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Abstract: We develop a Regge pole expansion including spin for inclusive photo- and electroproduc-
tion of pions in the photon fragmentation region and see to what extent the available data at
intermediate energies can be explained in terms of Regge poles alone. It is shown that a pure
Regge pole model is not adequate, although some qualitative features are reproduced.

1. Introduction

A great deal of effort has been devoted recently to high energy electroproduction
experiments in which a single hadron is detected in coincidence with the outgoing
electron (fig. 1) [1]

e+p—e’+hadron+X, (1.1)

where X is any hadron state, which has been summed over in the experiment. Such
experiments are important if we want to understand the challenging results of the total
inclusive experiments [2]

ep—e’X. 1.2)

In the one-photon exchange approximation we can describe (1.1) by the corre-
sponding photon reaction

v+p— hadron+X, (1.3)

where y stands for the virtual photon of varying mass g2 (g* < 0, spacelike) and linear
polarization . Then single hadron production on protons with real photons is just a
special case of (1.3), with g2 = 0. In this sense we shall put electroproduction in the
foreground with the understanding that the relevant quantities for photoproduction
will result as a special case for which g> = 0. After separation of the lepton vertex
which is given by QED the cross section still depends on four invariants g2, s, f and M?2,
where s = (p+¢q)? is the total c.m. energy squared, (—¢)?* is the invariant momentum
transfer of the virtual photon to the hadron and M is the missing mass of the unob-
served system X. In this paper we shall consider only the inclusive photo- and electro-
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production of pions. It is well known that inclusive cross sections behave differently
in different kinematical regions; these being usually classified as the beam and target
fragmentation region (Jx| x 1, where x = k/k ., and k is the longitudinal c.m. momen-
tum of the observed particle) and the central region (x &~ 0)*. Although data are
available in all three regions we shall consider beam fragmentation only. This is
particularly interesting in connection with the results from the single-arm experiments
(1.2). If the general ideas about the photon fragmentation region are correct we might
expect a different dependence of the cross sections with the photon mass g2 in this
region than has been found for the cross section for (1.2)**.

In sect. 2 the kinematics of reaction (1.1) are reviewed and the relevant structure
functions defined and related to the cross sections of interest. In sect. 3 we discuss the
Regge pole structure of the inclusive cross section in the photon fragmentation region,
in particular its triple Regge limit. Results of numerical estimates are given in sect. 4,
together with a comparison with the data. The contribution to the total inclusive
structure function will also be discussed.

2. Kinematics

Let g, k and p be respectively the momenta of the incoming virtual photon, the
outgoing pion and the target proton (fig. 1) and s, ¢, and M? be the following invariants
s=(p+q)?* t = (qg—k?), M? = (g4 p—k)*. The momenta of the incoming and outgoing
electrons are / and /!’ respectively. The lepton mass will consistently be ignored and m
shall denote the target mass. The cross section for production of single pions on
protons is obtained from:

6 2
3d. 0-3 _ 22& - |T|2, (2‘1)
Pr kT —gCn m,
20, 2k
where |T|? is given by
IT|? =t W,,; 2.2)

Fig. 1. The one photon exchange diagram for e +p—>e’+x +anything.

* For a review of the kinematics of inclusive processes, see for example ref. [3].
** Here we are referring to the intermediate g2 region, where the total inclusive cross section drops
with g2 slower than one expects from typical electromagnetic form factors [4].
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t,, is the tensor coming from the lepton vertex in fig. 1:
tw=1% 2 Ay u®@1yy,ud)*, (23)
spins
and W, is the hadron tensor which describes the “reaction” y, p — nX which is defined
in our case by

Wo=1% X an d4Pj5(P;%—m,%)(2ﬂ)4 8 (p+g—k—-p,)

spinofp n
x {p [/, (0) (k) X, > <X, 7(k) |J,(0)| p>. (2.4)

The definition of W,, in (2.4) contains an extra factor , so that it is the forward
discontinuity of the corresponding six point function (see fig. 2).

T(k)——-— Y (q)
viq) \Q pip)
p(p) -~ T (k)

Fig. 2. The Mueller discontinuity diagram for y, + p—>n +anything.

As is usual, we factorize the cross section (2.1) into the equivalent photon spectrum [5]

I" where

o s—m2

- 2¢°
= , &l =1+"=1tg’(30,), 2.5
167°m?*13(—q*) 1—¢ —q° g (30 (&)

and the one-pion distribution 2k,d3¢/d*k resulting from the absorption of a virtual
photon with transverse polarization &:

dbe d3e

=T , 2.6
d*k2kydg*dsde d>k/2k, (26)
where
di¢ a(l—e
(=9 |T). 2.7

Fk2ky Q0 G—mD)(~q>)

The experimental data is parametrized by the cross section of particular virtual
photon polarization, in terms of which (2.7) is written in the form

d*c _ d*a
d’kj2ky kdk,dcos0d(i¢)
2 2 2
=l{ dov L, Yo . dar o (2.8)
7 lkdkyd cos 0 kdk,d cos 0 kdkyd cos 6

— d?e
+./2e(e+1) ———— cos ¢}
\/ ( ) kd kydcos 8 ¢}

The term 2d2gy/kdkyd cos @ is the cross section for unpolarized transverse virtual
photons, ¢ cos 2¢2d2a;/kdkyd cos 0 is due to the transverse linear polarization of
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the photon, & 2d%o; /kdkod cos 0 accounts for the longitudinal polarized photons and
J2e(e+1) 2d%0,/kdk,d cos 0 describes the interference between the longitudinal and
transverse matrix element. For ¢% =0, 2d%0/kdk,d cos 0 is identical to the cross
section for the absorption of unpolarized photons whereas 2d%o/kdkyd cos 0
describes the difference of cross section with the linear polarization of the photon
respectively parallel and perpendicular to the production plane. The various differen-
tial cross section sometimes will be also given in the Lorentz invariant forms:

2 — 2 2
240 g fsg-Le gk do
kdkdcos 0 dM*dt kmax dxdky

(2.9)

where k, ¢ and k, are the momenta and energies in the c.m.s., k,, is the maximal
momentum of the pion k., = (1/2 \/s) A(s, m*, m2) and x is the Feynman variable
X =k [kmax, k| is the component of k in the direction of q.

The three cross sections defined in (2.8) can be related to special helicity structure
functions

H? = ePeP*ww, (2.10)

where &, are the polarization vector of the virtual photon in a given polarization state
a(x, 0). Then

4’0, L1 _ Tkmax 20 1
dxdk} 2k, @m)’s—m

s(Hyy, Hog, —H,_, —/2Re H,o).  (2.11)

To incorporate gauge invariance and to avoid unwanted kinematical singularities
when making Regge expansions it is convenient not only to work with the helicity
structure functions but also to introduce invariant structure functions as one does for
the total inclusive cross section yp—X. A covariant decomposition of the spin averaged
hadronic tensor W, is

W=1% Y YpW,Om X5 <m X,1J,0)p>2m)* 6(p+q—k—p,)

spins n (2‘12)
5

= Z F;ithi(sa ng tsMZ)a
i=1

where the covariants are defined by
Ty = 4,4, 9>
Iy, = (p.49,+P.4.)P4—PuPv4" — 9, (P9,
ry, = (k,q,+k,q)kq—k,k,q>—g,,(kq)*, (2.13)
F:v = (pukv+kupv)qkpq—kukv(pq)z_pupv(kq)z’

. kq rq pq kq
'K"f?"»)("v‘?qv)“(”"‘?‘1">("“‘?‘1v !

I

5
r,,
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so that ¢* W,, =0 and since (W,,)* = W,, all five structure functions are real for
g? < 0. The four cross sections do,(x = U, L, T and I) depend only on for structure

functions V;, V,, V3 and V,.
The relation between the H® and the ¥, is given in table 1.

Table 1
e \ Vi 1 2 3 4
++ ¢ v (kq)*—%kiq? —1kiv?
+— 147k 33y’
+0 ~J~1d%kia /=1 k. vb
00 -q —-¢*m*  —g*(ki+m) q° b

In this table the variables k, and k are the transverse and longitudinal momentum of
the outgoing pion in the c.m.s. and v = pq. The relation to the variables s, f and M? is

s = mi4q*42v,
t=q +mi-2q0ko+2lqlk, (2.14)
M? = s—2\/s—k0+mi,

where ¢, is given in the c.m. frame:

1

1
gdo = ——=(s—m*+4%), po=—=(s+m?~q%),
2\/s 2\/s
lqI* = ¢ —q5, ki = mi+k>+k], (2.15)

a = kolgl—kqo, b = kolgl+kp,.

For k we also use the Feynman variable x = k/kp,,.

3. The Regge limit

For a fixed missing mass M? the process

yp—-nX 3.1
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may be considered as a quasi two-body reaction. One therefore expects the corre-
sponding cross section to be described in terms of the usual Regge pole expansions
involved in two body reactions. The detailed way in which Regge expansions arise in
the case of inclusive distributions has been much discussed recently [6]. However a
number of points have still to be clarified. We shall discuss these formal problems in
the case of electroproduction elsewhere [8], where we also discuss the inclusion of
Regge cuts. Here we concentrate on the phenomenological aspects of a pure Regge
pole model.

Thus in the kinematic region of large s and ¢2, M? and ¢ being fixed and small, i.e.

s, —ud>m, t, q*, M?,

we shall assume that the process (3.1) is dominated by Regge exchanges in the y7
channel (see fig. 3). Possible candidates for charged pion production are: 7, p, A,, A,
and B exchange whereas for neutral pion production we have w, ¢, p and B exchange.
In this kinematic region if we put spin complications aside for the moment the inclusive
cross section has the form [6, 7]

d*o | 2 ) . s\ +ai
S =— ziy s iyl oy 1) Cy,(D\—5
TV s_ngﬁ (6,47 Brjy (6,47 & ()5,()<M2> 62

X A;p (M2, 1),

n(k) Tk

Fig. 3. (a) A Regge pole contribution to the y,+ p~>n+anything in the photon fragmentation region.
(b) Triple Regge contribution.

In (3.2) B, (1,4%) is the coupling of the reggeon i to the yr system, which depends on

the mass \/c—]i of the virtual photon and the mass ./t of the reggeon i, &,(¢) its
signature factor

£, () = o) T (—o () 3(1 71 ™®)

- . 3.3)
i %(1 ie—mai(t)),

" sin 7oy (0) T () + 1)

and s™® its Regge propagator. 4;, ;,(M?, 1) is the forward imaginary part of the
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amplitude for the reaction (reggeon i)+ p—(reggeon j)+p, which depends on the
mass +/t of the reggeon and M? = (p;+p)*.

We notice that in this form the inclusive cross section if given in terms of the
variables g2, ¢, M? and s, the g*>-dependence appears only through the coupling of the
reggeons to the ym system. Therefore in the photon fragmentation region the g2
dependence of the inclusive cross section should be similar to the ¢ dependence of
particular two-body reactions as for instance yp—nN or yp—n4 etc.

In (3.2) we considered also interference terms (7,j) between different Regge
exchanges. It follows immediately from (3.2) that the interference terms of exchanges
with exchange degenerate trajectories cancel if they have opposite signature, indepen-
dent of the strength of the residues f,;,(,¢%). This way the interference terms of p and
A, and 7 and B respectively drop out in (3.2). To simplify the discussion we shall in the
following consider only non-interfering Regge exchanges. We shall at the end briefly
mention situations, in which the interference terms might play a role.

Together with s/M? also M? is large compared to m?, g% and ¢ we have the so-called
“triple regge region* [6, 7]. This is kinematically possible if s is sufficiently large. In this
case the diagram in fig. 3a reduces further to the triple regge graph (fig. 3b). It amounts
to approximating the reggeon-particle amplitude by a Regge expansion

Aip,ip (M?, 1) = Beosgpii(1) (MPy @ 4 Bros Irii(D) (M?)=©, (3.4

The first term in (3.4) is the Pomeranchukon exchange. It produces the scale
invariant contribution to the inclusive cross section, whereas the second term describes
the scale breaking contribution.

One might expect (3.4) also to be a good approximation for smaller M2 in the sense
that (3.4) describes the reggeon-particle amplitude for low M2 on the average (similar to
the Dolen-Horn-Schmidt [9] type of semilocal duality hypothesis for two-particle
reactions). However this need not to be the case since Regge particle amplitudes are
known to satisfy fixed pole sum rules [10]. One should therefore distinguish (3.2) from
the ansatz (3.4). This point will be elaborated on in ref. [8].

For one particular Regge pole exchange (/) in the yr channel the combination of
(3.4) and (3.2) yields the following triple Regge expression for the inclusive one-particie
distribution:

d’c 1 . 2(1)“"(’)
ST som? By (1, 4" 1&: (D] Ve
(3.5

X {Brys e DMY 2O 4 fro (1) (MY},

Usually experimental data are presented in such a way that the inclusive cross
section is plotted as a function of x for fixed k, and s and not as a function of M2 for
fixed ¢ and s which would be much more transparent from the theoretical point of
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view. The relation between M? and ¢ and x and k, respectively, is asymptotically
(s> 0):

M? = s(1—x),

t = —[x(1~x)(—g»)+1—x)m2+ki]/x.

(3.6)

For photoproduction (g* = 0) and for electroproduction with g* small compared to
k?/x(1 —x) the main x-dependence comes from the factor s2%® (M ?) =)= 22 ®) yjth
K =P or K =R respectively. We have for the two types

d%e

K=P, s TV (1—x)' 720 (3.72)
- d’o -+ 31— 2a:(t)
K=R, s FPRTYE ~s *(1—x) , (3.7b)

where we assumed that ap(0) =1 and «gx(0) =0.5. The magnitude of the R-term in
(3.5) could be studied by comparing data with eq. (3.5) as a function of s for fixed x
and k2. This has been done by Moffeit et al. [11] for the over k7 integrated distribution
for yp—»n~ X with E,=2.8, 4.7 and 9.3 GeV. Their data are consistent with scaling
i.e. only a small contribution of the Regge-term compared to the Pomeranchuk-term.
They also made a fit of their data to eq. (3.7a) and determined the trajectory as a
function of t. The trajectory found is compatible with a Regge trajectory of slope
1 GeV~2 and intercept of zero. Of course, the candidate for this trajectory is the pion
trajectory. Therefore inclusive photoproduction data for charged pions seem to be
consistent with pion exchange and Pomeranchuk exchange in the respective
t-channels. Of course, it is not ruled out that the tensor and vector trajectories still
make important contributions. For example, near x =1 the term (3.7b) diverges like
(1—x)" 227" for ag = a,=a,, = 0.5+agt. It is one of the purposes of this paper to
find out whether we can expect such contributions in the photo- and electroproduction
of charged pions.

The next step is to find out which contributions the exchanges n, p(w) and A, in
the yn channel make to the four cross sections day, do;, dor and do;. The Regge pole
expansions are constructed so that, when one extrapolates to the particle poles in the
y7 channels, the appropriate elementary spin structure emerges. To this end one makes
use of the invariant structure functions V; defined above and for example the gauge
invariance of the pion contribution is assured, if we identify its contribution with V.
The latter reduces to the Drell formula [12] for elementary pion exchange and preserves
the kinematic constraints on H o and Hy, in the limit g* — 0. [In fact this prescription
is similar to the usual gauge completion of the pion exchange graph in exclusive
photoproduction.] The results for the above three exchange contributions will be
listed below.
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3.1. Pion exchange

We have

%(H+++H+—)=0,

2 a,(1)
Y(Hyy—Hy o) = Fa(g)1&, (0 (X/Is_z> Im Ty (t, M?)2k],
(3.8)

2 on(t) —_
Hip= Fi(qz)léan(t)'z <MSE> Im T5 (1, Mz)(—2\/2v -q° ky %)’

Hyo = F2(q? B N Y
00 — T q )léczﬂ(t)] MZ m nN(t5 ) q VZ -

In (3.8) the T,y is the off-shell pion-nucleon forward scattering amplitude for pions
with mass ¢ and averaged over the helicities of the nucleon. We notice that the pion
exchange contributes to the three cross sections o), oy and oy. It does not give a
contribution to the cross section for photons polarized perpendicular to the scattering
plane. This result is in line with the expectation that exchanges with odd normalities
do not contribute to ¢,. The result (3.8) if inserted into (2.11) agrees with Drell’s
formula [12] for inclusive pion photoproduction if the limit to elementary pion
exchange is taken. Furthermore we notice that H, , ~H, _~o vanishes for k, -0
like k2. From spin conservation this cross section does not need to vanish in this limit,
whereas H ., must vanish like k£, and H , _ like k3 for kinematic reasons. The behav-
iour of o] was pointed out by Drell and Sullivan when discussing two body electro-
and photoproduction amplitudes involving elementary or Regge exchange [13].

3.2. Rho (omega) exchange

We parametrize the forward p-nucleon scattering amplitude averaged over the
nucleon helicities by

Im Tﬂﬂjv: Vl pupv_VZg;nu (3.9)
so that the helicity amplitudes in the pN c.m.s. for virtual p’s with mass ¢ <0 are

Im Tfl\-,f- = V2 3
(3.10)
Im T2 = —V,—[A(M?, m?, 1)/41]V, .

It is instructive first to calculats the helicity cross section for elementary p-exchange
and then proceed to the Regge expressions. The result is
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_Fﬁny(‘l) 112 2,22 112 2_ 2.2
H,. _(t—mz)z {Va[—4k2q® +(kq)* —q° mi]1+ Vi [3ki((pg)* —q° m*)1},
H,_ = Foey(” ){q Va+ Vi [(pa)* —a® m* 1} 3 k1,
(t—mp)
3.11)
= My(q)\/( ‘I)kl{ aVz}
(t_ p)
Ho =Lm@) iy,
(_ p)

In eq. (3.11) we observe the following facts. All four cross sections vanish for k = ¢
(then k&, = 0) which is in agreement with the statement of Drell and Sullivan for natural
parity exchange. Second in the high energy approximation s—oo wehave H, , =H , _
and H .o = Hy, = 0. This result is quite general and is valid for all trajectories with
positive normality. In (3.11) F,,, (g% stands for the transition form factor y(g?)->pn.

It is simple now to write down the Regge expressions for the cross sections H,,:

2ap(t)
. S e
FH s+ Hy D) = Fony (@), (012 MV (M2, 1) (—‘Mz) kI,
3.12)
Y(Hy—H, )=H,o=Hy=0.

From (3.12) we see that the Pomeranchuk term in ¥, is proportional to M ~2
so that H,, = H, _ have the appropriate behaviour M?2. In order that H, , is
dominant for s—oo that means H, , ~s**® we must have ¥, #0. This is possible
only, if —Im T3+ Im T2 . Therefore in order that the vector trajectories contribute
to the inclusive cross section the off-shell pN scattering amplitude is not allowed to
obey helicity independence in the pN c.m.s. [14]. Furthermore it should be noticed
that the cross section for p(w) exchange is proportional to k3.

From (3.10) we see that Im T55 has a singularity for £ — 0 if V| does not vanish like
t. It is not clear whether we should require that ¥ ~¢ for #— 0 also, since ¥, describes
in (3.12) the discontinuity for reggeon-proton scattering in the forward direction.

The formulas (3.11) can also be used for y-exchange (inclusive Primakoff effect).
We only have to replace F,(¢°) by F,,,(¢°) and the p-propagator (t~m2)~* by t 7%,
the photon propagator.

3.3. B-exchange

We parametrize the forward B-nucleon scattering amplitude averaged over the
nucleon helicities by

Im T3¥ = U, p,p,—Uj9,,» (3.13)
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and the yBr-vertex by
(2m)> {r(k) B(P) |, (0)10) = g.5,(4°)(Pq g,v—Py4.), (3.14)

with P = g—k. In principle (3.14) should contain a second coupling which accounts
for the d-wave part of the transition B — ny. We neglect this part because very little
is known about these coupling constants [15].

Then we obtain for the cross sections in the limit s— oo and for B-Regge exchange

%(H+++H+—)=O’

s 2 ap(t)
Y(H,y—H, ) = g2p,(g) 1,0 M* U (M?,1) (XF) i,

2ap(t) jk b
H.o = 0%5,(q%) 1&g (O M* U (M, 1) (ﬁ—) i—‘u<a+<cf—qk) ;),

4\/5qk

(3.15)
2 2 2 5 g4 2 s Vo0 —g2
Hoo =4gn éatMUM,t)——)
o0 =49 By(q )| B( I ( (MZ 4qk
b2
x (qk—(ki+mi)—(qz—qk) —5>;
v
H .o and H,, can be simplified for s — co if we use the variable x i.e.
2 2 2 g4 2 A — 1 2
H+0 = gnBy(q )'fzn(t), M Ul (M ,l) (7\47) 21:\/“551 kl(l—x)9
(3.16)
2 2 4 2 s 20 2 2
Hop = g, (4180 (YM U, (M7, 1) v (=g9)3(1—x)".
The result H, , = —H_ _ agrees with the general statement that trajectories with

negative normality do not contribute to do,. Furthermore we observe again that
H, . is proportional to k2.

3.4. A, exchange
The forward A,-nucleon off-shell scattering amplitude will be parametrized by
Im TA20, = Wip,p,P,Ps
+WalGupPyPstGus PyPot vy PuPot o Pulo) (3.17)
+W3(9up9vst 9uads,)-
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The yA,n vertex has the form

2n)*<n(k) Ax (g =), (00> = Foa, 1 (0%)Epapy a* KO K7, (3.18)

where y and § are the indices of the A, polarization vector.
Asymptotically (s— c0) only the part proportional to W, contributes. In this limit
we have for the A,-Regge exchange

2 2 2 548 2 s |2 42
YH. o +Hy )= Fra,,(a) |8, (O M° W (M ’t)<—1\7[7>

2 2
X%ki(glf_qk Zm,,(l_g_lg» ’ (3.19)
pq oy, pq

Y(Hiy—Hy )=H,q=Hy =0.

The last factor in (3.19) is for s— 00 equal to

(%M(l—x))z,

mAz

which is roughly proportional to x> for moderate ¢* and k2. Of course, also this
contribution is proportional to k7 and obeys the rules for natural parity exchange.

The vanishing of H, . with k3, follows necessarily in a pure Regge pole model,
since it predicts for symmetry reasons that H, , = + H, _ and H, _ vanishes with
k2 for kinematic reasons. If however H , , ~ doy does not vanish at k3 = 0, as seems
to be the case experimentally, then necessarily doy=do, =doy at k3 =0. The
vanishing with k% of H, , and H, _ is completely similar to the vanishing with 7 in a
conventional Regge pole model for exclusive photoproduction. There one took, as a
possible solution conspiring Regge exchanges, the idea being that the conspirators
contribute in the same way, but have opposite normality. Of course Regge cuts have
the same effect, since they, in general, do not correspond to the exchange of definite
normality.

Up to now we have not considered interference ferms resulting from different
exchanges in the two y7 channels. We already mentioned that exchange degenerate
trajectories do not interfere with each other. Further if one does not measure the spin
of the target proton only interference terms involving the same normality are possible*.
Therefore only p —w interferences are possible in the case of yp — n°X. This can make
a small difference in the n° distribution near x = 1.

* This is similar to the situation in two-body photo- and electroproduction of pions.
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4. Inclusive cross sections for the Regge pole model

In this section we shall give the results for the various inclusive cross sections which
have been calculated on the basis of the Regge pole model discussed in sect. 3. For
this purpose we inserted the H,, as given by (3.8) to (3.15) into (2.11) and computed
the contributions of the different exchanges.

Let us start with the one-pion exchange term (3.8) which is the dominant Regge
pole contribution for photo- and electroproduction of charged pions.

For the off-shell pion nucleon forward scattering amplitude Im T, (M?, t) we
either take the Regge expansion (3.4), where we replaced the Regge residues by their
on-shell values [17] or put in the actual measured pion nucleon total cross section at
the appropriate M? value. With the first case we obtain the picture as plotted in fig. 4
where the invariant cross section 2k,d*¢/d>k for photoproduction (g* = 0) is shown
as a function of k2 from 0 up to 5m? and as a function of x between x =0.75 and
x =1. As a function of k? all distributions vanish for k? = 0, have a maximum near
k? =m? and fall off with k} quite strongly. This strong fall-off comes from the pion
propagator squared which in our case is contained in the signature factor |&, (2)|>.
This is proportional to (ma’/sin ma,(2))>. Another important factor in (3.8) is

2 an(t) 2 _
(#) M? = 5(1—x)' 2"% exp [2ki ————]“(lx x)], @.1)

s y+p—™m+X
d°c
—— 20

& Ey= 5 Gev

{ub/GeV?)

7

0.75

* Praax 0 1 2 3 4
———= k{ (mg ?)

Fig. 4. k2 and x distribution for yp—zn*X, E, =5 GeV and g% =0, based on reggeized one-pion
exchange and asymptotic form for n~p total cross section,
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if we take for the pion trajectory «,(t) = t~m? so that k? and m? in (4.1) are measured
in GeV?. The second factor in (4.1) has the characteristic effect that the k? distribution
antishrinks with decreasing x. This is quite clearly seen in fig. 4. For fixed k2 the
distribution in x is approximately described by (4.1) also. This distribution vanishes
for x =1 and increases for decreasing x < 1 as is seen in fig. 4 explicitly for k3 = m?.
In fig. 4 we calculated the inclusive distribution for the process yp — n ™ X. In the triple
Regge approximation the distribution for yp—zn~ X differs only little from the
distribution in fig. 4. Since the total cross section in the intermediate energy region for
n* p scattering is smaller than that for 7~ p, the distribution for yp — 7~ X will be
somewhat smaller (roughly between 10-20%). In fig. 5 we plotted the distribution for
yp—n~ X using the second possibility for Im T,(M?, t). Since, even for photon
energies of E, = 5 GeV, the missing mass M 2 is in the region of the 4(1236) resonance
for x~ 1, the strong peak in n™* p total cross section caused by this resonance must
enhance the inclusive distribution for the appropriate x value. This low mass enhan-
cement is much larger in yp— n~ X because the 4-peak is largest in n* p total cross
section. One also notices in fig. 5 that the resonance structure is reduced with in-
creasing kZ because of the antishrinking of the k? distribution with increasing missing
mass M.

q Y+rp—Tn" + X
[
d3k 20

{ub/GeV )

E'Y= 5 GeV

——= ki img?)
Fig. 5. k? and x distribution for yp—n~X, E, =5 GeV and g2 =0, based on reggeized one-pion

exchange and measured zn*p total cross sections.

Before looking at other exchanges for inclusive photoproduction we shall discuss
the pion exchange contribution for inclusive electroproduction. Of course, for very
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small g the distributions for electroproduction will look very similar to the distribution
for photoproduction, the longitudinal cross section (Hyg or doy /dxdk?) will be small
and also other terms depending on g* are negligible. The mass scale for this similarity
is the pion mass. This is clearly seen if one compares in (3.8) the formuias for H, ,
and Hy,. In Hpyo the k2~ m2 in H, . is replaced by ¢ and in the pion propagator
a,(¢) = t—mZ we have now the extra term (—g%) x(1—x) i.e.

miet = L (=g x(1—x)+ m2+K2), (4.2)
X

which must be small compared to m2 if it should not play any role. On the contrary
if g* is increased to values large compared to m? the inclusive electroproduction
is determined predominantly by the longitudinal cross section (of course only if &
is of order one, see (2.8)), and furthermore the extra term ( —g?) x(1 —x) influences its
behaviour quite strongly. We see this clearly in fig. 6, where we show the inclusive
distribution for E, =5 GeV, ¢*=0.2 GeV? and &= 0.8 as a function of x and k7.

E%;%\

Yy * P T W +x

{(ub/GeV 2) Ey= 5 GeV
q%=02 Gev?
e =08

Fig. 6. k2 and x distribution for yp—n* X, E, =5 GeV, g2 =0.2 GeV?, ¢ =0.8, based on reggeized
one-pion exchange and asymptotic form for n~p total cross section.

Now the cross section does not vanish any more for k2 = 0 (see (3.8)). The fall-off with
increasing k7 is still determined by the pion propagator and by the factor (s/M?)2*=®
but now the pion propagator and o,(f) change with x, because of the term
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+
dic Yy+p—= Tt X

dakz Ey=5 GeV
{Lb/GeV 9) ; )
q- =05 GeV
\
e =08
20
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~T~
N
—~
.
Knax 1 2 3 4 5
—— k]z- (mﬂ 2)
Fig. 7. As fig. 6 except g2 = 0.5 GeV?2.
-~ do . + p —_— “»'O +x
= N Y
(ub/GeV?) ¢ Ey =50 GeV
g%= 0

|
|

25

kmax 0 02 G4 06 08 10
———= k% [Gev 2

Fig. 8. k2 and x distribution for yp—>7°X, E,=5GeV, g2 =0 based on Regge » exchange and
an asymptotic form for N cross section.
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(—g»x(1—x)in (4.2). Therefore one has a strong fall-off with k% near x = 0.95 and for
decreasing x the cross section changes with k7 much less dramatically. Also compared
to photoproduction the x-distribution is different. It still vanishes for x = 1, but near
x =1 it increased strongly and then falls down slowly with decreasing x. Fig. 7
exhibits the same picture for g* = 0.5 GeV?2. To get an impression of the contribution
of the other exchanges we show in fig. 8 the x- and k2 distribution for w-exchange
with a normalization which is given by the known g,,, coupling constant and the
function M*V, (M?,t)=0.5Im T,N(M?* m2) in (3.12) so that it corresponds to the
prediction for inclusive n° photoproduction. We observe the forward dip in k% and
maxima of the k3 distribution at k? of the order of 0.1 GeV? depending on x. Of
course w, p and A, exchange contribute only to H, , + H, _. The distribution for p
and A, exchange look similar to the one in fig. 8, only with different normalization.
Since the maximum in k7 occurs much further out than for pion exchange and the
absolute normalization is much less than in pion exchange the p~ and A, contribution
are negligible for very small k2~ m? but can contribute further out near k%~ 10m?
since the k2 slope of these distributions is less than for the pion exchange (see fig. 11).

Now we shall compare the Regge pole model with recent experimental data [11,18].
Here we shall use the usual vector dominance argument and insert the p(or w) pole
for the yr reggeon form factor. In fig. 9 we show a comparison with photo- and electro-
production data (x distribution) with k% ~ 0 and photon energies near 3 GeV from
the DESY groups Burfeindt et al. (g2 = 0), Dammann et al. (—g? ~ 0.2 GeV?) and
Alder et al. (—g” = 1.15 GeV?). The ¢ = 0 data (fig. 9a) are compared with the theory
with k? = m2, because we expect that the forward dip is filled in by Regge cut contri-
butions. The theoretical curves for g2 # 0 are for k% = 0, since in this case the longitu-
dinal cross section dominates. We show two curves, a solid curve, for which the
imaginary part of the pion-nucleon forward amplitude is presented by the asymptotic
expression (3.4), the other, a dotted curve, where we replace the = — N amplitude by
actual data from n~ p total cross sections. The theoretical curves are for yp—n* X
and in fig. 9b the discrete one-neutron contribution is taken out in the dashed curve
as has been done in the data analysis. In fig. 9¢ the data of Alder et al. contain the
one-neutron contribution and it has been included also in the theoretical prediction
(dashed curve). Concerning the comparison between experimental data and theoretical
curves we see that the different shape of the x-distribution if we go from photo-
production ¢? = 0 to electroproduction with g2 0.2 GeV? is well accounted for. The
one-pion exchange with asymptotic forms for the 7 — N amplitude describes the data
in average quite well including the single nucleon contribution. Structures for x values
near one are well reproduced by the corresponding structures in n~ p total cross
section. For larger ¢?(2 1 GeV?) the triple Regge mechanism, we have considered,
contributes appreciably only in the small region x> 0.85, thus leaving the large ¢* data
for x <0.85 unaccounted for. The p—A, contribution could be a candidate for the
latter region, which is fairly constant in x, see fig. 9¢c. However, the normalization
would have to be at least an order of magnitude larger than our estimate.
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Fig. 9. Comparison of pure Regge pole model for g2 = 0.0, 0.2 abd 1.0 GeV? with x distribution of
the inclusive data for yp—n* X from ref. [18]: (a) Burfeindt et al., (b) Dammann et al., and (c) Alder
et al. [The theoretical curves are described in the text.]

We now turn to the k? dependence of the inclusive cross sections for fixed x, in
particular the question of the forward dip. In fig. 10 we compare data from Burfeindt
et al.,, taken for a lab. scattering angle of 6 =2° (which is equivalent to k, =0.11x
GeV), with our prediction. We see that the theoretical curves for yp—n~ X and
yp—n" X as a function of x agree qualitatively with the x-behaviour of the exper-
imental distribution, in particular the cross over in the #* and =~ distribution near
x =0.85 is reproduced. However the absolute normalization of the theoretical pre-
diction is'wrong by a factor around 3. The origin is the k factor in H, , in eq. (3.8).
We conclude from this, that the data in #* and 7~ inclusive photoproduction do not
show the forward dip. The difference in normalization would be partially remedied if
one replaced k7 in (3.8) by m?2. This suggests that the inclusion of Regge cuts might
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Fig. 10. Comparison of pure one-pion exchange model for ¢> =0.0 and &k, =0.11 x for yp—n~X
(full curve) and yp—=n* X (dashed curve) with the data from Burfeindt et al. [18]. The off-shell #N
cross section is replaced by measured values of z*p total cross section.

account for this change. The nonvanishing of the cross section at k% =0 is also seen
in the data of Moffeit et al. [11]. In fig. 11 we show their data at E, = 9.3 GeV for
yp—=n~ X as a function of k7 up to k? ~ 1 GeV? and compare them with the Regge
pole model. The theoretical curves are computed for x=0.7 whereas the data represent
an average over the interval 0.7 < x < 1.0. The data clearly do not show the forward
dip present in the theoretical curve. But otherwise the k7 dependence up to kI =
= 0.2 GeV? is well reproduced by the pion exchange contribution. For larger k7 the
data shows a change of slope in the &} distribution. This we can explain by adding the
p and A, terms which have a smaller slope (~ 3 GeV ~?) similar to the w-contribution
which determines the 7° inclusive photoproduction. Our prediction for the n° inclusive
photoproduction is confronted with recent data of Berger et al. [19] in fig. 12. Also
these data have no forward dip, in disagreement with the factor k2 in the formula
(3.12) (and (3.15) if we would include also B-exchange). The theoretical curve has
therefore a maximum for k7 = 0.3 GeV? which is certainly not present in the data. On
the other hand the different fall-off of the k% distribution compared to the 7+ or 7~
distributions (see for example in fig. 11) is well accounted for by the fall-off determined
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Fig. 11. Data for yp—n~ X from Moffeit et al. [11], E, = 9.3 GeV and 0.7<<x<1.0 compared to 7,
p and A, exchange model with x = 0.7 as a function of k2.

by the w-trajectory and the absolute normalization is reproduced. This suggests that
w-exchange is responsible for the n° distribution in the photon fragmentation region,
however apparently with a significant absorption correction. In this context we might
mention that the process yp - n°p (or yp—n°n) are rather well described by w-
exchange but here the cross section vanishes for t—0 (except for the Primakoff
effect) [20], so that the necessity of other contributions as for example Regge cuts is
not so apparent in this case if we look at the cross section alone.

If one approximates the k> dependence of the n* distributions by kod*o/d*k~
% then the change in the slope parameter @ as one goes from photo- to electro-
production can be understood in terms of the formula (3.8). In fig. 13 the theoretical
curve corresponds to x = 0.7 whereas the experimental data of Dammann et al. is
averaged between 0.7 < x < 0.9 with the one-neutron contribution removed which
has the effect of weighting the average more towards x = 0.7.

~ e
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Fig. 12. Data for yp—n°X from ref. [19], E, = 6 GeV and x = 0.85 compared to w-exchange model.
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Fig. 13. Slope a of the form exp (—ak?) fitted to the theoretical distribution of the invariant cross
section as a function of g2 for x = 0.7, compared with the experimental slopes taken from Dammann
et al. [18] (yp—n°X).

Finally we mention that in the work of Moffeit et al. [11] the cross sections do
and do|; have been measured separately by using a polarized photon beam. Their
result in the interval 0.3 < x < 1.0, for the photon energy of 9.3 GeV and integrated
over k2 gives o 1/ = 0.68. If this result would be characteristic for x>0.7 and also
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for the k3 region below 0.2 GeV? we must conclude that the Regge pion term alone
is not compatible with the data in that region since it would predict this ratio to be zero
seeeq. (3.8) H, . = H, _) and do vanishes with k% —0. The fact, that this is not seen
in the data, indicates disagreement with the pure Regge pole model and we think that
significant absorption corrections must be included. The fact that additional contri-
butions to one-pion exchange should play a role in determining the charged pion
distribution was emphasized recently in connection with the gauge problem by
Miitter et al. [16].

5. Conclusions

We have analysed the one-pion distributions in the photon fragmentation region
of inclusive photo- and electroproduction within the framework of a Regge expansion.
With only Regge pole contributions in the y% channels, we have seen that spin and
symmetry requirements play an essential role in determining the structure of the
polarized cross sections. Furthermore the Regge pole model reproduces the over all
scale of the normalization and some qualitative features of the data. At no stage were
free parameters introduced, but instead we made estimates, by for example relating
off shell quantities to their physical limits. The g> dependence of the yn-reggeon form
factors was approximated by the p (or w) pole contribution and it was seen for
0.8 < x < 1.0 this accounts for the change in the normalization of the =¥ distributions,
as one goes from g> = 0 to ¢* = 1 GeV? (see fig. 9). This suggests the triple Regge pole
contribution has a stronger g% dependence than the total inclusive structure function
and gives an increasingly negligible contribution to the latter for larger ¢2. This is not
surprising, since the Regge pole model predicts that, for larger ¢2, the n¥ distributions
are predominantly determined by the longitudinal structure function Hy,, whereas the
total inclusive cross section is known to be mostly transverse.

If one were to introduce free parameters within the context of a purely Regge pole
expansion, a number of features of the data would still remain unaccounted for. In
particular the behaviour for small k2 would not be explained. This leads us to conclude
that Regge cut contributions play a non-negligible role. The nature and effect of
absorption corrections in inclusive photo- and electroproduction will be discussed
elsewhere [8].
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the hospitality offered to him at DESY.
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