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Abstract

   The invariant double-clifferential cross sectioii, EiE"•2(!i6!dPi3dP2t5, and the double-spin

asymmetry, Af.h for inclusive iixulti-7 pair production were measured with two sets oMeic d-
glass calorinieters at Å}90e in the center of mass frame of a 200-6e.Vfc lon.c.rituclinaily-

polarized preton beam and a longitudinally-polarized prQton target in the Fermilab Spin
Physics Facility. XNie define the `"multi-7t" as a set ofone or mere 7-rays detected in one of

the etectromag'netic caiorimeters. A multi-7 pair event is defined as an event in which
multi-?t's are detected with calorirneters on both sides of the beam axis. rl"hÅë invariant
double-differential cross section for inclusive rrOrrO production xvas also measurecl. The rrOrrO

events have been obtained as ac subset ofmulti-7pair events. r{'he measured cross sections
are consistent witli the results from the LUiND Tygonte-Ca. rlo simulations. 'lrhe obtained fli.t.

have been found to be consistent wSth zero. The behavior of'At.L has been compcared with

several theoretical preclict{ons of t}}e giuon polarization, AG/(), using the LUND Monte-
Carlo simulation package ancl the C,krlitz-Kaur model o{' the spin clependent distribution

functions ofvalence cluarks. 'I'he resu}ts put a restriction on AGfG ln the x reglon of'O.05 to

Oa35•

1. Xntroduction

    A large amount ofdata for tlie test ofthe quantum chromodynamics (QCD) kas
been accumulated through many experiments with high energy hadron beams at CERN
and Fermi National Accelerator LaboraÅíory (INTAL). In particular, hard collisions

have been stttdied in productions ofjets, prompt photons, }epton pairs and heftcvy

quarks. In'Åíorrnation on Åíhe partoR structure ofproton was obtained from these data,

ofteR beyond leading order. In addition to the measuremeRts of cross sections, it is

importaRt to measure tl}e spin related parameters using polarized beams and targets in

order to study the spin structure of the preton.

    Avaiiable facilities for studying the spln structure of }]adron were very few before

1990. RegardiRg inclusive measurements of hadronic interactions, polarized proton
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beams of 6 GeVlc and l 1.8 GeV/c from ZGSi and those ef momenta up to 22 GeV/c
from AGS2 provided usefu1 experimental data on spin parameters. Polarized proton

targets were used with unpolarized proton beam of 24GeV/c at CERN3 and with n-
beam of40 GeV/c at Institute for High Energy Physics (IHgP), Protovino in Russia4.

Some of the experimental results using these facilities showed significant spin effects.

The presence ofthese large spin effects is considered to be originated from complicated

processes which inc}ude the collisions different from partonic interactions. In order to

investigate the spin effects in partonic interacÅíions where the perturbative {;l}CD picture

is applicable, it is indispensable to go to higher energy region.

    E]he polarized quark density, Ag, in proton was studied with a polarized e}ectron

beam and a polarjzed proton target in the x region of O.1 to O.7 (E80 and EI30 at
SLAC)5 and with a po}arized muon beam and a polar!zed proton target in the smal}er x

region of O.Ol to O.7 (EuropeaR Muon Collaboration (EMC) at CERN)6. The Spin
Muon Collaboration (SMC) at CERN7 and EI42/g143 at SLAC8 have been trying to

measure asymmetries in still smaller x region. By coinparing the expeyimental results
with the Bjorken sum rule9 and the Ellis-Jaffe sttm ruleie, it is shown thaÅí the

contribution of quark spins to the proten spin is not }arge.

    The polarized gluon density, AC, may also be the origin of the proton spin. The

contribution of the gluon spin to the proton spin must be also investigated
experimeRtally. One of the promising ways to solve the problem is to measure spin
parameters of preton-proton reactions in which the gluonic terms are dominantii.

    The E704 experiment was carried out at the Fermilab Spin Physics Facility.
Several spin payameters measured with a 200-GeV/c polarized proton beam in this
experiment are very usefu} for the investigation of the spin structure ofproton. Nere,

we focus on the measurement of the double-spiR asymme{ry, Afz, which has beceme
possible using the high-energy polarized proton beam and the polarized proton target

for the first time. The double-spin asymmetry, Ant., iBdicates the asymmeÅíry of cross

sections with the same and opposite helicity combinations ofbeam and target protons in

the center of mass frarne. The iinportance of the ALL measurements iB inclusive
reactions ofhard hadronic coliisions is in the fact that the parameter is related directly

to the gluon polarization.
    In a previous paperi2, we reported the doub}e-spin asymmetry, ALL, for incfusive

rrO production using longitudinally-polarized proton and anti-proton beams with a

longitudinally-polarized proÅíen .target. These daÅía agree better with theoretical

predictions which assume small or zero gluon polarization than with tkose which

assume large gluon polarization. The data, however, could not distinguish among
models of the gluon polarization clearly because the sensitivity ofthe parameter to the

gluon polarization is not significantly large. In this energy region, most of hard

collisions are considered to produce two-jet type fragmentaÅíion. In the case of
iRclusive measurement ofonejet, the information ofparten distribution is smeared out

due to the other undetected jet. On the other hand, in the measurement of twojets,

there is no serious problem ofsmearing and measured spin parameters become sensitive

to partonic lnteractions, especially to gluonic terms as discussed theoretlcally in ReÅí l3.

    We report on the measurements of the invariant double-differential cross section,
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EiE2d66/dPi3dP23, and the double-spin asymmetry, ALf. for inclusive multi-7 pair

production with the longitudina}ly-polarized proton beam and the longitudinally-
                                           vpolarized proton targeti4. Two sets oflead-glass Cerenkov counter arrays were used

for the detection of 7-rays. Multi-wire proportional chambers were used for the
detection of charged particles. These detectors were placed in the directions of Å}90e

in the center ofmass frame ofbeam and target protons. We define "multi-T' as a set of

one or mere 7-rays detected in one of the electromagnetic calorimeters which is
described in Section 2.2.2.1. Most ofthe 7-rays are decay products of ne and q mesons

as shown in Section 4.5. The multi-7pair event is defined as the event in which multi-

Ys are detected with the calorimeters on both sides of the• beam axis. The pseudo-
mass, M' , and the pair transverse momentum, PT', are defined as

          Mt= lp .,l-l- lp T,1, (})
         pT'=IlpT,I-lpT,I, (2)
where PT, and PT, are the transverse momenta of each multi-7. We measured the
double-spin asymmetry and the cross section as a function of M' !n the region of 2.0
GeVlc to 4.0GeV/c and lpT'I<1.0GeVlc.

    In this measurement, each multi-7 comes mainly from one jet in a two-jet
production. Consequently, the measurement ofALL for the multi-7 pair production is

sensitive to the polarization of quarks and gluons.

    Our results ofAfz for inclusive multi-7 pair production have been compared with
theoretical estimations using various AG/G modelsiS'i6'i7'i8'i9 with the help of the

LUND Monte-Carlo simulation package (PYTHIA version 5.4 and JETSET version
7.3). We discuss the amplitude of AG based on this comparison.
    NVe report also on the experimental results ofthe invariant double-differential cross
section for inclusive TOze production. It is worthwhile to check the LUND Monte-

Carlo simulation used in the present analyses with our experimental data on inclusive
zenO production. The rrOrrO events have been obtained as a subset of multi-7 pair

events, where two zO mesons have been reconstructed. We measured the cross section

of this reaction as a function of M' which is defined in the same way as in the case of

multi-7 pair events.

    The characteristics ofthe beam }ine and the detectors is shown in Chapter 2. The

explanation ofthe triggers and the data acquisition system for the data taking is written
in Chapter 3. The data analyses including the method effinding rrO mesons and multi-

7pairs are described in Chapter 4. The experimental results are presented in Chapter

5 where discussions are given based on the modei comparison.

2• Experimental Setup

    In this chapter, we explain the Fermllab Spin Physics Facility including the
detectors used in the present work.

2.1 Polarized ]Proton Beam and Beam Tagging System
    The Fermilab Spin Physics Facility provides a 200--GeVlc polarized proton
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beam2e. To measure the momentum and polarization ofeach preton, this beam Iine

has a tagging station. In order to rotate the spin ofproton for the measurement, the

magnet system, "snake magnets", is used.

2.1.1 Beam Line
    In TEVATRON at FNAL, protons are accelerated up to 800GeV/c. Ofie
acceleration cycle is 60seconds. In each cycle, the proton beam is extracted in 20

seconds. The proton beam is transported to a berylliurn wire target and produces A

hyperons. The beryllium wire target has a horizontal width of 1.5 mm, a vertical hight

of 5 mrn and is 30.0 cm long. In the decay region of 20 m, approximately half of A

hyperons decay into protons ancl zww rnesons in the energy region which we are
interested in (Fig. 1). 'I"he polarization of outgoing protons is 640/o with the spin

direction along the proton momentum in the A rest frame because ofparity violation in

the weak interaction.

    In the laboratory frame, the trajectories of the protons from the A decays can be

tracecl back to the vertical piane at she positioR ofthe production target as schematically

shown ifi Fig. 2. }E[ere, the protons are considered to come from a "virtual source"

displaeed from the actuai A source. For the fixed decay Iength of A kyperons, the

protens with the same Åíransverse spin component come from the same point on the
"virtua} source", regardless of the direction of A hyperens. The spin component of
each protoB transverse Åíe the beam axis is, therefore, correlated to its projected position

at the "virtual souree".

    [I=hose protons are transported over the neutral partic}e dump to Åíhe tagglng

station. The center value ofshe momensum ofthis polarized proton beam is tuned to

200GeVfc and the momentum bite is 9.60/o. This beam liRe provides the highest
energy polarized preÅíon beam in the world.
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2. Mechanism to ebtain the polarized beam from the clecay ofA }}yperons.
   The A hyperons (detted lines) which are producecl wlth a 800-GeVlc
   proton beam on a beryllium target decay into protoi}s (solid lines) and n

   mesons (not shown). The polarization of the proton is correlated with
   the position in the plaRe of the "virtual source" which is the traced-back

   image (dashed lines) {'rom the proton trajectories.

2.1.2 Beam Tagging Spustem
    The polarized beam line has the tagging station at 150 m from the beryllium Åíarget

to make a tag of momentum and polarization for each bearn proton (Fig. I). At the

tagging station, the momentum and polarization ofa proton are measured using p}astic

scintillator hodoscopes (POU, POL2 and POL3 for po}arization measurement and
MOM}, MOM2 and MOM3 for momentum measurement). The tagging station is
placed at the intermediate foca} point of the polarized beam line. The image of the

"virtua} source" can be seen at the tagging station. The horizontal s!ze of the
production target of A hyperons is made sinaller than the vertical size and the proton

po}arization is correlated to the horizontal position on the piane of the "virtual source".

The polarization is tagged as the horizontal position of beam proton using POLI and

POL3. The POL2 detector was used as the redundancy check. The distribution of
tagged polarization is shown in Fig. 3 (a). The momentum of beam proton is also

measured as the bending angle in tl}e vertical plane using MOMI, MOM2 and
MOM3. The dlstribution of tagged momentum is shown in Fig. 3(b). After the
tagging statSon, the spin direction is horizontal (S type). For convenience, we divide

the beam into three categorles using the tagging information ef polarization. The

positive polarization is defined that the spin direction of protons is +x and the

polariza{ion value is between +350/o and +650/o. The average polarization in this

region is +450/o. [rhe negative polarization is defined thaÅí the spiR direction of

protons is -x and the polarization value is beÅíween -350/o and -650/o. The protons

in this region have an average pe}arization of -450/o. The zero poiarization is defined

that the polarization value is betweeB rm350/o and +350/o with an average ofOO/o.
    Two threshold-type derenkov counters filled with heiium gas ofO.3 atm. are placed

at 250 m from the beryllium target. The pressure is set so as to produce signals when
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        Fig. 3. (a) l"he di$tribution of tagged poiarization ofpretons (100/o bins).
               (b) The distribution of tagged mementum of polarized protons (2.4
               GeVlc biRs).

beam particles are rrHF mesons, and not to produce signals when beam particles are

protons. Using the signa}s from them, the contamination of rr+ mesons is eliminated.

2.1.3 Snake Magnets and Beam-Defining System
    The spin rotation magnets, "snake rnagnets", are placed between the 6erenkov

counters and the experimenta} Åíarget aÅí 300 m frem the beryllinm target. The magnet

system consists of tweive dipoie magnets. Each magnet has a IO.2 cm gap, a 22.9 crn

aperture and is 99.l cm long. It has 13.8-kG magnetic field. The pele faces of the
magnets are tilted Å}450 with respect to the vertical axis. Each magnet gives a 450

rotation ofspin about the direetion of the magnetic field. When al} magRets are used,

the direction of polarization is changed from horizontal (S type) to longitudinal (L

type). The combination of the magnet exciÅíations is chosen to cance} the bend and

displacemenÅí of the trajectory whi}e beam particles traverse tke snake magnets.
    By reversing the polarities of the snake magnets, the spin directioxx of particles at

the target changes to the opposite sign. During the actual data taking period, we
reversed the polarities every 12 minutes in order to cancel possible geometric bias and to

minimize the effect of time-dependent drifts of the performance of the apparatus.

    Two sets of scintillation counter hodoscopes, SHI and SH2, cal}ed "snake
hodoscopes", were placed at 23m and at 3m upstream the experimental target,
respectively (Fig. 4). We used them for tracking the beam. The two multi-wire
propertional chambers (MWPC's), BK} and BK2, were also used for tracking beam

particles. The BKI and BK2 were placed at 23m and at 2.2m upstream the
experimental target, respectively. Both BKI and BK2 have x and? planes. Gas of
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                 Fig. 4. Vertical view of the experimental setup.

830/o argon, l50/o iso-butane aRd 20/o freon-l3Bl with a methylal bubbler were used for

BKI and BK2.
    The scintillation counter, SKI, was placedjust in front ofBK2. The shape ofSKI
was square and the size was 5Å~5cm2. This counter was also used for defining the

beam.
    A counter to veto beam halos, MV, consisted of two scintiilators (MVL and
MVR) . It had a hole of 6 cm in diameter around the beam center. It was placed just

downstream the snake magnets. A target veto counter, TV, consisted of four
scintillators (TVL, TVR, TVU and TVD). It had a ho}e of3 cm in diameter around
bearn center and was placed just downstream BK2. It was used to define the beam
size.

2.2 Emperimental Targets and Detectors
    Tke experimental setup for the measurement for inclusive rrOrrO production and

inclusive multi-7pair production is shown in Fig. 4. Two sets ofthe lead glass counter

arrays, CEMC1 and CEMC2, were placed on right and left sides of the beam axis for

detecting 7-rays. The MWPC's, PCIO, PCIO', PCIIL, PCIIR, PCI2L and 'PCI2R,
were placed in front of the leacl g}ass detectors for tracking charged particles. A

polarized proton target (PPT) was used for ALL measllrements with the longitudinally-

polarized beam.

2.2.1 Potarixed Proton Target
    The size of PPT was 3cm in diameter and was 20cm iong. It contained
chromium-V doped pentano} (CsHi20). Free protons in the target material were
polarized aÅí the temperature ef400 mK wlth the microwaves of 70 GIIz in the magnetic

field of 25 kG of the polarizing soienoid at the position of the "polarizing mode" as

shown in Fig. 5. After the maximum polarization was obtained, the solenoid was
moved to upstream and the target was kept polarized without microwaves as a "frozen

spin target". The frozen spin mode was kept at the temperature below 80 mK and in

the magnetic fieid of 7kG. In this condition, the proton spin relaxation time was

longer than 50days. The po}arization was monitored using a nueiear magnetic
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       Fig. 5. Schematic drawing of the polarizing soleno. id at the polarizing mode and

             at the frozen spin mode.

resonance (NMR) method in each run. The sign of the polarization direction was
reversed every few days in order to reduce possible systematic errors. During the beam

time, the average polarization observed was -O.808Å}O.026 for the negative
polarization and +O.780Å}O.025 for the positive one. The measured polarization

value in each run was used in the data analyses. .
    Ther"target constant" of the PPT which is defined as A/(plArA), where A, p, l and

NA are the atomic number, target density, target length and Avogadro's number,
respectively, was (1040Å}38) Å~ 109 pb. The ratio of the number of all nucleons to the

number offree protons in the target material is defined as the dilution factor, D, which is

88112.

2.2.2 Detectors in the ExPerimental SetuP

22.2.1 Lead Glass Calorimeters
    Outgoing 7-rays were detected using Central Electromagnetic Calorimeters,
CEMC1 and CEMC2, which were placed on the left and the right sides of the beam
axis, respectively (Fig. 4). The front surfaces ofthe CEMC's were placed at 10m from

the target center. The distance between the beam center and the center of each lead-

glass array was O.97m. Each CEMC covered the polar angle of5.50Å}2.20 and the

azimuthal angle of Å}250 in the laboratory frame. The center of each CEMC
corresponded to 900 in the center of mass sys.tem of the beam and the target.
    Each calorimeter consisted of lead-glass Cerenkov counters in an array of 21
columns by 24 rows. Formonitoring the gain drift ofthe counters in each CEMC, two

americium-Nal light sources and a light emission diode (LED) were used. The light

from the LED was distributed via optical fibers to 2I Å~24 counters in the array and two

additional counters which were equipped with the americium-Nal. We found the gain
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Tab}e 1. The composition oflead glass (TFI-OOO) and its parameters

247

Si02

As203

PbO
K20

31.60/o

 o.2o/.

65,40/e

 2.80/o

Size [cm3]

Density [glcm3]

Index

lkro [cra]

Ecrit [MeV]

3.81Å~3.81Å~45.0

     3.86
     1.67

     2.5e
    }5.80

stabllity was witl}in a few percent during the runs.

    Each array ofthe lead glass counters was placed in a movable dark box. The cold

nitrogen gas was flowing in the box for stabilization of temperature. The average
temperature ef CEiV{Cl and CEMC2 was 260 and the stability was Å}2e during the

beam time.
    The lead glass counters were TFI-OOe made at INEP. Tke characteristics ofthe
lead glass material are shown in Table 1. The radiation iengtlt of the material is 2.50
cm. The size ei' the counter is 3.81Å~3.81Å~45.0cm3. Each lead glass was wrapped
                                                    vwith sheets ofaluminized mylar of20 ptm in th!ckness. The Cerenkov Hghts from the

lead glass blocks were detected using photomultipl!er tubes, PH[EU-84-3 (Russian),

wiÅíh twelve-stage Venetian-blind dynodes. The photocathode was S-20e of trialkaii

(Sb-K-Na-Cs) with the maximum sensitivity at 420nm. Booster voltages were
distributed to the iast " dyr}odes of each photomuitiplier tube in order to stabilize the

potential levels of those dynodes.

    The ener.cry calibration of the lead glass counters was carried out using a 3l-GeV

positron beam preduced with the 800-GeV/c proton beam on an aluminum target ofO.2

radiatlon length. The coeeacients between the energy deposit and the pulse height
(ADC count) were obtained using the calibration data. Tl}e energy ofa pos!tron, E, is

obtained as

          E=2E,=ÅíC,•A, (3)
              lt
where Ei is the energy deposit in each counter, Ai is the ADC count after the pedestal

was subtracted and Ci is the calibration constant. Although the responses of the
counters to LED lights were stable within a few percent, we made the gain caiibration

run by run using the LED data. The distribution ofreconstructed energy obtained by

31-GeV positron beam is shown in Fig. 6. The energy resoiution was about 30/o
(r.m.s.). This resuit to.crether with the calibration at IHEPt was parametrized in an

empirica} formula as
          6<E)                      }2.0           E=:1.0+ di O/o. (4)
We found that the position reso}ution was l.5mm (r.m.s.).
    The maximumPT coverage to reconstruct zO inesons in each CEMC is estirnated as

fo}lows iR the ideal case. Assume tl3at rrO decays at the target center into two 7-rays

whose four momenta are defined as (Ei, Pi) and (E2, P2) in the laboratory frame.

t The obtaiRed vaiues ofthe eBergy resolution were 30/o (r.m.s.) at the beam energy of26.6GeV and

 2.50/o at 40GeV.
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       Fig. 6. The recoRstructed energy distribution with 31 GeV positron beam.

Here, the distance between the hit positions ef these 7-rays on the front surface of the

Iead glass array is given as d. Tke angle betweenP} andP2 is given as 0. Then the

invariant mass sguared of two 7-rays is calculated as

         m,,2=m,,o2=2(E,E2-p,•p2) (s)
where

         Ei"" iPil and E2 :lp21. (6)
Using

         Pi'P2=IPiliP2i cos O== EiE2 cos e, (7)
the rrO mass squared is written as

         m.e2=2E,E2(1-cos e) ==4EiE2 sin2g (8)

Using the distance between the target center and the lead glass array and the distance

between two hit positions, d,

            ed '         sini '2o• (9)
Consequently, we obtain

         mrd):ido mai 2• (io)
It is safe to assume that two 7-rays from a nO meson are reconstructed when dis larger

than the counter size, namely, d))O.0381[m]. When Ei=:E2, and e and d are
minimurn, the maximum detectable energies ofeach 7-ray and ze meson are calculated

as

         Ei =E2 "35 [GeV] and E.e :70 [GeV]. (Il)
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The maximumpT of zO mesons which can, therefore, be reconstructed is approximately

7 GeVlc.

    rl"he xix coverage ofeach CEMC is calculated from the acceptance ofpolar angle in

the horizontal plane. App}ying the fiducial cut written in Section 4.2.2, the coverage of

polar angle was 97.0Å}38.l mrad and the corresponding xF coverage was

          -O.0350P T< xF< O.0536P T. (12)
                                                       '2.2.2.2. Multi-wire Proportional Chambers
    We used six sets of MWPC's, PCIO (x and1 planes), PCIO' (sc and" planes),
PClIL (x,2 and v planes), PCl1R (x,7 and v planes), PC12L (x,2, u and v planes) and

PC12R (x,2, u and v planes) as shown in Fig. 4. The angles ofwire directions from the

?-axis are O.OO , 90.00 , 28.IO and im28.IO for x,], u and v planes, respectively. Argon gas

was used with O.30/e of freon with a cooled methylal bubbier for PCIIL and PCIIR.
Gas of argon-C02 mixture with freon-13Bl was used for PCIO, PCIO', PC12L and
PC12R. A typical detection eraciency of each plane of MWPC's was about 850/o.
The characteristics of MWPC's are summarized in Table 2.

      Tabie 2. The parameters of MWPC's downstream the target (from upstream)

MWPCCoordlnate Wire spacmg
 Sensitive Number of Distance from
area [mm] wires the target [m]

PCIO g 2.oe [mm]

2.00 [mm]

514r.O

514.0

257

257

1.0

PC1o' ; 2.00 [mm]

2.00 [mm]
514D
514.0

;g; 1.0

PCIiL l IA3
l!13

1113

[inch]

[iRch]

[inch]

soe.o

seo.o

627.0

256

256

320

3.4

PC1lR g, 1113 [lnch]

Y13 [inch]

lll3 [inch]

500.0

500.0

627.0

256

256

320

3.4

PC12L 2 2.00 [mm]

2.00 [mm]

2.eo [rnm]

2.00 [mm]

1026.e

I026.0

1026.0

77e.o

512

512

512

384

6.6

?C12R 'l 2.00 [rnm]

2.00 [mm.]

2.00 [mm]

2.00 [mm]

1026.0

le26.e

I026.0

 770.0

512

512

512

384

6.6

3. Triggers and Data Acquisition

    In this chapter, we describe the

together with the data acquisition and

scheme to trigger the high-mass pair

 the on-line monitoring. The scheme
events
of the
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"even{ Åírigger" as shown ill Fig. 7 and Fig. 8 for takin.cr interacÅíion data is explained

below.

3.1 Triggers for the Beam Particles
    The "beam gate" signal iRdicated that the beam was on. 'I"he TBES signai was
produced when a beam particle was separated from preceding particies by at }east 60

nsec. The USB (Usable Snake Beam) signal showed that (a) there was one hit on each

p}ane ofSKI and SH2, (b) it was mot vetoed by the target veto cotmters (TVL, TVR,
                        vvTVU, and TVD) and (c) Cl and C2 did not veto the particle. The SKI signal
                                                        vvindicated t.hat the particle hit the scintillation counter, SKI. The C1, C2, the cotmter

to veto beam halos (MVL and MVR) and tke target veto counter ( rVL, rl'VR, I]VU,

and TVD) formed veto signal fbr the beam trigger. The "beam gate", TBES, USB
and SKI witlk above veto signal produced the "good beam" signal.
    The "goed hit" signal and the "goed mom" signal were produced at the tagging
station and were sent to the data {aking system using hig. h speed cables (the speed of

signals is e.93 of the light velocity). Tke "good hit" signal indicated that there was

    weightedsum
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      High pT lrrigger
Dlscri. in orcier to

select PT
       hjgh pr

:

:

from CEMC2

and Di-jet Trigger

           Sum-prl
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   Fig. 8.
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   T
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only ene hit on each hodoscope ofMOMI, MOM2, MOM3, POLI and POL3. The
"good mom" signal indicated that the calculation of the momentum ofa beam particle

was made successfu11y using a system with MLU's (memory lookup units) and PLU's
(programmable logic units).

    The "good beam", "good hit" and "good mom" signals produced "event trigger"
with "high pT trigger" and/or "di-jet trigger", which are described iR Section 3.2.

3.2 High PT Trigger and Di-]'et Trigger
    A signa} which was proportional to the transverse momentum, PT, of an
electromagnetic shower was produced by the signals from the lead glass couRters for

each CEMC (Fig. 8).
    Signals from the counters in same column were summed up with equal weight.
[{"he weighted sum signal which was approximately proportional toPTwas produced by

the signals from the columRs.

    The signa}s ofPT above 1.6 GeV/c were discriminated from low PT slgnals. The

discriminated signa}s, "sum-PTi" (from CEMCI) and "sum-PT2" (from CEMC2),
produced the "sum-pT" signal. This was cal}ed as the "high pT trigger" signal.
    In additlon, the C`di-jet trigger" signal was composed to require simultaneotts hits

of 7-rays in both CEMC's (Fi.cr. 8). The analog surn ofPTsignals ofboth CEMC's was

approximately proportional to the mass of high-mass pair. The signals ofPT sum

   .{GeVlci
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rl"he reiation among the "high pT trigger" for CEMCI, the "high PT
trigger" for CEMC2 and the "di-jet trigger". The trigger rates for each
region are shown in the histogram exclusively,
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above 2.I GeVlc were discriminated from lowpTsum signa}s. The triggered regions in

Åíhe plane ofPT ln CEMCI and PT in CEMC2 are displayed in Fig. 9. The data of
unbiased high-mass events were taken effacientiy using the "di-jet trigger".

3.3 Data Taking and On-line Monitoring
    A PDP-11 based data acguisition (DAQ) system was tised to collect the data.

According to each tri.crger type, reguired CAMAC modules were read out by the DAQ

system. The data were sent to magnetic tapes (6250bpi) from PDP--11.
    The clata taking was carried out in 1990. The typical beam intensity was about
severa} times I051sec during the measurement. The typical event rate was 22!sec.

The scaler data weye recorded togetker with the clata of t'he lead-glass counters and the

MWPC's. The pedestals ofADC and the data to monitor the lead-g}ass counters with
the I.ED }ights were taken in each spill before tlie beam was on. After the beam was

off, the data of the lead glass counters w!th the lighÅís from the americiurn-Nal sources

were recorded. rhe daÅía of the target polarization and the temperatures inside and

outside tlie CEMC's were coliected in each spill.

    The detectors were monitored by an on--line system with the VAXstation 3200
which received sampled data fronc tlie DAQ system. The invariant mass oftwo 7-rays,

hit positions and multiplicities of MWPC's were shown as histograms in order to
confirm the condition o{' the detectors run by run, together with the calibratioR data

using the LED and the americium-Nal sources.

4. Data Amalysis

    IR this chapter, Åíhe method ofthe data ana}ysis to obtain nOrre eveRts and multi-7

pair events is explained. First, events to be analyzed have been selected from all the

data using the inÅíormation of the beam counters (target cut). Then, the or-rays have

been reconstructed from the data ofelectromagnetic showers in CEMC's with the he}p
ofthe shower tab}e. Tracks ofcharged partic}es ltave been recollstructed from the data

of MWPC's and a vertex in each event has been deduced.

4.1 Target Cut
    Usefu} beam particles were seJected using the si.crnals from the taggillg station as

described in the previous chapter. Furthermore, we have applied the target cut in Åíke

ana}ysis te eliminate beam halo events and events from the materials around the target.

The x andy positions oÅí each beam parÅíicle at the {arget have been derived from the
da{a ofSHI and SH2. We have required; VI2- F]'ii2-f{:l.29 [cm] to pick up the events

from the target (target cut). The event distribation in x-rv plane at the target is shown

in Fig. IO. The circle iitdicates the boundary ofthe target cut. About 170/o ofevents

has been thrown away with this cut.

4.2 ShowerReconstruetion
4.2.1 Shoze,er Table

    The electromagnetic shower table of the leacl glass counters was made using the

data obtained with 31-GeV positron beams. We measured the energy deposit of the
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Fig. 10. The hit position of beam
        the data ofSHI and SH2.

        target cut.
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Å~ [mmlparticles on the target reconstructed from

 The circle indicates the boundary ofthe

shower in the block of CEMC's in which the beam was put and also those in the
surrounding eight blocks. The hit positions ofthe positrons on the front surface of the

lead glass were determined with MWPC's.
    The front surfaces ofthe lead glass blocks were divided into 25Å~25 small domains
called "sub-cell" whose sizes were O.152XO.152 cm2. Each sub-cell is defined as (i,j')

in the manner shown in Fig. 11, whereiandj' are the integers between 1 and 38. The

No. 1 No.4 No.

No. z No.5"
:"

lt1
Sl1
rl1

Ne. 81
====F=

II
F=

"

====F=-F-: tl1
tl1 1

No.3 No.6 No.9

Fig. 11.

(1,1)

"' j)

{13.13)

Å~(38,38)

The coordinate of the "sub-cell" in
the lead glass counters. Fig. I2. The Iego plot of the shower table.
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central sub-cell is (l, l).

    The shower table was obtained for incident positrons on each sub-cell. Energy

leakage of the shower from the 3Å~3 blocks was ignored in the shower yeconstruction

because the energy deposit outside the 3 Å~3 blocks is smaller than a few percents of total

energy ofthe shower. In the case when the positron hits the sub-cell (i,j') in the block

NTo. 5 ofFig. }1, the numerical value on (i,j') in the shower table is given by the energy

deposit in the block No. 5, and that on (i+25,j'+25) by the deposit in the block No. 1.

Other numerical values on the shower table are also given in the same manner.
    The shower table is made as a 38Å~38 array. The table is shown in Fig. 12 as a
Iego plot. When a positron hits the center (ium-j'rm- 1) ofa counter, 800/o efthe energy is

deposited in the counter in which the beam is put, and 240/o when St hits at the edge

(i--j'--13) of the counter.

4.2.2 Reconstruction Method
    The data of counters containing energy deposit of more Åíhan 75 MeV have been

used in the reconstruction of 7-rays (counter energy cut). The set ofadjacent counters

which have such an energy deposit is regarded as a c}uster. When a cluster contained

more than 500 MeV, it has been considered as a 7-ray candidate (cluster energy cuÅí).

    For a cluster spread not wider than 3Å~3 counters, the reconstruetion ofone 7-ray

is carried out. The center of gravity of the energy deposit, (x, ?), is derived. The

position, (x, p), has the tendency to shift toward the center of the counter. The

correction is made using the shower table information. The correeÅíed position is

regarded as the entrance position ofthe or-ray. The totai energy deposit is regarded as
the energy of the 7-ray. Using the shower table with the corrected position, 22t is

defined as
          ND Xi(Eidata um Eitabte)2

          X`"=T.x,E,a• (13)
    3"he nf2 value has been calculated for each cluster and the 22 cut has been applied

after the reconstruction. ,
    In the case that a cluster is wider than 3Å~3 counters, the reconstruction procedure
for one 7-ray has been tried first. Ifthe 22 value is less than O.Ol GeV or the variance

of this cluster is narrower than the variance calculated from the shower table, this

cluster is regarded to be produced by one 7-ray. Ifthese conditions are not satisfied,

we censider that it contains two or more 7-rays. The reconstruction of two 7-rays is

carried out in two stages ofiteraÅíion. At the first stage, the parameters for the iteratien

are x and7 positions oftwo 7-rays. The energy ofeach or-ray is fixed to the halfofthe

total energy deposit in a cluster. The step for each parameter is caiculated using the

difference between the variance of this cluster and the variance calculated from the

shower table. The direction ofeach step !s chosen to reduce this difference. VNrhen

Åíhis difference becomes small, the second stage ofshe iteration starts. The parameters

for this iteration are x and2 positions and energies of two 7-rays. The step for each

t This I2 is different from usual yeduced x2. Assuming that the energy resolution ofeach counter can

 be parametrized as the energy reso}utlon ofCEMC detector (Eq. 4), 22 is roughly equal to O.03Å~ x2

 at the tetai energy around 3e GeV. "x2 is equal to l.O" cerresponds roughly to "22 is equal to O.e3

 GeV". In this I2 definition, the influence from counters with small energy deposit is suppressed.
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parameter is calculated so as to decrease the 22 value. This iteration finishes when the

22 value reaches its minimum value or the t2 becomes below O.Ol GeV. After this,

expected energy deposit distribution from these two 7-rays has been subtracted from the

cluster. The program has continued to search another 7-ray until the remaining
energy of this cluster becomes the value lower than that of •the cluster energy cut.
    The 22 distribution of this reconstruction method is shown in Fig. 13. The
applied cut is nf2<O.5 GeV so as to keep as many real 7-rays as possible. 900/o of 7-ray

candidates has passed through this cut.
    The fiducial cut and the energy cut have been also applied for selection of 7-ray

candidates. Due to shower leakage, the reconstruction program is not able to provide

correct results from the shower clusters which were near the edge ofCEMC detectors.

The fiducial cut has been applied for 7-rays whose x orJ position is within 1.9 cm from

the edge ofCEMC. We have eliminated 7-rays with energy below 1.6 GeV to reduce
fake 7-ray background. 700/o of 7-ray candidates has passed through these cuts. The

multiplicity distribution of 7-rays in both CEMCis is shown in Fig. 14.

43 Tracking of Charged Particles
    The following procedure has been applied for obtaining the tracks of the charged

particles from MWPC data. The position of fired wire for each MWPC plane is
estimated by a straight line as

          ui=(a'ai+b) cos e+ (c'4i+d) sin O, (14)
where ui indicates the distance between the fired wire and the ( axis, ci is the position of
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the MWPC plane and 0indicates the angle ofrotation ofeach plane ofMWPC in the x-1
plane. For x,.v, u and v planes, 0angles are O.OO, 90.00, 28.10 and -28.IO, respectively.

The fitting parameters, a, b, c and d have been derived so as to minimize x2 defined as

          x2=:p(uzda`"-(a (i(+.ilisops.ec-.Ec) 4t+d) sine)2 (is)

    The vertex position of the event has been reconstructed from tracks of scattered

particles and the beam track. The distribution ofvertex along z axis is shown in Fig.

15. The vertex finding efliciency is 33.60/o. In the several data taking runs, the

aluminum plate of2 mm thick to protect PPT was placed, which is identified at 37 cm

Fig. 15.
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The distribution of ( positions of event vertices reconstructed from the

data ofMWPC's. The events with the( vertex within Å}O.3m from the
target center have been selected. At O.37 m d6wnstream the target, the

peak came from the aluminum plate of 2mm thick.
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from the target center as shown in Fig. 15. The width of this peak shows the vertex

resolution of O.96 cm (r.m.s.).

    Once the vertex has been found, the events with the vertex position within Å}30 cm

from the target center have been selected. 4.60/o of events has been eliminated with

this cut. The events in which vertices have not been found have been also picked up in

order to obtain high statistics. In the case of multi-7 pairs, the M' distribution of

events in which the vertices have not been found has almost the same slope as that of

events in which the vertices have been found as shown in Fig. 16. The number of
background events is, therefore, expected to be small in the events in which the vertices

have not been found. The remaining background in the final data sample is thus 30/o
level.

4.4 Analysis of 7TQnQ Events

    In this section, we explain the method to obtain zOnO events including zO meson

reconstruction and an applied cut for the energy asymmetry. We describe the
evaluation of the correction factors for the derivation of the cross section for inclusive
nOzO production•

4.4.1 Selection of nQ Mesons
    To reconstruct xO-77, a decay position has been given by the vertex position

found from MWPC data. When the vertex position has not been found, the center of

the target has been used. ,
    The invariant mass distribution of 7-ray pairs derived from 4-momentum vector of

each 7-ray is shown in Fig. 17, together with the results offits to determine the peaks of
zO mass and the shapes of the background. After the background subtraction, the 7-
ray pairs whose invariant mass is between 100 MeVlc2 and 150 MeVlc2 (for pT<2.5

GeVlc) or between 100MeVlc2 and 175MeVlc2 (for pT>2.5GeVlc) have been
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regarded as zO mesons. For the shape of background, we have ttsed an exponential

function (for pT>2.5GeV/c) or a Gaussian function (for pT<2.5GeVlc).
    The energy asymmetry of7pairs in the rre mass region is shown in Fig. I8. We

have applied a cut for the energy asymmetry as

         IE7i-E7?l/(EM+,Eir7L•)<o.ss. (16)
Because sorne of low energy 7-rays have been eliminated by the cuts in the
reconstruction of 7-rays, the reconstruction eraciency of nO mesons is low in the region in

which the energy asymmetry is large. This cut has been applied to avoid such low-
efficiency region. Fer the rrO candidates, 9IO/o of 7-ray pairs have remained after this

cut.

4.4.2 Reconstruction Efficiency of nQ Mesons
    The reconstruction eMciency of rrO mesons in the analysis program has been
studied using the electromagnetic shower simulation package, EGS. The rrO mesons

with fixed PT's ranging from l.5 GeV/c to 4.2 GeVlc have been generated. Using the
momenta and energies of two 7-rays from a xO meson as the input parameters for EGS,

the data of electromagnetic showers have been produced. These data have been
analyzed and the various cuts have been applied in the same way as the analysis ofreal
data. The number of reconstructed nO rnesons have been compared with that of
generated rrO mesons. In this Monte-Carlo study, the case that one of 7-rays from a rrO

meson missed the CEMC detector has been inciuded, i.e. the reconstruction efficiency

includes the geometrica} detection eMciency. The results are shown in Fig. 19. In
this figure, the error bars indicate statistical errors. The reconstruction eMciency, T.o,

has been parametrized by a fit as

         v.o = rm (O.332Å}O.O07) X tanh [(l.29Å}O.02)PTww (4.59Å}O.e8)]

             +(O.477Å}O.O09) (17)
The error of each parameter in ij,,o comes from the fitting.
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Relation between PT, and PT, in nOzO events. The higher pT of nO is
defined asPT, and the lowerPTof xO is defined asPT,. The nO-O events

within the rectangle have been picked up for the analysis.

    In inclusive nOzO production in the M region between 2.5 GeVlc and 4.0 GeVlc
and lpT'1< 1.0 GeVlc, pT of each TO meson is less than 2.5 GeVlc as shown in Fig. 20.

Consequently, the reconstruction eMciency ofeach nO meson is almost constant ( = O.8)

in this M' region.
4.4.3 Correction for the pT' Integration of nQ7TQ

    ThePT' distribution ofthe cross section for inclusive nOTO production is known to be

fiat around PT'=O.O GeVlc and the distribution decreases steeply at largepT' 2i. Our

data have a similar tendency as shown in Fig. 21. The event distribution onPT' in the

region ofM' between 2.5 GeVlc and 2.6 GeVlc is shown in this figure. At the first step

in deriving the cross section forPT'=O GeVlc, the flatpT' distribution has been assumed
in the region of lpT'1< 1.0 GeVlc for the simplification. The difference between the real

distribution on PT' and the flat one has been corrected as follows. The event

distribution has been fitted with the functions,

          x== lpT'1, (is)
2=

     A
-b(x-xo)+A

(x<xo)
(x>xo)'

(19)

where A, b and xo are the fitting parameters and" is the number of events in each PT'

bin. The correction factor, 8,,o,,o, has been given as

          47co7ro=Aip-, (20)



MEASUREMENTS OF THE DOUBLE-SPIN ASYMMETRY ALL261

   fi50

   500

   550<
g. ,.
ut

9 4So
o
x   4ooe
g sso
l

6 3oo
ts

2 2so
2
   200

   ISO

   1oo

   50
    e

'-1trF

l.I• ,.. t

l.• .r-t.].,.
i- S, a;.
tt' '•"
   , •,l1"j' 'si1": :1•t; rs fi U
'i{a S t' .

'i't?g,ifr,\.

Table 3. Correction factor ofPT' integra-
        tion of nOzO events

M" region [GeV] 4ne

2.5-2.6

2.6-2.7

2.7-2.8

2.8-3.0

3.0-3.4

3.44.0

1.206Å}O.044

1.114Å}OD35

1.081Å}O.034

1.066Å}O.030

1.020Å}O.026

1.006Å}O.043

     O 1 2 J i 5                                tGeVlcl               pf(fio"o)

Fig. 21. ThePT' distribution of nOnO events in

       the M' region between 2.5GeVlc
       and 2.6 GeVlc.

wherej is the average value of2 in x< 1.0 GeVlc and is obtained from the data. The
correction factors are obtained in each M' bin. The values are from 1.0 to 1.2 as shown

in Table 3.

45 Analysis ofMulti-yPair Events
    We define "multi-r' as a set ofone or more 7-rays detected in one ofthe CEMC's,

and the multi-7pair event as an event in which multi-rs are detected in both CEMC's.

Monte-Carlo studies for inclusive multi-7 pair production have been carried out using

PYTHIA (version 5.4) andJETSET (version 7.3) in the LUND simulation package in
order to evaluate the correction factors for derivation of the cross section for inclusive

multi-7 pair production. Reaction of partons in hard hadronic interactions are
generated in PYTHIA. The fragmentation of outgoing partons is controlled in
JETSET. The data of electromagnetic showers and hadronic showersr are generated
with GEANT (version 3.14) using the information Qf outgoing particles from JETSET.
We have found that detected 7-rays are originated mainly in rrO' mesons (930/o) and q
mesons (60/o).

4.5.1 M' Correction
    Multi-7events include fake 7-rays from hadronic showers. In addition, electrons

and positrons are not eliminated from the data because the MWPC data have not been

used for the veto of charged particles due to their marginal eMciency. The relation

between M' of multi-7 pair which has been reconstructed from shower data (M'
(reconstracted)) and M' of multi-7 pair which put in the lead glass counters (M'(inPut))

has been obtained using the GEANT 3.14 and LUND simulation packages in order to
evaluate such fake effects (Fig. 22) using the same procedure as in the real data. The

relation between reconstructed PT' and input PT' has also been obtained in the same

manner. The obtained correction functions are
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22. Relation between reconstructed M and input M' from the Monte-Carlo

    simulation.

          M'(input)=0.940M'(reconstracted)-O.338 and (21)

        ' )bT'(inPut) =O.940PT'(reconstructed). (22)
The uncertainty of M' due to this correction is estimated to be around O.5GeVlc.

4.5.2 Reconstruction Ef17iciency ofMulti-yPair
    We have studied the reconstruction eMciency ofmulti-7pair events with a Monte-
Carlo simulation. By comparing the distribution of the corrected M' of the
reconstructed multi-7 pairs with the M' distribution of the input multi-7 pairs, the M'

dependence of the reconstruction eMciency, vMGp, has been obtained and is
parametrized with a formula,
          rp-G- 21: [[2i;g l. gil8E[O,i2;:gig:glilf•l (23)

as shown in Fig. 23. The error ofeach parameter comes from the fitting of the input

and reconstructed M distributions. This correction is to cancel the response functions

of the detector and the reconstruction procedure which produce a tail to lower M' from

the input M' and lower the obtained cross section at the input M'.'

45.3 AccePtance Correction for Multi-y
    Due to the finite size of the CEMC's, the geometrical detection efficiency for the

multi-7with givenPTbecomes lower near the edge ofthe CEMC detector. To obtain
the cross section for multi-7pair at xF=O with the Åë angle difference ofmulti-?t's of 1800,
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Fig. 23. The reconstruction eMcieney of
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24. ThePT' distribution of multi-7pair
    events in the M region between 2.0
    GeVlc and 2.1 GeVlc.

the acceptance correction is required. At the first step in the derivation of the cross

section, the flat distribution ofmulti-rs on Åë-xF plane has been assumed for simplicity

ofintegration. The difference between the real distribution and the fiat one, therefore,

has to be corrected by the detection eMciency (acceptance correction) which is obtained

as a function ofPT using a simulation as described before. The obtained detection
efliciency, gMG, is given as

gMG=O.837Å}OD41, (24)

which is almost constant in the region ofPT of multi-7 around 1 to 2GeVlc.
45.4 Correction for the PT' Integration of Multi-y Pair
    The same procedure as the rrO nO case has been applied to derive the cross section for

PT'= O GeV/c. ThePT' distribution of the detected events is also flat around pT'=O.O
GeV!c and it decreases steeply at large lpT'l value (Fig. 24). ThePT' di'stribution has

been fitted with the functions,

          x= lp T' 1, (2s)
          "=Pi ltanh ip2x+P3)+1.01, (26)
where Pi, P2 and P3 are the fitting parameters and2 is the number of events in each pT'

bin. The correction factor, 4Mcp, is given as

          4MGp =Pi ltanh (P3)+1.01 1P, (27)
where1- is the average value ofl'in x<1.0GeVlc and is obtained as the number of
entries over thePT' acceptance. The correction factors are obtained in each M' bin.



264 S. MAKINO

lrable 4. Clorrection factor ofPT' mtegratlon of multi-or paiy events

M' regioR [GeV] 8,wcp

2.e-2.1

2.1-2.2

2.2-2.3

2.3-2.4

2.4-2.5

2.5-2.6

2.6--2.7

2.7-2.8

2.8-2.9

2.9-3.0

3.0-3.I

3.l-3.2

3.2-3.3

3.3-3.4

3.iF-3.5

3.5-3.6

3.6-3.8

I.304Å}e.043

l.254Å}e.038

l.184, hO.Ol2

1.141Å}O.el5

1.103Å}O.el7

1.e61Å}O.O13

l.e57 th e.O18

I.o44Å}e.o2e

I.036Å}O.021

l.O19 l O.024

}.Ol6 t O.025

l.Ol8Å}O.034

1.oe7Å}o.e43

1.o}oÅ}o.ess

1.oo2 th o.e4s

1.e55Å}O.I87

1.e68Å}O.205

The values are l.07 to l.3 as shown

is similar to the correction factor

in Table 4.

   ooof  rr n.

The tendency of this correction factor

5. Results and Discussion

    Wghave derived the invariant double-differential cross sections for inc}usive xOxO

production and inclusive multi-7 pair production. These cross sectiens have been
compared with the results ofa Monte-Carlo simulation. The ALL for inclusive multi-7

pair production has been derived. Several theoretical models for AG/C have be,en

compared with the present results.

5.1 Invariant Deuble-Differential Cross Section

    The invariant double-differential cross sections are derived from the number of

events as follows. The momenta of the pair, Pi and P2, are translated to transverse

momenta, PT,,PT,, the Feynrnan's x's, xF,, xJ,.- and azimuthal angies, Åëi, Åë2 as

            ' f6 4 f6         Ei-Ei2twtdb dp, ":, dp.,dp.,d..,d.,,,dÅë,dÅë,• (28)

Here, the following relations are used;

         dp3 = p2 sin ededpdÅë, (29)
         PdPdO=dpptPL and (30)              ,!7'
         dpL= 2 dxp

The observed cress section as a function of pseudo-mass, ofM'), is described as
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          O<M') == fArvf f Ap.' f Ax. f Ax. f ziipi fAip, dpT,dpT,dxf,ddxF.dÅëidÅë2 ' (32)

where AM' is a size of M' binning and APT' is an acceptance for the difference between

PT, and PT, (PT'=:IPT,1-lpT,I). The AxF,, AxF,, AÅëi and AÅë2 are the detector

acceptances. The xF acceptance is from -O.035PT to O.0536PT, the Åë acceptance is

Å}O.452 rad for CEMCl and nÅ}O.452 rad for CEMC2 and thePT' acceptance is Å}1.0

GeVlc. Therefore,
          (7<M') = f A,lfdM' f -llgdpT' f -:l,035,3p6P,.,'2dxf,,, f -gJ,O,5,3p6P."dxF,

                • f ptO,L`,g2,dg62 f mglilidg6i dp.,dLp.,dxil?,d6xF,dg6idÅë2

               "" g2 • f .MdM' f -II:dpT'(O.oss6)2pTpT,(o.go4)2

                         ne6
                ' dPtr,dPT.dscF,tlxF,dg5idg52 xFi==xF2suo,ei=o,o,==x (33)

where gD` is the correction iactor for the acceptance integration on the Åë-xF plane.

Using the relations,

         PT,PT,=<M2thpT'2)14 and dM'dpT' =2dpT,dpT,, <34)

we obtain
      ofM,) .. s . (O•0886le•904)2 f ..dM, f mi[gdp., • (M,2-p.,2)

           '                       fif
               dPT,dPT,dxF,dxi?,dg5idg52 xFi ;x,?=O, Åëi==o, se2""n

                g2 (o.oss6xo.go4)2

              4(M') 2
              fAiifdM''M'2' dpT,dpT,dxSd6xF,dÅëidÅë2 ,xFi==xp2-o,Åëi=-o,pt==ir,p7t-o (35)

E{ere, 4(M') is the correction factor forPT' integration. The number ofdetected events

is related to the cross section as

          Nevent A l 2          Allbeam'plAXA 'D=e ofM')' (36)
where e2 is the reconstruction ethciency for the high-mass pair, Nevent and Nbeam are the

total number of events and beam particles, respectively. [['he A/(plArA) is the target

constant and D is the dilution factor as described in Section 2.2.l. The cross section

for inclusive hadron pair productions is known to be proportional to the atomic
number22. Finally, we obtain
          NiV,ei:'.'t•piAA,.•S =is (O•0886}O•994)2.f.,ifdM,.M,2

                  f6 '         ' dPT,dPT,dxF,dxF,dÅëidÅë2 x,•i"=xm==o,p7f=o, oi :o, g6,=rr' (37)

The parameter 6 is given as
' 6==!i6Sl2-Mgl)==2:st7("ij"2....g..2)((fifi.O,r."O.nlll-orp.i,)' (38)
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Here, rp,,e is the reconstruction efficiency of the rrO meson evaluated in Section 4.4.2

including the acceptance correction, i.e. rp,,o =e'g. The rpn,fGp is the reconstruction
efficiency ofmulti-7pair, i.e. v,vtGp " e2, which is discussed in Section 4.5.2. The gMG

is the acceptance cerrection for inulti-M which is described in Section 4.5.3. The 4,,o.o
and 4Mcp are the correction factors ofPT' integration for inclusive rrOrrO production and

inclusive multi-7 pair production, which are described in Section 4.4.3 and in Section

4.5.4. By introducing convenient definitions;

         f(xT,VIJ)iffiEiE2thtp3d5p,, (39)

         xT="M'IV3L and AxT=AM7Vl-, (40)
we obtain
          Nevent A l
          Ai[beam. PINA D
         .,, (O'0886 ill O'904)2 • (V[;)5 ' {IF f n.,XT2Lf(XT' V?)dXT'

Using an approxiryiation of

          f A.,.xT2Lf<xT, V?ff)dxT== AxT' xT,2f(xT,, V?)

                           (XT, =M'elV7),

the invariant doubleLdifferential cross section at xT, can be written as

         f(xT,, vy') == i211b":e.n.t, ' piANA '-Ii)"

                           81l                   '7(611562YY-6I6iiiiiiiiiS-Togo4Å~o.oss6)'(vl;)5'6'AxT•xT,2'

    The statistical error, (A17`)ft.t, is evaluated as

                   ANevent
         (Alf)'t"t=f' Nevent '

where the AN,,,nt is the statistical error efthe number ofevents.

(AjF).-,, is evaluated as

(41)

(42)

(43)

(44)

The systematic error,

         (ALf),., =f v!( A6S)2+ {SAII(Xilil:gi) l2+( ANA,"fiS,M )2+(wvertex)2, (4s)

where
         ( A6S )2 == (2 'A7no/ 7rro)'2 +, (A8noal)147:ono)2 (46)

for the rrOzO channel and

          A6         ( 6 )2=" (AnMGp!rpMGp)2+(2,' AgMGI:Ma)2+(A4Mcp14Map)2 (47)

for the multi-7 pair channel. The A(A/(plNA)) is the systelnatic error of the target

constant. The Aq,ro and AvMGp are the systematic errors of the reconstruction
efliciencies. The AgMG is the systematic error ofthe detection eMciency. The A4,rono

and A4jvfGp are the systematic errors of the correction factors forpT' integration. The

ANbeam is the systeinatic uncertainty of the total beam. The largest systematic

uncertainty ofthe cross sections comes from the counting eMciency ofbeam protons and
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is around 120/o. Another source ofthe systematic error is the uncertainty of the target

density, which is about 40/o. As written in Section 4.3, the remaining background is

about 30/o of total events. The w,,,t,. indicates this uncertainty.
5.1.1. Inclusive 7TP7?Q Production

    The invariant double-differential cross section for inclusive nenO production has

been obtained in the M' region between 2,5 GeVlc and 4.0 GeV/c and in the region of
Ip T' I< l.O GeV/c. The results are shown in Table 5 and Fig. 25. The total amount of

the beam particles is 2.42 Å~ 10ie. The overall normalization uncertainty, which is not

included in this table, is about 130/o, In addition to the systematic errors discussed in

Tabie 5. InvariaRt double-differential cross sections
   for inc}usive rrOrrO productioR. The first

   error indicates the statistical error aRd the

   second one is the systematic error

M [GeVlc] Cross sectlon [pblGeV" • c6]

2.55

2.65

2.75

2.90

3.l7

3.63

(8.38Å}O.34Å}e.6o)xlo4

(5.81Å}O.26Å}O.85)Å~lo4

(3.99Å}O.20Å}O.8s)Å~lo4

(2.54•Å}O.ll i O.29)Å~lo4

(9.28 itO.42Å}l.22)xlo3

(1.87Å}O.14Å}o.14)Å~lo3
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tlae previous subsection, we include in Tab}e 5 the ambiguity of the fitting procedure for

the zO mass specta. In Fig. 25, the error bars indicate the quadratic sum of the

statistical and the systematic errors in Table 5.
    The Monte-Carlo simulation for inclusive zOrrO production has been carried out

with PYTHIA andJETSET in the LUND Monte-Carlo simulation package. As the
distribution functions ofpartons, the Duke-Owens (DO) Set 123 has been used. The

functions of valence quarks and gluons in this model are written as

         x(uii+dv)=1.874xO'"i9(1rmx)3'`6(}+4.4x), (4s)

         xdv =2.77sxO'763(1 rmx)4, (49)
         xG=1.564(l-t-9x)(l-x)6, (50)
where x is the Bjorken's x (momentum fraction) and uu, du and G indicate t}ie
distribution functions of valence u-quark, valence d-quark and gluon, respectively.

The sc distribution ofthem are shown in Fig. 26. In the present experimental condition
(V?L=:19.ig GeV and M' =2.0--4.0GeV!c), the Q2 dependence ofdistribution functions

can be ignored.

    The following partonic processes have been taken into account to reproduce the
data.

       g+e'--"yg+g', g+e---'e'+gM') g+g-'g+g

       9+ di-g+ 7, q+ 9-' 7+ 7) 9+gM-"g+g
       a+g'e+x g+g--'e+e-, g+g--'g+g

In the present experimental condition, the partonic processes,

       g+e"g+g') a+g-'e+g, g+g-g+g,

are found to contribute to about 900/o of all desected events.

   The results ofthe Monte-Carle simulation are shown in Table 6 and Fig. 25. The

values of the cross section from our experimentai data and those from the Monte--Carlo

results are found to be consistent.

   The validity of the LUND fragmentation model with Duke-Owens Set 1 as the
parton distribution functions in this energy region was also demonstrated in other

      "I-able 6. InvariaRt double-clifferential cross sections for inclusive nOrrO production

              from the Monte-Carlo results using the Duke-Owens Set l. The first
              error indicates the statistical error and the second oRe is the systematic

              error

M' [GeV!c] Cross sectlon [pbfGeV` + c6]

2.55

2.65

2.75

2.90

3.i7

3.63

(7.80Å}O.22 LO.28)Å~ lo4•

                4(5. l2Å}O. 16 --S- O. 16) X IO

(3.55Å}O.13Å}e.11)XIO`Y

(2.14the.07Å}o.o6)Å~lo4

(8.02Å}O.26Å}o.2o)Å~le3

(1.71Å}O.esÅ}o.o7)Å~le3
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"rable 7. InvariaAt double-dlfferentiai cross
sections for inclusive multi-7 pair

the statistical error and the second one

indicates the systematic error

M' [GeV!c] Cress sectlon [pblGeV" • c6]

(3.51Å}o.o2Å}e.6s)xlo6

(2.54Å}e.o2Å}o.47)Å~lo6

(1.70Å}O.OlÅ}O.32)xlo6

(1.I7Å}o.olÅ}e.22)Å~lo6

(7.82Å}O.e7Å}1.4s)Å~lo5

(5.22 l O.06Å}O.9g)xlo5

(3.45Å}O.04Å}O.66)Å~lo5

(2.33 Å} O.o3 Å} o.4s) Å~ le5

(1.64Å}O.03Å}e.32)XIOS

(l.05 ri e.02Å}O.21)Å~105

(6.80Å}O.l6Å}1.3s)Å~104

(5.eOÅ}O.14 t l.Ol)Å~}o4

(3.18Å}O.leÅ}o.6s)Å~lo4

(2. 18 th o.os Å} o.46) Å~ l e4

(1.42Å}O.o6Å}e.3e)Å~}o4

(1.09Å}O.06Å}O.3o)Å~1o4

(6.57 t O.30Å}1.86)Å~103

lki"k,
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   cross section for iRciusive multi-7
   pair production is compared to the
   Monte-Carlo results with the Duke-
   Owens Set 1.

experiments. For example, NA22 at CERN which measured cross sections for
inclusive rrO production at V( =2I.7 GeV24 and NA24 at CERN which measured cross
sections for the direct photon production and the TO production at v( = 23.7GeV2J"

showed that the measured cross sections were consistent with their Monte--Carlo
simulations.
    NA24 measured cross sections for inclusive nOrrO production at V[;= 23.7 GeV26.

The results of the present experiment have been compared with the results of NA24.

The two experiments give almost consistent results.

5.1.2 Inclusive Multi-y Pair Production
    The invariant double--differential cross section for inclusive multi-7pair producÅíion

has been derived in the M' region between 2.0 GeVlc and 4.0 GeV/c and in the region of
lpT'l<1.0 GeVlc. The results are shown in Table 7 and Fig. 27. The tota} amount of

the beam particles is 2.42Å~IOiO. The systematic uncertainties, which rnainly come

from the ambiguity in the estimation of the reconstructien efliciency, is around l60/o.

The overall normalization uncertainty, which is not included in this tab}e, is about

l30/o. In Fig. 27, the error bars indicate the quadratic sum of the statistical and the

systematic errors in Tabie 7.
    Using the same Monte-Cario resu}ts as in the case of rrOrrO events, the invariant

double--differential cross section for inclusive multi-7pair production has been obtained.

The rcsults are shown in Table 8 and Fig. 27. The values ofthe cross section from our ,
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Tabie 8. Invariant double-differential cross
   sections for iRclusive multi-7 pair
   production from the Monte-Carlo
   results using the Duke-Owens Set 1.
   The first error indicates the statistical

   error aRd the second one indicates the

   systematlc error

1

iiil

o

ili5

lnclusive multi-'>t pair produetton

sectioR [pblGev4.c6]

$ qq -> qq (M.C, DO set1)
qg --> qg (M,C.)

99 di gg (M.C.)

M' [GeVfc] Cross

ii1! (4.89Å}e.o4Å}o.sl)Å~lo6

(3.02Å}O.03Å}O.31)Å~lo6

(1.84,Å}O.02 l O.I8)Å~lo6

(1.l5Å}O.elÅ}o.m)xlo6

(7.26 t O.llÅ}O.73)Å~lo5

(4.58Å}e.08Å}o.46)Å~lo5

(3.ooÅ}e.o7Å}o.3o)Å~le5

(1.96Å}O.05Å}O.20)Å~lo5

(1.29 l O.04Å}O.l3)Xlo5

(8.46Å}O.3} ! O.86)XIO`

(5.65Å}O.24Å}e.ss)Å~lo4

(3.81Å}O.lgÅ}o.4o)Å~le4

(2.56 ltO.l5Å}O.28)Å~lo4

(1.75 l O.12Å}O.20)Å~lo4

(}.19Å}e.leÅ}O.13)Å~lo4

(8.63Å}e.s2Å}l.7s)Å~1e3

(5.I7 t O.4tlrÅ}1.12)Å~!o3
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           J4                  [GeV/cl
          Mt
The contyibutions of gluon-gluon,
gluen-quark and quark-quark scat-
terings to the inclusive multi-7 pair

productien obtained from the
Monte-Carlo simulation with the
Duke-Owens set 1. The error bars
indicate the statistical errors.

experimental data are consistent with those from the Monte-Carlo.

    From this Monte-Carlo simulation with the Duke-Owens Set l, contributions of
gluon-gluon, gluon-quark and quark-quark scatterings to the multi-cr pair production

have been obtained as shewn in Fig. 28. The contributions are around 400/o (gg), 400/o

(gq) and 90/o (qq) in the region ofM' beÅíween 2.0GeVlc and 4.0GeV/c. Therefore,

gluon-gluon and gluen-quark scatterings can be considered as main partonic processes

in our experimental condition.
    The EHLQ Set 127 is another set of the typical parton distribution functions.

This parametrization was originally proposed in order to investigate elementary particle

reactions in the TeV energy region. The Monte-Carlo simulation with the EHLQ Set
1 was also perfermed for inclusive multi-7 pair production (Appendix A). The
difference from the Duke-Owens Set l in the ebtained cross sections is approximately
60/e.

5.2 Results ofALL for Inclusive Multi-y Pair Production
    The relation between ALL and the numbers of events is given as

         ALL-= S. .D.•XffiX} (si)
The quantities, APs, are the normalized event rates measured in the same (+ +) and
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opposite (+ -) helicity combinations ofbeam and target protons in the center ofmass

frame. The PB is the beam polarization and the PTis the polarization offree protons in

the target material. The D indicates the dilution factor as explained in Section 2.2.1.

The ALL values and their statistical errors have been derived run by run with the
following formulae for each M' bin. For the positive target polarization,

                D N++-M-Fx                               , (52)         ALL=              PBPT IV-+- -i- + N- + sc

                 D 2x         AALL-p.p.rm/N-,nv+AJ-+sc)

For the negative

     ALL=

     AALt. -

  N+ +M+
target polarization,

 D Aimm-x-N-fr-

N..+N-++N-,-+ N-+( A.X )2 (53)

P.IPTI

   D
N- -x+N+-)

    2sc
wr(Nrmx+N+ww)

(54)

P.IPTI

MmAr+"
Nm -+N+ ww +Nww wwN+ -( AxX )2

(55)

Here,

         x== XiS ff,; and (A.X )2= Nb,i. rm (l +-li-)) • (56)

and

         D :dilution factor
         PB : beam poiarization
         iPT : target polarization
         Nbeam+ : amount of beam with positive PB

         Nbeam : amount of beam with negative PB
         IV++ : number of events with positive PB and positive PT
         N+ww : number of events with positive PB and negative PT
         Nr+ : number of events with negative PB and positive PT
         N- : number of events with negative PB and negative PT
    In order to study the systematic bias and to perform the run selection, false ALL

values have been derived for each run using the unpolarized region of the beam. In
this case, the polarity of the snake magnets has been used in stead of the helicity of the

beam proton. The false ALL should be zero if there is no systematic drifts in the

apparatus and no systematic geometrical bias. The discrepancy of the false Afz from

zero has been calculated using the formula as

         x2,..?(.2tikllwaALIf`'e)2, (s7)
where the summation is made over all four M' bins. The x2 distribution is shown in

Fig. 29. We selected the runs with x2<40.0.

   After the run seiection, the average values ofALL have been derived with thePT' cut
(IPT'I<I.OGeV/c) as shown in Table 9 and Fig. 30. The error bars include the
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9. The yesults of ALL with lpT'1<l.O Table le. [lrhe results of false

   GeVlc [p T'1<1.0 GeVlc
ALL with

M' region
 [GeVfc]

Number of
  events

ALL V6   .reglon
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Number of
  events

False ALL
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2.4-3.0

3.0--4.0

12,488

8,ll8

8,71e
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proton A

proton B

x

b

a

b

Aab
o
AabaLL

c

B

d

c

D

       }D

                                                                (58)                                           t' c       •Xa,b,,,df pPha5t,O,",p..elff(x., 2 )fB (xb, Q )D, (z,, Q )Dd (cd, <Z )d{fifr ldt '

ThefAa indicates the distribution function of the parton a in the proton A and the AIAa is

its spin dependent distribution function. The a"LaLb is the doubie-helicity asymmetry for

the partonic process between a and b28. The amplitude of a"LL as a function of the
scattering angle, 0, is shown in Fig. 33. The D,C indicates the fragmentation function

of the parton c into the final state C. The summation is carried out for all the
configurations of a, b, c and d. The integration is carried out in the phase space of

partons.
    The Duke-Owens Set 123 has been used as the distribution functions ofpartons and

the Car}itz-Kaur mode128'29 has been used as the spin dependent distribution functions

ofquarks. Concerning the gluon polarization, six types ofthe models i5,i6,i7,i8,i9 have

been considered.

   The parton distribution functions in the Duke-Owens Set 1 were described in Eqs.

48, 49 and 50. According to the Carlitz-Kaur model, the spin dependent distribution

functiens of valence quarks in a proton are written as

         Auv= [av--g-dv] cos 20 and (59)
                 l
         Adv =rm -irdvcos 20 with (60)
                        1         COS 20== i+o.os2(1 rm .)21va, (61)

      Fig. 32. The parton picture ofhard collision ofpretons. The partons a and b
             collide and create the partons c and d following by fragmentation
             processes, D,C and DdD, to produce the final states C and D.

statistical ones only. The measured ALL values are consistent with zero.

    The false ALL ofall selected runs is also evaluated. The results are shown in Table

IO and Fig. 31. The error bars indicate statistical ones only. These values are a}so

consistent with zero.

5.3 Theoretical Calculatiens ofALL
    Based on the parton collision model as shown in Fig. 32, the formula ofALL is

wrltten as

  ALL =
                                                            A    "Er.,b,,,df Ph"r.gO.", ...Af4a(x., Q2)AfB'(scb, Q2)D,C(c,, 22)D,D(g,, Q2)a".a.bd6"b/dt
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                  "Å~Fig. 33L Thedouble-helicityasymmetry,aALL, Fig. 34. The polarization dlstribution of
       of the partonic processes, g+g-g valence u-quark and d-quark ob-
        +g, e+g'g-l-g, g+gm'e+eaRd qmF tained from the Carlitz-Kaur rnoclel
       g'--+g+g'. with the Duke-Owens Set l.
where Auvand Advindicate the spin dependent distribution functions ofu-quark and d-

quark in valence components, respectively. The graphs of Auvluv and Advldy are
shown as functions ofx in Fig. 34. In this model, sea quarks are assumed to be
unpolarized.

    The model fermulae ofthe gluon polarization, AGIG, are listed in Table l1, and

the numerical values ofthem are shown as functions ofx in Fig. 35. In all the models

other than (v) and (vi), AG's are parametrized by adopting Duke-Owens Set l as the
spin averaged parton distribution. In the model (vi), KMRS Bm30 is adopted for the

same purpose. In the model (v), EHLQ Set 127 is adopted. Among many sets of

parton distribution functions, Duke-Owens Set I has been chosen in order to set up the

common conditions except for the shape of ACIG.
    For the numerical evaluation ofAu. we have used the data of muiti-7 pair events

generated in the LUND Monte-Carlo simulation to perform the summation for ail

                           Table ll. riGIG models

AGIG Author(s) Reference

(i)

(ii)

(iii)

(iv)

(v)

(vi)

x

l2.sx(xKO.e8)
l.O(x>O.08)

5x(xKO.2)
1.0(x>O.2)

I6.3xO"(1-x)
 1.564(l+9x)

22x(l-x)ie

6.2osxO•6(l-x)U

G. Ramsey
G. Ramsey

E.L. Berger

G. Altarelli

Z. Kunszt
T. Morli, S.

and D. Sivers

and D. Sivers

and J. Qiu

and WJ. Stirling

Tanaka and T. Yamanishi

[15]

[15]

[16]

[17]

[l8]

[l9]
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       Fig. 35. The models ofZIGIG used in the ALL calculations, (l) from Refi 15, (ii)
              from Ref. I5, (iii) from Ref. I6, (iv) from ReÅí 17, (v) from ReÅí l8 and

              (vi) from Refi l9.

parton configurations and the integration ofthe parton phase space. For each Monte-

Carlo event, expected ALL value has been calculated using a"fz and the parton
distribution functions (Duke-Owens set }, the Carlitz-Kaur model and each AGIG
model). The average has been obtained. The results are shown in Fig. 36.
    The histogram in Fig. 37 shows the x distribution ofgluons which contribute to the
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36. The theoretical calcuiations of ALL
    compared with the present results.
    The AGIG functions, (i), (X), (iii),
    (iv), (v) and (vi), are used for the
    calculatlons.
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             Å~
 The x distribution of gluons which
 contribute to the multi-7 palr pro-
 duction, obtained by the Monte-
 Carlo simulation with the Duke-
 Owens Set l.
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multi-7 pair production, obtained by the Monte-Carlo simulation. Since the
contribution ofgluons is larger than that ofquarks in 2.0< M' <4.0 GeVlc as mentioned

in Section 5.I.2, the gluons in the region ofO.05KxKO.35 play an important role in our

measurement of inclusive multi-7 pair production and its asymmetry. As shown in
Fig. 36, the AGIG models (i) and (vi) are consistent with our results. On the other

hand, models like (ii) and (iv) are not consistent.

    The theoretical calculations ofALL with EHLQ Set 1 have been also carried out

(Appendix A). The results of the theoretical estimations ofALL using EHLCI} Set l

have similar tendency with those using Duke-Owens Setl.

5.4 Conclusion
    The measurements ofthe cross sections for inciusive rrOrrO production and inclusive

multi-7 pair production have been presented. The invariant double-differential cross

sections for those interactions are consistent with the results of the LUND Monte-Carlo

simulation.

    The ALL for inclusive multi-7 pair productien has been derived. The values are

consistent with zero. The ALL values presented here are sensitive to AGIG in proton.

By comparing our results with the theoreticai caleulations, we set a Iimit to the shape

and the magnitude ofAG/G in the region ofO.05:{l;xf{gO.35. The experimental resuits

are not consistent with the models which assume large AGIG around this x region.
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                             Appendix

           A Monte-Carlo simulation using EKLQ Seta

    The EHLQ Set 1 is one ofthe typical sets ofparton distribution functions. In this

appendix, the resu}ts of the Monte-Carlo simulation with the EHLQ Set 1 are shewn.

                         EHLQ Setl

                       s
                        t
                      2.S

                      ,lE

                        ExG
                       iE Å~

                      o,s                              xuv                               xdv I
                             x9                      e.e e.1 o,2 o.j o,4 o,s e,6 e.7 o,e e.g 1

                         sX
      Fig. 38. The distribution functions ofvalence tt-quark, valence d-quark, strange

             quark, sea quark and gluon from the ENLQ set 1.
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The distribution functions ofvalence quarks and gluons in a proton in the E}IL{;I} Set 1

are shown in Fig. 38. The model functions are given as

          xuv =l.78xe'5(l -xi'5i)3'5, (62>
          xdu=o.67xe•4(i-xi'5i)"'5, (63)
          xG=(2.62+9.l7x)(l-x)5'90. (64)
    The Monte-Car}o similation with the EHLQ Set I has bean done in the same way
as tliat with the Duke-Owens Set 1. The results are shown in Fig. 39. Tlae Monte-

Carlo results well reproduce the data.

    The theoretical calculations ofALL with the EHLQ Set 1 have been studied in the

same way in the main text.
    As shown in Fig. 40, these results have sirnilar tendency as the Duke-Owens Set 1.
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