron and Pheten Interactions at High Energies, Cofnell University,
Ithaca N.Y., August 23-27, 1971, p. 513

A. Zichichi, Why e'e” Physics is Fascinating, CERN, 27. February 1974
(to be published in Nuovo Cimento Riv.). |

A.C. Hirshfeld and G. Eramer, Nucl. Phys. B74 (1974%) 241.

A. Actor, Cross channel poles and e*e” annihilation into three hadrons,

Heidelberg University preprint (April 1974).
N.M. Avram and D.H. Schiller, Nucl. Phys. B70 (1974) 272.

L.D. Landau and E.M. Lifschitz, Relativistische Quantentheorie
(Akademie-Verlag, Berlim, 1971), p. 26.

R.C.E. Devenish and D.H. Lyth, Phys. Rev. D5 (1972) 47, D6 (1972) 2067.
B. Felst, Phenomenological fits to the nucleon electromegnetic form

factors based on vector-meson-dominance, preprint DESY 73/56

(Noveuber 1973).

. M. Castellano et al., Nuovo Cimento, 1hA (1973) 1.

J. Willrodt, Berethnung der Isovektor-Anteile der Formfaktoren des
Nukleons mit Hilfe von Dispersionsrelationen im raum- und zeitartigen

Bereich, Diplomarbeit, Universitat Hamburg (1973).

G. Gustafson, Nucl. Phys. B66 (1973) 325



12,

13.

1k,

15.

16.

- 31 -

F.A., Berends, A. Donnachie and D.L. Weaver, Nucl. Phys. B4 (1967) 1.
R.C.E. Devenish and D.HE. Lyth, Nucl. Phys. B&3 (1972) 228.

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

A. Donnachie, in Proceedings of the 1971 International Symposium

on Electron and Photon Interactions at High Energies, Cornell
University, Ithaca, N.Y., August 23-.27, 1971, p. 73.

0. Czyzewski, in Methods in Subnuclear Physics, International School

of Elementary Particle Physics, Herceg-Neovi 1965, vel. 1, p. 129
(edited by M. Nikoli€).



- - 13200 8%%0°0 15400 8%%0°0 6'1 06L°0 =% 00L°0 061°3 ﬁomﬁmvnﬂw

9¢60°0  TL00°C - - - - G*1 06L°0 + 0020 046" 1 AOJmMVnmm
- - - 083%L°0 - 0824L°0 L7 ¢ | 06L°0 +0 003°0 00L"1 Aocnﬁvﬂﬁm
- - ce60'0  9961°0  £860°0  9961°0  &°T 0§60 <€ WOL'O 069" (0691)° 4
- - 99z1°0 €100~ €¢Coto- ¢ecoo- ¢'1 06870 +7 £1°0 £69°1 honwaumﬂa
- 083< 0" - - - - 1 0SE° 0 v 09ir0 089°1  (0g9r)tts
- - LeleD . 212670 2980°0 LBEO 0 c*'1 06¢°0 -2 2010 036" 1 ﬁommﬁvmﬁn
- - - 063L°0 - 06L0'8~  °1 0550 «0  osoro  90S'T  (90s1)'Fs
- - 0£9%°0 - 049%°0 - G 065°0 -1 0020 GLn1 Acﬁ¢ﬁvﬂﬁm
006%°%  0050°0- - - - - o L91°Q o wirco aserr (95a1)td
(5am) — (ga) ( 5t} { ™) (5am) (z,9") (429) (a29) (429) (429)
o ¢ o o (e 0. € MZ ﬂ oqm z) »x nM ..ﬂw mr_ Uy apuUBROSAY
wilFd w0 d Wi wig O oy

Ao.mv guraequa sreqomesed asuwuosdy I I[Q¥]



Figure Captions

Fig. 1: One-pheton exchange approximation for efe” — FJ N .

Fig. 2: Physical regions for -3:,(11’) + Ny — T+ Nyt
(a) for q2> 0 (annihilation), and (b) for q2<,0

(electroproduction)
Fig. 3: The isoscalar and isovector form factors (3.&) of the nucleon.

Fig. 4: The coherent (moliad curve) and incoherent (dashed curve)
total cross sec:'t.ionu(ﬂ;bt = Gb{-Ul.): (a)-(c) for the choice
(3.13) of the resonance form factors, and (d)-(f) for the

choice (3.1%).

Fig. 5t Contributien of the jndividual resonances to Gldj= 0%4—01 "
(a)=(c) for the choice (3.13) of the resonance form factors,
and (d)-(f) for the choice (3.142). The dashed curves (or part of

curves) refer to the scale on the left, the solid ones to the

scale on the right.

Fig. 6: The Dalitz plot projectionstiﬁ;ﬁ/giEi at'vqf = 3.3 GeV:
(n)—(d) for the choice (3.13) of the resonance form factors,

and (e)-(h) for the choice (3.14).

Fig. 7t Dalitz plots resulting from calculations using amplitudes
which include only the contributiens of the single resonances
(a) F15(1690) and {b) 541(1700). In this case the choice of

the resonance form factor is irrelevant.



Fig. 8t Dalitz plots resulting from calculations using the full
amplitudes with all resonances included:(a)-(b) tor the
choice (3.13) of the resonance form factors, and (e)-(a)

for the choice (3.14).

. h ) ) +h
Pig. 9: The cross sections gﬁ { 05 ’0;3 and (T:I} t (a)-(d) for
the choice {3.13) of the resonance form factors, and (e)—(h)

for the choice (3.14).
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