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                             Abstract

   The total cross section of multi-hadron production for the e+e- annihilation and the R

ratie at VY:T-r50 and 52 GeV have been measured with an accuracy of7O/, with the VENUS
detectorin TRISTAN. The reszilts are consistent with the predictions basing on five known

quarks of u, d, s,cand b. The production of the open top quark is excluded with the con-
fidence level of950/,. The Weinberg angle ofsin2 eir evaluated frora the R ratios is O.26ti

e.o4Å}o.o6.

1. INTRODUCTEON
    In the last two decades, the standard model which can describe the properties

of the elementary particies and the fundamental interactions has been developed in

the framework ofSU(3)..i.,<g)SU(2)L(E9 U(I) model with the quark parton picture [1,

2], and k has been found that the standard model can explain many experimental
results without any contradictions. Among these experiments, the experiments on
the electron positron annlhilation have played an important role not only for the

development of the standard model but a}so for the discoveries of new quarks and
leptons. The first success!on of the e+e- collider is the discovery of the very narrow

resonance named flth at SPEAR in 1974 [3] at the same tirx}e as the dlscovery of the

narrow e+e- resonance in the 30 GeV proton-nucleus collision at BNL [4]. It was

interpreted as the bound state ofa new fourth quark-ant!quark pair named charm (c)

which had been predicted by the GIM inechanism [5] based on the unified electro-

weak theory. Subsequently, a pair production of Rew heavy lepton named r was
discovered at SPEAR in 1975 in anomalous e-pt events [6]. T was interpreted as a

sequential lepton with its neutrino y. from the conservation }aw of Iepton numbers.
Then the new resonance called r was found in the pt+pt-" pair production at FNAL in

l977 [7], and it was soon established with its exlted states at DORIS in 1978 [8].

They were interpreted as the bound states ofa new fifth quayk-antiquark palr named

bottom (b).

    From these discoveries and subsequent studies of their decay processes, the idea
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of the generation and mixing were estab!ished to understand the weak interactions of

quarks and leptons. Known 6 leptons and 5 quarks are classified into 3 generaÅíions

as (v,, e), (yp, At), (ti. T) for leptons anel (zt, d), (c, s), (b) for quarl<s. In spite of

continuous searches with e"e- colliding machiRes such as SPEARIDORIS and PE']]RA/

PEP, the top quark expected to belong to the same .cre.neratlon of the b quark has not

been found [9].
    With e+e'- colliding machines, "te can test the existence of the new quark and/or

the validity of the standard model by measuring the total cross section of multi-
hadron production for e+e' annihilation. Accorcling to tke standard model, a e+eM"

pair annihilates into r or Ze, then they are converted into a quark-antiquark pair.

The quark and antiquark are fragmented into muiti-hadrons, Therefore, the cross
section of multi-hadron production depends on the number of quark flavors.
However, this cross section has the 11s (szaT=(CM energ")2) dependence. The fol}owlng

R ratio which is almost free from tke s dependence was introduced,

         Ri!!io(e+e--e-(r/ZO)*.hadrons) (1)
                      apoint

           =:Z3Q.:Å~(l+CQcb)Å~(1+Crveak)) (2)
              f
with

4rra2
ffpeint = 3s '

where ap,i.t represents the point like Q.L'D cross section of fermion pair production.

Q, is the quark charge norrnalieed by Ie l . 'I]he factor X, 3QZ is expected from the

naive colored quark parton model. r]rhe factors 1+CQcD and 1+Civ,.k are the cor-

rection factors by QCD and the weak interactions, respectively.

    If the top quark having the charge of 2/3 Å~ le l exists, the R ratio should increase

by about 3 Å~ (213)2 ==413 from the vaiue which is expected lfom the productlon of the

five kneNsrn quarks. The R ratio has been measured extensive{y with SPEARIDORIS
and PETRA/PEP up to Vl =-:46.7 GeV, and is about 3.8 which agrees wlth the expect-

ed value with five quarks. These results show no indication of the existence of the top

quark in this energy region.

    In the energy region above 40 GeV, the e+e- annihilation inte Ze becomes ap-

preciable, so that Cm,.k is expected to be O.2. ti'his gives a chance to measure the

Weinberg angle sine e;y which determines the weak coupling of quarks and Ieptons,

as wlil be discussed in Section 4.3.

    In order to search the top quarl< and to develop the standard model in the worlcl

highest energy region, a 30 GeV+30 GeV e+e"" col}iding machine called "TRISTAN"
[1O], which stands for Transposable Rlng Intersecting STorage Accelerator ln Nippon,

was constructed at KEK (NLHEP: National Laboyatory for High Energy Physics)
inJapan. I;ig. 1 shows the layout ofTRISTAN. Three detectors called VENUS,
TOPAZ and AMY were also constructed at the long straight sections.
    TRISTAN sttcceeded to make e+e- collisions at 25 GeV-f-25 GeV in Novcmber
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Fig. I. Layout of E]RISTAN

l986. The experiment started in January !987, then !n June 1987, the energy of

TRISTAN !ncreased up to 26 GeV+26 GeV.
   This paper re.ports the results of the measurement of the total cross section of

multi-hadron production with the VENUS detector at V'-3-=50 and 52 GeV.

2. APPARATUS

2.1. 'I'RISTAN

   TRISTAN consists of three accelerators. Positrons are produced by a 200 MeV
electron linac and acce}erated by a 250 MeV positron linac. Then positrons are fed

into the 2.5 GeV linac (LINAC used for KEK Photon Factory). "I'he positrons of

2.5 GeV are injected into the Accumulation Ring (AR; 8 GeV syRchrotron) and
accelerated up to 7.3 GeV, and fed into the Main Ring (IMR; 30 GeV synchrotron).

Electrons are accelerated up to 2.5 GeV by LINAC and injected into AR. lrhe
eiectrons are also acce}eratecl up to 7.8 GeV and fed into MR. Finaly electrons and

positrons are acceierated to the final beam energy. A typical filling time te MR is

30 minutes,

   MR is 3 km in c!rcumference and has four long stra2ght sections of 193 m where

the h2gh power RF stations are }ocated. The bending radlus R is 246 m, so that the

synchrotron radiation loss is rather high. Therefore, the energy spread of beams aE

expressed as

        aEIE == O.857 Å~ lO'-3Å~ Eb,..(GeV)IR(cm)
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amounts to 49 MeV at 30 GeV.
    "I'RISTAN is designed to accurnulate the electron and pos!tron beams of IO mA,

and is expected to provicle the luminosity of

         L f ts 2 Å~ 1031 cm-'2 sec'"1 .

At present, the beam current is lower than the design vaiue due to the beam in-
stabil!ty in MR and limits our luminosity. During the data taking run of the present

experlment, the average luminosity was

         Lfu 4Å~10se cm`-2 sec-i. '

2.2. VEN"USDetector
    The VENUS detector, which stands for VErsatile Nlhep and Universities Spec-
trometer, !s a general purpose magnetic spectrometer with electromagnetic calorime-

ters [l1]. Its main features are to have a large angular coverage both for charged

and neutrai particles wlth good spatial and energy resolutions and to be constructed

with well established technlques. As is shown in Fig. 2, le consists of a inner chainber,

a central drift chamber, outer drlft tubes, time of fiight counters, a superconducting

solenoid, Iimited streamer tubes, Iead glass and liquid argon calorimeters, muon
chambers and luminosity monitors. The inner chamber, central drift chamber and
outer drift tubes are used 'for tracking the charged particles and for measuring their

momenta. The Iead glass and liquid argon calorimeters are used to measure the
energy of electrons and gammas in the Iarge angles and forward angles, respectively.

    In this analysis, the z axis is chosen to be the direction of electrons, and the

direction ofx axis is chesen in tbe outward direction from MR.

    I. Beampipe
       The bearn pipe is made of 3 mm thick aluminum having a inner radius of

        ZZ"'vaY//,,',,,,"'tlllEllilllsSwoie)mhi.,ma,r,,,.,,,,,-t,.in/,:ii;gi;;;i.llill;\il.tin/,ew-:{ii,,,,,,l-\lililililiRvaxZi-}iZMiZiZ,::txdlli/llD`,f/7e,,cbi,,lili,iiiii,,

                     Fig. 2. Side view ofthe VENUS detector



       TO'lrAL CROSS SECTIONS OF MULTIHADRON ?RODUCTION 5
                     FOR e"e- ANN!HILATION

   90 mm. The vacuum at the interaction point has been kept below IO-8
   Torr.
2. Inner chamber (IC)
   The inner chamber (IC) is a cylindrical multiwire drift chamber of 6 layers.

   The inner and outer radli are iO and 25 cm, respectively. The length is l60

   cm. The anode wires measure the r-Åë coordinates and the cathode pads
   measure thezcoordinates. The HRS gas (Ar(890/,)ICO,(lee/o)ICH4(10/o))
   is fiIIed ln the chamber. The cathode pads of l8 ptm thick copper are plated

   on a Kapton sheet of 125 ptm. These Kapton sheets are glued on the "paper

   honeycomb" cylinder in order to mlnimize the multiple scattering and pho-
   ton converslon in the charnber. The signals from cathode pads are amplified

   by pre-amplifiers placed on the end plates and are latched by discriminators

   in the TKO [12] (Tristan Kek Online) box. By using the "Memory Look-
   up Table", the combination of signals generates a fast z-trigger signal for

   se}ecting the events originated from the inteyaction points. This fast z-
   trigger ethciently rejects a large amount of backgrounds such as the beam-gas

   interaction and cosmic rays. The detaiis of IC are given in ReÅí [i3].
   However, during the period of the present experiment, the fast z-trigger was

   not operated because of the heavy background from the halo beam around

   IC.
3. Central drift chamber (CDC)
   The central drift chamber (CDC) is placed outside the inner chamber [i4].

   CDC is the cylindrical multiwire drift chamber wh2ch has 20 Iayers of axlal

   wires for measuring the r-Åë coordinates and 9 Iayers of stereo wires. The

   stereo wires have an angle of 3.30 witk respect to the z-axis for measur!ng

   the z coordinates. The inner and outer radii are 25 and l26 cm, respectively.

   The length is 300 cm. The chamber is filled by the HRS gas. In the range
   ofpolar angles from 400 to 1400, twenty r-Åë coordinates are measured along

   each track. Both the inner and outer cyiinders are made of CFRP of 1 mm
   and 5 mm thick, respectively. The end plate is a 2.l cm thick aluminum
   disc. The anode wires are SO ptm-Åë tungsten wires piated by gold, whiie the

   potential wires are 14•O pam-Åë molybdenum w!res plated by gold. Two axial

   layers and one stereo layer are corabined into one group. A pair of axial
   layers are staggered by a halfof the cell wTiclth. These staggered iayers are

   used to solve the left-right ambiguity within one group. Signals from anode

   wires are amplified by pre-amplifiers placed on the end plate and transmitted

   to the discriminators and TAC-ADC system on FASTBUS [l5]. Signals
   from the discriminators are also fed to the track-finder module on FASTBUS

   and used to generate a fast r-Åë trigger signal by the aid of memory look-up

   tables. The spatial reso}ution of this system was evaluated to be about 200

   ptm from the measurement of cosmic rays. The momentum resolution was
   found to be ap!P=V(lo/,)2+(o.6o/,xp(Gevlc))P• at B =7.5 kG from the
   measurement of Bhabha scattering, where P is the momentum of the particle
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   in the unit of GeVlc.

4. Time of flight counter (TOF)
   The time ofgight counter system [l6] for particle identificat2on consists ef96

   plastic scintillators ef KYOWA SCSN-23. Each scint!Ilator is v!ewed
   through a light guide by phototubes (HAMAMATSU H1949) at both end.
   The counter size is IO.8 cm wide, 4.2 cm thick, and 466 cm long. These
   counters are mounted on the inner wall of the superconducting solenoid at

   the radius of l66 cm from the beam axis. Signals from phototubes are
   transmitted to the discrimlnators and TDC-ADC system in the TKO box.
   Th!s system ls monitored by a }aser calibration system. At the present stage,

   the time resolution of this system is about 400 psec from the measurement of
   the pt pair production. rcÅ}'s and protons below l GeV/c are clearlyidentified

   as shown in F!g. 3. The time reso}ution is being improved by using the
   inforrnations ofpulse heights measured by ADC's. Signals from discrirnina-

   tors are also {'ed to the trigger decision module on FASTBUS iii order to

   eiiminate the cosmic ray background by setting a time window of l50 nsec
   after the beam crossing t!me. The detaiis of the TOF system will be described

   in Appendix A.
5. Superconductingsolenoid
 ' A superconducting thin solenoid magnet was employed to produce a uniform
   magnetic field of 7.5 kG in a volume of 3.4 m in diameter and 5.2 m in Iength

   by keeping the coil as thin as possible to minlmize the energy losses of par-

   ticles through the coil [!7]. The thickness ofthe solenoid magnet including

   the enc}oser is 20 cm, while the effective thickness ls O.64 radiation iengths.

   The coil is made ofsuperconducting cables which contain a Nb-Ti!Cu multi-

   fiIamentary superconducting composite in a pure aluminum stabilizer. The
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    coll is supported not by a bobbin but by a case outside the coil winding.

    The magnet is cooled by the two phase helium fiow in the cooling path made

    in the coil case. The magnetic field is uniform within l9/. in the volume

    of CDC. The leakage field outside the coil was measured to be less than 35

    gauss.
6. Barrel lead glass calorimeter (LG)

    The barrel lead glass calorimeter (LG) [18] is placed between the super-

    conducting coil and the return yoke to measure the energies of electrons and

    gammas. LG cevers polar angles from 370 to I430. LG is segmented into
    }20 in the Åë-view and 43 in the e-view, so that all together 5160 blocks of

    lead glass of NIKON SF6 are mounted in place. Each lead glass block
    is approximately pointing to the interaction region in order te reduce the

    systematic error of energy measurement due to the shower Ieakage into ad-

   jacent blocl<s. The slze oÅí each block is l2.0 cm wide, l1.6 cm high, and

    30.4 cm Iong having l8 radiation lengths. Each block is viewed by a 3"

    diameter phototube (RAMAMATSU RI9H) through a acryl Iight guide
    of6 cm long. A}1 counters are arranged to form 58 groups for the trigger
    purpose. The signals from 5160 counters are read out by 96 channel l2 bit

    AI)C's <LeCroy l880 system) on FASTBUS. Each ADC module consisting
    of 96 channels produces an analogue sum signal, then those sum signals are

    further summed up to give the tota} energy sum signal and the segment sum

    signals for 58 groups of the segments. These sum signals were used for the

    energy trigger iR the trlgger system. The energy resolution was evaluated
    to be eEfE=10/,+70/,IVE(Gev) from the measurement of the Bhabha
   scattering as shown in Fig. 4.

7. Endcap liquld argon calorimeter (LA)
   Two l!quld argon calorimeters (LA) for measuring the energies of electrons

   and gammas are placed between CDC and both endcaps of the magnet.
   Each calorimeter covers polar angles from 80(I430) to 370(l720). However,

   the construction of I"A was so delayed that LA was not operated during the
   period of the present experlment.

8. Muonchamber
   The muon chamber system [l9] consists of 6 layers of drife tubes interleaved

   with thick iron absorbers placed outs!de of the return yokes and it covers 84

    O/, of the w}3ole solid angie. Only a part of the system was installed during

   the period of tlte present experiment.

9. Luminositymonitor(LM)
   The lum!nosity monitor (LM) consists of 27 Iayers ofiead sheets and scintil-

   lators totaling 20 racliation lengths. The shape is cylinclrical, and the inner

   and outer radli are 7 cm and 24 cm, respectlvely. LM covers po}ar angies

   from 47 m radiaBs to 14•O m radians. Each calorimeter is divided into 8
   pieces in the ay-plane and back to back si.crkals in three dimensional space

   are used fer triggering the srnall angle Bhabha scattering. Llghts from
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       sclntiliators are collected by wavelength-shifter-bars at both sides of the

       scintillators and are guided to the phototubes ofHamamatsu R2114. Signals

       from phototubes are transmitted to 12 blt ADC's (LeCroy 1880 system) on

       FASTBUS. ']]he energy resoiution was evaluated to be aE/E==370/ol
       viE(GeV) frern the measurement of the Bhabha scattering.

2.3. TriggerandDataAcqui$ition
2.3.1. TriggerSystem
    IR the main ring, eiectrons and posltrons collide every lO ietsec, bnt the e+e- inter-

action rate is very low due to its very small cross section. An eMcient trigger system
is necessary !n order to select the events which originate from the e+e-- interactions, so

as to reject a Iarge amount of backgrounds such as beam-residual gas, beam-beam
pipe interactions and cosmic rays. The main features of our trigger system [20j are

the fast decision withln each beam crossing and the flexibility by using the memory

look-up tables. The following informations were available for the fast trigger system.

    (a) Trackinformations
        Tracks with P.y}trO.7 GeV are recorded ilt CDC by using the look-up table

        in the fast track finder (TF) modules which include 256 plece of 4 k-bit

        RAM's, where P.y is the transeverse momentum with respect to the beam
        axis [21].

    (b) Energy deposit informations
        r]rhe total energy deposit in LG and the energy deposit in each 58 groups

        ofLG segments. The thresholds for these energys can be set up at desired

        va}ues.
These tr!gger informations are combined by the following trigger conditions.

    [l]I : Tota} energy deposit of LG is greater than 5 GeV.

    T2: At least two tracks are recorded in CDC by TF and at least one of energy

        deposits in gyoups of LG is greater than O.7 GeV.

    T3: Two tracks having the angle within 100 each other in the ay-plane (back
        to back cenfiguration) and the two tracks hit the TOF counters.

    Digitizations in the electronics such as TDC and ADC are started by every
beam crossing signal. If none of above trigger conditions are satisfied, all digitizing

electronlcs are cleared automaticaily before the next beam crossing. If one of the

trigger conditions are satisfied, the trigger slgnai masks the next clearing signals.

With these trigger conditions, the lnformations from all the detectors are read by

the data acquisition system. The trigger rate depended on the beam condStions, and

was about 3 Hz on an average.

2.3.2, DataAcqulsitionSystem
    Signals from the front-end electronics are dlgitized by FASTBUS, CA]YIAC and

TKO modules. All together, there consist of l8k channeis of FASTBUS modules,
ik channeis of CAMAC moduies and llk channeis of TKO moduies. Ali the data
are transfered to If'ASTBUS memory buffers and read by an on-line computer of
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            Table 1 Summary ofdata taking run

9

Date Run number CM energy No. of triggers Integrated }uminosity

8711"-87i3

8715•N•87/6

8716--8717

264-" 478

510-- 692

704-vl076

50 GeV
50 GeV
52 GeV

l427707

i622098

4568560

 86 nb-i
 609 nb"i

2912 nb-i

VAXII-780 through the FASTBUS-VAX !nterface (VAX-FPI) [22]. A typical
data siee ls about 5k bytes per evene ancl it takes about 23 msec to read the C{ata into

VAXII-780. VAXII-780 is linked to the main computer of FACOM-M382 by
l km-long optlcal fiber cables. Tke data are transfered to FACOM-M382 wlth a
speed of 300k bytes per second and recorded on magnetic cassette tapes.

2.3.3. SummaryefDataTakingRun
    The data were collected in January and May, 1987, at V-Y ==50 GeV, then in

June at Vli :52 GeV. The summary of data taking run is seen in Table 1.

3. DATA ANALYSiS

S.1. BackgroundReeluction
    In order to reduce the background such as the beam-beam pipe interaction,
beam-gas interaction, and cosmic rays, at first we required the following condition

in the data reduction.

    i) ELG I}l 3 GeV,

       where ELG is the total energy deposit in the barrel lead grass ca}orimeter.

Fig. 5 shows the ELG distribution for ali triggered events. A large amount of beam

backgrounds and cosmic rays are reduced by this liLG;}tt8 GeV cut. The reduction
factor ofthis cut is abeut 3.0x10-2. The dashed line indicates the EL6 d!stribution

of the finally selected multi-hadronlc events. It shows that the ELG;})3 GeV cut is
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safe enough for the multi-hadronic events.

    In addition to the ELG>.3GeV cut, the following condition was required to
select the events.

    ii) Ntrack22,
        where .ZVtr.,k denotes the number of "track"s.

The pattern recognition was made to find the charged tracks in CDC for each events

[23]. A charged track satisfying the following conditions was accepted as the "track".

    a) The track must be reconstructed in three dimensions.

    b) Nhit-xy>-8and Nhit--rg24,
       where Nhit-.y is the number oÅíhits on axial wires ane Arhit-,, is that on stereo

         .       wlres.
    c) l d,ol nv< 3 cm and l d,ol f{I; 30 cm,

       where d,e is the radius and d,g is the z coordlnate at the closest approach to

       the beam axis.
    d) P.,}rO.2 GeVlc,
       because the particles wSth the momentum less than O.2 GeV!c move on a
       circle inside Åíhe magnetic field and can not pass through the magnet.

The distributions of .IVhit.-.y, Nhit-,,, d,o, and d,e for the finally selected multi-hadronic

events are shown in Fig. 6 and 7. It is seen that these conditions do not reject the
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wanted multi-hadron!c events.

    This Nt,.,k22 cut reduced a large amount of backgrounds from the beam-
beam pipe and gas interactions and and the cosmic rays which do not come from
the lnteraction point. The reduction factor of this cut is about 3.0Å~ 10-2.

3.2. Seleetion ofthe Multi-hadrenic Event

    The events which pass through the above two cuts still contained many back-
ground such as from the cosmic rays, Bhabha scattering, and tau pair productions etc..

Therefore, we required much severe conditions to the events se as to reduce the

background.

    i) Ngoodtrack)5)

       where Ngo,dt,ak deRotes the number of "good track"s.

       The "good track" satisfies the conditions of ld,ol :{:2 cm and ld,ol SI20 cm,

       which is much servere than the condition of c) in the previous section.

Fig. 8 shows the Ng,,dt,,,k distributlon of the remalning events after the background

reduction mentioned in the previous section. This cut also reduced a large amount
of loNv muitipliclty background such as the Bhabha scattering and tau pair production

etc.. The solld Iine indicates the results of the Monte Carlo simulation, and shows

that this cut eliminates only the small amount of the multi-hadronic events. The
numbers of the remaining events after the cut are 161 events at V3=:50 GeV, and

673 events at VT =52 GeV.
    Finaly, we require the foilowing condition which is sensitive to reject the two

photon background.
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    ii) Evis;}l Ebeam,

       where E,i, is the total visible energy and is defined as

          Evis !lll PcDc +ELG,

       where PcDc is the sum of momenta of all tracks measured by CDC.

Fig. 9 shows the E,i,!Eb,.,, distribution ef the remaining events after above cut. The

dashed line indicates the results of the Monte Carlo simulation for the multi-hadronic

events perÅíormed with LUND 5.3 [24]. The dot dashed line indicates that of the
Monte Carlo simulation for the two photon interaction performed by GVDM [25].
The details of LUND 5.3 and GVDM wi}1 be described in Section 3.3.I and 3.4.2.
The solid line show the sum ef these Monte Carlo events. The good separation can

be seen between the multi-hadronic events (right peak) and the two photon back-
grounds (left peak), so that the E,i,;i:Eb,,. cut removes the two photon backgrounds

well.

    The numbers of remaining events after the E,i,;;atEb,.. cut are 96 events at
Vl ==50 GeV, and 399 events at VT =52 GeV. Hereafter, these events which pass
these ELG, Ngoodtrack and Evis cuts are called the multi-hadronic events.

3.3. PetectienEff}ciency

3.3.1. DetectienEfficiency

    The detection efficiency of the VENUS detector for the multi-hadronic events

was calculated by the Monte Carlo simulation. The simulat!on of multi-hadronic

events is based oft the LUND string fragmentation model developed by the LUND
group. Their version 5.3 (LUND 5.3) was mainly used in this event generator [24].

    The differential cross section of quarl<-antiquark pair production by the anni-
hilation of electron-positren pair via one r!ZO is expressed as follows:

          go,g{e -- za,2xQz

          Å~[(I -l-cos2 e)-2QifiRe(x (s)){(v, v,) (l+cos2 e)+2(a, a,) cos e}

          +Qi2lx(s) l2{(vg+ag) (v:+aZ)(l+cos2 e)+8(v, a, v, a,) cos 0}] , (3)

with

         vf =2T,-6Qfsin2 ew, af =ur 2r3(f== e, g), (4)

         X(S) "= svGmm2F .. Å~ ,- M2S.tt'2f'M.r. ' (5)

where eis the polar angle of the producecl quark, r3 is the th!rd component of weak
iso spin. GF is the Fermi coupling constant. Mz is the mass of ZO, and .r'z is the

width of zO.

    The initial radiation process in which the hard r is emitted from the electron or
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the positron before the annlhilatlen, ls taken into account. The probability of this

r emission is expressed to be 6h.,d!(1+5), where 6h.,d is the hard-r component of

the radiative correction 1+6. (See Sectien 3.5 and Appendix B)

    LUND 5.3 includes the gluon emission process from the primary quark or anti-

quark so as to reproduce the 3 jets structure of multl-hadronic events observed at

PEP/PETRA [26]. The differential cross section ofthis process is written as follows:

         ld2a(qag) ... 2a, xr+x; , (6)
          ao dx,dx2 3rr (l-xi)                                 (1 -x2)

with

         oo(e"e- ---> gij)=Q:Å~4rra213s, (7)
           x, -m 2E,fVT ,

where xi and x2 mean the fractional energies of quarks.

    Then the quark and antiquark are hadronized according to the string frag-
mentation model. The energy fraction of produced quarks or antiquarks (x) is
parameterized by the symmetric LUND fragmentation function as fo}Iows:

         f(.) .. (iix)a ,.p (-b\?), (s)

where mt is the transverse mass of each quark. a and b are the parameters. The

transverse momentum pt of hadrons are also parameterized as follows:

          ,dpa? oc exp (- {;i?-' ). (g)

In addition to these parameters a, b, and aq, the parameter Y.i. [24•] called the mini-

mum scaied invariant mass are used in this model. These parameter are set to the

values which are determined by the PEPfPETRA experiments [27] as follows:

         a= 1.0, b =O.63, aa == O.37, and Y.i. = O.02. .

    The detector responses for the generated events by the above Monte Carlo pro-

gram were simuiated by the program "VMONT" (Venus MONTe carlo slmulator).
This VMONT lncludes the calculations of the electromagnetic interactions between
particles and detector material such as the ionization loss, r conversion into eÅÄe- pairs,

and bremsstrahlung. The drift times along the track of each particle in CDC are
calculated from the distance between the track and wire using the time-to-distance

relation. These dift time are used in the tracking pregram which finds the tracks of

the real events. The energy deposits in LG for electrons and gammas are also calcu-

lated by using the simulation program called EGS (version 4) developed at SLAC
[28]. Nuclear interactions between particles of the strong interaction and mater!als

are simulated by using the empirical formula developed by JADE group. The
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informations on the responses are recorded by the VDS (Venus Data Structure)
format which is used te analyse the real data, so that these Monte Carlo events can

be analysed by the same programs such as the event selection program etc.

    The simulated events reproduce well the distributiolts of real events as shown !n

Fig. !O, 11 and 12. Not only the distributions of var!ous qttantities which are used

in the event selection, such as ELG, Ng,,dt,.,k, PcDc and E,i,, buÅí also the distributien

Of Peharged (momentum of charged particles), E,t,,,t,, (cluster energy measured by the

Iead glass calorimeter), and the event shape parameters such as the thrust [29] and
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sphericity [30] etc, well reproduce those for the real events within the statistical error.

    The events which were generated by the above Monte Carlo simulation were
analysed by the eveRt selection program iR the same manner for the real events.
The efficiency was determined by dividing the number of selected events by the

number of generated events. The e'Mciencies are calculated to be

          e == 69.20/.Å}O.50/. at V-i" == 50 GeV, and

          e = 68.30/,Å}O.50/6 at V3 =: 52 GeV .

'I"ke errors are due to the statistics of the Monte Car}o simu}ations•

3.3.2. TriggerEfXciency
    The trigger eff}ciency for these selected multi-hadronic events were determined

by checking the trigger pattem of the real multi-hadronic events at VJ=:52 GeV•
Fiyst, all 899 multi-hadronic events were triggered by the condition of Tl in which

the total energy deposit in LG is greater than 5 GeV (see Section 2.3.l). The }ower

iimit corresponding to the 950/, confidence level of this trigger efficiency is 99.20/o.

396 multi-hadronic events among all 399 events were found to be triggered by the

trigger condition ofT3 in which two tracks recorded by CDC and TeF were collinear.

The lower limlt corresponding to the 95e/, confidence }evel of this trigger eMciency is

98.40/o. Since these two trigger conditions are independent each other, the lower

limit of the trigger efflciency for the seiected multi-hadronic events can be wrltten as

          1-(l-O.992) Å~(I-O.98<[,) x O.9999 .

This value shows that the trigger ineff!ciency is negligibly small.

3.3.3. Systematic Error oÅíthe Detection Efficiency

    In order to estimate the systematic error ofthe detection efficiency, the detection

ethciencies were ca}culated by generating the events with the different models such as

LUND 6.3 and the Webber models. LUND 5.3 is based on the perturbative QiCD
and the string fragmentation, while LUND 6.3 [3l] is based on the leading log parton

shower scheme and the string fragmentation. The Webber model [32] is based on
the leading log parton shower scheme and the cluster fragmentation. The difference

among these detectlon efflclencies was found to be less than 1.20/o.

    The detection eMciencies were also calculated by changing the set values of the

parameters such as a, b, aa and Y.i. within the appropriate va}ues. The dlfference

of the detection efficiency by these changes were quadratically summed up to give
one of systematic errors. The systematic error of this origin was found to be 4.50/o.

    F!nally, the systematic error due to the selection criteria for the multi-hadronic

events was estimated. The R ratios were calculated by changing the cut positions

such as 3 GeV for the ELG cut, 5 for the Ng,,dt,,,k cut and Eb,,. for the E,i, cut by

appropriate values. These variations of the R ratio were regarded as the systematic

errors due to the selection criteria in our simulation. By adding these varlations

quadratlcally, the error amounted to 5.00/..

    Then the systematic errors which depend on the models, parameters and selection
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criteyia were quadratically summecl. The whole systematic error of the detection
e'fficiency thus estimated amounts to 6.80/,.

3.4. BackgreundE$timatign
    In order to evaluate the total cross section of multi-hadron production via one
r/Ze annlhilation, the background contamination must be caret'ully estimated. The

background events due to the following origins were evaluated.

    (1) beam-gas, bearn-beam p2pe interactions and cosmic rays

    (2) two photon !nteraction
    (3) tau pair production

3.4.1. Beam-Gas, Beam-Beam ?ipe Interactions and Cosmic Rays
    7"he tracl<s of the events from the beam-gas, beam-beam pipe interactions and

cosmic rays do not come from the interaetion point (z==O), because they are not
produced by the e+e- interaction. These events are expected to be rejected by the

Ngoodtrack)5 cut which requ!res 5 tracks from the interaction point as was discussed in

Section 3.2. The following tests were made to estimate the contamination of these

background events in our finai multi-hadron!c events. At first, about the same
selection was applied by shifting the interact!on point z=O to the off centered position

ofz==25 cm. The number of the good tracks which come from around z==25 cm
are counted. The conditions for the good tracks of this kind are expressed the same

as the conditions for the multi-hadronic events. These are

Ngaodtrack25 With Nhit-xy) 8) Nnit--rx)4) d,eS2 cm, and

  I drl-25 i sl 20 cm .

Then, the ELG;)3 GeV cut and the E,i,;}i:Eb,.,, cut are also applied. Only ene
event remained after this test.

    In addition to this test, the z-coordinate of the vertex averaged over all tracks in

each multi-hadronic event was calculated. There is almost no tail beyond i d,ol ;)20

cm. Therefore, the contamination ofthese backgrounds is considered to be negligibly

smali.

3.G.2. TwoPhotonlnteractiens
    The Monte Carlo simulation described in Section 3.2. 2i) shows that the back-

groultd events from the two photon interaction possess a small E,i, as shown in Fig.

9. These events are expected to be rejected by the E,i,>-Eb,.,. cut• The con-
taminatien of the two photon interaction in the muiti-hadronic events was estimated

by a Monte Carlo simulation. In this simuiation, the following two models were

employed. The one is the generalized vector dominance mode} (GVDM [25]) and
another is the guark parton model (Q,PM [33, 34]). In the GVDM process, it was
assumed that a photon emitted from a positron (or electron) with a very smali angle

(quasi real phoÅíon) is converted to a vector meson (p, to, Åë, etc) and interacts with a

electron (or positron). Subsequently a quark-antiquarl< pair is produced. These
quarks are fragmented into twojets along to +z and -z direction, and then these
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    In order to test how the GVDM and QvPM processes can simulate the data, some
of simulated distributions were compared with those for the selected events wh!ch

satisfy above cuts. As shown in Fig. 14, 15, and I6, these Monte Car}o can well
reproduce the data. With this Monte Carlo simulation, the background contami-
nation after the multi-hadronic event selection can be estimated and found to be O.20/,

for the GVDM process and e.80/, for the QPM process.

3.4.3. TauPairProduction
    The tau pair productlon was also simulated by a Monte Cario simulation and
is shown in Fig. Il. The result shows that these events have a small number of
tracks and were well rejected by the 2Vg,,dt,,,k)5 cut. The contamination of tau pair

productien for the multi-hadronie events was found to be O.79/o.

    To check this contamination, thejet masses were also calculated for the selected

multi-hadronic events. It was found that the jet masses of tau pair production are

almost smaller than 3 GeV/e2. A number of events in which both jet masses are
smaller than 3 GeVl" were found to be 7 for the seiected multi-hadronic events,

while the Monte Carlo simulations gave 6 events (3 from tau pair production and
3 from 5-fiavor productlon of LUND version 5.3). This proves the vaiidity of the

Monte Carlo simulations.
    Finally, the total fraction of the background amounts to 1.70/o on an average.

3.5. RadiativeCorrection
    In addition to the lowest order diagram, the hlgher order centribution to the
multi-hadronic events via one r/ZO annihilation is expected from the electro-weak
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theory. Therefore, in order to obtain the cross section of multi-hadron production

via one rlZe and to obtain the R ratio from our measurement, the observed cross

section must be corrected by the facter so called "radiative correction" as 1/(l+6).

This radiative correction l+S is decomposed into four terms. These are

1+6 == 1 -l-6vac+6ver+Ss+Sh , (lO)

with 6,.,: vacuum polarization ofleptons ancl hadrons

     5ver: vertex correction

     6, : soft initial state radiation

     afi : hard initial state radiation.

The soft radiation means kySk.i. and the hard radiation means kmin<k7<kmax (k7=
E71Ebeam)• In this analysis, k.i. and k... were set to be O.Ol and O.99, respectively.

    6 was calculated by the method developed by Berends, Kleiss and Jadach [35].
In this calculation, the infra-red divergences of 6,,, and 6, are cancelled each other,

so that the exact values can be calculated. The leptonic part ofvacuum polarization

can also be calculated exactly. The exact expressions are given in Appendix B. For

the ca}culation of the hadronic part ofvacuum polarization and hard initial radiation,

the cross section a(s') for multi-hadrenic events at Iower energies is needed. The value

of6(s') was calculated by using the emplrlcal formu}a developed by the LUND group.
    Finally, 6 was calculated by using the parameters sin2 ew =O.225, Mz==92.6 [36]

and AMnvs =800 MeV [37] and amounted to

1+6 == 1.32 at vi i==50 GeV, and

l-i-6 == 1.31 at V-Ii-=:52 GeV .

    The systematic error of the radiative correction 1+S due to the uncertainty of
a(s') was estimated to be about IO/. by changing a(s') by 100/,. The systematic
error due to the parameters such as sin2 erv, Mz and AM-s was also estimated by chang-

ing them appropriately and amounts to about lO/o. It was pointed out that 6,,, can

be varied by changing the renormalization scherne ofBerends et al. The systematic
error due to this origin was estimated to be about 1.50/,. Adding these errors quadra-

tically, the systematic error of radiative correction 1 +S was estimated to be 20/o.

3.6. integratedLuminesity

    The luminosity was evaluated from the data of the large angle and small angle

Bhabha scattering measured by LG-CDC and LM (luminos!ty monitor), respectively.
A number of the small angle events was far iarger than that of the large angle scatter-

ing because ofthe characteristic of the angular dependence. The integrated luminosi-

ties calculated from both events agree with each other, however, the subtraction of

background and the accuracy of positioning caused a large systematic error for the

small angle events. Therefore, in this analysis, the integrated luminosity evaluated

from the large angle scattering was used to evaluate the cross sectlon and the R ratio

in the same way as done at PEPIPET:RA, because of the small systematic error.
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• Tlie Bhabha scattering events were selected as follows [38]: •
     i) Numbers ofhigh energy electrons (positrons))2
         where the high energy electrons (positrons) were required to have the
         "good track" within the an.crular range of lcos el :fg7.43 and to deposit the

         energies greater than Eb,..,13 in LG•

     ii) e,,,u(e+-e-M)f{:100

         where e.,,ii is the acoliinearity angle between the tracks of the high energy

         electron and positron.

    iii) Number ofgood tracks with P.s;}) I.O GeV is at ieast 2 and at most 4.

    Fina}ly, 306 and 1191 events remained after these cuts at V i = 50 and 52 GeV,

respectively. rhe integrated lumlnosity was evaluated by the following equation.
         '           '     tt          L,,.. NB(1+C), •(ll)
               eB(l+aB)aB

with NB: number of the seiected Bhabha events by the previous event selection

      eB : detection efflciency for the Bhabha events, which was estimated by the

          Monte Carlo simu}ation developed by Tobimatsu et al [39].

      as : cross sectlon ofthe Bhabha scattering, which was calculated by Tobimatsu

          et al [39].

     6B : radiative correction which Nvas aiso calcuiatecl by 'I"obimatsu et al [39].

     C : sum of the various correction factors.

C can be decomposecl as follows :

          C :Cbg+Ceey-l-CBrems-I-Cdead+C,niss

with

Cbg == -•O.50/o: correction factor due to the backgrottnd subtractlon

C,,y ={-!.30/o: correction factor which comes from the fact that the low energy
                 (ES;Ee,..,f3) electron (positron) is mis-identified as the high energy

                 (Ell}IEb,..,J3) electron (positron) due to the radiative r ln the e+e"

                 -e+e- r event.

CB,,ms ==-l•50/o: correction factor which comes from the fact that the high energy

                 electron (positron) losses its energy by yadiating Åíhe bremsstrah-

                 lung in the detector and is mis-iclentified as the low energy electron

                 (positron).

Cdead = +O•70/o: correction factor due to dead PMT's ofLG.
C,ti,, ==+O.40/o : correction factor due to the ineMciency of tracking.

    The values of the lntegrated Iuminosity thus evaluated are

          L == O.695Å}O.040Å}e.Ol8 pb-i at VH3+ x 50 GeV , and

          L== 2.912Å}O.084Å}O.075 pb-! at Vi ur 52 GeV ,

where the first and second errors are statisticai and systematic ones, respectively.
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The systematic error of the integrated luminosity amounts to 2.60/. by summing
up the errors from the correction factor (O.40/o) and the detectioR eMciency (2.50/o),

                                                  /
    '
4. RESULTS AND DISCUSSION
                                                  14.l. Tetal Cross Section of Multi"hadron Preduction and tke R ratio
                                                 '
    Experimentally, the total cross section of multi-hadron production was evaluated

from the measured events by using the following expression:

                                                '         a(e"e---e•(rlzo)*->hadrons)==-IYI'\filii9-i(iith+]sX)riL'g),' (i2)

                                                 ttwith Nh : number ofobserved multi-hadronic events
     fbg : fraction ofbackground
     e : detection eMciency
     }+S: radiative correction
     L : integrated luminesity <nb"Hi).

    Using the values given in the previous sections, the cross sections were eva!uated

to be as follows: '
         o. = l48 ltl7tl1 pb at V"l =50 GeV, and
                                                                 '                                              '         o. == I50S 9Å}li pb at V ; == 52 GeV ,

where the first error is the statistical error and estimated as a Å~ V lfNh+1/NB. The

second error is the sum of the systematic errors of 6.50/,, 2.00/o, and 2.60/. due to the

efficiency and background fraction, radiative correctien, and integrated luminosity,

respectively. ' The sum of these systematic errors amounts to 7.30/..

    Then the R ratlo is evaluated from these cross.sections of the multi-hadron
production, by us!ng the Eg. (l) and the foliowing value,

         up,i.t == 43n,a2 == ,(g6,'e,) (nb)• ' (i3)

                                                          '                                      '                                                            'The measured R ratio are

         R,, = 4.27Å}O.50rihrO.31 at VT = 50 GeV and

         R. == 4.68Å}O.27Å}O.34 at vi i = 52 GeV .

"I"hese vaiues are shown in Fig. 17 together with the data at PEP!PETRA [40] and

with the theoretical predictions with the five quarks. The R ratio including not only

the lowest order QED diagram but also the higher order QLCD contribution and
the lowest order electro-weak contribution can be expressed as follows:

          R == X3Q.ZÅ~(l+CQcp)Å~(1+Crveak)
              e
            == X 3Q: Å~ {1+C, a,(s) lz+C,(a,(s)lz)2}
              a
              Å~[1-2Q;i Re(x(s)) v, v,+Q.if2lz(s) l2{(vZ+aZ) (v3+aZ)}] , (14)
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Fig. 17. R ratio as a function ofthe CM energy

where {1+C! a,(s)/z+C2(a,(s)1rr)2} represents the correction factor

coeMcient C,== l and C,==l.986-O.ll5 N, in the Ms scheme [41].

ofexisting quarks (=5). a,(s) is given by

                                     12rr         as(s)

by <2tCD. The
IVa is the number

                                                              , (15)
                 (33-2N,)iog(slAk.)+6!gtgEiliiS(l!33-ndi9N2Vaiog(iog(sfAiifr,))

where AMrms is the QCD scale parameter in the Ms scheme [42]. v,, ve, a,, aa and x(s)

are given by the Eq. (4) and Eq. (5) in Section 3.3.1.

    Using the parameters sin2 e,v=O.225, Mz==92.6 [36] and AMms ==800 MeV [37],
the theoretical values of the R ratio with known five quarks such as u, d, s, c and b are

evaluated to be

          Rs, =4.31 atVr=5e GeV, and
          Rs, == 4.43 at V'i" =52 GeV.

The measured R ratios are consistent with the theoretical prediction with the pro-

duction of known five quarks.

4.2. TopCtuark
    The existence of the open top quark production was tested from our measurement.

The detection efBciency and the radiative correction for the top quark production
depend on the mass of the top guark, and are different from those for the five quark

production. However, the product e(l+S) is not so different from that for the five

quark production. Their values are evaluated by a Monte Carlo simulation and are

seen in Table 2. Considering the difference of e (1 -l-S) between the top quark pro-

duction and the known five quark production, the R ratio including the open top
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quark production is expected to be measured as

         R6,=:5.49 at V'3r =5e GeV for m,,p =24 GeV/", and

         .le6, == 5.61 at Vs == 52 GeV for mt.p == 25 GeV/".

In this calculation, the threshold effect is neglected. The QCD effect and the axial

coupling part of the neutral current are also neglected for the top quark.

The upper limlts ef 6R== R.-Rsg with the confidence level of 950/. can be calculated

by the expression of

         6gsAe Jll iiiE -Rm + 1 •96 VdR?tat +dRSst ww Rsg ,

and were found to be

         6gs% R me 1.19 at V' F =: 5e GeV , and

         Sgs% R = l•14 at V'Y == 52 GeV .

In terms of the cross sections, the upper limits of Sa== a.-ase with the confidence

level of 95e/. were found to be

         6gser. a == 41 pb at VT == 50 GeV, and

         6gs% o == 37 pb at Vi == 52 GeV .

The difference between the theoretical R ratio with and without the top quark
(6t,p RE'E:R6g-Rs,) are

         6,,p R == 1.i8 at vi-3' == 50 GeV and mt,p = 24 GeVf" , and

         6,,pR== 1.18at vi'i' =52 GeV and mt,p ur= 25 GeVl".

The difference between the predicted cross sections of multi-hadron production
with and without the top quark (6t,p a=- a6g-asa) are

         St,p a =: 41 pb at V-3' : 50 GeV and mt,p = 24 GeVf? , and

         6t,p a == 38 pb at V'I == 52 GeV and mt,p : 25 GeV/" .

The values of 6t,p R and St,p a are almost equal to those of 6gs% R and 6gs% a. These

facts give us the conclusion that the open top quark production up to mt,p ==25 GeV/?

is rejected with the confidence level of 950/,.

            Table2 Mass dependence of the eMclency and radiative cor-
                   rection for the top quark production

lllbeammMtop 1+6 e e(1+6)

2.0 GeV

l.O GeV

e.5 GeV

O.95

e.88

O.82

O.898

O.906

O.911

O.853

O.797

O.742
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4.3. Electre-WeakTheory
    The R ratio given by Eq. (14) depends on the parameter of ghe Weinberg angle
sin2 erv through v, altd v, which are glven in Eq. (4). Mz is included in x(s) given by

Eq. (5) and can be expreSsed in terms of sln2 eiy as fo11ows:

          Mz ww 'vlvrrpm2aG. Å~'Vl ,.2 e.(i -,i.2ie,,) (i m6r..) ' (i6)

xNrhere 6r.z [43] is the radiative correction of mass of ZO and estimated to be O.069Å}

O.020 [44]. In the energy region ofTRISTAN, the sin2 erv dependence ofthe R ratio

is greater than in the iower energy region qs PEPIPETRA. Therefore, sin2 eii, can

be determined from the measured R ratio. Using the parameter IVe :5, 6r.z== O.069
and An-ts =800 MeV, the value efsin2 erv was evaluated from the measured R ratios

and is

          sin2 e. == o.26Å}o.o4Å}o.e6 .

The corresponding Mz is

            tt        ' M. == 88Å}5Å}8 GeVl",

where the first error comes from the statistical error of the R ratio and the second
error comes from the systematic error ofthe R ratio and the error ofSr.z. (x21l =O.163)

5. SUMMA]RY
    The total cross sections of multi-hadron production for the e+e-' annlhi}ation

kave been measured with an accuracy of 70/. at the CM energy of 50 and 52 GeV
with the VENUS detector in TRIS'IrAN. {"he results ef the R ratio are

         R = 4.27Å}e.50Å}O.31 at V3 =: 50 GeV and

         R -- 4.68 l O.27Å}O.34 at V'3' == 52 GeV .

    The present results show the increase of the R ratio above Vl == 40 GeV, which

is expected from the electrorweak interaction through the Zg production. These
va}ues are consistent with the prediction fropa the standard model with the production

of known five quarks u, d, s,c and b. However, the expected R ratios lncluding the

t quark are 5.49 at Vi ==50 GeV and 5.61 at VX =:52 GeV and are much lager
than the observed values. These results reject the production ofthe open top quark
at V-3- =52 'GeV with the confidence ievel of950/,.

The Weinberg angle sin2 0iv was a}so determined from the R ratios by using the relation

based on the stanclard SU(3),,i,,XSU(2)LXU(l) model and found to be sin2 erv==

O.26Å}O.04Å}O.06.
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APPENDIX

A. TOF COUNTER SYSTEM
A.1. Design
  ' The TOF counter system was required to give a trigger signal for the charged
partic}es from the e+eM" interaction, and it was also required to identify the particles

such as rr, K, and p in the multi-hadronic events. In order to provide a large soiid

angle and a long flight path, it was instailed on the inner wall of the superconducting

magnet whose diameter and length are 340 cma and 564 cm, respectively. The TOF
counter system is segmented into ninety six scintillation counters of IO.8 cm wide,

4.2 cm thick, and 466 cm long as shown in Fig. 18, and is formed iRto a barrel. The

size of TOF cotmter system turned out to be the world largest size among the TOF
counters for the collider detectors. Taking into account the cost and the easiness of

installation, this number ofsegments was determined by the iMonte Cario simuiation,

so that the number ofcharged particles which hit one counter is almost one. Fig. 19

shows the number of charged partic}es which hits one counter for the measured
hadronic events at Vli =52 GeV. The rate of a single hit was found to be about
880/,•

A.2. ScintillatorandPhototubes
    The time resolution of the TOF counter system is required to be Iess tlian 200
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psec for identifying rr,tK and K/P whose momentum is less than 1 GeVlc. In order to

realize this good resolution with our Iarge TOF counter system, the scintiliator is

required to emit a large number ofphotons and has a Ieng attenuation Iength. Four
kinds of scintillators were tested. These are NEIIO of Nuclear Enterprise Corp.,

SCSN23 and SCSN38 of Kyowa Gas Chemical, and BC408 of Bicron Corp.. The
size of the test samples was IO cm w!de, 5 crn (4 cm) thick, and 400 cm long. r]]he

samples were viewed by a pair of phototubes on both ends through a long light guide.

Muons which penetrated through the beam dump of KEK I2 GeV Proton Synchro-
tron were used to measure the attenuation length of light and the time resolution of

these scintillators. The results are shown in Fig. 20. Comparing tlie time resolutions

after the pu}se height correction, it was found that NEI10 and SCSN23 satisfied our

requirements. Finally, we chose the SCSN23 scintillator of Kyowa Gas Chemical
with 4.2 cm thickness for our "]rOF counters taking into account the cost and resis-

tivlty against the mechanical stress. The phototubes of HI949 manufactured by
Hamamatsu Photonics which were new}y des!gned for the fast timing purpose were
chosen because of their small spread of the transit time.

A.3. TestandCalibratien
    The attenuation length and the time resolution ofeach counters were measured

by uslng cosmic rays before the installation into the VENUS detector. The at-
tenuation length distributed between 2.5 m and 3.3 m aRd was 2.9 m on an average.

A smal} decrease ln the attenuation length was observed during these measurements.

We suspect that the main origin is a slow degradation of the polished surface. Fig.

2l shows the distribution of the time resolution measured with the cosmic rays which

hit the center ofcounter. The average time resolution was found to be 175 psec after

the pulse height correction.

    In order to maintain the TOF counter with a good time resoiution throughout
the Iong period of the experiment, we provided a calibration system. Fig. 22 shows
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our calibration system. The visible light pulse which is converted in Dye laser from

ultraviolet lights of a Nitrogen laser has a wavelength of 570 nm and a pulse width of

100 psec. These light pulses are fed to the light guide of the TOF counter through

optical quartz fibers whose diameter is 200 ,cem. By measuring the time difference

between the signal of vacuum photodiode near the Dye laser and the signal of the

phototube in the TOF counter, the intrinsic time resoiution of our TOF counter
system was measured to be about 75 psec.

A.4. Perfermances
    Our TOF counter system has been operated since November 1986. In order
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to trigger the charged particles of e+e- interactions with a smali contamination of

cosmic rays, signals of the TOF counter generated within 150 nsec from the beam
crossing time were used for collinear two track trigger associated with the signa}s of

track finder of CDC. The fiight time of particles can be evaiuated by subtracting

the propagation time in scintillator and electronics from the measured time difference

between the beam crossing slgnal and the signal from the TOF counter. This pro-
pagation time was evaluated by using the high momentum particles of higher than
2 GeVlc in the hadronic events because the velocity of these particles are very close to

the light velocity. Using the propagation time evaluated by the above method, the

time resolution of 410 psec was achieved at the present stage. Fig. 23 shows the

time resolution of the TOF counter which is determined by calculating the t!me
difl'erence between the measured flight time and the expected fiight time for the tracks
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of pt pair events.

B. RADIATIVECORRECTION
   As mentioned in Section 3.5, the radiative correction factor of the electro-weak

theory 1 +6 was calculated by the rnethod ofBerends, Kleiss and Jadach [35].

   The part of radiative corrections without inltial radiation can be calculated as

follows (divergent terms are neglected) :

Sver+6vae = HIII"Å~[g (In i2,

            4     2RQQ -l-               RQv
                   Å~(           B (O)    +

um
 i) rml

     2

Z ,]i[.]-, (in

z2g+

      RsuM

   r RQv+ B (O) R,uM

Å~{i',1 ,li,,Q;] ,

3. -g)+6vp-h]

(l7)

with

      MZe=1- , r=
       s

Mzrz     , B(k)
  s

"= (C-k)2+r2,

and

RQQ

RQv

RvA =

== 3 ]X Q; ,
   f=g

      6Ve
    4 sin2 20yy

   3(vg+a2)

IX Qf vf ,
f=e

(4 sin2 2e,,,)2
X (v;+a3) ,
f=a
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         Rsuftf =="RQQ-i- C RQv+ l RvA.
                     B (O)                              B (O)

The term of 6vp-ft can be written by the empirical expression

polarization developed by the LUND group as follows:

         5vp-h == 2i2 a S4oo.,. asEl), ds'

           ' tuN.. -a x3.052 1n S .
                z O.932
                                                   '
The soft initial radiation part can be calculated by the following

         Ss = -:i- (ln ;I;, - l)

             x[2inkmi"-RRsQuQMln(i-k.i.) RQQ+RRsQuV.+R\"

             +RQv (i --S- -B {o))+RvA(g rm CMB Io)) i. B (k

                              RsuM

RQvr2
 ( 1 -B io) ) + RvA(B2(Co)

+r2-4-3C-42 )
             +
                               rRsuM
             Å~ (arctan (kmi"r- C')-arctan (-rC')l] .

If we assume

                       4rc ct2         a(s') :\3Q:Å~ 3,t '

where s' is the energy of the center of mass system after the initial ra

hard initial radiation part can be calculated by the following expression,

         0h =" Llll- (ln ri;, - 1) Å~ [RRsQuQM Å~ Sl.Ml.` dX(-il- (l lx+1-X) f(X) )

           +RR,Q.V,, B fo) Å~ Sll"ll dx (i5- (i + (i -x)2) (4-.y)f(x))

           +RR,V.",, B io) Å~ Il.M,1." dX (-IW (I+(1-X)2) (i ntX) B(l.) f(x)]] ,

with

         xmin "= kmin, Xmax ": MaX (kmax) l-MglEbeam) )

          f(x) -- ,/i-ei-, ir x) 2+g/.( iff x) ,

of hadronic vacuum

          (18)

      .expresslon.

 kmin

  mi#)

B (O)

          (l9)

diation, the

(20)
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and

P " V1-(Ma!Ebeam)2 '

References

 [1] S. L. Glashow, Nuci. Phys. 22 (196i) 579;
    S. Weinberg, ?hys. Rev. Lett. 19 (1967> l264;
    A. Salam, Proc. of the Eighth Nobel S]mPosium, May 1968.

 [2] H. Fritzsch et al., Phys. Lett. B47 (1973) 365;

    D.J. Gross and F. Wilczek, Phys. Rev. D8 (!973) 3633;
    H. D. Politzer, Phys. Rev. Lett. 31 (l973) 31.
 [3] J. E. Augustin et al., Phys. Rev. Lett. 33 (i974) l406.

 [4] J•J. Aubert et al., Phys. Rev. Lett. 33 (1974) l404.

 [5] S. L. Glashow,J, Iliopoulos and L. Maiani. Phys. Rev. P2 (1970) 1285.
 [6] M. L. Perl et al., Phys. Rev. Lett. 35 (1975) l489.

 [7] S. Merb et al., Phys. Rev. Lett. 39 (1977) 252.
 [8] G. FIUgge, Proc. ofthe 19th Int. Conf. on High Engrgpt Ph"sics, 1978, Tok]o.
 [9] For e: ample, S. Komamiya, Proc. ef the l985 lnt. S]mp. on Lepton and Photon Interactions at High

    Energies, August 19-24, i985, K?oto.
[IO] TRIS[IrAN Project Group, TRISTAN ELECTRON-POSITRON aOLLIDING PROJECT,
    KEK report 86-14 <1986).
[ii] XJ'ENUS Gellab.,J. Iwahoii ei al., VENU3 pivpesal, KEI< ivpoit (1983).
[12] T. K. Ohska, et al., IEEE Trans. on Nucl. Sci. 33, (1986) 98.;

    TKO Specification, KEK Report 85-10 (1985).
[IS] Y. Yamada, et al., KUNS 853, 1987, Kyoto Univ.;
    K. Kubo, Memoirs ofthe Facglty ofScience, Kyoto University, Series of Physics, Astrophysics,

     Geophysics and Chemistry, Vol, XXXVI! No. 3, l25 (1989)
[l4] R. Arai, et al., Nucl. Instrttm. Methods. 217 (198S) 181.
[l5] IEEE Standard FASTBUS Modular High-Speed Data Acquisition and Control System, ANSI/

     IEEE Std 960-1986.
[16] Y. Hemmi et al.,JapanJ. Appl. Phys. 26 (1987) 982.
[i7] R. Arai et al., Nucl. Instrum. Methods. A254 (i987) S17.

[18] K. Ogawa et al., NuÅël. Instrum. Methods. A243 (1986) 58;
    T. Sumiyoshi et al., KEK preprint 87-120 (1987), submitted to Nucl. Instrum. and Methods•

[19] Y. AsaRo et al., Nucl. Instrum. and Methods. A259 (l987) 430.

[20] Y. Chiba et a}., to be published.
[21] T. Ohsugi, et al., to be published iR Nucl. Instrum. and Methods.

[22] Y. Yasu, et al., IEEE Trans. on Nucl. Sci. 31(1984) l97.
[23] Y. Nakagawa, T. Hirose andJ. Kanzaki, KEK preprint 85-67 (1985), submitted to Japan3•

    Appl. Phys..
[24] B. Andersson, G. Gustafson, G. Ingelman and T. Sj6strand, Phyg. Rep. 97 (l983) 31.

[25j For example, V. M. Bundev et al., Phys. Rep. 15C (l975) 182;
    PLUTO Co}lab., C. Barger et al., Pltys. Lett. B81 (l979) 410 and Phys. Lett. B99 (1981) 287.

[26] For example, P. S6ding, Proc. ofEPS Int. Conf. on Nigh Energ) Phssics, Jul7, 1979, Geneva.

[27] CELLO Collab., M.-J. Behrend et al., Phys. Lett. B13g (1984) 311;
    TPC!Two-Gamma Collab., ff. Aihara et al., Z. Phys. C28 (l985) 2724;
    MAC Collab., E. Fernandez et al., Pkys. Rev. P31 (1985) 2724;
    JADE Collab., W. Bartekt al., Z. Phys. C33 (l986) 23.
[28] R. L. Fold and W. R. Nelson, Preprint SLAa-210, UC-32, 1978
[29] E. Farhi, Phys. Rev. Lett. 39 (l977) l587.
[30] J. D. Bjorken and S.J. Brodsky, Phys. Rev. Dl (l970) 1416;

    G. Hanson et al., ?hys. Rev. Lett. 35 (1975) 16e9.



32 Y. YAMADA

[31]

[32]

[33]

[S4]

[35]

[36]

[37]

[38]

[39]

i?tI

[42]

[43]

["]

T. Sj6strand, Comput. Phys. Commun., 39 (i986) 347;
T. Sj6strand and M. Bengtsson, Comput. Phys. Commun., 43 (i987) 367.
B, R. Webber, Nucl. Phys. B23g (l984) 492.
For examp}e, S.J. Brodsky, F. E. C!ose andJ. F. Gunion, Phys. Rev. D6 (1972) 177

S. Kawabata, Comput. Phys. Cornmun., 41 (1986) l27.
F. Berends, R. Kleiss and S. Jadach, Nucl. Phys. B2e2 (1982) 63;

Cornput. Phys. Commun. 29 (1983) 185.
Particle Data Group, Phys. Lett. B170 (l986) l
J.Jersak, E. Laermann and P. M. Zerwas, Phys. Lett. B98 (198I) 363 and Phys. Rev. D25 (1982)

12!8.

VENUS Co}lab., K. Abe et al.,J. ?hys. Soc. Jpn. Il (1987) 3767.
K. Tobimatsu and Y. Shimizu, ?rog. Theor. Phys. 7t (1985) 567 and 75 (1986) 905.
J. Fujimoto and M. Igarashi, Prog. Theor. Phys. 74 (1985) 791.

J. Fujimoto, M. Igarashi and Y. Shimizu, Prog. Theor. Phys. 77 (1987) 118.
CELLO Collab., H.-J. Behrend et al., Phys. Lett. B183 (1987) 400.
M. Dine and J. Sapirstein, Phys. Rev. Lett. 43 (l979) 668;

K. G. Chetyrkin et al., Phys. Lett. B85 (1979) 277;

W. aelmaster and R.J. Gonsalves, Phys. Rev. Lett. tK (l980) 560.
W. E. Caswell, Phys. Rev. Lett. 33 (l974) 244;
D. R. T. Jones, Nucl. Phys. B75 (l974) 53!;

A. A. Belavin and A. A. Migda!,JETP Lett. 19 (l974) l81.
A. Sirlin, Phys. Rev. D22 (l980) 971;

W.J. Marciano, Pliys. Rev. D20 (1979) 274;
M. Veltman, Phys. Lett. B91 (l980) 95;
F, Antonelli et al., Phys. Lett. B91 (1980) 90.

W.J. Marciano and A. Sirlin, Phys. Rev, D29 (l984) 945.


