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The cross section for semi-inclusive deep-inelastic charged current neutrino scattering on hydro-
gen and deuterium in which a slow proton is observed in coincidence with the muon is computed as
a function of Bjorken z and light-cone momentum of the detected proton. In the impulse approxi-
mation contributions from hadronization and (in case of the deuteron) the emission of a spectator
nucleon are considered. In addition the probability for rescattering is computed. The results are
compared to a recent analysis of the data from the WA25 (BEBC) experiment at CERN.

PACS number(s): 25.30.Pt, 13.85.Ni

I. INTRODUCTION

Inclusive deep-inelastic lepton scattering on nucleons is
a well-established tool for the investigation of the quark-
parton model. In the Bjorken limit the cross section is
proportional to a structure function which depends on
only one scaling variable z, that can be interpreted as the
light-cone momentum fraction of the hit quark. Deep-
inelastic scattering on nuclear targets showed [1] that the
z distribution of quarks in nucleons bound in a nucleus
differs from the one for a free nucleon [European Muon
Collaboration (EMC) effect]. While part of this effect
can be explained in terms of nuclear binding and Fermi
motion [2,3] there is evidence that additional possibly
non-nucleonic effects are required to obtain agreement
with the data. However, since in inclusive experiments
one averages over all, strongly and weakly bound nucle-
ons, it is not possible to draw definite conclusions about
the nature of these effects.

More detailed information on the deep-inelastic scat-
tering process can be obtained from more exclusive ex-
periments. Here we concentrate on semi-inclusive deep-
inelastic scattering (SIDIS) on the deuteron in which at
least one slow (i.e., low energy) proton is detected in co-
incidence with the scattered lepton. There are several
reasons why this process is of interest both on a free nu-
cleon and on nuclear targets.

On a free nucleon, slow protons originate from
hadronization of the spectator quarks in the struck nu-
cleon (so-called target fragmentation). In a previous
study [4,5] SIDIS on a free proton was considered, as-
suming factorization of the cross section into a structure
function F(z) and a spectator quark (debris) fragmenta-
tion function D(z) , where z is the light-cone momentum
fraction carried by the observed proton. It was found
that the ratio P(z,z) of the SIDIS cross section o(z, z)
and the inclusive cross section o(z) has a strong bias for
small z values (in agreement with experiment). Quali-
tatively this behavior can be explained by kinematics: a
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proton at rest in the target rest system can only be pro-
duced at z = 0; on the other hand, the dependence on
z and some details of z dependence are sensitive to the
shape of the fragmentation function.

On nuclear targets there are several mechanisms that
can give rise to slow protons. First, there is the above-
mentioned debris fragmentation of the quarks in the
struck bound nucleon, giving rise to creation of new par-
ticles and possible change of momenta of spectator nu-
cleons. From a comparison with the free nucleon one
obtains information on the effects of the nuclear medium
on the hadronization process.

Another category of slow protons in deep-inelastic scat-
tering on nuclei are spectator nucleons which are emit-
ted from nucleon-nucleon correlations present in target
ground state. In the special case of pure two-body cor-
relations the light-cone (l.c.) momentum fraction z of
an observed spectator proton directly determines the l.c.
momentum of the nucleon being struck by the lepton,
y = 2 — z. In this case one deals with the tagged EMC
effect (originally proposed by Frankfurt and Strikman
[6]). This is of interest since it might help to determine
whether the convolution approach to the EMC effect is
appropriate [3,7], or non-nucleonic degrees of freedom are
required [8,9].

Whereas in scattering on a free nucleon the direct
hadronization process is the only one possible, in nu-
clei both the direct and spectator processes occur and
it is of interest to investigate their characteristic behav-
ior. In this paper we concentrate on the simplest possi-
ble nucleus, the deuteron. We compute the double dif-
ferential cross section o(z,z) for the production of slow
protons with l.c. momentum fraction z. For the exper-
imental data we use the result of a recent new analysis
of the WA25 Collaboration. In the latter, a (partial) de-
composition of the (anti)neutrino SIDIS cross section is
achieved in terms of spectator, direct, and rescattering
events. In particular, the spectator contribution can be
uniquely identified by sampling the slow protons in the
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backward hemisphere. Thus, it allows one to compare the
various processes separately with experimental results.

Another interesting feature of the deuteron target is
that it provides information on the fragmentation of the
neutron into a slow proton in (anti)neutrino induced re-
actions. In a pure valence quark approach the cross sec-
tion for v + n - p + p + X would vanish. In practice
one must also take into account sea-quark contributions
(important at small z). The latter can be treated in two
ways, namely as a 4-quark fragmentation or as a bag
of valence quarks surrounded by a pion cloud, which is
struck by the lepton. While these models give similar
results for inclusive processes there are interesting dif-
ferences for exclusive reactions. For example, in the pion
model one can produce slow protons in v +n in two ways:
vian — p+ 7, and via n = A® 4+ 7% with subsequent
decay of the isobar into p + m~, whereas in the naive
leading-order 4-quark fragmentation only the latter pro-
cess contributes to the production of slow protons.

Finally, in the present study we discuss possible ef-
fects of final state interactions. After hadronization of
the quarks in the hit nucleon (determined by the forma-
tion time), the hadrons which are produced in forward
direction can in general interact with the spectator nu-
cleons and thus lead to a possible modification of their
momentum distribution and charge, and the creation of
new particles. The possibility to study the dependence
of rescattering on the formation (hadronization) time is
of interest since it plays an essential role in the interpre-
tation of heavy ion reactions.

The paper is organized as follows. In Sec. II we
summarize the SIDIS cross section on a free proton.
The hadronization is described in terms of fragmenta-
tion functions for diquarks and four quarks. In Sec. III
we discuss the direct and spectator contribution for the
deuteron assuming plane wave impulse approximation
and compare with experiment. The effect of rescatter-
ing on the spectator momentum distribution is estimated
in the eikonal approximation, and the role of the forma-
tion time is discussed. Section IV contains concluding
remarks.

II. SLOW PROTON PRODUCTION ON A
NUCLEON

A. Introduction

In the Bjorken limit inclusive deep-inelastic scattering
(DIS) on a nucleon is characterized (in leading order)
by one scaling variable z = Q%/2p - q, where Q2 = —¢?
is the square of the four-momentum transfer and p the
nucleon momentum. In the parton model a DIS event
at a specific ¢ corresponds to the knock-out of a quark
carrying a fraction £ = —¢~ /p~ of the nucleon light-
cone momentum (where ¢* = ¢°+¢® and the momentum
transfer q is in the direction of z). In case of neutrinos the
cross section can be expressed in terms of three structure
functions F;(x) (¢ = 1,2,3), which only depend upon the
quark momentum distributions.

The physical picture immediately after the (leptonic)

scattering process is that of one quark moving with a
high momentum with respect to the debris of the target
(the quark cluster), cf. Fig. 1. Ultimately, the quark
and the cluster will interact via the strong color field, in
which quark-antiquark pairs are produced, yielding color
neutral objects in the final state.

In semi-inclusive deep-inelastic scattering (SIDIS) one
observes one or more particles in coincidence with the
scattered lepton. For our purposes it is convenient to
distinguish between two limiting processes, namely the
production of mainly fast particles originating from the
fragmentation of the struck leading quark, and the pro-
duction of mainly slow hadrons coming from fragmenta-
tion of the debris. As to the leading quark fragmentation
one can show [10] that in leading order (in 1/Q) the cross
section can be factorized into a structure function F'(x)
which describes the DIS on a quark and a probability for
hadronization. The latter can be parametrized by a frag-
mentation function D’{‘q} (zf,pL) with the property that
D’{‘q}(zf,pl)dzfdp_L is the probability that a “jet” with
quark-content {g} yields a fragment x carrying a fraction
zy = pi/qT of the initial quark light-cone momentum
and transverse momentum p, .

The fragmentation process of the quarks left behind
(debris or target fragmentation) is more complicated. In
this case one cannot use perturbative QCD arguments
to prove factorization even in leading order [10]. Still in
practice one usually also assumes that the cross section
factorizes. The appropriate variable for target fragmen-
tation is z, = py /(p~ + ¢~) which is related to the ob-
servable fraction of the target momentum: z = p; /p~ =
(1= z)z,.

B. Semi-inclusive cross section

The angle integrated semi-inclusive cross section for
deep-inelastic (anti)neutrino scattering on a nucleon with
the observation of a hadron x with l.c. momentum frac-
tion z, and transverse momentum and p; can be written
as
d2a?V G*mE [z 1 T
dzdz,dp, = 07w 3]:1 + 2}-2 * 3]:3 ’ (1)

with G the Fermi coupling constant and F the energy of
the (anti)neutrino. From now on we will only consider
target fragmentation. In the factorized approximation
the semi-inclusive proton structure functions for neutrino
scattering F;? can be expressed as

8

Dr—

p

p=M (1-x)p”

FIG. 1. Debris fragmentation in DIS.



49 SLOW PROTON PRODUCTION IN DEEP-INELASTIC. ..

f;p(mv ZuPJ.) = 2$[d($)D]{(p/d}(zupJ_)

+ﬁ(.’17)DJ{tp/ﬁ} (ZuPL)] ) (2)
FyP(2,20,p1) = 2[d(z) DYy 4y (20, P1)
—a(x) DY, /qy (20:P1)] (3)

and F; = F,/2z. Here d(z) and @(z) are the down- and
anti-up quark momentum distributions in the nucleon,
respectively; p/d and p/@ denote the cluster resulting
after the knockout of a down and anti-up quark from a
proton, respectively. The structure functions for anti-
neutrinos are obtained from those of the neutrinos by
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sea quarks, the number of quarks in the debris (clus-
ter) varies. When a valence quark is hit, a diquark clus-
ter remains, while the knockout of a sea quark (which
is expected to be important at small = values) results
in (at least) a four-quark cluster. The fragmentation
functions for these processes are expected to have a dif-
ferent dependence on z [11]. Hence, it is convenient to
decompose the semi-inclusive cross sections for neutrino
proton scattering into a valence and a sea contribution,
o"P = oh + o¥P, with

sea?

dsozal _szE 2z

)
x

~d,(2)D},,) (1% m) , (4)

. 2 dzdzdp, T oor 1-
replacing d ¢ d and u & 4.
Since the neutrino can interact with both valence and and
1
d3o? G?mE 2z » z 1 z
sea _ _Z —1, DP _ .
dzdzdp, T l-—=x [d‘(z)D{P/d'} (1 - :c’pJ‘ t 3" (2) {p/a}\1_ g Pt ()

Here the subscript {p/qs} denotes the four-quark sys-
tem {vudg,}, and we have neglected strange quarks. For
slow fragments (i.e., z & 1) the diquark fragmentation
function quq} can be approximated by a splitting func-
tion [12], multiplied by combinatorial flavor-isospin fac-
tors 7fq a and a transverse momentum distribution

D){(qq} (Za,pJ.) = /\qq”fqu} (Za - zmin)o(zs - Zmin)
xf(1—zs)p(pL), (6)

where 2Zmin (corresponding to a proton at rest in the
hadronic center-of-mass frame) is given by 2y, =
v/m? + p% /W with W the invariant mass of the final
system, W2 = m? 4+ Q%(1/z — 1) [13]. For the transverse
momentum distribution we assume the form

igé_e—hu/(zu) (7)
(PJ.)2 ’

with (p,)? ~ 300 (MeV/c)2. For the splitting function
f we use the counting rule estimate f(£) = &" (with
n = 1) [14,15]. The factors V{qq} 7€ given in Table I. The
overall normalization A,; can be obtained by requiring
that the integral of D over the appropriate z range is
normalized to unity,

p(pL) =

1

> dz, D% (z,) = 1. (8)

Zmin

The fragmentation of the four-quark system (resulting

TABLE I. Relative weights 'yqu} for diquark fragmentation
functions D’{‘qq).

{qq} A++ A+ AO A~ P n
18 [} 3

wo ¥ T 2 . ¥ 2

e 0 CE A S
0 0 37 % 0 >

r

from the interaction with a sea quark) has not been dealt
with in any detail in the past. Ishii et al. [16] assume a
unit probability for fragmentation into a nucleon. In the
present study we need in addition to the z dependence a
prescription for the relative branchings into p, n, and the
various isobars. Since for the later application to A = 2
it is convenient to use a simple form, in the present paper
we use the parametrization [13]

D’{‘4q}(z,) = /\4q'yf4q}0(z,)0(1 — 24). (9)

We will consider two possible choices for 'y@q}:

(i) The most naive approach [16] is to assume that the
produced baryon has the same valence quark structure
as the hit nucleon (i.e., p = p, A* and n — n,A%). The
resulting 7?4 q) re listed in Table II.

(ii) Alternatively, we can simulate the sea quarks by
a meson cloud model. Such a model has recently been
used to describe the sea contribution in SIDIS; it is a very
effective mechanism for the production of slow nucleons
(13,5,17]. In this case the coincidence cross section is
given by [17]

d*ok, Gis

_G%s . )gyerN t
dzdzdt 2w

(4m)? (t + m32)?

174 z
X Fy (‘:) |Fann(t)]?,

(10)

TABLE II. Relative weights v7,,, for naive four-quark
fragmentation.

Process {44}* ATt At A AT p n
vp p/ds,p/Us 0 1/2 0 0o 1/2 o0
Up /s, p/ds (] 1/2 0 0 1/2 o0
vn n/ds,n/i, 0 0o 1/2 0 0o 1/2
on n/us,n/d, 0 0 1/2 0 0 1/2

®The notation {p/d.} denotes the debris after hitting a d, in
the proton.
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where t = —(px — p)?, g=nn is the pion nucleon coupling
constant, and Frnyn(t) the corresponding form factor.
(The corresponding expression for the production of a
delta is given in Ref. [17].)

In practice it is convenient to use the factorized form
of Egs. (5) and (9), retaining only the branching ratios
'yf‘m} that result from the meson cloud model. These
involve the different isospin couplings at the 7NN and
mINA vertices (which determine the relative magnitudes
of g=nn and grna), the different couplings of the probe
with the neutral and charged mesons, and a parameter
x which determines the relative ratio of nucleon and iso-
bar production. The latter is taken equal to one [17].
The resulting values for values for 'yf4 g} are listed in Ta-
ble III. Analogously to Eq. (8) the A4 follows from the
normalization of the four-quark fragmentation function
such that

1
Z/{ dz,Dfsqy(2.) = 1. (11)

One noticeable difference between the above two pre-
scriptions is that in a v + n interaction a proton can
be produced in approach (ii) but not in (i).
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TABLE III. Relative weights 7{,,, using isospin branch-
ings of the pion cloud model.

Process {44} ATt AT A AT p n

= 3 I3 1

vp P/dsyP/'“;s sl sy 0 0 Al 9

vp p/us,p/ds 0 2r+5 2r45 0 mF5 2nfs
— 3 K —_

vn n/ds,"/u_s 0 2k+5  2r+5 30 28+5  2nF5

-— ~ K

vn n/us,n/d, 0 0 Ik+1  an+1 0 Ar+1

The probability for finding a slow proton in a momen-
tum bin Ap is obtained by integrating the triple differen-
tial cross section over the corresponding (p,,z) domain
and dividing by the inclusive cross section

P(z, Ap) = /A dzdpio(z,z,p1)jo(@).  (12)

Note that, apart from the direct production of protons,
there is also a significant contribution from decay of nu-
cleon isobars. This is taken into account by assuming
that the resonances decay isotropically in their rest frame
[17,5].

In Fig. 2 we show the ratio P(z, Ap) of the calculated
SIDIS cross section and the inclusive cross section as a

0.05 T T T T T T A T T T
V+p Low bin High bin
004t val T val b
' -——— val+sea(l) val+sea(1)
o 0.03 val+sea(2)+ + val+sea(2)
> t
=
2 002 £+ -
FIG. 2. Ratio P(z,Ap) of
the semi-inclusive production
0.01 —+ { . !
cross section of slow protons
+ (@) +p — p+p+ X] off free
0.00 o ] n protons, and the corresponding
' 05 0.1 05 06  total inclusive cross section for
two momentum bins of the slow
X proton (left 150—350 MeV/c,
0.05 | — . . ; right 350—600 MeV/c)‘. For t.he
\\ ) ] calculation the branching ratios
Low bin \ High bin from Tables II (set 1) and III
0.04 val - val 4 (set 2) have been used. Com-
parison is made with the data
val+sea(1) val+sea(1) from Ref. [18] which have been
& 003 val+sea(2) val+sea(2) normalized to the calculated ra-
< tio for the low bin in neutrino
f3 scattering.
a 0.02 1 n
0.01 B =
t
0.00 . 1 1
’ 05 0.5 0.6
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function of z for (anti)neutrino scattering on the free pro-
ton compared with the data of Guy et al. [18]. Since in
that paper only a relative (“renormalized”) cross section
was given, we normalized the published data to our cal-
culated cross section in the low bin for v + p.

For comparison in Fig. 3, the experimental cross sec-
tion for the neutron as extracted from the deuterium ex-
periment (as discussed in the next section) is shown.

The following points are worth noting:

(i) Whereas the proton data have an arbitrary normal-
ization, it should be emphasized that the neutron data
are absolute.

(ii) Qualitatively the falloff of P(z, Ap) with z can be
ascribed to kinematics: slow protons correspond to z ~ 1
while z + £ < 1. Only the details of the dependence
on r are sensitive to the precise form of the fragmenta-
tion function. The presence of an experimental tail both
in the v + p and v + n data which extends beyond the
kinematical limit, z = 1 — z, is puzzling and cannot be
explained. The larger tail in the proton data may be
due to the absence of an unsmearing of  in the analysis.
(In Ref. [13] this is taken into account by an (ad hoc)
smearing of the z distribution.]
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(iii) The ratio of P(z,Ap) for the low and high bin,
which depends on the form of the fragmentation func-
tion near z = 1, is somewhat underestimated; the sea
contribution dominates at small z values and is more im-
portant for the low bin than for the high bin.

(iv) Experimentally, P(z, Ap) for v and ¥ scattering on
a neutron are quite different, and almost equal for a pro-
ton target. For the 7+ n process the valence contribution
almost vanishes, and the cross section is strongly affected
by sea-quark effects; the sea contribution is larger when
using the pionic model than naive fragmentation.

(v) Comparing the different choices for the four-quark
fragmentation function one sees that in 7 + p the naive
four-quark fragmentation yields a larger cross section
than the pion model while in v + n one has the oppo-
site situation. This is a consequence of the presence of
an important charged meson exchange contribution in
the pion cloud approach.

(vi) The unfavored fragmentation process #+n — p*+
p+ X which does not have a direct contribution proceeds
only via an intermediate A° after scattering on the sea-
quarks in the pion cloud approach. The experimental
cross section does not show such a dramatic effect.

0.05 T T T T T \ T T T T
V+N Low bin High bin
004 = e Val —— ‘\ .......... Val -
-——— val+sea(1) //’__T,_X -——— val+sea(1)
Q 0.03 val+sea(2)t RN val+sea(2)
1 ; '\
O 502 —+ -
0.01 + - .
PR |
I L i
0.00 ] . B | ‘ . | l_'_l. FIG. 3. Ratio P(z, Ap) for
‘ 03 04 05 01 02 03 04 05 06 slow proton production off the
neutron, equivalent to Fig. 2. A
X X comparison is made with exper-
imental deuterium data as ex-
0.025 T T T T T T T T T T plained in Sec. III. No normal-
V+n Low bin 1 High bin ization has been performed, the
theoretical curves act as abso-
e val T T val 7 lute predictions of the data.
-——— valsea(1) -——— \val+sea(1)
Q.0.015 |- val+sea(2)1- —— val+sea(2)
< \
\>S’ \
\
o 0.010 + N -
\
\
\
\
0.005 | 1 + N -
N
\\ \\
\\\ .................... Js
0.000 \ﬁa._Al 1, L ! 1 M 1 ol R
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.6
X X
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III. THE DEUTERON
A. Classification of events

In a nuclear medium there are several processes that
can give rise to slow protons. First, in analogy with the
DIS on a free nucleon target slow protons can originate
from fragmentation of the spectator quarks (debris frag-
mentation) in the struck nucleon with the other nucleons
acting as spectators. This process will be referred to as
the direct process. A new effect, which only occurs for
A > 1, is the deep-inelastic scattering off a bound nu-
cleon and the observation of a spectator proton (called
the spectator process). Since in a mean field description
the A—1 nucleus is bound, this process provides evidence
for the presence of correlations in the ground state (for
A > 2). The important point is that in the independent
pair approximation neglecting the center-of-mass motion
of the pair and final state interactions one has a direct
relation between the l.c. momentum fractions of the de-
tected (2) and struck (y) nucleons y + z = 2.

In the following we will compute the SIDIS cross sec-
tion on the deuteron with a slow proton present assuming
that the above processes contribute incoherently. An ad-
ditional process that will be considered separately is the
possible reinteraction (rescattering) of the hadrons pro-
duced in the fragmentation with the spectator nucleon.
The latter process is of interest since it depends on the
hadronization in the nuclear medium, which may lead to
a modification of the momentum and possibly the charge
of the observed spectator nucleon.

The data to be used as a comparison were obtained
from an analysis of deep-inelastic (anti)neutrino scatter-
ing experiments on the deuteron in a bubble chamber in
which all (charged) particles were detected [19]. The ex-
perimental data allow for a separation into “even” and
“odd” events, corresponding to an even or odd number
of charged hadrons in the final state, respectively. From
charge conservation it follows that odd events correspond
to the direct process on the neutron, where the spectator
proton has insufficient momentum to become visible in
the chamber. On the other hand, the category of even
events has different constituents. First, there is the di-
rect process on the proton, leaving the neutron as an
invisible spectator. Second, there is the direct process on
the neutron where the proton spectator is visible. And
third, there are primary reactions on either a proton or a

J

d*oid(z,2) G*mE, 1

dedzd?p, T

1—=x
r=p,n

X{zf;‘r(fy £ )
3 Yy y—zx

zZ
p.— ki
Yy
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(b)

FIG. 4.

Direct
semi-inclusive deep-inelastic scattering on A = 2.

(b) for

(a) and spectator process

neutron with a subsequent rescattering against the other
nucleon. Spectator events may be individually identified
when the slow proton is emitted into the backward hemi-
sphere. The direct process on a target at rest only yields
secondary protons in the forward hemisphere. (For the
small contamination of direct protons, emitted backward
by Fermi motion, a correction is made.) From the events
with a backward spectator, events with a forward spec-
tator may be constructed.

In addition, a selection may be made of rescattering
events by means of kinematical arguments. The quantity

=3 (B —p}) -m (13)
f

is evaluated, where the sum runs over all visible parti-
cles of the event. If all particles are visible and correctly
identified, ¢ = 0, otherwise ¢ < 0. On the other hand,
for rescattering events where the target is the deuteron
rather than a single nucleon with mass m, € may become
larger than 0. A more detailed description of the experi-
mental analysis of rescattering is found in Refs. [20-22].

B. Direct process

To compute the cross section for the direct process we
use a convolution model [4,5], in which the Fermi motion
and binding are taken into account by folding the semi-
inclusive structure functions for a free nucleon with the
momentum distribution of the nucleon in the nucleus.
In this approach off-shell effects and possible final state
interactions between the quarks in the struck nucleon and
the spectator nucleons are neglected.

When using the fragmentation approach for the scat-
tering off valence and sea quarks the cross section can be
expressed as an integral over the light-cone momentum
fraction carried by the nucleon [cf. Fig. 4(a)]:

mg/m
Y [ vtk futw k)
z+z

(14)

)}

T x zZ z
)+ (St ke
3y yy—zx Yy

where the structure functions are defined in Egs. (2) and (3) and the generalized convolution function is given by [9,5]

3
fy,pL) = my/ —k—j\/—fk—ﬁn(kﬁ (y -

(15)

d—vk2+m2—k3)5(2)
m

(ki —pPL)-
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After integration over the transverse momentum one re-
covers the usual convolution function for the light-cone
momentum [5]

n(k), (16)

e kdk
= 2rm? / etk
fa(y) = 2mmy e VR e

where kmin = '%%%mrz‘. The factor y in Eq. (15)

which comes from the convolution of the hadronic ten-
sor, is usually referred to as the flux factor. Alternatively,
one can convolute the semi-inclusive cross section; in this
case, the factor y arises from the presence of the invariant
mass of the neutrino plus nucleon system in the convolu-
tion integral (Ref. [6]).

In the present work the momentum density n(k) is
taken from Ref. [23] (Bonn potential). For the deuteron
the convolution function f4(y) is sharply peaked at y = 1,
corresponding to a nucleon at rest, and falls off rapidly
for y # 1, and as a result the cross section for the direct
process differs very little from the one for the free nu-
cleon case. The main difference is that, due to the Fermi
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motion, the calculated cross section extends to larger val-
ues of x. Furthermore, the number of protons produced
in the backward direction with a momentum above the
experimental cutoff of 150 MeV /c is negligible.

As noted above it is possible to compare the results for
the direct cross section on the neutron with the data set
for odd events, to which the even events with a backward
and a constructed forward spectator are added. The cal-
culated P(z,Ap) as a function of = for the free neutron
(shown in Fig. 3) and those for the bound neutron (shown
in Fig. 5) differ slightly both in the value of the cutoff in
z (due to the Fermi motion in the deuteron ) and in nor-
malization (due to the different inclusive cross sections
for A =1 and A = 2). Again the smaller SIDIS cross
section for the 7 case can be explained by the presence
of the unfavored fragmentation function.

C. Spectator process

In the absence of final state interactions the cross sec-
tion for the spectator process is given by [cf. Fig. 4(b)]

0.030 T T T T T T T T T T
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........... Val _ Val
7T
-——— valsea(l A -——— valsea(l
o020 Mt +sea(l) ]
(oY val+sea(2) | / - val+sea(2)
<4 S
25: :
a
0.010 £ A\ .
\
A\
0~000 Il 1 1 1 1
05 0.1 0.2 0.3 04 05 0.6
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d4aud

G?*mE ma/m 2 T T
spec _ v S pvn [ L *
dzdzd?p, T L dy { 3F2 (y) + 3y

Hence the dependence of cross section on z (when in-
tegrated over p,) is determined by the light-cone mo-
mentum fraction of the neutron in the deuteron (approx-
imately symmetric around z = 1) and the corresponding
shift in the arguments of the structure functions (which is
asymmetric around z = 1). One sees that the maximum
l.c. momentum fraction of the spectator for given z is
given by zmax = ma/m — z corresponding to a backward
m? —!md—zm!z

2(mg—am)
z = 0 one has ppax = %m. Because the convolution
function is strongly peaked at y = 1 the spectator cross
section decreases rapidly when going away from z = 1.

In Fig. 6 the calculated ratio of the semi-inclusive and
inclusive cross sections P(z, Ap) for the spectator process
is compared with the backward spectator spectrum as ex-
tracted from the even hadron set. P(z, Ap) depends only
weakly on z, since the scattering process on the neutron
is essentially inclusive. The difference in z dependence
between neutrinos and antineutrinos can be attributed
to the difference of the z distributions between the u and
d quarks in the proton and the neutron: spectator pro-
tons correspond to events where the v (o) scatters off a
d (u) quark in the neutron whereas the inclusive deuteron

momentum [24] ppax = . In particular, for

P (z)}fd(f‘n—j— - z,pl)s(z ry—mgm). (1)

y

f

cross section involves an average over proton and neutron
events.

Also of interest is the ratio R(z,Ax) obtained by in-
tegrating the semi-inclusive cross section over the trans-
verse momentum and z, and dividing by the inclusive
cross section

R(z,Az) =//_\z d:cdpLa(z,z,pl)//Az dzo(z). (18)

Figure 7 shows that R(z, Az) for the spectator process
(only backwards), sharply peaked at z = 1, is well repro-
duced. (The plateau around z = 1 is due to the lower
momentum cutoff at 150 MeV/c.)

Finally, in Fig. 8 we show the calculated ratio for the
sum of direct and spectator cross sections. The peak at
z = 1 corresponds to detection of the spectator, whereas
the ridge at small values of z stems from the direct pro-
duction of protons.

D. Rescattering

Above we have restricted ourselves to the plane wave
impulse approximation, i.e., neglected effects from final
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state interactions between the spectator and the hadrons
produced by the fragmentation. In the present context
two aspects of fsi are of interest. First, as shown in [22]
the inclusive rescattering probability (which experimen-
tally can be identified with the help of the variable €) is
sensitive to the time (length) scale in the hadronization
process. A second topic of interest is the modification of
the spectator l.c. momentum distribution.

The deuteron is the simplest nuclear system where the
hadronization process in a medium can be studied, and
the nuclear structure can be treated without approxima-
tion. Below we discuss the consequences of final state
interactions (rescattering) for both the spectator spec-
trum and the rescattering probability.

1. Inclusive rescattering probability

The simplest approach to rescattering is to assume that
the hit nucleon hadronizes instantaneously into a num-
ber of color singlets which can rescatter incoherently on
the spectator. It was shown in [22] that in this indepen-
dent rescattering model the observed rescattering frac-
tion Presc (the number of rescatter events over the total
number of events) is grossly overestimated. In the eikonal
approximation the incoherent rescattering probability is
(25]:

Presc(x’Qz) = (19)

vege(1)

in r2

1 1 1
1.0 12 14 16 18 20

z

where o is the fragment-spectator cross section and
N(z,Q?) is the multiplicity. The latter can be para-

metrized as [26,27)
N(z,Q%) = 1.1+ 1.351n W?(z, Q?). (20)

where W (z,Q?) is the invariant mass of the hadronic

R(x,z)

FIG. 8. Calculated ratio R(z,z) = o(z,2)/o(z) of sum
of the cross sections for the spectator and direct process
in v+d — p~ +p+ X and the inclusive cross section
v+d — p~ + X, with a lower momentum cutoff of 150
MeV /c for the observed proton.
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system:

W(z,Q%) = \/m% +@2(1/z - 1). (21)
This would predict too large a magnitude of P,es. and,
moreover, a logarithmic increase in the rescattering prob-
ability as a function of the energy transfer v ~ Q%/z. In
contrast, the experiment [22] shows a saturation for large
v and a very small z dependence (cf. Fig. 9).

An alternative to the incoherent rescattering model is
to replace N (z, Q?) by Neg = 1, independent of z. Using
for the fragment-nucleon cross section o a value of 45 mb
one obtains Presc = 0.12. This agrees with the average
experimental value. This suggests that effectively only
one of the produced colorless fragments will interact. Al-
ternatively, this can be viewed as the rescattering of an
object (the excited nucleon or string) with the transverse
size of the hit nucleon moving through the nucleus.

As shown in [22], the most plausible explanation of the
small rescattering probability is the finite formation time
for the newly created particles. We have estimated this
effect by means of a Monte Carlo calculation and use the
VENUS hadronization code (which is based on string frag-
mentation) to generate a space-time spectrum of frag-
ments. To simulate coherence we assume that only the
fragment which is formed closest to the scattering cen-
ter will rescatter. Introducing the distribution Fy(z, 7o)
which gives the probability that the first fragment is of
type x and is formed at a distance ro from the scattering
center, the rescattering probability can be expressed as
25]

Presc(z) = /°° dro Fy(z,m0) /00 dr U::g) . (22)

0 To

In Fig. 9 the inclusive rescattering probability as given
by Eq. (22) is plotted as a function of z (where we have
folded in the experimental Q2 distribution). Also shown
is the rescattering probability for the independent rescat-
tering model with N = 1. One sees that this simple
model for rescattering does not explain the data: the
rescattering probability is underestimated, and the = de-
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pendence is not present in the data.

This strongly indicates that the present approach is too
simple: we have neglected all interactions of the string
(excited nucleon) before hadronization and assumed that
only one fragment will rescatter. Any interaction of the
string will, however, increase the rescattering probability
and smoothen the z dependence.

2. Spectator modification

The spectator process has been proposed as a means to
measure correlations in nuclei. In the independent pair
approximation where two nucleons move back to back in
the nucleus in their c.m. system after striking one nu-
cleon, its partner can leave the nucleus with its original
l.c. momentum if final state interactions are neglected.
In the backward direction one thus measures the nucleon
l.c. momentum distribution. There are several ways to
study whether this simple picture is affected by final state
interactions. A simple criterium is the ratio of z val-
ues for events with and without a slow backward proton,
v, = (z)bp/(z), which in the case of spectator events is
proportional to 2 — z. In case of 2°Ne this relation has
been confirmed qualitatively for events containing only
one slow proton [28].

The most obvious contribution to the rescattering pro-
cess, that gives rise to slow protons, is that of the elastic
rescattering of fragments on the spectator. The resulting
events are thus removed from the spectator and added
to the rescattering sample. The spectrum of rescattered
spectators can be calculated using a generalization of
Fy(z,7¢) which includes the distribution of the longitu-
dinal momentum p3 carried by the fragments [29].

Using this distribution we can write the modified back-
ward proton spectrum as a sum of rescattered and undis-
torted spectators

O'bp = g'esc 4 &spec, (23)
where 6P = (1
spectators, that are unaffected by rescattering, and o

— Presc)o®Pe¢ is the cross section for
resc
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FIG. 9. Rescattering prob-
abilities as a function of =z,
calculated using the indepen-
dent rescattering model with
7 Neg = 1 (dashed lines) and
the formation time model (solid
lines), compared to the data.
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logio[R(z,Ax)]

FIG. 10. The ratio
R(z,Az) (0<z<0.1) for back-
ward protons calculated with-
out (solid line) and with rescat-
tering (dashed line).

the spectrum of protons that arises from the rescattering
process.

As a first estimate of the effect of rescattering we calcu-
lated the distorted spectator distribution (including only
elastic rescattering). For the cross section we used the
parametrization from Ref. [30] for all types of fragments
(including resonances and mesons). In Fig. 10 we plot
the spectrum of backward protons

dO’bp da.deut -1
R(z,Az) = (/dzdmdz) (/da: o ) (24)

as a function of 2. It is seen that, as one expects,
the spectrum is shifted towards the forward hemisphere
(z < 1). However, because of the rather small effect,
and the number of approximations in the calculation it
is not possible to make a quantitative comparison with
the (anti)neutrino data.

IV. CONCLUDING REMARKS

Motivated by a reanalysis of experimental data we have
investigated the absolute cross section for semi-inclusive
deep-inelastic charged current (anti)neutrino scattering
on hydrogen and deuterium with the observation of a
slow proton in the final state, as a function of the Bjorken
— and the light-cone momentum fraction z.

On a free nucleon, we assume that the cross section can
be factorized into a quark momentum distribution and
a fragmentation function for the spectator quarks. At
small values of = the cross section is dominated by sea-
quark effects; the latter can be simulated by a pion cloud
model, and by a four-quark fragmentation function. The
strong bias of the ratio P(z, z) of the coincidence cross
section and the inclusive cross section for small z values

has basically a kinematic origin.

The deuteron target offers several new interesting ef-
fects. First, the data analysis makes it possible to isolate
deep-inelastic scattering on the neutron with subsequent
fragmentation into a proton. Second, there is an addi-
tional source of slow protons in the final state, namely the
emitted spectator nucleon. In the backward hemisphere
where this process dominates, the cross section is directly
proportional to the light-cone momentum distribution of
the nucleons. In most cases qualitative agreement with
the data is obtained; a more quantitative comparison can
only be made using higher accuracy data. Finally, an
analysis of rescattering events indicates that the naive
incoherent rescattering of produced hadrons is not con-
sistent with experiment.

There are several reasons why it is interesting to extend
the present study to heavier nuclei. In the plane wave
impulse approximation the spectator momentum distri-
bution depends sensitively on details of the nuclear spec-
tral function P(k, E). In addition, one expects to obtain
more information about final state interactions between
spectator nucleons and produced hadrons, in which the
formation time plays a crucial role.
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