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Beams of protons and pions of 5.9 GeMkere incident a a C target. Neutrons emitted into the backward
hemisphere, in the laboratory system, were detectedripple) coincidence with two emerging particles of
tranverse momenta,>0.6 GeVkt. We determined that for (46253.7)% of the proton-induced events and for
(40.8-4.5)% of the pion-induced events with the two highparticles, there is also at least one backward
emitted neutron with momentum greater than 0.32 &eWhis 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 erigr@nd for the importance of short-range nucleon-
nucleon correlations.
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[. INTRODUCTION the results in Sec. IV followed by discussions and conclu-
sions in Sec. V.

In this paper we describe a triple-coincidence measure- The phenomenology of hadronic interactions is often di-
ment with 5.9 GeW¢ beams and a spectromet&VA) that  vided into hard and soft interactions. Hard phenomena are
was constructed to measure quasielastic scattering of protog§aracterized by high energy and large momentum transfers
and pions from nuclei near 90° c.m. Neutrons emitted intod(>0.5 GeVk), which in turn imply that the interaction

the backward hemisphere, in the laboratory system, were déakes place over a distance which is small with respect to the
tected in triple coincidence with two emerging high SiZ€ of the nucleon. Soft phenomena refer to those reactions

transverse-momentump() particles. This experiment was for which the energy and momentum t_rgnsfers are S’.“a"
(<0-5 GeVk). We will focus on two specific hard hadronic

performed at the AGS accelerator at Brookhaven Nationa o .
Laboratory. interactions: the high-energy large-angi@—pp and =p

. . . . elastic scattering. See Fig. 1 fpp elastic scatterin
This experiment couples the dynamics of h|gh-energygngfnaticS At :9(% for & 5% GeF:/?t oroton beam Wg
large-momentum-transfer reactiorisalled hard reactions i cm '

with low-energy properties of the nuclear ground state. Untilrlave E10= E2:3'f5 G_eV, P1=p,=3.32 GeVL, . 01=0,
. =27.52°, andp; =p;.=1.53 GeVEt. For most wide-angle

recently almost all nuclear-structure experiments were done 1 T2
with low-energy probes and at low momentum transfer. Al-
most all hard reaction studies were limited to free hadrons
(or very light nuclei such as the deutejoWe present in this
introduction a brief description of the kinematics of hard (E D

. . . beam beam
scattering, a scaling law, and the dynamical dependence @
the hadron-nucleon cross sections on the relevant observ O >
ables. We also include a brief description of hadron quasi-incident Proton
elastic scattering off a bound nucleon in the nuclear medium,
and the present status of experiments probing nucleon
nucleon short-range correlatiolSN SRC in nuclei. Details
can be found in the references. We describe the experimental FIG. 1. Kinematics fopp elastic scattering. In quasielastic scat-
setup in Sec. I, and the data analysis in Sec. lll. We presentring the target proton in the nucleus has momentum.

Proton

)

Proton
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exclusive reactions, at incoming momenta above a few a b
GeV/c and 6. ,,>40°, the differential cross section scales

__ * o
[1-3] as Projectile (P, T, V,v,%, ¥ ) | Projectile (p,n") /:).6 GeV/e

do

dt

NS—(”A*'”B‘*'”C‘*'”D‘Z)f(—
AB—CD

t O p= 5.9 GeV/c O
0.6 GeV/
5/ (1) p‘/n/ - / . Ni eV/c

Wh?renA, Ng, Nc, andnp are the numbgr of valence quarks  FIG. 2. (a) Schematic of inclusive backward emitted nucleon
inside the hadron8, B, C, andD, respectively. For example, experiments;* denotes virtual photongb) This experiment.
do/dty, .,p~s~*® anddo/dt,, . ,,~s ®. The variabless

andt are the Mandelstam variables result, the pair of highp, final-state protons carries away
) ) extra positive longitudinal momentum. That extra momen-
s=(PatPg)°, t=(Pa—P¢)%, (2)  tum boost is provided by the nucleus. The residual nucleus or

nuclear fragments must recoil backward to balance this extra
whereP,, Pg, andP¢ are the four-momenta of hadroAs  momentum.

B, andC, respectively[Note, that a constant value tfs in If the struck proton in the nucleus were accelerated to

Eq. (1) is equivalent to a constant value of the center of masgigh momentunp; by the mean field of the nucleus, then the
scattering angle Equation(1), which is known as the di- recoil would most naturally involve the recoil of the specta-
mensional counting rule, was first derived in 19[73 in tor nucleus as a wholf8,9] and would be difficult to ob-
asymptotic form §—,t/s fixed), using dimensional analy- serve. On the other hand, if the high-momentum component
sis. The counting rule is already applicable @f.,  \ere associated with a short-range correlation between a pro-
=5 GeV/c [3]. Hendry noted in 197f4] that a finer exami-  ton and a neutrofil0,11, then one would expect most of the

nation of the data reveals small oscillations around @Y. recoil momentum to be carried away by the correlated neu-
For a review on wide-angle processes see RHf. tron partner, see Ref12].

_Inquasielasti¢QE) scattering, a projectile scatters froma  The correlated neutron should leave the nucleus after its
single bound “target” nucleon in the nucleus, while the restpartner has been scattered away, perhaps retaining the origi-
of the nucleus acts as a spectator, and the target nucleon hggj |arge momentum and direction. Realizing that for quasi-
momentum(Fig. 1). A clear interpretation of QE measure- ejastic processes near 90° c.m. the observable positive-
ments is possible in the impulse approximatioh). Within - momentum tail of the nuclear momentum distribution is
this approximation, it is possible to separate nuclear propempjified by a large factor, we configured the EVA detector
ties from the reaction mechanism and to study both. In Qo measure also the associated backward neutron distribution
scattering, the missing energl () and momentumi,,) are  in coincidence with our trigger for two higp; particles.
given byE = Epeanit M— E;— E, andp = Ppean— P1— P2. For a broad range of inclusive experiments with high en-
Here, m is the proton mass and the other variables are deergy (>1 GeV) hadron$13-14, real photong17], virtual
fined in Fig. 1. In the IA, these observables are associateghotons[13], neutrinos and antineutrin¢$8—21 a remark-
with the energyE; and the momentunp, of the target able universality hag been observed in the pattern of back-
nucleon in the nucleus. ward nucleon emission. In those experimdmsise Fig. 2a)]

A majority of the QE experiments dealing with nuclear the nucleons were emitted |_nto angles larger thgn _90° in the
ground state properties have used tege(p) reaction. The Iaboratory system. The region of back\{vard emission is de-
(p,2p) reaction is different in interesting ways. The elemen-f'”e,d such that it cannot be popula'ted klnemqtlcally by inter-
tary pp cross section is larger than the elementepycross actions between the beam projectile and a single nucleon at

section and radiative corrections are negligible compared t§£St: These events require the participation of two or more

electron scattering. On the other hand, the laqgprcross nucleons in the nucleus. Only backward nucleons were taken
section enhances the role of initial- and final-state interaciNt© account whose momenta were large enough to exclude

tions. As pointed out by Farrat al. [6], the (p,2p) process most low-energy nucleons that “boil pff” from an excited
provides a powerful amplification of the large longitudinal nucle_us. Lo_wer-energy backward emitted neutron data are
momentum tails because of the strong energy dependence %Ifso in the I|terat_ur¢22].
pp elastic scattering. The fundamental subprocess of theh A common unlversal form for the momentum spectrum B
(p,2p) quasielastic interaction isp elastic scattering. In the the backward particles from. |ncIu§|ve reactions was ob-
kinematic region of this experiment the energy dependencéerved’ and can be parametrized with the expression
of pp elastic scattering varies approximately as*d/Be-
cause the cross section greatly favors lower c.m. energies, a

: S e (E/p)
target nucleon in the nucleus moving in the direction of the
incident beam is expected to have an enhanced probability of
contributing to this proced$,7]. The hard-scattering mecha- whereE, p, andé are the energy momentum and angle of the
nism thus tends to select a nucleon from the nuclear wavbackward-going nucleoB, T, are the slope parameters, and
function with an anomalously large and positive longitudinalC, C' are scale parameters. For incident beams above ap-
momentum, typically at or above the Fermi momentum. As groximately 1 GeV¢ and for backward-emitted nucleons

do 2
=Ce BOP =Cre TTol0), 3
d(p?) ®
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T L backward hemisphere, with uncertainties ranging from 0.3 to

N‘@ I5F » 7Ne $-p : 2 (GeVic) 2. Reference[18] presents a compilation of
= . YC % }} % } other experiments at several different energies of hadron and
@ : ‘)’,‘é" } H % photon beams incident on a variety of targets, including C
=of, pCu ! $-7 and other nuclei. For scattered particles into the common
A e YC angular range of 120°150° of the different experiments,
s mXe the slope parameters are within the range Bf=10
5 ‘: s%} 1 —12.5 (GeVt)? with a typical error of 2 (GeW) 2
. 7 Our data (see Fig. 3. Note thatB is used when integrating over the
. L L full backward hemisphere, ar®! is used for the integration
0z 04 10 2 4 10 20 40 between 120° and 150°.

The universality extends not only to the momentum spec-
trum but also to the backward-emission rate. The measured

FIG. 3. Comparison of the parametBf(120°< §<150°) ob-  Invariant momentum spectra for some of the published data
tained for different reactions for various energies and targets. Th¥/ere integrated to obtain the total yield of the backward-

figure is from Ref.[18]. The arrow indicates our new data points €Mitted particles. The yields were then divided by the total
which will be discussed below. inelastic cross section to obtain thraction which is associ-

ated with a backward-going particle. The results are pre-

above about 0.3 Ge/ the slope parameter®(and Ty) sented in Table I.
were found to be almost independent of incident energy, To summarize the backward neutron-emission data, for a
beam type, and target nucleus. broad range of inclusive experiments there is an almost-
The neutrino measuremerits8—21] report a value oB constant fraction of events that produce a nucleon at a labo-
=9.5-10.7 (GeVk) 2 for protons emitted into the whole ratory angle greater than 90°, and with momentum greater

Beam Energy [GeV ]

TABLE |. Backward emission fraction for inclusive reactions.

Incident/ Energy Target Integration Integration Ref. Backward
backward emitted range range fraction
particle (GeV) (GeVic) (deg) (%)
Vip a Ne 0.2-0.7 90-180 b1 7+1
p/p 3.66 Ne 0.20.7 90-180 b2 8=3
Vip c Ne 0.2-0.8 90-180 d 10+1
vip 12+4
NC/p 10+1
7/p ¢ Ne 0.35-0.8 90-180 € 6.0-0.2
vip 8.5+0.3
vip f C 0.35-0.7 90-180 9 4.45+0.05
p/p 0.64 C 0.31+0.54 90- 180 h 6.0+1.5
p/n 75 C 0.32-05 90-180 Ik 16

Ik 75

2a wide bandv beam from 300 Ge\d incident protong 18].

blResults of Ref[18].

?Deduced in Ref[18] from measurements of RefL4] to satisfy the same selection criteria as used in Ref.
[18].

°A wide band» beam from 400 Ge\ incident protons Ref.19]. NC denotes neutral currents.

dFrom Table | of Ref[19].

&1 Backward proton rate” from Table | of Ref.20].

A wide bandv beam from 450 Ge\W incident protons Ref21].

9From Table 5 of Ref[21].

Mintegral ofl (#5) from Table 2 of Ref[16] divided by the totapC inelastic cross sectiom, from Ref.[16].
'Data of Ref.[14] for 6,=88°, see text for details.

ISame as for 6,=119°.

kThe data of Ref[14] were integrated betwean,=0.32-0.5 GeVk for §,=88° and6,=119°. Assuming
that the cross section is constant beyeqye 88° or 6,=119°, one gets for the full backward hemisphere the
results in the table. Since the data show that the cross sections falpyitthese are upper limits. The total
inelastic cross section was not given in Rff4], thus we estimated it at (240 mb) with a Glauber
calculation Ref[23].
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than about 0.3 Ge\. For light nuclei such as C or Ne, that ~ Many basic nuclear properties can be described success-
fraction is about (18:5)%. The stability of the universal fully within the single-particle model. However, this simple
observation with respect to changes in experimental condimodel breaks down when detailed features are studied, espe-
tions is remarkable. As the beam energies vary from 1 to 100ially in the extreme regions of the nuclear wave function. In
GeV the multiplicity of inclusive particle production changes recent years much attention has been paid to the importance
substantially but the fraction of backward nucleons is un-of NN correlations and, specificallilyN SRC[26]. The SRC
changed. Especially interesting is the observation that evebetween two nucleons in nuclei are a very elusive feature.
the disruption of a nucleus with neutrin$8—20, where  Their experimental identification is very difficult because
there is a greatly reduced secondary interaction with spectahey are small compared to the single-particle components. It
tor nucleons, yields the same universal result. is also difficult to separate SRC from other competing pro-

_ These results have led to severa_tl theoretical interprgtebesses that can imitate the small expected signBNSRC.
tions. The models that have been discussed can be divid&gle will mention some experiments that addressed this issue.
into two main classes. The models of the first classrqr the description of electron-scattering experiments we

[8-10,24 deduce from the universality that the MEeASUre-i| yse the conventional kinematical variables, wheéreis

ment must provide direct information on the nuclear groundy . - \~-momentum transfer. andis the Bjorken scaling
state, especially on the high-momentum part of the Wave . oble '

function. These models assume that the projectile interacts For inclusive €,e') experiment§27,28 at high momen-
with a single nucleon and that the backward yield of nucle- ' P ' g e
um transfers anc>1, the extracted momentum distribu-

ons is due to the breakup of preexisting clusters of two, or. ; i :
more, correlated nucleofi&0,24. We will discuss below, in tions for nucleons in the nucleus have relatively large high-
more detail, the two-nucleon short-range correlatiopiN momentum tails. Some theoretical models try to explain this

SRO model. One of the more extreme models in this clas®y iNvoking SRC[29]. Others[30] explained the results in
assumes that the high momentum of the struck nucleon iterms of final-state interactiort&Sl). There are alsog.e’)
balanced coherently by the residual nuclé8$]. A second Mmeasurements in the “dip” region, between the quasielastic
class of model§16,25 assumes that the backward yield is peak and the delta region a1, which show an anoma-
due to rescattering in the nucleus of the incident and outgolously large transverse cross section. This has been (sited
ing particles. These initial and final interactions include trueRefs. [31,32 and references i132]) as evidence folNN

7 absorption and\ rescattering in the intermediate states.correlations, although not necessarilysbfort range.
Referencd 16] presents detailed comparisons of the inclu- Some g,e’p) experiment§33—37 observed a depletion
sive p+C— p+ X data with different calculations. The con- of spectroscopic strength by as much as 35%). This has
clusion was that given the uncertainty in the data and théeen explained32,38 by invoking nuclear correlations
calculations, both the rescattering and the correlation mechavhich push the nucleons to higher-momentum states and
nisms are capable of describing the data. high missing energies, and are thus not visible at low mo-

We measured backward-going neutrons in a restricted rementa and low excitation energies. Othex, €’ p) experi-
gion of kinematics for proton-carbon or pion-carbon scatterments[39—41, also atx<<1, show peaks at missing energies
ing, and found that the probability for backward neutroncorresponding to the removal of two nucleons. Two-nucleon
emission is dramatically larger than the “universal” pattern. knockout ,e’'d) was also reported recently2].

Our measurements cover a small kinematic region of the In a new generation of “kinematically complete” experi-
inclusive proton-carbon or pion-carbon cross section that wenents, the knocked out nucleon was measured in coinci-
will refer to as in the “kinematic vicinity of hard quasielastic dence with a correlated nucleon. This category includes
scattering” at 90° c.m. Specifically with a proton beam, this(e,e’ pp) measurements from MAMI and NIKHER3-51],
kinematic region is loosely characterized by the observatiomnd (y,NN) from TAGX and LEGS[52,53. The new

of two highy, positively-charged final-state particles that virtual-photon measurements identified the shells from
carry away most of the beam energy. The two tracks arevhich the proton pair was knocked out and studied the con-
observed at large laboratory polar angles, back-to-back in thigibution of NN SRC. Recent calculationgb4,55 related
proton-proton pp) c.m. frame, within a narrow range of those correlations to centrélastrow typd56]) and tensor
laboratory angles near 90° c.m. The surprising result is thatomponents. We point out that the published, kinematically
for proton-carbon and pion-carbon scattering in the “kine-complete, €,e’ pp) measurements are related to virtual pho-
matic vicinity of quasielastic hard scattering” at 90° c.m., tons absorbed onp pair. A simple counting of the number
the probability for backward neutron emission is greater tharof NN pairs and the spin-isospin states in the nucleus, pro-
40% in comparison to the universal inclusive result of lessduces morenp than pp pairs. This leads to the expectation
than 10%. We point out that we are looking at only a smallthat pn pairs will contribute more to the SRC thgrp pairs
fraction of the total inclusive cross section. [10].

The backward-emitted neutron data have been interpreted Next we recall the backward nucleon emission associated
as being due to nuclear correlatidri®,24]. The purpose of with scattering from nuclear targets that we discussed above.
the present, more exclusive, experiment is to add additionaAs we mentioned, the universal emission pattern of nucleons
information on this subject. We therefore will end this gen-with momenta large enough to exclude “boil off” from an
eral introduction by giving a short description of recent mea-excited nucleus, has been interpreted as indication of SRC in
surements of nuclear correlations in nuclei. nuclei[10,24.
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a ] H1 H2 b
Beam Hodoscope -, Particle 1 "
Targets Solenoid Y
| ) Return yoke Solenoid
CT C3— \
Z\\ : FIG. 4. A schematic side viewa) and a
Beam . =-C [ Y head-on view(b) of the EVA spectrometer and
L\ ' \ the neutron counter arrays.
e Lead
/e N =t
Neuu& particle 2 | A7 3 =— Veio
LlArray 2 Array 1 oLmeter, Array 1 and 2
There are measurements of backward-scattered protons [l. EXPERIMENTAL SETUP

from (e,e’p) experiments ak=<1 [57] and deep-inelastic
(v,up) [20] scattering, where backward-going protons were
observed in coincidence with a forward-going particle, elec- We present results from a measurement which was per-
tron and muon, respectively. Correlations were claimed beformed during 1998 with the rebuilt EVA spectrometer at the
tween the transferred energies and the momenta of tHAGS accelerator (_)f Brookhaven Nat|ona_l Laborato_ry. The
backward-going protons. Preliminary results for events withSPectrometer consisted of a superconducting solenoidal mag-
a forward-scattered electron in coincidence with a backward?€t 2 m indiameter and 3.35 m long, operated at 0.&@&e
emitted proton indicate a sensitivity of the scattered eIectrorll:'g' 4.

i The scattered particles were tracked by four sets of four-
sp(.-:‘ct-ra to the backward-proton mqmentum and affofi layer straw-tube drift chamber€( —C4 in Fig. 4 and Table
This is as expected from SRC dominance.

. . . o . II). The cylindrical chambers were arranged concentrically
Finally, we mention a triple-coincidence experiment at

hich studied th olast o . around the beam axis. The straw tubes were made of spirally
BNL which studied the quasielastip2p) reaction in coin- 2 n5ed aluminum-clad Mylar. They operated with a gas-

mdenpe with a neutron with momentum above .the _””Cleafaous mixture of ethane (50%) and argon (50%) at slightly
Ferm|.mc.)mentunkF. A correlation bgtween the direction of ;p5ye atmospheric pressure, with positive high voltage on
the missing momentum and the emitted-neutron momentuithe central resistive wire, and the interior aluminum cladding
was found11]. The simplest explanation of this experimen- 5t ground. The resistive wire enabled the determination of
tal observation relates it to the dominanceNi SRC. the hit position along the wire via the charge division of the
To summarize this introduction, there is evidence forpulses at both ends of the wire.
large-momentum tails of nucleons in nuclei, for general two- The straw tubes measured the three coordinates of points
nucleon(not necessarily short rangeorrelations, and evi- along charged tracks with varying precision. High-precision
dence for SRGnot necessarily two nuclepnWe emphasize determination of the transverse coordinates of points were
the word “short” in SRC in order to distinguish them clearly required to measure the transverse projection of tracks in the
from correlations which could be either short or long rangelongitudinal magnetic field. They provide thg and the
The two-nucleon emphasis NN correlations is in order to charge of the outgoing particle. The polar scattering angles
distinguish them from possible multinucleon correlations.were determined from the longitudinal coordinates of track
Since the early theoretical work of Jastr¢®6] there is a  hits by (lower-precision straw-tube charge division.
continuing theoretical efforf10,29,59—-62 to confront the Two sets of fan-shaped scintillator hodoscopes, each with
SRC picture with experimental data. There is an overall con27 acceptancésee Fig. 4a)], provided an online fast trig-
sensus about the importance N SRC, but a satisfactory ger. The first hodoscopE 1, was located just downstream
quantitative description is still missing. from the magnet, and had 256 elements, thus measuring the
In this paper we present the results of a measurement eizimuthal angle of a track to an accuracy-of2 mr at an
high-energy backward neutrons emitted from a nucleus imaverage radius of about 1.3 m. The second hodosétde
coincidence with two higlp, particles. Beams of protons was positioned around the downstream edg€4f and con-
and pions of 5.9 Ge\y were incident on a C target. Neu- sisted of 256 overlapping counters, providing 512 azimuthal
trons emitted into the backward hemisphere in the laboratory
system were detected {triple) coincidence with two emerg-
ing p;>0.6 GeVk particles, as shown in Fig.(®. The
cross section for this process is a very small fraction of the-yoper
inclusive cross section for the same beams, but larger than
the quasielastic cross section. We will put forward the hy-

A. Beam, beam detectors and the EVA spectrometer

TABLE Il. Physical parameters of the four straw-tube chambers.

Inner radius Length Number Diameter
of tubes of tubes

pothesis thaNN SRC is the dominant aspect of our selectedC1 10 cm 100 cm 512 0.5 cm
events and that it could be possible, with some theoreticat?2 45 cm 200 cm 1024 1.0 cm
input, to obtain quantitative information on the contribution c3 90 cm 200 cm 2048 1.0 cm
of two-nucleon SRC to the large-momentum nucleon tail inc4 180 cm 200 cm 2048 2.0 cm
nuclei.
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C1 @ left of the beam and the other to the right, in addition to a
@ low multiplicity of hits in the straw tubes. See R¢66] for
@ a detailed description of the trigger system. For a typical run
. c2 with 1x 10" particles per spill and three carbon targets, the
/ @ overall trigger rate was about 70 triggers/sec, and the “live
time” was about 60%.
e ® B. Neutron detectors
@@ . N
O Three scintillator arrays measured the direction and en-
° - ergy of neutrons in coincidence with the two highpar-
QQ ticles required in the trigger. In Fig. 4 we show the relative
() position of the EVA spectrometer and the neutron-detector
O arrays. The first array of 12 scintillator baaray 1 in Fig.

4) was placed below the targets covering an area of 0.6
FIG. 5. Atwo-track event in EVA, projected_on _the plane trans- 1.0 nf and 0.25 m(2 layers 0.125 m eaghdeep. This
verse to the bgam. The small d.ots. are hits in the chamberarray spanned a polar angular range of 84° to 110°, and an
o e o e e v 22 ange fom 165° 0 185 A second double e
. . ‘array of 16 scintillator bargarray 2, covering an area of
The circles and the shaded areas represent the tube sizes and §><1 0 nfand 0.25m deep, spanned a polar angular range
drift distances, respectively. ) ’ ’ ’ . .
of 110° to 132° and the same azimuthal range as the first
one. Each individual detector in these two arrays was 10
sections with an azimuthal angle accuracy#o mr at an  x12.5<100 cnt in size, and had a 5.1 cm photomultiplier
average radius of 2 m. A typical event with two tracks of at each end. The third arrdarray 3 was constructed from
positively charged particles in EVA is shown in Fig. 5. one layer of eight 18 25X 100 cn? detectors with a 12.7
Details on the EVA spectrometer straw-tube system arem photomultiplier at each end. This third array covered an
given in Refs.[63—66. For this run the spectrometer was area of 2.1.0 n? and spanned a polar angular range of
upgraded with the installation of two new neutron-counter72° to 120° and an azimuthal range from 120° to 150°. A set
arrays, which increased the acceptance for backward newf veto counters covered with 1.7 radiation length lead
trons by a factor of 2.5 over the configuration in Rigf1]. sheets, shown in Fig. (d) only, served to discriminate
See Sec. I B for details. against charged particles and photons converted in the lead.
At a momentum of 5.9 Ge\, the beam consisted of We set all neutron detectors to an electron-equivalent de-
about 40% protons and 60% pions, which were identified bytection threshold of 1 MeV, by fixing a discriminator level at
a sequence of two differential Cerenkov counters. The bearthe Compton edge of &Co gamma source. This procedure
entered along the symmetry ax@® of the magnet with an is similar to the description in Ref67]. We calculated the
intensity of~1x 10’ particles over a one-second spill, every detection efficiency by the Monte Carlo method described in
3 sec. A four-finger scintillator hodoscope, located upstreaniRef. [68]. The efficiencies depend on the neutron momen-
of the spectrometer, served as the timing reference for nedum, and they ranged from about 30% at 0.15 GeW
tron time-of-flight measurements. Three solid targets consistabout 15% at 0.5 Ge\¢/ for a typical single detector. We
ing of various combinations of CHand C were placed on considered only neutrons above 0.15 GeVW avoid large
the z axis, separated by about 20 cm. The targets were 5.0incertainties in the efficiency calculations of the neutrons at
x5.1 cnf wide and 6.6 cm long in the direction. Their  low momenta. We calculated the fraction of the neutrons lost
positions were interchanged several times at regular inteto absorption along their trajectory from the target to the
vals. Some of the runs used three C targets and some usddtectors by assuming that the removal cross section was
two C targets and one GHarget. equal to the nonelastic cross sections in the matef&d
We triggered the spectrometer on two positively chargedVe assigned an uncertainty of 25% to these removal cross
particles which emerged from the downstream end of thesections. The attenuation values ranged from about 35% at
solenoid at polar angles of (275)° (around 90° in the the low momenta to about 20% at the high momenta. This
pp c.m.). The polar-angle coverage of the inner straw-tubéranslates to an approximate overall normalization error of
cylinder extended from about 10° to 150°. The major role 0f6% in the absolute neutron yields.
the trigger system is to select high-events and to exclude Neutron momenta were determined from their times of
the more abundant loyw; events. We used three levels of flight (TOF). A clearly identified peak due to photons from
triggering. The scintillator hodoscopkkl, H2 provided fast the targets was used for calibration and to measure the timing
triggering for the first level, by requiring a hit pattefa  resolution. That time resolution was<1 ns, which corre-
maximum angle between the hits iH1 and the H2  sponded to a momentum resolution®@#30 MeV/c at the
counter$ that selectedp; above a threshold. The second- highest momentum (0.5 Gev). We applied a cut in the
level trigger used input from the straw tubes to require affOF spectrum at 7 ns/m, keeping neutrons below
least one track with a higher-momentum threshold. Thé.5 GeVk, in order to eliminate the photons that were not
third-level software trigger required two tracks, one to theconverted in the lead.
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FIG. 6. The measured distribution pfl versusp, for the two
charged tracks. The solid lines indicate the cuts madep,at FIG. 7. The missing-energy spectrum for the selected events
>0.6 GeVk. with both p,>0.6 GeVk.

lll. DATA ANALYSIS (in arbitrary unitg for pion and proton incident beams, where

The definition of the class of events that we described a&, and p, are the energy and momentum of the neutron
lying in the “kinematic vicinity of quasielastic hard scatter- detected in the backward hemisphere (€@;,<130°). The
ing” involves the detection of two positively-charged tracks effective yield of triple-coincidence events which fulfills all
with p;>0.6 GeVk with a vertex that points to one of the C the conditions of thef', events and, in addition, have a single
targets. The tracks must have polar angles within the triggetieutron in the scintillator bars, is indicated Wy. The effec-
acceptance (2753)°. We required that there be no addi- tive yield Y5 includes event-by-event corrections to effi-
tional charged tracks in the straw chambers in the polar anciency and attenuation which both depend on the neutron
gular range from about 10° to 150°. We also required goodmomentum. The uncertainties introduced by these correc-
quality track reconstruction and consistent Cerenkovyions were discussed in Sec. II. We plotted the resulting spec-
detector beam identification. We will refer ¥, as the yield 5 on a semilogarithmic scale as a functiorpdt The error

?r]: these sg_l:_ected e\éent?. All:))ou: g;ﬂ’ O}f tt:e triggerts satisfiefla s represent the statistical errors only. We fitted the data
ese conditions and only about 5% of thasgevents reg- above p2>0.1 (GeVk)? to a first-order polynomial. The

istered a hit in the neutron detectors. | rametel@ in Eq. (3)] for the proton and pion inci-
Our measurement is semi-inclusive. The events that sat °P€ Parame ers a. or the proton and pion Inc

isfy the above-mentioned criteria are not all the result ofdlent beams are shown in Fig. 8 with their fitting errors.
purely quasielastic scattering. While we know that we do not

observe any extra charged tracks over a large part of the T . 04200 | &
laboratory solid angle, we have no information about pos- T 16 This Exp.  + 90°130" g
sible charged tracks in the very forward or backward direc- > % TEP * "? B
. . . : 3 4 ITEP v 88 §
tions. We also know little about neutral-particle production 5 & 5
beyond the detected neutrons. s M 18
Figure 6 shows the distribution of trm1 versus the|ot2 5 :
where Pt, is for the charged particle with the smaller polar & 12t 4 "%"
angle, anq)t2 is for the particle with the larger polar angle. A % o T E
missing-energy spectrum for the events with boph %"’ 10k o | @f
>0.6 GeVk, as indicated by the solid lines in the figure, is as M ) £
shown in Fig. 7. In a typical selected event there are two ;s: J{ J
particles, each with g, of about 0.8 to 1.0 Ge\W and a E 8F L.
typical missing energy which is less than about 2 GeV in the 0 01 0.2 03
laboratory frame(1 GeV in the c.m. frame This restricts P} [(GeVic)’]
kinematically the number of particles that can be produced
together with the main two high; charged particles. FIG. 8. Proton and pion induced neutron invariant momentum

spectra. The vertical axis is[KrEn/pn)XdY3/Y2d(pﬁ)]. The horizon-
tal axis is pﬁ. E, and p, are the energy and momentum of the
IV. RESULTS neutron.Y, and Y; are the double and triple coincidence yields
defined in the text. Abovp2>0.1 (GeVk)? the points are fitted to
a straight line to obtain the slope parameter defined in(Bq.The
Guided by Eq(3), we present in Fig. 8 the measured in- resulting slopes with the fitting errors are shown. ITEP stands for
variant neutron-momentum specti,(p,) X dY;/Y,d(p?) data from Ref[15] for which the right-hand scale applies.

A. Invariant momentum spectra
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o 0.2F tions and not necessarily from two-nucleon correlations.
" P Also, we wish to compare our data to the earlier inclusive
=, 0181 neutron-production measurements for the backward hemi-
~ 0.1 * + sphere.
By P ¥ v | To obtain the relative yield into the backward hemisphere,
= 0.05¢ ! we fitted the ratiogdY;5/Y,dQ, for the proton and pion in-
8 0.2F duced reactions to a constant above 90° and 100°, respec-
@ { + nt tively, where the ratios become constdsee Fig. 9. This
3 0.15 - procedure produces integrated neutron yields (9080°)
"’ f per selected event of (29t2.4)% and (26.22.9)% for
% 0-1r the proton and pion induced reactions, respectively. These
~ o5l errors include the overall normalization error.
8090 100 110 120 130 These relative yields need to be compared to those of the
® [deg] inclusive measurements mentioned in the introduction
n [16,18,19, which were integrated over angles from 90° to

180°. Those inclusive measurements found yields between 6
neutrons above 0.32 Ge¥/as a function of the neutron anghé; and 9%. We note that even though our data extend only to

andY, are the same as in Fig. 8. The data are for the proton and30°» We obtain much larger ratios. If we use the parameters
pion induced reactions. The lines represent fits to consfgata ~ Of the fits for the backward angles to extrapolate tp
t0.4)%/sr forprotons and (65 06)%/sr forpiong which are :1800, aSSleing that the ratiOS I’emain Constant, the inte'
used to estimate the total backward-emission yield, see text. grated yields increase to (46:8.7)% and (40.84.5)%

for the proton and pion induced reactions, respectively.

For comparison, we show in Fig. 8 inclusive data from We note that our data have no additional charged tracks in
Ref.[15] for p+C—n+X and7~ +C—n+X, for kinemat-  the angular acceptance of the chambers. If we relax this con-
ics similar to those of our data. We labeled these datalition and allow one or more additional charged tracks, in
“ITEP,” and renormalized them for comparison with our re- order to become “more inclusive,” the probability of neu-
sults. The slope parameter reported in 6] for the p  trons for angles below of 90° increases by 30—50% while
+C—n+X data at 7.5 GeW and 119° isB=13.0 the backward neutron production is not significantly
+0.8 (GeVk) 2. We recall that the neutrino measurementschanged.

[18-20 report a value 0B=9.5-10.7 (GeW) 2 for pro-

tons emitted into the whole backward hemisphere with un- V. SUMMARY AND CONCLUSIONS

certainties ranging from 0.3 to 2 (Ged)/ 2. Reference L
[18] presents a compilation of other experiments at several Ve observed the same shape for the momentum distribu-
different energies for hadron and photon beams incident on 40N for backward-emitted neutrons as was found in earlier
variety of targets, including C and other nuclei. For particlesClUSivé measurements. Our significant observation is that
in the common angular range of 120°—150° for the different©’ eve:\nts" in the klnemat|c vicinity of qua5|elgst|c hard
experiments, the slope parameters all lie within the range ofcattering” near 90° c.m. proton-carbon or pion-carbon
10-12.5 (GeVé) 2 with a typical error of 2 (GeWw) 2 quasielastic scattering, ngarly 1/2 of the events produced a
(see Fig. 8 The slopes measured in this experiment fit the@ckward ~neutron — with ~ momentum  greater than
universal pattern within the measured uncertainties. The ar-32 GeVE. This probability is more than four times greater
gular ranges are not the same for all experiments but thi§}an the universally observed probability for various inclu-
does not modify the values @ sufficiently to affect this SIV& interactions. A pattern of universality without an expla-

conclusion(see Ref[20]). Note that although the slopes for Nation is an opportunity for new discovery. Sometimes it is
our data, and the “ITEP” data in Fig. 8 are very similar, the the “exception” to the rule that can suggest the underlying

yieldsare very different, as discussed in the next section. Mechanism. , , ,
There are no models in the literature that have considered

an increase in the backward neutron production for events in
the “kinematic vicinity” of quasielastic scattering. However
We compare our yield of backward-scattered neutronsnodels that attempt to explain the universal inclusive results
above 0.32 GeW to those from the other experiments. In do exist. One approadHi6,25 proposes that the source of
Fig. 9 we show the triple-coincidence yie¥g per unit solid  backward-emitted nucleons is initial-state or final-state re-
angle divided by the double-coincidence yiefd yield vs  scattering from spectator nucleons of particles associated
the neutron angle. We correctet; for neutron detection with the primary interaction. We are not aware of any fea-
efficiency and attenuation, event-by-event, depending on thures of the kinematic regime of our measurements which
neutron energy and direction. The errors in the figure are thevould cause a large enhancement of rescattered backward
statistical errors, combined with up to 10% systematic errorsieutrons above that of other kinematic topologies.
due to software cuts, and uncertainties in the neutron detec- The other approachl0,24] is the one discussed in the
tion thresholds. Of the data presented in Fig. 9, we will con-intoduction to this paper, namely, that the backward-neutron
cern ourselves only with the data for angles above 90°. Aenhancement may be associated WNN correlations. We
smaller angles the neutrons can originate from direct reacsuggest that a strorgdependence in the cross section can be

FIG. 9. The relative yield per unit solid angtEY;/Y,dQ}, of

B. Yield of backward emitted neutrons

015207-8



BACKWARD EMITTED HIGH-ENERGY NEUTRONS IN . .. PHYSICAL REVIEW 5 015207

associated with events in the kinematic region of our measource for detailed information on SRC. So far the published
surement. This would imply that the consequences of shortriple-coincidence data are foe,e’pp) which is related to
range correlations are enhanced by large energies and mpp SRC in nuclei. The data presented in this paper, within the
mentum transfers. The correlation picture is closely relatednterpretation we offer, are related fp SRC pairs. One
to an interpretation that we suggested for the triple-expects thatnp pairs will contribute more to the large
coincidence measurement in the quasielastic region for theucleon momenta in nuclei thap pairs. A unified theoret-
reaction'?C(p,2p+n) [11] and with a forthcoming paper of ical framework that will compare and confront our data with
a recent measurement of the same readtfd@. the electromagnetic measurements is desirable, but clearly
We hypothesize that the large probability for backward-not available yet. We hope these data, together with results
neutron emission in this semi-inclusive region indicates &rom new proposed measurements, will lead to such theoret-
strong dependence in the cross section on the total c.m. eical approach.
ergy (s), and the dominance diN SRC. However, in addi-
tion to NN SRC, there can be other sourc_es_for productlor_w of ACKNOWLEDGMENTS
high-energy backward neutrons such as intial-state and final-
state interactions, and mean-field effects. We indicated that We wish to thank Drs. L. Frankfurt, M. Strikman, and M.
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