i/ . o

DESY 95-142

Julv 1995

Virtual Pion Scattering at HERA

G. Levman

Department of Physics, University of Toronto, Ontario, Canada

K. Furutani

Department of Physics. York University. Toronto. Ontario, Canada

ISSN 0418-9833

;
Y]

«

L¥08056-NV IS

TR

L

A

VAINID ‘SHRV AT NJHO



DESY 95-142 ISSN 0418-9833
July 1995

Virtual Pion Scattering at HERA

G. Levman*
Department of Physics. University of Toronto. Toronto, Ontario M3S 1A7T

K. Furutani
Department of Physics, York University, Toronto, Ontario M3J 1P3

July 11, 1995

Inclusive neutron and A** production has been studied exten-
sively in low energy hadron-hadron collisions. Experiments show
that the cross section for small momentum transfers is dominated
by one pion exchange (OPE). By examining the system recoiling
from the produced neutron or A™* virtual pion-nucleon interac-
tions can be investigated. In low (? interactions at HERA the
production of a leading neutron or A** is also dominated by OPE
and virtual 47 collisions can the studied. The total vr cross sec-
tion can be measured as well as the photoproduction of jets from
pions. If OPE is also an important component of deep inelastic
scattering, virtual e collisions can be investigated, and structure
functions of the pion extracted in both neutral and charged cur-
rent interactions. A forward neutron calorimeter and a leading
proton spectrometer detect leading baryons. in effect supplying
the experiments with a tagged pion beam. In this paper we re-
view experimental and theoretical aspects of one pion exchange.
We estimate cross sections for virtual pion scattering at HERA.
We examine some expected characteristics of the final state of the
virtual e events.

1 Introduction

In hadron-hadron collisions target fragmentation has been subjected to much
investigation both at Fermilab and at CERN. In particular, using pion and
proton beams. inclusive proton (neutron) production has been measured {rom



target neutrons (protons). and inclusive AT* production from protons. These
studies show that inclusive charge exchange reactions in hadron-nucleon scat-
tering display two remarkable properties: the factorization of the cross sec-
tion and the dominance of one pion exchange. The processes p — n and
p — ATT proceed independently of the beam particle, and the inclusive
cross section factorizes into the product of a virtual pion flux and a pion
total cross section (Fig. 1).

When a photon interacts like a hadron it behaves very much like a vector
meson. As a result, we expect factorization and OPE to make an important
contribution to the photoproduction of leading baryons. In particular this
should be true at HERA, provided the virtuality of the exchanged photon,
@?. is small, @* < O(m?). the mass squared of the p meson.

In deep inelastic scattering (DIS) the situation is less clear. On theoretical
grounds, one pion exchange is expected to make important contributions
to the inclusive structure functions of nucleons{l, 2] and nuclei{3, 4]. And
pion cloud effects can explain the excess of d quarks over @ quarks in the
proton[5. 6]. The interactions ep — [e, v][n, ATH]X where the n or A*T is
fast, isolate the target fragmentation region of phase space where the OPE
contribution is most important (Fig. 2). At HERA the energy of the virtual
pion beam is considerable, and one obtains yr and er scattering energies
comparable to those achieved in experiments at Fermilab and CERN. Both
factorization and OPE can be checked at HERA, and their dependence on
@* and z studied, if the relevant events are tagged.

The cleanest and most direct method is the detection of the leading par-
ticle itself. This allows the measurement of kinematical variables in addi-
tion to those provided by the electron alone. For the neutron one needs
a calorimeter at zero degrees; for the A™*  a leading particle spectrometer
with multi-track capability to detect the products of the A*™+ — pr™ decay.
The ZEUS experiment has a leading proton spectrometer. It has recently
installed a forward neutron calorimeter, and some preliminary results have
already been reported[7. 8].

In hadron interactions, virtual pion scattering has been employed to ex-
amine the properties of meson-pion and proton-pion collisions. Correspond-
ing studies are possible at HERA. Good measurements will yield important
information on the parton structure of the pion and on photon-pion interac-
tions at high energies.

Structure functions are model independent quantities which can be mea-



sured directly only in deep inelastic lepton scattering. Once these functions
are known, parton densities can be determined from them. Parton densi-
ties can also be obtained from hadron collision data. At present the parton
densities in the pion are only poorly determined by experiment using jet
production, J/W¥ production, or the Drell-Yan process in pion-nucleon inter-
actions. The need to unfold the nucleon parton densities greatly increases
the uncertainties in the determination. Also the Q? scale at which the densi-
ties are extracted is timelike rather than spacelike. These problems would be
circumvented if the pion were studied in deep inelastic electron scattering.
Structure functions would be measured directly and unambiguously.

In photoproduction, the total y7 cross section can be determined in a
manner identical to the measurement of the total yp cross section. Both
soft and hard photon induced processes can be studied. In particular, jet
production will cast new light on the nature of the constituents of the photon
and pion. .

These measurements are analogous, and complementary, to the proposed
measurement of the structure function of the pomeron, through the study of
the reaction ep — epX[9. 10]. This reaction most likely dominates the sam-
ple of large rapidity gap events observed first by the ZEUS collaboration[11];
whatever our ultimate understanding of these events, the experimental and
theoretical interpretation of the data would be greatly assisted by data sam-
ples with tagged proton and tagged neutron events[12, 13, 14].

In this paper we review briefly some important experimental evidence
for factorization (Section 2) and one pion exchange (Section 3). We review
the theoretical formalism and estimate the virtual pion flux at HERA and
the cross sections for deep inelastic virtual er scattering (Section 4). We
study some general characteristics of final states using the Monte Carlo pro-
gram HERWIG(15], which we have modified to include virtual pion scattering
(Section 5).

2 Factorization

In the study of single particle inclusive reactions, ab — ¢X, experiments
restrict themselves, either by design or by cuts on data, to the analysis of
only one outgoing particle. As the Mandelstam diagram shown in Fig. 1
illustrates. the cross section is determined by only three independent kine-



matical variables: s the center of momentum system (cms) energy squared,
{ = (p—p')? the momentum transfer squared for b — ¢, and M3, the invari-
ant mass squared of the recoiling system X. Under the hypothesis that the
amplitude for the process factorizes, the resulting Feynman diagram has two
vertices connected by an exchanged particle, or, more generally, by a Regge
trajectory or reggeon. d. One vertex consists of the transition b — c¢; the
other of the interaction ad — X. The Lorentz invariant differential cross
section for the inclusive interaction may be written now as{16, 17]

d*o
= t.2)0.a( M% . 1), 1
Tgz = Juplt-2)owa( My 1), (1)
where fg/p 1s interpreted as the flux of virtual particles d carrying the momen-
tum fraction = = M% /s of b; and 0,4 is the total cross section for ad — X

at cms energy squared M%.

At Fermilab, the charge exchange reactions p — A"+ and n — p (or
p — n by isospin symmetry) have been studied using secondary hadron
beams, 7= /p, incident on the 30 in. bubble chamber, and also using an
internal gas jet in the main accelerator. The beam energies have ranged
from 50 to 400 GeV so there is much data for tests of factorization and the
additional expectation that the process is dominated by pion exchange([18].
The data occupy essentially the same restricted region of the final state phase
space, that is, the beam fragmentation region, where || is small (< 1 GeV?).
As a result, the dependence of o,y on ¢ is small. In addition, since high
energy total cross sections vary only slowly with energy, the M?% dependence
of 0.4 can often be ignored.

We begin with the bubble chamber data where proton production has
been studied with p and 7% incident on deuterium in the 30 1. bubble
chamber at Fermilab{19, 20]. With a 100 GeV unseparated beam Hanlon et
al. determined the ratio

do(zTn — pX)/dM%

R = ,
do(pn — pX)/dM%

which is a measure of o(xt# )/o(7z " p). It proved to be independent of
M?% to within the experimental errors. in agreement with the slow variation
with energy expected of the cross section; moreover, both the additive quark
rule[21],

olaby = n(an(b)olqq) (3)



where n(a) is the number of valence quarks in a, and the geometric scaling
of cross sections,
o(be)

alab) = olac) (4)

o(ce)
predict that R 2 0.62 — 0.66. The experiment obtained the average value
R = 0.68 4+ 0.06 in agreement.

At 100 GeV the total cross section for pn — pX for t| < 1 GeV? was
determined to be 5.740.3 mb. Hartner[20], in his unpublished thesis, studied
the same reaction but with a beam energy of 200 GeV. He obtained a cross
section of 6.34+0.21 mb for || < 1.4 GeV?. Adjusting this cross section using
his measured / distribution, we obtain the result 5.540.3 mb for [t| < 1 GeV?,
in good agreement with the 100 GeV result.

Inclusive A** production has been studied with 7* and p beams incident
on hydrogen. Beam energies have varied from 100 to 360 GeV, so there is a
good mix of data for studying both beam and energy dependent effects[22.
23,24, 25, 26]. The interpretation of the different experiments is complicated
by the use of different methods for extracting the A signal from the double
inclusive pr™ data. The methods vary from fitting line shapes[23, 24] to
simply counting events above a smooth hand-drawn background curve[26.
25]. Also, different groups apply different ¢ and pr cuts to their data before
quoting cross sections or attempting fits.

The normalization uncertainties are clearly shown in a comparison of
ATt production in 77 p interactions at beam energies of 100, 200. and 360
GeV[24]. The authors fit the px* mass distribution to a relativistic p-wave
Breit-Wigner. Depending on the form of background term they find cross
sections that varied by up to 50%. In contrast. an s-wave Breit-Wigner
gave cross sections 10%-20% lower[23]. Nevertheless, a study of these results
shows that there is no indication of variation with energy in the data. once
a consistent method of extraction of the A** signal is chosen.

Data for pp interactions is available at 100, 200 and 303 GeV. but studied
by different groups[22. 25. 26]. The 100 GeV data has a |t] < 0.88 GeVZ. in
contrast to the 200 and 303 GeV data for which {t] < 1.0 GeV?. ln order to
compare cross sections the 100 GeV value must be adjusted up by 10%+1%.
as determined from the measured ¢ distributions in the 7~ and p data. After
this 1s done we conclude that here too the data is consistent with little energy
variation.
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[19] 27] 28] [29] 30]
[ o (mb) [ 3.940.3 [ 5.640.2 [ 1.47+0.10 | 1.16:£0.16 [ 0.9140.05 |

Table 1: Cross sections for inclusive n and A%+t production. The particle
above the arrow is the second beam particle. Columns 1-5 correspond to
Eqns. 5-9, respectively.

A summary of the total inclusive cross sections for both neutron and A*+
production with |t| < 1 GeV? is given in Table 1. The cross sections have
been adjusted for any difference in ¢ range. In addition, because there is no
indication of any energy dependence, and in order to reduce normalization
differences, we have averaged the cross sections measured at different beam
energies. We now neglect any ¢ and M% dependence of total cross sections
044 and integrate Eqn. 1 to obtain:
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We can estimate o(7 7" )/o(r " 7"), o(r~7")/o(x"p) and the flux factor
ratio fr+/f-- by taking appropriate ratios of measured cross sections. The
Pomeranchuk theorem predicts that (77~ ) &~ o(7"71); however, at Fer-
milab energies we expect instead that o(7 77 ) < o(r~7*) since the reaction
7~7% — X has annihilation channels which are missing in 7~ 7~ collisions.
The use of Table 1 gives o(x 77 )/o(r " 7F) = 0.78 £ 0.12. For the ratio
o(r~nt)/o(r~p) we obtain the values 0.70 + 0.06 and 0.79 & 0.12. Since
these last two agree to within errors, they have been averaged in obtaining
the following six values for the flux factor ratio:
fre -

7 =3.7. 3.4, 3.3, 3.8, 3.5, 34 (10)

ot p — ATTY

Q



with an average of 3.5. For completeness we also note the data in the table
imply o(x~7x7)/o(7"p) = 0.66 £ 0.03, in agreement with quark counting
rules.

The t' = t — t,,;, and z distributions can be compared as well. In
this respect. the pp and 77p — ATt X data for 200 GeV show the same
behavior(25, 24]. Both reactions have exponential ' distributions with a
slope parameter of about 8 GeV™?. The z distributions show the same rapid
rise, broad maximum centered at z = 0.1. and gentle fall off.

Taken altogether, these results show that the data are in good agreement
with the hypothesis of factorization and have, at most, a weak energy depen-
dence. Knowledge of the cross sections for one type of beam at one energy
can be used to predict the results for other beams at other energies.

3 One Pion Exchange

The hypothesis of factorization, by itself, does not give us an expression
for the flux factors. For that, additional assumptions are needed. If pion
exchange is dominant at the target vertex, then the flux factor can be
written[18, 31. 33]

1 G2 V(1)

i e L N EN N 11
dm4m (m2 —t)? (8.2) (1)

f?r/p =

The various factors in this formula have simple interpretations. The de-
nominator m2 — ¢ is the pion propagator; z!, the pion’s momentum frac-
tion, is also the ratio of virtual to real beam fluxes. The exponent of z,
a-(t) = o’ (t —m?), the pion’s Regge trajectory, is important only at large
t. and is often omitted (a. = 0) for simplicity. Other Regge terms may also
be present but their contribution is expected to be important only at large
z and [t|{16]. The function F(¢,z) is a form factor introduced to account for
off-mass-shell and absorptive effects. When the pion trajectory is retained in

Eqn. 11, £7(f. =) is usually assumed to be a simple exponential[16. 18]:
F(t) = "t=ma, (12)
when omitted, an exponential with a z dependence:

Flt,z) = etlt=m3)/z, (13)



In the latter casc. the exponent of ¢ is proportional to M:_ — M?. where
M,,, is the invariant mass of the nz system and M, 1s the mass of the
neutron[32, 33]. The vertex functions, which express the spin and parity
dependence of the pion-baryon vertex are

Valt) = —t (1)
20{(Ma + Mp)? —tP[(Ma — M,)? — t]

"/A(t) = p)

4 M3

(15)

Wi o

for the case of n and A+* production. respectively[18, 31]. G is the pr[n. A]
coupling constant; from isospin symmetry Gprm = V2G,.,. In addition we
set Gpra = Gprp w}n(h is close to the value obtained from the decay oi the
At*. Note that G, is dimensionless whereas (i, has units of GeV ™

Robinson et al.[34] compared the result of their gas jet studies at Fer mllab
to the predictions of the OPE formula. Over the large s range, but limited =
and t range spanned by the data, the model works surprisingly well consider-
ing the simplicity of the ingredients which enter into it. For the coupling con-
stant the authors took C;Tp/tlﬁ — 15 as determined by low energy data[37},
and they simply set o’ = 1. In addition, the 7p cross section is needed
for which they took the simple parameterization o.,(Mx) = (20 + 21/Mx)
mb(16]. After adjusting the model for Fermi motion of the target neutron
in deuterium. and for possible rescattering effects the authors obtained good
agreement with their data. They concluded that the data require b = 0
(F(t) = 1), otherwise the cross section is too greatly suppressed and addi-
tional terms would be needed.

Leading neutrons have also been studied at CERN with an internal target
in the PS[35] and at the ISR[36]. Although the low energy data show evidence
of OPE they are not well described by the models. On the other hand. for the
ISR data, the pion Regge trajectory is in good agreement with the effective
trajectory determined by the experimenters.

OPE has also been studied over a larger ¢ range in inclusive proton pro-
duction with 100 and 200 GeV p on deuterium{22, 20]. These experiments
also found that the simple model described above agreed very well with
the pn — pX data. Hartner’s results. which cover the greatest range i
it|(< 1.4 GeV?), are shown in Figs. 3 and 4. The curves are the predictions
of Eqn. 11 adjusted for deuterium as described above. Hartner concludes
‘the agreement is remarkable because no parameters were used for fitting,

e



and because agrecment in the higher M% region occurs where one of the
triple-Regge limits (s/M3 large) is not even satisfied’. Because of the good
general agrecment of data and OPE, Erwin et al. were able to extract the
=7t total cross section from their 7+p — nX data.

Compared to neutron production, the situation for AT+ production is
less satisfactory, not only for the experimental reasons discussed above, but
also because of theoretical uncertainties which include the greater role played
by absorptive effects when a resonance is excited[38, 39]. The presence of
such effects in A** production can be studied through the measurement of
the density matrix elements of its decay to pr*[40]. The experimental results
show good consistency and demonstrate the importance of absorptive effects.

The authors of the #~p compilation[24] combined their data which were
at different energies to study the OPE formalism. They made no attempt to
study the vertex factor Va. but instead divided the data into ¢ bins and fit
the M% distributions to determine the exchanged trajectory. The result was
in excellent agreement with pion trajectory dominance.

In the pp data[25] there is an excess of events at low z. By imposing a
slope parameter of b = 6 GeV ™2, good agreement was found, but at the cost
of introducing a rather severe p3 < 0.1 GeV? cut on the data. In contrast.
Goldstein and Owens|39] found good agreement using a simple pole mode] (no
absorptive corrections) with b = 1.5 provided the coupling constant G;WA /4w
was reduced by almost 50%. On the other hand, in a model which included
absorptive effects, they obtained good agreement with the data, this time
keeping the coupling constant fixed at its nominal value ~ 18, as determined
by the width of the AT*[37. 31]. In all cases the presence of additional Regge
terms was required.

In principle. the neutron and the A can also be produced by pomeron ex-
change from the diffractive dissociation of the incoming proton; however, all
the inclusive data is consistent with the hypothesis that OPE is the dominant
mechanism in charge exchange reactions. Hartner, for instance, searched his
data for N production as a background for OPE. but could only set an
upper limit[20].



4 Cross Sections for ep scattering

The discussion in the previous section shows that for hadron-hadron colli-
sions factorization and OPE hold to a very good approximation in the target
fragmentation region of phase space. This justifies the assumption that fac-
toriztion and OPE will also work well in vp and ep collisions as shown 1n
Fig. 2. If [,I',p and p’ are the initial and final 4-momenta of the lepton and
baryon, then the momenta of the exchanged photon and pion are ¢ = =0
and k = p — p’. The 4-fold differential cross section for the two-particle
inclusive reaction ep — e[n, AT*]X can be written

v
d4o_ d?o.eﬁ—e X

Tidadgaq? ~ et A a0

with a similar expression for ep — v[n, A**]X. The kinematical Lorentz
invariants are defined as

(y, Q% t. zs) (16)

[- 20-(p—p' .
z = k_ L(p p):g—zl*ll (17)
L-p s .
P2
t = kzz(p—p')22—1 T~ (18)
) 2p- ({1
y = P a9 p-( ) (19)
p-l s
Q* = —¢*=—-(-1) (20)
2 2
I A S (21)
2k-q  zsy z

The variables z and t are baryonic versions of the leptonic y and Q*. The
cms energy squared of the ep system is s = ({ + p)?. Tt is related to the cms
energy squared of the er system by

Sex :(Z—%—k)2 :‘n7i+t+:(.s—mi—mz) ~ zs. (22)

The invariant mass of the restricted hadronic system X, that 1s, the hadronic
system without the leading baryon, is

M% =(q+ k) =Q*() —x)/a+ 1t~ —Q* +t + zys. (23)
X
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The flux factor.
i ] (1201)-R.A
jr/p(/'v :) = T T T

24
o. dtd: (24)
can be obtained either from hadron scattering data or from theory. For the
present study we restrict ourselves to the use of the OPE formula, Eqn. 11.
Just as for ep scattering, the em cross section can be written
d?o.err——'e_\'

(83
dydQ? — 27yQ?

where or and o; are the transverse and longitudinal cross sections for vir-
tual y7 scattering. These cross sections depend upon t to account for the
virtuality of the exchanged pion. In the limit Q? — 0. o vanishes and oy
becomes equal to the real total vx cross section.

The ZEUS and H1 experiments at HERA measure the total vp cross sec-
tion by selecting events with an electron scattered at a small angle into the lu-
minosity monitor(41, 42]. They have also studied jets in photoproduction[43].
In an experiment which also detects a high momentum neutron or A*t* the
same procedure can be implemented for vx collisions.

Deep inelastic er reactions have both neutral er — eX and charged
er — vX current components. The neutral current cross section is

L+ =y o7 (. @ ) +2(1 —y)ol"(y. Q% 1)}, (25)

T+ (1 y P (. Q. )~ PR P (26)
= =y T (2. Q% t) — vy  F (z, Q. 1) }.
dIdQ2 IQ4 Y 2\ d ) L ) : :
where the structure functions again depend upon t. Factorization of the ep
cross section implies that the ep structure functions[13, 14] F3~" and F?—"
for high energy neutron production p — n also factorize:

7 Naps QP nt) = f(=0)F] (262/2.Q 1) (27)
FI7 " (wps QN et) = f(20F (xp/=,Q% 1), (28)

Eqn. 26 excludes ZY effects which are important only at the highest values
of @7 however. they have been included in the calculations which follow.
Similar expressions can be written for A** production and for the charged
current interaction.

In contrast to deep inelastic scattering at fixed cms energy s, since the
virtual pions have varving energy. @.y. and Q? are no longer dependent

I



olep —)
nX | ATTX | X
Photoproduction | 0.8 ub | 0.2 ub | 5.2 pb
Deep inelastic NC | 12.9 nb | 3.7nb | 73 nb
Deep inelastic CC | 9 pb 3pb | 73 pb

Table 2: Cross sections for ep — [e. v][n. A**] X integrated over |t| < 1 GeV?,
= < 0.8. For photoproduction 107 < Q% < 21072 GeV?and 0.2 <y < 0.8
while for deep inelastic scattering Q* > 10 GeV?. The n to A** cross section
ratio is fixed at 3.5:1.

variables. Therefore, FJ and FJ can be individually determined using the
different y dependences, at fixed « and Q%, of the two terms in Eqn. 26; also,
given sufficient data, the structure functions can be determined as a function
of ¢ and the results extrapolated to t = m? to determine on-mass-shell values.

In order to estimate cross sections at HERA we have carried out a Monte
Carlo integration. We define the photoproduction kinematic regime as 1077 <
Q? < 2-107% GeV?, 0.2 < y < 0.8. and the deep inelastic regime as
Q* > 10 GeV®. For photoproduction we have assumed p dominance(44]
and have estimated o7 and oy using geometrical scaling of cross sections
(Eqn. 4) and with the total cross section parameterizations of Donnachie
and Landshoff[45]. Tor deep inelastic scattering we have used the pion[46]
and proton[47] structure function parameterizations of Owens. In both cases
we take the exchanged pion on the mass shell. We have used a relativistic
Breit-Wigner function to define the line shape of the A**. For the decay
we have taken density matrix elements ps3 = 0.12 and p3; = p31 = 0, in
agreement with absorptive OPE[43] and the bubble chamber data. We use
the OPE flux with the pion trajectory retained and with the form factor
omitted, that is, we set o’ = 0 and F(t,z) = 1.

We study the cross section at nominal HERA conditions of 30 GeV elec-
trons incident on 820 GeV protons. The total integrated cross sections for
|t < 1GeV?, = < 0.8 are given in Table 2. The flux factor ratio fr+/fr- = 3.5
has been used to fix the AT+ cross sections relative to those of the neutron.
as described in Section 2. The data of Table 1 show that fast neutron and

12



AT* production form 15%-20% of the total cross section in hadron-proton
collisions. The same ratio is expected in ep collisions because of factorization.
For comparison, the corresponding cross sections for ep — [e,v] X are also
given 1n Table 2.

Fig. 5 shows the ratio of leading neutron DIS events to all DIS events
as a function of Q% and W, the rest mass of the hadronic system (including
the neutron) recoiling from the electron. The ratio is nearly flat in both
these variables. The ZEUS collaboration has observed a similar result for
large rapidity gap events[11]. In view of Fig. 5, this observation can not be
taken as evidence for pomeron exchange[12]. Since the scaling violations of
F should be similar for all hadrons, including the proton, the pion and the
pomeron (provided it is composed of quarks and gluons) we should expect
a weak Q% dependence. The W dependence is also small because hadronic
collisions in general show similar energy dependences.

The differential cross sections do/dz for leading neutron DIS events are
shown in Fig. 6. The energy of the virtual pion beam is quite high. Since,
in neutral current interactions, Z = 0.35 for n and z = 0.23 for A, the
experiments at HERA obtain virtual ex collisions with an effective /5.7 in
the range 150-185 GeV. Also evident is that the z distribution for charged
current interactions is harder than for neutral current interactions; this occurs
because the charge current cross section is rising with energy.

It should be noted that both y and Q? are determined by the final state.
exactly as usual for ep scattering; however, Bjorken’s z5; = Q*/2p - q no
longer is the parton momentum fraction. z. which has an additional factor =
in the denominator of its definition, v, = rg,/z. Thus a simple application
of the usual definition will underestimate x. If neither the leading neutron
nor A can be tagged. these events will complicate the analysis of the low z
sample of ep scattering events. They must be included in the event sample for
the determination of the proton’s structure functions at low z, but perhaps
they should be removed in a search for novel low # phenomena such as hot
spots, or violations of the QCD evolution equation[49]. The bias introduced
by ignoring the factor = is evident in the scatter plot of 25 vs x., presented
in g 7.

In order to fully reconstruct the event kinematics, the produced n or A
must be detected. Thev appear at low ¢, and moderate z. In the laboratory
they are at high momentum and at very small angles with respect to the
beam. Fig. 8 shows the integrated angular spectrum of neutrons. Because

13



of factorization there is little difference between neutral and charged current
interactions. About 80% of the neutrons are produced at angles less than I
mr. In order to detect these neutrons a calorimeter is needed which views the
ep intersection point at zero degrees. The acceptance of such a calorimeter
is sharply limited by magnetic elements of the beam line; however, because
the production angle is so small, the angular acceptance of the calorimeter
need not be large. Even for 8, < 0.5 mr, the acceptance would still be 40%.
Since, on the average, the neutron carries away 65% of the beam energy,
the study of the neutron spectrum requires a calorimeter with only modest
energy resolution, 6E/E ~ 100%/VE; however, the determination of Ex
involves the subtraction E, — E,. If data close to the kinematical end point
is to be useful, then the calorimeter’s resolution should be as good as possible.
To measure ¢ ~ —FE,F,6? in addition, the position of the shower must be
determined. Since the calorimeter would be situated in the HERA tunnel
about 100 m from the intersection point, the entrance point of the a neutron
produced at #, = 0.5 mr will reach out only 5 cm. So one needs position
resolution O(mm). The measurement of ¢, however, is useful, but absolutely
necessary for the extraction of the structure functions, provided one is willing
to ignore small off-mass-shell effects.

The measured z distribution of leading neutrons is relatively undistorted
by geometric acceptance effects; in contrast, the ¢ is strongly effected by the
angular acceptance of a zero degree calorimeter. Fig. 9 shows do/dt both
before and after an angle cut of 8, < 0.5 mr. The distribution vanishes at
t = 0 because of the pseudoscalar nature of the vertex function (Eqn. 14),
but it rises quickly and peaks near t = —0.15 GeV?. The angular restric-
tion strongly depletes the distribution above the peak. This is an advantage
because other particle exchanges besides the x, such as the p, become in-
creasingly important at larger |¢|[33].

The experimental acceptance for the A+ is determined by the ability of
the leading particle spectrometer to detect both the p and 7+ produced in
the decay of the resonance. Since the kinetic energy released in the decay
is small. the proton takes. on the average, 70% of the energy. For good
acceptance. a leading particle spectrometer must cover a large region of ay,
space and have multi-track capability. The ZEUS collaboration has such a
device operating at HERA[50].

At this point it should be emphasized that the detection of the neutron
is cleaner both experimentally and theoretically. The neutron cross section
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is three and a half times larger than that of the A**. Also, the acceptance
for the neutron is much greater since only one particle need be detected.
Finally. A** production suffers from theoretical uncertainties because of
nonresonant prt production and the need for large absorptive corrections in
the production of the resonance itself.

We note finally that there are tentative plans at HERA to accelerate
deuterons. Should this happen, charge exchange can be studied in the re-
action ed — [e,v]pXp, where both the scattered proton from n — p and
the spectator proton p, are detected in a leading particle spectrometer. This
would be an interesting adjunct to proton beams. The tagging of spectator
neutrons n; in deuteron interactions requires a leading neutron calorimeter.
With both a zero degree calorimeter and a leading particle spectrometer all
the reactions

ed — [e,v])[Xps, Xng, pXps,nXn,] (29)

become accessible to an experiment[51].

5 Properties of the final state

Until now we have presented results which follow only from consideration
of the two-particle inclusive cross section. In order go further and study
the properties of final states, hadronization models are required. For deep
inelastic scattering the quark-parton model can be used; however, in the
photoproduction regime only a small part of the cross section is expected to
be due to constituent scattering. Instead, most will be due to soft processes
requiring a treatment similar in spirit to the vector meson model.

Here we restrict ourselves to a brief discussion of the final states in neutral
current interactions. For this purpose we used the program HERWIG to
generate the final state in er scattering using its usual scheme of parton
showering and cluster hadronization[13]. This allows us to study particle
multiplicities and rapidities. and energy flows. We present only results for
the reaction ep — enX. A production being similar. For comparison, we also
present the corresponding plots for the reaction ep — eX as generated by
the standard approach. In principle, ep — ¢X contains both leading n and
leading A** reactions. In fact, we define for ep — eX the leading nucleon
as one with the largest value of z;. With this definition we find that 21%
of the standard DIS events contain a leading neutron with 0 < z < 0.8 and
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t| < 1 GeV?. This is somewhat larger than the expected fraction of events
according to OPE; in addition, the = and ¢ distributions are in disagreement
with OPE.

Fig. 10 shows the charged multiplicity distribution. HERWIG predicts
that the most probable multiplicity in ep scattering is 4 with the average of
10.2 and a width of 8. Although the distribution for er is similar, it peaks
higher, at 6, but has a smaller average (9.3) and width (6). The higher peak
value may reflect the fact that a baryon need not be produced in the final
state; the lower average and width, the reduced cms energy.

Fig. 11 shows the pseudorapidity.

n = —Intan(0/2), (30)

of produced particles, excluding just the scattered electron. Both the ep and
er distributions peak at 7 = 3; however, only the leading neutron shows a
secondary peak for the produced nucleon at 7 = 8. Instead the ep distribution
exhibits a broad shoulder in the proton direction. The beam pipe is located at
7 = 4.0, and it is clear that a large number of particles will escape undetected
down the proton beam line. Any forward structure in the pseudorapidity
distribution will remain unobserved.

The maximum pseudorapidity of produced particles, now excluding both
the scattered electron and the leading neutron, is shown in Fig. 12. In the
region accessible to measurement by experiments at HERA (7mas < 4), the
distribution is falling exponentially with a slope of about 2.3. This result can
be understood if we make the identification 7mqe, ~ In(1/z). Then fr/, ~ z
implies an exponential fall with a slope of 2. In contrast, the pomeron P has
fe/p ~ 1/z [10] which implies a flat 74, distribution. The 74, distribution
observed at HERA does have a flat tail[11]. This suggests that the large
rapidity gap events, which are those in the flat tail. are predominantly due to
pomeron exchange. Even to these events OPE will make a contribution, since
the exchanged pion can scatter diffractively, that is via pomeron exchange,
with a resulting rapidity gap.

There is verv little neutral energy flow at small angles besides the neutron.
Only 1% of the events have additional energy produced with § < 0.5 mr which
might disturb the measurement of the leading neutron by accompanying 1t
into a zero degree calorimeter. This energy flow, which consists mainly of
photons from 7% decay, peaks at 5 mr but is small on the average (Fig 13).
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Also shown for comparison is the corresponding distribution for ep — eX
which peaks at smaller angles and is slightly larger in magnitude.

6 Summary and Conclusions

HERA offers an extraordinary opportunity to examine target fragmentation
in deep inelastic electron scattering experiments. In this paper we have
concentrated on the window this opens for the study of the pion. An ep
event with a leading n (or A) may be interpreted as virtual ew scattering. The
hadron-hadron scattering experiments reviewed above, suggest that 15%-20%
of the ep events at HERA should be of this type. Every measurement made
with the incoming proton as the assumed target can be duplicated with
a virtual pion. Thus, in high Q? interactions the deep inelastic structure
functions of the virtual pion can be measured for both charged and neutral
currents, while y# collisions can be studied at low Q2.

The tagging of a leading n or A will help clarify the role that nucleon
charge exchange plays in the fragmentation of the target remnant. Also of
particular interest is its role in low x electron-proton scattering. Saturation of
the gluon density and gluon recombination could signal that coherence should
play an important part in any discussion of shadowing and hot spots. How
do such phenomena, predicted at HERA, interact with the ‘restructuring’ of
the proton into a virtual pion and nucleon?

We remark also that em scattering at HERA presents an opportunity to
explore electron scattering on both particle and antiparticle. Since both elec-
trons and positrons are accelerated at HERA.| the full set of e* 7% interactions
are available for study.
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ab — cX

(A) (B)

Figure 1: (A) shows the Mandelstam diagram for the single particle inclusive
reaction ab — ¢X; (B) is the corresponding diagram assuming factorization
and the exchange of a virtual particle d.

S
O



N
A

Figure 2: Diagram for the two particle inclusive reaction ep — ¢/[n, AJX
where the 7*p vertex is assumed to factorize and be dominated by 7 exchange.



st'd%o /dtdM?, (mb/GeV?)

200 GeV pn—pX
20

20 IE -
+ 0.05< —t<0.2 0.2<—1<0.6
15 - 15 -
rl;f
10 —
S0
"
; 1 t { ] | | | lJ 0 () L | I i | H ! i. | lJ_j
200 0 100 200
10 10 -
g 0.6<—t<1.0 | g 1.0<—t<1.4 |
6 - 6 -
4 - 4 = W
O L i J 0 i * i Tl 1 J
0 0 100 2200 )
Hartner’s Thesis M (GeV )

Figure 3: The invariant cross sections for pn — pX at 200 GeV in bins of
t. The curve is the prediction of the OPE formula with the pion trajectory

retained and the form factor omitted.
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M%. The curve is the prediction of the OPE formula with the pion trajectory
retained and the form factor omitted.
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Figure 5: The ratio of leading neutron events to ordinary DIS events as a
function of (A) Q% and (B) W.



do/dz (nb)

Figure 6: The z distribution of n and A. The A is normalized in the ratio
1:3.5 relative to the neutron. The charged current distribution has been
multiplied by 10° and the photoproduction distribution by 1072, For DIS
Q* > 10 GeV?. For photoproduction?OQ <y < 0.8.
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Figure 7: A scatter plot for @* > 10 GeV? of z., = zpys, the struck par-

ton’s momentum fraction for ep scattering versus z., = xpy/z. the parton’s

momentum fraction for virtual ew scattering tagged with a leading neutron.
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Figure 8: The integrated production angle spectrum of the leading neutron:
the percentage of neutrons produced with scattering angle greater than 6,

29



do/dt (nb/GeV?)

IR L L L L

25 L T B B B

1TII\

20

I‘|1ll‘xl[1lll|ll‘

O Lo

l‘lLll|llllllllllllli1l’1;¥\_1

0 01 02 03 04 05 06 07 08 09

-t (GeV?)

Figure 9: The ¢ distribution for leading neutrons in neutral current DIS
events with Q2 > 10 GeV?2. It is also shown with the requirement that the
angle of the neutron satisfy #, < 0.5 mr.
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Figure 10: The charged multiplicity distribution for (A) leading neutron
events and (B) ordinary DIS events.
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