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                                 Abstract

       The atomic weight dependence ofsingle high Pt hadron productions in proton-nucleus
    collisions has been studied at an incident proton momentum of 400 Gev/c with the Be, Cu,
    and W targets. The measurements have been made in the range 3.5 to 8.0 Gevfc in Pt,
    and 70 te 110 degrees in polar angle in the center ofmomentum system of the preton and
    the target nucleon.
       The results are cornpared with those of other experiments, and the relations to the A-
    dependence of other processes such as lepton-nucleus deep ineiastic scattering are discussed
    u$ing theoretical models.

I. INTRODUCT!ON
    High Pt particle production is one of the "hard processes", as well as lepton-

nucleon deep Snelastic scattering and lepton pair preduction in hadron-nucleon
coll!sions. "Hard process" implies that the momentum transfer Q2 is much larger
than the characterist2c scale of hadrons such as hadron mass M2. "Hard processes"

are the most usefu1 way to !nvestigate the structure of hadrons, because processes

with large momentum transfer invo}ve collisions at small dlstance due to the un-

ceurtainty principle. In fact, starting from the pioneer work on eiectron-nucleon

deep inelastic scattering at the Stanford Linear Accelerator Center (SLAC) [l],
these processes have been widely investigated, and hadrons are generally believed

to consist of partons -ie. quarks and gluons [2]. In the parton picture, these
process is weil described by the incoherent scattering of free partons. Therefore,

the crcss-section of these processes is ca!culated using the parton distribution func-

tions, fragmentation functions, and cross-section of elementary sub-processes. The

"black box" model [3] and the constituent iBterchange model (CIM) [4j] were
proposed for calculatlng the cross-section of the high Pt hadron productions. Both

models use empirical forms for crcss-sections. 9uantum chromodynamics (QCD)
developed in recent years [5, 6] raises the possibiiity cf calculating the cross-sections

of elementary parton sub-processes. Those cross-sect!ons in the lowest order are

listed in Table 1 [7]. The calculated values in the QCD framework agree reason-
ably wlth data [8, 9].

* New at the National Laboratory for High Energy ?hysics, Ibaraki-ken Japan.
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Table 1. The amplitude for the elementary sub-processes of 9tCD to lowest order.

Sub-process IAI2
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gi gi - ei gi
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ai ei - eJ- ei
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Note) e andg denote quark and gluon, respectively. s, u, and
MandeJstam variables for the elementary sub-processes.
sectzons are given by using tkese amplitudes,
   do              [Ai2   dt tt xag (Q2) , .

 tare the
The cross-

    Many of the experiments to study "hard processes" have been performed with

nuclear targets because of their ease of handling and their copious yields. Data

with the nuclear targets are then extrapolated to estimate the cross-section per nu-

cleon. In addition to the extrapolation, the A-dependence itse}f contains important

informat!on on the mechanism of the process. For example, in the "soft" hadronic

process (such as the total cross-section), the Glauber theory predicts A213 dependence.

This effect has been confirmed by experiments [10]. On the other hand, for a
"hard process" a Iinear A-dependence is expected by the parton model.

    The first experimentai data on the A-dependence of hlgh Pt hadron production

were obtained by the Chicago-Princeton group [11], 'r"he A-dependence was

parametrized as; '
            da                                da          Ed3p (P" A) me Adi(P')'Ed3p (Pt,A =: I)' (1)

They found values of a(Pt) slgnificantly greater than 1. Several other experiments

have been performed [l2-17] and confirmed this "anomaious" A-dependence.
The results of these experiments in proton-nucleus collision are shown in Fig. 1,

and are summarized as follow!ng;
    l. The A-dependence is parametrized by Ats reasonably well. However,
        the number of targets is not enough to distlnguish the A-dependence from

        other forms.

    2. a is almost independent ofenergy for all particle types [17].
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Fig. 1.

NIGH Pt

The A-dependence exponent for single hadron
production as a function of Pt for proton-
nucleus collisions.

The data points are;
closed circle: 400 Gevlc (ReÅí 17),
open square: 250 Gevlc (Ref. 12),
c}osed square: 28.5 Gev/c (ReÅí 13),
open circ}e: 400 Gevlc (Ref. 16),
cross: 40e Gevlc (ReÅí 15).
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    3. For all particie types, a increases with Pt starting from the value less than

        l at Pt around 1 Gev/c and exceeds 1 around ?tur2 Gev/c.

    4. The dependences ofa on Pt of x+, rr-, and K+ are very similar. These
        a's increabe with Pt, but have a plateau above 4 Gevlc with the value of

        1.13Nl.15. Above 6Gevlc a's show the tendency of decrease, although
        the statlstios is poor. On the other hand, a's for K- and P seem to continue

       to increase and reach about 1.3 at Pt around 6 Gevlc. The a for protons
       falls somewhat between that of pions and P.

    Recently, the A-dependence for high Pt hadron production has been measured
with incident negative pion beam [l8]. They found that the behavior ofa is very
similar to that for proton beam except the K- production. The a for .K- production

seems to have a plateau in contrast to continuous increase in the case of proton beam.

But, unfortunately the data for Pt above 4 Gevlc is statistically poor.

    There have been many theoret!cal studies and models relating to the A-de-
pendence of high Pt hadron production. These can be classified into the following
three groups.

    (a) The coherent tube rnedel [19] assumes that the nucleons contained in
a tube through which the hadron passe$ behave collectivelyjust like one single had-

ron. The effective mass is the total mass of nucleons in the tube. This model
gives a linearly rising ct with increasing Pt.

    (b) The multiple scattering model [2C25] postulates that the particle with
high Pt is produced by the several "hard" scatterings in the nucleus. This model

generally gives the following A-dependence;

           do         Ed,p == ci'A+c2•A`/3+c,.A5rs+•••. (2)
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    (c) The multi-quark cluster medel [26, 27] assumes that there exists i-nucleon

states (3i-quark states) in the nucleus with some probability. '{rhe partons in a

3i-quark state can have momenta up to i times as large as that of singie nucleon,

and are expected to be a source of the "anomalous" A-dependence for the high Pt
hadron production.

    The A-dependence for other "hard processes" has been also studied.

    Recently, the European Muon cellaboratioxa (EMC) performed an experiment
on muon deep !nelastic scattering using deuterium and iron targets. They fouRd
that tke structure function of iron was significantly different from that of deuteriurn

(now called the EMC effect) [28]. The same effect was a}so seen by a SLAC-MIT-
Rechester group by re-analyzing their electron-deuterium and empty target (bteei

or aluminum) data [29]. This A-dependence can not be explalRed by Fermi mo-
tion only [30, 31]. Several explanations have been proposed [32], such as an en-
hancement of the probability of d in nucleus [33], the multi-quark cluster model

[34-36], percolatlon of colors in the nucleus [37], an enhancement of the pion-sea

in nvtcleus [38], change of the confinement scale [39], the diquark model [40], and

an effect of a quark-gluon p!asma [41]. Both experimentaliy and theoretica]Iy, the

situation is still at an early stage of understanding.

    For iepton pair preduction, a linear A-dependence has been observed in a
proton-nucleus collision [42]. In p!on production of dileptons, a Chicago-Illlnois-

Princeton group reported an "anomalous" A-dependence [43]. However, two
experiments performed recently at the CERN SPS show a linear A-dependence in
a similar kinematic region [44, 45].

    An "anomalous" A-dependence has been also reported ln some mass regions
[l6] and Pt regions [l5], for the di-hadron production in hadron-nucleus collisions.

    The present experiment has been performed at the Ferm2 National Acce}erater
Laboratory (FNAL). "]rhis papLr presents on}y the resuits on the measurement of
the nuclear weight dependence of the single hadron productions at 400 Gev/c, based

on the data obtained in the first running period of this experiment. The results

on tlke other subjects of the single hadron productiens will be presented elsewhere

[46, 47].

fi. APPA]RATUS

A. everview
    The purpose of thls experiment is to xneasure high P, single particles and high

mass pairs of all charged particle types -muons, electroits, and hadrens [48]. The

detection of electrons and hadrons requires the aperture to be an open geometry,

in centrast to previous dlmuon experiments which usually had hadron absorbers
upstream ofthe detectors. On the otker hand, the cross section faIls offvery rapidly

with the Pt of s!ng}e particles or with the mass ef pairs, ancl requires a large luminos-

ity. The Iuminosity is proporÅíional to the beam intensity, target thickness, the

acceptance, and running time. The critical one is the beam intensity, because
it can be easily increased by order of magnitude (in principle up to the full accele-
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rator intensity ef5Å~IOi3 proton per pulse) in contrast to others. In order to run

with a kigh beam intensity, one has to reduce the background as much as possible,
since the single rate in the detector is limited to the order of ! MHz with the present

technology. In our case, the main backgrounds are due to low Pt charged and
neutral particles. It !s obvious that the requirement cf high intensity as well as

open geometry is very hard to achieve. In fact, our experiment is the first one
to attempt an open geometry and high iuminosity experiment at high energles.

    With the above requirements, our apparatus was designed as shown schematic-
al}y in Fig. 2. The design details for high intensity running include the followlng;

                        STATION STATiON STATION                           l 2 3 STATION4                                                         as      wt:ii:gft•l"II:/i:enwut.,s,,fi'"iww.Ti,ggE:R,,:x,:oi,,:A,k,lill!lpm11Ii,,,,l.,;,,,,,,toNAL

                                                  CALORIMETERS TUBES
                                PLAN VIEW

                QIIZil] sTEEL NIi5;] sH[ELD[NG {iX] ABsoRsER
                                                      ZENC CONCRETE                              sM3 ll
                       ffE6iii]iiillil li•l •illM"g'l/

                          Å}
                          20

TARGET
SM12 MAGNET

.

)i

ii)

iii)

iv)

  i -L Å} L -}- Meters  O 10 30 40 50                      ELEVATION SECTION

                                -•••••-• DRIFT CHAMBER
                                -•-•-• PROPORT[ONAL CHAMBER
                                ------- NODOSCOPES
                Fig. 2. Schematic view ofthe apparatus

Immediately fo}lowing the target, a spectrometer magnet with Iarge Pt kick

is placed. Thus the spectrometer focuses only high Pt particles in the aper-

ture and sweeps out the low Pi part!cles which have an intensity several
orders of magnitude greater than that of high Pt particles. AII the detectors

were placed downstream of this magnet.

The neutral particles are well shielded by the beam dump placed inside the

magnet and tke magnet yoke, and can not hit the detectors directly.

Also, our apparatus has tke following features.

A complete particle ldentification system is provided to make the maximum
use of the open georaetry. Eiectrons and hadroRs are distinguished by the

electromagnetic and hadron calorimeters. The muons are identified by
muon detectors placed behind the calorimeter and absorbers. The hadron
species (pions, kaons, and protons) are separated by the ring imaging Cheren-

kov counter placed between the spectrometer and the calorimeter.

The large Pt kick of the magnet together wlth the open geometry results in

an excellent momentum or mass resolution. A mass resolution of order
O.IO/, is expected.
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  v) A second analyzing magnet is placed between the first and second detector

      stations. This magnet provides an independent momentum measurement
      with moderate resolution (order of l O/,). This magnet is also very important

      for distinguishing the particles produced at the target from those produced

      at the beam dump or elsewhere.

B. Beam
    Protons slowly extracted from the synchrotron were brought to the Meson
target, then diffractive protons produced at this target were transported to eur ex-

perimenta} target. The direction of the incident beam had an finite angle with
respect to the center line of the apparatus due to Åíhe Iack of some magnet elements

in the beam }ine in the present experimeRt. The angle was 3.4 miliiradians upward
in the vertical direction and le mi}liradians to the left hand side in the horizontal

dlrection. The beam spills were about ene second long with a 12 to 15 second
interval. The protons in the spill were bunched into R.F. buckets separated by
18.9ns (nano second==10m9sec). 'Irhe iength of one bucket was less thaR one ns.
These bunches are due to the phase stability of R.F. acceleration in the synchrotron

and are not debunched at extraction time. Because of this feature, it was essential

to have the time resolution of our detectors compatible with the R.F. bucket resolu-
tion.

    The position and profile of the beam were monitored by a segmented wire
chamber (SWIC) positioned about 75 cm upstream of the target. The intenslty
of the beam was monitored by a seconclary emission monitor (SEM). These moni-
tors were remotely movable and were out of the bearn to reduce the background
which produced from these monitors during the data taking. These monitors were
occasioRaliy put into the beam to calibrate the other monitors between the runs.
The beam intenslty hitting the target was monitored by the scintillation counter

telescope located at 90 degrees in the Iaberatery system (called the 90 degree moni-

tor). The typical beam intensity during the eata taking was 4Å~109 proton per
puise.

C. TaTgets
    Three different materials -Be, Cu, and W were used as targets to measure
the atom!c we2ght dependence of the cross section. The sizes and other parameters
of the targets are listed ln Tab}e 2. The targets were made in rectangular p]ates

having a thickness of arouRd 1 mm and a width of 38 mm ln the vertical and hori-
zonta} direction, respectively. "]rhe thickness was chosen as thin as possib]e to reduce

the multiple scattering in the target but comparable wit'h the verticai beam size

to not. reduce the luminosity, In the l}orizontal directlon, the width was wide

enough to contain all the beam. The length was chosen to give approxlmately
the same number of nucleons. The targets were keld by the target holder at 2.5 cm
intervals in the vertica} direction. The holder was placed in a box fi!led with helium,

and remotely moved in both vertical and hor!zontal direct2ons. The position was
displayed by means of a motor drive counter. The horizontal position of the target

'
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was determined by scanniRg the beam profile by the vertical copper fiag (1,1 mm
wide) attached en the top ofthe hoider. The fraction ofthe beam hitting the target

was calculated from the results of vertical scans. The SEM was also put in the
beam to normalize the couRtlng rate of the 90 degree monitor. Fig. 3 shows a
typical result of the horizontal and vertical scans. The typical beam size was 4.5

mm and I.Omm FWHM in the horizontal and vertical direct2ons, respectively.

Table 2. Parameters ofthe targets.

Be Cu W
Horizontal width (mm)

Vertical thickness (mm)

Length (mm)
Nuclear weight A

Number of nucleons in unit area ( Å~ le25/cm2)

Density (glcm3)

38.3

  .996
lel.8

 9.01

 l.13
 1.848

S8.I

  .914r

25.8

63.54

 l.39

 8.96

38.1

 1.059
 !3.1

l83.85

 l.52
 l9.3
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D. Magnets
    SM12
    The upstream magnet placed behind tke target (about IOcra down$tream)
is a conventional dipole magnet called SMI2. Tke detail of the constructlen is
described eisewhere [49]. The steel yoke is 14.4m long, 2.7m wide, 5.2m high,
and weighs about l200 tons. The field aperture is O.93 mxl.3 m 2n cross section.
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The magnetic field was produced in the horizontal direction, thus it bends charged
particles vertically.

    The coil is made of aluminum conductor to reduce the cost. The cross section

of the conductor was 6.15 cm square and has a hole l.4 cm in diameter for coo}ing

water. The coil consists of 14 layers with 14 turns in each layer, and has 196 turns

in total. The top part of tke coil is fixed to the return yoke by a stainless steel shelf

bridged between poie pleces, and the bottom part slts on the return yoke steel. Tke

part outside the yoke js bent at 45 degrees as shown in Fig. 2.

    The maximum current is 4150amperes with a total power of !.2MW and
gives about 9Gevlc Pt kick. For present data taking, the current was set at 2000

amps giving a 5.5 Gev/c Pt kick.

    Beam Dump and Insert Modules
    Since the target is placed close to the magnet and is small in size, the aperture

can be smal3 at tke upstream part of the SMI2 magnet. The tapered pole pieces
are iRserted in the gap, to produce as high a fieid as possibie. The details of the

pole pieces are shown in Fig. 4. These insert pole pieces are divided into 7 modu!es

and the poie faces are tapered so that the gap in tke horizontal direction varies from

IOcm to 86.4cm. The bearr} dump made of copper is installed inside the second
module. The beam dump starts at 1.72 m from the upstream face of the magnet
pole and is 2.74m Iong. The beam dump is I7.9 cm thick at the upstream face
(including the copper plates added. See below.) and 30.5cm at the end in the
vertical direction. Fol}owing the copper beam dump, the concrete absorbers are
mounted inside of modules no. 3 to no. 6. These absorbers are 28 cm thick in the
vertical direction and total 7.32 m iR iength. The magnet gap was filled with helium

to reduce muitip!e scattering and the converslon of photons.

    At tke early stages of the experiment, very heavy backgrounds were observed
in the detectors. After several studies of the backgrounds, the following two modi-

fications were made to reduce the backgrounds to enabie running at higher inten-
sities.

  !. 1.9 cm thick copper plates were added on the top and the bottom ofthe copper

      beam dump. By adding these copper plates, the backgrounds were reduced
      considerably at the cost of acceptance in the smail angle region,

  2. Lead bricks (5 cm high and IOcm thick along bearn) were placed on the
      top and bottom surfaces of the insert modules. The angle of the lead bricks

      was carefully chosen so that the photons from the target always hit the up-

      stream face of the bricks and the shower was absorbed in the lead bricks [50].

    SM3
    The seconcl magnet (called SM3) is also a conveRtional dipole magnet. The
magnet is 3.23 m long, and the aperture is 1,68 m kigh and !.35 m wide at the up-

stream face of the magnet. The width of tbe aperture is tapered and is 1.50m
at the downstream face of the magnet. The coil was also made of aluminum con-
ductor of the same size as that of the SMI2 magnet. Flux return iron mittor plates
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of5 cm thick are placed both upstream and dowRstream of the magnet to protect
the phototubes of hodoscopes from leakage magnetlc flux. The magnet gives about

O.9Gevlc Pt kick with a current of 4200amps. During the present data taking
run the current was set at 3282 amps due to the shortage of power for the power
supply; the Pt kick was O.72 Gev/c. A helium bag made ofpolyethylene was placed
in the gap to reduce muhiple scatter!ng.

    geield Measurement

    The magnetic field of the magnets was measured using the ZIPTRAK system.
The ZIPTIke"LK cart has three coils which measure x,s, z components ofthe rnagnetic

fieid. This cart moves along an aiuminum guide beam in the beam direction.
The field values were recorded at regular intervals in the beam direction. The
guide beam can be moved in the herizontal and vertical directions. The move-
ment of the guide beam and cart can be controlled by a computer and the field
measurements at the set of grid points can be made automatically. Since ZIPTRAK
measures only the relative field from the starting points, the absolute field values

were measured by the NMR method at several points. Fig. 5 shows the example
of the fie}d variations along the beam line for the hoy!zontal component of the SMI2

and SM3 magnets.

E. HodescopesandChambers
    As shown in Fig. 2 our apparatus has 4 stations of detectors -each conslsted

of one or two hodoscope planes for triggering and several wire chambers for record-
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ing the trajectories of the partic}es. The fourth station is placed behind the calori-

meter and the zinc and concrete hadron absorbers. This statien is used for trig-

gering and measuring the trajectories of muons. In Fig. 6, a schematic view of
the hodoscopes and wire chambers is shown. Our coordinate system is also shown
in the figure. The center }ine of the apparatus is chosen as the z-axis. The x-axis

and]-axis are chosen in the horizontal and vertical directions, respectively.

    Kodescopes
    In Table 3, the specifications of the hodoscopes are listed. The X-hodoscopes

are segmented into two parts (up and down) !n the vertical dlrection and into l2

or 13 parts in the horizontal direction. The Y-hodoscopes are segmented into
left and right in the horizontai direction, and into 12 to 17 parts in the vertical direc-

tion. The Iight from each scintillator is collected in a R329 pketotube (Hama-

matsu TV Co.) through an adiabatic light guide. NEIIO scintillator ls used for
all counters. Station 1 and 3 have both X and Y hodoscopes, while station 2 and

4 have only Y hodoscopes.

                     Table 3. Specifications ofthe hodoscopes

Yl Xl

Hodoscope plenes

 Y2 X3 Y3 Y4

Z location (m)

Aperture Hor. (Åëm)

        Vert. (cm)
Segmentation
        Hor. Å~ Vert.

 21.01

12i.9

152.4

2Å~ 12

 21.04
121.9

152.4

l2Å~2

 28.32

i62.6

l72.7

2Å~l7

 46.66

264.2

233.7

 13Å~2

 46.92

264.2

233.7

 2Å~l3

 51.87

294.6

254.0

 2Å~14

Ceunter element

   Width (cm)

   Length (crn)

   Thickness (rnm)

l2M

60.96

 4.76

10.16

76.20

tlr.76

iO.l6

81.28

 3.715

22.50
(11.03)*

116.84

 6.3jr

l7.78
(19.05)as'

132.08

 6.35

 17.78
(2e.32)*

147.32

 6.35

     *) cottnters ofboth eRds

    Ckamhers
    In order to record the trajectories of particies, multi wire proportional cham-

bers (MWPC) were used !n station 1 to accept the high counting rate. On the
other hand, dr!ft chambers were used for stations 2 and 3 to achieve good space
resolution, because lower counting rates were expected at those stations due to the

large Pt kick of tke SMI2 and SM3 magnets. The specifications of the chambers
are listed in Tab!e 4.

    Station 1 has slx MWPC's with three wire directions to allow multi-particle
reconstructlon. The Y chamber has horSzontal wires, while the U and V chambers
have wires tilted by an angle of e = Ltan-i(l/4) with respect to the horizontal direc-

tion. Two sets of Y, U, V chambers were placed with a separatien of l.2m to
give a reasonable lever arm for tracking. The wire spacing is 2mm for the Y
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Z (m)

Aperture

X (cm) Y (cm)

Wire
space
(mm)

Number of
  wires

Station 1

(MWPC)

'iii'i i8.91

l9.17

l9.42

20.11

20.36

20.62

l28.3

l28.3

l28.3

128.3

l28.3

l28.3

149.6

152.4

152.4

I49.6

l52.4

152.4

2.0

l.94

l.94

2.e

1.94

1.96

736

896

896

736

896

896

Station 2

(DC)

Y     vY     vt  

:
2Z55
27.80

28.06

167.6

167.6

16Z6

178,8

l82.9

182.9

10.0

9,7

9.7

176

208

208

Station 8

(Da)
vyt
UU,
VV'

45.79

46.e4

46.3e

269.2

269.2

269.2

233.3

242.6

242.6

20.0

19.4

19.4

li2

l44
ltl4,

Station4 PTX
(Prop.Tube) PTY

54.81

55.85

365.8

363.2

315.0

375.9

25.4

25.4

l`l`lr
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chamber, and 1.94 mm for the U and V chambers. We used an Argon/CO, (17O/,)/
Freon(.3e/,) gas mixture for the station l MWPC's.

    The chambers is stations 2 and 3 consist of six planes of drift chambers with

the same three wire directions as those of the station i. Tke two planes with the

sarne wire direction were coltstructed in one chamber frame and staggered by a
half wire spacing to resoive the so-calied left-rigkt ambiguity. Tke spacing of the

sense wires in the Y (U and V) chambers 2s 10 mm (9.7 mm) and 20 mm (19.4 mm)
for stations 2 and 3, respectively. 500/o Argon and 500/, ethane gas was circulated

into the chambers through ethyl alcohol at a temperature of OOC. The offset of
the TDC time zero and the space-tlme relat!oR were deÅíermined by off-line ana!ysis.

The space-tirne relation of stat!on 2 chambers had a good Hnearity, while that of

station 3 required a form quadratic in time. The reason is that the station 3 cham-

bers have longer drift length and have a weak electric field region. After correcting

the propagation delay of signals along the wires (veloclty ef O.8 times light velocity),

a spatial resolution of around 200 microRs was obtalned for both statlons.

    ?roportional Tubes

    Two planes of proportional tubes with the wires 2n the horizontal aRd vertical

directioR are placed at station 4. Each plane was made of 18 units of the extruded

aluminum tube. One unit of extruded tube contalns 2 layers of 8 ce}ls with cell

s!ze of2.5Å~2.5 cm. Those two layers are staggered by a halfceli to avoid the dead

regions due to the wall between the cells. Tlie sense wires of staggered cells are

connected together. The same gas mixture as the station 2 and 3 drift chambers

was used for the proportional tubes.
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Calorimeter
The calorimeter is placed behind the station 3. The roles of the ca]orimeter

  to give the fast electron and hadron trigger signals (The details will be de-

 scribed in Sec. III-A)

  to identify muons, electrons, and hadrons in the off-line analysls.

Cen$truction
The calorimeter conslsts of two parts -the electromagnetic part (EM part)
the hadron part (H part) as shown 2n Kg. 7. Both are ordinary sampling

 calorimeters which consist of plastic sciktiliators and absorbers of dense mate-

 The construction parameters are 1!sted in Table 5. Because of the large

WLS bar WLS bar

Pheto #ube

    /
Llght guide
 block

Fig. 7.

Table 5.

t

N.

                 Hl         E E4                    HADRON      N''
       EM PART
Schematic view of the calorimeter.

 Specifications of the calorimeter

H2

PART

Photo tube

Modules

El E2 E3 E4 Hl H2

Absorber
Sc•ntillator

Light collection

Photo tube

Number of layers

Radiation length

     Integral*

Absorption length

     IRtegral*

           Pb (3 rnrn)
Kyowa SCAS11O1 (20 cmÅ~148 cmÅ~6 mm)

           Acrylic block

Rl565 Rl476 (Hamamatsu TV)
3"di,6st 5"Åë,6stage

   4 9 9 10  2.41 5.`lr3 5.43 6.03
                         21.58
  O.l3 O.28 O.28 O.31
                          l.08

Fe (25mm) Fe (50 rnm)
Kyowa SCASI101
 (20 cm Å~ 155 crn Å~6 mm)

WLS (Altulor 1290) -F
 twisted light guide

Rl565 (Hamamatsu TV)
 3"di, 6 stages

    12 20
   17.53 58.58
   39.ll 97.!9
    1.90 6,13
    2.98 9.11

*> Including X3 and Y3 hodoscopes and Pb sheet (l2 mm, 2.27 r.I.)
  in front of the calorimeter



         STUDY OF THE ATOMIC WEIGHT DE?ENDENCE OF HIGH Pt 413
                      S!NGLE ffADRON PRODUCTION
voiume of scintillator, a new plastic scintillator developed by Kyowa Gas Co. with

relatively low cost and high performance (Kyowa SCASIIOI) was chosen for both
parts (see Appendix l).

    The EM part consists of 32 Iayers of 3 mm lead and 6 mm scintillators totaHng

19 radiation lengths. The scintiilators are grouped iRto 4 modules (4, 9, 9, and

10 layers from upstream) ln the Iongitudinal direction. A l.27 cm thick lead sheet

was placed iR froBt of the calorimeter. This lead sheet and the thin first module

(about 2 radiation lengths) was designed to provide good electrolt hadron separa-

t2on based on our test results [51] using a smal} prototype calorimeter. The aper-

ture is 2.8m and 2.4m in the horizontal and vertical directions, respectively. Each

module is divided into 2Å~12 segmeRts in the same way as the Y-hodoscopes. The
light output of each segment is collected onto a 6-stage phototube through a acrylic

light guide. 3" diameter tubes (I}Iamamatsu TV Co. R1565) are used for the first
thin moduies (g iayers). The rest of modules use 5" diameter phototubes (Hama-

matsu R1476). 'i'he 6-stage tubes were chosen with the following reasoRs:

  1. The expected slgnals were large enough so tkat a large amplification was
      not necessary. A typical amplification of2Å~I04 for 5" tubes and I05 for 3"

     tubes was required in contrast to that of I06 for l2-stage tubes.

  2. Good iinearity can be achieved over a wider range tkan wlth higher stage

    The hadron part consists of two modules in the longltudinal direction. The
first module consists of l2 layers of 2.5 cm thick iron and 6 mm thick scintillators.

The second module consists of 20 layers ef 5 cm thick iron and 6 mm thick scintll-

lators. The total thickness amounts to 9 absorption lengths including the EM
part (about l absorption length). The aperture is 3 m and 2.6 m in the horizontal

and vertical directions. These two modules are divided into 2xl3 segments in
the same way as the EM part. The light output of each segment was coliected
on a wave length shifter bar (ALTUROR l922) then led to a 3" diameter photo-
tube (R1565) through an acry12c iight guide. The attenuation ef the light along
the wave shifter bar is corrected by masking the surface of the wave shifter bar with

aluminized mylar sheet. The masked area decreases from photoeube end to far
end so that the light collection to the phototube does not depend oR the position

of the wave shifter bar. The whole calorimeter was covered by a vinyi hut with
an air conditioner to keep the temperature constant.

   The signals from the dynodes of a}1 the phototubes of the calorimeter were
summed up with an array of linear adders. The sum was used for the fast triggers.

The signal from each phototube anode was fed into a fast ADC circuit having a
conversion time ef 2 micro secoBd. This fast ADa has a quadratic response and
was developed at Nevis Labs. The signals from the X3 and Y3 hodoscopes were
also fed into the ADC's to provide additional information on part2cle identification.

    Calihradon and ?erÅíormanee

    The pedestals and the quadratic respoltse of each fast ADC was periodically
calibrated. These parameters were written on magnetic tapes at the beginning of
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each run and used in the off-line analysis.

    The gain of each phototube was set roughly equal to each other by adjusting

the high voltage using,the minimum ionization signal of muons. In the off-line

analysis, the gain was precisely evaluated from data by the following procedure.
The energy depos2t of the i-th particle in the ca]orimeter, E(i), is given by;

          E(i) === pu. "si.\,(.(i') (3)

where ai is the gain ofj'-th phototube to be evaluated and Qj(i) is the output charge

of.d-th phototube for the i-th particle. F..,,(x) is the factor due to the attenuation

of light through scint'iilator. Thls factor is known from test measurements and
is normalized to 1 at the far exxd of the scintillator from the phototube. The hit

pos!tion of the particle (x) !s known from the chamber data. Tke summation in J'

includes the appropriate number of segments around the track to reduce the effect

of noise. Then the aj's were determined so as to minimize the foilowing quantity,

          z2--z,[ttnErm,g(i)i)]2 (4)

where Es.(i) is the energy of the i-th part!cle determined precisely by the track re-

construction through the spectrometer. The errors of the a7s were est!raated to
be around 30/,. The energy response and energy resolution of the calor!meter for

hadrons are shown in Fig. 8 and 9, respectiveiy. The energy resolution can be
represented by

1!'ill

l.
'l

(ele}

ENERGY RESPON$E
ef CALORIMETER

 for HADRONS

-"- low tnreshold trigger

-"- higit threshoid trigger

Fig. 8.

se 40 50 60 70 ac so IOO 110 i20 130
          MOMENTVM (GeVlc}

 Energy response of the calorirneter for
 hadrons The }ine is drawn for guid-
 ing eyes only.
 The data points are;
 open circle: high thresholdtriggers,
 closed circ}e: low threshold triggers.

iiil,

'g•

:

ENERGY RESOLUTION
ef CALORIMETER

  fer HADRONS

+,,,+
;;+kes

                 i

e [ew threshold trigger

o highthreshold trigger

++

Fig. 9.

30 40 50 60 70 80 90 IOO
         Energy (Gev}

 Energy resolutien of the calorimeter
 versus energy for hadroRs.
 The data points are;
 epencircle: highthresholdtriggers,
 closed circle: low threshold triggers.
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          gE N O.75          -IZi- wu viE(Gev/c)' (5)
This value is compatlble with other ca]orlmeters with similar configurations [52].

G. RingimagingCherenkovCouater
    The hadron species are identlfied by use of a ring imaging Cherenkov counter
located between statior} 2 and station 3. The detaiis of the Cherenkov counter are

described elsewhere [47, 53]. The counter consists of a vesse! which contains the

radiator gas, mirrors, and a photon detector. The vessel, l5.2m iong and large

enough to cover the aperture (3.1mx2.8m), is made of thln aluminum. Heliura
is used as the radiatcr gas and is circulated through a purifier to maintain the high

purity. The gas was kept at room temperature and at s]2ghtly above atmospheric
pressure. The threshold momenta for Cherenkov emission are l6 Gevfc, 58 Gevlc,
and l10 Gevfc for p!ons, kaons, and protons, respectively.

    I6 spherical mirrors with focal Iength of 8 rn had been deslgned to be instalied

in a4Å~4array. However, in the present experiment enly the haif of tke mirrors
were assembled covering the central half of the horizontal aperture.

    The multi-step proportional chambers [54] detect the Cherenkov pkotons.
These photon detectors were designed to be mounted on both side of the vessel,

but only one of them was available in the present experiment. The actlve area
of the chamber is 4e cmx80 cm. The window of CaF2 crystals separates helium
gas and chamber gas, He (970/,)ITEA (tetraethylamiRe, 30/,) mixture. The signals

are read out from tke anode wlre plane and both sides of the cathode wire planes.
The cathode wires have angles of Å}45 degrees with respect to the anode wires to

make multi-photon reconstruction possible. [lrhe wire spacings are 2 mm for anode

and 1 mm for cathode wires. The signals from the chamber are fed into LeCroy

2280 l2 bit CAMAC ADC system to record their charge.

    The position of the Cherenkov photons was determined by requlring the wires

of all three planes to fire. By exam2ning the relation between the tetal charge on

each wire, ghost photons are ciearly rejected. "I'he hadron species are determined

by exarnining the dlstance between the positioBs of the Cherenkov photons and the

ring centers calcu!ated from the trajectories of particles. 'I"he resoiutlon ef the

radius 2s 2.3 mm in FWHM and the clear x/Kfp separation is obtained up to 200
Gevfc. Tke distribution of the number of photons for plons was fit quite well by a

Poisson distribution. The average number of photons was found to be 2.7.

tw. DATA ACQViSITXeN

A. Triggers

    Hedoscepe$ and Trigger Matrices
    The logic diagram of Åíhe fast trigger system for the hodoscopes is shown in

Fig. IO (a). The signals from hodoscope counters are fed into the l6 channel dis-

criminator (LeCroy 4416), then the ECL output signals are fed into the pulse stretch-
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er. In the pulse stretcher, the signals are gated by pulses synchronized to the accele-

rator R.F. signal. The timing of each couRter is carefully adjusted so that
the timing of the output pulses from the stretcher are always determined by the
accelerator R.F. even though the counter signals have some timej2tter due to propa-

gation time difference in the scintillators and phototubes. The outputs of the pulse

stretchers are used for al! coincidences in the fast Iogic. This technique makes it

possible to achieve one R.F. bucket time resolution even if the counter signa}s have

fairly large time jitter as i}iustrated in Fig. 11. The outputs of the pulse stretcher

are also fed into gated latches (called coincidence registers). The other output
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signals are fed into the trigger matrix modules through fiat cables, and fiBally ORed

!n the terminator module.

    The trigger matrix produces an output pulse when the configuration of input

pu}ses from the hodoscope counters coincide w!th a hit pattern stored in the RAM

(random access memory) beforehand. The hit pattern is prepared so that trigger

signa!s are produced only for part!cle trajectories in the acceptance. Three kinds

of matrices for the hit pattern were used.

  i) Y-matrix; 3 fo}d coincidence of the Yl, Y2, and Y3 hodoscopes wkh two
                sets of pattern. The first pattern is provided for positive par-

                ticles coming through aperture of the SM12 magnet above the
                beam dump (called YU). The second one corresponds to those

                below the beam dump (called YD) fer negative particles.

  ii) X-matrix; 2 fold ceincidence of the ><l and X3 hodoscopes wlth a pattern

                corresponding to a particle coming 2n a straight line from the

                target.
  iii) Mu-matrix; 2 fold coincidence ofthe Y3 and Y4 hodoscopes.

                    Table 6. Surnmary ofthe fast trigger system

TRIGGER MATRIX; logic output comments

Y-matrix

Å~-matrix

Mu•tmatrix

Yl•Y2•Y3

Xl•X3

Y3•Y4

YUL
YUR
YDL
YDR
XI.

XR
CXL

CXR

MUL
MUR

track above beam dump (left)

track above bearn dump (right)

track below beam dump (left)

track below beam dump (right)

track of]eft hand side

tiack ofright hand side

track hlt the Cherenkov mirror on
 left side

track hit the Cherenkov mirror on
 right side

muon track on }eft side

muon track on right side

TRLACK TRIGGER; logic output comments

     (YUL+YDL)•XL TL
    (YUR+YDR)•XR TR
(YUL•XL)+(YUR•XR) TU
(YDL•XL)+(YDR•XR) TD
           TL+TR 'ry

left track (both charges)

right track (both charges)

positive charged track

negative charged track

any track

KODOSCOPE OR; legic output comments

 X3L•Y2L•Y3L•Y4L 4!4MUL
X3R•Y2R•Y2R•Y4R 4f4MUR
XIL, Y2L, X3L, Y3L 3X4L

XIR, Y2R, X3R, Y3R 314R
         Y4L,Y4R Y42

any 3 out of4 planes

any 3 out oÅí4 planes

any 2 on Y4
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    It should be noted that these triggering patterns are compared to the hodo-

scope pattern on the left hand side and on the right hand side inclependently. The

coincidence outputs of these matrices are sumrnarized ln Table 6.

    Then, the coincidence outputs TL, TR, TU, TD, and TY were provided from
the outputs of the trigger matrices mentioned above (called Track signals). L
and R denote the Ieft and right sides of the apparatus, respectively.

    Among the ORed signals frorn the terminator modules, the coincidence outputs

414MUL(R) and 314L(R) were produced. Also Y42 is produced using a muiti-
pHcity modu}e by requiring any 2 hits on the Y4 hodoscope.

    The logic of these coincidence outputs are also !isted !n "]rable 6. The logic

diagram of these triggers is shown in Fig. IO (b).

    Calorimeter fast triggers

    The signals from the segments of the calorlmeter were first summed within
the same longitudinal module using linear fan-in circuits. Then the signais from

these modules were summed with appropriate weights using attenuators to g!ve

the correct energy sum. Two kinds ofsuinmed signals were provided;

  EL or ER =:Sum of the left or right hand side of the EM part (El +E2+E3+E4).

  HL or HR==Sum of the left or right hand side of the EM part (El +E2+E3 -l-E4)

             p!us the sum of the Hadron part (Kl +H2).
The signal EL (or ER) is used to trigger the electron events, while the signal HL

(or HR) is used for the hadroR events. These signals are fed into risetlme-com-

pensated discriminators (LeCroy Models 825) te reduce the time jitter due to the

pulse height variatioR. 'I"hresko}d levels can be adjusted by attenuators depending

on the requirements of the experiment. The set of threshold Ievels used are listed

in Table 7. The output pulses from these discriminators are fed into the DC logic

system.

Table 7. Calorimeter fast logic triggers

Name s..
 Att?zggtor?ISoi.,,rl.Me\ieai- ,iE.h/(,' .ee

.:w./.,y ;,*i.d/,

Comments

ELhi
ERhi
F.hi

EL iOER IOELhi or ERhi

15

l5 Electron Trigger

HL}ow HL
HRIow HR

g gg 30N 52
30rv 52

Low threshold hadren trigger
 for TFI and prescaled trog.

Khi HL"HR 6 30 60NI05 High threshold hadron trigger

HLche HL
HRche HR

2 gg 60NI05
48N 84

Cherenkov hadron trigger

*) The typical values at the middle ofthe scintiilators are shown.
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    DC Logie
     The readout system can be triggered by various logic requirements. As shown
 in Fig. IO (b), the fo}lowing combinations of pulses from Åíhe hodoscopes, trigger

 matrices, and calor2meters are fed into a fan-in circuit (called TFI) ;

     3/4L•HLIow,
     314R•HRIow,
     4kMUL,
     414MUR,
     214Ymat,
where 2/4Ymat imp!ies at least two out of 4 Y-matrices (YDR, YDL, YUR, YUL)
fired. The TFI output pulses are used to gate the DC logic system to make the
final trigger decis2on for the readout system, as is shown in Kg. 10 (c), The DC

logic is a fiexible general purpose triggering system developed at Nevis Labs. The

fast trigger signals described previously are fed lnto the DC logic bus. When the

DC Iogic accepts the gate from the TFI, the DC logic interrogates the pattern of

trigger slgnals. When the fast tr!gger pulses satisfy at least one of the fo}lowing

combinations, the DC loglc produces an output pu}se (called TGO pulse) s

   i) DimuoRtrigger (a) TL•TR.MUL•MUR.
                                    (b) TU•TD•MUL•XL•Y42
                                    (c) TU•TD•MUR•XR•Y42

   ii) E}ectrontrigger TY•Ehi
  i!!) Hadrontrigger (a) TY•Hhi
                                    (b) TL•CXL•HLche
                                    (c) TR-CXR•HRche
The cembination i)-(a) is for left-r!ght muon pairs regardless of the muon charges,

while i)-(b) and (c) are for opposite sign dimuons. The iii)-(b) and (c) combina-

tions are special combinations used to record information from the ring imaging
Cherenkov counter. Di-electron and di-hadron events are 2ncluded in the electron

trigger ii) and hadron trlgger iii). The DC logic also produces a TGO pulse for
the followlng prescaled fast trigger patterns;

  iv) prescaled trlggers (a) 414MUL (every l024 counts),
                                    (b) 4/4MUR (every 256 counts),
                                    (c) 314•L•HLIow (every 128 counts),
                                    (d) 3/4R•HRIow (every 32 counts).
Events wlth triggers (a) and (b) monitor the rate of slngle muons. Events with
triggers (c) and (d) are used to determine the eMciency of the calorimeter in the

hadron trigger. These events are also used to measure the eMciency of the hodo-
scopes. Only the events with a hadron trigger and the prescaled triggers (c) and
(d) are used in the present analysis.

B. ReadoutSystem
    Data Transpert System
    Our readeut system uses the Nevis data transport system. This system is a
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fiexible and high speed data acquisition system able to handle 16 bit words at more

than 5 MHz. Detalls of the system are described elsewhere [46, 55]. The sche-
matic of our system is shown in Fig. I2. Subsystems, such as the ADC's, TDC's
etc., are connected to the transport bus by transport system modules. The trans-

port bus is a 60 conductor ribbon cab}e (30 are used, the others are grounded). The

transport bus contains l6 data bits, 8 name bits, and 6 control bits. A transport

crate has 21 slots. Two s}ots at each end of the crate are used for bus terminator

modules and the remaining 19 slots can be used for transport system modules.
Transport system modules are classified into two types -tke first are called sources

(S) which send the data onto the transport bus, and the second are called destina-

tions (D) which receive the data from the transport bus. 'rrhey are listed iR Table

8. A control word from the PDP-ll145 computer can be sent to the transport bus

by aR S3 module to inltiaiize the system etc. When the EGS (event generator
source) modu]e receives a trigger signal from tbe DC Ioglc, the EGS module sends

                                  E605 RCAOouT $YSTEM
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'
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    Fig. 12. Schematics ofthe E605 readout system.
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    Table8. Transportsystemmodules

NIGN Pt 421

iModule Function

TerrninatorlSwitch

Terminator/Display

Event Generator
 Source (F.GS)
Source 2 (S2)

Source 3 (S3)

Destination l (Dl)

Destination 3 (D3)

Destination 3' (D3')

Terminates the transport bus on one end. Allow assertion of
data on the bus manually by the switÅëhes on front pannel

Terminates the transport bus on the other end.
Displays the status of the bus

Accepts the trigger output from DC logic and asserts a read
command to S2
Sends the data onto the transport bus synchroneously from
the sub-system such as ADC's and TDG's

Sends the data or commands asynchroneously to any module
through the transport bus from an exterRal device

Receives the commands asynchroneously from an external
device through the transport bus

Receives the data asynchroneously from an any external device
through the transport bus

Modified D3 module for speÅëia} purpous.
Receives the data from S2 throtigh the transport bus and
send them to the Mega-memory

a command to the S2 modules to start the readout of the data. The S2 modules
accept detector data from a processor bus and sends data onto the ti'ansport bus.

The various types of data ftom the different detecÅíors -ADC's fer the calorimeter,

TDC's for the drift chambers, coincldence registers (CR's) for the MWPC, hodo-
scopes, and proportional tubes- are controlled by modules ca}led segmenters. The

segmenters send the data from the ADC etc. via a processor bus which is a 50 con-

ductor ribbon cable (half of them were grounded). The processor bus contains
24 bits; l.e. 16 data bits, 4 name bits, and 4 control bits. This bus is desigked for
extremely fast data transfer (up to 40 MHz).

    A control word for the transport bus ls received by the system interface through

a Dl module and is rebroadcast on the control bus. The ceRtrol bus ls a small
slow bus of 34 conductor ribbon cable with 17 bits ef data; i.e. 8 address bits and

9 control bits. A control word on tke control bus is sent to the segmenters by the

control bus driver. The data from the detector on the transport bus is sent by the

D3' module (modified from the standard D3 module) to the Mega-memory. The
Megamemory is a fast buffer wkh l megabite of memory built at the Universky of
Washington.
    Since the Cherenkov counter data are read through a CAMAC ADC system
whlch is considerab}y slower than the Nevis transport system, special treatment is

needed. As described before, the ChereRkov events have separate triggers and
data in the ADC modules are read !nto the PDP-11 memory through tl}e DJR-il
interface only for events with Cherenkov triggers. These data are then sent on
tke transport bus and transferred to the Mega-memory after Åíhe other data from
the event are read in.

    On-line $ystem
    Two PDP-11/45 computers are used for our oR-line system. The first one
(PDP-I) is used for the data acqulsition and first level monitoring. The secoltd
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one (PDP-II) is used for more sophisticated on-line analysis and mon!toring. Dur-

ing the beam spill, the data read by the readout system are accumulated in the Mega-

memory, then between the beam spills the data in the Mega-memory are written
onto a 6250 bpi magnetic tape. This allows us to store up to 1000 events with 500

words during one beam spil}. The PDP-I also accurnulates the hodoscope h!ts,
chamber hits, records multiplicitles, integrates the scaler data, and displays event

pictures or histograms. At the end ofa run tke counts in the scalers and all histo-

grams can be printed on a printer. PDP-II is ]inked to the PDP-I; data from
the Mega-memory can be transferred to PDP-II. A MULTI program, a fiexible
general purpose data handliRg pregram developed at FNAL, was modified to handle
our linked computer system and was used for tke PDP-II analysis program.

C. DataTalring
    The target was switched at intervals of a few data tapes so that data taking

conditions were similar for dlfferent targets. The averaged counting rate for various

levels of the trigger are listed in Table 9. The counting rates were almost constant

fer all targets (withln a factor of two). The singles rates at a beam intenslty of

                     Table 9. Average counting rates per spill

Be Cu W
Intensity (protons on target)

90 degree monitor

4.3Å~103

  283
4.3Å~l09

  712

4f.2 Å~ l 09

 106I

Single rates

   Station l hodoscope

   Station 2 hodoscope

   Station 3 hodoscope

   Station 4 hodoscope

1.5Å~le7

8.6 Å~ 106

1.4Å~107

3.8 Å~ 104

1.3Å~l07

7.0 Å~ I06

l.2Å~107

2,.9xl04

1.2Å~107

6.4Å~le6

l.1Å~I07

3.1Å~104

Fast trlggers

   YU(L+R)
   YD(L-l-R)
   3f4(L-l-R)

2.4 x loS

2.lÅ~10S

5.7Å~I06

l.5Å~le5

1.3Å~le5

4.1Å~106

l.3Å~I05

1.1 Å~ 105

3.6 Å~ 106

TFI inputs

   S/4•H}ow (L+R)
   414iMU (L+R)
   2f4 Ymat

  866
1.5Å~!04

4.6 Å~ I04

 li50
l.Oxl04
2.7Å~104

 i480
l.2Å~104

2.2Å~104

DC logic triggers

   Total
   rlrY•Hhi

   Cherenkov
   3/4.Hlow (prescaled)

i57

 26
7.43

8.24•

i5i

 35
9.39

ll.2

 145
  43
li.25

l3.4

Live time

   DC logic
   Readout system

.996

.84e

.997

.82l

.997

.747
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               Table 10. Total number ofevents.
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Targets

Be Cu W
Total number of protons

Total hours

2.9Å~loi3

  27
3.0 Å~ 10i3

  26
2.3 Å~ 10i3

  24.3

Data on tape

   Total
   TY•Hhi trigger
   Cherenkov trigger

1.0Å~I06

1.6Å~ios

4.7x104

9.7 Å~ 105

2.3 Å~ 105

6.0xle4

1.2Å~le6

2.4Å~105

6.7Å~104

4Å~109 protoR per spi}1 reached the order of 10 MHz on a hodoscope plane and a
few MHz for each counter in stations 1 to 3. In order to keep the accidental back-
ground reasonable, the beam 2ntensity has been kept below 4Å~ 109 proton per pulse.

The dead time of the readout system was mainly due to the Cherenkov trigger system

which included the s}ow ADC's as mentioned in Sec. III-B. The hadron trigger
rates were about one thlrd of the total trigger rates and the rest of the triggers were

mostly di-muon triggers. The total number of events recorded is listed in Table
IO. Several special runs were performed fer tke calibratlon and study of our detec--

tors, such as runs with no magnetic field in the SM3 magnet (SM3 off), target out

runs, etc. '
IV. DATA ANALYSIS

A. DataRedwction
    The raw data were recorded on about 30 rolls of 6250 bpi tape and they were
processed with the following procedure. Frorn the sampling analysis, lt was found

that a Iarge fraction of the recorded events contained real tracks in the aperture,

however the most of the di-muon trigger events coRtained oBly a single rnuon track

with extra accldental hlts. Therefore, in the first step, the events were processed

by a track finding program and cop!ed onto a second tape adding the track infor-

mation to make the first compressed data. At this step only di-muon trigger events

whlch had at least 2 hits in both proportional tube planes in station 4 were processed.

    These events were then sorted according to the trigger type of the events. The
TY•}Ihi trigger events for each target were wr!tten on two tapes, while the Cherenkov

trlgger events for each target were written on one tape.

    The third step was to correlate the information from all the detectors such as
the energy deposit in the calorimeter, the hits ln station 4, the Cherenkov partlcle

ldentlficatlon, etc, then to wrlte on}y the reconstructed information en the tape.

AIso in this step, the tracks were traced back to the Åíarget and tested whetker they

satlsfied tlie trigger matrix or not. All such informatlon was also written on the

tape. F2nally the data were condensed on one tape for the TY•Hhi trigger eveRÅís

for each target. The Ckerenkov data for each target were stored in one fiie on

dlsk. Thus the raw data were compressed onto three tapes without any cuts for
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hadron trigger events. As will be seen in Sec. IV•-C, about 6eO/. of the hadron

trigger events passed all the cuts, thus cuts in the early stage were not necessary.

    Us!ng the data from this stage, the final analysis was performed as described

in the Sec. IV C to F.

B. TrackReconstruction
    Track Finding
    Three independent tracking programs (called TRACKERS) were developed
and cro.qs-ckecked by comparing the results. These Åíiacking programs used dlffer-

ent algoriÅíhms and gave essentiaily the same results for most of the events. These

algorithms are described briefiy:

    TRACKER 1; First, this program finds track segmeRts having 4 or more
hits in the 6 chambers of statlon i using a loose aperture cut. Then the program

searches the triplet hit clusters of the Y, U and V chambers in stations 2 and 3. In

this search, the triplet hits are requlred to line up with the sÅíation 1 segments in

the non-bending horizonta} plane. The program requires at least 12 chamber
hits among the 18 chambers and at least 3 hits in each of the stations 2 and 3.

    TRACKER 2; This program starts by listlng the triplet hits in the Y, U and
V chambers in stations 2 and 3. Then good tracks are selected by testing combi-
nations of the trip}et hlts of stations 2 and station 3. Then the program searches

for h!ts in station l alignecl with these cand{idate tracks in stations 2 and 3. tTihe

program requires at least 4 hits in stations 2 and 3, and 3 hits in station 1.

    TRACKER 3; The first step of TRACKER 3 is the same as that ef
TRACKER l (but the programs were written independently). Then the program
searches the hits !n stations 2 and 3, and examines whether they are consistent or

not with the segments ln station 1. This step starts at one of the Y, U and V views,

then repeats in the other views. The hit requirements of this program are almost

the same as TRACKER 1.
    The tracks thus found by these programs were fitted with straight llnes joined

at the effective bend plane of the SM3 magnet. The confidence !evels of the fit
were also calcu!ated.

    In the first stage of the data reduct!on, the TRACKER 1 program was used,
slnce thls program had the fastest execution time amoftg the three programs.

    Momentum Reconstruction
    At first, the momentum of a particle was calculated from the bend angle in

the SM3 magnet obtained by the fit of the tracking program (called `SM3 momen-

tum' ). The Pt kicl< of the SM3 magnet is parametrized as a function of the x and

] coordinates. The function is expanded lnto syrr}metric harmoBic po!ynomials as

foilowing;

                       w          UN(x,]) == Re{= a.•(x-i )"} (6)
                       "nt1

This is the general solution of the two dimensional Poisson equation [56]. .ZV==4
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was chosen and the coeMcients a. were evaluated from the measured field map of
the SM3 magnet.

    The trajectory is then traced back tkrough the SM12 magnet to the target
region using the `SM3 momentum'. The field ef the SM12 magnet is also given
by functions of x and 2 coordinates. For trajectories origina.ing from the target,

thelr momenta are re•-evaluated with the added constraint that the trajectories ori-

glnate from the target center using an iterative method (called `SM12 momentum').

The deÅíails of the trace back and momentum reconstruction appear in Appendix II.

    Momentum Resolution
    As described above, the `SM3 momentum' is calculated using the trajectory
of the particle obtained by fitting the hit positions in the chambers. Since our

chambers are placed close together vt'ith!n one station, the coordinates of the tra-

jectory at each station can be expressed at a single plane by neglecting the spacing

between the chambers. Also the mornentum can be expressed by a linear combi-
natlon of the mean position at the stations l, 2 and 3. Using this expression, the

momentum resolution is calculated and is shown in Fig. 13 (a). The fo]Iowing
three contributions are considered :

  i) The spatial resolution ofthe chambers.
      The spatia! resolution at each station is approximated by

          asTNi=v,tM'., (7)
      where ai--the spatial resolution of one chamber in the i-th station (2/V12

            mm for station 1, and 200 micron for stations 2 and 3),

            Ni--average number of chambers reglstering in the i-th station
            (5.3, 5.47 and 5.02 for stations 1, 2 and 3, respectively).

  ii) The multiple scattering due to the materials in stations l, 2 and the Cherenkov

        '      rmrrors.
  iii) The deviation of the z position of the SM3 bend plane from the standard

      bend plane.
The resolution of the `SM3 momentum' mainly arises from the chamber resolution,

especially that ef station 1. The error in the `SM3 momentum' Åëauses an error

in the y position of the trajectory when the trajectory is traced back to the target

position. The momentum resolut2on estimated from the width of thel distribution
at the target is also shown in Fig. I3 (a). This resolutlon agrees well with the calcu-

lated value.

    The `SM12 momentum' is determined by tracing back the trajectory up to
the target and by constraining the trajectory to originate from the center of the

targee. Using the same approxlmation for the coordinates of the trajectory in each

statlon, the `SM12 momentum' can be expressed by a linear cembination of the
2 positions at stations 2 and 3. The express2on also includes the integral of the

magnetic field along the trajectory which depends on the ] position at stations 2
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Momentum resolution as a function ofmomentum.
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The contributiens denoted are;
chamber: error due to the spatial resolution ofthe chambers,
multiple scattering: error due to the mu}tiple scattering ln material between station

   l and 3,
bend plane: error due to the deviation of the z position ofthe bend plane from
   the standard value for the SM3 magnet,
target Be and W: error due to the variation ofthe production point along z direc-
   tion in the Be and W target, respectively.
The data points (ee) in (a) show the yesolution estimated from the width of the .v
distribution at the target in the trace back.

and 3, however this depeRdence can be neglected in the ca}cu}ation of the momen-

tum resoiutlon. The results of the calcu!ation are shown in Fig. I3 (b). The con-

tribution of the chamber resoiution is negligibly small in this case. Since the tra-

jectorles are assumed te originate from the center of the target, the finite length

of the target also contributes to the resolution. Espec2ally for tke Be target, which

is 8 times longer than the W target, the contributlon due to the target length be-

comes tke largest contribution to the resolution. The use ef the SM12 magnet

and the target constraint improves tke momentum resolution by a factor of 2 to 5

depending on which target and momentum are coltsidered.

C. EventSelection ,
    Several cuts were app12ed successively to select good single hadron preduction

events. All the cuts applied are listed in Tab!e lI.

    Single Track Reguirement

    To study inclusive productien, events which include two or more tracks must

be counted. However, the detectien efflciency of the calorimeÅíer due to energy

thresho!d depends differently on momentum for sing}e and multi particle events.

Therefore, only events having a single track in the aperture are selected. It was

found that the fracticn of events with more than one track in the aperture was 1,38,

l.21, aRd l.210/. for Be, Cu, and W target, respectively. Vhese values are quite

small because our acceptance covers oltly tke high Pt and high momentum reglon.
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     Table 1l. Cuts for single hadron selection.
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I5

:g

Single track fotmd in the aperture.

Track confidence Ievel cut.

      Number of charnbers
             12
             l3
             14
             l5
            l6-18
Trigger matrix requirement.

Xadron cuts;

     i) IEcai-Pl<3am,
     ii)

C.L. cut

l.OÅ~10-3

l.8Å~10-4

6.2Å~1O--s

2.eÅ~10--s

1.e x lO-s.

           Emnt/E,et<O.940.e0933 Å~ ln (p/40),

           EmifEeai <O•05nvO•O1498 Å~ ln (P140),

       iii) Iess than 2 hits among Y4, PTX, and rrY.

5. Targetcut;
      l Y(z=:target center) - Ytarget I <2•l6 cm,

      lX(z=:target center) I <1.9 cm.

6. Fiducialcuts.

    Track Confidence Level Cut

    Events having tracks with a poor confidence level for the track fit were cut
out; most such tracks were formed from accidental hits in the chambers. Tracks
with a sma!l number of hits in the chambers also likely include tracks of the above

category. Therefore, different values of the confidence level cut were used, depend-

ing on the number of the chambers havlng hits on the track. The values ef the
cuts used are listed in Table 1l.

    Triggey Matrix Requirement
    Our trigger system required that the events satisfy at least one of the tr!gger

matrix combinations. However, there are some events in which the recorded tra-
jectory does not satisfy the matrix combinations, but a matrix combination was
satisfied due to additional accidental hodoscepe hits. The dominant topology
of such events are as follows;

      There are maRy muons produced in the beam dump. The trajectories of
      these muons do not satisfy the matrix combinations, since these muons pass

      through the beam dump. These events are accepted when these muons
      deposit large energy in the calorimeter and additional accidental hodoscope
      hits satisfy a matrix combination.

  ii) Sometimes, there is an inefficient hodoscope coun;er along the trajectory
      of a particle which shouid satisfy a matrix combinatlon. However, these
      events often have a high probabi}ity of satlsfying a matrix combination by

      an addltional accidentai hit.

We select events with trajectorks which satisfy the matrix and in which ail hodo-

scope counters aiong the trajectories have fired. 890/, of the events from the Be
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target and 93O/o ofthe events from the Cu and W target pass this requirement.

    ]EEadron Cuts

    The informatien from the calorlmeter and the detectors at station 4 was
to select hadrons. The following criteria were applied;

  i)

)ii

iii)

                                                              used

The energy rneasuied by the calorimeter (E..i) must coincide with the
momentum measured by the spectrometer (P) within three standard devia-
tions ofthe calorimeter resolution. That is to say,

    IE,.i -Pl<3aE == 3.76xv' "lr (s)
[['he distribut2on of (E,.i-P)IVIZr is shown in Fig. 14.

Electrons depesit mest of their energy in the electromagnetic (EM) part
of the calorimeter. Therefore, the followlng conditions were chosen to
define and hence reject electrons.

   EEM>o.g4-o.eoggs xln -22- ,

                         40   Ecai
                                                               (9)
    gE-i >o.os-o.o14gsxlnA,
                         40   Eeai

where EEAt and EEi denote the energies deposited in the EM part and the
first module of the EM part ofthe calor!meter, respectively.

Trajectories were extrapolated to the station 4 hodoscopes and proporctional

xld5

 10

8

   6,k'

ts

4g

Fig.

  2 cut cut       here here
  o  -4 -5 -2 -l O I 2 3 4
            Ecat"'P
            o
14. Distributionof(Ecal-P)/v'Iffused
   for the hadron cut. Ecal is t'he
   energy measured by the calori-
   meter, andP is the momentum of
   the particle measured by the spec-
   trometer.
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Fig. 15. ]]>istribution of the x position of
       single hadrons at the target for Cu
       target data.
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Y distribution of single hadrons

at the upstream face of the
copper beam dump for the Cu
target data.
(a) negativehadrons,
(b) positivehadrons.
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Fig. 17. Ydistributionofsinglehadrons
   at the downstream end of the
   Åëoncrete absorber for the Cu
   target data.
   (a) negativehadrons,
   fo) positivehadrons.

                   Then, muon acceptance windows at these planes were calcu-
                      account the multiple scattering in tke ca}orlmeter and ab-
                     which matched wkh hits within the w!ndows on two or
                       three planes were cut out. This ellminates muons which
                  of their energy in the calerimeter by interactions such as deep
      inelastic scattering or bremsstrahlung.

    Target and Fiduciai Ciltts

    The trajectories of the particles were checked at the production target using

the `SM3 momentum' to trace through the SM!2 magnet. Cuts in the Y aRd X
coordinates were app}ied at the target position. [I"hese cuts reject hadroRs pro-

duced at the beam dump or magnet walls by secondary particles. These cuts reduce

the events by about l5O/. (Be) to 120/. (Cu and W) ofthe total hadron events. Flnal-

ly, fiducial cuts were applied at various pesitions along the tiajectory to rnake sure

the tracks passed through well defined apertures. Cuts were made at the upstream

face of the beam dump, the lase brick absorber in the SM12 magnet, the end of the
concrete absorber, the hodoscope planes at each of the stations l, 2, and 3, and the

upstream face of the H2 models ef the calorimeter. The dimensions of these aper-

ture cuts are liseed in Table l2. The fiducial cut at the calorimeter was made to

insure that the energy leakage of the shower from the edge of the sensitive volume
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Tab!e 12. Fiducial cuts

Position
X (cm) Y (cm)

low high low high

Upstream face ofbeam dump
Last }ead brick

End ofthe concrete absorber

Yl hodoscope

Y2 hodoscope

Y3 hodoscope

Upstream face ofH2 calorimeter {

 -58.8
 -79.4
-131.7
-137.2

 -5.08*

61.8

81.9

131.2

137.2

 5.08*

 -9.9!*
 -53.7
 -16.8*
 -75.3
 -84.9
-115.5
-121.9

7.49*

51.e

 l2.4*

75.8

86.6

ll6.9

i21.9

Note) The cuts with * mean that the events are cut out ifthe positions ofthe trajectories
are between the values oflow altd high

       Table 13. Smmary ofthe results ofthe various cuts.

Be Cu WCuts
passed failed passed failed passed failed

Triggers

Track found by tracker

More than one tracks

Track C.L. cut

Triggey matrix requirement

Hadron cuts

Target Y cut

Target X cut

SMI2 aperture cut
X fiduc!al cuts

Y fiducia} cuts

158,l91

i32,192

230,360

l27,560

l10,379

I08,258

85,337

83,936

82,955

80,8e9

 80,525

25,999

 1,832

 2,800

l7,l81

 2,12i

22,921

 1,40i

  981
 2,i06

  324

226,399

204,889

202,406

199,614

l84,075

181,746

152,215

15e,435

l49,4r15

145,539

144,985

21,510

 2,483

 2,792

15,539

 2,329

29,53i

 1,780

 1,020

 3,876

  554

219,tl91

197,899

l95,498

l92,673

178,087

175,867

148,585

I46,881

145,922

l42,266

l41,7e2

21,592

 2,401

 2,825

14,586

 2,220

27,282

 1,704

  959
 3,656

  564

Fraction of events passed
 a}} cuts

O.509 O.640 O.645

or the gap between the left and right sides was negligibly small. The x, pt distribu-

tion of valid trajectories at several z positions is shown in Figs. 15, 16, and 17 for

Cu target data. These distributions for other targets are almost the same.

    The results of the sucÅëessive cuts are summarized !n Table l3 for each target.

The fraction ef the events which passed all the cuts was 5iO/. for Be, and 640/, for

Cu and W targets.

D. Backgrommdi
    The cuts described in the previous section seiect mostly events containing single

hadrons produced at the target. ffowever the selected events a}so contain some

background events. Those background events are divided into two types. The
first type is electron or muon events which are misidentified as hadrons. The second

type is hadrons which are not produced at the target but somewhere else and whose
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trajector2'es are stlll consistent with the target due to the fiRite error in tke trace

back.

    The contarrsinatioB of these background events is estimated in the following

manner.

    EXeeSren Centamination

    Single electron events which are pesitively identMed as electrons as described

iR the previous sectlon amount to O.289, O.l46 and O.l260/, of tbe single hadron

events for the Be, Cu, and W targets, respect!vely. Slnce the eficiency of the elec-

tren identification ls estimated to be about 950/,, the contamination of electrons

in the single hadron eveRts should be about O.Ol4, e.Oe7 and O.O060/, for the Be,

Cu and W targets, respectively. These are negl2gibly smali.

    MesoR Contaminatien
    Muon coRtamination is estimated in the fo!lowing way. First, the data were
analyzed with the same procedure except requiring hits on 2 or more planes in sta-

tion 4, instead of1 or no p}anes as in the hadron selection case. This procedure

selects events with muons which loose most of their energy in the calorimeter by

interaction but stlll continue along the incident trqjectory (called Case A). The

ratio of these muon events to single hadron events is O.Ol6Å}O.O08, O.056Å}O.Ol3 and

e.031Å}e.OIOO/. for the Be, Cu, and W targets, respectiveiy. Misidentification of

muons as hadrons can kappen when the muon eraerges with a iarge angle with
respect to the incident trajectory after an interaction in the calorimeter and misses

the muon identification window in stat!oi} 4 (cailed Case B). TIie ratio of Case B

eveRts to Case A eveRts is obtained using events with rnuons produced i.n the bearr}

dump. These muon events are seleceed by requiring that the trajectories or2giltate

in the beam dump and traverse the concrete absorbers in the SM12 magnet. The
ratio of Case B to Case A events !s found to be about O.4 almost independent of the

momentum of the muons. Tkerefore the contamination of muon eveRts is calcu-
lated to be O.O06, O.022, O.C120/. for the Be, Cu, and W targets, respectively. These

are also negligibly sma}1.

    Madrome Backgreeind (TaugeS gut Bata)

    Background hadrons whlch are produced at other places than the target by
the incident bearn can be measured by the target out ruk. The target out data
were taken wlth O.9Å~IO!2 equivalent protons on the target, This number of pro-

tons amounts to 4.0, 3.6 and 5.50/o of the total number of protons on the Be, Cu

and W targets, respectively. The target out data were analyzed with the same
procedure as the metal target data. It has been found that the everall rate of events

which pass al} the cuts is O.62, O.40, and O.269/, of the Be, Cu and W raÅíes, respec-

tiveiy. These hadroRs are presumably produced at the target holder or at the
window of the beam pipe !n the upstreame of the target.

    The corrections for the above backgrouRds were not made 2n the present analy-

sis because they are negiigibly smal}.
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    Kadren background (Tertiamy Hadxons)
    The hadrons produced from the target at small angles hlt the beam dump and

produce tertiary hadrons. When those tertiary hadrons are produced near the
surface of the beam dump with high enough momentum, the trajectories of these
hadrons can be similar to those ofhadroRs produced directly from the target. Since

the trace back has some error mainly due to the error in the `S]N({3 momentum',
the trajectories of these tertiary hadrons can be censistent with a target origin. Ir}

order to estimate the fraction ofevents containing tertiary hadrons, the2 distrlbutions

at the target are examined for events which pass all other cuts. These distributions

are shown in Fig. 18. The distributions skow clear peaks at the target position
altcl the tails of the background events. The shape of the distribution of the back-
ground depends on Pt and e*. The nurr}ber of the target events is estimated by
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fitting the distribution with a Gaussiaxx distribution for the target events and a quad-

ratic polynomia} for the backgrouRd. The curves obtained by fitting are also shown

2n Fig. I8. [I'he curves fit the data quite well. 'The fraction ofbackground events

varies from O,1 to 150/. depending on the kinemat!c region. A correctien is made

for these background events. There is no reason for the shape of the background

to be quadratic polynomial. Tke quadratic form is chosen because this form is
simple and fits the data well. However, it should be noted that the shape of the

distribution is very simllar for different targets in the same kinematic region. There-

fore the ratio of target events from the various targets is insensit2ve te the assumed

skape of the background distribution.

E. Normalizadon
    The number of events can be expressed in terms of the transverse momentum Pt

and the polar angle 0'* in the C.M. system, as follows;

         N(p,, e*) :N..N. I;iidp, Iliide*PE-*S Edd,pffAcc (P,, e"').e.eTRiG.esoFT,

                  ==ArB.ArTtt."*2ZdlgLpaAcc.e-.e'"TR:G.gsoFT.dpt.de*•, (iO)

where .ZVB'-'total number ofprotons incident on the target,

      .2VT =number of target nuclei per unit area, given by

         A]1. ... 2Vla'P'L, (ll)
                 A

      where N. is Avogadoro's number, p and L are the density and length of the

      target,
      P*, E* =the momentum and energy of the Iproduced particles in the C.M.S,
      Acc(Pt, e*)=:geometrica! acceptance,

      c==correctlon due to the absorption of partic}es {n the. target and the decay

      of hadrons in flight,

      ETRxG==triggering ethciency,

      esoFT== off-line software reconstruction and cut efl}ciency,

      dPt, de*' "• == bin width in Pt and e*,

and the quantities with a bar on top mean the average within the bin. e, eTRiG,
and esoFT a}so depend on Pt and e*. In fact eTmG hacl a strong dependtence on Pi

an e* due to the threshold of the calorimeter. If one takes a ratio of the cross-sec-

tions for different targets, many factors such as acceptance, sTRxG, and esoFT cancel

out, since these data were taken witk the same apparatus and analyzed by an identic-

al procedure. Therefore, for the A-dependence analysis, one only has to coRceRtrate

on the terms which vary depend!ng on the target, such as the integrated luminosity

(AXB.NT) etc. The following correction factors were applied to evaluate the A-de-

pendence.
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    gntegrated Luminosity

    The intensity of the incldent beam hlttlng the target was monitored by the
90 degree monitor throughout the experiment. Since the response of the 90 degree

monitor depends on the target, the raÅíio of the counts in the 90 degree moniter to

SEM coullts was measured for all targets. The SEM counts all the incident pro-
tons, on the other hand the 90 degree mon!tor counts oniy the part of the protons
because the beam profile is wider than the target thiclmess as shown in Fig. 3 (b).

Therefore, the measured ratio was corrected for the fraction ef ehe beam hitting

tke target. The abso}ute intensity of the incident beam was measured by using
a copper and aluminum foi} !ryadiation. It was found that one count ln the 90
degree moRitor corresponded to I.50Å~I07 proÅíoRs on the Be target. 'I'he results

of the measurements and the integrated }umines2ty are }isted ln Table l4J.

Table 14. Int'egrated luminosities

Targets

Be Cu X4r

90 degree mon. *
            looo/,    SEtM
Total 90 clegree monitor counts

Be equivalent 90 degree monitor counts

Total number of protons

Number efnuclei in the target (cmH2)

Integrated }uminosity (cm'-2)

Ratio of the integrated luminosity to Be

  30.8

1.<;r56 X I06

1.456 x l06

2.20 Å~ loi3

I.258Å~1024

2.87 Å~ lo37

   1.e

  70.5

3.658 Å~ le6

 1.60Å~106

 2.40 Å~ 10i3

2.I98Å~lei3

 5.25Å~le36

  O.l9

  99.6

4•.076 Å~ i06

 l.26Å~106

 I.89 Å~ IOi3

8.258 Å~ lo22

 1.56 x i036

  O.056

*) These ratios are corrected with the target eMciencles

Secondary
 particle

tGrget

1 ey
x Sy =•

oton

Ft--ts. a

                               L

              Fig. I9. Illustration of the absoyption calculation in the target.

    Ahsorption of Beama andi Prediacedi ParticXes in Taerget

    As shown in Fig. 19 for our target geoxnetry, the incident protoxxs traverse a

distance t in the target before they interact. The produced particles at angle ev

can also be absorbed before leaving the target. Therefore, the reductien factor
F.b, can be expressed for our target geometry;
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          jF.,. (e,, t) =:I ee--ii/,b,leel"(/,X:,)i,, ili tt><LLI:; (i2)

where Zb==absorption }ength for the incident beam,
        Ri--absorption Iength for tlie procluced particle of type i,

        a==dltan (0y), d is half thickness of the target,

        L ==leRgth of the target.

Assuming that the !ncident beam eraverses the center line of the target, the average

reduction factor can be obtained by integrating F.be (ey, t) over t;

          f7abs (e,) == t l,L Fabe (ey, t)dt

                 ... e-aixi -ib ( i - e- `)i a) -}-e- L7ii" e-"Si• L(ibnvRiz,) {i -e-"('f•i;--)l' ) }

                                                                     (13)

The correction due to this factor was made as a functlon of Pt and e*. S!nce the

TY•Hhi tri.crger events include the production of pions, kaons and protons, the cor-

rection factors are calculated using an appropriate weiieightp for ions, kaons and pro-

tons according to the pare!cle ratios. The factors are listed in Table l5.

    Track Finding Effciency

    At thc beginning of the data taking, the eMciency of seme of the chambers
varied in a re}atively short period due to the lack of stability of the gas c!tculation.

The track finding eMciency depends crucially on the chamber eMciencies, and
also dependti on the counting rate$ due to multiple hits especially in the drift cham-•

bers. Since our drift chamber readout system does not have mu!tiple hit capa-
bility, drift time iRformation can be Iost due to anotherhiton thesame wire. The

Be target produces about 400/. higher singles rates than the W target as shown in

Table 9. The chamber eficieRcy was estimated from the data ln the following
manner. The eff}eiency of the i-th chamber in station m can be expressed by as-

suming no correlation between the chambers:

          e,= N', (u)              Ne+Ni

where No ==number of tracks which fire a!1 chambers in station m,

      Ni--number of tracks which fail to fire on}y the i-th chamber in station m.

However, there is an additionai inethciency due to the correlation between two
chambers in the same station. This ineMciency 6ii• can be expressed by;

          sii ==,ij2',I,rilillii.r#'i',,,,•

                                                                     (15)
         ri-ii\i') rii"=Xi''

where Nii--number of tracks which fail to fire chambers i and j' in station m.
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Targets
Charnbers

Be Cu W
'iii'i .8039

.4675

.8902

.929i

.9tlt13

.9279

.8949

.6708

.8754

.9323

.9ig95

.9365

.8313

.6831

.8775

.9356

.9509

.9364

1,'i

2 .9379

.9619

.9021

.9450

.9252

.9452

.9434

.9667

.9089

.9505

.9313

.9511

.9411

.9652

.9068

.9511

.9301

.9506

1,'s

3 .819S

.7901

.8746

.8788

.8369

.89"1

.8227

.7946

.8819

.8854

.8413

.9024

.8256

.7977

.8835

.8870

.8438

.8996

Tracker .9430 .9704 .9634

This ineMciency occurs when two particles traverse the same drift cells in a pair of

drift chambers and depends on the instantaneous intensity. The track finding
eMciency for each run was calculated !ncluding these correlated efflciencies. The
average effic!encies of the chambers are }isted iR 'I"able I6.

    Single Particle Aeceptanee

    As described above, the geometrical acceptance is cancelled out in evaluating

the A-dependence of single hadron production. However it might be usefu1 te
describe it here briefly to help understand the experiment. Fig. 20 shows our geo-

metrical acceptance in P,-Py momentum space !n the laboratory system for sing}e
partlcles produced at the target. The asymmetyy of the acceptance for positive
and negatlve particles is mainly due to the finite ang}e between the lncident beam

and the axis of the spectrometer system. Horizontally, the acceptaRce is about
Å}28 m!Iliradians in tke laboratory system. Fig. 2I shows tke polar angle accept-
ance versus Py in th•e center of mass system of the proton aRd nucleon.

F. CheremkovEvents
    In addltion to the correct!ons described abeve, other corrections and cuts were

necessary for Cherenkov events.

    As mentioned above, generally the detector eMc!ency need not be taken into
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         system. space.
accouRt to evaluate the A-dependence. Nevertheless the Cherenkov couRter efli-
ciekcy must be taken into account with two reasons;

  i)

)ii

The eMciency of the photon detector varied apprec!ably during the ear!y
stages of the run so that the average number of photons per pion fiuctuated

run by run.

Since the Cherenkov thresholcl for protons was quite high (about l18 Gevlc),

mo.t of the protons in our momentum acceptance were not fast enough to
be ident'ified. Therefore the yield of protons had to be evaluated by sub-

tracting the pion and kaon yield from the total ltumber of events. In order

to do the subtractSon correctly, the number eÅí pions and kaons must be
corrected for the eMciency ef identification.

    Geometrical Effciency

    Some fractlon of the Cherenkov photons miss the mirror when the particles
pass clese to the edge ofa mirror. AIso there is some inefficiency due to the gap

between the mirror arrays (about2cm). The efficiency (EGEoM) can be calculated
for a given trajectery and part2cle type;

          eGEoM :j,`e-il"'FÅë(rM,xM,.),M)dl/j,`eHifXdl, (l6)

where L=path length of the particle from the upstream face of the heiium tank
         to the mirror,
      R :absorption iength of the photon in the radiator gas,

      rM==t.tan(e,) ==radius of the photon at the mirror, e, is the Cherenkov
          radiation angle,
      vvAt,.JtM= :position of the partic]e trajectory at the mirror.

JFdi(rM, xMptM) is the ratio of the arc at the mirror to the whole ring having a center

at xM,"M and radius rM at the mirror, and is calculable knowing the mirror geometry.

The absorption length of the photon in the radiator gas was measured using the

UV source [57] about once a day during the run. The absorption was found to
be stable within 2O/, and gave ax82.7 m.
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    Partiele Xdentification Effieiency

    As described earlier the distribution of the number of photons detected in the

photon detector sbows a Poisson distribution. Therefore, the ineff}ciency due to

zero photons for events having n pkotons on the average is given by e"H". For Cheren-

kov radiation, the foilowing relations are known;

         it oc sin2 e, ,

         sin2 e, :I-(.lp )2 == fid", (!7)

where n== refractive index of radiator,

      d=n2-l,
      P =velocity of the particle,

      a=:m2fp2 with m and p being the mass and momentum of the particle re-
        spectively.
Using the above re!ations, the average number of photons for a given panicle can

be expressed by,

                d-a                    .eGEoM, (l8)         n =: ne.
                 li

where ne is the average number ef phetons for a particle with B :l whose photons

were contained on a single mirror (eGEoM ==l). no was obtained for each run from

pion events contained on a single mirror. The eficieRcy was calculated event
by event for identified events and each event was we2ghted by the inverse of the

eMciency. A correction due to the dead time of the photon chamber caused by
sparking was also made. The dead time was estimated to be about le, 7, and 60/o
for the Be, Cu, and W targets, respectively. In the following cases, the particle
can nct be identified.

  i) For high rnomentum pions or kaons, the radii of photons coincide within
      the error.

  ii) The photon hits spread into two rings expected from two types of particles.

In both cases the event was assigned to two possible hadrons weighted according
to the confidence level.

    Momentmm and Mirror Cut$
    To avoid events with unreasonably large weights, two cuts were imposed on
the Cherenkov events.

  i) ORIy events with tracks which hit the mirror (including the gap) were select-

      ed. Furthermore, events which had tracks that hit tke four corner regions
     were cut eut so that all the selected events have a geometrical efllcieRcy great-

      er than 500/,.

  ii) The Cherenkov counter efficiency appreaches zero at threshold momentum
      (for kaens about 58 Gevlc). In order to keep the efficiency reasonably high,

      only particles with momentum higher than 68Gev/c were selected. A
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      considerable fractlon of e* acceptance in the low Pt region is eliminated by

      this momentum cut, as shown in Fig. 21.
These cuts reduce the average weight to about 1.15 for pions, aRd l.6 for kaons.

    Becay in Flight Cerrection

    The correction due to the decay in fiight of hadrons is necessary to evaluate

particle ratios, though the A-dependence does not require the correction. The
correction rr!ust be made for hadrons which decay between the target and the calori-

meter, because these hadrons are rejected either in the trigger or in the analysls for

the fei]owing reasons,

    The pions and kaons which decay into muons befbre the calorimeter do not
satisfy the hadron trigger, because the muons deposit only a smal! energy in the
ca!orirneter.

    The kaons which decay into pions can satisfy the hadron trigger, however,
these events are rejected in the analysis. If the kaolts decay into pions before the

SM3 magnet, the trajectory of these plons can not be traced back to the target due

to the constraiRt between the trajectory and momentum, so that these events are
rejected l)y the target cut. The kaons that decay into pions after the SM3 magnet

have a finite probability to pass all tJhe cuts and be accepted as hadron events. How-

ever, this probability is caiculated to be Regligibly smal}.

    The fraction of decays in flight amounts to !.20/, for pions and 8.60/. for kaons

at a inomentum of 70 Gevfc.

V. RESVLTSANBDiSCUSSKON

A. Result$

    As discussed in the previolls chapters, there are data wlth the TY•Hhi trigger

(non-Cherenkov data) and dat"a with the Cherenkov trigger (Cherenkov data).
The data witk the TY•Hhl trigger have no information from the Cherenkov counter,

however these two kinds of data are somewhat complementary. The lrY-}Ihi
trigger events are much more abundant than the Cherenkov trigger evenÅís. There-

fore the TY•Khi trigger data gave higher statistics and a rat'her wide angular cover-

age in the polar aRgle in the a.M. system. On the other hand, the Cherenkov
trigger data give information on each particle type but give statisticaliy poor data

in the high Pt region. The Cherenkov trigger data are Iimited within the narrow
polar angle region due to the momentum cut.

    Non-Cherenkov Data
    In order to eva}uate the absolute cross-sectlon for single hadron production

per nucieus on a Be, Cu, or W target, further corrections for the acceptance and
trigger efficiency are necessary. Therefore, values re}ative to those for the W target

are !isted in Table l7 and l8 as a functioR of P, and e*. The errors 2nclude on}y

statistical ones. The re}ative cross-sect2on for the three targets is fit with the foliow-

ing function;
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         aAlw(P,, e*, A) =:(lslil.3s )W(P"e"), (lg)

where A is the atomic weight. The values for the parameter a(Pt, e*) are deter-

mined by the fits, and are listed in Table 19. Fig. 22 shows the relative cross-sec-
tion and fits for several regions of Pt and e*. The cross-sections agree well with

the fit stralght }ines. Tke dependence of a on e* for several Pt regions is shown

in Fig. 23. The Chicago-princeton (CP) data [l9] taken at 96 degrees in the C.M,S.

are also p}otted. ['he measured values of tke a's show no significant depeRdence
on e* in our angular acceptance (70 to llO degree). Therefore, the cross-sections
(a(P,, e*, A)) are lntegrated over e* within a given Pt bin and a is obtained as a

functien of Pt. The results are listed in Table 2e. They are plotted together with

t
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the CP data in Fig. 24. ']rhe CP data show a slight decrease of a in

region (above 5 Gev/c), while our data show a rather flat dependence

8 Gevfc. }{owever, the two data sets are consistent Mithin errors.
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Tabie 20. The values ofa as a function ofPt for cross-sections integrated over e*.

Pt (Gev/c)
Positive hadrons Negative hadrons

 <Pt>
(Gevfc)

 <e*>
(degree) a

 <Pt>
(Gev/c)

 <e*>
(degree) a

3.5Nt}.O

4.0tv4.5

4.5r.J5.0

5.0rv5.5

5.5tsv6.0

6.0rs,6.5

6.5t•w7.5

7.5r-J8.5

3.8G

4.2e

4.74

5.l8

5.76

6.20

6.82

7.80

82.3

81.8

80.7

8e.7

82.2

82.8

82.6

88.9

l.123Å}.O04

1.I41Å}.ee2

!.l18,L.O05

1.145Å}.O07

1.129Å}.O09

1.106Å}.O12

1.116Å}.O19

l.le9,li.067

4.27

4.67

5,30

5.72

6.24

6.83

90.8

91.6

90.8

90.5

91.5

91.8

1.1l`lr l .O1l

l.115Å}.OiO

1.I39tilt.e19

1.117ti,.025

l.le9Å}.027

l.129Å}.03i

    Cherenkev Data
    The reiative cross-sections for single hadron productien per nucleus on the
Be and Cu targets compared to tkose of the W target are listed in Table 21 for each

particle type (as a function of Pt). The results for p- production are not presented,

since the p- yield is small and the yield is consisteltt with zero within errors. In our

case, the subtraction of n' and K- eventb due to the Cherenkev counter ineffic!ency

:
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B  .e

c,E
  4S k #Km/n-ig •+

4 56Pt {GeVlc)
7 8

:

::rtY,"•',

i ,g
i
6.0<Ptc7.0

 O.2

 O.1

 O.2

 O.l
R-

Ee2
 e.T

O.2

 O.I

{b)K-1tr" {e)plrr'

O.8

O.6

O.4

O.2

o

{b}

+

e+
P,zit l

eW

PIT+

ii

5   456 78      Pt (GeV!c}

Particle ratios versus Pt.

(a) K'/rc' and K""/rr-,
(b) Plrr+•
The cross, open circle, and
closed circle represent the Be,

Cu, and W sarget data, re.
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is much larger than the expected number of p- events. The ratios oÅí the cross-sec-

tions for single kaon and proton production to those for pion production (particle

ratios) are listed in Table 22, and shown in Fig. 25. These cross-sections are in-

tegrated over the 0* acceptance. The errors showk are only statist!cal. Tke
particle ratios as a function of e* for various Pt reglons (from the W target) are

listed in Tabie 23 and shown in Fig. 26 along with the CP data. Most of our data

       pt a                                          (b) rr-           (a) rr"
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      lg ,* eq ee ts e" e*"J l,2 ,* *+k "*+ti
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l.O

O,8
  2

p)e<

*"e*
*
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This Experiment

  4 6 8   Pt(GeVlc}
Fig. 27. a for each hadron type as a function ofPt.
      (this experiment (ee) and the CP measurement (Å~)).
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are in a more forward region than the CP data, but two data sets agree well in the

overlapping regions. "I]he reiative cross-section for the Be, Cu, and W targets are

fit as in equation (l9) and the values of the power a are evaluated. The results

are Iisted in Tables 24 and 25, and are also shown in Figs. 27 and 28. The agree-

ment with the CP data is good.

    Sy$tematic Escxors

    In addition to statistical errors iisted in Tables 17 to 25, there are some
systematic errors 2n calculating the A-dependence.

ilii

g
'bilil

gi

l
l  .

+T)G<

"

,

,

1

:

"

6.0<Pt<7.0

'
&

"
5.5<Pt<6.0

  "*
 5.0<Pt<5.5

I

<c) K"

"

+

, " "

6.0<Pt<7.0

+"
 5.5<Pt<6,O

l
5.e<Pt<5,5

i*

E
(e> P

      *

6.0< Pt < ZO

5.5 < Pt< 6.0

       *

 5.0<Pt<5.5

gllii

{b) 7r +

,

,

lll6•O<pt<7.g

 5.5<Pt<6.0

i
k* 5•o<m<s.

<d) K-

+

.O<Pt<7.0

5.5< Pt<6,O

'
84 90 96 I02
    *   e (ctegree}

* CP data (e*= 9of)

e This Exp.

 72 78 84 90 96
      e* (degree)

Fig. 28. a for each lxadron type as a function ofe*.
       (this experiment ('es'-') and the CP measurement (Å~)).



STUDYOF THE ATOMIC WEIGHT DEPENDENCE OF HIGff Pt
    SINGLE }I[ADRON ?RODUCTION

449

Table 21. The cross-section pey nucleus for each hadron type for the Be and Cu targets
relative to the W target as a funÅëtion ofPt.

Target Pt(Gevlc) re+ K+ p z K-

   3.5n-6.e
   4.0Nt}.5
   4.5N5.0
Be 5.0N5.5
   5.5t•-,6.e

   6.0N7.0
   7.e"svs.e

.e336Å}.OOI7 .e327Å}.O030 -- - - -

.0329Å}.ee08 .0348Å}.Oe16 .0204Å}.OOII .e282th.O097

.0362i5.0020 .0322Å}.O034 .03e9,t,.O043 .0316ti,.O043 .02tM,i,.O139

,OeOlth.O020 .0347,l,.O029 .0209Å}.OD26 .0284th.O030 .0284Å}.O087

.0392,l,.O025 .0347Å}.O036 .0182,h.O037 .0286d,.e036 .0287Å}.e099

.0435,t,.O031 .0394,li.O047 .0171ti,.Oe46 .0303,l,.O047 .0134Å}.Olll

.0303tl,.e071 .0501Å}.Ol57 - - .0269,l,.O085

   3.5n"4.0
   4.eN4.5
   4.5t-J5.0
Cu 5.0e"5.5
   5.5esJ6.0
   6.o.u7.o
   7.0N8.0

.286,l,.Oll .248,lt.Ol8 - - - -

.293,l,.O05 .315 l,.ell .274,l,.O09 .355Å}.089

.307Å}.O14 .3ty2Å}.027 .261Å}.028 .257Å}.029 ,297Å}.118

.330.I,.OM .295Å}.020 .236Å}.O18 .294,L.023 .347,i,.079

.315 ri, .O17 .322 ,t, .026 .250 dÅ} .028 .274, t.027 .175 t .051

.334tlir.021 .329Å}.033 .208Å}.032 .329ti,.e37 .280Å}.i40

.299Å}.055 .305Å}.087 - - .3<t4Å}.079

Table 22. The cross-section oÅí each hadroR type relative to pions for the Be, Cu, and W
targets as a function ofPt.

Target Pt(Gev/e) K"fz+ p/rr+ K-ln-

Be

3.5ev4.0

4.0ev<I.5

4.5e-J5.0

5.0ev5.5

5.5ew6.0

6.otv7.o

.4,54,i,.039

.445Å}.e18

.366Å}.037

.424Å}.e34

.439Å}.063

.41 l ti, .e45

.308,l,.O18

.293Å}.037

.26igS,.031

.181th.036

.179Å}.040

.082Å}.041

.142Å}.039

.149ti,.050

.037Å}.031

Cu

3.5N4.0

4.0"v".5

4.5N5.0
5.erw5.5

5.5.-J6.0

6.0fv7.Q

7.0nw8.0

.405 l .025

A58Å}.Ol3
.459th.e28

.437Å}.025

.5e6Å}.03"

,ilt}7Å}.e36

.4,71,i,.1lO

.478th.O14

.310Å}.029

.S29Å}025

.299Å}.030

.315Å}.035

.27i l .098

.122Å}D35

.!80ti,.030

.119Å}.029

.11GÅ}.03e

W

3.5N<F.e

4.0N4.5

4.5N5.0
5.0"v5.5

5.5ew6.0

6.0N7.0
7.0N8.0

.467Å}.027

.42iÅ}.Oi2

,412Å}.027

.490Å}.028

.495Å}.034

.454Å}.039

,<,6lÅ}.112

.617Å}.031

.5e3Å}.el4

.379Å}.031

.il7i l,.031

.355Å}.033

.514Å}.056

.404Å}.115

.111,t.033

.158Å}.028

.185Å}.035

.ll8,i,.OS3

.069Å}.050
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The cross-section ofeach hadron type relative to pions as a function ofe*.

polar angle ilt C.M.S. e* (degree)
Pt(Gev/c)

69tw75 75N81 81rsv87 87nv93 93n-v99

K'fx'

3.5rv4.0

4.0tv4.5

4.5.v5.0

5.0tv5.5

5.5rw6.0

6.enJ7.0

.537th.058

.469Å}.039

.541Å}.064

.424Å}.084

.509Å}.083

.tK•8Å}.078

.430th.029

.420Å}.Ol4

.361 ,t, .034

.522Å}.042

.541 Å}.069

.409Å}.059

.403Å}.026

.4-85Å}.066

.478Å}.053

.497 th .067

.525,i,.082

.464Å}.235

.482Å}.067

.34tlÅ}.065

.484,L.105

.507,i,.l63

Plz+

3.5N4.0
4.0rv4.5

4.5N5.e
5.0nv5.5

55r•"6.0

6.etv7.o

.718 t .070

.505 ,l, D40

.t143Å}.062

.436Å}.093

.360Å}.077

.591Å}.e39

.527,i .Ol7

.358,i,.036

.502Å}.e"4

.441Å}.059

.496Å}.071

.454Å}.030

.597Å}.058

.452Å}.070

.456Å}.092

.517Å}.087

.264thD66

.496-k.174

.425,[,.i60

K- /n""

4.5rts"5.0

5.0rv5.5

5.5N6.0
6.0N7.0

.l26l.058 .I05ri,.04!

.119ti,.052 .l92 L.038

.207Å}.066 .212Å}.055

.l25L.059 .078Å}.040

.093 -F .062

.I72,l,.106

Table 24. The values ofa for each hadron type as a function of Pt foy cross-section
integrated over e*.

 Pt
(Gev/c)

  o*
(degree) rr+ K+ p

3.5rv4.0

4.0.-J".5

4.5N5.0
5.0tw5.5

5.5N6.0
6,ON7.0
ZOe--,8.0

76.2

78.8

78.2

81.5

82.2

8i.2

81.2

1.134Å}.O15

1.l36Å}.O07

1.102Å}.O17

i.063 i .Oi5

1.076,i,.Ol9

1.039Å}.e22

l.156tf .070

l.172,ir.029

1.I09Å}.O13

1.l20,L.031

1.121 ,i, .026

1.i07Å}.031

l.069,i,.036

l.Ol3,i,.095

1.273 l .Oll

I,191Å}.046

l.304,l,.036

1.32lÅ}.056

1.375Å}.e79

 <e*>
(degree) z K-

86.2 1.156th.099

87.6 i.l72ti .04r3

90.2 1.l76Å}.031

89.7 1.l86,l,.038

90.7 1.i42,l,.045

90.1 1.172Å}.090

1.2i6:l .160

1.156Å}.089

1.349Å},139

1.367Å}.220

(a) Error ln the background
    As described in Sec. IV-D, a quadratic forrn for the background distribution
is chosen for convenience. The error in a due to the estimation of the background

distribution function is estimated to be around O.OI.

(b) Error in the reiative number ofprotons on targets

    As described in Sec. IV-E, the relat2ve number of protons incident on the target

is calculated from the total counts in the 90 degree monitor and the ratio of the 90

degree monitor to the SgM for each target. The errois in the ratios of the 90 degree

monltor to the SEM are estimated to be 8.7, 12.9, and 9.60/. for the Be, Cu, and

W target, respectively. Poss2ble errors in a due to this variation amount to e.e4.
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Table 25. The values ofa for each hadron type as a function ofe* for different Pt regions.

hadron
 type

  e*
(degree)

Pt(Gev/c)

5.0N5.5 5.5"v6.0 6.et-J7.0

n+

69r'-"75

75N81
81r'-,87

87tv93

93.w96

1.167Å}.057

1.107Å}.023

1.012Å}.025

1.069Å}.043

1.070Å}.046

l.O12Å}.033

1.124Å}.040

1.128Å}.e47

1.08lÅ}.048

1.e17Å}.039

l.e40ti .041

 .991Å}.053

1.042Å}.098

K+

69ftw75

75e-v81

8l"v87
87ftv93

1.075rlti.e86

l.149,E.e36

1.I33 dÅ} .051

1.083Å}.081

l.188,I,.074

1.055Å}.052

l.095tilr.057

l.102Å}.086

1.105 l .076

l.057,i .061

1.095Å}.066

l.e64ti .093

p

69-J75
75r•-J81

gltv87

1275Å}.l30
1.261,l,.051

l.376E,.071

l.308,i,.139

l.378 l .103

1.3Q6Å}.094

l.tl,72Å}.123

1.307Å}.I02

rr

81 ev87

87tv93

93tv99

l.122ti .069

1.212Å}.037

1.032th.066

l.24eÅ}.071

1.I70 l:.05l

l.151Å}.081

l.027Å}'.e69

l.I4lÅ}.068

1.100Å}.098

KH.

8ie-v87

87ft"93

93N99
l.215 l .107

!.486Å}.241

1.465Å}.217

1.e62Å}.295

i.432 ,L .289

1.276,i .34•l

(c) Error in the particle identificatSon eMciency

    An error in the calculation of the particle identification eraciency of the Cheren-

kov ceunter cancels out for pions and kaons, but causes a systematic error in a for

protons. This errer is estimated to be O.e5.

    Errors from other sources such as tracking eMciency correction are est2mated

to be neg}igibly small compared with the above errors. In summary, total sys-
tematic error of O.065 and O.041 should be to be added to the statistical error on

a for protons and for the other part2cles, respect!vely.

B. Discussien
    As described earlier, models such as the mult!-quark cluster model try to ex-
plain the A-dependence of single high Pt hadron product!on by a dependence of
the parton distribution on nuclear species. Assuming the parton picture is correct,

the dependence of the parton distribution on the Ruclear species should be directly

observed in lepton-hadren deep !nelastic scattering experiments. In fact, some
dependence is observed by the EMC collaboration and the SLAC-MIT-Rochester
group as described in Sec. I-D.

    In these models, the nuclear dependence of the parton distribution found in
the EMC effect must explaiR the A-dependence of single high Pt hadron produc•
tion. Therefore, the expected values of a for the single high Pt hadron production

from the models which inciude the EMC effect have been calculated and ccmpared
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with the present results. The following relation between a and the cross-sections

on deuterium and iron is assumed in our calculation,

         a.., ln(crFelaD). (2o)
              ln(AFe/AD)

This relation has been confirmed by the CP group using their results on single high

Pt hadron preduction in which their deuterium target resuits agreed with extra-
polatien from other ni}clear targets. In order to calculate the cross-section for

sing!e hadron preduction, the distribution of each type of parton must be known.

UnfortuRately tl}e data on Iepton-hadron deep inelastic scattering provide only
ratios of the structure function F2. Therefore, specific models must be used to ex•-

tract each disÅíribution function. Among the models described in the introduct!on,

the CRR model (involving a change of confinement scale) and the averaged mu!ti-

cluster mode] (AMQC) model have been chosen for the foliowing reasons;
  i) Both models provide the distribution of each type of parton ln a nucleus in

      a convenient form to calculate the cross-section for single hadron productien.

  il) The two mode!s represent two rather extreme cases. The AMQC model
      assumes that the nucleus contains extra components net present in a sing!e

      nucleon. The CRR model assumes that some quantity such as the scale or
      size in a nucleus differs frem that of a nucleon.

    Result using other models would be mere or less simi!ar to elther of these two

models.

    CR]R Mede1
    Close, Roberts, and Ross [43] argued ln the context of <2tCD that the A-de-
pendence of parton distrlbutions arises as a result of the A-dependence of the scale

of confinement in a nucleus. By expressing the relation between the structure
funct!on of deuter2um and iron as,

         FSe(x, Q.2) == F?(x, 4Q.2), (21)
they found that e is not sensitive to Q2 and 4==2 gives good agreement with the EMC

data. The authors pointed out that the above scale change does not reproduce
the EMC data exactly, but rather their mode! explains Åíhe trend of the data.
Neverthe!ess, this model is based olt a well understood QCD calculation. In order

to calculate the cross-section for single hadron production, a QCD calculation based

on the Field-Feynman model [10] is used. The parametrization by R. Baier [62]
was used for the Q2 dependent parton clistribution functions and fragmentation

functions. We used A==O.27 (!;ev2 as suggested by CRR. The rise of the ratio
of the structure functions F2 in the high x region shown by the SLAC-MIT-Rochester

data can not be reproduced with Åíhese functions alone. A. Bodek et al [34] made

a calculation including the Fermi rnetion of nucleons in an iron nucleus and the
result gives the rise of the ratio in the high x region as shown in Fig. 6. In our cal-

culation, the effects due to the Fermi motion are also felded in following the simple
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method dlscussed by J. I<uhn [23] who calculated the effect of Fermi metion in

single kigh Pt hadron production. The CRR model inc]uding Fermi motion re-
prcduces the data on Fge/FY in the whole x regloR. Cross-sections for single high
Pt hadron procluction were calculated as a fuRction of Pt at e*' ==90 degrees, and

as a funcÅíion of e* at Pt==4.75 Gev!c.

    Averaged Muki-quark Cluster Model
    In the mu!ti-quark c}uster model, the parton distribution function in the nu-

c!eus ls replaced with a sum of distribut!on functionti of the muiti-quark states;

                       A          GalNucieus(X) :Zn"'dia13i(X) (22)
                      i--1
where ne• is the expectation value of the number of 3i-quark states iR the nucleus.

The d./3i(x) must satisfy the following sum rules;

          ]!lljlxct.13i(x)dx == 1

            ei (23)          :lil] 5,diZ/3i(x)dx == 3i ,

where dig13i(x) is the distribution function of valence quarks. In order to calcu-

late the structure function of the nucleus, n6• aRd d.!3i(x) must be known•

    J. deDeus [36] made a calculation by parametrizing nuclear structure functions

using the average number of nucleons per cluster. In thls calculat2on, the structure

function !s expressed as follows;

         Fg (x) -f•(op,+1)•(1 -<l. >)"', (24)

where <i> is the average number of nuc}eons per cluster. By fitting the data, <i>

and opi were found to be l and 3.5 for deuterium and 1.08 and 2.75 for iron, respec-

tively. The valence quark distrlbution was parametrized as;

         x' GvtA (x) =B(.,5 iil+i) (< f>)di'(i -<:>)P` , (2s)

where B is the beta function to normalize G,IA(x) to <i>. rl'he sea quark distribu-

tion function was calculated from F2 and G,!A, assuming an SU(3) symmetric sea.
This provides a sea quark enhancement for iron. The gluon distribution function
Gg/A(x) was taken from ReÅí 8, as follows;

         x' G,fA (x) =g, '(I-<l. >)•(l-<l >)`. (26)

The normalization of each component for deuterium was arraRged so that the frac-

tion of momentum carried by the sea, va}ence quarks, and gluons was 150/e, 300/o,

and 559/o, respectively. The parameters used are ]isted in Table 26. The Q.2
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Table 26. The parameters used in tke averaged
multi-quark cluster medel calculation.

Deuterium Iron

<i>
.

1 l.08

F2 f
ni

.1167

 2.75

.1l67

  3.5

Valence quark lt
Åí  443a .  3.8

.490

Giuon gi 1.096 1.914

a

1.4

L2

l,O

o

{a)

*
*

*

246   CP data
  " This Experiment

 ,iM$ -,-.1

;JJ;J--z

    24
- CRR Model
--""  AQCM Model

mmt ,Lww
   6
  PT(GeVlc)

2

ct

1

Ll

LO

•,9

.8

  xCP :4,61 GeVlc
   This Exp. 4,5<PT <5.0
ElfjRy7o.S.fi.$,kiei } ei• = 4'7,5

GeV

--- g

i

60 70 SO
ium'nv'j

a

l.4

l.2

1.0

(c}

  ***

K"

, . +* "t- 3-.tt-i-l

  -e"t-' il

      zawwL

(d)

ss*
*

*

---.

K

*
s

i'

 i

 "---.
'

.. .-

                llwwj246 246                             PT(Gev!c)

Comparison of a predicted by the CRR
model (---) and the AM<2tC model ( )
with data as a function of Pt at 90 degrees
in C.M. system.

 (this expeviment (e) and the CP measure-
ment (x)).

  90 OO llO 120
e" (degree)

ct

l.2

lj

1.0

9

.8

{b) NEGATIVE
nv' 1 'nv-='-

vAD:ONi, i l

 x cP
 . This Exp.
---- CRR
-AMQC

o

PT=4,61
   4.5<PT<5.0
mociel

 model

Fig. 29.

GeVlc

} PT = 4.75 GeV

6o 7o se

Fig. 30.

  90 IOO llO l20
e' {degree}

Comparison ofa predicted by
the CRR model (----) and
the AMCtC model ( )
with data as a function ofe*
at Pt==4.5 Gev/c.
(this experiment (ge) and the
CP measurement (x)).

dependence of the distribution functions was not taken into account. S!nce this

parametrization includes the rise of the ratio in the high x region, only the trans-

verse component of the Fermi motion which give a negligible effect on a was
incorporated.

    The results of our calculations using the two models are shown iR Fig. 29 and

30. The lack of e* dependeRce of a iRdicated by the data is well reproduced by

the two models. However, both models fail to explain the Pt dependence of a
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in the Pt range 3 to 5G;ev/c for tuÅ} and ,ir+. For K+, the discrepancies are !arge

and almost everywhere.

    Date et al argued both single high Pt hadron production [27] and the ÅíMC
effect [35] within the multi-quark cluster model 2n a more sophisticated way from
the theoretical side. In the calculatien, 6N .13i(x) is obtaiRed by using an extension

of the modified Kuti-Weisskopf modei [59]. The parameters are determined so
that Gf,/3i(x) is equal to the parton distribution function of the iiucleon, when A is

equal to l. Since there is no theory to predict n6•,it was parametrized as follows;

          n5• oc (il.t)p(A)imi•(l -p(A))A-i, (27)

where P(A) is a parameter to be determined by fitting the experimental. They
showed good agreement with data for single high Pt hadron product!on in centrast
to our result. Kowever, thelr predictions for the EMC effect give a raÅíio of structure

functions which already exceeds l at sc==O.7, wlti}e the data show that the ratio is

almost minimum and does not exceed 1 untii around x==O.85.
    AccordiRg to our calculations, it seems unlikely that the difference of the struc-

ture functlons between nuclei can explain the A-dependence of single high Pt hadron

production. Therefore, some other mechanism which is not seen in lepton-hadron

deep ine}astic scattering 2s required to explain the A-dependeRce of sing}e high jPt

hadron productions.

    One such candidate is the mu}tiple scattering model. Recently calculations

based on the QCD parton model have beeR made by Kryzwicki et al [24] and Lev
et al [25]. They use Q2 dependent pavton distribution functions and fragmentation

functions extracted from exper!mentai results [601. They regularized the singu-
3arities by add!ng l Gev2 to 6, 2, and n iR the denomlnators, since the cross-section

for the QCD elementary sub-processes has singularities. Their results reproduce
the data well, even the difference in a between K-' and other mesons. In the2r model,

these difference can be explained by the enhancement of gluons 2n multipie scatter-

!ng. In the 9CD sub-processes, diagrams !nvolving the gluon self-coupling have
a b!gger cross-section by the color factor 914 tltan tkose with quark-gluon ceup}lng

only, as seen in Table 1. Therefore, in double or higher multip}e scattering, this

color factor enhances the contribution of giuons relative to quarks. In a proton-
nucleus scattering, rrÅ} and K+ are main}y produced by valence guarks. On the
other hand K- production is dominated by the contributlon of gluons, since none of
the valence quarks in K- are included in the beam proton or target Bucleus as valence

quarks. Hence the a for the K'- production inust be bigger than a for rrÅ} and K+

production.

C. Conclusion

    Measurements on the atomic weight dependence of single high Pt hadron pro-
ductioR, a, have been extended up to 8 Gevlc in Pt, and frorn 70 to l10 degrees in

polar angle in the C.M. system. No significant dependence on the polar angle
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was observed aRd the observed Pt dependence of a was consistent with the prev!ous
     .experlments.
    A difference in structure functions for different nuciei used by the multi-quark

clvtster model pyoponents to reproduce the observations of the EMC collaboration

and the SLAC-MIT-Rochester group is not a likely explanatlon of the A-dependence

of singie high Pt hadron productions. Contribution of other mechanisms such
as in tlte multiple scattering model is necessary.
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AP?ENDXX g. SC]fthifTILLA'Y8R ,afhlD WAVE LENGTH SH]IFTEst

    Since our calorimeter needed to have a large acceptance, a large volume of
scinti}lator was required (around 3.6 tons in total). If an ordinary plastic scintil-

Iater such as NEIIO was used, the calorimeter would be very expensive. There.
have been many other types of acry}ic scintillators for this reason [61]. New types



      A large light output, especially wlth the WLS bars, because in the WLS bar

      coupled case the ligkt eutput ls expected to be sma!ler by an order of rr}agni-

      tude than the direct coupled case.

  ii) Small attenuation along the scintillator. The attenuation could be cor-
      rected iR the off-liBe analys2s because the chambers provide the hit position

      in the calorimeter. However, small attenuatien was important to achieve
      a more uniform trigger.

    Kyowa SCASIIel gave kigh performance for both criteria and was selecte,d.
SCASIIOI scintil]ator is made of 500/. polystylene and 500/. PM]M[A, and contams

no naphthaiene in contrast to the other acrylic scintillators. The SCASIIOI scintil-

lator gives a light yield about 8091o ofNEiIO and is mechanically as strong as acrylic

scintil}ators. For the WLS bar, Altulor l290 was selected because of its small
attenuatioR and hlgh efl}ciency.

                   Table 27. Specifications ofvarious sÅëintillators.
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of inexpensive scintillators with a PMMA (polymethylmethacrylate) base have
been used in ca}orimeters recently [62]. In order to decide which scinti}lator to

use, several types of sclnti]lator, including some new!y deveioped by Japanese com--

panies, and NEIIO werc measured. Those scintillators are listed in Table 27. The

light yield prcduced by cosmic rays from the samp]e scinti}lators (20 cmÅ~150 cm
x6mm) was rneasured using the same phototube. The attenuation along the.
scinti}lator was also measured. The yield of pkoto electrons was estimated from
the width of the charge distribution. Fig. 31 shows the results for the case in which

the phototube was directly attached to the sciRtillator with optical grease (for EM

part). For tke hadron part, wave length shifter (WLS) bars were used to collect
the light and to simplify the construction. For several combinatioRs of scintillator

and WLS bars, the !ight yield was measured. In this case, the light was co}lected
through the WLS bar wh2ch was coupled to the scintillator with a small air gap and
whlch was attached to the phototube with optical grease. The resultL are shown
in Fig. 32. I'he final selection was based on the following points.

  1)

CompanyName Base Solutions
Price ($)
(for
 3.6 ton)

Rohm
192l

l922

2003

PMMA
PMMA
PMMA

Naphtha}ene(1 0/, ) -i- Butyl-PBD( 1 0/, ) + POPOP(.O i O/, )

Naphthalene(3 0/, ) +Butyl-PBD( 1 0/, ) -}- POPOP(.OI O/. )

Unknown
66K

l61K

Kyowa

scAsoioig.M,,ts,`EA,,,Ea?g6.l/:r)

scAsiioig.M,,r,Yf,,A,g5.0(gl,,l/")

Butyl-PBD(IO/,)-FPOPOP(.OIO/,)

Butyi-?BD ( 1 0/. ) -i- PO?OP(.02 0/. ) 68K

Sumi-
 tomo

SC-5
SC-12

SC-18

PMMA
PMtMA
PMMA

Naphthalene( le/.)+PPO(10/,)+POPOP(.OIO/,)
Naphthalene(10 0/, ) +PPO( 1 0/, ) +POPOP(.OI O/, )

Naphthalene(IOO/.)-YButyl-PBP(10/,)+BBO';'(.OIO/,)

48K
66K

107K

Altustlpe BLUE ?MMA
YELLOW PrviMA

Naphthalene(15e/.)+Butyl-PBD(10/,)-i-BBO'lr(.OIO/,)

Naphthalene(150/,)NFButyl-PBD(10/,)+BBQ.(.O0250/.)
55K
68K

note) The names ofthe scintillators ofKyowa and Sumitomo are not cornmercial ones.
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APPEN]DIX fi. TRACE BAC]K AND MOMENTUM alFIALYSIS

A. SM12 Magnetic Field and Trace Back
    Since the shape of the pele piece 2nserts in the SM12 magnet is complicated,

the shape of tke field ls also complicated and it is difficult to parametrize the entire

magnetic field ef the SM12 magnet. To avold this comp}exity, we divided the
SM12 magnet into 36 sub-magnets along the z direction. The length of these sub-
magnets is chosen to be the same as the step length of' the po}e p2eces (45.7cm),

except for the Iast few sub-magnets in the fringe field region. For each sub-magnet,

the integral of the magnetic fie}d along the line approximately pointing at the target

in the x-z plane is given as a fuRction ofx and). This quantity determlnes the
bend angle of the particles (P, kick). F"quation (19), used for the SM3 magnet,
is also used for the sub-magnets of SM12. The z position of the effective bend
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plane of each sub-magnet is also given as a function ofx andl. The following func-
tion is used;

          zBEND(sc,Jv) == ao-I-aix2+a2.72+a3c21y2. (2s)

    The trajectory of particles downstream of the SM3 magnet is traced back to

the target through the SM3 magnet and the SM12 magnet. The trace back in
the sub-magnets is made using the single bend plane approximation with an x, !
dependent Pt kick and bend plane.

B. RecalculationoÅítheMomentum
    At first, the trace back is done using the `SM3 momentum'. For trajectories
whosey posltlon at the target is within acceptable limits, the momenta and trajec-

tories are then recalcuiated assuming that the trajectories originate from the center

of the target in the following manner.

    Thept position at the target for the first trace back using the `SM3 momentum'
(denoted as P,) is given by,

         .7T(Po) = 7M3+ey.(zT-znf3) + ll(PO) ,

                                     Pe                 ezm rzT (29)          Il (P) == ).., dZ }.., dZ'Bx (Z') ,

where zT, zM3=:the z positions at the center of the target and at the bend plane ef

              the SM3 magnet, respectively,
      Jvo tv'M3==the .y position of the trajectory at z ==zT aRd zM3, respectively,

      ey ==-the angle of the trajectory downstream of SM3 in the"-z plane,
      B. = the horizontal component of the magnetlc field at position z.

If the trajectory is traced back us!ng a slightly different momentum, say pe+dp,

then they position at the target would be g!ven by,

                                          '         yT (pe +dp) == 2T (po) -[ Uife) -a(po) ] • dp ,

                                                                     (3e)
                  1 dU          a(Pe) == "
                 P dP pmp,'

The value of ll(P,) is calculated in the first trace back, whlle a(P,) is unknown but

ls expected to be small. Neglecting a(Po), the momentum'with a target constraint

is given by equating-7T(Pe+dP) =Ytraget,

         Pi == Pe+dP "= Pe +.,.('lplr,()Prm'),,/illi..,) (31)

where"t.,g.t denotes the7 poslÅíion of the target center. Then a second trace back

is made uslng the momentumPi. Using th.e] position at the target2T(P'i) obtained

from the second trace back, one can evaluate the momentum with a target con-
straint including the term a(Pe) as follows;
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P2 = pe -i-
-7T (Po) -L7target

-J)'T(Po) -L)JT(Pi)
'(Pi rmPO) • (32)

The value P2 is taken as the final `SMI2 momentum'. In the above calculatien,
terms of order dp2 are neglected. These terms prove to be negligibly small in our

case, because]T(P2) calcu}ated using the momentum P2 coincides with 2t.,g.t almost

exact}y. Other quantities, such as the production angle and the posltion of the
trajectory at aperture points are then evaluated in the same way as the momentum

P2•
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