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ABSTlJ.lc~ 

The nnIb of Montt CU'lo IÙDalaiion. of meU1lft1,Deatl of ,+.- - .,+.,-"' .... .,+.-Aculron. an 
pn"ni.ed. Tht opportaniti •• for taninr ihe "attend e~.- alinl the1UÜqa.' beam optIc. of ~e DORIS Il 
ROtace rlni art dtleribtd Cd .. ther whh the dt. optimiAtiOll ohwo laiP ndation array. of Bitmath 
Germanium Oside 11H41 &0 lDeUDn .... e~erP" 01 the" lepku. Tl.". -&aaenll! will aDow detemûftation 
of th. "'1 invariant. mM' with nnall.,. .... matie eD'Or ud 'telat.iveJy Jai&h accepUDe •. TII.ia' will enablè th~ " 
ARGUS experiment, with the mocWlc:ation. ngetted hm, tG pedorm di, &nt mtUlU'tlDent ohhe total 
hadronie cro""Hetion in " colli.ion. with rt'uon"le, ,y"'e .. ~ tn"Of a& low invui.t mut... The .. 
Monte Oarlo ttadie. involwd dev,lopment of a timple eviDt pneruor for e+.- - e+ e- "1 • .,. and leveral 
Inal .... te leneRton for QED, and Badronic proc...... ·SimalatiODI of the ARGUS, DeUc:t.Of, 'lnner 
Softwan .. 41 DORJS B,~ Optic. "" alto developed lor aceepUDe, calc:ùtiolll in \'U'Îou taninl 
IituatioDJ. The proble .. p""nted b)' 'Puri •• tane, lipaIJ c:allled II» bt .... btun bremaet.rahluns 
event. are d .. cribed. Preliminary analy" of 2-photon event. arinl the exiltinl ARGUS detenor b 
dtltrlbed and l'tllll ... on fI', 1(1270), .1', ,..+,..-, and è+'- exclu.ve bal ... ate. an preaent.,d. ' 

SOMMAIRE '0 

Lee "nI ... t. d •• limu.latioDJ Monte Carlo' de la DIU" de e+.- - "'+0"-1'''- r.,-hodrcm, lont 
p,uend •. L 'oeeuion de melUl'tr 1'4neqie du c+ cs - difut4. en atilieant deux matncu d'oxyde dl Bimwth 
Germanium à hante rUolution et le. fl'ment. cPoptique mapétiq,e' de .tun •• de Itocbce DORIS JI 
ut décrite. C ••• tiquette.,. à petiu Q2 permetvont la détermination de la mute invariante ,., awe ue 
petite erreur f)'R'mati~t et une acc:eptante relativ.ment 41ev,e. Ceci p,ermettra à J~.xp'riellee ARGUS, 
pate à 1. modi6eation flll'lénf id, d'edcuter 1. premiln mefve dt la teetion e81eac:e hadrœique 
dan. IN eoUisioM "'1 avtc une emu .,.,umatique nÎJoanabl. à _bu ... 1JlUIfJ8 inm .. t... Ces ~udes 
Monte Oarlo ont componé le développement d'aÎl pnUatev d'4vanemen'" limple poar le proU'mI 
,+c- - ,+.-,-.,- et phuiean l'nératean d" .... ~aux pour le" cauaux EDQ et hadroniquu. Du 
lIimulat.ioD da détenear ARGUS, du d'clencheur et dei'optique mapfdqae d. l'UUleu DORIS ont 
été §Salement dévelopêe. p01ll' 1 .. ,c:alcult d'acc:eptaacc clau ctiWI'IH fÏtaation. d"tiqaettce (1 petits 
Q2). Le. probl~1IlH pr'ltntU par de 'aas lilnaax caut4. pÎd' le. 4wnémebte bl'tl:DllVahluq IOM décn.. 
L'anaJ,y .. prfliminaire de. évlnement.,., atilitant le détecteur ARGUS exittant ta décrite et dtl nmiàtll 
portant lUI' le. êt .... Snaux exc:laaif'. ,,',/(1:170), .71,''''+''-, et '+0,- fOIlt pretenüe.. . 
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PREFACE 

1 .. 
, " , 

J 
This thHia dmribes th, remlt. of york done at DESY conceminl the leuibility of the proposed BOO 

Tanu extension ta the ARGUS n:pel'Ïmem eurrentJy ialins data at DORIS Il. Th~ &nt chapter eonrin. 

1 of a short review of 17 Physics. The (eneral dynamical properties of 77 coDmOIUJ at c+c- Itorage rings 

1 
an described. The theoretieal implication. of the properties of .·cbaDDel 71 resonances are reviewed 

topther with the theoretical expectations for the behaviour of 71 - hadron. (as a prelude ta their 

1 application in Chapter e). The second chapter desribes the ARGUS detector - ÎtII Keometry, reeolution, 

~d particle identification capabilititl. The ARGUS event triger il ÙIIo disco •• ed. Chapur Three 

preeems pre liminal')' observations, with the ARGUS detector opentÎnK in the nota« mode, of exdll!Îve 

channel! from two phOtOD collisioDJJ. The pl"Ohlems of beamgas and come backgrounds are reviewed 

together with prdiminuy remit. of mmes of ,,' - Pi and the 4", 8nalstate . .oh.ptet Four describe. the 
-------~-

proposed modi6cations to the ARGUS detector, i.e. the Dew vacuum chamhen lor DORIS and the BGO 

tagger. Some properiies of BGO and electron ulorimeten are abo dÎlcUllsed. The 6fth chapter ducribes 

preliminary nudies of two ProUl Inal natel and the problem of QED event subtraction. Pre1iminary 

1 
obeervatioDJJ of the 1(1270), 1'(151li) meSODJJ are delCribed. Chapter 8ÏX ducribes the ideu hehind the 

ARGUS 71 proposai and details Monte Carlo .tadie. of the propo.d total'photon.photon hadrODic cro •• -, .ection measurement. E.timated acceptance and Vic,~r rates for hadronic event. are included tocether 

with calculation of the e8'ect of variou. tanin, eonditione. The bac:kcround from bum-beam nnalJ angle 

bremsstrahlunl event. (SAD) is gudied in detail and tedmiques for st.tistiçal bac:kçound subtraction 

j and event &lterin, are dèecribed. The QED derlva&ioDl 01 &he 77 Juminol'Ïty and kinematice an induded 

1 
.; 

in appendix 1 rollowed by • hrief de.cription of the DEPA (Double Equivalent Photon Approximation) 

while the Hcond appendD: revint. the buic techniques of Monte Oulo Iimulltion. 

1 
This document ÎI ÏDteDded &0 fulJiII the requiremea&, for a Masten Them a& McGilI Univenity. The 

1 
, 

worl dtlm"bed hen wu carried out between ~ 1183 and Aupst 1184 Y/hile the author rerided in 

7 
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Germany md took part iD. the day to day operation of the ARGUS ezperiment at DESY. Moet or the 

wod. colllÏlted of Monte Carlo .tudies and data anaJym usine mM &Bd VAX eomputen. At preeept, 

lome uperimental etudiell of BGO ruolution art underway together with continuing Phylice analylis or 
• 

notaI ;i evente. 
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ZINTRODUCTION - A SHORT REVIEW OF Two PHOTON PHYSICS 

1.1 GlIleral: ln recent yean expenmento with e+ e- coUiding beam madûnes have contributed .. great 

r deaJ to our understanding of the fundamental inteJ'ac~ons. These etudies have principally consisted of 

~ the analysis or "hard.sc~ttering" event topologies, e.g. e+ e- annihilation produdng a highly virtuaI 

timelike photon which decays into a quark/antiquark pair (Figure 1.1). The high' "q2" (invariant mass 

lquand) or the virtual photon alIows distances 88 emall as 10-18 cm ta 'be investigated. The simplicity 

of the initial state kinematics in e+e- collisions and the elementary nature of the incident partieles 

allow a distinct improvement over 6xed target or hadronic collider experimentTfor studY,oJ "low" energy . ) ~ 
"Standard Moder physics. Typical e+e- annihilation croIS' sections are OD the order ofnanobanl8 while 

pp and pp cro88-lÎections are "" 40 millibarns at [SR energies101 due to the much stronger hadronic 

coupling. This difference in ,!oss:sections ill lus of a drawback than it appeus to be. The parton 
,<1 

(quark/ghlOn) spectrum in9ide a hadron ÏB 80ft. At high momentum trander (small distances), where 

the appücation of QCD (Quantum Chromodynamics) is understood ben, the hard parton "lu min ositi es" 
o 

inside hadrons decrease as more of the virtual parton cloud inside the proton is Tesolved. Consequently, 

the momentum distnoutioll, of the partons, the structure Cundion, is shifted to lower momenta - the sune 
" ,~~ 

energy ÎIl distributed amongBt more "particlea". It ~ apparent that most of the pP cro8s-section invol'Ves 
, '. 

low momentum-trander ~actions while only a relatively SlD.!lJl portion contrihutes to high ,; collisions 

between the partons. A major limitation of experiments with colliding beams is the machine luminosity -

,an electron bunch is nece8sarily 80mewhat les! dense the a liquid h)odrogen t~t. For reference, sorne 

luminosities and energies reached by existing storage ring!! are Ii!lted in Table 1. 

:>n 

c-

al 

.s. 

Phenomena analogous to soft hadronit reactions are accessible in e+ e- collisions. These reactions Ile 

arise from collisions between virtual partides in the leptoJl.9' .tructures. To lowe8t order in QED pertur- )fi 

bation theory these can be interpreted as photon·photon COIlisiODl (Figure 1.2) sine! the dominant part. , 

of the electrons ",oFt" Itrncture ie the electromagnetic field. In hadronic collisions the QCD coupling 

constant, "cv.", c:an beeomt gHater than one. In this CUe individual "particles" cannot be eingled out 

in the hadro~ interaction or structure. In fffect, each lepton beam in an e+ e- storage ring emits a 

continuons spectrum of photoJUI which ma.r collide at the bunch cJ"OsSÎng point produdng a "6reball" of 

electromagnetic field. The investigation of this type or phyllics with the. ARGUS detector eonmnB the 

rest of thill thesis. 

1) 

le 

, 
.-
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F1Icility ~tart IEnergy (<ffV) ILmninosity cm- 3 .u-1. Interaction Resions 

• 
ADONE(Frasc:ati)l 04 IG83 2.1 2 - 4 ·1()2V 2 

~EPP2(Novosibink)104 1970 1028 
, 

-1.4 2 

SPEAR(SLAC)l°4 1913 3·8 IOS 1 2 

DORIS(DESY)l°4 1914 3·10.5 3.5.1030 2 

PE'.QlA (DESYP°:1 1978 10·45 1.7 '1081 .. 
CESR( Corn eU) 1 04 1919 8·16 IOS1 2 

PEP (SLAC} 104 1979 10·30 7 _108O 6 
, r 

ISR(pp, Pl'pOI 1972 8·60 1.4 -1083 6 

SPS(~P08 1982 540 1.6 -1039 2 
, 

Table 1.1 CoUiding Beam FaciJities 

ln classical electrodynamics the photon and electroo are strocturelus partidtll. This usumption 

- ia directJy ftsponsible for the linearity of Maxwell'a Equations. Bowever, the Dirac: Theory of Elee· 

tromagnetism predictsJ07 a amall nonline.my in Maxwell's Equations due to the presence of muai 

partidejantiparticle pairs in the the· photon wavefunction. The croll·section for elutic .,., Icatt~ring 

(Figure 1.3a) can be estimated quite lIimply (rom elementary field theory and dimeosional re,quiremente. 
-, 

T~e elf'ective Lagrangian is L.rr ...., ~2 ~,,/m -4 where m is the mus of of the fermion appearing in the . . 
box diagram (Figure 1.3~ and Fil" is the electrom&lDetic 6eld teneor. The only other parameter in the 

problem ia the CMS l energy, w. leading to the result: Dh1 - ''17) - K· ~4w6m-·. This calculation 

... u 6nrt. done in full about 6fty yean agoI01l ... l07 wh the result: 

"1/3 "'" (973/1012h)a4(A/mc)'(w/mc3)6 

"0 - (1l9/10126l1")a4 (A/mc)'(w/mç2)6 
(1-1) 

Where the subacript of us reren to the Ipin of the partic:le in the loop of the box diagram (Figure 1.3.). 

WeD Aboye the inelastic threshold 'Y'Y cross· section. are comparable to thoBe of the annihilation channel. 

Due 1.0 the dominance or the virtual photon proparator (- l/W _here E ÏII the ë beam energy) the 

10 
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(1-2) 

Here, e, refera to the quark charge. The eum,over fiavoun roM over all quarks with (valence) IDUlJfll le!! 

iban the bum energy. This ÜI only approximate and is altered by re.onance. at the 8avour production 

thremolds and, at high energies, by QCD corrections. For 7"1 reactions at e+ e- storage rings the 

total cron-section actually inereases futer than the logarithm Iquared of the heam energy due to the 

bremsstrahlen·like incident. photon beams. Approximate reïu.lts for vanous channels ulIÎng the Double 

Equivalent Photon Approximation (DEPA) are given belo ... : 

(1-3) 

\ 

These DEPA resultll are urually reliahle within a factor of t ... o. Most of the gI'Qwth in (he 7"( total crOIlIl' 

~ction il! concentrated either in the prodigioul! production of low invariant mM! final statu or states 

... ith a high Lorentz hoolJt (e.g. the mallll trpectrum for the channel 77 - e+e-, p+ p- pew at , = Sm". 

Why study "1"1 Phyllies? Perh.PIl the leut convincing reeponu to thiB question pOllllible ill "hecau8e 

it'II there" - one IIhOuld not ipore a procull merely beca,lUe if. is Dot expected to present MY startlingly 

"" new results - eepedally if if. does Doi requin a ~or resèarch effort. ,.,. c:ollilions are an unavoidabJe' 
~ 

part of the data talten at e+ e- storageJringll. Some of the achieyment! and opportunities of 77 physica 

will he disculISed in the next le." sections. 

• 
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1.2 General Pl'opertl •• of ,., lDt .... dloDl at e+ s- Storap 1l1Dp: Mon propertiu of 'T" 
interactione with both virtuel photone nearly HÙ (i.e. the photon mus i! "" 0) ~ be understood in 

tenDS or the bremsrtrahlen proce.ses in the initilll nate. The interaction can a1w~1 be .plit up into 

the production of the ,.., OMS - .. pure QED procen (e+e- - e+e-,·,·) and the decay of the CMS 

- the pro ces. whieh ÎII ta be meuutfd} The chuacterinicl of the ''1 CMS are iDustrated in Figures 

1.4 ... 1.8. Each 6gure showlI thi IIhapee ohhe difFerentiaJ "luminollÏty" distributioru for transverlle photon 
r, 

collisions u a function of one variable with aU othen integrated over.~ These "luminollÏty" distributions 

dynamics of the .,., CMS independent of speci6e Bnalnate. The most notable upeets of then curves 

are the steep decreases of luminOllity as the eolliding photonll beeome more virtuel and as the mass of 

the n system increues. Tht former is a conJequence of the photon propagator and the decreue in 

invariant mus can be pwally underlltood lM the product of the two breDlllstrahlen spect.ra, lIE.", ..vith 

W~., :::: 'lE." E., •. It ie also important to note the wide rapidity distribution (Figure 1.8). This variable ,.' 

is related to the Lorentz boost of the "'f" OMS along th. beam axis: 

(1-4) 

This Lorentz boost can severely limit the acceptance by locusing particlell toward. the detector gaps 

that aUow the pusage 01 the e± be&Dl!l. The Jaboratory (e+ e- OMS) p;. of th~ n CMS is qnit~ nnall 

as both photon,. are elDÏtted nearly eollinear to the beams. Thi" characteristie can be used to lleparate 

"''1 events !rom baclgrOund or BI a weal n;qUÏJ'emf!nt in a kinematic 6t (Chapter 3.2 discuss1!8 thue 

applications to the 8eparation of the 77 - ,,' lignai). The angular distribution 01 the .cattered e+ /e-

(Figure I.e) deue .. e. rapidly lor nonlero 0, due to tlÛJ the scattered bum J~ptOnll ftom 77 reaetions are 

ruely obeerved - most investigatioDII must be done in what is known as the "notag mode". The term.9 

single and double tag nfer to the experimental muation where the momenta of one or both of the beam 

Jeptons are meuund, nlpectiveJy. 

One· expeets the matrix element Iquared for the pro cess '1' - X to have 34 - 81 independent 

component! (the aOlls-section is related to the imalÎnary part of the elastic Icattering amplitude via 

J Tbe deriution. of tbe apreuioa. preten~ bere U'e IÎven la Appendicet 1 .ocether whb .. description of tbe notation 
Uled, 

'Tbete ftrurel were rene .... 1ed wl*b tbe Nonte Carlo dbclllled!D Cbapter e witb W"" ~ 1 GeV IIIld EB ..... = 1 GeV. 

12 
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the optical theorem and each virtual photon hu three independent helicity lItate.) but this Dumber is 

reduced to 8 by ronlliderations of sylnmetry under tbne-reversal,parity, and rotation. The cro8S-section 

lor any proce.s e+ e- - e+ e- X cao be expreSled &1: 

Where: 

(Ill . qa)~ - q?ri (4 ++ ++ + 
(Pl' p:))2 _ m! PI Pa UTT 

~Ipi- pt-lrTT cos2~ + 2pi+ "goUTS + 2p~O pro UST of; 2p~O pgoC1SS 

tJ8 JIJ dH 
1 

-8tpt°pt°lrTsc:olI;! ~Et' (1-5) 

p~o "'" 11';'--~Qi' = X- I (-tEw3 - q~ - 1l1q~)~ -1 

IptOl- ';(p~O + l)jpt-1 

Ip7-1 == p7+ -1 

(1-6) 

The p'. can be treated &1 photon luminosity epectra. Two of the eicflt amplitude. mentioned above are 

not shown in equation 1 - 5 becaust they only contribute to proces.ta with polarised e+ e- beams. The 

"," ~litude!J can only be measured if both the .cattered beam partidu are meuured or "tagged". As 

most experimenÙl cannot measure partiçles 8cattered at lJJllal1 angles the taning"requirement restrict.s the 

q2 of the virtual photon. to be qui te large. The 771nminOiity for the.e double tlal procuse. i •• ccordinglv 

suppressed, making aecorate meuuremenÙl in these mematie regions difticult. The amplitudes involving 

collisions of .calu photons are al.o suppn • .ed by fanon proportional to the phot~n ma,. (e.g. IISS ...., 

q~d) as they Dmst vanillh for real photonll.-'This lea~1I only one amplitude, 112"T, measurable in the euiJy 
-... 

accu.ible "notag" mode where neither .cattend beam partiele ÏJ detected (i.e_ r for both photom are 

limited to be leB8 than a maximum determined by the minimum lCattering anlle meuurable by the 

detector). 

Bist,orically, the production of hadroDl in ,., collieiOI18 wu 6m IUfttllted ln lI~eo wben F .E.Low l LI 

discu • .ed the meuurement or the ~~ lifetime via the produriÎon c:ro ... ,eetiOD for "0 '. in "inewtic Dbaba 

IIc.Uerin,". Independently that year, O&1ol'ro and Zemac:b1l2 runtsted the mtuurement or pion pair 

production in 77 .cattering at e+ e- l'torage rinp. hadeed, it i. thiJ paper whirh Sm roggested the 

"poft81oility or naing the stor .. e rins OptiCII to "ta'" the .eattered é e- at smalI angles - the slight diff'erence 

13 
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hetween their tr~edoritl and that ,Dr the heam aIlowÎn, their mapetic ~paratioD and measurment. 

Tru. idea is only DOW within nach or heing achieved experimentally and ÎI the core of the propoted "'11 

modi6cation or the ARGUS experimtDt. In the early .eventie. a pl.thora of theontical papen dilcu .. ing 

the rates, croIs-sections and anpIu distributione of simple flnalR •• '1 wIn puhliJhed 110,ua."110. Thue 

efForts uaed ail the tec:J.anolol)' of Partide PhylÏCI avaibble at that time: PCAC, 10ft· pion theOrtlDS, 

cumnt a1gebr., Finite En~rgy Sum Rules etc. Few of thue predictioJlJ appeu likely to be confronted 

with expenmental result. at pruent. Since then the pieture hu heen chan,.d radically by the acceptance 

of QCD &8 a theory of the strong interactioJlJ. RemIta of this period of theoretical nsearch are reviewed 

by Brodsky et al. llO , Tuaawa"a, and Dudnev et al.lU~. 

The rill. of the .tandard mode} and the appearance of the new "charm" and "beauty" physkl in 

the second hall of the 1910'8 led to diminished theoretical interut in 77 procuse~. The fint observation 

of "'1"'1 ..... e+ e- wu made in 1970 at the VEPP·2 Itora,. ring in Novoeibink but cleu evidence for 

hadronic procesee, wu not round until1919 when the MARKII conaboration811 discovered the proce,! 

e+ e- - e+ e-"'I"'I ..... e+ e- 'l' at the SPEAR .torage ~g ai. SLAC in the U.S.A. 

Interellt in "'1' physici wu revived in 1977 when Witten1110 IUI,uted that Mce the photon wu an 

elementary partiele the photon Itrocture fonction could be calculated in QCD - quantitatively. Thit wall 

the only rituation, where thill seemed to he pOlllible. The meuurement would ÏD'Volve the 6nite angle 

taging of one scattend heam lepton to msure that one photon had hich d and the antitaging or the 

ncond lepton (requiring it to have 8 -S 80 with '0 IUfIlciently lmaIl 10 that q~ ..... 0). This procm is 

refemd to &II deep inelutic photon electron ecattering&°t - the hilhly MUai photon acta u a mort 

distance probe of the electron'. etrudure: 

dZ:d~ - 8a'g.E,• [(1 - ,)Fa (.,QI) + et/li Fil·, q2)] 

17- liTT' q2 /(81l'Jaz ) 

Q' - -q~ 

x - Q2/(2qJ92) cc ~ /(QI + W~'7) 

1/- (Qlf2)/(PaqI) cc 1- (E'a/E)eo.2,,/2 

, • - (ql~)J(Pl~) cc lNalE 

, 

(1-7) 

.. " 



Tht F. an kn()WU .. photon riruc:tun function. and l'tpre"nt flle momentum diRribution of the partons 

Wide a photon. A third Itnlc:tun function appean il the Ic ... tem, plan.e of the e+ e- are meuund 

~Normally on~ Fi ÏI meanrablt al ~,2 il usually mWl eomp&ftd to (1- ,). 

. The meuurement of the photon IItf'udurt funCtloD wu elgerly anticipated in the hope that it 'l!fould 

detennine' tbe QCD ,cale parameter, A., from tht .b.o)ute value of the structnn lonction at &nit. Q~. 

Previous meaturementll 01 A. were made rl'om the Q~ evolutîon of nucleoD ItnIcture fonctions. Sinee 

, thÎs evolution ia logarithmic on top of a b.rte baàçoond,' this is a difficuJt t&llk. The nudeon lliructure 

fonctions oabCl deo/tue with incre\llÎng ~ (wlûc:h ÎI proportion al to the momentom of a parton inside the 

nudeus). In contrut th. "r structure fUnction inereuu with ~ and is directly proportional to ln Q'J. The 

Snt order QCD (corresponding to the 1lJlgau,ed Quark model without ,tuons) result i. 10": 

(1-8) 

For the Quark Parton Model ~ ... m:.z'J 1(1- m) .. here mf il a quark mali. ~e Jogarithmic term arises 

from the integration over the target photon Q'J. In QCD it i. not; rulistic to int.grate over ,the whole 

phue Ipace - the parameter A •• eh a Icale below which the perturbative diasram (Fipre I.Sb) becomes 

'meaningless, this implies Q~ QI: A~. When higher order corrections are calculated, infrared mruluitie, 

.ppear in Fi. For a while it looked Iike thele would completel1 de.tro)' the calculablliey 01 the photon , , 

IItructure functions. It wu .oon re,J,ized that t.heae infrared ,Iuon bre~lJtrahlunc corrections had ta be 

canceUed by non.periurbative "vertex corrtction" contributions (Fipre !.t'l. Thil redQc~d .. structure 

functiona to the etatw orNucieon etructure fonctions - only the q2 evolution c:ould be predicted. This faet 

was con6rmedJ86 when ned to leading Iogarithm calculation. were made utin, rtnormalization group 

techniques. ft is Jt.ill hoped th.t lome progre,. may be made in extractint A. trom photon structure 

function data. The photon Itrocture fonction can be cùcul.ted reliably in the eue where the target 
, 

photon ie a1eo hichly virtual (i.e. (f » p2 » A:) but iD ~ eue fohe leale bnakin, ia proportional 

st 01 the uperimentalluminolity. 

At titis point the molt ne t ,ener.tion of 4+ e- Itor.e rin" (PETRA(DFSY),PEP(SLAC)) started 
j 

to operate-- the 6m madünea when .... • • on. conltituted a aipillicant part of the .van.ble reaetion •. 
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, Thia lecl tG meuurement of t.Ja. 7"'1 widtlu of th. ptltudolCAIar and ieuor "'011-' ~t.hfl' wit.h .ome 

eODVov.nia1 d.terminaliou of the 7"'1 total haclrcnlk cro ... aertioD and 1&r1Ic:f.1m lunetloDl. At ,reteDt, 

esperiment. bu nearly .. t.urat.ed the capabilit.i .. of edJtin.a machin .. ad, Mid. hm the ac:c1llDlll.ation 

of .... ti_ic. (mort of the .xp.riment. hlM 2·4 )'ean l'1lDJÛnI b.hbuJ t.Ja.m), ao drastic prosru. ÏIJ ex· 

pected. In the future, nperiment. at LEP ad TRISTAN ma)' be able &0 improYe meuurement.l of the 

pho~n ItrUct1m func:lion. in uymptotic lUnematic "lioDt wh.n QCD can be unambigooua)y applied. 

Addit.ionally, Jaish IuminolÏty -Io .... 0e11)''' experiment. wi1I aIlo ... the Itody or ex:dUive channel. in "1"1 

collilion. in mach Iftater d.tail. 

( 
\ 

/ 

- ----.-...~~ ..... ---_._---_ ..... ~---~~~..::. ......... -----~-------
f 



1 , 

t 
l 

.... 

1.1 ".OD_CU ID "1"1 ColU.lom The &nt. IQgelÛon of the po.libility of oolervin, n.onances 

in 17 colJitions wu made by F.E.Lowlll in INO. Littl. mo,! wu heard orthe nbj.ct until the early 

1070'. when th. proclama of n ftlonance. wu meut.ed in' detaiJ theordic:aIly ad derivations of 
\ 

crolll·sections were Sm ,""D'ed for 'l, ad (f producûon110,118. At dlat time it wu b~ped that data 
tl ~ 

from .,., coDi.ions could be used to Itudy 1f1f phue .hift. ad determine whether the controvenial (1 

mellon ac:tually exillted. Some proerellll in tbit direction hu been made and data now .eem to indicate18~ , 

a (1 muon of eoo MeV InaIlI with a 800 MeV width. 

The RUdy of relonancel in n collilÏonl ü intereltin, due to the 10... background ud varied quan· 

tum numben a~able in the fin.! lltate. WhUe I·channel relonances in e-+ e- annihilation must have the 

quantum numben of the photon, i.e. JO P - 1-- the 77 .-channel i. IDUm le .. reltric:tive, th. main 

requinment being positive C-parity. Thougb these typfs of "sonace ca often be observed inc:luriv.ly 

in other prou .... , .,7 collisionl pr .. ent the .ole opportunity for their ob.ervation in • backsround fr .. 

channel. C. N. Yug showed in 196012~ that mesons d.caying into two real photons cannot have J-l 

becault of helic:ity and pari~ conservation. In e+ e- -+ e+ e-,·,· the photon. can become IUffic:iently 

virtual (q2 ,.,. m~ ), 10 that production of JOP - 1 ±+ reSODUlcel ÎJ aUo...ed18o • The ponibility of obltrv

ing partic:lu with th. notic quantum numben 1--+ (e.g. Ilq~) ü ofparticular interett. In thia cue at leut 

one of the scatt.ftd e+ e- IDUst b. taDed to meure that the eorresponding pRoton ÎII 81lfficiently Qff,heU 

and to aIlow d.termioatioD of die re.onanee croIS-section rr dependenc:e. No experimental evidence for 

J - 1 !Dellon ~roduc:tion in vmual .,., collisions hu, u yet, been pubIiShed. 

For • ne .. rfloD&J;lce with ande&ned rC;JO P evidence from production in ,., collision. could be 

quite useful. This opportUDÏty hu not pre .. nted Îtaelf u only upper limite on the production of exotics 

""-
are avaiIable. The principal item of information that one cao extrac:t tom "1"t production of a Imown , , 

r .. ODUlce Ù the production width, r~.." which yield. information on the mellon wavefunction. The 

\ relonance production cro ..... c:tion Ù pnn, approxhnately, bl' • reJ.tivistic: Breit-Wigner fonction: 
" 

( R) ( ) 1'1'«" '1'11 
(f ""1 - 'l1li b 2J + 1 (W~ -Ml)2 +TZMJ (1-9) 

Where W.,., is th. mu. 01 the 17 Bnal l'tate, J ÎI 'he lPin of the resonance, and MR ÎI it. mus. Thi. 

lormula is actually an ovenimpli8cation &Il modi6cations occur wh en 6eld theoretically correct matrix 

eJement. are ued1ae,1I11. For nonsero g2 .Iorm factor t.o parametrize the q2 dependence of r.,., must 
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he 'Ilted (if the DOue remittio'n u poor thiJ corn;ctioD may be nece'lU'y even if the Icattered e+ e- an 

left ontalled), and for &otnsor mesons ODe JIJUt. coneider centrifugù bamer e&JeetaUl • Additionally, the 

"17 couplinp of relonances with JP ~ :r+ an delcribed by two independmt parameten correlponding to 

spin-llip and non epin-Oip amplitudes (17TT and 1'TT in Appendix 1). The JDeuurement of both of thue 

requires double tqging of the event. In the narrow relODance approximation formola 1 - .. becomes: 

q(n - R) .. 8· ",'. (2J + 1{ ~J76(W'M -MR) (1-10) 

This can be used as input in a DEPA caJculation or the total cro ••• ection with the nsult504,l1l: 

l"(C+ c- _ e+ e- R) _ USo'(ln !2.)2 J(MR/2E) (2J + Vr 11 
m. M R (1-11) 

J(~) .. (2 + œ')2Jn (I/~) - (1 - ~2)(3 + z2) 

The two main charac:teristics of tbis equation an the M- 8 dependence of the crou.ltcti,on on the fUO' 

nance man and the logarithm IIquared energy depedence orthe crou·section. Ezpenmental-croll-sections 

incruse Ilower than the total croll·ltc:tion with bum energy as a great deal or the extra luminoaity is 
\ 

conc:entrated in regions of high rapidity and low ac:ceptance. If one or bath of the IIcattered e+ e- are 

tagged, one or both of the logarithmic: fadon in equation 1-11 is replac:ed (in a 6nt approximation) by 

a l/ri factor. Due 10 tbis only two mealJurementIl804.5l~ of l'tllonance "Corm fadon" (the q2 dependence 

of r ..,..,) bave been made. Experimental values and upper limitl on r~.., are given in tables 1.2, 1.3 reepec· 

dvely. The world average values have been caleulated, with only the newest remIt of eaeh nperiment, 
\ . 

and are enor weighted. 

The two samm& width of • muon ean be uled to determÎne mimg between ttates of the lame 

quantum numben with di&Jerent parton content, as predicted by modela of hadron structure. This mixing 

can be or two types: thé SU(3) flavour l)'JDIlletrie. of tlte old Quark Parton Madel or "aecidentaI" 

degenerades (from an SU(3) standpoint) between "normal" meaOM, ,lueballs (mesons with valence 

gluont only) , meiltons (mes ons witlt valence quarks and gluons), and multiquark nate. (i.e. qqqq statu). 

The eorrent theoreticalstatu. or theae particles le reviewed by Renardu2 together with expectatioDS for 

the ..,7 widtbe of these e:lotic statea. Quark content or. cJllebaO can show up &li an unexpeetedJy rirong 

..,.., eoupling (this is expeeted to be IUpprelied for gluebaIIJ u tltey eontain no charged valence particles 

and they can only couple to ..,.., throuah an intermediate quark Ioop). Mixml can produce deatl11etive 

interfennce leading to the IUppre.eion of certain decay •. The 8(1890) ÏI common1y IUlpected to contain 

lome gluebaD in ite wavefunetion becault otite production in radi~ive Jf/! decay. (i.e. J N - 7gg - ')'9). 
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Rellonmce 

11'0 

" 
~ 

,,' 

~ 

1(1270) 

.. 
A2(1318) 

"(1618} 

X2(3556) 

1(2100) 

1\ Group 

averqe 

NA 20 

PDG 

C.BaD 

Aver.~ 

PDG 

C.BaD 

JADE 

AverAle 

MARK Il 

CELLO 

JADE 

TASSO 

MARK II 

·PLUTO 

TASSO 

average 

PLUTO 

TASSO 

MARKII 

,C.BaD 

CELLO 

JADE 

MAJU<II -........ 
i'EP 4/9 

average 

C.Ball 

CELLO 

J'ADE 

TASSO 

TASSO 

C.BaIl 

TASSO 

Relerence Channel r n l'eV] 
(7.I5D:!:0.Oi) ·10-' 

156 .. 0 -17 
Ç> 

(7.I5D ± .09) • 10-8 

303 prim.Mor (7.86±0.54) .10-8 

1506 ,0 _ .,., (7.0:!: 1.4 ± 1.8) . lO-a 

0.37 ±0.04 
() 

303 Primakof 0.324 ± 0.046 

505 fi - "17 0.56 ± 0.12 ± 0.10 

1506 fi - .,., 0.56 ± 0.05 ± 0.08 

4.67:.86 
, 

, 
311 ,,' - n 5.8: 1.1 : 1.2 

302 rl ..... n 6.2 : 1.1 ± 0.8 

301 ,,' - n 5.0 ± 0.5 ± 0.9 

521 f1' - P'r U ±0.4± 1.5 

506 'l' - ",..+,..- 3.8 ± 1.0 

304 rI' - P1 3.8 ±.26 ±1.43 

312 fi' -P'r 5.1 ±.4±.7 

2.6±0.2 

517 1 ..... .. +,,- 2.3 ± 0.5 ± 0.3 

618 1"'" .. +,,- 3.2 ± 0.2 ± 0.6 

~9 1 - ,..+,,- 3.6 ± 0.3 ± 0.5 

624 1 _ .. 0,,0 2.7 ± 0.2 ± 0.6 

121 1-"'+"- 2.5 ± 0.1 ± 0.5 

6al 1 - ,..+,..- 2.3 :1: 0.2 :1: 0.5 

1-"'+"'-
cV 

121 2.5i.d: 0.1 :1: 0.4 ~> 

167 /-lf+lf- 2.39 :! .06 :! .30 

0.85 ± 0.11 

624 Ali -",.. 0.11 :!: 0.18 ± 0.21 

302 Ali - r"'f - .. + .. - .,h) 0.81 ± O.li ± 0.27 

621 ÂII _ r7l'f _ "+"-71° 0.84 ± 0.07 ± 0.16 

168 Ali _ p%1I''f ..... ,..+ .. - .. 0 l.oe ± 0.18: 0.19 

310 l' - K-t K- ,l' - K!K! 0.11 ± 0.02 ± 0.04 

126 .p' - 7x-h 1.8 ± 1.3 

127 1 - 2,,+~"'- 1.215 ± 0.5 ± 0.5 

Tabl. l.i 17 Widths DI Resonances 
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. 
~.on_ce Group ~ererence rinaI St.te r(R - n) ·Br(R .... X) (ieY) Pon6denee L' 

. 

S-(976) C.BaD 1524 "'''' <0.8 t~% 

JADE 1521 ail <0.8 16% 

((1300) TASSO 618 ,..+",-, < 1..5 15% 

,(14010) TASSO 305 pa po <1.0 15% 
D 

MARKIJ 123 KE" <8.0 95% 
q , 

TASSO 621 KE7f < 7.0 95% 

8(100) TASSO 305 pal <1.2 95% 

TASSO 310 Kl( <0.3 15% 

MARKIl 124 Kl( < O." 95% 

C.BaD 125 '1'1 < 0.3 95% 

'1c(2980) C.BaD 128 all < 20. 90% 

TASSO 521 pt1 < O." 95% 

TASSO 621 KE" <27. 96% 

, TASSO 621 2,,+2,,- < 0.7 96% \ 

~ 

-
JADE 621 ",+",-211"° <4.2 05% 

JADE 621 "".+,,- < 2.3 gb'% 
-

xo(3415) C.BaB 126 ail < 10. gO% 

Tabl. 1.' Upper Limit. on '1'1 Width. of Re.onanees 

Unfortunately, a pure Pue interpretation Conftict.1I witll the IJUpprelsion of the 8 .... "'li' decay - the ~or 

dec~ mode it e .... K E but slue .houM eo~j ~ hadr~11I Bavour iDdepe~ntly. One mode} for 

mixin&1I2 of e,J(1270),r(UI6) arranled the tnppre.tÏon of the e ........ dec~ but aI80 reql'lÎred a 

vanUhin,. r n(J'(1515}) and ,.,u therelore incorrect. 

The 8U(3)"..,41 ... mimi orthe 0-+ md 2++ melon Donets can be determined from the '1"/ widths , . 
\ ' 
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oftheir memben. The SU(3) wave ftmcdoDJ lor the '1'1 odet ud .m.Jet are: 

1 
lrQ (A:.)" Ji{dd - uo)F. 

1 
". (h) .... Ji{Ufi+~J-2 .. )F. 

1 
'Il (Id - 7a(UO + dcl + •• )Fl 

(1-12) 

!' - 1. cod - II lÛl 6' .. 
J al ft cos6+J.1Ûl9 

The' Fr repre.ent the spatial wavelunction. - lor nonet syminetry , .... Fil F • .. 1. The two,gamma widths 

orthe muons can be related to the quark content by the appronmate eIpreSDOnJ37 : 

f n(R) .. m: . K[E e: . F,(, .. 0)]2 , 
3f 'T'T (" ) l' 'T'T (lrO) [ro8 • 11 11]' 

8 "'" 8 V 0' sm 17 - COS" 
mil m .. o 

(1-13) 

:if 17a("') _ f nllro ) [Ji, COI ° + tin,O]' 
m" m .. o 

Where e, is the charge of the quarkq (q == u, d,.). The.e can be ueed to calcul_te ,. and 6, the =-:fo::.:rn1=e=-r .::::is __ -

consi.t.ent with nonet symmetr)' at. a 2aJevel, i.e. r(O-+) == .g2±.0~, r(r+) ... 1.09:1:.11. _8 ÏJ consistent 

with perfect mixing (0 ... 35.3°) lor the 2++ nonet, 2S ill < 9(2++) < ~iII f tbis limite the u and d qua.rk 

content of the /'(1616) to be Jel. than 2%506. The p.eudollcalar nonet hu _~iII ~ 8 ~ -430 the large 

error ban bein, due to ineonmtencie. between old ana)ym and the ne .. PLUTO study8°4 which derivell 

a Jower vùue 01 f _ (tI'). A J.arce departure from pedect mixin, ÏJ expected in the 0-+ nonet doe to the , , >~ 1 ~ 

'h 
.' 

large mase diiFerencell'04. 

The lro two pmma width can be determined independentJ;y !rom aD 01 this by usine PCAC1Bi and 

the triangle UlOmalylàO (Fipre 1.10) with the muJt: 

( ) m! :1 
r 'T" ~o - .4: 'Iton 

(1-14) 

The expenmental value for f'l'T (lro) û1.S':I: .GleV ta be eompared with the relUIt 01 equation604 1 -14, 
.,..-

1.G3eV. Thil qreement fa one of the ear6est and mOft important pieeell of evidence ror the extra coJour 

deuee of freedom lor qum.. 
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The "17 widths oC mesoru can be used to to differentiate be.Ween modelll :with different charge 

uSÏgnments for the quarks. In the Han-Nambul84 Integer Charge Qnark(ICQ) Model SU(3) 8avour and 

sUla) colour are not independent - the charge of a quark depends on both cOlom ud 6a~our,tho1lgh the 
. ~ 

colour.averaged quark charges in the ICQ are identical to thOIle in the GeU-Mann/Zweig "'" FractionalJy 

Charged 'Quark Model(F.OQ) {Table 1.4). The current data on R.+.- and r'J'l(~o) do not rule out 
~ . 

the ICQ. These remlts can only meas~ the colour .mglet part of the ph.oton wavefunct\on be~ow.the 

threshold Cor open colour (which, given current theories oC quark confinement, could be in6nitely far away 

from current energies). In SU(3)"Gllour:l:SU(3)co'our 8:1:8 = 1 +8+ •.• so in ii collisions there is some 
. . 

contribution from the col our octet part ~f the photon, if lt exists.' If one evaluates equation 1 - 13 with 
, , 

the wavdunctions given in 1 - 12 for the ICQ and FCQ models uling Table 1.4: 

, r'n -< 1'l'IR >~. 
, ( 

< "171",0 > Q:: 3FII « Q~ >c -' < Q! >c) 

(1-15) 
< i;l'Is > c:.:.3Fs« ~3.>:!+ < Q;>c -2 < Q~ >c)/o 0 ~ 

"~ Q~.>ICQ= 2/3 <0 Q'} >10Q-1/3 . --------
è.J 

< Q~ ~FCQ 4/9 . < Q3 ~TOQ !., . 

< eq >c refers to the quark charge avera~~d over colour. Ii is app'arent" that r 'l'lhd in the ICQ is 4 

.1" 
times that bt'the FCQ mode} while the other ;; width8 remain th~ same., For the FOQ, MsUming the fi' 

- " 
is pure singlet, r ''l''l(''') Q:: 6'keV which, w.hen .compared to the experimental value ofo4.o7 ± .35, heavily 

favouts fractionally charged quarks. 

Additional dàta on ,the question of quark ch.arges ~y come from analysis of i"1 - qiJ, ",here the 

quarks form hadron~c jet~140. One" çan calculate the ratio between the badronic jet cro~,.section and 

the cross"section for i'Y - p+p-', -.&,.,. This quaptity is analogoll! to that calculated in annihilation 
~ \ . 

phenomena (equation 1 - 2): 

R., 'duldt(;; - qq) ( 3'· É"."OIIrIl Q'} ,) (34/27) 
'l ':'" dt1/dt(;'l' _ p+ p-)" 1/3 ÇE,' ... our.(E~,,"r. Q},c)2 .. 10/3 

. (f/'F-oQ) lor ICQ (1-16) 

ln this' equation the B..avours 'U, d, ., c are ~mmed ovei-. R.,'l,only become. con.tant for high particle P.l. 

due to the inB.uence of QCD. At present; data frOJXl 'l'; - jet. at high q2(Figure 1.11) see~ to rule out 

thè ICQ modeI6o". It is luggestedHO that this'lJ1&Y be misleading, in gauled ICQ model! a direct photon , . 
coupling to the gluon occurs, and the proposed colour octet coupling of the ph~ton is 8uppressed at high 

q2 bi a gluon propagator elfect. 
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Resonance Group Reference Channel r771leeV) 

Red White Blue FCQModel 

-u 1 1 0 2/3 

" 

d 0 0 ·1 , -1/3 

c 1 
1 

1 0 2/3 
0 

Ir 0 0 -1 - -1/3 

,b 0 0 ·1 -1/3 

Table 1_4. Quark Charges in the Han-Nambu(ICQ) and Gellmann-Zweig(FCQ) Models 

Searches have been made (or most elCotic rtsonances in the various channeJs availàble in ii collisioDs. 

The only channel to produce any seriou8 theoretica! confusion is the "'t'Y - pp channel. Severa! coUabora· 

tions have observed thls30o-aoo and TASSO have performed the most complete analysÏ8 to date 306 • They 
c~4, 

-.and a large enhancement in 'Yr - 2?r+2,.,.- near the po po threshold. The angular correlation analysis 

auggests that the data is best fitted by C=+ states with the dominant contributions heing 0++ belo1V 1.7 
( 

GeV and 2++ &bove. The data is such that TASSO can't rule out an isotropie phlÙe space contribution ... 

Theoretical expectations for "'t'Y - pp from the Vector Dominance Model (discussed in the nut section) 

.uggest: 

(1-17) 

Where k·, p. are the "1 and p momenta in the 11 OMS. The méasured value (Figure 1.12) ia on the 
~i ~ 

order or a 100 nb near threshold - clearly inconsÏ8tent with the above remit and with most attempted 

explanations or the efFed. In addition, the JADE Collaborationli04 has ~b8erved 7'Y - p+ p- and lIee 

no analogous threshold enhancement. Ir the pp lIignal had resulted rrom a single relonance isospin 

conservation 1Vould require: B,(X -+ p+ p-)j Br(X -+ pO pO) = 2,1/2 ror Ix = 0,2, respectively. There 
L 

, \ 
,\ \ r\no cleu explanation or this signal - one popular mode) rormat aruggests a pair of rour quark resonances 

interleres to produce _ suppreued p+ p- mode. More data on this final atate and related finallJtatea (piN, 

ww etc.) are needed to distinguillh between the theoretical pOllsibilitiu. 
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1.4'The Total Crol.-Sectlon for 'l"1- Hadrcm.: The photon haa a dual naton in hadronic interac

tions - it CUl couple to hadrons either through their charges (or, at high photon q'l, throngh the chargell 

or the constituent quarks) in an electromagnetic interaction, or it may ollcillate into a vector muon (p, 

w, 4> ••• ) and interact via the strODg force. This latter view is lmowD .. the Vector Dominance Model or 
9 

VDM, exprel!sing the lact that, in soft hamomc interactions, the photon behavelt rather like a hadron. 
/// 

The VDM contribution to hadronic pro cesses in 77 collisions ÎII: 

0'(77 - hadron,) = ,l)a1rh~ )(a~ f;~/)O(YY' - hadron.) Y, yi - P,w.f> (1-18) 
V,V' 

Where the 7V CUl he calcnlated from the vector muon 'decay constantsl42 and Bavour SU(S) implies: 

(1-19) 

This eoncèpt implies that hadrons in -"/"1 collisions should he produced with a limited P.J.. phallt space 

distribution - similar to that found in low momentum-transfer hadronic reactioRS. Additionally, Regge 

Model results can he ul!ed to relate "1"1 cross_sections110,lOO,604 to Nucleon cross·sections. At hlgh energies 

ooly the a = 1 Regge trajectory contrihutes, as Regge Models have (! '"'" W;;-2. Assuming factomation 

(i.e. that each procus can he desf;rihed by two independent vertex eoupling colllltantll, Figure 1.1,3) the 

uymptotie 7"1 total hadronie cross-section can he derived from the total cross· sections lor 7P and pp 

scattering143 : 

" '.' (1-20) 

Exchange ol the CI' = 1/2, 0 tr~ectorie8 (Figure 1.14) pro duces elementa in the cross-section proportÎonal 

to 1/W"" I/W~,~ lespectively. The latter is ~xpected to contribute littJe hut the a = 1/2 trajectory 

(corresponding to f and A~ nchange) is calculated by W.WagnerJOO to be 270nb· GeY /W",/"'1' Ginzburg 

Uld SerboJ48 estimate thls contribution to be 315 ± 66nb· OeY /W",/"'1' The l/W term ie expected to be 

ooly an average estimate of re80nant contributions at IOlV muses. 

Ali discu8sed in the eection 1.2, hruch work has been done on photon 'structure funetions and these 

are directly related to crolll·sections. However, for both photons nearly na! the QCD tr'latmenh are not 

expected to apply. The Quark Parton Mode. does prediet that the photon will have a pointlike coupling 

to quarks: 

(1-21) 
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When {J := PIE (P and E are, nspect.ively, the momentum and enel'lY of the 7"1 OMS). TIW may 

produce a l/W' 'erm in the 77 total hadronic cross-serlion if its behaviour is not drastically~tend 
, ! \, 

by QCD. As mentioned in the previous section, the observation of two jet events in' 77 collisions is 

fundamental evidence for a pointlib contribution. In addition, the pointlike coupling .hows up at large 

hadron PJ. as a IIlower decrease( ...... l/Pl) in tkI/dPl (Figure 1.16) than one would expect from the limited ) 

, PJ. phase space ofsoftbadronic interarlioDII(du/Pl-exp(-6pl)). 

/'~ 

The VDM can be used to estÏIDate the Q'l dependence of "17 croll·sectioru. "The vedor muon appean 

as an intemalline in the Feynmann diagram (Figure 1.16) and m~di6es the 1/q2 photon propagator to 

be l/q'(l. - tI/m~), q'J < O. This s1lggests: 

U77(W'l ,q~. q~) == U"I7(W',O, 0) C -~/m~ r (1 - q~/m~)' (1-22) 

The rho propagator hypothnis agreea weil with data at mWl ~ (Figure 1 -17o,b) but for q'J on the 

order of 1 GeV1 it estÏmates too steep a decre~ in the cro8Nection (Figure l - 17c). Ginzburg and 

Serhol48 have mggested that at moderately bigh q'J the contribution of the other vector muons lDIlI1. be 

ta.ken into account and suggest the formula: 

tT(W',q',O) = I1(W',O,O)FJvDM(~) 
'" 1 + q'/4m~ 0.22 

Fav DM = ,L, rv 1 + q2 /m~ + 1 + Q2/1.4' 
V=,,"',f 

(1 0 23) 

with " ... 85, t'", = .08, and '. == .05. ThiB expression is al80 meant to' indude the contribution of I1ST 

for nonuro q2 (i.e. the tel'lDll in equation 1 - 23 proportion al to ~). The GVDM propagator seems to 

agree with the data at moderate q2 (Figure 1 -17c). Expression 1 - 23 also dellcrihell simiJar proparator 

elFeda in eN and pN scatteringl4a ",here it was originally applied. Some question has arisen uso about 
o 

whether the propagators Cactor as implitd in equation 1 - 22 for both photon li! "" O(m~). 

The &nt meuurements of tTh"1 - Hadron.) were made by TASSOI4tl,147, PLUT0J44,146, and 

SPEARH&. The first t'Wo of these are aringleotag measunments while the SPEAR experiment operated 

in double.tag mode. The SPEAR experiment had very low Jtatistice and expressed ita remts in tenns 

of Rn (Equation 1 - le): 

R-,.., - 1.1 :l: 0.3 ± 0.3 f - (1-24) 

'b 
The analyses of PLUTO and TASSO Lad IIDlch more statisticlI but had the distinct disadvantage that 

the true W"7 was unmown due·ta detector acceptanceJmd l'ellolutioh. TIlù quantit,y had to be estimated 
f " 
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, 
1UÙlI an unfolding algorithm hued on a Monte Carlo for the fragmentation of the final ,",ate. .At! the 

Monte Carlo had to be adjusted to the nperimental data then is an element of circular logie involved in 

thie type of analysi!. TM! systematic uncertainty led to the two difrennt "unf'olded" 77 crosJoseetions 

.hown in Figure 1 - 18. The lu error contoun in Figure 1 - 18 an only ltatistical errora - the difFennce 
!\ 

hetween the two nsults can be attributed entirely to systematic efeets in the unfolding procedure. The 

remit, oC the two experiments an: 

U(Tl - had,.o,u) = (A(24Onb + 270nb· GeY jW) + B nh· Gey 2/W2)F; PLUTO 

A ID .97±.16 B m: 2250 ± 500 
1- -26 

u(n - hadron.) "'" (C + D "b· GeY jW)F; TASSO 

C= 370±35 D =570 ± 100 

Wbere F, nren to the p propagator hypothesis Cor the croll-Iection q'l dependence as duerihed Aboye. 

Kolanoski6 04 diSCU8SU the different points of the two analyses in d~tail. The PLUTO experiment u8fd a 

limited P.J.. phase space algorithm: 

(1-28) 

Poi,.on 

< n.± > / < n,..o > c:: 2 

Though theM parameten appeared to describe the datll, the y wen not allowed to vary si:mu.\taneoullly 

with the crou·section parameten in • fit. TASSO had a luger W .... - W". correction because it only 

uled charged particles in its analysis hut it simultaneoulIly 6tted CoD and the multiplicity distribution 

to the data. The Pl. distribution was fitted aeparateJy. ln a later anaJysi! with 9 pb-1 luminosity (the 

\ 

original analy!UJ u!led 2.3 pb -1), TASS01411,604 round that if the parameten for the Pl. distribution 'fiere 

included in the 6t the correlation wu auffident to dutroy the ability of the experiment to determine any 

crollNection W77 dependence. For visible invariant mul!les ,"ater than 3 GeV it wu ~sumed that the 

crolls·section wu 8at. This ans ah produced the remt Ut) ... 286::!:Mnb. It \IIIU impossible to determine the 

fragmentation parameten independently of th, cross-section and, if aD parameten were fit simultaneously, 

the range of crou-sections aIlowed withln the 96% con6dence limit wu 140nh < Uo < 1300nh. 

More recently PLUT0602 hu puhlished an improved analysil witb hi,ber lumin08ity (19 pb- 1 as 

oppoled to 2.7 pb- 1 in the original anaJysi.) and an improved detector. The PLUTO result Î8 IIhown in 
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Figure 1 - 19. The PEP 4/9 conaboration have recentJy started analy.iI of ~7 _ hadron, with 50 pb- 1 

luminosity and have150•lI;Q announced a preliminary result from a double tag measurement: 

D(n - X) "'" (360:l: 80)nb+ (10:l: 290)nb· GeV /W • . . 
TTT -
- "'" -.49 ± .24, 
u./I 

TTS II: -.02:l: .04 
(1c/l. 

1 

(1-27) 

PLUT0161 has measured .2:.L = -.3(± .12. A double tag meuurernent hu a mnch better control of 
a./I 

systematic uncertainties since the W,., can be determined Irom tht\,{energie. ofthe tagged beam particles 

and no W" ... &lc - W'17 unfolding ie needed. However, the statUtics are very limited (PEP 4/9 has 

~ 800 events while the PLUTO analysis has ..... 3000 with leu than hall the lominosity). There ÏI still 

systematic uncertainty from trigger elficie~cy, event llelection, and various backgroWld contributions. It 

il abo difficult to get a good mas! resolution in double tag meuoremen~ lU W;,. ~ 4(Esum - ET_gI) . 

(Es.lm - ETag,) and ETag » ES.am - ET_,. For either (ST or DT) finite angle tag measurements it 

il,necessary to estimate the cross· section for rea! photon collisions from measurements &t 6nite Q2. 

.In summ.ary,' 77 phySiC8 18 an alternative to e- e+ annihilation with many unique opportunitiu. The 

compluity of hadronic interactions and the lIimplicity oC QED both maniIeet themselves providing a 

middle ground where 1I0me aspects of hadronic interactions are mort susceptible to theoretiea! attack. 

The meuurement of the photon etructure function bu attracted a large amount or theoretical and 

experimentaJ effort wlUch shows no op of le8lening. Invutigations of nllonance production have nearly 

laturat.ed the capabilities of present lacilities but many allowed dtannele have not yet been seen. The 

observation of the weaÀer procelsl!8 would ~ in the analysis of melon wavefunctio"n., the quark content 

of uotic mellonll heing particularly interesting. Low intensity channele, liIte vector me80n pair production, 

ma.)' reveaJ \the exutence of four quark IItatel. It la abo expected that high P.1 hadron production may be 

partiaUy calculable in QCD162-1M. The "1"1 ero~.section hu not created any theoretical controvernell -

the Regge theOl"y estimates have Dot changed signi6cantly rince the early leventies and lOund evidence 

for the presence of a l/W;, term, evidence of QCD efFecu, doea not yd eXÏJt (other evidence (or pointlike 

coupling in "17 proceslles don exist in the lorm of jet production and hiIh PJ. proctesell). The difficult 

experimental situation bu prtvented the meuurement 01 "1"1 cl'OIII-.ection. to an accuracy that cao 

challenge the theoretical eetimatel!l. The "1"1 cronollectioDII are fondamental quantitiel!l and it is dear that 

theu accurate measurement'and eventual calculation in QCD, dearly a much easier tuk than calculation 
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1 , or other channels involVinI 80ft. hadronic proceltes, would be a triumph of eçerimental and theontical 

technique. 
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1.& CAPTIONS FOR FIGURES 

l.a (a) Feynmann Oiagram for "'''1 -,., (~ox Diaaram"), (b) Feynmann diap-am for Fermion pair 

production. 

1 •• irlGr vs. Q3. ln Diagrams 1.4·1.8 N je proportion~.l to the (, 'l:JII·.ecûon for e+e- - e+e-'J"I -

e+ e- X with 11"" - X a conn.ant. Q2 ÏI the invariant mu. lIquared of one of the VÏrlllal photon. in the 

interior of the feynmann diagram in FiJun 1.2. 

1.5 *11:; VI. Er· the photon enerzy spectrum. 

1.1 * ~ va. cos 9. 9 Î! the Icatterin, angle of .. beam particle in Figure 1.2. 

l.f *~ VI. W~.,. W.,., ia the invariant mua orthe ''l''1 OMS. 
~~ , 

1.8 * ~Y8. '1 (the rapidity of the " CMS). 

1.0 Feynmann Diagrams for gluon bnmlltrahlen correction to the mh order QCD derivation of the pho. 

ton structure fonction. Gr.ph (b) would, in QED, cancel the infrared diverpnce of gnph (a), however, 

in QCD the Q'J of the gluon cao euily be smalI enough 110 that the ronDing couplin~ constant o(Q2) 
'.-

becomes' rreater than 1 and the corr.ection cao no lonler be calculated perturbatively. 
, 
1.10 Feynmann Dioagram! for decay lfO - '''1. 
1.11 R-r1 trom PLUT0141 ôngle tag events sho""ing .ppro.dl to value pndkted by the Iractionally 

charged quark mode} .t high q'J • 

1.13 The TASSO reaultB06 for 11('l'1 - pp). 

1.1a Thele diagraoulOG illurirate the usumption. underlyingthe factorisation orRegge exchange terms. 

1.1. The 0- 0, i, 1 Regge Tr~ectorie8IOQ. 

1.15 Experimental du/dPi dUtribution from TASSO (this ÎJ the P.J.. ofindividual partiel!!. in each event). 

At 10"" P.L an exponential decreue Î! evident as eIPected from VDM considerations. At bigh p~ !!vidence 

lor pointlike ri.ructure U ob.erved in the form of a .lower deaeue iD dtl/dPl .... I/P1 

I.US Feynmann diagram showinS oriPn of p propaptor contribu!-i0n to UV DN("1'Y - X). 

1.1" Data !rom PLUT010'a,1&1 ehowinc tI,.,.(.t9l.d ,.., O.). The rho propaptor reprodum the distribu

tion at lOTi if as can be .ten in Fipre 1.ITa,b. However, the p propa,'.tor &II1lmption underestimate8 

the crollll'lIection at moderately hilh q'(Figure 1.17c) where the GVDM propa,ator eeems to 6t the data 

better. 
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1.1' Re.u1te hm PLUT01t4, 146, and TASSOI"-l" on the 71 hadronic cross· section. The leT cont~1ll'8 

mOTt'D are for Itatistic:aI err~n onJy. 

1.10 (a) Re811lta lrom PLUTOO02 on the n hadronic crosa-aec:tion. The duhed line representll the VDM 

prediction, (1 - 240+270/W..,.., while the .haded area repruent. an extended VDM remit of G. Alennder 

et al,lu .(b) ReJUlts160 tom PEP .. /9 on the n hadronic crole·section. The prediction 01 Alexander et 

al,166 if "'0 mown. 

û 
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CBAPTEJt. 2: THE ARGUS EXPERIMENT 

t.l DESY : The ARGUS experiment wu designed to operate in one of the two intnaetion regions of 

the DORIS (Double Ring Storage) e+e- coUider. This machine is part of. larger actelerator f.cility 

100wn u DESY (Deutschell Elektronen·Synchrotron), and is operated &8 • joint project of the City 

of Hamburg and the Federal Rebublic of Germany. The central component of the facility iB a fi GeV 

eynchrotron, which acts as a lIource of high energy electronll for both the PETRA and DORIS rings. 

The arrangement of the acceIerator network is .hown in Figure 2.1. The DORIS ring wu operational in 

lQ7i but Wall extensively altered between 1980·82. These modifications were designed to improve machine 

operation at the energies required for T melon physics. The other experimental site al. DORIS iB currently 
/ 

occupied by the ~stal Bail Detector. In addition to severa! high energy physics experiments, DESY 

.apports research with synçhrotron radiation at HASYLAB. This year construction wu begun on a 30 

?eV electron / 820 GeV proton collider known as BERA, which willltart operating in 1"0. 
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1 , i.i Pl-lDdpai Dehetor Component. : The oriPnaJ proposai Cor ~e ARGUS detector was q,bmitted 

in October 1078202 (the acronym stand, Cor "A Russian German United Statel Swediah Oollab~ration" 

- IUb.equently groups from IPP Canadr.(1982) and Yugoslavia(1981) joined the collaboration). ARGUS 

'lias designed a.!J an advanced "second generation" detector (taking DASP's place at the DORIS storage 

ring) to RUdy the new phy.iC9 oC the CMS energy region aronnd 10 GeV. This induded the 8pectro8copy 

oC the recently di.covered T states, Mst leen2oa ,2011 in 6xed target experiments. Thelle are "flavourle8s" 

meson statu ~pmposed oC b (or beauty) quarks. AdditionalJy, the T(4S) (10.575 GeV) resonanct is 

known to rragment into B,S muons (open beauty states). These inveltÏgation8 are signi6cant ror much of 

particle physics, as they provide information on heavy quark potentialB, weak interaction nniversality for 

the third quark/lepton generation, and the KobayMhi·Maekawa parametrization or the weak interactions 

of qu~ks (including CP violation). In a nJwar vein, the study of chann quark production in the 

continuum 'lias considered. This study has .proved rruitful, and remIts on the production or F, F· 

mesons have been published201,20B. The study of the new heavy lepton T(1.74GeV) 'lias aIso considered 

in the detector design - the ahility o~ the detectar to otudy T'phyoiclJ being 8Îgni.ficantly enhanced by 

the recent- addition of a vertex chamber204 to the experiment. ~ Although the detector wu not explicitly 

designed for ..,.., physics it is, nevertheless, qnite wen suited for thill etudy as will be demonstrated in the 

nerl chapter. This capability is the rerult of the detector'. ahility to reconstruct high multipücity events 

from T meBon dec&ys which often pro duce severa! tracks or momentum less than 1 GeV Ic. The rourth 
\ 

chapter will ducribe some proposed modificatioDs to ARGUS del!Îgned to enhance its aptitude for ..,.., 

physics "7 the iDst.allation of the BGO smaIl angle tagge". The experiment .tarted nmning in Octobu 
1 

11»82, and has since collected approximately 84 pb- 1 luminosity divided between the T(lS), T(2S), and 

T( 4S) vector meson relOnances. 

The central component or the ARGUS detector is the drift chunber2°6, a hollow g~ filled cylinder 

two meters long with inner and outer diameten of llicm ad 86em respect.ively. The drift chamber hlU 

6040 sense wes and 2.588 field wires arranged in 3e layera. Tbe lIense wires record pulses produced when 

they are hit by iODs created by tbe paaeage of .. high energy charged partide. The field wires shape the 

electric 6eld &round each lentle wire, 80 that the timing of the pubes ma;y be uled ta determine the distance 

of closest approach or t~e marged particle ta the wire - information ulled omine by a pattern recognition 

prop-&m that learche. for tradur of delinite 3-momenta (Fipre 2.2). Eighteen ~f the layen provide 

".tereo" view. i.e. while half the len8e wires make a right angle with the endcap. - each of thue layer!! 
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lorming a c:ylinder - the other layera are "twi.sted" about the tyJDIDetry nm of the detector, altemately 

rilht and lelt. The8e "stereo layers" lie in hyperboJoidallJUlfaces which intersect the cylindricallJUlfac~8. 

This geometry allows the reconstruction of the path of a charged partide in three dimensions and yields 
. 

five times better spatial resoJution than charge division nad out, while requiring Jess electronics. The 

momentum resolution acrueved ia ~ .... OI2Vl.0 + ~:V·. and islimited below 1 GeV by Icattering in 

the mner wall of the chamber (which is composed of carbon fiber and UpOI)' to minimize thi!J effect) 

and beampipe. The chamber gas ÎB almO!lt completely propane - cholJ~it becau8e of itll narrow Landau 

distribution i.e. the energy 108s along the length of a partiele tradt 8uctuates lell! with propane than 

with other gases typically uled in this application. This is important because the energy loss (relerred to 

as dE/dX) is detumined by a partide's mus and charge. ThereCore, an accorate dE/àX measurement 

can be used to identify the partiele. Sin ce this is • .tatistical pro cess , only the most probable energy 

lOIS is known and the width of the di!Jtribution limite the particle separation. The capabilities of this 

partiele ID method will be discU8sed in chapter thl'te, where its use in rejecting backgroWld events from 

beam.gas collisions is dellcrihed. The dE/dX resolution achieved Î!l 5% for cOmUc event! and 5.6% for 

pione in e+ e- annihilation events. The chamber roDlI in a magnetic 6eld of .8 Tesla and has achiev~d a 

track reconstruction efficiency of 95% over 93% of "li". A spatial resolution of 200#-lm in half the drift ceU 

wu achieved for high momentum (~ 2.0 GeV /e) tmcb. ft ia cxpectcd thnt, with certain improvement., 

a resolution of 150 #-lm may he achieved. 

The Vertex Detection Chamher or VDC wu instaDed in the SPr1ng of 198~ and Î!l the newest detector 

component. When mUy operational, it will allow improved trad recoplÏtion and momentum re,olution 

for tradt! that have low P.1, or originate from lecondary verticel. It will also, or COUl'lle, aid greatly in 

determining the main vertex 10catioD - allowing tighter cutl aga.inrt the beamgu background (dillcus!led 

in the next ehapur) to be made. Secondary vertex analyllis can be 1l8ed in studies of channeb involvinc T 

partieltl, K~ ... and 'even ,luinoll! The VDC ~duct!ll the minimum distance a trad must be extrapolated 

t.o reach the interaction point from 17em to gem. This chamber ÎII one meur long with inner and outer 
. ;-1 

radii 01 Sem and 1 ~em relpectively leading to an accept.ance of 95% of .... It ~tII approrimately the 

lame technique as the lurrounding drift chamber ncept{it attempts no analysis of the Z di,placement of 
, 1 

tracb - aU wirell being parallel to the heams. The cb'âmber hu 50. senae wirea arranged in hexagonal 

cella with H12 field wire •. The chamber walls are made of carbon 6ber and epozy to minimize IIcattel'ÎnJ. 

The spatial reaolution achieved by the, VDC in a tellt beam is gOIIm. 
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The "Time or Flight" or ToF206 syriem of the ARGUS detector .ervts two main purposes. Fint, 

it ia a fundamental component of the muer, as diseU88ed below, and eeeond, it serve! &II one of the 

main lources, together with dE/dX analysis, of information regarding partiele identity. Very IlÎmply, the 

information on charged partiele path length and momentum from the Drift Chamber (and eventual1y 
~..::;:--= 

VDCj analysis, is used with the Time of Flight information to provide an eltimate of the partiele'. man. 

The partiele identi6cation abllity ia lim.ited by the Lorentz boori IIIld masll diB'erences of the partieles in 

question i.e. K,p are eeparated to quite high momenta (~ 1.2 GeV Ic) whiJe e/1r .eparation is only good 

below 200 MeV /c and 1r/K separation belolV 700 MeV le (the masses of muon! and pions lm too dOlle to 

allow any decision on this type of evidence). Since the time resolution - 220 picoBeconds - is comparable 

to the diJFerencell in Oight time induced by different mulle! the ToF partiele ID information ean only be 

exprelSed statistically. GeneraDy, one defines a X:1 to measure the probability of a particular identity 

hypothellÏII: 

1 1 
Xl = {-- - }' I[u? + q~1 

fJT~F PUPCdcd 
(2--1 ) 

w,here fJupCd.~ is the velo city calculaud for a given mass hypothesÏs fr~m the path length and momentum 

information, and 111, and t1~ are the expected erroYlllor 1/ PToF, and II {Jupcrlcd detenoined by t~e ToF 

and Drift Chamber reolution. If aD the itatillticru distributions involved an gaussian one can determine 

the probability of a particle to be of identity "X" from: 

P(X) = Ix exp(-x3è/2) , 
J:,=_, .. ,x,x,p,./. up(-X, /2} 

(2-2) 

Where thè l, are the relative abundances of the different partide types. AB thÜl il! an absolute probabil· 

ity, this form of expressing the particle ID information can be nnambiguoully combined with limilarly 

formatted information from entirely diJFerent 8Ourcel, e.g. ~Ichamber dE/dX me&IIUrements. 

The ToF I!)'stem is divided into three segmentll, the barrel eection, covering 76% 01 41r, (tH c:ounters 

viewed by two phototubts, one at each end, uranged axially on a 96cm radius cylinder), and two 48 

connter endcap segments, each ODe viewed by one phototube. The en.deapII cover 17% or 411". The eounters 

are composed of NEllO IcintiDating Ïnaterial. The ToF counteh an located (Figure 2.3) in the 8J)aee 
. 

between the drift chaiuber and the mower counten and are connected to the phototubes by lightguide. 

which pass throogh bolet in the ARGUS magnet )'oke. The phototubu an located outside the magl'let 

bacaule the)' must operate in regionll relatively free &om magnetic Selds. They ue .rueldelf from any 

temaining field br soIt irou and p metal eylinden. The counte" operate in eommon IItut mode, i.e. the 
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1 
beam crossing rignal atms the TDCs (Time/Digital Converten) whlch are stopped br the output or a 

dimiminator (with 80% or the corresponding ADC (An!!log/Digitai Converter) signal as input) Dlter a 

fixed time delay of 200 ns. The discriminator also semis rignals to the CPPT(Charge Particle Pntrigger) 

logic and LTF(Little Track Finder). 20% of the ADC signal is used for ofBine correction of the ToF 
1 

time. The intrinsic time re801ution of the ToF 'coanteN, determined trom Monte Carlo analyses, il 170 

pico8econdll. The effective resolution ÎII 220 picOIIeconds due to pbototube pin variability and timing 

uncertainty in the bunch crossing signal. 

The ARGUS Electron/Photon Calorimeters207 (otherwise known as shower countera) were designed 

to me8sure the energÎes of electromagnetically ehowering particles and provide limited particle identifia 

cation capahility. Electrons and photons' deposit nearly all of their energy in the shower counters while 

minimum ionizing particles, muons, and hadrons (those which don', lJtart a shower hadronkally) deposit' , 

on the order of 200·300 MeV ~ a wide Landlll distribution. AI the extent of light losses have been 

extensively studied in a test beam and via the EGS (Electron. Gamma Shower) Monte Carlo, the total 

enngy ror electromagnetic showers CllJ1 be determined accurately. ThirJ leado ta an energy resolution of: 

(1 (0" 2 .08:1)J.. - ..... u8+--· E E 
(2-3) 

If one plots the measured drift chamber momentum vs. 6 = ~ - i:: (Figure 2.4), it il! apparent that 

the electTons, which appear. lU a horizontal band Dear 6 -= 0, are well separated down to momenta of 

• 000 MeV le. Hadronic .howers cao be charactemed by their shapé which is DD1ch wider than that or an 

electromagnetic or minimum ionizing shower. 

There are a total of 1888 .hower cOWlters, 1636 barrel, and 352 endcllps. Thelle are located within 

the ARGUS Magnet yoke and are read out by wavelenKth .hifter bU'tl which extend through mtll in the 

l'o~. The photomnltiplien are located outside the mapet to .void itll 6eld. The desipl rellOlution of th" 

conotera, 7.5%/.fË, wu achieved in teat beam uperiments. Bowever, during installation, distortion ot 

the IigLt pidelJ and ibn optice (which are ust!d for !uer calibration of the .hower counters) introduced 

.dditional uncertainties, prodocing the constant error term in Equation 2-3. The coanten are compo.ed or 

alternating lead plates and scintillator (1 & 6mm~respectively), aecm lone, proVidngtl.5 radiation 

lengths or electromagnetic: mower absorher. The Iilht1rom the .cintiDat~n ÎII ab.orbed by a wavelength 
,1 

ahifter bar that rune along the aide or the IIhower couter (each .Leet of .cintillator is perpendicular to 
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the wavelength shifter bar). The wave length shifter then emits Iight uotropically, aDowing IOme of ligbt 

to malte its way to the photomultiplier outllide the magnet coU. , 

The ARGUS magnet produces a 6eld of .8 Tesla and is compoted of 13 coils, mts between ",him 

allow the Shower Connter and ToF licht guides to pUll outllÏde. The totalmaBlI of the magnet and yoke 

is 365 metric tons. The efFect oC the magnetic field on the DORIS beams u compelllated by two .ets of . 
Cour electromagnets at each end of the detect.or. These coUs are dose to the bem and collUions between 

the beam halo and the compensation coils can produce many "noue" evenvs depending on the machine 

conditions. 

1 

The muon ch~en (Figure 2.5) operate over 86% 014", and conllÏst of 17H proportional tubes oC 

6em J( 6em cross' section. There are two laye" or chamberll. The inner layer uses the copper coil and 

iron .hielding as a hadron mter of 3.3 absorbtion Jengths. The second .et or chamben is located outside 
y 

the Bux re~um yoke (which provides an extra 1.8 absorbtion lengt.hs of hadron 6lter). The inner laier 

coven 50% of b ~a--a muon ,muat have at Jean 720 MeV/c momentum to penetrate trus far. The outer 

layer covera 35% of 4lr with a mtoff momentum of 1110 MeV le. The "punch·through" probabilities of 

hadronic showen and the contribution of IJB from K or '" leptonic derays are on the order or 1-2%. 
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,1 ~.a The A:aGUS TrI.,u: The ARGUS detector trigger is divided ioto two ma.in stage 1: the pre-

trinera, denved from discriminatore operatmg on ToF counLer outputs or the analog sums of groups 

of ahower, counters; and the LTF or Little '!'rack Fioder wruch doel an efficient t'No dimenrional trad 

lIearch usine the drift chamber ADC information. The LTF is a ~rogrammed hardware unit - it matches 

a nomber of geometric masks starting &010 a :t'oF rut to the drift chamber information and counts the 
" 

nomber of drut chamber ADC hite within this area (each drift chamber ADC lIendl ODe "bit" ta the 
, ~, 

LTF). If enough hits iotenect an LTF mask, the LTF counu one tradt. Each mask repre.ents the area· 

of the drift chamber XY projection intereec:ted by tradts of a nnall Pol interval - the ran~e of ? being 
, 

determined by the ToF cOWlter rite. ûoly the barrel'ToF are ueed by the LTF as starting p'oints for 

track searchee at prCflent. It is poslÛble to indude the endcap ToF counters and a set of masu has been 

produced for trus type of track .. With the presence of the vertex chamber, the LTF ",ru he able to have 

• good efficiency for 10lV moment. .. tracks - p08eibly aB low &II G5 MeV le. 

o ------

The total energy trigger (ETOT) requires a~350 MeV from the Ihower counten in eaeh of 

the ±Z haJvelJ of the detector (th, Z axis of the detector il! tangent to the beam orbit). This il! only visible . , 

energy in the fonn of an analog SUDl of the shower counter pullle heights for each hall of the detector -

no calibration, or compensation for energy 1060 or nbsorbtion, CM be carried out online. Thuefore, one 

cannot rully say that the threshold is 350 MeV for eaclf event, thls dependfJ on the Zl.Ctual dwcriminator 
1 

thresholds and the elfeds of calibration. Additionally, Bhabha events (e+ e- - e+ e-) allV&yll !Jet the 
, 

ETOT triggers, while mu-pain (e+ e- - IJ+ IJ-) lIeldom deposÎt enough enel'lY in the showu counten ail 

the mUODS are minimum ionizing particles. ETOT triggen do not requin a.ny LTF tracks - the trigger 

logie sends a signa! to the LTF disabling its event veto lor the duration of the detec:tor readout period. 

, -
The tnggers with the bighest acceptance lor." even~1 are the CPPT (chart(! partide pretrigger) and ' 

CMATRIX(coineidence matrix). Thtse an bailt out 01 CPPT elementll. Two CPPT elements are formed 

by coincidenceo between one of 32 groups of • ToF Coonters which ron the lencth of the detedor and 

a pair of shower counter groupe directly behind the ToF group dividing it into ±Z repons. At present, 

ooly the barrel ToF and IIhower counters contribute to the CP PT elemente. This ceometrie restriction 

limitl the Pl. 10 be at. leut 125 MeV le and (J (the anele between a particle track and the Z axial to 

be At lelllJt 4Ci degnes - for Il particle to crue the barrel .hower connten. U the CPPT element. are . 

extended 10 ~clnde the endcap the trigger acceptance incrUsel 10 mcrode P J. as 10 ... as M MeV le with 
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, an acceptance of 90% of ·b. The CPPT triggtr requiru one LTF trad ~d one CPPT element lIet in 

each Z·heJDÛphere. Thia trigger is important for 1-' pain and it present in about 80% of the ohsel'\'ed 

"11 events. Dowever, lU the CPPT triggu requires o~e charged traek in each hemÏJphere of the deterlor 

it misses two photon events with a large Lorentz boolt along the Z axia - a common occurence. The 

CMA TRIX (Figure 2.8) trigger partially compensates for this - it req1lÏre1l wo LTF tracU and two CPPT 

ruts separated by at least IW degrees in , (the azimuthal angle) with no requirement on the hemiaphere 

of the CPPT groups. The CMATRIX was designed to catch events with 1I0me hope of total Pi balance. 

Bowever, u trads with 101\1' Pl. ue strongly eurved, charge balance events with twc) coplanar 125 MeY le 

tracu willllll!t ooly one GPPT element. The requirement of a 90 degree lIeparation hetween the CPPT 
\ 

elements hit raUes the threshold Pi for CMATRIX triggen to 250 MeV /e if the event ill coplanar (this 

r property implies total Pi balance in two body events) with E Q = O. 

--1-

/ 
/ The last trigger added to the experiment was the HESH or High Energy Shower trigger. This con ruts 

of eight groups of 110 barrel shQ.wer counters in each half of the detector. Each group spana 75 degrees 

m ~ and ,hares 22 counters with the group on either aide. The HESH requirell at least 1 track from the 

LTF and ,,-,600 MeY Jc visible shower cOWlter energy in any HESH shower counter group. 

Il the synchrotron running conditions are had and a high level of noise event!! from beamgu or beam 

haJo/detector collisions occor, deadtime induced by the finite readont time of events (~ DL!f!c) will 

beeome large enough to necel!lsita~ an artificial decreue in trigger acceptance. A Coincide~~.ean be 

required between the CP"PT and CMATRIX triggen and/or the LTF track threshold can be Î.pcreUfd. 

The lattèr panacaea is urnally ehollen. Both of these changes reduce the visible 11 event~Jl, but the 
~ 

latter is the more serious (on the order of 10% of the full barrel trigger "1"1 ';losNection survive.) AS 

even a "11 multiprong event ~y not contain enough high Pi particles. Clearly, as the Lorentz boost o~ 

.,., events along the Z ni. decreueJ acceptanc:e, it ia derirable to have a full deterlor trigger - ideally 

two tracks anywhere in the 'drut c:hamber should be the only requirement. lncluding the endcapII in the 

trigger 'Would lead tG an increue in the "11 rate on the order of 100% for QED events and l1li IIDJch al! 

a 70% mcreue for hadronic channels. Table 2.1 gives the experimentally detennined trigger rates for 4 

cla .. es or events. The chld'ge balance two prong and multiprong categories are considered tG be clean 11 

event saniplee. The ducription of the Cosmic and beamgAS event selection ia pven in the next chapter. 
1 
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Trigger Type 2 Prongs Q = 0 Multiprangs Q = 0 Coamies Bum/Gas Collisions 

%Abundance 62 fJ.7 6.6 18.3 

%ETOT 2.3 6.7 3.0 .of 

%CPPT 56.0 64.6 76.8 47.3 

%CMATRIX 78.2 81.7 86A sa.2 

%HESH 1.3 1.6 2.5 .3 

, 
%ETOT only 1.4 1.4 2.0 .1 

%CPPT only 18.2 14.2 8.3 13.1 

%CMATRIX only .0.3 31.3 17.7 01.0 

%HESH only .5 .6 1.. .2 

%CPPT&CMATRIX only 37.6 49.7 68.4 34.1 

Table 3.3 Triggl'!r Analysis For Various Event Cluses 

There is DOme hope for II better trigger in the near future. The mon optimilltic point is the Ule of a 

CAB (CAMAC Booster) to organize ail the deteetor/eomputer interaction Înto one burst (or each even~. 

<3 
At present, each group of components is read into a PDp·ll separately producing a delay &li the computer 

, 
prepares each data tranll(er. The PDP then tranders the data to a VAX 11/780 whlch'temporvily lItores 

the data and eventuaDy tranders it to an mM which writes it to tape. The limiting time pu event due 

to the CAB is Olm but the PDP ruponlle limita thls to lO:15tn! - lItill a grut improvement onr the 

60msec readout tÎme l.imiting the pruent arrangement. The lituation may be improved further with the 

implementation of the VDC in the LTF. This will provide a strong Z rutnint on the interaction vertex 

aDowing molt orthe bum halo/compensation coil a,nd beam·gas events to be eliminated at a much earlier 

et",e in the nperiment. If both these Împrovementa an made, it will be possible to mclude the todcapl 

in the trigger. 

\, 
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1.4 Mont. Carlo Simulation of th. AB.GUS D.'.dor: Detector Monte Carlo programs cao 

be separated mto two main~tYPel!l: a simplistic one generally caUed II "MiniMe" and a "full detector 

-
l!Iimnlator". The latter provides an output that is similar to the data record produc:ed by the uperiment. 

The ~ detector" Monte Carlo for ARGUS is called SIMARG, and Ï1I bued on the CERNLIB drift 

chamber rimulation program GEANT. SIMARG attempts ib rimulate every physical pro cess involved in 

the operàtion of the detector except the actual c:+ c:- or n collision - the ducription of the collliion is 

IlUppiied by a separate program called an event generator. Each tracl. provided by the event generator 

Ï1I traced by SIMARG through the material of the detector, with 8cattering probabilities, energy 1098, 

and decay probabilitiea being ta.ken into account. The energy loss in the drift chamber is calculated 

together with the ADC and TDC signals. The ehower counter pube heights are calrulated from a detailed 

Monte Carlo (derived from EGS, the Electron-Gamma Showtt simulator program developed at SLAC). 

The whole process is CPU (comput,er time) intenrive - mon of the computer time consumption being 

concentrated in the shower Monte Oarlo. This only simulates minimum ionizing and eJectromagnetic 

shower types. It is expected that hé»dronic Bhower simulation will be available in the near future. 

~ 

Due to the SIMARG program's enthusiastic CPU conswnption the !1tatistics available with thi. type 

of accep,tance !l:ÎmUlation an limited. It Ï1I possible to undentand the acceptance for a reaction to a 

high degree if only geometric effects and resolution are considered. This can UfllaDy be accomplished 

in a program on the order of a thousand times faster (in computer tÎme c:onromption) than SIMARG_ 

This type 01 pro gram Ï1I known as a MiniM:C and cannot include 'efliciencies or the re.olution of detector 

com.poner~t!l. uniees they have been parametrized from experimental widthe or SlMARG--generated data. 

However, the ~or factors in detector ac:cept~ce - geometric cuts - can be included easily. In pedorming 

the analysis described in chapters 6ve and IJÏx, the MiniMC 1l8ed evolved constantly. The original version 
07 

Q.lled simple geometric cuts to detennine acceptance: 

1 <:01(9)1 S _9 ; P.J. 2: fOMeV Ic (2-") 

If two tra«:ka passed these cuts the event wu considered 10 have bem'triggered. For photons the lollowing 

cuts Y/ere used: 

1 co,(8)1 S .94 ; E'J 2: 50MeV (2-6) 

The acceptance remlts for the total 77 hadronic crou-section mt"asurement presented ta the DESY 

Program CommiUee in October 1083 were derived 1l8ing t.hÏ1l simulation. It Wall aasumed that the barrel 
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, . trigger w~uld be utended' to the fun trigger described in section 2.3 by the time the "17 total cross' 

lIection measurement with ARGUS became feuible. When the investigation of exclusive channels in 

'Y'r was contridered in ear}Y 1984 it was realized that the current restrictive trigger conditions must be 

considered. This lcd to a program that included the CP PT and CMATRIX in the trigger simulation. 

ETOT trigger simulation W&8 considered but it became apparent that this contributed little to the "ri 

data 80 this extension was Dot completed. ln addition, the energy l'e80lutioD of the shower counters and 

the P.L and cot (J nsolution wue included in the new venion of the MiniMe. Some main elfects neglected 

by the MiniMC a_t present are: 

(1) Drift chamber efficienciu for tracks in enremj! regions or Pl. and cotO. 

(2) Shower counter efficiency for low energy ')'9. 

, , 

(3) Threshold effici~ncie9 for CPPT elements. 

(4) Minimum ionizing partiele shower energy deposition. 

(5) Partiele ID with ToF counters. 

(6) Hadronic Shower Energy Deposition. 

(7) Partiele ID with dE/dX. 

These are arranged in order of their probahility of ever being included in a. :MiniMC. The first 

three categories would be qwte easy to parametrize, givei ftlfficient stacimes Irom SIMARG. The fourth 

category could be parametrued using information trom #l'pair events at high moment a and the second 

haIe of cOmUc ray tracu (i.e. the hall incident on the shower counters f~om the inside of the detector) 

at low momenta. The last tbree categories will probably never be included, and are the main reasons 
j 

that a full detector Monte Carlo is necessary lor 8Om~ analyB~I. This is mainJy du~ to ~e importance 

of shown Ouctuations and the inOuence of software shower separation algorithms. In a similar manner 

the implementation of the efficiency of dE/dX or ToF partiele separation ÏII quite difficult du~ to the 

statistical nature of these measuremtnt8. 

.f9 

\J' \ 



l 

1 

L 

r 

o 

2.:> CAPTIONS FOR FIGURES 

2.1 The DESY e-+-l": Accelerator FadIity. 

2.2 Reconstruction of A High Multiplieity Event W. The ARGUS Drift Chamber. 

2.S The ARGUS Detector: 1) Muon Chambers, 2) Shower Counters, 3) Drift Chamber, 4) Time·of·FIight 

Counters, li) Mini Beta Quadrupoles, 8) Iron Yoke, 7) Solenoid Coils, 8) Compensation Coils. 

2.4 6 = ; - i;; vs. Momentum. Figu~ 2.4a shows data frqm two prong events with cosmics and 

beamgas removed ""hile Figure 2.4b shows data for minimum ionizing particles (muons) simulated by the 

SIMARG program. Evidence for the presence of electroDl ÎI séen in Figure 2.4a ae a horizontal band at 

6 =0. 

2.5 This event appears to be a radiative l'pair (é e- --t 11+ 11- r} with ~he photon converting to an e+ e-

pair in the beam tube. The tracks reconstructed in the drift chamber are shown in Figure 2.5a while one 

view of the muon chambers is shown in Figure 2.6b with the extrapolation of the drift chamber tràcks 

to the muon chambers ov,erlayed. The muon chamber bits appear al lines of squares. l'rack 3 hits the 

Corward muon chambers which are not visible in the drawing. 

2.6 This diagram shows the geometrie requirement imposed by the CMATRIX trigger. For this trigger 

to be !let there must be at least one trad hitting each of the shaded areas. 
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ODAPTER 3: SEP.AJLA'I'ION OF THE 77 SIGNAL AND PRELININARY EXPERIMENTAL OBSERVATIONS 

J.l Co.mlc and Beamla. Backl!'ouncù: In the 811DlDler of 1~83 the tint nucb for two lamina 

events in the ARGUS data was 'completed. This preliminary inveqation und onl)' the data (rom 

ARGUS Experiment 1 (Fall 1982) and produced negative l'ernl";-' A.. the triggers uaed during 1~82 

did not include the CMATRIX (this is the most critical trigger component for two gamma acceptance) 

this ruult ",as not I!ntirely unexpected. AdditionaUy, the CPPT and ETOT triggers wne still under 

dew.0pment. Nevertheless, this experience ",u useful in developing techniques for separating 17 events - ( 

from the experimental data. 

Originally, only exclusive two prong events were studied u the simple QED channels ",ere lmo"'n 

leptons lost down the beampipe). Energy and total P 1. cuts were used to separate the annihilation channel 

events. The second eut was used because udusive t'No photon eventl! have lJDlall 1 E P1.1 (the collielin, 

photons are ewitted almost collinearly with the beams). Jfortunately, annihilation channel events with 

vieiblt energieslow enougb ta be confused with two photon events usually have lost one or several partides 

due to detector acceptance, or, as in e+ e- - r+ r- , have lost visible energy by neutrino emi!lsion. It 

is rare that there is good P J. balance for these event dM,es. The missing energy and the total visible 

o 
momentum tend to be correlated for degraded annihilation events - the correlation is complete wh en 

there il! only one mÏssing particle (e.g. radiative bhabha IIcattering with a photon lost) and decreues 

when the number and momenta of the missing partielleS incnase. Notag t'NO glUllDl.a events ""'ays have 

the greater part al their energy 10IJt through the e+ e- pair 8cattered at very small angles, hence the!e 

events show little (missing energyl/momentum correlation. The total energy spectrum oC two gamma 

events can be understood qualitatively as the product ort'NO brelD8strahlung IJpectra (lIE..,) producing 

a dependence proportional to ...., II' ("s" is the mus squared of the t'NO Iamm& "YstrlD, ... "E.."E,,"), 

A maximum energy cut il! ul!ually placed &round 30% to 40% of the CMS energy to reject annihilation 

eventll. 

Unfortunately, in the tirst analysill those eventsleft alter the annihilation event! were removed were 

almost aD background e\lenu caused by COllmiC rays. When new data from Experiment 2 (1983) wu 

aearmed for t",o-photon eventll in the !pring of 19S .. a de6nite signal 'Nall round (Figure 3.1). Here 
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evideoce 101' t .. o pmma event. appean .. ua enhanetment of the vùibJe fOUI)' Iptctrum at 10 .. vùibJe 

enet"l'Ïtll (note the similar 10"" enercy behaviour of an the distributiOIl8 IIhown in Figure 3.1 - including 
" 

those of Connie and Beamgu events). The annihilation channd prod~ctl! a rode peak belo .... the actual 

OMS energy due to detector inefficiencies and the pion masll bypotheviB l UlIed for all chu-ged traà! in 

the ev~ntlJ. All or this data .. u taken on the T(2S) or T(IS) nlOnUlCei (thiJ terminology nferg to the 

rellonant production of thill meson in the e+ c:- anllihil&tion channel at the machine energy used) when the 

luD barrel trigger .. as impJemented: ETOT(LTF thn.hold 0), BESS(LTF thnahold 1), CMATRIX(LTF 

thruhold 2), and CPPT(LTF threshold 2). UnfortunateJy, other data tùen urly in 1983 (mostly on the 

T(lS)) had onJy CPPT and ETOT trig'gers operating leading to a 60% ndllccion in the..,.., rate. During , 

the T(.fS) running the triner W&Il nominaUy complete, but the LTF threahold Wall raised to thrte tracks 

for events with onJy CPPT or CMATRIX triggers. At thiJ energy the synchrotron beams produced noise 

(b\am scatter off compensation coils etc.) that in~eased the raw trigger rate to the point where the 

deadtime became prohibitive .. hen the 10 .... LTF threllhold was used. The redllction in trigger acceptanCf 

eft'ectively decimated the villihlt n rates in the T( 4.) data - the eft'ect being seri01l8 enn for muJtiprong 

events &5 several of the erua tracks Ufllally have low P J. 1U1~ do not ream the barrel ToF connun to 

contrihute ta a trigger. Further analysis was only carried oot over the data taken with the complete 

,tn«ger. 

The Experiment 2 data 11'&5 not .. ithout contamination. COsmiCI 'fien earily separaud. These event, 

coruisted of cosme ray muOIl! that pUlled dose enough to the interaction vertu for the analysis pr0l1'am 

to confuse them 'fiith trot two track event •. Conmn can be idtntified by .everal dear event signatures. 

Tbe two halves of the trac" are nurly always highly coUinear compared to normal n two pron, events 

(Figun 3.3), providing the DIllon momenttJm ÎII high enough 80 that it doem't IcaUer significantly in 

the innu wall of tb. drift cbamber. One can abo ftparate cOmUc nentl! uin, ToF (Time of Fli,ht) 

information - the diffuence' between the ToF ~8 for the connten at eaeh end of the drift ~hamber 

track .bould be greatn than sU nanoneondJ u the ftraight line dinanc:e bet'fieen two diametrically 

opponte ToF counten is !.1lO2 meten and the path lengtb (transit Wne) inereues with curvatore in the 

magnetic Seld. NormAl two prons eveut. rartly have a t.i:olr difl'erence I".ter than t'fiO nanoseconcis e~en 

if the event il! very UYllllmtric:. Sinee the ToF nsolution iII approIimakIy m picolec:ondll \ben ÎI an 

un~iguou •• epar.tion betwun normal event. and ComlÎCI (Figuft 3.2). FinaOy, connie t'Venta ohen 

bit the Muon chambers and ruth the nperiment (after lollÎnl enel'ltY in the magnet coils and hadron 
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Slten) with an energy that Îll obvioUIIly too low to aDow the partiele to penetl1lte the hadron &lten and 

rueh the Muon chambeJ'll if it had l'ully originate~ at the interaction point. 

A much more dillieult problem Îll the leparation 01 heamgu and beamwall events from the 77 data, 

i.e. identilying the remltl 01 eollisionl between beam particlu and residual lU in the beampipe or lome 

01 the material lurrounding the beam. With aceurate vertex analy.i. - only .vail,ble in the more recent 
, .. 

\'tuions 01 the ARGUS analy8Ïs program - a great deal of the beamgu and almolJt an of the beamwall 

events can be rejeeted. Unfortunately, there still enlts a .ignificant number 01 beamgas events with 

"ertiees in the fiduciaJ regio~ (ullually de6ned al! r < 1 cm and l.rl < 5cm). These tend to have high total 

P J. and could b e 1i.mited (aIong with leed·down &om incompletely reconstructed annihilation channel 

events) to some extent by appropriate cuts in this variable (Figure 3.5). However, a much more effective 

technique involves u,ing the partiele identification abilities oC the detector to separate events with protons 

in them. These events are highly suspicious as it is rare for 11 collisions tc'produce baryons. In addition 

there is an unexpecttd abundance 01 these events with total cbarge positive - resulting, pemaps, &om 

e+p collisione or low enerlO' protons from breakup of nudei in beamgas collisions. Unfortunately, ToF 

maS9 information isn't calibrated on the datasets which contaÎn most oC the two gamma events l . The 

only baryon·sensitive identification technique Jett then is dE/dX identi6cation (Fig. 3.4b) (antibaJ)'ons 

may be detected by theu anomalous ahower counter energies). This analysis produces a "x~" for 6ve 

possible partiele hypotheses:e, p,'" .K,p. (this "x" can be understood as the difference hetween the most 

likely dE/dX for a particle hypothe8Îs and the actual measurement in units of its eatimated error). ACter 
! 

f 

,tudying various possibilities, an optimized algorithm was developed for beamgas event aeparation. An 

ennt is considered to be a beamgas collision if any of the foUowing criteria are satis6ed: 1) any trad in 

the e~ent has a minimum x2 for the proton hypothesÏs and the track'e momentum is in a rerion where 

there is at leut a 30' (10'= 1 standard deviation) leparation between the theoretical proton dE/dX and 

any of the e,,",,,...K theoreticaI dE!dX's (Figure 3.4a), ~) any track in the event has ~ X2 for the proton 

hypotbesis luit than 3 (with the same quali6catioDl); 3) any track in the event hu a momentum and 

dE/dX. value in a region fI the (p,dE/dX) plane where tbue is no sÏgni6c~ùhance ofthe track bein, any 

IThe oflline data proc:euinc i. renrained by avallable compu~r time. In lUI a&kmpt lei UDili the amount 01 data 'bat bas 
to be reprocelled evel)' time improvemenb are made to the calibration or anaIJ.i. aoftware three levell of data exilt. The 
ra, experimental data (OEXDATA· t.pet) are procetsed into aleCond.et ofdat_ts C·EXPDST" tapes) which are in turo 
eompre .. ed imo Mukibadron/dimuon datuet. ("EXMUHA· tapn). Tbe &nalyail !enl ohbllle lan d.tueh ÎJ a1w-.y. "ep' 
"ltate of th~ art" but unronuna~b mo.t of tbe two l'&lIJDla evenh aN Ief\ bebind in cbe data comprea.ion. Very reeentb' 
daLuet. (·EX TWOp·) con.l.tÎoC of ID ... IDUldpliclLy evenb (,Ith Bbabba Ir.uerln, (e+ W- - If+ If-) e .. ellh ~IDUl'ed) bave 
beeD in1.roduced In'o cbit la" ntecory. 
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of e, p, 11', or K. Tbi8 &J3orithm UlJUDlei there ù no IÏgnifiC\Ult baryon production in any "c:lean" channel 

10 it hu to he UJed in coDjonction with a ma,;nmm enel'8Y eut tG prevent it confuting annihilation 

channel events with heamgu. This is ~pparent in Figure 3.1 which show! • faUe enhancement of the 

beamgu contribution above 5 GeV. Thi6 16, or eOW'lle, Dnpos8Ïhle and runy repreaents the falae labeling 

of annihilation events contnining baryons as beamgu. ln pr.c:tiee, no events with more than 3.5 OeV 

total energy are u8ed in the l'Y analysis, BO this U DOt reaUy a,p.roblem. 

'~, 
Studies of the effect of this algorithm on events with vertite8 outside the nonnal interaction region , 

, , 

(i.e. events tbat are ükely ta he hearngas or beamwaD) 811ggest that it eliminates more than 90% of the 

beamgas contamination. On application of the algorithm ta Monte Carlo events, limnlating "f"f -+ p.p., • 

neglible portion were falsely rejec:ted as beamgas. The lower limit is derived by u~g that there are 

no good events outBide the normal fiducw region i.e. alter application of the beamgas rrjection to thelll! 

"nurior" nents 10% are Dot ftagged as beam gas - il any or thelle unidentified events aren't beamgas 

the actual efficient y of the a1gorithm will be mgher. The vertex dist.noution for the events rejected by 

the beamgall filter ÏII ftat (Figures 3.6) suggesting tbat there is little acddentalllagging 01 good events 

u beamgas - with a 3.5 GeV maximum energy cut. There are many interesting low intensity channel! 

accidentally includtd in tm!! "beamgall" sample (t.g. Tl - pp) but these requin special analYIIÏ8 - it wu 

decided to look at more easily separable channels tirst. 

ln Bummary, urly in 1984, a de6nitt "1"1 lignai wu lIeen and Wall attributed mostly to QED two 

prong events. The progrus in understanding these channels will be deKnoed in chapter 6ve where they 

will be ducullsed in the context of the 1(1270) mesan signal, their importance in undel'8tanding ARGUS' 

behaviour, and their importance l1li a background in the "fï total CI'OllIl'Mction meuurement. The nnt 

lertion illustrateB what can be ac:hieved with ARGUS in the &eld of"f"f resonance physics even. witbout 

the benelit. of taggers. 
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1.' Ob.U'VaUon of "'f"'f - ,,' at AJtGUS: The Ûl1Jt resonance801,80~,8J1 to be oba'erved in 11 colliflons 

was the-'1'(V58) (1° (Jp)C ..: 0+(0-)+) in the decay mode ,,' -l7 - 11'+,..-")' (branching ratio 30%). 

The only other decay chain for this reeonanee with a comparable branching ratio (17%) is ,,' -+ ";Y-+1f

- 7'Y,.,+ '" - but since the m;Jor factor ümiting analyeill is the detector's trigger acc'eptaDce, no reruts 

in tbis channel have been published to date as the pions are 01 significantly lawer kinetic energy - near 

the acceptance threshold for most experiments. The second channel doee have the advantage that the 

photons are marginally more energeÙc. ft iiJ quite common ta require that • photon deposit energy in two 

contiguoU8 shower counten to be used in analYllis - thls prevents the' accidentaI me or apurious mgnals 

due to noise and pedestal Ouctuations in photomultipliel'5 - it &Iso reduceB~he efficiency for low enere 
'û 

photons. AdditionaUy, &8 the 'fi ie Il narrow re!lonance (r'a'ol :::::: .83keV) mOllt of the eff'ects of detector 

photon re!lolution can be compensated lor by a kine~tic fit of the tlVO decay 78. 

It WM decided to lIearch for the 'fi' in tbe l, channel. X+ X-,,/ events were lIeparated and analYlled 

using • pion mass hypothesis for the charged tracks. No partiele ID was u8ed Ill! most oC the the back· 

lJ'ounds could he removed by much simpler cuts. Previous experimentIl80~,all had WIed Il property of 

.,., kinematicB to compensate for poor "/ energy M!solution - since total Pl. had to balance (airly weIl Cor 

a two-photon' event the momentum of the observed photon wu scaled to make the absolute Pl. 01 the 

photon match that oC the 1r+1r- pair: 

sinee aIl cuts ulled in the analysis were bued on purely geometric information except a total Pol eut « 25 

MeV/c) calculated alter the 7 momentum WIl' tJcaled, the effeet of thi, energy "tuning" technique can 

euily be checked. The mus apectra lor event! with DDllticounter photon! are shown in Figures 3.8a and 

3.8b which contain ~he .ame events beCore and aftv ~e ., '"tuniog" -it is dur th.t the peak is narrowed 

by the adjustment and there is no apparent migration QI t.he background into the peak. In addition the 

x' distribution (FiR11re 3.10) 5Uggests that thê'teehnique Ï8 reasonable, as the change, introduced are Cor 

the most part within let of the mtasured vaines. For refennct, the photon epec:tra Letore and alter the 

Pl. Icaling Cor events with the lI'+r-., mus in the ,,' region (930 MeY - gSO MeV) are given in Figures 

3.11 .,b respectiveJy. 

To 5Upplement the Pl. eut it wu req~d th.t the 1f+"'- momentum vector be ~ ±H3 degreea jn 

; from the photon momentum vector. This c:oplanarity eut and the Pl. scalinJ art enoup to produce 
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a dear 'l' lignal (the top curves in Figures 3.9 a,b,c). To reject the ren of the background (the ahaded 

anu in Filufu 3.9 a,b,c) severa! other cuts were intro4uced. The ~T~- vector wu reqUÏred to have 

a 60 MeV Ic minimnm Pol (Figure 3.12) to pnvent .caling of the 7 eners:y into regions where there is 

poor photon efficiency rutd l"esolution (i.e. no., W<lB considered unIess it. had at leut 50 MeV att.ributed 

to il, befort! Md after DCaling). Upon namining the distribution of cM(8,1') it became apparent that 

there w&! a otrong contribution fro~ events with final state bremlllJt.rahlen (Figun 3.13n, most probably 
. 

eTe- -<- eTe-e+e-,). Bremsstrahlen ~m the beam eledroll5 (Figun S.ISb) are more abundant due 

·t.o the bigher "'gamma" ,but this contribution Ï! focueed along the beampipe (this ia the Lorent! boost 

., .,. Elm, the probability ofbremsstrahlung emiuion is generally proportionally to 10gb)). Figures 3.11, 

3.15 clnrly demonlltrate the nature of these X+ X-., eventa - the character or the co. (UJt, ) dUtribution 

changes drastically &round co. (U ... , ) ...., .9 - suggesting bremsstrahleri emitted from the outgoing particlu, 
, \ 

perhapII in travening the detector material. For this reuon .8 wu set &II an upper acceptable limit for 

There was ,omt queotion as to what rota ehould be made on the photon 80 three .amples of events 

weré made: 1) mogle counter pLotone, 2) multiple counter photons. S) nmltiple couter photoJl! with at 

leut 100 MeV and at least one additional ringle counter photon (:S 100 MeV) in the event - the second 

photon heing contide~d noiae and ignored in the analytriB. It tumed out that there was a rignilicant ~al 

even in the Sm sample of eventll (Figure 3.9&), and a mnch reduced !"pal in the third dus suggestin, that 

most of the low energy dU!) 1 photons cannot be conside~d noise. as was initialJy euçected. lndeed, 

there seeID!! to be .ome evidence in the third .ample for A2 produnion via A:I -- p±1f~ - 1f+ "'-71' 

(Figure 3.tb). even with one, mining (the A3 wu &nt observed in 1'7 collieionll through thl" same 

partially recoll1l1.n1cted cbanne1303 ). Evidence for A2 production at ARGUS via the fully reconstructed 

,±1(~ channel has been seen and will be studied in detail,in the near future. 

Unlortunately, a value of r ,,('7') il not yet avaibble from ARGUS. An event ,enerator for the 

'procesll. whicb will allow detailed acceptance calculatiolUl in ~oJQunction with the SIMARG proçam, 

u nearing completion. Bowever, it il upeded tbat the 6nal remit will be limited by oncertaintiu in 

the muer efficiency. At. present, the t.riuer efficient)' ia paody undentood for events with invarian.t 

muses Lelow 1 GeV. The ruuJta are railler more dependent on n,olvin, this problem (discuesed further 

in Chapter 5) than on acceptance calculations, which ahould be completed fairly quic:kly once the event 
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generl:ltor in ready. The preliminary nnalysis of the 'l' lÏgnal prodocea a mus of 968.2:1:1.0 Me V compared 

to the Partiele Data Booklloa value of 057 .57 MeV ,'U.nng a ,aussian peak .on a p.olynomial background the . , 

IÏplal (Figure 3.16) wu '6tted and found tG have 29l) ± 20 events - the larJelt sample yet reported. The 

uperimentallominosity analysed wu 40.8 pb- J -le.s than half' the avUlable data (though a rignificant 

portion .ol that rem&ining wu t&ken with triggen having reduced 77 accept&Dce). Figure 3.17 is the 

most l'ecent retult of the PLUTO detector304,813 which hu a ample .of 243 ± 17 events. PLUTO'! result 
! 

ah.o shows evidence f.or A:I production via the partially reconstrué:ted p±tr"f channel. This background 
J 

ie n.ot preunt in the ARGUS analysie due to ARGUS' higher efficiency for detecting l.ow energy photons 

- PLUTO's minimum .,. eDf!rgy D 100 MeV _hile the ARGUS analyÙ!l acceph photons with 50 MeV 

energy. This leads to a higher efficiency for· fully reconstructed Al) mellOns and lelll! Al) contamination in 

the '1' channel. PLUTO', measurement and &Rother recent measurement by the TASSO coDaboration9 l:1 

are compared with the ARGUS analym in Table 3.1 - it is apparent that ARGUS ie competitive in this 

Seld .of phyocS!1 Tht experimental width meuured by ARGUS is c.ompletely dominated by detector 

resolution and wu meaBlll"ed to be 21 MeV - alter the P.l. scaling and about tbree timea thi!l value bdore 

this technique wu applie~. 

ln addition to the rather elear peak centered on the accepted fi' mus there exists other evidence 

01 the interpretation \p( this rignal as '1' -+ pO.,. The 1(+1(- DULIS is plotted venus the 1(+tr-., mas!! in 

Figure 3.18 ahoY/ing t)lear evidence for '1' - n. As real photons Cal) ooly nÎ!lt in helicity states ±I and· 

the 'l' is a pseudoscN.v the p in these eventu lD1lIt be polwed. This efFect .hows up in the 1(1 angle 

in the ".+".- CMS - la qllliontity which is not aft'ected by any of the experimental cuts. The data (Figure 
'- ' 

3.19) D,consistent with 00% Yl1 again providing evidence for the interpretation of t.his rignal as fi' -. n· 

. The IDU! distributi.on of the p (Figure 3.20) ie as expected except for a Itrong kinematic suppression on 

the hiBh ode of the peak due to the lower photon phase Ipace lor ~h p muses. 

1 The TASSO '7 De&.don are ~ S'Wo ..,.pe.: LABC(Liquid Arcon Lead.counwn) and BASH(Radron Arm ShOWtlr Counwn) 
becauae ohhÏJ Nvel'1ll ohhe TASSO p~n in Table ,.i baYe *-0 eatrie. for .vent •• here the phoion hih the LABC 
or RASH _perlivelf. 
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EXPERIMENTS 

CUTS ARGUS PLUTO 

Luminosity r- 4O:8pb- 1 46pb- 1 

#Events in Peak 296:1:20 243±17 

E., minimum 60 MeV ~OO MeV, sooa MeV 

Minimum PJ..("'+lI'-) 50 MeV/r: 100 MeVjc 

COI!I(~ .. + .. - - ~.,) :S ·.8 :S·.BB 

Maximum Il E P.l n 25 MeV/r. 100 MeV/c 

Mom.entum Resolution ~ l.2%p 3%p 

Î energy rel!lolution f (.068):1 + ~) t 35%/VE 

"1 Acceptance 94% 1MJ% 

DC Coverage (Trigger) 71% 71% 

Maximum cos(O., .. ) .8 .95 

Minimum C08(e .. + .. -) . .. 97,S .95 

Maximum .A ToF 5.5 nsec -

u ToF 220 psu . 

P J.. Threshold ,12.5·250 MeV Ir. 150 MeV/c 

E8~dm -5GeV 17.34 GeV 

r('1' - 'Y"1) . 3.8±.26±.43 keV 

Il co,O""cM6 11 
< 

\.: . _. 

0180 - f .. + + ~.-II . ~5_7 

"1 Energy Thning Yel!l yes) 

-
Table 8.1 COIDparuon of 'l'Analyses 

\ 

TA.SSO 

86.70pb-1 

-240 

100,160 MeV 

. 

. 

70 MeV/c 

l.7%p 

.11 + i~~6 }/VE 

40%,18% 

82% 

.98,.96 

-.98 

. 

380 psu 

170-290 MeV je 

7·18 GeV 

5.1±.4±.7 keV ' 

:S.7 

~5.7 

No 

l 
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J.J Prellmln.ary Ob.vvaUon of 1"1 -+ 411' at ARGUS 1 Sorne initialatudies of mult,iprong linalstates 

bave been made. The limlted efForts in tbis direction have ,been locnsed on the final state 71"+11'-11'+""-. 

Some studies have bun done on inclusive nentraI"production (11'0, '1) and thougb tbese appear to exÏ8t in 

the data no IJÎgnificant result is availahle as yet. Previous remlts in the ·b c:hannell't!!lUlted in observation 
, ) 

of 17 - J' - K~~ 810 and 77 _ pO po 306-3OQ. 'So far, only IG and pO )Dcluaive production has been 
} 

observed. Figure 3.21 sbows the mus spectrum of opposite ogn pion p~s (Iour co~hinations per event) 

with the combinatoric background removed by subtracting out twic:e the mass spectrum of like lIigned 

"pairs, i.e. it is assumed that the two pa.rticles initially produced are not correlated kinematically - a 

dubious II8sumption at best and obviously wrong in this Ca.!le a!I the rubtraded distribution beco~es 

neptive at low invariant mass. Still, evidence Cor ~clu8ive K~ and p production is clear. 

figure 3.21 wall obtained without using a soPhisticated vertex program - the analysis aSB1l.tltled ail 

tracks were emitted from the origin of the event. Mter tbis analysis was c:ompleted a vertex 6nding 

pro gram Wall implemented in the ARGUS analysis program. H the decay vertex is calculated and this 

information employed in the momentum'calculation, the K~ mass distribution in multih'adron events be· 

cornes much narrower (13 MeV FWHM). Of course, having even two tracM identified a!I a K~ completelv 

removes the. combinatorial background from a 4lr event. More attention will be paid to the p08sibilities 

of this analysis in the near future. 
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3.4 CAPTIONS FOR FIGURES 

1.1 Total Energy spectra for "cie an" events and various background phenomena -limited data .amples. 

TbiJ illrntrates the lI~parability of 7"t channels.via energy euts. The event. from "EXPDSr tapu (Fi«. 

urt 3.lc) indude aD two pronp and Bhabhas wlûle only ~airs and multihadrons (~ thne pronp) are 

included in the "EXMUHA" events. 

1.2 ToF Diff'eftnce for two prong events with beamgas _re~oved - thi! demonatrates the se.parability or 
two prong ïï events from cosmics via a ToF ~ime ditrerenee eut. 

I.S A colline arity Distributions for Cosmies and "clean" charge balance t ... o pronp. 

1.4. 'dEjdX Separation (or various partide combinations. The y·variable of eaeh 6pre is the lDean 

separation between the eneÎ-gy 1088t8 of the two pllrÛcle types in unÎts of the expected error. 

1.4b (p,dEjdX) Distribution for charged tracks from Beamgas Events 

'S.6 P.1 distribution for two prong char~ balance beamgae events and charge balance two prong evente 

with the cosmiC! and beamgas events removed. 

I.CI Z Projection of Vertex Distribution for uclean" charge balance t'Wo prong events. Since the beam . 
lU distribution ie 8at (Figure 3.7) it i!l assumed that ver;' few events from .,., colfuionll an rejected by 

the beamgall algorithm. The rather curious delta funetion peak in the center of these vertex' distributioJt!l 

arises from &Il attempt at lJtJYa.mlining the vertu 6nding algorithm (thls peak i!l just otr!lcale in the vertex 

dUtn'bution for beamgu events, Figure 3.7). If the Hm vertex hypothesi! i.e (0,0,0) has a sufficiently 
\t 

n:n&Il X2 value hO further iterations are attempted. Dut ta this, events clOIe to the origin are forced 

to (0,0,0) to varying degrees deptnding on the uact event geometry (e.g. degree of collinearity for two 

prong events). 

a.f Vertu: distribution for events idenii6ed with beamgae algorithm. 

a.a Mau Distributions of::r-l- ... -., events, with aD '1' .election cuts, be(ore and alter P.1 .raling of the ., 

energy. The photon ehoY/er must set at least t""o shower counj.ers. 

1.0 Mus Distribution. of If-l-,..-., events (with only the nt-, coplanmty eut) (or tlme., ana}y.is clun. 

similar to thon di.'irnsed in the tnt. The .haded anas are the events rejected wh en ail of the 'T' nltction 

Cllta~ are applied. Distribution (al ia the 1(""( mus spectrum for photons with lellS than 100 MeV eneI'IY 

or with only Ont .hower coUilter u.ociated with th" ))hoton. Dittribution (h) is the ~7f., mu •• pectrum 

when wo photons are obmved (one oftype (a) and one oC type (c)), - the type, (a) phQtODtl are ipored 
o 

in the analym. Some evidenee ror II' production. ia .een aullettin, only a few Photon. of type (a) an 

.... 

, · 
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labe tipale Irom bac:kcro1lDd DOite. DiRribUÛOD (c) .henu dte 1r1t7 man 'Pecirum for phot.oDl of at 

leut 100 MeV eneI'lJ" .. ith ~2 shower counten bit. 

1.10 X2 d.üJtribution for the Pl. rescaling of the ï enel'lY for events pusmg ail ,,' ~elect.ion criteria 

including an ,,' IDaSll eut: 930 ::s; m .... "J ::s; 980 MeV. Most of the eventll have had Ù1e ï eDel'C' c~ed 

~ 
by less than one standard deviation demorutrating the technique's conllÏlltency. 

I.U Energy spectra lor "18 coming hom ,,'s, belOTe and after the rescaling 01 the 1 enerzy. 

I.li Pl. distribution for the pO - "'+71"- coming from the 'l'. 

a.lI Feynmann Diagr~ for the bremsstrahlong correctioru to 11 event •. 

1.14 Minimum CQ,(QJt"J) dirtribution lor all events wiih the coplanarity eut. 

(co.l1 .... h ::s -.8). Note the dra.stic chang! in the character of this distribution for small anglu (aued 

by the breJrustrahlen background. 

a.u Minimum co.( 8",,) dirtribution lor all events .. ith the coplanarity eut 

(c0511 .... h ::s; -.8) plotted against the mass of t.he "r, system. Clear evidence for,,' productioJl exists 

outside the region contaminaud by QED brelDlstrahlen. 

a.u 'l' signal, aD cuts. .. 
a.If,,' signal- PLUTO detector 198-4 Analysùà04

• 

a.18 m .... "J vs. m .... , all cuts. 

a.u co.(8 .. .,) in the nr CMS for ,,'s. Thit dùt.ribution .ho ... YJl polarizat.loD npport.inc the ÏDterpre-

tat.lon of the decay &li 'l' - n. 

1.10 m .... diMbution for ,,'s. Note that hiP p masses &ft IUppreseed by the Î phue Ipace and Ml· 

I.il m .. + .. - distribution for 4,.. events (four entriu, per eveDt) .. ith the combinatoric backçoand nmoved 

by JUbtract.in1 twic~ the dUtribut.ioo for like lÏpl cOmbinatioDI. 
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" CHAPTEll of: THE ARGUS ()'> TAGGING PROPOSAL 

4.1 The DOIUS·D Storqe B.lq: The original DORIS stor~ ring (the acronym 8tanda for Double 

Rio, Storage) had two separate beam lines for the electron and pOiitron bunchell (Figure 4.1). These 

intenected with Cl 25~~ad angle at the interaction repons. The ring was conatructed in thl" manner401 

to .void ~eam.beAID space charge efTects, which limit ma~hine Iwninosities in multihunch operation at 

low heam ener.gy. When the T(IS) Wall discovered~oa.lI°O, DORIS· 1 operation in the 10 Ge V crdS energy 

region was attempted. As the optimum operating point for DORIS·I was .at 7 GeV CMS energy, the 

increase in beam energy necessary ta ruch the T(IS) required tbe use olonly the upper cirtuit !JO that 

an magnet and cooling power could be concentrated on it. With !JOIDe difficulties, a machine Iuminosity 

of 1030cm-:lllec- 1 W&s achieved but the running conditions were far frOID optimal. 

During 1979·1981 the DORIS·I1 storage ring was derigned401 • The design luminosity Wall to be 

an order of magnitude greater than that of DORISpI. Construction of the improved DORIS ring was 

coÀnpleted in 1982. The new machine had Il single ring for both e+ and e- but retained the vertical bends 

near each interaction regian. The details of the DORIS·II architecture neal' the ARGUS experiment are 

.holnR in Fi~e 4.2. 
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4.2 Th. Propo.ed ARGUS BGO Taggel'll : The vertical bends in the DORIS·I1 beam optics raise { 

the beams by 17 cm about 18 met{rs on either aide 01 the interaction points. This property may he used 

to Ileparate parlides emitted trom the interaction at very amaD angles (0 - OOmrad) if their energies differ 

suflidently from that 01 the be8Dl8 (a partiele with e = 0" and E = .~4E6 ... m will be deftected 1 cm more 

than tlie beam at Z = 17.7m). This ia a negligible solid angle 101 most phenomena hut in 17 collisions 
, 

this region has the highest concentration of 8cattered e+ /e- (the average e+ /e- scattering angle, Cor 5 

GeV incident beams, iB "" 117mrad). This eccentricity of the DORIS·II architecture can he used to make 

a high acceptance double tag study of 1"( proces8es606 • The next two chapters concentrate on acceptance 

Itudies recommended by the DESY Physics Review Committee on their receipt of the 6rst version of the 

ARGUS 71 proposal6 06 • In Figures 4.3,4.4 the acceptance of the beam optics is shown as a function oC 

energy and scattering angles. 

For O· tagging of 11 interactions the most important parameters are the energies of the tagged 

p~icle!l. The scattering angle oC the partiele is largely irrelevant for physics applications 80 long as it 

is small - with the ARGUS taggers the average Q2 of the photon emitted by the tagged e+ /e- will be 

,... .OOO2GeV2 with.a maximum Q2 value of - .OI5Gey2. This' correspnds to an average tag angle of 

approrimately 2mrad.1 The variatio~ of the cross-sections for 77 ...... hadron. on this sc aie is expected 

to be negligible. However, the restriction of the Q~ to be smaD is important as there is practically no 
1 

extrapolation required to extend the measurer;nents 10 the case of real photon collisions. It i9 also a much 

better antitag (i.e. Q~ c: 0) requirement than that available using the c'entral detector oruy (the average 

Q~ for central dl'tector "antitags" is -- .08Geyll). 

Unfortunately, the beam optiC8 cannot be used as a magnetic spectrometer. There exist several 

locusing elements in the .i!e.am optics . the mini-P quadrupoles . desÎgned to produ'ce high experÏmental 

luminosity. The net effect of these combined' with the range of 0 allowed for the BCBttered e+ /e- is to 

transport particles with dilferent eneriPes and angles at the interaction to the same point on the tagger 

plane. Thelle "tagger planes" (this refera to li geometric object not li piece 01 hardw~e) ~ symmetrically 

located 17.7 meters away from the interaction point - as far away from the bending magnets as pOlsible to 

insure the maxinmm lever arm for separation of the e+ /e- tr~ectories trom the beams. This distance i5 

1 Theil' li(ures are for E B ..... = 6Ge V and W.,."I' ~ 1 Ge V. efJ'ech or final date acceptance in the cent~1 detector are i,nored 
and a W"I'''' and QI inde pendent finalnate eroll-tedion il uled - in Dther wDrds, Dnly the initial state luminDlit)' from QED 
ÏJ conlidered in the cakulationl. The '1''1 acceptante or tbe taJa'er, ÏJ .how,n in F~ret 11.11-14. with the same restriction •. 
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Jimited by permanent featonll ~f the D,?Rls.n architectUft • vac~um pump connectioDl and ~e location 

of the second vertical bencling masnet. 
1 

A. the enel'C' of the scattered e+ /e- cannot be determined unambiguoUIIly from the location of 

the ta\1er hits it i; necessary to me&SUN this energy .... ith a ~alorimeter. The tagger situation imposes 

various constraints on the material UBed. Most of the partides rut the tagger plane in a H,lHcm 1 area 

due to the limited angular acceptance oC the beampÎpes and magnet apertuns. In order to 8eparate 

tap from background tagger hits, a rugh spatial segmentation il! nectssaty beclmse of the t!IDall aru 

ûovolwd. To .dU,,; nuon.bl. W" n,olo,io. (, dU, .... d in Ch.p'" BI th. ' .. g" ... ..., ,..oloti" 

must be -- 2%. The position of a tagger hit Il)uBt be known with rugh accurary (so that the effect of 
l , 

shown leakage il! weU.de6.ned) and the material used should have a short radiation length (so that the 

IIhowers are weU contained). The on}y materiaI' that hall these properties il! Bismuth Germanium Oride 

(BI4Gea011), U8U~ referred to as BGO. This has the required short radiation length (1.13 cm) and 

results discussed in the next section indicate that its resolution ""ill be sufficient. Low IJUsceptibility to 

radiation damage is also desirable. The estimated radiation dOlle averaged over the whole tagger &rra) is 

-10 rads/hr for a calorimter made of BGO (1 rad = 6.24x101oMeV /kg deposited energy - it ie assumed 

that most of the energy is deposited in the first 10 radiation lengths of a cryst&l) but in the lowest center 
'. 

crystal which has the hlghest rate from e+ e- ..... e+ e- "1 background tag8 the dose is on the order or", 250 

rafÙ{hr. The present design calls for a HzHz20cm3 array {)f BGO crystals for the calorimeter. The sizr 

of the inruvidual' crystals ""ill be 20z20z200 mm8 • The final design arrangement, whether the crystals 

are read out by phototubes or photodiodes, whether or Ilot lightguides are used etc. will be ~termined 
" 

by test·beam trials expected to br complrtrd in th!! rummer of 1~85. 

The position of a tag in the BGO matrix will initially ~e determined by three layen of IIcintillator 
, 

hodoscopu shown in Figure 4.5. Since thr rnrrgy Tesolution ÏlI cri~c&l and many orthe tags bit the lowe.t 

layer. of the BOO (lite Figure 8.16a) the lowest horizontal rlement of the hodoscope will he replaced by 

two layer! of 2mm diameter scintill~ting fibrell. These are similar in princip le ta fiber OptiC8 except the 

IiIht sourte is provided by scintillations. These will allow the location of the impact point (and, therefore, 
& \ 

the shower leakage) to be determined to an accuracy lim.ited only by IIhower ftuctuations. The re!!olution 

limitations imposed by shower Ouctuations are currently being studied using tht' EqS (Electron-Gamma 

, Shown) Monte Carlo developed at S~AC. The resoJutio~ allO he measured in tut heam experiment8. 
" 
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map~t and the ugger. At preetnt electrons mun traveNe agnat dfal of material at a lIID&ll anglf 

befon the t~grr &na Î!I reached Ill! lhf vacuuw pipe ruJl! parallfl to thf beam. Tlus producu a Utat 

deal of background from synchrotron light and br~m!!trahlen together with an unacceptable 1018 m 

molution dut to entrp lOi!l~ a.nd lKattering. The on. V2.cuam chamber will be dengned eo that the 

electrons that hit the tagger mulrt on~ pas! through a thin (1 - 2mm) coppu window at a nearl~ vertical 

incident angle. The d~Blgn of dm vacuum chll.1IÙ>H ha5 been underta.k.en b)' the DESY madum ~oup 

RF power di3Sipation and cooling mJlst be considued lm pnvent oVfrhutmg of the charnhfr wluch ma~ 

J 
produe" ,,·.coum )ew Additionall). vanoU5 effeets from lUI incorrertly duipud chamb"r wa)' lead ta 

difficultie! in maintairung beam!! ln DORIS-Il 

ln order to duermmt th" arc"ptanee for TI double tag eVf'nts, the tagger lo'cation with respect 

to the be&lll8 must bt known accuratel~. This requir", electrolJtatic mtasurement of the beam pOlÎtlOn 

to hl' done close to tht taggers lt is hopfd that thf taggers will be ablt to operate approxi.i:Jate~ 

lem aw~ from the beam to ÎIlcrease acceptance (thia nparation corruponds to a maximum tag enellO 

of .~EBc.m)' The connections betwfen the vacuum chamber and the beampipee in the two bendini 

wapets are made via steel bellows. Thes! allow the taggers ta be mov!d away from the beam during 

filling to prevtnt intenfrtnCe wjth the filling procedure and to reduce tht r.diation dose to the BGO 

The actual distance from the beams at which the tag~n will operate will be determined by the storage 

,ring operation conditioru and the ute'nt to which the chang. in thf vacuum chambrr position perturb~ 

the beams. Synchrotron light will be generated by the second bending magnet (i.e for the electron 

.:lr::: " taggen the positroru V/7 tmit synchrotron light that bits the taggen from behind. al! th. e+ approach 
...#/~ 

the inte~t.ion point and vice vena). This radiation will be absorbtd by Jead shielding bthind the taggers. 

~ 
l' , 

4 'i 
ln addition to the BGO tagge" the final nperimental ~ent may include luminosit) monitors. 

Thu! will be Bituated under the planned vacuum chambtr and taggen in front of a second copper window 

in tht vacuum chambtr (Figure 4.6) and will dettct ph~oEl.9 emitted at lDDaU anglt8 « 2 - 4mrad) 
\ 

from the reaction e+e-~ -+ e+e-ï. Since this reaction hC3 an immense croIs-section (with la minimum 

photon energy of 200 Me V the cross-section ie _17 barns - corresponding to a rate of nearly IMHz) the 

variation in instantaneou81uminosity can be round quite euily. Tlûll implie. that the material used for the 

luminosity monitor calorimtter mun be easily regenerablt al! the radiation dose is mu ch higher than that 
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ia .. Uguw (chen ÎJ 110 plQ-lital Jow mU'IY cw\of' ÎII the , rpectnuD lib ÙI.&t inuoduced by the Lann 

pometry). T1W ÏIlIt.&DtaDeolU luminOllty meuurtment will aid in optimim., t.be DORIS be&1:D8 and will 

ne aInoluu luminolÎty may be "difticult to .. certain due to contribu1ÎolU from bealXllu b~mntnhlen 

_d the problem of definioz a JOYr eDe~ cutofr (or the photons. At Jow photon me,-pes, .everaJ photoru 

from diBennt e~ e- -- e- e- "7 tYe~t!l may hit the monitor in the IIUDt beam cro.nnc ludinr t.o al~td 

bich enerc hit. Th, cODt.ÏIlued nret. on tht ,-drtertor due to thr ~h radiation Ihu:- will uDdoubudb 

CauH long tenn nability and calibration problew ft should be nmtmbe~d that botb thr ~tr and 

the luminority monitor an f&.il~ accusible and ma>- br mov~ t.o .. w.t beam and ncalibrated quite 

quicklJ.. This detector may alto be uard lU ail antitager to belp nduce a Iaich lenl taon back.crollDd 

trom the leptoDt from the nac1.ion e'+ e- - e~ e-,. 

\ 
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Pu-ameter BGO C.r(TI) NaI(T1) 

'DenlÏty ulemB 1.13 f.1) 3.7 

Radiation Length X o (cm) -1.13 1.83 2.8 

Hadronic AbllOrption Length >'0 (cm) 23 36.4 f1.3 

Xo/ >'0 .049 .051 .083 

Cntical Energy (MeV) 8.8 10.2 12.5 

Molien radius (cm) 2.7 3.8 f.3 

dE/dX for Minimum lonizing Panlcle MeV /em 9.2 5.6 4.85 

Scintillation wavelenth (nm) .. 80 570 .. 10 

Decay Time (nsec) 3006 -1000 230 

-
Tempuature gradient of Iight yield(%r KI ·1 +.6 .... 

Aherglow ('Ji alter 3~ec) .05 <5 <5 

Melting Point 1050"C 

Effective AtoDÙc Number 7 .. - 50 

RefractÏve Indn 2.1 li . 1.80 

Resolution CII137 10% 7% 

Licht Output (relative to Nal) 8·13% 100% 

Priee '/cm 3 10·13 205·3.5 1·2 

Prite 'Ixg 14.6·19 15.3-21.5 17.6·35 

Tabl. 4.1 Properties of Calorimettr Materialll402 ,4oa 
.. 

La e+ /e- Calorimetry and :.rh. Properii •• of BGO : Calorimetua measure the energy lolt 

by particles in inter~tion with matter. For tlectrona tbis enugy 1088 il mainly due ta two types of 

interaction, ionization al the materiaJ ol the caJorimeter and brenulltrahlung404 emission. The process 
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01 brea»ltrahlung emi.eaioD dominatell e:t eDUC' 101111 at hiP enerdes while hi,h enel'l)' phototu 10.1' 

eneTO' Ir)' e+ e- pair creation A bigh enuD' e+ e- or j pulJÏn! throucb a mfDciently deDse material will 

then produce a IIhowu 01 photon! and e+ e- pain whieh will cascadl' until the remaining partidu havI' 

UI eDel'l)' below the critical energy for the medium· when the bremsstrahlung energy JolIS drops belo .. 

the iOoHation energy 10Bll. The chan.cteristic length of the shower is the radiation length Xo, the mun 

d.iJtance ,travelled bdw!en interactions. Monte Carlo lIimnlationa 01 electromagn.tic .how." mggut that 

the maximum numb!r 01 pmicles in a show!r Î.3 proportionaJ to incident partiel. ene~. Th. distiUlce (in 
v 

the incident partiele direction) alter which the shower reachee itll maximum p(ipulation and the enugy 

lOIs" a functiQfl oC distance are404 : 

X moz ln Eo 
tma ... = -- == - - K, K.,,, - 1.1,K1 =':3 Xo Ec 

~ = EuAtOe- Pt t = ~, 0 = /Jtmu. /J -- .5, A ... po..-J trIo + 1) 
(·u) 

Th. lateral IIhower !Jiu ie described by the Moli'r\! radius, R", = 21M eV X 0 / E~ 00% oC an electron', 
, 

enel"lY 'Will be concentra~d within 3MR oC it!) impact point. A calorimetl'r may be de8ign.d ta take 

advantage oC these qualities by measuring light emrtted by atomB excited by the energy released in 

the lut sUg" or the ahower whh a photamultiplier or photodiod.. The rormer have low noise levels 

but are IJUbject. to electronic drift over ut.nded running and cannot operate in Rrong magne tic 6eld!. 

Photodiodes have higher noise levell! but are nearly ÏInptrvioUll ta magnetic fields and are more mblf f06 . 

Th. intrinsic error or an el.ctromagnetic calorimeter of this type is due to the lJtatistical protess involved 

Md thenfore decreueB U 1//Ë due to photon IItatistics . the number of partieles in the shower is 

proportionaJ to the incident energy. Additional statistical erroTS are introduced by energy lolt out the 

.idu and rur or a detector. Thil! can be measund in a test beam or simulated uaing a detailed Monte 

Carlo .uch as EGS (the Electron Gamma Shower Monte Carlo). As thue represent the ah~wtr &inge! 

the statistical ftuetuation is mu ch greater - a "'role of thumb"406 being that tbe error introduced by rear 

leabge is approximately 1/3 of the energy lost. Monte C .. lo calculations4oa oi the in8uence of leabge 

on ruolution are Ilhown in Figure ~.9. 

BGO is ideal for the ARGUS 0" taggen. trie 20cm Imgth of the crystals is equivalent ta 17.7 

radiation lengths wbile a group of nine crystals corresponds to 3.3 Moliere radii. BGO is alao much easier 

to handIe than Nal which is hygroscopie. The radiation reeovery is good. Bider et al.fOb report an initial 

los8 or light output 0126·38% upon irradiation witb 40 and 85 rads of 011137 "Y-rays. Alter 110 days thÏs 

decreases to 1-13% depending on the individual crystal. Bobbink et aI.fOI observe that the radiation 
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cIamace ..... (Fipft ... 7) - lifter .. iaiûallon of -- 16" of Iick outpat afur 800 ,rad. of Coeo - . 
irnIliatiOD *", crynals do Dot dekriorate farf.her alkr dote. of .... 5000 radI. In COmpan.oD. Bobbink 

ct al. bd that a ~ part of the r.diation damq-e iD Nal U Dot ftcoverable ad that Cil .how. DO 

recOvtry. ft u Idto ponible to "huI- BGO radiation d~ by heat weatment4oa.405. The radiadœ 

ftcowry U a ItrOD& function of temperattlN and for BGO crystal. in a bigh radiation enviroIUDent it 

micht bt adviAble to mamtain an elevated temperatu~406. Whatever the tempera1ure Ut it IIhould be 

.table due ta the IItrong mange of BGO light output with temperatuft. The radiation response of BOO is, 

. a ~roD( functidJi:':of crystal quality. TIW ie l'vident in FÎIU~ ".8 whert the ligbt output for BGO cryttalB 

01 difreftDt puritiu art IIhown u a mnrtion 01 lime Uter the initial radiation nposul'u. Billen et .1.407 

meuure BGO enellO' r!!lolutÎon t~ a8 low &1 1 Gl'V with 301'30x20Omm3 crystal! (Figure ... 9). In titis 

upniment the Ii~t ootput of the BGO was meuured, with photodiodes. The intrinaie BGO ruolution 

(or" GeV incident eleetrorut (i.e. leakage and Photon (oantin, 8uetuations) was 1.6 ± ... % while the 

eledronic ft.oJution was .5 ± .1%. This is coruutent with other meuurements and with Monte Carlo 

ettÏDlatell40il.407. It lIeuns leaaible that enel'lY ruolutionll on the order 01 two percent may hl! achieved 

. over. larse part of the BGO taller. 

84 

-



1 , 

, ' 

f.f CAPTIONS FOR FIGURES 

6.1 The oriPaal DORlS-I.wrqe rint. From Reference 401. 

UA ttt1ion of the DORIS-II nor .. e ring. Tlm IIhowlI the machine architecture relevant t.o the ARGUS 

TIICIU propow. A preliminary defÏln of the vacq~ chamber and the location of the tagger ~ltem &Dd 

bmcfinc DUlgDet lire Ilh01VJl. The final vacuum chamber will have a • second windaw below the beam to 

aDow &DtitaCpg of photon. emitted 8t 0°. This is IIhOlVn in Figure 4.6. , 

4.aa-J Thelle diagrams show the trO\Ïeciory of ca partiel, through the beam op'tÎcs, the horizontal coordinate 

(Z) is the distance from the interaction point ""hile the vertical coordinate (Y) is the displacement .bove 

the interaction point. The discretization used in the beam transport calculation is act.ually mueh ber 

than th.t shown. Each tr";ectory shown in a partieular picture had the laIne particlt energy. The 

tnYectory marled with an uro ... in eaeh picturt repNsents a part.icle emitted 8t OP t i.e. horizontally. 

E&ch lint above or below this represents an increue or decrease in the Icattering angle, in the vertical 

plane, of Imrad rell'pectively. Figur,es 4.3 and M were ealculated with a program .imulating the DORIS 

beam optiell IJUpplitd to me by Leif Jon'lIoD or Lund University. 

~ .... -, These represent the angular acceptance of the DORIS·I1 beam OptiCII as a funetion of energy. 

E.ch pictun llhoW9 the impact point. at the tagger plane (Z = 17.7mdc:,,) of eleetroUl emîtted at 6xed 

eneJ'lies but varying angles. ThLdifl'erence between IJUccellme 0 contours Ï! Imrad while the inttrval in 

; ÏII 10°. The 8 ... 0 point on each pictun ÏJI euily identi.6ed except for Fi(W'e ".fa .... here the Imrad 
J 

c1JJÎ tour ÎII Jab e Ded. 

4.5 A BGO lIIIl.&II angle taner. 

TJ 
L' A crude vacuum chamber design with provision for the luminollÎty moniton. 

~ • ., Radiation damage and recovery of two BGO crylltals produced by Ranh.w Chemical Co. From 

nlerence 408. 

4.8 Radiation damage and recovery of BGO crylltalll alter recrystallization (i.e. incre~ed purity). From 

Relerence 403. 

LO BOO rt!lIOlution and rear leabge for 10 Oev incident photons ... function oC cryst&llength. From 

RetereDU 403. 

4.10 BCO enerey + Electronics energy resolution as a functi~n of energy. From Reference 407. 
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CllAPna li: QED AND EXCLUSIVE 2 PIONG CHANNEL! IN 'YT OOLIJSJONS 

'.1 IM ... clacüOll: The ,l'en of QED OD liIht-Ji&ht Kau.riDa via Ü. I&))ox· cli..,am. moWll iD Fipre 

'.1,.u cOllliciered u .arly u 1116104. Th. cro"-Nction for vùible Iicht'.catt.1'ÏDI wu calculat.ed to he 

.D the ord.r ollO-3e ab while an .xpmment "ith the clark aclap~,d 'Y' provid.d GIlly an ùpper limit 01 

S· 10- JO ah. Rec:ently, elutic 'n .eatt.rine hu beeJI IHn with th. Crylltal B.uIOI,'06 witla an " or ,..0 
, " 

.. a "1Ollant mt.rmediat. Nt •. 

Mo. QED lItadi •• an eoncenaed with ." annihilation into lepton pain. At CMS .n'raie. available 
l 

from machine. c:urreat.!;y in operation (~-~3 GeV) the cro.s-section, of the two principal 7"1 QED chanll.l, 

(c~e- - e+e-ée-, c+e-,,+,,-) an ICveral ord.n ofmapitude &bov. th~t of e+e- 7 ,,+~-. Alter 

d .... nor limitatioJlJ (triaer eSicieDcy and leome~c acceptante) are coJlJidered, the ob.ervable '7 ratet 

an approximately the .ame mapitude as UUlihilation dimuon production. At ARGUS, the viaible " 

QED cro .. "nion i. - 3 - 4 nanohams compared to ,.., 1 Ilanobarn for e+ e- -)1- ,,+. TJW dUpÙity 

ia~Ufl ai PETRA enereies, and at LEP(- 10OGeV), ." proce .... an bein, coJUid.nd for ut ... 

'hlminosity monitorinl channele in addition to th. Bhabha proc'8J(e+ e- -.,-+ e-) und al exietin, e+ e

coUicien. The acceptallce Ïllimited .by the -hol.," in the~tctor ,.ometric:alIy and, in mo.t eut., 

ratoh.r more" druticalJ,y· by dte' triner. For m-tanc:e ARGUS' drift chamber can he nnd with .... "% 
h • 

• 1Iic:ienC)' down to lc:0181 ~ .9 with a minimnm particl .. Pol. or 6fLMeV/c, however the pn.mi t.rine~· 

nqmu two uaeks m th. barnl ToF (TilDe 61 Flicht coanten). restrictiq 1C:0I81 S .75 with a Pol. cnt 

VV)'Ùl& between 1~& and 260 Me V ICt dependinc on the exaet event ceOIDttr)'.1 The lICc:ept.aDc. Mttolutl, 

.Il.ther da.y arUe from dl. beampipe or triuer, are macni6ed·by da. LorentJ boolt of th. ,., OMS 

ùonl the b.am axis. 

The murelt in Itndyin, QED c:humel. net. main1y 0Il their impon.ance .. mtuan. ol deteet.or 

belt~ov. AlÏde froDljJlJ. pradical upen, the chaMeb avaiIabJe ÏD " coUilÎOJll ~ !aft iutaDC:H 

of Q4 QED proc:eau relevant ... hiIh eDereies aad hich lDOment,DID ~ert. The .. c:omplemeat da. 

.. dard mtalurement. cl bicher orcier el'ed., which ~aIJy 0"" ÎDvolve nnaII momeDtum tnufer 

proee..... Strintv IPeÙÏD" no f1lI'Pme, an expec:tèd - dae poiadike el.((ron propteator h .. },Hn 

1 Toeal ,Wble crot .. ..niOll. for nrIou. /coe(I)/ and lIlialmum panic" P.L eut. al • tcmetlOll of .... in -IV are .hOWll la 
Fs.,. .. 1.1 for the NKlloa .+.- - .+.-,,+,,-. 

• 

> ~~ ...... ~ ... __ ._.~---_ ............. _ ....... ___ ._ .. _--_ ..... ,-____ ._ .... :U ..... L$iILW._. __ - ____ ,_~-__ "'_~~- .. "'-_""~ .. _"'. K ..... 
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tet&td te» diRuc •• of 10- 1e ma in e+e- anihilation ad curnnt (1,.·2) calculatiom'to t. .. t the low 

IDOIDIIltam tranller QED malrÏI .J,QHnt to order 01 0 4• The., nactioru an thenlon weU undentood 

datontleally - the, "1,"1 diqraml COIltribUtilli t.o orcier Q4 in ~ crol.·nction an mown in Fiture 6.3. The 

two diqramt 01 type 6.3. were &nt riudied iD the cont.en 01 modem particle p~lÎc, durinl the eady 

Myenü .. 502.110,) Il,110. The~ studi,. und the Double Equivalent Photon Approximationue'to limplily 

the "WD dimenlÎoDal iaiev.tion ÏDvolved in calculatin, viDble cro ...... ct.ion.. The cro .. • •• ctionI04 for , 
. ~ . 

rwal photon annihîlation in'o lepton pain ie pen by: . . 

.'" 

4J{'7'Y'~ 1+1-) _ 2~Q2 ... W;'T1I12~ - 4fJ + (3 -~) .1n(1 +fJfJ)) 
1-

~ _ 2l1' • ()lIW - li P!2p2 tin 28 - p41in 48 + 1 - fJ4]/(1 _ pli co. ,,)2 
dCDI"" , 

(6-1) 

• 1 

B., P men t.o the velo city, pIE. 01 the leptoBl ia the OMS (P ~ 1- 4~ •• , - W~,) and 8 nlen to the 

.... ton pro~ucÛOD anale in the .,., OMS with the Z UÜI de6ned by the collidinl photons. The leptons" 

U. iIVoqly locurd alonl dle eollùion alti. (Firure 6 .• ) - thU l' .. triet. accept.ance beyond th.t eIpect.d 
~ C-

hIO âmple seomet.ric or kinematÎt efFeete. Folc:lina equation &·1 wit.h .the DEPA produe~sl08: 

(6-2) 

Thit ,..nlt il wry larofrom perfecto The main .ource. 01 emn; are within the t"reatlDfDt 01 the calcuJaûon 

~d the DEPA itieU. The nonDEPA remlta .hown in Ficure 6.2 were deriyed utinr Ul event ceDeratol' 

wriU'D by Kleit., naverl,It, and Benods,oa. EYen dle.f resUlt. are in.ccuraw (on the order or 1%) in 

utnme rqiODJ 01 phue 'Pace when dle odler mbprocel.e. depict.ed in Fipre 6.3 eontribute. The 1 

enra diaçams derived dae to dle indiJtinlUÎlhability or the &naln.t. particle. in the eue or 0+ e- -

.+.-.+.- (YViaÜOlUl 016.3b) l'an only mterlere .. idl the DJDItiperipherai diaçuDJlipiScantly at hish 
" . 

Q' while &he Yinual bremntrahlen diacrUDI (the 11 variations or 6.Sc, .. if a muon pair ÏI procluced 

iut.ead or.an elerirOll pair) only become important at low invuiUlt mane •. The .. dÎap'aml trad. ODe . . , 

fanor 01 ln (E/m.) tor. I/W,':..,,- t~or .. hile dae permuA&ioDl of Fipre. 5.3d 10 .. both lopri&luDic: 

_ton. The contribution of diapua 6.34: hu beeD ob .. rved ., PLUTo'°1 u _ exCHÀVf numb.r of 

.... " ùa ila. Iowelt mati biD of the umpl. taQed by the ECT (end.cap t.aaer) - .. mm ÎI _uit.iYe tG th, 

WcIae- ruap o~. n. necaûve C-Parlty or dae &nal .ate c ..... dait IUbproc .... to iDt.erl~,.. wida dae 

nu C.Parity proce~ipre a.a .. b) produciDc • cJwce U)'JDIDttr)r in th. eve.t. i.e. the pOlÎtivel)o 

da ... d dedronl or 1DI01lI tend te» be c:omIat.ecl widl the iacideat potlt..roD beam. Thil .,.d. hu Dot 

, ;pt b"n detedtd. Fm., bec ... of the lIUIIt _ematïc advaatapa u the ..... dud diacrun (Fipre .. 
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a.aa), ord.r ae comction. (~&Ji) ~ mimic 4·pron,lIIIlhihadr~n event •• The" o' QED channels 

have • iotal ero .... e,etion on the order of IeViral nanobam.110 • Al)'IDptoticalb' the total cro •• ·.ection u: 

(&-3) 

Radiative c:omctions to .,., QED c:olH8ions have only recently been coDlidertd "riOll.ly .. the pr~eilÎon 

of the experimental meuunmenU i. jun belÙlning to telt the limit. oC the 0 4 Rnlt •• Fol' notac analy.it 

-"n of the radiative correctione .pply to the beaDl partides because of their M,her Lore~tz boon. An 

eVlllt generator includ.inz thue correc:tiolUl hu been prepared by Kleiss et a1.608 • 

The QED channele an a ~or part Of.,7 phyaies From an expenment.aliat'. point of view. They 

have simple event signature, in the central detec:tor - the lepton pair it UlUally produced with a nnalJ 

1 E P J..I due to 'the tendeney of the coDidin« bretnaatrahlen to be eoUinear with the parent lepton beUDI. 

Thil renlb i,n a high delfte of coplanarity, while the collineuity of the event il deltl'oyed by the Lorent. 
\ 

boo. due to the uymmetric eneraies of the two ')'s. QED ~vente can be uaed to determine IulDino.tiea 

for the 7-"- 6nalltate. Thil ÏI elpecially uufull if double taning i, attempted - the QED event. U't 

\ ' , 
~ then fuIIy connrained aIlowinlltlldiee of intrinsic W"" ".olution ~d acceptance ~~ _be made with taner 

ÏlDpernctionl included. This information i. uuful in calcul.tins acceptance c:orrected hJmino.itie •. If one 
J 

cannot demonstrate a practical underetandinc of the ob.erved QED ero •• ·.ection, it suneete a limited 

adentanding or the deted~r and triller, which IIIIlIt be improved beCore procre" il to be made on 
4 

lIDO" theoreticalJy intertJtinc manne" .. ch u rteonance produc:iioh. For ARGUS, the QED channtla 

will alto aDow experimental checU of t.echniquea for the nmoval of CaIae double tac evente, _ deec:ribed 

in the "en chapter. 

Th •• arly experimental obnrvatioDl of.,"1 QED ehannell wen nmmarïsed iD a talk by G.BarbieDini 

a& da.18SO Aachen..Cmlf."nceIOT • Tht 8m ObHrvaûoh (.oUinear but. coplanar e+.e- pain) wu made at 

VEPP·2 iD NovosibinkIOI-1l0(Ecme - l.fGeV) foDowed br l'nult. ,"om ADONEllI-n., (E"",_ - 2.4 

.zptrimtDt to double tac eveDt. wiq th, I)'Ilmrotron'. mapetic lat.tic:elor momtDtum analylis.\-TJae .. 

ezperiment. prodund 110 RUpJ'Île. except for a "pp"l .. d tr+.- contribution. The eul)' CClIltribUtioDl 

hm SPEAR(SLAC) (E,,_ - ... "GeV) art nviewed in John Zlp .. '. ~tlÙln "hic:h concluded that QED 

..,... with experimult _d &he hadronie erO ••• diClll obnrved diI'," )kde Irom the.,.., - ,,+.- Ban 

t'lI 
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Hrm applOnmatioD (i.e. ÂI'1lctunlen plou). P,rh.,. t.he lut experimelÙ daat CID be ..tped t.o tbis 

-&nt Imeration" of 1" anaIyliJ ÎI th .. t of 0011:14 (Fipn 3.e) wlüt:h too" data iD double and Iinsle.ta' 

mode. and lound - delpit. limited ... aiùtice - an enhaneement 01 the reattion 11 - ,..+,,- aboVi that 

exp.c:t.ed t'rom a IÎlDple -Dom term. 
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~,'.I Mo •• Ca..lo fHadJ •• of 1"1 - ,+ c- ,p'" p- A.ccepiua&.~. : nt.ortpnaheuon lor ftudyin, the 

aceeptanee of" QED Bnal !natel vi. MoDte Carlo wu to demonruate th.t ARGUS had th. eapability tn 

"undentan~" the se proce.eI! for Bnallltate masllee ab ove 1 Ge V. Thle i8 ~ortant lor the ~euu.rement of 

... tlae two.phot4,lttotal hadronie ero .... ec:tion. It ... u thoupt that ARGUS could leparate hadronic ev,nta .... 

"itb onIY two charged particlu visible in the final state where the analy.illI 01 other uperimentll had to , " 

ipaon tbis topololY, as t.he QED contribution was not weU undentood. A lower event topology thruhdld 

would IÎve ARGUS I,ruter aceeptanèe and rednce'the uncert.mty induced by thè calcul.tian €If triner 
1'\ \ 

efBdenc:y for multihadron evel)u. Special importance i. attached to thil due to 'the low multiplidty 

or hadronic events in the 10 ... mMS range which the ARGUS 'Ii eçeriment ia desilflled ta investi,.te 

(1 - 3 GeV). It wu hoped that the pmic:le identi6cation capabilitiu of th.e detector c:ould be OJt'd to 

select a sizni6cant fraction. of the QED tvent.. This 'W'ould allo'W' the nst to be removed by a Monte 

Carlo mbtraétion normalized to the identi8ed lamplea. The Fraction of ~e ennt. in e&ch QED channel 

identmed would be determined Wling SIMARG. 

The Monte Carlo simulatioD lor the ')'j QED procelJrr,e bd four ~or develo;lment v.emons. The 

Advanced Mini·Monte Carlo rele ... 1.0 the venion with CP PT &. CMATRIX triller limaJation abd de

iedor n.olution induded while the primitive ARGUS Monte Carlo only uled leometric cuts t.o !IÎIDIllte 
1[ • 

the detector acceptance. -.( 

(1) Improved DEPA GeneratoT + primitive ARGUS Mini·Mont~ Carlo. 

(2) Improved DEPA Generator + Advanced Mini·Monte èarlo. 

(a) Exact 0'4 Event Gueration + Advaneed Mini·Monte Carlo. 

t 
(4) Exact 0'4 Generation + Full ARGUS Monte Carlo{SIMARG) uad triner Iimolation (TRIGGR). 

""'> 
The thi:rd 1 staae used an .",nt IInerat.or wnUen by Klein et al.108 .hicll npreaented an .xact 

calcul.tian of &.he contribution &om the two multiperipheral diap"1UDI (Fi,un 6.3&). Thil prosram wu 

• ";or,Împrovemellt over &la, ,., 'QED pAerai~r 01 W.Waper'. Monie Carlo .. modi6ed for 0 depee 

taaial anarym. Ori&inally UNd by PLUTO in th.ir early UalyN', Wap.r', ~l'OIfam utUlDtd complete 

I.doriubility of the luminolÎf.y IunctiOllI for th .. collidinC pho\olU ud Dqletted the .leetroD mu. ai 

Ctrtain pointa. Thit .... troy,cl canceDatioa.1n the lamiaolity fanct.50n. produdaa ua ov.reltimll&. or the 

o d,cre' 'aamc rat,. ID addiûoD, the bal tt.ate ,tD.ator unmed that the comdins photoD' ..... ftal, 
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t ... th. eqaation 6'.1 .ppn,d. This lut imperfection w" retain.d iD th. reviMd vemon 01 t.he p'rocram .. 

The clifFerenû" UOIt-.ction bein, npre.ud u: r 

• 1 • 

comiderecl but th, nactUG ~osity ~ction (LTT) wu 

a.ed (Appendix 1). Compared to Kle' prosr&Dl, thi. led to a Ililhtly wider lepto~ P j. di.tribution 

oss·section. The cro8l-s~'t'tjon oveten*te wu ~ue to the ne,lect 

01 the de creue of u( 77 -) with increuing Q'J. AU the analy~es wJre initially done with the 

primltl .. MW·Mon .. 0 0, bot ....... p .... d .. Ill 'h. "Ad ... "d MW·1on .. Oarlo" pr~din. <he 

a(ceptauce/triller c • when this prosram was perlected. Klei.,' progTlun wu URd only ror the total 
1 

Jeptonic cron'se 'on calculations and the fun SIMARG ~neration, becaust mort DE PA ,.nuator event! 

were 'avaUaSte or the eflicie~cy calculations. The norma1i&ed MiniMC re.ult. lor the two programt, lor 
o 

acceptance and ta,ging rates, apu within statÎ5ticaJ error. 

The main numerical rHUlte lor various acceptance Uld taainl UTau,ements are pven in Tabltl 

6.1·3. The visible (i.e. triK~red) crosfJosections ror the two leptonic channel. are approxÎlDately the 

same detpite the mueh Iqer total croll'lection lor electron pair production. AI the electrons have a 

mach smaUer mus t.han muons, their anplar distribution ie more .concentrated alon, the direction 01 the; 

incident Photona - .0 • mnch larKer portion of ~e e+~- cro .... ection ia IQIf. in the beam pipe. The re'1Ùt~ 

presented in Table 6.1 were calculated with a fun detect.or Monte Carlo (SIMARG). It u intereatÎDC to . ~ 

Dote that lor event. with à maiS of at leut 1 Oev, t.he acceptance is .pproximately t.he .ame for tlte 

SIMARG and MiniMC analyses with both the the Klei. and lmproved DEPA reneraton. The lituatian 

for ewnb with invariant mu." lt •• than 1 GeV is-diferent. The SIMARG anab'ü .. prediet. raté. 1/2 to 
\ 

1/3 that 01 the ~C - the inefticiency i. an elFfct 01 tnuer ditcriminator tbre,hold. and elRdencÎeI 

of the ToF, Shower Counien, and, j)erhap., the Little 'n-ack Finder. Thie ineRlcincy afFect. particle. 

wkJa Jow Pl u the .. ~ onJy crue the lItow.r counte ... and ~oF. For th,,. &racu the 8uttua&ioDl iD 

aJaower co Doter ene'IY depolÏtion muR be calculated with • fun detector Monte Carlo like SIMARG. 

The main ànphui. of the resalta siven to the DESY PRe (PLyIlÎC. Review Commitee) in October 

leM wu th. DIllon ldenti8caûOD capability. It wu reuon.d that ARGUS' .1. "paration wu b.tter' . . 
lhaa iu pl-x .epartion IÎDce electl'oDi could be id.otiSed b)' ToF al very ~ lDO.Denta, by dE/dX 

100 
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ai iDwl'lDtcliate IDOmenta, ad by Mower couter eDefl)' at momenta comparable whh th. pchamb.r 

acc.p~Ulce ( and with a, larcer .~lid Ullle). 'nenlore the '" idmtiSeation capabi1ity ~ould be the 

Umitlq factor in th. analyeia. Som. relUite of the.e calculations U'f d.picted araphically in Filurel 

6.7·6.\». Bere the "visible" cron-action refen to the expected n~er of eventa from the prRce .. taken, 
, 

.. ,data and the "identilied" cros8*section rdeN 00 th. portion 01 theae evente PUMI the ,eometric and 

mommtum rot. desiped to simnlate the muon chamber acceptanee. The lIII10n chamba identification 

wu rimulated by &l/euminl that 1) an)' muon with enel'l)' areater than 1.2 Ge V that wu round in the 

drift chamber il identi6ed .. a muon by the outer chamber., 2) &Dy muon with .72 S E.S 1.2 and 

P./P. S .&71, Pll/P, S .857 is idtnti6ed by the inn.r l-.ver 01 muon chamben, and 3) any two proDI 

eveDt with at leut one identified muon and total enl!rsY ~i. than 3.5 GeV i. a 77 - fJfJ event (it wu 

) ullUmed efJ events arUing trom leptonit dec ayl or r pain could be eUminated by requirementll 01 Il: P J.I 
balance). 

The double ta, efliciency and crolls·sectioDII for 1l+1l- - e+e- fJ+ fJ- are shown in Figuree 5.10-11 

retpectively. The double tag ~mciency il ulfntially the .ame al th .. t distulled in the nut chapter as any 

pOlllible trOll-section variation with Q~ 1 i ID 1',:1 (the virtu~ photon mulltll) ÎII qnored in the exprellllione 

and for both the hadronie and QED crot ... ectionl. Thil ulUlDption ÏI particularly good in the dOt.; 

ta, cue &8 thill renrictl the mulee or the photone '0 be neldilible compared to any other man ecale in 

the prace •• _""rhererore, even though the total cro .... ections (integated over all kinematically aIIowed Q') 

may be ÏDaccurate, the do~blr ta, crollll-sections will be corre~. ;0 far as the expressions ullfd for the 

croll·lt!ction. 01 rea) photon coDi.ionl are correct. Tàble 5.3 lin. the relUIt. 01 calculation. 01 tallÎJll 

acceptante Il ror e+ e- - e+ e- ",- fJ+. The 6.rst section lives the ta, probabilitiea- with no reqoirement on 

the event in the central detector. The next two sectionl live the tac probabilititl lor evenu .ettin, the 

barrel triner and fui) deteetor triner ftspeetive]y. The double tal probabllity iII enhlllced lor trinered 
~ 

eVlnti becaule thÙl place. a reltrlction on the rapidity of the 17 OMS. The IipifiC:Ulce of the di&'ereat 

tager muations &ive~ is dÎIIculIled in the next chapter. 
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Finù S,-": ,.,+,.,- ,.,+p- e+e- e+e-

Final Stat. Mu. Out: W ~ 1 (;eV W SI GeV' W ~ 1 GeV W S 1 GeV, W ~ .26 GeV 
{/J 

Total t1 3.8e8±.OO3nb eo.&O±.~nb 1l.828±.o07 nb 

'liiclered ,,(Barrel) .289;t.OO6nb 1.83±.oenb .291±.008 ob 
-

% in Detector 20.t 21.3 7.03 

% in Barrel 'Int,e" 8." 3.0 2.78 

% in Barrel Trinns,LTF 7.li 2.89 2.4e 

%' FUÎÎ Tri -.J ID ner 18.7 8.8 It6 

. 'Tabl* 1.1 SIMARG+Daverveldt MC QED Acceptancell 
(t'--

333.4±.2nb 

2.'U±.2nb 

&.09 

.800 

.72 

-2.0 

Final State: 11+ 11- ,W""'r 2! 1 GeV 11+,.,: .W,. ... ,.- S 1 GeV 

% in BU'ft1 TriCltr 7.9 ".8 

~ in Endcap + Barrel niaer 17.3 15.3 

,Table 1.1 MiniMC+Daverveldt MC QED AcceptUlce. 

"'
... PnUmIDary I:xpm.ental Studle. of " - e+e-, 11+"'- and ob.ervatJoD of tlM 1(1.'0) 

Meeon lu ." CoW.lo .... : AI dellcribed in chapter thre., evid.nc. for.,., procellllfll wu &nt ob .. rv~d 

in the ualylÎl 01 th. 1983 ARGUS data. The lraction of thiI data taken with the tuD bU'ft1 tri(ltr Uld 

aD LTF thn .... old oftwo represente a luminoeity or 27.8:1:.& pb- l • The pr.tric"fII contributin, tG this 

maDJlel bein, mainly the CMATRIX and CPPT. Thi. initial data .ample wu anaJy.ed with th. ARaO. 

procnm.1 

1 A.D.q.1t of.he I.,pr dM_ talDpl. coma1nln, 40.1:1:.6 pb- l lumlaolhJ uMCI for the 'l' .'udf (whlcb Inelud.1 dat."'n 
la .... ) il Dot , .. complete. Thi. Il due iD a cie., lairodvced br ,.proettlll.ll, ihe JJN,UIG Nonte Carlo nem. wlth the 
... "vaneed aoall.l. procram (AllOOl) ... lIh ... hkh ,he data wm'reproeeued. The 'otal d ... avaIlable hm AllGVS 
.. praelli amouat, to a Iumlno.l~ al IU± 1 pb.l.. l anel hu reun • ., bea reprocened ... kh che mot' reeent .".1011 t1l the 
anal)'.1t pll:lfrlllDt AJlGOI. 
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Final State: ,,+,,- ,W,.+,.- ~ 1 a.v " 
9fi No Tac % Sin de 'Iàc 9fi Double Tac 

Taner 1· ~6.8 37.0 17.2 

Taner 2 
. 

~8.3 35.8 5.8 

Taller 3 84.6 14.4 .98 

% in Barrel 'l'rigpr 1.8% Triner AcceptanCf 
. 

~ in Barrel 1Jiuer + Tl 22.2 44.2 33.5 
r 

% in Barrel 'Ingger + T2 36.8 . 49.6 13.1; 

% in Barrel 'I\igger + T3 74.4 24.6 2.0 
, 

% in Fùll Trigger 17.3% Trigger Acc:eptance 

% in FuD 'friner + Tl 25.9 45~O 29.1 
'. 

!. 

% in'Full Trigger + T2 41.8 47.8 10.8 
0 

% in FuD 'l'rin'er + T3 78.7 2l.4 1.8 

'Iàcier 1 (-Tl) Ux14cm 1 cm from beam 
(Y 

Taner 2 (-T2) Ih14cm 2 cm from beam 
, 

Taner~T3) 14d4cm 1 cm tram béam with dt 

Tabl. 6.1 :MiniMC+lmproved DEPA QED TaninI AceeptaDcee 

li 

ne ARGOt data AmPle c:omained 5.2 million events representin, 40.8 pb -] lumino.ny. 228071 
>( 

1fU'e .. Iected u 'T'T candidattl b)' nquirins E:I: !Pl + E.,. ~ S 3.6GeV, ~ 2 trackl with a dittlllce of 

~ approach to the interaction point .within: r~ 1 cm, ,., ~ li cm or a reconriructed vertex witJùn 

, dae .... &ducial repon. Thil data wu mtered aftns the technique. for beamcu and ;ollDÏc "pU'atiGll 

The ARG04 data did not haw muon chamber analym .0 &bis cate,olY 01 evenu wu not "parat.ed 

hm the charte balance t'Wo pronp in the oricinal _al)'li.. ne ARGOt dimaon event. referftd tel iD 

Table 5.4 weri idenû6ed b" requirlnc &bat the event have at leut ODe hit in the muon cbamLen. More 
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'.~ 1 Event TYpe \ Fraction of Sel~cted Data 
. -\ ; 

... 
'1'1- "'''' 

, 
1.2% . 

'Connir . , 
6.6% 

... ... . 
" Beamgas US.3% 

0 

ChU'le Balanre Two Pronp 63.8% 

Charce Balanre MuitiPronp IU% 

Tab .. 1 •• n Event Candidates 

eophUticated analysis of the muon chamber data is planned. 

Only tbe rharge balance t ... o prong events without beamgu or cOmUc aap were considered further. 

The 1 E ft.l.1 cli.t.nhution lor these .is e1hown in Figure 3.6. This IUKWelt. that the sample ÎI quite dun 

al the distribution decreases steeply wit.b mCRasin, 1 E P.lI. A remnant of the proton band ÎI visible 

m the (P,dE/dX) distribution lor the ARGO. data lU"esting that there is a lIJJl&lI number 01 beamgu 

eventll left iD the lIample. This contamination di.eappean in the ARGoa ana}ysis. Tbe invariant mali!! 

.,ect.rum for ,xclulive ch~e balance pain is .hown in Fipre 6.12, with the mali! 01 all partic1es ut' , 
, 

to mir' No 'cuts are applied except tbe beamcas and cosmic rejection algoritb.ms. FilUJ'e 5.i2 displaYlI 

'l0 .et.-of data - the\uperimental data and QED Monte Carlo event. generated uting the SIMARG 

Monte Carlo "it.b Klei,,' &fner.tor for" - ""'''' and ec. - eue al mput (only the buic n diagram; 

6.3., is evaJuated ~ th •. event leueration - the ele~n uchange diagram, Figure Ii.Sb, is not induded 

). The QED Monte Carlo data "en procesllfd tbroqb a c~mplet.e t.'riner simulation and normaliud 

to th[experimen~ luminolÏty lor Bbabha event •. Above invariant malIn of 1 GeV the Monte Carl~ 
"computer" luminoeity - the nomber of SIMARG .venta produced divided by the calculated cro.·tection 

- il comparable to tbe 1083 experlmentallnminolÎty. The "computer" ·luminoeity for the low malllI reJion \ 

.... lilDited by available computer time and &mOUDtI 10 4% of the real IÏpal. The f melOu DOW' 1Îp 

.. a cie .. exceu in the appropriate mu. nPon and the lÎpù al. higber invariant muses is cODMent 

with 1~ QED - an ell'ect oh.erved pnviouly"'. A char lignallor the f meson is Ifen witb a mu. 

at approximat.ely 1210 MeV - ÙÛI ÎI eo MeV Iower tban &he Partide Data Book valuea~a. It J( .. bten 

10-4 
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ob.ei'vedfil"-610 th.t the mu, f~r this n,onance appears ,... IiD MeV Iowa in the '1 channel. This 

'can be qualitati~ely expIJued br interlerence with the c~herent d-wave,background from " -+ ,..+".-. 

The T.iDatrix phase changes by 1( ramaruJ on trllversing la re'sonance,.leading to constructive interferenee 

"'1 below the reso~ce and destructive intènerence above - producing a mass shift. Unfortunately, this 

~annot exPJain a mWIer mus Ihift se en by the Crylltal Bali in the '1 -+ / _ ,..071"0 manne16,24. The 

most recent analysÏ8 of this problem ie given by Menessier616 whose caleuatian appears 'to~ describe tht 

datanl . The 1Hr continuum cannot he calculated by the simple Born approximation due to the efFect 

of stroDg interactiom in the final stau. Menes8Ïer6 16 has use d information !rom ",.., K K phase shüt 

analyses to calculate 6nal.tate interactions in 7' -- 1(71" and has also included the efFects of vector muon 

exchance and II-channel fesonances (e.g. the 11(600)). This pro duces the required mass shifts in both the . '\ 
"'+lI'- and 'J(o'J(o .deeay channels. " 

o • 

ln Figure 5.13 the observed mase distribution ie extended to low values. Unfort,unately, it is dear 

that the Monte Carlo simulation overeriÏmatu the expeÏimental signal by .t leut 20% helow 1 GeV. 
o • , 

As dfscuese~ in the previous eection the trigger acceptance for t~s kinematic region involves thresholds 

for both the LTF and tbe CPPT elements and the acceptanee is strongly dependent on the SIMARG , , . 
.. simulation. The Pol. distributions (or the experimental data and Monte Carlo events are shown in Figure 

5.14. There is an experimental exè:es!l at 800 MeV le eorresponding 10 f(12!O) production but ~ere 

ie &180 • dear overestimate of the QED background at 10,.,. P.l. as expected. Changes on the order of,' 

.:10% hav; been observed in the visible 1., c~0!I8.section alter triggh adjustments 'fIere made. Detailed 

trioer analym is planned. The mean en~rgy depo8Îted by minimum ionÎ2ing particles in each CPPT 
o . 
unit wilIbe-de-f.ei"mÎned both in the data ror clearly identi6.ed e+ e- - ",+ ",- events and in SIMARG to 

dettrmine approprlate raw pulae he-ight r~tios. The elrective CPPT element thresholds ~an be determined 
.... , . ~ 

by checkinz the' ToF and Shower Connter pulse height spectrums for each CPPT element llet. Thesc 

thresholds .will the~ he ecaled by the pulse height ratios to determine the appropriate thresholds for 
• b 

• 'l' Monte Car!o events to eimnlate each trigger p'eriod~' Simllar analyais must be- done for events with ETOT 

tJiigen as thi. trigger contrihute. to the accceptance for chapuel. involving ",0. or ')', in the final ~ate_ --- . \ 
l' FinalJ,y, LTF efficiency must be 8tu~ed in detail for low Pol. t,b. This{~ he accomplished by selecting 

event. !rom the annihilation channel that bave dur ETO'f trlggen and studying the LTF information 

for la,.,. Pol. tracks. This analysis is e8lllential ror ail)' result on the '1 widths of resonances. . . 
106 
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The r'me.on d,i member or the 2++ DODet uad ÏI expect.ed to be pnduced in .,., coUiIiClllI with , 

.helldty ::i:2 - u th, "1 are nearly ,.a1 t.he h,licity 1 contribution il eupP .... Hd. n. h.Udty 0 nppnllion 

can Le derived by ... umin, that only th. Jowelt mDltip.oie contribuitl t;; the reactionlO4 but DIOre 

\ ~ 

IIllerai uaàJy ... eXÎlt622,6U. Previou. analy ... of the 1- ,,-+ ,,- have hacho 11ft a he1icity 2 hypothem 
* 

to calculaie acceptance. ~ecault of the prob1eD1l of QED bacqroud nLtractioD. Cryatal Ballu4 have . 
lRudied the channel 1 - ,,0,,0 and analyeed the ob .. ~ed anplar difiribution. Their upper limit. for 

helitity 0 and helicity 1 matrix elemen:. are 61% uad 13% of the helicity 2'm.atrix~ re.pertively. 
1 

The anplar dinribution ob.erved b)' ~GUS for event. with invariant IDallei between 1.1 and 1.3 

GeV (as cûcwatecf with a pion ~I hypo"'elÎl) ie .ho .... n in Figure .ue - the lower curve wu calcu· 

lat.d &om Monte Carlo data for QED channeb. Fipre 6.16 .howi the IUbtr..:ted anlUiar diltribution 

and a lecond dI,tribution lrom the "Advanced ~C" delmbed above .... ith &Il ~vent (enerator that 

.~te. ,,~ 1(1270) - lf+lI"- usuming complete helicity two dominance. T~C .p.ctram i. 

normalUed to the QED'lIUbtracted data. Th.o/(1270) event ,eneratot does not contain any of the &nal 

liate interaction or continuum interfuente elFeet. ducribed by the Menillier model. lt i. .c1tar that the 

data' aerees'well .... ith the he • dt y two hypothuÎs. The eItent to whicb the contribution 01 oiber heIidties 

ation is, as yet, unknown as the Ihape of the obterved distribution il 

determined by accept.&p. e to a licni6cant enent. This is readily apparent il one compares the p'hy.ical 

'QED anplar diltribution for " - l'l'in Fieure 6.4 with the acceptance corretted QED Monte Carlo 

&Ilrufar diltribution 01 n - pll,ee in Figure ~.le. 

Very preJiminary Itudiu 01 n - K+ K- have been made. The resultin, spectrum is .hown in Ficure 

6.17 - the prolftllively lower IÜltogrUDI corre.pond to ÎncreuincJy restriéûve particle identi6cation eut •. 

The Jarp peak in the spectrum with the Juest cute corresponds to miaindentmed QED events (with t.he 
" 

malll! tran.lawd upwarde by the Kaon mus ~lIUmptioD Uled in the calculation orthe X-+ X- mul). The 
o 

rtlwt islimited by the ab.ence of proper ToF calibration in the ARGot data .. mple Ded. The ARG08 

'data bave been calibrat.ed and are in the mielst 01 reanalyllis. There does lIteUll to be .~me evidellce 01 

. ..,7 - r(1616) production at a 2(1 leve}. 

" 

. 
The '7'7 r - X+ X- analym is Jti1l very preliminary. Boperully, with lDOJ't data and lUl improved 

\, 

tricler analy 1Ii, , the .. reeults will .oo~ be put on a quantitative level. AdditionaDy, there are many 

lot " , 

1 

-- --- -- - --J 
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u.» ~n· DiIpa.m 

a.l Total 0IteerYab1e Crota-tediOlUl u a fundÎon of belllll -av 101' .+.- - ~+.-,,+ ,,- (via DiIpua 
"-

S.a.) 'or vaft011lllÛJLiDlum P.J.. ... d muimum 1 coti 1 eaU. ( 

a .. .,., - p+ p- OMS cot6 diJtribution. 

a .. AD oe QED Proc ... " .. 
a •• 001 Renltl12t oa Siqle Taaed Uld Double TIIQed Two Pro ... prodllcüoa. 

a.r MoDte Carlo ,., - p+ ,,- E'Yeat identilcat.ion probabilitf apre.nef _ .11Urct.ion 01 p+ p- ÏDvariant . . ..... 
picob .... I6compuwr" lumiDo.). 

.. a •• Monw Carlo e~ e- - e+ .-pT p- Ident.i&ed cro..·.eet.ion •. 

, a.10Monte Carlo .+e- - .+.-p+,,- Double Tac Élidenc,., 

a.~ Experimental X+ X- mus spectnam with a piOilDWI hypotbe". RaIl,. .8 - 1.3 GeV. Cotmie. 

... d beamcu evente have been removed. 
~ -

a.lI Experimental X+ X- mUI spectnua with a pion mu. hypothem. Ranae ()'3.3 GeV. Connie. and 

beaqu event. have been nmoved. 

6.14 P.J.. IPectnuD for Data Ul~ MC eveatl (the latter have been Hlected by a triwr ùmulation pro. 

p:am). 

a.lI J - .+.- OMS coel clilt.ribut.ion with QED bac:kpouna I1Ibtracted 1lIÎnI Monte Carlo'data.un· 

a.lI X+ X- OMS cOl6 dietribution and QED back&round' di8tribution eltimated from Monte c .. lo 

~ 

a.lf Pn6minary X+ X- mu. dimibution with K mu. hypotherie and dEJdX pll'tic~.nti8caûOll 

Rtl. The mo .... denleJ,y thaded repoD' correspond to more re.tridive K~ HlectiOD. ~, 
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Cbapter Il M~Dh CarlO Si~"', of th, ~p'o"d Modlflcadou to ih. Aa.GUS D,tlcior 

Uld Prolpeet. for th
o
' M.atur.mem. of'TJM1'otaJ 77 BadroDlc Cr.,.. BeetJoD 

,1.1 The AJlGUS .,.., Propo.aJ; In 1982 the ARGUS CoDabonbon IUbmitted a propo.aJ606 to atudy 

77 collUione at DORIS Il. f'his wu inspired by the URique opportunity provid,d by the synchrotron'II 

architedure to measure the enerlÏeÎ oC particle. emitted at nnall anp .. relative to the °inddent e+ , e-
l 

beams. Tmll experiment will uae wo maya of BOO .hower counten - \he "'agenW deacribed in chapter 

lour. The ùgnificUlce 01 tJW meuurement Iiell in the opportunity to double tac two photon colLions 

(i.e. meuu.re both of ~e IIcattered e+ /e-) Yfith a ùpi6c&nt counting rate (on the order 0110% ofthe 
J ., 

totaf~")'!reffiltrate). PrevioUJ experiment. were limited by machine geometry to tagKÏJl' at &nite anr1es 

(Fipre &.1). The minimum taning &nIle W&ll determined by the beampipe.me and the IItructure 01 the 

machine'. rnagnetic lattice neai' the e:xperiment. This drasticaDy limited rates u the an(Q~ dUtribution 

lor the acattered\lepton in two gamma interactions raIL. &II ...., 1/((J3 +(J~) where (Jo is on the order of 10-4 

~ 

radiuu. ARGUS h .. the only opportunity t9:':'la, the Kattere'!l+ /e- dOWD to 0 devee. (provided the ' 

7· emitted by the taned lepton ill eneraetic: enouch - the thmhold is 300 Me V il the taRer is 1 cm away ( 

~ . / trom the beam)o Given ,ulHeiently aecvate determination •. of the.+ e- enerrie! the invariant !DU. of 

the "1"1 ayatem can be determined: 

(&-1) 

.. 
'. 

The ac:curacy of the lCattered lepton enel'lY meuurement ù critical u the C,'alculation of W'J')' mapijies 

the vror in t.he .+ /.- enertiell (Fieure 6.2 mowlI error cyatriliutioDII of "''l'Y ua lunction of the taner 
~ . 

eDerzy relnlution). A 1.2% taner relolution Ù the maximum acceptable if one W&ntl better th ... 10% 

W'Y7 re.oIution. In addition, the re.olution is wont for mWler invariant mu'fII. The W'T'l re.olution 
, 

'expected ù plotted .. a fonction of invariant mul for .elec:ted constant t&ller relolution. in Fi&ure 6.!. 

The experimental advantqe of double t.,sinlliel in the .bilit.y tu determine the 77 invaliant UiUI 

witla01lt Fuortin, to final .t&te fracmentation modelt to unlold the eleet of deteetor 1011el. SyJtematic un· 

cmûnti •• involved with thlll unlolding problem placued the early ~e.t&, analy.ell of the TASSOI .... 14? 

ad PLUT0144.14' 1I'0ups. Thù produced .evere dùagreement between the iwo detector acceptance cor· 

reeted rellUltà at 10w W"'l' Uncertùntitll in detector/triller acceptance and hadronic frapnentation 
r 

contrib1lte to large ayltematic erron for low invariant muse. u there ÏI ~ore chance of leed down from 
, . \ \ . 
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dt ... ad.d Iùah ~ evem •• It wu .hon'M.l. that. dae calcalated Ib.."t 01 the CI'OI.:tëction at. Jow 

invariant mâlee. w .. aImon completelf d~pendent on the &apnentation model behiDd the W ... - ~.,., 
, . 

anlolctm.. Even daouP the double tac t.tdmique avoide thtee probleJDI, tome frapnentation modellor 

" 
the h..tronic Snal nate u nilI necet.ary to determine the triqer acceptance. Bowever, t.h.U c~~on 

" 

. cont.ains much le ... theoretical uncertamty, provided the experimental triuer ls re.on~]y e~~ie..,. As 

diteu •• d in the previOUl ch~ter, it il abo expeded that the ofBine data anaJyllÜ at ARGUS (an 1uin 
l , 

a t.hruhold 01 two chUJed trads lor a hadronic event without introdudnc too Imch errOr froof QED 

IUbtr'action. This inen .... the acceptuu:e "hile decreuinl the tric&er uncertain~. Tbù alle,ation u 

supported by the IUCCets in Itparatine f:he 1(1270) sipal. PreviOUl experiment. required a minirrmm 01 

three partidu (i.e .• +,..-,..± or ,..+,..-,) in the deterlor (or a total cro .... ~ction meuurement to avoid 

contamiÎlation from QED channele. For the modified ARGUS the problem 01 cross·sernon meuurement 

will! reduce to ODe 01 calculating tricler acceptUlces, tacler emdeneies. and Unlolding the luùùnolÏty for . 
the "1"1 collliions - calculatin, the rates for e+ e- - e+ e-,·,·. Most 01 thie information can be derived 

" 

• 
ARGUS is efficient at reconltructÏDI low enellY two photon event. al it wu detiped to operate 

at lower energies than the detecton at high enell)' e+ e- Itor"e ring. Iih PEP and PETRA which 

currentJy domiaate experimental1' phyllice. Two photon phyllics ie the one area wh~re tht dynamiee of 
v 

the pLysicl at DORIS ud PETRA U't aimilU' - the rugher beam enel'lY or PETRA ( .... -18 OeY) inenues 

the "1"1 luminority by a lactor between 2 and • dependin, on the Rnal state but a nuJor portion'07 of ihis 

incre .. e UJUally pel into hizb CMS-rapidi~ nlion. of ph .. e !pace for whic:h there u poor acceptance 
, (, 

(an impressive exception to titiS rule is the receni PLUT()6°6 anlllylia of exclUlÏve two pronp event. at 

low W.,.,). Moti of the extra ï'I luminolÏty at bilher e* beam enercie. comu trom eventa when one of 

the côltidin, photon. hu ut enellY creawr than t.he DORIS beam eneJ'l)'. uein,_the lolJowinc relatione: 

• ~ .E7.E.,. 

1 E 
" ~ -ln ::JJ.. 2 E,. 

(&-2) 

and de6nin, the extreme ob.ervable rapidity to be '1Mu, i.e. -"N.~ :s '1 S "N.~, the foDoWÜl& limita 

OD the enerPs of the virtual photons contributin, ta obeerved eventl tan be derived: 

Wn UP(-'1A1.,) J'E < Wn Up('1N .... ) 
2 ~ 7 - 2 (&-3) 

For a 1 GeV '1"1 OMS Masl and ID ,,"' .... - 1, the 'Y enerai" or phy.icaDy ob.ervable ewnt.1 are limited 
~----------------- ~ lYoate Carlo rlpldh)' dlftrlbu,lon. for hadronk: weab an .bOW1l ln Flpre e." 
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t.o be between .13 and 1.30 Ge V. Most 01 the extra "1 luminoeity available at hich beam eneqiel raDs , 

oat_d. düa labp. For nlerenee, Table 1.12 Iï.t. the t.otal and virible cro •• ·.ectiolll 01 two exclusive ) 

œuneJ. lor the ARGUS detector if the e± beam enertiel an ~ and 18 GeV. On euminiD, thù table it 

ï. w:ortJrtêmemberin, that lor exclwive channel analylÏs PETRA detecton have Uled P.l. thnlhold. of 

1IP t.o 400 MeV le where ARGUS' pruent triner P.l. ~elholds raqe between 126·~60 MeV le dependinc,' 

OD the p~etry 01 the event.8 The remlt. pven lor the ARGUS 77 bUTél triller aceeptance. for 

18 Oev beama are creater than one expects from a typical detector dellÏlDed for 1hie enerv rance. 

Filun o.~ centralisee Table 0.1, displayin, the total and vUible cro .. • .. ctiOl1. for a bypothetical 2++ 

77 - 'Iut n.onanee, produc:ed ~elk}ty 2, al a function or DlUI (r - lOOMeV.r., .. :- ~.7keV). 

Clearly, PETRA can produce aiOlerôi.ty lor hich W.,., th. DORIS. Dowever, lor low invariant 

muses pheDomena (n.onanee physice and the Totlll Cro ... s.ction meuurement discu.Hd. here) DORIS 

ï. de6nite.ly competitive with other facilitie •. 

ChUlDel OMS Eneqy '11!'1II., 111' 1I1l!' •• " •• tlB •• Nl!'rt"e. 
'1 . 

77 - J,A,,!' - K+ K- ao .100nb .Ol8nb .oHnb 

77 -+ J,A" l' --+ K+ K- 10 .OfOnb .olDnb .olenb 

"1"1-/ - ,..+,..- ao .lMhlb .:16nb .3fhlb 

77 - / - ,..+lr- 10 .Mnb .13nb .2Onb 

Tabl ••• 1 MiniMe AcctptaDeel for ARGUS at 10 and a. GtV in the OMS 

Unfortunately, the initial optimilÛc view of the total ero ..... cûon meuurement did Dot nrvive 

detailed Âudy. Senou chaDenpl for both \he teehnical and analytic lide. of the experiment exist. 

Practieal problelDl appear in maintaininz a 1.~ tacaer eneI'IY "solution (or enerzie. betweell 2·4.7 

GeV OYe)" an extended ronDin, period. Several experimental bac:qround lipalt bave to be undemood 
~ Q 

TIle &nt of the .. i. nnaIl anpe brelDl.t.rahlullI (SAB,Fi,.I.e) - th"e eventl produce a faite tac rate 011 

, Thele nr.ulb "ere compuied "t$h U,e ,., Mon$e Carlo u.ed for $he $0$.( badronic c:roll .. oc~ion c:.Jculation. al deterlbed 
ln .... _, .etloll. For ,he cbannel i.., -. J,A", -. K+"- the bal .. ah li poeraMd al' .unwt.ed b)' , ... TASSO 
_perlma",1I0. T'" ,., - /(1110) .imulation follow. th.' of MA8JC n l ' l • 

'Table '.1 comp .... the .. p~n for tb. ri anaJ,.I. of PLUTO, TAIIO and ,AJlGU8. 

, 

-
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\he ordtr 011 meeùerta - which rnult. in eac;h t_au bem, hit by at leut one SAD electroa or polit.rœ 

tvtl)' Jecood beam cronin, (the bfam cro'Sn,lrequency ie clote to 1 IDe,ahertl and Polallon etatUtÎ'clllor 

~I eveJlt d.iri.ribut.ion are u.umed). Thia ù nfRciently mteDie that ';ven the 360 nano.econd luortlcUlce 

dtell)' timt 101' BGO there will stlll be a ripificant quantif4Y (i.e. 0(1%)) oIlicbt eminion Irom the ~., 

il &Il electl'on ... ociated with a SAB event hu' hit it durin, the previou beam cro.me - which ù more 

UkeJy. to be the nonn than the exception! In addition to technicù problemelib thi.s one (and otheJ'l ndl 

u the problem of radiation damap froID the intenlt SAB countine rate) th"e SAB falH ta,. OCClU' .0 

frequently that they fonn random coincidencell with normal notac or ein&Je tac 'n event. or umihilatiOft , 

chuanel eventa to produce'"fa"e double tal evenb. The ~.u ancle taceen can therelore no Ionpr he 
\, 

1lJed to 8., 7.., event. for trine" or an&lyllÎs al at PETRA. TheM falae double taa evenu produce alarp 

'. c:ombinatoric backçound to the mtuurement of the t.ot.ù cron·Hd.Îon. VariOll. att.emptl at miticaiin& 

the el'ecu 01 t.hb phenomtnon will be diecueHd in "dion 8.3. 

The other auJor bac:kpound proce.n. an the o· QED proeee ... c:Wcu.ed in chapter Ive. Then 
-

chalme), have miJed bene8t., On the one hand they an well 'Und.mood th.oreticùly and CUl b. ued 
't 

.. a check 011 our undentandin, of deteetor and tacler behaviour, while on the other théy eontribute 

• huee backpoound &hat ie not euiJy relDoved without ÏDtroduCÏDI some uneenainty. It le question"'le 
,$ 

how important thé advantale of a 10w topolo~ thft.bold ÏI u the ~Ù)'IÏI in chapter 6lhowed that the 

,..+,..- &nal etate CUl almOR entirely be attributed to /(1270) pro~uction for W.+.- ~ 1 Ge-V. It bu 

&ko been lUI,elted60t th.t the Ilatiltical 6nalnate âmulat.ioDi uaed for ,",pr acceptante cùc:ulatioru 
( 

101' hich W")'"l (and in the next .. ction) mould not be applied to low invariant ma .. &nù .tat" u 

thHe an dom.Înanted by coberent proc:enfl lü.e rHonanc:e production. Thil point 01 view implie. that . 
the Iimolation of Iow mae!! 6nù statfll ean ooly be done in a full partial .ave acc:eptancL~alym for 

in~vidual exdulÏve topol~pe •. An unambipoui applic:ation of thi. technique- woald requin an ÏDJmenH, 

uperimtntalluminoJÏty u it require •• ach topololY t.o be fulIy recoutruct..d wit~ eno11lh tt.aWtic. "0 
d.termine the partial wavu ÏDvolved. 

Ils 
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... "clrollic ÂcceptUlCe Ca1culadODI : The PUPOte of hadroJÙc event Iimalat.ioll ÏI to dttermine . 

lia nuonable sipù level can Le npeded from the experiment. The maior f.dor limitinr coanÛllI rate • 

• dae double tac elliciellcy which variu between .6% and 16% depmeliDr Oll the end tager ceomeiry 

daOHIl and dae I)'1)chrotron runninr conditions. With flxed de"c1or pometry, lhù rate ÎI de"rmiDed 

by iaitia1 Itate ~ematiCi ud .hould not depend on the BIlal Itate produced except via W"M' QI , ~ 

(.e mue 01 the "1., IYttem ud the individu&! photone "tpectively, Ql < 0), and the photon helicities 

- .. dilcu.ted in Appendix 1. The avera«e Q' of 77 event. at ARGUS would be .33 GeV3 , utuminS 

nO Q3 dependenct of the bal etate croll8·eection, if the tanne eàCh had a penect 4" acceptance. The. 

Q' lDea~red by the propoltd ~.sen il expected to averace 2 ' 10-4 GeV2. l'hU limited rance ÏI in \ 

One of the molt Juminous "rions of Q' but it is expected to indude little variation in the hadronic 

cros ... ection. Previou. meuurement. of the Q' dependence of ,the finalltate cro.-tection IUppOrt. the 

GVDM model wheft the crosll·eection ch an les 1lÏpÙ6c~tly only for ..; _Q2 on the order of a vector 

melOll mu. (i.e .. 711 GeV for the p melon). lndeed, the tanins acceptanee of PLUTOI46 timited the 

Q' ~ be Jarae eDoup « Q' >- .44 GeV2, .1 5 ~ 5 1. GeV2).0 that the extrapolation back t.o 

Q' - 0 to obtain the hadronie C1'o •• ·uc:tion for real photon c:olliDon. wu bontrivial. The only critic:al 

quwOll in the acceptance estimate il the rallie of t1 (W'l'l' Qf - 0, Q~ - 0) choltb - which ia, after aD, 
. 

what we plan to meuve. The dilFerent fOrml or Q3 dependenee' npected, at molt, introduce a variation 

of 20~ of the eltÏJDated total vi.ible cross-section while the tar,ed. mlS-,ection chanlu little. Uâq 

cWrerent publiehed Dleuuremebtll or theoretical tltimattll of the W'l1 d,pendence can produce variations 

or 400% in the vÎlible cro .. • .. ctiob tlt~te! For thele reuon. we have choten to Ute two extnme input 

cro .. • .. ctio .. for the analysis and to hqely ipore the po.sible q2 variation. 

- ~- tih7 - hadron,) - 300nb 

>, , 270 Ge V nb 2260 GeV 2nb 
t1(77- hadron.)-.87(240nb+ W )+ W 2 

77 ~ 

Th. &nt of the .. represeDta the uymptotic limit expected trom factorilation i.e. it wu derived trom 

the relative mapitudfl of 7P, pp hadronic c:ron·.ectioD •. The variou. theoretical eltimatet of thiI vary . . 
about 40~ around the value &iven here. The ,econd 01 the., ie the PLUTO "nit and "P"NDt. Ml 

upper m;t of ~vail~ble eltlmatfl. or c:qurse, it ÎI the lower 1imit available .at .h~uld be couid.red in 

" d.ddiq t.he viability 01 the experiment~ 

Sinc:e the maJor rate limitation ari.fI &om the t-.wer acceptance the reluit. of the ùmulatioD Ihould 

depend weakly on the fragmentation model c:holen - i.e. the 'Pdc frapnentation mode! uftd • n~t 
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01 panmo1lDt importuee 10 IODl u it ia playtieally reUOllabJe. Indeed, ~ ia Dot pomble to prop'H • 

... ch b.yond thQ leve} u there is It.illiittle bown about n pheDOUltDa. When one it actuùly doÙll 
~ . 

&he eaknlatioDi required to ext.ract the erOl .... cûon trom data, more eare mut be tùen - the tec:hnique 

pIl.~ und ie to tune the various control parameten of whatever moeJel il cholen to diltribuûol1J in , 

&he obHrved data vi. Monte Carlo analyeis. The distributions chosen for the tunin, ehouldn 't depend 

OD W". For uample t one micht t1ple the frapnentation to IÎve the eorreet inclusive particle P.J. and 

... lt.iplici~ ditiribution. for"each taged W,., bin. The main problem with the PLUTO and TASSO 

aaalyHI wu that when un(oJdinl W ... ·• - W,.,. it wu necelllU')' to implicitly eum over a ran~ of W,,. 

ror &Dy ·calibration" dinribution u thU ÏI ~ unknown in their analylÙ. This leadl to a ·.e'lf.fulflllin,· 

proph.cy" - the derived crOlls·seetion ie strongly dependent on the tralJlD.entation model no matter how 

e~fuJJy the parameten are adjueted. lE W,., is known from double t&geing the I)'riematic error ean be 

ettimat.ed by varyinl the fragmentation parametrization 80 that the remt! still acree with the obeerve4 

data within erron and ob.erving the chang~ in the ealeulat~d .,., ero .. ·.ection. The dependenc! or the 

W" variation found on the 6nal state frapnentation model' ie ~ecoupled in a double tag meunrement. 

It wu decided that our inveetilation •• hould Ult a eombination of fraKlDentation model. employed by 

Ùe PLUTO group in their oricinal analyrie (C.BercereOI) Md -,djufted to the diftributioDl tbey had 

ob.erved. The relUlting model i. bued on "limited P.J. phue l'paee'' &apnentation: 

dN _&pl 
dpi -- e J. • 7~% 0/ e,:enh 

flN p' 
dpi -- e- J..2~% 01 ct/ent. 

(H) 

TIW impliH that the emileion of partiele. with hÎlh mOD;lentum tranevern to the "1" eoUilion axù i. 

tupprelled - the hadronic "ireball" tends to decay into two jets foDowÎnl the direetion 01 the incident 

partiel ... Thù view ÎI bued on the VMD (Vedor Melon Do~ee) model orthe hadronie interaetioDi 

'rA of photon •• ~ view n.u,.U)' luds to a limited P.J. phue .,ace frasmefttatioft as in ".olt" hadrOlk~c 

. ÏllteractioDi the coIÏidinc hadron. tend to pu~ t»oqh e&ch other - dimapting in the proce ••. A'I veetor 

melOO8 are bound ftatel their coutituent. mut have Po! leee than half the wdor me.on mu •. U the 

coDUion ocean between unbound quarte ln the photon It.rUctun the available Pl. can be hJa:h.r. Th. 
~ " • 'J 

limited P.J. phue .,ace de.cription qren reuonably weU with data (Fipre 1.16) until fllÏrl1 hich P.J. 
il. 

npolll where evidenee for the quark content of a photon eSÎlh in the form of a .lower d.creue iD the 
J' 

inclaeive :;2 diltriblltiOD, characterittie 01 proc.lIe. involvia,. pointJib pwel... The "&ned analyeie 
.J. 

ncently pllblith.d by the PLtrl'O eollaboration'" UJe' an isovopic ph ... .,at. b.low W"M - 3 Oev 
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wida a limiied Pl. ph ... Ipace and~~ mised ÏD aatil "" of Uae MoDte Carlo e'4'mU .boye 6 Ge V 

an .... rated with a Iimi~.d Pl. ph,," .,ac. alaorit,hm. Thil np"NDU &he deereuinl iDlu'Dc:e 01 • 
tlte bùtial Rate u incident momenta detnue - amühilaûoD at te'" ahould have a tompletely Ïlotrepie 

iD... ..... AI the photone in .,., CODisiODII are emitted aJmost eoUiaelirly to the beUDI the 1'1 uis ÎI 

..... 0It par~el to the experiment'I am. Due to thÏI a limited Pl. phue Ipace tendl to conceDtrate 

th. ,.n.nted hadrone toward.e th. b.ampip. d.cr.wc th. c:akulated acc.ptanc:t. Our frapnen!:-tion 
" 

model ÏI th.nfore tonlervative and w. expeet a Wch~ Jaisher aceeptuee if th. new rewltl or the , 

PLUTO eoUaboration are .ppIic:a-ok at DORIS. It ie important to rewe that t,he c:alculation, here are 

not nppoled to duplic:ate th. pb.nomena, u impolübl. tuJt, u they an not weB bown. Rather the 

".mphaail hu be.n on pi-oducing a .û. lower limit on th. visible cro •• ·.ection. 

The ne st elfm~nt of the frapentation aI~orithm ÏI the esaet particle tompoütion' of th. final .tate in 

.ach .vent. A creat d.al 01 effort by the theoretical cODllDDnity hu been c:oneentrat.d on frapl.ntation 

models lor e+e- annihilation eveDta band 00 vanoUi QCD an&lyRI (LUND, Fi.ld·Fe)'DlD&llJl ett.). nete 

do Dot reaUy apply to .,., phenomena as they are bued on the Irapnentation or .,.eifled parton nate. 

where cr. « lwmch eventually frasment into ltat .. whe,. th. perturbative t.reatment becom .. invalid. 

V~01ll phenomenolopcal modelseoa have been developed to provide the &nal fracmention into lmelon •• 

Thil type of frqmentation model wou Id cleU'ly be the, mon delirable for a fuU Iimulation u the)' are 

mateh.d to data iD low .nefl)' e+ e- or hadron eoUisioJll. To lave time à muc:h Jimpler model wu cholen 

- .. aiD in a eonltrvative Ipirit'. In th.U simulation tht Inal nate COuittl ollly 01 pioDl u the" illittle 

data available on inclusiv. Ipeetra of heavi.r partiel .. in ""1 coUiliou. The maltiplic:ity distribution ÎI 

parametrised u: 

11ft . sr-
7D/- 2.2V rr '7'J 
arr.,., , 

(H) 

" 

band on meaeurtrDeltu of a+ e- annihilatiOll. ne aRuai makip1icit;:y il Iftluàed with an aJcoridun 

bued CID KNQ'04 ecaHn,. n. ph.nomenon wu &nt obterved in hiah .nell)' hadronk collitiou and 

" bued on th. ob •• rvadon that the makiplid. distribution expnued _ a functioQ of the fractiOD fi 
~ 

lite me .. DJIlltiplicit.:y ÎI almo.t iadependent of enero ud iDitiai .t.ate. Unfortunate!y, at the low OMS 

ene"". in whi~h we are mUnlted. the applic:adoll of KNO .calinc become. nt.h.r l1IIp.ct. rte renldnt 

... ltipliciV diruiblltionl (Fipn •• 8) app.ar t.o undenllt.imate the production or hiP DIIIltiplicity Ratel. 

TIW ÎI acceptable .. it I • .dt tG a lower acc.ptaDce .1timMe. 

121 

-~--~-___ ... e __ ",,,,,.,,,,,_, __ ---___ 1 ..... _ ........ _______ .... _ .... ,_...........-__ ._ .. ~ ...... _~~_ - ___ .. -t,...,.--n1'O ... ..,.. 



:.!. 

. 

p... 

--

1 
r 

L 
[ 

[ 

[ 

L 

r 

1 

r 
.L 

{; 

r 

-' 

J 

1& ia anumed th .. tht multipliâty distribution of neu~ ia th~ DIDfI Ihap; -u t.hat of chqed 

panid •• and that the m.an neutrallDllltiplidty b half the mtan charced IDIlltiplidty. Abo, there can 

, •• DO compl.tely neutral event •. Thil if reuonabl. u photon. are upeci.d &0 couple to ch.l.l"g~d .t""b 

drOIlcJy (how.v.r on. can .,oint out that titis if DOt. the eue lor the wcior me.o .. of yMD which coupl. 

to aay ftronpy interacÛD, particle). In tlîeDew PLUTO lII1a1y.u the ratio 01 chaqed to neutrût ÏJ taken 
. 

to be 2:1.3. 

Th. Ina! etate rrallDent.ation alcorithm d •• cribed above hu b •• n implemented in th •• ame Monte 

Carlo prosram D.ed to ,enerate QED event. for the miniMC/DEPA acceptance calcalation. 01 chapter 

6. The '1"r OMS pa.rameten a.re ,enerated according to equaûon 6-4. The exact Qo4 ealculation or Ln', 

the luminolity for transver.e photon coll.ision. (see Appendix 1 or reference 1l9)~ is Bled but the other 

luminolity tel'lD8 dut' to contributions of !cala.r photon (olliaioD! are ignored. Once the parameten of 
\ ~ 

the 71 OMS ~ .vailable the event i. wi!ighted according to the 71 croll-Itction selécted (.qu.tion 8 •• ) 

and the anal state is ,.nerated by the IiÏnited P.1 phue space alsorithm supplied ~Y W. Wagner. The 

'~ event. are then pused to the beam-optic:s prop-aOl to aimulate bIger acceptance. In the lut .... 'e of 

~ation th •• vents .v. eitber subjected to a full SlMARG det.ctor and triller Rmulation or a.re teft.d 

with th. miniMe detector/tri"., algorithms. 

A. a 6nt relUIt of th"e aJ&orithms, the acnptancn, with the frapuentation limited to vuious 

axed event topoJolies, are dillplayed in Firure t.Ia, whil. the aver.,ed acc:eptaneell weichted with the' 

77 luminolity for evenb with W.,., ~ IGeV (this reltriction is alway. in .D'eet unie .. ltated otherwbe) 

are clisplayed in Table 8.:1. The el'eet of several competin, acceptante lacto ... can be .etn here. At 10 ... 
~ 

invariant mu.e. bigh multiplidty chumell may not h.ve enouslt Pol. to 1ft a triller while, Ifometrically, 

th .... vents have more of a chance of havin, two chq;d tracu in th. drift chamb.r. As one adda 

D'OUalt to the topolol)' the acceptance at high.r mas •• aetually incre .. e •. Once there ia IUlflcient Pol. 

Ior th. mlU'Ked particles to reach the triller, the presence of neuual. dividu the p. (Lorentz boOlt) of 

&he ,.,. OMS MllOnpt more particle. - decreuin, the locUIÎnC 01 the eharpd pdcl .. alonc the be .... , ' 

At biper ene..pel, the Lorente boo'" of the .,., OMS and the limited Pol. frasmentation alCOrithm hnch 

, to cOlle.ntrat. more 01 the evente ioto th •• ndeap n.n - decnuin, acceptante. The .. two .f.cte 

produce a peak in uceptance which moVei to hisher mu.ee .. more neutralt are prodllced. Thil etFect 

il baJanced by the inenue in aver.,e mult.ipliàty wit.h W.,., which produce. a .aturation .feet - th. 
o 
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,. Topoloo . 

*_:t *_0 Uarrel 'Iiiaer ~Triaer 

'2 0 6.7 1 11.0 i 
" 

2 1 11.9 2 •. 2 

2 2 12.D ~.I 

.. 1 .2.9 12.4 

.of, 2 34.2 83.3 
, 

.. 3 3D.7 08.7 

.. .. 30.8 MI •• 
. 

Tabl. 1.1 Acceptanc .. ror F~Jt.d Event TopololY 

acceptance t.encb towarcù • conllant valu .... ruSh .nerciel. Thil u evid.nt in Fipre '.10 .hich shO.1 the 

acCtpéU.ct ror hadronic event. (with the fun fracmentat.ion ~ritJun) as • luct.ion or w..,.., lor variOUl 

charpd partiel. thre.holdl and triner UTansement.. , 

Table 8.3 displayl the remIu 1lIÏnS the improwd Mini. Monte Carlo with trillfr liPlulation. The 

-Barn) Triaer" il the cumnt ARGUS tria.r U'I'UlIement "hile the "FUn Trine"- inc;lod .. the endcap. 

..d' VDC in the triasrr aDowinS a mach inaeu.d P.l. and cOI(6) acceptanee. In addition to the Q'J 

iadependent cro .. • •• ction parunetrizatioDl th.ft are .ome reeults lor twCTlJarametrizatioDl ot the crO.I· 

"CÛOD Q' dependenee bued on the GVDM or VDM propqaton dilcu.ed in chapter 1. The vUible 

cro .... ction then can be expected to rance between .S and .. Danobunl. Current ezperim.ntal "nits 

lavor the lower end or thU ranse. 

Tht mlci" compontnt in the tDtÎre ~ablÙ il th. uaer acceptance. To. ,"At ntoent. üiJ il 

Iimit.ed br experimentalluton that &ft not caiculahJe to uy reli.hle extent. For Dut.anu, the dOlnt 

,-"ct or &he BGO matrice. te .... beUll u UmMd b)' van_nt radon nlatiq t.o the quality or the 

he .... hich il a rather,arc .. e lunct.ion of the DORIS aperaton' experience and runnins hiatol)'. There 

wiD abo b. IOme perturbation 01 th. DORIS opera&ioD by flae uau and the anoc:iated vacuum chamber. 

IN 
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, NoDte Carlo 11.,., Total Barrel Triaer Full 'J'riuer 
. 

MùÎimc Flat 2.06nb .76nb 1.26nb .. 
" " Flat+GVDM 2.33nb .66nb .lHnb .. 

" Flat+VDM 2.2Onb .61nb , .88nb 

" PLUTO 12.4nb 2.2nb Unb 
... 

SIMARG . Flat 2.06nb .82nb Unb 

" 

Table 8.1 Badronic 'Iii~,er Acceptance' 

Ii ÎI expected t.hat the taners will be operated between 1 and 2 centimeters away from the beam orbit 

alul' tastinr accept..-ces wiD be pre.ented for theu two utreme eue.. Additionally, there were varions 

plane for removinr sections of the Quers to redoce th~ sianal rate from the small ancle bremast.rahluq 

channel Thil seometry (Fipre 1.19, relerred to in TIlble tU a.b u the "SAB Slit" tanin, eondiûon) 

wu optimized to prodoce the hi,hest SAB ta, rejection while maintainin, a reasonable .,., sien •. AD 

tacler aeceptutee calcul.tion. were done with a beun optiCtI rimulation P,fOlTun suppHed by L. Jonn.on 

of Lund Univenity. The 'acem, probabih'tiee lor variou ntoatione are .hown in Tablel! S.ofa,b lor the 

eonftutt,1J11 and PLUTO I1n parametmatioDl, relpectively.l The two remIu diJFer onJy in the weicht 

pyen tG lower invariant mu. etates Mee the hninI ratel are independent 01 &nal lltat.lor 6xed W"n 

and no Q' dependence ï. included in the cro •• ·section parametrisation. Note that the acCeptanCf lor 

double taued eventAI ÎI piater than that for untaaed events u thU reetrictâon creates a .trOllI :!:Z 

l)'IIlIIletry limitinl the rapidity 01 the .,., OMS. 
J 

, 

The eff'ect 01 usine a tJ2 dependent ero.·nction wu in~d ud ... expeded. no IipiflClIlt 

chance in the double tll ero .... ection wu lound thoush the total vdible cros ... ction did ehanp (T.ble 
1 

t.6). Thil emphubes another advanta,e 01 the propOMd exp,riment - t.here • very little extl'apo!MiClll 

to Q'-o reqo.ïred witb our taclen •. The tacler aceeptanee ua fundÏGn olW.,.,t QI, E." ud the rapidiiy 

01 the .,., OMS is .hown in Fipre. 8.U-U. 

lia Tabln 1.4aob &he nO$"loO ST,DT,NT NIIn &0 ,lM tll(llnl probabllltJ "kb DO _'rlnloa OD the obwnabllkJ III tH 
.,., Inal n.ae'"blle STeAltGUI(FuIl Triaer) rden &0 lb. -'OC probabll" If th .... at Il 'rllPI'*I upoa. 1 

(?~~ 
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, Taaia& Coadition 1 cm from BUIIl 2 em From Beam SAD Slit 

ST(linsfe tac) 
a 

.lf2 .406 .H8 
r 

DT (double tac) .148 .070 
a 

.008 

NT(no tas) .447 .682 .860 

ST-ARGq8(Full l'riger) .4ô4 .421 .111 .. 
DT-ARGUS (Full Triner) .173 .o~4 .010 

NT-ARGUS(Full Triner) .373 .485 1 .819 
\ 

'rab). 8.4. Hadronic 'là(cer Acceptance. - Connant 0.,.." S;yltematic EJTor 10% 

. 
Taainc Condition 1 cm from Bearn , 2 cm From Beam SAB Slit 

-
ST .381 .372 .140 

DT .167 , .058 .007 

NT .462 .670 .853 -
ST-ARGUS (Full Triger) .481 .464 .188 

, 
DT-ARGUS(Full Tricler) .231 ·.D9f .012 

NT-ARGUS(fiàU 'lnaerJ .soe .462 .JOO 

TaWe '.6 BadrolÛc 1'IIPr Accep.c .. - PLUTO fi.,.,. S)'lttmaÛc Error 10% 

JlO 
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tI"n P~trisaiiOll tl2' •• ' tlD2' Vilible -41D'r 

DilUnce bom Bnm: lem 2em SAD sUt lem 2em SAS S6t 

Phat.o ".,." no qt dependenc:e 12.36nb 2.oenb O.11Db O.OQlnb O .. fnb O.3h.b O.Of8Db 
. 

FIM ".,,_ no Q' d.pendence 2.t&1b O • .f4llb O.2mb O.022nb O.21n,b O.l2nb O.Ol:lnb 
J " 

FIai tI.,."GVDM PU'ametris.ÛOIl 2.33nb O • .f4nb D.2mb O.022nb D.21nb O.l2nb O.Ol:1nb , 
t '" 

"Flat tI,,,,VDM Pa.rametrisation 
, 

2.1hb O.4.fnb D.2mb D.022nb O.21nb O.l2nb D.OUDb 

Table a.5 Comp..n.on of Expected Double,Ta, "n Value. 
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.... M .... Carlo Studl .. of TedmJqu •• for Small hile Br.lDlltrahiUDI BackpoUDd h. 

J.ctIOD: The smaII UlIle brem .. trahlunc proc:tSlI (SAB,Figure G.G) has been mown to be a S,!'ÏOU8-

backp-ound to 0 deIRe ta&KinI for as 10nl u the meuurement wu contemplated - viriuaDy eVU)' men· 

tioD~of the Deed for 0 deUtt taninl ÏIl the Hterature is acc:ompanied'by a p'essiinistic c:ommeD~ as to 

itl impolribility due to ~ backçound. The SAB proces! is.ducribed by the' formula (calculated by 
"" 

Where: 

:r: - 2(1 ~ y) (z2 + (1 - 1/)2) 

.' '!'" ,.2y2 tu' '0 

EB .. m 
'Y- ---m. il 

..5L 1/-
EB .. m 

IJ - ,cattering angle 01 e±' 

J_ 1 1 3 3 2tu8 JIJ 
gz; - ----,. Il --~ 

2 (1 - ,) cos' e 
This CUl be iatqrated approximately to yield: 

du 2a7'g 14 ( )2J[ 1 2 Il] 1] -----1/+ 1-11 ln4'Y ---
dl/.l-,3 I-Sl 2 

• 

(&-8) 

This IIhowlI the 1/ E'J lIPectrum c:haracteristic of brelDlllltrahluDI processes. The ancular diMbution of the 
, . 

,cattend e+ or e- behave. approximately u dC1/dcoI8 ""1/88 (to be co~ared to the 1/82 distribution 

of the lICattered e± from 17 collisions - the exact ugular distribution is shown ira Figure &.15). The total 

cro .. ·.ection for this proc~ •• wu calculated to be .Ul7 barns with the restriction that the bremsstrahlung 

D .. ,t have at leut 200 MeV energy.l 01 this .11±.OI barns is taued with the full Hem x Hem taRer 

1 em away from the DORlS beUDtl. Thelf remltl were calculated with a Monte Carlo generator hased on 

eqllatiOll 6-7 Bd the beam optlcs proll'aID used for the 77 taning IItudies. Assuming a daily luminoatyj 

J The minimum lepton -ero _n bJ the t-ccer il 4.7 Oev la a 100 N.V photon thrahold Ieavei a &ood lafet)' marain fa 
edp e!'.eu _ben u.ln, YoD'te 6 ... 10 bl'CDDtrablunJ eveml 'Pnera\ed wbh thlt renric1lon to c.Jcula&e tac.&'lIr blCk,&rOund •. 
J Tbi. lumlnœl'J \1 mller pe"r ,han ,bu tabn b)' th. experiment ln nomal runnln& but uperm.mal deadtlJDl! and 
_hi ... probJ.D an.n lead ta a reduced daily luminolit)'. rh. aetu.J tlllPr raki! are de&ermined bf tbe Ind.man.oui 
_hi ... lumlDollt)' - e· 1010em- I .-J whieh, u.um1n& 14 houn of cominuoul operation, fieldl • dailf lumi"olit)' of 
IOOnb-1 • 

1 -_ ..... ___ ~ ... ~~_ ---~{_~_. ___ ... w""# ........ _;;._...~t .0:"1'1-'".,31_ ........ ~_,~~.",.."..~~'1,.~,~~~ ___ ~~ __ ""-................... ~'v ..... ".-- ~..-_a _ u .. 

, , 



l" 
r 
L , 

, E9 f 

l 
l 
1 
r ............ 

[ i 

, " l ' 
r .:0-

f 
" [ , , , 

1 

[ 

l 
f J 

1 
~, 
!, 

J, l , 

J 

-." 

of :SOOnb- l ,' an average of .64±Q.04 Tagged SAB events are expected in each t~er every beam crossing 

(the beam croumg lrequenëy ÏlI '" IMBz). Tlùs background produceJ a -60% tagger occupancy - 50% 

of the DORIS beam cr08sings relJUlt in a tagger lùtl 

, , 

This is obviously a severe problem! It now becomes completely" impossible to Ole the tagger! as 

elements of t~e trigger. Even using the tagger information in the oflline analyllÏll is diftieult as any tagger 
, 

" rignal is confulied by noise, of the same order of magnitude &8 the Il signal. The proposed technique 

for the removal of this backgroWld will be described in seeti'on 6.4. The true DT"rI rate is redueed bl 

-76% by random coincidences with SAB events - i.e. 75% ilion by conv~rsion into triple tags etc. The 

6rst solution proposed was the creation of a dit in the tagger to reject the SAB Events. This IIlit wu 
IJ 

tô- correspond to an angular cut of ~ 1 mrad and would reject most of the SAB ,tags. The tagger hit 

dilItrlbution from the Monte Oarlo is shown in Figure 6.16b for the tagged e± from SAB events, 8Smming 
, 1 

" divergeneeless beams, it is clear why it was origUÏally thought that most of the SAB tags could be rejected 

by a geometrie eut - a nanow vertical slit in the tagg~. It wasrOriginally claimed that this reduced the 

obll~rved SAB rate by a factor of HJ'O while only reducing the DT "T"T rate by a factor of 10. However, &II 800n 

as the,DORIS bum divergence il! introduced into the calculation the SAB hit distribution spreads almost 

'" uniformly over the entire tagger (Figp.re 8.1Hc). The beam divergence parameters u8ed were calculated 
\..-

by D. ~arher of the DESY ~ac~ group using ~ rimulatio.n of the DORIS beam optic8 that neglected " 

the bearn·bea.m interaction. This is a significant effect at DORIS and limits the Ipachine currents to 

3S.'.fOmA. It Ï! believed that the results must, neverthelell8, be repre8entative of the actual situation as 

the calcul~tion involved yields the ~orrect machine luminosities. The beam divergence is strongly linked 

to the machine huninositY'88 this is determined by the mini,8 quadrupoles muated between the taggerll 

and the experiment. These magnets focull the bem at the interaction point introducing an angular 

divergence which ÎII the price of high machine luminosity. The beam divergence ÎII wom.in the horizontal 

plane as the rise of the beam ÏlI increued by the UDÏlBÎon of synchrotron radiation in the horilontal 

bendiq magnets. 

The recognition 0 

tlte 77 taging accept 

e importance of the beam divel'l,nce led to • modification of the slit. While 

e wu chan!ed little by the beam dive~ence, it so'on became obvious that to 
" ), 

tiori factor U oricinally pianned ,Ùlost of the BGO would have to be nmoved. 

The hit distribution., in uding beam div'~rgence, ~ere gtlite Iimilar for 77 (Figure tI.18a) and SAB tags 
t' - -1 , 
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P 
-

EB •• m - 4.3 GeV " EB •• m .;. 5.11 GeV 

t1x O.eOmm 0.71 mm 
1 

t1X' - 0.75 0.00 .. 

uy 0.014 mm 0.018 mm 

" 

~ t1y' 0.30 l, 0.3C1 -
'>-----, 

, Uz " 11.8 mm ! 0 Ui.8mm , 

/- Tabl. 1.1 DORIS Beam Parameters 

X' -~, yi _~, evaluated at ARÇ;US 

X,Y,Z -= c:oordinates or beam. 

(Fipre e.18b) 10 most partial tasger Béometriu Ion &lmon .. many 77 t.,. al SAB tag •. l To deaign 
, , . 

• new, SAB rejerlion llit (w4 retaining lome i7 signal), the width or the s1it wu acijusted 110 that the 

lignal to noise .-" ID&ximized ror e~ery 2 cm vertical la,yû or the ta"er with the re.tric:tion that -~, 
or th. e signal remam. The result ie displayed in Figure- 8.11 and all calcUl.tions or taller acceptances 

. t' 
.... ith the "SAB .lit" ~Ier to thÏl seometry. 

Ta~les CI.7 and CI.8 list the remIts of Monte Carlo etudfes of random coincidencel between SAB t.(1 

and 77 eventl. 'It is a •• ~d that a" event can be identilied from central detector inlormation only -

thil ablli~ hu heen demonstrated for the ,,'and QED_experimentai analym descrihed previously but it 

remaint to be .een ho .... clean an inclutive 77 event .ample could be made. There are de&nite IMtvanta,H 
. 

to the low 77 JD&I!II repons (1-2.5 GeV) which 'fie are interested in. Annihilation channel contamination 

Ïllimitea b)' the ,low IDUS and, of conne, i. at a m;ninmm .t the lo .... er edKe or the ran~. Unlortunately, . 
o 

1 I: P J.I cuta" cannot be made u Hvere as in the analysit of excbuiye channele "but the)' are ltiIl of 'lOIDe 

Ole in HparatinK incompletel)' recorutrueted 77 event. from deçaded annihilation event.. BeUlllu 

contamination decreases at mudl invariant mul!lt. u the buyon. Irom thel!lf. eveJrt. are .low and .uilv 
~ 

identified b)' dE/dX analysis. 

1 hble lU "v .. the prob .. bilitJ of. ' .. pd IeptOD blstinr elCb black la the 'IIIIW for SAB and .,.., .... 
C> 
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The ùmu.lation of SABIn coincidencell wu carried out as follo,v.: 

(1) Each "'1'" nent wu cenerated normaUy. 

b 
(:1) 1-7 Bremeetrahlung Evente weI'! pnerated for each taller direction in, _ Pou.on diat.ribution, 

the only rettric:tion on the.e events bein, that E, be at Jean 200 MeV. The c:alculated SAB 

cro'8-IIection with thil eut wu .1873±.0003 barn •. It wu u8UD1ed th_t the specifie luminoeity 

wu either 2 •• or 6.8 ·1080em- 2,-1 (c:orresponding to a maximum d~ luminority of 260, 1100 

nb- 1 respectiveJy). 

(3) The "Ii and SA~B ennts wne "tacpd" independently and only tlao.e events wit.h 1 hit in both 

tarcen wen included in the backçoond utimate. It il .. ~,:a that any event with more than 

one hit in the .UDe taller can be leparat.ed by the unphysical (i.e. ~ ÉB •• m ) enel'lY depotited .. 
or the good spatial relOlution of the BGO matrÏI. 

Situation ;,~.J.~ '1 Trt".r+T.".r SIN SIN With Out.. r r With Out. 

26Onb- 1/day, 1 cm &om beun .173 .087 1.01 3.19 8.3 6.0 

25Onb- 1/day, :lem &~m beun .117 .oe3 .802 2.52 10 •• 1.3 

26Onb- 1/day, With SAB .lit .0116 .ooe4 1.t4 6.20 :.n.O 18.1. 

600nb- 1/day, 1 cm &om beun .1'4 .077 •• 23 1.34 11.2 6.3 

600nb-1/day',2cm from bum t~ .085 ..137 .822 13.8 7.7 

600nb- 1lday, With SAD üi .0112 .0081 .eU 2.24 20.3 13.0 

The proh~ility of ~ ..,7 eveat beiq doahle taged (.cl.dial he $ap ad SAD comaGeace &.p) 

il _on iD c:011llDD 2" of Table •. 7, while co ...... 3 IN \lM uaer+triuer accep_ce lor vario .. t.aaer 

,arranrement" When the machiae huainOlit.>' iaCftua ~e double ~ rate decn.,u ., mon 01 tIt. 77 
1 

,J clouble t .. evente an c:ollVerkd tg triple '-Ieft" ek. Bowewr, mon 17 ùcl' tic ad aotac ..... 

are cOllVeried ÏJato raI. doable tac eveau fi) tIa. e.~cU IIYIY c_cel. Co""" • ad 6 lût \lae ..,"1 SipaI 
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" SAD NoÎH Ratio, "01". before and alter CUY delÏped to reject the SAD coincidence.. It ÎI appvent 

from Table '.1 that ·cl' wiD nevel' be hilh enoup io aDow the SAIl contribution io be ÏCDoftd. It 

ÎI nece.&I)' t.o eubtract dais backll'ound by coDltructÎnC uti&ci.J l'Uldom coinddencel.bet.ween Nota, 

01' SiD&le ià& "'/7 evenb and SAB taller Iip.... U the rificial bac:kpoand .ample ... .bandant .. 

the re.J backpound the ... atiatical en'or in th~ nbtraction will be :;N~., + 'JNSAB (the Buctu.tiom in 

th. backp-ound and arti8cial baekeround .ample. are independent, N SAB u th. nomber 01 backfroun!l 

.~ent.). On. can calculat. the incr.ue in st.atiatical error int.roduced by the bac:Qround nbtraction. 

The • .... tistical error lactor" , r, ... Ierred to in Table e.7 u de8ned b)'! '. 

. \ 

N' - N.,.., + NSAB /_, •• fa,. - "L6..,., 
N 

01- ...:.:lL. 
NSAB 

li. OIN' "01 N.,., - -- - __ LI1.,., 
1+01 1+01 

AN.,., - JN' + NSAB -
(tri) 

r -,1 oaly lor a perlect deiector and tacler wit.h no backp-ound uad 260 nb-l/d~ apeci8c machine huni· , . 
DMt,)'. Where " ie the probllbility 01 8ndin, a double tac 1ip.J (includin, ,. double tac bacq,.ound)' 

il a .,., event ù detected by th. central deiecior IIIUltiplied by the probability of detectin, a .,., ev~nt. 

t, il an independent mewe of the experÎmental quality of each t.ager arTUlIemeDt. It repreeente the 

inCH'" in the .... tiliical error Crom that of a "perfect experimmt" i.e. 100% triner and tagu elicieney 

witll no badaround. The value of r for vuiou. eçenmeaial mURO'" u 1h0Wll in Table '.7 eolumn " 

it ÏI clear that theft U DO âtuation in .hich the preHllte 01 ,ecmet.ric.Jly incomplete taue" ÏI lavorllble 

- th. pin ia Siena) to Nom obtained ie Dot nlicieDt to balaèe the _ in It.atÏItiCl. SiIlce a st.aWtical 

nbVaction ù inevitable, the experiment ahould rua wüh alû&h acceptance tager. Ii il ÏDiereriiac iD 

- &Ile iDcnue in naûlt.ics ÎI OVeI'CODH by the increue ia bac.....,ua.d. 'l'hù ÎI imponant bec ..... dae 

luaiaOÜiy 01 th. DORIS '1nchrotron ÎI contÎnuoualy improved. ne .. nnlte have bien ca1cul.ud .. ~ 

averap over aD "'/7 IDMMS ulin, a lat 6(77- Badr"".). Due tG Jimas in computer âme CGllnmpÛOD, 

nnJu f .. iadividaal W.,., bw could n~ be calcalaied w&h .... c:aat eiaWt.ics. 
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Jt ù p_ble to njeet SAB ewnu without uina a pometric cut on thi! t-aer hits. A. the event 

obterved in the detector and the labe tacl .ue &om an entirely clift'erent e+ e- collision occurinc in 

da •• ame bunch erolsin" the lalse t.ac events frequ.ntly appear to be quit.e UDphyaical. For ellUlJi)le, 

Fipn l.lSa .how. the total visible enel'lY in ARGUS and the BGO bine ... for true double t-ci Uld 

two clul" 01 lal" double tap u ,enerated by the SAB bacq..ound simulation. It is apparent that a 

llipillcant portion 01 the random SAB coinddencli CUl ~e removed by appropriate entl"K)' cuba Since 

auIl invariant masa "1"1 nentl have more entJ'l)" in the tagen, and have a more 6mited amount 01 

mi ... , enercy, the total enercy distribution ror the.e event. will be narrowtr and the cuts CUl be tuned 

to yield a Jù&her SAB njection rate. It u DOt pOIOble to C1lt too clOIe &bove the e+e- OMS enero due 

io the &nite reJolution or ARGUS and J tanen. Cuts CUl alto be made on tlte r~tio of the invariant 

mules observed in the tanu(Wa-.,) and the detector(Wv.'.)' Cleady this 'ratio .hould Dot e,xceed 1 by 

any IÏpù6cant &moont. 

The antitanen (duip to be Uled mainly as bunÎnolÏty monàon) cao ÙH be ullful. If a SAB 

event ÏI t&lled in the BGO m.tricel, there il a hiP probability lOf' the brellMrtrahluq in the event 

to bit the luminosity monitor. (an "antit-c"). An aoûtaI dotl not immediately imply a SAB tac in 

the BGO as ÏJ is po .. ible lor the photon trom a bremlltrahhmc event to be antit.aued while the e+ 
.P 

or e- ÏI untantd (elpeciaUy if' the SAB reiection .lit ia Uled) - tIW can ulociate SAB antitaga with 

true .,.., event.. Since the bremntrahlunc Ipectrum in the antit-«ler COti to very low enerzies while the 
, . -

eneqy threshold lor the taggers ia introduced by the magnet opticl it is possible lor several )ow enel'K)' 

bremlltrahlonl events Irom a sin de yah:h\"v-~Iinc to ante a laln ant.ita, lÏplal. This efFect hu only 

b,en induded in the simulation partially - ~he nûnimum photon enefl)' is ~oo MeV but limultaneoUl 

antitllCl of thue photoDl to mimic a bicher enercy photon are poslible. It may be pOllible to check il the 

.nerPl 01 the suspect taga and cOrTelponding antitap IBm to the beam eneqy but the antitaner is not 

avüapd to have a good enercy relolution u it will bave ta be MdUpolable" due to the hiKb radiation 

lux from the brem .. trahlen. For thne re &Sonl it will be nece .. ary to require • fairly bilh antit,q eDUCY 

&0 rej.et an event. QED eventl ~iU he UI.M in mvestiptinr the .l'.etl 01 SAD rejeetion WchniqqH 

UÜlI the antitqcen. ln principle, the 7"1-QED double t.a& and the SAD .vent are both lully conrtrained. 

Umr thia dat.a it. will he pOlsible to determine th. fraction ;;, ,ood eVlny which are rejeet.ed by IaIN 

utit.ac&er lienal. tOlether with the portion of SAD tap eliminated. 
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DtPtIldiq on the lPatial retoluiion achieved with th. taaen, it ~ he poUible to deSne the' Pl-

of the I)'ltem hom the) tauer information and demand a certain amount of eolftlation with the central 

d.wnor value. This technique ia UNd in hich Q' Iin,le t. analym with PETRA detecton but u much 

mort diIlealt for amalJ Q2 ,t ••. 
l 

Table 1.8 .howe the eIFeete of vuloue eut. on the hac:kp-ound eontributioDl whUe column 7 of Tabl~ 

'.1mowl the nlue of the ltat.Utical error factor alter aU thue cut. have been apptied, It u apparent that 
1 

the.e cut. eontribute moet in experimental situatioDl where the tager ia complete. Leee improv.ment 

la pOllible in the ntuation when th,re ÏI a .lit in the BGO matrix. In particular, thfre U a de8Jüte 
1 

" tipallo88 when one introduees th, bremaetrahlen antit&, cuts lor the SAB ~ection tager. Note 

, tIaat. the mereu, in the npal to noue ratio induced by the cutl liIted in Table 8.8 u snater than that 

iaduc.d by the introduction of the SAB rejection eJit! It ÏJ believed that the cu" Ded are cODJervative 
\ 

ucl • better reolt will be,obtained ollce then are double tac QED clata available for &ne tunin,. 

A. &bU Iimalation ia very dependent GD the detaib 01 the experÎmental arr&n,ement (exact b.UD 

~, poation 'of Icrapen, beampipe. etc.) it ÏJ elHntial that lome experiment" clata be awilable 

belon ,ood .8Ûmate. 01 the backcround rejemon abilitie. can be macle. A propoeallorthe coutruction 01 

vacuum c:bamben and a "pre-experi:ment" with an incomplete BGO matrix to telt the SAB diltribut.iODl 

ia th. uaer -.d anÛllllPn wu approved by th. DESY PRe in Oetob.r 1.83. 
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D (cm) Ta, Probability 01 Omme SAB Reject.ioD Out. 

Type ~q Type (%) (% 01 each tac type remainiD' alter 

Rejemon Outl!l: ET., S 10.4 Oev El S 1 Oev E"J S.6 GeV 

1 

1 

1 

2 

2 

2 

SAB 

SAB 

SAB 

1 

1 

1 

2 

2 

2 

SAB 

SAB 

SAB 

!YI' 6(f 100 88 
\ 

ST .SAB 39 81 41 

iNT. SAB' 11 3t 16 

ur 47 100 88 

ST.SAB 42 78 44 

iNT. SAB2 10 
, 

84 20 

ur ee 100 84 

ST.SAB 29 . 77 47 , 

NT.SAB' 65 , 16 3e 

DT 30 100 et 

ST .. SAB 4e 84 38 

NT.SAB3 24 40 20 

ur 2e 100 81 , 
~ 

ST.SAB 60 80 61 \ 

iNT. SAB' 24 ID 23 

!YI' 48 100 78 

ST.SAB 42 74 42 

NT.SAB' 10 85 2e 

Tabl.I.1 
SAB Bacllcroud Contamination ADalyJÏa 

L-Luminotity, D-Dilt.aaee ol1àaer Irom B.am 
D-SAB implie. tUt &he SAB Rej.d.ioD sUt ÎI UNd 

E., - IDer&)' in utiiager 

lae 
\ 

88 

36 

ID 

87 

36 

le -> 

1t 

31 

23 

te 
-

32 

17 

79 

44 

16 

83 

27 

23, 

\ 

each eut) 

~SI.2 
W r .. 

88 

33 

, 
10 

87 

36' 

le 

11 

31 

2a 

N 

-
~ 

; le 

79 

44 

16 

63 

:le 

23 
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'.4 Ihailnlul Subt .. acUoD 01 SAB Backpouad: The ~atUticallUbt.raetion of fais. double tacs 

ia iD.vit.ble Wbatever the expuimental ntuation. It u, therefore, pnsented hen in some detail. The 
. 

IoDowinC notation will be us.d' in the diJeu.non: 

(1) 3 Tanine clan .. are couidered. Th .. e are abbreviated by DT 1 ST t CIl' NT repreeenÛDI Double 

Tac. Sin,l. Ta,. ad untAl,ed event. nlpectively. 

(2) ur, ST, ad NT are the probabiJitiee of a 1., event beine in a pven taninI d .. s in the absence 

01 any SAB bac:kllound. 

\ (3) ur, ST', and NT' are the probabilities of a .,., eVint bein, in a pven tacPnI clue in the 

preeence of the SAD backsrouod proces"'l1 i.e. fal", tap included. 

(4) ur, sr, and Nr repruent the probabilitiell of a .,., event occurin, in the speci6ed taninc 

du. and nmaining there alter the SAB bac:kpound procelll Ü "turned on", L.: a pT, ST or 

NT event which remalnll bremllltra.hJen·free. 

A.n.minc Poitson Statietice the probability of n tinele bremsttrahlun, .v.nte hittina a tager in one 

b.am crollÏnl ÎI: 

PSA'B(n) - ftn",,(-ft)/n! ("'10) 

"'. 
wh.n ft - (1 • LC,.. •• in'-a ÏI the aver~e nomber of SAB events pu bunch cronin,. Th. occupancy rate 

(probahility per b.am erollÎDe of ~ 1 .vente in a taner) for the SAB proc." il: 

.. OSAB - 1 - ",,(-ft) 

t~ 
(1-11) 

As meDÛoned ,ahove. for 600pb- 1 • day luminolity, ft - .• 8 for all SAB evenh in on. hemitphere ad 
... 

. If * .04 for thOIle .ventll with an electron hittin, the taner. Th ... rate. an for on. direct,ion oruy -

th. rat .. in each taun direction are ulUmed to be independen~. Th. AVerAle numb.r of SAB .vent. 

per b.am ero.sin, cao be d.termÎn.d tg pod &ecuraey by 100kiD, at the tllllen ratee for Bhabha or 

aaaihil.tion chmne) events or by meuurinl th. ra. rat .. from th. tà&len with no trinfr requind in 

lU catnl d,unor. The probabiliûes for the mou ty.,e, ~ double 'atI are: 

~ ( )' PD'/' 
UA - PDT' 1 - OSAB - ~,,(2") 

PST' J ") ,PSTft sr· SAB - 2{ T . Ps (0) . PSA8(1) - ..,(2ft) 
, PHI' .,,2 

NT· SAB' - PH'/' • pIAB(l) - UJp(~ft) 

(6-12) 

DT-ur +ST·SAB+NT·SAB' , 
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Frcm tlÎU t.he 7"IIÏIDaI to SAB nolae ratio can be caIculated tG be PDT/("· PST + ft2 • PNT). Similarly, 

t.he probabilitie. ror the other t.KinI dUle. are: 

and ft, 

~_ PST 
",,(2ft) 

NT.SAB _'J,PNT -ft 
, ",,(24) 

ST' -sr + NT . SAB 

Nr- NT 
",,(2ft) 

ST* -sT' - NT' . 2ft 

SIN -DT* /(ft. ST· + ft2 Nr) 

(8-13) 

experiment can determine the .ignal to .e ratio ~m meuurementa only. Thi. 

information can be und to . t. ror "arti6cial coin~idence" .ample. created by 

mixinc ST' and NT' event. with an appropnate number or randomly pidted 'tager lignab. The random 
\ 

tager tisnals can be t&ken from any central detector event clan that is re~onably free or 11 event., 
/ 

1 

inturing that, the taller .ipal. are due to SAB tal" ThÙl can wo be adlieved by ae.odating a .econd 
1 

taaer lignai with each event online - each normal ta'lfr signal could be accompanied by a t.,er ApaI 

from another bunch crouing that had been .aved by the .0Ctware routines - the probability that this 

would be a ,ood tag from another 11- event i. minimal The "clean" ST- .ample can be manulactured 

by ~lÎgning a weight or -2ft to every event in an artiflciaI ST sample compo.ed or aD NT' event. with a 

randomly picked tagger lignai. The ST' and NT' lample. can then be mind with DT' event. by creatint 

artUlcial riT events and ulÎpinr them weia'hts or -ft and +ft2 respectively. It ie important to note t.hat 

thete artifidal coincidence lamplel reproduce the- SAB back«roundl exactly, actually repeatin, the procel' 

&hat cenerated it orilinaJ1y. One CUl then calculate any experimental dilltn'bution and the limulated 

baclcround eventl, correetly weishted, will cancel the backgound contribution while introdueing enra 

da&istical error. The II)'ltematic error in thÎI technique cm arile from two lourcel: variationl or ft; and 

th. quality or 1., event •• paration. The lormer can be detennined quite accurat.ly, even ror individual . 
na., becaOle or the hi&h SAD rate. The problem or.,., event .eparation ÏI mon diftlcult to nady but will 

o ( 

"improve at low.r .,., malleS U previoOlly dÙlcuNd. Thie ÏI critical al the entire procu. of subtract.iOll 
1 

'nit. on the correet "p&ration of &he notac .ample. In ceneral. tIlere will be .ome kinematic "POOl 
~ , 
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wh.n th. SAD proceA will drowJa out .,., ad vice vena - ,Uae ttatilûcal enon prt .. nted hel't ue only 

IaYer,,1 but. deaner lample em be leparatec!jn weU.de8ned way by cuttiac cm tht .error introduced 

" 
" " 

, ln. .m bin by the n.tùticalaubtraction. Tbi8 ie the only consUtent way to nppre •• kinematie rtCÏOIU -.. 
; 

1 
1 with • hiP SAD bac:ipoound. It u mueh better than introducin, • phyûcal cut in the tager al the efFect 

01 •• ,Jit CUl euUy be reprbduced in ofBine analyris il DeceMary. The only Y&lid l'tuon lor iDtroduc:in, • 

phyllical cut would be to reduce an unmanareable hardware rate in • puticulu BOO crystal. 
, 0 ~ ~ 

JI the back.lI'ound nbt.raction ie ealcwated by ... odatinc a radom SAD tac with eac:h ST' or NT,' / 

......... , r ..... ;, dilf" ... t ......... t ,oIno1ated ;" Tahlo 8.7 ...... popul"'", of .... b ....... uuI ad / j 
Iimulated back.lJ'ound 'lIDlplee are no loncer identieal. The correet K.atUtieal error facior u: / ~ 

/ 1 

" - 260 .. l1To,.,(DT + (n + n')ST + (3n' + 2n8 + n4 )NT) 
L· D'V,.,., •. DT2ezp(-2ft) 

/ 

// 

}~16) 
/ 

Th. nlUlte of the modi6ed " Iac:tor calcwatioD ., lined in Table e.l0. TheM wen calcul»cd ftom 

tlae ~ue. of ft Ihown Md the acceptance and tac~, efRaeDd .. Ihown in T.blel I.S, and'I.f.,b. The 

nnkl for the uDDlodi6ed , factor are .lichtly difFerent from thou in Tablt e. 7 ~ Tablf' 1.7 uNd a 

aaaDer data IUDple due to lack of computer time for the fulllÏmulaiion. 1 Theft U DO drutic: chanp in 

, lifter thue modi6cation. are made. l'abit 1.10 abo dilplaya the '0 factor lor the utopian experimental 

litaation wbeft the" ÜI no bad&.cround and the ratio ''/'0, Fipre 1.17 Ibowi the .... tiltieal error in. 

Uae,.,1 haclronie cro.· .. ction meU1lrtmtDt exped.ed ftom tager ad det.ec:tor eftlciency u a func:tion 

of invariant mu. of the double tacpd I)'.em. Thue erron have been lCaled by the ratio of ltatidieal ,. 

.!!'Or fac:ion, " 'rOt hm Table -1.10 (which il a weichwd .verace over aIllDUMI). 

lb Il ftpee'" Gu .. nnhlla ....... 0 .. die .... MC ..... f1Ildle "o • .,... .. uJh ID 'l'ü'' '.1 ..... nlcalatéct 
hm .. 0"""" co ...... ad ..... nIIIP'I- __ ", .. ~~1Ie tIIow iD ... 0 ...... calclllMed frOID ,..atioal 
...... II. ~ 
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.0012 

.0014 

.0018 

.0015 

.001 

.00015 

< .0001 

< .0001 

~ 

.OO~ 

.0033 

,0045 

.0043 

.0038 

.0025 

.0015 

1 

.0016 .00 us .0016 .0018 .00105 

.0020 .0Q:l7 .o02e .0027 .0020 

.0029 .0037 .0038 .0037 .0029 

.0035 .ooGO .0074 .ooeo .0035 

.0040 .011 .015 .011 .0040 
, 

.0022 .Ole .oa. , .01e .0022 

.0002 .011 .095 .011 .0002 

< .0001 .0025 .3450 .0025 < .0001 

Tabl.I.O. 
Probability per beam cronin, or each 2x2 e~2 

" BGO block beinc hit by a lepton lrom an e+ e- - e+ e- "1 event. 

.0032 

.0063 

.DOGe 

.0081 

.0082 

.OCMIO 

.0030 

The center 01 the lower eq.e 01 the bQttom 
row is 1 cm ahove the be~ path. 

( 

.0047 .0040 .0047 
1 

.0013 .0012 .ooe3 

.011 .011 .oU 
Jl 

.018 .022 .018 

.028 .047 .028 

.034 .12 .034 

.017 .40 .017 
~ 

Tabl.I.Db 

.0032 

.0053 

.008e 

.0081 

.0082 

.0080 

.0030 

Probability per beam'cro,.m, or eaeh 2x2 cm' BOO 

block beinr hit by a lepton from a "'Ii ewnt. 
The center of the lower edee of the bottom ,1 

l" row ÏlI cm &bove the bum path. 
1. . . ... 

, i 
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.0018 
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.0033 

.0045 
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Taaer LuminolÏty " f fi fo ratio 

1 cm !rom Bearn :l60 nb-l/d~ .30 8.6 8.:l 3.7 :1.2 

:1 cm from Bearn :l60 nb-l/d~ .21 11.2 10.6 6.0 2.1 

SAB Slit 250 nh-1/day .026 22.3 20.1 15.1 
~ 

1.3 • 
1 cm from Beam 600OO- 1/day .10 11.3 12.6 2.1 4.8 

, 
2 cm frOID Bearn 500OO- 1/day .42 13.7 14.4 3.5 4.1 

SAB Slit 600 nb-l/d~ .062 20.5 18.5 10.9 1.7 
~ 

Table 1.10 SAB Background Contamination Analyri. 

1.1 CaadualoD : It ÏI apparent tbat the meuurement 01 "77 - huron. u initially envia~ed ÏI 

leve~ly compromised by the persistence of the' smaJJ anlle bnmaltrahlen backp-ouhd. The ltatittical 
-i 

IUbtraction 01 tJW bacILp'ound, when taller and def.edor elliciency are conndend, produces an increue 
/ 

in the Itatiltical error compared to that npected from a'''perfect nperiment" of 8.5.14.4. Withont the 

breuurirahlen bacqround this factor varies between 2.1-6 dependin, on the arrange~ent of the 'a,!er 

Itometry. QAddiûonally, improved machine luminority mak" the IÏtnation worse u this inenues th. 

SAB ta! frequency. From this point -of view it itlar better to have continuous 1011' luminosity runhing 

th ... &poradie bUJ'lJts of hilh specifie lumiDority. From Fipre 6.17 it is apparent that statistical error 

on the order of 10% for 100 MeV bins can be achieved in the ".,.., meuurement with u little u 32pb- 1 

int.ep-ated luminolÏty for W..,., "" 1 GeV.if th. tauen ClIO operate lem from the bum. To achieve 

thU leve. of uncertainty for 77 mutel between 1 and 3 GeV would requin -16 times thiJ luminosity. 

It. il poesible t.o reject a 5Ïpificant fraction fA (tIle badsround events by o8Iine cuts. The preliminU')' 

Âadiu of thU, de.cribed Aboye, ftlleri that a 'actor of two redudion in the riatisticù enor fadar, f, 

ÎJ pollible. This wonld reduce the required lumin05Ïty by a fadar al four. ~r Ùle wont eMe .~~:

of 100 Db-1/day tpeci6c luminosity with the tqlen operatinl 2cm &OID bum omit. - 17OpIl-l 

ÏD&qrat.ed lumino.ity wonld be required lor the n t.o~al crOl"section measure Dt.. . 
, .. 

ln orcier tG improve tbetlt mimate. it il elltntial th_ me..uremeDU ~ a .,n-elEJ»trilDeû- Itan 

1 ... 

~----,'-.. _.~--_._--------
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.: loon .. pomMe. The vacuum c:hamben Ihould be m.t.aDed in DORIS aDowins an ineomplete taRer, 

1lIÎnI about 15% of the total BGO, to meunre background rates. This &n'UlIement would be und to 

~ detennine the exaet nmnins eonditiolll- dUtanee from be~ radiation exponre, antitanins c:apability 
\ " 

et.e. ~ .uowin, a much better estimate of the .atistieal uneertainty introdund by the SAB backcround 

to be made. The reluItl of the prelent rimnlationl nlseri that 10JGewheft between 10 and 200 ph-l 

mtecrated luminosity would be nece •• ary ror the total cro ••• ectiOil meMUrement. The averale nperi· 

mentallWDinonty pu yeu will probably not ueeed 100 pb- I . It appean that the meuurement is Itill 

reuible. 

-
~\ synematic uneertaintiu involved in this meuurement are difBeult to estimate. It u expeeted 

that the double ta, technique is le •• subject to these problems than methods involving W .... - W.,., un

loldins. However, the suitability 01 emplQyms a riatUtic:allimuiation of the 6nal riaU for the unfoldinS 

01 t.riner and ana!y.is efticiencies is donbtful due to the efeet of reeonance. and coherent partiele pro-

duction at low W..,..,. one ean arpe that if a 8exible enough fragmentation parametrisation u utled ~ 

data may be fitted. The eost 01 tbis ia, of COUl'lle, upftned in larcer systematic uncertamty u meanred 

by the .uowed variation in the frasmentation pU'ameten. Thil problem u &voided, to an ntent, if the 

ana!ysù requires at. leut three charced particlu. Then the syst.ematic uncertainties reduce tG that. of 
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Wwe - W,.,. unfoldin,. The lo,e or the low multiplicity channeb is not cripplinc as it is theee ehanneb 

dtat can ben be treated in no", analy.e •. 
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1.8 Probability of production or n/2 ,,1",,- pain in the "J"J &nalnate. Compariaon of KNO aJiorithm 
o , 

. explained in text wÏth data &-omlow, enuc e+e- and pP anhihiJation. 

1.0 Acceptance, for various topology threeholds, for halltatell of 6.xed topololY with limited Pol. phase 

.pace decay of the 77 CMS. The upper curve ÙL each of tbe.e diagrUIH corresponds to the acceptance 

with the full trigger while the lower corve corresponds to the barrel triner acceptance. ft.:t: refera to the 

number of chqed particlu viaible in the detedor. 

1.10 Acceptance for 77 - hadron •. 

1411 El6ciency of varioUI tacler con6gurations .. a function of '1 enel'lY. 

1.12 Single tal efficiency of variom taBer conficurationll~ a funetion of (a) W"'l 'and (b) the rapidity 

of the "J"J OMS. 

1.11 Double tal efficiency of varioull tagger con~.tionl ua function or (a) W,.,. and (b) the rapidity 
~. . 

of the .,., OMS . 

. 1.14 EfBciency 01 variO~1I tacler conficurationll as a lundion of Q'1 (photon mus). 

8.16 Anp}ar diltribution of the leptonl from't~e- - e+e-'l eventll with (circlell with error ban) and 

without (crolle.) beam diverpnce. 

Bit diBtriblltions in the taoer plane for: (a) .,., events with beam divergence; (b) eT e- - e+ e-., 
< ' • 

event.. with no beam divUlence; and (c) e+e- - e+e-,. with bum dive~nce. , ~ 

•• ,., Statist.ical error expened in 100 MeV bin.lor MOUS taner ntuations as a function ~f W.". The'-./ \ 

ue 
, .... ~ ___ .o __ N"'- __ ~.-" .... _______ ,-_ ~ ~-



.. 
n 

~ 

1 ~, 
-~ 

\. 

~ 1 ,~~' 

'( 

~ ,..... ,-

K t 
t 
t 

If , 1. 

1 
""9-

1 
1 

• 

,[ r t ' ~ 
.. 

·i 
i U t 
~ 
~ r t 

-1 
~ , 

1 
r ~ 

f 
, 

!. 
L 

1 ,H 
't-_. 

~ li ~ 
1 • " . 
t >, 

i-
~ 
l-' 
,1> 

If t 
i n L ... 

l~ \ 

f, n 
l . Il 
t 
1, ... p-~ +=I:00I: 

/ --' . a 

"\ 

j <:'--;:;. 

ealculation inc:l~de. the eft'ect of tÎie SAB background nbtraction averapd over aD W,.., > 1 Ge V. 

.~11 total vUihle enerzy for " doubl~ tag eventa and for falae double tac eventa (a) befon and (b) alter 

dte SAB event rejection cut~ de.cribe( m,Table t.S. 

e.lI Propoled SAB ~ection eut in t.a~r. The lowe; ed&e of the matrix ÏI i cm from the e+e- bealQl, 

.. ,. . , 
t 

' . 
"... 

'-

..> 

'" , ' 

~ 

" 

:'\' ", ., 
" .. ~ .. " 

, 

J' t::J JI 

" 
il-" ' . -, , 

l 

'f r:. " ~ 

_.~ 

, ---
-- ---

Q 

147 
.. 

" ( " ""F .. ; \Il '"'! 4 CAC>: 1: iht,* ' '*' aH :1,,'.--*,.,. l , r} .... a- m, 1 

\9 

1 

l 
'1 , 
l 

1 
,1 

1 
l 
! 
l , 

1 ,.. 



, " , 

1 
\ " 

, 

! 1 if' 
? 
{ 

L " 

~ [ ~ 

t 

.f 1 
t 
f 
~ 

1 t 
t r 
t 

l f , ' 
f' 
j .. 
',.;. , 

l , 
, , 

..... -f 

-
,- l. ~ 
~ -t> : 

t 
t 1 ~ 

t r ~ 

t 
f • 
i t ''Î 
t 

r 
f [ 
t 

[ 

fi 
( 

i ( ~ 

~ , . _~ .. ",r 

r ~ 

" 
, 

PlgUI'E! 61 .,.-
TASSO 1960 

0 

· ~-

PLUTO 1000 
t- - .. ----- ----.. / 

> 

. -
JADE , 

..... - ..... ..- - - ... --JI' , J 
0 

0 
. 

"t- 0 
.. .-

pLUTO BI :tl2 
~-I 

... .,.. - ____ -1 
~~- --- -------- ... 

"'<2mrad 
r.{AHGUS 
~ ) 

exlt>nsloll ~- ARGlt::; 198:j 
.... --- -- .,."- ------- ---~ 

• ,-- f 
, PF.P 4·9 ~ 

.... --:-----1 .... ---.,. -,,-------~-_.::..-
Cl Je J',.:t ~ fi 

(dt'#r(:L'~) 

Flgure 6:::: 
2.U T " . .....,.--, -T ---r--r- •. 1- -~-T'~ - 1-

rrachon&llrror ir. \(17) 

"'-------r.iJ 

'0.0 • i .. 
-1.0 " 

-2.0 
Ci.O 

120 Si 

.. · .. • • • • • 1 • • • .. • • · 

O. r .: 
-", 

ta 

• · · 

· , 
.. .. .. .. .. 

: • • • • • • • • • • • • • .. .. .. 
-' .. · 

D.OI! 

· . 
.~ · · · · .. 
• · · • • • • • • • • • • • ~ .. .. • · .. .. · .. · · · · 

* 

· • • • • • .. .. · 

k 4' 

fl.r'3 

'. , 

.. .. .. · .. 
• .. 
• • • • .. .. 
• .. .. .. .. 

O. ln 

1 
1 
, 1 

1 
1 



, 
l' ,t;. 

" 

~ 
} 

~ , r 
1 ' 

u. t 
~f 

1 
1 
r 

,; 

L 
(. l~ 

[ 

L 
[. 

, [ , 
r , 
; , r 

1 ~ 

i 
1 
r 
~' 

1 , 

1 1 l 
t 
< 
t 
f 

• 

~'I,· .... Il', 

'l'A(.{:t:K KI:!SOI.lJ1'/ON 

:it .. 'ld • ., d dO!V"II ... u or W(y,) 

.. av. 

10"-

T"'f;I" 1 LUl:I" \ 1" ;:,,,IUI.,.,, 

.... .:..;."::..r._._.....,;.....,_. --rq_·_-~I·'-· --7" !,:' i· 

t'1~lIrt: fi.J 
wou 

41kH) 

:t::O 0 

ttato 

00 
-:to 

Il 

J:t 1.:"~~':~"'J .t! ::a~:; ~/:.~·I·'ir _. •• t., ..... ur ..... ::.,., - ...... 1 ~rt 0"'" 

\ 

. ,. 

0" 

---------------__ .r-----------.--.. ~ ____ ~ .•.•. __ .. ~_. ________________________ ~ __________ -~-----~-.----.----



r 

? 

l 

t! \ 
i l 
r 

.lnb 

, f-

l'. 

1Jln-

L 
[ 

r 

; E r 
• 
! 

( ;.. 
~ 

[ 

o 

full 'l'r1&Ier 

1 

7')'-+X(2++) ... 1I'+1I'-, Helicity 2 

\ 

? 3 

l 
E=18' GeV 

1 

m { 7T! 1T=1-GeY ... u .. - - ~__ ___ _ ________ JO~-

. 



~~ 

ë!' 

1 'c 
~, 

., 
;, 
'>' 

1 
.,' 
.-

1 
,1 

1 
1 
1 
1 

1000.0 

.. 
, 

.1 750.0 

l 
,- ,-., 500.0 

f 
,,,-

[, 250.0 

.( 
0.0 

1 
.. 

·1 
1 
1 

- ' ~ 

'.-
\ 

et 

\ 
\ 

/ 
J • 

1.\ 

ri 

Figure 6.6 

FJgure 6.7' 
e+e- ~ e+e-'Hadrons 
Full Tngger L 

tl 

1.0 r 2. Q 3.0 \ IL O' 

I(n) in GeV 
Monte Carlo Luminosil)' 10 inv.pb 

, , 
\ 

" I-~"' .. 

,~ . 
... 

s. 
, ' 

.., 4 ~d" 



t 
! j ! :. 
~ , 
l 
1 

, 
'l, 

.; [~ ~ 

L 
! ;1 
. 

1 
1 
\ 

r 

1 L 
. f , 
. , 

.. [ ~ 

\ 
'. 

{ 

( 

r 
t [ 
, 
l 

~ r 
t 1 
r 
t ( 
• >, 

f 1 ~ , 
t 
t U 

Filure 6.8 

PJ:,obabilily / event Ct ) of the Production of n/2 11'+1f- pairs 
0.8 

• 

n=2 

1 2 3 GeV 

0-.8 n=4 

+ 
1 

, 

0.0 ....... ___ -Il~ __ ->~2r__---_t_Ge-v--..., 

n=6 

- 0.4 

0.2 

0.0 '-.... -=~!.1-_L--42-----:!~~_---.I -; if' 
+ . 

Nied ëircles - data from e+e- collisions at Mark l 
, Filled Triangles - data trom proton/antiproton annihilation\ 

, Croises - Result of KNO aleorithm decnbed in text. 

\. 

----------~~--------------------------------,_ ... -----~~I,-----___ ";""j~ _..-- , • PSFT !IIlW 





, 
1 
1 . 

l~ 

[ 
1 

1 
1 
F 

L 
E 
[ 
, -
,. 
I-~ 

l~ 

[ 

fi i -

H 

21\1"2 if-1f~ 
"il1-

i~.------~·-----------------

~-

'lr'u ' • • ..... ..,,1+ 

ftprtt 1 .• 

2. [of Z:rr- 3 île. 
. th?2. 

À,'jT" Z l- l,t" 
ni ~'t 

1. , t 

~ .n- ~ :z tr- S 1t 0 

Ht~~ 

(~ ---_ .. - .. -- - ------
j.( ,,"':t .3 Ir 5 j.~-;-- i- - - 3 

---._-----

!'î!t2:,,- 31ï" 

nt~'t 

-

-

lM . 

.. -

/1 . 
s 

, 

l 

l' • 



l 
f' 

1 • { 

1 

i 1-01 

~ 

r 
1 

·1 

1 (i 
1 

r: 

1.00 

0.75 

.'.' 0.50 

0.25 

0.0 

1. 00 

, O. 75 

. .' 

0 .• 50 

0.25 

0.0 

Figure 6.l0a 

Hadronic Acceptance 
Limited Pt Fragmentation 
Barrel Tr~gger .Only 

~ 

1.0 2.0 3.0 

• 
Figure S.lOb W(n) in GeV 

1.0 

Hadronlè Acceptande 
Limited Pt Fragmentation 
Full Trigger 

2.0 3.0 

W(n) in GeV 

Cbar.ed MulUplicity > 1 

._, 

, 

LL 0 5:0 

Y.O 5.0 

-~----- -......-----,-, ...... ---_. __ • ---. -p_. ~* ..... _._--,._ .. _---_. ----~~".-,---~~--



',~ 1 ~~ ';~-'''.' -~ "'1 ~"1'" ~-ï" ........... JI 

1 1.01.1 --,..,. ~ .~ . , :II 

1 
Fwure 6.11 

'J'ClMAlt:r j J:;""'rAll' Acc.,.plouccl 

076 

;;; 

l [ \ 0.:10 . 

.1" li 
t' 

1 
,t Q26 

~ 

! 1 00 
~-

i 
00 c.v Of! 10 1 f! 20 2r, '30 

t Fiaure 6.12a En.ral' . 
1 

7 

" f 10 

" ~ 
~ ,--. 

i 
t Sinala Taa 

, l' 08 
Ettlcl .. ncl' , 

• è 

" 
" ., 1 tII, Ftla lItMI 

08 
1 f ~ ,\ 1 · 04 

02 

00 
OUC.V· 100 20.0 300 400 600 

7'" Invariant W .... 

l li Fiaure 6.12b 
f 
f 

10 

1 
,(, 

Sina'e Taa Elf~cl.ncy 

" 

f 
""'1 CIl"""" ---- "'"., 

~ 0.5 

l 
1.: r 

1 
t 

~ 

, 

~ 
" II i-

f 00 
J -a.o -J.O 00 1.0 1.0 

i 1 Rap1dlty Dt .".., CWS 

J Ille 

f 1 1 
\. 

1 * 
"" 

1 
- - , ( J .1Ir ,# •• 



1 Fleure 613a 
0':" 1 1 . 1 

Double Ta& Efflciency 

1 
~ . O.2U 

Il, 0.16 

O.IU 

1· 

1 0.06 

1 
fit 'Ill! SAlI ",,..u..a Shl 

00 

~ 
00 C.V. 6Q JOO J60 200 ~O 

t ' <. Inva:ari.nL W ...... rY 

~ 1 ~ Fi&ure 6.13b 
~ 0 .. ,.-..-,--r-..--.--r- i . ...-.oJi....---.,_ 

~ [ 
1- lluLlblc Tut( 1';U,,:u' Ile)' 

; '\;) t .... r l , .... ,II1II ........ 
6 

r 
U~ 

, , 
,~ ,. 
f , ou 
r 
r 

li i .. 
J 

16 -15 

JolapJdJLy 01 -y-y C,w'S 

1 08 

1 
F1&Ûre 614 

DeS. 

~-• f. 

l 'i 

~ 
t 

04 

!: 

L ( il' 

02 

1 o.., 00 
O.Ola 0.016 OOG.ve 0006 

" 

1 11'7 

1 
1 

...... -- I~ 

-----------------------
/ 



/ 

Figure 6.15 
1 00, 0 -.:::----~---r""_--....---,-,..__~_....,.__......__...___r___r-.__ __ "T__r__ ...... 

E03 
5000.0 

1QOO.0 
500. 0 ~tdI~ ... +JQ:gI:t:D;t~ct:A-...., 

+ , Arbitrary 
Uuits Beard Diveraenc:e Included 

-'1 

100. D r 
50. Dl 

10. 0 

~.o 

Angular Distribution" of e± ,trom e1"e-~e+€-1' 

Figure B.16a 
0.35 
meter~r 

'0.31 

0.27 

0.23 

0.19 

0.15 

.. 
t:: 
Q 

I!. 

i' 
li 
1:1 
0 
ct 

'IJ ., 
0 a .. 
r 

,&, 
~ 

~ • " c: 
0 
~ 

"'CI 
0 
S" 
~ 

'. 
' . 

,- ....... . 
• !. ."~ - ~ ... '-:. -

" 

-0 070 met ers -0 035 00 0035 

168 Tagger Hits from rY E.vents 

.... 4 .. 

, 
, . 

..... 
1 

-1 
1 

~ 
~ 
1 

. O.07C 



~ 

',' 
,; 

-
! 
f 
! 

, 
'. , 

1 , 
f 
! f' 

, 1 

ï 
1 

L 

1 
1 
[ 
[. " 

\' 

~. ( 

1 .'~-

Figu~e 6.16b 
, 

,11 No Bearn 
i .IJ .. iF "":"'~--""":"". _*-,..,--__ _ 

. . .. .' ::. '.,:-' , . 
Divergen"ce:':' , 

II 
_ ... , .""··t .,. f"','-

<;. (;:: . .1 • 
, ~.:. 4 ';i; 10 

a. 

.186m 

-0.070 -0.035 0.0 0.035 

Tagger Hits from e+e-~e+e-7 
Figure S.16c 

.3em 

-f 
CI 

~ .. -
" " c. 

." 

, , 
1 • 

"., \ ~ 

, ' 

.. 

.' 

, . 
. -.' . 

, ~".. . 
• 1. .. ~". , • _ ".....".. •• • "." • 

.. 

.. :: -~ . 

'; , 

0.070 

• 
~ 
e 
i 
• 
j 

. .-'.. . ." 

, "'., .~' .-~:~ ';{,:~i:2::;:;ùi~;i\;C'-,:.,·",::··" ~ 
;" -:::~ .. J.... 1- 1 ~ 

, 
.185m , 

1 Bearn Divergence ' j 

.' . . '. 'IO:'""'-'''''S:-''r~'' '. 

Honont.e.J m'stance From Interacuon Point (rnf'ter.) 
-0.070 -0.035,- 0.0 0.035 

Tagger Hits from e+e-~e+e-"Y 
0.070 



.. 
, . 

( 

L 
l 
1 npre 1.17. 

" 

La 1.0 

0.0 0.0 
1-11 s.o U 

n IImIriUlt .... ~ ',,"bIe 7.. ( .. ., 

L ",-un 8.17a l'iaur. e.17d 

l 
a.a 

1 

a.u.uo.J VlKerWal1 lA .. 'J7"O ..... .J.e. 
( ... tM .................... ,~ 

lat.ln .... l.IunIaoIItJ ............. 
IlOO brUI./_, 1uiaD~ , ......... , 
l_l~.J_".. ..... 

2.0 

l.0 . 1.0 

[ 

,r 1 0.0 H nU Il ùUU uH 0.0 
1.0 2.0 '.0 ".0 5.0 1.0 2.0 S.O ".0 1.0 

.1 
TI ....... t ~ hm .,..... 'ha (CWI) Tt ............. "... DMlbIe 'r.. (Ge9) 

1 
1 
n, 

_____ .. __ ~,. .......... .,' ...... 1.-' 
'~-_I ... L_I* ... rI!l .... _; ... (E ___ ... ''''''gJ4_-~-,,_.------_ .... ___ OI--t.,-........ ____ n.>.-~_ ............... _._... .. ....._~ ........... "" 



l 

l 
r 
r 
1 

,1 
, ' 

r 1 
'. ( 

i , 
" , 

Figure 6.18a 

" 

J DT(71) 'Events. " 
~ "-

200.0 r 
.Jr~· . ç '"/- -

# Events \ per 200 MeV 

" 

. " 

100.0 '1- ! . .' , 

fL- ST(yy}*ST{SAB) Events (hnes) 

0.0 

~ El NT(J'J')1<ST{S'AB)2 Events (squarea} 

'\~d'> .~.~"--'~..E:l-~.~~ 
0,:- , 

7.0 

Figurf.~ 6: IBb 

9.'0 11.0 13.0 

GeV 

To~al E~ergy (ARGU~ + T~gg~rs) 

15.0 

300. à .' - r-'-,.----,-'T"'-:--r--,----r---r-r---r--::-r---r----r---.-~_r_--r-"""'"T""----r--'-~ 

J , n 
r; -----.-----:.. 

~,IL , _ DT('Y1) Events 
" 
f ,[ 
it 

1, -
" 

l, 

r: 
200.0 ~ 

# Events' 
per 200 MeV 

. , 
. -

100.Q 

7.0 

181 

...... _---.~- --_ ... ~ ... -, 

\ 

9.0 

" 

\ 

.J 

ContaminatIon after'; Cuts. 
E(AR~;US .. Taggers) <. 104 GeV 
No "1 'Antita~ wlth E > 500 MeV 
W(Visible)/Wllag) < 12 ' 

ST(7i'}*ST(SAB) Events (hnell) 
~T(J'ï')*ST(SAB)2 Events (squarell 

'" 11.0 
. 130 15.0 

GeV 

Total Enflr~v (ARGUS ~~ Taggers) . .. . 
___ Cf_I'" 4._ ".Q~;:; Li ............. ~, .... 1 ..... 1.....,~~~(II"'...r..,....~~ ___ l_ ... __ ,4--.-___ \t-... R 

-1 

/ 

,1 ", 



1 
~ 

, f 

J' 

1 Figure 6.19 

, 

[ - . . 

• 

l l 
. 

"--
, 

,--

[ . . 

[ 
~ 

I···", 
'" 

. , ,. 
: 

1 . 
,.--

" 
/ 

'---" 
< 

e 

I~ . 
- ,.....-

• 1 

-

l ' ' 
< <' 

t 
r-

/ 

l, j 

L " 
" r , 

) 

r . 
,0 

u .:... \ 

V 

fi' l 
~---_.- .~~- ._~.----:::-. .....,...,.....-.... ...... _--......... --------'\,",""':". ----------...,J~ -,_.~-



1 
1 
1 
1 
1 
1 
l. 

L 
/1 

1 
r 
1. 

[ 

1 
1 
1 

L 
'" 

", 

1_"" 

CONCLt78JON 

'.,/~ 
,.~ 

•• < 

" . 

esperimeat. ch.aIence - e..,eciaDy at lOIr W T'r' It ... beea ....... iIaat tlle propoted double Uc mea· 

........ or t.ü qaaDÛty » le_ble wit.b • modified ARGUS ~ _he a c.liderable bac:kcro1lDd 

hm ë tap froID .....n ancle t)ftDWn.rahhm, evea.... TIte Keeptuace for Ja.droaic iaaI Ita&fl w .. . 
cùculMtd Ùl • couervatÎve manDer &.0 ftt • Iower ~t. cOJdÏÂeat wiÙl preYÏou ialCJrJDation OD t,heH 

phmoJDena. It wu c.culated that 1111 ÏDtecraWd I11JDÏDMÏt)' betwem 10 .d .., pb - J will be .eceBU')· 

t.o timit the ÂJIÛIt.Ïcù uncertaint.y in the meU1lftd ttod-NcÎioR &.0 be below lot)( in the 20 lOO·MeV 

W..,., bùu between 1 and 3 GeV. The arcur~ olthis malt u Iimit.ecl by the enet l"IIJI.JÜnt conditioll,l of 

the nperiment which are, &1 )"ft, undet.ermined. !L' t.his lumiDoeity is upen.ed &.0 be an upper Iimit oB 

.that nHded il ftfDW p~Dble &.0 penorDI the uperimmt dariac lea daan wo )'un of DOrmall'1lJUlÏD&. 

The syftematic uncertainit.ell in the meuurement an DOt weB bown but the)' an npected t.o be 1 ... , 

than Ùlolt of th. IIÏDp .. tac IIIfU1lt'flDfnU oC ~. TASSO _d PLUTO upenment.. The double·Uc' 

meannment elminau. the IJtroDl couplinc betweeD the parameten 01 the frapDeDt&tÏOD model ~ for 

, , 
Swclies 01 'l'l resonanu productioD are very prolDÏtliq. ne tr'(tS1) arad /(U70) have bUD obHrved , 

.. ~DllÏpalIlIIld the /'(1616) Md A,(13,18) Itave bHn MeR. Qaaatitative renlu of dan. 1111.1" 

have b"D deJ..yed becaue or problemt with CaiculatiOD or triger acCepuaCH De. "daruhold. Tb.iI ÏI 

ID 1IlIDmary, the l'tudy or..,., PbylÏCI with. ARGUS deHdor ...... PromWnl. The experimeB~ 

o 

GUS' acCtp~Ct for ..,.., l'HOnanCH IHIIII t.o be 11& leut _ pod as ~ 01 oÙler detedon ÎDveftÎp&.ÏJll 
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1'1ûI ..,peadiK deriw •• priac:iple fona.lu d..mbiac dM ....... &in fil dM .,., OIS ... ,"n-

...... iIaed by BcIIlaeaa'OJ • .1 B.danU8• ~o-plaaC.oa coIIiIi .. a& .+,- ...... riap eu ... c .... e 

tleKriLed .. iaeluûc BIt ... 1Kat.t.ena.c eftI!t.. - it. u oaIy die wnk.C01IplÎIl, fil eJectrouupetic Îll&erac-

........ aIIow. dane proce ... to be ia .. rprfted .. col6.iou "ehr ... plaoCoJu. 'ne Pilerai ÜMmatic. 

of dae ..... lItat.e an determiaed by QED - tJae proee. beiac .,uùle -.0 two clUt.iact .... : tIle pro

cluct.ioll -..1 dec_ or dae .,., OMS. TIte fCll'lDer il euct.ly cllkalabJe ... hiIe dle laa.er it larpIy ubcnm 

euept ~ t.he c.-e of pan QED proceae ... d raoaaace prodac1ÎoJl. The t.II mat.rix ele .... t for tIIe 

" proc ... e+,- - '+'-"-'J- - e+,-X(Fipn A.I) ÎI da"ell: 

(AI-I) 

, TIte coJlVelltÏon. uted we"u.OH or BjO~1l _d DnU701 eanpt ~ p - T'P". Tbe IlOiatÎCIIl ued it civen 

'1 
... --~ .. )C 

1 

'a. 
'1 - m_1Ita of coUicliJlc e+.- . 
ri, - mèÎmellta of lCa&kM ,+ e-. 

ft - ,. - pi - mome ..... of Mu! plaotou. 

'ï - POIarisaûoIl venon for vina" plaotou. 

1 - W.:., - (91 + ft)' - lavariuat ............. .1 of. n'OMS. 

Et - ;~ - .u,.", of 1Cat.t.e~.- • 

401. - t4 - EDe,.", or vina" phcMlll. , , 

li - Sea&teriq -cie of beam p.nie. i. 

,"J - MOJDeD&a of dae j~ panicle ÎD flae ......... TI - X. 

Flgure A 1 

The mat.rix ~Jeme ... for.,., - X depeadl «»ab' _ 't rit tA Md ..... h..., .... of tM eolicliac p~ ... 

SÎDcc dae photo .. are mult lCaIar laeid'Y Ra&ee an aDowtcl "lit &lM c ......... of dM. Co dae 

114 . 
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, 
1 

c:n. .. (Do. .-e ...... ..d e.l. IISS - tftl. 5fpaariq toM aaatriz ---.............. .- .... fIl . ' , 

cem-a;..' ..... aH .......... __ da ........... ,.wa: 

'(Ai-2) 

T,.{~ - .(~CI . 6)(e . cl) + (CI • cl) (6 . e) - (o· e)(6· cI)) 

'lI...2 , 
3m. - fli + 2" . " 

(AI-3) --
lad .. dÎa& fact.on lor Borm.li .. atioB ol ihe iacident ud Katt.cred e+ ~- WavefwaCtioDll, balltak phue f\ 

Q 

(Al-4' 

Notoe daat. lb. de8aiûon 01 W,,',,'.If" pnB above .u.en hm daat ofB.d,nev lie by a Ianor 011/2. N) 

accoaDU lor iht Senace ÏD waveR.dicta aormü .. aii .. Ior fel'lllÏ4llu(N) - ml) ud bOHU (h~ - H. 
ne laadroaie Huot, ,W"".If,,,I. cu be nlawd t.o ih. imacilulry pan 01 the lonrd ecattoeriDl amPlitude 

, 
ÎD ,.,.. - ,.,. via &Ile optic" t.laeorem. Naïve" dUt teuor hu 261 - 44 iIIdepmdent compoaw •. 

Bowever. da. &0 ..... ia""ce &lU. aumber cu be nducH t.o 81: 

, 
fl",W"''''.If'' - 'l1..,W"'''' "'" - ",,,,,WII '''',,,,, - fl, .. ,WII'''' #" - 0 (Al-6) 

U &lM proatI il .. ...ua .. ucler ParRy. Ro"", ad Time·llev ..... UlIuIonut.io ... t.lte .1UIIb ... of 

__ pa_t. Ullplit.ade. ndac .. t.o 8. TIüt). JDOet euiI;y ob""'" .. laen aD t.e.,n are npftMllt.ed in 

t.Iae laelidtoy buù .. t.Iae p __ vaulOllDaÛoD .... Iy c: ....... dte .. 01 t.lte Il.Uc:i&)' (ill the ,.,. OMS 

tIIit éorntlP_dI lo iat.erda .... 1 t.Iae colidial pIlatou). Botatioa iavariaace force. (in terIDI ol ~e 
J 

llelc:iiy bail ddaed bel..,) • - " - " - V. 1Puiaac: ... der t.lte esda_ce of dae primed .d uprimed 
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.... ncrip ... COlftlPai'" t.o 'Daae-Jte~J'nI laVU"ÎUlce. TJae teieif,y bUï., .(:tl), .(0) ü clelatd u: 

o ... 

e:(±l) - -a. (=FI) 
,r{ 

82(0) - -ÎQ, 1 
.. -

el (0) - iQl 
(AJ-f) 

-qf [ (91''121] 
QI"!'" (91' ",)' _ 9ld 92 - 91 ~ 

" W.' .. , •• - I!~'" (a')ej'" (6')W"""'.,..,.r (.)ei(6) 

n. Qi lour v.dor ÏI ort.hopnlll to the ",th" photon momentum wdor and iu trauvene h.Udty venon 
. 

- il p therefort p...uel to the .cal ... helicity vector. simi1aaiy. one can de6ne a teuor, R,..,. th. project. 

~ vedor in~ t.he t.wo·dimelllionùlUbepace ortho&onù t.o botb tbe photon and'the helicity·O vecton. 
\ 

i.e. th.t IUbspace ,eaer.ted by the helicity ±l vecton: 

\ X - (9192)2 - q:~ 
(A 1-7) 

U .. , R"" and ,the ct one can conriruct projection operaton to .elect each I)'JQlDetr)' el ... of the hadronic 

t.elllOr. TbeM operaton projêct th. l'ppropriate h.lieit)' .... te from the d'Dm)' matriee.: Ir. The 17 

eroll-Hction. for variOlll combinatiODJ of photon polarisation. are pnn beJow. ~S5 .. d ~'l''l' npreHnt 

the cro81'lectÎ0Jl8 for Icaturm, of scalar, and traJl8V.nely polaril.d muai photoJl8, nlP.ctivel)'. A. the)' 

rtp.:eHot the coUiJiODJ of oft'·Ih.1l photolll thete are not, l'trictly Ipeakinl • ..,~lÏcar crGIJ·ltctÎODJ. On 

thé other hand, they reprelent the hadronic matrix .lement in the proce. without the QED contribution 

madd,yin, ~e waten. It il .a.o euier conc.ptuaIJY ,tô view the pro Cel ... two-photon colliJiODJ with the 

QED facton ab.~bed in th. "Luminotity· for the initial .... te. 

Il 

!wss - 4v'X~ss - Woo,GO 

W~S - 4.fXtI 'l'S - W~o.+o - W-o,-o 

Wfs'" 4,fXr'l's - ~(W++,oo + WH .-o) 

W;'s ... 4v'XrTs - ~(W++,oo - Wo+.-o) '. 

r.:; 1 1 ~ , 
Wrr - 4VXtlf'f' - i(W++,++ + W+_.+_} - i(W--,-- +W_+,_+) 

Wf'l' - 4v'Xr'l''l' - w+~, __ -w __ ,++ 

Wb - 4v'X'rf.'l' ~ i(W ++.++ - W +-,+-) 
. '-. 

1 .. 

(Al-l) 

. 

\ 

_w.,..., ____ !-......-""'""'~"'~_. _.,.,.. ____________ .... _ ....... _., ________ _ 
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4';'",," - «,«,' Q;Q;' - tf. (O)~' (0)';(0)< (0) 

w;:t."" - Rf" <JrQ;' - ("'(1).( (1) + "'(-1)4" (-1})e;(0).;' (0) (AI-t) 

~'''''' - Rr'" R;'" - (4'(I)~' (1) + "(-l)tf.' (-I)J(.;(I'';' (1) + ';(-1).;'(-1)) 

v'Y ;. die 1 •• r.nor IDr dte .,., (DUiDoD Pwm ia Al - 1 ad 'da. Ianor 0' f, iD AI·8, an.. hm 

•• aonndAlioD 0' bOND wavtfaiacûou (i ... 1/2E 'CIl' "'Nra.r' Bosoa lia .. or mIE lor .nernal 

fermio.liau, .... e Er.E,. fanDr from &he waveluadioD aormalisaâoa is absorbed iato the ÏDvariant au. 

lador --BjorbD .. d DnD701, p.113). TIte r ampli_des cCllnIP_d ~ .iaJip,'or botll plu .. o .. ad 

do aot coatrib~te if tIle KatterÎlll plaaes of fJae bum pariides are 1IIlIDIUtIftd. The r· amp&iudel 

oaly coatribuh if t.he b ..... partieles ~ polariaed701 i ... il &hl ~;"'''''' wen calculaied uplicitly uiq 

lfIuatiOll' Al-3 Uld AI-I th. rendt woald cUlcel ta Ift'O - ODI JIIIlÂ _clade dl. cornet !pÏD project.ioo 

operaton iD ~. t.nte cùculation. 0aJy tla. TT ''l'I1II mrvive lor NÙ pho ...... dl. K"" depa 01 

Iftedom dilllppul"II in t.hi. limii. The &naI upnai~ Ior lM CroII·.cti. - tIIe IOml tIaat. lDOIt co.....,nly 

IIpP'" ia th. lit.tra&an -. is tlaeD: 

• 

(91 ·92)' - tl,: (f,·-t ,++ (f + 
(Pl.,,)2 -m: _1 , TT 

21,t -.Ii' -\r"" COI 2. + 2,t+'A· (f"S + 2,:' ,.r· (fI'!" + 2,r AG (fI 1 

-tl,t' ':'fTTS COI fI';' Z' (AI-l0) 

,t- -fE.E:'" ('.I1) - t' __ .. < 0, 

2,t'" -""R'" - X-I~ -t: -f •• ,' + 1 + .... !/,: 
,ft - ,c"grq.- - X-l(tEw,- tI- Ilft)'-l 

IIt',- J(,ft + l)j,t-, 
I,t-I- ,t ... - J 

11'7 

(Al-11) 
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APrENDa 2: MONTE CAIlLO Ml:moDs 
- 1 

A -M.o~'" C ... O~ .. buié.u, u e~' Jllllbericai üatep-a&illll prop-am - the knD U clerived 0 

hm, \la. nadom moll.~-Iotiltc hduaiqu .. devtl~ptd in a Medite ......... cky-Ntt 01 &h, AIDe ume.: 

TIt. buie plUpOH 01 ÜÙI type of computu pl'Op'Ull; .. it U CaQJID-.J.y .pliecl iD p.niel. phylÏc., u th., 

pDIMOIl 01 a Ht of D-dimeDIÏOIlIl vect.on diRributtd accoJ'CÜDC tG a p.ea ma&h.matical faaciiOll '01. 

.. dioa. On. adVUlt.lce olthil reprelent.ation, 'YeD for a limple dittribaûOll that. is .... )'ticlllly intecrabl., 

u that cu ... cu b. appli.d t.hat an dillieult to expnu iD term. of &he ÏDt.ep-atioD variable •. Th. Mont. 

Carlo PI'OII'UDI cleKrib.d h.re att.e-:aPt \0 calculate th. visible crou-HCtiODJ lor VIIlÎOUI procHlt1 'lrit.b 

th. ace.ptuee lo •• u Ültroductd b)' cI.t.dor ceometr)' ud triaer UTaDpmeDt. iDcluded. It b dilBcult 
~ 1 

tG intecrat.e th. ')'''7 D.rendal croe .... C'tioa .... alyticaDy eveD for limpl. In" .ta&t topolop ... th. 71 

c.Ritr of ma .. il alwq. LoreDta booft.cI relative to th. d.tect.or. 

AD MoDtt Carlo propaIDI lIIUJt Ult IOme .ort. 01 ruclom Dumba lo.rator. Th. !DOIt eollllDCmly 
1 

ued procnm of thie type b caB.cI a "pHudor_dom" numb.r l'fn.rat.or, .. d .. nppli.cI .. a ltaDdard 

put of DIOiR c:ompàtir I)"ltem librariu. A pHucloraDclolD lIIlIIIb.r pDtrator704 produ'e .. a wtU cl.flaecl 

_cl reprod1lcib&e Mq1l.nCf 01 n.,..,.n ev.1lIy ctinrihuted OD &h, inHrvaI (0,1). Th. molt eommon 

• alcorithm ued prodacII u "~r HqatllCt - .ada DIlmber bein, prodJle.cl by aa1tiplyiq the pnviow 

.• amber (Â~ wiÙl .1Itd n1lJDb.r provid.d by &he utr) br a .'1')' 1 ... DUJDb.r. Th. op.ratioD 01 

....Itiplicatio. tJaeD prodac:e. aD ."'er ovatow (i.e. it ~ ia .. Dumber creattr thu th. larplt 
, 1 

iMeter .alowed .;,. ~e CPU "oreI Rit, 2"- J "here ft - 1',32, or toI whieh b aatomaûcally UQncai.ecl 

Ieavia, t.he leut 8pi&cut diPu bebind. TIt. traDcat.ed lIIUI1Iber b tlat'n divided b)' tIt. larptt iDtelll' , 
alowecl \0 prone. a -.rabtr iD th. raap fO, 1). nu. procedure nI1lk. iD a •• arIy UDcorrelated Hq1l.ne., ' 

. 
kt _ct oal)t • Inik .... 11' 01 ........ 11ft avaiIabk &o. tla. comp1der tla •• qaenc. IIIIIÂ rep.at. i&etll 

.... , ..... For ... ÛllliHcI ......... &.Ile mui .... m periM oltla ...... rator approac:hH 2"-1 nUllb.n 

.' 

....... &lait CM b ........ d qwdt.e .1IIÏI7. Givea • fut1ioa, • - !(.), ,..,......tiq ..... 0I1DIIIiMd 

..... a&iaI ........ ÎIitiJ &trilndioa.. da. uv.mn 01 •• cI /(.) cie" .. ndaapIar ..... ia tlat (a,/(.)) 

....... NMQ' (a,,) ......... en&td eveab' ~ da. tenucIe' uia& • pttaclo .... dom ..... fi 
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~n&or. l'Dr.ada • vahae ,.aeq&ed dae 1(.) ÎI eakalated ad ~ &la. 1H0ad ,....dGID 81U11ber, , S J(z), 

tIl. M .... t~ • acc.p'-d, i.e. the aceepted D1IJIII,en, (z, ,), will have dae nqaind d.buibutiClll. ID oLher 

..... , the Pl'OFUD cm.rate. 'poiat. -ev.~ diltributed ~ the reda ... l. dela.d bl: the ntreme VÙ1" 

01 cI.p.adent uad Ûld7eadent ~able,' Uld th. fraction of &heH point. that r..u. Ûl the ana ander the 
\ 

ta.,dioa ÏI ued to ealClllat. th. area 01 th. function. Tbe normalised vahl. 'of the fuadio •• ",(e) -

1(1t)/J(z)m .. , ie olten eaD.d a "w'irht". It ie app .. nt that: 

1 -1·· .. J(z')dz' - V . N.eN,..~ _ V: E'" -l' . '" 
..... N N N , 

(A3-1) 

Wh.n N ÎI th. t.ot~ aumber 0' poillts in th. rectUl(le, N.~.,..~ ÎI &he n1l.lDber of the',e that fa1l inade 

the faacûon '. area, Uld V il the ana of the rectanpe. There are two _&)'. of ealeulatiat the l'HUlt of the 

iDwaration: one use. the number of accept..d event., N.eea,c.4, and the other OIes the lUDl of ~.irhts. 

Th. latter IIIdhod reduc" to • timpl. aamerical ia~p"ation metJaod _ith th. iud.pendent variable poiat. 

moltn fUldoml)'. It ÎI mon CPU·tim. .fRdent .. th. uva randolll numb.n ulfd t.o d.cide if an event 

ÏI acc:ept.d or DOt an DOt DHded. It ÏI aJ.o more accurat.e .. the emr' of a Monte Carlo intep'ation 

behavn .. V . a(w(z))/v'N' • .. hen a(w(z)) ÎI &he variance of the lanction weicht.: 

J ... J w(z)d"e 1 / / 'M(w(~J) - J J ft - .• • I(tt)d"z ... d z V . lm.. , 

a{w(~)) _ V 1···/(u.'(,) - M(w(z)))2d"z 
.. { .. J d"1I 

(A3-2) 

, JI Ga • ..,. ... the aumb.r of ac:cepted "'venU" the error il II .;Nee._ - oaIy a maaIl portion 01 the 

avUlable iDlol'lll&tion • ued 10 th • ...ror is inaeued. For an ~ -c6mentioul iaternÜOIl th. MBit, or Mi'1I 

Medaod" ceaeraliaH \'el)' e"'y: 

(1) Giv.a N·indep.nd.at variabl .. {(r_ ... " __ )' 1 SiS N} ud dl. d.p.ndeDt. variable 0' S 

J(i} S ,_ ,nerate Il .... dolll aumber wi&Iùn the .. d.il limita for .à of da. N + 1 

YariabJ .. {Ij,}. Cout tJae. tNI ..... b7 .enme .... ",-

••• 

Jet 

----~ = ............ ~ "-'-...., .................... -, .. __ , __________ ~-... ~.------------_---'"" _011'" Il\10 ... _ .. - - ....... ~~:tieu;- ." 
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(A,3-3) 

, . 
for, a play.cal proc ... th. iewDb pu.iq th. nt iD .. c:tion '(2) cm b. ,~1I&ed al nal .v.nts lor 

') 

d.to.dor dHip, backp-oud, or acc.ptaDc. calcalatioDi. 

On', CaD ralculat. p~aD)' in~d diriribuûoDl b)' ll1linI ~ wit.h tJa. appropriat.. coor· 

clinat.e :i or .idl a ludion ollfveraJ coordiaMtt. TJùII procedan tan .MiJy h. ene .. d.d ta DOD(U1e8Ïu 
, 

luad.ÏoDl. For oD.·dimeDliOllaJ int.ep-aÛOD mali)' h.Uer ÏDhp'ation methocb .m. Th. U"ap'ioidai rul. 

divides th. ÎIlt.epat.ion repn ÎIlt.o .. etioDi aDd taU. &he valu. 01 th. fanrtioa al th. c.nt.er 01 .ac:h 

Hd.Ïon. approximainc the land.Ïon by • 1ft 01 trapnoid •. Th. ~~ 01 thU method706 ÏI ,.., l/n2. Th. 

WIIPftoidaJ rult int~srà'l nactJy POlynomialll 01 d'li"" 1 (.traicht linet). Bicher order quadrature 

t.eduûqUH exUt. - th ... Îllttp'at. exadly polynomials Or'iIlCl'taDcl,y lùP 41'1"" "but CODV'rsence Ior 

'th ... method •• Iow. lu climen.nOll ol,int.ecratÏGn men ... whil. NoMf Carlo C:ODVtrpllCf! ÙI ind.plndilft 

01 dimenaioll. NoDte Carlo t.tduüqan have the C:ODCeptaaJ ad ... tap that the)' (&Il b .... 41 t.o produn 

",velle.. ol •• icJat on.". Th. relat.ive fl'r!n o'vario ... iUevad- alprithmt706 i"Ùl~ b. Tablt 1. 

latepaûOIl Nethod Uaqnaint;y lor d.elimelllÏOa., N ev ... 

Moldf C"o -1/v'N 

-Nfil/~ 
; 

'IrapHoidai Raie 

SimplOll'. Ral. _N-4/~ 

G .... • Ral. (of order m) - N-(,,.-Il/I 

\ . 

....... dn& ....... el w... c.Io .... .-___ .... Il, ..... diaMaIiouI diIuib .. ÎI 

.....,.. ............ da ............. &lat ....... CM b ..... n&ecI u.nlr ...... 
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.... dom ___ dilt.mnlt.ioll al mpat tG tIle aJeorühm. Couicler. 

F(z) -1:,,. I(z')dz' 

._ F(z) 
I(z) .... _ 

dn _ 1(.) 
tIz 1(11)", •• , 
dn dn •. ---·--1 d. dz d~ 

(AH) 

If the .'1 Me aeller"'e~Lby a plleado,...dom nUmber ,ellenhr the 1l1Ullben, z, wiD have the deOred . 
=----

G frequency dùt.ribution, I(z). For a multidimenoOllal diruibUtiClll, '.1. 1(.,,) - ,(.)I&(II,r), t.hie be· 

come. qh~ mon complicawd. o.e mIIlt &nt ',meme z a_, F.(z) - J:= I(z.,)d, &1 the mput 

cli.mbUtiOll (i.e. I.nerat. z for any r) and hriDe Itnerated z poe .... , from th. full CÜÂributiou 

with _ Ixed - I(z,,) is proport.ional to the co}ditiOllal probability of z pyen ,. Il the fundion CUl be 

mUten u I(z"l - ,(-)Ia(r) both diRribuûolll CUl be paerùed iadepmdatly. When a complica&.d 

clUtribaûOll CUl be .. para ... d mt.o .. veral .dditive ,.Vv, d,laRe npnaiOll' ~d uact. Ùloridun. ca 

be bailt for each of the .. Rpar .... Iy. the Monte Carlo cu be Iplit ÏDt.o -.. b·tmeraon". la tbis cue the 

hal clisvibut.ion ie Ifnerat.ed by IÏVÏhI .&ch additive tenD • p,.ability d.bu by iù coutribaûOll t.o 

the t.otal imecnJ and brandùDa 100 llle of the -l1Ib.,enera&on" KconIÎIIP1 (eada d.citioa bein, decld.d 

by a -clin·rolr i.e. a new pHaclol1lDdom DlUllber). 

One cu combine the "IIit CIl' Min" .. d the -End" .. tlaocl. 10 prodace .. alpriduo bOWll as 
, 

lilmponace s.mpliac". In tbis t.ecluaique t.lae complic .... d èJ'Ollo_CÛDa tJ.M • be" Üâe.,.wel./(il. 

;. lm approDmat.ed by a simpler funcûoa, ,(l), which • amen .... t.o 1M "Exact." met.hod .. d the N 

dep~deat vanabln are lfIleraied .ecordiac tG thit distribaûOll. Tlae ceaeniÎOIl of the. nadom vedon 

np*tt the pnerat.ion 01 vect.on over dM ..... r vollame utd ~ dae '"IIi& 'CIl' MiN" .. daocl - il the 

approximatioa is ,ood oa}y ....... &act.i0ll of Üe ...... d volame" of the timple alaorit.hm raoaia •. For 
\ 

a p'. 1 th. prob_ility 01 an .wal Iyin, _.w. t.Iae (N + 1 }.volamt dt .. ed br 1(1) ÎI .,(1) -1 (1)/,(1) 

i ... ,e., ,.,1.e .. /(I) .... Ua .... e we~, cale"'" nlÙÛlll ia a WcIaer annp weich&. 1& ÏI .. dwd 

~ 1(.) ÏI llormalUed 10 that th. weïpl h .. Il ma ....... vahae S 1. "ne maba advan ...... of dais medaod 
b 

an 4., •• ele .... o. th ... aity 0'\ •• lIP,r~OD. 1 t.üs Ïlpocl Üe ,,~.cy 'or ~rodiriq.veaù 01 

10 ...... ODe, t::::!,1J .' improvtd, .. el dM variaace is macla ....... It.diq t.o fuur COllnrpllft. It 

occ __ aIy beCOlDtl MC""" t.o Ut ... enl _enllt. approdaaaûou t.o dle foCÛOIl ia clif,nat. ftIio .. 
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el,..., ..-ce. ,'I1üI iI'~ cOlllpicMed bat caa ÎIIIp,:,," • eoanrpace 01 the propam. Eac:h tePOil 

.... -"- ..... " proport,ioaal w dae ....m-m weiPl 01 Ü •• proDauûoa ... d (id.aDy daey 

........ .,. ..... to 1) ad dae ÏDtep'aI of the .p..oXÏlDate fuctiOll. 

R - / '" Iv r(1)d", (A3-5) 

(~H) 

.> 
When ;. .... N poÎlllt .... domly dùtributed ia dae a·dimenlÎoaaJ volwDe 01 iDtecratioD. One CUl chan le 

.. ' 
R - f··· J. r(1)J(1)d"o - W < rJ >w· : Lr(~). J(1.) 

w 1 

(A3-1) 

UÙle Jacob ... of the t.raaJlonDaÛoll, ~(li). uchONJlIO" to nDOOt.b th. dynamic rance of the .elfalÎon 

* ,tIldtaey of dae Molik Carlo ÎIDp~. CIe..Jy the optDœm u J (;) - r(;) -1 which ÎIl eiFect requin • 

.. aaalyûc IONtiOll to t.be iaHp'aI - it abo, nMO""1y tao.! c ..... dai vuiaDce of th. ruait to 10 

waero: 

(AH) 

TM iaiepaadt ÎD AH._ .. pJMralb' nlernd &.0 .. ÂaÛlticai weiahta. Tlaeee dttermiDe th. nlativ. 

Îlllpoftuce of th, evat. The J.t.p ia the ·1mp...t.aCI Sampliac" .JcordJuD.tana. theH iato ·tvlntl 

of weiIM Olle- ,i.e. ev .... 01 ...... Îlllporluce or probahilit;y. U ODe c:alcalatu _ obtervable 1UÎIl1 evel')' 

weiPt.ed .".. da, ~ 11Kiuûoa U 1.... Utiac tu - 1 .".ab oaly t.be ... dRd ·exptrÙDtata,J" 
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