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Abstract. A complete FESR-plus-Regge analysis is
made of neutral pion photoproduction and electro-
production to understand the Regge cut and its de-
pendence on k2, the square of the virtual photon mass.
A SCRAM type of model is essential, but contrary to
previous expectations the range of the photon-pro-
ton interaction which gives rise to the cut increases
with —k?, and is not related to the pointlike, scaling
behaviour of deep inelastic scattering, which arises
from much simpler parton-model diagrams.

1. Introduction

In the late 1960’s and early 1970's two conflicting
explanations of the dip structures found in differential
cross sections were fashionable. According to one
viewpoint [1-3] the coincidence of some of these dips
with the points in ¢ where the exchanged Regge trajec-
tories a(t) passed through nonsense values demon-
strated that the dips were nonsense wrong-signature
zeros (NWZ) of the Regge pole amplitudes, 4 ~a(t),
and weak Regge cuts would modify these dips only
slightly [3]. The best known example is of course the

dipin %‘; (n~p—n°n)at — 0.5 GeV? where a,(r)=0.

The alternative view was that the Reggeons themselves
are essentially featureless as functions of ¢, and the
dips are analagous to diflraction minima caused by
the destructive interference between the poles and
strong absorbtive Regge cuts (the SCRAM model,
14, 5]). The resulting amplitudes take the form [6]

A~J(R)/ 1) 1.1

where J (x) is a Bessel function, R is the effective
radius of interaction, and » the net change of helicity.
Inthez "p—n°nexample the dominant n=1 amplitude
has a zero at —tx0.5 GeV? if Rx~1 fm, due to the

vanishing of the Bessel function at x=3.83. This latter
view has been admirably summarized and fitted to an
impressive array of data by Kane and Seidl [5]. But
because of the continuation of Regge-pole shrinkage
to large ||, and the lack of a fundamental theoretical
foundation for the absorption idea which is central to
the SCRAM model, for most observers the problem
remains unresolved (sec [7, 8] for surveys).

In 1971 Harari [9] suggested an ingenious way in
which the argument might be settled experimentally.
He noted that in yp—=°p there is a dip in the differen-
tial cross section at |t|=0.5 GeV2. From one view
(NWZ) this is due to the dominant w exchange tra-
jectory passing through a,,(¢)=0, while from the other
(SCRAM) it stems from the cancellation of the w pole
by an absorptive w® P cut (P=pomeron) in the pre-
dominant single-flip helicity amplitude. Both views
thus account qualitatively for the basic facts, and
even fairly quantitatively (compare [10-14]). How-
ever, if one considers instead neutral-pion electro-
production, effectively y,(k*)p—n° where k?(<0) is
the square of the virtual photon’s mass, the two models
will not necessarily make identical predictions. If the
dip is a nonsense zero its position should remain fixed
in ¢ since the structure of the w-exchange amplitude
should be independent of the external masses, but if
an absorptive cut is responsible it seems quite likely
that the dip position (in ) will move with —k? since
the range over which the absorption mechanism
operates may well change.

Harari argued that the range of interaction, R,
between the spacelike photon and the proton should
decrease with increasing —k2. This is because a more
highly virtual photon can exist only for a shorter
period of time, and so the effective radius within which
virtual hadronic matter can be created should decrease
[15, 16]. Old-fashioned perturbation theory leads one
to expect that in the target proton’s rest frame the
distance over which a virtual hadronic component of
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Fig. 1. Comparison of electroproduction ‘(II—T at 5=6.5 GeV? and

k?= —0.22 GeV? with photoproduction, from [22]. The disappear-
ance of the secondary maximum is evident

the photon with mass A will propagate is given by (17]

2|k|

Sk a2

where k, is the photon’s four momentum. The success
of the vector dominance model [18] (VDM) suggests
that one should take M?~mZ. Clearly if R does de-
crease in this sort of way the position of the zero of

Ji(R [/——t) will occur at larger values of |/—_r as —k?2
increases, i. e. the dip should move out to larger angles.
Similarly Frass et al. [19] have shown that one would
expect the photon to shrink with — k% in the generalized
vector dominance model. Unfortunately the tests that
this shrinkage does occur, e.g. in yp—Vp (V=¢° ¢)
are rather ambiguous [20].

Experiments were performed on n° electroproduc-
tion to try and test Harari’s hypothesis, the first data
appearing in 1975 [21] and further work in 1978 [22].
The results, illustrated in Fig. 1, confounded all ex-
pectations, since the dip neither remained fixed nor
moved out with —k? but simply disappeared as k?
was changed from 0 to —0.22 GeV2. In electropro-
duction even for comparatively small —k? the data

continue to fall with ~7 beyond the photoproduction
-2

-1
dip. But in other respects, such as the (1 —k—) VDM

2
m ¢

dependence of the forward peak and the dominance
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of natural parity exchange, the virtual photon is still
behaving like a hadron in this process.

Not surprisingly there have been rather few pub-
lished attempts to explain this odd behaviour. Van-
ryckeghem [23] used the photoproduction Regge fit of
Barker et al. [14] and extended it to electroproduction
by giving an anomalous k? dependence to a low-lying,
and rather unphysical, effective trajectory. Later
Barker and Storrow [24] triéd to explain the data by
a k? dependence of their Regge cut residues, but they
were not able to account satisfactorily for the sharp
change of ¢ dependence between k*=0and k*= —0.22
GeV?. There is unfortunately a good deal of ambiguity
because the electroproduction data are available at
only one rather low energy (s=6.5 GeV?) and heavy
reliance must be placed on the hypothesis that the
energy dependence of electroproduction is similar to
that of photoproduction.

However, there is also quite good data on low-
energy resonance excitation in electroproduction. It
has often proved fruitful in the past to combine Regge
fits of high-energy data with finite-energy-sum-rule
(FESR) evaluations of low-energy data [7], thus ex-
tending the effective energy range of the data and
making use of the phase information contained in
phase-shift analyses. This was done by Barker et al.
[14] for example in their work on n° photoproduction.
There have been several indications, both from the
experimental data [25] and quark-model calculations
[26, 27], that some resonances behave quite differently
from in photoproduction, and it is obviously interest-
ing to see if the electroproduction FESR exhibit an
anomalous behaviour similar to the high-energy cross
section.

The purpose of this paper is to report a complete
FESR plus Regge analysis of all the data on =° photo-
production and electroproduction in an attempt to
understand why electroproduction behaves so stran-
gely.

In the next section we review a Regge pole and cut
fit of high energy yp—n°p and related processes made
previously [13], and consider the modifications which
are necessary to bring it into accord with the FESR
over the resonance region. Armed with this knowledge
we then apply the same methods to the electropro-
duction data in Sect. 3, demanding continuity in k2.
To achieve this we must deploy a good deal of for-
malism to relate the amplitudes conventionally em-
ployed in photo and electro-production, and especially
to obtain the contribution of resonance multipoles,
with their form factors, to the helicity amplitudes. We
have gathered the main features of this formalism
into the appendix. Our conclusions are given in the
final section.
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Fig. 2a—c.The photoproduction FESR integrals. The dashes are
the integral (2.7) of the Regge amplitude and the solid curves are
the integral (2.8) of the resonances for a the single-flip amplitude,
bthe double flip amplitude ¢ the non-flip amplitude

Table 1. The Regge pole and cut parameters of the fit to the photo-
production data using (2.1)-(2.6)

'] w P f
a(0) 0.57 0.39 1.0 0.55
« 0.72 1.01 0.49 1.1
G, 0.504 10.75
Gyo 1.23 7.37
[ 4.42 1.07
By 0.02 1.61
o 2.88 1.51
4 293 2.89
& 2.70 1.65
oy 51.17
E —111.25
] 2.02 0.23

All these parameters are in GeV units. (Given the change of units
and the use of G,,, G,._ instead G, and G, these are essentially
identical to the parameters of [13])

2. Neutral Pion Photoproduction
a) The Regge Fit

A good economical fit to the high-energy data on
yp—n°p, yn—nn and yp—yp can be obtained with
just the @ and g trajectory exchanges modified by
strong cuts, calculated as in the SCRAM absorbtion
model, but incorporating both P (pomeron) and f
exchanges in the final-state interaction [13]. The model
may thus be written symbolically as

w+o+(w+)®(P+/f)

the magnitude of the P and f couplings being taken
from fits to =N elastic scattering. This model gives a
_good account not only of the energy behaviour of the
data, but also of the spin and isospin dependence of
the amplitudes.

Specifically we write the Regge pole contributions
(R=w,p) to the helicity amplitudes of the appendix
(A.6) as

LRy _iz\a®(0)
fukzml(sst)::i(—l) LI R G‘ﬁmec:zm' 2.1
Yo
with
R _ R ' v in
Chziy =z, TR (10g ;(;—E)
x=|A+uy —pal—n (2.2)

n=I{A—(y; — )l

where o (f)=0g(0)+ag! is the Regge trajectory, G and
a are the magnitude and slope parameters of the Regge
residue, and v,=1 GeV? is the usual scale factor, with

S—u

Y= ——

> 2.3)

The absorbing P+ f elastic non-flip amplitude takes
the form

_im\ay©)
A(s,1)=iogve' + Egvoa! (1) e (e 2 vl> , 2.4

[}

where

cp=hp+ap (log;v——%)
0

. (2.5
_ , v in
cf=hf+af(log—v——3)

[

and the parameters, which are fixed from elastic aN
scattering, are listed in Table 1. The R(P+f) cuts
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Table 2. The born term residues

Amplitude Residue
B EF+2
1 -3 (Fi+2mF)

B, $F,

B, §F,

B, 0

B, -g 5

B, -3 R

F, and F, are proton electromagnetic
form factors, and g is aNN coupling
constant, g?/4n=14.2

Table 3. Resonance parameters
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Resonance [* Mass Width E, M,
S, 0+ 1.505 0.1 0.502 0.0
S, 0+ 1.688 0.11 0.099 0.0
Ps3 1+ 1.232 0.114 —0.07M 3.51
P 1+ 1.850 0.3 0.0 0.0
F;, 3+ 1.940 0.2 0.014 0.156
Py, 1- 1.434 0.2 0.0 0.495
Dy 2— 1.514 0.33 0.721 0.269
D5 2- 1.680 0.07 -0.01 0.05
Dy, 2— 1.971 0.1 0.17 0.036
Dy, 2— 0.649 0.15 —0.340 0.028
Fis 3- 1.682 0.14 0.332 0.113

Note: Mass and width are in GeV/c?
Couplings are in pb'”?

The transition moments are obtained from Table 1 of [25], multi-

plying by the appropriate Clebsch-Gordan coefficients to obtain

the n° couplings

then have the form

-/I:flull(s’t)

_ix\ak(0) " R 1+ 1
“ilLe T GR (-1 [_’_0(_9__)
Vo K 87mcp \cp+cp

. CrCp! e <1+ “z'_ _(7_) (—iEO;""() 2.6
exp (CR+CP)+a ( ) af(O) 5(,‘, 87!Cf\' ( ) )

n+1 . ) _i_" s (0)
(oGl
crtcp Crt+cp/ \vg

but for n=0, x=2 the terms ( , f:
by

(P CR
R R '

n+1
) are replaced

The 2, are the SCRAM enhancement factors [7, 10].

As reported in [13] this gives an excellent fit to all
the data for p,,,> 6 GeV/c, but here, for future con-
venience, we have changed s to v, so the parameters
of Table 1 are very slightly different from those of [13].

Then using the relationship between these helicity
amplitudes and the kinematical singularity free Ball
amplitudes {see (A.14)-(A.16) of the Appendix] we
evaluate the FESR integral$ of these natural parity
Regge amplitudes

dv
-t

“Im (i ()21 (0, 1)
Double-Flip (DF):_LIN § dvImfy_,(n)

vT

Single-Flip (SF) =

J—z

z)~

v

(V)

N
Non-Flip (NF) =1iv [ avimf_,,(v,0),

where v is the threshold value of v, N is the cut-off
point which we took to be at W=2.07 GeV [see (A.6)].
As the Regge contributions are complicated numerical
integration is necessary, and the results are plotted in
Fig. 2,

b) The Resonance Integrals

The corresponding integrals over the resonances may
be written, from (A.14)—-(A.16),

_ N
SF="2R __1 1 \imByw.0av
V2N 2N
N
DF=" ;R3+1§ § Im By (v, 1)dv (2.8)

NF=V2%% 13’”" (Rl—mR6)—n—L12vtR3

—g \3-,,- vim [Bl (V, t)—mB6(v’ t)]dv

N
—t—]@ yj Im By (v,t)dv

where v, is the value of v at s=m?, m being the nucleon
mass [see (A.2)], and the R; are the residues of the
nucleon pole listed in Table 2. The main input is the
resonance parameters. As we use Devenish and Lyth’s
parametrization of electroproduction [25] we also
employ their Breit-Wigner parameters for the multi-
poles (M4, E;)

g 1+1
WRr<iq’i)

Sg—S—iWRl'

M= My 29
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Fig. 3. The resonance contribution to the imaginary part of the
single-flip amplitude as a function of W, the centre of mass energy,
at selected values of —¢. The large contribution of the Py4(1236)
resonance at —r=0.5 GeV? where one might expect a zero will be
noticed. {Remember the integrals in Fig. 2 also include the Born-
term contribution in (2.8)]

21+1 2 2\1
r=rx(l) ("g“’ 2) 2.10)
dr e+X

where X'=0.35, Iy is the resonance width, Wy its mass,
gis the TN centre-of-mass momentum and My is the
multipole coupling.

A more complex parametrization is employed for
the Py;(1236) multipoles

M=l 2
krqr (qz—q") (1 +q*a®)—icq

where k is the photon’s momentum, a® =21.4, C=4.27,
and g5=0.2254, and the electric multipole is given by

E, .(5)=(1.19x—0.25)e M, (s) (2.12)
where
— 2 .
x=="_o1s. (2.13)
2m

The resonance parameters obtained by Devenish and
Lyth [25] are listed in Table 3.

These multipoles may be inserted into Eq. (A.19)
to give the CGLN ¢; amplitudes, which when inserted
into (A.11) give the required Ball amplitudes for (2.3).
(Note that the scalar amplitudes do not contribute for
photoproduction, k2=0). Thus we can evaluate the
resonance FESR by numerical integration.

We have mainly concentrated on the analysis of
ref. 25 because it has been extended to electroproduc-
tion too. However, it is desirable to try and estimate
the uncertainties inherent in these analyses and so we
have also evaluated (2.8) using the resonance param-
eters of Moorhouse et al. [28], and Metcalf and
Walker [29]. We find that the differences in the result-
ing FESR’s are generally small (always<10%,) and
negligible for our purposes.

In each case we used W=2.07 GeV as the upper
cut off. The results are displayed in Fig. 2. We also
attempted to evaluate higher moments in order to
check the effective trajectories of the low-energy
regime, but it turned out that the integrals were too
sensitive to the poorly determined parameters of the
fourth resonance region for useful conclusions to be
drawn.

¢) Comparison of the Two Integrals

Figure 2 shows that the Regge and Resonance FESR,
which ought to agree, differ markedly in sign, magni-
tude and s-dependence in both the non-flip and single-
flip amplitudes. Even worse, the expected zero of the
single-flip amplitude for r~ —0.5 GeV? has not emer-
ged in either case.

The reason for this as far as the resonances are
concerned is apparent if one examines the behaviour
of the integrand as a function of t for the dominant
single-flip amplitude, (Fig. 3). Most of the resonance
contributions do fall to zero 0.3< —¢<0.5 but the

dominant P53 (1236) does not. This resonance, together ..
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Fig. 4. The shape of the imaginary part of the single flip Regge
amplitude at p;, =6 GeV/c compared with its FESR (multiplied by
(—£)"2 to facilitate the gomparison). The full line is the amplitude
and the dashed line is the result if the R®/ cuts are removed

Table 4. Parameters of the daughter amplitudes used in (2.14)

a(0) —1.71
o 0.94
G,., -124,
G_, 17.2
G,_ —0.46
a,, 1.64
a_, 1.26
a,._ 0.03
b 1.45

with the D,3(1515), controls the behaviour of the
FESR as the others, and the Born term, are much
weaker (see Oderico, [30]). Indeed Armenian et al. {31]
have shown that semilocal duality holds in yp—n°p
except for the P, region. In the corresponding elastic
7N amplitudes where semi-local duality is much better,
the Py, contribution is cancelled by a much stronger
nucleon Born term to ensure that the —¢=0.5 dip is
present in the FESR. Odorico suggested that this dif-
ference might be due to the different spins occurring
in the two processes, but this seems unlikely since

nN—gN which is also controlled by w exchange does
have the expected dip [33].

Comparison of the Regge amplitudes at p,,,=6
GeV/c with the FESR evaluated over the region up to
W=2.07 GeV (multiplied by the kinematic factor
(—1)"? in Fig. 4 for ease of comparison) demonstrates
that the problem here lies in the continuation to low
energy since the Regge amplitudes do have the ex-
pected zeros at higher energies even though the FESR
do not. It is also clear from Fig. 4 that it is not just our
slightly unusual (though necessary) absorption pre-
scription, including the f; which is responsible. Rather
the difficulty stems from the fact that the cuts have
an unacceptable low-energy behaviour. Indeed it was
this observation which led Worden [12] to reject
SCRAM models in favour of NWZ models for photo-
production. However since the resonance integrals do
not have these zeros either, NWZ models like that of
Barker et al. [14] have to employ several Regge-like
terms of uncertain physical significance, and only a
global not a semi-local duality is achieved.

Since the low energy P55 resonance is responsible
for most of our problems it seems most reasonable to
simulate its effect by adding to our Regge model a
daughter trajectory, low lying in the j-plane, which
can rectify the mismatch of the Regge and resonance
integrals. This was one of the alternatives suggested
by Worden [34] in his analysis of duality and absorp-
tion, butin his case the anomalous resonance behaviour
was not such a problem. It is possible to obtain a very
satisfactory fit of both the high-energy data and the
FESR’s by adding to the Regge amplitudes (2.1) a
daughter term with

o0y (1)~a,(1)—2
with the parametrization

in

aq(0)
f++1(s,t)=i(_t)l/2<vle 2) Gi+eci*t(1+bt)

0
_ix

aq(0)
f_+l(s,t)=i<v 2) G?, e oy +2) (2.149)

— €
\'0
in\ aqa(0)

: v 2 d 4t
Sials,=i(=1) |—e Gi_e -,
Yo

where

d=d'+u, (log r —E> (2.15)
v 2
fori=++, — + and ™+ —. As this is only an efTective
singularity factorisation of the residue was not im-
posed. It wasalso checked that the resulting amplitudes
satisfied semi-local duality. The fit parameters are
given in Table 4, and the FESR comparison is shown
in Fig. 5.
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Fig. 5a—c.Fit to the resonance FESR of the Regge model including
the daughter term (2.14) with the same conventions as Fig. 2. It
will be seen that the agreement is very much improved

Having thus obtained a satisfactory understand-
ing of photoproduction at all energies we must now
look at electroproduction.

3. Neutral Pion Electroproduction
a) The Resonance Integral

Since the Ball amplitudes (A.11) are KSF for electro-
production we simply need to know the k2 dependence
of the resonance multipoles in order to extend the
analysis of the previous chapter to k% 0.
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Devenish and Lyth [25] write the multipoles in the
factorized form.

M (5,k)) =Gk M,,(s), GO)=1, 3.1

where M (s) are the Breit-Wigner resonances of (2.9),
and the form factors are written as

. n k2 -1 ‘
G(kY)=T] (1—-3) , . (3.2)
i=1 k;
where
2 Ek%-f-’i" (k2 —k?) (3.3)
with

2u* Sk <kd S (mg+m)

so k, and k, are their variable parameters. However,
the physical multipoles have kinematical singularities
and are subject to threshold contraints (see also [35]).
Devenish and Lyth incorporate these by defining
(A.22)

.= [1 —kz—]”z (3.4

" (mgEmy

and introducing the following combinations:

1 -
o+ =(m’) (]Ml++EI+)=¢'¢I+Ha1+
I1+1

B =(i) My, —(+DE )= " 04 B
S, =L S, /

3.5
B =gl I E, G
M_=¢ ¢ M,_
S =gl4715,

which are analytic in k2. But, as noted in the appendix,
the scalar multipoles have to satisfy certain constraints
at ¢+ =0, which are accommodated by expressing

_ C|k(mR,k2)| 2
St+—(k2_a) (kz_b) EI+(k ) (3 6)
_ Clk(mg, k)| 1., '
Sl——(k’z—a)(kz—b) I[Ml— (1 I)El—]!
where

b=[3mi+m* —a] [1 +a(mi—m?)"']

c=2m%[(mg+m)? —al [a—(mg —m)*] [mk~m* —a] ™!
and a is a free parameter. Also

_Clk(mg, k?)|

SO+ kz_a

Ey,. 37

e R -
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Fig. 6a—c.The results of the electroproduction FESR as a function of ¢ at various valves of k? for a single-flip, b double-flip and ¢ non-flip.
The dotted line is the resonance FESR, the dashed line is the integral of the Regge model of Sect. 2 plotted to show the k? dependance §
resulting from v (3.8), while the solid line is the best fit when the k? dependence of the daughter (3.10) as well as VDM (3.9) are included

The factor n in (3.2) is related to 7, the asymptotic
power of k2 of the multipole, and they set 7=3 for
all the resonances except the P;; which has 7=35.

We have chosen the recommended fit 4 of Devenish
and Lyth [25] whose parameters are listed in Table 5.
The FESR resonance integrals of (2.8) were then
evaluated at k= —0.22, —0.55, —0.85 GeV? and are
displayed in Fig. 6. It will be seen that the magnitude
of the integral for the single flip amplitude increases
with —k? for —1> 0.5 GeV?. Figure 7 shows that the
P, resonance still dominates the integrals.

b) The Regge Integral
The Regge terms are not necessarily functions of k2.
However, we have used the variable [see (A.2)]
t—pt—k?

2

s—u
cyEl_—=s—m*+

(3.8)

which gives rise to a small variation shown in Fig. 6.

Also VDM [18] leads us to expect that
kz -1

AR, 1,kH) = (1 ——2) AR, t,k2=0)
m

14

(3.9)

where m, is the vector meson mass. Strictly we should
use m? for the w-exchange term and mZ, for g-exchange,
but of course these particles are essentially degenerate.

It turns out that our best fit requires m? ~ 0.6 (GeV/c?) |

very much as expected.

By themselves, however, these modifications are
quite insufficient to achieve agreement with the re-
sonance FESR. The problem is that the P33 and F;
resonances have an anomalous ¢-dependence whose
effect we compensated for in photoproduction by
introducing a daughter trajectory. These resonances
also have a strong variation of their coupling with &%,
as we noted above, and it therefore semed natural
to try and use the daughter term to improve the

sin,
at
evi

ag
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Fig. 7. The resonance contribution to the imaginary part of the
single-flip amplitude as a function of W for selected values of —¢
at k= —0.22 GeV?. The large contribution of the P,;(1236) is
evident

agreement of the electroproduction FESR. We dis-
covered that a simple variation of the magnitude and
t dependence of the daughter contribution with k2,
incorporated in the parameterization

63 (k)=G4.(0) (1 —g+ k%)

(k) =a.,(0) (1+A4,,k%)

bk =b(0) (1+Bk?)

Table 5. Resonance form factor parameters

Resonance Mass Multipole k2 k3 a
S 1.505 Eon 3.36 4.02

Sos ' 0.09
S, 1.688 Ep. 5.16 5.18

Soe 0.04
Py 1.232 - 0.545 4.715

B+ 0.43 4715¢

S, . 2.867
P, 1.850 s 3.34
Fy 1.940 %, 1.61 4.0

B+ 0.11 0.43 ,

S,. 0.04
P, 1.434 M, _ 0.04 0.041

S . 0.046
Dis 1.514 - 0.82 1.5

M, 0.9 1.92

S,. 2.19
D}, 1.680 E,. 6.85 6.851

M, 0.04 0.045

S, . 6.85
Dy 1.971 E,. 0.08 0.25

M, 0.82 2.29

S, 8.46
Dy, 1.649 E,. 1.09 1.94

M, 4.1 4.12

Sy 6.69
Fis 1.682 - 0.53 1.51

M,_ 1.14 2.98

S, 6.59

These values are taken from fit 4 of Table 5 of [25]

Table 6. The coefficients of k? for the daughter in (3.10). Column (a)
gives the values used for the FESR shown in Fig. 6. Column (b)
gives the refitted values when the cut is also modified as in (3.11),
shown in Fig. 9

(a) (b)
g+t 2.34 2.38
g4 1.27 1.26
). 4.92 0.506
B 0.919 0.252
A, 0.0 0.886
A, 0.970 0.649
A, 47.2 48.1
mﬁ 0.50 0.68
r - 14
H - 15.25

GL (k)=G1-(0)(1-g.-k?)
a,-(k*)=a,_(0) (1+A4,_k*)
GL (k)=G2,(0) (1 —g -+ k?)
a_,(k*)=a_.(0) (1+4_,k?

gave the excellent agreement between the two sides of
the FESR shown in Fig. 6. The additional parameters
are listed in Table 6.

(3.10)
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Fig. 8. Fit to the electroproduction differential cross-section in-
cluding the cut modification (3.11)

It was hoped of course that having thus obtained
a parameterization which accords with the FESR for
both photoproduction and electroproduction, and
with all the data on high-energy photoproduction, we
would be able to predict correctly the higher energy
electroproduction data and hence begin to understand
the disappearance of the dip and secondary maximum

in %‘1. Such hopes were, however, confounded. The

daughter contribution falls rapidly with energy, as of
course it must since the old Regge model of [13] fitted
high energy photoproduction perfectly well without
it. The modest k? variations in the leading Reggons
incorporated in (3.8) and (3.9) do not remove the dip
at |t|=0.5 GeV? and so our model still contains this
dip at all but very low energies.

It was found that only by permitting a rather strong
k? variation of the Regge cut terms is it possible to
obtain an entirely satisfactory fit to all the data. The
absorbing P+ famplitude (2.4) is changed by writing

or(k*)=06(0) (1 —rk?)
hp(k*)=hp(0) (1~ Hk?)
E(k*)=Eq(0) (1 —rk?)
h;(k2)=h,(0) (1 — Hk?)

3.11)

with two new parameters r and H. The parametersg
the complete refit are given in Table 6, and the resul
is illustrated in Figs. 8 and 9. It has a most acceptabi]
x/pt=1.05. [Since it is only the single-flip amplituk
which is required to produce the dip an equally goof
fit can in fact be obtained by incorporating the mod:
fication (3.11) only when calculating the absortin
corrections to this amplitude, leaving the rest u
changed.] )

We attempted many other less drastic modifications
of the Regge model of [13], but none proved satiy
factory. We conclude that to account simultaneo
for the FESR and high-energy data in both photo anf
electroproduction of 7n%s requires a strong o
(SCRAM) type of model with a rather strong K
dependence of the cut. :

Since the daughter contribution is already ven
small for s=6.5 GeV? we do not expect the shapea
the electroproduction cross section to change muchs
one goes to higher energies [though (3.11) does alta
the energy dependence of the cut], and the lack of1
dip and secondary maximum should be a persisten
feature. Some predictions are shown in Fig. 10.

This is quite contrary to the conclusion of Var
ryckegem [23] who removed the dip by includings
daughter trajectory which cancelled the NWZ dipo
the w at low energies. The residues and slope of ths
daughter had a rather strange dependence on &,
however. He predicted that the dip should reappex
for s>12 GeV? and that the electroproduction cros
section will be very similar in shape to photoprodu
tion at higher energies. Barker and Storrow [24] trid
to explain the data by allowing a modification of i
cut contribution with k2 in a model with NWZ
but they were not able to understand the very rapi
transition between k=0 and k2= —0.22 GeV? whid
they likewise attributed to low-energy effects. We haw
found a good fit with a SCRAM model in which th
main features of the electroproduction data at s=63
GeV? are expected to persist at higher energies.

4. Conclusion

The electro-production data really demand a SCRAN
explanation. It is quite clear from Fig. 1 that the lov
t region (Jt| <0.5 GeV?) and the high ¢ region (|¢|>05

GeV?) of ‘:;—‘: have quite different k% dependences. Only
a model in which these two regions are dominated by
different exchanges can give a natural explanation o

such a behaviour. In the SCRAM model the low i
regime is Regge pole dominated, and here the oy}

2\ -1
important k2 dependence is the factor (1 —1(—) pre
My
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dicted by VDM. But the large || region of the do-
minant single-flip amplitude is controlled by the Regge

cut, and the rapid variation of the cut magnitude with
he k* from (3.11) is rather remarkable. We have found
.5 that this is the only straightforward way of accounting

for the data. Giving a k? dependence to the poles, or
changing only the strength but not the s-dependence
ofthe cuts, is quite unable to explain what is observed.

Superficially our change of the cut term with k2 is
similar to that of Irving [36] for charged pion photo-
| production who found that a cut of the form

CLk)=(1-0.48 k)G exp [1+0.13 k»at]  (4.1)

- explained the data. For electroproduction, where k2
- <0, the cut strength increases and the slope of the ¢
* dependence decreases. Irving related this to the tran-
- sition from a hadron-like photon for k* ~m? to a more
: point-like scaling coupling in deep inelastic scattering
& where k% <0 (see also [37]). Note that his C(k*)~k?
L s very different from Harari’s C(k?)~ —k~2in (1.2).
© We too have found that the cut strength must increase
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x Fig. 9a—cThe electroproduction FESR when the cut modification (3.11) is included. The
01 03 05 09 09 (Gev{) conventions are the same as Fig. 6, the dotted line being the resonance integral and the
a ‘ solid line the new Regge integral

linearly with k2 in (3.11), but the magnitude of the
effect is some 3 times greater than in charged pion
photoproduction.

But the more significant difference between our
results and those of Irving is that the sign of the change
of the 7 dependence with k2, represented by H in (3.11),
is opposite to that of (4.1) so that the width of our cut
in ¢ decreases, and decreases very rapidly, with k2. This
means that the absorption is occurring at larger impact
parameters the larger is —k?. The shape of the single-
flip amplitude as a function of impact parameter is
shown in Fig. 11 in which it will be seen that whereas
for photoproduction we have the usual peripheral
peak at bx1 fm, the peak is larger and much further
out for k2 <0, well beyond the spatial extension of a
non-interacting baryon.

This behaviour is quite contrary to the expected
decrease of the distance travelled by the hadronic
fluctuations of the photon as —k? increases expressed
by (1.2). This decrease is supposed to mark the ap-
proach to the scaling, pointlike region of k2, and to
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Fig. 10. The predicted electroproduction cross-section at p, =12
GeV/c for various values of k2. Photoproduction (k*=0) is shown
for comparison
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Fig. 11. The impact parameter profile of the single-flip amplitude in
our fit to the photoproduction and electroproduction data at
p.=6 GeV/c. The rapid change of shape as a function of k? is
evident
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account for the lack of shadowing found in virtuaé
photon-nucleus scattering [38]. It would seem theré
fore that the Regge cut region is quite separate from
the scaling region. This is also the case in pp elasti}
scattering [39, 40] where the dip at |t|]=1.4 GeV§
followed by a secondary maximum, is due to the pres
sence of an almost imaginary P®P cut which interd
feres with the P pole, and is quite distinct from the}
(real) scaling region |t|>3 GeV?, where [42]
2]

B

é‘-~s“"f(cos a).

dt
. . 13. The

Thus unfortunately it appears that it is wrong to
suppose that the behaviour of the Regge cuts mut]
anticipate the approach to scaling. This is perhaps not
too surprising if one considers Fig. 12. Figure 1]
shows the VDM Regge coupling, and when squared]
asin Fig. 12bcould also contribute in the scaling regios
“handbag’ diagram of Fig. 12¢ leading to the proton's§
valence quark structure function taking the form (4]

G

Bthis com;
reases w
pidly +
pointlike
Jarger —.
Snodel di
Kontribul
feut cont:
-handba,
fcan one 2
expects ¢
plicated
\llti-Re
simple, 2
ftransfers
;

F(x) ~ x!72©
x=0

Ordinary planar absorption diagrams could ale;
contribute in this limit. However a proper Regge cui
diagram, with the “double cross” structure of Fig. {4
[7], requires that the struck parton should interad?
again with the hadron. It is generally supposed that}
such diagrams will not contribute in the scaling regios }
since this fast parton is travelling in the opposite]
direction to the hadron (in the parton’s Breit frame){
The cut should thus die away as —k? is increased,]
perhaps exposing again the endpoints of the Regge}
poles given by Fig. 12c, as in the constituent inter-§
change model [42].

We conclude that y, (k*) p—n°p, like yp—n°p andh 3
ysed in [13], requires a SCRAM type of model nota§
NWZ model if all aspects of the data are to be under-{
stood. This to some extent justifies Harari’s belief [3|§
that these processes might permit a crucial test of Regge
cut models. However, contrary to the very reasonable
expectations of many authors, the effective range o

Electropi

 kinemat
“are need

Fig. 12. a Quark line diagram for y,p-# |
via Regge pole exchange in the vector
domenance model. b The square of (s)

which contributes to; ¢ the “handbag”

diagram for deep inelastic scattering;
d Quark line diagram for a Regge cut with
d the ““double-cross” structure
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k. this component of the photon-proton interaction in-
; treases with — k2, producing a cut which falls more
pidly with —¢. This has nothing to do with the
intlike scaling behaviour of the y, p interaction at
E larger —k? which arises from quite different parton-
¢ model diagrams from those which are expected to
E contribute to the Regge cuts. The decrease of the Regge
L cut contribution ensures dominance of the scaling
L *handbag™ diagram at large —k2. Only in this way
& can one account for the fact that whereas Regge theory
E expects amplitudes to become more and more com-
plicated as —¢ is increased with a superposition of
E multi-Reggeon exchange cuts, QCD predicts a rather
£ simple, almost scaling behaviour at large momentum
f transfers.

Appendix
‘,Electroproduction Kinematics and Amplitudes

i We have gathered into this appendix the main for-
£ mulae which we use to relate the Regge pole helicity
kamplitudes and resonance multipole moments to the
¥ kinematical singularity free invariant amplitudes which
gare needed to write FESR. Most of these results may
g be found in [44], but we repeat them here because
f lhey are essential if the reader is to follow the cal-
k culations we have made.

i We label the four-momenta of the particles as in
 Fig. 13, and define

Eo=(+p.7

(h=Fy

(+p,)}=w?
(k—gP=p*+k*+2k°E,—2|k| || cos 0,
(k—p}

v here 2 is the pion mass and cos 0 is angle between the
mcident photon and the scattered pion.

(A1)
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v=""E ek (pup2) =2k W=k +

t—pt—k?

t—pt—k?
2 b
where m is the mass of the p.roton.
The electroproduction diflerential cross section is
[43, 44]
do
dk*dpdsdt
where ¢ is the electrons scattering angle in the labo-
ratory frame, E| is its incident laboratory frame energy
and k, is the photon’s laboratory frame energy. We

use centre of mass helicity amplitudes f,,,,, for the
photon-proton interaction so that

1 & 1
ZleF:F vy A A L A e S A

+2e([fs 4ol +1-sol)

—2eRe (fu i /2 —fioi S )cos2¢  (A4)
=2)/ee+1)cos dUfss 1 fEr0—Srr0/2-1

S Y LIS Y LI

where the polarization parameter ¢ is given by

=W2—m?+ (A.2)

=@ n*mEk) ™ £ ITP, (A.3)

s‘1=1—2|—l£"—|tanzg

k? 2
and as usual we have used + for +3%.
For photoproduction, in which the photon has
helicity 41 only, the differential cross section is

(A.5)

%’[—*=0.3893 [257(s—m?)2] !
e

) (A.6)
AV PV PV PP

and from this we define the virtual photon differential
cross section to be

4y 03893 [25 n(s—m2y}] ! {",

o (A7)

where the term in brackets { } is the same as in (A.4)
above.
Comparing this with (A.3) we have

do do,

dddsd | @ (A-3)
where
[=(s—m?) [ n E2(1 —¢)] 7t (] —k?) (A.9)

is the conventional factor relating electroproduction
and photoproduction cross sections.




370 P. D. B. Collins and T. D. B. Wilkie: Regge Cuts and Neutral Pion Electroproductios

The helicity amplitudes are related to the CGLN
amplitudes [45] ¢, by

fm—Vism {1+ ¢, +cos® —(¢3+¢4)}
foo=- l/ismgcos > (63+a)

foor=)/2 50 2 cos 2 (6= ) (A10)
fo=— 2cos(—){¢1—

k
f++o—

br—sin S (63~ 6,)
COS 3 (d’s + ¢6)

sin 2 (5 — de).

k
Joro=rsin 3

The first two of these are single-flip amplitudes, f, _,
is the double flip and f_, ; the non-flip amplitude. The
last two occur only in electroproduction. (Note that
a factor 87 W connects our ¢, to the conventional %;
of CGLN.)

The Ball amplitudes [46] B;(s,1), i=1...8, are
kinematical singularity free (KSF) invariant ampli-
tudes for electroproduction. They are related to the

¢; by

B__L{ﬁ_&}
=

2W z1z2, n)»
_ 1
4 W2k

Zk?—1t
ot Tk Tl
G

] [(W+m) b4

B,= {(s—mz—kz)szl —2mk? B

o)

_(W—nl)cba]
5122)2 Y1y27%

2 W+m)ds  (W—m) s
+k[ M) Y122 }}
(W+m)gb4}

(A.11)

B,= B2+1 {(W m)d)3
2 2w }’1}’222 21-'-’2}’%

1 {(W+m)¢1 (W—m)ff’z}
2W 212, )2
1

B=— —

C T2 W kP

2_k2_’
ok !
Hre =

o) Gsvan)

1 1
BS=—B6'———{L2+&2}a
2 2W nyzz 2y2202

Bs=—

{ —2mk? B, +(s—m* —k*)Bs

—kZE,,)

where we have introduced
n=(E,+m'? z,=(E,+m)'?
n=E - m)1/2 1 =(E;— m)1/2

Note that B, and B, do not appear because of curres c
conservation which requires that

— 8n
2k2B,=(t—~k?~ ) By —> 2“‘32
2 u t"‘kz—ﬂz 81
KB, =By~ B+ ———F By

3 : 87
It is the amplitudes (A.11) for which dlspersmn rch- ’
tions and hence FESR may be written. b

They are related to the hehcnty amplitudes in tenl;
of which our Regge model is parametrized by [47]

Single Flip
.0
foriHfoy =Y/ 2sin 2 @1+ 42)

it \2
=(2|‘I| Ikl) {ZIZZ[(W—'M)BI_BS)]

=1 Y2 [(W+m)B, +Bs]}

—1
~ ==L va,.
7 P

Double flip:
0 .,0
So-r=V2 cos 3 sin? > (62— 6)

2;/_ {22 [2By— B, +(W+m) (3 Bs— Byl
+};_j [2B;—B,—(W—m) (%B.;—Ba)]}

—~t .
~2—‘/§{4B3—Bz+2m(%36—38)}.

Non-flip:
f—+1=l/—2_C05“{ — (¢ — ¢2)}+f+—

~—/2v(B,—mBg)—1|/2 B,.
The high-energy Regge behaviour of these amplituds’
is
Bl Py Bz, Bﬁ, Bs~s°"1
B} ’ BS ~ Sﬂ.

The crossing properties of these amplitudes unde ]
s ~u for yp—n°p are

B;(v)=B;(—v) for
B,(v)=—-B;(—v) for

a1y

(A.l‘l;;

i=1,2,6

: Al
i=3,5,8. ( 8)



Finally the ¢; amplitudes are related to the electric,
t magnetic and scalar resonance transition amplitudes

iy o
’¢1=87‘WZ’: UMy + E ] PL(2)

M+ D+ E P ()
=82 Y (M, (1+1)+ 1M, _] Pi(2)
1

=82 Y [,
N i

W:SnWZ My, —E,—M_—E _|P'()

=M NP2+ [E -+ M, _1P(2)

(A.19)
¢3-8NWZ([+1)SI+PI+1(Z) 1S, _P'_\(2)
%—SWWZUS: —(+1)S,: 1P/ (2).

Ihls these transition amplitudes which form the basis
sol' our evaluation of the resonance FESR. Note that
slme the B, are KSF Egs. (A.11) and (A.19) imply
hat these transition amplitudes have kinematical
gularities and are subject to constraints at the
fhreshold and pseudo-threshold values of k*=(my
itmy’ [25]. This is because the factors in (A.12) may
ibe written

! ]

i _Wtm) [ k? 112

(El+’n) VZ_I'V [1 W+ m)z:l ’ (A.20)
mgtm

= ’ A21
Tome ¥ s

) ;
- _ L 12
‘*,_ [1 (mnim)z] (A.22)

'hes for k>=(mg+m)?, i.e. at the threshold or
- do-threshold in k.
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