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Backward emitted high-energy neutrons in hard reactions ofp and p¿ on carbon
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Beams of protons and pions of 5.9 GeV/c were incident on a C target. Neutrons emitted into the backward
hemisphere, in the laboratory system, were detected in~triple! coincidence with two emerging particles of
tranverse momentapt.0.6 GeV/c. We determined that for (46.563.7)% of the proton-induced events and for
(40.864.5)% of the pion-induced events with the two high-pt particles, there is also at least one backward
emitted neutron with momentum greater than 0.32 GeV/c. This observation is in sharp contrast to a well-
established universal pattern from a large variety of earlier inclusive measurements with hadrons, electrons,
photons, neutrinos, and antineutrinos where the probability for backward nucleon emission was in the 5 to
10 % range. We present also a measurement of the momentum spectra for the backward going neutrons. The
spectra have the same universal shape observed in the inclusive reactions. We speculate that the enhanced
backward neutron emission in this semi-inclusive region could be an indication for a strong dependence of the
cross section on the squared total center-of-mass energy~s! and for the importance of short-range nucleon-
nucleon correlations.

DOI: 10.1103/PhysRevC.65.015207 PACS number~s!: 21.30.2x, 24.50.1g
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I. INTRODUCTION

In this paper we describe a triple-coincidence measu
ment with 5.9 GeV/c beams and a spectrometer~EVA! that
was constructed to measure quasielastic scattering of pro
and pions from nuclei near 90° c.m. Neutrons emitted i
the backward hemisphere, in the laboratory system, were
tected in triple coincidence with two emerging hig
transverse-momentum (pt) particles. This experiment wa
performed at the AGS accelerator at Brookhaven Natio
Laboratory.

This experiment couples the dynamics of high-ene
large-momentum-transfer reactions~called hard reactions!
with low-energy properties of the nuclear ground state. U
recently almost all nuclear-structure experiments were d
with low-energy probes and at low momentum transfer.
most all hard reaction studies were limited to free hadr
~or very light nuclei such as the deuteron!. We present in this
introduction a brief description of the kinematics of ha
scattering, a scaling law, and the dynamical dependenc
the hadron-nucleon cross sections on the relevant obs
ables. We also include a brief description of hadron qua
elastic scattering off a bound nucleon in the nuclear medi
and the present status of experiments probing nucle
nucleon short-range correlations~NN SRC! in nuclei. Details
can be found in the references. We describe the experime
setup in Sec. II, and the data analysis in Sec. III. We pres
0556-2813/2001/65~1!/015207~10!/$20.00 65 0152
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the results in Sec. IV followed by discussions and conc
sions in Sec. V.

The phenomenology of hadronic interactions is often
vided into hard and soft interactions. Hard phenomena
characterized by high energy and large momentum trans
(.0.5 GeV/c), which in turn imply that the interaction
takes place over a distance which is small with respect to
size of the nucleon. Soft phenomena refer to those react
for which the energy and momentum transfers are sm
(!0.5 GeV/c). We will focus on two specific hard hadroni
interactions: the high-energy large-anglepp→pp and pp
→pp elastic scattering. See Fig. 1 forpp elastic scattering
kinematics. Atuc.m.590° for a 5.9 GeV/c proton beam we
have E15E253.45 GeV, p15p253.32 GeV/c, u15u2
527.52°, andpt1

5pt2
51.53 GeV/c. For most wide-angle

FIG. 1. Kinematics forpp elastic scattering. In quasielastic sca
tering the target proton in the nucleus has momentum.
©2001 The American Physical Society07-1
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A. MALKI et al. PHYSICAL REVIEW C 65 015207
exclusive reactions, at incoming momenta above a
GeV/c and uc.m..40°, the differential cross section scal
@1–3# as

ds

dt
AB→CD

;s2(nA1nB1nC1nD22)f S t

sD , ~1!

wherenA , nB , nC , andnD are the number of valence quark
inside the hadronsA, B, C, andD, respectively. For example
ds/dtpp→pp;s210 and ds/dtpp→pp;s28. The variabless
and t are the Mandelstam variables

s5~PA1PB!2, t5~PA2PC!2, ~2!

wherePA , PB , andPC are the four-momenta of hadronsA,
B, andC, respectively.@Note, that a constant value oft/s in
Eq. ~1! is equivalent to a constant value of the center of m
scattering angle#. Equation~1!, which is known as the di-
mensional counting rule, was first derived in 1973@1# in
asymptotic form (s→`,t/s fixed!, using dimensional analy
sis. The counting rule is already applicable atplab
55 GeV/c @3#. Hendry noted in 1974@4# that a finer exami-
nation of the data reveals small oscillations around Eq.~1!.
For a review on wide-angle processes see Ref.@5#.

In quasielastic~QE! scattering, a projectile scatters from
single bound ‘‘target’’ nucleon in the nucleus, while the re
of the nucleus acts as a spectator, and the target nucleo
momentum~Fig. 1!. A clear interpretation of QE measure
ments is possible in the impulse approximation~IA !. Within
this approximation, it is possible to separate nuclear pro
ties from the reaction mechanism and to study both. In
scattering, the missing energy (Em) and momentum (pW m) are
given byEm5Ebeam1m2E12E2 andpW m5pW beam2pW 12pW 2.
Here, m is the proton mass and the other variables are
fined in Fig. 1. In the IA, these observables are associa
with the energyEi and the momentumpW i of the target
nucleon in the nucleus.

A majority of the QE experiments dealing with nucle
ground state properties have used the (e,e8p) reaction. The
(p,2p) reaction is different in interesting ways. The eleme
tary pp cross section is larger than the elementaryep cross
section and radiative corrections are negligible compare
electron scattering. On the other hand, the largerpp cross
section enhances the role of initial- and final-state inter
tions. As pointed out by Farraret al. @6#, the (p,2p) process
provides a powerful amplification of the large longitudin
momentum tails because of the strong energy dependen
pp elastic scattering. The fundamental subprocess of
(p,2p) quasielastic interaction ispp elastic scattering. In the
kinematic region of this experiment the energy depende
of pp elastic scattering varies approximately as 1/s10. Be-
cause the cross section greatly favors lower c.m. energie
target nucleon in the nucleus moving in the direction of
incident beam is expected to have an enhanced probabili
contributing to this process@6,7#. The hard-scattering mecha
nism thus tends to select a nucleon from the nuclear w
function with an anomalously large and positive longitudin
momentum, typically at or above the Fermi momentum. A
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result, the pair of high-pt final-state protons carries awa
extra positive longitudinal momentum. That extra mome
tum boost is provided by the nucleus. The residual nucleu
nuclear fragments must recoil backward to balance this e
momentum.

If the struck proton in the nucleus were accelerated
high momentumpW i by the mean field of the nucleus, then th
recoil would most naturally involve the recoil of the spect
tor nucleus as a whole@8,9# and would be difficult to ob-
serve. On the other hand, if the high-momentum compon
were associated with a short-range correlation between a
ton and a neutron@10,11#, then one would expect most of th
recoil momentum to be carried away by the correlated n
tron partner, see Ref.@12#.

The correlated neutron should leave the nucleus afte
partner has been scattered away, perhaps retaining the o
nal large momentum and direction. Realizing that for qua
elastic processes near 90° c.m. the observable posi
momentum tail of the nuclear momentum distribution
amplified by a large factor, we configured the EVA detec
to measure also the associated backward neutron distribu
in coincidence with our trigger for two high-pt particles.

For a broad range of inclusive experiments with high e
ergy (.1 GeV) hadrons@13–16#, real photons@17#, virtual
photons@13#, neutrinos and antineutrinos@18–21# a remark-
able universality has been observed in the pattern of ba
ward nucleon emission. In those experiments@see Fig. 2~a!#
the nucleons were emitted into angles larger than 90° in
laboratory system. The region of backward emission is
fined such that it cannot be populated kinematically by int
actions between the beam projectile and a single nucleo
rest. These events require the participation of two or m
nucleons in the nucleus. Only backward nucleons were ta
into account whose momenta were large enough to exc
most low-energy nucleons that ‘‘boil off’’ from an excite
nucleus. Lower-energy backward emitted neutron data
also in the literature@22#.

A common universal form for the momentum spectrum
the backward particles from inclusive reactions was o
served, and can be parametrized with the expression

~E/p!
ds

d~p2!
5Ce2B(u)p2

5C8e2T/T0(u), ~3!

whereE, p, andu are the energy momentum and angle of t
backward-going nucleonB, T0 are the slope parameters, an
C, C8 are scale parameters. For incident beams above
proximately 1 GeV/c and for backward-emitted nucleon

FIG. 2. ~a! Schematic of inclusive backward emitted nucle
experiments;g* denotes virtual photons.~b! This experiment.
7-2



rg

to
f
and
C
on

,

e

ec-
red
ata
rd-
tal

re-

r a
st-
bo-
ter

Th
ts

BACKWARD EMITTED HIGH-ENERGY NEUTRONS IN . . . PHYSICAL REVIEW C65 015207
above about 0.3 GeV/c, the slope parameters (B and T0)
were found to be almost independent of incident ene
beam type, and target nucleus.

The neutrino measurements@18–21# report a value ofB
59.5210.7 (GeV/c)22 for protons emitted into the whole

FIG. 3. Comparison of the parameterB8(120°,u,150°) ob-
tained for different reactions for various energies and targets.
figure is from Ref.@18#. The arrow indicates our new data poin
which will be discussed below.
01520
y,

backward hemisphere, with uncertainties ranging from 0.3
2 (GeV/c)22. Reference@18# presents a compilation o
other experiments at several different energies of hadron
photon beams incident on a variety of targets, including
and other nuclei. For scattered particles into the comm
angular range of 120°2150° of the different experiments
the slope parameters are within the range ofB8510
212.5 (GeV/c)22 with a typical error of 2 (GeV/c)22

~see Fig. 3!. Note thatB is used when integrating over th
full backward hemisphere, andB8 is used for the integration
between 120° and 150°.

The universality extends not only to the momentum sp
trum but also to the backward-emission rate. The measu
invariant momentum spectra for some of the published d
were integrated to obtain the total yield of the backwa
emitted particles. The yields were then divided by the to
inelastic cross section to obtain thefraction which is associ-
ated with a backward-going particle. The results are p
sented in Table I.

To summarize the backward neutron-emission data, fo
broad range of inclusive experiments there is an almo
constant fraction of events that produce a nucleon at a la
ratory angle greater than 90°, and with momentum grea

e

rd

ef.

he
l

TABLE I. Backward emission fraction for inclusive reactions.

Incident/ Energy Target Integration Integration Ref. Backwa
backward emitted range range fraction
particle ~GeV! (GeV/c) ~deg.! (%)

n̄/p
a Ne 0.220.7 902180 b1 761

p/p 3.66 Ne 0.220.7 902180 b2 863

n̄/p
c Ne 0.220.8 902180 d 1061

n/p 1264
NC/p 1061

n̄/p
c Ne 0.3520.8 902180 e 6.060.2

n/p 8.560.3
n/p f C 0.3520.7 902180 g 4.4560.05
p/p 0.64 C 0.31120.54 902180 h 6.061.5
p/n 7.5 C 0.3220.5 902180 i, k 16

j, k 7.5

aA wide bandn̄ beam from 300 GeV/c incident protons@18#.
b1Results of Ref.@18#.
b2Deduced in Ref.@18# from measurements of Ref.@14# to satisfy the same selection criteria as used in R
@18#.
cA wide bandn̄ beam from 400 GeV/c incident protons Ref.@19#. NC denotes neutral currents.
dFrom Table I of Ref.@19#.
e‘‘1 Backward proton rate’’ from Table I of Ref.@20#.
fA wide bandn̄ beam from 450 GeV/c incident protons Ref.@21#.
gFrom Table 5 of Ref.@21#.
hIntegral ofI (u3) from Table 2 of Ref.@16# divided by the totalpC inelastic cross sections t from Ref.@16#.
iData of Ref.@14# for un588°, see text for details.
jSame asi for un5119°.
kThe data of Ref.@14# were integrated betweenpn50.3220.5 GeV/c for un588° andun5119°. Assuming
that the cross section is constant beyondun588° orun5119°, one gets for the full backward hemisphere t
results in the table. Since the data show that the cross sections fall withun , these are upper limits. The tota
inelastic cross section was not given in Ref.@14#, thus we estimated it at (240630 mb) with a Glauber
calculation Ref.@23#.
7-3
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A. MALKI et al. PHYSICAL REVIEW C 65 015207
than about 0.3 GeV/c. For light nuclei such as C or Ne, tha
fraction is about (1065)%. The stability of the universal
observation with respect to changes in experimental co
tions is remarkable. As the beam energies vary from 1 to
GeV the multiplicity of inclusive particle production chang
substantially but the fraction of backward nucleons is u
changed. Especially interesting is the observation that e
the disruption of a nucleus with neutrinos@18–20#, where
there is a greatly reduced secondary interaction with spe
tor nucleons, yields the same universal result.

These results have led to several theoretical interpr
tions. The models that have been discussed can be div
into two main classes. The models of the first cla
@8–10,24# deduce from the universality that the measu
ment must provide direct information on the nuclear grou
state, especially on the high-momentum part of the w
function. These models assume that the projectile inter
with a single nucleon and that the backward yield of nuc
ons is due to the breakup of preexisting clusters of two
more, correlated nucleons@10,24#. We will discuss below, in
more detail, the two-nucleon short-range correlation~NN
SRC! model. One of the more extreme models in this cla
assumes that the high momentum of the struck nucleo
balanced coherently by the residual nucleus@8,9#. A second
class of models@16,25# assumes that the backward yield
due to rescattering in the nucleus of the incident and ou
ing particles. These initial and final interactions include tr
p absorption andD rescattering in the intermediate state
Reference@16# presents detailed comparisons of the inc
sive p1C→p1X data with different calculations. The con
clusion was that given the uncertainty in the data and
calculations, both the rescattering and the correlation me
nisms are capable of describing the data.

We measured backward-going neutrons in a restricted
gion of kinematics for proton-carbon or pion-carbon scatt
ing, and found that the probability for backward neutr
emission is dramatically larger than the ‘‘universal’’ patter
Our measurements cover a small kinematic region of
inclusive proton-carbon or pion-carbon cross section that
will refer to as in the ‘‘kinematic vicinity of hard quasielast
scattering’’ at 90° c.m. Specifically with a proton beam, th
kinematic region is loosely characterized by the observa
of two high-pt positively-charged final-state particles th
carry away most of the beam energy. The two tracks
observed at large laboratory polar angles, back-to-back in
proton-proton (pp) c.m. frame, within a narrow range o
laboratory angles near 90° c.m. The surprising result is
for proton-carbon and pion-carbon scattering in the ‘‘kin
matic vicinity of quasielastic hard scattering’’ at 90° c.m
the probability for backward neutron emission is greater th
40% in comparison to the universal inclusive result of le
than 10%. We point out that we are looking at only a sm
fraction of the total inclusive cross section.

The backward-emitted neutron data have been interpr
as being due to nuclear correlations@10,24#. The purpose of
the present, more exclusive, experiment is to add additio
information on this subject. We therefore will end this ge
eral introduction by giving a short description of recent me
surements of nuclear correlations in nuclei.
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Many basic nuclear properties can be described succ
fully within the single-particle model. However, this simp
model breaks down when detailed features are studied, e
cially in the extreme regions of the nuclear wave function.
recent years much attention has been paid to the importa
of NN correlations and, specifically,NN SRC@26#. The SRC
between two nucleons in nuclei are a very elusive featu
Their experimental identification is very difficult becau
they are small compared to the single-particle component
is also difficult to separate SRC from other competing p
cesses that can imitate the small expected signal ofNN SRC.
We will mention some experiments that addressed this is
For the description of electron-scattering experiments
will use the conventional kinematical variables, whereQ2 is
the four-momentum transfer, andx is the Bjorken scaling
variable.

For inclusive (e,e8) experiments@27,28# at high momen-
tum transfers andx.1, the extracted momentum distribu
tions for nucleons in the nucleus have relatively large hig
momentum tails. Some theoretical models try to explain t
by invoking SRC@29#. Others@30# explained the results in
terms of final-state interactions~FSI!. There are also (e,e8)
measurements in the ‘‘dip’’ region, between the quasiela
peak and the delta region atx<1, which show an anoma
lously large transverse cross section. This has been cited~see
Refs. @31,32# and references in@32#! as evidence forNN
correlations, although not necessarily ofshort range.

Some (e,e8p) experiments@33–37# observed a depletion
of spectroscopic strength by as much as 35%@26#. This has
been explained@32,38# by invoking nuclear correlations
which push the nucleons to higher-momentum states
high missing energies, and are thus not visible at low m
menta and low excitation energies. Other (e,e8p) experi-
ments@39–41#, also atx,1, show peaks at missing energie
corresponding to the removal of two nucleons. Two-nucle
knockout (e,e8d) was also reported recently@42#.

In a new generation of ‘‘kinematically complete’’ exper
ments, the knocked out nucleon was measured in coi
dence with a correlated nucleon. This category includ
(e,e8pp) measurements from MAMI and NIKHEF@43–51#,
and (g,NN) from TAGX and LEGS @52,53#. The new
virtual-photon measurements identified the shells fr
which the proton pair was knocked out and studied the c
tribution of NN SRC. Recent calculations@54,55# related
those correlations to central~Jastrow type@56#! and tensor
components. We point out that the published, kinematica
complete, (e,e8pp) measurements are related to virtual ph
tons absorbed on app pair. A simple counting of the numbe
of NN pairs and the spin-isospin states in the nucleus, p
duces morenp than pp pairs. This leads to the expectatio
that pn pairs will contribute more to the SRC thanpp pairs
@10#.

Next we recall the backward nucleon emission associa
with scattering from nuclear targets that we discussed ab
As we mentioned, the universal emission pattern of nucle
with momenta large enough to exclude ‘‘boil off’’ from a
excited nucleus, has been interpreted as indication of SR
nuclei @10,24#.
7-4
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FIG. 4. A schematic side view~a! and a
head-on view~b! of the EVA spectrometer and
the neutron counter arrays.
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There are measurements of backward-scattered pro
from (e,e8p) experiments atx<1 @57# and deep-inelastic
(n,mp) @20# scattering, where backward-going protons we
observed in coincidence with a forward-going particle, el
tron and muon, respectively. Correlations were claimed
tween the transferred energies and the momenta of
backward-going protons. Preliminary results for events w
a forward-scattered electron in coincidence with a backwa
emitted proton indicate a sensitivity of the scattered elect
spectra to the backward-proton momentum and angle@58#.
This is as expected from SRC dominance.

Finally, we mention a triple-coincidence experiment
BNL which studied the quasielastic (p,2p) reaction in coin-
cidence with a neutron with momentum above the nucl
Fermi momentumkF . A correlation between the direction o
the missing momentum and the emitted-neutron momen
was found@11#. The simplest explanation of this experime
tal observation relates it to the dominance ofNN SRC.

To summarize this introduction, there is evidence
large-momentum tails of nucleons in nuclei, for general tw
nucleon~not necessarily short range! correlations, and evi-
dence for SRC~not necessarily two nucleon!. We emphasize
the word ‘‘short’’ in SRC in order to distinguish them clear
from correlations which could be either short or long ran
The two-nucleon emphasis inNN correlations is in order to
distinguish them from possible multinucleon correlation
Since the early theoretical work of Jastrow@56# there is a
continuing theoretical effort@10,29,59–62# to confront the
SRC picture with experimental data. There is an overall c
sensus about the importance ofNN SRC, but a satisfactory
quantitative description is still missing.

In this paper we present the results of a measuremen
high-energy backward neutrons emitted from a nucleus
coincidence with two high-pt particles. Beams of proton
and pions of 5.9 GeV/c were incident on a C target. Neu
trons emitted into the backward hemisphere in the labora
system were detected in~triple! coincidence with two emerg
ing pt.0.6 GeV/c particles, as shown in Fig. 2~b!. The
cross section for this process is a very small fraction of
inclusive cross section for the same beams, but larger
the quasielastic cross section. We will put forward the h
pothesis thatNN SRC is the dominant aspect of our select
events and that it could be possible, with some theoret
input, to obtain quantitative information on the contributio
of two-nucleon SRC to the large-momentum nucleon tai
nuclei.
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II. EXPERIMENTAL SETUP

A. Beam, beam detectors and the EVA spectrometer

We present results from a measurement which was
formed during 1998 with the rebuilt EVA spectrometer at t
AGS accelerator of Brookhaven National Laboratory. T
spectrometer consisted of a superconducting solenoidal m
net 2 m indiameter and 3.35 m long, operated at 0.8 T~see
Fig. 4!.

The scattered particles were tracked by four sets of fo
layer straw-tube drift chambers (C1 –C4 in Fig. 4 and Table
II !. The cylindrical chambers were arranged concentrica
around the beam axis. The straw tubes were made of spi
wrapped, aluminum-clad Mylar. They operated with a g
eous mixture of ethane (50%) and argon (50%) at sligh
above atmospheric pressure, with positive high voltage
the central resistive wire, and the interior aluminum cladd
at ground. The resistive wire enabled the determination
the hit position along the wire via the charge division of t
pulses at both ends of the wire.

The straw tubes measured the three coordinates of po
along charged tracks with varying precision. High-precisi
determination of the transverse coordinates of points w
required to measure the transverse projection of tracks in
longitudinal magnetic field. They provide thept and the
charge of the outgoing particle. The polar scattering ang
were determined from the longitudinal coordinates of tra
hits by ~lower-precision! straw-tube charge division.

Two sets of fan-shaped scintillator hodoscopes, each w
2p acceptance@see Fig. 4~a!#, provided an online fast trig-
ger. The first hodoscopeH1, was located just downstream
from the magnet, and had 256 elements, thus measuring
azimuthal angle of a track to an accuracy of612 mr at an
average radius of about 1.3 m. The second hodoscopeH2
was positioned around the downstream edge ofC4, and con-
sisted of 256 overlapping counters, providing 512 azimut

TABLE II. Physical parameters of the four straw-tube chamber

Chamber Inner radius Length Number Diamete
of tubes of tubes

C1 10 cm 100 cm 512 0.5 cm
C2 45 cm 200 cm 1024 1.0 cm
C3 90 cm 200 cm 2048 1.0 cm
C4 180 cm 200 cm 2048 2.0 cm
7-5
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A. MALKI et al. PHYSICAL REVIEW C 65 015207
sections with an azimuthal angle accuracy of66 mr at an
average radius of 2 m. A typical event with two tracks
positively charged particles in EVA is shown in Fig. 5.

Details on the EVA spectrometer straw-tube system
given in Refs.@63–66#. For this run the spectrometer wa
upgraded with the installation of two new neutron-coun
arrays, which increased the acceptance for backward
trons by a factor of 2.5 over the configuration in Ref.@11#.
See Sec. II B for details.

At a momentum of 5.9 GeV/c, the beam consisted o
about 40% protons and 60% pions, which were identified
a sequence of two differential Cerenkov counters. The be
entered along the symmetry axis~z! of the magnet with an
intensity of'13107 particles over a one-second spill, eve
3 sec. A four-finger scintillator hodoscope, located upstre
of the spectrometer, served as the timing reference for n
tron time-of-flight measurements. Three solid targets cons
ing of various combinations of CH2 and C were placed on
the z axis, separated by about 20 cm. The targets were
35.1 cm2 wide and 6.6 cm long in thez direction. Their
positions were interchanged several times at regular in
vals. Some of the runs used three C targets and some
two C targets and one CH2 target.

We triggered the spectrometer on two positively charg
particles which emerged from the downstream end of
solenoid at polar angles of (27.563)° ~around 90° in the
pp c.m.). The polar-angle coverage of the inner straw-tu
cylinder extended from about 10° to 150°. The major role
the trigger system is to select high-pt events and to exclude
the more abundant low-pt events. We used three levels
triggering. The scintillator hodoscopesH1, H2 provided fast
triggering for the first level, by requiring a hit pattern~a
maximum angle between the hits inH1 and the H2
counters! that selectedpt above a threshold. The secon
level trigger used input from the straw tubes to require
least one track with a higher-momentum threshold. T
third-level software trigger required two tracks, one to t

FIG. 5. A two-track event in EVA, projected on the plane tran
verse to the beam. The small dots are hits in the cham
(C1 –C4). The big dots represent hits in theH1, H2 hodoscopes.
The figures on the right are blow-ups of the hits in the cylinde
The circles and the shaded areas represent the tube sizes an
drift distances, respectively.
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left of the beam and the other to the right, in addition to
low multiplicity of hits in the straw tubes. See Ref.@66# for
a detailed description of the trigger system. For a typical
with 13107 particles per spill and three carbon targets, t
overall trigger rate was about 70 triggers/sec, and the ‘‘l
time’’ was about 60%.

B. Neutron detectors

Three scintillator arrays measured the direction and
ergy of neutrons in coincidence with the two high-pt par-
ticles required in the trigger. In Fig. 4 we show the relati
position of the EVA spectrometer and the neutron-detec
arrays. The first array of 12 scintillator bars~array 1 in Fig.
4! was placed below the targets covering an area of
31.0 m2 and 0.25 m~2 layers 0.125 m each! deep. This
array spanned a polar angular range of 84° to 110°, and
azimuthal range from 165° to 195°. A second double-la
array of 16 scintillator bars~array 2!, covering an area of
0.831.0 m2 and 0.25 m deep, spanned a polar angular ra
of 110° to 132° and the same azimuthal range as the
one. Each individual detector in these two arrays was
312.53100 cm3 in size, and had a 5.1 cm photomultiplie
at each end. The third array~array 3! was constructed from
one layer of eight 103253100 cm3 detectors with a 12.7
cm photomultiplier at each end. This third array covered
area of 2.031.0 m2 and spanned a polar angular range
72° to 120° and an azimuthal range from 120° to 150°. A
of veto counters covered with 1.7 radiation length le
sheets, shown in Fig. 4~b! only, served to discriminate
against charged particles and photons converted in the l

We set all neutron detectors to an electron-equivalent
tection threshold of 1 MeV, by fixing a discriminator level
the Compton edge of a60Co gamma source. This procedu
is similar to the description in Ref.@67#. We calculated the
detection efficiency by the Monte Carlo method described
Ref. @68#. The efficiencies depend on the neutron mome
tum, and they ranged from about 30% at 0.15 GeV/c to
about 15% at 0.5 GeV/c, for a typical single detector. We
considered only neutrons above 0.15 GeV/c to avoid large
uncertainties in the efficiency calculations of the neutrons
low momenta. We calculated the fraction of the neutrons l
to absorption along their trajectory from the target to t
detectors by assuming that the removal cross section
equal to the nonelastic cross sections in the materials@69#.
We assigned an uncertainty of 25% to these removal c
sections. The attenuation values ranged from about 35%
the low momenta to about 20% at the high momenta. T
translates to an approximate overall normalization error
6% in the absolute neutron yields.

Neutron momenta were determined from their times
flight ~TOF!. A clearly identified peak due to photons from
the targets was used for calibration and to measure the tim
resolution. That time resolution wass<1 ns, which corre-
sponded to a momentum resolution ofs530 MeV/c at the
highest momentum (0.5 GeV/c). We applied a cut in the
TOF spectrum at 7 ns/m, keeping neutrons bel
0.5 GeV/c, in order to eliminate the photons that were n
converted in the lead.
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III. DATA ANALYSIS

The definition of the class of events that we described
lying in the ‘‘kinematic vicinity of quasielastic hard scatte
ing’’ involves the detection of two positively-charged trac
with pt.0.6 GeV/c with a vertex that points to one of the
targets. The tracks must have polar angles within the trig
acceptance (27.563)°. We required that there be no add
tional charged tracks in the straw chambers in the polar
gular range from about 10° to 150°. We also required go
quality track reconstruction and consistent Cerenk
detector beam identification. We will refer toY2 as the yield
of these selected events. About 3% of the triggers satis
these conditions and only about 5% of thoseY2 events reg-
istered a hit in the neutron detectors.

Our measurement is semi-inclusive. The events that
isfy the above-mentioned criteria are not all the result
purely quasielastic scattering. While we know that we do
observe any extra charged tracks over a large part of
laboratory solid angle, we have no information about p
sible charged tracks in the very forward or backward dir
tions. We also know little about neutral-particle producti
beyond the detected neutrons.

Figure 6 shows the distribution of thept1
versus thept2

wherept1
is for the charged particle with the smaller pol

angle, andpt2
is for the particle with the larger polar angle.

missing-energy spectrum for the events with bothpt
.0.6 GeV/c, as indicated by the solid lines in the figure,
shown in Fig. 7. In a typical selected event there are t
particles, each with apt of about 0.8 to 1.0 GeV/c and a
typical missing energy which is less than about 2 GeV in
laboratory frame~1 GeV in the c.m. frame!. This restricts
kinematically the number of particles that can be produ
together with the main two high-pt charged particles.

IV. RESULTS

A. Invariant momentum spectra

Guided by Eq.~3!, we present in Fig. 8 the measured i
variant neutron-momentum spectra (En /pn)3dY3 /Y2d(pn

2)

FIG. 6. The measured distribution ofpt1
versuspt2

for the two
charged tracks. The solid lines indicate the cuts made apt

.0.6 GeV/c.
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~in arbitrary units! for pion and proton incident beams, whe
En and pn are the energy and momentum of the neutr
detected in the backward hemisphere (90°,un,130°). The
effective yield of triple-coincidence events which fulfills a
the conditions of theY2 events and, in addition, have a sing
neutron in the scintillator bars, is indicated byY3. The effec-
tive yield Y3 includes event-by-event corrections to ef
ciency and attenuation which both depend on the neu
momentum. The uncertainties introduced by these cor
tions were discussed in Sec. II. We plotted the resulting sp
tra on a semilogarithmic scale as a function ofpn

2 . The error
bars represent the statistical errors only. We fitted the d
above pn

2.0.1 (GeV/c)2 to a first-order polynomial. The
slope parameters@B in Eq. ~3!# for the proton and pion inci-
dent beams are shown in Fig. 8 with their fitting errors.

FIG. 7. The missing-energy spectrum for the selected eve
with both pt.0.6 GeV/c.

FIG. 8. Proton and pion induced neutron invariant moment
spectra. The vertical axis is ln@(En /pn)3dY3 /Y2d(pn

2)#. The horizon-
tal axis is pn

2 . En and pn are the energy and momentum of th
neutron.Y2 and Y3 are the double and triple coincidence yield
defined in the text. Abovepn

2.0.1 (GeV/c)2 the points are fitted to
a straight line to obtain the slope parameter defined in Eq.~3!. The
resulting slopes with the fitting errors are shown. ITEP stands
data from Ref.@15# for which the right-hand scale applies.
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For comparison, we show in Fig. 8 inclusive data fro
Ref. @15# for p1C→n1X andp21C→n1X, for kinemat-
ics similar to those of our data. We labeled these d
‘‘ITEP,’’ and renormalized them for comparison with our re
sults. The slope parameter reported in Ref.@15# for the p
1C→n1X data at 7.5 GeV/c and 119° is B513.0
60.8 (GeV/c)22. We recall that the neutrino measuremen
@18–20# report a value ofB59.5–10.7 (GeV/c)22 for pro-
tons emitted into the whole backward hemisphere with
certainties ranging from 0.3 to 2 (GeV/c)22. Reference
@18# presents a compilation of other experiments at sev
different energies for hadron and photon beams incident o
variety of targets, including C and other nuclei. For partic
in the common angular range of 120° –150° for the differ
experiments, the slope parameters all lie within the rang
10–12.5 (GeV/c)22 with a typical error of 2 (GeV/c)22

~see Fig. 8!. The slopes measured in this experiment fit t
universal pattern within the measured uncertainties. The
gular ranges are not the same for all experiments but
does not modify the values ofB sufficiently to affect this
conclusion~see Ref.@20#!. Note that although the slopes fo
our data, and the ‘‘ITEP’’ data in Fig. 8 are very similar, th
yieldsare very different, as discussed in the next section

B. Yield of backward emitted neutrons

We compare our yield of backward-scattered neutr
above 0.32 GeV/c to those from the other experiments.
Fig. 9 we show the triple-coincidence yieldY3 per unit solid
angle divided by the double-coincidence yieldY2 yield vs
the neutron angle. We correctedY3 for neutron detection
efficiency and attenuation, event-by-event, depending on
neutron energy and direction. The errors in the figure are
statistical errors, combined with up to 10% systematic err
due to software cuts, and uncertainties in the neutron de
tion thresholds. Of the data presented in Fig. 9, we will co
cern ourselves only with the data for angles above 90°.
smaller angles the neutrons can originate from direct re

FIG. 9. The relative yield per unit solid angledY3 /Y2dVn of
neutrons above 0.32 GeV/c as a function of the neutron angle.Y3

and Y2 are the same as in Fig. 8. The data are for the proton
pion induced reactions. The lines represent fits to constants@(7.4
60.4)%/sr for protons and (6.560.6)%/sr for pions! which are
used to estimate the total backward-emission yield, see text.
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tions and not necessarily from two-nucleon correlatio
Also, we wish to compare our data to the earlier inclus
neutron-production measurements for the backward he
sphere.

To obtain the relative yield into the backward hemisphe
we fitted the ratiosdY3 /Y2dVn for the proton and pion in-
duced reactions to a constant above 90° and 100°, res
tively, where the ratios become constant~see Fig. 9!. This
procedure produces integrated neutron yields (90°2130°)
per selected event of (29.962.4)% and (26.262.9)% for
the proton and pion induced reactions, respectively. Th
errors include the overall normalization error.

These relative yields need to be compared to those of
inclusive measurements mentioned in the introduct
@16,18,19#, which were integrated over angles from 90°
180°. Those inclusive measurements found yields betwee
and 9%. We note that even though our data extend onl
130°, we obtain much larger ratios. If we use the parame
of the fits for the backward angles to extrapolate toun
5180°, assuming that the ratios remain constant, the i
grated yields increase to (46.563.7)% and (40.864.5)%
for the proton and pion induced reactions, respectively.

We note that our data have no additional charged track
the angular acceptance of the chambers. If we relax this c
dition and allow one or more additional charged tracks,
order to become ‘‘more inclusive,’’ the probability of neu
trons for angles below of 90° increases by 30–50 % wh
the backward neutron production is not significan
changed.

V. SUMMARY AND CONCLUSIONS

We observed the same shape for the momentum distr
tion for backward-emitted neutrons as was found in ear
inclusive measurements. Our significant observation is
for events in the ‘‘kinematic vicinity of quasielastic har
scattering’’ near 90° c.m. proton-carbon or pion-carb
quasielastic scattering, nearly 1/2 of the events produce
backward neutron with momentum greater th
0.32 GeV/c. This probability is more than four times great
than the universally observed probability for various inc
sive interactions. A pattern of universality without an exp
nation is an opportunity for new discovery. Sometimes it
the ‘‘exception’’ to the rule that can suggest the underlyi
mechanism.

There are no models in the literature that have conside
an increase in the backward neutron production for event
the ‘‘kinematic vicinity’’ of quasielastic scattering. Howeve
models that attempt to explain the universal inclusive res
do exist. One approach@16,25# proposes that the source o
backward-emitted nucleons is initial-state or final-state
scattering from spectator nucleons of particles associa
with the primary interaction. We are not aware of any fe
tures of the kinematic regime of our measurements wh
would cause a large enhancement of rescattered back
neutrons above that of other kinematic topologies.

The other approach@10,24# is the one discussed in th
intoduction to this paper, namely, that the backward-neut
enhancement may be associated withNN correlations. We
suggest that a strongs dependence in the cross section can

d
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associated with events in the kinematic region of our m
surement. This would imply that the consequences of sh
range correlations are enhanced by large energies and
mentum transfers. The correlation picture is closely rela
to an interpretation that we suggested for the trip
coincidence measurement in the quasielastic region for
reaction12C(p,2p1n) @11# and with a forthcoming paper o
a recent measurement of the same reaction@70#.

We hypothesize that the large probability for backwa
neutron emission in this semi-inclusive region indicates
strong dependence in the cross section on the total c.m
ergy (s), and the dominance ofNN SRC. However, in addi-
tion to NN SRC, there can be other sources for production
high-energy backward neutrons such as intial-state and fi
state interactions, and mean-field effects. We indicated
the contributions of these competing processes are smal
they should be calculated in order to extract from our m
surement a quantitative statement about the contributio
two-nucleon SRC to the large momenta of nucleons in
nucleus. Such a calculation is beyond the scope of this
perimental paper. We hope that the intriguing data we pre
here will encourage such a calculation, and thus provid
novel quantitative understanding of SRC.

In the introduction to this paper we mentioned the ext
sive set of data from (e,e8N) and (e,e8NN) reactions as a
tt.

s.
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nik
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source for detailed information on SRC. So far the publish
triple-coincidence data are for (e,e8pp) which is related to
pp SRC in nuclei. The data presented in this paper, within
interpretation we offer, are related tonp SRC pairs. One
expects thatnp pairs will contribute more to the large
nucleon momenta in nuclei thanpp pairs. A unified theoret-
ical framework that will compare and confront our data w
the electromagnetic measurements is desirable, but cle
not available yet. We hope these data, together with res
from new proposed measurements, will lead to such theo
ical approach.
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