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The production of low energy protons observed in recent deep-inelastic (anti-)neutrino scattering on hydrogen and deuteron
targets is interpreted in terms of fragmentation of the spectator di-quark and emission of nuclear spectators.

1. Introduction

In the past, nuclear effects in deep-inelastic scatter-
ing have been studied mostly in terms of inclusive
reactions. These studies show that the structure func-
tion F,(x) for a nucleon bound in the nuclear me-
dium is different from the one for a free nucleon.
Theoretical investigations indicate that for x>0.2 a
large part of this so-called EMC effect can be ex-
plained by conventional nuclear physics degrees of
freedom, such as Fermi motion, nuclear binding and
possibly pionic contributions [1]. More detailed in-
formation on these mechanisms can be obtained from
semi-inclusive experiments. For example, for testing
the binding hypothesis for the EMC effect it would
be desirable to obtain information on the (excita-
tion) energy of the final 4 — 1 nuclear system [2].

Recently, the results of two neutrino-induced deep-
inelastic scattering experiments were published in
which slow protons (‘“dark tracks™” or “stubs™ in a
bubble chamber) were detected in coincidence with
the muon. In the Fermilab experiment on a freon (i.c.
predominantly fluor) target [2] the ratio R(x) of the
number of events with a slow proton present (typi-
cally with a momentum < 0.5 GeV/¢) over the events
without slow protons showed a dip at intermediate x
values. These results were interpreted [3] in terms of
emission of a nuclear spectator proton (correlated
with the struck one), a mechanism proposed by
Frankfurt and Strikman [4]. However, the observa-
tion of an even larger effect for deep-inelastic scatter-

ing on a free proton by the BEBC Collaboration [5]
strongly indicates that in addition to nuclear effects
hadronization of the struck nucleon also plays an im-
portant role. Recently Ishii et al. [6] proposed a sim-
ple model that describes the gross features of the data
of ref. [3] by a combination of di-quark fragmenta-
tion and rescattering of the struck hadron. They in-
cluded effects of Fermi motion and binding, but did
not consider the spectator contribution.

Motivated by recent data from the BEBC Collab-
oration [5] we report on a calculation of the so called
“tagged™ structure functions for deep-inelastic
(anti-)neutrino scattering on simple targets (A=1,
2). First we consider scattering on a free proton where
fragmentation is the only source of slow protons
(produced solely in the forward hemisphere) and
therefore this case can be used as a valuable test of
the fragmentation model. Next for the deuteron we
study the competition between the emission of a
spectator nucleon and production of protons via the
struck nucleon.

2. The free nucleon case

For a free nucleon we basically assume that slow
protons in deep-inelastic neutrino scattering are pro-
duced either by fragmentation of a spectator di-quark
after interaction of the neutrino with a valence d-
quark, or by fragmentation of the spectator four-quark
system after the interaction of the neutrino with a sea
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quark. The probability to find a proton with momen-
tum fraction ? from a di-quark can be expressed in
terms of the fragmentation function D§,(Z). Simi-
larly, the fragmentation of the four-quark state is de-
scribed by a fragmentation function D5y.4(Z). In the
extreme parton model the spectator di-quark carries
a momentum fraction 1 —x (x is the Bjorken scaling
variable), and hence the detected proton has a mo-
mentum fraction z= (1 —x)Z of the target nucleon.

In practice it is convenient to use a light-cone mo-
mentum fraction which is invariant under longitudi-
nal boosts, 1.e. z= (p°~p")/ (p°—p?), where p’ and
p are the momenta and energies of the detected and
target nucleon, and ¢ is chosen along the + z-axis. In
the laboratory system z= (p’°—p’*) /m, and thus slow
protons with p”* ~0 correspond to zx 1.

In the spirit of the fragmentation approach the
semi-inclusive cross section (averaged over the an-
gle) for deep-inelastic neutrino scattering on a pro-
ton can be factorized as

d%6"?(x,z) G*mE 2x [ . ( z )
dxdz = 1m 1-x . (x) D% l1-x

+4,(x)Dluaa (ﬁ) + 418, (x) Dhusa (1 fx)] :
(1)

Here xd, (x) (xu,(x)) and xd,(x) (xus(x)) are the
valence and sea-quark structure functions for the d-
(u-)quark in the proton, respectively, and D2, (2) and
D54qq(Z) the fragmentation functions for the forma-
tion of a proton or delta from a di-quark (tetra-
quark). The cross section for scattering of a neutrino
on a neutron is obtained by interchanging d<>u and
i<d and appropriately changing of the indices of the
D functions. The cross sections for scattering of an
anti-neutrino on a proton or a neutron is obtained by
replacing quark momentum distributions by anti-
quark distributions and vice versa. We assume that
in leading order all D functions in eq. (1) are equal.
Then by defining FY°(x)=2x[d,(x)+d,(x)+
{1,(x)] eq. (1) takes on the simple form

&6 (x,z) G*mE _ 1 p( z )
dxdz =~ =& F (x)l—xD 1-x/°

Experimentally one observes slow protons within a
certain momentum bin ph,i, <p' <Pmax i0 the labo-
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ratory system, (p'=|p’'|), corresponding to a z=
p’~/m interval Az. The coincidence cross section is
then proportional to the probability, Py (x, Az), for
finding a slow proton (or dark track (d.t.)) from a
di-quark

~1
dav® d%cv?(x, z
paan=(£2) [t
Az

dz z
—_ p
- l—xD (l—x) )
Az

For the di-quark fragmentation function we have used
the leading term of the parametrization given by Bartl
et al. [7]. The fact that P4, is a strongly decreasing
function of x is mainly caused by the integration lim-
its which restricts the value of zto z<1—x. On the
other hand, the x dependence of P, is rather insen-
sitive to the precise form of the fragmentation func-
tion and a parametrization based upon counting rules,
D(Z)oc (1=-2)0(1—2) leads to similar results.

The fragmentation into nucleons and delta reso-
nances (when allowed by spin/flavor symmetry) is
treated on an equal footing thereby neglecting the
mass difference between them. For simplicity we as-
sume that all delta’s decay into nucleons with the same
velocity, i.e. protons and neutrons according to the
standard isospin weighing. A possible contribution
from the interaction with a virtual meson (pion) will
be neglected.

In the calculation we assumed a transverse com-
ponent in the hadronization with an exponential
probability function and < p? > '/2=300 MeV/c. Since
the magnitude of the transverse component is of the
same order of magnitude as the momentum of the
slow protons it gives a significant contribution in
particular near the kinematic cut-off point.

In fig. 1 we show the comparison of ratios R(x,
Az)=P(x, Az)/[1-P(x, Az)] of the (anti-)neu-
trino cross sections with and without slow protons for
two momentum bins with the data of ref. [5] as a
function of x. In order to compare we used the same
normalization convention as in the data. It is seen
that the experimental trend can be described quali-
tatively. Whereas the difference in the slope of R(x,
Az) for events with 150 <p’ <350 MeV/c and those
with 350 <p’ <600 MeV/c can be explained, the the-
oretical distributions clearly fall off more rapidly than
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Fig. 1. The (normalized) ratioc R(x, Az) of (a) neutrino and (b) anti-neutrino cross sections on H with/without slow protons in the
momentum bins 150<p’ <350 MeV/c and 350 <p’' <600 MeV /¢, compared to the (normalized ) ratio of the experimental data of ref.

{5}

the observed ones. We note that in the present model
no protons can be produced with momenta p’ <350
(600) MeV /¢ for events with x> 0.25 (0.45), due to
the kinematic constraints. The slower fall-off of R(x)
with increasing x obtained in ref. [6] appears to be
due in part to the larger value of the cut-off momen-
tum pr. =1 GeV/c used in refs. [3,6], and in part
to the assumption that each four-quark state leads to
a slow proton.

The predicted absolute probability for producing
slow protons is quite small. Using the leading order
of the fragmentation functions of ref. [ 7] we find that,
for x=0, the probability for producing a proton in
the low (high) momentum bin is 0.4% (2.0%). Al-
though these numbers cannot be compared directly
with data, which are x integrated quantities, they are
of the same order of magnitude.

3. The deuteron case

To investigate to what extent nuclear effects like
Fermi smearing and binding affect the x dependence
of the semi-inclusive cross section we now turn to the
deuteron. In the impulse approximation one can dis-
tinguish two different processes that can give rise to

slow protons, the “direct” process which represents
the fragmentation of the struck moving proton or
neutron in the target (see fig. 2b), and the “specta-
tor” process corresponding to detection of the spec-
tator proton (see fig. 2a).

In the impulse approximation the cross section for
the direct process can be expressed in terms of a con-
volution integral over the single-nucleon cross sec-
tion of eq. (1) (for simplicity we drop all references
to transverse momenta )

Xy
1-x o -i.)(
y n Y,
Z
3 P d n.p
(a) (b}

Fig. 2. Diagrammatic illustration of (a) the spectator and (b)
the direct processes for deep-inelastic scattering on the deuteron.
The cross indicates the detected proton.

13



Volume 264, number 1,2

d*ail (v, z)  G’mE

dxdz n

ma/m

1
x T j Ay fa)F*N(x/y) y_xDP(yfx),

(2)

where the convolution function f;(y) (the light-cone
momentum distribution of the hit nucleon) is given
in terms of the deuteron momentum distribution

n(p)

0_ 3
f;(y)=cfd3p|¢d(p)|2y6(y—” ”)

m

=2mcym J pdpn(p). (3)

Pmin.

In eq. (3) the factor y represents the so called flux
factor [8,4], and c is chosen such that f(y) is nor-
malized to unity. For the deuteron momentum dis-
tribution we use the parametrization of Machleidt et
al. [9). For light systems like the deuteron it is cru-
cial to take into account the recoil energy, leading to
[10] (up to order E,/m)

2(y2—1) +2myEy|
'min ’E =lm (y b’
PO )= T Gy By |

where E,, is the deuteron binding energy.
The spectator contribution can be written as

dPoyt. (x,2)  G*mE

dxdz ~ o
mg/m
vn md
x | avsmEncums(str-22). (@)

Assuming that these contributions may be added in-
coherently the total probability for finding a slow
proton in the interval Az is

Py (x,Az)= (9‘-’%)

2,vd 2..vd
X J.dz(d adlr.(x’ Z) + d Uspec.(x’ Z))’ (5)
Az

dxdz dxdz

with the inclusive cross section given by
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dg"(x) G’mE
dx ~ =

ma/m

x f Ay 1) [F P (x/y) +F*(x/v)] -

X

F* and F*™ are calculated using the parametriza-
tions given by Eichtenetal. [11].

In fig. 3 we show the contributions of both pro-
cesses and their sum to the ratio R(x, Az) of events
with slow protons to events without slow protons for
neutrino and antineutrino scattering on the deu-
teron. The direct contribution, which does not de-
pend strongly on z, is only slightly affected by Fermi
smearing; as in the free proton case it falls of rapidly
with increasing x and is negligibly small for x> 0.5.
On the other hand the spectator contribution is a
smooth function of x, but is strongly peaked at x=1
and decreases rapidly with increasing { z— 1|, and thus
corresponds mainly to very slow protons. At values
of x>0.4 the summed probability is dominated by
the spectator process, and as a result the ratio R(x,
Az) falls off slower and extends to larger x values than
for the free proton. This effect is much more pro-
nounced for the low proton momentum bin
(150 <p’ <350 MeV/c) than for the higher one, in
qualitative agreement with the experimental trend. It
should be noted, however, that because of the strong
z dependence of the spectator contribution the net re-
sult for R is extremely sensitive to the precise value
of the empirical lower cutoff in the proton momen-
tum. For example, the use of a 10% higher value than
the one reported in ref. [5] would reduce the spec-
tator contribution by 80% and thus lead to a much
better fit with the low momentum bin neutrino data.

Another feature worth noting is the appreciable
difference between the x dependence of the ratio R(x,
Az) for the neutrino and antineutrino scattering. This
effect can be attributed to the difference in u- and d-
quark momentum distributions entering in the spec-
tator contribution. Namely, compared to the inclu-
sive scattering which averages over neutrons and
protons, the observation of the spectator proton in
the semi-inclusive neutrino (antineutrino) scattering
selectively picks out events in which a d- (u-)quark
in the neutron has been struck. It illustrates that semi-
inclusive scattering is quite sensitive to the flavor de-
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Fig. 3. The ratio R(x, Az) of (a) neutrino and (b) antineutrino cross sections on deuterium with/without slow protons for the same
momentum bins as in fig. 1 compared with the data of ref. [5]. Also shown are the separate contributions of the direct (dotted) and

spectator (dash-dotted) process for the high bin.

pendence of quark momentum distributions.

4. Discussion and summary

We have interpreted the observation of slow pro-
tons in semi-inclusive deep-inelastic neutrino scat-
tering on the free proton in terms of di-quark frag-
mentation, and that on the deuteron in terms of a
competition between fragmentation and spectator
processes. We have shown that the observed dilution
of the strong x dependence of the ratio of events with/
without slow protons going from the free nucleon to
the deuteron can be attributed to the detection of
spectator nucleons. We expect the latter process to be
important also for heavier nuclei, and are planning
to investigate its 4 dependence in more detail. For a
quantitative description of tagged structure func-
tions in 4> 2 systems one needs a two-nucleon spec-
tral function, which in general is not available yet.

Another point to be investigated is the role of re-
scattering. One may argue that the interaction of non
color-singlets (quarks and di-quarks) with the ob-
served nucleon is suppressed. Therefore the most im-
portant interaction is that of the produced slow nu-
cleon with the target nucleon. To estimate the

magnitude of this effect one needs to know the had-
ronization length. For slow protons it is expected to
be of the order of the deuteron size and the rescatter-
ing will lead to a smearing of the momentum distri-
bution. We are planning to study the question of re-
scattering in more detail in the future.

Above we have considered only the absolute value
of momenta of slow protons but not the direction. In
order to separate the direct and spectator processes it
is useful to distinguish events with z> 1 (backwards
with respect to ¢) and events with z<1 (forwards).
We find that in the deuteron the direct fragmentation
process contributes very little (less than 1%) to back-
ward protons and therefore the backward hemi-
sphere is well suited to study the spectator process. In
ref. [12] deuteron events with slow backward pro-
tons (in the laboratory system) were selected.

A simple quantity to consider is the expectation
value of the scaling variable {xy) (where y=v/E,)
as a function of z [4]. Namely, if a proton with mo-
mentum fraction z is observed one has

2

P = 5 = (222) Y e (6)

where (xV)>une=0%/2E,p~. Thus in the spectator
picture the ratio of { xy) for events with/without the
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observation of a slow backward proton is predicted
to be (2—2z), i.e. a linearly decreasing function of z.
Within the accuracy this agrees with the data [12].
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