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A Stud.v of thp Proress

T(l.s') - / ' ' / <
Using ihe Crystal Ball Oeleclor

Abstract,

Wc liave sludi.'d t he drcay T(I.S') - p * l' using dal a l.aken liy ihe Crys ta ) Hall r l e t r c t

at IH)K!S I I We idenlif ied cnsmir rays. licam mleraclions w i i t i ihe wall df t l i t 1 l)fjm|>i|

and iwo jihoton generaled [i pairs äs niajor baekground.s in oui Krürc l i for l ins der jy inu

\V< di-Li-nnined t he branclung ratio
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Int roduct iun

Truiig Ui undctsUiui llit physnal |)iincij>les uf llif worlj li-ads '.u quislions ahnut ihr

e lementa r ) cons l i luen t s of ma t t e r and llieir in lora t i ions Kath typr t>F mtcraci iun m»M

cl tar l ) r i -vealä us tiaSK s l iuclure i( il IS (jb&ervrd wi lhoul ln-ing in f lu f i i r rd b> olller lypts

uf ini iracl ions F i n d i n g rommou prmcijiles n( all mlprattioiis would a l lu» a umfied de-

K r i p t i t x i uf all foites

Tlie propcrlirs of thc T p*.-licle, a bound »lalf of ttif fc quark »nd ila anliparliclc t,

wh:ch in l r ra r i near ly exdusivtly via ihe Btiotig torce, provide a rieh noutce of mformatiun

nboul ir.f stroiig iriitractioi] Dy ajinihiUtion of e" and e" at llie approptiate cenler of

mass f i i t r g j the T ein b* produc«<j in scveral wrll definrd 4lnl-*s uf exci lat inn Sludy-

itig t r j n s i l i ons bttwffn ihwc Btal« äs »eil aa ihtir decays yie lds resullt whith can b*

curnpnrrd mili th r ptrdictio» of lliturrlical models deicnbing ihr aliung int.erttct.iui>

Sincr lÖSit*:* CryMal Ball Jclector cullrtitd data o f f ' r ' inlerficiioiis ai llie Du H IS 11

stririigt r i n g al UESY «l cenler of mass entfglrs around ihe niass of thi- T We aearclieii

fui t l i f de-cay öl Itif T jiaiiiclc fron ils gruitiid slalc uitü a munti ptiir m an ainnunl uf dj(a

eonlinriing tlie Information of abüUL 250,000 T deciiys A mtisuremenl of llit pcrctulagt

of dec ay> into ^*p"c»i i bt uwd 13 d r r ive oih«-r pruptrlies of llie T aiitl nia) cven providr

mrurinstnjn abuul thr p u wer of l\,t slrouf, i nUiac l ion cx|ires:cd in its niupling conslanl

Chapter l

Theoretical fuiindatioiis

1.1 T Physics

1.1.1 Elcim-nlary ji;irlic!t-s ajul ii)

Oiu prescnl Uumlcdee (it-M'ibt-s. lt>«- »urld

l ieptons

C.)

z1',

(s \)

w i t L t l i r v c fundr t inonia l i i i i t - r a c i i n i t s

l s i n n i g i n l e r s f l i u l i

'f. f ln i ruwrak in te fa r t ion

3 g rav i la lux i

Tltc leploiis »nd quarks art ordrrcd »ccording lu their niass m ibree gtutiTalioiis ll

caniiot bf e ic iudfd llial tln-re exisl inorc- llian Ihrer grnetal iuns m »a lure

The lepton generalions arr characltnied by a lej'lon nutnt icr , nanii'il »i llic chargcd

Irpdiiis in ^arh generaUon, w l iuh »ff the elcctrun t , thf inuun |i »nd ih r lau.in r

Ix'i-lons u iü i ii tenlical diargi- d i f f r r onlv m ihis quar.tum ru rnbe r and in t l i r i r mass

r not iu r t (n r U..- n tu lnru . f t. ntur Ih i i i iiiutrr ^It Uj,J,.lingui.l.A'lir ir , .u, .tu. c.n l n < l . > y >



Th^ l i ' J ' ton i in ivcn ta l i ly IN r u t i f i i mnl L\ h,- m i r i a r t l u n s uf l In M' I rp lun i b r ing idcnl ical

be-Milf> rffccls , uf l l i c i r d ihVrn i l in UM-s Q n n i k » arc cla^ili.'d l.) fc dirTernil fiavora taMtd

u], u, dnw l> (i. s l rd i ig ' 1 i,, i h ä r m r, t>nii.,in t, and If ip l :

Tlii- i n l r r ac l i un lirlwd'ii pärlu ' l rs is dtscnbi'd in i n u d r - r n gauge held llirories by ex-

t h a n g t - of uiltvmi'diatc verlor Losons w h u h an- ihr f u - l d q u a n l a of ihe guiige lieltis

In i n t r f ac t inns belneen elemeli lary p a r L l c l r s ihe mf lucn re of gravi ls t ion is tumpldel)

nvgl ig ib l r cornpari/d lo ihe slrong and ele< t ruwrak intriadions

Tlie elc-'tlrowrak ini i racl ionis iucci- isful l ) descnbed by ihe uiuRed Elelitrowrak Theor)

of Glaslio» , Salam und Weinberg combmmg Quanlum Elrciru Dynamics (QEI)) and tlie

»eak imeraclion A I ) fundamenta l parlides parlicipaLe in (Ins inleractiori The coupling

la mcdialcd by ihe exchange uf eilhcr a phoiun 7 , a Z°or a H'1 The phaton dues not

couple lo neutral parlicies

In adJilion lu el(>tiro»eak inieranioii qua iks mieraf l suungl \a gluoi i (g) exchange

Ttns is described m Quan tum Chroinu Dynamics (Qt'D) analogously lo QKD In fari

ihis i n l e r ac l Jon düimnalts for quarks s i n i f its coupl ing ronslant is h ighe r Tlir r u n n i n g

cou[>ling consiani a, of ihe strong i i i i e ta thon vanos bci*i-cn 5 and .2 in ilii- encrg)

tegion af l lo 10 GeV, wliereas ihr elci-truueak mleracuon is. govcrncd by ihe so ealkd

finc slruclur« consiani a - j-J-,

The slrong force acts on a par t ic l<- proper ly called culor m «ientially ihe same waj

rlwtroniagnclism acls on ihe eletlnc c h a r g e Whereai ihm1 is onlj one lypr of elecuic

charge ihcrf are ihre* differenl rolors The niain diffcrence however is, lhat ihe slrong

forces gauge bosons carry color and Üierefore mleracl »niong ihemselves, whilsl ihe i is

eleclncally neu) ral Separat in g Iwo i jUöfks uicti-ises t he gluun fit-ld energy belween [heni

and producr new quark-an l iq ' j i rk pairi uul uf ihe vacuum leading lo new bmiimgs of lh<'

in i t ia l quarks This phfimmenon causing qua rks never lo be observed äs single parucl"

is known under ihf nanu- confinonicnt Obstrvable parlicles are always color nculra!

Thr onty u a y Lo sind) q u a r k projK-ilics is lo invesi igatr liadroue, whirh are bound

ilalcs of 1*0 or ihirr quarks or an l iq^arkn addmg thcir e lcc l r ic charge lo uitcgcr mul l i | ) ie>

of ihe u n i l chargi-

1.1.2 Quarkonia

A quarl bound slalc füniird by & q u a r k - a n t i q u a r k pair n callcd nieaon. In niusl knoun

mesons (r g. i f . x . p , elc ) ihe q u a r k s aie tnoving relalivislirally so lhal they cannol

be Irealcd usmg ihe Sthroedinger tq i ia i inn In tonirasl lo lhal . Ihe Iwo mosl hea»)

quark t- known by nin*. llie charm q u a r k c and ttie botloin q u a r k b, build up essenliall)

nonrrUtinslic bound slales, called qua rkon i a , namt-ly tt»> cbamionium c~e and ihe

'Thf i f t' in Uluqur t » ( . uu i i f n l j l t v i d t n i c (,./ Ilif «uisnti- •->! ih r l>.|i quirl yc!

I j u M o m o i i i i u t i bl TKi-j c a n be i rcalrd by QCI) in conipli-l* »iialogy lo llit- *a) llic

p i i M i r u i i t i i i i i s)sU'in ii ( J i - M n b f d by QlilJ Sincc il.c g l u u n g l u u n inlfrai(1011 pmtnis

Q(.'l) ( tuni d i - n v i n g i n l t r ^ u a r k ( .uH-nl inK fniin firs! p n n c i j i l t s ihr ni rasuif i r i i -h l of ff and

ti i - i H - r g ) Iciel sprdia and i h r i r di-caj ( lo ran i r l i f t s brfonurs very impurlanl fni li-iling

[ihi 'n i ) i i ieni ) lognal poli-ntul an^alies and d f l e i i n m i n g ihe s l rong coupling coi i iLant D,.

1.1.3 Energy Icvel s |ioclruni of bot toimimum

The tfc slales v.|lh ihe q u a n l u r n numlwrs n 5" ' Lj - n '5'j arc calltd r(nS), »lir ie n is llie

radial q u a n l u m nulnber Tlie heavicsl rslablished exciled T slsle is llie T(CS) [CLEOSiV

AI the T slales ca r ry Ihe ihr q u a n l u m numbers üf llic phulon J -- l " ihey can

IM- (iuei t ly produced in <• ' c annihi laUofis in tu one v i r t u a l photon (sot- sedion 1.2.1 on

pagr 12) F igu re l l shows ihf T(1S) In T(JS) resonanfth in the loial truss seclion of

r' r -~ hadrons The dala »er«1 laken by ilif CLEO delerlor al ihe CF.SK r ' r slorage

ring m ( ' o r n e l l ( U S A ) The prciduclion of ihr T States shimt. up m resonanres of iht

t" i rruss serlion wlien llie t~ t' cenler of mass energy cornes close lo ihe niis'icb uf ihr T

9.50 10.00 10.05 10.15 10.40 10.45 10.50 10.55 10.60 10.65 10.70

W. In C t V
IITO1*« -WO

K t g u r e l l Total visiUe cri&s seclion of t ' r -• hadront versus ihe cenler of mass energy
measured by CLEO

The measured or exprctrd energy levt-l schenie of the tt syslein for levets bt'lo» ihe

T(3S) logelher wilh sorn<- r l r r i romagnr t ic and tiadronic Iransilions is shown in figure J 2

Known slales besides ihi1 T are ihe n •" ' L) - n */), i j levels. rslled ^ t I I ICNIHS The



T SPECTROSCOPY

(10ZT1)

TAt i r iuu 'n *(n( ts o/ ( A i H »yslrrn flf* givin tagithti u-ilh tkrtr m a s f t i Hadionie and
tc r f tc inr Iraitiifionf sie tndicatfd.

r'igure 1.2 Energy level spiflrurn of llic 6t System

btt slau's W i l l i spin 0 namel) l ho 'i ' 'i'd i)t -KH.-SÖII and llie n ' f, slaU'ü irf noi yd «bscrved

1.1.4 T dcrays

The lolal widüis of llie T M-sornnfrs T(1S) t,i T(3S) arr <>f l I IP ur,)cr if • ft* 10 k c V .

This it. tat below ihe eenlcr of mass (CM) cnergy resolulion of « x i s l i r i g c ' r ~ s tmaRf tiriga

l ikc DORIS II b«ing abuut TiMfV al CM encrgi« around 10 GeV On ili* olLer tid* llic

lo T[6S) icsonancci nie inuch Lrjader wiili !',„, ranging f tum 20 MeV lo 110 MtrV

) As t l ie i r maü^i l ic abuvc ihr cnergy lliresholtt for upi/n KuUom produtlion

l Key cun dtc»y diretlly mtu tiadrons v u. tlit d iagiam l 3 Smte Uns drei) müde u hol

r

Kigure 1.3. Dei'ay of llic T(4S) 01 l i igher T (esoiiniift.'! i h i u l i iutruni

al lüwet) (or tlie Icwer T-reson^nces t l ie i r decBjs inlo hadn.it s are siipprt-Sied t>y ihf Okub»

Zweig-Iunka (OZI) rult, drnisiiding toniinuous quark liüss ftiini llie- Itfi lo the (ighl sidt-

for an OZl allowed decay This ri-Milts in ihe small widtlis of ihr T s'»tes btlow ihc T{4S)

l'hi1 T(lS) rneson can dci a) via llie di tgrams 1.4. The Lolal widl l i is

Vk-hrre lh* PA'» "n tlie r ight liaiul side of rqualion l l denole llif parlial decay widl l i

Th<*> »rr dcHned by

W ( T - X )

A'(T
( 1 - 2 )

/ J W ( T — A') is called t l i r l ir . i l icbiug l-atio f i . r llie dtcay T — A

Dtrays iii une gluon are f o r b i d d f n hj color tdiiservalion smcp » t ingle gluon ü rmi color

neutral Twu gluon dec«)s arc nol pusüible due lo nwrr soplnslicaltd considiTBliuns

concerning spin coup l ing Tlir duca) inlo ihrr f -j 's is tomj>leltrly neg|igit>|r



3 gluuii decaj Iwo gliion dre ay afler radialiuii of

T

decay mlo a quark pair decay intet a leplon pair

Figure l 4 l'ossible dcca) modes of ihe T( IS)

Assummg leplon umversahly we can expre^s F„ by F„„ 3 by Biinply counung ihe lepton

generalions since all leplons art lighl comparrd lo tnj .

i» - U - r„ - ! r„ (i.3)

The diagranis desrnbmg the deray mlo a lejuon pair and mlo a quark pair are idenlically

besides the couplmg conslani ai ihe [iholon "decay" verli'X, which it tht- chargc of llie

final slsle parlicles We defirie a ralio R

Ä = r ' ;~ | I 4 )

wlnch is idcntical lo K - Q~ -"^'/T-r^ in nonresonani QKD e*e~ annihilali<,n (see

equalion l II) Calculaling R we havr lo sum over ihe square of the charges Q of all

quark davor* acceisable up to ihe r1*« ~CM energy mj . This flavocs are u,d,s, and c

(1.5)

The faclor 3 originales from thc ihrre differt-nl quark colors availabk HaJiative QCD

correclioris ate neglcrled in lins calrululion of H The) «ould yield a corrcclion factor

(l -r ^^) where s ii the CM eiitTgy so,uarfJ Using equalions 1 1 , 1 3 , and \.4 we tan

express tht lotal widlh b)

_ _ 'V- =r„, -t r-,,,
1 Wp oniu llif iif n< -l u ' |J in iub«(i>)ilF

( 1 6 )

ng a valur of !!'•( for ihr In im hing rat in (J„„ - DH(f — ) * which u

w.e exped ihr T l., drca} mlh B probabilily 1)1 (3 -t tf)",.,. - l^'-t vla one photon

aniiihilation Nrarly all ihe rrii.aiinng Ü\"-L Ute 3 gliinn dtciys siiiic llie -|g| drcaj is

suppreiSfd wiih rc=|jeci 10 Ihr g^g drcay l>y a (actor of ^~

1 .1 .5 Thcorotiral implieations of li^?

In iht previuit«. chaplci we shoueii Lhal there are mtcrdeper.denci-s bi'lwcen Bff , t~,a ,

r ff and rtil In addiuon to [hat we will sce lhal ihr partial widths essentially de|n-nd

on |V'fO)i: of ihe ib wave funclion and Q,. In prmciple one inay deli rinine each of l lies*

quanltlies from a cerlain coinbiiialion of llie olhers

For some of ihem there are no iheoretical prfdiclions. This i:> unforlunalely true for

ä„„ and r,c, , since One can olil) calculale parlial widthb.

The partial widlhs prevlicliuns sulFef ftom inac.curacif-s m |n.>rlurbjlive QCIJ In ad-

dilion |V.-(U)|? u dependent on the qq polenlial inodel chosen Thflre exists no unique

renormaliialion scheine for the slroiig coupling conslani Q,, wliicti can be wiiiien

, _ ___1^!

wticre n/ denoles ihe nuinher of quark flavors accessable al ihe four niomenlum transfer Q

LspecialK the values of Q for a given praceoi and the QCD scalmg paiarneler A dcpend

on ihe reiiormalüalion of o,.

These facls corrupl mosl of ihe possibililies of using ÖH^ for the calculalion of eillier

l Hf i '^'("Jl1 of "' *n(J 'hus lesimg perturbalive QCD or potential modcls. In pari» ular il

is nol (Hissible lo dcrixe r„H and hcnce |t'(0)|J from a B^ menuiurtnienL since r(„, cannol

be dirwlly measured

In ihe followinj we list possjble implrcalions of DHI1

l A delermmalion of Ufll and TH^ is the only way Lo oblain l'iu( by

^
sdice all oilier parlial widih> of ihe T are niuch niore dilFicult to measure f^H isequal

lo l',, , which Cftti be drleritiini'd by a sran ovei Lhe resonance in <' t~ produclion

<,f lt,e T IPRINI)I.KBi|

rln (r.ijfl n. - -n I.. Ihr T( lS) by l inJ lo /),, ( 1(1^)) by B,.



? W i l l i lii'lji of hol h, Hflt and r„„ . nur may also ca l cu l a t e V I S I Neuerung f-,,,

f L u a t i u n l G can be » r i U , - i i

r,„ ^ i ,„ (3 * K)\\)

3 If one could ca lcu la ie boih Vfll and I'M( suffineruly «curale us ing ptr lurbal ive

QC'D ihr slrong coupling funstanl u, cnuld be expre^sed by B^^ aa follows.

Tb* leplonic wid l l i uf a v«lor meson is g iven by ihe QCD corrected Van-Royen-

Weiiskopf FürmuU I b U C U M B l )

«,**' IA

(18 )

whrre et = - j is ihe Charge of th r d q u a r k . M j is llie T mass and A is ihe

ihi-Hif t ical unr r r i amly of l rll dne lo higher order QCD and rrlalmslicat torr« liüns.

IJ i ichmullet cl i inis ü - lö for llit T, »hercas llie firsl urder ru r rec i inn using a

I j j i i c a l value o f a , ( Q J ) es 2 yields j^o, =. 31

In llie rase of F",(( tlic higher order corrctlions aic enri miirr mipur tan l Iinluduig

firsl otder torrcctiuns one gets JBRODSK^83 |

r,„ , -_ .
öl I

„.„

K) r a, « .2 ont find* ihe firsl order correrlion of f„( to be .58 of the lowesl order

va lu* Tliti tdils d i m t i l on lli? jus l i f ica lum of eva lua l ing fltl us ing a perturbalive

iheory

Tlit- liiti» of T,,, ovcr r„„ is mdtppnJenl of }v(0)|s and can !«• exprcssed liy H,.,.

("miilimmg eqiialions i T, l b and 1.9 on«- ends up wuh

l O , - 9 . -
wherf C ( a . l = -— - -T-, - ? . -_ i — _ — - — . --- '—

8l*oV; (l - ^0,(V5)1 A)
So (i. dtpends only on flHJ1 and R which is well known

Nute, lhal ö, on llir Irfl -iide of equalion l 10 has in general to be evalualed at

d i f f e r e n l Q' in ihr numer4lor «nd Ulf dtnomm-ilor »hi th is inJicaled by Ihr prmie.

F!iF values for Ihr four rnomenluin Iransfcr to br inserled dilfer

from Q - mT |nUCH\18l| lo Q = rrj, |CELM79j

•nd from Q' - 48L'mT |MACKENZ8l] lo g' ~ ,157m, JBRODSKY83]

d f p f n d i n g on ihe o, te no rma l i i a t i o r i scheine chosen

U)

Tliirr- 15 necd for nn,re w j rk on i l icorr l i i al siJc i n c t u d i n g lngi.tr ordtr c u i m l m u

u r L- v en nonper lur l i i i iv r QCD u n l i l ü„„ C B I I bc uM-ii fiir a pfL-i; i i iur! nieiisiireiiieii

of (,,

4 Last btil noi lenil II fh (T(1S) ) is jniporiani for analys*:. 1 r > i n g t o ob^erv« I r u n s i i i u n

from h i g h e r T or ^ t slalcs Ifi i\it T(1S) The T(IS) u ge n r r a l l y taggrd by ils dtx*

inlo lepton pairs e*e o r ( j 1 p ~ So Hfll is ust-d lo ex l iac l thf t tal isi l ion i Jtc of

proress of ihe type T(25) -- • » " T( l S ) — n/i*ji~ by

1.2 Processes at c^e 's torage rings

lilierjcluins of e* and e~ at slorage r ings *!lh ü CM *:»'rE> i-f around y-'o = ICXid'

an- dfKTit>eii u) high dtfuraiy liy QED. tlf»vif of llit w r n k lottf Ldn Lt> i i e^ l -Lt t i l iiiu-r

— ,- ---- — O ( l ( i '). Titel r ate iwo 'yj)i?s of QKD piutcsst-i i in j i (> i ia i i t al CM enf i f ie i

aroiind 1U GeV mvolv ing (me nt L*Ü vir tnel (iliolniis.

i. 2. l QCD one '( protresius

BLaliba gcatlcrtng

The elaätic scatlering uf e' r'ha.s the biggebf crosa setüon aiiioiij ihe pnjr:ejies dtsi l ibrJ

by ihe txclisnge of one v i r t ua l pholon. The two Feyr.man diagrams curilr ibuti i ig lo this

Bhabha sfa l ter ing sre ihown in figure 1.5. The diagram wilh ihr spact-like v i r t i m l T is

i)lime-like -7 exchange b)spate-llke -j excl iangr

Figure 1.5. Bhabha sc:illering diagram;

dommal ing The differential tross »ertion pfkks very slrongly al »mall iingles wuh respMl

tu ihe beani direclion

NoiircBonant leptou am) quark pair producliou

Replacing ihe e*(~pai r in ihe final slal* of ihe d iagram l 5a one gr ls the ncnn-sonant

QLD i i ruduc i ion of heavier Irplori pairs in qu»r l pairs (tig l 6) Thr coiresponding higher



aJLepton pair production b)Quark pair produclion

Figure 1.6 Olher QED conlinuum processes

order diagrarns wi th a vacutirn Polarisation of the pholon (see fig. 1.7) lead to resonanl

cffects in the e*f""cross seclion (see fig. l 1). The ratio R of Ihe cross sections of the two

nonresonanl diagrains l Sa and l Sb

*{>) =
hadrons)

(1.11)

was already menliotied in seclion 1.1.4 on page 8. There we showed, that R depends only

on the number of quark flavors accessable up to ihe CM eriergy \

The differential cross section for nonresonant produclion of / j ' | j~or r'i~ äs well äs

the total cross seclion is given by QED;

da (t'' t —

0-12)

» here ^ is the Velocity of the f inal statc )fpion divided by Ihe velocil) c of l ight and B

is ilie polar angle wi lh respec! to the meiden! elecuoiis For 5 GeV muons ß is about l

and rijuation 1.12 s impt l f i fs lo

all

+ , n
/* ) = -

3s s • GeV '

(1.13)

Roaonant production of leptoti pairs

At the CM energy of X/J ~ t n j tbe t~* t ctoss seclion shows a resonance due to the

produclion of the T medialed by one v i r t u a l pholon. The final stale jj pairs from T

decays via the diagram l 7 sre nol disiitiguishable frotn the /J pairs produced by the

nonresonant proeess of d iagram 1.6* Mriee Ihi- Tfin verlex is idenlical in bolh diagrams.

12

Figure 1.7: T producüon and decay into B Itpton pair

At DORIS 11 the cross seclion for the production of the T is abmit 9nt.

„ w 3% we find

a(<-V - T - , ^ -* M - )= ,27nt

cornpured lo

= .97ni

froin equalion 1.13 wi th \fs ~- m f Tlius the number of /j pairs from T decay* is ab U L

ft iur times srnaller tban Ihe number of fi pairs from ihe ncinresonanl Q£D prucess.

1.2.2 QED two •) processt's

Proc-esses of the type c* e~ — e 'e 'TT — f e~ X äs s ho w n in figure 1.8 «re culled two ] i:0-

ton produclion of ihe final slate X. In difference lo th* one photon annihilation cross -.-e-

Figur»- 1.8 Hroduclion of X by h QEÜ Iwo photon protess

o o J the two photon cross seclion tends to increase with powers of In j^i- Since the 'wo

photons can be emilted close to their mass shell, one can describt- the photons s imi l . i r ly

to bremsstrahlung wilh B speclrum N(l.\) a. g-. Integraling Ihis spectrum on* ( i ' s &

faclor In ^—^ .

The increase of the cross section with In j-^overwhelms »t ^/e — l'OGeV the Q1 Mjp-

pressiun of ihe Iwo pholon prucess cornpafpd to the one pholon proeess.

For ,/s - SAGGeV numetical cdlculations yield a lol*l cross »«ction

13



cornparcd lo ihr vtic photon nomesonaril QKD ptocess

1.3 Determination of R^ (T(1S))

As we sav, ihere are tlit- con t inuuni proce;,s (fig. 1.6») and the resonance decay procrss.

( d g . l .7) conuibul ing lo the number of n* n~ pairs produced via one v i r lua l f . Supposing
liiere is> nu additional background in a p* ;j "selection ai ^'i — my onc )iai lo sublracl

the conl inuum corilribution N(y—O from the total number of miions

order lo gel ihe iiumber Nj — ̂ of resonance decay s inlo /J1 p~ .

As there is na suf f ic ient ly large amounl of conlinuum dala near the T(lS) resonancf

available, we iise da ta Uken dl CM entrgies beluw ihe T(2S) resonance and on ihe T(4S)
tesonance äs a cont-Limuiri sample. The rnuon pair contribution from ihe T(4SJ deeays

is necligible, since lins slule i^ lying above the O2l thrfjliuld. The value of B„ (T(<S)}
which is due lo leplon universahly equal to ÖHH (T(4S)) is JPDG84)

We determme B^ (T(]S)) by dmding the number of T(1S) deeays to muons by the
total number of T(]S| mesons produced As Ihe T(1S) deeays either inlo lepton pairf

e * t " , / j * j i ' , i " * r " or into hadrons, we can wnle

***•> = T? *T^"«>, (' l-»)

H

Chaptcr 2

Expcrimental setup

2.1 The DORIS II storage ring

Th.f dala used in this analybis were laken at the DORIS II u"1 e'al.otuge ririg at the
Deutsches Elektronen Synchrotron (DEÜY) in Hambutp, FKG, ty mear.i, of ihe Crys-

tal Ball deleclor.

This dstector was built in Stanford, California. There ii colleiled data Lt ihe SPEAR

(''e'storage ring at the Slarilord Linear Accelerator Centet (SLAC), being uperated at

CM energies in ihe region of the cliarnicnium cc slalus After tht- iliscovery of llie T
mesf.n in 39"i7 [HEHB77) , [ INNES77j l wo upgrailes of ihe t-xisling DOj.pel ftdig-Spcichtr

(DORIS) lüok place al DESV in oriler to adneve the ahi l i ty of prodiidng llie T meucn

in its ground staie and several radially exciled slates with a h i g h raie. The Ciy&lal Ball
deleclor was moved to DESY in 1982.

Today s layout of the DORIS II ring is shown in figure 2.1 . Th<- electrons «re pnn'ided
by the linear accelerator L1NAC I whereas tlie positronü come frorn LINAC H b>_'ing in-

lermedialely htored in the Positronen-Intensiiäls-Akkuniulator ring PIA After iiijeclion
inlo the DESY synchrolrun bolh beams are accelerated lo their final eriergy and injected

inlo DORIS U.

Dunng the so called High Energy Physics (H EP) period at DORIS II — tlie ring is aller-

nately us«d for HER and »s a source for Synchrotron radiation — in general two hunches

are circulaling in the ring with a freqiieticy of aboul ItrHi, each of them consisitng out of

10" - 10l! particles. They are spread less than Imm in verlical, about hmn in horizontal

direclion perpendiculat lo llie beam and gunssian distribuled along ihe beain a » i s wilh a

wid th of ff — I.7cm. Tlie l wo delecloTs operalmg al DORIS 11 ure bui l l up around the

t*o interaction tegiont. at the south side (ARGUS delector) und ihe north fiide (Cryslal

Ball deleclor) of the ring.

For sludymg background «vents not siemming from e*c"inteiactions ihtre are iwo addi-
tional rnodes of DORIS II operalioii. The Beparxled bcani mud:1 is perfornied by mt:ar<*

of separatot plales preventing ihe Iwo bunches from coll iding by applymg «n tdditional

t E.
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Figure 2 l The DOfilS |] r ing «l DESY

electric field just before and afler the in lerwtion region. This separater plales were m use

unli l begm of 1984- If the r ing is supplied wi lh only one bunch (c"1 ur < ~ ) *•«• call lim

siugle beam mode

Al pjesenl the beams may b* acceleraled up lo a maxi inum CM t-nerg) of 1 1 2 GeV

r u n m n g al currenls of aboul 35 mA jusl afier an injection detreasmg Lo aboui 2l) mA

w i i h i n »boul 1h. The collecting of data belween Iwo mjectjons is talled a rua

The amounl of e1 r~ intejaclions per tim* lakmg place in a storagr r ing is measured by

a nuniber, called luininosity t, which is calculaled at DORIS II by measurmg (he Bhabha

bcattenng process (see seclion l 2. l) with ils well kno*n cross secliun If jou übs«rve a

täte uf iioiiaMa = — "***' Bhabha evenls, and Ihe visible cross scclion corrected for

deleclor acceplance »nd seleclion efficiency is gnen by ÖHI^H,,, the lunnnosi l j is drfined

hj

Ohserving .Vx c»enls of • cerUin process in an amounl of dala w i t h an iulegrated

luililaoBily L defined by

t = f Ul

one can calculale ihe u n k n o w n visible cmss> seclion ö of lliis process by

A A
"x - — -

DORIS II reaches an averagf lummosity of aboul 6(K)ri6 ' - day ' w j i h peaks above

ICKXInd ' - d o y '

2.2 The Crystal Ball dttector

Th* Crysial Ball LS a nocimagnetic deLeclor, coinpuscd of an ariay of Nal(TI) cryiUls

for parddr deieciion, energy losi, and angular mt-asitr(me«Lä, a sei of tube chambers for

charged part i t le idcnii l icat ion and d i r fc t ion ineatuitments, a lummosily monilor »nd a

Time of K l l g h l (ToF) syslem. All romponents beiides ihe 'Tut' sj'stem are shown in fig 2.2.

CfiVSTAL OALL

NoKTII

16S19

Figure 2.2: Vitw of tlie Cryslal Ball deteclor wilhoul ihe ToF tysUin

The cuordinaie Eyst«m is drfined by ihe i «»13 gomg in direclion of flighl of ihe

posilroiiä, the y axi* pcimling upward and llie x a x i s p u i c i t i n g lowards tlie middlc of

thf DORIS II r ing . The origw is si-l HI the cenlcr of llie Cryslal Hall . In polar coordinates

thr az imulhal angle <p is measured slart ing froni tbe x axis Thr pulai angle t* reltii lo

ihe -TI dircclion.

2.2.1 Main ball

The lindert) ing »«gmentaliun suhntie of ihe Lall is an ico=»hr<!(ijn pre&erving sphefical

symmel fy äs much äs nature tllows fo( a regulär polyhedton F<>f morc prccise positiun

measureinciils of particles interacl ing in the ball ihe 20 surfuces of the icosaliedron, called

major triaugles are divided inio CDU r emaller ones, called niinor trlaiiglet, which in

lurn are f u r l h e r subdivided intu 9 m d i v i d u a l crystals alias modulea (srr fig 2 3 ) Euch

niodult! is tlius surrounded by 11 nr 12 neighbourü depeniiing on its poaition in the major

Ir ianr l f
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sie rnucii more a lunl for rejrUmg rvents wluch are illdrfined bj having loo mucli tnergj

dcposilfii in enJfa|) c r j s ta l s

2.2.3 Tubp ctiainbcrs

The ücrmaii wliethrr a cerlain fiarticle ii considrrcd lo be charged or not is called taggitig

Chargrd particle laggmg is performed usmg liie Information of several drifl chamben wuh

Charge division readoul consisling of one double layer of dtifl lubes eacli The geomelry

of ihe 1983 selup with ihree chambers ja shown in figure 2.S Each layer is compoaed of

t ,H f

M 1« tf-l

All mcaiurrrntnts arr in cm Tht numirr o/ (ute* in each tayer are 64, 76, and 160 for

thamkrr l,S,and 3 'tfptdurly

Figure 2 ä Tlie 3 chamber seiup of the tube chambers

»luminum tubes wuh a radms of aboul Gern havmg a slainless sleel wirr cetilered in ihe

nuddlc ll lits al a polenlial of aboul -t 1800V Therf is a eurrent flo» of lonirable gas

llirough the lubes Charged |iar!icles passing througli ihe lube leave t' -lon paira alung

tlieir way m ihe ga.-- Tht- vuliagr and gas pressure are chosen so lhat lliese e~ teach thcir

inaximum drift vHoril) arid producr a chargr avalanche whkh Ckuses *n eleclrical pulse Q

m ihe wire

From ihe pulse heigtil asynimetry between ihe lefl (QL) «nd rigril (QK) end of thc

wire one |els an informalion abuut ihe Irack location l along ihe wire by |DlZETTI65i

where L is ihe lubr lenglh and H dependi on the wire and amplifier impedances. Tlns

furmula imphi-s, lhal the resolulion o, depcnds on L and therefure on th« tube layer.

Tht per formanrr of ihe lube chambers varied ver) draslically with liine during Crysla]

Ball history In ihe begmnmg ihi- lubes i*ere operatfd using "inagit gas" (20% Isobulhanc,

\% Melhjlat, .25^1 Fieonl3Bl, and Argon) in ibe slreamer mode In this rnude ihe oulpul

pulse is nearly independenl fron) ihn primary iunisalion

|lov.ever luo high radialion txposure led lo »n oigamc growlh of cracked Isobulhane

molecules on ihe wir«. Thib limiled llie oper*lmg vollajie o( the chambers. Thu* tbe lube

thsmber elTiciency of bolh innerniuel chambers decrease draalically nghl «fter alarting

dala laking al DORIS II- This tan b« xtn in hgure 2 6a (GtLPHMANSS]

*y(fciWHW?
'f. ' "•'""

i\i

„ .

1

Run Numbv 8»n Numbtr

a) 'OR' efficiency for chamber l b) 'OR' efficiericy for chamber 3
The 'OR' efficiency fo' * Ute eAam»rr u JefincJ ty ihe probotility that at teatl one of
tht Iwo taytri Aal a cotrtlatta tute hil for Bhabh» etcctroni. The eßicitniy of ( A u m i e r l
is good »inet run 10486. Chumktr t lehavc<l limilarly and it not ihouin here After Ihe
dtcrcate of the effieienfy of ehamber S tu.o new ehamttn vcre installcJ tefore run 136CI8
ineieaitng tht otiertli numter of ektmleis lo 4. The efficiency of the tvo neu thaintert
K not ihovin in ihe plol.

Figure 2 0: 'OR' efficiencies of li.be chambert versus run number

So these iwo chambers were replaced in June 1983 before run 10486 by new ones

nov, bemg operated with a more imdiilion reiiitanl Argon-CO, mixture (20% CO,, 1%

Mtlhane. Argon) in ihe limited proportional mode Thii means lhat Ihe outpul pulse

i» proportional lo the primary ionisalion if the lalter t« not loo high. After »ome time

chamber three was also dwnaged by rtdiation »nd replaced by two new chambera before

run 13608 (compare figure 2.6c)

In Ihe run period from run 13757 lo 14SC6 ihe tube chamber Analog-to-DigiUl-

Converler {ADC) used in the readoul of tbe pulw heighls was discovered lo be nonlinear.

This caused a decreaae in the i-reaolution of ihe drift lubea. Typic»! numberi of ihe t-

resolulion a. for each chamber wer« determined by |KÖN1GS84] and |ÜIZETTIÖ5| for thf

4 chamber selup in thc bad ADC and m llie good ADC running penods They »re lieteii

in table 2.1 The difference of i-re*olulions for ihe good lube chamber ADC belween 1984

and 1985 can be eiplained by a differenl ainounl of noise hilft in chamber l and a differenl



jad AfJC; !<Jri4 j good AUC 1934 good ADC 1985
",(crn)

3.34

3 44
2 93

2.75

1 74

1 58
094

1 04

2 2 8

1 5l

083
0.75

Table 2 l' Comparison of i-re&ululiun o, of r.he lulie diambers

high voltage aeiiing in ch amtier 4.

2.2.4 Luminosity monitor

In order tu get a quick luminosily mcajurcnient für moniLonng beam conditiona the

Bbabha ocalteriog uoder atiiall angles 15 mea-sured Thia ia done by requir ing certain

coiocidence condilions in two oppotilr arms of ihe lummcsity moniior ahowo in figute 2 7.

Each arm ia compoüed of l*o »cinl i l la t ior i rouulers P and C auJ a lead scinlillator Hand-

S3

ci Sl

Figure 2.7 The Lununosily monilor

wich aKower counter S As iLr (ounlers are located iii ihe t unne l region of the baJ) at

k amall angle of »boui 8° wilh rrspecl to ihe beam pipe and ihe Hhabha cros» »ecliun

ia peaked strongly to*ards small scaltering augles lliey are well smLed lo catch a lol of

Bliabtia events in short linie. The Ümall Angle Bhabha (SAß) luni inoai ly n oblained by

dividing ihe numbet of ühabha eventi found by ihe nsiblt Bhabha crosa »«tion iiilegraled

ov« the angle coverage of ihe counleni

Für analytu purpoaos the Large Angle Bhabha (LAB) luminosi ty IE uaed U 16 caJcu-

laled from ihe number of Bhabha elrctrons N statt,* »tatlered ai anglei greater lhaa 30J

wilh respecl lo the beam direclicm. We find for Ihe Cryslfcl Balt

The s ) H i ' n i d L K a l i - r ro r of l u n u n o i i l ) inraiurernenli ia ll>% The SAH and LAB luminosi ly

ag rc r ue l l »nhm i>% for M7% of all r un i |KLO]|iEHöl|

2 . 2 . 5 Tinte (»f F l ig l i t System

Tl i r f r are Iwo ( j a r i s uf l l i c 1 ( , ' ryslal Hall dclcrtof wherc on< inay gcl a Tinte of K l i g l i l (ToT)

i n f o r r n i t t i u n f r o t n , Ihe bal l i l s r l f aiitl ih r sc.nlillalion ctmnlec.'. lucatwi on ihe roof uf ihe

dryhoui t F igure 2 B sb&*s l l ie t r re la l ive pcjailiona.

K i g u r r '.' S The roof ToK tounlers »bove tht Cryslal Ball

Major triaiigle timiiig

Each uf ihe 20 rnajor inanglts of Ihe Ctjsial Dal! h äs ils o*n liiiung infannadon Th*

analu; enctg> suni1 of iht 36 rryslals of a major tnangle »'liifh has • pulse shape wilh

a r ist- Urne of aboul 25 ns and a decay lime of 3CKI ns> goes into a trtu cros;, i n g Conslunl

Fratliun Distiirniiialur f C K I J ) If ihe pulseheighl is above • ihreshol'J rorrts])onding lo

an energy dtposltion of 911 M t \  the oulpul Signal of ihr dlwrilninalor slitps 4 Tilue-lo-

Digiial-Converler (TDC) Tln- TUC has a »tepsiie of U Ins/rounl .

'Tuni . f l crv.Ul, An m t l u d i d in u,.,tf öl Iht rt .riEy ximt



Hi'iuisphrre and füll ball tlmlug

Tlir analog rt iergy sutr i ci[ each ihr lop and botturn hrmisjjliert äs well a* thr f ü l l bal l

e n c r K ) ' !>uin arf Irealrd ana loguus l j Thi1 lhrrshold> für ihe lirinisplit're t imings are sei lo

90 Nie V wher t a s therr arr l«o fü l l bJI CKD's »it i i dilfi-rmi Uir rs l tu lda

Iloof t in i iug

Addmonal limmg Information come* frorn 9-1 plailic scinl i l laimn counl r rs They sre

ilLached on ihe roof of ihr dryhouse 3.20m above ihe beani Im; and at ihe l wo sidewalls

m direclion of ihe beam axis at \z\ 2.20»i reaching down to 90m above thr beam axis.

Their solid angle coverage is «beut 50% of the upper 2» of ihe Cryslal Ball spberr. As

cosiiiic rays' angular dislribulion is peaked at vertical directions ihey ari- able to tag uver

80% of the cosmic rays inggered by tbe Crysul Ball tlecironics.

The roof counlers give Information on position. timing and pulse height of a hit. They are

read oul by pholotubes on both sides The anöde Signals of thesf PMT's go to a threshold

discriminalor and a TDC with a slepsize of Ins/count As the number of TDC's to be

readout in dala aquisilion is limited for lechnical reasons two pholotubes of l*o counters

have a conimon TDC. The lasl dynodes each PMT is connecied lo an ADC providing

addilional Information about thr puls« height and rcaolvmg ihr a inb igu i t y of the TDC

Information. From the timmg difference äs well äs froin Ihe pulse heighl ralio al the (wo

ends of the counter it is possible tu calculate the x-pusi t ion of the hu along the tounler

lo a precision of about lOcm The accuracy in t (rtsp in y for ihr sidewall counleri) is

determined by the counler »idth of 20cm to 25cm (or llie difiVrtnl couniers used There

is no shieldmg acting äs a muon fitter betwren the ball and the roof counlcrs

ToF ralibratioD aiid reaolutloa

All TDC's measuring these timings are slsrted by ihr trigger Signal deciding to tecord

an evenl (trigger hold) and stopped by delayed Signals from energy deposilions in tlie

corresponding part of llie dettctor The calibration procedure correcls for delays of triggerä

and cables so that the f inal t iming is relaled to Ihe bunch crossing This 15 m ade possible

by Ihe hold Signals of difTerent triggcrs having their o» n fixed linie relation tu the bunrli
crossing

The calibration procedur* forces the major triangle t immgs l m a j c r of parlicles t ravc l lmg

wilh speed of l igh l (i f Rhabha elettrons and S CrV muons) to be 0 Ons on tlie average

Thu is ess«ntially done by üsigning a delay constani ',' " to each cryst»! and cable

mvulvrd in the analog summmg »f the major trtaiigle rneigy For a ceriain event ihe

timing is calculated by wrighlmg thc differcnl delays w i t h ihe corresponding part of the

analog suni (e.g. the c r > s t a l energy E,) and e u b l r a f l i n g triis valuc from ihe measured

Ktquiring fm j j o , - 0 für a big rnougl i number of Bliablia rvenls llic delay coiislttlUS can

be sdjuiled wuh ihr help uf a Irasl squarc fil After lhal corrtttions for run depriideiil

d r i f L s are applied These d r i f t e arc rnosl probable du* tu changes in iht peifurniaiice of

ihe CFD's or TDC's or in the position of ihr bunch crossmg Signal F ina l ly ihf walk of tlie

CKD's Output pulse limmg »i th the in pul pulse heighl i i ciniipeiiiatcd, trigger dcperident

sliifls in l inung are rernovrd and bad TuF hardware perforinance is rtagged. Mure delails

aboul ihe calibralion algorithm can be found in refcrence |SK W A R N t f l j

The roof timing is callbrated by using cusmic f ay niuons They are selecled by requiring

the major triangle t iming lo be inconsislent wilh ann ih i l n l i on evenlh . The i:alibration

process is describcd in [PRINDLEBS)

We definr ihe ball tiiniug äs the mean value of (he major t r iangle limings Th<; ball

t iming of Bhabha and muon evenis coming from the interttrtion region is 0 ns, tao. The

choice of lime tero »eis ihr bunch tiussing liine lo aboul -l & ns n h i i l i is thr negative

linie needed to reach ihe ball mean radiui of 4Scm from the interaclioii region wilh spted

of l i g h t Tbe roof tlmlug rrfers to tlie sanie tero point J So the o ff sei of 1.5 na canctls

in calculations of ihe lime ditTerences between ihe roof counters and the rnajor tnangleä.

Nearly all these considerations are »]>o vahd for cosmic ray particles The otily exception

is due to the fact that cosmic ray parlicles generally penelrate ihe Cryslal üall by hi t l ing

t» o rnajor trianglei wi th in a noniero lime difTerence delermined by the flighl palh between

them As ihe ball limmg is averagt'd over ihe major triangle timmgs, il reftecti for cosmic

ray evenis the time at which the cosmic particle in between these Iwo majors whereas for

beam related evenis it is given by ihe »verage lime at which the particles pass through

the crystals

The ca l ibra t ion prucedure yields a limmg resolution for ihe major triangles of ~~ 300(js

for 5 GeV showering pirucles, l ike Uhabha electrons and ~ SOÜpi for minimum loniung

part i des l ike muons The resoluliona differ due lo ihe differenl pulse heighli and thr

sl ightly different pulse shapes In any caae the t inte of flighl is determined lo an accuracy

of (l - 3} l O"1 ume.' the widlh of ihe Nal puls«.

The roof t i m i n g resolul ion is about M ns. tl is worse due lo ihe larger TDC «tepsiie

and ihr usagr of sui i j>lr thrrshold discnminalors Howevct, taking tlie lenglh of the flight

path mto acrount, ihe velority of particles cm be measured niore ucuralely using the

roof t iming ralhcr (hau ihr majot triangle t iming

run |>*u«dF ustd Thuf Kjuit liiuitig \>\-At In Ihii Iholr Diay d iDrr by



Chapter 3

Data proeessing

3.1 Triggers

Most of ihe evenls dfpositing energy in the Crystal Rall deleclor are mleraclions of the

beam rlcctrc'tis wi th the rest gas in the beampipe (bcum-gaa eventa), »ilh ihe wall of the

bearnpipe (beam-wall *v*nt«), 01 rosmic ray evenls In order to redure this unwanled

dala wilhoul loosing loo nuch " good evenls" a srt of &cviral hardwdre tnggi'rs is installed.

They dcride wi lh in the lnne of Ijjs lielween the bunch erossings if an evcnl Ja kept or not

Lstful quanlilies for i r igger decisions are ihe analog energ) sum ovur nmc cryslals in

a mmor t r i ang le . the sum over the 36 cryslals in a major Iriangk- and ihe lolal energy

deposiled in the ball The luntiel mmors and ihe endcaps are noL included in an) of this

analog energ) sums IVigger decisions are commonly based on energ) balance over ihe

ball (beam-waM/beam-gas evenu tend lo br boosird m one direclion) or the total energy

Typica l lv 1 evenls per se:«nd f u l f i l l ai leasl one of ihe trigger condilioris

The niosl imporlani Iriggers for ihis analysis are Ihe Mupair Ingger and the Topo20V

tngger

3.1.1 The Mupair (riggor

The Mupa i r l 'igger firci. if the lolal energ) exceeds 220 MeV and there are energy deposi-

tiuns of al lea^( 90 Me\ two alriiost back lo back mmor tnangles This means that one

rninor Inangle and either ils direcl opponetil or al least one of the ihrer minor triangles

B U r t u u n d i M j this opposile mmor niusl conlain energy above ihe thresliold The Mupair

tngge r is veloed Ly an energy deposition öl more than 40 MeV in any of the two tunnel

rtgions in oitfcr not In calch too ruuch bearn-wall/beain-gas events havmg mosi of iheir

« n e r g j al small angles with respect lo Ihe beam pipe

3.1.2 Tlif Toi>o20V

Tlit To[Kil'0\ tngger requitei at leasl ISO MrV in each of ihe JO a|>|ironitn«ic hemisphercs

one 1:011 bui td up usir ig rnajiir I t idiigles So H lnggfii e^-tnli » i i l i appron imule ly bdlunred

energy In llie special case when lher<- are otily iwu pm-rgv depusilions in ihr hall ils

trigger condil ions are equivalenl lo demaitd iheni lo be in back-lo-liark rnajoi I r iangles .

Th* Topo20V trigger ia veloed by the »ame tunnel velo äs the Mupat r t t ig t t r . It has no

lolal energy rKjuirements

3.1.3 Die DBM trigger

An irnportant irigger for siudying beam relbted backgrourtd is l h t- Doris Hunch Marker

(DBM) t r igger . It fires on every 10 ih bunth crossing corresprmding lo a Ir igger rate of

l Hu regardless if there is energy in ihe ball.

The DBM events collected by ihis i r igger pruvide the only in fc innni ion alxiul spurious

energy landoinly prcseni in all eveni* laken.

3.2 Data acquisition

If no tngger hold orcurs »fter a bunch cro&ting ihe (üi iat i loru of lh^ Inle^raU-tilold

modul« discharge.

Afler a Irigger hold however ihe oparilors are isolalfd and thr rhargc on liolh Ihe

low and ihe high channels of each integrate&Hold madulc 11. digi lued by a 13 bit ADC

«ubsequenlly for all cryslals The lube cha;nbrr pulses are äs well digitirrd t.y another

ADC. The roof ToF ADC s are read out by a Lecroy PLI21'HÜ prccessor »h i th perfuinis

pedeslal subtraciion and dal a conipressifin at a very eaily slage All ra*r dal a are read «ul

irttu ihe memor) of ihe PDI* 11/55l onl i i ie compuler n-here Ihey are compri-'ssed Fri>m

Ihcrc they are v, n t teil on a leinporary 250 Mli disk located m ihr Crysltl Ball rori lrol

rooni The d i sk is connecled via n l ink lo a disk at ihe (JESY rompuler cen te r . Seveial

l! m et a day raw dala are durnprd frorn tliat online disk lo raw dala tbpes

Al a lower priorily ihe PUH runs also lasks on a subsample of evenls in order lo make

dala qualiiy checks.

3.3 Production

Before s tar lmg lo produce Ihe raw data lapes the cal ibra t ion of th<r cryslals, ihe tubes,

and ihr Tu K System has lo be perfo.-med in ordcr to Iranslate ihe raw rounls inlo mean-

ingfu l nuinbers lile energy, z ur v= values of lube hils . a.id time of flijhl. Crystal cnli-

bralion is doiif every iwo weaks usmg d pniccdiirc dt-sciibed in refcrence |SIEVERS84]

and [MASCHSH . Tube r h a m u v r ca l tbra i iu i i use> well rcfiinstrocied I thabha events in
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order tu eiiraci ihf calibration consianls Thr TuF ralibrat um u u. alrtad) desctiln-,! in

si-clion 2 'J 6 c.n pagp -4

The ran data are produced in senral MI-IIS

1 Eni-rgy slqi

The fjw crysla) ADC iiifunnalion is Itanslaled ittlo eiicrgy

2 Cunnpclcd regions siep

Crysials with energy abovt 10 MeV, having al lensl one common edge. are cornbmed

Lo cciiioected regioua

3 Burnus siep

For each connected region a search for local rnaxima (liuniris) is perfornied requirmg

an angle of at leasl 15" belween Iwo differenl bumr* Kach bmnp is considered l o be

caused by a diflerent particle mleracling in lhe Cryslal Ball The energy assonaied

with this parlicle is dtfined by Uie energy sum mcr ihe buinp module and its 12

(resp 11) suiruundine cryslals (see figure 3 l ) U is rurrecled fof leakmg efferts and

caJI«d E13

E13

Figure 3.1: Definilion of ibe energy E13

4 Charge decision und Iratking

The l*o followmg sleps are designrd lo de.cide if llic bumps belong lo a charged or

neutral particlo The Standard Charged Tracking Step is replaced in lins analysis b>

a ne« Irackmg routini- ralled TAUTRK Wr will discuss lhal rouitne in chapler 4.

(a) Chargrd iracking slrp

Standard Crysta) Dali (Cli) charg.-d uacking is perfonned by unij usmg ihe

informaiion of ihe dnfi chauihers As Ihr Cryslal Ball deleclor ha« nu magnelir

ficld all parliclt-i rly an ilraighl Im« ihrougli llic drlt-ctoi if one neglecls scal-

leruig effrtIs Su onr has lu kmk for a riurnliff of aligncd hiis in ihe drift tubes

Tlus is doiif b) star l ing al hiis in llie uulfrmoil laycrs siepping lowards ihe

bearn »ns and irj mg l<i find hil« niatching in <£> and 9 v-iünn a ceilain wmduw.

The rei)uirei]irnl of nearly idniiical f valutrs for all aligncd In t s ctmülrams llie

deleclable Iracks [o cruis ihe bram axis Tracks not or ig mä l m g from [he beam

ms would have ditTcrrnl <£> values in ditftrenl l»ycri- K llie rmmber uf hits

in ihis wmdüw is more llun 3 (5) für ihe 3 (4) chmnber &etui>, resptciively, a

slraighl line is fiued llirough ihrse hits The slatidard CB irafking does nul

use any loforinalion fron; lhe ball für the filling of lube clianiber Liacks.

Afler complelion of ihe iracking the direcnonü of ll'e Irackä (aund in thc lube

chaniberi are cofiipared wilh ihosc of ih* bump nmdules iii lhe ball If Ihere

is a bump rnodule currelaled wuh lhe tube chamber l rat k bolh logelritr are

cslled (rackcd charged track Foi Kacked charged iracks Lhe dtrcclion of die

track is defined by (he lube (liamber hiis refered lu lhe calculalcd evcni vcrlex.

Tracks in lhe lube chdinbers wiilioul malching bump luudule in lhe ball äte

called uucorrclated cliarged (racks. They are ignorcd in inosl analysea.

(b) Charged tagging Step

Ch&rged parlicles tausing too less lube hits due to lube chamtier ineffjciencies

or geonietrical rt-asoni oft nol trocked ctiarged in lhe previous step. Tu tag

ihese particleü oue kvuks für correlated tube hiis in a 6 and tp window around

lhe bump module dirrctions of bumps nol yel belongmg to a Iracked charge

track A bump is called tagged charged track if there are cnough hiis m

t h is window Their mtrnrnum number allowed for tagging was l »litt 2 for the

3 and 4 charnbi-r seiup, respettivdy All rcmaining bump niodules are called

neutral trarks

5 KSORT slep

The dirertiuns of lhe laggcd charged and neutral Iracks are calculated in a furlher

slfp called LSOHT It uses ihr energy deposilion around a bump niodule lo und lhe

n last probable cenler of lhe energ) deposition in the ball, ll is noL relevant Tor ihis

aiulysih and described elsewhere |GELI'HMANH5|.

6 ToF siep

Fmalh lhe ra» TDC counls of the ball and rouf TDC's are iranslated inlo lime.

Kur eafh fünf counicr hil lhe number of the besl malching track is recorded

In ordiT to reduce ihr «rnount of dala lhe so called EOTA1' culs are applied during

lhe exe' uiiori uf these slf[>a They »ek-<~t t1 \enis of mietest for lhe Crysta! Ball umlysis



program The srlecled eveiils are «ritten tu so callcd [irodurlion laprs Kor nur anal) iis

aboul l i 10 eitrus 011 about 2SO pruduclioti lapes hive Leen iim-sligalrd

3.4 Monte Carlo Simulation o feven ts in the Crystal Ball

In urdt-r todcvdopesdecliori cuts nid lo cakulaie sclc-mon efriotncies u is ofien m-cessary

lo sind) ihe expecird signalure of a ctrlain phj sica! proresa in llit Crj sial Ball Kor lhaL

purpobf one generales events In a l wo «lep Monle Carlo Simulation

• Tlii- pdrticlrs and iheir four vectors ars gcnerated according lo thtir prediclcd dis-

tnbutioii with ihe help of rändern numbers-

• Eacli particle is tranaporled ihrough a Simulation of the CijStal Iia)l grometry.

During thii Iranspurl all inleraclions uf ihis parliclc ait lakpn irilo acruuiil wild

t h« r correspondmg probabiliiy. Endcapb ind Tu K an- not simul»ti-d.

Thr uutput ifaLa of ihis Simulation art looking lilir dala on law dal a Upi-s f »n-pt ihrre Is

ihc kiripmaUc informüLion of the MC evcnl gencralor aiailahle fiir all [larlittes We treal

the MC evenls äs if they *ere real data by pasaing thrm llirough ihr saiue produc.Lioii

and seiectiun Steps

In our anatysis we uaed MC cvenls euntaining r.T . and p parurlirs. Tht inter-

arliuns of electrons and photons were siniulaLed b> ihe ElocUou Cariiina Sliower cod^

KCS JFOHD78,. The muon Simulation cc«ie was wri t t tu by Clins Rippich JRIPPICHS3J

Knocli-on elfftrons (sef page 41) produced by muons were lr*atpd using EGS

Chapter 4

TAGTRK tracking

4.1 General deacription

The charged Lracking step wa,̂  redone in ihie «nalyiU by uiing a n«w Uackine routint

TACITRK h wu ipplied befor« any cuie on pirtitle dire^iiont and veriicca wr.tt mtde.

To gi.aranlre tlif po&sibilily of veriÜcation uf phyaicil resiilts ii> the agt of compulen we

atlacn l he source Code of lins program in the appendi«

TAGTRK is • tracking prugram ro^uirihg t wo tiatks äs input. In our c*s<; it » ob^iout

tu choK th« two rnuon candidau». In othei eise» t*o atbiuai) U-itka of «11 tveul CAU te

»elecled.

The main differences lo slinüctd Crysta! Ball trtckmg *rt ihe iinlus.ion uf the bump

module in t h* track findi.ig and rilling pr»ce» and ihe possibiluy of r«on>trucdn§ vcrticrs

kway from the beam axis In particular ihe laller poitil wui iiiiporlanl fbr the muon

pal r analysis aö offaKis evcnls like cosmk rays and bearn-wall events build up a msjur

bkckground for annihilalion muon pur s

Cdling TAGl'RK one rnay »Jd two optiuns to onaxis trai.king;

• Straight Im* offaxts tracking called "Coamic Option"

• Kinked iine offaxis tracking c»lled "Off» Option*

TAGTHK ehosei between an onaxie and an offaxts vertex, dcti-rmines tla coordioaies,

performa a chsrged decision for bolh inpul tricks, »nd cftlcnlutes th«ii direclions.

4.2 Tracking algorithm

The tracking la performed in tlie followm^ sleps

l S«»ich fo' the besl traik positions for each Option

We otarl with projetlmg the tube ctmrubtiB and ttie twu bump inodul« in ihe x-y



plane u ahti*n in ßguree 4.1 to 4.3 The geomelrical siie o! B cryslal rceulls in a

resululion o(

sin«

for a crystal localed al an polar angle S Al ihe niean Lall radius of 45cm «e

arrange 7 bins around each bump module so lhal thr bin cenlers ränge (rom p- 3af

10 -p -t 3ov For each tracking Option we u»e these Uns in a differeni way in order

to define Irack candidales.

(a) Onaxis iracking

The Irack candidalei for tbe Onaxia HypoLhesii are «traighl linea drawn from

each bin center around both bump modules lo the beam axis. So we get 7 track

candidales for each bump module.

(b) Offjc trackinj

For each bump module we draw a l ine through ihe beam axis perpendicular

to the connection tme of the beam axis and the cenler of the bump module.

We again divide this vettica] lioe inlu 7 bins with Centers reaching up to the

rtdiua of the 6nt tube chamber layer For each bump module we connect all

bin centers around the bump module with all bins on ihe vertical line resulting

in 49 track candidales for each bump module

(c) Cosmic Iracking

In the Coamic Hypothesis we connect the bin centers around the two bump

modules with one »nother resulling in 49 track candidates for the whole event

For each track position in eacb Option we count the number of lube hiis correlated

in ihis projection by a distsnc« of le&s lhan one tube radius Weighling each track

position with the 4lh power of this number ' we caJculate a mean track position.

In most caae* it is very near to the track position wilh most hita located on The

coordinates of the mean Irack poeiiion are uaed äs new itart values for the aigorillim

described above. We again divide tbe tp region around this position in 7 bins usmg

only half the bin aiie of the firtl »t«p Thu ileration is repeated two times ending

up in • final bin siie of \f Ihe initial one

11 looki sorn*what unucutl not to perform a x: fit but eimply to count the number

of hiU on each track candidit« but in fact it is reaaonable. The f> Information of

ihe drifl tubes is a kind of binary Information- ]f » lube has recorded a hit and

the hit does belong to thr track under invesligalion, the parlicle musl have p&ssed

through ihe lube withm one tub* radius from ita center Any fit which pulls ihe Irack

puitjoni *r( wtighlrd Ihii wiy.triiDCc ihpwtd, that Iht jlgoiilhm worki twil, if Ihe
ihi> »pancni in nol t cruciil aumbrr (or tht liicliiij
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Figure 4 i. 'Plack posilions for Onaxis

Figure 4 3. Track posilioiis für Cosmic Hypothesis
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more llian one tub« railiua nw»y from llna Center does a wrong job. Vice versa any

lubetiit whicli 16 more insu one tube radius away frorn ihe final track poaition does

nol belong to ihe Irack assuming ihe Irack poailjon lo be nghl Corresjiondmgly it

should not be included in the fit. The process of cotinlmg ihe hils and laking the

Position with the muximum number of malthing hils Mcounts best for t h SB facts

is w* will sfc from * comparison of TAGTRK resuhs wilh Standard Cryslal Ball

Irack ing in »ection 4.3.1. lla only disad van tage is the dunger of being misled by tube

hils of other tracks nearby in ip bu( nol malchJng in i. As there »hould be no such

tracks in ihe eise of our analysis we don'l have to be concerned tbout thal

2. Dccision between the tracking hypolhtses l(a),(b),(c)

We dehne an "onsxis significance" «„,, by

oll, -t nall,

2 \ea,m,e + na„, |„Bcti ncelmil -f niftl l,rafij/

and n Stands l DI the cumber of correlated hits for the final mean track position of

each hypothesia

The onaxis aignificance is the rnore negative the more hits can be found for • track

candidale in either ihe Cosmic or the Offx Hypothesis. If *,„, is greater lhan a

certain limit, whkli we set to -.1, the Onaxis Hypothesis is chosen. Eise a decision

between OfTx and Cosmir Hypothese is m ade up in a way aimilar Lo the decision

between onftxis »nd ofluxis tracking.

In arder to reduce (aking of nffaxis vertices for events origmating from ihe bearn axis

ihe offaxis hypotheses have lo fu l f i l l two additional requirements:

• In the Cosmic case ihe Lrack has to pajss the beam axis by »t leatt a distance

of .25 cm ii the Offx case at leasl one track muH have * distance to Ihe axis

g realer than 1 cm.

• The minimum number of tube hils on a Irack has to be in ihe Cosmie case for

the 3 cliamber (4 chamber) aelup 1 (2.5) for one halftrack * tnd l (t.S) for ihe

other haHirack. The cor r es pendln g numbers for the Offx Hypothesie are 3 (3.5)

for one and 1.5 (2) for the other track. Hils in the Isyers l and 2 are counled

unly .5 11 riet ihere are often bean: related noiac hila in thia layers.

'Thf coioiic trick il dividrd by in norcii poinl lo lli* btif » jnto (wo

By selttUng ihe t racking hyp»ltic;is we have dt-lermined f> of bolli irackfi and the

x and y cooidmates of ihe verlex. The ability of fimling offaxia verlices it. not

induenced by ihe z resoluiion of llie chambers.

3 Charge decision

In the Onaxis cnsc a track la cüled cliarged if ihere are at leul 1.5 (2.5) tube hile

correlated in <f>. If the evenl was tracked offaxis, both Iracka are callnd charged

leaving ihe implicit limili ft>r llie oumber of tube hils mentioned above.

4. Strnighl line fit

Nov.' we have to check, if alt tube hitt on bolh tracks have consistent i Information

We connect each tube hit on both tracka with the corresponding bump nioduli- by a

«traight line. We calrulate fot each tube hil a intertteclion point of thia line witb a

line through (i„(i,y„i,) parallel lo ihe beam axis. Wf rejecl hits wuh crt»wing pointn

lying more than 7cm away from more than half of ihe croi^ing pointi öl' all other

hits.

]f the number of r<:rnaining hi ta is Ita» than 2, ihe track iu nol iricludexj in the til

and called tagged charged t.-sck In ihe other cases we perfoim a two diniensional

straighl line ftt in the r-i plane where r ia Ihe dbtance from Ihi- beiim »xls. For

both tracks we mclude ihr bump module;. äs an «<5dilional fit poi<it ao th«l we are

dble lo track a charged track with two tube hiti which is not pcsaiblr in Standard

Cryatal Ball tracking Fiom the 6l we obtain 8 öl both tracks and the i coc.rdinate

iuil of the event vertex For neutral and tagged rharged Iracks the bump modüle

direct'ons are used for 9. If cbarged trucking is not poxsible for l-otl) tracks, «vii ls

«et to 0

4.3 Results

4.3.1 Tracking resolutione

For the calculation of tracking reaolulioni we uaed MC evenls conlaining two v meaons

and a muon pair. The tube chamben were limulated arcording to Ihe 3 i.hamber »etup

with hit efticiencies and i resolutions limilar to ihe real perfocmance nfler June I9S3. We

compare the Standard Crystal B»JI Iracking results with ihe reaulls of TAGTHK called

for Lhe iwo muon tracks The resulling distributions of ivn and the deviatton of ihe

tracked tu(1 from the MC generaied one are ehown in figurea 4.4 and 4.^. The peek »t zvt,

= 0 for undetermined vertic-s 6 h o« s up nearly exclusively in dandard CB tracking which

has also worse r-resolulion compared lo TAGTRK. Th< difference in the resolulion of

both t racking routines vsnislies, if we exrtude the bump module Irorn the ßt m TAGTRK

(MK85J. By uiing TAGTRK we also fintl a beller B resolution and less devialicn from
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llie MC genfra led ^ valucs of the tracki (fijs. 4.6 and 4 7). Ttie latlcr ii achirved by

retjuiring the tratk lo pnii w i l h m a dis tante t/ < rtut, ttitough ihe lubcs, »hicli wcre bit .

The I racking reaotulion» of TAGTHK für ihr applied lubc chauiber MC limulatiun art

atili - .78cm l 0\cm
at - 4 4 . 9 r n r o r f ± \n\rad

of = 6 Bmrad (gauisian pat t )

A compariaori of ihe /.,, diitribulioni with dala of mupair and Bhabha eventi of 3 cbamber

runperiod) aller June 1963 lead tu reaulu m Igreement witb iheie MC blutlics

4.5.7 Faking of offaxis verticet

Trick m g Bhabha evenl iimples frorn runperiods wilh 3 chamber (4 cLainlxr) »elup we

find 31 ± .10% (.15 ± 07%) of the evenl* having olfaxia vcrlices. AJ the txim width of

Icss lhan .1 cm is conxiderably smillcr than the minimum diatance from the beam axis

ailowed for offaxis trecks wc tegaxd l h es« events to be faked uffaxis by TAGTRK. The

offaJiis fahing is reproduced by MC lube chambcr iimuUlion in a »alisfaciory way. 10 lhat

we include il in ihe MC erüciency calculation» of our final cuti. In a sitniple of MC mupair

eventa with 3 chamber »etup we find .09 ± .03% evenl* wilh offaxis verticei.

Reaaons fi>r offtxis terlex faking may be

• Randorn noite hiti in the t übt chambera

• •ystcmalica) binomg mefficitncies of TAGTRK

• Scatteriog of ihr paruclcs in ihe Wampipe ot ihe lulir chambera für back-lo-liack

Irscks m f> ao that tlie Offx Hypothe»ii finds a vertex al the poinl where the scal-

lering occured (not mcluded in MC iimulalion&).

• Eyjtemalical errori in the cal ibratmn of the lube <p infoimution (nol Jncluded in MC

aimulations)
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Chapter 5

Particle characteristica in the Crystal Ball
detector

6.1 Energy loss

Theit are ess«ntially tlifce differeni wayh of parliclei lenvmg «ncrgy ia ihr Cryilal btll

detetlor.

eUctdjinagnt;tic ilictwcring. hadroiacal mltruction ui.j (iiii.iiinum) lor.isi'.joo.

We wil l difccusi Lhem brielly in iti^ next »uLntvtions.

6.1.1 Electroinagnrlic sbower

A tngh encrgelic photon ot elecuon (E > lA(cV) entciioj the Nul 11 yd l all *'ill dcposit its

energy by m cm 3 of eleclron pair creation prtxeues alternaT.iag »itb I>rem3strahluo( of llie

electrons Lach eleclron radiales & pholon whith in turn may produic another eleclron

pair This process leads lo «n electi omaßnetic »howcr The Nil crytUli wi th ihnr

15.7 eleciromsenttic radialiüii lenghis aie long *oough U> collecL thf whole )howet energy

wilhout considerable leakage at ilieir endd. So tLe enctgy of eleclron» and pl.oiont can be

measured direclly

5.1.2 Hadronic interaction

In conlrasl lo eleclromagnflic inleraclion the 40 cm Nal correapond to only «bout l

nuclear itilcr&ction lengih. This means thal about 2/3 uf itiongly inttracting patlicles

like chargrd pions undergo a nuclear interaflion in ihe CryttaJ Ball The rest leavei only

a pari of i ts energy by Ionisation and exolalioD (*e« iub»ection 5.1.3). In »ny cut DO

direcl energy measurtmtnt is pt'Säibl* (or Ihoee pwticlti.

6.1.3 lonisatioo

Since the probability for Lr*nissirahlung decreaaes with -^ of tlie ladialing pfcrlide,

charged ptiliclcs rnuch heavier lhan electroDi do not ahower lo the delecloi This it



Uue fot muons (mp -- 200m,) which m addit ion are not able to interact girongly. So

ihey loose energy only by Ionisation or excilauon of aloms The mean encrgy loss per

uml lenglh is given bj the Deihe-Hloch formul» iBETHESÜJ. (BLOCH33J negleclmg a

correclion lefm for v e r y lo* parliclc velocilies,

dE - s (5.17)

wbere n u the electron density in ihe material, m, is the electron maas, v ig ihe velocity of

ihe muon, Q ilscharge in uoitsof ihe electron charge, ß - * , Wmml 11 ihe maximum energy

transfer to an atomic electron in a eingle collision, I i« the mean ionisation potetitial of

Nat and 6 is ihe deneity effecl correclion due to the dielectric polariaalion of ihe material

The most probable energy loas Ef,^ in a ihm absorber of tbickness t wu calculated first

by Landau [LANDAU44J and lateron corrected by Maccabee and Pajiworlh [MACCA69J.

The denslly effect correclion i was exprese«d by Sternheimer |STERNH52j

X < X06 = 0
k = 4606-V-t C
t, = 4606X+C Jt, <

(5.18)

(519)

wtiere Jf = log (^;) of the muon.

With the values for NaI recommended by SUrnheimer [BELLAMY67J C = -5 95,a =

.3376,m - 2623,A'0 = 215,A, = 3.0,7 = 4 2 7 . } e V , and the electron density of N«l

n - 9.43- 10:"m"s we oblain ibe moal probable eoergy loss Efr„i of muona in the Cry»lal

Ball (l = .406m) ihown in figure 5.1. For Iower muoo energiea (7 < 4} the real b«haviour

differa from this curve, sinct the initial aosumption of a thin abaorber it DO longer juslified,

if the mos! probable energy 10*3 becomea a conaiderable fraction of the muon kinetk

energy. We find £ ,̂,4 c; £&„ for -j = 3. The nun t m um lonlaatlou occura around

-j - —ri.-- - 5.5. The rdativislic ris« in £TprDt for higher -j in compenBated by the denaily
V' -1

efTcci multing in a plateau lymg only 10% above the minimum. Thal ii wby paitjcln

with •) valuei in this region afe commonly called minimum ionixing likewiae.

For a muon energy of E„ ~ 4.73tX7eV = jmT(iS) corresponding to X — 1.651 and

T = 44.77 we find Efrft = 217AirV. The mosl probable energy loas for muons wilh

Ev - 5 2S5G(V = jmTni , and (T = &0.02) lies only by 6 MeV above tbii value The

meajiured mauimum of the energy distribution of muoni from T(1S) decayi in the Crystal

Ball ü aboul 216 MeV (fi( 9.2) agre« very accuralely wjth the»e predictioni.

The Bt&tieUcal distribulion of ihe rnergy lo«s by ionisalion (Landau-DiBtribution) can-

nol be expresitcd analylically and ha« lo b« labulated (BORSCH61J or limulated by MC

40

eV

2300 10*

2100 10*

2050 10*

200 0 IQ*

_T,„,T,_,p..„r„.,^„,n, -T-—1- --,-",-•

/

_ l ^ - . _ , I . . . . J 1 _ . . . l i .... i . . . . i - . i .

5 10 l& 20 26 30 JS 4U «f. 50

y = Ekm/Eo • l

I 'igure 5. l : Most probable energy loss of inuons in ihe Cryslal Bull

[ I S i * I R ] A N 7 3 ] ll shows a lail luwards h igher snergiei wh ich is due lo ihe produclion of

knuck-on elcclroni alias i-rayi i-rays are eleclrons which iiave received mucli inore *-n-

ergy than ihe lypical bmding energy l in a collision wilh ihe mcidenl parlicle Kor muons

wuh the in i t i a l energy of 4 73 MeV ihe niaximum energy Wm.,, trahsferred lo an eleclron

in a 'he ad -un ' collision is 1.43 GcV.

5.2 Muon pattern

In addit ion lo the amount of energy deposition its spread (pat lern) over a cerlain number

of cryslals provides addttional Information iboul ihe type of parliclcs delected In the

f i i l lowiug we wil l reauict oursclves to a descriplion of thr patttrns iinportanl for ihis

ana lys i s

B 13 bring ihe sum of the tncrgies deposiled in ihe group of 13 cryslals (f ig. 3.1) around

ihe bump module is generally used to delermine ihe energy brlonging lo a Irack since this

nrta is aboul the sue of a typical electromtgneltc »hower. As niuoiit do nol shower in the

Cryslal Ball ihey usuall) deposile iheir energy in much leas t h a n 13 modules However due

lo the finiic bunch lenglh of ihe e^r'beanis a muon Iraverses not alwayi a single cryslal

If wr prujrct the Crystal Ball spherc into a plane BJ ihown in figure 5.2 for »otne cryMals,

the projeclio» of a muon track coming from (0,0,0) would be a single poinl whereas it

wnuld be line with lengtti t if ihe muon or igin is (0,0, z) For *m*ll t «t rtfl, elementary

g tu meine a l consideralions yield ' a t. Entering ihe Crystal Ball in a cerlain area hatched

in f i g u r t ü 2 a rnuun with a projecled track length t would mienecl al leasl twu moduleü



(/ ihr tntry poinl oj a tnuon 0' thc mit fr halt radial tie» rn the kalched regton, and thr
projtcttd Itnght oj Ine muon track mithin thr ball u t, tllc muon trevertft niore Iti&n vne
cryilnl The /al linei indiealf thc tordrtt tif ihr crystalt.

Figur« 5.2 Eniry »rea for muuns Iraversing niore llian one crystal

durinn ils pass through ihe üall In firs'. order Approximation ihis area is propurtional lo /

if f is 'mall compsred tu thf diatncler of n cryslal, which holds for moat possiblc z viluts

These considerstions ihow, thul the [itobabilily of & (mtniinum) iomzing parücle like a

muon Ui (ravcts* rnore than orif mottule, resiilling in the bunip rrtodule energy bring Ins

Ihen £13, is m good approximatian proportional lo ils z^t, .

To bc imlependcnl from i-raj effecls causing a pallern ranging froni -B < -f1,̂ 1 < l we

[ilol /i( .V^' < 8) versus il(, in figur* 5 3a The crosses arf MC genTaled (~i)fp fvenls

ploiir<i versuf the MC gcneraled i„t, witli a <r, - 1.2cm Ttie opcn circleb are laken

fruin llic i ToF sample of annitulfition v paus lagged by the ToF counlers u described m

setlion 7 on pagc <9 One clearly sees the expetled behatiour if one lakes into »ecounl

lhal llie dala curve mcludcs an addmonal fulding wiih Ihe fmile i resolulion o( aboul 8

cm of TA'ITRK Mulliplr scaltermg effccls m the Nal can lie neglecird in ihn. hsndwaving

considrral ums The expected total scattering angle of 5 GeV muoris aller passing througli

Ihe Crystal Ball is about l" This has to be compared wild 3" devialion from the radial

direclion ai the inner ball radius if the muon Gtarled al (0.0.1 2)cm

If wf dcfine E2 aj (he energy sum over the two crvslals wilh Ihe Inghest energies in

V;i3, similai cunsidrrations leaii lo

\ ihr jiroliabiliiy of Iraversiiig al Icast ihrce modules is very small for a muon ihe jf^(i)

di-pendenre is slronglj inRuenccd by ihe £-ray produclion a» can be seen from ihe fart

thal f>( pji < 94) al i~0 is nuniero m figure S 3b Figurr 5.3 proves. lhal j,'3 is much

t(bump>/EI3 <- fl
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Chapter 6

Data selection

6.1 Data samples used

We used dala collecled by ihe Cryslal Ball belween July 1983 and September 1985 In

Order to reduce lim« dependenl systemalics (e g lube chamber performance) we chose

for every T(1S) »ample a continuum sample comparable in date, tube chamber Mtup and

integraled lummosity. Th* samples are lisled in lable 6 l. We did not use samples from

the periods where ihe chamber efficiency was low due l o radiaüori damage (see ßgures 2 6

an page 2 ) )

6.2 The selection cuts

6.2.1 Preselection culs

Tbe mosl prominent fealures of \i pair eveiili are their collmeatily and thnr tnergy de-

posiliorii One has l o look for fvcnls wuh two nearly bick-lobdck tracks with lypical

min imum loniiing energy dfposilions and no th ing eise in ihe ball . A typical muon pair

evenl is fhoun in hgurr 6 1 in a niercalor like projection o\f Cryslal Ball The lines

indicate the niinor ttiangl^s, thr sue of ihe denotes ihe amounl of energy deposition. The

two big holes in the projeclion «re ihe beam lunnels Besidts ihe ball projeclion ihere are
two projections of the dnfl chambers from different points of vieu . Pull squares indicate

tube hits correlated wjth the track».

The preselection used for fi pair cvents malches essentially wi lh the cnleri» of ihe

EOTAP duta produclioi) selrtlion für muon pairs IGAISER83]

1. Total energy in ihe Main Dali plus Endraps
Elalal < ]OOOA/rV

2. Cxactly Iwo tracks KI iht Main Ball euch »nh an energy deposilion of
UQMeV < E}3 < 400AM*

llül- 1)1.

E.1-1 Mu: HJ1/B3, l Q)
HMIlt.i Mit IVUJ/Bi,!) DD

1111 n

i !• 4.«r. -«.MI. -1.||H
"•» i. n in t» ib.*. i- • • v

l ) Dl M 1*1 * «l 115 H MB »
t i iti Jo »i i» i» n ni «n n

Typical anniliiltlion muon pairt ate cAaraelcriicJ tg tkeir rntrgy itpotiliom, pattern, tnd
eotltncanty.

Pigure 6.1. Typical example of an muon pair event

•45



bniiiplr | CM 1 dale 1 runs 1 £ 1 number of j tube 1 Inggers
| elieiE) | 1 | ( f i~ ' ) th«i»btrs j ADC | enablrd

irsoli&hf r iamplrt,

r« 1

rr= II

res 111 '
res IV

T(1S)

T(IS)

T(1S)

T(l.S)

fall 83
lurnmer 83
Bunimer 84
summer B1

M SO:1- 11 378

10800-109'JL
H26VH506
1456H-14934

20J 3

3 .S7 1 3

7. SS | 4

H 23 | 4

good
, good

bad '
good

Tupo20V.Mup4ir
Topo20VpMupäir
Topo20V
Topo20V

conlmuuin samples

cont I

cont 11

cont 111

cont IV

9.98 GeV

T(4S)

T(4S)

T(4S)

gummcr 83

fall 83

•u m ii ic r 8-1

summer B5

10951-11009

11066-11078

11419-11643

13701-13752

13872-H20S

16896-176K7

1 93

3.34

.52

7.89

19.78

3

3

<

4

good

good

good

bad

good

Topo20V,MupaJi

Topo20V,Mupair

Mupair

Mupair

Table 6 1. Dala »amples used

3 These iwo t ra fks nea.rly back-lo-l<ack with a totaJ a£ol!i:iti(ily angle i^tmp ff um

burnp mod'jle durclions (not itf, correcled)

eoillSO"- rftBl|.) < -.8 (ittmp < 36.9°)

4. No track in the Main Ball wilh £13 > SOAftl' besjdes the tuo muon candirUlfs

5. Number of tracks ( induding uncorrelaled charged track»)

2 < A'i,*(t, < 6

We find about 10% of ihe inspected events passing this preselection

0.2.2 Final culs

Thr nurnber of evenu pusing the preseleclion cul i are about 60 limes the number of muon

pairs one would expecl from the QED conllnuum cross »ection of equation 1.13 usmg an

estimaled »eleclion efücirncy of 50%. The final ael of cut» will reduce thia overwhelrning

amount of background to a number much Iower lhan the number of "good" /J pajr events.

We apply followtng final cuta ÖD the preaetecud data;

l General cuts left from preseleclion

(a) Total energy in tht Main Ball plus Endcaps

46

( b ) Number of t iatk« (including uncnrrr laUd charged trecke)

'l l A'lr . r», < &

2 ^nai.(l> LWO Uiiks in the Main Dali wi lh energy depuuiiun uf

l' < E\2< 400 M cV

3. These two Iracks n«ar ly batk-to-back

(a) Total acollineariiy angle i)<r* froni Iracked direcliotii

i»„t < 20°

(b) Acollmearily in -p projeclion A^irt from trarked direcliunl

ÄSOlr» < 7*

( t ) Total acollineartty angle O»»,, from bump module direclions {iiot i„,m cnrrecled)

xJlm, < 36.9"

4 Del'rii, energy Ej(^, dtfuied äs the en«igy «um ovet all inodults iti iht Main Ball

besuli i the modules Lelungii)^ u> tht El3 turn t*t the t v o lrai:ks

tj.tr,. < 30 M «V

5 Rattern

6. Timing requirements

(a) Bai) t iming

lUaid < 4 n t for runperibds with no bad ToF hard*aj-t

|I™ajuf.,l < 6nt for (unperiode with bad ToF Hardware in Iower hemisphere

(b) Roof liming difference

t-tof ~ 'BU;I-„ > On* for tvtnts wilh matcliing roof counlei hil

7. Event ve t tCK

Event verlex of TACTRK not uff&xis

8 Trigger tliresbold cuta

(a) Tunnel energy £,un m eacL lunnel icgitin

E.-,., < WM<V

(b) Energy of ihe mincr tnangle, which contains ih* bump module

£•«.«, > UOMrV

(c) Energy of ihe major triar,gle, which contaJDs tlie bump module

'Tbn Timkind t r from HIW)TIIIUIJ ii DI t n i 10 nid onlr lor tomplcicnni Evcnii fuiib( cut 3» c^iiU dil
th» cui oolr if Ibey would bjvt * |i.,,| > Stm corr»poadiB| lo aalt Ihm *".



H n h a major mangle thresliold of ICO MeV

(d) Eirnl fulnlls

ihe Topol'0\r lond

OR

ihr Mupair Uigjer conditions wiih a nnnor mangle threshold of MO MC V

In ihr followmg diapler we will discuss m morr deiail how lliese cuis »cl on ihe

diffeien! backgrounds We will bc able to idenlif) barkgroundsi not origmaling from

e * t 'inUTaclhons (tosnnc r»)s, b*»rn-»all evenis) ts »pll u bacliground cvrnts from Iwo

ptioiun physici

Chapter 7

Backgrounds to

For backglound sludies we splil our prestlfcied sample inlo four subsamples uaing llit roof

ToF counler Information Tht two irkcks rcfcrrcd lo »rr »Iways thc two rnuon taiitiidates

selecled by tut 2 of our preseleclion

• -+-ToF sample

Ttierr is a roofhil for the upward potnting tr»ck matching beller thaii 30'' nith ihe

Irack direction. The time difference Ij,/ betwcen roof liming an>l ihe curreS|iL>ndiiig

major tnangle liminj is positiv.

«*/ = (-.„/ ~ '«.,«„ > U.

• -TuF sample

ideiiticat rcquirements ü for ihe -t ToF lample but

lr„J - tm.itt,t < 0.

• missingToF sample

Onr of ihe two tracki poinis luwirJs t he ToF couulers in a 'tiducial' direclion of

50" < ~p < \'W but there Js no mauhing roof ToF hil.

• noToK sample

^o uack h äs a correluled mof counier hit and ihere U no trock v,ilh a direcuon of

50" < f. <. 130"

Tlif -* Tof sample is suppo&td lo br ihr clrannt muon piir sample since il coniiins no

cosmic ray rvrnls and no hatkgtuund stoppmg in ihr ball. Evenls m ihr -Tof sample are

txclusivel) cosmic rays l he 'fiducial' if region of the nnistngTuF bamplr is 5* Emailer on

both sidi-s lhan ihe miniinum p region covered b> all ToF counlers Wilhin this f region

the roof cüunlets covrr ihe »hole up|>er batl hemisphetr besidcs soinr tunnel modules

These facts mskr sure. lhal wc have nu 'musing' TuF evenls caused by uncerlamlies in

Ihe track direcliun measureiiitfii of TAGTRK (of - .6°) ot multiple scallering in ihr

ball (trf = }" for 5 GeV niuuiis) The numbe/ of missingTuF evenls due to roof counter



iiirffiriencies is eslimalrd to l.e al>oul 2''i uf ihe miäSmgTuF sample passing our final tuls

(sei- scci iuu J . l l) So the missiiigTtir" sample is maiuly comprised of evenls wuh ihe

u j m a t d po in img psrliclf slopping in ihe lull Ai iv burkgrc iund found m ihe missmgToF

sammle can be »caled lo ihe wholr p region liy (Tiul l iplying II wi lh / - 75^.^. = 2.25 if

il is Hat dis l r ibuled in •£>

Für ihe followirig studies we Iracked ihe jiresdecled sample of ihe summei 1983 IS

runpenud

7.1 Background not orig'mating from e'Vinteractions

7.1.1 Coiinir ray iiiuons

As ihere 13 a contmuous f tu« of coernic ray muons passing througK ihr CrysLa] Ball it

frequenlly «teures, th»! a rosmic r&y muon hils the ball wi lhm the Ingger timing Window

uf ±16 iis around ih« limF of the beam crossmg If >l comes near enough to ihe inter-

atUon regmn, the minor tnangk' th rough whirh lli* parlick enteis tlie ball and the one

ihrough »hich il leavtä « i l l appear to he r u u g h l y burk-to-bnek Seen (nun the Interaktion

rrgion. Such a cosmic r»/ muon fulfi l les the requiremenls uf ihe tr iggtri designed to catch

annjhi la l ion t' pairs. In Tact, inoil of Üie Mupdir Iriggrr hold s are caused by cosmic rays.

As tli* rosmic rays are not correlatrd wuh ihe bfam croising their hall limmg defined

in section 1 'l.5 is uni loimlv distribule<t w i i h i n ihe Iriggcr wmdow The ratio of the tieam-

relaied rvenis ( i n c l u d i n g beani-nall btarn-gas inletitlions) tu ihe cosmic ny tiackground

is about 2 3 in Ihe presclected sample The bull t iming disiribulion of figüre T.l sliows

ihr Hut cosliiii background and the beim relaled evenls i n ihe pcak around (ta;i = uns

L'sing ihe sidebands wi lh liali ~J *"* *•* £et a cosnuc rsv sample wluch is unbiaj>ed in

u» fiighl direciion Ihrougli ihp Crystal Ball We find the angu la r distnbulion of fijure 7.2

wherc ihe cosine of ihe zenitli angle dcf ined äs ihr difference betwecn the cosmic ray

dirernon and ihr vetlical ditectuin (0,1.0) is plotied The areas which can be rejecled by

ihe ToK or off ans t r&rkmg rult, expUiiifd liier are indicaled.

As ihr M u p m r irigger requiies nearly back-io back minor inanglea to be hit, ihere

are favuuri t i - Jireclions lor cosmic rays sat isfying the iri^get conditions Thne directions

are given liy the straiglit lines between the cenlers of Iwo back-lo-back minor triangles

On the olhti Eide , cosnnc ray^ may more easily fall ihe Irigger conditions, if they arnve

in d i f M l i o i i a . determmed by ihe conneclion of ihe Corners of Iwo back-lo-back minor

inangies Tlns can be sern in figurr 7.3 w here w? hnvc plulled ^versus ci* ( of ihe cosnnc

18) dirrcl ions The dificrcuce betwern thc minima corresponds lo the basis lerigth of

a rn inur t r i ang le The piclure reflcds llu sunmelry of an icosahrdron wilh respecl lo

miai ions a!>out —' Thr slrucmre m the ii-nith angutar distnbulion u also due to ihis

t ff er i

prcselecl Ion

300 -ajo - l o o oo 100 yiu 300

Tkf kall ( imin j sltoivt * flat toimie teckfrov.iJ and • i j ncA miatinj ttlaltl p<ak around
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Figur* 7.3: Directioni of cosmic rsy events

We find 84.4% of ihe cosmic ray event« wilh a ToF hit matchiog belter lhan 30"

wilh ihe Irack direction. Tbc devialion a of i\ie hil from ihe track direction IB »hown in

figur* 7 4 ll is defined by

o = wccos

where J - r,,,, is the veclor poinünj from ihe verlex tu ih« roof counler hil p u the

unll dir«lion vector of the upw&rd poinling track We »e«, t hat th« m»tchmg of the roof

cnuntei hiti with th« Hack Jirtclioüe i» obvioualy much belter than 30"

The cosmic ray evrnts wilh malching ToF hit can be rejected by requir ing

'*/ = tr,af ~ l«,«,, > Ont

Figurr 7. S showa this l iming difference for the +ToF and ihe -ToF tample after the pre-

»election On« finds the coamic r»y peak at -Uns ' and the annihilation pe»k «l 411ns

Figure 7. S does nol show the actu»! timing difference resolut JOD Q{ a^i,| = 1.6n* since il is

smeared out by the dirTerent disluices of Ihe roof counter hiu Tb t f>eaks »te oeparaled

by mote than 13o(j , AK tht cosmit ray angular dutribution is tttongly peaked lowards

the roof counten uid beam relaled background »toppin g in the ball i* not preaent in the

-l ToF «ample we find in the ±ToF lomplee a ratio of beam related events to coemic rays

'•« roolnolt l OB p*f* IS i( yoo »« wc-rticd ibont Ihr ptak po*iiiün

52

events / 25°
GOOO

4000

200.0

Tht loliJ Hat ttioii'l litt matdiinj of tract dtrcction and roof An Sttlinf f„ ( l — (0,0,0)
and u» in j tht iump tnodute (aordinattt for tht trtct dircclion yttldt ihr JmhtJ cvrvt

Figure 7.4: Maichiug of roof counter hits wilh cosmic my direclions

preseleclion
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Tkr limt effligkt iißtrcnct Ictvrta roof »ni Wt mllom • compUtt itfttutiou of eo*mie
ray i from annihilatton tvtntt

Figur« 7.5: Timing difference Letween roof counter« and balt

SS



uf l 1 H u t i i i h 15 much h ighe r lila" ihr- va tu r dermil f r u i i i Ulf bal l Imt ing dis l r i b u t i o n of

u l l r v e n l t

Km F u r t h i - r redi i ruui i «f llic l.'i fi"X of all t osnur m> * use Ihe v r r l ex

i i i f u r n i u i i o f i \Vf dff inr p,.,, - y i',, -t y*,, ai ih i duscsl d js la i icc uf boili ( h a l f (tracks to

I h r beani am* TAG TR K filldü ihr ver lex lo !•(• s i g r u l i t d i i l ty «(Taxis für "M -l^i, uf l he evenls

U'tfh ftf/p o/ offaiM ( roc i in j ve tan ratil]/ tag cofrnic rays up In a near'it f r ier distanct
0} ~!5cm to Ihr tränt ans

Figur« 7.6 DiElanre from bi'amaxLs For rosiriic ray fvpnli iracked o f l ax i s

in u u r lolal cosmic r a y samplt. Ttie distr ibuiion of gul, ( f i gu re 7 G) For thesc evenls sliows

ti ia i offams Irackmg slarls lo be inaxmium c f f i i r i e n i a t aboul p,,i- 75rtK and lags eosiinr

roys uj) lo a dislantr of morr lha i i H cm Frorn tht heani ans Tlir decreasing numbei of

tvents lo»*drds hightr f*,, is n iamly duc lo ilic back-loback burnp modulr requiri-nienls

bolh of Ingger and prrsclet lion «nd pardalli caused b> ihr di-cfcasirig numlii-r of layers

ava i iab le for I r ackmg Wp show a lyp i ra l cosmit ray evenl in H g u r r 7 7.

Combining bolh ToF and offaxis verlex c u l s we rejert aboul 9b 4% of l he cosmic ray

events u indicaled in f igure 1.2 Tlic rosinx ra) barkground reniaming afler all cutä

u ' i th in a ball limmg oF \tt^„\ 4ns was csunialed bj usmg llic ball t immg sidebands

•*'" v l ' iaiil < 10ns Fot ihr runfienod;, wild bad major tnangle innmg rcsululion for one

or morr majors in ih* Iowcr b»ll liennsphere (T(4S) run penods 1984 and 1985) we did

iini cui on lla„ bul on [(„u,,-,,. | ' 6n* eslmialmg ihe rernaining background analogouily

All major luangle iJinn.gs oF ihr upper t tei iusji l i tre workrd *ell m all runpcr iods

In our final fi pair «imple wc subtracl ihr cos mit ray background calculalcd ihis w«y

Für räch run prnod »tparalely froui ihi- numlu- r of niiion pairs fuund Averagcd over all

(.HI MI„ t/ai.To, VCD
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runpenods we find a cotmic ray background of 2.S 2 1% l *.t?e f lg . 7 . 7 . l ) ,

We can Cdicu la l f th« too( Tot" counler inelficiencies by eslimating ihe number of cusmic

raj eients in ihr missingToF sample using the ball l i rning sidebands We find I59E of all

cosmic ray evenls expecled to enler the 'ßducial' *p region in the misaing'foF sample Tlns

resulls in an average rcxif counlet efikiency of 99.85 ± ,05%. As we don'l rejecl evenls

wilh missing ToF hil w* are anyway nol sensitive lo roof counler ineffkiennes.

7.1.2 Deam-wall and beam-gas eveoti

Evidence for beam-wall/beam-gas background comee from applymg our p pair preselec-

lion lo separaled beam runs We study the + ToF and ibe missmgToF sample which

are esoenlially fr« from cosrruc ray background. The number of events in ihis aubsam-

ples padsing our preselection is 3846 correaponding to aboul \% of all events inspected

(including cos m K rays)

We find 50,2% of these evente baving ofTaxii verticea The projection of the vertex

coordinalet in the x-v plane in figure 7.8 ihowe most of th« vertices lymg on a ring »round

tbe beam axis wilh h radius of 6.2 cm The »ame feature IE setn Tor 18% of the -t-ToF

and miwingToF eventi from culliding beam data. As the beam pipe ha£ a mean radius

of S.6 cm, we regard thes* events to rome from beam-watl interactions The s) slematical

cm] collidinf btt
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Tke affmit vtrttcrt ikow an imajt of tht kttmptpt at wtll for tepanttJ ai for coÜiding
keom dato.

Figure 7-8: Frojetled view of the vertex coordinate* in the -tToF and miaaingToF sample

vertex ehift of 6 cm loward* Ihe ridius of the ßr«l lube chamber layer, which is mounied

closely around ihe beam pipe, c*n be explained by ihe tracking algorithm. Since ihere are

a lol of particlei «round in beam-wall events generaling hili parlicularily in ihe mnerinost

Uyer«, TAGTRK ii l ikely lo find the morehi l f ion Uie Iracks ihe clooer th* track candidaln

are lo ihe fifsl la jer Thii sj-sU-niBlics is even enlianced by llie fidl la j t r radiuü bemg a

bin ceiiler in Ollx I r a c k i n g (src page 3'2).

Wliereai ihe beani-\*all/liram-gas bacLground *ii!i olfanis verliri* tan be easily re-

jeclrd by using ihis f t a l u r e , llie evenli nul Irackrd odixii neeii funhcr sludy. Those events

may originale from bcam-gas in(rt»f Uons on tlie bram a>ts or frum ofTaiiie mteraclions

wilh loo few lubehils so lhal TAGTRK is nol able lo rcconsinici ihe verteK. Remember

thai TAGTRK requires l wo chaigrd inpul Uacks in Order lo delerntme an offaxis vertex.

From th« fact lhal our -tToF sepaialtd beam sample conlams only S7 tventa com-

pared lo 3789 evenls in ihe mi&smgToF sample we deduce lhal particles tli-mming from

beam-walt/beam-gas evenls have loo Iow energy lo make il i h ruugh the hall inlo ihe roof

counlers. So wc ran assume our prtsrlKted t ToF sample fioin to l l id ing beam runs lo

conlaui nearly no beam-v. all/beam-g äs background. Wo i.se ihis sample for comparison

wi ld ihe separated beam dala

Figure 7 9 shows ihr total acollinearily distnbution fui bolh simples Back-t(rb&ck

l rat lis have a acollinearily of 0". Ay of bolh iracks is plolied m figurc 7.10 Since

200 ao 300 K O
nglc (M./') (<J*fret)

Figure 7.9. Acollmearily of /j pair candidales for s«paraled beam and -r Tof colliding beam
samplrs

possible bremsstrahlung in (he process t* t' — ( l ) f i 1 c~ is mainly ini t ial itate radiation

favouralely emilled m forward dirrclion of the meiden! parlicles, ihe && distribulion for

good / j * / j ~ e v e n l s is expecled to br evon more peaked al O'1 than ihe total acollinearity.

In nur separalcd beam dala both dislribulions «re esst<nlially dal

Anolhor characlenslical f f a lu re of bcam-wall/beam-gas evenls is is ihe large amount of

ene rgs spread all ovcr ihe bal l dur lo lln- big number »f Iow energelir parlidcs produced



Figure 7.10 A^ ofp paar candidales f<;r separali-d beain autl -t-Tof colhding beam samples

m such a collision To gei hold of thal we dtfine a debris energy by summing up the

Kiergy in all crjülals of ihe niiiin ball including ihe lunnel tryslals, bul wilhout the 26

crystals bi'iongmg l o ihe ^nergy suni of El 3 of t u her muon candidale Tlns debris enetg)

can bc ncmjfro »Iso for goo.l muon pairs dup 10 radialivr photons and thr exislence öf

a spurious «nergy baikground in cvery evenl Figurr 7 II shows ihr debris fnergy lo

be »'II pcakfd beion 30 Mf V for ihr -i ToF coltiding beam samplf wtirreu mosl of the

bcain-f äs 'btam-walt evetiis lir abovt lins Imnt

Final!) w* compare the E13 disiribulion of ihr Iwo prescleclfd samptts in figurt 7.1?.

Wlifrear wi> see a disinbutiun similar Lei ihe rxpecled Landau distiibution for the +ToF

rulliding beam 5sm[ile. llir EI3 energy is peakrd lowards Iowrr valu« for the separatrd

beain sample The <ul on i-13 > ]BSA/(l' derived for rejecting Iwo pholon generalrd

mu.in jiairs (sff seclion 7.2 3) does also rejecl a big amounl of beain-wall/beam-gas cvents

Ouly 1 t-it-nls of out separalrd beatns' -t Tof and missingToF »amplrs pais the final

Cütb ll is vcry difficull tu s»), lo «hich tollidmg beams' luminotily k certam sample of

scparaled beani nein s wuulii correspond. So wc Iry to find another tool lo eslmiale the

remaiinng bram-wall 'beiin-gas background in our final /J pair sample

Wc compare the .\,, distiibulion« of onaxis and offams verlice* for fj pair candidam

in soparatrd btam daia (figurr 7.13) The mosl prominent difference belween (des* dis-

iribulions ih thal TACTRK u nearly alw«y^ able lo deiermine B z„t, for offaxis rvenls,

whtreas (or B2?{ of th* »venis not tratked offaxis, it doea nol find «nougli hits and sels

;,i, lo 0 du (Thr sniill amounl of evenls wilh undelermmed ivtl in the offams sample

68

HU prrtelrclion

£-^
oo MO looo isoc. aoo zwo

debru tnerg, m bjll

Figiire 7.11 Dfbns eni-'Ey fjr t-eparaled l>eain and -t Tof c;.llidin4 beani sarnpl^s

Figure 7 |2 EIS distribulions tor separat cd team and -t Tof culliding beain samples
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II a ttpurottd leamt' fi patr candidaU u nü l Ittckcd offaiia, we liardly euer find tntutgh kits
to dtttrmini a i„ti W' w*f (Au fealurt to filtmale oui rcmaining ttam-wall tacijroiinrf

Figure 7.13 Dislribulioiis öl ivtl für separaied beam data

comes from TAGTRK catcliing loo many hils not belonging to ihe input Iracks in iheii i

Information bul malching in p So it may Kappen lhat TAGTRK regafds neaily «11 hils

äs nol maUhing in i to a slraighl linf Hl and sets *„,, lo 0 cm.) The assymetry in ihe

1^1, dislnbuUon is caused from difftrent contnbuUons of lioth bunclies lo ihe number of

srparaled btsm events which is confirmed by e~ resp. r"1 single beam data.

From the fact tha t WP h a r d l j evrr find a ji pair evenl eandidale consisicnt wilh t*o

charged tricks origmaling al ihe beam axis in scparaled beam runs, we cuncludr lhat our p

pair background is essentiall) bram-wall mleraction and less l ikely beam-gis inleraclion 2.

llowever we have no unique explanalKjn of ihe kirid of events wr tft We observe a ball

l iming stuft of l 2 ns for l h esc evenis leadmg lo a estimation of <, ä > ̂  < * > = 6 I f w e

assiime, t h a l ihe parlitles leave the j r *hnle kmelic energy of roughly 20Ü MeV in the ball

l l icir mass would be around l GeV (proIons?). A lypical evenl is shuwri in figure 7 14

Itejerniig all offaxis iracked events in our dala selection we assuiue S2% of nur remain-

ing beam-wall background havmj a undetermined ;tll We assign a syslemalical error of

10% lo ihis number From oui preseleclion we know, thal a negligible pari of aboul 1.5%

of ihe beam-vkal l evenls liai a ToF hil So we eslimale ihe beam-wall background in the

rmssmgToF sample by calrulalmg ihe eicess of evenls wilh undetermined ivll in Ihe

missmgToF samplr m comparison to the -t ToF sample As ihe beam-wall background is

found lo be flal dislnbuted m ip WP scale ihe missmgToF beam-wall background to the

uliolr sample by mut t ip l i ca t ion wi th 2 2.1)

He Und »n averiged beam-wall barkground of 4'"i -i 1^1 ^ 1% in our final f pair

aninplr The values for the xinglr runperiods f a n g e frorn 0% lo l 1% We sublract ihe

:S.- «r wi l l "(tr tu th» lypr <•! i>j[k £ r t -und liy btnn)-*i]l ti.,cli£(uu!id f rom n«K an

60
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Ttit tyyical c h a r a d f r i e l i f t of ttii trarn-u'alt tatkyrounJ in oui onalyais err vertti coordi
n o t t f , Jetrti energy and acfolincarily

Figure 7 . 1 4 . T) pical beam-wall evenl from scparaled beam data



btdin wa l l ba tkgruund for räch runpenur i i f p d r d l e l i

7.2 Backgrounds from c'c interact ions

7.2.1 Ovcrvicw

All pruresses » i lh l»<i delected pailicles m Uie f ina l slale h a v m g pallern and entrgy

deposiUGiis bimilar lo muons may be barkground processes LO r'e~ —• jj1^' Similar lo

H1 /i~ rnay be (liarged piun pairs wilh one ihird of ihmi bemg (mini inum) ioniiing in the

ball, Iow energy elerirons pairs wilh tmal! shower radii, and muon pairs orijmaUng from

olher proresses ihari e* (" — / j*^~ .

1^1 us consider all QEO une pholon and two photon prucesses wilh e*t~ ,/j*j("or

i * i ~ pairs in ihr f inal Haie

Üue 7 QED pror«BB«fl

• Production ofdwtion pajrs

The Feynman diagrams wilh oni- v i r l u a l pholon cont r ibul ing lo r1 r" produclion are

the Bhsbha scallering diagrarns of figure l.5 und the T de^ay diagrom of figure 1.7.

The final slale elecirons of ihes* prucessts have btaru ciiergy and deposil iheir tolal

energy in Ihe delector Thus Üie process ( * ( " — c' f " i s n o background lo muon

pairs

• Produclion of lau pairs

Asiummg !epL'>n unt \ersa l i ty ihe procebs c' <~ - « f r " v i a nonresonant pruduclion

(fig 1.6a) or T dttay (fig. 1.7) occurs w i l h l h« same cross siclion ase ' f " —• p* n~ if

one neglens ihe inf luence of ihe r nmss in equalion 1.12 The bianchmg ralio of ihe

i decaymg mit. iwo undetccled neutririob and a muon is 18.5^ ]PUG8<] Additional

phase sjiace consideralions reduct ihe ratio of r produced muons to genuine muoiis

from 185 - [̂  lo B ralio of tlie vis ible rroaa seclions of

if one apphe» (ollinearily cuts un ihf ft 's. Thal is wh> *e ni-glecl Uns backgtound

l ' rodut i iun of chafged pion paus

Tlie tesi)nance produclion of * ' i is cxclusively mediatrd by one pholon annihilalion

(f ig 7 ISa) The « * * (jrcxiuclion via 3 gluon dec»y of ihe T (fig 7 ISb) is G-par i ly

supressed, since *tron| mleractiun conser\es C-pafily G l» defined by the behaviour

of Uie wave func l ion »flpr B 180" roialion aroufid ihr /} direclion in slrong Uosparr

füllowrd by thargi- conjugaLion C As t In- T iiieson is » isosingulell wilh C - - l it

62
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Figure 7 15. Allowed and forbidden detay modes of T — **

has C = l wliereas ihr pion pair haiC? = { - ! ) • ( - ] ) - -H

For the charmonium alale J/+ v-c Und a ralio öl |PÜG84J

Sirier the nunibti of haJtutia possibl« to bt produted iricrenscb wuti i ' i i f tg i , mor*

hadrunic f inal slale chinn;-ls at« opcned fot the T decays r«anl t ing in ATI rvtf i i bigger

ratio uf Lhtae bfanchi t ig ralios.

BR(T - » * » - )

The *i x~ productioti via the QED nonre^onanl proce» t' <~ — r''' i* by ihr

same faclor smallet lhan the muon pair produclion smtt tln- v«rlict-^ delining ihe

ralios

are in lowesl order idenlieal Thub the one pholon QF.D M ' K hackground is corn-

plelely negtigiblir.

Suinmmg up v.e did nol find any one photon QtD process lo be a ronsidiTable bdck-

g found lo e1 1~ -• fi' p' in our analysis

Two T QED prucesses

The srcond typ r of piissible backg rnund prucesses is ihe two photon producliori of (' r .

p ' p ' u r » " * » " Thr resull ing evenl ni«y looli l ike a single leplüii or pion pair »i the

mcidenl elcclrons gentrall) escapt> undeLecled under «mall anglcs wilh rtsperi lo ihr

beim dnerlion The two moM irnportanl d iagrarni for < 1 e~ — t' e ^*p are shown in

figure 7 16 Für ihis proress ihr lolal cross srclion increases l ike |COURAl'Sl j

*
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F i g u f e 7 16 Multiperipheral diagrams of the Iwo photon production of a ft pair

The law of increase of the visible cross setlion wi ih ihe beam energy is very sensitive to

ihe sei öl cuts «pplied since ihe angular dis lnhul ion of ihe final slale parlirles depends
on ihe beam energy.

In the nexl seclions we wi l l sludy ihe three types of (wo plmLoii processes in niore

delail usmg MC simulations

7.2.2 The process e" >

U> generaie MC events of ihe lype e*r" — t' e~ e* t a t a i>eam cnerg) of 4.73 GeV by

using ihe double equivalenl photon approximation This appruximation was developed by
Weiisacker and Williams |WEIZ34] by «ssurmng iwu mdependenl fluxtt of real phoions

in beam direcljon. It is believed lo work well for so called 'no lag' measuremenls a« in our

cttit. where bolh inridrnt eleclrons are not deiected, since ihey escape ihrough ihe beam
pipe In this CAM ihe weighl of the virtual photons wi lh niomenluni dirrcüons close lo

the beam direction becomrs high in ihe pholon propagator since l hose p h u ton s are near
lo iheir mass shell

On ihf MC generator level we require an invariant mass. of et leaM 250 MeV for ihe

elecuon pair produced by ihr Iwo phoiuns Sinre ihe tioss seclion l» alrongly praked
towards l o"' invariant masses, this cul considerablj retluces ihe number of evenls lo pro-

durr. it tiors not ihrow awa) any events. wlnch wuu ld pass uur final energ) and collmearily

repuiremetils. We grnerale <1 • 101 events forrespondmg lo a cross seclion of 64 nb

The most prommcnl fcalure of ihcse electron pairs scparaling ihem from minimum
ionumg p»rticles is their energ> patlern in tlie Cryslal Ball Sclecting llic eleclron track

w i t h ihr lower value of ry1., in each eveni we hnd ihe dislribulion of our MC evenls p&ssmg
the ii pair preadeclian shown in figure 7.17. Whereas (minimum) lonidiig parlicles cause

a energy paltern » h i e h slrongly pcaVs al f^ = l, none of these eleclrons deposite*- its

M hole energy in only Iwo crjslals The »hower spread leads to a mosl probable pattern of
E 2 / E I 3 around 87

i-e - ee.e MC

lower E2/LI3

Figur« 7 17 The energy paltern ̂  of MC geneiated e1«" — e ' f ' r ' e" electrons

Applying our pres*le<üon tu ts to the e'e~ — ttt'ete' MC eveiits *e find 2000

evenls corresponding lo a v i s ib le cross section of 3.Int.
No evenl passts our final culs This leads lo a viiible cross seclion of less than 3.6 pb al

ihe 90% CL for £t,.„, - 4 IZGeV Scaled lo the visible nonresonanl QED cross stet ton of
t*e- — ̂  »- al this beani energy (i«e equation 9 22) ihe t' t ' — e* t' t* t~ backgrouiid

is less ihan .86% afier our final euls Thus we can neglecl U

7.2.3 The process t' c~ — t* t~ n" p

There ire 12 Feynman diagrarns of ihe order u* conlr ibul i i ig to r**" — r* t" p* fi~
We siiimlal« this process usmg a MC evenl generalor wr i l len by Bchrtnds, Daverveldl

and Kleiss [BDKiip84J which Ukes inlo accounl only lh* t»o mulliperipheral üiagrams of

figure 7 16 Using a ^j value for muons, whicli reproduces tli* most probable energy luss

for 4 73 GeV muons in ihe Cryslal Ball (see scclion 9 2), we generale 150- 101 MC evenls

of ihe process c* <~ — c* t~ n' p' al £»„„, = 4 736V V corresponding to k cross »ection of

» r < * ' " ^ '+*V» = 62± 3ot

Ttie error OM o10),caused by oiniltmg ihe lOothef diagrams, was studied in |BDKpl84].

FWhrends, Daveveldl. and Kleiss find the correclion of ihese diagrams Lo be -5%± S9( for

a no lag measuremenl al t"»,am = 17 SCfl'. It should be of ihe «»ms order of magnilude

in our rase We will see, tha l we can neglect this eiror compared lo olher lyalenialical

MC uncertainiies.



K l t j u t n( l l i t l»o ph.iltjn p pair eienls w i l l not pass nur l>ack-lo-liack reqmremcnl-. of

l he nmnn pair sr lcct iu». Tlit a r o l l u i f a r i l y 'J is lr ibuliun of l he muon pair on MC generalor

len-l ,- sl,»«v„ tu f i g u r r 7 18

05 10

cos(1808 - i))

Only D sm&tl jmctmp of Ihr e* e~ —• ** t" y H (/" tvcnti wo »W fiaal our acollinrartiy tu l

(Vo;,(180° - - i > ) < - Q1^ er, I/ir j r n r r a r o i level.

h i gu re 7 18 ALol l inea r i sy of ihe ^ paii m ihe process e*r~ —• t* t~n* p~

The r tmaming muon pair barkground from Iwo photon physii.s cannoi bf ai easil) dis-

imgin-i)](-d f roni 'j O\ ^ pairs äs ihr flcrtron backgfound As ihe Iwn pholun dilTeienlial

cro=i srrlion IS pcabcd lowards l o« i nva r i an t masses of ihe muon pair we havi- lo separali-

h i g h e n e r g v fi 'i from Iow encrgy (i 's w i ihüu l direcl mea.surfii>enl of iheir rnergy

F i g u r e 7.19 sho«,' a eonipansoii of Ihe £"13 disiribulions of fj pairs from r'11' —

e'e'ii' f a'l<i *J pitrs wilh an energy around 4 73 GeV We st'lttl ihe niuon Irack will]

ihe IÜWIT £"13 and norrnalisc ihe dis l r ibul inns to a common value

\Vc scc, tha l our MC produres a value for ihr niosl probable energy loss of two phiiton

produr.-d muons, »hieb lii-s r o u g h l v lS?t lower lhan thr E^„i v»|ue for 5G*V muon»

Tlns i? a ücimewliai bigger diilriftirr i l ian eupecled froni iheory (cornparr figure 5 l «n

page 4 l ) The nsr tnw&rds Iower values of K I 3 occurnig for ihe iwo photon generaleü

iTiuonb is tiuscd liy Iow Ft ie igr tK nmun^ being no longer minimum )onizing Tlic cut on

Kl 3 gcit— ir bei ween ihe pcaks of these dislnbulions

Wc lind 165 of ihe MC gerierau-d t* t~ --• e* t " f' (i ewenls passing our final t u t s

This corrrspunds lo i vij iblc tross scdmn of

äMC(t"t —t't (-'/. ) ;= 6B.4('i^

100 0 l»0 2000 Z500 3000 35CO «00 0

Iower £13 MeV

TA( mininnim iontiing p'.tk iij the e* r.~ — e 'c ' j i ' / i" A/<.' rnuviif///) f i u f . i i n y nur ptn-

(/trdon (ie» uiou( /j(? /Jurr (/,an (Ar peak jor ovr ^ Tji'' sample f\\\) afnr a f / p l y i n j all

,-u(i iu/ (Ae ruf* on t'13 jnd ̂ .

Figure 7.19 L13 Jisuibuliiin.i for b CeV (J 's and mii^Ts tr jm r + f ' - -• c"r "p' fi"

In ",he followmg <nt wil l dikcus» ihe fstimatirn of ihe syM^nia i i r a l •-.-ror i,B,.

As wc cul <jn > t h a r p l y fa l lu ig edge of ihf El3 d i s l r i b in Ion o' ihe l»u pliolim mucns

(s«- (ig 7.'9), ir*'r i» vr ry seriiidve lo syslematical enors m ihe MC simnlutioii of ihe i r

K l ̂  enetgy 11 depenti^> on Ihe ^ parainetcr of tht- MC muon sinulalioii in a w a > , lhal

lowenng ihis value b> 4^' would reduce ÖM < (e* t --• r* e~ ti' p ) bj 42% We rsnnot

eslimale. ho* w«ll our adjusUnrnl of ihis parameler for 5 CrV muons (see stilion 9 2)

reproduces ihe cnergy distribulion fof muons below l C,r\n MC simulalion*

We try lo delernnrie i,v, using our niissmgToF sample Thert- are several h in l s . lhat

l h is sample is mainl) cornposed of r* t~ — r* r ~ p* p A verajed o» er all runpcriods ihe

numti t r of events in ihe miisingToF lample is 4 ?% of our whole sample This corresponds

lo 2 25 - 4.2 cz 9% of llie -t Tof muons cnirr ing ihr Tulucia l ' roof counlcr <f> region From

ihese numbers »nd ihe background eslimam of seclion 7. l we can dcr ive llie amounl of

background in our missm^ToF sample. \Vc find

• The tieain-wall baikground is approximaiely -^j tu 4%

• We assurne, lhal ihe average roof counter meflu lency of 1 &% found for ciftmie ra js

16 al*cj valid for annihilalmn muons So ihere are approxundlely -'-g.* s; '2% muons

from r 1 e ~ — t''P ln ll" niisbingTol" sample

• The cosinic r«y bukground dut lo roofcounler intthciencii-s is delermined lo br .5%
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from ihr sidebandi

Thr tv(, dis l r ibut ion of Ihr missingToK sample sliows essrnt ial l j t gaussian petk

around Ocm (*te fig 7 20) This agre*» wi th our previoua considrralioris, »here »e

found conaiderably Itss i l ian 10% background not or igmal ing from r 'e ' i r i terAclions

m the missingToF sample.

cvents/ £cm missingToF" sample

300

250

ZOO

150

100

50

00

- 1 2 0 - 8 0 -eo -30 00 30 60 80 120

z(ver tex) (ein)

7"Ar fdu juan ptak tomte from t*e '\ntrractiont, tltt peok al l - Ocm u n)$timeJ to 4(
matnly btam-wetl tvtntt (muitd to tt tracktd offaxit dut to a tack of luir kit»), &nJ the
vertittt ttyond \ = 5cm| äff most protabty dut to eotrnic ray tvrnti

Figure 7.20: i„t, distribuiion of the miuingToF lample

• The »caling of the numb« of missingToF evenls wiih the e* t CM energy gives

ä*s (missingToF)
_-ts -—. ' = 105± 08

This diiagreea wiih ihe BcaJing of one pholon QED procesies wiih J

*~is = -808

bul ie conaistenl wiih the »caling of the total two pholon craw section of c*e~

e^e'p'p' (»ee equalions 10.26 »nd 10.27)
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Unfor l i i l i a l t l ) llie numbci of evenli is noL h igh enough lu prrform (ompansortj of ihe

inissingTuF a n d N K ' ( 1 r ~ - - r * f " | . * j i " t!3 disltibiiLions Nevenheles» thci* argumenls

supporl l h r aisuinplioii, l l i ü l iimsl of ihr miisnigTuK iamplr i s e * < ~ - « « ' t f ~ / j * ( i ~

l lüwcvr i , ihert li üil U M k Im* n perccnlagr of t' t~ -• f * f " / i * > i " tvtols wiih high

enuugh müon eucrgici lo t i iaki- a In t in itit roof couraers- Su the nunibrt of imsiingTuf

e«enls ptovides unly a lu*ci l u n i l dir uur l»u phoion genrrated muon liackground. We

correcl for ihe t r iggc r acccptancts delerrnuird in cluptef 8. for inefficienl toof counlers

and benni-wall evenls Sceled ovtr ihe whule \f> region ihe cortccled numbet of niissiingTof

evtnls corresponds lo a vLs ih lc croas section of ä(tntiaingToF) = 43.4 i 2 112 Ipfr. This

yicIJs a lcj*er l imi i of

at the 68^1 confidence levo! So wc estimate i<tr, of ihe Iwo pholon itiuoti simulttliun by

thr difference between ä and our lower limil from ihe missingToF »ample We find

ä ( e ' e ~ — e'^u"^") - 68.4 i 5.31 2

This is 16 3 ± l 3 J 6- 7*1 of our visible cross sectiun for the rionreMiianl QED pro^ess

We can convince ourstlves thal also ihe resulting 63% CL upper limil of 96-ipb for

äMf (t~* <~ — • e"1 (' fi ' fi ) is reasonable. Usinj the viaiblc cross section from our miss-

ingToF sample we find, ihn al most — '̂  '̂ ' '̂  = S5/t of the Iwo pholon muon S should

reach the roof TuF counters. We cannot deduce this number from MC alon* wnce ihere

is no TuF Simulat ion m ihr C i y s l a l Ball MC al DESY

Wiih ihis upper l imil wc eslimale ihe energy ihreshold for a muon jusl reaching the

Ti<F couniers For thal we use tht> kinelic energy dislnbution u n the MC generalor tevt-l

für <wo pholon rnuoris passing our f inal culs (fig. 7 'Jl) Wr gel • Iowrr limil of aboul 300

McV for th i ? ihreshold. which is of the expecled order uf magriilude.

7.2.4 The process (' \c did not have a MC simuUlion for the proceis t1 e —• e"*r" » ' » .Sowe try U> perform

u coinpariMjn to the amnunt of fisiUe muon pairs from l wo pholon int traft ions Wecannol

B]>pl) Ihr simplemmded argumenl lhal the tolal cross seclion u f r * e ~ —• t* t~ ** x~ isa

fa r to r of 10 smaller than ihe cross seclion o f < * f ~ — r " ' « ~ j^/i" . sinre th* proces&es have

differenl i nva r i an t nass ihreaholds of Ihr final slale pair Expenmenlal rcsults from DCI

J C O U K A I «] ' show t hat Ihe ralio of deletled fi pairs lo * pairs in a tagged measurement

(one or l»o of ihr mcommg eletlrons are drtecled in the final state) above a invar iant

pair mass of 300 MeV is rough ly 6. t We assume to aee ihe samr ralio in our case.

H u K c v r i . our final tuls enhance lhi& ra l io tu a faclor of 9, tince only l/3rd of the pions
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Lei us atsume, (Aul a/( m u o n i n6oir a r( '(ain /imt( o/ Ettn teath the toof If Iheir fraction
is 55? uf all inuonj, ttien iht kinrttc (ntrgy limil i'j oiuLf 500 Mt V

Figure 7.21; The kmelic energy of Iwo pholon g^nerstrd MC muans piu>sing our final culs

would br (min imum) iofiuing and pass OUT pjUern culi The resl would undcrgu hadronic

reaclions l^admg lo energy dtposilions sprcad over more thaii only Iwo cryslals Froni

ihls argurnetiti we condude. t h n i h e t 4 ( ~ — r'1 r~ *' n~ barkground sliould be rougl i ly

2 % of thr f * e ~ —• e ' e j j ' p background Therefure we neglect ihls bacKground

Chaptcr 8

Trigger acceptances

Für ihe d i f f e ren l runprnods used in oin andysis diflerer.l t r ig t i r s were eruLled in ihe

Cryslal Ball datd taking (sce laole 6.1). Calculaling our selection ethriency we have to

ask. if any evenls passing our lin»l culs luulii have failed thv tilgtet rtquirenu-uli and are

missing in our final dala sample for ihis leason.

Hardware lri;ger bau- Iheir deci&ion on irigger bilb, M hnh eit sei fur m»jor im] itiinor

triarjgles, if ihesc conlun energy bbove • ihreshold. Tt>r nominal irijger ihrealioli) meu-

tioned in section 3.1 are valu«s il which ihese Lila are bei w i t h MI « f f i r i en ry of 00% and

ihe velo bil i* sei wtth lü^l etficitncy. Small chan|«« (<f ihe real trigg^r ll.teihold wiih

lirrif could nilruduce litgr chunges in ihe tfticienciea aiourid ihv tli:-ealiol:l eti^-rgy sine*

Ihe threshold behaviour is «ery sl'-ip.

Tlir final culs 8a-r (see page 4l) are linle tighler lhaii ihr l:ard*ari: tng^er lliresholds

in order lo betome independenl uf ihese cffecls. The inefficiem ies of tlie eorrespond-

mg biiscltnig ii negligtblc für energy depositions sbuvt ihese cijti T his i( proven by

jPRlNf )L£85 ; for ihe lunnel veto and minor tr iangle bils and by JMAR-SIS8C] for Ihe rria-

jiir Inanglt bil If we ran negier l ihe bil inefliciencies alwve our Software ilnesholrft, ihe

cui 8d ' is stronger lhaii thc 'Oll' of ihe Hardware reqnireDenis of Topo20V and Mupai r

As ihere an- runperiuds wheie only one of bolh liiggcri was enabled, we have to dehne

a trigger acreptance a1"' for our final selettion cuts:

N""

wherc pl(Mvr'")v<Ttr«W\f ^lf num\ of evenls in out final sajnple if »T would have

botli Mupair and TopoL'OV iriggers tnallci and N'"* ü ihe number of evrnls Iriggtrcd

by thr ingger 'Uig' m (Ins final sample

Unfor tuna le ly th ings are even roorr complicjlrd Sinn- differenl phvsical processes

have differei i t angu la r dislr ibutions, tliv Uigger acceplancei Jepend er llie processes un-

' T N i ' i k r lo Htluiui M ^ r M i k t (»r providing ihr m(gcr nu iu lü ion p n ^ f ü i i nvcdrd foi i h w cul



der s tudy.

We abreiil t t si'vrial sels of prucrsseb liy U S I M R Llir subscripls Iisled in ublr 8.1 In

chaplei 10 »e w i l l SKR, lhat we need ihe follow mg arceplan« es in ordrr lo cakulate B „

We delermine lliese accepUnces combming our Information from real evetits &nd from MC

eveiils.

1. The 'r~es' acceplances

The acceplance 0777 is rdaled to alt events in our final sample bul the procesi

T — • p* p~ So we can calculale it using an offresonance data sample where both

the Topo20V and the Mupa i r trigger were enabled. We use the conl inuum sample

H, since il is the only one where bolh inggers worked properly. ' The resulls are

listed in lable 8.2.

We crosschecked these values by a cornparison with the MC generated (i)tt^ events

yielding resulls for «(-,)„„ Tliey are lisied m the same lable. The difference belween

ö(tW and afi~' m^y be caused par t ia l l j bj the two photon p pair background which

is obviously nol presenl in (7)^ MC evenls, by trigger threshold effects still presenl

for the Topo20V t r igger , and by sysiemalical MC errors As we do not linow the

relative miluence of these effects, we lake the difference belween a^)^ and atr, äs

systematical error for 0^77 and ils ratios.

2. The 'res' acceptnnce

We assunie. thal the tr ieger acceplanre a,„ for the resonant process is identical

wi th lhat for l he Iowesi order nonresonant process The lailer is simulated by ihe

'sofl photon' evenls in our (l)pfi MC (see chapler 9.2). Neglecling th* two pholon

process we can «ri te

The ralio was delermined from ihe (T)/J<I MC. Ils error can br neglerted compared

lo the error ori Qj-,~ro . The result ing ajf"fl">lw is lisied in lable 8 2, loo.

3. The '11' acceptances

Our final sample for r*t MC evenls «s well äs our missingToF

'Üunng lh' lun ' 1(lttüt1 H' 1137tl lht '*° m"10' »nan£kf #11 .inci j*i* wtrc nol includtd in 1h* lotjl
*ntiey »um u«d )or lh* hardwitr Irigger» Thal ciuird an tnclf ic i f i icy it>r Ihf Mup.iii Ir iggci . il our
mupn tnttltd onr of thtir m.ij(.i l i iaugl« Howevtr . » i n t e tht TopolOV Irigger de.« nci unr Ihe total
cntrgy il rh-.uld hiv. c juph! ,ill ili-ff juijted pv f i i i ^ Thip conit» Irutii a lo i lundlc cointidmcf öl our
£ul t , Ihc Topt'luV lri£g*r »quireuictit.-. -tnd Ihr I , < ; I I I L > I I ü( |hc«c minort in tht hall.

dijigranis aubscupts used

Tl

Tht rcaonant p*(t~ptoductian via T dtcays it etlteJ 'ret', the nonreionant p * f i ~ p a i t
produrlion via one photon tnduding fittt ordtt corrcctiont it ealttJ t*))f(< ', tkt louitit
order proeeti u catlcd 'fifi', ihe two photon produetion is caüed '17 ', and all procrsict

taidet the rtionant T production are filteJ ref. The latter tet of ptoeetttt eontatni att
remaininj borkground in our final »amplc.

Furtkeron we unll ute the Jollowing type of attreviation for certain valuc»

a; name of variable, e g effitienfy e, eroti teetion a, viaible eros» teetion ä, ..

fa: data lample, eharatterutd eitkcr by it» CM enerjy (e.j. 'IS' or 'tont', tv\ich in turn
roay bt '4S' and 'S.98GeV'} or itt trijorr tetvp (e.g. 'Mvpair'/TopdlQV) or an

indei i

C: abbreviation for thr ff t o/ proctues ai tilttd in tht tatle aboue

d: CM encrgy, at whick the visible croti teetion of (Ai* procettct il ralcvlatcd (ä may bt
tcated from tke CM entrgy 't' of the »ample to tnothrr CM tnergy)

e; method, by \vhicfi thr uu/uc wat caleutated, e.g. 'MC'or 'dato.'

Tible 8.!: Abbrevialions uaed



90.8 -i .B i 3 2%
yy_2_±_2 ±_o 5(;i
915 i .008± 02S

Tablr 8 2 Triggei aiceplances für llie ünal sample

sample, which is mainly <' t~ — c* r~ fi* v~ . is too small lo calculat« a-,., wilh high

enough slalislical tonfidence Huwever, we find values for ihese samples, which are

niil significanlly differenl (rom a;-,, Thus we »et

Chapter 9

MC Simulation of thc process e 4 t

9.1 MC generator

We sirnulate ihe nonresonant QED prorris e* e" — • (-j)u1 p~ usmg a MC generator wrillen

by (k-hrends anJ Klviss JKLEISSSL' !t geiierales p pair enents intK.Jing cfirrptlions of

(he order a*, which desaibe IHM. a! ur ünal statc ladiation oi a plidixi. The initial ilate

radialion dominvles due l u tli« high rnuon niass

There are three paranieli'rs imporlant for this unaly^in.

£h.». *-m,n, and tmal

8 £i,a.n *s the energy of lli* incident eieetruns. Our dal« »err ihlifn <il '~\inf (iifftrenl

beam et.ergK-b, which werr 4 730 GeV (T(lS)). 1 990 GcV (b#luw '((25)),^.] S^BS

GeV (T(4S)). For i-ach beam enefgy wt generalcd aboul 2(1 • 10* MC cventi

• tmm 's ihe so calli-d Kard-aufl. hmil Tor llie rbdialion of a plioton. Plioions with an

tncrgy of iess ihan E™'" - tml„ • t',,an, are issumtd lo be undelccted. In Ihis tose

thf phuLün is generaled wilh £, -~ OA/cl ' .

Our final cuts rejett evenl^ *ith Fj,iri, < 3f)MeV Tlns causes 'ipn events wilh a

pholon of n\ore lhan 30 Mt-V m ihe ball lo be rejefled Tht spuriuus cnergy back-

ground (sec fig. 9.3) may t\tn lt>w-er ihis limit. We choobe tm,„ ~ .001 corresponding

to £7""" es SAfcV in otder to bf less dependenl on crianges cf ihe spurious encrgy

background wilh linic. '

• *mm Ki*es ihe maximurn phoi&n *nergy geneialed by £™" ^ kmal • ̂ t,a« The

geneialed cross seclion of (l)»!« depends on ihis valut- llowtver, since no tveiils

abuve t - .55 pass our Ünal cullincanly and tdtal energy culs, the visible cross

strlion does not depend on tmjl, äs long äs il is above .5f» We chose llie default

F,*r i«, k'w v^lurf o( jt_,. Ihr M(.' gtnrraici ci
grhfrjled dii-tribu(i(.n«. In our c.^. lh* (iA(U>
Hudifd Mf » îiipln öl JOOO *v*in, (.ich, gri.t
»f diJ noi nulitr iny lignifi^mi tk,.iii« i» Ihr

« rvrüit w,it, nfgM'Vf wtighl. whith nuy diflcrt Ih*
'A rvtiA, wiili nefiip»r wiighlt i* '.m ihin l?(. Wt

ird »tlti *„., =.0ül,00b. i.id 01, ttjptcli«ly Sinn
ttulliriR » ,*il.lt i T..M KttK-n. *t »tgleri Ihi» tff.tl.



value <if tmjl - 9W)i n-su l l ing in a total cross section of o,0, = 7^^"* - l 44-oc,'0,.

w h e r e a[',( is ihe Iowesi order etoss serlion froni equalion l 13.

Wc mergr DßM rvenis wi th our MC events tiy addmg ihe energies m earli crysla)

m ordcr lo simulate ihe spurious energy background. For each run used in our analysis

we sdcrl l D11M evenl per l nb~ ' iniegrated luminosily by a random seleclioii MC

etcn l s and DÜM events of ihe same beam energy are merged togelher for each runper iod

separalely. Thus we gel for each dala sample a corresjjonding MC sample wiih ihe merged

energy bacliground for ihis runpenod.

For stallst ic al reasons we merge the DBM events of Lhe resonancf samplrs l and I I log ein er

on one MC sample, called resonance MC sample 1/11.

9.2 Comparison of the data with MC simulations

lf we oinil the cuts on E13 and j^j, we can compare the enffgy dis lnbul ion and pallern

of our dala with ihe MC predicljons. The 4 ToF sample is most smled for lhal. smce il

contains a negligible amount of cosmic ray background and beam-wall evenls. il never-

theless may contain up lo .55- 16.3% = 0% two pholon generaled (i pairs (see sectjon 7.2).

However, these muons should have high enougli energy lo behavc similar to S GeV muons

So ihe systematical error introduced by ihis contaminalion js murh iess than 9f'{i.

We adjusl the ~ parameler for muons in ihe Crystal Ball so, lhal ihe mosl probalile

eiiergy loss for ihe MC muons from Eilam = 4.73f!tV matches w i i l i t t ic nicasured value

for T(1S) data The generated E13 dislriliution of ihe MC muons shows approxmialely

the behanour of the -t ToK sample(fig. 9,2) The relat ive deviaiions muoduce systemalic

MC errors of Iess than 5% für any cul on E13

The paltern distributiops of MC muons do nol äs well agree w i i h our data äs EI3

does The MC simulaled ^,-j paltern peaks much stronger al l, l e ihe muon er iergy is

esseniially deposited in one or two modules more oft«n than il is in the real dala (hg 9.2).

\Ve contribule ihis to a inaecurale treatment öl the Ä-ray protess m ihe MC Simulat ion

of l l i e Crystal Ball.

We correcl for this effeci by mulliplying ihe number of MC evenls passing our final

cuU by a correction factor ^r:/£-ia However, we wil l »e* lh»t our cul on pfi 's not verX

sensitive to ihis disagreemenl. We define ihe cut efficiency for the cut on j-("s liy

w h e r e Nf,„ is the nurnbei of fvents passing our final culs and NHf r: is ilie same number

if *-e would drop ihr ^,-3 t u t We find ihe correcdon faclor Ä£ : ,£) j bi d i v i d i n g ihi- cu l
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Table y. l Visiblr crnss sections and »eleclton efficiencies delermined by MC Simulation

eKittencies for ilir l ToF sainplt »nd the MC sample

bf.„,£11^S£»= «i^.s«(±.™
947 ± .003

(9.21)

9.3 Visiblc cr&ss sections

We apiily our f.n»! cuis on ihf (T)*I/J MC data samples »nd corretl thc final numbcr ot

eienls tiy *£j,|-;ij (set previous s*ction) Kor ca lcu laLing ti^f we w i l l &s well need the

cul eüicifnc) i,,, nn ^ pain froni T decays äs (he vilible cross sectiun ö^g,,,, for the

nonresoiiant (i pjir produclion including the firsl ordcr brenisstrahlung corrections The

bremsslriihluiig cont r ibul ion u- llie process T •- j j*p" in negligiblr Tlie beam cnergy

sprrad of 5 Mr^ allows only v«ry lowenergetic init ial staie rmdiation, unce the condition

x 's - mi hu 10 be fu l t i l l f rd Thus we can use the scieclion efticiency <H(1 for th* soll

pholuii cvents of our (i)nii MC generalor in order to caJtulale („, (see MCtion 10.3).

Thf visiblr crass. srctions ö are connecled wi th the »*lection tfficiencies i by

V v f j — t^p U^j, Q£[)

w h f r c 'MC' denoii-s ide MC geneialcd cnjhs seclion and 'QED' refers lo ihe lowrst order

QED rn.ss srnmn of equalion 1 1 3 The resulls for t^ and ö^„a are lisled in labl« 9.1.

Thr stdii i l ira! etrors on ö arr dommaled by llif slalistiral errors on ihe cut eftincncy on

the nirrgcd MC evenls The slalisura! error on i „„ is dciminaled by ihe number of MC

evenli wi lh sofl pliolons

We scale ihr visible cross srclion a (,),,,,(Er M) '°' eacli sample lo ihe corresponding

visible cioss »eclion ÖI-,JM ( I( l .S") ni x,* _ rni | i s i by

Kr M)

and

- l 113

l 248

Front l l ie vnlurs iri lable 9 l *e find liie mean lumnuis i ly «e ig l i t ed vuiblf crkiib section at

9.4 DBM ratios

The differences belwcen ä^i^f l i*) for llie differenl MC sarnples corncs inamly frcm ihe

merged DBM events. The depcndejice on ihe photon and muon energy d is t r ibul ion , wliith

changes wilh Et, ,m , is negligiblp W* caculale a relative DBM correr t ion t>i,nM{ixe

9 1) for each saiiiple by

(9.23)

The slat isl icalerrurson &i,a/lt are 2% lo .6%. The S) sUinai i f a] emx (.n DU M simuUtiim

of spunous energy was eaLimatrd lo b« 3% |I*RlN])LEt>S|

The cut on K^,t,„ is mosi wiititivt un chauges in iun.« W*-* fi"d a nn-ari *quartd

spreod of 3% m ÄOBM between l h* diffcrent runpsnods. which is con<it t«rrabl) h ighur il.ati

the errors on bttaM- So Ihe fraction of evenls wilh spunou» energy of l es* llieii SOMcV

in the batl varn-s by aboul 3% wilh ihe runperlod. Thf distr ibulion of fc'j,»,,, for the

resonanct sainpli1 IV is sliown in ligure 9.3.
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Chapter 10

Determination of B^?

10.1 The number of events in the final samplea

We corrcct the number of evetils paasing our final euta for Ihe eosmic ray ud beam-wall

background äs diocuased in aection 7 .1 . The (.orrected number of events N

N = (10.24)

ia listed in table 10.1. We calculale ihe t wo photon jenerated p pair background N-,-, ioi

each runperiod by

The latio r^Ecu) f°r (he viaible croas aectiona of e+e"" —• t*t~p*n~ t\t CM

energies ECU » approximately cqual to the ratio of ihe totaJ croaa tectioo«:

However, the angular distribution oftwo photon generftled it paira ismore itiongly booated

in beam direction for higher ECM- '̂« have not enough MC eveuta to ulculate the

sample

res l
roll
r« III
re«IV
cont I
cont |]
cont 111
cont IV

ECM

IS
IS
IS
IS

9.98G«V
IS
45
<S

r
(p*-1)
2051
3.565
7.550

14.219
1.927
3.340
8.412

19.284

N

1165 ±36
2088 ± 47
4135 i 66
7902 i 90
889 ± 31
1379± 38
3606 ±65
7972 ± 93

*H

140 ± 12 ±58
244 ± 16 ± 102
469 ± 22 ± 195
883 ± 30 ± 368
136 ± 12 ±57

241 ± 16 ± 100
602 ± 25 ± 250
1 3 7 9 ± 3 7 ± 5 7 4

5(15)
(P*)

508 ± 19 ± 58
526±U±60
539 ± 10 ±61
546 ± 7 ± 62
424 ± 19 ±53
428 ± 15 ± 57
472 ± 11 ±61
4 1 5 ± 7 ± 5 5

t
(>.d.)

-1.6
-0.9

+0.1
+ 1.1
+0.4
+0.7
+5.0
-0.3

Table 10.1: Number of evenla uid correct«d viaible croa) i«ction for t h* final d»[a lample
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mnWnrr of t h i f tfieci on r^1 Since the visiblc cioas seclion for a no lag measuremtlK

does nt.1 dccreust wi lh increasing besm energy jCOURAU8l | , we aasign a syslemalical

error of

A'-n ^ rn - l

to ihe ralio of lh( visiblc cross sections We find

r.,.,(9.986'(V) = 1.0276± .0276
(46' = I.0543± .0543

(10.27)

However, ihe doinmant error on ff^ a the error on ä^. The resulting values for N-,-, are
lialed in labte 10 1.

In order to cornpare our 8 data simples, we calculate tlie viaible cross section S corre-

sponding lo N - N-,-,, (aee equation 10.24). We correct this cross neclion for the trigger
acceptances and DBM ratios, which depend on the runperiods. We acale om corrected

value lo t/s = >"T{ii) The final value S(15) is given by

(10.28)
6[>BM •*'"' « IS C

Since about j t h of ihe events in our resonance samples should be T -* p*^~(set page 13)

(„, Mupa
'"' =

•*" I I J peuJÖV \ I I I \F4 l • o„y l for reslll and leslv

for contlll and contlV
eise

the resulls of 5(15) are again listed in table 10.1. Their syslematical error is dominated

by the 10% error on the iniegraled luminosity £ The contribution from the error on N-,-,

is higher for the conlinuum lhan for the resonance sample The corrected cross sections

for ihe IS data are higher lhan ihe corresponding values for ihe continuum iamples, since
the IS data conluin the T decays in additiou.

10.2 Discussion of the different types of data used

Befüre we discuss ihis results we have to remember that we are using three different types
of dala samples:

• Dala from ihe 3 chamber setup of 1983 with both Topo20V and Mupair trigger
enabled.

• Data from the 4 chamber aetup of 1984 and 18Bb with differenl Iriggers for ihe
resonance and the contmuurn Hample

« Data from ihe < chamber setup of 1984 with a bad iionlinear Tiibe thaniber ADC

und differet i f t r iggers (01 the resonance and ihr c o n l i n u u m sample.

We correcled l'or the dilTcrenl Irigger »cceplances and deierinined ihe etiort, un thil coirec-

lion. Wc hoped lo gei rid of other syslernaiical effects depending on ihe samples by using

resonance and conl inuum samples whic.li are believed to have the sarne syalemalical errors

(e g number of chambera, bad ADC}. We have lo bt «wäre of chauges in the chamber
Performance, aince ihe l übe chamt>er informatioa ii esatntial for ihis analysis.

Since liiere is no obvious reason, tbat our aelecLJon elf.ciency should dnpend atrongly

on ihe nuinber of chambtrs, wt- niainly have tu be conceriied about the infiuence of tbe

bad t übe chamber ADC. We calculele a lumincnity weighted mean value (5(15)} äs weit

fot tlie resonance äs for ihe conlinuum data. We us* outj Ihe dita wilh good ADC for thia

mean value in order lo check the lyittmaticol trion inlroduced by tLe bad tube chnmber
ADC. We find

Wf express tbe deviotion of e»ch sammle from this nietn vnlue by

... S ' ( lS) - (5( l5) )

where we used llie atatistical error A,,4( s ine t ihe sybieinalical trruir. of th«.1 contiunuin

sample« and ihe resonance iartiples have t.he *ame origin i>nd ll-e aarne siie, respielively.

They cancel in the sublruction of ihe mean vaJue.
The rcsulls are listed in the lasl coiumn of labte 10.1 We find, that the bjd ADC

sample contJIl shows a deviatioD of 5 s.d., whereaa all othti samples agree wi thm 1.6 s.d
with t hei r corresponding mean values. \\e da not u ruderst and ihis big effect in dttail.

Surpiisingly enough we do not see this eff^ct io ihe bad ADC resonance aaniplc (res 111).

Assuming, that the bad ADC is the source of the deviation, we would have to add

t syslematial error on ihe bad ADC dala, which can be estimated from the s\tt of the

effect seen. Thi» syaiematical error inty in addition depend on changes in Ihe amount of

randum hits or diflerences in ihe high voliage seit in g of ihe chambera (uec table 2 l for
an estimate of the induence of the latter effetls on the chamber i resolulion). In fact,

tlie values for &DUM in lable 9 1 show, ihm the contlll sample ha-i the biggest aniount
of spuriou« energy in tbe ball, which is gentrally connecled wilh noiae hils in the tubes.

There were aa well many chonges in ihe lube chamber U V durmg thia runperiod Thus

ibe lyBlematicai error introduced by the had ADC may be rutidependenl. The reuult for

the real i! sample does therefore nct exclude, lhat the deviation of the contlll sample is

cauaed by ihe bad ADC.
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All ihese considerations show, lhal we cannol suffkienlly rely on ihe qua l i ly of the

bad ADC data Including thcm in the calculation of B^ would introduce systemalical

errors of unktio*n sue. Wr conclude, lhal ihe result of our analysis JE more reliable. if

we do not uae the bad ADC data at a l l . Since ihis decision i) based ÖD real syslernatic

differences betwcen llie samples, it does nüt bias our result on BUI1 .

10.3 Tbe selection efficiency for T —» p? \i~

There are Iwo ways of caJcukting the »election efficiency t,,, for /J pairs from T —• ̂  /i" .

1. Uaing the MC values

We assume, lhat our MC sirmilates the towesl order proceas e"1«" —• /i*f<~ in a

galisfactory way. Then the »election efficiency t,„ for fi pairb from T —• p+ / i~is

equal lo ihe efficieticy <},* for t*1~ —• n* n~ , nnce the angular dislnbuüons of

these proceuea are idenlical in Iowest oider. We muit not use t'^1 since it eonlaina

the continuum DBM evenis.

We caJculate ihe mean luminosity weighted value for <J

the MC simple reslll

from table 9. l excluding

The systematical error is exclusively due to 10% MC uncertainties.

2 Trying to correct for syslematical MC errora

If we believe our continuum dala to refiecl ihe true visible cross seclion of

, we can rorrecl wilh the ratio of the visible cross sections for ihis

process determined from dala and from MC. respeclively.

.1.) I,\S- ) N
Since this value depends now on a ralio of MC limulaLed vajues, the syslematical

errors on MC cancel partially. The error on <„. i* dominated by the error on the

correcled visible cross sectjon 5,"|"' (IS) in our data, which in lurn has roughly

equal coniributions from A£ and Aä,-,. We find from table 9.1 (excluding the

sample cont 111)

The deviation of tliis MC predicüon from our dala (see page 83) is aboul 4%, which

ja well wi lh in all systemalical errors Using this result yields

{(„,) = 48.1* 1.0 ±6.3%

84

sample

rcsl-conil

refll-condl

reslV-tonllV

- " vr
11Ü1 12 ± 58

m i 16 ± 102

883 i 3(J d 386

R\>

097 ± .007 ± ,03Ü

308 ± 007 ± .067

.259 ± 004 ± 065

A.V„

H ± 2l 7

7S ± 5 ± 36

229 i 9 x 111

Table 10 2 Correi.non^ for ihe two pholon inducrd background

We use l he firsl calculalion of t„, since il hdS unatlet errors. U does not depend on

eirors f rum ihe luminosi ly measurement and ihe siie of ihe two pholo» generaied rnuon

backgiound. We use for each sample t

10.4 The final results

SubUading the final t iurnber of evenls in the continuum eamples from ihe IS ssmples, the

systemalical errors on ihe luminosity C and ihe DBM mio t>DBM canci-l. The crror on

o-,-, cancela only p«rtialty, eince the Iwo photon cross seclion increasrs w ilh U; a m energy.

We take lliis inlo accouitl by expressing B?,, from equation 1.14

B

n'iih die help of llie corresponding ralios

A ' ' -H« = -^Tfljj [A'1 5 - -^T^TJ '^är ' 77^7 • A'""'-1 A,V„j (1029)

10.4.1 Correction for the e"t~ — c'c~p*n~ background

The correft ion for ihe mcrea.<e of ihe Iwo pholon cross sertion is expressed by

whtre we defined ßln := l r^(conl) • .^," - l l The values for N*$ (see equation 10.25)

art- lislcd in table 10 l We und for A/V.,-, llie results of lable 102 The slatistical errors

on /t,-, are due lo ihe slatislical errors for ihe DBM samptes. The sjstemalical error

is dominated by the error on r-,-,. The syslemalical error of ^~~r- due to changes in Ihe

Nal(TI) calibration wascalculaled lo be .3% from ihe facl, thal the cliange on the position

of a 200MeV ppak from tninimum ionizirig parlicles between ditTcrc-nl calibralJous is about

.2MeV I H E I M L S G . The syslenialkal crror on AA'-,, u dominaled by Aä-,v



real-ronll M'ill-cunlll j fes>[V-cunlIV

a,„ -<,„ \9 G 3 8 j S.0%

.uz ._.v-'
1165- 3G
1011 - 36 ± 3

A,V„ ] Hl 21 7

49 G r .8 i ö (£;
2(W8 i 47

46 4 ± .8 r 4 9%
7902 i 90

I82EU 5l j 5 | 64171 93 - 183
75 i 5 i 36

10301 173 J I3ä

4724 1 327 1 776

229 ± 9 i 111

3694 i 278 i 602

Tabte 10.3 The final number of evenis foi T

sample

res l .

reS II

res IV
CÜlll

£r«

IS
r~ is

IS
9.98t;eV

r i *w
(p* ') [
2.051 j 20626

NT- fcaJ.on,

156101 1249
3 565 | 37792 [ 28864 i 2309

14 219 : IG3056 1282841 10263
4.640 • 13141 |

Table 10 4: The number «f hatlrons frorn T —• hadrons

10.4.2 The nurnber of T -. n* H '

Combmmg bll ihew re^ults we find for the number of decays T — p*^ ihe values in

lable 10.3. In order to have a comparison between ihe 3 chamber dala from 1983 and

ihe 4 chamUrr dnU fioin 1984 »nd 1985, we combine t l ie samples I and II firsl, beforr

we cakulale ihe result for all samples. We will discuss ihe quanlilalive inf luence of the

diffcrent syslemaiical errors lalcr In ihr cal rula l ion of otir finai syslemalical errors we

firsl added Ihe errors from each source linearly (MC.I r igger ,TJ) and combined ihe resulling

errots in quadralure.

JÜ.4,3 Tlie nuinbcr öl' T — hadrons

Tlir number of hadrons in our final sample aie obtaint-d by requinng ihe evenls lo f u l f i l l

ihr condilions of Iwo differeni hadron selection loulnifs INERNST85, We again have to

sublracl ihe nonresonanl contribulion from t*e~ —• hodrons

(10.31)

The efficiency of lins hadron selrclion was delerrnmrd lo |CLAREB5|

«W = -92 l 08

The resulls are Iisled in table 10.-l

Exjierunenl
~PUTO~79~

DASP ao
LENA 61

GUS B 83
CLEO 83

A R G U S 85
CB 85

"A~RGIJS"831~

CLEO 65

f" *„„
2.2 * 2.0%

291 J - 3 ± .5%
3.5i Mi .4%
2.71 .3± .3%
2.71 .3 ±.3%
2 9 i 4 1 .5S4
2.5 ± .3 ±.3%

"T.8T4± .3%
2.8± -21 -2%

Average f 2.7 1_.2%
(Wt added the ttatiitical antl tyittmaticd errort of all mtaiurcmtnli iu fuadieturt «nrf

wcighttd tack intututement wilk iU tiror)

Table 10.5; Prtvious rneaiurements Of

10.4.4 Calculation of Ö-(1

We combine ihe reatills für the periods l and II. We find

ßu- = 2.171 .361 .33%

Tbe tysUmatittl errors originale roughly equally from the syalematical MC errorü, the

error on ihe number of two pholon muoas and the ouniber of iimiroiis. Th*y lie belwtcn

8% lo 10% of BHH .

The results for ihe ptriod IV ii

fl„M = 2.651.201 .53%

Her« the error on trigger acceplances is dorninating ll l» ruugly 14% of B^ »hereas ihe

olher errros give contribulions from 7% to 10%. The etror on the irigger occeplance ralio

is cnly presenl in the sample IV.

We can catculate the significance of ihe differenre belween these two measurements

by adding ihe errors in quadrature which are not common for both samples, i.e. the

itatislical error and Ihe error induced from the Irigger acceptance ratio. We find ihe

devialion between ihe 'wo meuuremenU of B^ U. b« .860. So we can ctimbine ihe

meuurements by »dding the number of events. We gel

B^ = 2.531 ,17l .46%

wild the followjrig relative conlribulions. of Ihr Byslemutica) eriors:

'Tli( lui Iwo vilu« comt !tom mcuuroncnt* of T(I5) — t'tt~itt~ corobionl »i l h iudtptndinl
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mggi-r acccplai i rcs I]'.'!,

& > M c f n a t i r a l M C " trror I I

fiiui < , n ( „„ j 8''[

e r ru r DU ä-,- l^-'i

l ' i fv ious inrafurempjus o( /)„„ arr slio*n in labk 10 & U M U M U j Our rrsull is in
guod agreenieiil w i l h ihe »orid aver^gc

Conclusions

We s»w, itial uaing ihe lubt chambers of llie Cr)sl*l Bill drtcclor and a new traekiug

roul inf enablfd us to idtnl iFy and lo rejecl bacltgtoundi lo i\ir process t 'r" — /j"**j" ,

wluch »rc nol due to <* ("mteraclioiis (i.e. coamic ray iniions and b' 'am-wall interaclions).

However, we noUced, lh»[ a good chamber performance ii an uncondilional basis for lh»l.

We had to exclude data sampl** from our measuremenl, which were tnken wilh n bad

lube chamber ADC Delailed reasont for lhai were noi known.

Our final muon sample aull contuns about 16% background frotn two photon n pair

production. By tublraclinj the nonreaonant contribuiion lo t*t~ —• f "*;<' >nd correcting

for the two p holen induced b&fkground we extracled the branching ralio of T{1S) —

* j * H ~ The resulting v»lue o(

B„ = 2.53± .17± 46%

agrfes well with previous meuurementt. Tbis »how-a, that Lhe Cryslal Dali is well suited

to meajure noL only thowering partieles, bul aJso diarged imniinutn ionuing parlicles

However, it may be posaible lo reduce the lyslematical error of this nitisurtment.

Mofe studies on trigger bit inefüciencies together wilh cbanges of »oinc culi ahould reduce

the error on the trigger acceplaares. One may also quest for a better understanding of

thc MC simuUtion of muons in order to reduce the ayatematical MC etrors.
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Appendix

In ihr füllowing we ]isl lh* code of our fanious Iracking routme TACTRK in order to

provid* everybody's possibility u> verjfy elemenlary parlicle physict resulla on elemenl&ry

aource program leve!. In addilion il may be used lodiscourage anybody who is mleresied in

bigh energy physics But notice, understanding physics ia mucli eaaier lhan u nders Unding

a FORTRAN program!

In case, lhal there happens to bt really one hurnan btmg, who wams to read this

routme, wc give »ome bmU, ho» to go through thla code

• Forgel «bout Ihe firsl glatementa in ihe main routine TAGTRK Thej ontj write

oul paramelers, check ihe input, and do some Initialisation« The program really

siarls wiih 'CALL FNDH1T'.

• Look in ihe header* of each •ubroutlne to know whai it is doing, following the

»equence, in which ihese roulines »r* called by the majn program If you havr read

ihe chaptrr 4 before, you may get a slighl glance of what is going on. Otherwise you

probably underBtand noihing.

• If you ire really sure lhal you wanl to know more detaili.

The importanl parameiers and variable» are in COMMON block s

The COMMON block EQL'IV conlains the date which are analysed

The COMMON block TBANALCM contamssome Information about ihe t übe cham-

bers

The COMMON block TTUSERCM contains all parajneteri and optiont, which may

be sei ot changed by the u&er.

The COMMON block TAGTRKCM containa ihe variables, which are handed over

between ihe fubroulines.

You will find ihese COMMON blocka at the end of Ihe code There exisl descnptions

of Ihe imporlant p.rameters io ihe COMMON blocki EQU1V and TTUSERCM

These descriptioni are altached al the end of the code, too. In ihe description of

ihe TTUSERCM eommon block, you will find, in which lubroutine all ita ttrange

Parameters are used.

• If you bave reatly followed ihese hinlt up to here, you can eitber dop now and be

happy, lhal life does n öl ytl r«ally depend on compuler programa, or, you tay 'good

bye1 to all your friend) for quite a while, ait ctowp «Q(J try to undersland all the

idiosyncraiies of FORTRAN, tracking, and the Cryctal Ball drifl chamber« Make

your own choice!

The souice code of TAGTHK

TMIS IS In£ «*[H ROUTINE [Jf A TR»CKIHC
Hfl UC Jlft A«l TRACn m**JiBb Of ln£ I
IRnCulhC OP11CWS HAVT 10 M SCI IN
RCSULlS AR1 EIThtR RHURhCD I" TTOSfSCu

OB «BI1IEN IN TUE (VtNl 6LOCC
00 "H TACTRK- FOR uXE INTWMA110N *BOJ1

CRCA1CD BS/n/JI k*

TACTRKCU
SUACfiO TIuSERCU
«MACfiO £QU1V
C

LOCICA4. riRsi.Loet
DATA MfiST/ TRUt /

C
C - IHITIALIZAIION

If ( .NOT F IBST) COtO 10
FIRST - FWSE

IF TfCRE ARE NO USE« 1RACKINC CUTS SET TMEU DtfAUlT
CALL CU1S£l(LO£f)
H«llEf6, 15101
•RITE(G.1»0) LOUI
KRlTE(6.liM) LOFFX.LCOSM
IF <LDCFJ M»ITE(6.IS40)
IF ( NOT LD£F) K«nE(6. 1S4 1 )

1SOO TCMMAT
1110 FORMAT

• ••• TAGTRK CALLCD FIRST rc* EVENT.17.• HUH'.IT)
OPTIONS /TROPT/ *NO CUTS /TRCUIS/ USEO.'./)

'•RITE NEU TRACKING RESULTS IN EVENT BLOCK LOUT -'
•OFFAXI5 TRACK1MC: LOFFX .'.L4
•COSUIC THACK1NC: LCOSM - - . L4 )

> ALI TRACK INC CUTS DEFAIM.T : ' ./)
> M O ' ALl IRACKlNC CU1S

.L4)1120 FORMAT
15W FORUAT

./.T«
1540 FOftUÄlf/.
1541 FORWATf/.
t SSO FORUAT (

7X. 'MIN l Of HITS FOR CMARCEO OMAXIS TfiACK MAH1SU-' ,F6 2
.TX.'UIN f OF HITS FOR AT LF.AST ONE O>FAX!S TNACK HCTDfU-'.fe l

./.7X.-UIN f OF HITS FOfl AI LEAST OK COSM HALFTRACK MCOSU*.',fe 2
, / ,7X . 'FACTOR FOH ulN f Of HlIS OF 2ND COSU/OFF* Tt*K F*C!"' .F6 .J
, / .7X. 'U]N SICNlTICANCE FOR ONAX1S TRACKING: ' , B«. *SAXlSkh i .F6 2,/)

10 CONTINUE
C
C CHECK IF lAGTH« IS C*LLED PftOPERLY

NTftKS • JHtAD(44)
IF ( ITR .GT .NTRKS -OH IIR . Lt . 0) <«ITE(6. ̂ 60) ITH.NTRKS
IF(JTR.CT.NTRKS .OR J T R . L t . O ) *RITE(6. 1560) JTR.NTRKS
)F( ] 'R GT.NTRKS OR JTR GT NTRKS) RETuRN
!F(I'R LE.O OR. JTK IE 0) RE TuR«

1560 FORU*T(- >£R«Ofi IM TACTf tK. TRACK-f • . [S. • I W V A L I D (NTRKS- ' . 15. ' ) ' )
C

IF (1TR EO.JIR) t«JTE(6,156i) l IB
IF (ITR £0 JTH) HfTuRN

1561 FORUATC >ERROR> TACTRK CALIEO «1TH IMHTICAt TRACK f '.l!)

E5ORI - RTRK( ] IRK( ITR)412)
CSORJ - RTRK(IIRK(JTR)*12)
IFfESORI.EO 0 ) HRITE(6.1570) ITR
IF(ESORJ EO 0 } M]1E(6.1570) JTR
IFJESORI.EO 0. .OR CSORJ. CO. 0 ) RElLfin

1570 FORUATC >CRROR> TAGTRK CALLCO »IM CSORO TRACK f ' . 1 5 )

1F(]TUBE IE 0 OR HUBE. LE.O) RETURN
CAIL MOVZER(HAXIS1,24)
CALL CETCHU(JHEAO(7))
CALL CONTUB

: - sei ans OH UINIUUU f OF HITS FOH SCCONO TRACK
HOFF« - HOTFXUTAC2
HOFFXI - ]KT(MOFFX2)
HCOSU2 - HCOSUJ-FAC:
MCOSU2 - ]HT(HCOSUI)

:— - £HD Of INITIALISATION?. START OF TRACKING

',^— LOOKINC FOR HITS
CALl FNOHIT(ITR.JTR)

— — MOVT TRACKS AROUNO. COUNT HltS. LOOK FOR THE1R CEHIER OF CRAVIIY
: AND S1AHT OVER AGAIN (HJOV TllCS)

OEV - IMP
00 20 j-l.i*OV

IF (lOFFx) C*LL UVEIRO



C*LL IWETR1
|f firoSU) CALI HVLTR2

If (LvJf f l ) C*LL COUNTO
OLL COUUTI

II (LCOSU) CALL COUNT2

i f ( i [o f*ov) coro 1 1
IF (l«Fl) C*Ll COCO

CALL COC1
If (LCOSU) CALI COC2
OCV - W V/G* l N

COIO 70
ir (ic* FI] CALI rtiAio

CALL IKAKI

IF (LCOSU) CALL H.4AX2

ÜtCIDf ABQUT AXFS/OfFX/COLU HYPOTHESIS
CALL WCIDE

R[J£C! H ITS 100 T«! **IAT IN
CALL Z E T R E J

«RITE 001 RESW.TS IN EVENT BLOCK
[F flOUT) CALL moUT(ITR.JlK)
IF (URCOR) CALL CORR1R(ITR,JTR)

REIUSN
[HD

E«) OF IM] N PROGRAU

SU6ROUTIHE CUTStT(LDtf )

SEIT IHR THE TKACKINC CUTS TO DEFAULT VALltS IF NOT SET 6r USER
C AND CHECKlNfJ ]F ALI CUTS A«£ DEFAULT
M4ACRO TACTRKdl
XMACRO TTUSERCM
7J«CRO EOU1V

LOG1CAL LOEF
D A T A KXUl.MCSUl.HOXMi /1 .S .2 . .3 - /
OATA HXM7.NCSU2.HOXM2 /2.f>.2 S.i S/
DATA FAC.SX« /.5,-.l/

C
NLAYS-Jtl"9E(ITueE*1)

C
]F (NLAYS CT 6J GOTO '0

C MAS USER SET CUTS BY HIMSELF?
IF (LCUT) COTO 20
HA*l SU - H«U1
HCOSUJ - HCSM1
HOFF XU - MOXUt

20 IDEF - HAIISU.EO.HXUI .AND. HCOSMM.EO.HCSU1 ANO. HOFF XU EQ.HOXU1
• ANO. FAC2 EO.FAC AND. SAXISU.EO SXkl

RETURN
C

10 CONTINUE
C HAS USER SET CUTS BY HIUSELT7

IF (I.CUT) COTO 30
HAI]SU - HXU2
HCOSUkl - MC SU?
HOTFXU - HOXU2

SO LDCF " HAXISU.EQ.KXM2 ANO. HCOSULI.EO.MCSWI AND.
• AND FAC2.EO.FAC AHO. SAXISM.EQ. SXM

RETURN

E NO

SUBROUTINE FNOHIT( ITR. JTR)
C
14ACRO TACTRKCU
itWACRO TTUSERCU
SUACRO EOUIV
XUACRO TBANALCM

011«WS10N PHCSL(B).PMCSfi(8}.DPHCS(8)
LOCICAL LCROSE.LCSL.LCSR.LOX] .LOXJ .LXI , LXJ
D*TA MSKPMT/ZFFFFOOOO/

C
C -- PHIL IM INARIES

CALl
Ml A rs-u l h < J l ÜBE ( l T'*f • 1) . 8 )

»INHL-fiLAYER(>>

TRACK l
OPHI ARE UOOULEOISFANCE/(SO«I(B)-SIH(THE1A))- H u
[UJO - J T R K ( I T R K ( 1 T H ) 0 6 )
CALL OCCENTnfcO3.UI.VI . C S T H l )
SNTHI - SQRT(< -CSTMl-' I)
R| - R8ALL-SNTHI
PHIl - AMOO(AlAN2|VI ,UI)(PI2,P12)
OPHll - OTHCTA/SNTH]
BIMX) - WWP'OPHII * |^PH1T(1)/Z.

«ILCw - PHIOIF (PH1I .«rlNDOJ
IIM1C ' OHISLM(PHll .KINDO)

TRACK J
JUOO - jTRK( ]TRl ' ( J tR) t )6 )
CALI DCCENT(JUOO.UJ.VJ.CSTHJ)
SNTHJ - SQRT{1 -<:STHJ*'2)
RJ - RBAll'SNTHJ
PM1J - AUCO(ATAN2(VJ.UJ)4P12.P[1<
DPM1J - DTHETA/SNIHJ
• INÜO - WWP'DPHU » OPM]T(l) /2

XJLOW - PMIDIFIPMlJ.wlNDOJ
XJH1C -

- It£ MOVE TRACK ROUTINE S NTED INITIAL CENTftE VAIUES 0» n ANÜ Pnl
PHICU1 - PHII
PMJCU1 - PMU

^— Th£ FOLLOWING IS FOfi F1NDING OOSUIC TRACKS
IF f.NOTACOSW) COIO 28

- T« UOVE TRACK ROUTINE i NEtD INlllAi C£HIR£ VALUES Of R ANO PH!
RICM2 - HI
RJCU2 - fiJ
PMICM2 • PHIl
PMJCMJ • PHIJ

-- LOOK FOR 'RICMI AND 'ItTf ANGLE IN 'V
PH!L - PHlUAXfPUll.PHUJ
PHIR - PHlUINfPHII.WIJ)
THIS IS FOR AVOIOIMG DIVIOE CHECK S IF PHIL - PHIR BY ACC][ifNT
IF (ABS(Pt(IOPN(t-MlL.Ph]R)).CE. .010) COM> 10
PHIL - PHlSUWfPHtL. .010)
PHlfi - PHlDlFfPUlfi. .01O)

10 CSOPH .. COS(PHH-PHI«J
SNDPH - SIN(PHIL-PHIR)

-- GET PABAXCTERS OT RICMT ANP LfFT TRACK
LIWV - PH]OPN(PHII.PHIJ)'PIIIOPN(PMU.°HIRi.LT.O.
IF (L1NV) COTO 15

OPHIL - DPHI1
OPMlR • DPM1J
SNTHL - SNTH]
SNTHR - SNTHJ
CSTHL - CSTHl
CSTMR - CSTHJ
COTO 16

15 CONTINUE
OPHIL - DPHIJ
OPHI R - DPHII
SNTHL - SNTHJ
SNTMR - SNTHI
CSTHL - CSTHJ
CSTHR - CSTHI

16 COWTINUC

-PROJECT10N OF TRACKS IN PH t PLANE
CALC SIN(DELTA) WITM DTLTA-PH1-PHOVTX
«L - RBALL-SNTML
RR - RGALL'SNTHR
SLR - SQRT(Rl"2 » RR-*2 - 2. •RfRfl'CSOPH)
SNOCL - (RL-flR'CSOPH)/SlR
SMDCR - (RR-RL'CSDPH)/St.R

-CALCULATE PHl ANO RHO OF SUPPOSEO COSUIC «RSEX
RHOVTX - RL'«R*AeS(SNDPH)/SLR
PHOVTX - PHISUU(PHIR.ASIN{SND£R)>

-tRHOR PROPAGATIONS FOR AI L TMIS STUf'F
OROTL - RHOVTX-fl -RL-SNDEl/SLR) 'CSTHL/SNTHL
DROTfi - RHOVTX'fl .-RR-SNDER/SLRi-CSTIW/SNT-«
DROP - (RHOV1X-*I-«L-RR-CSOPH)/SLR

ÜSHDTL - -R6AI.L*CSTHL-(CSDPHlSNOEL'SNOEH)/SLR
OCBDTR - RBAll.*CSTMR*f 1 .-SNOER--2)/Sl R

- (RHOVTX'SNOCR-Rl'SNDPH)/SLH

DPOOP - RL'SHOEL/SLR
IF (SNWR.CE.1) SNDER-«
DPOO^R - i /S«T(1 -SHDFH"!)

DSHO - SOBT((0«OTL' •2lDRDTR"2)'DTMETA"2

Hl
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îK

ii 
P

5
>* i*, x i*

 
oc :

_
j -* ̂

 —
 

o
 ,

- 
4

iift 
^^

i t 
>-

-
>

-
O
 

<

5
i

o
 •-



5•-
 Q

,- i

Mcci*—Qi3

"1uäousu.*lijf
v* 

1
S ss bg o

3
J=

 
ff

a. 
Ü

•"•a" 
i

la
 

^
u —

J
^
 
i

w B
 

-
"
 3

 
;

•o
 
:

«
5

4 
S

S
 a

 3
 

i

J
 

8
5

*
 

:

3
3

h
 

f- in in
f 

S
 S

 
o
 u

 u
 

i.
i- tn

 
z
 ±

 
«

< t 5 rrr ?
-
-
S
 
t
t
t

 
*•

o
 O

 
*

5
5
 

'

—
 

t 
o

o

o
 

o

*
 

v
i

 s
8
 

2

Z
 

'J

SS u)T 7 9-~—

z
 +

 a
z

z
 

>
•

—
-

i 
ui 

• 
u

«
 

• 
z

«
 

S
I
 

a
a

<L 
*-^

- 
^

^
f!4

W
 

^
 

' 
Q

 
* 

—
—

 • ̂
^
^
 i —

 —
5, . 

u
u

 
_
 

o
j 

in
 

j|.T
-
x

-
^
«

T
r

f^
 

r
^
^
r
H

*
- 

3
O

O
~

~

(j ac 
.-̂

^«>
 

in
 o

 
• 

> 
v>

T
 

O
t —

 T
 

U
t

_
t

4
«
 

tt.
z

 +
 3

z
z

 
•

•
—

-
i 

ui

3 "'s
 —

 o —
^

s53
m

I
 

—
 • z

 *ft^*
E

 
l 

x
~

Ö
<

N
~
. 

t
 in

ß
 i

v
i

a a
_
, 

l
/
K

N
Z

Z
!

>
« 

• 
• 

B
Ö

 
3

 a
 S

 
v
 f 

f 
-

l 
•
 

-i •
 Z

_
J
 
l 

-> -> 
ff 

X
£

 —
—

• vT 
«

 s
 i

 
—

 z
 i/T—

- 
- 

- 
- 

f 
i 

r —
 o

 <N
o. m

 u a
is

g
^
a

ü
1

 
?^

ö
i

> a: gc
: S

S
*v

i w

jSSS
• 3

 in
 .n

> i* u
 u

-
^

a
v

f
n

 
-t 

T
a

^
T

W
«

v
 

-^ 
*H

Ä
I/I 

—
 M

 T
 z vi r* v^ 

">
S

D
I

«
 

4
>

>
£

S
x

 —
b

a
j
z

i
i
i
a

t 
-> 

a
 

i
«

 
•
•
i
S

i
-
ö

a
i
t
t
t
a

—
 —

 w
 
l 

• 
>

 
a

S
t
w

o
O

-
- 

"
"
^

V
A

* 
a

a
 

"*^
"""™

-_
—

5
"
S

?
^
S

^
. 

»
u
 u

 "
• *

 
l 

l 
l«

 
Î

C
rC

r 
Ö

Ö
«

'-
«

^
 

U
W

<
;

I
I

I
K

 S
 —

 —
 —

V
) V

—
- 

-J
 -l

<
 <

 
^
"^

-^
 S

 
^
K

V
)^

™
«

-*^
^
- 

a
i

"
"

 
cj 

•
S

0
>

'- 
l

1
1

1
1

 
lA

ü
C

^
 —

 £
lA

.Z
c

£
 

U
I

'*
 

Ö
S

«
5

—
 5

 
"
-B

l
O

i
i 

—
-«

—
i 

u
ji^

2
Q

T
>

--iiÄ
 

<
a

u
j y

 
!_

_
.- 

u
—
 

j
 —

 s
u

>
n

 —
 —

 —
 E

!''

0: »- in
 in

 et ^- in
u. S

 
Ü

rv
^

j*
?
? 

'''' H
3c

m
i T T

'?i
t
t
t 

—
 S

 
x

 
o. 

n
r4

r4
^

 
—

 a
 ^

 3
5

&
.-_

iiS
 

S
 

f- 
S

a
a

 —
o

i
Z

Ä
T

.
 

U
*
-*

 
H

-
»

*
ir

t
<

l.-
>

-
l-

lM
«

a
.ln

l_
if

t
l

l
u

 
l 

I
 
3

 —
 l 

t
 t

 3
—

 o« o: u. »
 

£
£

i<
/iiz

iflT
Q

u
 (J

 u
 o

 
u

 
o

 o

I
f

»
i

"S
—
 

o

*~ 
S

ä
 —

i

•** 
O

 
k

f̂ 
(

S
 l

3
2

l»



»
 
L
*
 W

 
-»

O
 O

 O
 O

8

-Z
T

J
 —

P
 

—
 «

O
 

TJ f
 v

?
^

 
C
 
*
 t

Ö
S

 
$

o »
 ^> yj —

 
-* f»

Ö
7

2
2

o
t 

z
?

z
^

i
S

7
?
!
^

?
«

^
 

"
£

5
 

-
r

lo
n

.Q
a

ü
-
lM

if
c

I
S

ij
B

H
?

^
!:?^?;|os.-5s*

 
Ki9:§:"??

s^rr!^!|ll.^iäi2
?ris?S"iW

- ^
5 

Ib-sllll!53^^
1*-"* "

5"

S
 o

 :

S -i i

—
 

A

- SI

C
l 

(
IC

i* 5
1

8
 

?
5

2

J
|3

°
$

^
z

J
5

,S
° i'J

1* 
S

i|
r̂

P
 * T

 vJ<- 
^P

 '?
3

_
-"" 

.2 i
 m

kiiiitf ü
iî
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FIRST TRACK l AND CORRESPOMDING OB1HOC*N*1 LlHt
Sl 1-0.
SXK-0.
SOO-0
oo n M-I.NBINS

00 10 «K- 1. NB l US
1F (ONlOdl .KK) LE 0 ) GOTO 10
ON - ONlOd l ,KIC}.«MEXP
Sll - Sl! * N • OH
SKK - SKK -t KK • ON
SOO - SOO « OH

11 CONTINUt

- CALC IHt CENIRE Of CRAVlir
1F (SOO.LE.O.) GOTO 20

XUAII - s n /soo
XUAXK - SKK/SOO

COIO II
20 XMAK1 - (NBINS»l}/2.

XUAXK - «U* XI
21 CONTINUE

- f HO COHHESPOH01MC R AND PH1 VALUES
1RACK I:
1F (KMAXI IT. l . ) XWAXI-1 .
If (XUAXI.CE.FLOAT(Ne!NS)} XUAXl-flOAT(NetNS)--01
IBIN - INT(XUAXI )
Of SET - AMOD(XMAX1 ,1.)
PHICMO - (l -OFSETJ'PMIIMOOBIM) . OFSET'PHIlMOdB!
filOJO - (1.-OFSf.T)'RIUOdBIN) * OFSEI'HIUOdBlN+1)
CORRESPON01NC ORTHOGONAL L 1 1*
IF fXMAXK.lT 1 . ) XUAXK»! .
IF (XMAXK C£ .FLOAI(l*lNS)) XMAXK-*LOAT(NB1NS)- 01
KGIN - INT(XUAXK)
OTSEI - AUOD(XWAXH.1.)
RKCMO • (1 .-OFSET)'RKUO<Kß!H) t Of SET •HKMO(KBIMt1 )

— NOK TME SMC fOR TRACK J
SJJ-0.
SLL-0.
SOO-0.
DO 111 JJ-1.NBINS

DO 110 LL-l.NBINS
IF (OMJO(JJ.LL).LE.O.) GOTO 110
ON - ONJO(JJ,LL)**NEXP
SJJ - SJJ » JJ • OH
SU - SLL * LL • OH
500 - SOO + ON

110 CONTINUC
111 CONTINUC

- CAtC Tt€ CENTRE OF CRAVITY
ir (SOO.LE.O.) COTO 120

KMAXJ - SJJ/SOO
XMAXL * SLL /SOO

OOTO 121
120 XUAXJ - (HBtNSt1)/2.

XU* XL - XUAXJ
121 CONTINUC

FIND CORRCSPON01NC R AND PH l VALLCS
TRACK J:
IF f X U A X J . l T . 1 . ) XMAKJ-1.
IF (XUAXJ.GC FLOAT(NBINS)) XUHXJ-f LOAI(MBIMS)- .01
JBIN - INT(XMAXJ)
OFSEt - *UXI(XUAXJ.1.)
PHJCMO - (1.-OFSCT)*miJUO(jBIH) + OFSCT'F^1JMO(JBI
RJCMO - (1.-OFSET)*RJMO(JBIN) t OFSETRJWO( JBlN+l)
DORRESF-OHDJHG ORTHOGONAL L1ME;
IF (XUWtL.tT 1.) XUAXL-1.
IF (n*AXL.CE.FLOAT{NBIKS)) XU*.XL-f LOAT(MBIKS)- .01
IBIN - INT(XUAXL)
OFSET - AMOO(XUAXL.1.)
filOJO - (1.-0»'SET)>RLUO(LB1N) * OFSET*RLUO(lB[Nf 1)

RETURN
E MD

SUBROJT1ME COC1

CALCULATES THE CCNTRE OF CRAVJTY IN THE ARRAYS ON1 l AND
FOR ONAXIS HYPQTHCSIS
IN ON11 RESP. ONJl ARE t OF HITS FOR TRACK l t J

*H»«l-fLOAt(miNS)-.Ol

r INU CU
TRACK l
IF <KUAI1 1.1 1 } XUAX1-1
IT («UAX! CE FlOM(NeiNS
IBIN - INT(XUAM)
CXSCT - AMÜO(*UAXI 1 }
PHICU2 - (1 -Or5ET)-P"nu2(IBIK) * Of SET-PHI |U2( [BlN»1 )
RICU2 - (l -OfS£T)'Rlui(lBIN) t OFSCT'BLlU( I61M+ 1 )
TRACK i
|F (XUAU.LT . l . J XLUIJ-I
If {XUAXJ.GE FLOAT(NB[«S)) «UAXJ-FLQAT(heiNS)- 01
JÖIN - INT(XUA»J}
Of SEI - A1*X>(XUAXJ.1 }
PnjCu2 - (l -Of S£T)-PMIJM7(JBIN) » Of 5ETPH1 ju;( jBIMi 1 )
NJCU2 - (1 -OF S£l)'Rju2(J8lN) t Of SET 'BJU2( JB1N. 1 )

RE1URH
ENO

SUBROUTINE HUAXO

C LOOKS FOR THE R.PHI « f ] T H UAXIUUU f OF H11S OH A TRACK
C FOR OFFAXIS HYPOTHES1S
C IN ONlOfU.Nl ARE | OF HITS FOR TRACK l
C IN ONJofu.N) ARE l OF MUS FOR TRACK J
C OUTPUT: PHIOX.PHJOX.POXVTX.ROXVTX
C HOFFXI.HOFFXJ

XUACRO TAGTRKCH
XUACRO TTUSERCU
JCUACRO T B ANAL CM
C

IF (.NOT.LOFFX) RETURN
IF /N1OX..LT.NOFFX2 .0«. NJOX.LT .NOFFX2) RETURN
IF (NIOX.LT.HOfFlfU .AMD. MJOX LT.HOFFXU) RETURN

C
UIDGIN - (MB1NS+D/2
NSIOC - UIOfilN-l
IUX - U]D6IN
KUX - U108IH
JUX - U1D61H
LMX - MID6IN

C
C TAKE THAT (PHI.R) »UM MAX | OF HITS FOH TRACK I (OHIO)
C IF THERE IS NO SINGLE MAXIMLU. TAKE THAT NEARER TO UIDOLE BIN
C IN11IA11ZE «JTH WOHST VALUGS

HOfFXl - 0.
MNOIF - NBIN$"2
PO 11 n-1.MBINS

DO 10 KK-1.NBINS
ONDIF - ONIO(II.KK) - HOFFXI
IF (oteiF) 10.a.a

8 MIDIF . (I]-UIOeiN}*>2 t (KK-*I1D6IN)"2
IF (U1DIF C£. k*«[F) GOTO 10

9 H3FFXI - ONIO(M.KK)
IUX - II
KUX - KK
M40IF - UIÜlF

10 CONTINUE
11 CONTINUE

C
C OO NOT CONTINUE IF THERE ARE NOT CNOUCH HITS

IF (HOfFXl.LT.HOFFX2) COTO 999
PHIOX1 - PHIIUO(IUX)
ROXi - RIMO(IUX)
PHIOKK - PH1KMO<KUX)

C I M RKMO HAT B€ .LT. IERO
ROXK - ABS(RKUO(KUX))

C
C TAKE THAT (PHI.R) WITH UAX f OF HITS FOR TRACK J (ONJO)
C IF THERE IS NO SINGLE UAX1UUU. TAKE THAT NEAM« TO MIOOLE BIN
C I N 1 T I A L 1 Z E "1TH HORST VALUES

HOFFXJ - 0.
UNOIF - NB1NS"2
00 21 JJ-1.MB1NS

DO 20 LL-l.NBINS
OMDIF - ONJO(JJ.LL) - HOFFXJ
IF (OMDIF) 20.IB.IS

16 UIDIF - (JJ~4IIOQ[»n-'2 + (LL-MIDeiK)"Z
IF (UID1F .GE. UNOIF) GOTO 20

19 MOFFXJ • ONJO(JJ.LL)
JUX - JJ
LUX - LL
i*cir - MIOIF

20 CONTINUE
21 COHT1MUE
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1F (HCO5MI .LT.MCOSHW .MO. HCOSMJ .LT .HCOSWU) GOTO 999

CAICULATE NEW RHOVTX »NO PHIVTK AHO PHPS SINN fR&J VERÜE*
F IRST LOOK ACAIN WMICM IS THE R1CHT AMD LEFT TRACK IN PMI

PHICSL - F>HIMAX(PH1CSI .PHICSJ)
PMICSR - PH!UIN(PHJCS1.PHICSJ]
ICS1NV - PhlOPNfPHICSI .PH!CSJ)-PHiOPN(PHICSL.PHICS«) L T . O

CSOPH - COS(PHICSl-PHICSJ)
SNDPH - SlN(PHICSJ-PHICSJ)
SU - SQHT(RCS1"2 » RCSJ--2 -
SNDE1 - (ftCSI-RCSJ'CSDPHj/SIJ
OELT] - A

2.-RC5l-ftCSJ-CSWJH)

RCSVTX - HCSI-RCSJ-AflS(SNOPH)/SIJ
C REJECI VEIICES TOO NEAR THE BEAU AXIS

]F (RCSVTX.LT.RCSUJhrt GOTO 999
1F (RCSVTX.CT.RCSMAX) GOTO 999

C
]F (LCS1NV) GOTO 105

PCSVTX - PHIDIF(PHICSI.DELTI)
PHICS - PKISUUfPCSVTX.Pl/2.)
PHJCS - PHlOLF(PCSVTX.PI /2 . )

GOTO 106
105 PCSVTX - PHISLW(PMICSI.MLTI)

PHICS - PH10inPCSVTX.PI/2.)
PMJCS • PH!St*l(PCSVTX.PI/2.)

106 RETURN
C
C— MO! ENOUGH HITS. SET HITS EQUAL ZERO

999 HCOSM1 - 0.
HCOSMJ - 0.
RETURN
Et«

C
C
C
C
C

C
C i i i i .

C -OECIDCS 1F TME TRACK(S) SHOULD BE FITTED ONAXIS, OFFAXIS Ofi COSMIC
C -SEIECTS THE FINAL SET OF HITS WHICH ARE COINC
C 10 BE USEO FOfl F1TTIMG IN ARRAr UYPT(U.MHIT)
C ILYPT(I.NHIT); LATER f 1LYPT12,NH1T); POIHTER TO HIT
C— n — • ' . —'-
C
XUACRO TAGTRKCU
XUACRO ITUSERCU
X1MCRO TBAHALCM
WJACftO EOUIV
C

DATA SCSOXU /O./
C

MlATS-MlN(JTU6£(ltüe£tl).B)
C REStt RESU.TS

HHITI-O
HH1TJ-O
LX-.FALSE,
LOK-.FALSE.
LCS-.FALSE.

C
C^^ CALCUtATE SIGNIFICANCE FOR EACH HYPOTHESIS (AX1S.OFFX .COSM)

SCOSM - 0.
IF (MCOSWI+HUKISI .CT.O. )

• SCOSW - SCOSM + (HCOSU1-HAXIS1)/(HCOSU1+HAXISI)
IF (HCXISMJ+HAXISJ.CT.O.)

• SCOSW - SCOSM + (HCOSMJ-HAXISJ)/(HCOSUJtHAXlSJ)
SCOSM - SCOSU/2.

C
SOFFX - 0.
IF (HOFFK1+HAX1SI.CT.O.)

• SOFFX . SOFFX * (HOFFX1-HAXISI)/(MOFFX]*MAXISI)
IF (HOFFXJ*MAXISJ.GI.O.)

SOFFX - SOFFX + (tWFXJ-MAXISJ)/(HOFFXJ.MAXISJ)
SOFFX - SOFFX/2.

C
SAXIS - -AMAXI(SCOSU.SOFFX)

C
C——DECIOE OFFK OR COSMJC

SCSOX - 0.
IF (HCOSMI+HOFFX1.CT.O.)

• SCSOX - SCSOX + (HCOSMI-HOFFXI)/(HCOSMUHOFFXI)
IF (HCOSMJtHOFFXJ.GT.O.)

• SCSOX - SCSOX + {HCOSWJ-*tOfFXJ)/(HCOSUJ*HOFFXJ)
SCSOX - SCSOx/2.

SU6AOUTINC OCCIOE

MAXE UP TME OEClSlOfl
LX - SAXIS.GE SAX1SU
IF (LX) GOTO 200

R s L

L« • SCSOX Gl.SCSOXM
IF (LCS) GOTO '00

FIT OTFA.XIS
LOx - .TRUE.
HMMI - HOFFXl
HH1TJ - HOFFXJ

CALC OF VTX AMD PH]"S SLEN TROU vtRUX ALWEAOY OONE IN MMAXO
RMOV1X . ROXW1X
PHIVTX - POXVTX

-LOOK FOR MUS LTING (X TRACK !
CSDPH - COS{PHIOK1-PHIO*K)
S1K . SOBT(ROXl"2 * ROXK"! - 2 -ROXI •BOXK-CSDPH)
A - ROXI'ROXK'SIN(PHIOXI-PHIOXK)

DO 20 LY-I .MLAYS
TRACK I;
NHITS - IOX(LY)
IF (NMITS.LE.O) GOTO 20
DO 10 1H-1.NHITS

1*1 - IPIOX(LY.IH)
PH!H1T-HTU8£(UPT + 1)

6 - ROXK'RLAYER(LY)'SINfPHIOXK-PMlH]T1
C - RLAYER(LY)'ROXl-SlN(Pt)IHlT-PM]OXI)

DT - ABS(A+B*C)/S[K
IF (DT.GT.TRAO(LY)) GOTO tO

—HERE «E MAVE A HIT .SIORC ITS POINTER AND LAYER
IN ARRAY FOH HITS USEO FOR FIT

NHITI - NH1II t 1
ILYPT(I.NHITI) - LY
ILYPU2.NHHI) - MPT

CCWTIMUt

MO« TRACK J
CSDPM • COS(PMIOXJ-PHIOXL)
SJL - SQ«T(ROXJ"2 + ROXL"2 - 2.-ROXJ'ROXL'CSOPH)
A - ROXJ'ROXL'SIN(PHIOXJ-PHIOXL)

00 40 LY-I.NLAfS
NHITS - JOX(LY)
IF (NH!TS.L£.0) GOTO 40
DO 30 JH-1.t*ilTS

UPT - JPTOX(LY.JH)
PMIHIT-RToeE(UPT + Ij

B - ROXL'RLAYt:R(LY)'SIK(PH[OXL-PHIHIT)
C - RLAYER(IY)'ROXJ'SIN(PM[HIT-FH]OXJ)

OT - *aS(A+B+C)/SJL
IF (DT.CT.TRAD(LY) ) COTO 30
HERC WE HAVE A HIT .STOßE ITS POINTEH AND LAYEH t**CEfi
IN ARRAY FOR HITS USED FOR FIT

NHITJ - HHITJ •> 1
JLrPT(t.NH[TJl - IY
JLYPT(2.NHITJ) - MPT

SO CONT1NUE
*O CONTIMJE

RETURN

CALC OF VTX AHO PHI-S SEEN FROM VERTEX ALREADY DCfC IN HMAXO
tOO RHOVTX - ftCSVTX

PHIVTX - PCSVTX
HHITI - HCOSUI
HHITJ - HCOSMJ

LOOK FOR HITS LYING ON TRACK ]
CSDPH - COS(PHICSI-PMICSJ)
SU - SORT(«CSI--2 * RCSJ--2 - 2 .-RC5I-RCSJ-CSOPH)
A - RCS]*RCSJ'SlN(PHICSI-f>HICSJ)

DO 120 LY-l.NLAYS
TRACK l:
NHITS - ICS(LY)
IF (NHITS.LE.O) COTO 111
DO 110 1H-1.NHITS

MPT - IPICS(LY.IH)
PH1HIT-RTUBE(MPI t 1)

B - RCSJ'RLAYER(LY)-SlNfPHtCSj-PMIHlT)
C - RLAYER(LY)-«CSI'S1N(PH1HIT-PHICS1)

DT - ABS(A*B«C)/SIJ
IF (DT.GT.TRAD(Lr)) COTO 110
HERE WE KAVE A HIT .STORE ITS POIMTtR ANO LAYEH NUUBER
IN ARRAY FOR HITS USED KOR F IT

NHITI - NHIT1 ^ 1



JLVPT(I.NH1TM - LY
)LYPr(2.NHlTI) - UPT

CON1 l «u£
Tfi*CK J
NHITS - J C S ( L Y )
iF (NHI1S Lt 0) COIO 120
DO l IS Jt^l .MUTS

fcPI - jnCS(LY.JH)
PH]HIT-nTUUE(U=T t 1)

C - HLAYER(LY)'HCSl'SlN(PHlHn-PH[CSl)

DT - Aes(A»e+c)/su
If ( O T . G T . I H A O ( L Y ) ) CGTO 115
HtRE WE HAVE * Hll .STOWE ITS fOlNTER AMD 1.AYER NUU6ER
IN ARRAY fOR HITS USED FCfi F I T

NH1TJ - NHITJ . l
JLYPl( l .NHI 'J) - LY
JLYPT(2,Winj) - MPT

1 1 5 COM1 1 WJE
120 CONTINUC

RETUHN

:.-—FIT AUS
200 RMOVTX - 0.

PHIVTX - 0.
HHIT1 - HAXIEI
HK1TJ - MAX!5J
DO 220 LY-1.MLAYS

———LOOK FOR MUS L.YING ON TRACK l
IF (HAXISI.LT.HAX1S4I) GO10 211
NHITS - 1X(LY)
IF (NKITS.LE.O) COIO 211
DO 210 1H-1.HHITS

1*1 - 1PTX(LY , IH)
PH[H!T-RTueE(MPT t 1)
DI IS 01STAMCE TRACK - TUBE CENTER
OT - A6S (RLArEP(lY) • S1N(PHIX-PH1HM ))
IF (OT.GT TRAD(LY)) COTO 210
HEHE WE riAVE * HIT .STOfiE ITS POINTER AND IAYER Nl*«ER
IH ARRAf FOR HITS USED FOfi F'HIFIT

M« T] - Willi -t 1
IlYPT(I.MMITl) - LY
ILYPT(2.HH1T1) - MPT

210 CONTINUE
TRACK J:

211 If (HAXISJ.L1.HAXISW) CÜTO 220
t«ITS - JX( IY)
ir (HHITS.IE o) COTO 220
DO 215 JH-l,miTS

UPT • JPTX(LY.JH)
PHlMIT-BTUaEtfcPT * I)

DT - A8S (SLAYER(LY) • SIN(PHJX-PHIHIT))
]F (DT CT TRAD(LV)) COTO 215
«RE W HAVE A HIT .STOßE ITS POINTER AM) LAYER »**«£R
IN ARRAY FOR HITS US£0 FOR FIT

NHttJ - NHITJ + 1
JLYPTfl.MHITJ) - LY
JLYPT(2.MH[TJ) - MPT

215 CCtlTIMUt
220 CONIlNLt

RETURN
FfC

SUBROUTIME ZETREJ

C -BEJECTS HITS NOT Tu BE IßED FOR Z AND TMETA FITTlNG
C BECAUSE OF BAD Z OR LO* PULSE HE1CHT
C -f ILLS R AHO / 1NTO ARRAYS UStD FOR FIT
O - . - __ -
C
XKACRO TACTRKCM
»IACRO TTUSERCM
XUACRO EOU1V
KWACRO TBANALCM
C

DIMENSION RlEFFI(B).RLEFFJ(8)
DAT* WSKZBD/ZOOOOIIOO/.MSKPHT/ZFFFFOOOO/.ZRES/.OV

C
CALL UOVZ£R(ZPSEL.964)
NLAYS-MIN(JTU6E{ITUBEt1).B)

F1RSI CAtC EFFECI1VE LAYER RADI l
IF ILO*) GOTO II

3-ff

If (ICS) COTO

DO-10 LY-1.NLiYS
R L E F F I ( L Y ) - R L A t E R ( L Y )
RIEFFJ(LY) - RLAVER(U)

10 CONTINU
COIO 15

U RCOKRI - SORT( AMAXI ( RHOV1I"*2-«OXK"2 .0. )J
IF (PHIOPH(PHIOX,PHIO)"i)«PhlOf-N(PMlVTX.PHIOXK).CE 0 )
' RCORRI - -RCOflRI
RCOflfiJ - SQflT( AUAXI( HHOvnc--2-ROKL"2 .0. )1
IF (PH](.*N(PHJOX.PMIOXl.)'PHIOPH(PHiVT)l.PHIOXL).G£ Q.)

' RCORRJ - -RCORRJ
DO 12 LY-1.NtAYS

RLAY2 - RLAYER(LY) - *2
RLEFFI(LY) - SORTf AWAXIf HLAY2-ROXK* '2 .0. J) •> RCORR!
RLEFFJ(LY) - SOR1( AUAXlf BLAY2-F.OXL-*2 .0 }) . RCORRJ

»2 CON1JNUC
GOIO 15

13 CONT l IJüE
DO U LY-1.NLAYS

RLAY2 - RLAYER(LY) - -2
RLEFFI(LY) - SORT( AMAX1I RLAY2-RMOVTX--2 .0. ))
RLEFFJ(LY) - RLEFFI(LY)

14 CONTlNUE

—Z REJECTION TOR TRACK l

15 IF (NHITI .LE.O) COTO 40
DO 15 Nl-1.NMITI

-—IS TMEHE BAD Z OR LOW PULSE ttJCHTT
]FLAC-JTU6E(ItYPT(;.N])+3)
]F (IAMD(USKZBO.IFLAC1.HL.OJ COTO i*
PHT-IAND(MSKPHT.IFLAC)/6S5J6.
PHRAT-PHT/AMAX1(TßPMMNnLYPT(l.Ml)).2ü.)
]F (PMRAT LT.PHRM]N(lLltPT(1.Ml))) COTO 3«
ELSE CALCULATE PRELIM1HAR" /.ET

H2 - NZ + 1
IJZ(NZ) - Nl
HA - RTU3£(lLYPT(i.MI)t2)-SKTHI - HlEFFI(!LYPT(1.Nl))*CSTH1
H6 - SNTHl - RLEI FI(ILYPI(1.HI))/R£IALL
ZPREL(NZ) - HA/HÜ

COTO 35
!LYPr(2.MI) - ~)LYPI(2.m)

LONt l NUE

HÖH TRACK J
40 IF (NMIU.lt.O) COTO 43

DO «2 NJ-1.NHITJ
IS THERE BAU Z OH i<M PULS-I Mcl&MT?

IFLAG-JTU6E(JLYPT(2.NJ)-H)
IF (lANO(USKZBO.IFLAC).NE.O) GOTO 41
PHT-IAWD(USKPHT. irLAC)/6«36-
PHRAT-PHT/AMAX1 ( TBPHWJ( JL YPT( 1 . NJ )), 20. )
]F (PHRAT.L1 .PHRMIN(JLYPT(1.N.O)) COTO 41
ELSE CALCULATE PRELIMINAfiY ZET

NZ - NZ + 1
IM FOS TRACK J COUNT HITS NEGATIVE (SEE BELO«)

IJZ(NZ) - -NJ
HA - RTUBE[JLYPT(2.NJ)+2)'SNTHJ - RLEFFJ(JLYPT(1.NJ})'CS1HJ
MB - SWTHJ - RLEFFJ(JLYPT(1.NJ))/FBALL
ZPREL(NZ) - HA/H6

COTO 42
41 JLYPT(2.NJ) - -JLYPT(2.NJ)
42 CONT1NUC

LOOK FOR FAR AWAY ZET VALUES AND FLAO THEM IN LIZFAß t LJZFAH
REJECTS ZET VALUES OF HITS, IF ZPREL
(XINC POINT OF STRAIGHT LINE BETXEEH BUUPMOOULE AHO HIT W 1 T H AX1S)
IS MORE THAN DZUAX AWAV FROM MORE TMAN THE HALF OF ALL ZPfiEL'S

43 IF (NZ.LE.O) COTO 145
DO 45 1-1.NZ

NOUT - 0
DO 44 J-1 ,H2

DZ - ABS(ZPREL(I)-ZPREL(J))
IF (DZ.CT.DZUAX.) NOUT-NOUT«!

44 CONTINUE
IF (HOUT.LE.NZ/2) GOTO 45
EISE FLAC M1TS (IJZ>0 MEAN2 IRACK I. 1JZ<0 MCANS 1RACK J)

IF (IJ2(I).CE.O) L1ZFAR(IJZ{ I )>- .TRU£.
IF (IJ?O) Ll 0) LJZFAR(-IJZ(li)-.TfiUE.

45 CONTIHUE

FILL IRACK I HITS «ITH POSITIVE POINTER IN f [ T I
145 NF! - 0

IF (NHITI.LE .0) COTO MB
OC 47 NI-1.NHITI

IF ( I L Y P T ( 2 . N 1 ) . L T . O ) COTO 47
IF (LIZFAR(Nl)) COTC 46



ELSE TAKE THIS «II FOR f I T T I N G
Nf l - NF) . l
F H I M . N F I ) - f iLEf f I ( I L T P T ( 1 . N 1 J )

FII IO.NFI) - l / ( ;RES* !LENC( ILYPT(1 .N I ) ) ) "2
COTO 47

46 IHPT(2.KI) - - L L Y P T ( I . N l )
47 CONT INUC

IF «EICHT 10« ßl**> UOOULE SET 0 OON"T TAKE IT
MB IF (EIUPKei-LE-0.) COIO 4B

LAST F I T POINT IS BUM= UOOUIE
NF] - NF1 t l
IF f . N O T . L O K ) F J T 1 ( I , N F I ) . SOf tT((RBALL*SNTH])"2-RHOVTX'-2)
IF (LOX) F lTK l .NFI ) - SO»Tl(RÖALL'SNTHI)"2-ROXK"2) t RCORSI
f111(1.Hfl) - RBALL'CSTHJ
FlIlp.Nfl) - B*4P«€[/(RBALL-SNTHI-OTHE1A)"2

— FILL TRACK J MUS WITH POSITIVE POINTE» [N F1TJ
48 NFJ - 0

|f (HHITJ.LE 0) GOTO tbO
00 50 NJ-1.MH1TJ

[F (JLYPT(2 .NJ t .LT .O) COTO 50
IF (LJZFAR(NJ)) COTO 49
ELSE TAKE THIS H IT FOH FITTING

NFJ . NfJ i 1
MTJM.HFJ) - RLEFFJ(JLTPT(1.NJ))
F1TJ(2,NFJJ - RTU6E(j(.YPT(2.NJ)-t2)
FITJ(3.NFj} - 1 , /CRES-TL£NC(JLYPT(l .HJ)))"2

COTO SO
JLYPT(2,NJ) - -JLrPT(2.NJ)49

M CONT1NUC
IF «EICHT FOR BUW MODULE SET 0. DOM"! TAKE
150 IF (EWMCI.LC 0.) RETURN

11

LAST F IT POINT IS BUW UOOULE
MFJ - HFJ * 1
IF (.NOT.LOX) FITJ( t .NFJ) - SQRT((Rfl*LL'SNTHJ)'*2-RMOVTX"2)
IF (LOX) fllJ(l.trj) - SORT((RBALL'SMTMJ)"2-ftOXL"2) t KOfiRJ
FITJ(2.»*J) - RBALL'CSTHJ
FITJ(J.WJ) - »*»Cl/(R6ALL'SWTHJ'DT'<TA)--2

RETURH
CNO

C -DECIOES IF TRACK SHOULD B£ CALLEO TRACKED.TACGEO Ofi NEUTRAL
C -CALLS APPROPR1ATE F1TTIMC OOUTIMES FC« AX1S.OTFX Atf> COSM1C
C AM) PUTS FIT OUTPUT IN CC«*OM HCWTRK

XUACRO TACTRKCM
XUACRO TTUSEROi
C
C—..FIRST AXIS

If (LCSJ GOTO 200
IF (IOX) GOTO BÖ

C LOOK HM UANT TRACKS ARE CHARCED (KAXtS > HAXISU)
(MAXISI.GE.HAXISU
(HAXISI LT.HAXISU
(HAX1SI.CC.HAXISU

.AW

.AMD.
WO.

HAK l S J . CE . MAX l SU
KAXISJ.CE KAXISU
HAXISJ.IT HAXISU

GOTO 80
GOTO 60
GOTO 40

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C OON-T f IT AI ALL. SlkPLr TAKE OCCENT VALUtS

CALl KUI
CALL NEUJ
XVTX - 0.
YVTX - 0.
ZVTX - 0.

RETURN
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C TRACK l IS CHAßCCD-AXl S. TRACK J IS NCUTRAL-AXIS
C SET TRK J NEUTRAL

«0 CALL NEUJ
C ARE THERE ENOUGH VALlD Dl**«3Efi HITS FOR F1TT1NC

]F (NFI LT.MINF1) GOTO 50
CALL TRKl

RCTURN
C ELSE tWN-T FIT BUT TAG TMIS TRACK

50 CALL TACI
XVTX - 0.
WTX - 0.
ZVTX . 0.

RETuRN

fUo

cccccccccccccccccccccccccccccc
C TRACK J IS CHARCED-AXIS. TRACK I 15 NEUTRAL-»»IS
C SET TftK l »EUTHAL

60 CALL NEU l
C ARE THERE ENOUCM VAL1D CHAU6EB H I T S FOR r iTT I«

IF (NFJ.L1 MlNFI) COTO 70
CALL TRKJ

RETURN
C ELSE OON-T f l T EiUT TAG TH1S TRACK

70 CALL TACJ
X V T X - 0.
TVTX - 0.
ZVTX - 0.

RETURN
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C TH1S EHTRT IS AS »ELL fOfi A X I S AS FC« OfFAXJS TRACKS l
C TRACK l IS CHARCED. TRACK J JS CHARCEO
C ARE THERE ENOUCH VAL1D CHAieER H I T S FOR F I T T I N G TRACKS

SO CONTlHuE
ir (NFl.LT.UlNFI .OK. NFJ.LT UINFI) GOTO 85

CALL TR«U
RETURN

85 IF (NFl.LT.UlNFI CALL TAGI
IF (MFJ.LT.UINFI CAIL TACJ
IF (Nf l .GE.UINFI CALL TRK l
IF (NTJ.CE.UINFI CALl TRKJ
IF (NFl.LT.UlNFI .AM). NFJ.LT.UlNFl) COTO 90

RETURN
C ELSE NO Z-VtRTEX

90 XVTX - RHOVTX'COS(PtUVTX)
TVTX - RHOVTX«SlN(ptHIVTX)
ZVTX - 0.

RETURN

-HCRE COhCS COSUIC
C
C IF THERE «RE NO VAL1D HITS CALL COSW1C TRACK TAGGfD

200 IF (HFl-fNFJ.LT.MINFl) GOTO 210
CALL F 1 T L I M
CALL TRKCOS

RETURN
Jio CALL TACI

CALL TACJ
C SET ZVTX EOUALS O

XVTX - RHOVTX'COSfPHIVTXl
YVTX - RHOVTX'SIN(PH1V7X)
ZVTX - 0.

RETURN
C
C THt E«)

END

SUBKOUTINE TRKCOS
C
C PUT THE F1TTED VALUES FOR AN COSUIC 1RACK INTO CC«*ON NEBTRK
C

TAGTRKCU
TTUSERCU

C
DATA USKTRK/t/

C
USKPSI - USKTRK
USKPSJ - MSKTRK
TMI - AMOO(ATAN<1,/COTTH)*PI.PI)

C TRACK l t J ARE BACK TO BACK BY DEFINITION
TMJ - PI - THI
PKI - PMICS
PHJ - PHJCS
ZI - COS
ZJ - COS
Y] . SIN
YJ - SIN
XI - SIN
XJ - SIN

THI
THJ
THI
THJ
THI
TMJ

•SIH(PMI
«SIN(PHJ
•COSIPHI
•COS(PHJ

XVTX - RMOVTX'COSfPHIVTXl
YVTX - RHOVTX'SIN(PHlVTX)
ZVTX . ZETVTX

SUBKOUT1NE Tfix U
C
C FITS TRACK l ANO J TOCCTHER MITH KINKED LINES AND UARKS TlCU TRAC<CD



«UACRO TACTRKC«
»JACRO TTUSERCU
C

DATA «SKTHK/l/
L'

CALL MTMJK

THI - AMX>(*r*N(1 /COTTH1).P1 , P 1 )

|F (L t) PHI - PMIX

IF (LOK) PHI - PM10X
1\ COS THI)

Tl - SIN THl) 'S]H(PHl)

I] - SIN THl) 'COS(PHl)

USKPSJ - USKTRK
THJ - AUOO(ATAN(1 /COTTMJ)*PI.P1)
IF ( L X ) PHJ - PHJX

\i (LOI) PHJ - PHJOX
U - COS THJ
U - SIN THJ

XVTX - RHOVTH-COSIPHlVTXt
YVTX - RHOVTX'SIM(PH]VTxJ
ZVtX - ZCTVTK

RETURN
(.HO

SUBROUTINE IRKJ

FITS OHL1 TRACK J AND MARKS IT TRACKEO
C
XUACRO TAGTHKCJJ
JO«CRO TTUSERCU
C

DATA USKIRK/t/
C

USX PS J -uSKTRK
CALL FITLIN

C
XVTX - RHOVTX-CQS(PHIVTX)
YVTX • RHOV!X-SIN(PH[VTX)
IVTX - ZETVIX

THJ - A*CO(ATAN(1 /COTTH)+PI.PI)
rr (ix) PHJ - PMJX
[F (IOK) PMJ • PMJOX
2J - COS(TMJ)
TJ - SIHJTMJ)-SIN(PHJ)
XJ - S]H(TMJ)-COS(PHJ)

RETURN
E HD

SUBROJIINC IRK l
C
C F ITS CMLY TRACK l AND UARKS 17 TRACKEO
C
XMACRO TACTRKGM
MICRO TTUSCRCU
C

DATA USKTRK/I/
C

USXPSI - USKTRK
CALL F t T L T N

C
XVTX - RMOVTX-COS(PMIVTX)
YVTX - RHOVIX'SIN(PHIVTK)
IVTX - ZETVtX

TH] .
IF fLX) PH] . PHIX
IF (LOX) PMI - PHtOX
II - COS
Yl - SIN

RtTURH
END

THI)

THM«S]N(PHI)
T«l)'COS(PMli

SUOROUTIMf TACJ

f S£!S TRACX PAHAiCJEB FOfi TACGCD TRACK J

»iACRO ^ACTBKCM
XUACRO TTUSIRCM
C

DATA USKTAG/6/

C IF O f T A X I S . TAKl FOR TACCfO THACt pKlf frx SEIN FROU (O 0.0)
C E».St TA«£ PHIAXIS

IF ( IOX) PHJ - PH1OXJ

iF (ICS) PHJ - PMICSJ
1F ( L X ) PHJ - PHJX

C FOH TMETMA TAKE DCCCWT 01WECTIOH
THJ - ACOS(CSIHJ)
U - CS'HJ
YJ - SWTHJ'SIN(PHJ)
XJ - SMTHJ-COS(PMJ)

c PARIICLE SIATUS UASK is TACCCD

(»E TURN
EfC

SU6ROUTIME TACI
C
C SETS TRACK PARAt<TER FO« TACGED 1RACK l
C
XUACRO TACTRKCM
XUACHO TTUSERCW
C

DATA »ISKTAC/6/
C IF OfrAXIS. TAKE FOfl TACCfO TRACK PHI SEEN FROU (0.0,0)
C ELS£ TAKE PHIAXIS

IF (LOX) PHI - PMIOX1
IF <LCS) PHI - PHICSI
IF (LX) PHI - PHIX

c rcft THETHA TAKE OCCCNT DIRÜCIION
THI - ACOS(CSTHI)
ZI - CSTH]
Tl - SWTHI.SIN(PHI)
XI - SNTHl-COS(PHI)

C PAATIO.E STATUS UASK IS THOCCO
USKPSI-USKTAG

C
RCTURN
t HO

SUBKOUTINE NEUJ
C
C SCTS TRACK PARAMETER 'IM HTU1RAL IA.V>

XUACRO TACTRKCU
XUACRO TTUSERCU
C

DA.TA MSKMEU/0/
C TAXC DCCtNT OIRECTIÜMS FGR ALL

PHJ - PHlJ

THJ - ACOS(CSTHJ)
ZJ - CSTMJ
YJ - SHT«J«SlNfPHJ)
XJ - SHTMJ-COS(PMJ)

C PARTICLE STATUS UASK IS MOTftAI
MSKPSJ-MSXNEU

C
RtTURM
E IC

C

SUBROUTINE NEU!
C
C SCT5. TRACK PABA»*TEH FOR M1UTRAL TRACK l
C
XMACRO TAGTRKCW
XUACRO TTUSERO*
C

DATA HSKKU/O/
C TAKE DCCENT ÜIRECTIONS FOR All PARAKTERS

PHI - PMII
THI - ACOS(CSTHI)
ZI - CSTMl
YI - SNTHI'SINfPHI)
»l - SNTHI*COSCPH]j

C PARTICLE STATUS MASK IS NEUTRAL
MSKPSÎ tSKNEU

C
RETURN
END



SU6ROU1JNE TRKOUI(ITR.JIR)

C WHIIES RESULTS Of TRACKINC IKI CW*«N EvENT
C
RUACRO 1AG1RKCW
WMCftO TTUSERCM
SUACRO EQU1V
C

LOC1CAL OCHCCB.OCHGTT.ONOI
DIMENSION MSKCOR(4).URSTH[(4).MRSHO(4),US«BB8(4)
DATA usKCRC/T/.«s*NEu/zrrrrrrf8/
DATA MSKCOR/ZOOOO001F .ZÖOOOIFOO. Z001FOOOO. ZlfOOOOQO/
OATA KSKBBB/ZOOOOOO01 .ZOOO00100. Z00010OOO. Z01000QOO/
0*TA L«S1HI/ZFFFFrroo.ZFFFtOOOO.ZFFDOOOQQ.ZOOQOaO30/
DATA i*STLO/zoooooooo.zoooooofF.zooooFrfF,zooFFfFFf/

C
NLAYS-*l]N(jTUBE{ITUBEt1).6)
RHEAD(49) - SAXlS

C
C REPLACE VERTEX

R V T X ( 1 V T X » 9 ) - XVTK
RVTXMVTX+IQ) - YVTX
RVTX(1VTX*11) - ZVIX

C
C REPLAC1HG FOfl TRACK l

ITPT - ITRK(ITR)
C
C REPLACE PART1CLE TYPE

OCHCCB - MOO(JTRK(ITPT).1DOO) .GE. 100
QCHGTT • lANO(MSKPSI.MSKCRC) .GT. 0
1FACT - 0
1F (OCHCCB .AND. .MOT.QCHüTT) JFACI - -1
1F (.NOT-QCHGCa .AHO. OC-MCTT) 1FACI - 1
JIRK(ITPI) - JTRK(ITPT) * IFACI'100

c REPLACt PARTICLE STATUS
IPSTEM - 1AND(WSKNCU.JTRK(ITPT-M))
JTRK(ITPTtl) - lOfi(IPSTEbl.HSKPSl)

C REPIACE TRACK D1RECTION
RTRK<nPT+2
RTRK{ITPT+J
RTRKfITPT+4
RTRM1TPT+5

- XI
- YI
- Z I
- PMI

C DELETE BITS FOR TRACK l CORRELATED WITH HITS
C 1F TRACK IS CB-tCUTRAL YOU CAM LEAVE 1T

IF (.NOT.QCHGCB) GOTO 70
DO 60 LAY-1.NLAYS

tOf F-JTU8E( ITUBEtlAr»! )
IffLOFF LE. 0) GO TO 60
LPT- [TUBE +L Off
NHTSIT-JIUB£(LPT1
IF(NHTSIY .LE. 0) GO TO 60
JUAX-MIN(NKTSLY.teO)

C -- LOOP THROUCM KITS MITHIN LAYER
DO 50 J-t.JUAX

I*>I-LPI+5'(J-1)
I TRCOR- J TUBE (1*1 +4 )
DO «0 1-1,4

C GET CORRtLAtED TRACK MUM8ERS FOR TH1S HIT
ITRC - lANOdTRC
IF (]TRC.«.ITR) GOTO 40

C ELSE RESET THIS CORRELATION. SHIFT THE REST TO THE R1CHT
MSKHl - IANQ(JTUBE(MPT+«i.l«STHJf ]J)/256
USKLO - ]AND(JTue£(M1T+4).l«iSTLO(]))
JTU8E(UPT-I4) . lOR(USKHl.MSKLO)

4O CONTINUE
50 COKTINUC
60 CONTINUE

C
C NO* SETUP NEW CORRELATiOMS FOR CHARGEO tHACK I
C DO NOTHING FOR NEUTRAL TRACK

70 IF (.NOT. OCHGTT) GOIO 100
C
C LOOP IHROUGH P01HTCRS OF HltS OSED fOR AX1S TRACKING

IF (NHITI.LE.O) GOTO 100
C

OO BÖ 1-t.NHlTI
mPT - ILYPT(Z.I)

C IS HIT USEO ONLY FOR PHI (I*PT<0) OR BOTH FOR PHl AND THETHA(l«PT>0)
ITRCC • ItR + 32
IF (MfT.GE.O) GOIO 78

W«1! - - LMPT
1IXCC - l TB

78 ITRCOR-JTUeE(l»*>7+4)
QMOT - .TRUE.
DO 79 J-1.4

C FIND OU1 ItHlCH 6ITS ARE ALREADY SET
IF (IAND(USKCOR(J).1TRCOR).GT.O) GOIO 79

C ELSE « MAVE THE LOWEST FREE BYTE
) *MSKB9B(J)-ITRCC

f)

ONOt • .Fl
78 CONT1MUE

C IF 1HERE"S "O BYIE FREE
IF (ONOT)

BÖ CONTINUE

TAKE HICI1E51 W*
«(PI.4) - JTUBE(UHPI|4) .USKB6S(4)«I1HCC

'00

C REPLAClNG FO« TRACK J
100 CONTINUE

JTPT - I IRK(JTR)
C
C REPLACE PARIICLE TYPE

OCHGCB - MOO(JlRK(jlPr).1000) CE.
OCHGTT - IANO(U5KPSJ.MSKCRC) CI. D
IFACI - 0
IF (OCHGCB .ANO. .NOT.OCHGTT) IFAC7 - -l
IF (.NOT.QCHGCB -AHO. OCMCTT) 1FACT - 1
JTRK{JTPT) - JTHK(JIPT) » IFACT-IOO

C REPLACE PARIICLE SlATUS
JPSTEM - IAND(USKNEU.JTRK(JTPT*I))
JTRK(JTPTt l ) - lOfi(JPSTEM.USKPSJ)

C REPLACE TRACK OtflECTION
RTRK
RTRK

RTRK

JTPT*2
JTPT.3

JTPT+S

- XJ
- YJ
- ZJ
- PHJ

C OCLETE BITS FOR TRACK J CORKELATED WITH HITS
C IF TRACK IS CB-NEUTRAL YOU CAH LEAVE II

IF (.NOT.OCHGCB) COTO »70
DO 160 LAY-1.NLAYS

LOFF-JTUBE( ITUBE+LAY+1 )
1F(LOFF .LE. 0) GO TO 160
LPT-lTUBEtLOt'F
NHTSLY-JTUBE(LPT)
1F(NHTSLY .LE. 0) GO TO 160
JMAX-*I]N(NHTSLY. 160)

C——LOOP THROUGH HITS W1TH1M LAYER
DO 150 J-I.JUAX

JTRCOR-JTUB£(K>T+4)
DO 140 1-1.4

GET CORRCI.ATED TRACK WÄGERS FOR THIS HIT
JTRC - IAWD(JTRCOR,USKCC«(1))/WSKBB8(1)
IF (JTRC.NE.JTR) GOTO 140
ELSE RESET THIS COflRELATION. SHIFT THE HEST TO THE RIGHT

MSKHI - lAHOfJTUBE
USKLO - IAND(JTueE

140
IM

CONTINUE
CONTINUE

fc«>T+4).LRSTHI( 1)1/256
I*-T+4).LRSTLO(I))
USKH1.MSXLO)

ISO CONTINUE

NOW SETUP NEW CORRELATIONS fOR CHARCED TRACK J
DO NOTH1NC TOR NEUTRAL TRACK
170 IF (.MOT.QCHGTT) RETURN

LOOP THROUGH POIHTERS Of HITS USED FOR AKIS TRACKING
IF {NMITJ.LE.O) RETURN

DO 1BO I-1.NHITJ
(*(PT - JLYPT(2.I)

IS HIT USEO ONLY FOR PMl (*HPT<0) Ofl BOTH FOR PHI AMD IICTKA(l*tf'T>0)
JTRCC - JTR t 32
IF (t*HPT.CE.O) GOTO 178

LWT - - MMPT
JTRCC - JTR

17B JTRCOR-JTU6E(kHPH4)
QNOT - .TRUE.
00 17B J-1.4

FIND OUT WHICH BITS ARE ALREADY SET
IF (IANO(USKCOR(J),JT«COH).CI.O) COTO 17B
ELSE WE HAVE THE LOWEST FREE BYTE

JTU6E(UHPT»4) - JTU8E(WFTt-4) 4USKB8e(Jj'JTRCC
ONOT - .FALSE.

179 CONTINUE
IF THERE-S NO BYTE FREE. TAKE HICHEST ONE

IF (ONOT) JTUBE(MHPTt4) - JTUBEH»*Tt4) **(SKeB8(4)>ITRCC
ISO CONTINUE

RETURN
END

SUBROUTINE CORRIR(ITR,JTR)

TH1S ROUTINE CORRECTS ALL Ifi TRACKS ]N THE EVEHT
TO THE NEW VERTEX BY CALLINC THEU ONLY TAGGED AND
TAKING THE DCCENT D1RECT10N OF THC En^CWODULE AS NEW DIkECTION

fl JJ"
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IF (PMl l . L i .O ) PMII-PM|]»I*OPI
PHU - *iOO(PM12.T*C*il)
ir IPMIJ.LT 0 ) PH! J-PHI j.lwcfl
PH1U1D -(PH l l tPH]j- |NT((PHl!-PHIJ)/PI ) 'TWOPI)/2

]F (PHIMlD L T . O . ) PH|ulO-P«lulD«TwC*>l
RElufiW
[NO

FUNCT10N PHJOPN(PM]1.PH12)

D*T* PI.TinOPl/3.
PH1I - AuOO{PH!1
IF (PHll.Ll.O.) PHll-Ptlll + TKOPI
PMIJ - M*»IPHII.TWOPI)
IF (PMIJ.LI.O.) P«IJ-PM1J»I«(OPI
PH1OPN - PM]|-PH1J-1NT((PH1I-PHIJ)/P])'IWOPI
REIURN
END

FUNCTION PH1SUU(PH]1.PHI2)

DATA T*OPI/6.ZBi1B5J07/
PH1SUM - AMOO(PHntPH12.THOP]}
]F (PH1SUJ.LT.O.) PHlSt*WHlSC**tTWOPI
RETURN
EMD

FUNCTION PMIDIf (PMI1,PH!2)

DATA TWOPl/e.2a3185307/
PHJ01F - AMOO(PHI1-PHI2.TMP[)
IF (PHIOlF.ll.O.) PHlDIF-fHlDIF+TWOPl
RETURN
CND

T«S£ AM TME kACIC VALUES OF TAGTRK

BLOCK DATA

nucno TACTRKCM
XMACRO TTUSEftCU
c
C DEFAULT VAIUES Of TRACKINC OPIIONS

DATA LCOSM/.FALSE./, LOFFK/TALSE./. LOUT/.FALSC./. LCUI/.FALSE./
DATA LIRCOR/.FALSt./

DEFAULI OF TBACKINC CUTS NOT DEPEHDIHC ON CHALCtR SETUP
0*TA FAC2/.S/. SAXISM/-.1/

«ICH! FOH HITS IN EACM LAYER FOR COUNTING HITS ON TRACK
OATA MIKEI / . 51 . .S1 .6 ' ) . /

"EICH! FOfi BUUPUOOUIE IN TMETA FIT CO*AfiED TO DEFAULT SiHING
DA1*

CUTS fOR REJECtINC HIT IN Z F1T1IMG
DATA PHRMIN/B'1-A D2UAK/7-/

UINIUUU NuetR OF NOt r-HEJECTEO HltS FOR FIT INPUT (£LS£ TAG)
INCLUOING BUV UOOULE IF eWWEI.NE.O.

DATA MIMFI/V

CUTS FOR RHOVTX OF OFF*/COSM TRACKIHG
DATA ROXWIN/.7/. ROXUAK/7.4/. RCSM1N/.25/. RCSMAX/ 1 00 . /

»1DTH OF WINDOW FOR HIT FIHD1NC IM R . U. S. («WP: PMI / «M) ; RMO)

( OF EINS FOR TRACK UOVINC.
OF CALLS TO *OVt TRACKS. RESOLUTION GAIM PER CALL

DATA WHR/3-/ . NBINS/7/ . NH3V/V . CAIN/2 /

EXPONENT OF f OF ONTRACK HITS FOR CAICULATION OF CENTER OF CRAVITT
DATA NEXP/4/

OATA PI.P12 /3.141S927.6.2B3ia5V.RBAl-L/45./.DTMETA/-0«0/
ENO

blcn'kS

l . The COMMON EQUIV

(ouiv CO*ON ON CÖPUBI
LAST UPD*T£ OH 831227
»oa BW221 RBC *at. rh.

(1-D1S*)

COUJON/EVEHT/TOAT (BOOO)
Ca*OVCOMSI/JCONSl(tOO).RCONST(100)
COUOVSCRAT/SCR (200)
MAL'« EMERfl .RVTK<1).RTRK(1).£RES(1).RSPK(l).RHEAD(10).ROt*ß()}
REAL '4 REGT*[t .*1U8E(l},RTOF(1) ,fruSE( l ) .flAUX(1 ) .ROAT .RCOMST .SCR
INTEGER JOAT/l .J«Al>(so).lPI(100).CR£C(l).BUrf'(l).JRES(1).JÜS£[l)
INTEGER JVT*(t .JTRK(l).-<SPK(1),JCt«S(l).JECTK(1).JTUB£Ol.jTOf (l)
INTEGER ISA". 1EWR.1CR. I*4=>. ISPK.IVTX. ITRK f l l . lAU<. JAU<(1)
INTEGER LRAH.LENER.LCfl.LBfcP.LSPK.LVTt.LTRKJI^.LAUX
INTECCH-2 RAB(1)
tOUlVALE*CE(JHEAO(l).JDAT(l).£NtR(l).RA»(1).CREC(1).BLN»>(1).

2 JSPK(1).RSPK(1).RHEAO{O.RTUe£(1).JTLeE(l).RtlAT(l))
EOUIVALENCE(J«£S(1) .ERES( l ) .JVTX( l ) ,JTRK( I ) .RVTX( l ) .RT»f ( l ) .j

3
EOO]VALENCE(IPT(1)."OAT(S1))

POIMTER EOUIVALENCCS
COU]VUENC(( l< tAB. IPT(1) ) . ( IENER. lPT(3) ) . ( ICH. IPT(S) ) .

* ( I F I T . ] P T ( 2 1
5 (tUSE.IPT(27

. ( ISP* . IPT(8) ) . ( IRfS. IPT(11) ) . ( IV1 i , lPT( lJ ) ) .

. ( lO^f t . l fTC^JJ.dECTK. IPTf lS) ) .
j . ( | tUB£ . IPT (23 j ) . (nOF . IPT (25 ) ) . (nRK( ) ) . ]FT (
) . ( IAUX. |PT(2S) )

BlOCK LEHCTH EOU1VALENCES
EOUIVALENCE(LRAtt . lPT(2)) . (LEMEH.IPT(4)) . ( lCR, lPl(e)) .

2 (L6W J . IPT(ej ) . (LSPK.IPl (10)) . (LRES.IPT{12)) . (H'T». lPT(M)) .
3 (Ll*: .1PT(l6)) . (LOt«iS.!PI( lB)) . (LtCTK.IPT(20ii .
4 (LFlT. lP ' (22) j . (LTU«.IPT(2»J).( l lOF. lPTf:6)J.(
5 {LUSE.lPT(2e)) . (LAUX.IPl(JO))

AUXlLlARY TRACK CtMJQN

. (LTRK(1) . IPT(7I ) ) .
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III. Üesctiption of the COMrtON blocks

1. De s c r i ja tj on of i:

A . The COMMOH T'I'USERCM

60JHUIO rfli«ER NAl* TTUSERCU (COt*ON)

FO« TACTRK PftOCfiAU TO Bt INCLUOEO 6V USER
C FC* A OESCBIPTIO« LOO* IHTO F31K06 VTx S(tCOU)ESC)
C CflEATED ei/'O/JJ l«
C

LOGIC«. LOFFX.LCüai.LaJT.LCVT.LIRCO»
COMOH /TROPT/ LOrFl.LCOSU.LOUT.LIRCOH
CCUOJ /TROJTS/ HAJ(]SM.HOFFlH.HCOa*J.FAC2.SAXlS4.LCUT

C
LOCICAL LX.LOX.LCS
COAC« /TRKNE*/ PHI.THJ.KI.YI.il

.PHJ.THJ.XJ.YJ.ZJ

.
CO*OJ /PARTS!/ HHlll.HHITJ.USÄPSI.KSlPSJ

CCMOI /TBEKPI/ rtrtl[fl).PHRU[N(e).Daux.M]Mf ] .NCXP
. RO'HIN. ROHWX . RCSU l H, RCSMAK

00000000
00000200
00000500
oooooioo
OOO005IO
DOOOOGOO
OOO00700
ooooosoo
OOOOOBOO
OOOOlOOO
00001100
00001300
00001*00
OOOOIKK)
OOOÜlilO
00001520
OOOOlBOO
OO001700
OOO01710
00001 BOG

TO tul l i 11

njlh)

gt Ion ( tti»
.0 IB f ind

t . 1h* po
it tronipc

il öl EOUlVAiENCE» In« d.

. . .
. «ordi on thi POP «uil fc« 1MTECCH*4). Uoil o( lim. conpt ico~

of in a ipiciol Ca*ON-pH£MSJOM-EOUIVALEMCE IM. »hieh 1h» pro-

»TL CB FCP OOCS(EOUIV). al WSY il •> '10*XTl CB CC*»OM(EQUl V) ' ).

C EOU1V CCt*ON OH CBPtJOI 1SJ (I-OISK)
C LAST UPDATE ON 8J1227
C

CW»*)N/EVENT/ROAT(SOOO)
Ca*OM/CON5T/JCOKSI(IOO).RCONST(100)
COWOW/SCRAT/SCR (200)
REAL«4 ENEH(l).RVT)(( l) .RTRK(l} .ERES(1).HSfJK(1).RMrAO(1).ROHJS(1)
ft tM.** RCCTK(I
INTEGER JDAT(I
INTEGER jmO
INTEGER JTOf f t

.RTueE(l).HIO/(1).ftUS£<l).RAUI(l).RD*T.RCüMST.SCR

.JTRKfl).JSPK(l),JOrt4S(I).JECTK(l).JTuet(l)

.JUSE(I)
INTEGER
INTEGER lRA".LENERACH.Lft*'.I.SPK.LVTX.LTRK(li.LAUX
INTECtR'I R*n(l)

2 JSPK(1).«SPn(l).HM£An(1).RTUBC(l).JTueE(l).ROAT(l))
£QÜIVALENCE{JRES{1) .ERES(1) .JVT)1( I } .JTRK(O.RVTX(1) ,R 'RK<1) .

2 ROHMS{i).JOHMS(1).R£CTK(l).JECTK{1).JTO/(l) . l*TOf(1).ROAT<1),
3 JUSE(1).RUSE(1).JAl«(1).HAUX(l»
tOUlVALENC£(IPT(l).«DAT(Sl))

C POINTER EQUIVALENCES
EOUlVAt£NC£(IRAW.lPT(l)).(!£«R.IPT(J)).(]CR. IPT(5)) .

R 1)

2
3
4
i

C BlÜC*
E
I
3
4
S

C AUXI
C

CJ--

Ar.oy

JHEAf
IP
RAI

CtCf
CREC
euw
JSP»
RSPK

JECTli
REGT»
Jfit<
ER£S
JVT>
RVT1
JTRK
RtRK
RDAT
JDAT

SCR
jiuef

JTOF
RTOF
JAU"

]Ba J . IPT(7 i l . ( ISP«. ]PT(9)) . ( lH£S, IPTfH)) . ( lvTx. [PT( l3) ) ,
JMC.IPT(15)l .(10»«S.]PT(lT)),( l£CTK.IPT(l9h.
]FIT.IPT(lO).(nUBC . IPT(2J)) . ( ITOF.!PT(25)) .
ITRK(1). IPT(41)).( lUS£.IPT(27)).<lALn(. IPT(29))
LENGTH EOUlVAIEHCES

Xi|vALENC£(lf i*».IPT(2)).(LEMER.IPT(4)).(LCR.|PT(6)).
L»* ).IP1(8)K(LSPK.]PT(IO)).(LRES.IPT(12)).(Lvrj(.ln(1«)).
HC.IPT(16)).(LOI«S,lPI(l8)).(LECT«.IPH20i).
LFn,IPT<22)).(LT<*E.IPTtI4)).(LTOf ,IPT(26i).
LTR«(1).]PT(71)).(lUSE.IPt<2B)),(t.AUX.IPT(JO))
IARY TRACK CO*O*

X*«M/MJX1RK/1JAUX(64).IRAUX(64).LJAUK.LRAUX

Haft Fu

M.od.i
Poinl.r
fio. dal

Buitpi fa
INTEGER
REAL
INTEGER

INTEGER
En«rgx
INTEGER
REAL
INTEGER
REAL

INTEGER

INTEGER

INTEGER
REAL T,

nc 1 1 on

block
block

o <*fASCOU')
> in NoI er/.tslt
*(l cifian*
lock
•4 tpoik chOKb*' dato

•ndcop ipB'k chonbtf doto

roldual* block

•4 angl r>il rtiuM*

!U0. cho.b.. hil dotd '

Tl.. ot f Mahl do to
•* öl l Nah) dgla



l JHfAD B L C V -

U • «t«a«( Dl .001

..»0}
4 - ...r, l ilol ul

i - lai l u i t Ilolui

7 - .„n nunbt'

Br£AO( 8l - Dta* »n.ifly .n U,V
J"£*D( «i - .-'*"! d o t i ond heul

M - f . r i t I fAR cod«

or. 1 hi k h n d
PHOOUCUOH

(ICAl-UOO( JHtAO[43). 1OOO))

B,l (pc

4 DOAIS «ndcop corif igo'ot i on
RH£AO(4B) - lolol .tu'gy >n Hol in U*V
RHEAD(iO) - run nuobir el »*i».a DBM i«int ( f o r Uonli Car lo onl,).

>olu> of 0 ».o n i na D6U ivint hoi bi>n «rg*d (o lo
St... Lifl'ir. > * uiing

A gil in l r.. ...M Holm .ofd ii
pnon of "" onolfin hai bttn coMplitid.

Thi fa i lur i itutui vord contnini 32 b > t i öl intornol ton, .h.«
«utn bil coiitipandi lo an IFA lL codi -ofd. in (tquinci A

anotyni A eil ,n It>« loilun tlalui
-ord ii ul onlf >f an t r r o r ( IFA lL NC 0) nai octurr.d in t ho l
phoif öl oial^ii! S*t DOCS(FAlL) lor a dt to i l id Ot icr ip l ian öl Ihi
f 0 1 luri codn

II IPI BLOCK

oni'i »or a<aund in /EVENT/ (Not« l hol Ihirt an occai ic

l > t t Of If" iPT poinltn.

SIANOAfiO NAK MFIN1TIOI ARRAY S£f£R£NCEO

IRAK

LRA«

lEt*"
LIN£«

LCR
19*

L»*1

LSPH

LRES

IV1*

IMC
LUC

LEC'K
Iflt
LF11

nuef
ITOf
LTOT
1IRKI1)

t to r t of r» dolo bull. r (FA5COU)
lingtri
t tor l af «ntrgivi
l.nalh

Unalh
tlorl af bunipi blocd
l.nglh

(•ngtri

lingtn

Itnglh
ilorl Uonl« Car l o block
i*r.) in

l.natr.
itorl öl SOUAH (M bank
Kngin

Uno in
ilorl öl I i« öl IMjhl b lock
linglo

RAM

£r<H

eurf1

JUC.RM2

JIOf.BIOf

JTRK.RIRK

1TRK()0) t reck tont lor pa r t i e l l J3O
LTRK( I ) lingln of t.cord lo> pa' t ic l i

ITRi(W) HnjIK 01 ncord lor p a r i . c l e /30
1AI>1 llarl o» conplit* ou. l l .qr, Irotk block
LAU» Unglh

W P Th* Obon 7 f tO in le ' i o'r * •« ' . f r - '

ult e' I/O r o u l i n t t Po<" l t r i l u .nj

l r o t k i an d t t t i i h t d L< l D-

b l je t- OHJB l not

[IJERGt ß(oC«

:an la>n i im er,,U tnogio in E K C R f l C l C K J

IV CÜHULCItO «tCIOJS (COH*(C) bLOCK

ordi m l f.. cunn>il«d xgicni block urt IHTtGER t in block

CREG(ICft ) - r«rc (f of conn.cl.d ..g.oni)
•1 - HJ1 - f naaulll Jn tonn.iltd r.gion 1

l - liril Boaul« in con rig 1

f »odul.i

V! l l «RIEH OfSCffffll* BLOCK

RVtX .JVTX InDCX

IVH.O f Dl ,,Ftit.(

pointf to v*r1fl.i nuKbir 7 il >n*tt)

0 »«inl pl i«0f y « * r t * i

-l ntaul ' junU' viitci (lor l iocki not a f ig ina lmg
!'&• o ph/lic« »»f l««)

| ot fo.l'dtl !(». ,«rl.<
f c.f cnargid pail icl** Iru» xrin

!
ol •> o( *•• Ire« .«r l »i
öl »uoni frwi.itrl»

t öl jame» l r«« y.tUi
| öl ntutrol itiangt porlicll* fro* «rln
> of iirl»

,n X of ,.rt.>

IG

thi f int »«i!«« ii öl «r* thi pr ioary »»d.s. Addllionel
>*rtic*i *ocn ne-i o blöd lik* Ih* an* obov.. «ncipl thot l h*
"f of v i r t ic** ' vo rd ii riploctd ky tru lingtri af t h. *irl*>
block

IK PART1CLE TRACK BAM<

t och po r l i c l « lound ii ducribid by a c icard In th*
t r a c k benk. TM pointn lo Ihi Hr. partiel l ii givin bjr
ITRK(I) T h. fo i i o» ;ng ducribii tru dolo ilruclur*
lor t h, Hr. palt icl.

JTRK.RTRK Indi nti

1.

tl porlicl* ilatui
«2 » Oi riclion cot-n.

3 r
• *in(tr i i lo)*coi(pbi}
»•inf lr..loj'»in(phi)
-cot(th.lo)

t i r ror in cai(lhlto)

7 i r ror In phi
8 coi(lhilo)^pfii co'filat'en
B ..rl., t

10 tniigr colcu let id accoid'ng ta ml ha* fl - lorgit il
11 EKRI3 .n«tg> (ii.pl.-ir.tid ao04ll) - bn( fo r »ho.ir,

HG noni.io »in loi nol coiriletid chargid Irathi l
12 CSC«T intiQf - nonnro fo ' r tu t ra l« «"d cor r» lo l»3

cnarg.d l roci-t
I] thi.q or tonlldlntn t.».l

^ S niarivi bifup nukbir in canniclid ftgion (0 if nvnij

H;J



19 COS[on9 l t lo nior.it t,u~f, «.c>0ul»)
20 »o r 0 l o' l r üt k L n^ c »io*»t>e F M an.« (*io l f u l l y pf*p 11

i; j (0( u .., ' °™ ' K'|Ufl i

IPvOO ruX) - / öl »oau l> i 1-o.t'i
• ' t o< l i r » 1 -odult l r o,.r ..(

• i polh linglh in l i ' i l aoäu l ,

• ?'>*J3O-I l
put h l .ngl h in lail itoduN

ii 91 vii bol h l h* i n 11 i a l .

VIR1CI t - 1NI1UL VIRTCI f . 100-EX1 VERTE*

Tnl -jigf l ic l * I fpt" 4,
öl par i i ( l * i i i n»olt id T
Hat« thn ii TENTAT1VE —

lal t ins
l ö l l ow i

L«l PT iland (or l h. p a r l i c l « lrp. »o rd .

10000 <- PT pai l ic l* ii nol 11«
(• 9. . ' j unk 1 t rack t
foulin* lal l into Ihi

i In, lh*

•)
1000 <• P! < 10000 oi.ociat.d .ilh • «*- inliraclion. bul

nol (rgiB lh* priaarjr v * r t « v (• g . .

0 <• PT < 10OO parlitl« Iran pri-ofj ><rl«a

PT Hodulo 10OO >- 100 chorj.O po' l ic l«
< 100 n.utrol pg r l i c l c

PT »odulo 100 - 1 gono or « l .c l ron
2 «uan

1O-19 ilrang« porl.cl.
11 taon
12 loBdo
13 tigoa
20-39 hadron, othir t hon id.nliL.d «Irong«
20 pion
«0-49 ri«*r»d lor P1FIT

*ia*pl«. PT-1 ii o gama Iran th* inl«rgctlon. PT-101
lliclrer Irox t h* i n l t r o c l i o n , ond PT-10101 i| on

hav« lh* Igitming «taningi:

STATUS «ofio en MAMINC HHCN S£T
(pon«i gl t«o)

0 ( 1) Irock .> lound .n IRTRKS (c.nlrol US chonb.r.)
or T6TNAK (tut. cha«b«ri)

1 ( 2) Tagg*d charg«d by OFFTAG. ICCOu.1 — >
2 ( 4 ) I —>

Noli - il lona.tf .ilh ICtQU-3, Ihm bolh öl

3 (
lh
- P1F1T Irock

IG) ESWT bll 1
2
3

a tk l i l lo t n i « t ' O c k ,01 oltnpl*d Iran e ( ( t o g
o f f t a o - t f c l l l li| «ucctiilul. und I rack pan«i
• ilnin H2UIH öl l h* n-y-O l in*.

512) CrtJS l lag - -aIch found up to OtMS plan* 6
1024) 0>US ( lag - »olch lound in plann T or B

Nol. - i l bot h 9 and 10 »t. Ihm solch ,a,
laund In plan.* 9 0> 10 II b i t 10 .1

(typ. 102)
1t ( 2040) TOF Hag - «oteh found nun l i»* of Hight counli

PJ,

1'a(l.ing

Th* t ' a c h i n g cn«

Tor >un* «'Iti lubi cficnb.n only 1 brli '.
Ihm matt i igni l icanl b,t. o( «Di« 1 ii IDT t h»

1 anfl 1/2

II T<.

locol 'On» öl hili in lh. l üb* cho«

"OHO CONTENTS

JIUDE(ITUB£ )
f of Idyt ' t
oll,.l lor l oft r j 1 (LArOFF(l))

2 2

Nol*; II th.r« or« no hiti i

L.l lAYPI(t)-ITU6E+L*rorF(l)

4IU(J£(LATPT(I) )

M. ATI H HL Art»

l l. th*n LAVOFF(I) - O.

l o l l o.. ng:

/ et h,l. in l»rtr J l ((«115(1})
phi (er Mt |t in loy«r /I
t
Mag • - - -
Th« Mjh 16 bili öl 1h. l l oj norö coiiloin
In. hil puli« h.ignt (i • Iri* im of th*

l u b l r o c l t d ) .
Thi IOBII! byl« conto i ni t hi vlr< nu*ib*r
.Hh.n tl* lOf.r.
Th* iflcond Ipktjt bjrli cantaini Mag fciti

l üb* holf-l.njlh, or i* unrol lobl*

war« problVHi).
» - pull, n.ijht 01 40OO.

10 - onlf (ubl in oroup of B Ihot lind
11 - »uppondlr diod t üb. (TBPMA(kn)-O)
12 * bod i l log.

Oni ovplili ir d*ad or doiiofid (onljr
(h* PH] inlomolion (i vol id) ; It i*
o lm i.t if tor ony r«oion tha pull«
tiilghl inlormolion >t hnovn lo b*
unrillab'*.

öl «ignl na.« hiti (n th* tub« block.

to b« corra lo l id v i ln thii h i t . Thi t rack
nmbiri o'* packtd oni/bjrto. Jovflil l i r»l,
ollO'ing lor up l ff 4 troct« ler o lingl* n i l .

ii add»d lo 1h« I rach f b*lor* placing 1t In
1h« appropr io t« b y t « .
rav pull« niight infoiitolion ( NOT (i*d*»tal
«ubt roc t«« ). 1h« uppir t»o bjt»« contoin lh*
pul«« htignl lor Ih« -Z *nd öl tn* w i r « »hil«
lh* levir tvo lifl** conloin lh* pul«« hiight
lor 1h* -tl md (bolh «r* 1*2 «ofd«>.
ph. fe r h.l fl In lay«r fl

**a i al t \ ^e l l ov i ng lh. hil
nlori»ation lor thol lajrir

lor .och lajrir i* th« llnlng



) t

•N8Hl l (J)

t l ( I ] )

int jrjLjp ot
ji i«o«i • i in

a- dola ( j ong» 1-8191)

«J/

2 . [ i e sc r ipL ion^_gf_ TTUSERCM

Dpi i Oni

LOCICHL iCf Fl.lCOSU, tOUI.LCUT ,1 IHCOR
COi*OM /TROP1/ LOfl I.tCOSu.LtXII
COuMJIJ /1RCV1S/ HAIlSU.KIf FIU.tCOSi^.rAtl ,S*< l iU LCUI

LCXFx o l l a i< i l iack.ng t.itch (o.loull: loln)
L COS« . co.n.c i rnck.ng i.iun (difoul l . fa l l« )
LOUI : rtiulli •i.lttn Oul in *».M bull«c (di 'aul l lall«)
L \RCOK oll etn<( IR lra;k> in l h« ...fit o'* o l .o cur r t cUd

if jou in ICuI- tiu« ycu ha.« (II) (o ip.cil, a l l

HAXISU. «irr«i, HCOSI«I
(—> hiti In thi tvo inA4r*oit lajraft a'4 cauntvd .5

HAXISU: BiniBun | öl h.H far cel l lng an onaili Irack crto'qtd
(difauil lai LCUT-falt« (3cf—tf/<ci-[>r-.. l u(l) l. i/2 S)

HCOSW4: »iniüui. | et hm an at l*oit am co»ic naUlmck

(d*(ou l l lor LCUT-foln (Jch«fcf/4ch™hf-t»tup): 2.0/J.l)
MOffXK: .Inii.» f al hili an öl l.dt l on« o f fa i l t t ruck

(l h. etho dutk IM i to navi at l*oil iO»'fXM-l*C? n.nl
(dttoull (a> ICUI-falt! (Jtrn.br/4thnbr-nluu l. 3 0/3 5)

fAC2 . null ipi itol ron f a c t a r 1m g«(l ing mniniA f of h. t. lor

Kl t ing TAC2 l« 0. alloit a'l-i^i» Iraiting «iU. o'.ly oi
t iack hat i ng hin (Ifu i.tonif ii •INI [jll.d lajgtd:)
(Oi fouM (all ntupi): .S)

SAXISu. niniihu« oiiaili lignlliconci 10« l* to t t iack lng «vinl ono>
(-1. <- .Q.i. <- t )

(j.laull (all »lupij: -.1)
(SiVXISU II.-.1 .ill 4*{f*ot. orlo.il and cotnic •f ici»

SAXISU .gt --.l »IM incr«c>* ov»r of 11 ing and evxcaii'r

i 1 t rock ing fv tu l l i '+t<jff-*ä
(caleulalid in DCCIOL (..p. CALF]I)

1OCICAL LX.LOX. l tS
CCUJON /TRH>C«/ PHI.THI.XI.rl.il

.PHJ.TrW.XJ.YJ U
• .XVTX.TYTK.ZVTX
CO»«1N /TRSUlT/ SAX]S.SOffX.S<X)SM.L*.LOx.LCS
CC**JOM /PURIST/ HMlIl.^llJ.tcaiPSI.MSKPSJ

PHI.tHI.KI.tl. ZI ni. dn.clion öl '"•! t«ick

XVIX.Tv ix .ZVTi ,.'*.. coardinato

LX «v«nt t'ackid onaiii vilh BigntMcanj* SAX lS
LOH ...öl Ireckta olfe.ii w i t h l igni l-canc* SCffX
LCS *y*nl Irackid coutir .ilh ligni'icanc« SCOSM

HHtTI f öl corr.lot.« fiit. in phi lar f l r i t Irack
miTJ t öl carnlotid ti.li in phi for »Land t rack

(boln tounl.0 sccording l o MKt l )
WSKPS1: aar i i t l * itotut vaik el lii*l lieck
«SxPSJ: porl i t t . ttotu. «iik of «tcand Hack

i i oily lor »ptr I.
COhMON /TfitXPT/ rMrtI(e).Pt«AiliN(B).DIUAX.U]MFI.»CXP

,P»OXU|N.ROXMAX.RCSUlM.IK:SU*X
. BUPHHt ] . «WR . WKP . H31 MS . r*WV . CA Hl

(iJifat.ll . Sl. Sl.l . l ..l .1 .1 .1 )

PHRMIN. niniHL« pulunfigM al ntli uitQ lor l iocki ig. i •
r o l i o - t t h r«ip«cl lo «tondo'ij CB t r a t k i n g Cut 16Pl*M
(fl*loglt l .1..1 . t ..1 .1 .1 .1 )
fu,.d in rNOHIT.2CTRCJ(oC>lo l * l * ) )

D2UAX -.j.d poraflttir in Ih.ta f .H ing «or h.l* l^inj lau

'd-
flj)



U]Nf l kl n i nun l of n i 1 i f o ' 1 h«l
( i n c l u o i n g bjnpnpodu l * . il

iflid I r o c k » . -hier, or,
ouit 3)

Hid loggtd)

NCXP lo.g.l il
(up.t) in COCO.COCl ,CCC2)

ROXMlN /
PO XU** ...rill en only I r o t k t O o l fa. i l il

rho( .ii) < ROXUAk

• n.oM . rn .Of i > SOIU1N
(ü.loull 7 / 1 4 (c.))
(ui*d in »4AIO)

RCSU1N /

il HCSulN < rf,o(,1«) < RCSMAK
(a*(0ü l l 2S / 100 (c-.))
(und in t*i*X2)

a^MC] .cigM lei bunpnaauli ,n thi.lo l i 1 1 i n<j . i tr> r»p*c( l o
d*<aul1 .öl u« H BU>wEl \* 0. Ih« bur.p-.otfy l * «an11! b* ui

(a i fgu l l .1 . )
(und >n ZCTRCJ}

MM lofgtl il
(und

in «hich TACTRK it Inoking for cor(*lal.d ti'tl

(d.lault. 3.)
|u*.d in FNOH11.UVORO.MVETRI.IWETR2, . .)

HBJMS: f of bim for »oving t f o c k candi (Jaln afaund
(d. faul t : 7)

(und in lATTRO.MVET«l,lWtTR2, . .)
M.CV: f öl loopi in Irock nov i ng ond ni t f inding

(d.loMll: 3)
(u..d in IAGTRK)

(ö.loult !.)
jui.d in TACTRK)

( tokinj iont intf f ic i*nc i<i inlo occount)
you con l ry -iln 1h« fo l lon ing volu*i (-> ca. 1/3 fo t l * r )
W«P; 3. NB1NS- 7 h*OV; 2 GA1N: i
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