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Abstract: Electron-positron annihilation into hadrons, photoproduction, total and singly inclu-
sive electro-production are discussed in the framework of a scaling model of electromag-
netic interactions in which the photon is coupled to a continuum of hadronic states
whose properties are established consistently. The model makes use of the coneept of
the shrinkage of the size of the particle with its mass, The exhibition of scaling properties
in e.m. interactions demands a similar scaling behaviour of strong interactions. Predictions
are made which are in good agreement with experiments.

1. Introducﬁon

Over the past few years, considerable efforts have been devoted to the under-
standing of the electromagnetic interactions of hadrons. The measurements of in-
elastic electron scattering performed at SLAC [1] have given evidence of a scaling
behaviour of the nucleon structure functions and suggested an intuitive picture of
the hadrons as composite systems of point-like constituents with simple properties.
On the other hand, the study of the photoproduction of hadrons and similar pho-
ton initiated hadronic processes at high energies has indicated strong similarities be-
tween these processes and ordinary hadronic reactions. This hadron-like behaviour
of the photon is quantitatively stated in the conjecture that the electromagnetic
current is saturated by a few vector mesons poles, say, p, w and ¢. This statement
leads to a set of relations [2] between the cross sections for photon absorption by
nucleons, photoproduction of vector mesons, Compton scattering, and vector me-
son production through electron-positron annihilation. This set of relation is only
qualitatively satisfied. Furthermore, the results from ¢*e™ annihilation suggest that
higher mass vector mesons can be coupled to the photon, the broad p'(1600) [3] be-
ing one typical example. The high energy data from Frascati and CEA indicate [4]
in addition a strong hadronic production with total cross sections also larger than
0,5 » the point-like muon pairs production cross section. The ultimate goal would
be to reach a unified understanding of the electro-magnetic properties of the hadrons
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as the photon mass is continuously varied from the q?* ~ 0 limit, where hadron-like
behaviour is clearly indicated, to the large g2 (g2 both positive and negative) deep
inelastic region, where point-like behaviour seems to be suggested.

Some attempts along this line have been reported recently [5, 6], suggesting a
simple and unique scheme of electromagnetic interactions. The underlying physical
idea is that the photon is coupled to a continuum of hadronic vector states with a
linear mass spectrum of the Veneziano type, the same which can be excited in e*e~
annihilation. As long as the g2 values are rather small, the effect of the continuum
is only to “renormalize™ the p dominance results, the corrections being however, es-
sential to a quantitative understanding of the links among different processes. Typi-
cal examples are the improvements found in total photon absorption and Compton
scattering on nucleons [S, 7, 8], and in radiative meson decays [9].

In e*e™ annihilation, of course, this is no longer true; the cross sections are do-
minated locally by the nearest pole, for example as indicated by the recent Frascati
data [4] around the p'(1600). On the other hand, when q? gets large higher mass
contributions become more and more important, and the continuum gives rise, un-
der suitable conditions, to a smooth scaling behaviour of the cross sections, which
simulates a point-like interaction. Several applications of this idea have been suc-
cessful in deriving scaling results in ete™ annihilation into hadrons [5, 10, 11], deep
inelastic electron-nucleon scattering [5, 8, 11], and lepton pair production in has-
dron collisions [6]. &

The aim of the present paper is to provide a unified picture for the main hight*
energy processes involving real, space-like and time-like photons, by using this idéa
of hadronic constituents of the photon, and determining their properties from con-
sistent links among different processes. Some of the results reported here have al-
ready been published [5, 6].

We first study the e*e™ annihilation into hadrons, both in the low-intermediate
energy region of resonance production, and in the asymptotic regime. In particular,
we discuss the implications of the existence of a p'(1250) meson, suggesting its iden-
tification with the wn enhancement diffractively produced in the reaction yp —
wn’p [2]. In the asymptotic scaling region we determine the vector-meson photon
coupling constants and the total widths of the hadronic components of the photon,
giving also a prediction for the total e*e™ annihilation cross section. The pion form
factor F,_is also studied along the same lines.

Photo and electroproduction are then discussed in the frarework of two-compo-
nent duality (diffraction + resonances). By extending to the whole set of vector sta-
tes the well-known VMD relation between the photon nucleon total cross section
and that for photoproduction of vector mesons, we are able to determine the den-
sity of the mass spectrum, which turns out to be of the form ms; = m% (1+2n),in
other words a pure Veneziano-like spectrum. The nucleon structure functions are
then nicely predicted, in good agreement with experiments. An appealing feature of
this approach is that the scaling properties in e.m. interactions as Q% — oo requires a
similar scaling behaviour of the hadronic interactions as m2 approaches infinity, m
being the mass of the hadronic continuum coupled to the photon.
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By employing the general fremawork proposed by Mueller [12], we extend our
results to simple particle inclusive electroproduction. Particular emphasis is placed
on the Q2 dependence of the distribution functions. The main feature of our ap-
proach is that the average transverse momentum of produced hadrons in the photon
fragmentation region grows as \/Q—2 . A similar dependence is also found in large mass
photon production in hadronic collisions [6]. All the above results can be easily un-
derstood in an intuitive picture of hadronic as well as non-hadronic scaling which
has been recently proposed [6], and which makes use of the hypothesis of shrinkage
of the size of a particle with its mass. As also stated earlier, all our scaling results co-
incide with those of the parton model [13] as far as the integrated cross sections are
concerned, but the inclusive distribution functions have a quite different Q? depen-
dence.

Finally, we also report for completeness the results recently obtained [14] in the
framework of the same picture of hadronic scaling, concerning inclusive production
at large transverse momentum.

2. ete™ annihilation into hadrons

We consider electron-positron annihilation into an arbitrary final hadron state f
in the one-photon exchange approximation, and on the hypothesis-of dominance by
an intermediate vector meson state. Define e‘mz If,, as the coupling-of the photon to
the vector meson of mass m,, and width T',,, Then the total cross section forete =
V, — fatatotal energy 2F = /s near the mass m,, can be written as

16m202 9 P

2 (s-m2)2+m21r2
The coupling constant f, is assumed independent of the photon mass /s, and is mea-
sured on the vector meson mass shell.

In addition to the well-known p, w and ¢ mesons, whose properties have been ex-
tensively studied at the Orsay and Novosibirsk storage rings, a new vector state, the
p'(1600) has recently been observed at Frascati [3, 4] and at SLAC [15] with 'y ~
350 MeV, prr as the main decay mode, and (fp//fp)2 ~ 4--5. The main properties of
this vector state, and the corresponding sizeable production of inelastic final states
in e*e™ annihilation, were predicted [7, 9] on the basis of a previous study of the
radiative decays of mesons, together with the use of FESR techniques. The broad-
ness of this state, and the present experimental uncertainties, make its exact mass
difficult to determine. However for a world of linearly rising Regge trajectories of
universal slope, we can identify it with the vector component of the first even daugh-
ter of the p, and rename it p"(1600).

What about the odd daughters, and in particular the p'(1250)? In the framework
of our model, with its infinity of vector mesons coupled to the photon, and with the
assumption of a linear mass spectrum m% = m% (1 +an), we are able to determine the

Ueé—»f(s) =

)]
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spacing @, as shown below in discussing the g2 = 0 processes. The result will be g =
2, in other words, a pure Veneziano-like spectrum. It is therefore interesting to look
at the experimental situation concerning the p'(1250) in photoproduction and ete™
annihilation. There exists evidence [2] in photoproduction in both bubble chamber
and counter experiments of an cm enhancement at masses around 1.25 GeV with
compatible results for the cross section, which is observed to be of about 1 ub and
roughly energy independent, suggesting a pomeron exchange mechanism. The ab-
sence of a strong n* 7™ signal at the same mass, and the lack of a spin parity analy-
sis, has led to the suggestion that this enhancement be identified with the JF = 1* B
meson, leading to the first clear counter example to Morrison’s [16] rule. If, how-
ever, for some dynamical reason the mode p' —~ 7t7~ is depressed, the observed en-
hancement could be identified with the p'(1250). In the following we shall show
that this hypothesis is consistent with the current experimental situation. Assuming
the approximate equality of the p and p' elastic cross-sections, and neglecting non-
diagonal terms pp — p'p, one can deduce

fp 2 Upsion
—— ~ 0.06, 2
(;;,) T, @)

having used for p photoproduction the value 0, = 16 ub at 4 GeV.
In the reaction e*e™ = 7*n™~ [17], on the other hand, one observes a clear devia-
tion from the Gounaris-Sakurai expression for F, around Vs~125GeV,ina region

in which the data are not contaminated by possible K¥K™ pairs. Assuming a p’ pres-
ence in the data one finds [18] 8y wnlfp = —0.05 and, therefore

2 '
<fi> Lot 05X 1072, 3)
Ty Ly
where we have assumed I';» 2 130 MeV [19]. From (2) and (3) there follows | -
Ly on = 0.08, showing consistence in identifying with the p'(1250) the cm enhance-
ment found in photoprodluction. Another suggestion of a 1™ state with mass and
width of 1.25 and 0.13 GeV respectively comes from pp annihilation at rest in the
wmn final state [19]. Eq. (2) implies for e*e™ = p' = wr a cross section of about 40
nbs at the p’ peak, which is again consistent with the storage rign results [4]. Finally,
a strong wm coupling is also suggested from a previous study of radiative meson de-
cays [9] which also predicts gp:wﬂ/gpwn < 0. Clearly, further and more accurate data
are needed to decide definitely upon this vector state which, from the above rough
estimates, appears to be quite weakly coupled to the photon.

We would like to discuss now the scaling implications for our model in the asymp-
totic region. Let us observe first that the total annihilation into hadrons can be writ-
ten in terms of the decay width of a virtual time-like photon of mass+/s as

4o
Oz n8) = T 1 (5). )
ee h( ) S3/2 0% h( )

The scaling hypothsis requires that Lyon®)~ /s, which is consistent with.naive di-
mensional analysis.
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Assuming an infinite set of vector states-coupled to the photon, we have from

(1)

1 m, F
n [ (s—mp)* tm:Ts
where interference terms have been neglected. This approximation will be discussed
in detail in the case of a simple final state, namely e*e™ = 7¥n~
A simple solution for an asymptotically scaling cross section is given by

&)

I, m;,
—— =+ = const, =p2 = const, (6)
m, f%

consistent with I, _,;(s) ~+/s. From eq. (5) we obtain then

64m2a? b2 1 dy
I 2 s f 2 1n2y2 Q)
am2 S s (=12
and, therefore,
64n2a? B2
Ooz—n(8) > —; [37 +arctg(1/7)], (®)

"3
where a factor 3 accounts for both the / = 1 and I = 0 components, and as usual

m2 = mo(l +an). Usmg the value b2 = mz/fz, which seems to be suggested already
by the results on the p"(1600), we predlct

2
omn®) = 0,6~ (25— 3) 0,56 ©)
3 o
where the value ¢ = 2 has been used. This result is consistent with the large cross
sections (0 gz /0 2) recently observed [4] both at Frascati and CEA (9 <
5 < 16 GeV?).

As it is clear, the point-like behaviour of 6,5 _1,(s) is provided in our picture by
broader and broader higher mass vector mesons which add together to build up a
smooth scaling continuum, in a very similar way to what happens in strong interac-
tions, where an infinite number of resonances build up a smooth Regge-like beha-
viour of the scattering amplitude. As an immediate consequence of this picture we
predict a quite isotropic distribution of the observed final particles, and therefore
the absence of jets which, in the parton model [13], arise from the existence of a
transverse momentum cut-off,

We discuss now, within the framework of our model, a particular simple final
state, i.e., 7*7 ™. Our aim is to provide some control of the approximation in (5)
of neglecting possible interferences among different intermediate vector mesons.
The main results concerning the pion form factor F_(s), together with a discussion
of the energy dependence of the final multiplicities in eTe™ annihilation will be re-
ported elsewhere [18]. As they bear on this question of interference, for the reader’s
convenience they are summarized in the following. Given F_(s) in the form

uE =
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oo

1
F s=2— e , 10
nl n=0 Tn s— m2 +im, T, Enm (10

the sum is then separated into two pieces,

N
EZ_) = 2

n=N+1

k]

where asymptotic considerations are applied to ', The following two working hy-
pothises are made.

(i) The term having 1/s behaviour coming from ¥ is asymptotically cancelled by
the continuum, all components of which are in phase. This condition is realized in
all Veneziano-like models for the pion form factor-[20].

(ii) The asymptotic behaviour of F' () iss™ 32, being fixed by the threshold be-
haviour of the inclusive single pion distribution function which is assumed to have
the form F(x) ~ (1 —x)2.

Using (6) one then finds that asymptotically

2

T, m= \4
n
n
1 4m2g 3/2 28 T
FW(S)"“E { Z(;)f Enmn T ity - (»S—) 7 27 (1 +y2) Y4 (siu 6 +i cos 8)
n p )
with ‘um

cosf = {1+~ ~1, sinf={=z{1——"—u ~
2 VT2 2N VI

We consider now the case of narrow resonances, which leads to no interferences
in the final state. By writing

) DR S (13)
n=N+1 I s—m2 +ie

and performing at the end the limit € > 0, we find, with the above assumptions (i)

and (ii):

" 2\3/2
F,r(s)~—%§7ri<ﬁe)/ . (14)
fo s 1
The only difference with eq. (12) consists in the factor (1 +v2)? (sin 0 +icos 6) ~ .
This result supports therefore the approximate validity of (5) in the general case of
the total cross sections.

Let us briefly conment on eqs. (11) and (12). Eq. (11) states the interesting result
of a very sharp decrease of the elasticities with increasing n, in agreement to what is
already observed for very low values of n. The cancellation of the first term of the
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right-hand side of (12) determines g from the knowledge of the lowest poles. The
fit to the colliding beam results up to energies /s ~ 1.8 GeV leads to

' nqg 32
F(s) = 3i <s—> ) (15)

3. Photoproduction

The failure of the vector dominance model in relating the cross section for photo-
production of vector meson to the total hadronic photon nucleon cross section is
well known. More explicitly, using the relation [2]

rp) = 16m2¢2 1 do®
Oiot(YP) = ¥ \% 16
tot v=p, ¢1/ fQ i +n2 dr ( p p) ( )

where do%/dr denotes the forward cross section, and 0y, the ratio of the real to the
imaginary parts, the value of f /4m obtained through eq. (16) from photoproduction
data is smaller by a factor of about two than the results from e*e™ colliding beams.
The inclusion of additive vector states has:been suggested-[5, 7, 8} as-a'possible way
out of this difficulty. We will:show-in detail that-eq. (16).can be exactly satisfied:in
the framework of our model, determining in addition the: exact density: of the vector
mass spectrum.

We shall assume the well-known two-component duality framework in which the
ordinary Regge exchanges and the pomeron exchange average the resonances and the
background respectively. The total photoabsorption cross-section can then be writ-

ten in terms of a diffractive and resonance contribution, and is parametrized as fol-
lows [2]:

64.9
0, () =00+ o ()= 987+$ub. (17)
Defining
16m 5
0, )= V - n2 4% o> op) (8)

with an analogous separatlon into diffractive and resonant terms, the inclusion of the
set of vector states leads to the following extensions of (16) for both diffractive and
resonant components:

opr =4;7rTa oEp E i +1an ;;p + isoscalars , (19a)
n g
P P
R
1 np(V)
1+an 4R
9p®)

YP(V) = 77;3 R @ p(®) E + isoscalars, (19Y)

o
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where we have used for all n the previous result mz/f2 ~ mz/f2 and the isoscalars
account for both cw-like and g-like production. In writing egs. (19) we have explicit-
ly assumed the validity of a diagonal approximation for the forward i imaginary part
of the vector dominated Compton amplitude. For the diffractive part this is support-
ed by the dominance of diagonal pomeron couplings over off-diagonal ones in two-
body and quasi-two-body hadronic processes. In addition, the value of f2 /4w obtain-
ed in this approximation from forward p-photoproduction is in good agreement with
the storage rings value. As far as the non-diffractive part is concerned, we will take it
as a working hypothesis and check its validity a posteriori.

Let us consider e% (19a). To proceed further we need the purely strong interac-
tion cross sections g, We will fix them by naive dimensional analysis, i.e. OD ~
1 /m In Regge language, this implies for the forward elastic (V,,p) amphtude A4,

A ~2<m2>;3,., (20)

with the same Bl for all n. Such a scaling behaviour of strong interactions has been
shown by Rittenberg and Rubinstein [21] in the framework of dual resonance mo-
dels. We finally obtain:

D _lld4ma p- 1 .0, 1
Onp 5 o - §2,a , 21

where a factor —; accounts for the isoscalars production-and {(2, 1/a) is the general-
ized Riemann’s zeta function defined as

{Gs,v)= > @+n) S,
n=0

Using photoproduction data [2] eq. (21) holds with a = 2, the correction to the pure
VDM result being 23%. The mass spectrum of the vector states coupled to the pho-
ton is therefore pure Veneziano-like, as stated earlier. Eq. (19b), augmented by eq.
(20) is now.a prediction of the model and provides a useful check for both the dia-
gonal approximation and for our statements on the m% dependence of the Regge
residues. We obtain

o, (V 11 4;7;0( oR
P
which gives a 69% correction to the VDM, and is in excellent agreement with the
data [both sides of (20) agree within ~5%][.

We have shown how the actual situation existing in photoproduction can be sen-
sible improved within the framework of our picture, providing also agreement with
the colliding beam results. As seen above, moderate but significant corrections arise
from the continuum of higher mass states at g2 = 0. In deep inelastic scattering, as
discussed below, the continuum will be.responsible for the observed scaling behaviour
of the structure functions, giving also a nice description of the data.

b 0) 5 £G.5). (22)
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4. Inelastic electron-nucleon scattering

Let us now discuss electron-proton scattering, particularly in the deep inelastic
region™. Recall the definition of the structure functions W, (v, g?) and W, (v, q?) in
terms of the transverse and longitudinal virtual photon cross section or(v, q%) and

23
o (V: q )
L

_ 1 (4
W)= - L) orna®) (23)
Wy, 4% = (v ——"2> < [o .43+ oy (v q?,)] (23b)
2 am2e N M) 22 T L :

where M is the proton mass. Let us separate the transverse cross section o (v, q%)
into diffractive and resonant part, as previously done at g% = 0. The obvious general-
ization of eqgs. (19) gives

R, q?)= dma <l — 1—> opr )R isoscalars, (24a)
1? ot n q? 2
p = +1+2n
U
12
R, q%) = 477—“(1 - —1—>0R ) 2 _ArmE isoscalars, (24b)
fz w PP n q2 2
p <__ +1+2n
mg

where as usually w = 2Mp/q? (g% > 0). Let us discuss separately the two contribu-
tions. Eq. (24a) can be rewritten as

2
D 2 _Tx 1 D q 1 .
o7, q°) = —(1 - ——>0 §<2, -+ + 2 ) +isoscalars, (25)
2 w/ PP 2 2
fp 2mp

which asymptotically behaves as

. m
o2, ¢%) (1/2::%]%9— (] ——1>0D £ , +isoscalars. (26)
P

From (24b) we similarly obtain
2 1/2 m?
R, gy~ " LY R ]/W.,P_ i
o7, q )q2—>oo f? <1 o > Oop(?) m% ! isoscalars. 27
0

* The argument goes along the same lines as of ref. {5].
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The transverse parts of the structure function is finally given by

WD 2 _1 ]
ZT(V’q )‘*022 1 ) s (283)
3/2
1 1
vWR (v, g2 —>0.3_—_<1—-*) : 28b
o1, ) 7o o (28b)

We would like to emphasize that our results are pure predictions of the model,
with no use of adjustable parameters. Let us discuss them in detail. In the framework
of two-component duality we have shown that starting from Regge behaved meson
proton cross sections, scaling results for W, naturally arise once a similar scaling be-
haviour is also shared by purely strong forward amplitudes, namely 4 e E,-so‘iBi(m,%)
with ﬁl-(m%) ~ (l/m,zl)“i [eq. (20)]. We recall that this follows from the n dependence
of the couplings £, as inferred from e*e™ scaling. Furthermore we have been able to
construct the structure functions explicitly, starting only with a knowledge of the
photoproduction data for the p, w and ¢ mesons. The precocious onset of scaling is
evident from eqs. (26) and (27), since mlz) fixes the scale of the momentum transfer.
On the other hand, as follows from eqs. (28), the threshold behaviour is quite poor,
the reason being simply due to the lack of any low energy (s ~ m%) resonant beha-
viour in the Regge-like expressions of 0,,.

Eqgs. (28) are plotted in fig. 1 and compared with experiments [1]. The presence
of a longitudinal contribution is accounted for by multiplying VW%’«R(w) by a fac-

06
05

04

v W,

03

0.2

0.1

Fig. 1. Diffractive (D) and resonent (R) contributions to the structure function vW,(w). See the
text for details.
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tor 1.2. As one sces the agreement is exceptionally good, especially if one bears in
mind that egs. (28) are absolute predictions of the model.

A few words about the longitudinal cross sections oy (¥, g?2) are in order here. The
naive extrapolation in g2 from g2 = 0 leads, as is well known, to a logarithmic growth
in g2, and therefore to a breakdown of scaling. On the other hand, it is a basic as-
sumption of vector dominance that certain matrix elements are smooth, which is ac-
tually quite ambiguous as the choice of the particular set of extrapolation functions
is not a priori obvious. In fact, it has been shown [22] that on the basis of onlz gauge
invariance and analyticity the commonly accepted statement o} /o ~ g‘qz/mV is not
a general feature of the model; other forms for o] /0% are also possible which pre-
serve Bjorken’s scaling. For example, if, just for fun, we assume U‘I/J/O%v ~ §‘q2 /(m‘2, +
qz) then scaling is easily obtained in analogy to (26) and (27). Thus in the absence
of a dynamical statement concerning o] , we have simply taken it into account by
using the experimental ratio R = oy /o ~0.2.

Insofar as the neutron structure functions are concerned, one can proceed [5]
analogously to the proton case, once the separation of the I = 0 and 1 contributions
to the photoproduction cross sections are known. The results are

pWD = oWh . oWE = 2w (29)

which extrapolated at threshold give 0.46 for the ratio vw2n/uw2p, consistent with
the present experimental indication [23].

5. Inclusive deep inelastic processes

In the previous sections we have discussed a picture of electromagnetic interac-
tions which in addition to giving consistent relations between different processes at
low values of g2, provides also a nice description of scaling for q? large, both posi-
tive and negative. If, however, in e*e™ annihilation scaling is essentially built up
from the electromagnetic properties of the hadronic constituents of the photon, in
deep inelastic scattering on the contrary we need in addition that the strong inter-
actions themselves have to share the same scaling properties. This feature is also
found in the production of massive lepton pairs in hadronic collisions, which has
been analyzed [6, 14] along the same lines. All these results can be visualized in a
simple picture [6] for the scaling properties of hadronic as well as non-hadronic pro-
cesses which suggests that the cross sections are determined by some transverse “size”
characteristic of the process which shrinks with the mass of the particle.

The idea that the average transverse size of virtual photons of mass 0?2 may de-
crease as 1/\/Q_2 has emerged from Cheng and Wu’s [24] calculations in Q.E.D. A
growth with Q2 of the average transverse momentum of produced hadrons correlat-
ed to a virtual photon, has been also investigated by Abarbanel and Kogut [25] in
the framework of multiperipheral models. Simple kinematical analysis generally
shows that in the appropriate regions one is naturally led to q'% ~ Qz, unless an ad
hoc cut-off in gy itself is assumed, as in the parton model [13].
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By using this concept of an average transverse momentum increasing with Q2,
we give a number of specific predictions concerning some inclusive processes like
massive photon production, single particle electroproduction, and pure hadronic pro-
duction at large transverse momenta, which can be easily tested, providing equally
crucial tests for the parton model [13].

The production of massive lepton pairs in hadronic collisions has been extensively
studied in refs. [6, 14]. However, in view of the great similarity in our framework

with the single particle inclusive electroproduction, we only quote here the main re-
sults:

Y
0 e o F), (30)
dQ% Z0%fixea €

do” ~ 1 B
N A A2 __—G(xFaxTax"T)a (31)
dQ%d3q/qy Q5 QF !

where xp = 2q’|‘f/\/s A T(x]f—xB), x]]-3 =2p;- q/Q2?,j =1, 2 are the usual Feynman and
Bjorken variables, and x = qT/Q2. The momenta are defined asp; +p, >q +X.
Eq. (30) is.the usual statement of scaling while eq. (31) contains in addition. the sta-
tement <q~2r=> ~Q% Eq.(31)isa consequence .of the Mueller: [12] formalism; for ex-
ample, in the pionization region (s/Q2, t/Q% and u/Q? all large), it is obtained.by
scaling both photon-proton subenergies as (sj/QZ)O‘, j=1,2. The function G hasa
hadron-like dependence on the longitudinal and transverse variables, with the excep-
tion of the broadening of the transverse distribution with Q2. Eq. (31) predicts a
1/Q% dependence of do/dQ? as long as the photon’s transverse momentum is restrict-
ed to a small region around g = 0. The BNL-Columbia experiment [26] has indeed
shown exactly that behaviour in this special kinematical regime.

In the case of a process of the type p +p = ¥(Q?) + h + X, one obtains a similar
Q? dependence of (hf) as long as the hadron h is correlated to the photon, and the
two-particle distribution function scales in this kinematical regiofl similarly to (31),
but with an extra 1/Q? dependence. This follows from the energy momentum sum
rule on the two-particle correlation functions. Similar results have also been found
in the framework of the multiperipheral model [25].

We would like to discuss now the implications of our picture in inclusive electro-
production with particular emphasis on the 92 dependence of the single particle dis-
tribution functions which, in the photon fragmentation region, turn out to be similar
to that found above. Let us define

1 do

f(s)qzykL,kT)E s
04i(s, q%) d3k/k,

(32)
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where kj and k¢ denote the longitudinal and transverse momenta of the detected
hadron. In our picture of a hadron-like photon we can apply a Mueller-Regge analy-
sis of the process, similarly to what we have done in the production of a massive
photon. Similar results have also been obtained by Cleymans [27]. Both in the nu-
cleon fragmentation region and in the central region, by virtue of the factorization
of Regge residues, one obtains for { results similar to any other hadronic process,
photoproduction being of course the most natural process to compare with. In
going to the photon fragmentation region (s, 2 large with w fixed, (g - k)/q? fixed
and x = ky [k . > 0), we find new, interesting, and quite different results con-
cerning the g2 dependence of £, essentially due to the increase of (k%) with ¢2.

In the lab frame, denoting by z the longitudinal fraction of the momentum taken
by k, i.e., ky = zv, mere kinematics tells us that k% ~ g2z(z + 2(q - k)/q?) for »2 >
q?. Therefore, unless an a priori g% independent cut-off in kK is assumed, we are
naturally led to (k%) ~ 2, as in the processes previously discussed. This implies

A~ 1

f(syqzykL>kT) _26(w’x>xT)7 (33)
q

s,q2—>°°

w, x,xT fixed

where we have defined x = k%/qz. Using Mueller-Regge arguments we finally obtain:

1

1
Utot(V,qz)f(V,q2,kL’kT) . 1L
q

v’q2—>oo

Z;w%iBi(x, x 1), (34)
W, X, X fixed

where the sum is extended to both pomeron and ordinary Regge trajectories and the
functions f; are damped in x. The extra factor 1/g2 in (34) has to be compared with
the analogous factor present in eq. (31). From the general form of (34) one can de-
duce the following general features:

(i) The transverse momentum distributions in the v fragmentation region should
broaden with increasing q2. This g2 variation would not manifest itself in the proton
fragmentation nor central regions.

(ii) For k = 0 the longitudinal momentum distributions will decrease with increas-
ing g2. Again this drop will not be present in the other two regions.

(iif) The extra g2 dependence in the denominator of the right-hand side of (34)
will lead to a faster decrease of the diffractive contributions with respect to the con-
tributions coming from the non-leading Regge trajectories. This will favour therefore
the 7 = 1 exchanges with the proton, leading to asymmetries in the particle-antiparti-
cle yields. In this sense the photon does “discriminate” between the charges. The
composition of the observed final states will consequently also be affected.

All these characteristics are present in the main features of the present data [28].
It will be of course interesting to see if the actual trend continues to higher energies
and larger q2. Tt should be again emphasized that the observation of the increase of
the average transverse momentum with g2, together with the associated effects we
have just discussed, provides also a crucial test for the parton model.
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We finally report the main results on the inclusive hadronic productions at large
transverse momentum discussed along the same lines [14]. They essentially follow
from the strong scaling properties of the hadronic continuum which couples to the
photon. The physical picture is the following. In high energy hadronic collisions
large masses can be produced with a law similar to (31), with no absolute cut-off in
g, which subsequantly decay into the particle finally detected with the transverse
momentum py, plus everything else. By integration on the intermediate momentum
and mass spectrum one easily finds:

4 2p
oo 5 ()7 (), &
d3p/p0 large p) \ Py \/S
as guessed from dimensional analysis, where F(2p l/\/s) is a scaling functions of the
argument which depends on the threshold behaviour of the decay mechanism. Simi-

lar slowly decreasing distributions are also obtained with a parton-like view of strong
interactions [29].

6. Conclusion

We have discussed a simple model of electromagnetic interactions which success-
fully describes the main features of high energy processes, involving real, space-like
photons, relating different processes with a high degree of predictive power. The ex-
hibited scaling properties, and the consequent point-like behaviour of the cross sec-
tions, do not follow however from the existence of any elementary constituents, but
rather from the sharing of similar scaling properties of strong and electromagnetic in-
teractions. Although the results of scaling for the integrated cross sections are the
same as in the parton model, the absence of an absolute transverse momentum cut-
off leads to quite different and easily testable predictions for the inclusive distribu-
tions. Future experiments will therefore be of great relevance to discriminate between
the two different pictures.

1t is a pleasure to thank Professor K. Gottfried for his comments and critical read-
ing of the manuscript. The author is grateful to A. Bramon, L. Caneschi, M. Ciafaloni,
E. Etim and Y. Srivastava for many valuable discussions. The kind hospitality of the
Theoretical Study Division of CERN is also acknowledged.
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