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Abstract

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

a procedure developed in previous work, The invariant ampli-
tudes are assumed to be dominated, in an appropriate q2
range, by resonances in the two-body subchannels, of which
the nucleon resonances in the pion-nucleon channels are the
most important, Using a multipole decomposition 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-sections,
angular distributions, and Dalitz plots in order to show how

the results depend on the theoretical assumptions,
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1. Invroductien

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 multihadron
final states in e e  annihilation. A wealth of theoretical papers
have attenpted to utilize this data from a hitherto unexzplored
kinematical region to gain insight into the fundcmental questions
of photon-hadron interactions, Since the final goal in this area
should be to understand the coupling of the virtual photon teo
hadrona it may be questioned whether the information at hand is
really suitable for this purpose. At these high energies the final
states are predeminantly of high multipliecity, and even were one
to measure the exclusive cross sections for these channels it is
unclear whether one would be able to disentangle the dynamiecal
mechaonisms, which weuld 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,

Firat atiternpts in this direction have been made by the Orsay

and Frascati groups, in npeasurenenis of several low-multipliecity

(2) (3)

megoniec channels In previous work we have attempted to

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

been presented in ref,

It eppears to us that baryonic channels of low multiplicity



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

the couplings of the baryon resonances. This paper is concerned
in particular with the NNn final state, for which the wealth

of information produced by the extensive photoproduction and

electroproduction experiments is at our disposal,

The process ete” — fiNx (e+e— annihilation) is related through
analytic continuation in the Mandelstam variables (syt,u) and

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

Wwith yN ~» 1N (photoproduction), N — ete™N (lepton pair production),
and N§ — nete” (nucleon-antinucleon annihilation). For electro-
production and photoproduction one possesses the extensive in-
formation already mentioned which includes the estimates of resonance
couplinge obtained through multipele analyses., Measurements on

lepton-pair production are foreseen in the near future.

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

the transition form factors y -3 ﬁN* in the space-like region (q2s'o),
we 8till have the problem of continuation to large time-like q2. '
Various parametirizations of the qgwdependence, which are compatible
with the available data in the space~like region, produce very
different results in the time=like region. We discuss this effect

by using various models for the transition form factors.

It is important that we formulate the nucleon resonance production

in the framework of the NNm three-body final state and not of the



quagi two-body state NN* in the narrow width approximation. The
main reasons are

(a) since both the Nn and Nn 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 scatiering
region,

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

states (Born terms) can be included.

In section II we consider the kinematics of the procesases

ete” = NNn., 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 suitable
for use in time~like q2 region. When these form factors are given,

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

of various experimental distributions. We find that the cross sections

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

with existing storage ring facilities.

JI. Kinematics ‘and General Formulae

2.1. Kinematics

We consider electron-positron annihilation into a pion and a

nucleon-antinucleon pair in the one-photon-exthange approximation



(fig. 1)

€™ (p-R-) + e+(1’+r')‘*) - X\'/(ﬁ,’“) - E(’P«.Ja)"' Nz(‘]”z;')-z) + 7{(19) s (2.1)

where 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+ ¥y —> Npt+ 70
by crossing the initial nucleon, we may define the Mandelstam in-

variants as usual

~

b= (Pt ) = (4-1)*
(‘L’19)m )‘

]

t = (PA*"F:L)z

(2.2)
2 - )2
w o= (ptp)t = (47 P2)
satisfying
£ =~ 2AM*rm*+ g”
A+ T+ U = + q, > (2.3)
where m(M) is the pion {nucleon) mass and q2 b (m+2H)2>-0 the mass
of the virtual time-like photon. The physical regions for the
different channels are given by
Cb(s,t,u;qg) = stu - Mz(q2~m2 2, (q2~M2)(H2-m2)t >0 (2.4)

and are shown in fig.2a for q2>»0, and in fig.2b for q2<,0. (Note
the 8 ¢ u symmetry of the boundary curves ¢ = 0.) The physical region
for our process (2.1) is the usual Dalitz plot for the decay

’; -—> Kﬂi—NL+-% . The 8, t and u-channel for q2:> 0 could be studied



via time-reversal invariance by observing T+ No —> 2"+e 4+ N,
F\L t N, = ¢+ + T and T+ ﬁ,, — efre” + N, , respectively.
For q2<.0 there is no disintegration region and the s,t,u-
channel can be studied experimentally by &>+ N, — e¥y T+ N,
(pion electroproduction off nucleons), e’ + M — e+ Nyt M,
and et + N, - et My Ra,respectively. Owr process (2.1) is
thus related to pion electro~ and photoproduction by analytic
continuation in q2 from space (light)-like q2<'0 to time-like
q2;:(n+2H)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.

2.2, Invariant amplitudes

The transition matrix element associated with the diagram

of Fig. 1 is

— em
T=- ?;? Tipan) Y uipd) <o e pl L0 10) (2.5)
where j;rt is the electromagnetic current of the hadrons. As

in electroproduction, we expand (104')\4,?]#,_?«“?) jjum[0)10> in terms

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

4 :
<’FA?‘4)?LQ131"] jj:((o)lo> = % Ai(.élf,u3$3) 17»(?4’1;,) M; U‘(/PA,C\J) ) (2.6)

where (ﬁb = a‘/‘bﬂ’)

Mi= 4% (Tg¥-q¢T %),

ME = =20 (Bgp(p-5a) - B (prdade),  2edlhop)
M= % (Geqr =47 pn),

Ml = 2% (Y g2~ 4T B) - M ML,

= % (grgp gt

Vo (qpq ¥ - g2 %)

(2.7)

<X X
« ¥
] i



Each amplitude Ai may be further decomposed in the isotopic spin

space as

() !} -
Ai = A,", Z“ + A;‘ (j\ﬁ(S + AL %(z«z?,_zszo(), (2.8)
where « 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

n

~>

AGGaT®) = & (A€+ A7)

Ato) + A(+)

]

A(FpT°)

»

(2.9)
Alrpn) = 2(AY-A)
Alimme) = AT+ AT
and
A(o) - A%S )
v, 2 A®Y
A = —%(A + 2 A ) ) (2.10)

|

A(') = L(Aiv - A%V) )

where the amplitudes Ais and A{v refer to a given isospin I = 1/2,

1/2 of the final (ﬂ[N)-subsystem and to the isoscalar (S) and iso-
vector (V) components of the electromagnetic current.

2,3, Crose sections in the helicity frame

To write down the cross section for process (2.1), let us first
introduce two conveniently choosen reference frames in the overall

c.,m.8, (ﬁ = 0), where'gi,fgg and'; are coplanar (production plane):



-8 -

a) a system Oxyz with 0z along the beam direction ;1 and
0x, Oy yet arbitrary, and b) a system OXYZ with 07 along
?1 and 0Y along the normal to the production plane, Let the
orientation of O0XYZ with respect to Oxyz be specified by the

Euler angles a,‘ﬁ + ¥+ Then it has been shown that (3’9)

e s #) |
(!ﬂ%,?z?\z,jol I @10) = Z fDi: (/%) rnia.;% (A,'if,'u;q/”), (2.11)

A= -4

where Jd are the spherical components ji = ?(jxi"ijv)/ﬁ, jo= jz
(the time component Jt doen't contribute to (2.5) becanse of

4.
current conservation), T)r} is Wigner's rotation matrix and

(h) Y —
agags A BTe helicity amplitudes describing the decay 9,7 NaN, T,
]

Evaluating (2.6) and (2.11) in the frame OXYZ (o= =y=0) and

equating the results, we obtain the relation between the helicity

and invariant amplitudes

*) : :
I .= % A; :Fh%;?« , (2.12)

’/\Aaa..;

where the real coefficients }iaﬁz;ﬁ are given in Appendix A,

The c¢ross section can now be obtained from (5) by observing that

4) )
our ]1441;;2 4 are proportional to the F;:a$ Y for
convention C-II of ref, (5) . The result for arbitrarily polarized

+
e -beams is thus given by



5 ) 0"
A'c = 33—[(4+z)(4+w/5)+x“"”’mﬁ]

(daf2 ) deorfo (d¥/am) dE 4 dE, AE4 dez
3 - 0{26_1_('“
+—1{—(/1+2.-X(a())/)4m[5 TErdEn (2.13)
) d (‘ﬁ)
+—f;{[(4+z)4¢%’75 + X (4+ m”ﬂ;)]cnzf+ ZY(d)mpzsm .ZX} T
A
% [(44-2 X(x))m/jw’t” Y(u)AmT]/!w[b —;té:-fs:
dz (‘M
G X2 AN
47.3—(’5'z + 3% ) aamp T dEMEz,

where

”d = 2 ;{LZ l rlﬁm:,;-M ? (o(=——'=—)
ErdEe 12 (210*(q8)* 575,

0!.2 k) o Z I () 12’
45 O(Ea, - 42(_2“)2(6‘,2)" e Mg 0 )

0{30'1(_1‘7 0(- 2 (F(;.) F{ﬁ)* )
dEqsde, 42.(27)* (g*)* L YR G ¥ P VA

)421
)
dre® o Z Q&( (h)x—) (2.14)
Aeadbs 204" 55, 'me + L adgs0/ 0
Al X 0 (h) % )
Y 7””"(’1%;” 2350/ 4

EdE,  A2(2a*(40)* s

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

overall ¢,m.8. and X,Y,Z are given by

i

Xw) (73)3’(: - Eﬁ;’ffg‘)mz« + (32)3§)+ ?‘,"’35{’)4%2« )
Voo - (B35 1915 ) st s (195943958 e, (a9

) ¢ ()
7 = 193¢
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where the components ;izi% of the polarization vectors
?ffi) (in the corresponding rest frames)} of the electron
(positron) refer to the frame Oxyz, i.e. ;E:)} ;TJ mean
transverse (l-ﬁi) and giz)longitudinal (ll?;.) beam polariza-
tion. The croses sections 0';‘“ (k= UL, T, IR,II) on the other
hand are labelled according to the polarization of the virtual
photon as seen in the frame 0XYZ. This follows simply from (2.11),
which for « =/3 = y = 0 reduces to <1947‘4,1i.,’4\z,1o]j;m{0)10> = Pﬁi:l;2=f 3
giving A the meaning of the polarization with respect to 0XYZ
of the virtual photon. Thus Ub is the cross section for
RaIVQJt production by an unpolarized transverse (l ?;) virtual

photons Uff) by a longitudinal (H‘F;) virtual photong ogﬁ by a

h)
transverse polarized virtual photon, and (rig, U{? come from inter-
ference between transversely and longitudinally polarized virtual

photons,

Note that the (dq@)-distribution as calculated from (2.13) gives

the angular distribution of the antinucleon Ny 3

dz(}' (h)
(daf2m) o(cm/b

3 T ™ 3 vt ™ 16
= E[("’rl’)('“m"[’ﬂ )((u)nmﬁ]d'u +“I{(4+Z X(x;)om/} N , (2.16)

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

distribution

d.zq.-(h) “ Z)( do,a.lgh) d'bo_(:! )
+

AEAdEs AEsclE2 (2.17)
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and the total cross section

(h) (4} {h)
Ty = (4+z)( 0, + 0, ) (2.18)

(h) (h}
depend only on the sum 0' Gd y a8 expected. For unpolarized

(3)

beams 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 r3431;2 instead
{h)
of the helicity ones “m;;?« appear in (2.11) and (N;P,r)—)(ﬂ(:ﬁ’;w),

vwhere (dﬂﬂﬁTJ) give now the orientation with respect to Oxyz of

a system OX'Y'Z' with 0Z' along the normal R~7P, x p, and OX'
s ]’*("‘) ! . A
along Py Since the 19,2 4 are nothing else than the }“Mﬁz A

(5)

for convention C=I of ref, , we have the relation

{m) (W) 4
r'?u'h;'h = Z— F’Mh al D’A'Z (l;_') ) ﬂ). (2-19)

f)!

»lA

The cross section is then given by

dFG’ (m) )
[(A+Z)(/I+m p) + X(a(’)dm/b ] d’ To

(dd'/m)daw[b'(d?"/zﬁ)dﬁ,de A€ dEy,
3 2, 4 JJ%]
+ = (e~ Xy ) s ————
If( + d)) ﬁ AE1dE o (2.20)
34T (1 Xy (1 cod'p) Jen 27"+ 2 Y z}iﬁl
'ﬁ[[( + )4m/5 + X@)(4reo fo + 2 V) corfs "o 6, 4,
ca . . ;_ } 0(?- (‘H}
< 3 {[ 2y i X (ot )] amV - 2Y(ey ol ewn2t ! =

Am
AE4 o€

F2(39439) oo ooy ———
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where

d 0_(«) A
= Z (’ 'thi] | 1:::, Iz)

degde, 2 () (40 45,

d"o-,f"") ) & Z I () 'L
AE4dE, 42,(2,17)"(4/2‘)2' s 2Az) 0 )
)
dE dE - 42(2,1[)“(_ 2y* A""s‘ +4 Aah -4 }
402 ’L) 7‘47‘2.
2w
d 0}1 . & :i ( F(%) rﬁm)* )
AedEe 42020 (9?)* 53, Mdej 44 TAha;-4 /)
T : AAA; wal A4Ai,-4 l )

de,,dc”;. 12(2m) (q,""M

Here the indices k= UL, 74,72, 73 of 00 refer to the
polarization of the virtual photon as seen in the frame 0X'Y'Z!':
so "longitudinal” (A=0) means along the normal B and "transverse"
(A:ii) means perpendicular to'ﬁ, 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 transverse

pelarization is characterized by the Stokes parameter (6) P/,
Pé and P; respectively. These are defined by
ex) 4 =31 ->
transv. 2.(44- P‘G-):
a2 ) .
where ?irnwﬁv is the transverse part of the density matrix of

*
the virtual photon (5) s evaluated in the frame OX'Y'Z'.( )

*
(*)Note that in this terminology ¢ in (2.14) is induced by P,

calculated from ?g:Lmv in the frame 0XYZ of subsect. 2.3.

(2.21)

(2,22)
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Note that now the (dﬂp’) ~-distribution gives the angular

distribution of the normal to the production plane

ot ™ 3 | e )
Gmdend ™ 3 LD e X g ] 0
(2.23)
. . (n)
+ %(4-&2-)((«’))/)10173’ 0—(:) t %(T{:)* _ftt,)c"”ﬁ 0 g )

’ )

which in contrast to (2.16) depends not only on U{r) and <Ti?
{n ¥

but also on GTR if at least one of the e -beams is longitudinally

b

polarized.

The angle integrated Dalitz plot distributions have the same

form as (2.17) and (2.18).

Finally, using (2.19) in (2.21), we can relate the transversity

h)
G"iﬂ and heliecity 0—£ cross sections through

(h} (h} (h)
O-U - [TT + O.L

<:a
<
1
Wi~

3 C F v T2’ T T2k (2.24)
GTi = E O_IR )
" h)
QLY
We have

u

() (n) {h) (h)

as expected for the angle integrated cross-section,
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II1., Dynamical Model for the Invariant Amplitudes

3.1, Born amplitudes

The Born term contributions to the invariant amplitudes are

the same as in electroproduction, namely:

{0,) (5,v) oty 4
A4 _iq-‘ ‘1/)(A me M‘)

S

U~
(0, 1) eq {5,v) 4 (ot} 4
A.’Z, = {-m":E' (q})( d_.mﬂ',‘f-n ru-—M*) H

A(":'U - - e9 ?(‘IV’ . 4 oty 4
3 2 (1,)( 7 (3.1)

A(:.t) . fi?fs’w(q,")( :f ; ,7(%) 1 )

%) eg (sv) (ot) 4 @t ¢4 (
Ab’ = - 2(t (@)(5 M2 7 'ZL—M") ¢' z(,& ,mz)(ﬂ(‘f/) :F (1,"))
to,k}
AL =

vith 7@= P-4, 7¢ , M2 oo and 97 4

(7)

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

2 = ——-———-———-4 [
Tr@g?) = .- _9‘_ (3.2)
)

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

for the measured date in the space-like region it also extrapolates
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through the Frascati point for e’e” «> pp at miz = 2.1 Gev (9)

&g noted in ref, (10). This parametrization includes besides the

pyw and ¢ mesons an effective p''(1500) and a w''(1500):

F(s) N 2( 0.43% 0.169 _ 0.468 )
1 (q,z} ) "I“JL,'/M:;; /f"' ZIM’; 4—'%"/1}“:’"

) _ 0.6 ~ 0.46
1 4 = 2(4_1’2/4“;, 4 - %z/,m;,) -
3.3

2.23 3272 AH#3
POy = (22 - ; )
o @) =N Toopims  A-gimy A= qilm,

FM o= _4..( 2.9% _ A A2 )
2 (q/) M /,—q/z/ﬁu? A'—-cj/”/du'?u

The electric and magnetic form factors are given by:

1

65 = FGaqn + @) 2ME )

6V = F + (g214me) 20 F1 (g

|}

Go (42) = (T + 2M E‘”@"))/"-“ (3.4)

G(,:)(af) = ( Ffquf) + AM Ef”(qf))/ 430

The advantage of working with these form factors is that the
threshold condition & (4) = Gy (42) at 4% = hM* , which
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

(V)
values, wvhere data are available,the "scaling law" G;Eaf = 65
!
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is approximately satisfied. We notice that in this parametrization
e 2 2
the neutron electric form factor E has a zero at q° = —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.2a shows that in the kinematical
. , , V 2 2 , .
region we are considering,fq £ 4 GeV , the Dalitz plet region for
Y —~»NN® is rather densely covered by the resonance bands of the
3

8= and u-channel pion-nucleon resonances, Thias leads us to consider
a resonance model for the amplitudes which takes into account the
g- and u-channel nucleon resonances, The known t-channel resonances

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

Farthermore we shall ignore genuine three-body interactions

(11) ).

and higher order rescattering effects (see for example ref.

Our procedure consisted in the construction of the invariant amplitudes
Ai in the electroproduction region (A s (Mta)2 | t < O )) where

(12)

data is available, from the multipole amplitudes according to
-4 —

Atiqt) = B (A.fw“)c(”i‘f)g— G(x) Me(4;:9%) . (3.5)
=g

B and C are kinematical matrices depending on s,t, and q2; the G%JA
are given in terms of derivatives of the Legendre polynomials in

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

2 2
te the annihilation region (Mim)"s 4 & (V??"‘M) ) < t < (V;i:"m)
The q2~continuation is controlled by the resonance form factors, which

we now discuss,

(*)

. v 2
A resonance of mass mp lies inside the Dalitz plot if q )(ﬁR + M),
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The contribution of an s-channel resonance of mass Mo and

width Fg to a multipole erz M, E;, is parametrized as follows:

/’1
My (590 = M, Gia®) e (& -
¢ ‘L) 0 U4 R""A"'/f-:mgr'
( IF!)"( 1Bl + Xz )8/2’ (3.6)
7l \TR* + X2

-
(2 ( il XT)
X -
(@ z
Here J“C: is the coupling constantj Xn,Xr are parameters characterizing

the barrier factors at the vertices R=NT and R N'S', respectivelys =4

tor M. , Egp end X=4=2 tor €, (¢22) . The widths [ are
£r =i+ £

o 2444 2 2' {
I = pg(_'ﬂ) (’1"*' vc) | (3.7)

H?Rl If’lz"“ Xn

%’ and ?1: are the momentum of the pion and the virtual photon in

the resonance rest frame:

- 1
Bl =g ey

(3.8)

i -

1= g

H—;gl is [F] evaluated at /$=/m;' ,[21:(;)/ is [ZL’[ at Ag,m,:) %2’_____0‘
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The Breit-Wigner form (3.6) incorporates the following featuress
¢
a) it has the correct threshold behavior I‘Fl as IF} - 0,
K - )

and |¢Ll as [q/l—>05 b) the unbounded increase of the threshold
214 . A 2

factors |10, with 8, and ]q/] with s and q is compensated by

the barrier factors containing Xn,Xf. Hence the entire q2

dependence of Jﬂt (4; cL@) for q2 away from threshold is given by

the form factor G‘(@z).

(*)

We can also write (3.6) as

IZL%/ % ,%7(0)12_} X;" "‘/z
My (498 = My(3:0) Gg®) | — ; (3.9)
AVETRETERNGe) \Tigre e v
where v{(g(ﬁ;o) are the photoproduction multipoles:
Bl 12 e (rR)*
Vagﬂﬂo) _ Jdb( ’: *R R ¥ ’ (3.10)
el g Mg — A~ smg [
with (3.11)
L p RN R X )
TR 20 (03] 2 2
\ 7% 1991* + X¥
in analogy to {3.7) . Iqml is lﬁjl as in (3.8), evaluated

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

(#) 1In electroproduction (7,13) the last factor in (3.9) is omitted, the

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

containing X'rr in {3.6) to the power £ instend of ‘{Iz;.
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nged by Walker (1%) in his multipole analyeis of single-pion
photoproduction., We can thus in principle take the resonance
parameters (‘mg ) PR; {,.X, X:u: 3 J“o) from the photopreductien
analysis., Continuation to electroproduction or annihilation involves
only the form factors G{qﬁ) 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 calcunlations are
listed in Table 1. Except for Xy they have all been taken from
the electroproduction analyses of Devenish and Lyth (7’13). The couplings
£ 1(v) %)
2 2 . . .
VL{O , Vlzo and_~JZo correspond to definite isospin
states I::?i)%é, of the (n,N) subsystem and to the isoscalar and

isovector component of the electromagnetic current. They are related

T e n-p
via (3.12) to the couplings ./%0 ) hAZO v and Jko which

correspond to specific physical final states and which are tabulated

in refs. 67’13)1
1 (8) 4 in 4
Jffo = -27-5(/4(0 + Ao ) L

hey 3 ' p
J%zv=z‘r;‘(~/£(o - Mo )) (3.12)

o

%) 3 ‘/%Wtﬂ 3 /J{ '”"F
M = - 'ﬁ' 0 = ’_lrz o .

0
Similarly we use the electric and magnetic form factors Gﬁ'(s’)
Gf(w ) G-%CS) and G_;;@(V) for resonances of isospin I = 1/2,
and G;%h(” C;'QE(VJ for I = 3/2 resonances. Since there

£ ) M

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 resonances., As is common in
electroproduction analyses, we relate this form factor to one

of the nucleon electromagnetic form factors:

4% (5) % (V) Yo (V) (v)
G. = G = G = G (3.13)
E,M E,M E,M M
4
where 6}1 is the magnetic isovector nucleon form factor of

eq. (3.4). One uses here Gﬁ;) rather than one of the other
nucleon form factors because the only resonance form facter for
which some measurements exist, that of the P33(1236), is pre-
dominantly due to the magnetic multipole; Gﬂ:’ is actually fairly

close to the dipole form G, in the qz-range -3 éq2é-0 (see

po
fig. 3)0

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

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

of the as yet undetermined parameter X}- in the q2 range - 3 4q2£ 0.
This choice turns out to be Xy= 1 GeV for the P33(1236) resonance,
and XT’ = 1.5 for all others. The smaller value of XT for ij
implies a faster fallroff of M, (s;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 '

2/ V=1 2
the P s falls off as Gyx (4—¢%4)"" 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 considered, besides the choice of ferm factors of

eq. (3.13), also the choice

% (5) (s)
Gow = Gen

(3.14)
G-‘yz(v) G3/3CV) _ G(V)
em €M eM )
where C;(” and C;(w are the isoscalar and isovector nucleon
&M €M

form factors of eq. (3.4).

For the scalar multipoles S@r(diifj we follow Devenish and Lyth

and set ‘SC = ( for all the resonances except P33’ for which we take
- (0} |2 2\
3] (1391« X5\
) 2 2
lﬂ,ﬂt l@l + X¥

- 0.05 M”(A,' t)

i

Y
si+(41% ) 3

{3.15)
where M1+(s;q2) is the magnetic multipole of ij.
In general we based our calculatien 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 annihilation region become available.

3.3. Crossing properties

So far we have only considered the contributions of the

s-channel resonances, given by eqgs. (3.5) and (3.6). To obtain



- 292 -

the contribution of the u-channel resonances we use the
(o, %)
crossing properties of the ’AL, Céﬂru;qf): The w-channel
. %) 2 .
amplitudes fq,@ (u,t; % ) are obtained from the s-channel
amplitudes ACZ't)(/S,t,- q/”) of eq. (2.10) by substituting

u for 8. The complete, crossing-symmetric amplitudes are then

(0 t) (0,%) (0,%)

Ae(”"h%) AL otig + 1 AL (it g, 419)

where the ,)?(o,i) are given after eq. (3.1) and '774 = 7?2' = 7(4 = +4
Mo = Mg =N =~-1.
From the properties of (3.16) under crossing (s <> u), or, equivalently,

from charge conjugation invariance the following relations follows

4r ete — 1om,3[+) d:: (¢ > pmT” )

io:(ei'e—__}f?ip :E") = —%(ﬁl’.&h-—) MT)' Tt+),

de - = o\ - ﬁ@: te ey i I[°
EA_(U@ ->1oTo’JT)— o{u,“’& PP T°), (3.17)
4T (g > AmT) = jo' (e —> mA T,

Since ds ~ dEy and AU ~ dE, , where E, and E, are the
energies of Ra and M, in the overall c.m.s., the relations (3.17)

imply the equality of the corresponding distributions in E1 and E2.
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We have also

01ot(€*e‘——>?%ﬁ+) = G;ot (efe”— mpm~), (3.18)

IV, Discussion of Results

Up to now no measurements of the processes ¢&'e” — Ftp e,
B T, np N and mwmT° have been carried out. We would
nurge that such measurepenta be undertaken at Frascati, SLAC,
DESY, and Orsay, With cross sections of the order of magnitude
vhich 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, 0, ,= G,+ 7 ,
for the reactions ef¢ — an 'J[.'r, F*PI[O and MmN’ are shown in
fig, 4 (solid curves). Figs. 4(a}-(¢) are calculated using an
overall form factor for all the resonances, as discussed in
section III {see (3.13)). In this model the general shape of
the total cross sections as a function of q2 i mainly determined
by the contribution of the P33(1236), which reaches a maximum of,
e.g., around 4 nb for the %;f’lo final state., To see the effect
of the interference between different resonance contributions we
have calculated the incoherent sum (dashed curves) of the single
resonance contributions (for the Pn I and Ppue final states), We
see that for ?5M.W+ this effect is sizable, of the order of a factor

of two, Figs. k(d)-(f) show the results of the calculation with different
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isoscalar and isovector form factors as given by eq. (3.14).
Here we see already in the total cross sections strong effects
due to the contributions of the higher resonances, especially in

the -‘FM-TH and mmT° channels.

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

the contributions of the individual resonances to the cross sections,
The hierarchy of the resonances is roughly as in photoproductions the
and F

P3 resonances are the most important. The s-wave

F
30 D130 Fis 57
resonances 811(1506), S31(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 (for
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”—» Pm W' by roughly
a factor of three compared to f;Taﬂo, 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 pm Nt channel. This is seen in figs. 4(a)-(b).
«P

In the case of diffetent isoscalar and isovector form factors

(fige. 5(d)-(f)) we netice that the hierarchy of resonances is somewhat

T?T""‘
The neglect of these barrier factors in previous work (3) led to

cross sections which rose with q2.



—25:—-

different than in the case of an overall form factor (figs. 5(a)-(c) ).
In particular the F15 is now rather prominent and takes on values

comparable to the P, contribution in e*e” — 1_5% Tt and mm T,

3%
In fact in the Hm W final state (fig. 4(d) ) the F 5 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 contribution of P33 as the dominant structure one
sees in all the Dalitz plots the contributions of the other resonances
as well (at energies above the respective threshelds), For example
we show in fig. 6 the dUJdEk distributions (projections of the Dalitz
plots) for the two form factor choices and the four channels fm 1Y,
Apl™, Fplc end AmT°, aﬂﬁf'-= 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 ete— M N” the resonances of the third
region dominate the d&/dE; distribution, fig. 6(b), even though their
contribution is not apparent in the d¢/d€¢ distribution (which by
(3.17) is the same as the cdd/df; distribution for ¢'e” — an,:rc*),

fig., 6(a), and does not show up as & bump in o ., fig. h(a).

0f course in many cases a structure for example in dG]dEd contains
reflections of resonances in the crossed chamnnel da/dE, (16). For
instance in fig. 6(g) the sharp structure at low E1 values for

a!,(r/o{Ei(e*e"-—» 1519310) is such a reflection., The way in which such
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reflections occcur is much more transparent if one

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

fig., 7(a) and 7(b) the contribution to the Dalitz plot of the
single resonances F15(1690) and 841(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 effeclt does not occur.

In order to get a general impression of the full Dalitz plot if
all resonances are included we show in fig. 8 the resulis 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
&Y th)
GL 05

1 and E2. We exhibit in fig. 9 the cross

+
sections W;:) . and 0‘%: which determine the angular

) J

4
distributions. These cross sections are large enough to be measured,

at least in some energy range, except (Tég)

tor ¢t - 1—519310
and e¢'2¢ — MM T° which remain very small over the whole range

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

We give now the real coefficients Fi A 52 appearing in (2.12) and
2

relating the invariant to the helicity amplitudes for the decay 7v->ﬂ

into final particles of masses Wy, M, and m, respectively., In terms of the

independent variables

= A rwrsm® -
By = g (Wt -5) (A.1)
o= gty (et =)
the dependent ones
'}0‘; = Ef’-—anf’ ("’ “4)‘?')
4 i 2 2 2 2 (4.2)
it + i [t g g -]
and the notations
Ai = W [(54+M4)(Ez+"ﬂz) [‘PA(ez‘PWz) ”"1%(54*’”14)] )
A (A.3)
Bi = W [(Ede)(Ez“‘”f-)] * [(€4+w‘)(&-"+“z) + 'Pn']’z] !
we haves
4 _
Floo= gl Avj
+z+w = ’“M% di[(w'i*54)'l°’-°”9 (que")%] B*'}
Floo = omE{ (Wobn€2) A+ (9t poons®) B_ j
(A.%)
h

5 L]
+1,0

{
{
Fh o = aind{ (Ea-€) A - (o) Ar + (- pace) 5.}
{
{

é — &
F-H—;o - MM-Q-



F"lo i F.:;;o (,t‘:d,z,...,g) (A.S)

1t

)

L[ (W-HEN) fa t0r® ~ (W-HE) 1 ] B §

(W-Ex-Ea) At + (pa pecoB) By

08 { (Ea-€4) Ay = (Wattna) A + (= poc03®) B (4.6)
W (44t o008 B §
2{-wA ]
- f,,.o (=42, ,6) (4.7)
%,{ A (5)
ent { L0 repaic o, ()
L end { (0-6-€) A (§) + g B (1) ]
(4.8)
V2 % | [(ear8 Ao - (maraan) A (B) + pron'S (%)}
e { Wpaand o (51)]
et { WA ()]
== FL (4= 42, ;;) (A.9)
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F o =rad{ A ()]
F:_-:h = U’irrmz{% W"’fEA)’sz"% B. (;:)}

F: " -—ﬁ_nw.—{(’-\f Ea- 51).44_( )*'f’z“” B+(+)}

(A.10)
‘ﬁﬁ;i = UE,W;”% { [(Ez—E43A+"(”"4+Mz)A—] (—g) +ope C”L% B, ('4")}
Froo = em{ Whots B (21)]
Ff-;i = |z ok { WA+( )}
Fie= Fls (st (k10
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Table I: Resonance parameters entering (3.6)

4 3 3

T T 1= L L S R

(GeV)  (GeV) (6eV)  (6eV)  (wp™®) (™)  (w¥®) (%) (up%)  (uv¥)

933(1236) 1.232 0.114 1+ 0.167 1.0 - - - - -0.0500  2.4900
P11(1470) 1.435 0.200 1- 0.350 1.5 - 0.4630 - 0.4630 - -
s,,(1506) 1.506  0.080 0+ 0.350 1.5  -8.0750 - 0.7250 - - -
D13(1520) 1.520 0.102 2- 0.350 1.5 0.0587 0.0862 0.9212 0.3737 - -
331(1630) 1.630 0.160 0+ 0.350 1.5 - - - - -0.3280 -
D15(1670) 1.653 0.134 24 0.350 1.5 -0.0333  -0.0333 -0.0133 0.1266 - -
F15(1690) 1.690 0.104 3- 0.350 1.5 0.1966 0.09873 0.1966 0.0983 - -
511(1700) 1.700 0.200 0+ 0.350 1.5 0.3280 - 0.3280 - - -

F37(1940) 1.9%0 0.200 3+ 0.350 1.5 - - - - 0.0031  0.0936
G17(2190) 2.190 0.300 b= 0.350 1.5 0.0448 0.0321 0.0448 0.0321 - -




Figure Captions

Fig. 1t One-photon exchange approximation for e‘e” — N N I,

Fig. 2t Physical regions for '3:,(12’) + N4_ — T+ N,
(a) for q2> 0 (annihilation), and (b) for g°< 0

(electroproduction)
Fig. 3: The isoscalar and isovector form factors (3.4) of the nucleon.

Fig. 4t The coherent (solid curve) and incoherent (dashed curve)
total cross seetions(q;t = GL{-UL) + (a)=(c) for the choice
o
(3.13) of the resonance form factors, and (a)-(t) for the

choice (3.14).

Fig. 5t Contribution of the individual resonances to G;“ = O, + GL :
(a)=(c) for the choice (3.13) of the resonance form factors,
and (d)-(f) for the choice (3.14)., 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 projections du;ot/dE‘i at Uq/z = 3.3 GeV:
(a)-(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 contributions of the single resonances
(a) F15(1690) and (b) 341(1700). In this case the choice of

the resonance form factor is irrelevant.



Fig., 8%

Fig, 9

Dalitz plots resulting from calculations using the full
amplitudes with all resonances included:(a)—(b) for the
choice (3.13) of the resonance form factors, and (c)-(d)

for the choice {3.14).

The cross sections U—LH‘)’ G}m), 0-1(:) and 0'1(:") t (a)-(d) for

the cheice (3.13) of the resonance form factors, and (e)-(h)

for the choice (3.14).
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